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ABSTRACT 

This project consists in the design and build of the first stage of a receiver chain 
based in a down converter which will turn a typical X-band radar signal into an L 
band signal. To achieve this, COTS elements as SMD and MMIC will be used. 
The design and printing of a microstrip filter and circuit layout will be done, as 
well as the design of the mechanical structure to mount the final circuit. Finally, a 
testing stage will be planned and executed to validate the functioning of the 
circuit having as a reference previous theoretical analysis. 

 

RESUMEN 

Este trabajo consiste en el diseño y fabricación de la etapa inicial de una cadena 
receptora basada en un down converter que traslada una señal radar típica en 
banda X a una en banda L. para lograr esto, se usará elementos COTS de 
tecnologías MMIC y SMD. Se realizará el diseño e impresión del circuito y del 
filtro microstrip, como también el diseño de la estructura mecánica sobre la cual 
se montará el circuito. Finalmente se planeará y ejecutará una etapa de pruebas 
para validar el funcionamiento del circuito teniendo como referencia los análisis 
teóricos previos. 
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INTRODUCTION 

One of the most important subsystems in a RF system is the receiver because it 
features the most critical stages in terms of treatment of the signal of interest, for 
example, the amplification to the required level and the elimination of noise and 
interferences so the signal can be in optimal conditions to be used in further 
stages of the system. This importance is equal or even bigger in radar systems, 
being that through this stage the information in the environment is captured 
allowing the location of targets, which is in most cases a key task both as in 
civilian as in military applications. 

This Master’s project is intended to design and build the first stage of a receiver 
chain based in a down converter which will turn a typical X-band radar signal into 
an L band signal. To achieve this, COTS (Commercial off the shell) elements as 
surface mount devices (SMD) and Monolithic Microwave Integrated Circuits 
(MMIC) will be used. The design and printing of a microstrip filter and circuit 
layout will be done. 

An interesting characteristic of this project is that the X band is one of the most 
used in radar technologies (Surveillance radars, SHORAD, coastal radars, 
between others) which expands the possible applications to the knowledge that 
will be acquired, additionally the design and implementation of the circuit will be 
done allowing to obtain the practical experience required for using the ADS RF 
simulation software and AutoCAD, both needed for further production of 
microstrip circuits. 

The primary aim of this work is to design and implement a receiver chain that 
converts a typical X band radar signal into an L band signal using commercial 
devices (COTS). In order to achieve this goal, the specific objectives proposed 
are: 

- Perform the frequency planning, analysis that will be used as a base to 
the design of the receiver chain. 

- Select the devices available in the market (COTS) that meet the design 
required specifications. 

- Design and implement in AutoCAD the layout that connects the devices 
through microstrip lines and contains the required mechanical designs. 

- Design and implement a filter based in microstrip technology, supported 
by ADS simulations. 

- Integrate the devices of the receiver chain (SMD, MMIC and microstrip 
filter) in a single high frequency circuit. 

- Execute a testing plan for the verification of the design objectives. 

Accordingly to that, the project will be divided basically in four stages: 

- Preliminary study: Frequency planning, devices selection, ADS software 
and microstrip filter design techniques study. 

- Design: Microstrip layout and filter design. 
- Production: Design sending for fabrication, design of a testing plan. 
- Tests: Calibration of the circuit, test and measures, documentation and 

conclusions. 

 

  



2 

 

1. PRELIMINARY STUDY 

1.1. Frequency planning 

For the development of the project certain realistic radar operation conditions 
must be established in order to be used as a base to the design of a receiver 
chain adjusted to those parameters. In the next table the selected parameters are 
presented. 

Parameter Value 

Input frequency (RF) 10.525 GHz 

Output frequency or 
Intermediate frequency    (IF) 

1.5 GHz 

Bandwidth (B) 100 MHz 

Table 1.1 General system parameters. 

1.1.1. Range resolution 

The chosen parameters shown above were selected thinking about a surveillance 
radar system (conventional radar), these systems are capable of locating targets 
in the airspace and represent them as spots in a presentation screen. The range 
resolution (  ) is the parameter that indicates the minimum distance to which a 
radar is able to discriminate between two different targets separated by range [1], 
such value is calculated for this system as shown below. 

