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Resumen 

En la última década, los sistemas de telecomunicación de alta frecuencia han evolucionado 

tremendamente. Las bandas de frecuencias, los anchos de banda del usuario, las técnicas de modulación 

y otras características eléctricas están en constante cambio de acuerdo a la evolución de la tecnología y 

la aparición de nuevas aplicaciones. 

Las arquitecturas de los transceptores modernos son diferentes de las tradicionales. Muchas de 

las funciones convencionalmente realizadas por circuitos analógicos han sido asignadas gradualmente a 

procesadores digitales de señal, de esta manera, las fronteras entre la banda base y las funcionalidades 

de RF se difuminan. Además, los transceptores inalámbricos digitales modernos son capaces de soportar 

protocolos de datos de alta velocidad, por lo que emplean una elevada escala de integración para muchos 

de los subsistemas que componen las diferentes etapas. 

Uno de los objetivos de este trabajo de investigación es realizar un estudio de las nuevas 

configuraciones en el desarrollo de demostradores de radiofrecuencia (un receptor y un transmisor) y 

transpondedores para fines de comunicaciones y militares, respectivamente. Algunos trabajos se han 

llevado a cabo en el marco del proyecto TECRAIL, donde se ha implementado un demostrador de la capa 

física LTE para evaluar la viabilidad del estándar LTE en el entorno ferroviario.  

En el ámbito militar y asociado al proyecto de calibración de radares (CALRADAR), se ha 

efectuado una actividad importante en el campo de la calibración de radares balísticos Doppler donde se 

ha analizado cuidadosamente su precisión y se ha desarrollado la unidad generadora de Doppler de un 

patrón electrónico para la calibración de estos radares. Dicha unidad Doppler es la responsable de la 

elevada resolución en frecuencia del generador de “blancos” radar construido. Por otro lado, se ha 

elaborado un análisis completo de las incertidumbres del sistema para optimizar el proceso de calibración.  

En una segunda fase se han propuesto soluciones en el desarrollo de dispositivos electro-ópticos 

para aplicaciones de comunicaciones. Estos dispositivos son considerados, debido a sus ventajas, 

tecnologías de soporte para futuros dispositivos y subsistemas de RF/microondas. Algunas demandas de 

radio definida por software podrían cubrirse aplicando nuevos conceptos de circuitos sintonizables 

mediante parámetros programables de un modo dinámico.  

También se ha realizado una contribución relacionada con el diseño de filtros paso banda con 

topología “Hairpin”, los cuales son compactos y se pueden integrar fácilmente en circuitos de microondas 

en una amplia gama de aplicaciones destinadas a las comunicaciones y a los sistemas militares.  

Como importante aportación final, se ha presentado una propuesta para ecualizar y mejorar las 

transmisiones de señales discretas de temporización entre los TRMs y otras unidades de procesamiento, 

en el satélite de última generación SEOSAR/PAZ. Tras un análisis exhaustivo, se ha obtenido la 

configuración óptima de los buses de transmisión de datos de alta velocidad basadas en una red de 

transceptores.
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Abstract 

In the last decade, high-frequency telecommunications systems have extremely evolved. 

Frequency bands, user bandwidths, modulation techniques and other electrical characteristics of these 

systems are constantly changing following to the evolution of technology and the emergence of new 

applications. 

The architectures of modern transceivers are different from the traditional ones. Many of the 

functions conventionally performed by analog circuitry have gradually been assigned to digital signal 

processors. In this way, boundaries between baseband and RF functionalities are diffused. The design of 

modern digital wireless transceivers are capable of supporting high-speed data protocols. Therefore, a 

high integration scale is required for many of the components in the block chain.  

One of the goals of this research work is to investigate new configurations in the development of 

RF demonstrators (a receiver and a transmitter) and transponders for communications and military 

purposes, respectively. A LTE physical layer demonstrator has been implemented to assess the viability of 

LTE in railway scenario under the framework of the TECRAIL project. An important activity, related to the 

CALRADAR project, for the calibration of Doppler radars with extremely high precision has been 

performed. The contribution is the Doppler unit of the radar target generator developed that reveals a high 

frequency resolution. In order to assure the accuracy of radar calibration process, a complete analysis of 

the uncertainty in the above mentioned procedure has been carried out.  

Another important research topic has been the development of photonic devices that are 

considered enabling technologies for future RF and microwave devices and subsystems. Some Software 

Defined Radio demands are addressed by the proposed novel circuit concepts based on photonically 

tunable elements with dynamically programmable parameters.  

A small contribution has been made in the field of Hairpin-line bandpass filters. These filters are 

compact and can also be easily integrated into microwave circuits finding a wide range of applications in 

communication and military systems. In this research field, the contributions made have been the 

improvements in the design and the simulations of wideband filters. 

Finally, an important proposal to balance and enhance transmissions of discrete timing signals 

between TRMs and other processing units into the state of the art SEOSAR/PAZ Satellite has been carried 

out obtaining the optimal configuration of the high-speed data transmission buses based on a transceiver 

network.
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Résumé 

Les systèmes d'hyperfréquence dédiés aux télécommunications ont beaucoup évolué dans la 

dernière décennie. Les bandes de fréquences, les bandes passantes par utilisateur, les techniques de 

modulation et d'autres caractéristiques électriques sont en constant changement en fonction de l'évolution 

des technologies et l'émergence de nouvelles applications. 

Les architectures modernes des transcepteurs sont différentes des traditionnelles. Un grand 

nombre d’opérations normalement effectuées par les circuits analogiques a été progressivement alloué à 

des processeurs de signaux numériques. Ainsi, les frontières entre la bande de base et la fonctionnalité 

RF sont floues. Les transcepteurs sans fils numériques modernes sont capables de transférer des 

données à haute vitesse selon les différents protocoles de communication utilisés. C'est pour cette raison 

qu’un niveau élevé d'intégration est nécessaire pour un grand nombre de composants qui constitue les 

différentes étapes des systèmes. 

L'un des objectifs de cette recherche est d'étudier les nouvelles configurations dans le 

développement des démonstrateurs RF (récepteur et émetteur) et des transpondeurs à des fins militaire et 

de communication. Certains travaux ont été réalisés dans le cadre du projet TECRAIL, où un 

démonstrateur de la couche physique LTE a été mis en place pour évaluer la faisabilité de la norme LTE 

dans l'environnement ferroviaire. Une contribution importante, liée au projet CALRADAR, est proposée 

dans le domaine des systèmes d’étalonnage de radar Doppler de haute précision. Cette contribution est le 

module Doppler de génération d’hyperfréquence intégré dans le système électronique de génération de 

cibles radar virtuelles que présente une résolution de fréquence très élevée. Une analyse complète de 

l'incertitude dans l'étalonnage des radars Doppler a été effectuée, afin d'assurer la précision du calibrage. 

La conception et la mise en œuvre de quelques dispositifs photoniques sont un autre sujet 

important du travail de recherche présenté dans cette thèse. De tels dispositifs sont considérés comme 

étant des technologies habilitantes clés pour les futurs dispositifs et sous-systèmes RF et micro-ondes 

grâce à leurs avantages. Certaines demandes de radio définies par logiciel pourraient être supportées par 

nouveaux concepts de circuits basés sur des éléments dynamiquement programmables en utilisant des 

paramètres ajustables. 

Une petite contribution a été apportée pour améliorer la conception et les simulations des filtres 

passe-bande Hairpin à large bande. Ces filtres sont compacts et peuvent également être intégrés dans 

des circuits à micro-ondes compatibles avec un large éventail d'applications dans les systèmes militaires 

et de communication. 

Finalement, une proposition a été effectuée visant à équilibrer et améliorer la transmission des 

signaux discrets de synchronisation entre les TRMs et d'autres unités de traitement dans le satellite 

SEOSAR/PAZ de dernière génération et permettant l’obtention de la configuration optimale des bus de 

transmission de données à grande vitesse basés sur un réseau de transcepteurs. 
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1 Introduction  

 In the last decade, high-frequency telecommunications systems have been 

developed very much and diversified greatly. Frequency bands, user bandwidths, 

modulation techniques and other electrical characteristics of systems are constantly 

modified and extended. Applications are becoming more varied, consequently the 

traditional conception of transmitters and receivers or transponders is constantly 

changing according to the evolution of technology and the emergence of new products 

and services. For these reasons, this thesis has been focused on evaluating new 

architectures of transceivers and transponders that have emerged and especially those 

related to advanced communications systems, radar systems and test/measurement 

instruments.  

 In new transceivers there are also special requirements for active and passive 

components: filters, modulators, switches, amplifiers and other devices must be 

optimized for new and integrated applications using available microwave software 

simulators. For these reasons, the second part of this thesis has been focused on the 

development of some special components demanded or suggested by the architecture 

of the transceivers developed. These designs have opened new lines of research in the 

field of microwave devices. 
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 A representative example of new transceiver architecture it is shown in Figure 

1.01, which corresponds to a measuring device for deep space applications [1.01].   
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Figure 1.01. Simplified block diagram of a deep-space transceiver. 

The architecture of this system is unique for both the transmitter and the 

receiver. It is a system used to integrate command transfer and telemetry functions for 

the New Horizons satellite. The transceiver combines digital and analog technology to 

transmit/receive different wideband and narrowband signals, with high performance 

and reduced dimensions and power consumption.  

This is a good example of the way that transponders and transceivers differ is 

more a matter of performance, a matter of architecture, since they share a number of 

basic functional blocks. Because the contents of the thesis are more related to the 

current architecture and technology, it was considered acceptable to treat the two 

systems as the same, otherwise condition is met for a considerable number of 

functional blocks. So much so, that the functions traditionally performed by 

transponders are being replaced by transceivers in any of the cases. 
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1.1. Contributions of the Thesis. 

 The principal contributions of the thesis have been grouped into two main 

blocks: 

a) Development of new architectures for communications and radar systems. 

b) Design of novel microwave devices to improve the performance of 

transponders and transceivers.   

All these works have been carried out in the frame of three research projects 

summarized as follows: 

 CALRADAR is related with the development of calibration systems for 

military Doppler radars. It was achieved by Grupo de Microondas y Radar 

(GMR) and Grupo de Radiocomunicación (GRC) of Universidad Politécnica 

de Madrid (UPM). The project has been supported by the Spanish Ministry 

of Defense [1.02]. 

 TECRAIL is focused on the development of the communications technology 

in the railway environment. The national research project was completed by 

Alcatel-Lucent, Administrador de Infraestructuras Ferroviarias (ADIF), Metro 

de Madrid, AT4 Wireless, UPM, Universidade da Coruña (UDC) and 

Universidad de Málaga (UMA). 

 The Project linked to the Spanish satellite SEOSAR/PAZ was supported by 

the European Aeronautic Defense and Space Company EADS-CASA 

Espacio and it was conducted within the GRC of UPM. 

 These projects have required the development of demonstrators and systems 

which integrate particular designs of complete transponder and transceiver 

architectures or special microwave devices. Some of them have been designed, 

implemented and tested during the progress of this thesis and they are briefly 

described below.   

 

 

3 



Introduction 

 In the project CALRADAR there has been an important contribution to the 

calibration of Doppler radars with extremely high precision. This contribution is the 

Doppler unit of the radar target generator developed that reveals a high frequency 

resolution (even higher than today’s equipment with similar purposes). In addition, a 

complete study of the uncertainty in the calibration process has been made to 

guarantee the accuracy of the radar calibration process.   

 In the framework of the TECRAIL project an LTE physical layer demonstrator 

has been designed and tested to evaluate the viability of LTE in railway environment in 

essential applications such as automatic driving, railway signaling, train-ground and on-

board communications, among others.  

 The built demonstrator has the capability of using channel sounding techniques 

to perform empirical measurements of the LTE radio link performance in subway 

scenarios. In this respect, power delay profile measurements conducted in an 

underground environment have been analyzed. This field is considered as a future 

research line. 

 As final and important contribution, a proposal to balance and enhance 

transmissions of discrete timing signals between Transmit/Receive Modules (TRMs) 

and other processing units into the state of the art SEOSAR/PAZ Satellite has been 

accomplished obtaining the optimal configuration of the high-speed data transmission 

buses. 

The second group of results are associated with the development of new high 
frequency components. The devices developed are compact and can also be easily 

integrated into microwave circuits finding a wide range of applications in 

communication and military systems.  The circuits developed are: 

 High precision wideband bandpass filters in hairpin configuration. 

 New devices with photonic control: 

o An Ultra-Wide Band (UWB) antenna. 

o A high isolation switch. 
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The designed Hairpin-line bandpass filters shows very good agreement of 

measurements with simulations together with enough features in terms of flatness, 

selectivity for broadband applications. In addition, the section 4.2, which includes these 

components, summarizes the treatment procedure connection interface should receive 

to balance or cancel its negative impacts.    

Photonic devices have been considered enabling technologies for future Radio-

Frequency (RF) and microwave devices and subsystems. Some of the advantages of 

optically controlled microwave circuits is high level of isolation between the controlling 

electronic and the microwave circuit, accompanied by immunity to parasitic 

electromagnetic radiation, high power handling, overall weight reduction and high-

speed control.  

The proposed planar microstrip-fed UWB printed circular monopole antenna 

with optically controlled notched band implements filtering properties in order to 

mitigate the devastating interference as well as to remove the requirement of additional 

bandstop filters. The main advantage in reconfigurable antenna design is the 

elimination of biasing lines that can modify the radiation pattern of the antenna. It could 

be expanded to include several notches in the antenna frequency response achieving a 

fully reconfigurable UWB antenna and remotely controlled at large distances using 

optical fiber.  

RF and microwave switches are important components in modern wireless 

circuits and systems. The suggested compact high isolation photoconductive switch 

overcomes one of the main disadvantages of this kind of devices exhibiting both low 

insertion loss and very high isolation performance. The device is based on the series-

shunt switch design. Certain Software-Defined Radio (SDR) demands could be fulfilled 

by new circuits concepts based on tunable elements with dynamically programmable 

parameters. 
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1.2. Publications of the Thesis. 

Journals. 

[1.] Fernandez, J. R. O., C. Briso-Rodriguez, Calvo-Gallego, J., M. Burgos-
Garcia, Perez-Martinez, F. and V. A. Araña-Pulido (2012). "Doppler radar 
calibration system." Aerospace and Electronic Systems Magazine, IEEE 
27(7): 20-28. SCI Journal Impact Factor: 0.343. 

[2.] Draskovic, D., J. R. O. Fernandez, and Briso-Rodriguez, C. (2013). "High 
isolation series-shunt photoconductive microwave switch." Microwave and 
Optical Technology Letters 55(5): 1168-1170. SCI Journal Impact Factor: 
0.585. 

[3.] Draskovic, D., J. R. O. Fernandez, and Briso-Rodriguez, C. (2013). "Planar 
Ultrawideband Antenna with Photonically Controlled Notched Bands." 
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Factor: 0.683. 

[4.] Fernandez, J. R. O., D. Draskovic, and Briso-Rodriguez, C. (2013). "High-
Speed Data Transmission Subsystem of the SEOSAR/PAZ Satellite." 
Radioengineering 22(1): 394-399. SCI Journal Impact Factor: 0.687. 

[5.] Briso-Rodriguez, C., C. F. Lopez, Fernandez, J. R., S. Perez, Draskovic, D., 
J. Calle-Sanchez, Molina, M., J. I. Alonso, Rodriguez, C., C. Hernandez, 
Moreno, J., J. Rodriguez-Pineiro, Garcia-Naya, J. A., L. Castedo, and 
Fernandez-Duran, A. (2014). "Broadband Access in Complex Environments: 
LTE on Railway (invited)."   Special Section on EU`s FP7 ICT R&D Project 
Activities on Future Broadband Access Technologies. IEICE Transactions on 
Communications E97-B(8). SCI Journal Impact Factor: 0.314. 

International conferences. 

[1.] Fernandez, J.R.O. and C. Briso-Rodriguez (2010). "High-resolution radar 
calibration system." Broadband and Biomedical Communications (IB2Com), 
2010 Fifth International Conference on. 

[2.] Fernandez, J.R.O. and C. Briso-Rodriguez (2010). "Gbps data transmission 
in biomedical and communications instruments." Broadband and Biomedical 
Communications (IB2Com), 2010 Fifth International Conference on. 

[3.] Draskovic, D., J. R. O. Fernandez, and Briso-Rodriguez, C. (2012). "A High 
Isolation Series-Shunt Photoconductive Switching Circuit." 2012 IEEE 
International Topical Meeting on Microwave Photonics (MWP): 224-227. 
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1.3. Thesis Outline. 

 This thesis has been performed at UPM and partially supported by public 

organizations and private companies.  

 The thesis is structured as follows. 

 Chapter 2 discusses about the evolution of high-frequency transceivers trying to 

consider all those architectures that have emerged throughout the years to the present. 

Moreover, two real developments are included. First, a radar target generator 

transponder with outstanding features in terms of Doppler shift which gives 

extraordinary abilities to perform calibration of Doppler radars. The uncertainty in the 

calibration process is deeply described in Appendix A. Then, an LTE 

transmitter/receiver system is described to test the feasibility of LTE in railway location. 

Power delay profile measurements carried out in a metro station by the system as 

channel sounder has been also analyzed. Finally, SEOSAR/PAZ TRMs are introduced 

as transceiver architectures of great importance in Synthetic Aperture Radar (SAR) 

systems.      

 Chapter 3 emphasizes on new technologies regarding semiconductor and 2-D 

materials. In addition, a brief insight into the evolution of devices that makes the 

existence of transceivers possible is provided. Finally, some advanced commercial 

devices are presented and described.  

 Chapter 4 is devoted to the presentation of compact devices that exhibits or 

broadband response either reconfigurable and tunable features or both of them. High-

speed data transmission networks have been introduced. A modeling and simulation of 

a high speed data transmission network are proposed. This architecture is in charge of 

controlling and monitoring TRMs, among other functions. A developed lab-scaled 

prototype permits to check the proposal results in terms of signal equalization after the 

accomplishment of parameter analysis and high-speed-data-transmission simulations 

in order to improve the operation of the SEOSAR/PAZ Satellite.  

 Chapter 5 concludes the thesis with an outline of perspectives that future 

research may address. 
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2 High-frequency 
Transceivers 

 The transceiver is one of the key parts in a mobile telecommunication system. 

Radio transceivers have been used around since the beginning of the 20th century. At 

present most RF transceivers in wireless communication systems are using 

superheterodyne architecture. This architecture has the best performance compared 

with the others, and therefore it has been the most popular transceiver architecture 

since it was defined in 1918 [2.01]. The direct conversion or homodyne architecture 

has now become a very suitable architecture for wireless mobile communication 

systems to obtain a great cost saving and to take the advantage of multimode 

operation without increasing extra parts, since 1980, with the development of Global 

System for Mobile Communications (GSM) standard.  

Transceivers consist of different devices, like filters, amplifiers, oscillators, 

mixers, etc. Depending on the combination of these blocks, several architectures can 

be designed. The oldest and most commonly used receiver architecture is the 

heterodyne receiver. The high-quality components, such as the first Intermediate 

Frequency (IF) and the Image Rejection (IR) filters in the front end are an 

inconvenience for integration purposes. However, it is the best choice for non-battery 

operated systems. 
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 Another commonly used architecture is the homodyne or direct-conversion 

receiver which uses this principle to eliminate image filter and IF stages, representing a 

reduction in the consumption of Direct Current (DC) power what is it suitable for the 

chip integration. Furthermore, the complexity of the RF section is reduced as there is 

no preselection IF frequency or additional amplifiers.  

 A variant of the latter system is the low or near zero-IF receiver where the 

additional IF filtering can be useful to attenuate adjacent and non-adjacent channels. IR 

mixers have been successfully utilized in limited applications as a compromise 

between heterodyne and direct conversion receivers. In this way, these devices can be 

an alternative to eliminate the image without using large and bulky image rejection 

filters which are mounted in the front end. 

 The architectures of modern transceivers are different from the traditional ones. 

Many of the functions conventionally performed by analog circuitry have been gradually 

assigned to digital signal processors (DSPs). In this way, boundaries between 

baseband and RF functionalities are diffused. The designs of modern digital wireless 

transceivers are capable of supporting high-speed data protocols. An integration scale 

is required for many of the components in the block chain, wherever possible. Their 

design and production is carried out by high-tech industries for large production 

quantities. Thus, Research And Development (R&D) engineers must learn how to 

manage multi-purpose components manufactured by these companies.   
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                                                                   High-frequency transceivers 

2.1. Specification of a transceiver. 

 It is important to understand the specifications of the transceivers and their 

influence on the total capacity of the RF system and that this capacity is affected by the 

choice of the architecture, the subsystems that compose the transceiver, principally the 

transmitter and the receiver, and its interaction. Once the subsystems are defined 

precisely, the design of the transceiver is reduced to choose the necessary commercial 

components and to carry out a detailed design of those which are not available. SDR is 

one of the best choice for carrying out multi-band radio equipment.  

 Nowadays, most receivers are implemented using heterodyne and direct-

conversion receiver topologies. The heterodyne architecture requires the use of high-Q 

RF/IF circuitry and additional oscillators, among other devices. In general, these 

additional blocks increase the cost, power consumption and size of these receivers 

which hinders their integration, although this trend is slowly changing with the use of 

new frequency bands [2.02]. In contrast, Direct-Conversion receivers promise superior 

performance in size, power consumption and cost [2.03]. However, this class of 

transceivers is limited due to several design restrictions as flicker noise, I/Q 

imbalances, LO leakage and the requirement of using high dynamic range Analog-to-

Digital Converters (ADCs) with a linear front end [2.04]. While these restrictions are 

being minimized, there is a great interest in using digital signal processing to estimate 

and compensate these issues by software [2.05-2.06].   

 Typical wireless transceivers consist of digital, analog, mixed-signal, and RF 

sub-modules. Both frequency and modulation domain specifications are considered to 

define the systems. The main frequency-domain specifications for the transmitter are 

the system gain, Output Third-Order-Intercept Point (TOI or OIP3), channel power, and 

lower/upper Adjacent Channel Power Ratio (ACPR), and the modulation-domain 

specifications are Error Vector Magnitude (EVM), magnitude error, phase error, and 

modulation Signal-to-Noise Ratio (SNR), respectively. In the receiver case, the 

frequency domain specifications are: the system gain, output third-order-intercept, and 

noise figure (NF) and the modulation domain specifications are EVM, magnitude error, 

phase error, modulation SNR, and Bit Error Rate (BER) [2.07], respectively. The keys 

to implement a wideband multicarrier transceiver are provided in [2.08]. Regarding the 

receiver side, these keys must be focused on determining minimum sensitivity and in-

band blockers; the ADC SNR and Third-order Intercept Point (IP3) requirements, 

among others.  
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 According to transmitter side, the keys are related to output power control; 

Peak-to-Average Power Ratio (PAPR) and Adjacent Channel Leakage Ratio (ACLR) 

requirements together with Peak-to-Average Ratio (PAR) reduction and Power 

Amplifier (PA) linearization techniques; out-of-band-emission constraints, etc.  The 

specific values of every requirement depend on the communication standard which is 

being considered in every case.     
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2.2. Classical transceiver architectures. 

 Most of the wireless transceivers used so far are based on a conventional 

heterodyne architecture. These transceivers have good performance, but suffer from 

high production costs and require a relatively large form factor due to expensive and 

nonintegrable RF and IF filters. A review of several classical and modern wireless 

receiver architectures used in wideband wireless communication systems can be found 

in [2.09]. In a heterodyne receiver, as shown in Figure 2.01, the RF front-end filter 

serves to remove out-of-band signal energy as well as partially reject image band 

signals. Then, the received signal is amplified by a Low Noise Amplifier (LNA). The IR 

filter following the LNA further attenuates the undesired signals at the image band 

frequencies. The desired signal at the output of the IR filter is then downconverted from 

the carrier frequency to a fixed IF by multiplication (mixing) with the output of Local 

Oscillator (LO). Commonly, in heterodyne receivers, high-performance, low-phase-

noise Voltage-Controlled Oscillators (VCOs) employed as LOs are realized with 

discrete components such as high-Q inductors and varactor diodes [2.10-2.13]. An IF 

filter at the output of the mixer, typically followed by a Programmable-Gain Amplifier 

(PGA), selects the desired channel and reduces the distortion and dynamic range 

requirements of the subsequent receiver blocks [2.14]. 
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Figure 2.01. Superheterodyne RX. 

 The signal can be shifted to baseband and demodulated as shown in Figure 

2.01, or alternatively further downconverted to lower IFs, and then shifted to baseband 

and demodulated. Since, the desired band and image band are separated by twice the 

IF at the carrier frequency, it is desirable to choose a high IF to reduce the 

requirements on the IR filter. In fact, if the IF is chosen high enough that the 

preselection RF filter can sufficiently attenuate the image band, it might be possible to 

directly connect the output of the LNA to the mixer without including an IR filter [2.14]. 

On the other hand, since channel selection in a heterodyne system is done at the IF, a 

low IF allows employment of higher quality channel-select filters.  
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Therefore, the choice of IF depends on the trade-off between image rejection 

and channel selection. Other factors influencing the choice of IF are availability and the 

physical size of commercial filters for different frequencies [2.15].  

 Direct conversion, also known as homodyne or zero-IF conversion, is a natural 

approach to downconverting an RF signal directly to baseband. This architecture, 

shown in Figure 2.02, employs low-pass filtering in the baseband to suppress nearby 

interferers and select the desired channel. 

DSP

PGA

Band-Selection
Filter

LNA

ADC

ADC

I

QPGA

RF 
SynthesizerQVCO

Cosine Sine

 
Figure 2.02. Zero-IF RX. 

2.2.1. Receivers. 

 The receiver subsystem can be divided into three main functional blocks: 

 Front end: all circuits that perform functions on the RF frequency, such as 

RF filters, LNAs, high frequency mixers, etc. 

 The IF chain: all circuits operating at intermediate frequency. 

 Backend: all circuits operating at frequencies below the first intermediate 

frequency or other that operates at RF frequency (in this case at baseband) 

such as baseband processors, sensors, etc. 

 The critical parameter that determines the quality of the receiver is the SNR at 

the detector input (usually at the entrance of ADC in the backend).  

 Every disturbance (noise, interference, etc.) and every limitation of the receiver     

(nonlinearity, noise figure, spectral purity of synthesizers, etc.) are translated as an 

equivalent SNR at the detector input. All devices that precede this detector are 

selected in order to obtain a certain SNR value. In addition, other important design 

considerations and certain functional requirements are important such as low cost, 

multi-band flexibility, multi-system compatibility, etc.  
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 Receiver architectures can be divided in three groups:  

 Heterodyne,  

 Direct conversion (also called zero-IF), 

 Sampling receivers [2.16].  

There are many variations within each group [2.17], such as single or dual 

conversion, common challenges can be extracted related to receiver implementation: 

signal selection and dynamic range. Signal selection is defined as the capacity of 

capturing a part of the radioelectric spectrum while rejecting adjacent frequencies. The 

dynamic range is defined as the ratio between the maximum and minimum signal 

levels that the receiver can process without distortion. Most recent architectures 

published in scientific articles and used in the most sophisticated commercial 

equipment are related with heterodyning, where receivers employ one or more internal 

signals from local oscillators in order to perform the downconversion process. The two 

most important architectures are the modern superheterodyne receiver, useful for the 

most complex broadband and narrowband applications and direct conversion receiver 

for general purpose broadband applications. 

In the first radio receiver, nonlinear devices of RF front end captured the full 

frequency spectrum. Detectors tuned a specific channel manually, but without limiting 

interferences from other sources. The sensitivity was the main parameter, and the IF 

filtering was a significant improvement for limiting noise bandwidth prior to detection. 

This filter also eliminated the interference from out of band emissions. The growing 

demand of the electromagnetic spectrum has increased the number of operating 

frequencies, which in turn has decreased the frequency allocation for each system 

where the spectral efficiency has become a key issue in the RF design.  

The superheterodyne receiver including an IQ demodulator is the ideal solution 

for high performance applications, narrowband and broadband [2.17]. The baseband 

output is digitally sampled and manipulated by a DSP that optimizes detection 

functions. It is important to ensure a certain SNR at the low-pass filter output according 

to the point of view of the RF design. The signal from the IF chain is divided into two 

channels, referred to as in phase (I) and quadrature (Q). This decomposition is 

necessary when one wants to detect IF signal simultaneously modulated in amplitude 

and phase. However, a single-ended backend is enough to perform the demodulation 

functions for signals modulated only in frequency or in amplitude.  
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Nevertheless, due to the flexibility provided by the architecture IQ is integrated 

in practically all the most modern RF designs. The main features of receivers 

manufactured using the heterodyne architecture are their high selectivity and image 

rejection. The causes of these desirable characteristics are high-Q filters and a double 

conversion scheme (in some cases three-stage conversion), but they represents a 

distinct disadvantage in terms of size and weight.  In addition, there is no DC offsets 

and no quadrature mismatches between the real part of the baseband (I) and the 

imaginary of the baseband (Q), since it is constructed digitally using Digital Down 

Converter (DDC). The limitations in terms of size and consumptions are overcome by 

homodyne receiver architecture.  

The direct conversion receiver which includes an IQ backend is suitable for 

establishing general purpose broadband communications such as standard 802.11 b/g 

where the spacing between adjacent channels and occupied bandwidth is 20 MHz and 

16 MHz, respectively [2.18]. In this case, the IQ architecture division is necessary in 

direct conversion receivers since aliasing would occur in a single ended architecture. 

This topology is suitable for applications where the reduction in size, cost and power 

consumption are fundamental requirements in the transceiver design. However, the 

restrictions regarding linearity, spectral purity, IQ balance and dynamic range are 

greater than in superheterodyne receivers due to the absence of IF stage. Despite the 

advances, direct conversions have several serious design challenges that make them 

less favorable.  

The goal behind low-IF topologies is to combine the advantages of both 

heterodyne and homodyne receivers [2.19]. Low-IF topologies are shown in Figure 

2.03 and Figure 2.04. In the low-IF system, the IF is chosen as low as one or two times 

the channel bandwidth. This alleviates the DC offset problem compared to its 

homodyne counterparts, simply because after the first downconversion the wanted 

signal is not located around DC [2.20]. The signal path to the ADC can be AC-coupled 

in the low-IF architecture, which in turn eliminates the need for complicated DC offset 

cancellation circuitry. In addition, the IQ imbalances introduced in the preceding analog 

sections can be corrected using adaptive techniques [2.21]. In this way, hard 

specifications are shifted from the analog part to the ADCs. This strategy is preferred 

since the performance of integrated ADCs is improving rapidly [2.22].  
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Figure 2.03. Low-IF RX topologies (I). 
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Figure 2.04. Low-IF RX topologies (II). 

Finally, the received signal at the IF stage is digitized. This approach is 

sometimes called digital IF [2.14]. In this architecture, the high ADC performance 

requirements are more challenging to accomplish within a reasonable power 

dissipation [2.23]. Nevertheless, Low-IF RX can relax its device requirements 

depending on the permutation of the building blocks. Generally, the low-IF RX is less 

sensitive to 1/f noise at the expense of a higher image-rejection requirement, 

comparing with the zero-IF RX. Table 2.01 summarizes the characteristics of the 

presented RX architectures [2.24]. 
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RX Architecture Advantages Disadvantages 

Superheterodyne 
Reliable performance Expensive and bulky, high power 

Flexible frequency plan Difficult to share the SAW filters for multistandard 

No DC-offset and 1/f noise  

Zero-IF 

Low cost Quadrature RF-to-BB downconversion 

Simple frequency plan for 
multistandard DC-offset and 1/f-noise problems 

High integrability  

No Image problem  

Low-IF 
Low cost Image is a problem 

High integrability Quadrature RF-to-IF downconversions 

Small DC-offset and 1/f noise Double-quadrature IF-to-BB downconversions 

Table 2.01. Summary of different RX architectures. 

2.2.2. Transmitters. 

 The transmitter can be divided, as well as the receiver, into three main 

functional blocks 

 The power amplifier: all amplifiers operating at the final RF frequency. 

 Exciter: all circuits that increase the signal level from the backend in order to 

prepare it for the final amplification stage. 

 Backend: all circuits operating at frequencies below the first intermediate 

frequency and/or baseband such as baseband processors, sensors, etc. 

 In this case, the critical phenomenon in the transmitter design is the unwanted 

emission of RF power (noise, spectral purity, instability, nonlinearities, etc.) which is 

adjacent to the RF channel of interest. This emission is quantified by parameters such 

as the EVM, the emission mask, ACPR [2.07], among others. 

The transmitter architecture is adapted depending on the emitted modulation. 

However, most modern transmitter architectures are double conversion and direct 

transmitters, both useful for broadband applications. These architectures employ IQ 

modulators for both constant envelope modulations, M-ary Phase Shift Keying (MPSK) 

as for variable envelope modulation, Quadrature Amplitude Modulation (QAM).  

The baseband signals are handled, in most of the cases, by DSP to perform the 

processing operations, encoding, filtering, modulation, and so on [2.25]. In this type of 

design it is necessary to pay special attention to the power amplifiers.  
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It requires a high efficiency to reduce the heat dissipation and increase the 

battery life, which is of special interest in portable equipment.  

Another important parameter is linearity, a factor that may limit data 

transmission rate and where the associated frequency components must not exceed a 

certain limit imposed by the predefined spectral mask depending on the application in 

each case, and thus limiting the interference next to the frequency band of the receiver 

[2.26]. 

The two-step conversion transmitter also known as superheterodyne 

transmitter, is indicated to be used in high performance both narrowband and 

broadband applications. Its main advantage is to use an IQ modulator at a single 

frequency which facilitates the signal processing with medium performance devices. 

Among its drawbacks is its considerable size since it uses a larger number of devices 

that the simplest topologies may employ and therefore it makes it less suitable for 

applications where the integration is a key factor. This also results in an increase in 

both production cost and energy consumption.  
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Figure 2.05. Superheterodyne TX. 

 Furthermore, the direct conversion transmitter, also known as “direct-up” 

transmitter, with IQ backend is suitable for sending broadband information with lower 

performance than those obtained with two-step conversion architecture. However, the 

simplification of the topology results in a reduction of the size, the cost and the power 

consumption of the equipment by making easier the integration process. As 

disadvantages, it should be mentioned that the linearity and spectral purity suffer 

degradation and the constraints due to the IQ balance are larger compared to the two 

step conversion transmitter. Furthermore, it is of vital interest for the VCO shielding to 

prevent remodulation phenomena caused by the PA radiation. Because of this reason, 

this architecture is more suitable for low power applications [2.27]. 
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Figure 2.06. Direct-up TX. 
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Figure 2.07. Two-step-up TX topologies (I). 
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Figure 2.08. Two-step-up TX topologies (II). 
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 Similar to the low-IF RX, two-step-up TXs can be structured into a number of 

schemes in order to deal with certain issues related to spectral purity or LO 

feedthrough.   

Table 2.02 summarizes the presented TX architectures. Similar to the RXs, their 

characteristics determine their appropriateness for modern wireless communication 

systems [2.24]. 

TX Architecture Advantages Disadvantages 

Superheterodyne 

Reliable performance Expensive and bulky, high power 

Flexible frequency plan Difficult to share the SAW filters for multistandard 

No LO leakage  

Simple DC-offset 
cancellation at BB  

Direct-Up 

Low cost Quadrature BB-to-RF upconversion 

Simple frequency plan for 
multistandard LO leakage 

High integrability DC-offset cancellation is difficult at BB 

Two-Step-Up 

Low cost Quadrature IF-to-RF upconversions 

High integrability Double-quadrature BB-to-IF upconversions 

Simple DC-offset 
cancellation at BB 

LO leakage  
(depends on the IF and port-to-port isolation) 

Table 2.02. Summary of different TX architectures. 

Another noteworthy transmitter architecture is the direct FM transmitter, simpler 

than the direct conversion transmitter since only constant envelope signals are 

involved. FM transceivers have been widely used in commercial and military equipment 

for voice and narrowband data applications. Among them, there would be highlight the 

well-known standard GSM which employs a Gaussian Minimum Shift Keying (GMSK) 

transceiver [2.28].  

When constant envelope signals are employed, transceiver implementation is 

improved in terms of efficiency since no linear power amplifiers may be used. One of 

the major disadvantage of this topology is its vulnerability to low-frequency spectral 

components, close to DC, of the baseband signals due to the high-pass nature of the 

Phase-Locked Loop (PLL). In that case, the dual-port direct FM transmitter should be 

used, resulting in an increase in both the cost and the complexity of the transceiver. 
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Most modern wireless systems are designed to support multiple users 

simultaneously in a large number of electromagnetically variable environments. A 

transceiver that is not properly designed by erroneously selecting the architecture can 

drastically interfere with other systems: multiple access transceivers, broadband 

transceivers, ultrawideband transceivers, multiband transceivers, among others. 

Nowadays, the main requirements in applications of RF transceivers are related to 

design goals such as low cost, small size and low power dissipation [2.15], and high-

speed data transfer. These aims are boosted by both the need for better 

transportability and availability, and the ever-increasing demand for higher-speed data 

communications. Such objectives are intended to be achieved not only for highly 

integrated transceiver architectures, but also for bandwidth efficient modulation 

schemes because of the usual bandwidth limitations [2.29]. In this section a special 

emphasis is put on configurations suitable for integration on a single semiconductor 

chip. Most of today’s commercially available RF transceivers utilize some variant of 

conventional heterodyne architecture. Nevertheless, a number of high performance RF 

transceivers are still big sized due to the necessity of using high-Q RF filters at the 

lowest frequency bands.        

Recent research has been focused toward the development of monolithic 

transceiver architectures to address the demand for better portability and affordability, 

especially using low cost semiconductor technology [2.30-2.31]. This approach 

provides the possibility of integrating analog and digital circuitry on the same chip. In 

addition, the use of new systems and circuit design techniques facilitates the highest 

levels of receiver and transmitter integration [2.32-2.33]. Conventionally, all the filters 

used in the heterodyne system are high-Q discrete component filters, such as Surface 

Acoustic Wave (SAW) or ceramic filters. Compared to other more integrable receiver 

architectures, the heterodyne receiver has superior performance in terms of selectivity 

defined as the ability of the receiver to separate the desired band around the carrier 

frequency from signals received at other frequencies, and sensitivity defined as the 

minimal signal at the receiver input for which there is sufficient signal-to-noise ratio 

(SNR) at the receiver output. This is achieved with the use of high-Q devices [2.34]. 

The employment of high-Q elements has some drawbacks. These high-Q filters are 

difficult and somewhat impractical when realized at high frequencies in an integrated 

solution, primarily because integrated inductors have at best only moderate Q-factors. 

Some solutions based on dielectric resonators can reduce drastically the temperature 

drift in a number of applications where this parameter plays an important role.  
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Moreover, it is interesting to note that the performance of wireless transceivers 

can be considerably improved by using High Temperature Superconducting (HTS) 

technology which permits realizing small-size, high-order filters with low insertion loss 

what it means to increase the transceiver integration, the selectivity and the sensitivity 

of the receiver, respectively [2.35]. However, it is needed to take into account that HTS 

filters exhibit nonlinear effects even at moderate power levels what it may restrict their 

use in wireless communication systems. The nonlinearities can be affected by the 

quality of the material employed and the structure of the devices [2.36].    

The homodyne architecture has several fundamental advantages over the 

heterodyne counterpart. The functions of channel selection and subsequent 

amplification at a nonzero IF are replaced with low-pass filtering and baseband 

amplification, agreeable to monolithic integration. Despite this suitability for higher 

levels of integration, a homodyne receiver intensifies a number of issues that either do 

not exist or are not as serious in a heterodyne receiver, some of them have already 

been mentioned before, such as: DC-Offsets, LO Leakage, and IQ mismatches.  

The USRP B210 is an example of low-cost modern commercial transceiver. It 

provides a fully integrated platform with continuous coverage from 70 MHz to 6 GHz 

and a full duplex, Multiple-Input, Multiple-Output (MIMO) (2 TX & 2 RX) operation. It 

combines a chip direct conversion transceiver and a Field Programmable Gate Array 

(FPGA) [2.37].  

The AD9361 is a high performance and highly integrated RF Agile direct-

conversion transceiver. Its programmability and wideband capability make it ideal for a 

broad range of transceiver applications. It is ideal for point to point communication 

systems and general-purpose radio systems. The device combines an RF front end 

with a flexible mixed-signal baseband section and integrated frequency synthesizers, 

simplifying design-in by providing a configurable digital interface to a processor. The 

AD9361 operates in the 70 MHz to 6.0 GHz range, covering most licensed and 

unlicensed bands. Channel bandwidths from less than 200 kHz to 56 MHz are 

supported. The above mentioned B210 system architecture uses both signal chains of 

the AD9361, providing coherent MIMO capability.   
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Figure 2.09. Functional block diagram for AD9361 & USRP B210 board. 

From the transmitter point of view, it has to limit its spectral emissions in order 

to respect its standard requirements and to guarantee the receivers immunity. Thanks 

to the flexibility of digital systems, these restrictions made the conception of fully digital 

architectures attractive. One of the major imperfections is the non-linear response of 

the transmitter which can cause damaging spectrum and signal degradation [2.38-2.39] 

in the case of high PAPR signals. This result is dominated by the PA response. The 

effects of these imperfections can be quantified by different well-known criteria such as 

EVM and ACPR. EVM expresses the signal quality of the message and ACPR 

represents the amount of interference caused by a system. This is to be compared with 

the maximum allowed out-of band spectral re-growths (coexistence and channel 

interference) and is often completed by the spectrum emission mask, specified by the 

standards.  

The total consumption of a transceiver depends on the baseband part current 

consumption, influenced by the modulation scheme and symbol frequency. For 

wideband signal such as Wideband Code Division Multiple Access (WCDMA) and high 

data rate Orthogonal Frequency-Division Multiple Access (OFDMA) signals, the RF 

power amplification part of the transceiver highly contributes in the total current 

consumption. However, the additional consumption due to an important baseband 

processing has to be taken into account. The PA has the highest consumption and it 

directly impacts the overall consumption at a fixed output power. For that reason, its 

optimization is critical for the battery lifetime. 
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The efficiency is often evaluated at peak power emission (Added Efficiency, 

PAE) because it represents a maximum current consumption. The distribution of the 

signal is partly characterized by the PAPR. This needs an analysis of the architecture 

for the different RF signals considered. The influence of the PAPR can be reduced by 

modifying the average power of the signal or by imposing a maximum limitation in the 

signal, although in this way the EVM increases since this alteration distorts the 

information. Some better techniques can be used for PAPR reduction, but at the 

expense of increasing the complexity [2.40-2.41]. 

 There exist numerous improvements of analog based architecture. The 

improvement goals can be the robustness, the non-linear reduction by coding and the 

efficiency maximization. Designing transceivers using Orthogonal Frequency-Division 

Multiplexing (OFDM), MIMO and smart antenna techniques enables to achieve very 

high performance in mobile channels with large delay spreads. OFDM and MIMO have 

also generated new challenges in terms of transmitter architectures with good 

efficiency and linearity [2.42-2.43]. MIMO technology uses multiple antennas at the 

transmitter and the receiver. Data rate or link range are increased without augmenting 

the bandwidth or the transmitted power thanks to the obtained diversity and spatial 

multiplexing, in comparison with a Single-Input Single-Output (SISO) system. The 

MIMO approach can be associated with beam-forming to control the shape and 

direction of the radiation pattern. Important improvements in throughput performances 

are achieved by using MIMO techniques, but it is still a challenge to integrate many 

antennas and transceivers in a small mobile user device because of constraints as the 

size. It is possible to achieve some non-neglectable improvement with a multiple 

antenna base station and a single antenna user device. However, a multiple antenna 

user device is needed to really take advantage of MIMO technique [2.44-2.45]. 

2.2.3. Multiple access transceivers. 

 RF transceivers have to adapt to the RF characteristics such as efficiency and 

linearity by means frequency flexibility and power control ability, and they have to 

respect the network medium (air interface) access. This has a strong impact on the 

front-end components, for example duplexer selectivity, switch losses and isolation. 

The number of users is usually large in a wireless communication system and the 

resources must be carefully assigned. The purpose of multiple access is to allow a 

number of users to transmit and receive the information that they need through the 

wireless communication system. There are many architectures that are associated with 

a number of media access methods:  
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 Frequency Division Multiple Access (FDMA),  

 Time Division Multiple Access (TDMA), 

 Code Division Multiple Access (CDMA),  

 Orthogonal Frequency-Division Multiple Access (OFDMA), ...   

In [2.46], an overview of CDMA, OFDMA, and other block-based transmissions, 

is given and a reconfigurable transceiver whose blocks can be configured in order to 

support any of the above air interfaces is proposed. The reconfigurable transceiver 

allows low-cost implementation of multiple air interfaces in a single terminal and 

achieves optimal QoS based on the available wireless networks. On the other hand, 

Time Division Duplex (TDD) is RF transmission technology of great importance in 

fourth generation broadband systems where the uplink and downlink channels have 

variable data rates [2.47].  
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Figure 2.10. USRP TDD architecture. 

Moreover, TDD is well suited to implement smart antennas based on multiple-

input multiple-output (MIMO) and adaptive-phased arrays, where the radiation pattern 

synthesis would only take place once because the propagation characteristics are 

relatively stable at a single frequency [2.48-2.49]. This implies a resource optimization 

that significantly reduces the time and the computing power used.  

The FDMA/CDMA transceivers operate in full-duplex mode. For that reason, it 

is necessary to somehow isolate the receiver from the transmitter. A duplexer is usually 

used to carry out this task representing a disadvantage regarding the price and the 

weight increase of the equipment. The receiver can be sometimes isolated from the 

transmitter using two antennas separated by a certain distance.  
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 The option is only valid for fixed applications where the obtained isolation is 

sufficiently high for full-duplex operation.   
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Figure 2.11. Full-duplex architecture. 