   
 

  
 

     
 
 

          
      

Where: 

       
 

 
               

            

It is concluded that the radar of this design would be capable of discriminating 
between two close targets provided that they were separated by at least 1.5 
meters. 

1.1.2. Receiving chain structure 

The receiving stage that is designed in this project has the structure shown in the 
next block diagram. 
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Figure 1.1 Block diagram of the receiving chain. 

It consists of a band-pass cavity filter at the input which eliminates the undesired 
components of the signal that comes from the environment, this signal is 
introduced to the microstrip circuit that is designed to work with an impedance of 
    (part of the design of this project), where initially is amplified by a MMIC Low 
Noise Amplifier (LNA) avoiding additional noise insertion, the resulting signal 
goes into a multiplier where its mixed with an oscillator signal (LO) to obtain the 
desired intermediate frequency (IF) of 1.5 GHz. In the next stage the signal 
already in L band goes through a band-pass filter completely designed in 
microstrip technology with the main goal of eliminating the undesired component 
generated by the double side band effect (DSB) and any other spurious 
component from the intermodulation products. Finally, the IF signal goes through 
an end amplifier whose task is to improve the signal amplitude, making it optimal 
for the use in later stages of the system. 

1.1.3. Image frequency analysis 

As shown in Figure 1.1, the input signal in X band first must go through a band-
pass filter (external to the structure that supports the layout) that is intended to 
eliminate all the undesired components, one of them being the image frequency. 
The image frequency, as explained in chapter 3 of [2], is the alternative RF 
frequency that being mixed with the LO signal, produces the intermediate 
frequency (IF) for which the receiver is designed. The image frequency is located 
at two times the IF from the RF signal and in this case it is obtained as follows: 

                          

                                       

                 

                                                   

It can be proved that 7.525 GHz is the image frequency: 

                                             

As it can be observed, the mix between the LO and the Image frequency 
generates the IF, this represents a disadvantage of the superheterodyne 
receivers and shows vulnerability in case of electronic warfare attacks and 
interferences, reason why the elimination of the image frequency must be 
guaranteed with the first band-pass filter. Another important frequency to be 
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eliminated before the mixing is the IF frequency, as explained in section 3.5 of 
[2]. 

As a design parameter, the image frequency rejection will require an attenuation 
of at least 40 dB to avoid contamination of the desired output.  

1.1.4. Spurious analysis 

Real multipliers generate undesired frequencies called spurious, distinct from the 
sum and difference. Such frequencies must be discarded due that they represent  
IF signal contamination with components that may have important power levels, 
specially the low order spurious, which can produce in radars the detection of 
non-existing targets [2]. A preliminary study was performed by generating a 
spurious chart taking into account the design’s frequency planning, with the 
purpose of finding which undesired frequencies appear after the signal 
multiplication in the mixer. The results are shown below. 

 

Figure 1.2 Spurious chart. 

In Figure 1.2 the X-axis shows the input frequencies (RF) in X band and the Y-
axis shows the output frequencies where the IF is located. The intermodulation 
products are represented as well with blue lines and with interrupted red lines the 
interest area defined by the bandwidth of the filters used in the circuit. The same 
spurious chart is shown below with zoom over the critical area. 
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Figure 1.3 Zoomed spurious chart. 

In Figure 1.3 is clearer that the only intermodulation line that crosses the area of 
filtering is the one that corresponds to the desired frequency (IF=1.5 GHz). The 
lack of spurious inside this area is a result of the first cavity band-pass filter that, 
having a very narrow pass band, prevents the passing of undesired RF 
components with great selectivity. Additionally to that, the conversion relation is 
big, converting a signal from a high frequency band as it is X band to a relatively 
low frequency band as it is L band, most of the spurious are avoided because the 
majority of them are located around lower RF frequencies than the chosen one 
(see Figure 1.2). 

1.2. Devices selection 

1.2.1. RF band-pass filter 

In the design is implemented a notch cavity filter from K&L which has the chosen 
RF frequency for this receiver as its center frequency (10.525 GHz). In Table 1.2 
are shown the parameters and characteristics of the model, it can be confirmed 
that the bandwidth is enough for the pass of the input signal and it offers a 
security margin for the natural attenuation of a real filter. 
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Table 1.2 RF band-pass filter parameters. 

Given that the most important function of this filter is the elimination of the image 
frequency, a reference parameter is established to confirm that it meets the 
requirements. The parameter demands an attenuation of at least 40 dB to the 
image frequency that according to the calculations shown in “Image frequency 
analysis” (earlier in this document) is located in 7.525 GHz. In Figure 1.4 can be 
observed the advantage offered by such a selective filter, as the pass band is so 
narrow that the attenuation of 40 dB is obtained just at 75 MHz away of from the 
center frequency, leaving the further image frequency completely attenuated and 
out of the equation. 

 

Figure 1.4 RF band-pass filter response. 

1.2.2. MMIC Low Noise Amplifier (LNA) 

Two main things must be taken into account for the selection of the LNA; the 
device should offer a high gain and a low noise factor since its function is to 
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amplify the received signal that usually will arrive with low power, and improve 
this to be used in the next stages but trying not to amplify or add more noise. 

Many references from different manufacturers were taken into analysis, being the 
next models from Hittite and TriQuint the most relevant. In the Table 1.3 are 
included the main parameters used as references for selection. 

Manufacturer Model Frec range Gain 
(dB) 

Noise 
figure 
(dB) 

P1dbout 
(dBm) 

Hittite HMC-
ALH444 

1 – 12 GHz 16 1,75 19 

Hittite HMC903 6 – 18 GHz 19 1,5 16 

TriQuint TGA2511 6 – 14 GHz 19 1,4 12,5 

TriQuint TGA2512 5 -15 GHz 26,5 1,5 12,6 

Table 1.3 LNA devices comparison. 

After the analysis, the model HMC903 from Hittite was chosen, due to its high 
gain, low noise figure and high 1 dB output compression point, which is important 
to avoid saturation, since this is the first device of the receiving chain. 

 

Figure 1.5 LNA Noise Figure. 
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Figure 1.6. LNA Gain. 

Figure 1.5 and Figure 1.6 show the graphics provided by the manufacturer for the 
chosen LNA model from which were taken the values used in Table 1.3, being 
complemented with information obtained from the official datasheet. 

1.2.3. Mixer 

The device chosen as the multiplier is the reference MCA1T-12G+ from Mini 
Circuits, a wide band surface mount device (3800 – 12000 MHz) with low 
conversion losses (6.2 dB typically). The mixer requires an oscillator signal power 
of +7 dBm and offers an output frequency range between DC to 1800 MHz. The 
mixer’s function is to work as a down-converter, in this case taking the X band 
input signal (10.525 GHz) and mixing it with the LO signal (9.025 GHz) to 
generate an output intermediate frequency (1.5 GHz) by performing the 
difference between signals. 

The typical mixer responses provided by the manufacturer that confirm the 
requirements for this project’s design are shown below. 

 

Figure 1.7. Mixer’s conversion loss. 
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Figure 1.8. LO-RF Mixer’s isolation. 

 

Figure 1.9. LO-IF Mixer’s isolation. 

1.2.4. IF Band-pass Filter 

The description and design of this element are presented in section 2.3, further in 
this document. 

1.2.5. End amplifier 

The obtained signal after the filtering in IF must be amplified to achieve an 
appropriate amplitude level after suffering attenuations during the receiver 
stages. To perform this task, the MAR-6SM+ surface mount amplifier from Mini 
Circuits was chosen, offering a working band form DC to 2 GHz (supports the 1.5 
GHz IF frequency) with a 19 dB gain and with a noise figure typically around 2.3 
dB this device is ideal for the ending receiver stage. Table 1.4 includes the main 
parameters of the selected amplifier. 
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Table 1.4 End amplifier specifications. 

 

Figure 1.10 Recommended application circuit for the end amplifier. 

In Figure 1.10 is shown the recommended application circuit for the MAR-6SM+ 
and as it can be seen, includes blocking capacitors, a resistor and a bypass 
capacitor. 

For the design in this work is not necessary to implement the input blocking 
capacitor due to the fact that the microstrip filter is already avoiding the coupling 
between lines. To obtain the output blocking capacitor value (who will restrain the 
DC flow) the reactance must be calculated at the work frequency, in this case the 
IF. A typical value is 100 pF and the calculation with it are presented below. 
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The resulting reactance value is sufficiently low, so it makes a 100 pF blocking 
capacitor a good choice. 