2.2.4. Multi-band and multi-mode transceivers. 

 A number of wireless systems and services has increased quickly during the 

last years. The transceivers integrated in different equipment such as mobile terminals 

must be able to connect to different networks in order to have global coverage and to 

support the new standard services. For that reason, multi-mode and multi-band circuits 

have recently obtained a lot of interest. In addition to 2G/3G systems and even 4G 

systems, multi-band and multimode transceivers can include support for wireless local 

area network standards (IEEE 802.11a/b/g), short-distance standards (Bluetooth, 

Radio-Frequency IDentification (RFID), Near Field Communication (NFC)), and 

different standards for positioning, broadcasting, high-speed Internet access such as 

Global Positioning System (GPS), Digital Video Broadcasting (DVB) or UWB, among 

others [2.50]. These standards needs different operation requirements and probably 

some of these systems will have to operate simultaneously making the transceiver 

design more complex. In [2.51], the authors present a dual-mode multiband transceiver 

based on direct conversion architecture. The blocks in the transceiver have the 

advantage that can be configured to simultaneously support WCDMA and GSM.  
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Figure 2.12. Block diagram of the dual-mode GSM/WCDMA transceiver. 

SDR is playing an important role in the reconfiguration and multi-mode 

operation angles [2.52]. C. de la Morena-Álvarez-Palencia and M. Burgos describe in 

[2.53] a SDR 0.3-6 GHz six-port receiver for broadband and high data rates 

applications. It has been designed to operate with 100-MHz instantaneous bandwidth 

and it has been tested at several frequencies and modulation schemes such as GSM 

(900 MHz, 1800 MHz), Personal Communications Service (PCS) (1900 MHz), Wi-Fi 

(2.45 GHz), or Worldwide interoperability for Microwave Access (WiMAX) (700 MHz, 

3500 MHz, 5800 MHz) and Quadrature Phase Shift Keying (QPSK), 16-QAM, and 64-

QAM, respectively. One important advantage of the six-port architecture is its operation 

with low LO power levels which means a reduction of the LO self-mixing, one of the 

main problems of zero-IF architectures. Actually, this system is developed on Low 

Temperature Co-fired Ceramic (LTCC) technology, with the purpose of miniaturizing 

the design.  

 On the other hand, applications such as Wireless Sensor Networks (WSNs), 

home automation, and the Internet of Things (IoT) are becoming increasingly popular. 

Regarding this environment, the low-power wireless transceiver is very important. 

These devices should be able to operate in a wide range of frequencies and multiple 

working modes because of the different communication conditions [2.54]. 

 

28 



                                                                   High-frequency transceivers 

2.2.5. Ultrawideband transceivers. 

Finally, it is of special interest to remark UWB transceivers. Although the 

definition is sometimes ambiguous, an UWB signal is one whose bandwidth is greater 

than 500 MHz or relative bandwidth is greater than 20% where bandwidth is measured 

between -10 dB points. UWB technology have being used in the last 30 years in radar 

applications, sensing, military communications, etc. From 2002, the Federal 

Communications Commission (FCC) allowed the UWB technology to be used for 

transmission of data in personal communications in addition to military and security 

applications. 

UWB systems are designed to transfer information over short distances, up to a 

few meters at several hundreds megabits per second (Mbps).The document [2.55] 

provides an overview of recent design approaches for several circuit functions that are 

required for the implementation of multiband OFDM UWB transceivers. 

UWB equipment is low-energy due to the short duration pulses transmitted. In 

addition, signal immunity against interference, robustness against multipath 

propagation phenomena and low probability of intercept/detection are properties that 

make the UWB systems suitable for military and security applications. However, some 

special considerations must be considered due to the signal characteristics. An 

example of the challenges in ultrawideband pulse radio transceiver design is presented 

in [2.56]. This reference proposes an architecture operating between 3.1 and 10.6 

GHz. The 7.5-GHz band is subdivided into multiple channels of 500 MHz each to relax 

the requirements for pulse generation, transceiver synchronization, and group-delay 

flatness. The frequency plan allows the most critical 802.11 interferers to be pushed to 

higher frequencies during the first block downconversion where they are attenuated by 

the low-pass filters of the receiver.  

29 



High-frequency transceivers 

D
EM

O
D

QVCO

Cosine

Data

LNA

DAC

DAC

Q (t)

I (t)

PA

DUPLEXER

Interferer 
Detection 

&
Cancellation

Correlator

Correlator

RF 
SynthesizerVCO

/2

0º
90º

/2

/2

/2

0º
90º

0º
90º

0º
90º

Integrator

Integrator

Cosine Sine

I (t)

Q (t)

Pulse 
Memory

M
O

D

Sine

/2
/2

 
Figure 2.13. Proposed interference-robust UWB pulse radio system. 

It consists of a pulse radio transmitter, a correlating receiver, and an 

interference detector. The transmitter and receiver portions share the clock generation 

circuit and have a common digital-pulse memory section. 

As a general matter, the worldwide deployment is one of the trends of UWB 

transceivers. Another key feature is the high level of integration of equipment. In this 

direction, there are some available solutions [2.57-2.58]. 

 A number of applications based on UWB can be found in the literature. Here 

some of them are mentioned:  

 UWB radar is distinguished from conventional radars because of its 

impulse-type signals having extremely wide instantaneous bandwidth. UWB 

radar is attractive for high-resolution radar applications, particularly for 

subsurface sensing such as geophysical prospecting, assessment of 

pavement, bridge, tunnels, and buildings, and mine and unexploded 

ordinance (UXO) detection. Nevertheless, this system can achieve both 

fine-range resolution and long operating range by varying the transmitted 

pulse duration [2.59]. The good penetration reached by means of UWB 

radar technology permits through-wall detection of human being’s 

movement including the breathing and other periodic motions [2.60]. For 

those main properties, UWB radar is a promising high-resolution 3-D 

imaging technique for near targets as well as for monitoring vital body 

functions [2.61].  
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 The approval granted by the Federal Communications Commission (FCC) 

for the use of ultra-wideband signals for vehicular radar applications has 

permitted the introduction of these sensors in the market [2.62]. The ruling 

also approved a second allocation of an unlicensed 7-GHz wide spectrum 

between 22–29 GHz that is intended exclusively for vehicular radar 

systems. 

2.2.6. Optical/Photonics-assisted transceivers, 

and RoF architectures. 

 This section includes architectures that are very different if they are compared 

with the ones which are been developed in this thesis. Although, they were comprised 

because they have a relevant impact nowadays.  

Optical transceivers are the key elements used in communication terminals for 

converting signals between electrical and optical domains at different data rates and for 

different transmission distances through optical fibers [2.63].  

In Photonics-assisted transceivers, photonic components increase the 

performance of electronic devices. Photonics-assisted solutions have been proposed 

for generating phase-stable RF signals avoiding the up-conversion in noisy mixers at 

the radar transmitter and also to be applied in ADCs in order to avoid the frequency 

down-conversion at the radar receiver [2.64]. For instance, [2.64] proposes a novel 

solution for the optical generation of radio-frequency signals for coherent radars, which 

exploits the same mode-locking laser of the photonic-assisted radar receiver.  

Future Multi-Gigabit Wireless Systems (MGWS) dedicated to area networking 

are emerging or are under development. They achieve high data rate up to 5–6 Gb/s 

over short range. Radio-over-Fiber (RoF) architectures are proposed to expand the 

radio coverage such as: Point-to-Point Architecture like direct links between terminals, 

Point-to-Multipoint Architecture which is preferred for broadcast transmissions, Active-

Star Architecture uses several remotes antennas connected to a switch, or Multipoint-

to-Multipoint Architecture which can be considered as a MIMO output repeater [2.65].  
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Figure 2.14. Radio-over-fiber transducer. 

 RoF communication systems have in principle, several advantages over 

conventional coaxial cable or wireless systems [2.66]: 

 Low attenuation by the use of optical fibers. 

 Simplicity and cost-effectiveness since it centralizes resources at the 

Central Station where they can be shared; and remote simple Base Stations 

consisting only of an optical-to-electrical converter, RF amplifiers and 

antennas. 

 High capacity because higher frequencies can be transported through RoF 

systems allowing data rates to accommodate future service demands [2.67]. 

 Flexibility because it allows independent infrastructure providers and multi-

service operation, the same RoF network can be used to distribute traffic 

from many operators and services. 

LTCC technology has shown great potential because of facilitate three-

dimensional integration and interconnection, as well as the packaging of active and 

passive RF components up to millimeter-wave frequencies [2.68]. For that reason, it is 

especially interesting to merge optical and RF functionality.  
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Figure 2.15. RoF transceiver with integrated optical interfaces. 

 Only optic responds to a demand of high data rates: low attenuation, high RF 

bandwidth, high linearity, and immunity to electrical interferences. Inside the buildings, 

the optical fiber is a natural extension of the access networks that become all optical 

and is an ideal media to provide a long life-span communication infrastructure being 

able to adapt to new standards for years. 

2.2.7. Channel Sounders. 

 A channel sounder is a test system that detects the electromagnetic wave 

transmitted via a particular communication channel to determine the statistics of either 

the channel’s time-variant impulse response or its time-variant frequency response. 

The reflections in the surrounding environment are usually referred as multipath 

components and their extent in time delay is used to aid in the design of wireless 

communication systems. In addition to the time delay and the relative strength of the 

echoes a channel sounder may aim to estimate Doppler shift or Doppler spread. 

Modern channel sounders deploy a number of techniques similar to radar to estimate 

angular information, including angle of departure and angle of arrival in azimuth and in 

elevation. This gives rise to a variety of channel sounder configurations, including 

single and multiple antennas at both ends of the radio link which can be employed in 

different modes of operation. 

 Channel sounders can be deployed in a static or dynamic mode of operation. 

Static operation refers to the situation where both the transmitter and the receiver are 

stationary whereas dynamic operation refers to the situation when one or both 

terminals are in motion. In either case the target, environment or reflectors can be 

stationary or in motion. A static system that uses the same antenna for transmission 

and reception is called monostatic, whereas a system that deploys separate antennas 

or has a separate site for transmission and reception is called bistatic.  
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Depending on the number of antenna elements used for transmission or 

reception the prefix ‘multi’ can also be used to indicate multiple antennas such as 

multistatic, where the same set of antennas are used for transmission and reception 

[2.69]. 

Various wide-band channel sounding techniques such as pulse excitation, 

frequency sweeping, and correlation analysis have been developed over the years. 

These methods find widespread application and are well documented [2.70-2.71].  

Jemai, J. and T. K. Kurner have proposed in [2.72], an advanced portable and 

compact broadband WLAN IEEE 802.11b channel sounder which has been improved 

by implementing additional advanced RF signal processing algorithms in terms of 

power delay profile estimation.  
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Figure 2.16. RX front end and channel sounder block diagram [2.72]. 

The use of the mm-wave bands like 60 GHz band, which provides a wide 

available frequency spectrum, is very interesting option to enable higher data rate 

systems for short range, or Wireless Personal Area Network (WPAN) applications due 

to its limited range. For that reason, the knowledge of the radio channel in this 

frequency range is very important for the optimization of future 60-GHz WPAN system 

designs. A large variety of wideband channel sounders have been reported to measure 

the multipath and loss characteristics of the short range 60-GHz radio channel [2.73-

2.74] combined to virtual antenna arrays [2.75], or short/medium distance 60-GHz radio 

channel by using RoF solutions [2.76]. 
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Figure 2.17. 60-GHz Wideband Radio Channel Sounder. 
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Figure 2.18. 60-GHz Broadband Channel Sounder [2.76]. 

The well-known and ever-extended MIMO technique offers high data throughput 

as well as significant enhancement link reliability over single antenna systems, without 

requiring additional power or bandwidth. For the last reason, a precise knowledge of 

the propagation channel is required to accurately develop propagation models as well 

as to design MIMO devices. Due to the complexity of MIMO wireless channels, direct 

measurement is the main viable option for accurate characterization. However, MIMO 

wireless channel sounders are very expensive.  
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Maharaj, B. T., J. W. Wallace, et al. propose in [2.77] a low-cost switched-array 

system whose performances are sufficient to support the development and assessment 

of current and future MIMO wireless systems.  

UWB technology has been transferred to the channel sounding world. Keignart, 

J., C. Abou-Rjeily, et al have described in [2.78] a methodology to characterize the 

UWB SIMO propagation channel in indoor environments. In this case, MIMO UWB 

measurements has not been accomplished due to the difficulties associated 

instrumentation devices. Time domain has been selected instead of frequency domain 

because of the same reason.           

 Finally, it is needed to remark that modern railway demands high-quality 

wireless communications. Subway environment is a complex network of tunnels and 

stations with different characteristics where the propagation channel requires accurate 

modelling and characterization taking into account the very presence of the train. 

Nowadays, most wireless communications networks in subway tunnels use 

narrowband systems like Global System for Mobile Communications-Railway (GSM-R) 

[2.79]. Nevertheless, International Union of Railways expresses explicitly that GSM-R 

will evolve to 4G Long Term Evolution-Railway (LTE-R) directly in the near future 

[2.80]. In this regard, channel sounding techniques must be used to characterize the 

propagation channel in special environments like tunnels or stations.  
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2.3. Special transceiver architecture. 

 This section describes the hardware design and characterization of a LTE 

physical layer demonstrator which has been developed in this thesis under the 

framework of TECRAIL research project [2.81-2.84]. The equipment has special 

capabilities for test measurements of LTE systems. This thesis provides an overview of 

the demonstrator systems: RF subsystem and baseband subsystem describing in a 

more detailed way the RF subsystem that are a relevant part of the demonstrator.  

2.3.1. LTE test transceiver 

 Few years ago, LTE was born with the goal to provide a radio access 

technology with extremely high performance in terms of higher download/upload 

speed, higher video quality, full vehicular speed mobility and coexistence with 2G and 

3G systems. At the same time, the rapid development of railway transport implies use 

of broadband wireless technologies that can satisfy new high-speed data requirements 

both from train operators and from passengers such as Internet Access, Video-

surveillance implemented on board, along the track or on platforms and that 

narrowband wireless technologies are not able to reach. 

The LTE RF link is a critical issue of the LTE system since it has a direct impact 

on the LTE infrastructure network limiting the achievable global performance. LTE 

seems to be the logical evolution for the current GSM. In this scenario, as 

consequence of radio spectrum is a medium shared between different, and potentially 

interfering technologies both narrowband and wideband communications systems, it is 

needed to characterize the radio channel. In the case of LTE, this task can be 

accomplished by using broadband RF transmitters and receivers that can cover LTE 

frequency bands and the different channel bandwidths and including a channel 

sounding architecture that allows the estimation of the parameters associated to the 

impulse response of a radio channel in railway environments. Moreover, in order to 

deploy LTE technology in complex environments like tunnels, railways, subway etc., 

the receiver should be able to detect interferences with other wireless systems: GSM, 

GSM-R, Universal Mobile Telecommunications System (UMTS), WiMAX, etc. in 

coexistence scenarios to carry on a study of compatibility [2.85]. Consequently and in 

relation to LTE-R systems, a realistic modelling of propagation features is needed both 

in the planning phase of LTE-R network deployment and the accurate evaluation of the 

link performance. 

37 



High-frequency transceivers 

In this sense, the demonstrator is used to assess the LTE RF link performance 

in railway scenarios as well as to statistically characterize the wireless channel in those 

environments. 

The proposal is a flexible multi-band, extensible and versatile architecture for a 

hardware demonstrator designed to measure LTE performance in railway 

environments. Two nodes (transmitter node and receiver node) form the demonstrator.  

On the transmitter side, two main subsystems can be distinguished, namely the 

base band subsystem and the RF subsystem. Most of the base band processing tasks 

are distributed between a high performance PC and a FPGA. This allows us to rapidly 

modify configuration parameters or to define new transmission schemes on the fly. An 

adequate interface between the FPGA and the PC has been defined to support as high 

data rates as needed. On the border of the base band transmission subsystem, Digital-

to-Analog Converters (DACs) are provided to eventually feed a generic RF front-end as 

well as a first RF stage designed to cover the intermediate frequency range from 400 to 

1200 MHz. Higher frequencies up to 6 GHz are covered by the RF transmitter 

subsystem. This subsystem acts as an interface between the base band subsystem 

and the propagation channel, translating the signal to the desired frequency band. The 

RF transmitter subsystem is designed to handle different modulation schemes and 

power values up to 43 dBm. Additionally, it can be used in absence of the base band 

subsystem for channel sounding. 

The receiver node is similar to the transmitter one. In this case, the RF 

subsystem has also multi-band capabilities within the frequency range from 1.2 to 7 

GHz. The first intermediate frequency (850/860 MHz) is used as the interface to the 

base band receiver subsystem.  A detailed description of the RF front ends can be 

found in the following sections. The RF receiver stage provides configurable bandwidth 

selection to enable the use of different LTE operation modes. Additionally, a logarithmic 

detector is provided to measure the received signal power level.  
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The validity and feasibility of the developed demonstrator have been proved by 

means of some promising integration tests in two laboratories located at UDC and 

UPM, respectively. UDC was in charge of operating baseband and synchronization 

subsystem.  Nevertheless, only broadband measurements based on channel sounder 

are carried out in Metro de Madrid. Some of them have been analyzed in the final 

section of this chapter.   

 The RF System is the interface of the Base Band and Synchronization Systems 

with the propagation channel. The system is composed of a transmitter front end and a 

complete receiver. These two front ends have all the devices required for a correct 

interface with the base band system and can work alone as a transmitter and a 

receiver for channel sounding measurements, using the narrow pulse sounding 

technique. 
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Both front ends have been independently controlled by means of a computer 

(user interface) and a control box which is connected directly to PC through a USB 

connection as shown in Figure 2.19 and Figure 2.20. 
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Figure 2.19. Overall block diagram and photo of the RF TX front end. 
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Figure 2.20. Overall block diagram and photo of the RF RX front end. 
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2.3.2. RF transmitter front end. 

 The transmitter takes the signal from the baseband DAC and translates it to the 

desired frequency band. The system is able to operate with high/medium power and 

provides control capabilities regarding output power, frequency band and signal 

modulation. Block diagram of the complete RF transmitter front end is shown in Figure 

2.21.  
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Figure 2.21. Block diagram of RF transmitter front end. 

The system has been divided into two units called: 

Up/Down Converter; “Wide Band Amplifier (WBA) + LO rejection BPFs” (Figure 

2.22): the RF transmitter front end receives the modulated signal from the base band 

system and converts it to the desired frequency output. For this purpose it uses a 

broadband frequency synthesizer (HMC-C083), a mixer and a switched filter bank for 

selecting the desired frequency band. Every filter covers 1400-MHz bandwidth. The 

design of 3.240-4.640-GHz and 4.610-6010-GHz filters based on the microstrip hairpin 

topology and the manufacturing procedures associated has been described in section 

4.2.  
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Power amplifiers; “Pulse Modulator (PM)+PA/HPA” (Figure 2.23): this unit 

provides enough gain to amplify the baseband signal with the chosen output level. It 

offers a PA whose maximum output power is 29.5 dBm, and a High Power Amplifier 

(HPA) whose maximum output power is 41 dBm.   

The unit shown in Figure 2.22 removes unwanted signal and noise from the 

baseband signal before its final transmission by using four filters that cover the                     

LTE/LTE-Advanced frequency bands. This signal can be injected directly into the front 

end or obtained by means of a RF mixing process. In this case, the signal is 

subsequently amplified to compensate the high conversion loss of the mixer. The LO 

leakage and its harmonics are rejected by the BandPass Filters (BPFs). 

 Figure 2.23 shows the final stage of the RF transmitter front end. This unit 

comprises mainly a Single-Pole, Single-Throw (SPST) Pin diode switch (HMC-C019) 

that can be used for RF Pulse Modulation (PM), a PA (HMC-C075) and a HPA 

(AM003040SF-4H). Depending on the configuration of the SPST Pin diode and the 

final stage of amplification, the RF transmitter front end can operate in Continuous 

Wave (CW)/PM mode and high/medium power mode, respectively, since the HPA can 

be disconnected. Digital step attenuator (HMC-C025) called “ATT” is used to control 

the output power level. The pulsed operation mode can be useful to estimate the 

parameters associated with the impulse response of the radio channel by channel 

sounding techniques.   
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Figure 2.22. Block diagram of RF TX front end (WBA+LO rejection BPFs). 
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Figure 2.23. Block diagram of RF TX front end (PM+PA/HPA). 
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2.3.3. RF receiver front end. 

 The RF receiver front end shown in Figure 2.24 is in charge of converting the 

input frequency received from the transmitter to an IF accepted by the baseband unit. 

The dual conversion receiver comprises a switched filter bank connected to two RF 

inputs and an automatic second-intermediate-frequency bandwidth selector that covers 

5 MHz, 10 MHz, 20 MHz and 100 MHz to emulate the different operation modes of 

LTE/LTE-Advanced systems. The system also integrates a logarithmic detector 

suitable to demodulate the pulse received from the transmitter in the channel sounder 

operation mode.  

700 MHz
Pin|10 MHz = –23 dBm
Pout = 6.5 dBm

AMP

0.5–2.5 GHz
G = 23.5 dB
P1dB = 15.8 dBm

0.5–2.5 GHz
G = 23.5 dB

P1dB = 15.8 dBm

Mixer
0.5–8 GHz

LO = 10–15 dBm
CL = 10.5 dB

P1dB = 5 dBm

BPF 
f0 = 860 MHz

BW =150 MHz
IL ≈ 1 dB 

0.5–2.5 GHz
G = 23.5 dB
P1dB = 15.8 dBm

AMPATT1

DC–2.4 GHz
6 bits

0–31.5 dB/0.5 dB
IL=3 .0 dB
P

PLL

2–6 GHz
Pin|10 MHz = –6 – +12 dBm
Pout = 14 – 17 dBm

IF1

IF2

Power splitter

0.8– 1.900 GHz
IL = 0.8 dB

Mixer
0.005–4.2 GHz
LO=10–16 dBm

CL = 7.5 dB
P1dB = 9 dBm

f0 = 150/160 MHz
BW: 5–10–20–100 MHz

L ≈ 1 dBSP6T Diode Switch
0.02–0.2 GHz

IL=1.20 dB

0.002–0.4 GHz
IL ≈ 5 dB

AMP

0.050–1 GHz 
G = 22 dB

P1dB = 26 dBm

0.4–3 GHz
G = 15 dB
NF = 1.4 dB
P1dB = 21.5 dBm

DC–1.8 GHz
IL ≈ 1.1 dB

LPF

3–5 GHz
IL ≈ 2 dB

1–3 GHz
IL ≈ 2 dB

5–7 GHz
IL ≈ 2 dB

LNA

1–12 GHz
G = 16 dB
NF = 1.75 dB
P1dB = 17 dBm

LNA

Multiplexer

SP4T
IL ≈ 0.3 dB

-10 dB

LOG IF 
AMP

PLL

DC–2.4 GHz
6 bits

0–31.5 dB/0.5 dB
IL = 3.0

ATT 2

AMP

Power Splitter
0.005–0.2 GHz

IL ≈  8 dB ( 6–Way)

 
Figure 2.24. Block diagram of RF receiver front end. 

The receiver is divided into three main units: 

LNA and switched filter bank: this unit amplifies the desired signal and rejects 

the adjacent band interferences. The unit is composed of two LNA amplifiers which are 

used separately, one for the lower band: 0.4–3GHz; and another (HMC-C059) for the 

higher band: 1–12 GHz; as shown in Figure 2.25. These amplifiers reduce the noise 

figure of the system and increase the dynamic range. Then, there is a switched high-

selectivity-filter bank that covers the LTE/LTE-Advanced frequency bands. The filters 

are selected by means of a SP4T mechanical switch.  
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Figure 2.25. Block diagram of RF RX front end (LNAs+high-Q filters). 

First IF: the first stage includes a broadband mixer and an 850/860-MHz IF 

filter. This unit also contains programmable attenuators and it provides an IF output for 

connecting baseband demodulator. The Figure 2.26 shows the first IF stage of the RF 

receiver front end. This unit filters the 850/860-MHz IF obtained by RF mixing process 

with a variable frequency synthesizer (HMC-C083) covering from 2 to 6 GHz. The 

resulting 850/860-MHz signal is processed going through a number of amplifiers and 

digitally controlled switched bit attenuators providing a constant power level. Finally an 

IF sample is obtained from a 10-dB directional coupler. This output can be used for 

numerous test purposes. 
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Figure 2.26. Block diagram of RF RX front end (First IF stage). 
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Second IF: this stage includes a second mixer, an amplifier and an automatic 

bandwidth selector. Finally a Logarithmic detector is provided to implement channel 

sounder functions. An additional RF power meter could be connected to the three-port 

splitter to realize received power measurements. The Figure 2.27 shows the second IF 

stage of the RF receiver front end. This unit has a narrow band mixer and a fixed 

frequency 700-MHz PLL. The 150/160-MHz resulting output is filtered to fit the channel 

bandwidth. A bank of four filters covering different bandwidths of 5 MHz, 10 MHz, 20 

MHz and 100 MHz is used. Then, the output is amplified and divided with a 3-Way 

power splitter which supplies signal samples for testing or expansion purposes, for 

logarithmic detector applications and for exciting other devices, e.g. a power meter as 

an extension of the channel sounder. The selected bandwidth for wideband channel 

sounding measurements is 100 MHz (center frequency: 150 MHz), since thereby 

narrower pulses can be transmitted increasing the “radar” resolution [2.86]. 
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Figure 2.27. Block diagram of RX front end (second IF stage). 

 In the following section, a number of RF transmitter/receiver front end setups 

have been analyzed by means of AWR Visual System Simulator™ (AWR VSS), 

software for the design of complex communications systems. AWR VSS is a complete 

software package for today's complex wired and wireless communication systems. 

VSS enables to design different system architectures, it establishes the appropriate 

specifications for each system block and it makes possible to carry out the proper 

simulations required to check the performance of every architecture. 
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2.3.4. RF transmitter front end (performance 

simulation). 

 A number of simulations can be extracted depending on several parameters as 

the input frequency/power, the operation mode (CW/PM), the final stage of 

amplification (PA/HPA), among others. In this thesis, only few combination have been 

considered, regarding the situations that have occurred during the measurement 

campaign as described in the final section of this chapter. In all the cases, the signal is 

injected by the “non-mixing” path.  
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Figure 2.28. RF transmitter front end (parameters). 

Figure 2.28 shows the RF transmitter front end setups. Both HMC-C075 PA and 

AM003040SF-4H HPA cases have been considered. Figure 2.29 illustrates both the 

spectral purity associated to the CW mode and the envelope of the modulated signal 

(47-ns pulse width), considering the two available PA. From this figure, other VSS 

available tools and devices’ datasheet, main figures of merit can be extracted as 

summarized in Table 2.03. 

48 



                                                                   High-frequency transceivers 

 

 
Figure 2.29. RF TX Front End: spectrum (1 tone). 

AWR’s System Simulator™ (VSS) Setup 

Parameter AM003040SF-4H HMC-C075 

Maximum input Power -3 dBm 

Available Gain 40 dB 25 dB 

1-dB compression point (P1dB) 39 dBm 29 dBm 

Harmonics (CW mode) <-30 dBc 

Non-Harmonics (CW mode) <-60 dBc 

Third-order Intercept Point (IP3) 50 dBm 40 dBm 
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AWR’s System Simulator™ (VSS) Setup 

PULSE MODULATION 

Risetime (Tr) 2.5 ns 

Falltime (Tf) 2.5 ns 

On/Off Ratio 65 dB 

Table 2.03. Main figures of merit: RF TX front end (ATT=0 dB). 

2.3.5. RF receiver front end (performance 

simulation). 

 In the same way, main figures of merit from the receiver can be estimated by 

simulation, under certain conditions*.  
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Figure 2.30. RF receiver front end (parameters). 
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Figure 2.31. RF RX Front End: spectrum (1 tone). 

AWR’s System Simulator™ (VSS) Setup 

Conditions*:  
RF IN = 1200 MHz, 2450 MHz  

(1–12-GHz LNA) 
ATT1 = ATT2 = 0 dB 

Parameter First IF Second IF 

Maximum input Power -30 dBm 

Available Gain 35 dB 65 dB 

Non-Harmonics (CW mode) < -50 dBc 

Noise Figure (NF) 16 dB 18 dB 

Table 2.04. Main figures of merit: RF RX front end. 

It should also highlight the high performance input multiplexer. 
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Figure 2.32. Frequency response of the input multiplexed filter. 
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Filter Typical 

BAND 1 [1–3 GHZ] 

Insertion loss 1.5 dB 

Flatness ±2 dB 

Stopband Attenuation (@4200 MHz) 75 dBc 

BAND 2 [3–5 GHZ] 

Insertion loss 1.5 dB 

Flatness ±2 dB 

Stopband Attenuation (@6200 MHz) 65 dBc 

BAND 3 [5–7 GHZ] 

Insertion loss 1.5 dB 

Flatness ±1.5 dB 

Stopband Attenuation (@2800 MHz) 65 dBc 

Table 2.05. Characterization of the input high-Q multiplexed filter. 
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2.3.6. Channel sounder application. 

 As mentioned before, a channel sounder is a device that allows estimation of 

the parameters associated with the impulse response of a radio channel. In a similar 

way to a bistatic radar, the channel sounder transmitter sends a repetitive pulse of 

specific width, τ (associated to the channel bandwidth, 1/τ), and the channel sounder 

receiver amplified the transmitted signal and detected it with an envelope detector. The 

resulting signal is usually acquired and stored in an oscilloscope. 

 The measurements included in the following section have been extracted from 

the data captured by the oscilloscope as can be seen in Figure 2.33. Both transmitter 

and receiver have been synchronized by using the baseband pulse generated on the 

transmitting side and the received signal was demodulated by the logarithmic amplifier 

(generally abbreviated to "log amp”). The setup can be observed in Figure 2.34. 
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Figure 2.33. Data captured by the oscilloscope. 

 
Figure 2.34. Photo of the measurement scenario (synchronization). 
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The stored information (green trace) is log-transformed from the log amp 

sensitivity, 25 mV/dB. The resulting data is called Power Delay Profile (PDP). Table 

2.06 summarize the key parameters associated to each measurement frequency.  

Frequency Transmitted 
Power 

Measurement 
Bandwidth 

(Oscilloscope) 
Pulse Width (τ) 

2450 MHz 38 dBm 200 MHz 47 ns 

1200 MHz 40 dBm 200 MHz 47 ns 

Table 2.06. Initial considerations. 

Measurement antennas have been characterized for simulation purposes (ray-

tracing techniques for modeling wave propagation). This characterization has been 

carried out in an anechoic chamber located at E.T.S.I y Sistemas de 

Telecomunicación, UPM. The reference Log-periodic antenna manufactured by 

Sistemas Radiantes F. Moyano, S.A. which covers a frequency range from 0.3 to 6 

GHz.   

Three antennas have been used for the broadband measurement campaign. 

The HG908P and HG2414P models are flat path antennas which have been used at 

the subway station as transmitting and receiving antennas, and the R&S HL025 Log-

Periodic antenna has worked as receiving antenna located on the train tail (last car). 

Operation frequencies are 2450 and 1200 MHz, in every case, as shown in Table 2.06.     

 
Figure 2.35. HG2414P (left side) and R&S HL025 (right side). 
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Figure 2.36. Radiation patterns (HG908P & HG2414P). 

Normalized radiation pattern

0o

180o

270o90o

330o

210o

300o

240o

30o

150o

60o

120o

0.00 

-13.75

-27.50

-41.25

Degree (º) vs. dBi
Frequency = 1.2 GHz

0o

180o

270o90o

330o

210o

300o

240o

30o

150o

60o

120o

0.00 

-13.75

-27.50

-41.25

Degree (º) vs. dBi
Frequency = 1.2 GHz

 

 

E-Plane
H-Plane

Normalized radiation pattern

0o

180o

270o90o

330o

210o

300o

240o

30o

150o

60o

120o

0.00 

-13.75

-27.50

-41.25

Degree (º) vs. dBi
Frequency = 2.45 GHz

0o

180o

270o90o

330o

210o

300o

240o

30o

150o

60o

120o

0.00 

-13.75

-27.50

-41.25

Degree (º) vs. dBi
Frequency = 2.45 GHz

 

 

E-Plane
H-Plane

 
Figure 2.37. R&S HL025 radiation patterns (1200 & 2450 MHz). 

Next, an example of the application is described, being a sample of a 

measurement set which were carried out in the metro station called “Ciudad de los 

Ángeles” (Line 3 of Metro de Madrid).  
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Figure 2.38. External dimensions of the measurement scenario. 

 
Figure 2.39. Internal dimensions of the measurement scenario. 

In this set of setups, train and subway station effects have been computed.  

Then, measurements were made inside underground tunnels that connect the 

aforementioned station with the adjacent ones. In these cases, tunnel effects have 

been taken into account. Figure 2.40 illustrates a possible scenario for such 

measurements.  
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Figure 2.40. A potential scenario: the receiver is on board the train. 

Measurements have been performed at two different frequencies: 2450 MHz 

and 1200 MHz, respectively. Broadband measurements are based on PDP which gives 

the amplitude of the signal received in every instance through a multipath channel as a 

function of time delay. From these curves, certain channel parameters can be 

extracted, such as the delay spread which in turn is useful to determine the number of 

channel taps, one of the key parameters needed for signal propagation models [2.87-

2.88]. 

In the case under analysis, which has been included in this document below, 

antenna systems are separated from each other by 20 m approximately. Both antenna 

systems are oriented towards the same wall. 

 
Figure 2.41. The train is located in the middle of the metro station. 
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Figure 2.42. Power delay profile, 2450 MHz (up) and 1200 MHz (down). 

 PDP analysis is presented as follows: 

 2450-MHz measurements: since the train is very near the transmitter and 

receiver, larger contribution can be found in the time delay around 80 ns, 

which corresponds to around 24 m path length. This could be the first order 

reflection from the train body. 
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 1200-MHz measurements: compared to the corresponding situation at 2450 

MHz, the case of 1000 MHz has very long RMS time delay spread. This is 

because that the propagation loss in the free space at 1200 MHz is much 

smaller than at 2450 MHz. Thus, each multiple path experiences smaller 

propagation loss and, therefore, more multi-path components are retained 

and finally received. 

The collected data are valuable, since it can be used to extrapolate additional 

evidence on advanced propagation simulator based on ray-tracing techniques. 
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2.4. Radar calibration transponder system. 

 In the last fifteen years, there have been a lot of issues related to the radar 

calibration dealt in the literature, especially for SARs [2.89-2.95], polarimetric radars 

[2.96-2.98], scatterometers [2.99], radar altimeters [2.100], Ground-Penetrating Radars 

(GPRs) [2.101-2.103], Doppler weather radars [2.104], or high-frequency radars 

[2.105].  

This section is focused on radar calibration systems. The purpose of calibration 

systems for tracking radars is to minimize angular and distance errors. In military and 

space tracking systems, a pointing error of the radar antenna generates an offset that 

increases with range. In conventional methods, the optical axes of the antenna are 

aligned with the mechanical axes of the radar by transmitting a signal to a known point. 

These methods require a high SNR and a number of reflections associated with clutter 

as low as possible. A family of radar targets is described in [2.106] for measuring, 

calibrating, and monitoring critical radar performance parameters.   

Calibration-target tests have been used since the early days of radar. They 

consist of balloons covered with metal foil, comer reflectors of various sizes, and even 

active repeaters. For instance, a simple rectangular-plate millimeter-wave radar 

calibration target gives Radar Cross-Section (RCS) values ranging from hundreds to 

thousands of square meters is proposed in [2.107]. The classic Doppler wheel which 

has been traditionally used to evaluate experimentally millimeter-wave radar returns 

can be found in [2.108]. Another radar calibration procedure using a number of LEO in-

orbit targets is presented in [2.109]. The radar is based on a phased array of large 

reflectors for deep-space communication. Other passive targets are reported in [2.110]. 

Theirs enhanced radar cross section for easier detection combined to a low mass for 

easier launch make them suitable for being used as satellite-calibration spheres.  

Today’s radars are manufactured with accurate devices, and there are 

procedures which allow to know its main specifications as transmitter power, receiver 

sensitivity, antenna gain, calibrating the reference clock of the system, or finally, 

verifying that subsystems met its functional requirements. This calibration is useful for 

basic accuracy but it does not ensure that critical parameters like radar signal power, 

Doppler processing measurements, tracking errors, and other parameters are within 

specifications.  
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In the past 25 years, a set of radar targets was designed and manufactured by 

Fredwal.Inc and later by Amherst International LLC, for measuring, calibrating and 

monitoring critical parameters of several tracking and surveillance radar systems for 

civil, military and space applications [2.111-2.112]. 

The calibration of military Doppler radars is one of the most advanced and 

important tasks needed in order to get high accuracy in measurements of speed and 

trajectory of targets [2.113]. The calibration requires the use of real precision targets or 

a special target generator for assessing the true performances of radar equipments. 

Doppler radar systems, usually operating in microwave S or X band, are advanced 

systems that measure the speed, range, and elevation angle of a target with high 

accuracy. With these parameters, radar can get the variation along distance of the 

vector velocity of a projectile, and can reconstruct its trajectory.  

The reflectors have a number of disadvantages when they are being used as 

radar calibration targets; among them include a good knowledge of the propagation 

environment which implies to consider with sufficient precision the various phenomena 

involved such as multipath in every calibration scenario. In this situation, it is desirable 

to perform the calibration process in well-controlled environments such as anechoic 

chambers. However, these procedures could be performed only in situations where the 

targets are static or moving at low speeds. When trying to assess the accuracy of the 

radar system for detecting targets with a small radar cross-section and that travels at 

transonic or supersonic speeds, the construction of “isolated” locations, regarding to 

the control of propagation phenomena, is in many cases impossible. In addition, it 

would not be feasible to handle real targets in mixed calibration methods, as in the 

case of fire-control radars, where it would be needed to shoot ammunition in each 

iteration of the calibration technique.  

Depending on detection tests and environmental characteristics, one type of 

radar will be used. X-band radars (8.2-12.4 GHz) have reduced physical dimensions 

and need minor size antennas, though the radar signal is attenuated very easily. For 

that reason, X-band radars are more suitable for use in launch ranges with short-range 

and medium-range targets. In spite of the fact that S-band radars (2-4 GHz) use large 

antennas because of the wavelength, radar signal is not easily attenuated. Therefore, 

S-band radars are more suitable for use with medium-range and long-range targets 

and rockets. In addition, S-band radars are not affected by the steam rocket (or hot 

water rocket), whereas X-band radars are affected by this substance considerably 

[2.114].  
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In all these systems, the speed is the main parameter which wants to be 

calculated and they require a calibration procedure to guarantee the performance of 

the measurements. Tests with close-range and medium-range targets are simple since 

the radar can capture the whole information sequence without difficulty. Therefore, it is 

possible to reconstruct the complete path. Nevertheless, when long-range targets are 

used, it is impossible to acquire the complete trajectory and the impact point of the 

flying object.  

Monopulse radar measures simultaneously distance and elevation angle of 

objects [2.115]. These systems allow to evaluate and determine accurately the impact 

point. In addition, it is possible to calculate the path mathematically and reproduce the 

tracked trajectories. Bifrequency monopulse radars permit to obtain simultaneously 

several parameters: speed, elevation angle and distance [2.116].  

CW systems are the radars most widely used. This technology has been used 

principally to measure the velocity of high-speed objects as projectiles and satellites, 

with high precision at long distances [2.117]. Sometimes, a frequency or phase 

variation is added to CW radars which permits target range determination. This 

variation can be accomplished by FM or Phase Modulation (PM) techniques. It is 

necessary to use a Doppler radar calibration system to guarantee the accuracy of the 

response of these systems. 

 The radar calibration transponder system is able to provide characteristic 

returns such as programmable frequency offset, delay or signal attenuation. 

Nonetheless, uncertainty information associated to the equipment is not usually 

available. In most of the cases, it is also important to know the error margin of a 

measurement during the calibration and compensation procedures.  
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2.4.1. Fundamental principles of calibration 

transponders. 

 A calibration system for radars must be able to simulate high-speed radar 

targets with very high precision, to allow us the measurements and calibration of the 

Doppler/range parameters of the radar in real conditions. A typical system receives the 

signal transmitted by the radar using a medium gain antenna, and converts it to an 

intermediate frequency using a down-converter. The IF is delayed to emulate range, 

and it is mixed again with the signal from another oscillator that includes a Doppler 

frequency shift, Df , as an object in motion. Later, the above mentioned signal is 

retransmitted to the radar. The whole system must be synchronized with a high-stability 

frequency reference. The final result is an output signal at radar reception frequency, 

0f , with a very precise Doppler shift, Dff +0  and a delay to simulate a dynamic target. 

 Therefore, all these parameters must also be changed dynamically in time. 

Typically, the radar calibration system is located about 100-300 m away from the radar 

antenna and is controlled remotely to emulate different velocities and ranges of the 

target with variations of Doppler shift and signal delay in real time. A calibration system 

provides a very accurate method for calibrating radars used for measurements of 

object-in-motion trajectories in aerospace and military applications. 

2.4.2. Generation of moving targets. 

 The most important parameter of a Doppler radar is the measurement of the 

target velocity over time. In recent years, high-speed object detection and tracking has 

become an increasingly important issue of radar systems. For that reason, one of the 

fundamental aspects of the frequency calibration systems is the Doppler shift emulation 

[2.117].  

A basic architecture of the radar calibration system is shown in Figure 2.43. The 

schema proposed uses two oscillators to generate different Doppler shifts. The Doppler 

shift produced by a moving target traveling at a constant speed v  and illuminated by a 

CW-radar of frequency 0f , returns an echo of frequency 1f , defined as: 

 001
2 f
c
vff +=  (2.01) 

Where c  is the speed of electromagnetic waves. 
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Figure 2.43. Dual LO system used for the generation of Doppler shift. 

Therefore, the calibration system returns the received signal from the radar, at 

frequency 0f , with a frequency shift, Df , where Dfff += 01 . The generalized 

expression for the calculation of 1f  is given by: 

 ( ) ( )RR REF
j
kREF

n
mff δδ ±+±−= 01  (2.02) 

Where: 

n , j : frequency division factors of the reference oscillator for down-conversion 

and up-conversion stages, respectively. 

m , k : frequency multiplication factors of the reference oscillator for down-

conversion and up-conversion stages, respectively. 

REF : frequency generated by reference oscillator.  

Rδ : reference oscillator drift. 

Substituting 01 fffD −=  from (2.01) into (2.02), the speed of a virtual target, v , 

is obtained as: 

 






 ±








−=

02 f
REF

n
m

j
kcv Rδ  (2.03) 
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2.4.3. Generation of slant-range.  

 Slant-range, rs , is the line-of-sight distance between the radar and the target. 

This parameter is calculated as follows: 

 
2
ctsr =  (2.04) 

Where t  is the time that the signal transmitted by the radar takes to reach the 

aim and to come back before detection, and c  is the speed of electromagnetic waves.  

Calibration systems are able to generate Doppler shifts and simultaneously delay the 

radar signal in order to simulate targets placed to a very precise distance that move 

away at high speed. The IF signal passes through a programmable delay line of special 

characteristics that emulates the propagation delay retarding the received signal. 

Hence, the output signal at the radar reception frequency, 0f , includes a delay 

and a Doppler shift obtained in a very precise way, Dff +0 . 

The range is simulated using a programmable delay line. Variable delays in a 

RF system can be generated using Digital Radio Frequency Memories (DRFMs) or 

SAW delay lines. DRFM uses an ADC where sampled data are stored into a First in, 

first out (FIFO) memory to get the desired delay and converted to analog signal again. 

This solution provides a continuous control of the delay, but if we want broadband 

operation and long delay we have to use high-speed ADC/DAC and a large amount of 

fast memory. Also in this case the SNR of the system is reduced by the quantification 

noise of the DRFM, so it is a much more complex solution unnecessary for radar 

calibration. On the other hand, SAW devices offer a simple solution in the generation of 

programmable delays [2.118]. Multiple delays can be obtained combining several lines. 

This solution has a high accuracy and a moderate bandwidth (20–50 MHz) though the 

resolution of the generated delay depends on the number of delay stages used. 

Associating several lines in cascade, as shown in Figure 2.44, programmable delays 

with discrete steps can be obtained. The main problem of SAW devices is their thermal 

drift. It is not higher than 2.5 ppm/ºC [2.119] and can be accurately measured and 

calibrated. 
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Figure 2.44. Block diagram of a programmable SAW delay line. 

In Figure 2.44, lines of fixed delay iτ  have been placed in a cascade 

configuration interconnected by means of a Single-Pole, Eight-Throw (SP8T) 

multiplexer that allows us to choose outputs and to select 8 different delays from 1τ  to 

MAXSAWt | . Since every delay line introduces a high attenuation, it is necessary to 

include a pre-amplifier that compensates the distributed losses. The result is a very 

stable circuit that obtains several delays for radar range calibration by permitting to 

simulate distances whose values depends on several parameters as shown in (2.05). 

The emulated distance, er , between the target emulator and the aim is calculated by 

means of the following equation: 

 ( ) rttcr TDeSAWe ++++= δδ
2

 (2.05) 

 Where: 

SAWt : programmed delay in cascaded-SAW-filter subsystem.   

et : delay of other circuit blocks such as additional filters.  

Dδ : difference between programmed and actual delay.  

Tδ : thermal drift of SAW filters caused by internal heating of equipment during 

the normal operation or by changes in external ambient temperature.  
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 r : real distance from the radar to the calibration system, 100-300 m. Typically, 

this parameter is measured with a laser range finder. 

2.4.4. Calibration system developed. 

 A complete target generator transponder developed for the calibration of 

Doppler radar used for measurements of the speed and other parameters of rockets 

and ballistic projectiles have been presented. The system uses a Direct Digital 

Synthesizer (DDS) with 48-bits resolution for the generation of accurate Doppler shifts 

and a SAW delay line for range emulation. The complete system can simulate speeds 

up to 2000 m/s and ranges from 300 m to 15 km under different real SNR conditions. 

All the parameters can be changed dynamically so it can simulate the velocity of a 

target located at a medium/long range distance with accuracies of up to ±2.76 ppm. 