The value picked for the bypass capacitor is also 100 pF for being commonly 
used for this function. 

For the resistor selection, the table included in Figure 1.10 is used, as for the 
design a +9V DC tension has been chosen, the recommended resistor value is of 
340 Ω, but by making the calculations for the power on the resistor is obtained 
that the maximum value would be higher than the 0.125 W supported by 0805 
cases. Being that, a bigger resistor should be used and, as required, the 1206 
resistors support up to 0.250 W. 

The inductor for this case is a 36 nH reactor in a 0805 case that will block the 
pass of RF. 

1.3. Basic transmission parameters 

After selecting most of components to be used in receiver chain, some 
transmission parameters can be calculated to serve later as a reference in the 
definition of a testing plan. 

1.3.1. Noise Figure Analysis 

As shown in section 3.2.1 of [2], the noise factor for cascaded components can 
be calculated using the following expression: 

           
    

  
 
    

    
 

    

      
   (1) 

The result, converted to dB corresponds to the Noise Figure (NF) and as stated 
in section 3.1 of [2] a smaller value indicates a better parameter, where 0 dB is 
the value for an ideal receiver. 

The calculation of the noise figure for the circuit designed in this project is shown 
in the table below. Due that the microstrip filter design is executed further in this 
work, its losses are estimated around 1 dB. 

Stage Component G 
(dB) 

F (dB) G (linear) F (linear) Faccum 
(linear) 

1 LNA HMC903 19 1,5 79,43 1,41 1,41 

2 Mixer MCA1T-
12G+ 

-6,2 6,2 0,24 4,17 0,04 

3 BPF Microstrip -1 1 0,79 1,26 0,01 

4 Amp MAR-6SM+ 19 2,3 79,43 1,70 0,05 

     Ftotal 
(linear) 

1,51 

     Ftotal (dB) 1,80 

Table 1.5 Noise figure of the receiver circuit. 
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Figure 1.11 Noise figure in each stage of the circuit. 

The graph in Figure 1.11 allow to identify the evolution of the accumulated noise 
figure through every stage of the circuit. Depending on the power, a typical 
receiver noise figure is between 2 dB and 10 dB [3], so the obtained NF of 1.79 
dB can be considered as a good parameter for the designed receiver structure. 

1.3.2. Total reception Gain 

The stage by stage gain of the receiver is shown in the figure below and the 
correspondent calculations in the related table. 

 

Figure 1.12 Total reception gain. 
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Stage Component Individual 
Gain (dB) 

Accumulated 
Gain (dB) 

1 LNA HMC903 19 19 

2 MIXER MCA1T-12G+ -6,2 12,8 

3 BPF MICROSTRIP -1 11,8 

4 AMP MAR-6SM+ 19 30,8 

Table 1.6 Total reception gain. 

1.3.3. One dB compression point (P1dB) 

The input power level that generates saturation and malfunction of the receiver is 
defined by the 1-dB compression point (P1dB). The table below shows the data 
from the calculations. 

P1dB Rx 

Stage Component P1dBout (dB) Gain                
(dB) 

4 Amp MAR6-SM+ 3,7 19 

3 BPF IF Microstrip -15,3 -1 

2 Mixer MCA1T-12G+ -14,3 -6,2 

1 Amp LNA MMIC -8,1 19 

 Total P1dBin (dBm) -27,1  

Table 1.7 Calculation of the input P1dB. 

The value of the output P1dB of the MAR6-SM+ end amplifier is taken from its 
datasheet, from there a backward analysis is realized calculating the power levels 
using the gain of each component until the entrance of the circuit is reached. The 
obtained P1dBin is -27.1 dBm, so the input signal must be below this value to 
guarantee proper functioning. In other systems, the 1-dB compression point may 
be limited by the saturation of an intermediate component as the mixer or the 
LNA, but it is not the case. 
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2. MICROSTRIP LAYOUT AND FILTER 

2.1. Layout and mechanical elements design 

The microstrip circuit design implies the integration of electrical and mechanical 
elements to assure correct functioning, proper mechanical rigidity and a good 
conductor design to guarantee the desired electromagnetic waves behavior are 
key to accomplish the objective.  

The main factors taken into account for the design are: 

- Element distribution: The placing of every element is done aiming to have 
a circuit as small as possible, being the space efficiency one of the many 
microstrip technology advantages. For this, the best location of every 
element is chosen by analyzing the location of their input pins or bond 
pads (depending of the device’s technology) in order to have shorter 
conductor lines and avoiding overlapping.  

- Conductor lines length: Important due that in case of transporting RF 
signal, a shorter line will have less losses, and that in case of being a 
ground connection, the shorter the line is the closer the device ground pin 
is to the actual ground connection, enhancing the performance.  

- Location of connectors: The placing of pin connectors for DC supply is 
meant to allow easy access during testing and operating stages as well as 
an easy identification of voltage supply pins and ground connections. In 
the case of the SMA connectors they are placed in a logical way to allow 
easy identification of inputs and outputs following a classical receiver 
structure. 

- Coupling: Undesired couplings between conductor lines may occur if they 
are not separated enough. To avoid this, a standard parameter is set for 
the whole circuit that guarantees a separation between lines of at least 
twice its thickness. This applies for RF lines as well as for ground 
conductor isles and paths. 

- Proper ground connection: Ground connection is critical to guarantee the 
proper functioning of the microstrip system. In order to achieve this, every 
device has a conductor footprint that will connect the ground pins or pads 
to the metallic mounting through cylindrical drillings. These connections 
can be done too by using the M2 screws. 

The structure of the final circuit follows the order established during the planning 
stages at preliminary study, specifically the one shown in Figure 1.1 and the 
necessary elements for this design are listed below, giving a brief description of 
its functionality and its location on the layout. Finally they are referenced over the 
final circuit diagram on Figure 2.3. 

SMA connectors (1): Used for the RF inputs and outputs of the circuit. 

DC connectors (2): Four pin connectors manufactured by Molex and used for DC 
voltage supply and ground connection. 

MMIC LNA and DC supply (3): The implemented LNA (HMC903), being an active 
component, needs a specific connection with auxiliary capacitors to allow its 
functioning, MMIC, 0603 and 0805 capacitors were implemented using bondings 
and conductor lines for connection. The recommended circuit is specified in the 
datasheet provided by the manufacturer and presented in Figure 2.1.  
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Figure 2.1 LNA Recommended circuit connection. 

The final implementation over the layout is shown in Figure 2.2. As an input it 
receives the RF signal in X band by a microstrip line with a thickness of 0.79mm, 
calculated to achieve a 50Ω impedance coupling. 
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Figure 2.2 LNA circuit over the layout. 

Mixer (MCA1T-12G+) (4): The mixer has two inputs, one receives the signal 
delivered by the LNA and the second is the local oscillator signal input which is 
injected to the circuit through a SMA connector. The mixer’s output microstrip line 
divides in two branches, the first one goes to a SMA connector as an output with 
the mere objective of testing he previous stages, the second one connects with 
the microstrip band pass filter. The recommended device’s footprint included in 
the datasheet was implemented. 

Microstrip band pass filter (5): The design and functioning of this element is 
explained in section 2.3 of this document. 

End amplifier (6): The model MAR-6SM+ implemented in the circuit receives the 
filtered signal through a microstrip line of 0.79 mm of thickness that guarantees 
the desired 50Ω impedance coupling. This component has a micro-X packaging 
having one input, one output and two terminals to connect to ground. For proper 
design, the recommended DC supply circuit provided by the manufacturer in the 
datasheet was used (Figure 1.10). 

M2 screws (7): This screws have a small size, with 2 mm of inner body diameter 
and 3.8 mm of head diameter is fitted for reduced space implementations as it is 
the case of this project. The function of the screws are the fixation of the 
substrate to the metallic mounting and in some cases utilized for ground 
connections surrounded by conductor isles. 
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Mechanical support (8): Consists of a metallic mounting that provides mechanical 
rigidity. It is necessary due that the design of the circuit is realized over a 0.254 
mm thick dielectric that needs to be placed over a strong base.  

 

Figure 2.3 Circuit diagram with components. 

The drawings of the design of the mounting are presented in the next section.  