The developed systems work at two standard radar bands: S-band (2.45-2.63 

GHz) and X-band (10.520-10.531 GHz). Block diagram of X-band radar calibration 

system is shown in Figure 2.45. 
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Figure 2.45. Principle of calibration of a Doppler radar. 
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Each system has been implemented with two robust 2–18 GHz wideband horn 

antennas — WBH2-18 from Q-par Angus — with rectangular aperture. After the 

antenna there is a high quality Microwave cavity filter (BPF) to filter the input signal and 

improve image rejection performance. Moreover, a LNA is placed at the input of the RF 

chain to optimize the system noise figure. The LNA is followed by a Schottky diode 

detector to ensure a correct operation of the calibration system taking into 

consideration the power range of each of the calibration system devices and the EIRP 

of Doppler radars under test. In this sense, the radar signal is attenuated using two 

programmable attenuators for establishing different real SNR conditions — as a real 

RCS. Moreover, this sensor allows the user to detect operational failures of radar 

transmitters, as well as to characterize antenna radiation patterns. 

The speed emulation of potential targets needs a precise measurement of the 

radar signal frequency. For this purpose, a GC2210 frequency counter has been used 

to measure the frequency from the signal transmitted by the radar. Such information is 

required for programming the calibration system in terms of speed emulation. The 

frequency counter’s standard uncertainty is ±11.2 Hz. 

The received signal is converted to an IF of 160 MHz. Then, a sample of the 

intermediate frequency signal — coupled signal — is sent to the frequency sensor to 

achieve more precision in the measurements — a microwave frequency counter would 

require better performance — and the direct signal is processed by introducing delays 

to emulate slant-ranges. The frequency of the received signal is calculated as the sum 

of down-conversion synthesizer frequency and the measured one by the universal time 

interval counter. The output of the IF processor is converted to the radar frequency 

adding the Doppler shift in the up-conversion process for the speed emulation. In this 

case a special solution using DDS to generate Doppler shifts has been used.   

The system uses two frequency synthesizers to add Doppler to the signal. One 

synthesizer is used for the down-conversion stage and another one for the up-

conversion stage. Both are locked to the same reference frequency of the system that 

uses a Rubidium Frequency Standard PRS10. This device guarantees short-term and 

long-term stabilities of the calibration system. The reference frequency of the up-

converter synthesizer is modified using a DDS synchronized with the Rubidium 

oscillator in order to obtain Doppler frequency shifts of high resolution. The selected 

DDS is the AD9912 device from Analog Devices. This device is a last generation circuit 

that uses a 14-bit DAC and operates with an 1-GHz clock.  
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It can generate output frequencies up to 400 MHz with a very low phase noise 

when it is synchronized with a very stable reference oscillator.  

The AD9912 features an integrated PLL that is used to multiply a low-frequency 

input reference. An external reference clock in the range of 80 MHz to 300 MHz can be 

multiplied with the internal PLL to generate an 800-1200-MHz internal clock. 

Nevertheless, using this internal PLL and therefore a high multiplication factor, the 

phase noise level of the system is highly increased. As the DDS is used as a reference 

for the S-band PLL, the resultant phase noise is unacceptable. For this reason, an 

external 1-GHz PLL with a low phase noise locked to the 10-MHz Rubidium reference 

is used as the DDS clock.  The 1-GHz PLL gets a phase noise of -118 dBc/Hz at 10 

kHz offset from the carrier — SFS1000C-LF from Z~Communications. Its phase noise 

is improved by a factor of 100 (20 dB) in the DDS when its output is 10 MHz obtaining 

a reference frequency with a superior phase noise: -138 dBc/Hz@10kHz. The S-band 

PLL gets a phase noise of -95 dBc/Hz@10kHz locked with this DDS setup. Phase 

noise levels of different frequency synthesizers are summarized in Table 2.07. 

Device Phase Noise (dBc/Hz) 

Rubidium @ 100 Hz <-140 dBc/Hz 

1-GHz PLO 

@ 10 kHz 

-118 dBc/Hz 

DDS (10MHz output) -138 dBc/Hz 

S-band PLL -95 dBc/Hz 

X-band PLL -88 dBc/Hz 

Table 2.07. Phase noise levels of frequency synthesizers. 

The frequency resolution of a DDS depends on the sampling rate, CLKf , and the 

length of the sampling word, b . For a 48-bit frequency tuning word, its maximum 

frequency resolution, DDSf∆ , can be calculated as: 

 Hzff b
CLK

DDS µ55.3
2
10

2 48

9

≈==∆  (2.06) 

For a moving target with a uniform velocity, v , of 2000 m/s (about 6 Mach), the 

Doppler shift, Df , is defined as: 

 kHzf
c
vfD 40.14010·520.10·

10·2.997123
10·2·22 9

8

3

0 ≈==  (2.07) 
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Where c  is the propagation speed of the electromagnetic waves, about 

 02.997123·1 8
 m/s, and 0f  is the radar reception frequency. In this possible real 

scenario, MHz 105200 =f .      

As the DDS allows us to control the 10-MHz reference oscillator to generate the 

Doppler shift calculated in (2.07), the maximum resolution of the calibration system, 

SYSf∆ , — or the maximum resolution of the Doppler shift generated — is limited by the 

frequency resolution, DDSf∆ , of this device. SYSf∆  is 'm  times DDSf∆ , where 'm  is the 

frequency multiplication factor of the reference oscillator for down-conversion 

synthesizer, without computing twice the Doppler shift component being evaluated. 

In X-band (10520 MHz) this factor is 1036 for a 160-MHz IF frequency. 

Therefore, the Doppler resolution in this configuration is: 

 Hzmff DDSSYS
36 10·68.31036·10·55.3' −− ≈≈∆=∆  (2.08) 

The X-band system uses the same synthesizers multiplied by four. The 

multiplication operation is achieved by means of two additional ALMX4-0810-20 

frequency multipliers from Endwave, Inc. The whole system is calibrated in the 

laboratory — the absolute standard uncertainty for the gain of the calibration system 

has been estimated, after measurements, as ±0.58 dB — and the coefficients are 

stored on a hard drive. A network analyzer is used to calibrate the delay and 

attenuation, while antennas are calibrated in an anechoic chamber — their absolute 

standard uncertainties are ±0.55 dB.  

The calibration of the frequency reference is very important for the system and 

must be periodically compared with an even more accurate reference (cesium atomic 

frequency standard) — the rubidium reference’s nominal accuracy is ±5·10-5 ppm. 

Immediately after calibration with Cesium atomic frequency standard, the maximum 

accuracy is ±1.4·10-6 ppm. This calibration is done once a year, and after that the 

emulator uses a GPS to keep the reference oscillator calibrated. As shown in Table 

2.08, the short-term stability of GPS is poor compared to the stability of the Rubidium 

oscillator. However, over several hours, long-term stability, GPS is more stable. 

Therefore, frequency offsets and long-term aging can be reduced by phase-locking the 

Rubidium oscillator to 1 pps from a GPS time receiver with a long time constant 

[2.120]. 
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Allan variance Rubidium oscillator GPS Units 

Short term stability 

<2·10-11 (1 s) <5·10-8 (1 s)  

<1·10-11 (10 s) <1·10-8 (10 s) Δf/f 

<1·10-12 (100 s) <1·10-9 (100 s)  

Long term stability 
 

<5·10-13 (10000 s) <1·10-11 (10,000 s)  

<1·10-12 (100,000 s) <5·10-12 (100,000 s) Δf/f 

<1·10-11 (1,000,000 s) <2·10-12 (1,000,000 s)  

Table 2.08. Long-term and short-term stabilities. 

The complete system is remotely controlled using a WLAN connection 

(802.11a), and a monitoring and control unit (M&C). The 802.11a standard provides 

high enough bit rate to support the communication protocols. Since it operates in the 5 

GHz band, signal interferences with S and X band radar systems are avoided. The 

M&C unit controls the frequency of local oscillators (S-band PLLs and DDS), losses of 

controlled attenuators and programmable delays of the radar calibration systems. Also, 

it manages the trigger signal. Trigger signal synchronizes the calibration system with 

the radar. 

The monitoring and control subsystem is also connected to a weather station for 

measuring environmental conditions such as: temperature, atmospheric pressure, and 

relative humidity. These data are used to compute the speed of electromagnetic waves 

with improved accuracy in order to compensate calibration constants. Main 

characteristics of the proposed calibration systems are given in Table 2.09. 
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Parameters S-band X-band 

FREQUENCY  

In. / Out. frequency 2.45-2.63 GHz 10.520-10.531 GHz 

IF/ IF bandwidth 160 / 30MHz 

Tunable bandwidth 180 MHz 11 MHz 

AMPLITUDE   

Max./Min.  
input power 

-9/-40dBm +40/-45 dBm 

Max./Min.  
output power 

-16/-130 dBm 

Max. gain -16 dB -6 dB 

Gain range/accuracy 120 dB/0.5dB 

DOPPLER  

Speed accuracy 
(Δv/v) ±2.76 ppm ( m/s 2000=vmax ) [Appendix A] 

Frequency range 0-35 kHz 0-145 kHz 

DELAY  

Maximum delay 70.6 µs 

Step size (µs) [0.024;10.8;21.6;32.4;38.2;49;59.8;70.6] 

ANTENNAS  

TX / RX antenna gain 7.6 dB 11.3 dB 

Table 2.09. Features of calibration systems. 

The complete assembled radar calibration system is shown in Figure 2.46 and 

Figure 2.47. 
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Figure 2.46. Doppler generation unit and control processor. 

 

 
Figure 2.47. Complete radar calibration system with antennas. 
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The developed prototype has proved to be a useful instrument for the 

calibration of Doppler/range radars. The system includes innovative solutions for the 

generation of Doppler and distances with high precision. It is able to generate accurate 

Doppler shifts with a resolution higher than 4·10-3 Hz and speeds with an accuracy of 

around ±2.76 ppm — from 1000 independent measurements — at slant-ranges from 

100 meters to 11 kilometers. A complete study of the uncertainty of the calibration 

process has been made to guarantee the accuracy of radar measurements [Appendix 

A].  

It can be used with several types of radars in S and X band in large dynamic 

range from miliwatts to several hundreds of Watts. According to the thesis author’s 

knowledge, there are no commercial equipments which can reach these specifications 

in terms of speed emulation at the present time. The system has proved very effective 

in radar calibrations and it is being used for the improvement of accuracy and 

resolution of FM-CW radar systems [2.121]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

74 



                                                                   High-frequency transceivers 

2.5. SEOSAR/PAZ TRMs. 

 Special mention is required for the transceivers used in phased arrays of 

antennas (beam forming networks) which are probably the most commonly used 

systems in modern military and Earth exploration radar. Such antennas have many 

advantages over conventional ones. A high reliability, broad bandwidth and precise 

control of the lateral lobes can be stood out among electrical performances. These 

structures do not usually include moving parts and being electronically oriented they 

keep a low profile, which is interesting to minimize aerodynamic drag, making them 

ideal for applications including military embarked and sometimes stealth technologies.  

The main disadvantage of the array antenna is the cost, since each one is 

made with a high number of TRMs [2.122]. However, its price is getting lower because 

the phase shifters based on electromechanical devices, MicroElectroMechanical 

Systems (MEMS) [2.123] and integrated circuits of silicon and germanium are gradually 

replacing the more expensive components [2.124]. In spite of this fact, new 

developments and perspectives in Phased Arrays Radar and Electronic Warfare for the 

next generation of TRMs in order to decrease mass production cost while increasing 

the level of performance and reliability is presented in [2.125]. In this context, 

Monolithic Microwave Integrated Circuits (MMICs) are always the key components with 

the involvement of new processes such as GaAs, GaN, or other semiconductor 

materials [2.126] and the evolution of multifunction chips [2.127]. LTCC or High 

Temperature Cofired Ceramic (HTCC) processes are promising technologies 

concerning the packaging.  

 In terms of interconnections, large phased arrays require a medium distance 

and high speed control network to access all the TRMs and control circuits distributed 

along the surface of the array. For this reason, it is mandatory to use proper connectors 

and transmission lines depending on the required integration level as well as to 

equalize and optimize signal transmissions, if appropriate. Therefore, SAR systems 

require accurate calibration and error compensation, as well as and careful design of 

all component parts.   
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2.5.1. SEOSAR/PAZ X-band instrument. 

 In the field of aerospace applications, a number of airborne SAR systems are 

designed nowadays to be utilized by research institutions, government agencies and 

private companies. SAR technology has a number of current and potential applications. 

Launched on April 2010, CryoSat-2 measures the thickness of sea ice in order to 

understand how climate change mechanism works [2.128]. SAOCOM satellites 

(Satellites for Observation and Communications) carry an L-band full polarimetric SAR 

on board for monitoring and managing natural disasters [2.129-2.130].  

 
Figure 2.48. Photo of the PAZ spacecraft (EADS Astrium). 

SEOSAR/PAZ (Satélite Español de Observación SAR - SAR Observation 

Spanish Satellite), is an X-band SAR to serve the security and the defense needs (dual 

civil and defense mission). The objective of the Paz-SAR instrument is to provide high 

quality SAR imagery in a variety of sizes and resolution ranging from medium over 

wide regions up to very high resolution. Table 2.10 and Table 2.11 summarizes the 

main features of the radar system. More detailed information can be found in [2.131].  

 

 

 

 

76 



                                                                   High-frequency transceivers 

Parameter Value Parameter Value 

Antenna type Active phased array Beam scan angle range 
±0.75º (azimuth)  
±19.2º (elevation) 

X-band  
center frequency 

9.65 GHz Radiated peak power 2260 W 

Antenna  
aperture size 

4.8 m x 0.8 m x 0.15 m Polarization modes HH/VV/HV/VH 
(single or dual) 

System noise figure 5.0 dB Operational PRF range 3000-6500  

Table 2.10. Main PAZ-SAR instrument parameters. 

Imaging 
mode 

Polarization 
mode 

Scene size  
(azimuth, range) 

Resolution  
(azimuth, range) 

Stripmap single polarization 
dual polarization 

30-2000 km, 30 km 
15-2000 km, 15 km 

3 m x 3 m 
6 m x 6 m 

ScanSAR single polarization 100-2000 km, 100 km 16 m x 6 m 

Spotlight single polarization 
dual polarization 

10 km x 10 km 
10 km x 10 km 

1 m x 1 m 
2 m x 2 m 

High Resolution 
Spotlight 

single polarization 
dual polarization 

5 km x 5 km 
5 km x 5 km 

< (1 m x 1 m) 
< (2 m x 2 m) 

Table 2.11. Summary of PAZ-SAR instrument performance. 

The Paz-SAR instrument comprises an X-band active phased array antenna 

with an operation instantaneous bandwidth up to 300 MHz. The SAR antenna consists 

of 12 panels in azimuth direction – assembled in three mechanical leaves – each with 

32 dual-polarized stripline technology subarrays.  
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Figure 2.49. Subarray qualification model. (EADS CASA Espacio). 

Each individual subarray is driven by a dedicated TRM adjustable in amplitude 

and phase by applying complex excitation coefficients. This enables beam steering and 

adaptive beam forming in both azimuth and elevation directions. Each panel has a 

Panel Distribution Network (PDN) for splitting/combining radar (TX/RX) signals, a Panel 

Calibration Network (PCN) for splitting/combining calibration signals, two Panel Supply 

Units (PSUs) to power the TRMs, and one Panel Control Unit to control the TRMs.  
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Figure 2.50. Interface scheme of the X-band front End. 
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Accordingly, from the viewpoint of TRMs and synchronization signals, 

SEOSAR/PAZ X-band instrument is comprised of an active front end with 384 active 

TRMs which are arranged in a 12x32 matrix [2.132-2.133]. An Antenna Control Unit 

forms the command (TC) and monitoring interfaces (TM) between the central 

electronics and the panels. Panel Control Units are in charge of controlling and 

monitoring all TRMs.  

 In addition to the frontend TRMs, there are another 12 TR-modules working as 

preamplifiers, to compensate harness losses between RF Electronics (RFE) module 

and frontend. These TR-module based pre-amplifiers are called Leaf Amplifier 

Assembly (LAA), there is one for the fore part of the antenna and one for aft part. Each 

LAA comprises 3 active and 3 cold-redundant TRMs. Such architectures requires 

careful analysis regarding to the connection of devices since, in some cases, technical 

standards do not contemplate such a number of elements. In this scenario, the main 

circuits involved in sending and the receiving data are the HS-26CLV31RH quad 

differential line driver and the HS-26CLV32RH quad differential line receivers designed 

for digital data transmission over balanced lines and meets the requirements of EIA 

standard RS-422 assuring a reliable operation in the most severe radiation 

environments. Section 4.4 includes a deep analysis in this respect.  
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3 Technology of high-
frequency transceivers 

Modern transceivers require special components with high performance 

features to perform advanced functions. These components can be found in a variety 

of technologies such as SiGe, GaAs, GaN, and others. Such components can be 

passive, active or electromechanical. Then, a brief overview of their evolution and 

associated technology is presented.  

3.1. Technologies.  

3.1.1. MMIC. 

 Today, there are MMIC processes on many different semiconductor materials 

with transistors that exhibit different features over the whole of the microwave 

frequency range. The future of MMICs seems to continue in the direction of even more 

exotic semiconductor materials and ever more complicated design techniques, where 

the eventual capabilities of the chips will be limited only by engineers’ imaginations 

[3.01]. Some of them have been highlighted below.  

An extremely sensitive ten-beam radiometer used at cryogenic temperatures 

which has been developed using InP MMICs is presented in [3.02]. The chip set 

comprises the LNAs, phase switches, and hybrid couplers. 
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 A 164-GHz MMIC High-Electron-Mobility Transistor (HEMT) doubler [3.03] 

which exhibits a conversion loss of only 2 dB and output power of 5 dBm at 164 GHz. 

The 3-dB output power bandwidth is 14 GHz, or 8.5 % being the best reported result 

for a MMIC HEMT doubler above 100 GHz.  

A multi-octave wideband AlGaN/GaN MMIC amplifier with a gain response of 12 

dB, from 0.1 to 27 GHz has been reported in [3.04]. The circuit demonstrates 

conceptually GaN technology’s potential for broadband applications. 

 Next, a set of semiconductor technologies is going to be analyzed briefly. Each 

technology has a number of associated advantages and disadvantages shown in the 

corresponding paragraphs. 

3.1.2. SiGe. 

 Nowadays, terminals are smaller and lighter, low-cost manufactured, and run 

longer on a fresh battery charge. Many of the technologies seen in the earlier handsets 

are still there, but they are scaled down in size or assembled using less expensive and 

more efficient packaging techniques. Silicon Integrated Circuits (ICs), which were 

extensively used for baseband and IF signal processing in early sets, have now 

migrated toward the antenna [3.05]. Depending upon the system requirements, almost 

all of the RF transceiver functions can now be implemented on a single chip. While cost 

or performance constraints do not always favor a fully monolithic approach, the general 

trend toward greater integration driven by cost, size, and battery life has been steady 

and relatively rapid over the past decade.  

On the other hand, the conventional low-cost Si-based devices are not suitable 

for microwave applications because of the limited intrinsic Si material properties. 

Advances in SiGe-based devices made in recent years have reduced, or removed, the 

limitations of conventional Si technology [3.06].  

The application of SiGe bipolar and SiGe-BiCMOS to the front end of wireless 

transmitters and receivers for portable telephony and data communications are 

surveyed in this reference [3.07]. It will be seen that SiGe technology enables 

transceiver designs that have advantages in design cycle time and performance versus 

cost if they are compared with the latest technologies such as RF Complementary 

Metal-Oxide-Semiconductor (CMOS) or III–V semiconductors. BiCMOS processes 

contain more processing steps than traditional bulk CMOS and they are more 

expensive to fabricate.  
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Nevertheless, these processes can be used for very special applications such 

as automotive radar, ultra-high frequency radios, and signal conditioning circuits due to 

the addition of high-performance bipolar transistors. Bipolar transistors improved the 

SNR since they permits higher signal amplitudes and displays lower noise with higher 

gain. CMOS provides high-density logic solutions. SiGe BiCMOS has both of these 

qualities: CMOS for logic density, and SiGe bipolar transistors for drive and high-

voltage capacity. 

The SiGe Heterojunction Bipolar Transistor (HBT) is the first practical bandgap-

engineered device to be realized in silicon. SiGe HBTs can deliver operation frequency 

above 70 GHz, minimum noise figure below 0.7 dB at 2.0 GHz, cryogenic operation, 

excellent radiation hardness, competitive power amplifiers; and a reliability comparable 

to Si [3.08]. 

 The requirement for an increasingly reduced current consumption in future 

transceivers is well satisfied by advanced technologies such as SiGe. Examples are 

given in current wireless communication ICs. The integration of an on-chip folded 

dipole antenna using a high-resistivity silicon substrate (1000 Ω·cm) to improve its 

efficiency with a monolithic 24-GHz receiver manufactured in a SiGe HBT process is 

reported in [3.09]. The receiver, including the receive and an optional transmit antenna, 

provides 30-dB conversion gain at 24 GHz (Industrial, Scientific and Medical (ISM) 

band). Another example can be found in [3.10]. This work includes the design of an 

integrated SiGe T/R module, a critical component in active phased-array antenna 

systems, that includes both receive and transmit paths, Transmitter/Receiver (T/R) 

duplexer switch, biasing and digital control.  

 The continuous improvement of silicon technologies enables the integration of 

various radar components and complete transceivers around 80 GHz. In this area, an 

ultra-wide FMCW radar system based on a monostatic fully integrated SiGe transceiver 

chip is described in [3.11].  
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3.1.3. GaAs/AlGaAs/InP. 

 In the last years, III–V device technologies in areas such as substrate 

manufacturing, fabrication technologies or MMIC design tools has been further 

accelerated due to the consequential deployment of wireless services and the ever 

increasing bandwidth demand.  

 As a result of the significant investment and effort in these areas, GaAs-based 

and InP-based device technologies have reached a sufficient development level for 

applications, both military and commercial. The most important application of III–V 

devices is probably the high frequency amplification. The key figures of merit for power 

devices at microwave and higher frequencies are output power, efficiency, linearity, 

and ever increasingly the bandwidth. Their specific weight in the overall performances 

of the devices depends on the applications. 

The ultimate power performance at both device and circuit levels is limited by 

the intrinsic material properties, being cut-off frequency, carrier velocity and breakdown 

field essential material parameters [3.12-3.13]. Thermal management is a critical 

consideration for power transistors. The heat generated in practical devices can be 

significant reducing both the efficiency and the output power of the device [3.14]. 

Thermal management is one of the most important issue for GaAs and InP devices 

because of the relatively low thermal conductivities of these semiconductors [3.15-

3.16]. Packaging of GaAs and InP power devices has been hardly studied to insure 

adequate thermal management. Thermal and scale-integration management plays an 

increasingly important role in the development of advanced power devices and 

amplifiers since the output power and operating frequency increase. In this regard, 

GaAs and InP technologies have achieved excellent scalability and thermal 

management. The results surveyed in the following document [3.17] indicates that 

these technologies offer impressive power performance from UHF to beyond W-
band frequencies. They still preserve a performance superiority over other 

semiconductor technologies at low frequencies, even below S-band and where the 

prize must be taken into account.  

Power amplifiers designed for G-band (140-220 GHz) and W-band (75-110 

GHz) in InP HBT technology are presented in [3.18]. In the G-band, a two-stage 

amplifier demonstrates 8.1-dBm output power with 6.3-dB associated power gain at 

176 GHz and demonstrates 9.1-dBm saturated output power.  
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In the W-band, different designs of single-stage power amplifiers demonstrates 

saturated output power of 15.1 dBm at 84 GHz and 13.7 dBm at 93 GHz.  

 Newer compound semiconductor technologies used in HBT devices have 

overcome the major reliability and processing problems associated with AlGaAs. 

Several researchers report that InGaP emitter structures have an order of magnitude 

higher Mean Time To Failure (MTTF) than AlGaAs.  

 The new generation of InGaP HBT emitter structures has several advantages, 

such as a highly reproducible manufacturing process, a smaller die and less variation 

of RF parameters. Other researchers [3.19] report success in producing InP-based 

HBT devices with yield and reliability comparable to newer GaAs-based HBT 

processes. 

3.1.4. GaN/AlGaN/SiC. 

 The emerging wide bandgap device technologies, GaN-based and AlGaN-

based parts in particular, compete to GaAs and InP devices.  GaN is a material very 

suitable for the fabrication of high-power microwave devices and circuits: its high-

energy gap (3.4 eV versus 1.4 eV for GaAs) is reflected into a very high breakdown 

field (3500 kV/cm) [3.20]. Regarding to Si, wide bandgap semiconductors show 

superior material properties enabling potential power device operation at higher 

temperatures, voltages, and switching speeds than current Si technology which show 

limited operation and require additional elements such as expensive cooling system 

depending on the operation scenario. As a result, a new generation of power devices is 

being developed for power converter applications allowing the development of high-

efficiency power converters. At present, SiC and GaN are the more promising 

semiconductor materials for these new power devices as a consequence of their 

exceptional properties. The document [3.21] presents a review of recent advances in 

the development of SiC-based and GaN-based power semiconductor devices.  

Regarding to commercial availability, and maturity of their technological 

processes, GaN electronic devices still face great challenges related to the 

development of new device architectures or techniques concerning gate scaling, 

substrate costs, thermal management, packaging, etc., that today are limiting the 

market penetration of GaN-based devices, according to some researchers [3.22]. Most 

of the commercial applications of III-N electronics today are in the field of solid-state 

radar and mobile communication base stations.  
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However, the advantage of achieving compact and simple broadband power 

amplifiers has introduced this technology much faster than anybody anticipated. This 

suggests that the above challenges will be overcome soon [3.22]. In addition, III-N 

devices offer the prospect to close the solid-state millimeter-wave power gap to 

achieve watt-level operation per chip in the frequency range of 100 GHz and beyond.  

Consequently, AlGaN/GaN HEMTs exhibits superb advantages for high-power, 

high-temperature, high-frequency and RF low-noise applications [3.23]. For that 

reason, AlGaN/GaN HEMTs are desirable for high-speed and high-performance 

applications. In spite of the electron effective mass of GaN is larger than GaAs and InP, 

resulting in the higher conduction-band density of states and large saturation velocity 

still permit large current densities. The lower dielectric constant reduces capacitive 

loading and allows increasing RF current and power for large area devices. Radiation 

resistance is improved because of the large bandgap, which results in high intrinsic 

temperature, and provides a very large breakdown field needed for high RF power 

handling. A more efficient dissipation of heat away from the device is achieved thanks 

to the high thermal conductivity. Although excellent AlGaN/GaN HEMT performance 

has been demonstrated, electrical stability and reliability issues of these devices 

remain obstacles to further development. Understanding the degradation mechanisms 

is necessary for improving the performance and reliability of AlGaN/GaN HEMTs. 

These mechanisms can affect carrier mobility by changing the conductivity effective 

mass, density of states, among other parameters [3.24]. A number of high-power 

devices are reported in the literature such as wideband amplifiers [3.25] and switches 

[3.26]. A chip set which consists of a driver amplifier MMIC and a HPA MMIC on a 

high-power GaN process with HEMTs is presented in [3.27]. This device is promising 

for multi-functional next-generation active electronically scanned antenna 

radar/electronic warfare/communication applications with operating frequency range 

from 6 to 18 GHz.  

The driver amplifier reaches a power gain of 11 dB and a maximum output 

power of 2 W, which is sufficient to drive a final stage in a balanced configuration. The 

HPA reaches a typical output power of 12.5 and 10.6 W in pulsed and continuous wave 

operation, respectively.  

 SiC advantages over Si are well known and it is gradually revolutionizing power 

electronics by allowing high temperature, very high switching frequency, and very high-

voltage operation.  
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High-temperature operation permits operation in much harsher environments 

such as avionics, higher switching frequencies is reflected into a substantial reduction 

of size and weight, contributing to lower cost and higher portability. Higher voltages will 

enable the use of devices in high-voltage applications such as X-ray generators [3.28]. 

State-of-the-art power levels have been demonstrated on SiC substrates with total 

output powers of 800 W at 2.9 GHz and 500 W at 3.5 GHz [3.29].  

Table 3.01 summarizes key material parameters for high-power and high-

performance devices, comparing relevant semiconductors [3.24]. 

Parameter Units GaN Si GaAs InP 4 H-SiC 

Effective mass m0.kg 0.22 1.56 0.06 0.07 0.58 

Electron mobility cm2/V·s 1245 1750 9340 6460 1000 

Conduction-band 
density of states 1018 cm-3 2.3 32 0.47 0.57 24.9 

Saturation 
velocity 107 cm/s 1.4 1 0.72 0.67 0.33 

Dielectric 
constant  9.4 11.9 12.5 12.9 10.0 

Bandgap energy eV 3.4 1.12 1.43 1.35 5.4 

Breakdown field 105 V/cm 20 3 4 4.5 35 

Thermal 
conductivity W/ºK·cm 1.12 1.56 0.45 0.68 3.7 

Table 3.01. Key parameters of relevant semiconductors. 

3.1.5. Graphene/ 2-D materials. 

 Considered as the aspirin of the 21st century for technological purposes, 

Graphene has captured the attention of the research community all over the world. The 

reasons are the unique properties that it possesses, i.e. its chemical, thermal, 

mechanical, electronic and optical properties [3.30].  

Graphene is one form of the several low-dimensionality carbon structures with 

amazing and unprecedented properties. It is a monolayer of graphite laid out in a 

honeycomb lattice structure, with a thickness of only 3.3 Å, and is the first 2D material. 

It is five times stronger than steel, it shines in mechanical stiffness and thermal 

conductivity combined with a high electron velocity among other remarkable properties.  
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The charge carriers in grapheme possess record intrinsic mobility (above 

200000 and 100000 cm2/V·s in suspended Graphene at 5 K and 240 K, respectively, 

and above 10000 cm2/V·s on a substrate at 240 K) which is more than ten times the 

mobility found in SiC for the best-case scenario [3.31-3.32].  The outstanding 

properties of Graphene have attracted the interest of researchers in order to improve 

existing electronic applications and inventing new ones, presenting a very promising 

future for replacement of conventional materials [3.33]. Because of its distinctive 

properties as compared to conventional materials, Graphene has been implemented in 

a wide range of applications over the last few years.  

Some of these applications include digital and RF electronics, advanced 

sensors, low power switches, solar cells, battery energy storage, and almost any 

applications which does not require a bandgap [3.34]. 

Graphene is suitable for high frequency low noise amplifiers. The last few years 

have seen a fast increase in the frequency performance of Graphene [3.34]. In spite of 

the significant recent progress, there are still several issues that need to be overcome 

in order to use Graphene as a low noise amplifier. The field effect mobility of Graphene 

top-gated transistors, typically below 2000 cm2/V·s, is still many orders of magnitude 

lower than the mobility measured in suspended Graphene samples [3.31]. The lack of 

a bandgap significantly reduces the device efficiency and the power gain performance. 

Several research groups are trying to induce a bandgap in graphene to get over these 

drawbacks [3.35]. However, each of the existing methods have their limitations either in 

fabrication or due to edge roughness of nanoribbons [3.36]. Other applications of 

special interest in the RF domain are high-frequency RF mixer circuits, frequency 

multipliers, and oscillators [3.37]. 

Moreover, the published work [3.38-3.41] reports a plethora of applications in 

the THz range. For example, from Graphene based antennas reported in [3.38] and 

phase shifters in [3.39] to inkjet printed Graphene electronics [3.40] and filters in [3.41]. 

 The optical properties of graphene are also notable. 3.3-Å-thick suspended 

graphene absorbs a uniform 2.3% of the vertical incident photons from the near-

infrared to visible wavelength ranges unless it is heavily doped [3.42]. From the 

perspective of photonic applications, active tuning of the absorbance is of great 

importance. Interestingly, the chemical potential in graphene can be tuned using an 

external electric field, making the control of light-graphene interaction feasible.  
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 All the properties discussed above make single-layer and few-layer graphene 

promising candidates for various light detection, generation, and manipulation 

purposes in a broad wavelength range [3.43]. 
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4 New research on 
advanced components  
for transceivers 

 In the new transceivers and transponders architectures, restricted specifications 

for passive and active components are imposed. Filters, antennas, switches, frequency 

synthesizers, amplifiers and other devices must be enhanced for novel and integrated 

systems without excessively degrading the performance. Various microwave circuits 

which can be optically controlled are described in Chapter 4. 

 Some of these devices are based on photoconducting semiconductor switches. 

The semiconductor conductivity varies when the light of a certain flux density and 

wavelength is incident on the semiconductor piece. Microwave switches with silicon 

can be integrated into most of today’s communication systems.  

 UWB antennas with filtering properties are demanded in many practical 

applications, owing to the coexistence of UWB systems with other wireless standards, 

such as WLAN (5.15–5.35 and 5.725–5.825 GHz), WiMAX (3.5GHz), X-band downlink 

satellite communication systems (7.25–7.75 GHz) or ITU (8.025–8.4 GHz).  

 The wideband Hairpin filters have been integrated into the TECRAIL TX system. 

Their main function is LO feedthrough rejection.   
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 There are a multitude of computer-aided design (CAD) tools for device and 

system designs. In this thesis, AWR Microwave Office® (AWR MWO), Computer 

Simulation Technology Microwave Studio® (CST MWS) and the High-Frequency 

Structure Simulator (HFSS) have been used for device simulations.  

AWR MWO is a tool that provides design solutions for both microwave and RF 

circuits. These solutions are based on both analytical models and constructed from the 

interpolation results obtained by electromagnetic analysis based on the Method of 

Moments models (MoM). These models have certain restrictions in terms of 

dimensions. Moreover, the more accurate models are limited to a specific number of 

structures where only a small number of electromagnetic effects are considered. 

Nonetheless, this tool can be used to perform a preliminary design of microwave 

devices whose response is desired to predict. After the first step is completed, a 3D 

electromagnetic simulation software can be used to carry out a fine tuning considering 

all the electromagnetic effects associated to the device under test: coupling, dispersion, 

etc. 

CST MWS features a full-wave electromagnetic simulation. It works with 

tetrahedral and hexahedral cells. It is suitable for most passive geometries, giving full 

accuracy for all circuit sizes. It delivers several solver modules depending on the 

problem under analysis. The frequency domain solver of CST MWS supplies 

electromagnetic near and farfields as well as S-Parameters. The Frequency Domain 

Solver is the better choice, if electrically small structures, or devices with a high Q-

value are being analyzed. HFSS works in a similar way to CST MWS and simulation 

results are practically the same. 
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4.1. Planar UWB antenna with Photonically 

Controlled Notched Bands. 

4.1.1. Introduction. 

 The antenna with filtering properties is employed in order to mitigate the 

devastating interference as well as to remove the requirement of additional bandstop 

filters. Reconfigurable antennas can have reconfigurable frequency, radiation pattern, 

polarization or a combination of these properties.  

Planar antennas with reconfigurable band notches have been proposed, [4.01-

4.03]. Notched bands were introduced using Split Ring Resonators (SRRs) and 

Complementary Split Ring Resonators (CSRRs). Electronic switches were mounted 

across or along the resonators to activate the corresponding band notches. 

Optical switches were introduced in the designs of the frequency and beam 

reconfigurable antenna [4.04] and frequency reconfigurable antenna [4.01]. The UWB 

planar antenna with photonically controlled notched bands using silicon switch is 

presented in this thesis. 

 Photonic devices have been considered enabling technologies for future RF 

and microwave devices and subsystems. The research of optically controlled microstrip 

switches started in 1970s [4.05-4.06] and is continuing throughout to today. References 

have reported devices fabricated from coplanar waveguides and microstrip 

transmission lines printed on silicon substrate [4.07-4.08]. Simple microwave switches 

have been applied in designs of antennas, filters, phase-shifters and couplers [4.09-

4.11]. The main advantage of optically controlled microwave circuits is high level of 

isolation between the controlling electronic circuit and the microwave circuit. Typically 

the highly resistive silicon wafer in these devices is illuminated by a near-infra-red laser 

or a LED, with the optical power of few milliwatts. Devices that have proved themselves 

ideal for implementation of silicon switches are reconfigurable antennas and cryogenic 

components [4.12]. The main advantage in reconfigurable antenna design is the 

elimination of biasing lines that can modify the radiation pattern of the antenna. Several 

notches controlled with optical switches can be easily included in one antenna to 

control the frequency response and radiation pattern.   
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4.1.2. UWB Antenna Design. 

 The design presented in this thesis is a monopole UWB antenna with an etched 

T-shaped slot and with a partial ground plane designed to be used for UWB from 3.1 to 

10.6 GHz. 

The antenna includes a slot controlled with the optical switch. This slot can be 

designed to generate a notch at the desired frequency and also the bandwidth of the 

notch can be controlled with the resistivity of the switch. It is also possible to introduce 

additional slots that would result in multiple notches. 

 
Figure 4.01. Front and back views of the antenna prototype. 

The optical switch is made placing a silicon dice over the slot of the resonator. 

The dimensions of the dice silicon wafer are 1 mm × 1 mm. When the switch is 

mounted, the slot resonator is causing the band notch in a frequency response of the 

antenna when the laser diode is turned off and the switch is in OFF state. When the 

laser diode is activated and the switch is in ON state, the additional resonance is 

cancelled and the notch disappears. In this case, antenna operates in full UWB 

frequency range. 

 The dice is made of highly resistive silicon placed on the top of the microstrip 

gap and photoinduced with a near-infrared laser diode.  
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 The silicon wafer used in the design is a highly resistive (around 6,000 Ohm 

cm), type N, doped with Phosphorus, with 111 crystal orientation, 0.3 mm thick, single 

side polished. The light was focused using a 200 mW 808 nm near-infrared laser diode 

module attached to the back of the ground of the antenna. A 0.5 mm hole was drilled 

through the substrate, which allows laser light to reach silicon dice. A prototype shown 

in Figure 4.01 was fabricated to verify the performance.  

The antenna is built on a Taconic substrate with the dielectric constant 3.5 and 

thickness of 1.524 mm. The radius of the circle is 18.3 mm and the other dimensions 

are as follows:  

Parameter Value 

L 50 mm 

W 50 mm 

Lf 7.5 mm 

LL1 11.7 mm 

LL2 8.6 mm 

Table 4.01. Dimensions of the proposed UWB antenna. 

The position of the etched T-shaped slot, which corresponds to 125.72º 

(supposing that y-axis is 0º in the xy-plane of the antenna), is optimized in order to 

increase, as much as possible, the resonance associated with the notch.    

W

LLL1

LL2

Lf

switch

 
Figure 4.02. The design geometry of the proposed UWB antenna. 

 

101 



New research on advanced components for transceivers 

4.1.3. Simulation and Experimental Results. 

 Electromagnetic simulations of the UWB antenna were performed using CST 

MWS and the switch was modelled with different material conductivities for OFF and 

ON states. Switch conductivities were 10 and 350 S/m, respectively. These values of 

switch conductivities were extracted from the measurements of the individual switch 

placed over a gap of a 50-Ω microstrip transmission line built on the same substrate. 

Measurements of the antenna were performed in the anechoic chamber as shown in 

Figure 4.03. Antenna return loss simulation and measurement results are shown in 

states when the switch is OFF and ON in Figure 4.04.  

 
Figure 4.03. Antenna measurement in the anechoic chamber. 
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Figure 4.04. Simulation and measurement of return loss of the antenna. 
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It can be clearly seen in Figure 4.04 how the band from 3.5 to 5 GHz is rejected 

when the switch is on and the antenna is working from 3.1 to 10.6 GHz with return 

losses better than 10 dB that fulfils the FCC criterion [4.13]. 

 Normalized radiation pattern measurements of the antenna at different 

frequencies were performed in a large far field anechoic chamber located at E.T.S.I.S y 

Sistemas de Telecomunicación. 

Gain significantly reduces when the notch is activated in the z-axis direction (the 

radiation pattern loses its symmetry). The theoretical total efficiency of the antenna at 

3.5 GHz and obtained by EM simulation is 96% and it reduces to 49% when the switch 

is OFF, mainly due to impedance mismatch, or in other words, the presence of the 

notch. 
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Figure 4.05. E-plane and H-plane radiation patterns (OFF state). 
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Figure 4.06. E-plane and H-plane radiation patterns (ON state). 

 The simulated and measured E-plane and H-plane normalized radiation 

patterns at 3.5 GHz and 6.85 GHz for both switch states are plotted in Figure 4.05 and 

Figure 4.06, respectively. Radiation pattern is quite omnidirectional and fits fairly well 

CST simulations. There are some differences that can be caused by the feeding SMA 

connector, the small parasitic capacitance (0.2 pF) of the silicon switch, and the system 

measurement (mainly cables, transitions, connectors, and so on). 
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4.1.4. Conclusion 

 The design of a new UWB monopole antenna with an etched T-shaped slot with 

integrated silicon switch and photonically controlled band notch has been presented. 

The photoconductive silicon switch was mounted across the T-shaped slot resonator 

and used to activate and deactivate the notch in the antenna response.   

 The main advantage of this UWB antenna with filtering properties is the 

elimination of the undesired band.  In our case a 3.5 to 5 GHz band has been chosen 

and a controlled reduction of the antenna gain has been achieved. The band notch 

switching has been successfully demonstrated through simulation and measurements. 

The other advantage of this reconfigurable UWB antenna is the elimination of biasing 

lines that could interfere with the operation of the antenna. Applications requiring 

sensing and frequency band switching such as cognitive radio could benefit from the 

proposed reconfigurable antenna. 
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4.2. Wideband Hairpin preselector filters. 

These filters are widely used on modern transceivers and they can be designed 

and manufactured with high precision.   

4.2.1. Hairpin-line bandpass filter design  

 Hairpin-line bandpass filters are compact structures. In addition, they have low 

manufacturing cost due the simple geometry of Microstrip technology. For these 

reasons, this kind of filters facilitates the integration process.  
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Figure 4.07. Parallel-coupled, half-wavelength resonator filter (up). 

5-pole, hairpin-line microstrip filter (down). 

 They may theoretically be obtained by folding the resonators of parallel-

coupled, half-wavelength resonator filters, into a “U” shape. Therefore, the same 

design equations for the parallel-coupled, half-wavelength resonator filters may be 

used [4.14]. 
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Where: 

1,0J , 1, +jjJ , 1, +nnJ : characteristic admittances of J-inverters for the first, 

intermediate and the final sections.  
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0Y : characteristic admittance of the terminating lines.  

FBW : fractional bandwidth of bandpass filter.  

nggg ,...,, 10 : element of a ladder-type lowpass prototype with a normalized cutoff 

1=Ωc .   

n : filter order.  

The even- and odd-mode characteristic impedances of the coupled microstrip 

line resonators associated to J -inverters are, respectively: 
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Where: 

evenZ 0 : even-mode characteristic impedances of the coupled microstrip line 

resonators.   

oddZ0 : odd-mode characteristic impedances of the coupled microstrip line 

resonators. 

The width, jW , and the spacing, js , for each pair of coupled sections are 

determined such that the resultant even- and odd-mode impedances match to 

( ) 1,0 +jjevenZ  and ( ) 1,0 +jjoddZ  from TXLine tool implemented in AWR Microwave Office® 

(AWR MWO). The equations associated to the iterative calculation method are deeply 

described in the Appendix B.    

Finally, the tapping point, 11 += ntt , is estimated by using the equation (4.04): 
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 From section 4.2.2 to section 4.2.6, specifications, simulations and 

measurements of two 7-pole Hairpin-line bandpass filters are described. The selected 

response for both prototypes has been Chebyshev transfer function with a 0.1-dB 

ripple because of, compared to Butterworth response, sharper cutoff slopes can be 

achieved with the same specification in terms of filter order. A commercial substrate 

(TMM 10i) with a relative dielectric constant of 9.80±0.245 and a thickness of 0.508 

mm has been chosen for microstrip realization. 

4.2.2. TECRAIL TX wideband filters.   

 Related to the TECRAIL project which will be described in detail in section 2.4, 

two wideband filters have been designed in order to eliminate noise and unwanted 

signal and noise such as the LO feedthrough and its harmonics. Microstrip technology 

has been selected mainly because of the manufacturing cost. In addition, its structure 

facilitates the integration process into a large number of devices. Figure 4.08 shows 

both frequency response (real vs. simulation) and a photo of the prototypes.    
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Figure 4.08. Filter responses and photo of the prototypes. 

It can be notice that frequency bands are slightly overlapped between for 

assuring that all LTE/ LTE-Advance frequency band is covered. Both designs have 

been performed using the AWR MWO software given the versatility and simulation 

speed offered compared to 3D EM simulator. Table 4.02 lists a comparison between 

real and simulation parameters.   
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Specifications 3.240-4.640 GHz 4.610-6.010 GHz 

Design AWR MWO REAL AWR MWO REAL 

Center frequency 3.94 GHz 3.9275 GHz 5.395 GHz 5.285 GHz 

3.0 dB Bandwidth 1424 MHz 1445 MHz 1433 MHz 1380 MHz 

Insertion loss < 0.9 dB < 1.5 dB < 1.5 dB < 2.5 dB 

Stopband Attenuation 
(@30 dB) 

3.014 GHz 
4.99 GHz 

2.95 GHz  
4.99 GHz 

4.368 GHz 
6.361 GHz 

4.34 GHz 
6.345 GHz 

Return loss > 15 dB > 13 dB > 16.5 dB > 9.5 dB 

Table 4.02. Real vs. simulation specifications. 

The designed 3.240–4.640-GHz filter shows very good agreements of 

measurements with simulations, despite irregularities in the geometry of the substrate. 

Nevertheless, in the case of the 4.610–6.010-GHz filter, differences are evident. This 

fact motivates a more thorough analysis of the device (using CST MWS), considering 

potential variables that may influence the above shown unwanted behavior. Figure 4.09 

shows the device structures under analysis and the coupling mechanism representing 

the current distribution.  

 
Figure 4.09. Device structures under analysis (4.610–6.010-GHz filter). 

 Initially, these structures are excited either through Ideal Waveguides (IW) or 

low-cost SubMiniature version A (SMA) connectors (3.5 mm). Moreover, in the second 

case, both the enclosure geometry and the inaccuracies in the connectorization 

process are contemplated. Thus, the causes of the performance degradation regarding 

to the designed RF device can be deduced.        
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4.2.3. Influence of the connection interface.   