2.2. AutoCAD design 

In the figures below are presented the AutoCAD design drawings needed for the 
fabrication of the receiver circuit. Figure 2.4 presents the layout that will be 
printed over the selected substrate, note that there is a conductor frame 
surrounding the whole circuit, this frame doesn’t have any influence in the 
circuit’s functioning, but is intended to ease the cutting from the print once its 
ready to attach to the mounting platform.  

 

Figure 2.4 Layout design. 
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Figure 2.5 Solid mounting drawings. a) Top view; b) Side view; c) Front view. 

 

Figure 2.6 Solid mounting 3D drawing. 
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Figure 2.5 and Figure 2.6 present the drawings for the solid mounting. High 
precision is needed in the placing of the SMA connectors screw holes, given that 
a separation of 0.1 mm maximum between the feeding pin of the connector and 
the microstrip line has been set to avoid significant RF losses by minimizing the 
length of the bonding, this applies for the four connectors implemented in the 
circuit. The design of the platform is symmetric facilitating the fabrication process 
and the location of elements as well as a secure fixation using the M2 screws. 

2.3. Hairpin filter design 

After mixing previous signals it is necessary to filter the resulting spectrum in 
order to remove spurious results. According with procedures shown in section 
8.02 of [4], an accurate design can be achieved by establishing some general 
parameters related to filter behavior in frequency domain and then translating 
these requirements to physical dimensions in a particular technology. Since 
lumped-circuit elements are difficult to construct at microwave frequencies, 
usually resonators are made from modified transmissions lines, given their 
distribute impedance features. In this case, a Hairpin filter configuration was 
chosen due to its bended form, which allows to make a compact design. 

The requirements for L-Band filter are fixed by selecting a central frequency of 
       , a         bandwidth of        equal ripple and an attenuation of 

      at          from central frequency. 

The basis of a Chebyshev filter designing process is to select a maximum 
admitted ripple in the band of interest, and a specific attenuation at certain 
frequency out of this band. Then, depending on the selected parameters, there is 
a low-pass model composed of coefficients    normalized to    (reference 

impedance) which represent each section of filter and a cut-off pulsatance   
    

over an axis    normalized to     (the equal ripple low-pass cut-off pulsatance). 
The low-pass response of a Chebyshev filter is shown in Figure 2.7 

 

Figure 2.7. Chebyshev Filter Response. 

A low-pass to band-pass mapping can be done using the following 
transformation: 

 
  

  
 
 

  
  

 
 

  
 
  
 
  (2) 
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Where    is the center frequency defined as          and    the bandwidth 

defined as         . 

For the IF filter mapping is: 

  

  
 
 

   

    
 
 

   
 
   

 
       

This mapping and previous requirements allow to select and appropriate 
Chebyshev prototype, but first it is necessary to define the filter order. According 
to attenuation required at sideband it is possible to use nomographs as explained 
in section 6.3.1 of [5] to select a number of sections. 

 

Figure 2.8 Nomograph used to calculate number of sections. adapted from [5]. 

Since the FI filter is specified as having a        ripple and        insertion loss 

at 
  

  
       the number of sections is       . Given that the number of 

sections must be integer, the approximation to     will modify the response by 
adding some extra attenuation at previous defined frequency. 

Even if there are mathematical procedures to obtain Chebyshev prototypes 
coefficients, they are computed in tables that can be found in books. For 
example, from table 6.2 of [5], low-pass prototype coefficients for a        ripple, 
     and   

    are  

          

             

          

See that            are normalized to    and that    is normalized to any    . 

2.3.1. Schematic Design 

Now filter response can be obtained by assuring relationship of sections. As an 
example, the lumped components low-pass filter (LC) shown in Figure 2.9 can be 
obtained from coefficient to impedance transformation: 
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Figure 2.9 Low pass prototype filter. 

For series inductances: 

      

  
   

 (3) 

For shunt capacitors: 

     

 

     
 (4) 

 

Where     is the real low-pass cutoff pulsatance. If, for example, a        
       is selected, the        attenuation will be obtained at approximately: 

                    

In the following table values for previous low-pass filter requirements are 
presented: 

 Coeff Configuration L C 

g0 1  - - 

g1 1.0315 Shunt - 32.834 pF 

g2 1.1474 Series 91.307 nH - 

g3 1.0315 Shunt - 32.834 pF 

g4 1  - - 

Table 2.1 Component values for low pass prototype filter. 

The response can be verified by simulating the resulting circuit: 

 

Figure 2.10 Low-pass filter schematic. 
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Figure 2.11 Low-pass filter response. 

A low-pass to band-pass transformation can be done if impedance of shunt and 
series components is modified, so now the circuit can be seen as an array of 
shunt a series resonators: 

 

Figure 2.12 Band-pass prototype filter. 

Transformation for lumped elements must be done as shown below: 

For series resonators: 

      

  
    

 (5) 

    
    

      
  (6) 

For shunt resonators: 

    
      

    
  (7) 

    
  

      
 (8) 

where   
  

 

    
 is the square of the resonance frequency for each resonator. For 

example, to obtain the         bandwidth and           of IF filter defined 
above, resulting lumped component values are: 
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 Coeff Configuration L C 

g0 1  - - 

g1 1.5963 Shunt 0.343 nH 32.834 pF 

g2 1.0967 Series 91.307 nH 0.123 pF 

g3 1.5963 Shunt 0.343 nH 32.834 pF 

g4 1  - - 

Table 2.2 Component values for band-pass prototype filter. 

The resulting circuit can be simulated to see desired response: 

 

Figure 2.13 Band-pass filter schematic. 

 

Figure 2.14 Band-pass filter response. 

The next step in the procedure is transforming the previous lumped-elements 
circuit filter (too complex to implement at high frequencies) in a Shunt resonators 
– Admittance inverters circuit (realizable by means of coupled transmissions 
lines). Based in procedure shown in section 8.02 of [4], having a low-pass 
prototype mapped to a specific band-pass response like that one shown 
previously, it is possible to define the resonators parameters and inverters 
coefficients. The generalized band-pass filter using admittance inverters is show 
in Figure 2.15. 

 

Figure 2.15 Generalized band-pass filter using admittance inverters. 
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The shunt resonators slope parameters    needed to calculate inverters 

coefficients may be selected arbitrarily according to be of any size corresponding 
to convenient resonators designs. Then,   coefficients may be obtained from 
following equations: 

      
     

      
  (9) 

         
     

        
  (10) 

        
 

  
  

      

      
 (11) 

where   is the fractional bandwidth defined as 
     

  
,   

     from Chebyshev 

model, and   ,    are the input and output admitances as show in Figure 2.15.  

For the FI filter, slope parameters of resonators       and    will be set as    , 
then: 

                  

                  

Since slope parameters for shunt resonators are defined as  

         
 

    
 (12) 

where    and    are the values of elements in corresponding    resonator, a 

lumped-element circuit may be done to see if J coefficient have been calculated 
correctly. A simple circuit that operates as J inverter is shown in Figure 2.16. 

 

Figure 2.16 J-Inverter using capacitors. 

Since      then, at        a   value can be calculated for each J inverter: 

                   

                   

The corresponding lumped-elements circuit to validate the design of IF filter and 
his response are shown in Figure 2.17 and Figure 2.18.   



25 

 

 

Figure 2.17 Schematic of Band-pass filter made with J-Inverters. 

 

Figure 2.18 Response of J-Inverters based filter. 

Once the filter has been defined this way is easy to obtain a model in terms of 
external   and coupling coefficients     . In the case of the filter having resonators 

with only shunt-type resonances, the mapping of   inverters to external  s and 
couplings is defined by the following equations: 

       
  

   
    

 
      

 

 
    and          

  

      
    

 
        

 

 
 (13) 

               
      

       
 

 

  
 
       

 (14) 

So, for the FI filter the values obtained are                   and     
         . 

2.3.2. Schematic to physical filter mapping 

Having a filter design defined in terms of external  s and coupling coefficients, 
the microstrip resonators form, dimensions and spacing are subject to 
accomplish the selected model. Each hairpin resonator corresponds to one of the 
LC resonators in Figure 2.17, the tapped input and output lines correspond to    

and   , section connecting input and output lines with the first and the last 
resonators corresponds with coupling of      and         inverters (see the red box 

in Figure 2.19) and the gap between resonators is related with     to        

inverters (see the blue box in Figure 2.19). 
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Figure 2.19 Hairpin filter with coupling areas marked. 

The procedure to synthesize the hairpin filter, as described in [6], is based on 
defining the width and length of resonators and input lines (related to   ,    and 
  ), the tapping point (related to    ) and the spacing between resonators (related 
to       ). 