 The objective of this investigation is to determine the influence of the connection 

interfaces in the filter response which operates at higher frequencies.  
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Figure 4.10. Degradation effects: connection interface. 

 From Figure 4.10, it can be stated that: 

 SMA connectors have a damaging impact on the filter response. Return loss 

decreased significantly, especially in the second half of the passband, and 

the selectivity is diminished.    

 AWR MWO model is not very accurate in the higher frequency range. 

Nevertheless, canceling the negative effect of the SMA connectors would 

equalize the filter response despite not obtain an input reflection coefficient 

identical to the starting design throughout the operation bandwidth. 

4.2.4. Influence of the enclosure height.  

 While it seems clear that the side effects are from the methodology used for 

assembling the filter bandwidth, it should rule out other sources of error by means of 

additional evaluations. This section includes a joint analysis that consider two dynamic 

scenarios that vary depending on the enclosure height. 

Ideal case (Figure 4.11): this situation evaluates the housing effect, in isolation. 

The increasing height is not a significant to the behavior of the prototype. Thus, the 

dimensions of the box are suitable to accommodate the circuit under examination.   
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Figure 4.11. Degradation effects: enclosure height. 

Real case (Figure 4.12): this condition could be extrapolated to the situation 

analyzed in section 4.2.3.    
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Figure 4.12. Degradation effects: connection interface & enclosure height. 

4.2.5. Influence of the SMA contact pin.  

 Then, several alternatives are proposed in order to compensate the adverse 

clouts of SMA connectors. First, proposals concerning the shape of the contact pin will 

be analyzed, as shown in Figure 4.13. It is interesting to mention that a square on the 

drawing represents 1 mm in reality**.  

This preliminary analysis has been carried out cutting the excess of dielectric 

from SMA connectors. This action has been partially reduced the reflection coefficient 

(enough to compare the situation “SMA (measurement/CST MWS) with the situation 

“Circle (CST MWS)” from Figure 4.14 and Figure 4.15). In addition, the assessment 

has been performed without changing the pin length and out of removing material at 

the base of the body enclosure, unless strictly necessary. As can be seen in Figure 

4.14 and Figure 4.15, this set of proposals has failed to balance or cancel the parasitic 

effects in full introduced by the connection interfaces. 
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Circle Lowered circle Rectangle

Lowered rectangle Triangle Lowered triangle

Blade Ramp Tapered ramp  
Figure 4.13. Contact pin shapes under evaluation**. 
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Figure 4.14. Degradation effects: shape of the SMA contact pin. 
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Figure 4.15. Degradation effects: shape of the SMA contact pin (detail). 

 As the previous review has not improved the performance of the wideband filter, 

then three distinct cases are featured below in order to equalize the response of the 

device. The description of such cases is summarized in Table 4.03. 
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Contact 
pin 

shapes 
Case 1 Case 2 Case 3 

Circle 

   

Lowered 
Circle 

   

Rectangle 

   

Lowered 
Rectangle 

   

Triangle 

   

Lowered 
Triangle 

   

Blade 

   

Ramp 

   

Tapered 
ramp 

   

Table 4.03. Overview of the studied cases**. 

Observing Table 4.03, then the most relevant information is listed: 

 Case 1: in this context it was decided to increase the length of the SMA 

contact pins to 3.5 mm, thereby shortening the length of the feed lines up to 

2 mm. In the situations analyzed above, lengths of the SMA contact pins 

and feed lines are 1.5 mm and 4 mm, respectively. 
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 Case 2: this is a similar scenario to the case 1 except that two hollows are 

made in the base of the body case surrounding the dielectric and having a 

length of 2 mm. In the situations analyzed above, the length of gaps is 0.25 

mm, with the sole purpose of avoiding the dielectric inside the circle is 

attached to the enclosure. 

 Case 3: in this particular frame, both the void and the SMA contact pin 

lengths have been reduced as much as possible. Their lengths are 0.25 mm 

and 0.1 mm, respectively. Meanwhile, the length of feed lines is 5 mm.   

From Figure 4.16 and Figure 4.17, it follows that the proposed alternatives in 

case 1 imply no benefit in the adverse effect compensation of the original connection 

interface. Even this effect is even more negative in all instances, being the best of them 

referred to as “Circle”, as can be seen more clearly in Figure 4.17. Furthermore, the 

situation regarding to the blade-pin type connector should be discarded, since given its 

unique geometry it produces a short-circuit with the case base. 
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Figure 4.16. Degradation effects: case 1 (length of SMA contact pins). 
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Figure 4.17. Degradation effects: case 1 (detail). 

In Case 2, the environment is similar (or even worse) as illustrated in Figure 

4.18 and Figure 4.19, except that the blade-pin type connector does not produce short-

circuit on this occasion due to the existence of a wider gap. 
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Figure 4.18. Degradation effects: case 2 (hollows fabricated in the base). 
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Figure 4.19. Degradation effects: case 2 (detail). 

 In Case 3, the results are very promising, as shown in Figure 4.20 and more 

plainly in Figure 4.21. A large number of alternatives are theoretically valid (compared 

to case 1 and case 2). Nonetheless, technically speaking with regard to the 

manufacturing process, only a few candidates are cogent and cost-effective. The 

blade-pin type connector is the one that provides better performance, both in terms of 

return loss and selectivity. Notwithstanding, as it has been mentioned above, it is more 

difficult to fabricate. One available solution, and more importantly, it is relatively easy to 

manufacture, is that which is known as “Lowered rectangle”. In addition, it ranks 

second in terms of electrical characteristics are concerned.   
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Figure 4.20. Degradation effects: case 3 (contact pin length reduction). 
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Figure 4.21. Degradation effects: case 3 (detail). 

To further reduce the complexity and the fabrication costs would be necessary 

to increase the length of the SMA lowered-rectangle-type contact pin. First of all, the 

characteristic variation of the connector should be checked based on the length of the 

contact pin. 
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Figure 4.22. Degradation effects: case 3 (SMA contact pin length). 

As can be seen in Figure 4.22, the increase in length of the pin (from 0.1 mm to 

1 mm), has not worsened the electrical characteristics of the connector. 
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4.2.6. Final proposal.  

 The proposed solution, both the structure and the electrical response is 

included in this section as shown in Figure 4.23 and Figure 4.24, respectively. 

Starting prototype Proposed solution

 
Figure 4.23. Starting prototype and proposed solution**. 
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Figure 4.24. Degradation effects: proposed solution vs. preliminary results. 

 It should be emphasized that the return loss has increased significantly. 

Furthermore, the selectivity has worsened slightly when compared to ideal situations, 

since the slope of the wideband Hairpin-line bandpass filter is less abrupt. 
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4.2.7. Conclusion.  

 Two wideband Hairpin-line bandpass filters have been designed using the AWR 

MWO software mainly due to the speed of computation that can be achieved compared 

to 3D EM simulator. The construction was accomplished using a high quality and 

thermally stable substrate.     

Sometimes, especially at higher frequencies, the choice of the connection 

interface and the connection procedure is extremely important. Relative to these facts, 

a thorough analysis of the higher frequency filter (4.610–6.010-GHz) has been carried 

out using CST MWS from section 4.2.3 onwards.  

 A number of parameters associated with the overall structure have been 

considered such as housing height, the shape and the length of the SMA 

contact pin, among others, in order to compensate parasitic effects.  

 Thanks to this investigation, a justified, effective and relatively inexpensive 

solution is proposed.    

 Despite the AWR MWO model does not show very good agreements with CST 

MWS model, it is possible to correct these differences paying special attention 

to the connection interface and its handling.  
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4.3. High Isolation Series-Shunt 

Photoconductive Microwave Switch. 

4.3.1. Introduction. 

 RF and microwave switches are important components in modern wireless 

circuits and systems. References have reported devices fabricated from coplanar 

waveguides [4.07]. In cryogenic HTS devices the thermal energy penetration from 

interface cables becomes critical, so they are usually replaced by optical fibers. 

Recently, silicon switches have been tested for linearity [4.15] and switching speed 

[4.16], showing promising performance. 

 One of the disadvantages of photoconductive switches has been their isolation, 

which usually couldn’t match the isolation achieved by RF MEMS switches [4.15-4.17]. 

Most of the applications of switches in mobile and wireless communications systems 

require them to have both low insertion loss and very high isolation performance. In 

circuits that use the switches with lower isolation more intermodulation is produced, 

which is caused by leakage of signals, and therefore RF performance is degraded. The 

series/shunt configuration is commonly used in circuits with wideband PIN-diodes, FET 

switches and RF MEMS switches. In this section, a series-shunt silicon 

photoconductive switch with high isolation characteristic is presented. 

4.3.2. Switch Design. 

 Here the response of a microwave switch is investigated by photodoping the 

highly resistive semiconductor on the top of the microstrip gap with a 200mW 808nm 

near-infrared laser diode and the response of a series-shunt switch configuration. A 

design and experimental demonstration of the active photonic device is presented. 

The silicon wafer in test is highly resistive (around 6,000 Ohm cm), type N, 

doped with Phosphorus, with 111 crystal orientation, 0.3 mm thick, single side polished. 

The other silicon wafers of different characteristics are currently being tested to 

improve the overall switch characteristics. A series of simulations were performed 

using Ansoft’s HFSS, a three-dimensional electromagnetic solver. During the 

simulations a simplified model was used to describe the effect of photodoping [4.18]. 

The dice of silicon wafer is considered uniformly illuminated and its permittivity can be 

expressed according to Drude’s formula [4.19]: 
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Where ω  is the incident angular frequency 19 .1022 −××= sradπω ,  

( ) 2/1)0
*/(2/1 εω emeqpe =  is the plasma frequency of the free electrons of density e  and 

effective mass *
em , 259.0* =em , ( ) 2/1

0
*2/1 )/( εω hph mhq=  is the plasma frequency of the 

holes of density h  and effective mass *
hm , ,38.0* =hm  

1121053.4 −×= seυ  and 

1121071.7 −×= shυ  are the electron and hole collision frequencies. The corresponding 

values for the undoped state are 311
0 cm/107.7 −×=e  and 38

0 cm/109.2 −×=h . 

The sheet conductivity under illumination can be expressed as:  

 
hv
Pq pnrs

0)( µµτσ +=  (4.06) 

Where rτ  is the effective carrier lifetime, q  is the electronic charge, nµ  and pµ  

are electron and hole mobilities, νh  is the photon energy, 0P  is the optical power 

density. 

The microwave switch shown in Figure 4.24 operates as an active photonic 

device by photodoping the highly resistive semiconductor on the top of the microstrip 

gap with a 200mW 808nm infrared laser diode. The design is based on Taconic TLY-5 

substrate, with the dielectric constant 2.2. A 1 mm × 1 mm dice of Silicon wafer is 

placed over a gap and fixed in place using silver epoxy. The light is focused using a 

laser diode module with AR coated glass focusing lens and a small heat sink. The laser 

diode is mounted at the bottom side and a 0.5-mm hole was drilled in the substrate. 

The microstrip lines have characteristic impedances of 50 Ω and the gap width is 0.5 

mm. Figure 4.24 shows a photograph of a single switch prototype (as proof of concept) 

in a test circuit with the detail showing the laser diode mounted at the bottom. The 

measured results of the single switch are shown in Figure 4.26. They demonstrate 

insertion loss of 0.84 dB and isolation of 12.76 dB at 2 GHz. 
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Figure 4.25. Photograph of a single switch prototype in a test circuit. 
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Figure 4.26. S-parameters of the single switch. 

The proposed configuration uses three identical silicon switches, one series and 

two shunt switches as shown in Figure 4.27. When the series one (S1) is ON and the 

shunt two (S2 and S3) are OFF, the series-shunt RF switch is in ON state. On the other 

hand, when the series one is OFF and the shunt two are ON, it is in OFF state. 

Quarter-wavelength transmission lines are used to separate switches. This switch 

design is optimized for a frequency of 2 GHz. The layout of the switch and series-shunt 

switch prototype is shown in Figure 4.28. 
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Figure 4.27. Equivalent circuit of the series-shunt silicon switch. 
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S2 S3

S1
RF IN RF OUT

via GND
 

Figure 4.28. Series-shunt silicon switch (layout & prototype). 

4.3.3. Simulation and Experimental Results.  

 The simulations during the initial phase were performed using Ansoft HFSS. 

The switch was modeled with different material conductivities for OFF and ON states. 

The silicon wafer conductivities were chosen as 0.01 S/m and 250 S/m.  

Simulation and measurement results of the series-shunt switch configuration in 

OFF/ON states are shown in Figure 4.29. The switch shows the insertion loss of 1.2 dB 

and the isolation of 44.8 dB.  
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Figure 4.29. S-parameters of the series-shunt silicon switch. 

 The differences occurred between the simulations and real measurement may 

originate in the inaccuracies committed in the assembly of silicon dices, pointing errors 

associated with the employed laser diode to complete laboratory tests, among others. 

Despite these variations, simulation and measurement results are in good agreement.  
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4.3.4. Conclusion 

 A novel structure for a series-shunt switch using silicon switches has been 

designed and fabricated. The series-shunt switch exhibits an outstanding isolation of 

more than 40 dB and a low insertion loss of 1.2 dB at the operating frequency of 2 

GHz. The modelled and measured RF performances of the switch are in good 

agreement. The switch is easy to operate and control by light, high-speed, 

electromagnetically transparent and it does not require any biasing circuits. It could be 

integrated into a fully reconfigurable wireless transceiver, enabling components with 

dynamically programmable parameters to meet the demands of the Software-Defined 

Radio and Cognitive Radio systems. 
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4.4. Modeling and simulation of the high 

speed data transmission network for control of 

transceiver modules. 

 Numerous today`s manufacturers (e.g.: Holzworth, Vaunix, etc.) provides 

commercial instrumentation and test equipment which incorporate standard industrial 

control busses (RS-232, RS-422, RS-485, GPIB, LAN, high-speed USB communication 

modules, etc.). In this context, the trend seems to be directed towards high-

performance transceivers implemented by connecting multiple devices to a hub or 

control distribution networks. The design and the fabrication of industrial control 

interfaces require a special care. For instance, although the Universal Serial Bus (USB) 

standard allows the designer greater freedom in connectivity (the maximum number of 

connected devices is 127), USB board design and layout as well as the cabling must 

clearly follow well-defined guidelines evolving thanks to USB-IF members companies 

[4.20].    
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Figure 4.30. Programmable RF devices. 

 For these reasons, the study and characterization of the transmission data 

networks  for communications systems and equipment is a very important issue that 

requires a careful revision, since in a modern system may integrate tens of control 

buses, one per RF subsystem that compose it. This requires choosing an appropriate 

configuration of these buses. 
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4.4.1. Data distribution network for transceiver 

modules. 

 The operation of a synthetic aperture radar SAR needs a careful control of 

power, polarization and phase of a set of radiating elements. Each TRM has several 

parameters to be controlled to attain optimal performance. For instance, SAOCOM's 

SAR integrate Control Units based on FPGAs which performs different actions 

regarding to configuration of trigger and stop image acquisition procedures, calibration 

purposes, among others [4.21]. This kind of topologies often demand special attention 

related to the signal degradation associated with unwanted effects such as crosstalk, 

since there are usually a large number of connections directly proportional to the 

number of TRMs.  

In this thesis, a data transmission subsystem which connects Panel Control Unit 

to 16 TRMs is modeled, simulated and optimized. The aim of the modeling, simulation 

and optimization is overall improvement of the network signal integrity: crosstalk and 

distortion reduction. Simulation results are validated on a lab-scaled prototype. This 

work analyzes a digital interface and bus system modeling and optimization of the 

SEOSAR/PAZ Earth Observation satellite described in the section 2.6.1. The important 

part of the satellite is an X-band Synthetic Aperture Radar instrument that integrates 

384 TRMs located in 12 antenna panels 7.5 m away from the central processor and 

controlled by a synchronous 10 Mbps bidirectional serial protocol. This type of mid-

range point-to-multipoint transmission is affected by bit errors due to crosstalk, 

transmission line attenuation and impedance mismatches. The high-speed data 

communication network has been designed to optimize the transmission by using a 

simulation model of the data distribution system which takes into account the worst-

case scenario and by developing a lab-scaled prototype which exhibits BER of 10-11 for 

an interfering signal of 10 Vpp. The result is a point-to-multipoint bidirectional 

transmission network optimized in both directions with optimal values of loads and 

equalization resistors. This high-speed data transmission subsystem provides a 

compact design through a simple solution. 

A simplified interface scheme of SEOSAR/PAZ front end which consists of the 

Antenna Control Unit, 12 Panel Control Units (PCUs) and 384 TRMs, is shown in 

Figure 4.31.  The Antenna Control Unit, Panel Control Units and TRMs are composed 

of a number of drivers and receivers and synchronized with a RS422 interface at 10 

Mbps.  
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 Panel Control Units and TRMs establish discrete timing signals for the bus 

traffic control, transfer command data and receive telemetry data from each of the 

TRMs during the PRI of the satellite’s radar.  

Antenna Control Unit, Panel Control Unit and TRMs are connected to each 

other by twinax cable with a maximum length of 7.5 m. 
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Figure 4.31. Interface scheme of SEOSAR/PAZ front end. 

This architecture requires very careful design in order to equalize signals in both 

directions, reduce crosstalk and BER, to ensure correct operation. The asymmetric 

bidirectional transmission subsystem which consists of a PCU, 16 TRMs and their 

connections is the most complex part of the satellite. The worst-case scenario occurs 

when RS422 buses transfer 16 Command and Control Messages during one PRI. In 

this case the network reaches the limit imposed by the RS422 standard [4.22]. 

In this section, a non-conventional data distribution network is analyzed. This 

design requires more connections that are defined in the EIA standard RS-422 

standard [4.22].  
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The subsystem architecture and the signal transmission in both directions were 

modeled using a standard time domain software simulator, AWR MWO [4.23]. The 

simplified circuit of the data transmission network is shown in Figure 4.32. 

6 m

0

 
Figure 4.32. Simplified circuit of the data transmission subsystem. 

This asymmetric bidirectional transmission subsystem is composed of 20 HS-

26CLV31RH quad differential line drivers, which convert the transmitted LVTTL signals 

at 10 Mbps to RS422 signal, and 20 HS-26CLV32RH quad differential line receivers, 

which convert RS422 signal back to LVTTL. Therefore, 4 drivers of the PCU transmit to 

16 receivers of TRMs, and 16 drivers of TRMs transmit only to 4 receivers of the PCU. 

 Some aspects have to be taken into account for carrying out precise 

simulations. First, it is necessary to accurately model drivers and transmission lines of 

the network. Then, the crosstalk effect between adjacent wires needs to be considered 

in the data transmission network modeling. A capacitive model was fitted for this 

purpose. Finally, optimization of termination loads and serial resistors was performed to 

equalize transmission in both directions. 

4.4.2. Simulation of the RS422 drivers. 

 The driver HS-26CLV31RH was modeled as operational amplifier due to the 

inherently differential nature of the circuit. The principal parameters of the driver are 

gain, input impedance, output impedance, cut-off frequency and delay. The simulation 

model was validated by measurements in the laboratory. The model was obtained by 

measuring the response of the HS-26CLV31RH device which was excited with 

LVTTL/TTL input signal at several frequencies up to 100 MHz and by loading it with a 

segment of twinax transmission line terminated with different resistive loads (ZL): 27 Ω, 

56 Ω, 120 Ω and 220 Ω. The length and characteristic impedance (Z0) of the 

transmission line are 2.75 m and 120 Ω, respectively.  
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 The measurement process was focused on getting the data for building an 

accurate simulation model of the driver. Both simulated and measured results are 

shown in Figure 4.33. 
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Figure 4.33. Measurement vs. simulation results (ZL = 120 Ω). 

4.4.3. Modeling the behavior of the transmission 

line. 

 The connections between active elements (drivers and receivers) are realized 

by using 30 AWG twinax cables whose features are most suitable for this particular 

application. This type of cable is less susceptible to interference, it has lower internal 

resistance and therefore, it supports higher electrical current over longer distances than 

other types of twinax cables with the same characteristic impedance, Z0 = 120 Ω [4.24]. 

The cables were modeled as transmission lines in AWR MWO [4.23] by using 

the model of balanced line with isolated ground terminals [4.25]. The model parameters 

are characteristic impedance (Z), physical length of the line (L), dielectric constant (K), 

loss (A [dB/m]), and frequency for scaling losses (F).  
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Main features of the transmission line, both for the twinax cable and the AWR 

MWO model, are summarized in Table 4.04. The total length of the data distribution 

network is about 7.5 m. 

Balanced shielded line (from the datasheet) 

Variant Z0 AWG εr Attenuation (dB/100 m) 

22 120 Ω 30 2.29 
10  

MHz 
50 MHz 

100  
MHz 

15 35 48 

AWR Microwave Office® model 

Z L K A F 

120 Ω 7.5 m 2.29 0.15 dB/m 10 MHz 

Table 4.04. Main parameters of the transmission line. 

4.4.4. Modeling and Analysis of the Crosstalk. 

 Crosstalk is one of the most important effects that causes transmission errors. 

Therefore, it is very important to have accurate models to study its behavior and 

mitigate its impact. Crosstalk was modeled by using a parallel circuit Coupled Circuit, 

since in this scenario the effect of coupling capacitance dominates (different twinax 

cable segments are packed close to each other) and neglecting, thereupon the 

magnetic coupling [4.26]. It is composed of two parallel transmission lines (adjacent 

buses constituted by twinaxial cable) and a capacitive model, Ccoupling, connected 

between the buses that takes coupling effects into consideration [4.27]. Thus, it is 

possible to define a coupling coefficient, couplingCoeff , between the direct voltage, directV , 

and the crosstalk voltage, crosstalkV , as: 

 
crosstalk

direct
coupling V

VCoeff =  (4.07) 

In this manner, the value of the above mentioned capacitor is tuned using 

measurements of the transmitted signal level, directV , as well as coupled signal level, 

crosstalkV , from the lab-scaled prototype. The appropriate capacitance is 8.2 pF. 

The simplified electrical model (by using the AWR MWO) of the subsystem 

where termination loads and serial resistors are included, is shown in Figure 4.34. This 

simulation model is used to optimize data transmission. 
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6 m

0

 
Figure 4.34. Simplified model with termination loads and serial resistors. 

4.4.5. Equalization in Data Transmission.  

 Another important aspect of the design is to equalize signal in both directions, 

from PCU to TRMs and back, from each TRM to PCU [4.28]. For this purpose, serial 

resistors, Rsod and Rsir are used for achieving an optimal data transmission in both 

directions, as well as for protecting drivers and receivers against short-circuits. The 

back termination network Line Termination, composed of Rlt resistors, serves to 

achieve the correct impedance matching in the system where Rlt = ZL = Z0 = 120 Ω.  

4.4.6. Analysis of serial resistors. 

 Serial resistors, Rsod and Rsir, attenuate the received signals in both directions, 

from the PCU to TRMs and from each TRM to PCU. The effect of serial resistors on 

received and crosstalk voltage level in both directions is shown in Figure 4.35 and 

Figure 4.36, respectively. As it can be seen in these figures, serial resistors also 

equalize both signals and reduce the level of crosstalk signal. Figure 4.35 shows the 

digital signal received by the TRM 16 and Figure 4.36 the digital signal received by the 

PCU, as well as the crosstalk existing in adjacent lines in each case. 
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Figure 4.35. Effect of serial resistors, Rsod and Rsir, (PCU  TRM 16). 
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Figure 4.36. Effect of serial resistors, Rsod and Rsir, (TRM 16  PCU). 
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Crosstalk is very important factor because it is a source of error that affects the 

data transmission of X-band SAR. There is no general approach for crosstalk 

reduction. It will depend on the vulnerability of the transmitted and received signals to 

this phenomenon, without forgetting voltage thresholds of used multipoint data 

transmission protocols. In the worst case scenario according to the considerations 

made before, crosstalk was diminished about 50 % both PCUTRM and TRMPCU. 

The useful signal was attenuated around 6 dB in both directions until it was equalized 

taking into account RS422 threshold. Receiver input threshold is ±200mV for RS422.  

Each type of serial resistor is more or less relevant which depends on the 

direction of the data transmission. The Rsod’s effect is greater in the PCUTRM 

direction, while the Rsir’s effect is greater in the TRMPCU direction. The graphical 

representation of this analysis is shown in Figure 4.37. The first graph shows the 

crosstalk reduction (%) in the PCUTRM direction, while the second graph shows the 

crosstalk reduction (%) in the TRMPCU direction. The crosstalk was reduced around 

50 % as it was considered. Optimal values are Rsod=120 Ω and Rsir=27 Ω, which are 

extracted from the first and the second graph, respectively. 
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Figure 4.37. Effect of serial resistors, Rsod and Rsir, (TRM 16  PCU). 
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4.4.7. The prototype in test. 

 The advanced prototype system was mounted to verify simulation results. 

Moreover, it allowed us to make additional tests with more accuracy as well as 

crosstalk analysis in presence of serial resistors and jitter and BER measurements by 

using noise injection. 

The photo of the lab-scaled prototype is shown in Figure 4.38. 

 
Figure 4.38. Photo of the lab-scaled prototype. 

As the lab-scaled prototype consists of 4 TRMs and a PCU driver, optimal 

values of resistors are different from those calculated in section 4.4.6, although their 

values are estimated in the same way. Optimal values calculated in this case are 

Rsod=44 Ω and Rsir=27 Ω.  

As it was demonstrated in the simulation model, serial resistors reduce the 
crosstalk signal level on average by around 50 %. This reduction can be seen in 

Figure 4.39 (in the PCUTRM direction). 
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Figure 4.39. Measurement and simulation results (PCU  TRM 4). 

These resistors protect module against an accidental short-circuit during the 

assembly process of the different blocks, PCU and TRMs. These modules are sealed 

since the short-circuit would result in malfunction of the entire module. As the drivers 

and receivers have low output and input impedance, 8 Ω in both cases, it is needed to 

increase the impedance by means of the serial resistors, Rsod and Rsir. The 

measurements are compared with simulation results in Figure 4.39 and Table 4.05. 

PCU  TRM 4 

Results RX signal (Vpp) Crosstalk signal (mVpp) 

Measurement 1.55 25 

Simulation 1.38  30 

Table 4.05. Measurement results vs. simulation results. 
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Main parameters of the high-speed data transmission network (HSDTN) and 

lab-scaled prototype (LSP) are shown in Table 4.06. 

Driver 

Gain Zin Zout fcut-off Delay 

1 1 KΩ 8Ω 100 MHz 10 ns 

Receiver 

Gain Zin Zout fcut-off Delay 

1 8Ω 8Ω 100 MHz 10 ns 

Twinaxial cable segment parameters 

Z0 εr Losses Scaling Frequency Length 

120 Ω 2.29 0.15 dB/m 10 MHz 7.5 m 

Protection/equalization/impedance matching resistors 

 Rsod Rsir Rlt 

HSDTN/LSP 120/44 Ω 27 Ω 120 Ω 

Table 4.06. Main parameters of the building blocks. 

The purpose of Jitter and BER measurements is to analyze the effect of the 

presence of common mode noise/interference in different points of the high-speed data 

transmission network. It makes it possible to detect the interference threshold which 

produces errors in data transmission and reception and besides, it allows us to 

measure jitter level in this situation. In this section, two cases have been evaluated: 

When a strong interfering signal (I) of 1.5 Vpp is injected directly into the PCU 

driver input of the lab-scaled prototype, BER is degraded. At the receiver output, at the 

TRM furthest from the PCU (TRM 4) — 7.5 m away from the central processor, the 

jitter measured in this circumstance is 145 ns as shown in the first graph of Figure 4.40.   

When an interfering signal (I) of 10 Vpp was injected at the Line termination, 

BER was deteriorated to 10-11. The variation of BER as a function of jitter in this state is 

shown in the second graph of Figure 4.40. 
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Figure 4.40. RX signal + interfering signal (PCU TRM 4). 
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4.4.8. Conclusion. 

 The transmission of high speed data in a SAR satellite with large planar arrays 

requires the use of a complex data distribution network between the PCU and the large 

number of TRMs located in the panels. This network must be carefully designed and 

must have high reliability to avoid transmission errors. In this section, the architecture 

and a solution for the problems of data transmission between the PCU and TRMs of 

the satellite have been presented. The principal problems are the equalization of 
the asymmetric transmission between PCU and TRMs and the effect of crosstalk 
between different lines. Several resistors have been added to equalize and optimize 

transmissions in both directions so as to improve the system. The process of 

optimization and calculation of these resistors has been accurately described providing 

a method for equalizing signals in both directions. These resistors have been designed 

to reduce crosstalk and the effect of other critical parameters in the transmission 

network and to protect modules against short-circuits.  

 A scaled prototype has been used to compare measurement and simulation 

results and to evaluate the effect of the equalization resistors. Finally, the analysis of 

the effect of jitter on BER has been included. The final outcome of the modeling and 

optimization is an asymmetric bidirectional high-speed data transmission network with 

ameliorated signal integrity: crosstalk and distortion reduction, impedance-matching 

and BER performance improvement. This network provides a compact design through 

a simple solution and has been implemented in the SEOSAR/PAZ satellite whose 

launch is scheduled for 2014, or beyond.  
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5 Conclusions 

 This thesis has tried to cover new advancements in high-frequency transceiver 

systems architectures and some of their associated components, such as antennas, 

filters and switches. 

 In the field of 4G communication systems, a complete LTE transceiver has been 

developed with engineering functions as the channel sounding mode. The proposal is a 

flexible multi-band, extensible and versatile architecture for a hardware demonstrator 

used to assess the LTE RF link performance in railway scenarios as well as to 

statistically characterize the wireless channel in those environments using the narrow 

pulse sounding technique.  

The second contribution has been the development of a radar calibration 

transponder system. The system includes innovative solutions for the generation of 

Doppler and distances with high precision. It is able to generate accurate Doppler shifts 

with a resolution higher than 4·10-3 Hz and speeds with an accuracy of around ±2.76 

ppm at slant-ranges from 100 meters to 11 kilometers. To the author’s knowledge, 

there is no commercial equipment which can reach these specifications in terms of 

speed emulation at the present time. The system has proved very effective in radar 

calibrations and it is being used for the improvement of accuracy and resolution of FM-

CW radar systems. 

141 



Conclusions 

The second group of contributions has been in the field of components for 

transceivers. In this area a huge potential for future research is presented by the 

applications of photonic components and techniques in the microwave devices. 

The design of a new UWB monopole antenna with an etched T-shaped slot with 

integrated silicon switch and photonically controlled band notch has been presented. 

The main advantage of this UWB antenna with filtering properties is the elimination of 

the undesired band. The other advantage of this reconfigurable UWB antenna is the 

elimination of biasing lines that could interfere with the operation of the antenna. 

Applications requiring sensing and frequency band switching such as cognitive radio 

could benefit from the proposed reconfigurable antenna. 

A novel structure for a series-shunt switch using silicon switches has been 

designed and fabricated. The series-shunt switch exhibits an outstanding isolation of 

more than 40 dB and a low insertion loss of 1.2 dB at the operating frequency of 2 

GHz. The switch is easy to operate and control by light, high-speed, 

electromagnetically transparent and it does not require any biasing circuits. It could be 

integrated into a fully reconfigurable wireless transceiver, enabling components with 

dynamically programmable parameters to meet the demands of the Software-Defined 

Radio and Cognitive Radio systems. 

 Two wideband Hairpin-line bandpass filters, widely used on modern 

transceivers, have been designed using the AWR MWO software mainly due to the 

speed of computation that can be achieved compared to 3D EM simulator, and 

manufactured with high precision. The construction was accomplished using a high 

quality and thermally stable substrate. A thorough analysis of the higher frequency filter 

(4.610–6.010-GHz) has been carried out using CST MWS in order to propose a 

justified, effective and relatively inexpensive solution for compensating SMA contact pin 

parasitic effects. The wideband Hairpin filters have been integrated into the TECRAIL 

TX system.  

Finally, in the field of SAR satellites, the architecture and a solution for the 

problems of data transmission between the Panel Control Unit (PCU) and 

Transmit/Receive Modules (TRMs) have been presented. This complex data 

distribution network must be carefully designed and must have high reliability to avoid 

transmission errors. The principal problems are the equalization of the asymmetric 

transmission between PCU and TRMs and the effect of crosstalk between different 

lines.  

142 



                                                                                                        Conclusions 

Several resistors have been added to equalize and optimize transmissions in 

both directions so as to improve the system. The process of optimization and 

calculation of these resistors has been accurately described providing a method for 

equalizing signals in both directions. These resistors have been designed to reduce 

crosstalk and the effect of other critical parameters in the transmission network and to 

protect modules against short-circuits.  

A scaled prototype has been designed a manufactured to compare 

measurement and simulation results and to evaluate the effect of the equalization 

resistors. Finally, the analysis of the effect of jitter on BER has been included. The final 

outcome of the modeling and optimization is an asymmetric bidirectional high-speed 

data transmission network with ameliorated signal integrity: crosstalk and distortion 

reduction, impedance-matching and BER performance improvement.  

This network provides a compact design through a simple solution and has 

been implemented in the SEOSAR/PAZ satellite whose launch is scheduled for 2014, 

or beyond.  

5.1. Future work. 

 Today, new functionalities are being introduced in order to achieve more and 

more integrated and performance-improved channel sounder transceivers. Additional 

LTE measurement campaigns are being planned to take place in railway environments 

in the coming months with the developed hardware demonstrator and using the 

channel sounder capability.  

Regarding the radar calibration transponder system, the project is aimed to 

develop increasingly integrated solutions without electrical performance degradation 

and providing greater robustness for handling and transportation as well as better 

resistance to adverse environmental conditions in the near future. 

In the field of radar systems and satellite transponders, application of optical 

techniques for the control of TRMs in active arrays are also been investigated, 

improving the reliability and immunity against interference, and allowing the 

development of larger arrays.  

 Another field of interest are the high-frequency components with optical control, 

oscillators exhibiting very low phase noise based on photonics-assisted or RoF 

concepts and electro-optical switches are promising solutions that must be highlighted. 
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Conclusions 

Electrically or optically tunable filters for wideband and bandwidth control applications 

must be considered. Research into new UWB antennas in the range of 500 MHz to 6 

GHz for mobile communications applications, follows as a response to the current 

trend. 
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6 Appendix A 

In metrology, the uncertainty of measurement is a non-negative parameter, 

associated with the result of a measurement that characterizes the dispersion of the 

values that could reasonably be attributed to the measurand, the particular quantities 

subject to measurement.   

Appendix A includes a comprehensive analysis of uncertainties regarding to the 

radar calibration transponder system described in section 2.5. This study has 

considered main sources of uncertainty associated to frequency measurements and 

speed/slant-range emulations.   

6.1. Study of the uncertainties. 

 There are several sources of error that need to be characterized accurately. 

The uncertainty of measurement associated with the input estimates is evaluated 

according to Type-B method of evaluation [6.01]. The Type-B evaluation of standard 

uncertainty is the method of evaluating the uncertainty based on scientific knowledge 

using relevant information available. Type-B evaluation parameters are calculated from 

their absolute standard uncertainty, )( ixu , and the sensitivity coefficient, ic , associated 

with the input estimate, ix . In this case, )( ixu  is estimated from manufacturers’ 

specifications, data provided in calibration measurements, and uncertainties of 

reference data. ic  is the partial derivative of the model function, f , with respect input 

quantities, iX , evaluated at the input estimates, ix . 
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 Therefore, standard uncertainties in input quantities can be defined as 

)(·)( iii xucyu =  and these input quantities depend on the model function. Standard 

and expanded uncertainties — )(yuB  and )(yU B , respectively — are calculated as: 

 ( ) ( ) ( ) ( )∑∑
==

±=±=±=
l

i
ii

l

i
iBB xuckyukykuyU

1

22

1

2  (6.01) 

Where: 

k : coverage factor considered that corresponds to a specified coverage 

probability in order to obtain an expanded uncertainty. In the majority of cases 

encountered in calibration work, the value of standard coverage factor, k , is 2. The 

assigned expanded uncertainty corresponds to a coverage probability of approximately 

95%. 

l : number of input quantities, iX , which have been considered. 

)(yui : i -th contribution to standard uncertainties. 

ii Xfc ∂∂= : sensitivity coefficient associated with each i -th  input quantity 

evaluated at the input estimate, ix .   

)( ixu : absolute standard uncertainty of each input quantity. It is estimated from 

reference data, manufacturers’ specifications, etc.  

 One of the sources of error is the speed of electromagnetic waves. According to 

specific environmental conditions of operation measured by the weather station — 

temperature: 23º C. Atmospheric pressure: 102 kPa. Relative humidity: 30 % —, its 

absolute standard uncertainty for calculation purposes is ±414.14 m/s. The speed of 

electromagnetic waves is determined by applying Edlén equations [6.02], modified by 

Birch and Downs [6.03-6.04] which are dependent on environmental conditions such as 

relative humidity, atmospheric pressure, and temperature. 
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6.1.1. Uncertainties associated to frequency 

measurements. 

 Regarding to frequency measurements, the main source of error is the 

frequency counter which is in charge of estimate the frequency value of the signal 

transmitted by the radar. The measurement realized by the frequency counter — 

GTX2210 from Geotest — can be calculated as: 

 ∑
=

=±⋅
+

=
N

i
IFiNOM

R
IF f

N
RESREF

REF
IFf

1
·1

)( δ
 (6.02) 

Where: 

IFf : Frequency value measured by the frequency counter as the arithmetic 

mean or the average of GC2210 universal time interval counter measurements with N  

statistically independent observations ( 1>N ). From Type-B uncertainty calculations, 

we assume that 1=N . 

IF : Intermediate frequency.   

REF : frequency generated by the rubidium reference oscillator. It is periodically 

compared with an even more accurate reference (cesium atomic frequency standard).   

Rδ : reference oscillator drift. 

NOMREF : nominal frequency generated by the rubidium reference oscillator.  

This value is generated digitally and has no uncertainty associated. 

sRe : Resolution of the frequency counter. It can be calculated from (6.03) 

which is included in the datasheet of the frequency counter. 

 ( )TriggerrorRMS
Gatime

IFs ⋅++= −− 4.110·30010·Re 129  (6.03) 

Where: 

Gatime : gate time is the time which the counter is counting the number of pulses 

or transition crossings.   
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Triggerror : this is the trigger level timing error due to threshold uncertainty. 

According to the manufacturer, its value is: 

 








<
rateslewsignalinput

mVTriggerror RMS250
 (6.04) 

The slew rate is calculated from the input frequency and input amplitude in the 

worst case scenario. For a frequency of 160 MHz and an amplitude of 200 mVRMS 

(sensitivity of the frequency counter), the resulting slew-rate and trigger level timing 

error are  32.106 VRMS /s are 7.81 ns, respectively. 

In addition, the IF can be written as: 

 )(0 RREF
n
mfIF δ+⋅−=  (6.05) 

Where: 

n : frequency division factors of the reference oscillator for down-conversion 

stage. This value is generated digitally and has no uncertainty associated. 

m : frequency multiplication factors of the reference oscillator for down-

conversion stage. This value is generated digitally and has no uncertainty associated. 

Substituting from (6.02) into (6.05) and solving, the radar frequency, 0f , is 

obtained as: 

 sREF
m
n

REF
ff R

NOM

IF Re)(0 ±+⋅







+= δ  (6.06) 

Sensitivity coefficients, detailed in Table 6.01, describe the extent to which 

parameters estimate, outputs, are influenced by variations of other parameters 

estimate, inputs. From these ones, contributions, ( )fui , to standard and expanded 

uncertainties, ( )fuB  and ( )fU B , respectively, associated to frequency measurements 

is shown in Table 6.02. 
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Table 6.01. Coefficients associated to frequency measurements. 

S/X-band (2.63 / 10.531 GHz) 

Quantity 

iX  
Estimate 

ix  

Accuracy 

ia  
Probability 
distribution 

Standard 
uncertainty 

( )ixu  

Sensitivity 
coefficient  

ic  

Contribution 
to the 

standard 
uncertainty 

( )fuB  

Contribution 
to the 

expanded 
uncertainty 

( )fU B  

REF  10 MHz 1.4·10-5 Hz Rectangular 8.08·10-6 Hz 
263 

1053.1 
2.13·10-3 Hz 
8.51·10-3 Hz 

 

Rδ   5·10-4 Hz Rectangular 2.89·10-4 Hz 
263 

1053.1 
7.60·10-2 Hz 

0.3 Hz 
 

sRe  

 19.6 Hz 
Rectangular 

(Gate time=0.1 s) 
11.3 Hz 

1 

11.3 Hz  

 1.96 Hz 
Rectangular 

(Gate time=1 s) 
1.13 Hz 1.13 Hz  

 0.196 Hz 
Rectangular 

(Gate time=10 s) 
0.113 Hz 0.113 Hz  

0f  
2.63 GHz 

10.531 GHz 
    

11.3 Hz 22.6 Hz 

1.13 Hz 
1.17 Hz 

2.26 Hz 
2.34 Hz 

0.136 Hz 
0.32 Hz 

0.272 Hz 
0.64 Hz 

Table 6.02. Uncertainties of frequency measurement in cal. 

 Frequency uncertainties become higher when signal frequency from the radar, 

0f , corresponds to the highest frequency of each frequency band and the gate time 

corresponds to the highest value. Worst-case scenario has been contemplated. 
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6.1.2. Uncertainties associated to speed 

emulation. 

 






 ±
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From model function (6.07), and sensitivity coefficients, ic , shown in Table 

6.03, contributions, ( )vui , to standard and expanded uncertainties, ( )vuB  and ( )vU B , 

respectively, for speed calibrations is shown in Table 6.04. These values are computed 

for three speeds emulated that cover the calibration range considering the following 

input quantities, iX , evaluated at the input estimates, ix : the speed of electromagnetic 

waves ( c ), reference oscillator ( REF ), reference oscillator drift ( Rδ ), and the radar 

frequency ( 0f ). Division ( n ), ( j ), and multiplication ( m ), ( k ), factors of the reference 

oscillator are generated digitally and have no uncertainty associated. Besides, speed 

uncertainties become higher when signal frequency from the radar ( 0f ) corresponds to 

the lowest frequency of each frequency band. Worst-case scenario has been 

contemplated. 
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Table 6.03. Coefficients associated to speed emulation. 
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S/X-band (2.45 / 10.519 GHz) 

Quantity 

iX  
Estimate 

ix  

Accuracy 

ia  
Probability 
distribution 

Standard 
uncertainty 

( )ixu  

Sensitivity 
coefficient  

ic  

Contribution 
to the 

standard 
uncertainty 

( )vuB  

Contribution 
to the 

expanded 
uncertainty 

( )vUB  

c  2.997123·108 m/s  

Normal 
ν = 400 m/s 

414.14 m/s 

1.33·10-6 5.51·10-4 m/s  

Normal 
v = 800 m/s 

2.67·10-6 1.11·10-3 m/s  

Normal 
vmax = 2000 m/s 

6.67·10-6 2.76·10-3 m/s  

REF  10 MHz 1.4·10-5 Hz 

Rectangular 
v = 400 m/s 

8.08·10-6 Hz 

4·10-5 3.23·10-10 m/s  

Rectangular 
v = 800 m/s 

8·10-5 6.47·10-10 m/s  

Rectangular 
vmax = 2000 m/s 

2·10-4 1.62·10-9 m/s  

Rδ   5·10-4 Hz 

Rectangular 
v = 400 m/s 

2.89·10-4 Hz 

4·10-5 1.16·10-8 m/s  

Rectangular 
v = 800 m/s 

8·10-5 2.31·10-8 m/s  

Rectangular 
vmax = 2000 m/s 

2·10-4 5.78·10-8 m/s  

0f  
2.45 GHz 

10.519 GHz 
 

Normal 
v = 400 m/s 

11.3 Hz 

1.63·10-7 

3.80·10-8 
1.84·10-6 m/s 
4.29·10-7 m/s 

 

Normal 
v = 800 m/s 

3.27·10-7 

7.60·10-8 
3.70·10-6 m/s 
8.59·10-7 m/s 

 

Normal 
vmax = 2000 m/s 

8.17·10-7 

1.90·10-7 
9.23·10-6 m/s 
2.15·10-6 m/s 

 

v  

400 m/s 

    

5.51·10-4 m/s 1.10·10-3 m/s 

800 m/s 1.11·10-3 m/s 2.22·10-3 m/s 

2000 m/s 2.76·10-3 m/s 5.52·10-3 m/s 

Table 6.04. Uncertainties of speed measurement in cal. 

It is remarkable the low expanded uncertainty in terms of speed emulation. 

Curiously, it is the contribution of the speed of electromagnetic waves which ultimately 

limits the accuracy of the calibration systems. The final precision is the same both the 

S-band and X-band. 

The maximum resolution of the calibration system, SYSf∆ , — or the maximum 

resolution of the Doppler shift generated — is limited by the frequency resolution, 

DDSf∆ , of this device. SYSf∆  is 'm  times DDSf∆ , where 'm  is the frequency multiplication 

factor of the reference oscillator for down-conversion synthesizer, without computing 

twice the Doppler shift component being evaluated. 
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 'mff DDSSYS ∆=∆  (6.08) 

Therefore, the nominal parameters — according to (6.07) —for the maximum 

speed ( m/s 2000=maxv ) emulated by the system are defined as shown in Table 6.05. 

Parameters S-band X-band 

0f  2.45 GHz 10.520 GHz 

c  2.997123·108 m/s 

k  (245+∆k) (1052+∆k) 

k∆  3.269803·10-3 1.404013·10-2 

j  1 

m  245 1052 

c  1 

REF  10 MHz 

Rδ  ±14 µHz 

Table 6.05. Nominal values of parameters for speed emulation. 

 Where k∆  takes into account the Doppler shift generated by the DDS in the 

frequency of the output signal. From k∆  values, listed in Table 6.05, and (6.08), we 

can deduce that the maximum resolution of the calibration system is more 10 million 

times greater than Doppler shifts required. Therefore, it is possible to emulate high-

speed objects and calibrate radars with the highest precision that is superior to the 

nominal system requirements.  

6.1.3. Uncertainties associated to slant-range 

emulation. 

 The emulated distance, er , between the target emulator and the aim is 

calculated by means of the following equation: 

 ( ) rttcr TDeSAWe ++++= δδ
2

 (6.09) 
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Where: 

SAWt : programmed delay in cascaded-SAW-filter subsystem.   

et : delay of other circuit blocks such as additional filters.  

Dδ : difference between programmed and actual delay.  

Tδ : thermal drift of SAW filters caused by internal heating of equipment during 

the normal operation or by changes in external ambient temperature.  

 r : real distance from the radar to the calibration system, 100-300 m. Typically, 

this parameter is obtained with a laser range finder. 

From model function (6.09) and sensitivity coefficients, ic , shown in Table 6.06, 

as in the speed emulation case, uncertainties for range emulation can be calculated. 

The expanded uncertainties, ( )eB rU , — Type-B evaluation — associated with the 

slant-range are summarized in Table 6.07. For short slant-range calibration, the most 

critical contributions — input quantities, iX — are: the real distance from the radar to 

the calibration system ( r ), and the difference between programmed and actual delay 

( Dδ ) — its absolute calibration drift has been estimated as 3 ns. Contributions to 

standard uncertainty, ( )ei ru , are 1.15 m and 0.45 m, respectively. Most significant 

contributions of the delay from other circuit blocks ( et ) are made by frequency selective 

devices such as input and output filters. For S and X band systems, overall group 

delays are 41 ns and 38 ns; group delay ripples measured are 4 and 1 ns; and 

contributions to standard uncertainty, ( )ei ru , are 0.6 m and 0.15 m, respectively. 

Another critical contribution is the programmed delay in cascaded-SAW-filter 

subsystem ( SAWt ). The highest group delay ripple value, GDR, corresponds to the last 

position of SP8T. Nevertheless, the highest expanded uncertainty corresponds to the 

opposite case. It is because of the emulated distance, er , and contributions to standard 

uncertainty are of the same order of magnitude.  
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Input  

c  
2

TDeSAW tt δδ +++
 

SAWt  
2
c

 

et  
2
c

 

Dδ  
2
c

 

Tδ  
2
c

 

r  1 

Table 6.06. Coefficients associated to slant range emulation. 

   
Expanded uncertainties, 

( )eB rU  

Delay line config. Distance (re+r) GDR 
(RMS) S-band X-band 

1τ=SAWt  3.60 m + r 1.7 ns ±02.79 m ±02.54 m 

21 ττ +=SAWt  1618 m + r 29 ns ±09.12 m ±09.04 m 

321 τττ ++=SAWt  3237 m + r 41 ns ±12.59 m ±12.54 m 

41 ... ττ ++=SAWt  4855 m + r 50 ns ±15.24 m ±15.19 m 

541 ... τττ +++=SAWt  5725 m + r 41 ns ±12.59 m ±12.54 m 

651 ... τττ +++=SAWt  7343 m + r 50 ns ±15.24 m ±15.20 m 

761 ... τττ +++=SAWt  8961 m + r 58 ns ±17.60 m ±17.57 m 

MAXSAW |t=SAWt  10580 m + r 65 ns ±19.68 m ±19.65 m 

Table 6.07. Expanded uncertainties for slant-range simulation. 

As shown in Table 6.07, the distance accuracy, ( )erA , expressed as 

 r)+)/(r(rU=d/d eeB∆  is a function of delay line configuration — related to the 

emulated distance ( er ) — and the real distance ( r ).  
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 The accuracy of range-emulation method is lower than the proposed speed-

emulation process. For that reason, this process can be used to emulate different slant-

ranges by means of the generation of constant velocities during a determined time 

interval.       

6.1.4. Calibration procedure of Doppler radars. 

 The calibration process of radars requires that the system is usually located 

between 100 and 300 m away. Then, the system is programmed to generate static and 

dynamic targets, and to get a full calibration of the radar. Static targets are 

programmed with constant speed and/or distance. Dynamic measurements are made 

by programming a speed ramp in the system to emulate a real target under the effect 

of acceleration. Two examples of these measurements are shown in Figure 6.01. 

These Velocity-time graphs were generated with the calibration system at X-band. 
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Figure 6.01. Velocity-time graphs generated at X-band. 

The overall accuracy, ( )vA , and the overall expanded uncertainty, ( )vU , of the 

calibration systems for speed emulation can be calculated from the velocity measured 

by the Doppler radar. This parameter is defined as: 

 ( ) ( ) ( ) ( ) ( )
max

22

maxmax v
vuvuk

v
vku

v
vUvA BA +

±=±=±=  (6.10) 
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Where: 

k : coverage factor considered that corresponds to a specified coverage 

probability.  

( )vu : overall standard uncertainty. 

( )vu A : standard uncertainty of Type-A evaluation. 

( )vuB : standard uncertainty of Type-B evaluation. This parameter has been 

calculated for the maximum speed emulated ( m/s 2000=maxv ) and its value is 

±2.76·10-3 m/s. 

The Type-A evaluation of standard uncertainty, ( )vu A , is the method of 

evaluating the uncertainty by the standard deviation of the mean of a series of 

independent measurements, s : 

 ( )
( )
( )1

1

2

−

−
±=
∑
=

ss

vv
vu

s

r
averager

A  (6.11) 

where: 

rv : speed value of each r -th observation.  

averagev : the average of s -measurements. 

1−s : degrees of freedom. 

Therefore, the value of the overall accuracy estimated, ( )vA , will have an 

observable scatter as shown in Figure 6.02. 
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Figure 6.02. Scattering in ( )vA  as a function of number of measurements. 

One can assume that ( )vu A  is negligible against ( )vuB  from around 1000 

measurements, and consequently the overall accuracy, ( )vA , and expanded 

uncertainty, ( )vU , can be calculated from (6.12) as: 

 ( ) ( )
ppm

v
vuk

vA B 76.2
10·2

10·76.2·2
3

3

max

2

±≈±≈±≈
−

 (6.12) 

Supposing a coverage probability of approximately 95% ( 2=k ).     

In practice, the calibration system can be programmed to generate speeds 

automatically. If it takes about two seconds to carry out each measurement and around 

1000 measurements are performed, it is possible to calibrate a Doppler radar in about 

30 minutes by ensuring an accuracy of ±2.76 ppm.    

The system has been used with S and X band CW-radars such as those 

designed by Weibel Scientific A/S [6.05]. It provides information about the following: 

frequency measured with an universal time interval counter, EIRP of radar systems, 

emulated speed, emulated slant-range, weather conditions, Doppler frequency shift, 

etc. Several parameters were simulated, such as speeds, 200-2000 m/s, and 

distances, 0.1-10.9 km, under different SNR conditions. The results were satisfactory in 

all cases. 
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7 Appendix B 

 The Appendix B includes a detailed development of the equations used to 

design and manufacture Hairpin bandpass filters presented in this thesis, as well as the 

obtained accuracy associated to each parameter value regarding physical dimensions 

of the under-analysis devices.  

7.1. Hairpin-line bandpass filter design  
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Figure 7.01. Parallel-coupled, half-wavelength resonator filter (up). 

5-pole, hairpin-line microstrip filter (down). 
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This kind of filters may theoretically be obtained by folding the resonators of 

parallel-coupled, half-wavelength resonator filters, into a “U” shape. Therefore, the 

same design equations for the parallel-coupled, half-wavelength resonator filters may 

be used [7.01]: 

100

01

2 gg
FBW

Y
J π

= ,
10

1, 1
2 +

+ =
jj

jj

gg
FBW

Y
J π

, 
10

1,

2 +

+ =
nn

nn

gg
FBW

Y
J π 11 −= ntoj  (7.01) 

Where: 

1,0J , 1, +jjJ , 1, +nnJ : characteristic admittances of J-inverters for the first, 

intermediate and the final sections.  

0Y : characteristic admittance of the terminating lines.  

FBW : fractional bandwidth of bandpass filter.  

nggg ,...,, 10 : element of a ladder-type lowpass prototype with a normalized cutoff 

1=Ωc .   

n : filter order.  

The even- and odd-mode characteristic impedances of the coupled microstrip 

line resonators associated to J -inverters are, respectively: 

 ( )
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0
1,0 11

Y
J

Y
J

Y
Z jjjj

jjodd , ntoj 0=  (7.03) 

Where: 

evenZ 0 : even-mode characteristic impedances of the coupled microstrip line 

resonators.   

oddZ0 : odd-mode characteristic impedances of the coupled microstrip line 

resonators. 
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The width, jW , and the spacing, js , for each pair of coupled sections are 

determined such that the resultant even- and odd-mode impedances match to 

( ) 1,0 +jjevenZ  and ( ) 1,0 +jjoddZ  from (7.04), (7.05), (7.06), (7.07) and (7.08): 

For ntoj 0=   (7.04) 
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Where: 

c : speed of light in vacuum. 

1+jZ : characteristic impedance of the ( )1+j -th coupled microstrip line resonator. 

rε : relative dielectric constant of the substrate. 

0ε : permittivity of vacuum. 

e
rε : static effective dielectric constant of single microstrip transmission line 

whose width is W .   
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h : thickness of the substrate. 

In a static approach similar to the single microstrip, the even- and odd-mode 

characteristic impedances of the coupled microstrip lines may be obtained in terms of 

the even- and odd-mode capacitances, denoted by eC  and 0C , respectively. a
eC  and 

a
eC  are even- and odd-mode capacitances for the coupled microstrip line configuration 

in the particular case in which the air is the dielectric. The iterative calculation method 

defined by (7.04), (7.05), (7.06), (7.07) and (7.08) is implemented in a number of 

software solutions as AWR Microwave Office.   

The capacitances obtained by using above design expressions are accurate to 

within 3% over the ranges 22.0 ≤≤ hW j , 205.0 ≤≤ hs j , and 1≥rε . 

The real lengths, jl , of each coupled line section can be calculated as:  
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Where: 

0λ : free space wavelength at midband frequency of the bandpass filter. 

For non-dispersive approximation, effective dielectric constants ( ) j
e
revenε  and 

( )j
e
roddε  for even and odd modes, respectively, can be obtained by using the relations: 
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The fields do not stop abruptly at the open end of a microstrip line with a width 

of W and they are spread further out marginally due to the effect of the fringing field. 

This effect can be considered taking into account an equivalent length of transmission 

line, jl∆ . 

The equivalent length of microstrip open end, jl∆ , is determined by the following 

expression:  
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(7.12) 

The error in ( )j
e
revenε  is within 0.7 % over the ranges of 101.0 ≤≤ hWj , 

101.0 ≤≤ hs j , and 181 ≤≤ rε . The error in ( ) j
e
roddε  is on the order of 0.5 %. The accuracy 

for jl∆  is better than 0.2 % for the range of 10001.0 ≤≤ hWj  and 128≤rε .   

Finally, the tapping point, 11 += ntt , is estimated by using the equation (7.13): 
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	Resumen
	En la última década, los sistemas de telecomunicación de alta frecuencia han evolucionado tremendamente. Las bandas de frecuencias, los anchos de banda del usuario, las técnicas de modulación y otras características eléctricas están en constante cambio de acuerdo a la evolución de la tecnología y la aparición de nuevas aplicaciones.
	Las arquitecturas de los transceptores modernos son diferentes de las tradicionales. Muchas de las funciones convencionalmente realizadas por circuitos analógicos han sido asignadas gradualmente a procesadores digitales de señal, de esta manera, las fronteras entre la banda base y las funcionalidades de RF se difuminan. Además, los transceptores inalámbricos digitales modernos son capaces de soportar protocolos de datos de alta velocidad, por lo que emplean una elevada escala de integración para muchos de los subsistemas que componen las diferentes etapas.
	Uno de los objetivos de este trabajo de investigación es realizar un estudio de las nuevas configuraciones en el desarrollo de demostradores de radiofrecuencia (un receptor y un transmisor) y transpondedores para fines de comunicaciones y militares, respectivamente. Algunos trabajos se han llevado a cabo en el marco del proyecto TECRAIL, donde se ha implementado un demostrador de la capa física LTE para evaluar la viabilidad del estándar LTE en el entorno ferroviario. 
	En el ámbito militar y asociado al proyecto de calibración de radares (CALRADAR), se ha efectuado una actividad importante en el campo de la calibración de radares balísticos Doppler donde se ha analizado cuidadosamente su precisión y se ha desarrollado la unidad generadora de Doppler de un patrón electrónico para la calibración de estos radares. Dicha unidad Doppler es la responsable de la elevada resolución en frecuencia del generador de “blancos” radar construido. Por otro lado, se ha elaborado un análisis completo de las incertidumbres del sistema para optimizar el proceso de calibración. 
	En una segunda fase se han propuesto soluciones en el desarrollo de dispositivos electro-ópticos para aplicaciones de comunicaciones. Estos dispositivos son considerados, debido a sus ventajas, tecnologías de soporte para futuros dispositivos y subsistemas de RF/microondas. Algunas demandas de radio definida por software podrían cubrirse aplicando nuevos conceptos de circuitos sintonizables mediante parámetros programables de un modo dinámico. 
	También se ha realizado una contribución relacionada con el diseño de filtros paso banda con topología “Hairpin”, los cuales son compactos y se pueden integrar fácilmente en circuitos de microondas en una amplia gama de aplicaciones destinadas a las comunicaciones y a los sistemas militares. 
	Como importante aportación final, se ha presentado una propuesta para ecualizar y mejorar las transmisiones de señales discretas de temporización entre los TRMs y otras unidades de procesamiento, en el satélite de última generación SEOSAR/PAZ. Tras un análisis exhaustivo, se ha obtenido la configuración óptima de los buses de transmisión de datos de alta velocidad basadas en una red de transceptores.
	Abstract
	In the last decade, high-frequency telecommunications systems have extremely evolved. Frequency bands, user bandwidths, modulation techniques and other electrical characteristics of these systems are constantly changing following to the evolution of technology and the emergence of new applications.
	The architectures of modern transceivers are different from the traditional ones. Many of the functions conventionally performed by analog circuitry have gradually been assigned to digital signal processors. In this way, boundaries between baseband and RF functionalities are diffused. The design of modern digital wireless transceivers are capable of supporting high-speed data protocols. Therefore, a high integration scale is required for many of the components in the block chain. 
	One of the goals of this research work is to investigate new configurations in the development of RF demonstrators (a receiver and a transmitter) and transponders for communications and military purposes, respectively. A LTE physical layer demonstrator has been implemented to assess the viability of LTE in railway scenario under the framework of the TECRAIL project. An important activity, related to the CALRADAR project, for the calibration of Doppler radars with extremely high precision has been performed. The contribution is the Doppler unit of the radar target generator developed that reveals a high frequency resolution. In order to assure the accuracy of radar calibration process, a complete analysis of the uncertainty in the above mentioned procedure has been carried out. 
	Another important research topic has been the development of photonic devices that are considered enabling technologies for future RF and microwave devices and subsystems. Some Software Defined Radio demands are addressed by the proposed novel circuit concepts based on photonically tunable elements with dynamically programmable parameters. 
	A small contribution has been made in the field of Hairpin-line bandpass filters. These filters are compact and can also be easily integrated into microwave circuits finding a wide range of applications in communication and military systems. In this research field, the contributions made have been the improvements in the design and the simulations of wideband filters.
	Finally, an important proposal to balance and enhance transmissions of discrete timing signals between TRMs and other processing units into the state of the art SEOSAR/PAZ Satellite has been carried out obtaining the optimal configuration of the high-speed data transmission buses based on a transceiver network.
	Résumé
	Les systèmes d'hyperfréquence dédiés aux télécommunications ont beaucoup évolué dans la dernière décennie. Les bandes de fréquences, les bandes passantes par utilisateur, les techniques de modulation et d'autres caractéristiques électriques sont en constant changement en fonction de l'évolution des technologies et l'émergence de nouvelles applications.
	Les architectures modernes des transcepteurs sont différentes des traditionnelles. Un grand nombre d’opérations normalement effectuées par les circuits analogiques a été progressivement alloué à des processeurs de signaux numériques. Ainsi, les frontières entre la bande de base et la fonctionnalité RF sont floues. Les transcepteurs sans fils numériques modernes sont capables de transférer des données à haute vitesse selon les différents protocoles de communication utilisés. C'est pour cette raison qu’un niveau élevé d'intégration est nécessaire pour un grand nombre de composants qui constitue les différentes étapes des systèmes.
	L'un des objectifs de cette recherche est d'étudier les nouvelles configurations dans le développement des démonstrateurs RF (récepteur et émetteur) et des transpondeurs à des fins militaire et de communication. Certains travaux ont été réalisés dans le cadre du projet TECRAIL, où un démonstrateur de la couche physique LTE a été mis en place pour évaluer la faisabilité de la norme LTE dans l'environnement ferroviaire. Une contribution importante, liée au projet CALRADAR, est proposée dans le domaine des systèmes d’étalonnage de radar Doppler de haute précision. Cette contribution est le module Doppler de génération d’hyperfréquence intégré dans le système électronique de génération de cibles radar virtuelles que présente une résolution de fréquence très élevée. Une analyse complète de l'incertitude dans l'étalonnage des radars Doppler a été effectuée, afin d'assurer la précision du calibrage.
	La conception et la mise en œuvre de quelques dispositifs photoniques sont un autre sujet important du travail de recherche présenté dans cette thèse. De tels dispositifs sont considérés comme étant des technologies habilitantes clés pour les futurs dispositifs et sous-systèmes RF et micro-ondes grâce à leurs avantages. Certaines demandes de radio définies par logiciel pourraient être supportées par nouveaux concepts de circuits basés sur des éléments dynamiquement programmables en utilisant des paramètres ajustables.
	Une petite contribution a été apportée pour améliorer la conception et les simulations des filtres passe-bande Hairpin à large bande. Ces filtres sont compacts et peuvent également être intégrés dans des circuits à micro-ondes compatibles avec un large éventail d'applications dans les systèmes militaires et de communication.
	Finalement, une proposition a été effectuée visant à équilibrer et améliorer la transmission des signaux discrets de synchronisation entre les TRMs et d'autres unités de traitement dans le satellite SEOSAR/PAZ de dernière génération et permettant l’obtention de la configuration optimale des bus de transmission de données à grande vitesse basés sur un réseau de transcepteurs.
	1 Introduction 
	 In the last decade, high-frequency telecommunications systems have been developed very much and diversified greatly. Frequency bands, user bandwidths, modulation techniques and other electrical characteristics of systems are constantly modified and extended. Applications are becoming more varied, consequently the traditional conception of transmitters and receivers or transponders is constantly changing according to the evolution of technology and the emergence of new products and services. For these reasons, this thesis has been focused on evaluating new architectures of transceivers and transponders that have emerged and especially those related to advanced communications systems, radar systems and test/measurement instruments. 
	 In new transceivers there are also special requirements for active and passive components: filters, modulators, switches, amplifiers and other devices must be optimized for new and integrated applications using available microwave software simulators. For these reasons, the second part of this thesis has been focused on the development of some special components demanded or suggested by the architecture of the transceivers developed. These designs have opened new lines of research in the field of microwave devices.
	 A representative example of new transceiver architecture it is shown in Figure 1.01, which corresponds to a measuring device for deep space applications [1.01].  
	Figure 1.01. Simplified block diagram of a deep-space transceiver.
	The architecture of this system is unique for both the transmitter and the receiver. It is a system used to integrate command transfer and telemetry functions for the New Horizons satellite. The transceiver combines digital and analog technology to transmit/receive different wideband and narrowband signals, with high performance and reduced dimensions and power consumption. 
	This is a good example of the way that transponders and transceivers differ is more a matter of performance, a matter of architecture, since they share a number of basic functional blocks. Because the contents of the thesis are more related to the current architecture and technology, it was considered acceptable to treat the two systems as the same, otherwise condition is met for a considerable number of functional blocks. So much so, that the functions traditionally performed by transponders are being replaced by transceivers in any of the cases.
	1.1. Contributions of the Thesis.
	 The principal contributions of the thesis have been grouped into two main blocks:
	a) Development of new architectures for communications and radar systems.
	b) Design of novel microwave devices to improve the performance of transponders and transceivers.  
	All these works have been carried out in the frame of three research projects summarized as follows:
	 CALRADAR is related with the development of calibration systems for military Doppler radars. It was achieved by Grupo de Microondas y Radar (GMR) and Grupo de Radiocomunicación (GRC) of Universidad Politécnica de Madrid (UPM). The project has been supported by the Spanish Ministry of Defense [1.02].
	 TECRAIL is focused on the development of the communications technology in the railway environment. The national research project was completed by Alcatel-Lucent, Administrador de Infraestructuras Ferroviarias (ADIF), Metro de Madrid, AT4 Wireless, UPM, Universidade da Coruña (UDC) and Universidad de Málaga (UMA).
	 The Project linked to the Spanish satellite SEOSAR/PAZ was supported by the European Aeronautic Defense and Space Company EADS-CASA Espacio and it was conducted within the GRC of UPM.
	 These projects have required the development of demonstrators and systems which integrate particular designs of complete transponder and transceiver architectures or special microwave devices. Some of them have been designed, implemented and tested during the progress of this thesis and they are briefly described below.  
	 In the project CALRADAR there has been an important contribution to the calibration of Doppler radars with extremely high precision. This contribution is the Doppler unit of the radar target generator developed that reveals a high frequency resolution (even higher than today’s equipment with similar purposes). In addition, a complete study of the uncertainty in the calibration process has been made to guarantee the accuracy of the radar calibration process.  
	 In the framework of the TECRAIL project an LTE physical layer demonstrator has been designed and tested to evaluate the viability of LTE in railway environment in essential applications such as automatic driving, railway signaling, train-ground and on-board communications, among others. 
	 The built demonstrator has the capability of using channel sounding techniques to perform empirical measurements of the LTE radio link performance in subway scenarios. In this respect, power delay profile measurements conducted in an underground environment have been analyzed. This field is considered as a future research line.
	 As final and important contribution, a proposal to balance and enhance transmissions of discrete timing signals between Transmit/Receive Modules (TRMs) and other processing units into the state of the art SEOSAR/PAZ Satellite has been accomplished obtaining the optimal configuration of the high-speed data transmission buses.
	The second group of results are associated with the development of new high frequency components. The devices developed are compact and can also be easily integrated into microwave circuits finding a wide range of applications in communication and military systems.  The circuits developed are:
	 High precision wideband bandpass filters in hairpin configuration.
	 New devices with photonic control:
	o An Ultra-Wide Band (UWB) antenna.
	o A high isolation switch.
	The designed Hairpin-line bandpass filters shows very good agreement of measurements with simulations together with enough features in terms of flatness, selectivity for broadband applications. In addition, the section 4.2, which includes these components, summarizes the treatment procedure connection interface should receive to balance or cancel its negative impacts.   
	Photonic devices have been considered enabling technologies for future Radio-Frequency (RF) and microwave devices and subsystems. Some of the advantages of optically controlled microwave circuits is high level of isolation between the controlling electronic and the microwave circuit, accompanied by immunity to parasitic electromagnetic radiation, high power handling, overall weight reduction and high-speed control. 
	The proposed planar microstrip-fed UWB printed circular monopole antenna with optically controlled notched band implements filtering properties in order to mitigate the devastating interference as well as to remove the requirement of additional bandstop filters. The main advantage in reconfigurable antenna design is the elimination of biasing lines that can modify the radiation pattern of the antenna. It could be expanded to include several notches in the antenna frequency response achieving a fully reconfigurable UWB antenna and remotely controlled at large distances using optical fiber. 
	RF and microwave switches are important components in modern wireless circuits and systems. The suggested compact high isolation photoconductive switch overcomes one of the main disadvantages of this kind of devices exhibiting both low insertion loss and very high isolation performance. The device is based on the series-shunt switch design. Certain Software-Defined Radio (SDR) demands could be fulfilled by new circuits concepts based on tunable elements with dynamically programmable parameters.
	1.2. Publications of the Thesis.
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	1.3. Thesis Outline.
	 This thesis has been performed at UPM and partially supported by public organizations and private companies. 
	 The thesis is structured as follows.
	 Chapter 2 discusses about the evolution of high-frequency transceivers trying to consider all those architectures that have emerged throughout the years to the present. Moreover, two real developments are included. First, a radar target generator transponder with outstanding features in terms of Doppler shift which gives extraordinary abilities to perform calibration of Doppler radars. The uncertainty in the calibration process is deeply described in Appendix A. Then, an LTE transmitter/receiver system is described to test the feasibility of LTE in railway location. Power delay profile measurements carried out in a metro station by the system as channel sounder has been also analyzed. Finally, SEOSAR/PAZ TRMs are introduced as transceiver architectures of great importance in Synthetic Aperture Radar (SAR) systems.     
	 Chapter 3 emphasizes on new technologies regarding semiconductor and 2-D materials. In addition, a brief insight into the evolution of devices that makes the existence of transceivers possible is provided. Finally, some advanced commercial devices are presented and described. 
	 Chapter 4 is devoted to the presentation of compact devices that exhibits or broadband response either reconfigurable and tunable features or both of them. High-speed data transmission networks have been introduced. A modeling and simulation of a high speed data transmission network are proposed. This architecture is in charge of controlling and monitoring TRMs, among other functions. A developed lab-scaled prototype permits to check the proposal results in terms of signal equalization after the accomplishment of parameter analysis and high-speed-data-transmission simulations in order to improve the operation of the SEOSAR/PAZ Satellite. 
	 Chapter 5 concludes the thesis with an outline of perspectives that future research may address.
	2 High-frequency Transceivers
	 The transceiver is one of the key parts in a mobile telecommunication system. Radio transceivers have been used around since the beginning of the 20th century. At present most RF transceivers in wireless communication systems are using superheterodyne architecture. This architecture has the best performance compared with the others, and therefore it has been the most popular transceiver architecture since it was defined in 1918 [2.01]. The direct conversion or homodyne architecture has now become a very suitable architecture for wireless mobile communication systems to obtain a great cost saving and to take the advantage of multimode operation without increasing extra parts, since 1980, with the development of Global System for Mobile Communications (GSM) standard. 
	Transceivers consist of different devices, like filters, amplifiers, oscillators, mixers, etc. Depending on the combination of these blocks, several architectures can be designed. The oldest and most commonly used receiver architecture is the heterodyne receiver. The high-quality components, such as the first Intermediate Frequency (IF) and the Image Rejection (IR) filters in the front end are an inconvenience for integration purposes. However, it is the best choice for non-battery operated systems.
	 Another commonly used architecture is the homodyne or direct-conversion receiver which uses this principle to eliminate image filter and IF stages, representing a reduction in the consumption of Direct Current (DC) power what is it suitable for the chip integration. Furthermore, the complexity of the RF section is reduced as there is no preselection IF frequency or additional amplifiers. 
	 A variant of the latter system is the low or near zero-IF receiver where the additional IF filtering can be useful to attenuate adjacent and non-adjacent channels. IR mixers have been successfully utilized in limited applications as a compromise between heterodyne and direct conversion receivers. In this way, these devices can be an alternative to eliminate the image without using large and bulky image rejection filters which are mounted in the front end.
	 The architectures of modern transceivers are different from the traditional ones. Many of the functions conventionally performed by analog circuitry have been gradually assigned to digital signal processors (DSPs). In this way, boundaries between baseband and RF functionalities are diffused. The designs of modern digital wireless transceivers are capable of supporting high-speed data protocols. An integration scale is required for many of the components in the block chain, wherever possible. Their design and production is carried out by high-tech industries for large production quantities. Thus, Research And Development (R&D) engineers must learn how to manage multi-purpose components manufactured by these companies.  
	2.1. Specification of a transceiver.
	 It is important to understand the specifications of the transceivers and their influence on the total capacity of the RF system and that this capacity is affected by the choice of the architecture, the subsystems that compose the transceiver, principally the transmitter and the receiver, and its interaction. Once the subsystems are defined precisely, the design of the transceiver is reduced to choose the necessary commercial components and to carry out a detailed design of those which are not available. SDR is one of the best choice for carrying out multi-band radio equipment. 
	 Nowadays, most receivers are implemented using heterodyne and direct-conversion receiver topologies. The heterodyne architecture requires the use of high-Q RF/IF circuitry and additional oscillators, among other devices. In general, these additional blocks increase the cost, power consumption and size of these receivers which hinders their integration, although this trend is slowly changing with the use of new frequency bands [2.02]. In contrast, Direct-Conversion receivers promise superior performance in size, power consumption and cost [2.03]. However, this class of transceivers is limited due to several design restrictions as flicker noise, I/Q imbalances, LO leakage and the requirement of using high dynamic range Analog-to-Digital Converters (ADCs) with a linear front end [2.04]. While these restrictions are being minimized, there is a great interest in using digital signal processing to estimate and compensate these issues by software [2.05-2.06].  
	 Typical wireless transceivers consist of digital, analog, mixed-signal, and RF sub-modules. Both frequency and modulation domain specifications are considered to define the systems. The main frequency-domain specifications for the transmitter are the system gain, Output Third-Order-Intercept Point (TOI or OIP3), channel power, and lower/upper Adjacent Channel Power Ratio (ACPR), and the modulation-domain specifications are Error Vector Magnitude (EVM), magnitude error, phase error, and modulation Signal-to-Noise Ratio (SNR), respectively. In the receiver case, the frequency domain specifications are: the system gain, output third-order-intercept, and noise figure (NF) and the modulation domain specifications are EVM, magnitude error, phase error, modulation SNR, and Bit Error Rate (BER) [2.07], respectively. The keys to implement a wideband multicarrier transceiver are provided in [2.08]. Regarding the receiver side, these keys must be focused on determining minimum sensitivity and in-band blockers; the ADC SNR and Third-order Intercept Point (IP3) requirements, among others. 
	 According to transmitter side, the keys are related to output power control; Peak-to-Average Power Ratio (PAPR) and Adjacent Channel Leakage Ratio (ACLR) requirements together with Peak-to-Average Ratio (PAR) reduction and Power Amplifier (PA) linearization techniques; out-of-band-emission constraints, etc.  The specific values of every requirement depend on the communication standard which is being considered in every case.    
	2.2. Classical transceiver architectures.
	 Most of the wireless transceivers used so far are based on a conventional heterodyne architecture. These transceivers have good performance, but suffer from high production costs and require a relatively large form factor due to expensive and nonintegrable RF and IF filters. A review of several classical and modern wireless receiver architectures used in wideband wireless communication systems can be found in [2.09]. In a heterodyne receiver, as shown in Figure 2.01, the RF front-end filter serves to remove out-of-band signal energy as well as partially reject image band signals. Then, the received signal is amplified by a Low Noise Amplifier (LNA). The IR filter following the LNA further attenuates the undesired signals at the image band frequencies. The desired signal at the output of the IR filter is then downconverted from the carrier frequency to a fixed IF by multiplication (mixing) with the output of Local Oscillator (LO). Commonly, in heterodyne receivers, high-performance, low-phase-noise Voltage-Controlled Oscillators (VCOs) employed as LOs are realized with discrete components such as high-Q inductors and varactor diodes [2.10-2.13]. An IF filter at the output of the mixer, typically followed by a Programmable-Gain Amplifier (PGA), selects the desired channel and reduces the distortion and dynamic range requirements of the subsequent receiver blocks [2.14].
	Superheterodyne RX.
	 The signal can be shifted to baseband and demodulated as shown in Figure 2.01, or alternatively further downconverted to lower IFs, and then shifted to baseband and demodulated. Since, the desired band and image band are separated by twice the IF at the carrier frequency, it is desirable to choose a high IF to reduce the requirements on the IR filter. In fact, if the IF is chosen high enough that the preselection RF filter can sufficiently attenuate the image band, it might be possible to directly connect the output of the LNA to the mixer without including an IR filter [2.14]. On the other hand, since channel selection in a heterodyne system is done at the IF, a low IF allows employment of higher quality channel-select filters. 
	Therefore, the choice of IF depends on the trade-off between image rejection and channel selection. Other factors influencing the choice of IF are availability and the physical size of commercial filters for different frequencies [2.15]. 
	 Direct conversion, also known as homodyne or zero-IF conversion, is a natural approach to downconverting an RF signal directly to baseband. This architecture, shown in Figure 2.02, employs low-pass filtering in the baseband to suppress nearby interferers and select the desired channel.
	Figure 2.02. Zero-IF RX.
	2.2.1. Receivers.

	 The receiver subsystem can be divided into three main functional blocks:
	 Front end: all circuits that perform functions on the RF frequency, such as RF filters, LNAs, high frequency mixers, etc.
	 The IF chain: all circuits operating at intermediate frequency.
	 Backend: all circuits operating at frequencies below the first intermediate frequency or other that operates at RF frequency (in this case at baseband) such as baseband processors, sensors, etc.
	 The critical parameter that determines the quality of the receiver is the SNR at the detector input (usually at the entrance of ADC in the backend). 
	 Every disturbance (noise, interference, etc.) and every limitation of the receiver     (nonlinearity, noise figure, spectral purity of synthesizers, etc.) are translated as an equivalent SNR at the detector input. All devices that precede this detector are selected in order to obtain a certain SNR value. In addition, other important design considerations and certain functional requirements are important such as low cost, multi-band flexibility, multi-system compatibility, etc. 
	 Receiver architectures can be divided in three groups: 
	 Heterodyne, 
	 Direct conversion (also called zero-IF),
	 Sampling receivers [2.16]. 
	There are many variations within each group [2.17], such as single or dual conversion, common challenges can be extracted related to receiver implementation: signal selection and dynamic range. Signal selection is defined as the capacity of capturing a part of the radioelectric spectrum while rejecting adjacent frequencies. The dynamic range is defined as the ratio between the maximum and minimum signal levels that the receiver can process without distortion. Most recent architectures published in scientific articles and used in the most sophisticated commercial equipment are related with heterodyning, where receivers employ one or more internal signals from local oscillators in order to perform the downconversion process. The two most important architectures are the modern superheterodyne receiver, useful for the most complex broadband and narrowband applications and direct conversion receiver for general purpose broadband applications.
	In the first radio receiver, nonlinear devices of RF front end captured the full frequency spectrum. Detectors tuned a specific channel manually, but without limiting interferences from other sources. The sensitivity was the main parameter, and the IF filtering was a significant improvement for limiting noise bandwidth prior to detection. This filter also eliminated the interference from out of band emissions. The growing demand of the electromagnetic spectrum has increased the number of operating frequencies, which in turn has decreased the frequency allocation for each system where the spectral efficiency has become a key issue in the RF design. 
	The superheterodyne receiver including an IQ demodulator is the ideal solution for high performance applications, narrowband and broadband [2.17]. The baseband output is digitally sampled and manipulated by a DSP that optimizes detection functions. It is important to ensure a certain SNR at the low-pass filter output according to the point of view of the RF design. The signal from the IF chain is divided into two channels, referred to as in phase (I) and quadrature (Q). This decomposition is necessary when one wants to detect IF signal simultaneously modulated in amplitude and phase. However, a single-ended backend is enough to perform the demodulation functions for signals modulated only in frequency or in amplitude. 
	Nevertheless, due to the flexibility provided by the architecture IQ is integrated in practically all the most modern RF designs. The main features of receivers manufactured using the heterodyne architecture are their high selectivity and image rejection. The causes of these desirable characteristics are high-Q filters and a double conversion scheme (in some cases three-stage conversion), but they represents a distinct disadvantage in terms of size and weight.  In addition, there is no DC offsets and no quadrature mismatches between the real part of the baseband (I) and the imaginary of the baseband (Q), since it is constructed digitally using Digital Down Converter (DDC). The limitations in terms of size and consumptions are overcome by homodyne receiver architecture. 
	The direct conversion receiver which includes an IQ backend is suitable for establishing general purpose broadband communications such as standard 802.11 b/g where the spacing between adjacent channels and occupied bandwidth is 20 MHz and 16 MHz, respectively [2.18]. In this case, the IQ architecture division is necessary in direct conversion receivers since aliasing would occur in a single ended architecture. This topology is suitable for applications where the reduction in size, cost and power consumption are fundamental requirements in the transceiver design. However, the restrictions regarding linearity, spectral purity, IQ balance and dynamic range are greater than in superheterodyne receivers due to the absence of IF stage. Despite the advances, direct conversions have several serious design challenges that make them less favorable. 
	The goal behind low-IF topologies is to combine the advantages of both heterodyne and homodyne receivers [2.19]. Low-IF topologies are shown in Figure 2.03 and Figure 2.04. In the low-IF system, the IF is chosen as low as one or two times the channel bandwidth. This alleviates the DC offset problem compared to its homodyne counterparts, simply because after the first downconversion the wanted signal is not located around DC [2.20]. The signal path to the ADC can be AC-coupled in the low-IF architecture, which in turn eliminates the need for complicated DC offset cancellation circuitry. In addition, the IQ imbalances introduced in the preceding analog sections can be corrected using adaptive techniques [2.21]. In this way, hard specifications are shifted from the analog part to the ADCs. This strategy is preferred since the performance of integrated ADCs is improving rapidly [2.22]. 
	Figure 2.03. Low-IF RX topologies (I).
	Figure 2.04. Low-IF RX topologies (II).
	Finally, the received signal at the IF stage is digitized. This approach is sometimes called digital IF [2.14]. In this architecture, the high ADC performance requirements are more challenging to accomplish within a reasonable power dissipation [2.23]. Nevertheless, Low-IF RX can relax its device requirements depending on the permutation of the building blocks. Generally, the low-IF RX is less sensitive to 1/f noise at the expense of a higher image-rejection requirement, comparing with the zero-IF RX. Table 2.01 summarizes the characteristics of the presented RX architectures [2.24].
	RX Architecture
	Advantages
	Disadvantages
	Superheterodyne
	Reliable performance
	Expensive and bulky, high power
	Flexible frequency plan
	Difficult to share the SAW filters for multistandard
	No DC-offset and 1/f noise
	Zero-IF
	Low cost
	Quadrature RF-to-BB downconversion
	Simple frequency plan for multistandard
	DC-offset and 1/f-noise problems
	High integrability
	No Image problem
	Low-IF
	Low cost
	Image is a problem
	High integrability
	Quadrature RF-to-IF downconversions
	Small DC-offset and 1/f noise
	Double-quadrature IF-to-BB downconversions
	Summary of different RX architectures.
	2.2.2. Transmitters.

	 The transmitter can be divided, as well as the receiver, into three main functional blocks
	 The power amplifier: all amplifiers operating at the final RF frequency.
	 Exciter: all circuits that increase the signal level from the backend in order to prepare it for the final amplification stage.
	 Backend: all circuits operating at frequencies below the first intermediate frequency and/or baseband such as baseband processors, sensors, etc.
	 In this case, the critical phenomenon in the transmitter design is the unwanted emission of RF power (noise, spectral purity, instability, nonlinearities, etc.) which is adjacent to the RF channel of interest. This emission is quantified by parameters such as the EVM, the emission mask, ACPR [2.07], among others.
	The transmitter architecture is adapted depending on the emitted modulation. However, most modern transmitter architectures are double conversion and direct transmitters, both useful for broadband applications. These architectures employ IQ modulators for both constant envelope modulations, M-ary Phase Shift Keying (MPSK) as for variable envelope modulation, Quadrature Amplitude Modulation (QAM). 
	The baseband signals are handled, in most of the cases, by DSP to perform the processing operations, encoding, filtering, modulation, and so on [2.25]. In this type of design it is necessary to pay special attention to the power amplifiers. 
	It requires a high efficiency to reduce the heat dissipation and increase the battery life, which is of special interest in portable equipment. 
	Another important parameter is linearity, a factor that may limit data transmission rate and where the associated frequency components must not exceed a certain limit imposed by the predefined spectral mask depending on the application in each case, and thus limiting the interference next to the frequency band of the receiver [2.26].
	The two-step conversion transmitter also known as superheterodyne transmitter, is indicated to be used in high performance both narrowband and broadband applications. Its main advantage is to use an IQ modulator at a single frequency which facilitates the signal processing with medium performance devices. Among its drawbacks is its considerable size since it uses a larger number of devices that the simplest topologies may employ and therefore it makes it less suitable for applications where the integration is a key factor. This also results in an increase in both production cost and energy consumption. 
	Figure 2.05. Superheterodyne TX.
	 Furthermore, the direct conversion transmitter, also known as “direct-up” transmitter, with IQ backend is suitable for sending broadband information with lower performance than those obtained with two-step conversion architecture. However, the simplification of the topology results in a reduction of the size, the cost and the power consumption of the equipment by making easier the integration process. As disadvantages, it should be mentioned that the linearity and spectral purity suffer degradation and the constraints due to the IQ balance are larger compared to the two step conversion transmitter. Furthermore, it is of vital interest for the VCO shielding to prevent remodulation phenomena caused by the PA radiation. Because of this reason, this architecture is more suitable for low power applications [2.27].
	Figure 2.06. Direct-up TX.
	Figure 2.07. Two-step-up TX topologies (I).
	Figure 2.08. Two-step-up TX topologies (II).
	 Similar to the low-IF RX, two-step-up TXs can be structured into a number of schemes in order to deal with certain issues related to spectral purity or LO feedthrough.  
	Table 2.02 summarizes the presented TX architectures. Similar to the RXs, their characteristics determine their appropriateness for modern wireless communication systems [2.24].
	TX Architecture
	Advantages
	Disadvantages
	Superheterodyne
	Reliable performance
	Expensive and bulky, high power
	Flexible frequency plan
	Difficult to share the SAW filters for multistandard
	No LO leakage
	Simple DC-offset cancellation at BB
	Direct-Up
	Low cost
	Quadrature BB-to-RF upconversion
	Simple frequency plan for multistandard
	LO leakage
	High integrability
	DC-offset cancellation is difficult at BB
	Two-Step-Up
	Low cost
	Quadrature IF-to-RF upconversions
	High integrability
	Double-quadrature BB-to-IF upconversions
	Simple DC-offset cancellation at BB
	LO leakage 
	(depends on the IF and port-to-port isolation)
	Table 2.02. Summary of different TX architectures.
	Another noteworthy transmitter architecture is the direct FM transmitter, simpler than the direct conversion transmitter since only constant envelope signals are involved. FM transceivers have been widely used in commercial and military equipment for voice and narrowband data applications. Among them, there would be highlight the well-known standard GSM which employs a Gaussian Minimum Shift Keying (GMSK) transceiver [2.28]. 
	When constant envelope signals are employed, transceiver implementation is improved in terms of efficiency since no linear power amplifiers may be used. One of the major disadvantage of this topology is its vulnerability to low-frequency spectral components, close to DC, of the baseband signals due to the high-pass nature of the Phase-Locked Loop (PLL). In that case, the dual-port direct FM transmitter should be used, resulting in an increase in both the cost and the complexity of the transceiver.
	Most modern wireless systems are designed to support multiple users simultaneously in a large number of electromagnetically variable environments. A transceiver that is not properly designed by erroneously selecting the architecture can drastically interfere with other systems: multiple access transceivers, broadband transceivers, ultrawideband transceivers, multiband transceivers, among others. Nowadays, the main requirements in applications of RF transceivers are related to design goals such as low cost, small size and low power dissipation [2.15], and high-speed data transfer. These aims are boosted by both the need for better transportability and availability, and the ever-increasing demand for higher-speed data communications. Such objectives are intended to be achieved not only for highly integrated transceiver architectures, but also for bandwidth efficient modulation schemes because of the usual bandwidth limitations [2.29]. In this section a special emphasis is put on configurations suitable for integration on a single semiconductor chip. Most of today’s commercially available RF transceivers utilize some variant of conventional heterodyne architecture. Nevertheless, a number of high performance RF transceivers are still big sized due to the necessity of using high-Q RF filters at the lowest frequency bands.       
	Recent research has been focused toward the development of monolithic transceiver architectures to address the demand for better portability and affordability, especially using low cost semiconductor technology [2.30-2.31]. This approach provides the possibility of integrating analog and digital circuitry on the same chip. In addition, the use of new systems and circuit design techniques facilitates the highest levels of receiver and transmitter integration [2.32-2.33]. Conventionally, all the filters used in the heterodyne system are high-Q discrete component filters, such as Surface Acoustic Wave (SAW) or ceramic filters. Compared to other more integrable receiver architectures, the heterodyne receiver has superior performance in terms of selectivity defined as the ability of the receiver to separate the desired band around the carrier frequency from signals received at other frequencies, and sensitivity defined as the minimal signal at the receiver input for which there is sufficient signal-to-noise ratio (SNR) at the receiver output. This is achieved with the use of high-Q devices [2.34]. The employment of high-Q elements has some drawbacks. These high-Q filters are difficult and somewhat impractical when realized at high frequencies in an integrated solution, primarily because integrated inductors have at best only moderate Q-factors. Some solutions based on dielectric resonators can reduce drastically the temperature drift in a number of applications where this parameter plays an important role. 
	Moreover, it is interesting to note that the performance of wireless transceivers can be considerably improved by using High Temperature Superconducting (HTS) technology which permits realizing small-size, high-order filters with low insertion loss what it means to increase the transceiver integration, the selectivity and the sensitivity of the receiver, respectively [2.35]. However, it is needed to take into account that HTS filters exhibit nonlinear effects even at moderate power levels what it may restrict their use in wireless communication systems. The nonlinearities can be affected by the quality of the material employed and the structure of the devices [2.36].   
	The homodyne architecture has several fundamental advantages over the heterodyne counterpart. The functions of channel selection and subsequent amplification at a nonzero IF are replaced with low-pass filtering and baseband amplification, agreeable to monolithic integration. Despite this suitability for higher levels of integration, a homodyne receiver intensifies a number of issues that either do not exist or are not as serious in a heterodyne receiver, some of them have already been mentioned before, such as: DC-Offsets, LO Leakage, and IQ mismatches. 
	The USRP B210 is an example of low-cost modern commercial transceiver. It provides a fully integrated platform with continuous coverage from 70 MHz to 6 GHz and a full duplex, Multiple-Input, Multiple-Output (MIMO) (2 TX & 2 RX) operation. It combines a chip direct conversion transceiver and a Field Programmable Gate Array (FPGA) [2.37]. 
	The AD9361 is a high performance and highly integrated RF Agile direct-conversion transceiver. Its programmability and wideband capability make it ideal for a broad range of transceiver applications. It is ideal for point to point communication systems and general-purpose radio systems. The device combines an RF front end with a flexible mixed-signal baseband section and integrated frequency synthesizers, simplifying design-in by providing a configurable digital interface to a processor. The AD9361 operates in the 70 MHz to 6.0 GHz range, covering most licensed and unlicensed bands. Channel bandwidths from less than 200 kHz to 56 MHz are supported. The above mentioned B210 system architecture uses both signal chains of the AD9361, providing coherent MIMO capability.  
	Figure 2.09. Functional block diagram for AD9361 & USRP B210 board.
	From the transmitter point of view, it has to limit its spectral emissions in order to respect its standard requirements and to guarantee the receivers immunity. Thanks to the flexibility of digital systems, these restrictions made the conception of fully digital architectures attractive. One of the major imperfections is the non-linear response of the transmitter which can cause damaging spectrum and signal degradation [2.38-2.39] in the case of high PAPR signals. This result is dominated by the PA response. The effects of these imperfections can be quantified by different well-known criteria such as EVM and ACPR. EVM expresses the signal quality of the message and ACPR represents the amount of interference caused by a system. This is to be compared with the maximum allowed out-of band spectral re-growths (coexistence and channel interference) and is often completed by the spectrum emission mask, specified by the standards. 
	The total consumption of a transceiver depends on the baseband part current consumption, influenced by the modulation scheme and symbol frequency. For wideband signal such as Wideband Code Division Multiple Access (WCDMA) and high data rate Orthogonal Frequency-Division Multiple Access (OFDMA) signals, the RF power amplification part of the transceiver highly contributes in the total current consumption. However, the additional consumption due to an important baseband processing has to be taken into account. The PA has the highest consumption and it directly impacts the overall consumption at a fixed output power. For that reason, its optimization is critical for the battery lifetime.
	The efficiency is often evaluated at peak power emission (Added Efficiency, PAE) because it represents a maximum current consumption. The distribution of the signal is partly characterized by the PAPR. This needs an analysis of the architecture for the different RF signals considered. The influence of the PAPR can be reduced by modifying the average power of the signal or by imposing a maximum limitation in the signal, although in this way the EVM increases since this alteration distorts the information. Some better techniques can be used for PAPR reduction, but at the expense of increasing the complexity [2.40-2.41].
	 There exist numerous improvements of analog based architecture. The improvement goals can be the robustness, the non-linear reduction by coding and the efficiency maximization. Designing transceivers using Orthogonal Frequency-Division Multiplexing (OFDM), MIMO and smart antenna techniques enables to achieve very high performance in mobile channels with large delay spreads. OFDM and MIMO have also generated new challenges in terms of transmitter architectures with good efficiency and linearity [2.42-2.43]. MIMO technology uses multiple antennas at the transmitter and the receiver. Data rate or link range are increased without augmenting the bandwidth or the transmitted power thanks to the obtained diversity and spatial multiplexing, in comparison with a Single-Input Single-Output (SISO) system. The MIMO approach can be associated with beam-forming to control the shape and direction of the radiation pattern. Important improvements in throughput performances are achieved by using MIMO techniques, but it is still a challenge to integrate many antennas and transceivers in a small mobile user device because of constraints as the size. It is possible to achieve some non-neglectable improvement with a multiple antenna base station and a single antenna user device. However, a multiple antenna user device is needed to really take advantage of MIMO technique [2.44-2.45].
	2.2.3. Multiple access transceivers.

	 RF transceivers have to adapt to the RF characteristics such as efficiency and linearity by means frequency flexibility and power control ability, and they have to respect the network medium (air interface) access. This has a strong impact on the front-end components, for example duplexer selectivity, switch losses and isolation. The number of users is usually large in a wireless communication system and the resources must be carefully assigned. The purpose of multiple access is to allow a number of users to transmit and receive the information that they need through the wireless communication system. There are many architectures that are associated with a number of media access methods: 
	 Frequency Division Multiple Access (FDMA), 
	 Time Division Multiple Access (TDMA),
	 Code Division Multiple Access (CDMA), 
	 Orthogonal Frequency-Division Multiple Access (OFDMA), ...  
	In [2.46], an overview of CDMA, OFDMA, and other block-based transmissions, is given and a reconfigurable transceiver whose blocks can be configured in order to support any of the above air interfaces is proposed. The reconfigurable transceiver allows low-cost implementation of multiple air interfaces in a single terminal and achieves optimal QoS based on the available wireless networks. On the other hand, Time Division Duplex (TDD) is RF transmission technology of great importance in fourth generation broadband systems where the uplink and downlink channels have variable data rates [2.47]. 
	Figure 2.10. USRP TDD architecture.
	Moreover, TDD is well suited to implement smart antennas based on multiple-input multiple-output (MIMO) and adaptive-phased arrays, where the radiation pattern synthesis would only take place once because the propagation characteristics are relatively stable at a single frequency [2.48-2.49]. This implies a resource optimization that significantly reduces the time and the computing power used. 
	The FDMA/CDMA transceivers operate in full-duplex mode. For that reason, it is necessary to somehow isolate the receiver from the transmitter. A duplexer is usually used to carry out this task representing a disadvantage regarding the price and the weight increase of the equipment. The receiver can be sometimes isolated from the transmitter using two antennas separated by a certain distance. 
	 The option is only valid for fixed applications where the obtained isolation is sufficiently high for full-duplex operation.  
	Figure 2.11. Full-duplex architecture.
	2.2.4. Multi-band and multi-mode transceivers.

	 A number of wireless systems and services has increased quickly during the last years. The transceivers integrated in different equipment such as mobile terminals must be able to connect to different networks in order to have global coverage and to support the new standard services. For that reason, multi-mode and multi-band circuits have recently obtained a lot of interest. In addition to 2G/3G systems and even 4G systems, multi-band and multimode transceivers can include support for wireless local area network standards (IEEE 802.11a/b/g), short-distance standards (Bluetooth, Radio-Frequency IDentification (RFID), Near Field Communication (NFC)), and different standards for positioning, broadcasting, high-speed Internet access such as Global Positioning System (GPS), Digital Video Broadcasting (DVB) or UWB, among others [2.50]. These standards needs different operation requirements and probably some of these systems will have to operate simultaneously making the transceiver design more complex. In [2.51], the authors present a dual-mode multiband transceiver based on direct conversion architecture. The blocks in the transceiver have the advantage that can be configured to simultaneously support WCDMA and GSM. 
	Figure 2.12. Block diagram of the dual-mode GSM/WCDMA transceiver.
	SDR is playing an important role in the reconfiguration and multi-mode operation angles [2.52]. C. de la Morena-Álvarez-Palencia and M. Burgos describe in [2.53] a SDR 0.3-6 GHz six-port receiver for broadband and high data rates applications. It has been designed to operate with 100-MHz instantaneous bandwidth and it has been tested at several frequencies and modulation schemes such as GSM (900 MHz, 1800 MHz), Personal Communications Service (PCS) (1900 MHz), Wi-Fi (2.45 GHz), or Worldwide interoperability for Microwave Access (WiMAX) (700 MHz, 3500 MHz, 5800 MHz) and Quadrature Phase Shift Keying (QPSK), 16-QAM, and 64-QAM, respectively. One important advantage of the six-port architecture is its operation with low LO power levels which means a reduction of the LO self-mixing, one of the main problems of zero-IF architectures. Actually, this system is developed on Low Temperature Co-fired Ceramic (LTCC) technology, with the purpose of miniaturizing the design. 
	 On the other hand, applications such as Wireless Sensor Networks (WSNs), home automation, and the Internet of Things (IoT) are becoming increasingly popular. Regarding this environment, the low-power wireless transceiver is very important. These devices should be able to operate in a wide range of frequencies and multiple working modes because of the different communication conditions [2.54].
	2.2.5. Ultrawideband transceivers.

	Finally, it is of special interest to remark UWB transceivers. Although the definition is sometimes ambiguous, an UWB signal is one whose bandwidth is greater than 500 MHz or relative bandwidth is greater than 20% where bandwidth is measured between -10 dB points. UWB technology have being used in the last 30 years in radar applications, sensing, military communications, etc. From 2002, the Federal Communications Commission (FCC) allowed the UWB technology to be used for transmission of data in personal communications in addition to military and security applications.
	UWB systems are designed to transfer information over short distances, up to a few meters at several hundreds megabits per second (Mbps).The document [2.55] provides an overview of recent design approaches for several circuit functions that are required for the implementation of multiband OFDM UWB transceivers.
	UWB equipment is low-energy due to the short duration pulses transmitted. In addition, signal immunity against interference, robustness against multipath propagation phenomena and low probability of intercept/detection are properties that make the UWB systems suitable for military and security applications. However, some special considerations must be considered due to the signal characteristics. An example of the challenges in ultrawideband pulse radio transceiver design is presented in [2.56]. This reference proposes an architecture operating between 3.1 and 10.6 GHz. The 7.5-GHz band is subdivided into multiple channels of 500 MHz each to relax the requirements for pulse generation, transceiver synchronization, and group-delay flatness. The frequency plan allows the most critical 802.11 interferers to be pushed to higher frequencies during the first block downconversion where they are attenuated by the low-pass filters of the receiver. 
	Figure 2.13. Proposed interference-robust UWB pulse radio system.
	It consists of a pulse radio transmitter, a correlating receiver, and an interference detector. The transmitter and receiver portions share the clock generation circuit and have a common digital-pulse memory section.
	As a general matter, the worldwide deployment is one of the trends of UWB transceivers. Another key feature is the high level of integration of equipment. In this direction, there are some available solutions [2.57-2.58].
	 A number of applications based on UWB can be found in the literature. Here some of them are mentioned: 
	 UWB radar is distinguished from conventional radars because of its impulse-type signals having extremely wide instantaneous bandwidth. UWB radar is attractive for high-resolution radar applications, particularly for subsurface sensing such as geophysical prospecting, assessment of pavement, bridge, tunnels, and buildings, and mine and unexploded ordinance (UXO) detection. Nevertheless, this system can achieve both fine-range resolution and long operating range by varying the transmitted pulse duration [2.59]. The good penetration reached by means of UWB radar technology permits through-wall detection of human being’s movement including the breathing and other periodic motions [2.60]. For those main properties, UWB radar is a promising high-resolution 3-D imaging technique for near targets as well as for monitoring vital body functions [2.61]. 
	 The approval granted by the Federal Communications Commission (FCC) for the use of ultra-wideband signals for vehicular radar applications has permitted the introduction of these sensors in the market [2.62]. The ruling also approved a second allocation of an unlicensed 7-GHz wide spectrum between 22–29 GHz that is intended exclusively for vehicular radar systems.
	2.2.6. Optical/Photonics-assisted transceivers, and RoF architectures.

	 This section includes architectures that are very different if they are compared with the ones which are been developed in this thesis. Although, they were comprised because they have a relevant impact nowadays. 
	Optical transceivers are the key elements used in communication terminals for converting signals between electrical and optical domains at different data rates and for different transmission distances through optical fibers [2.63]. 
	In Photonics-assisted transceivers, photonic components increase the performance of electronic devices. Photonics-assisted solutions have been proposed for generating phase-stable RF signals avoiding the up-conversion in noisy mixers at the radar transmitter and also to be applied in ADCs in order to avoid the frequency down-conversion at the radar receiver [2.64]. For instance, [2.64] proposes a novel solution for the optical generation of radio-frequency signals for coherent radars, which exploits the same mode-locking laser of the photonic-assisted radar receiver. 
	Future Multi-Gigabit Wireless Systems (MGWS) dedicated to area networking are emerging or are under development. They achieve high data rate up to 5–6 Gb/s over short range. Radio-over-Fiber (RoF) architectures are proposed to expand the radio coverage such as: Point-to-Point Architecture like direct links between terminals, Point-to-Multipoint Architecture which is preferred for broadcast transmissions, Active-Star Architecture uses several remotes antennas connected to a switch, or Multipoint-to-Multipoint Architecture which can be considered as a MIMO output repeater [2.65]. 
	Figure 2.14. Radio-over-fiber transducer.
	 RoF communication systems have in principle, several advantages over conventional coaxial cable or wireless systems [2.66]:
	 Low attenuation by the use of optical fibers.
	 Simplicity and cost-effectiveness since it centralizes resources at the Central Station where they can be shared; and remote simple Base Stations consisting only of an optical-to-electrical converter, RF amplifiers and antennas.
	 High capacity because higher frequencies can be transported through RoF systems allowing data rates to accommodate future service demands [2.67].
	 Flexibility because it allows independent infrastructure providers and multi-service operation, the same RoF network can be used to distribute traffic from many operators and services.
	LTCC technology has shown great potential because of facilitate three-dimensional integration and interconnection, as well as the packaging of active and passive RF components up to millimeter-wave frequencies [2.68]. For that reason, it is especially interesting to merge optical and RF functionality. 
	Figure 2.15. RoF transceiver with integrated optical interfaces.
	 Only optic responds to a demand of high data rates: low attenuation, high RF bandwidth, high linearity, and immunity to electrical interferences. Inside the buildings, the optical fiber is a natural extension of the access networks that become all optical and is an ideal media to provide a long life-span communication infrastructure being able to adapt to new standards for years.
	2.2.7. Channel Sounders.

	 A channel sounder is a test system that detects the electromagnetic wave transmitted via a particular communication channel to determine the statistics of either the channel’s time-variant impulse response or its time-variant frequency response. The reflections in the surrounding environment are usually referred as multipath components and their extent in time delay is used to aid in the design of wireless communication systems. In addition to the time delay and the relative strength of the echoes a channel sounder may aim to estimate Doppler shift or Doppler spread. Modern channel sounders deploy a number of techniques similar to radar to estimate angular information, including angle of departure and angle of arrival in azimuth and in elevation. This gives rise to a variety of channel sounder configurations, including single and multiple antennas at both ends of the radio link which can be employed in different modes of operation.
	 Channel sounders can be deployed in a static or dynamic mode of operation. Static operation refers to the situation where both the transmitter and the receiver are stationary whereas dynamic operation refers to the situation when one or both terminals are in motion. In either case the target, environment or reflectors can be stationary or in motion. A static system that uses the same antenna for transmission and reception is called monostatic, whereas a system that deploys separate antennas or has a separate site for transmission and reception is called bistatic. 
	Depending on the number of antenna elements used for transmission or reception the prefix ‘multi’ can also be used to indicate multiple antennas such as multistatic, where the same set of antennas are used for transmission and reception [2.69].
	Various wide-band channel sounding techniques such as pulse excitation, frequency sweeping, and correlation analysis have been developed over the years. These methods find widespread application and are well documented [2.70-2.71]. 
	Jemai, J. and T. K. Kurner have proposed in [2.72], an advanced portable and compact broadband WLAN IEEE 802.11b channel sounder which has been improved by implementing additional advanced RF signal processing algorithms in terms of power delay profile estimation. 
	Figure 2.16. RX front end and channel sounder block diagram [2.72].
	The use of the mm-wave bands like 60 GHz band, which provides a wide available frequency spectrum, is very interesting option to enable higher data rate systems for short range, or Wireless Personal Area Network (WPAN) applications due to its limited range. For that reason, the knowledge of the radio channel in this frequency range is very important for the optimization of future 60-GHz WPAN system designs. A large variety of wideband channel sounders have been reported to measure the multipath and loss characteristics of the short range 60-GHz radio channel [2.73-2.74] combined to virtual antenna arrays [2.75], or short/medium distance 60-GHz radio channel by using RoF solutions [2.76].
	Figure 2.17. 60-GHz Wideband Radio Channel Sounder.
	Figure 2.18. 60-GHz Broadband Channel Sounder [2.76].
	The well-known and ever-extended MIMO technique offers high data throughput as well as significant enhancement link reliability over single antenna systems, without requiring additional power or bandwidth. For the last reason, a precise knowledge of the propagation channel is required to accurately develop propagation models as well as to design MIMO devices. Due to the complexity of MIMO wireless channels, direct measurement is the main viable option for accurate characterization. However, MIMO wireless channel sounders are very expensive. 
	Maharaj, B. T., J. W. Wallace, et al. propose in [2.77] a low-cost switched-array system whose performances are sufficient to support the development and assessment of current and future MIMO wireless systems. 
	UWB technology has been transferred to the channel sounding world. Keignart, J., C. Abou-Rjeily, et al have described in [2.78] a methodology to characterize the UWB SIMO propagation channel in indoor environments. In this case, MIMO UWB measurements has not been accomplished due to the difficulties associated instrumentation devices. Time domain has been selected instead of frequency domain because of the same reason.          
	 Finally, it is needed to remark that modern railway demands high-quality wireless communications. Subway environment is a complex network of tunnels and stations with different characteristics where the propagation channel requires accurate modelling and characterization taking into account the very presence of the train. Nowadays, most wireless communications networks in subway tunnels use narrowband systems like Global System for Mobile Communications-Railway (GSM-R) [2.79]. Nevertheless, International Union of Railways expresses explicitly that GSM-R will evolve to 4G Long Term Evolution-Railway (LTE-R) directly in the near future [2.80]. In this regard, channel sounding techniques must be used to characterize the propagation channel in special environments like tunnels or stations. 
	2.3. Special transceiver architecture.
	 This section describes the hardware design and characterization of a LTE physical layer demonstrator which has been developed in this thesis under the framework of TECRAIL research project [2.81-2.84]. The equipment has special capabilities for test measurements of LTE systems. This thesis provides an overview of the demonstrator systems: RF subsystem and baseband subsystem describing in a more detailed way the RF subsystem that are a relevant part of the demonstrator. 
	2.3.1. LTE test transceiver

	 Few years ago, LTE was born with the goal to provide a radio access technology with extremely high performance in terms of higher download/upload speed, higher video quality, full vehicular speed mobility and coexistence with 2G and 3G systems. At the same time, the rapid development of railway transport implies use of broadband wireless technologies that can satisfy new high-speed data requirements both from train operators and from passengers such as Internet Access, Video-surveillance implemented on board, along the track or on platforms and that narrowband wireless technologies are not able to reach.
	The LTE RF link is a critical issue of the LTE system since it has a direct impact on the LTE infrastructure network limiting the achievable global performance. LTE seems to be the logical evolution for the current GSM. In this scenario, as consequence of radio spectrum is a medium shared between different, and potentially interfering technologies both narrowband and wideband communications systems, it is needed to characterize the radio channel. In the case of LTE, this task can be accomplished by using broadband RF transmitters and receivers that can cover LTE frequency bands and the different channel bandwidths and including a channel sounding architecture that allows the estimation of the parameters associated to the impulse response of a radio channel in railway environments. Moreover, in order to deploy LTE technology in complex environments like tunnels, railways, subway etc., the receiver should be able to detect interferences with other wireless systems: GSM, GSM-R, Universal Mobile Telecommunications System (UMTS), WiMAX, etc. in coexistence scenarios to carry on a study of compatibility [2.85]. Consequently and in relation to LTE-R systems, a realistic modelling of propagation features is needed both in the planning phase of LTE-R network deployment and the accurate evaluation of the link performance.
	In this sense, the demonstrator is used to assess the LTE RF link performance in railway scenarios as well as to statistically characterize the wireless channel in those environments.
	The proposal is a flexible multi-band, extensible and versatile architecture for a hardware demonstrator designed to measure LTE performance in railway environments. Two nodes (transmitter node and receiver node) form the demonstrator. 
	On the transmitter side, two main subsystems can be distinguished, namely the base band subsystem and the RF subsystem. Most of the base band processing tasks are distributed between a high performance PC and a FPGA. This allows us to rapidly modify configuration parameters or to define new transmission schemes on the fly. An adequate interface between the FPGA and the PC has been defined to support as high data rates as needed. On the border of the base band transmission subsystem, Digital-to-Analog Converters (DACs) are provided to eventually feed a generic RF front-end as well as a first RF stage designed to cover the intermediate frequency range from 400 to 1200 MHz. Higher frequencies up to 6 GHz are covered by the RF transmitter subsystem. This subsystem acts as an interface between the base band subsystem and the propagation channel, translating the signal to the desired frequency band. The RF transmitter subsystem is designed to handle different modulation schemes and power values up to 43 dBm. Additionally, it can be used in absence of the base band subsystem for channel sounding.
	The receiver node is similar to the transmitter one. In this case, the RF subsystem has also multi-band capabilities within the frequency range from 1.2 to 7 GHz. The first intermediate frequency (850/860 MHz) is used as the interface to the base band receiver subsystem.  A detailed description of the RF front ends can be found in the following sections. The RF receiver stage provides configurable bandwidth selection to enable the use of different LTE operation modes. Additionally, a logarithmic detector is provided to measure the received signal power level. 
	The validity and feasibility of the developed demonstrator have been proved by means of some promising integration tests in two laboratories located at UDC and UPM, respectively. UDC was in charge of operating baseband and synchronization subsystem.  Nevertheless, only broadband measurements based on channel sounder are carried out in Metro de Madrid. Some of them have been analyzed in the final section of this chapter.  
	 The RF System is the interface of the Base Band and Synchronization Systems with the propagation channel. The system is composed of a transmitter front end and a complete receiver. These two front ends have all the devices required for a correct interface with the base band system and can work alone as a transmitter and a receiver for channel sounding measurements, using the narrow pulse sounding technique.
	Both front ends have been independently controlled by means of a computer (user interface) and a control box which is connected directly to PC through a USB connection as shown in Figure 2.19 and Figure 2.20.
	Figure 2.19. Overall block diagram and photo of the RF TX front end.
	Figure 2.20. Overall block diagram and photo of the RF RX front end.
	2.3.2. RF transmitter front end.

	 The transmitter takes the signal from the baseband DAC and translates it to the desired frequency band. The system is able to operate with high/medium power and provides control capabilities regarding output power, frequency band and signal modulation. Block diagram of the complete RF transmitter front end is shown in Figure 2.21. 
	Figure 2.21. Block diagram of RF transmitter front end.
	The system has been divided into two units called:
	Up/Down Converter; “Wide Band Amplifier (WBA) + LO rejection BPFs” (Figure 2.22): the RF transmitter front end receives the modulated signal from the base band system and converts it to the desired frequency output. For this purpose it uses a broadband frequency synthesizer (HMC-C083), a mixer and a switched filter bank for selecting the desired frequency band. Every filter covers 1400-MHz bandwidth. The design of 3.240-4.640-GHz and 4.610-6010-GHz filters based on the microstrip hairpin topology and the manufacturing procedures associated has been described in section 4.2. 
	Power amplifiers; “Pulse Modulator (PM)+PA/HPA” (Figure 2.23): this unit provides enough gain to amplify the baseband signal with the chosen output level. It offers a PA whose maximum output power is 29.5 dBm, and a High Power Amplifier (HPA) whose maximum output power is 41 dBm.  
	The unit shown in Figure 2.22 removes unwanted signal and noise from the baseband signal before its final transmission by using four filters that cover the                     LTE/LTE-Advanced frequency bands. This signal can be injected directly into the front end or obtained by means of a RF mixing process. In this case, the signal is subsequently amplified to compensate the high conversion loss of the mixer. The LO leakage and its harmonics are rejected by the BandPass Filters (BPFs).
	 Figure 2.23 shows the final stage of the RF transmitter front end. This unit comprises mainly a Single-Pole, Single-Throw (SPST) Pin diode switch (HMC-C019) that can be used for RF Pulse Modulation (PM), a PA (HMC-C075) and a HPA (AM003040SF-4H). Depending on the configuration of the SPST Pin diode and the final stage of amplification, the RF transmitter front end can operate in Continuous Wave (CW)/PM mode and high/medium power mode, respectively, since the HPA can be disconnected. Digital step attenuator (HMC-C025) called “ATT” is used to control the output power level. The pulsed operation mode can be useful to estimate the parameters associated with the impulse response of the radio channel by channel sounding techniques.  
	Figure 2.22. Block diagram of RF TX front end (WBA+LO rejection BPFs).
	Figure 2.23. Block diagram of RF TX front end (PM+PA/HPA).
	2.3.3. RF receiver front end.

	 The RF receiver front end shown in Figure 2.24 is in charge of converting the input frequency received from the transmitter to an IF accepted by the baseband unit. The dual conversion receiver comprises a switched filter bank connected to two RF inputs and an automatic second-intermediate-frequency bandwidth selector that covers 5 MHz, 10 MHz, 20 MHz and 100 MHz to emulate the different operation modes of LTE/LTE-Advanced systems. The system also integrates a logarithmic detector suitable to demodulate the pulse received from the transmitter in the channel sounder operation mode. 
	Figure 2.24. Block diagram of RF receiver front end.
	The receiver is divided into three main units:
	LNA and switched filter bank: this unit amplifies the desired signal and rejects the adjacent band interferences. The unit is composed of two LNA amplifiers which are used separately, one for the lower band: 0.4–3GHz; and another (HMC-C059) for the higher band: 1–12 GHz; as shown in Figure 2.25. These amplifiers reduce the noise figure of the system and increase the dynamic range. Then, there is a switched high-selectivity-filter bank that covers the LTE/LTE-Advanced frequency bands. The filters are selected by means of a SP4T mechanical switch. 
	Figure 2.25. Block diagram of RF RX front end (LNAs+high-Q filters).
	First IF: the first stage includes a broadband mixer and an 850/860-MHz IF filter. This unit also contains programmable attenuators and it provides an IF output for connecting baseband demodulator. The Figure 2.26 shows the first IF stage of the RF receiver front end. This unit filters the 850/860-MHz IF obtained by RF mixing process with a variable frequency synthesizer (HMC-C083) covering from 2 to 6 GHz. The resulting 850/860-MHz signal is processed going through a number of amplifiers and digitally controlled switched bit attenuators providing a constant power level. Finally an IF sample is obtained from a 10-dB directional coupler. This output can be used for numerous test purposes.
	Figure 2.26. Block diagram of RF RX front end (First IF stage).
	Second IF: this stage includes a second mixer, an amplifier and an automatic bandwidth selector. Finally a Logarithmic detector is provided to implement channel sounder functions. An additional RF power meter could be connected to the three-port splitter to realize received power measurements. The Figure 2.27 shows the second IF stage of the RF receiver front end. This unit has a narrow band mixer and a fixed frequency 700-MHz PLL. The 150/160-MHz resulting output is filtered to fit the channel bandwidth. A bank of four filters covering different bandwidths of 5 MHz, 10 MHz, 20 MHz and 100 MHz is used. Then, the output is amplified and divided with a 3-Way power splitter which supplies signal samples for testing or expansion purposes, for logarithmic detector applications and for exciting other devices, e.g. a power meter as an extension of the channel sounder. The selected bandwidth for wideband channel sounding measurements is 100 MHz (center frequency: 150 MHz), since thereby narrower pulses can be transmitted increasing the “radar” resolution [2.86].
	Figure 2.27. Block diagram of RX front end (second IF stage).
	 In the following section, a number of RF transmitter/receiver front end setups have been analyzed by means of AWR Visual System Simulator™ (AWR VSS), software for the design of complex communications systems. AWR VSS is a complete software package for today's complex wired and wireless communication systems. VSS enables to design different system architectures, it establishes the appropriate specifications for each system block and it makes possible to carry out the proper simulations required to check the performance of every architecture.
	2.3.4. RF transmitter front end (performance simulation).

	 A number of simulations can be extracted depending on several parameters as the input frequency/power, the operation mode (CW/PM), the final stage of amplification (PA/HPA), among others. In this thesis, only few combination have been considered, regarding the situations that have occurred during the measurement campaign as described in the final section of this chapter. In all the cases, the signal is injected by the “non-mixing” path. 
	Figure 2.28. RF transmitter front end (parameters).
	Figure 2.28 shows the RF transmitter front end setups. Both HMC-C075 PA and AM003040SF-4H HPA cases have been considered. Figure 2.29 illustrates both the spectral purity associated to the CW mode and the envelope of the modulated signal (47-ns pulse width), considering the two available PA. From this figure, other VSS available tools and devices’ datasheet, main figures of merit can be extracted as summarized in Table 2.03.
	Figure 2.29. RF TX Front End: spectrum (1 tone).
	AWR’s System Simulator™ (VSS) Setup
	Parameter
	AM003040SF-4H
	HMC-C075
	Maximum input Power
	-3 dBm
	Available Gain
	40 dB
	25 dB
	1-dB compression point (P1dB)
	39 dBm
	29 dBm
	Harmonics (CW mode)
	<-30 dBc
	Non-Harmonics (CW mode)
	<-60 dBc
	Third-order Intercept Point (IP3)
	50 dBm
	40 dBm
	PULSE MODULATION
	Risetime (Tr)
	2.5 ns
	Falltime (Tf)
	2.5 ns
	On/Off Ratio
	65 dB
	Table 2.03. Main figures of merit: RF TX front end (ATT=0 dB).
	2.3.5. RF receiver front end (performance simulation).

	 In the same way, main figures of merit from the receiver can be estimated by simulation, under certain conditions*. 
	Figure 2.30. RF receiver front end (parameters).
	Figure 2.31. RF RX Front End: spectrum (1 tone).
	AWR’s System Simulator™ (VSS) Setup
	Conditions*: 
	RF IN = 1200 MHz, 2450 MHz 
	(1–12-GHz LNA)
	ATT1 = ATT2 = 0 dB
	Parameter
	First IF
	Second IF
	Maximum input Power
	-30 dBm
	Available Gain
	35 dB
	65 dB
	Non-Harmonics (CW mode)
	< -50 dBc
	Noise Figure (NF)
	16 dB
	18 dB
	Table 2.04. Main figures of merit: RF RX front end.
	It should also highlight the high performance input multiplexer.
	Figure 2.32. Frequency response of the input multiplexed filter.
	Filter
	Typical
	BAND 1 [1–3 GHZ]
	Insertion loss
	1.5 dB
	Flatness
	±2 dB
	Stopband Attenuation (@4200 MHz)
	75 dBc
	BAND 2 [3–5 GHZ]
	Insertion loss
	1.5 dB
	Flatness
	±2 dB
	Stopband Attenuation (@6200 MHz)
	65 dBc
	BAND 3 [5–7 GHZ]
	Insertion loss
	1.5 dB
	Flatness
	±1.5 dB
	Stopband Attenuation (@2800 MHz)
	65 dBc
	Table 2.05. Characterization of the input high-Q multiplexed filter.
	2.3.6. Channel sounder application.

	 As mentioned before, a channel sounder is a device that allows estimation of the parameters associated with the impulse response of a radio channel. In a similar way to a bistatic radar, the channel sounder transmitter sends a repetitive pulse of specific width, τ (associated to the channel bandwidth, 1/τ), and the channel sounder receiver amplified the transmitted signal and detected it with an envelope detector. The resulting signal is usually acquired and stored in an oscilloscope.
	 The measurements included in the following section have been extracted from the data captured by the oscilloscope as can be seen in Figure 2.33. Both transmitter and receiver have been synchronized by using the baseband pulse generated on the transmitting side and the received signal was demodulated by the logarithmic amplifier (generally abbreviated to "log amp”). The setup can be observed in Figure 2.34.
	Figure 2.33. Data captured by the oscilloscope.
	Figure 2.34. Photo of the measurement scenario (synchronization).
	The stored information (green trace) is log-transformed from the log amp sensitivity, 25 mV/dB. The resulting data is called Power Delay Profile (PDP). Table 2.06 summarize the key parameters associated to each measurement frequency. 
	Frequency
	Transmitted Power
	Measurement Bandwidth
	(Oscilloscope)
	Pulse Width (τ)
	2450 MHz
	38 dBm
	200 MHz
	47 ns
	1200 MHz
	40 dBm
	200 MHz
	47 ns
	Table 2.06. Initial considerations.
	Measurement antennas have been characterized for simulation purposes (ray-tracing techniques for modeling wave propagation). This characterization has been carried out in an anechoic chamber located at E.T.S.I y Sistemas de Telecomunicación, UPM. The reference Log-periodic antenna manufactured by Sistemas Radiantes F. Moyano, S.A. which covers a frequency range from 0.3 to 6 GHz.  
	Three antennas have been used for the broadband measurement campaign. The HG908P and HG2414P models are flat path antennas which have been used at the subway station as transmitting and receiving antennas, and the R&S HL025 Log-Periodic antenna has worked as receiving antenna located on the train tail (last car). Operation frequencies are 2450 and 1200 MHz, in every case, as shown in Table 2.06.    
	Figure 2.35. HG2414P (left side) and R&S HL025 (right side).
	Figure 2.36. Radiation patterns (HG908P & HG2414P).
	Figure 2.37. R&S HL025 radiation patterns (1200 & 2450 MHz).
	Next, an example of the application is described, being a sample of a measurement set which were carried out in the metro station called “Ciudad de los Ángeles” (Line 3 of Metro de Madrid). 
	Figure 2.38. External dimensions of the measurement scenario.
	Figure 2.39. Internal dimensions of the measurement scenario.
	In this set of setups, train and subway station effects have been computed.  Then, measurements were made inside underground tunnels that connect the aforementioned station with the adjacent ones. In these cases, tunnel effects have been taken into account. Figure 2.40 illustrates a possible scenario for such measurements. 
	Figure 2.40. A potential scenario: the receiver is on board the train.
	Measurements have been performed at two different frequencies: 2450 MHz and 1200 MHz, respectively. Broadband measurements are based on PDP which gives the amplitude of the signal received in every instance through a multipath channel as a function of time delay. From these curves, certain channel parameters can be extracted, such as the delay spread which in turn is useful to determine the number of channel taps, one of the key parameters needed for signal propagation models [2.87-2.88].
	In the case under analysis, which has been included in this document below, antenna systems are separated from each other by 20 m approximately. Both antenna systems are oriented towards the same wall.
	Figure 2.41. The train is located in the middle of the metro station.
	Figure 2.42. Power delay profile, 2450 MHz (up) and 1200 MHz (down).
	 PDP analysis is presented as follows:
	 2450-MHz measurements: since the train is very near the transmitter and receiver, larger contribution can be found in the time delay around 80 ns, which corresponds to around 24 m path length. This could be the first order reflection from the train body.
	 1200-MHz measurements: compared to the corresponding situation at 2450 MHz, the case of 1000 MHz has very long RMS time delay spread. This is because that the propagation loss in the free space at 1200 MHz is much smaller than at 2450 MHz. Thus, each multiple path experiences smaller propagation loss and, therefore, more multi-path components are retained and finally received.
	The collected data are valuable, since it can be used to extrapolate additional evidence on advanced propagation simulator based on ray-tracing techniques.
	2.4. Radar calibration transponder system.
	 In the last fifteen years, there have been a lot of issues related to the radar calibration dealt in the literature, especially for SARs [2.89-2.95], polarimetric radars [2.96-2.98], scatterometers [2.99], radar altimeters [2.100], Ground-Penetrating Radars (GPRs) [2.101-2.103], Doppler weather radars [2.104], or high-frequency radars [2.105]. 
	This section is focused on radar calibration systems. The purpose of calibration systems for tracking radars is to minimize angular and distance errors. In military and space tracking systems, a pointing error of the radar antenna generates an offset that increases with range. In conventional methods, the optical axes of the antenna are aligned with the mechanical axes of the radar by transmitting a signal to a known point. These methods require a high SNR and a number of reflections associated with clutter as low as possible. A family of radar targets is described in [2.106] for measuring, calibrating, and monitoring critical radar performance parameters.  
	Calibration-target tests have been used since the early days of radar. They consist of balloons covered with metal foil, comer reflectors of various sizes, and even active repeaters. For instance, a simple rectangular-plate millimeter-wave radar calibration target gives Radar Cross-Section (RCS) values ranging from hundreds to thousands of square meters is proposed in [2.107]. The classic Doppler wheel which has been traditionally used to evaluate experimentally millimeter-wave radar returns can be found in [2.108]. Another radar calibration procedure using a number of LEO in-orbit targets is presented in [2.109]. The radar is based on a phased array of large reflectors for deep-space communication. Other passive targets are reported in [2.110]. Theirs enhanced radar cross section for easier detection combined to a low mass for easier launch make them suitable for being used as satellite-calibration spheres. 
	Today’s radars are manufactured with accurate devices, and there are procedures which allow to know its main specifications as transmitter power, receiver sensitivity, antenna gain, calibrating the reference clock of the system, or finally, verifying that subsystems met its functional requirements. This calibration is useful for basic accuracy but it does not ensure that critical parameters like radar signal power, Doppler processing measurements, tracking errors, and other parameters are within specifications. 
	In the past 25 years, a set of radar targets was designed and manufactured by Fredwal.Inc and later by Amherst International LLC, for measuring, calibrating and monitoring critical parameters of several tracking and surveillance radar systems for civil, military and space applications [2.111-2.112].
	The calibration of military Doppler radars is one of the most advanced and important tasks needed in order to get high accuracy in measurements of speed and trajectory of targets [2.113]. The calibration requires the use of real precision targets or a special target generator for assessing the true performances of radar equipments. Doppler radar systems, usually operating in microwave S or X band, are advanced systems that measure the speed, range, and elevation angle of a target with high accuracy. With these parameters, radar can get the variation along distance of the vector velocity of a projectile, and can reconstruct its trajectory. 
	The reflectors have a number of disadvantages when they are being used as radar calibration targets; among them include a good knowledge of the propagation environment which implies to consider with sufficient precision the various phenomena involved such as multipath in every calibration scenario. In this situation, it is desirable to perform the calibration process in well-controlled environments such as anechoic chambers. However, these procedures could be performed only in situations where the targets are static or moving at low speeds. When trying to assess the accuracy of the radar system for detecting targets with a small radar cross-section and that travels at transonic or supersonic speeds, the construction of “isolated” locations, regarding to the control of propagation phenomena, is in many cases impossible. In addition, it would not be feasible to handle real targets in mixed calibration methods, as in the case of fire-control radars, where it would be needed to shoot ammunition in each iteration of the calibration technique. 
	Depending on detection tests and environmental characteristics, one type of radar will be used. X-band radars (8.2-12.4 GHz) have reduced physical dimensions and need minor size antennas, though the radar signal is attenuated very easily. For that reason, X-band radars are more suitable for use in launch ranges with short-range and medium-range targets. In spite of the fact that S-band radars (2-4 GHz) use large antennas because of the wavelength, radar signal is not easily attenuated. Therefore, S-band radars are more suitable for use with medium-range and long-range targets and rockets. In addition, S-band radars are not affected by the steam rocket (or hot water rocket), whereas X-band radars are affected by this substance considerably [2.114]. 
	In all these systems, the speed is the main parameter which wants to be calculated and they require a calibration procedure to guarantee the performance of the measurements. Tests with close-range and medium-range targets are simple since the radar can capture the whole information sequence without difficulty. Therefore, it is possible to reconstruct the complete path. Nevertheless, when long-range targets are used, it is impossible to acquire the complete trajectory and the impact point of the flying object. 
	Monopulse radar measures simultaneously distance and elevation angle of objects [2.115]. These systems allow to evaluate and determine accurately the impact point. In addition, it is possible to calculate the path mathematically and reproduce the tracked trajectories. Bifrequency monopulse radars permit to obtain simultaneously several parameters: speed, elevation angle and distance [2.116]. 
	CW systems are the radars most widely used. This technology has been used principally to measure the velocity of high-speed objects as projectiles and satellites, with high precision at long distances [2.117]. Sometimes, a frequency or phase variation is added to CW radars which permits target range determination. This variation can be accomplished by FM or Phase Modulation (PM) techniques. It is necessary to use a Doppler radar calibration system to guarantee the accuracy of the response of these systems.
	 The radar calibration transponder system is able to provide characteristic returns such as programmable frequency offset, delay or signal attenuation. Nonetheless, uncertainty information associated to the equipment is not usually available. In most of the cases, it is also important to know the error margin of a measurement during the calibration and compensation procedures. 
	2.4.1. Fundamental principles of calibration transponders.

	 A calibration system for radars must be able to simulate high-speed radar targets with very high precision, to allow us the measurements and calibration of the Doppler/range parameters of the radar in real conditions. A typical system receives the signal transmitted by the radar using a medium gain antenna, and converts it to an intermediate frequency using a down-converter. The IF is delayed to emulate range, and it is mixed again with the signal from another oscillator that includes a Doppler frequency shift, , as an object in motion. Later, the above mentioned signal is retransmitted to the radar. The whole system must be synchronized with a high-stability frequency reference. The final result is an output signal at radar reception frequency, , with a very precise Doppler shift,  and a delay to simulate a dynamic target.
	 Therefore, all these parameters must also be changed dynamically in time. Typically, the radar calibration system is located about 100-300 m away from the radar antenna and is controlled remotely to emulate different velocities and ranges of the target with variations of Doppler shift and signal delay in real time. A calibration system provides a very accurate method for calibrating radars used for measurements of object-in-motion trajectories in aerospace and military applications.
	2.4.2. Generation of moving targets.

	 The most important parameter of a Doppler radar is the measurement of the target velocity over time. In recent years, high-speed object detection and tracking has become an increasingly important issue of radar systems. For that reason, one of the fundamental aspects of the frequency calibration systems is the Doppler shift emulation [2.117]. 
	A basic architecture of the radar calibration system is shown in Figure 2.43. The schema proposed uses two oscillators to generate different Doppler shifts. The Doppler shift produced by a moving target traveling at a constant speed  and illuminated by a CW-radar of frequency , returns an echo of frequency , defined as:
	  (2.01)
	Where  is the speed of electromagnetic waves.
	Figure 2.43. Dual LO system used for the generation of Doppler shift.
	Therefore, the calibration system returns the received signal from the radar, at frequency , with a frequency shift, , where . The generalized expression for the calculation of  is given by:
	  (2.02)
	Where:
	, : frequency division factors of the reference oscillator for down-conversion and up-conversion stages, respectively.
	, : frequency multiplication factors of the reference oscillator for down-conversion and up-conversion stages, respectively.
	: frequency generated by reference oscillator. 
	: reference oscillator drift.
	Substituting  from (2.01) into (2.02), the speed of a virtual target, , is obtained as:
	  (2.03)
	2.4.3. Generation of slant-range. 

	 Slant-range, , is the line-of-sight distance between the radar and the target. This parameter is calculated as follows:
	  (2.04)
	Where  is the time that the signal transmitted by the radar takes to reach the aim and to come back before detection, and  is the speed of electromagnetic waves.  Calibration systems are able to generate Doppler shifts and simultaneously delay the radar signal in order to simulate targets placed to a very precise distance that move away at high speed. The IF signal passes through a programmable delay line of special characteristics that emulates the propagation delay retarding the received signal.
	Hence, the output signal at the radar reception frequency, , includes a delay and a Doppler shift obtained in a very precise way, .
	The range is simulated using a programmable delay line. Variable delays in a RF system can be generated using Digital Radio Frequency Memories (DRFMs) or SAW delay lines. DRFM uses an ADC where sampled data are stored into a First in, first out (FIFO) memory to get the desired delay and converted to analog signal again. This solution provides a continuous control of the delay, but if we want broadband operation and long delay we have to use high-speed ADC/DAC and a large amount of fast memory. Also in this case the SNR of the system is reduced by the quantification noise of the DRFM, so it is a much more complex solution unnecessary for radar calibration. On the other hand, SAW devices offer a simple solution in the generation of programmable delays [2.118]. Multiple delays can be obtained combining several lines. This solution has a high accuracy and a moderate bandwidth (20–50 MHz) though the resolution of the generated delay depends on the number of delay stages used. Associating several lines in cascade, as shown in Figure 2.44, programmable delays with discrete steps can be obtained. The main problem of SAW devices is their thermal drift. It is not higher than 2.5 ppm/ºC [2.119] and can be accurately measured and calibrated.
	Figure 2.44. Block diagram of a programmable SAW delay line.
	In Figure 2.44, lines of fixed delay  have been placed in a cascade configuration interconnected by means of a Single-Pole, Eight-Throw (SP8T) multiplexer that allows us to choose outputs and to select 8 different delays from  to . Since every delay line introduces a high attenuation, it is necessary to include a pre-amplifier that compensates the distributed losses. The result is a very stable circuit that obtains several delays for radar range calibration by permitting to simulate distances whose values depends on several parameters as shown in (2.05). The emulated distance, , between the target emulator and the aim is calculated by means of the following equation:
	  (2.05)
	 Where:
	: programmed delay in cascaded-SAW-filter subsystem.  
	: delay of other circuit blocks such as additional filters. 
	: difference between programmed and actual delay. 
	: thermal drift of SAW filters caused by internal heating of equipment during the normal operation or by changes in external ambient temperature. 
	 : real distance from the radar to the calibration system, 100-300 m. Typically, this parameter is measured with a laser range finder.
	2.4.4. Calibration system developed.

	 A complete target generator transponder developed for the calibration of Doppler radar used for measurements of the speed and other parameters of rockets and ballistic projectiles have been presented. The system uses a Direct Digital Synthesizer (DDS) with 48-bits resolution for the generation of accurate Doppler shifts and a SAW delay line for range emulation. The complete system can simulate speeds up to 2000 m/s and ranges from 300 m to 15 km under different real SNR conditions. All the parameters can be changed dynamically so it can simulate the velocity of a target located at a medium/long range distance with accuracies of up to ±2.76 ppm.
	The developed systems work at two standard radar bands: S-band (2.45-2.63 GHz) and X-band (10.520-10.531 GHz). Block diagram of X-band radar calibration system is shown in Figure 2.45.
	Figure 2.45. Principle of calibration of a Doppler radar.
	Each system has been implemented with two robust 2–18 GHz wideband horn antennas — WBH2-18 from Q-par Angus — with rectangular aperture. After the antenna there is a high quality Microwave cavity filter (BPF) to filter the input signal and improve image rejection performance. Moreover, a LNA is placed at the input of the RF chain to optimize the system noise figure. The LNA is followed by a Schottky diode detector to ensure a correct operation of the calibration system taking into consideration the power range of each of the calibration system devices and the EIRP of Doppler radars under test. In this sense, the radar signal is attenuated using two programmable attenuators for establishing different real SNR conditions — as a real RCS. Moreover, this sensor allows the user to detect operational failures of radar transmitters, as well as to characterize antenna radiation patterns.
	The speed emulation of potential targets needs a precise measurement of the radar signal frequency. For this purpose, a GC2210 frequency counter has been used to measure the frequency from the signal transmitted by the radar. Such information is required for programming the calibration system in terms of speed emulation. The frequency counter’s standard uncertainty is ±11.2 Hz.
	The received signal is converted to an IF of 160 MHz. Then, a sample of the intermediate frequency signal — coupled signal — is sent to the frequency sensor to achieve more precision in the measurements — a microwave frequency counter would require better performance — and the direct signal is processed by introducing delays to emulate slant-ranges. The frequency of the received signal is calculated as the sum of down-conversion synthesizer frequency and the measured one by the universal time interval counter. The output of the IF processor is converted to the radar frequency adding the Doppler shift in the up-conversion process for the speed emulation. In this case a special solution using DDS to generate Doppler shifts has been used.  
	The system uses two frequency synthesizers to add Doppler to the signal. One synthesizer is used for the down-conversion stage and another one for the up-conversion stage. Both are locked to the same reference frequency of the system that uses a Rubidium Frequency Standard PRS10. This device guarantees short-term and long-term stabilities of the calibration system. The reference frequency of the up-converter synthesizer is modified using a DDS synchronized with the Rubidium oscillator in order to obtain Doppler frequency shifts of high resolution. The selected DDS is the AD9912 device from Analog Devices. This device is a last generation circuit that uses a 14-bit DAC and operates with an 1-GHz clock. 
	It can generate output frequencies up to 400 MHz with a very low phase noise when it is synchronized with a very stable reference oscillator. 
	The AD9912 features an integrated PLL that is used to multiply a low-frequency input reference. An external reference clock in the range of 80 MHz to 300 MHz can be multiplied with the internal PLL to generate an 800-1200-MHz internal clock. Nevertheless, using this internal PLL and therefore a high multiplication factor, the phase noise level of the system is highly increased. As the DDS is used as a reference for the S-band PLL, the resultant phase noise is unacceptable. For this reason, an external 1-GHz PLL with a low phase noise locked to the 10-MHz Rubidium reference is used as the DDS clock.  The 1-GHz PLL gets a phase noise of -118 dBc/Hz at 10 kHz offset from the carrier — SFS1000C-LF from Z~Communications. Its phase noise is improved by a factor of 100 (20 dB) in the DDS when its output is 10 MHz obtaining a reference frequency with a superior phase noise: -138 dBc/Hz@10kHz. The S-band PLL gets a phase noise of -95 dBc/Hz@10kHz locked with this DDS setup. Phase noise levels of different frequency synthesizers are summarized in Table 2.07.
	Device
	Phase Noise (dBc/Hz)
	Rubidium
	@ 100 Hz
	<-140 dBc/Hz
	1-GHz PLO
	@ 10 kHz
	-118 dBc/Hz
	DDS (10MHz output)
	-138 dBc/Hz
	S-band PLL
	-95 dBc/Hz
	X-band PLL
	-88 dBc/Hz
	Table 2.07. Phase noise levels of frequency synthesizers.
	The frequency resolution of a DDS depends on the sampling rate, , and the length of the sampling word, . For a 48-bit frequency tuning word, its maximum frequency resolution, , can be calculated as:
	  (2.06)
	For a moving target with a uniform velocity, , of 2000 m/s (about 6 Mach), the Doppler shift, , is defined as:
	  (2.07)
	Where  is the propagation speed of the electromagnetic waves, about  m/s, and  is the radar reception frequency. In this possible real scenario, .     
	As the DDS allows us to control the 10-MHz reference oscillator to generate the Doppler shift calculated in (2.07), the maximum resolution of the calibration system, , — or the maximum resolution of the Doppler shift generated — is limited by the frequency resolution, , of this device.  is  times , where  is the frequency multiplication factor of the reference oscillator for down-conversion synthesizer, without computing twice the Doppler shift component being evaluated.
	In X-band (10520 MHz) this factor is 1036 for a 160-MHz IF frequency. Therefore, the Doppler resolution in this configuration is:
	  (2.08)
	The X-band system uses the same synthesizers multiplied by four. The multiplication operation is achieved by means of two additional ALMX4-0810-20 frequency multipliers from Endwave, Inc. The whole system is calibrated in the laboratory — the absolute standard uncertainty for the gain of the calibration system has been estimated, after measurements, as ±0.58 dB — and the coefficients are stored on a hard drive. A network analyzer is used to calibrate the delay and attenuation, while antennas are calibrated in an anechoic chamber — their absolute standard uncertainties are ±0.55 dB. 
	The calibration of the frequency reference is very important for the system and must be periodically compared with an even more accurate reference (cesium atomic frequency standard) — the rubidium reference’s nominal accuracy is ±5·10-5 ppm. Immediately after calibration with Cesium atomic frequency standard, the maximum accuracy is ±1.4·10-6 ppm. This calibration is done once a year, and after that the emulator uses a GPS to keep the reference oscillator calibrated. As shown in Table 2.08, the short-term stability of GPS is poor compared to the stability of the Rubidium oscillator. However, over several hours, long-term stability, GPS is more stable. Therefore, frequency offsets and long-term aging can be reduced by phase-locking the Rubidium oscillator to 1 pps from a GPS time receiver with a long time constant [2.120].
	Allan variance
	Rubidium oscillator
	GPS
	Units
	Short term stability
	<2·10-11 (1 s)
	<5·10-8 (1 s)
	<1·10-11 (10 s)
	<1·10-8 (10 s)
	Δf/f
	<1·10-12 (100 s)
	<1·10-9 (100 s)
	Long term stability
	<5·10-13 (10000 s)
	<1·10-11 (10,000 s)
	<1·10-12 (100,000 s)
	<5·10-12 (100,000 s)
	Δf/f
	<1·10-11 (1,000,000 s)
	<2·10-12 (1,000,000 s)
	Table 2.08. Long-term and short-term stabilities.
	The complete system is remotely controlled using a WLAN connection (802.11a), and a monitoring and control unit (M&C). The 802.11a standard provides high enough bit rate to support the communication protocols. Since it operates in the 5 GHz band, signal interferences with S and X band radar systems are avoided. The M&C unit controls the frequency of local oscillators (S-band PLLs and DDS), losses of controlled attenuators and programmable delays of the radar calibration systems. Also, it manages the trigger signal. Trigger signal synchronizes the calibration system with the radar.
	The monitoring and control subsystem is also connected to a weather station for measuring environmental conditions such as: temperature, atmospheric pressure, and relative humidity. These data are used to compute the speed of electromagnetic waves with improved accuracy in order to compensate calibration constants. Main characteristics of the proposed calibration systems are given in Table 2.09.
	Parameters
	S-band
	X-band
	FREQUENCY
	In. / Out. frequency
	2.45-2.63 GHz
	10.520-10.531 GHz
	IF/ IF bandwidth
	160 / 30MHz
	Tunable bandwidth
	180 MHz
	11 MHz
	AMPLITUDE
	Max./Min. 
	input power
	-9/-40dBm
	+40/-45 dBm
	Max./Min. 
	output power
	-16/-130 dBm
	Max. gain
	-16 dB
	-6 dB
	Gain range/accuracy
	120 dB/0.5dB
	DOPPLER
	Speed accuracy (Δv/v)
	±2.76 ppm () [Appendix A]
	Frequency range
	0-35 kHz
	0-145 kHz
	DELAY
	Maximum delay
	70.6 µs
	Step size (µs)
	[0.024;10.8;21.6;32.4;38.2;49;59.8;70.6]
	ANTENNAS
	TX / RX antenna gain
	7.6 dB
	11.3 dB
	Table 2.09. Features of calibration systems.
	The complete assembled radar calibration system is shown in Figure 2.46 and Figure 2.47.
	Figure 2.46. Doppler generation unit and control processor.
	Figure 2.47. Complete radar calibration system with antennas.
	The developed prototype has proved to be a useful instrument for the calibration of Doppler/range radars. The system includes innovative solutions for the generation of Doppler and distances with high precision. It is able to generate accurate Doppler shifts with a resolution higher than 4·10-3 Hz and speeds with an accuracy of around ±2.76 ppm — from 1000 independent measurements — at slant-ranges from 100 meters to 11 kilometers. A complete study of the uncertainty of the calibration process has been made to guarantee the accuracy of radar measurements [Appendix A]. 
	It can be used with several types of radars in S and X band in large dynamic range from miliwatts to several hundreds of Watts. According to the thesis author’s knowledge, there are no commercial equipments which can reach these specifications in terms of speed emulation at the present time. The system has proved very effective in radar calibrations and it is being used for the improvement of accuracy and resolution of FM-CW radar systems [2.121].
	2.5. SEOSAR/PAZ TRMs.
	 Special mention is required for the transceivers used in phased arrays of antennas (beam forming networks) which are probably the most commonly used systems in modern military and Earth exploration radar. Such antennas have many advantages over conventional ones. A high reliability, broad bandwidth and precise control of the lateral lobes can be stood out among electrical performances. These structures do not usually include moving parts and being electronically oriented they keep a low profile, which is interesting to minimize aerodynamic drag, making them ideal for applications including military embarked and sometimes stealth technologies. 
	The main disadvantage of the array antenna is the cost, since each one is made with a high number of TRMs [2.122]. However, its price is getting lower because the phase shifters based on electromechanical devices, MicroElectroMechanical Systems (MEMS) [2.123] and integrated circuits of silicon and germanium are gradually replacing the more expensive components [2.124]. In spite of this fact, new developments and perspectives in Phased Arrays Radar and Electronic Warfare for the next generation of TRMs in order to decrease mass production cost while increasing the level of performance and reliability is presented in [2.125]. In this context, Monolithic Microwave Integrated Circuits (MMICs) are always the key components with the involvement of new processes such as GaAs, GaN, or other semiconductor materials [2.126] and the evolution of multifunction chips [2.127]. LTCC or High Temperature Cofired Ceramic (HTCC) processes are promising technologies concerning the packaging. 
	 In terms of interconnections, large phased arrays require a medium distance and high speed control network to access all the TRMs and control circuits distributed along the surface of the array. For this reason, it is mandatory to use proper connectors and transmission lines depending on the required integration level as well as to equalize and optimize signal transmissions, if appropriate. Therefore, SAR systems require accurate calibration and error compensation, as well as and careful design of all component parts.  
	2.5.1. SEOSAR/PAZ X-band instrument.

	 In the field of aerospace applications, a number of airborne SAR systems are designed nowadays to be utilized by research institutions, government agencies and private companies. SAR technology has a number of current and potential applications. Launched on April 2010, CryoSat-2 measures the thickness of sea ice in order to understand how climate change mechanism works [2.128]. SAOCOM satellites (Satellites for Observation and Communications) carry an L-band full polarimetric SAR on board for monitoring and managing natural disasters [2.129-2.130]. 
	Figure 2.48. Photo of the PAZ spacecraft (EADS Astrium).
	SEOSAR/PAZ (Satélite Español de Observación SAR - SAR Observation Spanish Satellite), is an X-band SAR to serve the security and the defense needs (dual civil and defense mission). The objective of the Paz-SAR instrument is to provide high quality SAR imagery in a variety of sizes and resolution ranging from medium over wide regions up to very high resolution. Table 2.10 and Table 2.11 summarizes the main features of the radar system. More detailed information can be found in [2.131]. 
	Parameter
	Value
	Parameter
	Value
	Antenna type
	Active phased array
	Beam scan angle range
	±0.75º (azimuth) 
	±19.2º (elevation)
	X-band 
	center frequency
	9.65 GHz
	Radiated peak power
	2260 W
	Antenna 
	aperture size
	4.8 m x 0.8 m x 0.15 m
	Polarization modes
	HH/VV/HV/VH(single or dual)
	System noise figure
	5.0 dB
	Operational PRF range
	Table 2.10. Main PAZ-SAR instrument parameters.
	Imaging mode
	Polarization mode
	Scene size 
	(azimuth, range)
	Resolution 
	(azimuth, range)
	Stripmap
	single polarizationdual polarization
	30-2000 km, 30 km15-2000 km, 15 km
	3 m x 3 m6 m x 6 m
	ScanSAR
	single polarization
	100-2000 km, 100 km
	16 m x 6 m
	Spotlight
	single polarizationdual polarization
	10 km x 10 km10 km x 10 km
	1 m x 1 m2 m x 2 m
	High Resolution Spotlight
	single polarizationdual polarization
	5 km x 5 km5 km x 5 km
	< (1 m x 1 m)< (2 m x 2 m)
	Table 2.11. Summary of PAZ-SAR instrument performance.
	The Paz-SAR instrument comprises an X-band active phased array antenna with an operation instantaneous bandwidth up to 300 MHz. The SAR antenna consists of 12 panels in azimuth direction – assembled in three mechanical leaves – each with 32 dual-polarized stripline technology subarrays. 
	Figure 2.49. Subarray qualification model. (EADS CASA Espacio).
	Each individual subarray is driven by a dedicated TRM adjustable in amplitude and phase by applying complex excitation coefficients. This enables beam steering and adaptive beam forming in both azimuth and elevation directions. Each panel has a Panel Distribution Network (PDN) for splitting/combining radar (TX/RX) signals, a Panel Calibration Network (PCN) for splitting/combining calibration signals, two Panel Supply Units (PSUs) to power the TRMs, and one Panel Control Unit to control the TRMs. 
	Figure 2.50. Interface scheme of the X-band front End.
	Accordingly, from the viewpoint of TRMs and synchronization signals, SEOSAR/PAZ X-band instrument is comprised of an active front end with 384 active TRMs which are arranged in a 12x32 matrix [2.132-2.133]. An Antenna Control Unit forms the command (TC) and monitoring interfaces (TM) between the central electronics and the panels. Panel Control Units are in charge of controlling and monitoring all TRMs. 
	 In addition to the frontend TRMs, there are another 12 TR-modules working as preamplifiers, to compensate harness losses between RF Electronics (RFE) module and frontend. These TR-module based pre-amplifiers are called Leaf Amplifier Assembly (LAA), there is one for the fore part of the antenna and one for aft part. Each LAA comprises 3 active and 3 cold-redundant TRMs. Such architectures requires careful analysis regarding to the connection of devices since, in some cases, technical standards do not contemplate such a number of elements. In this scenario, the main circuits involved in sending and the receiving data are the HS-26CLV31RH quad differential line driver and the HS-26CLV32RH quad differential line receivers designed for digital data transmission over balanced lines and meets the requirements of EIA standard RS-422 assuring a reliable operation in the most severe radiation environments. Section 4.4 includes a deep analysis in this respect. 
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	3 Technology of high-frequency transceivers
	Modern transceivers require special components with high performance features to perform advanced functions. These components can be found in a variety of technologies such as SiGe, GaAs, GaN, and others. Such components can be passive, active or electromechanical. Then, a brief overview of their evolution and associated technology is presented. 
	3.1. Technologies. 
	3.1.1. MMIC.

	 Today, there are MMIC processes on many different semiconductor materials with transistors that exhibit different features over the whole of the microwave frequency range. The future of MMICs seems to continue in the direction of even more exotic semiconductor materials and ever more complicated design techniques, where the eventual capabilities of the chips will be limited only by engineers’ imaginations [3.01]. Some of them have been highlighted below. 
	An extremely sensitive ten-beam radiometer used at cryogenic temperatures which has been developed using InP MMICs is presented in [3.02]. The chip set comprises the LNAs, phase switches, and hybrid couplers.
	 A 164-GHz MMIC High-Electron-Mobility Transistor (HEMT) doubler [3.03] which exhibits a conversion loss of only 2 dB and output power of 5 dBm at 164 GHz. The 3-dB output power bandwidth is 14 GHz, or 8.5 % being the best reported result for a MMIC HEMT doubler above 100 GHz. 
	A multi-octave wideband AlGaN/GaN MMIC amplifier with a gain response of 12 dB, from 0.1 to 27 GHz has been reported in [3.04]. The circuit demonstrates conceptually GaN technology’s potential for broadband applications.
	 Next, a set of semiconductor technologies is going to be analyzed briefly. Each technology has a number of associated advantages and disadvantages shown in the corresponding paragraphs.
	3.1.2. SiGe.

	 Nowadays, terminals are smaller and lighter, low-cost manufactured, and run longer on a fresh battery charge. Many of the technologies seen in the earlier handsets are still there, but they are scaled down in size or assembled using less expensive and more efficient packaging techniques. Silicon Integrated Circuits (ICs), which were extensively used for baseband and IF signal processing in early sets, have now migrated toward the antenna [3.05]. Depending upon the system requirements, almost all of the RF transceiver functions can now be implemented on a single chip. While cost or performance constraints do not always favor a fully monolithic approach, the general trend toward greater integration driven by cost, size, and battery life has been steady and relatively rapid over the past decade. 
	On the other hand, the conventional low-cost Si-based devices are not suitable for microwave applications because of the limited intrinsic Si material properties. Advances in SiGe-based devices made in recent years have reduced, or removed, the limitations of conventional Si technology [3.06]. 
	The application of SiGe bipolar and SiGe-BiCMOS to the front end of wireless transmitters and receivers for portable telephony and data communications are surveyed in this reference [3.07]. It will be seen that SiGe technology enables transceiver designs that have advantages in design cycle time and performance versus cost if they are compared with the latest technologies such as RF Complementary Metal-Oxide-Semiconductor (CMOS) or III–V semiconductors. BiCMOS processes contain more processing steps than traditional bulk CMOS and they are more expensive to fabricate. 
	Nevertheless, these processes can be used for very special applications such as automotive radar, ultra-high frequency radios, and signal conditioning circuits due to the addition of high-performance bipolar transistors. Bipolar transistors improved the SNR since they permits higher signal amplitudes and displays lower noise with higher gain. CMOS provides high-density logic solutions. SiGe BiCMOS has both of these qualities: CMOS for logic density, and SiGe bipolar transistors for drive and high-voltage capacity.
	The SiGe Heterojunction Bipolar Transistor (HBT) is the first practical bandgap-engineered device to be realized in silicon. SiGe HBTs can deliver operation frequency above 70 GHz, minimum noise figure below 0.7 dB at 2.0 GHz, cryogenic operation, excellent radiation hardness, competitive power amplifiers; and a reliability comparable to Si [3.08].
	 The requirement for an increasingly reduced current consumption in future transceivers is well satisfied by advanced technologies such as SiGe. Examples are given in current wireless communication ICs. The integration of an on-chip folded dipole antenna using a high-resistivity silicon substrate (1000 Ω·cm) to improve its efﬁciency with a monolithic 24-GHz receiver manufactured in a SiGe HBT process is reported in [3.09]. The receiver, including the receive and an optional transmit antenna, provides 30-dB conversion gain at 24 GHz (Industrial, Scientific and Medical (ISM) band). Another example can be found in [3.10]. This work includes the design of an integrated SiGe T/R module, a critical component in active phased-array antenna systems, that includes both receive and transmit paths, Transmitter/Receiver (T/R) duplexer switch, biasing and digital control. 
	 The continuous improvement of silicon technologies enables the integration of various radar components and complete transceivers around 80 GHz. In this area, an ultra-wide FMCW radar system based on a monostatic fully integrated SiGe transceiver chip is described in [3.11]. 
	3.1.3. GaAs/AlGaAs/InP.

	 In the last years, III–V device technologies in areas such as substrate manufacturing, fabrication technologies or MMIC design tools has been further accelerated due to the consequential deployment of wireless services and the ever increasing bandwidth demand. 
	 As a result of the significant investment and effort in these areas, GaAs-based and InP-based device technologies have reached a sufficient development level for applications, both military and commercial. The most important application of III–V devices is probably the high frequency amplification. The key figures of merit for power devices at microwave and higher frequencies are output power, efficiency, linearity, and ever increasingly the bandwidth. Their specific weight in the overall performances of the devices depends on the applications.
	The ultimate power performance at both device and circuit levels is limited by the intrinsic material properties, being cut-off frequency, carrier velocity and breakdown field essential material parameters [3.12-3.13]. Thermal management is a critical consideration for power transistors. The heat generated in practical devices can be significant reducing both the efficiency and the output power of the device [3.14]. Thermal management is one of the most important issue for GaAs and InP devices because of the relatively low thermal conductivities of these semiconductors [3.15-3.16]. Packaging of GaAs and InP power devices has been hardly studied to insure adequate thermal management. Thermal and scale-integration management plays an increasingly important role in the development of advanced power devices and amplifiers since the output power and operating frequency increase. In this regard, GaAs and InP technologies have achieved excellent scalability and thermal management. The results surveyed in the following document [3.17] indicates that these technologies offer impressive power performance from UHF to beyond W-band frequencies. They still preserve a performance superiority over other semiconductor technologies at low frequencies, even below S-band and where the prize must be taken into account. 
	Power amplifiers designed for G-band (140-220 GHz) and W-band (75-110 GHz) in InP HBT technology are presented in [3.18]. In the G-band, a two-stage amplifier demonstrates 8.1-dBm output power with 6.3-dB associated power gain at 176 GHz and demonstrates 9.1-dBm saturated output power. 
	In the W-band, different designs of single-stage power amplifiers demonstrates saturated output power of 15.1 dBm at 84 GHz and 13.7 dBm at 93 GHz. 
	 Newer compound semiconductor technologies used in HBT devices have overcome the major reliability and processing problems associated with AlGaAs. Several researchers report that InGaP emitter structures have an order of magnitude higher Mean Time To Failure (MTTF) than AlGaAs. 
	 The new generation of InGaP HBT emitter structures has several advantages, such as a highly reproducible manufacturing process, a smaller die and less variation of RF parameters. Other researchers [3.19] report success in producing InP-based HBT devices with yield and reliability comparable to newer GaAs-based HBT processes.
	3.1.4. GaN/AlGaN/SiC.

	 The emerging wide bandgap device technologies, GaN-based and AlGaN-based parts in particular, compete to GaAs and InP devices.  GaN is a material very suitable for the fabrication of high-power microwave devices and circuits: its high-energy gap (3.4 eV versus 1.4 eV for GaAs) is reflected into a very high breakdown field (3500 kV/cm) [3.20]. Regarding to Si, wide bandgap semiconductors show superior material properties enabling potential power device operation at higher temperatures, voltages, and switching speeds than current Si technology which show limited operation and require additional elements such as expensive cooling system depending on the operation scenario. As a result, a new generation of power devices is being developed for power converter applications allowing the development of high-efficiency power converters. At present, SiC and GaN are the more promising semiconductor materials for these new power devices as a consequence of their exceptional properties. The document [3.21] presents a review of recent advances in the development of SiC-based and GaN-based power semiconductor devices. 
	Regarding to commercial availability, and maturity of their technological processes, GaN electronic devices still face great challenges related to the development of new device architectures or techniques concerning gate scaling, substrate costs, thermal management, packaging, etc., that today are limiting the market penetration of GaN-based devices, according to some researchers [3.22]. Most of the commercial applications of III-N electronics today are in the field of solid-state radar and mobile communication base stations. 
	However, the advantage of achieving compact and simple broadband power amplifiers has introduced this technology much faster than anybody anticipated. This suggests that the above challenges will be overcome soon [3.22]. In addition, III-N devices offer the prospect to close the solid-state millimeter-wave power gap to achieve watt-level operation per chip in the frequency range of 100 GHz and beyond. 
	Consequently, AlGaN/GaN HEMTs exhibits superb advantages for high-power, high-temperature, high-frequency and RF low-noise applications [3.23]. For that reason, AlGaN/GaN HEMTs are desirable for high-speed and high-performance applications. In spite of the electron effective mass of GaN is larger than GaAs and InP, resulting in the higher conduction-band density of states and large saturation velocity still permit large current densities. The lower dielectric constant reduces capacitive loading and allows increasing RF current and power for large area devices. Radiation resistance is improved because of the large bandgap, which results in high intrinsic temperature, and provides a very large breakdown field needed for high RF power handling. A more efficient dissipation of heat away from the device is achieved thanks to the high thermal conductivity. Although excellent AlGaN/GaN HEMT performance has been demonstrated, electrical stability and reliability issues of these devices remain obstacles to further development. Understanding the degradation mechanisms is necessary for improving the performance and reliability of AlGaN/GaN HEMTs. These mechanisms can affect carrier mobility by changing the conductivity effective mass, density of states, among other parameters [3.24]. A number of high-power devices are reported in the literature such as wideband amplifiers [3.25] and switches [3.26]. A chip set which consists of a driver amplifier MMIC and a HPA MMIC on a high-power GaN process with HEMTs is presented in [3.27]. This device is promising for multi-functional next-generation active electronically scanned antenna radar/electronic warfare/communication applications with operating frequency range from 6 to 18 GHz. 
	The driver amplifier reaches a power gain of 11 dB and a maximum output power of 2 W, which is sufficient to drive a final stage in a balanced configuration. The HPA reaches a typical output power of 12.5 and 10.6 W in pulsed and continuous wave operation, respectively. 
	 SiC advantages over Si are well known and it is gradually revolutionizing power electronics by allowing high temperature, very high switching frequency, and very high-voltage operation. 
	High-temperature operation permits operation in much harsher environments such as avionics, higher switching frequencies is reflected into a substantial reduction of size and weight, contributing to lower cost and higher portability. Higher voltages will enable the use of devices in high-voltage applications such as X-ray generators [3.28]. State-of-the-art power levels have been demonstrated on SiC substrates with total output powers of 800 W at 2.9 GHz and 500 W at 3.5 GHz [3.29]. 
	Table 3.01 summarizes key material parameters for high-power and high-performance devices, comparing relevant semiconductors [3.24].
	Parameter
	Units
	GaN
	Si
	GaAs
	InP
	4 H-SiC
	Effective mass
	m0.kg
	0.22
	1.56
	0.06
	0.07
	0.58
	Electron mobility
	cm2/V·s
	1245
	1750
	9340
	6460
	1000
	Conduction-band density of states
	1018 cm-3
	2.3
	32
	0.47
	0.57
	24.9
	Saturation velocity
	107 cm/s
	1.4
	1
	0.72
	0.67
	0.33
	Dielectric constant
	9.4
	11.9
	12.5
	12.9
	10.0
	Bandgap energy
	eV
	3.4
	1.12
	1.43
	1.35
	5.4
	Breakdown field
	105 V/cm
	20
	3
	4
	4.5
	35
	Thermal conductivity
	W/ºK·cm
	1.12
	1.56
	0.45
	0.68
	3.7
	Table 3.01. Key parameters of relevant semiconductors.
	3.1.5. Graphene/ 2-D materials.

	 Considered as the aspirin of the 21st century for technological purposes, Graphene has captured the attention of the research community all over the world. The reasons are the unique properties that it possesses, i.e. its chemical, thermal, mechanical, electronic and optical properties [3.30]. 
	Graphene is one form of the several low-dimensionality carbon structures with amazing and unprecedented properties. It is a monolayer of graphite laid out in a honeycomb lattice structure, with a thickness of only 3.3 Å, and is the first 2D material. It is five times stronger than steel, it shines in mechanical stiffness and thermal conductivity combined with a high electron velocity among other remarkable properties. 
	The charge carriers in grapheme possess record intrinsic mobility (above 200000 and 100000 cm2/V·s in suspended Graphene at 5 K and 240 K, respectively, and above 10000 cm2/V·s on a substrate at 240 K) which is more than ten times the mobility found in SiC for the best-case scenario [3.31-3.32].  The outstanding properties of Graphene have attracted the interest of researchers in order to improve existing electronic applications and inventing new ones, presenting a very promising future for replacement of conventional materials [3.33]. Because of its distinctive properties as compared to conventional materials, Graphene has been implemented in a wide range of applications over the last few years. 
	Some of these applications include digital and RF electronics, advanced sensors, low power switches, solar cells, battery energy storage, and almost any applications which does not require a bandgap [3.34].
	Graphene is suitable for high frequency low noise amplifiers. The last few years have seen a fast increase in the frequency performance of Graphene [3.34]. In spite of the significant recent progress, there are still several issues that need to be overcome in order to use Graphene as a low noise amplifier. The field effect mobility of Graphene top-gated transistors, typically below 2000 cm2/V·s, is still many orders of magnitude lower than the mobility measured in suspended Graphene samples [3.31]. The lack of a bandgap significantly reduces the device efficiency and the power gain performance. Several research groups are trying to induce a bandgap in graphene to get over these drawbacks [3.35]. However, each of the existing methods have their limitations either in fabrication or due to edge roughness of nanoribbons [3.36]. Other applications of special interest in the RF domain are high-frequency RF mixer circuits, frequency multipliers, and oscillators [3.37].
	Moreover, the published work [3.38-3.41] reports a plethora of applications in the THz range. For example, from Graphene based antennas reported in [3.38] and phase shifters in [3.39] to inkjet printed Graphene electronics [3.40] and filters in [3.41].
	 The optical properties of graphene are also notable. 3.3-Å-thick suspended graphene absorbs a uniform 2.3% of the vertical incident photons from the near-infrared to visible wavelength ranges unless it is heavily doped [3.42]. From the perspective of photonic applications, active tuning of the absorbance is of great importance. Interestingly, the chemical potential in graphene can be tuned using an external electric field, making the control of light-graphene interaction feasible. 
	 All the properties discussed above make single-layer and few-layer graphene promising candidates for various light detection, generation, and manipulation purposes in a broad wavelength range [3.43].
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	4 New research on advanced components  for transceivers
	 In the new transceivers and transponders architectures, restricted specifications for passive and active components are imposed. Filters, antennas, switches, frequency synthesizers, amplifiers and other devices must be enhanced for novel and integrated systems without excessively degrading the performance. Various microwave circuits which can be optically controlled are described in Chapter 4.
	 Some of these devices are based on photoconducting semiconductor switches. The semiconductor conductivity varies when the light of a certain flux density and wavelength is incident on the semiconductor piece. Microwave switches with silicon can be integrated into most of today’s communication systems. 
	 UWB antennas with filtering properties are demanded in many practical applications, owing to the coexistence of UWB systems with other wireless standards, such as WLAN (5.15–5.35 and 5.725–5.825 GHz), WiMAX (3.5GHz), X-band downlink satellite communication systems (7.25–7.75 GHz) or ITU (8.025–8.4 GHz). 
	 The wideband Hairpin filters have been integrated into the TECRAIL TX system. Their main function is LO feedthrough rejection.  
	 There are a multitude of computer-aided design (CAD) tools for device and system designs. In this thesis, AWR Microwave Office® (AWR MWO), Computer Simulation Technology Microwave Studio® (CST MWS) and the High-Frequency Structure Simulator (HFSS) have been used for device simulations. 
	AWR MWO is a tool that provides design solutions for both microwave and RF circuits. These solutions are based on both analytical models and constructed from the interpolation results obtained by electromagnetic analysis based on the Method of Moments models (MoM). These models have certain restrictions in terms of dimensions. Moreover, the more accurate models are limited to a specific number of structures where only a small number of electromagnetic effects are considered. Nonetheless, this tool can be used to perform a preliminary design of microwave devices whose response is desired to predict. After the first step is completed, a 3D electromagnetic simulation software can be used to carry out a fine tuning considering all the electromagnetic effects associated to the device under test: coupling, dispersion, etc.
	CST MWS features a full-wave electromagnetic simulation. It works with tetrahedral and hexahedral cells. It is suitable for most passive geometries, giving full accuracy for all circuit sizes. It delivers several solver modules depending on the problem under analysis. The frequency domain solver of CST MWS supplies electromagnetic near and farfields as well as S-Parameters. The Frequency Domain Solver is the better choice, if electrically small structures, or devices with a high Q-value are being analyzed. HFSS works in a similar way to CST MWS and simulation results are practically the same.
	4.1. Planar UWB antenna with Photonically Controlled Notched Bands.
	4.1.1. Introduction.

	 The antenna with filtering properties is employed in order to mitigate the devastating interference as well as to remove the requirement of additional bandstop filters. Reconfigurable antennas can have reconfigurable frequency, radiation pattern, polarization or a combination of these properties. 
	Planar antennas with reconfigurable band notches have been proposed, [4.01-4.03]. Notched bands were introduced using Split Ring Resonators (SRRs) and Complementary Split Ring Resonators (CSRRs). Electronic switches were mounted across or along the resonators to activate the corresponding band notches.
	Optical switches were introduced in the designs of the frequency and beam reconfigurable antenna [4.04] and frequency reconfigurable antenna [4.01]. The UWB planar antenna with photonically controlled notched bands using silicon switch is presented in this thesis.
	 Photonic devices have been considered enabling technologies for future RF and microwave devices and subsystems. The research of optically controlled microstrip switches started in 1970s [4.05-4.06] and is continuing throughout to today. References have reported devices fabricated from coplanar waveguides and microstrip transmission lines printed on silicon substrate [4.07-4.08]. Simple microwave switches have been applied in designs of antennas, filters, phase-shifters and couplers [4.09-4.11]. The main advantage of optically controlled microwave circuits is high level of isolation between the controlling electronic circuit and the microwave circuit. Typically the highly resistive silicon wafer in these devices is illuminated by a near-infra-red laser or a LED, with the optical power of few milliwatts. Devices that have proved themselves ideal for implementation of silicon switches are reconfigurable antennas and cryogenic components [4.12]. The main advantage in reconfigurable antenna design is the elimination of biasing lines that can modify the radiation pattern of the antenna. Several notches controlled with optical switches can be easily included in one antenna to control the frequency response and radiation pattern.  
	4.1.2. UWB Antenna Design.

	 The design presented in this thesis is a monopole UWB antenna with an etched T-shaped slot and with a partial ground plane designed to be used for UWB from 3.1 to 10.6 GHz.
	The antenna includes a slot controlled with the optical switch. This slot can be designed to generate a notch at the desired frequency and also the bandwidth of the notch can be controlled with the resistivity of the switch. It is also possible to introduce additional slots that would result in multiple notches.
	Front and back views of the antenna prototype.
	The optical switch is made placing a silicon dice over the slot of the resonator. The dimensions of the dice silicon wafer are 1 mm × 1 mm. When the switch is mounted, the slot resonator is causing the band notch in a frequency response of the antenna when the laser diode is turned off and the switch is in OFF state. When the laser diode is activated and the switch is in ON state, the additional resonance is cancelled and the notch disappears. In this case, antenna operates in full UWB frequency range.
	 The dice is made of highly resistive silicon placed on the top of the microstrip gap and photoinduced with a near-infrared laser diode. 
	 The silicon wafer used in the design is a highly resistive (around 6,000 Ohm cm), type N, doped with Phosphorus, with 111 crystal orientation, 0.3 mm thick, single side polished. The light was focused using a 200 mW 808 nm near-infrared laser diode module attached to the back of the ground of the antenna. A 0.5 mm hole was drilled through the substrate, which allows laser light to reach silicon dice. A prototype shown in Figure 4.01 was fabricated to verify the performance. 
	The antenna is built on a Taconic substrate with the dielectric constant 3.5 and thickness of 1.524 mm. The radius of the circle is 18.3 mm and the other dimensions are as follows: 
	Parameter
	Value
	L
	50 mm
	W
	50 mm
	Lf
	7.5 mm
	LL1
	11.7 mm
	LL2
	8.6 mm
	Dimensions of the proposed UWB antenna.
	The position of the etched T-shaped slot, which corresponds to 125.72º (supposing that y-axis is 0º in the xy-plane of the antenna), is optimized in order to increase, as much as possible, the resonance associated with the notch.   
	Figure 4.02. The design geometry of the proposed UWB antenna.
	4.1.3. Simulation and Experimental Results.

	 Electromagnetic simulations of the UWB antenna were performed using CST MWS and the switch was modelled with different material conductivities for OFF and ON states. Switch conductivities were 10 and 350 S/m, respectively. These values of switch conductivities were extracted from the measurements of the individual switch placed over a gap of a 50-Ω microstrip transmission line built on the same substrate. Measurements of the antenna were performed in the anechoic chamber as shown in Figure 4.03. Antenna return loss simulation and measurement results are shown in states when the switch is OFF and ON in Figure 4.04. 
	Figure 4.03. Antenna measurement in the anechoic chamber.
	Figure 4.04. Simulation and measurement of return loss of the antenna.
	It can be clearly seen in Figure 4.04 how the band from 3.5 to 5 GHz is rejected when the switch is on and the antenna is working from 3.1 to 10.6 GHz with return losses better than 10 dB that fulfils the FCC criterion [4.13].
	 Normalized radiation pattern measurements of the antenna at different frequencies were performed in a large far field anechoic chamber located at E.T.S.I.S y Sistemas de Telecomunicación.
	Gain significantly reduces when the notch is activated in the z-axis direction (the radiation pattern loses its symmetry). The theoretical total efficiency of the antenna at 3.5 GHz and obtained by EM simulation is 96% and it reduces to 49% when the switch is OFF, mainly due to impedance mismatch, or in other words, the presence of the notch.
	Figure 4.05. E-plane and H-plane radiation patterns (OFF state).
	Figure 4.06. E-plane and H-plane radiation patterns (ON state).
	 The simulated and measured E-plane and H-plane normalized radiation patterns at 3.5 GHz and 6.85 GHz for both switch states are plotted in Figure 4.05 and Figure 4.06, respectively. Radiation pattern is quite omnidirectional and fits fairly well CST simulations. There are some differences that can be caused by the feeding SMA connector, the small parasitic capacitance (0.2 pF) of the silicon switch, and the system measurement (mainly cables, transitions, connectors, and so on).
	Conclusion

	 The design of a new UWB monopole antenna with an etched T-shaped slot with integrated silicon switch and photonically controlled band notch has been presented. The photoconductive silicon switch was mounted across the T-shaped slot resonator and used to activate and deactivate the notch in the antenna response.  
	 The main advantage of this UWB antenna with filtering properties is the elimination of the undesired band.  In our case a 3.5 to 5 GHz band has been chosen and a controlled reduction of the antenna gain has been achieved. The band notch switching has been successfully demonstrated through simulation and measurements. The other advantage of this reconfigurable UWB antenna is the elimination of biasing lines that could interfere with the operation of the antenna. Applications requiring sensing and frequency band switching such as cognitive radio could benefit from the proposed reconfigurable antenna.
	4.2. Wideband Hairpin preselector filters.
	These filters are widely used on modern transceivers and they can be designed and manufactured with high precision.  
	4.2.1. Hairpin-line bandpass filter design 

	 Hairpin-line bandpass filters are compact structures. In addition, they have low manufacturing cost due the simple geometry of Microstrip technology. For these reasons, this kind of filters facilitates the integration process. 
	Figure 4.07. Parallel-coupled, half-wavelength resonator filter (up).
	5-pole, hairpin-line microstrip filter (down).
	 They may theoretically be obtained by folding the resonators of parallel-coupled, half-wavelength resonator filters, into a “U” shape. Therefore, the same design equations for the parallel-coupled, half-wavelength resonator filters may be used [4.14].
	,,  (4.01)
	Where:
	, , : characteristic admittances of J-inverters for the first, intermediate and the final sections. 
	: characteristic admittance of the terminating lines. 
	: fractional bandwidth of bandpass filter. 
	: element of a ladder-type lowpass prototype with a normalized cutoff .  
	: filter order. 
	The even- and odd-mode characteristic impedances of the coupled microstrip line resonators associated to -inverters are, respectively:
	 , (4.02)
	 , (4.03)
	Where:
	: even-mode characteristic impedances of the coupled microstrip line resonators.  
	: odd-mode characteristic impedances of the coupled microstrip line resonators.
	The width, , and the spacing, , for each pair of coupled sections are determined such that the resultant even- and odd-mode impedances match to  and  from TXLine tool implemented in AWR Microwave Office® (AWR MWO). The equations associated to the iterative calculation method are deeply described in the Appendix B.   
	Finally, the tapping point, , is estimated by using the equation (4.04):
	  (4.04)
	 From section 4.2.2 to section 4.2.6, specifications, simulations and measurements of two 7-pole Hairpin-line bandpass filters are described. The selected response for both prototypes has been Chebyshev transfer function with a 0.1-dB ripple because of, compared to Butterworth response, sharper cutoff slopes can be achieved with the same specification in terms of filter order. A commercial substrate (TMM 10i) with a relative dielectric constant of 9.80±0.245 and a thickness of 0.508 mm has been chosen for microstrip realization.
	4.2.2. TECRAIL TX wideband filters.  

	 Related to the TECRAIL project which will be described in detail in section 2.4, two wideband filters have been designed in order to eliminate noise and unwanted signal and noise such as the LO feedthrough and its harmonics. Microstrip technology has been selected mainly because of the manufacturing cost. In addition, its structure facilitates the integration process into a large number of devices. Figure 4.08 shows both frequency response (real vs. simulation) and a photo of the prototypes.   
	Figure 4.08. Filter responses and photo of the prototypes.
	It can be notice that frequency bands are slightly overlapped between for assuring that all LTE/ LTE-Advance frequency band is covered. Both designs have been performed using the AWR MWO software given the versatility and simulation speed offered compared to 3D EM simulator. Table 4.02 lists a comparison between real and simulation parameters.  
	Specifications
	3.240-4.640 GHz
	4.610-6.010 GHz
	Design
	AWR MWO
	REAL
	AWR MWO
	REAL
	Center frequency
	3.94 GHz
	3.9275 GHz
	5.395 GHz
	5.285 GHz
	3.0 dB Bandwidth
	1424 MHz
	1445 MHz
	1433 MHz
	1380 MHz
	Insertion loss
	< 0.9 dB
	< 1.5 dB
	< 1.5 dB
	< 2.5 dB
	Stopband Attenuation
	(@30 dB)
	3.014 GHz
	4.99 GHz
	2.95 GHz 
	4.99 GHz
	4.368 GHz
	6.361 GHz
	4.34 GHz
	6.345 GHz
	Return loss
	> 15 dB
	> 13 dB
	> 16.5 dB
	> 9.5 dB
	Table 4.02. Real vs. simulation specifications.
	The designed 3.240–4.640-GHz filter shows very good agreements of measurements with simulations, despite irregularities in the geometry of the substrate. Nevertheless, in the case of the 4.610–6.010-GHz filter, differences are evident. This fact motivates a more thorough analysis of the device (using CST MWS), considering potential variables that may influence the above shown unwanted behavior. Figure 4.09 shows the device structures under analysis and the coupling mechanism representing the current distribution. 
	Figure 4.09. Device structures under analysis (4.610–6.010-GHz filter).
	 Initially, these structures are excited either through Ideal Waveguides (IW) or low-cost SubMiniature version A (SMA) connectors (3.5 mm). Moreover, in the second case, both the enclosure geometry and the inaccuracies in the connectorization process are contemplated. Thus, the causes of the performance degradation regarding to the designed RF device can be deduced.       
	4.2.3. Influence of the connection interface.  

	 The objective of this investigation is to determine the influence of the connection interfaces in the filter response which operates at higher frequencies. 
	Figure 4.10. Degradation effects: connection interface.
	 From Figure 4.10, it can be stated that:
	 SMA connectors have a damaging impact on the filter response. Return loss decreased significantly, especially in the second half of the passband, and the selectivity is diminished.   
	 AWR MWO model is not very accurate in the higher frequency range. Nevertheless, canceling the negative effect of the SMA connectors would equalize the filter response despite not obtain an input reflection coefficient identical to the starting design throughout the operation bandwidth.
	4.2.4. Influence of the enclosure height. 

	 While it seems clear that the side effects are from the methodology used for assembling the filter bandwidth, it should rule out other sources of error by means of additional evaluations. This section includes a joint analysis that consider two dynamic scenarios that vary depending on the enclosure height.
	Ideal case (Figure 4.11): this situation evaluates the housing effect, in isolation. The increasing height is not a significant to the behavior of the prototype. Thus, the dimensions of the box are suitable to accommodate the circuit under examination.  
	Figure 4.11. Degradation effects: enclosure height.
	Real case (Figure 4.12): this condition could be extrapolated to the situation analyzed in section 4.2.3.   
	Figure 4.12. Degradation effects: connection interface & enclosure height.
	4.2.5. Influence of the SMA contact pin. 

	 Then, several alternatives are proposed in order to compensate the adverse clouts of SMA connectors. First, proposals concerning the shape of the contact pin will be analyzed, as shown in Figure 4.13. It is interesting to mention that a square on the drawing represents 1 mm in reality**. 
	This preliminary analysis has been carried out cutting the excess of dielectric from SMA connectors. This action has been partially reduced the reflection coefficient (enough to compare the situation “SMA (measurement/CST MWS) with the situation “Circle (CST MWS)” from Figure 4.14 and Figure 4.15). In addition, the assessment has been performed without changing the pin length and out of removing material at the base of the body enclosure, unless strictly necessary. As can be seen in Figure 4.14 and Figure 4.15, this set of proposals has failed to balance or cancel the parasitic effects in full introduced by the connection interfaces.
	Figure 4.13. Contact pin shapes under evaluation**.
	Figure 4.14. Degradation effects: shape of the SMA contact pin.
	Figure 4.15. Degradation effects: shape of the SMA contact pin (detail).
	 As the previous review has not improved the performance of the wideband filter, then three distinct cases are featured below in order to equalize the response of the device. The description of such cases is summarized in Table 4.03.
	Contact pin shapes
	Case 1
	Case 2
	Case 3
	Circle
	Lowered Circle
	Rectangle
	Lowered Rectangle
	Triangle
	Lowered Triangle
	Blade
	Ramp
	Tapered ramp
	Table 4.03. Overview of the studied cases**.
	Observing Table 4.03, then the most relevant information is listed:
	 Case 1: in this context it was decided to increase the length of the SMA contact pins to 3.5 mm, thereby shortening the length of the feed lines up to 2 mm. In the situations analyzed above, lengths of the SMA contact pins and feed lines are 1.5 mm and 4 mm, respectively.
	 Case 2: this is a similar scenario to the case 1 except that two hollows are made in the base of the body case surrounding the dielectric and having a length of 2 mm. In the situations analyzed above, the length of gaps is 0.25 mm, with the sole purpose of avoiding the dielectric inside the circle is attached to the enclosure.
	 Case 3: in this particular frame, both the void and the SMA contact pin lengths have been reduced as much as possible. Their lengths are 0.25 mm and 0.1 mm, respectively. Meanwhile, the length of feed lines is 5 mm.  
	From Figure 4.16 and Figure 4.17, it follows that the proposed alternatives in case 1 imply no benefit in the adverse effect compensation of the original connection interface. Even this effect is even more negative in all instances, being the best of them referred to as “Circle”, as can be seen more clearly in Figure 4.17. Furthermore, the situation regarding to the blade-pin type connector should be discarded, since given its unique geometry it produces a short-circuit with the case base.
	Figure 4.16. Degradation effects: case 1 (length of SMA contact pins).
	Figure 4.17. Degradation effects: case 1 (detail).
	In Case 2, the environment is similar (or even worse) as illustrated in Figure 4.18 and Figure 4.19, except that the blade-pin type connector does not produce short-circuit on this occasion due to the existence of a wider gap.
	Figure 4.18. Degradation effects: case 2 (hollows fabricated in the base).
	Figure 4.19. Degradation effects: case 2 (detail).
	 In Case 3, the results are very promising, as shown in Figure 4.20 and more plainly in Figure 4.21. A large number of alternatives are theoretically valid (compared to case 1 and case 2). Nonetheless, technically speaking with regard to the manufacturing process, only a few candidates are cogent and cost-effective. The blade-pin type connector is the one that provides better performance, both in terms of return loss and selectivity. Notwithstanding, as it has been mentioned above, it is more difficult to fabricate. One available solution, and more importantly, it is relatively easy to manufacture, is that which is known as “Lowered rectangle”. In addition, it ranks second in terms of electrical characteristics are concerned.  
	Figure 4.20. Degradation effects: case 3 (contact pin length reduction).
	Figure 4.21. Degradation effects: case 3 (detail).
	To further reduce the complexity and the fabrication costs would be necessary to increase the length of the SMA lowered-rectangle-type contact pin. First of all, the characteristic variation of the connector should be checked based on the length of the contact pin.
	Figure 4.22. Degradation effects: case 3 (SMA contact pin length).
	As can be seen in Figure 4.22, the increase in length of the pin (from 0.1 mm to 1 mm), has not worsened the electrical characteristics of the connector.
	4.2.6. Final proposal. 

	 The proposed solution, both the structure and the electrical response is included in this section as shown in Figure 4.23 and Figure 4.24, respectively.
	Figure 4.23. Starting prototype and proposed solution**.
	Figure 4.24. Degradation effects: proposed solution vs. preliminary results.
	 It should be emphasized that the return loss has increased significantly. Furthermore, the selectivity has worsened slightly when compared to ideal situations, since the slope of the wideband Hairpin-line bandpass filter is less abrupt.
	4.2.7. Conclusion. 

	 Two wideband Hairpin-line bandpass filters have been designed using the AWR MWO software mainly due to the speed of computation that can be achieved compared to 3D EM simulator. The construction was accomplished using a high quality and thermally stable substrate.    
	Sometimes, especially at higher frequencies, the choice of the connection interface and the connection procedure is extremely important. Relative to these facts, a thorough analysis of the higher frequency filter (4.610–6.010-GHz) has been carried out using CST MWS from section 4.2.3 onwards. 
	 A number of parameters associated with the overall structure have been considered such as housing height, the shape and the length of the SMA contact pin, among others, in order to compensate parasitic effects. 
	 Thanks to this investigation, a justified, effective and relatively inexpensive solution is proposed.   
	 Despite the AWR MWO model does not show very good agreements with CST MWS model, it is possible to correct these differences paying special attention to the connection interface and its handling. 
	4.3. High Isolation Series-Shunt Photoconductive Microwave Switch.
	4.3.1. Introduction.

	 RF and microwave switches are important components in modern wireless circuits and systems. References have reported devices fabricated from coplanar waveguides [4.07]. In cryogenic HTS devices the thermal energy penetration from interface cables becomes critical, so they are usually replaced by optical fibers. Recently, silicon switches have been tested for linearity [4.15] and switching speed [4.16], showing promising performance.
	 One of the disadvantages of photoconductive switches has been their isolation, which usually couldn’t match the isolation achieved by RF MEMS switches [4.15-4.17]. Most of the applications of switches in mobile and wireless communications systems require them to have both low insertion loss and very high isolation performance. In circuits that use the switches with lower isolation more intermodulation is produced, which is caused by leakage of signals, and therefore RF performance is degraded. The series/shunt configuration is commonly used in circuits with wideband PIN-diodes, FET switches and RF MEMS switches. In this section, a series-shunt silicon photoconductive switch with high isolation characteristic is presented.
	4.3.2. Switch Design.

	 Here the response of a microwave switch is investigated by photodoping the highly resistive semiconductor on the top of the microstrip gap with a 200mW 808nm near-infrared laser diode and the response of a series-shunt switch configuration. A design and experimental demonstration of the active photonic device is presented.
	The silicon wafer in test is highly resistive (around 6,000 Ohm cm), type N, doped with Phosphorus, with 111 crystal orientation, 0.3 mm thick, single side polished. The other silicon wafers of different characteristics are currently being tested to improve the overall switch characteristics. A series of simulations were performed using Ansoft’s HFSS, a three-dimensional electromagnetic solver. During the simulations a simplified model was used to describe the effect of photodoping [4.18]. The dice of silicon wafer is considered uniformly illuminated and its permittivity can be expressed according to Drude’s formula [4.19]:
	  (4.05)
	Where  is the incident angular frequency ,   is the plasma frequency of the free electrons of density  and effective mass , ,  is the plasma frequency of the holes of density  and effective mass ,   and  are the electron and hole collision frequencies. The corresponding values for the undoped state are  and .
	The sheet conductivity under illumination can be expressed as: 
	  (4.06)
	Where  is the effective carrier lifetime,  is the electronic charge,  and  are electron and hole mobilities,  is the photon energy,  is the optical power density.
	The microwave switch shown in Figure 4.24 operates as an active photonic device by photodoping the highly resistive semiconductor on the top of the microstrip gap with a 200mW 808nm infrared laser diode. The design is based on Taconic TLY-5 substrate, with the dielectric constant 2.2. A 1 mm × 1 mm dice of Silicon wafer is placed over a gap and fixed in place using silver epoxy. The light is focused using a laser diode module with AR coated glass focusing lens and a small heat sink. The laser diode is mounted at the bottom side and a 0.5-mm hole was drilled in the substrate. The microstrip lines have characteristic impedances of 50 Ω and the gap width is 0.5 mm. Figure 4.24 shows a photograph of a single switch prototype (as proof of concept) in a test circuit with the detail showing the laser diode mounted at the bottom. The measured results of the single switch are shown in Figure 4.26. They demonstrate insertion loss of 0.84 dB and isolation of 12.76 dB at 2 GHz.
	Photograph of a single switch prototype in a test circuit.
	Figure 4.26. S-parameters of the single switch.
	The proposed configuration uses three identical silicon switches, one series and two shunt switches as shown in Figure 4.27. When the series one (S1) is ON and the shunt two (S2 and S3) are OFF, the series-shunt RF switch is in ON state. On the other hand, when the series one is OFF and the shunt two are ON, it is in OFF state. Quarter-wavelength transmission lines are used to separate switches. This switch design is optimized for a frequency of 2 GHz. The layout of the switch and series-shunt switch prototype is shown in Figure 4.28.
	Figure 4.27. Equivalent circuit of the series-shunt silicon switch.
	Figure 4.28. Series-shunt silicon switch (layout & prototype).
	4.3.3. Simulation and Experimental Results. 

	 The simulations during the initial phase were performed using Ansoft HFSS. The switch was modeled with different material conductivities for OFF and ON states. The silicon wafer conductivities were chosen as 0.01 S/m and 250 S/m. 
	Simulation and measurement results of the series-shunt switch configuration in OFF/ON states are shown in Figure 4.29. The switch shows the insertion loss of 1.2 dB and the isolation of 44.8 dB. 
	Figure 4.29. S-parameters of the series-shunt silicon switch.
	 The differences occurred between the simulations and real measurement may originate in the inaccuracies committed in the assembly of silicon dices, pointing errors associated with the employed laser diode to complete laboratory tests, among others. Despite these variations, simulation and measurement results are in good agreement. 
	4.3.4. Conclusion

	 A novel structure for a series-shunt switch using silicon switches has been designed and fabricated. The series-shunt switch exhibits an outstanding isolation of more than 40 dB and a low insertion loss of 1.2 dB at the operating frequency of 2 GHz. The modelled and measured RF performances of the switch are in good agreement. The switch is easy to operate and control by light, high-speed, electromagnetically transparent and it does not require any biasing circuits. It could be integrated into a fully reconfigurable wireless transceiver, enabling components with dynamically programmable parameters to meet the demands of the Software-Defined Radio and Cognitive Radio systems.
	4.4. Modeling and simulation of the high speed data transmission network for control of transceiver modules.
	 Numerous today`s manufacturers (e.g.: Holzworth, Vaunix, etc.) provides commercial instrumentation and test equipment which incorporate standard industrial control busses (RS-232, RS-422, RS-485, GPIB, LAN, high-speed USB communication modules, etc.). In this context, the trend seems to be directed towards high-performance transceivers implemented by connecting multiple devices to a hub or control distribution networks. The design and the fabrication of industrial control interfaces require a special care. For instance, although the Universal Serial Bus (USB) standard allows the designer greater freedom in connectivity (the maximum number of connected devices is 127), USB board design and layout as well as the cabling must clearly follow well-defined guidelines evolving thanks to USB-IF members companies [4.20].   
	Figure 4.30. Programmable RF devices.
	 For these reasons, the study and characterization of the transmission data networks  for communications systems and equipment is a very important issue that requires a careful revision, since in a modern system may integrate tens of control buses, one per RF subsystem that compose it. This requires choosing an appropriate configuration of these buses.
	4.4.1. Data distribution network for transceiver modules.

	 The operation of a synthetic aperture radar SAR needs a careful control of power, polarization and phase of a set of radiating elements. Each TRM has several parameters to be controlled to attain optimal performance. For instance, SAOCOM's SAR integrate Control Units based on FPGAs which performs different actions regarding to configuration of trigger and stop image acquisition procedures, calibration purposes, among others [4.21]. This kind of topologies often demand special attention related to the signal degradation associated with unwanted effects such as crosstalk, since there are usually a large number of connections directly proportional to the number of TRMs. 
	In this thesis, a data transmission subsystem which connects Panel Control Unit to 16 TRMs is modeled, simulated and optimized. The aim of the modeling, simulation and optimization is overall improvement of the network signal integrity: crosstalk and distortion reduction. Simulation results are validated on a lab-scaled prototype. This work analyzes a digital interface and bus system modeling and optimization of the SEOSAR/PAZ Earth Observation satellite described in the section 2.6.1. The important part of the satellite is an X-band Synthetic Aperture Radar instrument that integrates 384 TRMs located in 12 antenna panels 7.5 m away from the central processor and controlled by a synchronous 10 Mbps bidirectional serial protocol. This type of mid-range point-to-multipoint transmission is affected by bit errors due to crosstalk, transmission line attenuation and impedance mismatches. The high-speed data communication network has been designed to optimize the transmission by using a simulation model of the data distribution system which takes into account the worst-case scenario and by developing a lab-scaled prototype which exhibits BER of 10-11 for an interfering signal of 10 Vpp. The result is a point-to-multipoint bidirectional transmission network optimized in both directions with optimal values of loads and equalization resistors. This high-speed data transmission subsystem provides a compact design through a simple solution.
	A simplified interface scheme of SEOSAR/PAZ front end which consists of the Antenna Control Unit, 12 Panel Control Units (PCUs) and 384 TRMs, is shown in Figure 4.31.  The Antenna Control Unit, Panel Control Units and TRMs are composed of a number of drivers and receivers and synchronized with a RS422 interface at 10 Mbps. 
	 Panel Control Units and TRMs establish discrete timing signals for the bus traffic control, transfer command data and receive telemetry data from each of the TRMs during the PRI of the satellite’s radar. 
	Antenna Control Unit, Panel Control Unit and TRMs are connected to each other by twinax cable with a maximum length of 7.5 m.
	Figure 4.31. Interface scheme of SEOSAR/PAZ front end.
	This architecture requires very careful design in order to equalize signals in both directions, reduce crosstalk and BER, to ensure correct operation. The asymmetric bidirectional transmission subsystem which consists of a PCU, 16 TRMs and their connections is the most complex part of the satellite. The worst-case scenario occurs when RS422 buses transfer 16 Command and Control Messages during one PRI. In this case the network reaches the limit imposed by the RS422 standard [4.22].
	In this section, a non-conventional data distribution network is analyzed. This design requires more connections that are defined in the EIA standard RS-422 standard [4.22]. 
	The subsystem architecture and the signal transmission in both directions were modeled using a standard time domain software simulator, AWR MWO [4.23]. The simplified circuit of the data transmission network is shown in Figure 4.32.
	Figure 4.32. Simplified circuit of the data transmission subsystem.
	This asymmetric bidirectional transmission subsystem is composed of 20 HS-26CLV31RH quad differential line drivers, which convert the transmitted LVTTL signals at 10 Mbps to RS422 signal, and 20 HS-26CLV32RH quad differential line receivers, which convert RS422 signal back to LVTTL. Therefore, 4 drivers of the PCU transmit to 16 receivers of TRMs, and 16 drivers of TRMs transmit only to 4 receivers of the PCU.
	 Some aspects have to be taken into account for carrying out precise simulations. First, it is necessary to accurately model drivers and transmission lines of the network. Then, the crosstalk effect between adjacent wires needs to be considered in the data transmission network modeling. A capacitive model was fitted for this purpose. Finally, optimization of termination loads and serial resistors was performed to equalize transmission in both directions.
	4.4.2. Simulation of the RS422 drivers.

	 The driver HS-26CLV31RH was modeled as operational amplifier due to the inherently differential nature of the circuit. The principal parameters of the driver are gain, input impedance, output impedance, cut-off frequency and delay. The simulation model was validated by measurements in the laboratory. The model was obtained by measuring the response of the HS-26CLV31RH device which was excited with LVTTL/TTL input signal at several frequencies up to 100 MHz and by loading it with a segment of twinax transmission line terminated with different resistive loads (ZL): 27 Ω, 56 Ω, 120 Ω and 220 Ω. The length and characteristic impedance (Z0) of the transmission line are 2.75 m and 120 Ω, respectively. 
	 The measurement process was focused on getting the data for building an accurate simulation model of the driver. Both simulated and measured results are shown in Figure 4.33.
	Figure 4.33. Measurement vs. simulation results (ZL = 120 Ω).
	4.4.3. Modeling the behavior of the transmission line.

	 The connections between active elements (drivers and receivers) are realized by using 30 AWG twinax cables whose features are most suitable for this particular application. This type of cable is less susceptible to interference, it has lower internal resistance and therefore, it supports higher electrical current over longer distances than other types of twinax cables with the same characteristic impedance, Z0 = 120 Ω [4.24].
	The cables were modeled as transmission lines in AWR MWO [4.23] by using the model of balanced line with isolated ground terminals [4.25]. The model parameters are characteristic impedance (Z), physical length of the line (L), dielectric constant (K), loss (A [dB/m]), and frequency for scaling losses (F). 
	Main features of the transmission line, both for the twinax cable and the AWR MWO model, are summarized in Table 4.04. The total length of the data distribution network is about 7.5 m.
	Balanced shielded line (from the datasheet)
	Variant
	Z0
	AWG
	εr
	Attenuation (dB/100 m)
	22
	120 Ω
	30
	2.29
	10 
	MHz
	50 MHz
	100 
	MHz
	15
	35
	48
	AWR Microwave Office® model
	Z
	L
	K
	A
	F
	120 Ω
	7.5 m
	2.29
	0.15 dB/m
	10 MHz
	Table 4.04. Main parameters of the transmission line.
	4.4.4. Modeling and Analysis of the Crosstalk.

	 Crosstalk is one of the most important effects that causes transmission errors. Therefore, it is very important to have accurate models to study its behavior and mitigate its impact. Crosstalk was modeled by using a parallel circuit Coupled Circuit, since in this scenario the effect of coupling capacitance dominates (different twinax cable segments are packed close to each other) and neglecting, thereupon the magnetic coupling [4.26]. It is composed of two parallel transmission lines (adjacent buses constituted by twinaxial cable) and a capacitive model, Ccoupling, connected between the buses that takes coupling effects into consideration [4.27]. Thus, it is possible to define a coupling coefficient, , between the direct voltage, , and the crosstalk voltage, , as:
	  (4.07)
	In this manner, the value of the above mentioned capacitor is tuned using measurements of the transmitted signal level, , as well as coupled signal level, , from the lab-scaled prototype. The appropriate capacitance is 8.2 pF.
	The simplified electrical model (by using the AWR MWO) of the subsystem where termination loads and serial resistors are included, is shown in Figure 4.34. This simulation model is used to optimize data transmission.
	Figure 4.34. Simplified model with termination loads and serial resistors.
	4.4.5. Equalization in Data Transmission. 

	 Another important aspect of the design is to equalize signal in both directions, from PCU to TRMs and back, from each TRM to PCU [4.28]. For this purpose, serial resistors, Rsod and Rsir are used for achieving an optimal data transmission in both directions, as well as for protecting drivers and receivers against short-circuits. The back termination network Line Termination, composed of Rlt resistors, serves to achieve the correct impedance matching in the system where Rlt = ZL = Z0 = 120 Ω. 
	4.4.6. Analysis of serial resistors.

	 Serial resistors, Rsod and Rsir, attenuate the received signals in both directions, from the PCU to TRMs and from each TRM to PCU. The effect of serial resistors on received and crosstalk voltage level in both directions is shown in Figure 4.35 and Figure 4.36, respectively. As it can be seen in these figures, serial resistors also equalize both signals and reduce the level of crosstalk signal. Figure 4.35 shows the digital signal received by the TRM 16 and Figure 4.36 the digital signal received by the PCU, as well as the crosstalk existing in adjacent lines in each case.
	Figure 4.35. Effect of serial resistors, Rsod and Rsir, (PCU ( TRM 16).
	Figure 4.36. Effect of serial resistors, Rsod and Rsir, (TRM 16 ( PCU).
	Crosstalk is very important factor because it is a source of error that affects the data transmission of X-band SAR. There is no general approach for crosstalk reduction. It will depend on the vulnerability of the transmitted and received signals to this phenomenon, without forgetting voltage thresholds of used multipoint data transmission protocols. In the worst case scenario according to the considerations made before, crosstalk was diminished about 50 % both PCU(TRM and TRM(PCU. The useful signal was attenuated around 6 dB in both directions until it was equalized taking into account RS422 threshold. Receiver input threshold is ±200mV for RS422. 
	Each type of serial resistor is more or less relevant which depends on the direction of the data transmission. The Rsod’s effect is greater in the PCU(TRM direction, while the Rsir’s effect is greater in the TRM(PCU direction. The graphical representation of this analysis is shown in Figure 4.37. The first graph shows the crosstalk reduction (%) in the PCU(TRM direction, while the second graph shows the crosstalk reduction (%) in the TRM(PCU direction. The crosstalk was reduced around 50 % as it was considered. Optimal values are Rsod=120 Ω and Rsir=27 Ω, which are extracted from the first and the second graph, respectively.
	Figure 4.37. Effect of serial resistors, Rsod and Rsir, (TRM 16 ( PCU).
	4.4.7. The prototype in test.

	 The advanced prototype system was mounted to verify simulation results. Moreover, it allowed us to make additional tests with more accuracy as well as crosstalk analysis in presence of serial resistors and jitter and BER measurements by using noise injection.
	The photo of the lab-scaled prototype is shown in Figure 4.38.
	Figure 4.38. Photo of the lab-scaled prototype.
	As the lab-scaled prototype consists of 4 TRMs and a PCU driver, optimal values of resistors are different from those calculated in section 4.4.6, although their values are estimated in the same way. Optimal values calculated in this case are Rsod=44 Ω and Rsir=27 Ω. 
	As it was demonstrated in the simulation model, serial resistors reduce the crosstalk signal level on average by around 50 %. This reduction can be seen in Figure 4.39 (in the PCU(TRM direction).
	Figure 4.39. Measurement and simulation results (PCU ( TRM 4).
	These resistors protect module against an accidental short-circuit during the assembly process of the different blocks, PCU and TRMs. These modules are sealed since the short-circuit would result in malfunction of the entire module. As the drivers and receivers have low output and input impedance, 8 Ω in both cases, it is needed to increase the impedance by means of the serial resistors, Rsod and Rsir. The measurements are compared with simulation results in Figure 4.39 and Table 4.05.
	PCU ( TRM 4
	Results
	RX signal (Vpp)
	Crosstalk signal (mVpp)
	Measurement
	1.55
	25
	Simulation
	1.38 
	30
	Table 4.05. Measurement results vs. simulation results.
	Main parameters of the high-speed data transmission network (HSDTN) and lab-scaled prototype (LSP) are shown in Table 4.06.
	Driver
	Gain
	Zin
	Zout
	fcut-off
	Delay
	1
	1 KΩ
	8Ω
	100 MHz
	10 ns
	Receiver
	Gain
	Zin
	Zout
	fcut-off
	Delay
	1
	8Ω
	8Ω
	100 MHz
	10 ns
	Twinaxial cable segment parameters
	Z0
	εr
	Losses
	Scaling Frequency
	Length
	120 Ω
	2.29
	0.15 dB/m
	10 MHz
	7.5 m
	Protection/equalization/impedance matching resistors
	Rsod
	Rsir
	Rlt
	HSDTN/LSP
	120/44 Ω
	27 Ω
	120 Ω
	Table 4.06. Main parameters of the building blocks.
	The purpose of Jitter and BER measurements is to analyze the effect of the presence of common mode noise/interference in different points of the high-speed data transmission network. It makes it possible to detect the interference threshold which produces errors in data transmission and reception and besides, it allows us to measure jitter level in this situation. In this section, two cases have been evaluated:
	When a strong interfering signal (I) of 1.5 Vpp is injected directly into the PCU driver input of the lab-scaled prototype, BER is degraded. At the receiver output, at the TRM furthest from the PCU (TRM 4) — 7.5 m away from the central processor, the jitter measured in this circumstance is 145 ns as shown in the first graph of Figure 4.40.  
	When an interfering signal (I) of 10 Vpp was injected at the Line termination, BER was deteriorated to 10-11. The variation of BER as a function of jitter in this state is shown in the second graph of Figure 4.40.
	Figure 4.40. RX signal + interfering signal (PCU (TRM 4).
	BER vs. Jitter at the Line termination.
	4.4.8. Conclusion.

	 The transmission of high speed data in a SAR satellite with large planar arrays requires the use of a complex data distribution network between the PCU and the large number of TRMs located in the panels. This network must be carefully designed and must have high reliability to avoid transmission errors. In this section, the architecture and a solution for the problems of data transmission between the PCU and TRMs of the satellite have been presented. The principal problems are the equalization of the asymmetric transmission between PCU and TRMs and the effect of crosstalk between different lines. Several resistors have been added to equalize and optimize transmissions in both directions so as to improve the system. The process of optimization and calculation of these resistors has been accurately described providing a method for equalizing signals in both directions. These resistors have been designed to reduce crosstalk and the effect of other critical parameters in the transmission network and to protect modules against short-circuits. 
	 A scaled prototype has been used to compare measurement and simulation results and to evaluate the effect of the equalization resistors. Finally, the analysis of the effect of jitter on BER has been included. The final outcome of the modeling and optimization is an asymmetric bidirectional high-speed data transmission network with ameliorated signal integrity: crosstalk and distortion reduction, impedance-matching and BER performance improvement. This network provides a compact design through a simple solution and has been implemented in the SEOSAR/PAZ satellite whose launch is scheduled for 2014, or beyond. 
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	5 Conclusions
	 This thesis has tried to cover new advancements in high-frequency transceiver systems architectures and some of their associated components, such as antennas, filters and switches.
	 In the field of 4G communication systems, a complete LTE transceiver has been developed with engineering functions as the channel sounding mode. The proposal is a flexible multi-band, extensible and versatile architecture for a hardware demonstrator used to assess the LTE RF link performance in railway scenarios as well as to statistically characterize the wireless channel in those environments using the narrow pulse sounding technique. 
	The second contribution has been the development of a radar calibration transponder system. The system includes innovative solutions for the generation of Doppler and distances with high precision. It is able to generate accurate Doppler shifts with a resolution higher than 4·10-3 Hz and speeds with an accuracy of around ±2.76 ppm at slant-ranges from 100 meters to 11 kilometers. To the author’s knowledge, there is no commercial equipment which can reach these specifications in terms of speed emulation at the present time. The system has proved very effective in radar calibrations and it is being used for the improvement of accuracy and resolution of FM-CW radar systems.
	The second group of contributions has been in the field of components for transceivers. In this area a huge potential for future research is presented by the applications of photonic components and techniques in the microwave devices.
	The design of a new UWB monopole antenna with an etched T-shaped slot with integrated silicon switch and photonically controlled band notch has been presented. The main advantage of this UWB antenna with filtering properties is the elimination of the undesired band. The other advantage of this reconfigurable UWB antenna is the elimination of biasing lines that could interfere with the operation of the antenna. Applications requiring sensing and frequency band switching such as cognitive radio could benefit from the proposed reconfigurable antenna.
	A novel structure for a series-shunt switch using silicon switches has been designed and fabricated. The series-shunt switch exhibits an outstanding isolation of more than 40 dB and a low insertion loss of 1.2 dB at the operating frequency of 2 GHz. The switch is easy to operate and control by light, high-speed, electromagnetically transparent and it does not require any biasing circuits. It could be integrated into a fully reconfigurable wireless transceiver, enabling components with dynamically programmable parameters to meet the demands of the Software-Defined Radio and Cognitive Radio systems.
	 Two wideband Hairpin-line bandpass filters, widely used on modern transceivers, have been designed using the AWR MWO software mainly due to the speed of computation that can be achieved compared to 3D EM simulator, and manufactured with high precision. The construction was accomplished using a high quality and thermally stable substrate. A thorough analysis of the higher frequency filter (4.610–6.010-GHz) has been carried out using CST MWS in order to propose a justified, effective and relatively inexpensive solution for compensating SMA contact pin parasitic effects. The wideband Hairpin filters have been integrated into the TECRAIL TX system. 
	Finally, in the field of SAR satellites, the architecture and a solution for the problems of data transmission between the Panel Control Unit (PCU) and Transmit/Receive Modules (TRMs) have been presented. This complex data distribution network must be carefully designed and must have high reliability to avoid transmission errors. The principal problems are the equalization of the asymmetric transmission between PCU and TRMs and the effect of crosstalk between different lines. 
	Several resistors have been added to equalize and optimize transmissions in both directions so as to improve the system. The process of optimization and calculation of these resistors has been accurately described providing a method for equalizing signals in both directions. These resistors have been designed to reduce crosstalk and the effect of other critical parameters in the transmission network and to protect modules against short-circuits. 
	A scaled prototype has been designed a manufactured to compare measurement and simulation results and to evaluate the effect of the equalization resistors. Finally, the analysis of the effect of jitter on BER has been included. The final outcome of the modeling and optimization is an asymmetric bidirectional high-speed data transmission network with ameliorated signal integrity: crosstalk and distortion reduction, impedance-matching and BER performance improvement. 
	This network provides a compact design through a simple solution and has been implemented in the SEOSAR/PAZ satellite whose launch is scheduled for 2014, or beyond. 
	5.1. Future work.
	 Today, new functionalities are being introduced in order to achieve more and more integrated and performance-improved channel sounder transceivers. Additional LTE measurement campaigns are being planned to take place in railway environments in the coming months with the developed hardware demonstrator and using the channel sounder capability. 
	Regarding the radar calibration transponder system, the project is aimed to develop increasingly integrated solutions without electrical performance degradation and providing greater robustness for handling and transportation as well as better resistance to adverse environmental conditions in the near future.
	In the field of radar systems and satellite transponders, application of optical techniques for the control of TRMs in active arrays are also been investigated, improving the reliability and immunity against interference, and allowing the development of larger arrays. 
	 Another field of interest are the high-frequency components with optical control, oscillators exhibiting very low phase noise based on photonics-assisted or RoF concepts and electro-optical switches are promising solutions that must be highlighted. Electrically or optically tunable filters for wideband and bandwidth control applications must be considered. Research into new UWB antennas in the range of 500 MHz to 6 GHz for mobile communications applications, follows as a response to the current trend.
	6 Appendix A
	In metrology, the uncertainty of measurement is a non-negative parameter, associated with the result of a measurement that characterizes the dispersion of the values that could reasonably be attributed to the measurand, the particular quantities subject to measurement.  
	Appendix A includes a comprehensive analysis of uncertainties regarding to the radar calibration transponder system described in section 2.5. This study has considered main sources of uncertainty associated to frequency measurements and speed/slant-range emulations.  
	6.1. Study of the uncertainties.
	 There are several sources of error that need to be characterized accurately. The uncertainty of measurement associated with the input estimates is evaluated according to Type-B method of evaluation [6.01]. The Type-B evaluation of standard uncertainty is the method of evaluating the uncertainty based on scientific knowledge using relevant information available. Type-B evaluation parameters are calculated from their absolute standard uncertainty, , and the sensitivity coefficient, , associated with the input estimate, . In this case,  is estimated from manufacturers’ specifications, data provided in calibration measurements, and uncertainties of reference data.  is the partial derivative of the model function, , with respect input quantities, , evaluated at the input estimates, .
	 Therefore, standard uncertainties in input quantities can be defined as  and these input quantities depend on the model function. Standard and expanded uncertainties —  and , respectively — are calculated as:
	  (6.01)
	Where:
	: coverage factor considered that corresponds to a specified coverage probability in order to obtain an expanded uncertainty. In the majority of cases encountered in calibration work, the value of standard coverage factor, , is 2. The assigned expanded uncertainty corresponds to a coverage probability of approximately 95%.
	: number of input quantities, , which have been considered.
	: -th contribution to standard uncertainties.
	: sensitivity coefficient associated with each -th  input quantity evaluated at the input estimate, .  
	: absolute standard uncertainty of each input quantity. It is estimated from reference data, manufacturers’ specifications, etc. 
	 One of the sources of error is the speed of electromagnetic waves. According to specific environmental conditions of operation measured by the weather station — temperature: 23º C. Atmospheric pressure: 102 kPa. Relative humidity: 30 % —, its absolute standard uncertainty for calculation purposes is ±414.14 m/s. The speed of electromagnetic waves is determined by applying Edlén equations [6.02], modified by Birch and Downs [6.03-6.04] which are dependent on environmental conditions such as relative humidity, atmospheric pressure, and temperature.
	6.1.1. Uncertainties associated to frequency measurements.

	 Regarding to frequency measurements, the main source of error is the frequency counter which is in charge of estimate the frequency value of the signal transmitted by the radar. The measurement realized by the frequency counter — GTX2210 from Geotest — can be calculated as:
	  (6.02)
	Where:
	: Frequency value measured by the frequency counter as the arithmetic mean or the average of GC2210 universal time interval counter measurements with  statistically independent observations (). From Type-B uncertainty calculations, we assume that .
	: Intermediate frequency.  
	: frequency generated by the rubidium reference oscillator. It is periodically compared with an even more accurate reference (cesium atomic frequency standard).  
	: reference oscillator drift.
	: nominal frequency generated by the rubidium reference oscillator.  This value is generated digitally and has no uncertainty associated.
	: Resolution of the frequency counter. It can be calculated from (6.03) which is included in the datasheet of the frequency counter.
	  (6.03)
	Where:
	: gate time is the time which the counter is counting the number of pulses or transition crossings.  
	: this is the trigger level timing error due to threshold uncertainty. According to the manufacturer, its value is:
	  (6.04)
	The slew rate is calculated from the input frequency and input amplitude in the worst case scenario. For a frequency of 160 MHz and an amplitude of 200 mVRMS (sensitivity of the frequency counter), the resulting slew-rate and trigger level timing error are  32.106 VRMS /s are 7.81 ns, respectively.
	In addition, the IF can be written as:
	  (6.05)
	Where:
	: frequency division factors of the reference oscillator for down-conversion stage. This value is generated digitally and has no uncertainty associated.
	: frequency multiplication factors of the reference oscillator for down-conversion stage. This value is generated digitally and has no uncertainty associated.
	Substituting from (6.02) into (6.05) and solving, the radar frequency, , is obtained as:
	  (6.06)
	Sensitivity coefficients, detailed in Table 6.01, describe the extent to which parameters estimate, outputs, are influenced by variations of other parameters estimate, inputs. From these ones, contributions, , to standard and expanded uncertainties,  and , respectively, associated to frequency measurements is shown in Table 6.02.
	Input
	1
	Coefficients associated to frequency measurements.
	S/X-band (2.63 / 10.531 GHz)
	Quantity
	Estimate
	Accuracy
	Probability
	distribution
	Standard uncertainty
	Sensitivity coefficient 
	Contribution to the
	standard uncertainty
	Contribution to the
	expanded uncertainty
	10 MHz
	1.4·10-5 Hz
	Rectangular
	8.08·10-6 Hz
	263
	1053.1
	2.13·10-3 Hz
	8.51·10-3 Hz
	5·10-4 Hz
	Rectangular
	2.89·10-4 Hz
	263
	1053.1
	7.60·10-2 Hz
	0.3 Hz
	19.6 Hz
	Rectangular
	(Gate time=0.1 s)
	11.3 Hz
	1
	11.3 Hz
	1.96 Hz
	Rectangular
	(Gate time=1 s)
	1.13 Hz
	1.13 Hz
	0.196 Hz
	Rectangular
	(Gate time=10 s)
	0.113 Hz
	0.113 Hz
	2.63 GHz
	10.531 GHz
	11.3 Hz
	22.6 Hz
	1.13 Hz
	1.17 Hz
	2.26 Hz
	2.34 Hz
	0.136 Hz
	0.32 Hz
	0.272 Hz
	0.64 Hz
	Table 6.02. Uncertainties of frequency measurement in cal.
	 Frequency uncertainties become higher when signal frequency from the radar, , corresponds to the highest frequency of each frequency band and the gate time corresponds to the highest value. Worst-case scenario has been contemplated.
	6.1.2. Uncertainties associated to speed emulation.

	  (6.07)
	From model function (6.07), and sensitivity coefficients, , shown in Table 6.03, contributions, , to standard and expanded uncertainties,  and , respectively, for speed calibrations is shown in Table 6.04. These values are computed for three speeds emulated that cover the calibration range considering the following input quantities, , evaluated at the input estimates, : the speed of electromagnetic waves (), reference oscillator (), reference oscillator drift (), and the radar frequency (). Division (), (), and multiplication (), (), factors of the reference oscillator are generated digitally and have no uncertainty associated. Besides, speed uncertainties become higher when signal frequency from the radar () corresponds to the lowest frequency of each frequency band. Worst-case scenario has been contemplated.
	Input
	Table 6.03. Coefficients associated to speed emulation.
	S/X-band (2.45 / 10.519 GHz)
	Quantity
	Estimate
	Accuracy
	Probability
	distribution
	Standard uncertainty
	Sensitivity coefficient 
	Contribution to the
	standard uncertainty
	Contribution to the
	expanded uncertainty
	2.997123·108 m/s
	Normal
	ν = 400 m/s
	414.14 m/s
	1.33·10-6
	5.51·10-4 m/s
	Normal
	v = 800 m/s
	2.67·10-6
	1.11·10-3 m/s
	Normal
	vmax = 2000 m/s
	6.67·10-6
	2.76·10-3 m/s
	10 MHz
	1.4·10-5 Hz
	Rectangular
	v = 400 m/s
	8.08·10-6 Hz
	4·10-5
	3.23·10-10 m/s
	Rectangular
	v = 800 m/s
	8·10-5
	6.47·10-10 m/s
	Rectangular
	vmax = 2000 m/s
	2·10-4
	1.62·10-9 m/s
	5·10-4 Hz
	Rectangular
	v = 400 m/s
	2.89·10-4 Hz
	4·10-5
	1.16·10-8 m/s
	Rectangular
	v = 800 m/s
	8·10-5
	2.31·10-8 m/s
	Rectangular
	vmax = 2000 m/s
	2·10-4
	5.78·10-8 m/s
	2.45 GHz
	10.519 GHz
	Normal
	v = 400 m/s
	11.3 Hz
	1.63·10-7
	3.80·10-8
	1.84·10-6 m/s
	4.29·10-7 m/s
	Normal
	v = 800 m/s
	3.27·10-7
	7.60·10-8
	3.70·10-6 m/s
	8.59·10-7 m/s
	Normal
	vmax = 2000 m/s
	8.17·10-7
	1.90·10-7
	9.23·10-6 m/s
	2.15·10-6 m/s
	400 m/s
	5.51·10-4 m/s
	1.10·10-3 m/s
	800 m/s
	1.11·10-3 m/s
	2.22·10-3 m/s
	2000 m/s
	2.76·10-3 m/s
	5.52·10-3 m/s
	Table 6.04. Uncertainties of speed measurement in cal.
	It is remarkable the low expanded uncertainty in terms of speed emulation. Curiously, it is the contribution of the speed of electromagnetic waves which ultimately limits the accuracy of the calibration systems. The final precision is the same both the S-band and X-band.
	The maximum resolution of the calibration system, , — or the maximum resolution of the Doppler shift generated — is limited by the frequency resolution, , of this device.  is  times , where  is the frequency multiplication factor of the reference oscillator for down-conversion synthesizer, without computing twice the Doppler shift component being evaluated.
	  (6.08)
	Therefore, the nominal parameters — according to (6.07) —for the maximum speed () emulated by the system are defined as shown in Table 6.05.
	Parameters
	S-band
	X-band
	2.45 GHz
	10.520 GHz
	2.997123·108 m/s
	(245+∆k)
	(1052+∆k)
	3.269803·10-3
	1.404013·10-2
	1
	245
	1052
	1
	10 MHz
	±14 µHz
	Table 6.05. Nominal values of parameters for speed emulation.
	 Where  takes into account the Doppler shift generated by the DDS in the frequency of the output signal. From  values, listed in Table 6.05, and (6.08), we can deduce that the maximum resolution of the calibration system is more 10 million times greater than Doppler shifts required. Therefore, it is possible to emulate high-speed objects and calibrate radars with the highest precision that is superior to the nominal system requirements. 
	6.1.3. Uncertainties associated to slant-range emulation.

	 The emulated distance, , between the target emulator and the aim is calculated by means of the following equation:
	  (6.09)
	Where:
	: programmed delay in cascaded-SAW-filter subsystem.  
	: delay of other circuit blocks such as additional filters. 
	: difference between programmed and actual delay. 
	: thermal drift of SAW filters caused by internal heating of equipment during the normal operation or by changes in external ambient temperature. 
	 : real distance from the radar to the calibration system, 100-300 m. Typically, this parameter is obtained with a laser range finder.
	From model function (6.09) and sensitivity coefficients, , shown in Table 6.06, as in the speed emulation case, uncertainties for range emulation can be calculated. The expanded uncertainties, , — Type-B evaluation — associated with the slant-range are summarized in Table 6.07. For short slant-range calibration, the most critical contributions — input quantities, — are: the real distance from the radar to the calibration system (), and the difference between programmed and actual delay () — its absolute calibration drift has been estimated as 3 ns. Contributions to standard uncertainty, , are 1.15 m and 0.45 m, respectively. Most significant contributions of the delay from other circuit blocks () are made by frequency selective devices such as input and output filters. For S and X band systems, overall group delays are 41 ns and 38 ns; group delay ripples measured are 4 and 1 ns; and contributions to standard uncertainty, , are 0.6 m and 0.15 m, respectively. Another critical contribution is the programmed delay in cascaded-SAW-filter subsystem (). The highest group delay ripple value, GDR, corresponds to the last position of SP8T. Nevertheless, the highest expanded uncertainty corresponds to the opposite case. It is because of the emulated distance, , and contributions to standard uncertainty are of the same order of magnitude. 
	Input
	Table 6.06. Coefficients associated to slant range emulation.
	Expanded uncertainties, 
	Delay line config.
	Distance (re+r)
	GDR (RMS)
	S-band
	X-band
	3.60 m + r
	1.7 ns
	±02.79 m
	±02.54 m
	1618 m + r
	29 ns
	±09.12 m
	±09.04 m
	3237 m + r
	41 ns
	±12.59 m
	±12.54 m
	4855 m + r
	50 ns
	±15.24 m
	±15.19 m
	5725 m + r
	41 ns
	±12.59 m
	±12.54 m
	7343 m + r
	50 ns
	±15.24 m
	±15.20 m
	8961 m + r
	58 ns
	±17.60 m
	±17.57 m
	10580 m + r
	65 ns
	±19.68 m
	±19.65 m
	Table 6.07. Expanded uncertainties for slant-range simulation.
	As shown in Table 6.07, the distance accuracy, , expressed as  is a function of delay line configuration — related to the emulated distance () — and the real distance (). 
	 The accuracy of range-emulation method is lower than the proposed speed-emulation process. For that reason, this process can be used to emulate different slant-ranges by means of the generation of constant velocities during a determined time interval.      
	6.1.4. Calibration procedure of Doppler radars.

	 The calibration process of radars requires that the system is usually located between 100 and 300 m away. Then, the system is programmed to generate static and dynamic targets, and to get a full calibration of the radar. Static targets are programmed with constant speed and/or distance. Dynamic measurements are made by programming a speed ramp in the system to emulate a real target under the effect of acceleration. Two examples of these measurements are shown in Figure 6.01. These Velocity-time graphs were generated with the calibration system at X-band.
	Velocity-time graphs generated at X-band.
	The overall accuracy, , and the overall expanded uncertainty, , of the calibration systems for speed emulation can be calculated from the velocity measured by the Doppler radar. This parameter is defined as:
	  (6.10)
	Where:
	: coverage factor considered that corresponds to a specified coverage probability. 
	: overall standard uncertainty.
	: standard uncertainty of Type-A evaluation.
	: standard uncertainty of Type-B evaluation. This parameter has been calculated for the maximum speed emulated () and its value is ±2.76·10-3 m/s.
	The Type-A evaluation of standard uncertainty, , is the method of evaluating the uncertainty by the standard deviation of the mean of a series of independent measurements, :
	  (6.11)
	where:
	: speed value of each -th observation. 
	: the average of -measurements.
	: degrees of freedom.
	Therefore, the value of the overall accuracy estimated, , will have an observable scatter as shown in Figure 6.02.
	Figure 6.02. Scattering in  as a function of number of measurements.
	One can assume that  is negligible against  from around 1000 measurements, and consequently the overall accuracy, , and expanded uncertainty, , can be calculated from (6.12) as:
	  (6.12)
	Supposing a coverage probability of approximately 95% ().    
	In practice, the calibration system can be programmed to generate speeds automatically. If it takes about two seconds to carry out each measurement and around 1000 measurements are performed, it is possible to calibrate a Doppler radar in about 30 minutes by ensuring an accuracy of ±2.76 ppm.   
	The system has been used with S and X band CW-radars such as those designed by Weibel Scientific A/S [6.05]. It provides information about the following: frequency measured with an universal time interval counter, EIRP of radar systems, emulated speed, emulated slant-range, weather conditions, Doppler frequency shift, etc. Several parameters were simulated, such as speeds, 200-2000 m/s, and distances, 0.1-10.9 km, under different SNR conditions. The results were satisfactory in all cases.
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	7 Appendix B
	 The Appendix B includes a detailed development of the equations used to design and manufacture Hairpin bandpass filters presented in this thesis, as well as the obtained accuracy associated to each parameter value regarding physical dimensions of the under-analysis devices. 
	7.1. Hairpin-line bandpass filter design 
	Parallel-coupled, half-wavelength resonator filter (up).
	5-pole, hairpin-line microstrip filter (down).
	This kind of filters may theoretically be obtained by folding the resonators of parallel-coupled, half-wavelength resonator filters, into a “U” shape. Therefore, the same design equations for the parallel-coupled, half-wavelength resonator filters may be used [7.01]:
	,,  (7.01)
	Where:
	, , : characteristic admittances of J-inverters for the first, intermediate and the final sections. 
	: characteristic admittance of the terminating lines. 
	: fractional bandwidth of bandpass filter. 
	: element of a ladder-type lowpass prototype with a normalized cutoff .  
	: filter order. 
	The even- and odd-mode characteristic impedances of the coupled microstrip line resonators associated to -inverters are, respectively:
	 , (7.02)
	 , (7.03)
	Where:
	: even-mode characteristic impedances of the coupled microstrip line resonators.  
	: odd-mode characteristic impedances of the coupled microstrip line resonators.
	The width, , and the spacing, , for each pair of coupled sections are determined such that the resultant even- and odd-mode impedances match to  and  from (7.04), (7.05), (7.06), (7.07) and (7.08):
	For   (7.04)
	 , (7.05)
	  (7.06)
	For ,  (7.07)
	For ,  (7.08)
	Where:
	: speed of light in vacuum.
	: characteristic impedance of the -th coupled microstrip line resonator.
	: relative dielectric constant of the substrate.
	: permittivity of vacuum.
	: static effective dielectric constant of single microstrip transmission line whose width is .  
	: thickness of the substrate.
	In a static approach similar to the single microstrip, the even- and odd-mode characteristic impedances of the coupled microstrip lines may be obtained in terms of the even- and odd-mode capacitances, denoted by  and , respectively.  and  are even- and odd-mode capacitances for the coupled microstrip line configuration in the particular case in which the air is the dielectric. The iterative calculation method defined by (7.04), (7.05), (7.06), (7.07) and (7.08) is implemented in a number of software solutions as AWR Microwave Office.  
	The capacitances obtained by using above design expressions are accurate to within 3% over the ranges, , and .
	The real lengths, , of each coupled line section can be calculated as: 
	 ,  (7.09)
	Where:
	: free space wavelength at midband frequency of the bandpass filter.
	For non-dispersive approximation, effective dielectric constants  and  for even and odd modes, respectively, can be obtained by using the relations:
	 ,  (7.10)
	 ,  (7.11)
	The fields do not stop abruptly at the open end of a microstrip line with a width of W and they are spread further out marginally due to the effect of the fringing field. This effect can be considered taking into account an equivalent length of transmission line, .
	The equivalent length of microstrip open end, , is determined by the following expression: 
	  (7.12)
	The error in  is within 0.7 % over the ranges of , , and . The error in  is on the order of 0.5 %. The accuracy for  is better than 0.2 % for the range of  and .  
	Finally, the tapping point, , is estimated by using the equation (7.13):
	  (7.13)
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