2.3.3. Lines width 

The width of the input line is set up to match in a         network, while the 
width of the resonators line will be set to have an impedance of         for 
being an usual impedance of microstrip filters. The following procedure found in 
[7] is a good approximation to synthesize the line width   as a function of 

impedance required (   or   ), thickness ( ) and relative permittivity (  ): 

Defining  

   
  

  
 
    

 
 
   

 
    

    
      

    

  
    and     

    

     
    

 
 (15) 

Suppose  
 

 
   and calculate: 

 
 

 
 

    

     
 (16) 

If 
 

 
   obtain   

 

 
  . If 

 

 
   then calculate: 

 
 

 
 

 

 
              

    

   
              

    

  
   (17) 

Then obtain   
 

 
  . 

The substrate selected for IF filter is CuClad 217, which relative permittivity is 

        and its thickness is           . After calculating     for the input 
line in the first equation the result is     , so it is necessary to use the second 

equation and 
 

 
      , so           . For the resonators, using the first 

equation, 
 

 
       which is below  , then           . 

2.3.4. Resonators length 

The physical length of resonators is related to wavelength in the selected 
dielectric. It depends on the thickness and relative permittivity of the substrate 
and the width of the conductor line. In order to obtain length it is necessary to 
calculate the substrate effective permittivity for the selected dimensions: 
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 (18) 

Then: 

    
 

      
  (19) 

The      obtained for the resonators line is 1.797, then half wavelength is 
  

 
          . This is a first approximation to the resonators length; since the 

hairpin filter is a quarter wavelength parallel coupled structure made of bent half 
wavelength resonators, a tuning length must be added to compensate the non-
coupled section of resonators.  

2.3.5. External Q characterization 

In order to obtain   , a full-wave EM simulation is carried out, extracting the 
external   against   (distance from tapping point to center of the resonator). A 

simple way to obtain    for a hairpin filter is explained at section 7.5.3 of [8] and 
consist in connecting an input transmission line in one isolated section of the filter 

to create a single tuned resonator, then the phase of     parameter must be 

measured; the    is defined as 
  

     
, where    and    are the      frequencies 

and    is the    frequency. 

The plot         for the 3-section FI filter is shown in Figure 2.20. 

 

Figure 2.20 External Q vs tapping point. 

Then, to obtain a          as defined previously in section 2.3.1, a tapping 
point approximately        away from center of resonator is required. 

2.3.6. Resonators coupling characterization 

Another full-wave EM simulation was carried out to extract the coupling 
coefficients   against   (separation between the resonators). The procedure 

explained at section 7.5.1 of [8] allows to obtain the coefficient   between two 
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single loaded resonators by putting them together with a variable separation and 
then measure    ; As explained in section 11.04 of [4], when they are over 

coupled   is defined as 
     

  
, where    and    are the peaks frequencies of the 

resulting double tuned resonator and    is the center frequency. 

The plot        for the 3-section FI filter is shown in Figure 2.21 

   

Figure 2.21 Resonators coupling vs separation. 

To obtain the coefficients               defined in section 2.3.1, the spacing 

required between resonators is approximately         

2.3.7. Filter Tuning 

Since microwave circuits are very sensitive to dimension rates, a tuning process 
is required to assure the expected behavior of the filter. Using a simulation 
software like ADS from Keysight it’s possible to tune all parameters in a real time 
simulation to correct any undesired behavior of the filter. In this case, after tuning 
all possible parameters, final dimensions of the filter are: 
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Figure 2.22 Final hairpin filter dimensions.  

This final filter was introduced as part of the layout previously presented in 
section 2.1 and his simulated response by means of Momentum simulation 
engine of ADS software is shown in Figure 2.23. 

 

Figure 2.23 Simulated response of hairpin filter. 

In these graphs the maximum value of the S11 parameter in the pass band is 
about        and the maximum attenuation is about        which is just        
above the losses estimated in section 1.3.1 to calculate the chain’s total noise 
figure.  

2.3.8. Filter periodically response 

Given the nature of transmissions lines, the resonances in several structures are 
often periodic. Although it is not important for most of components to have 
harmonic resonances, in filters it is an undesired behavior since spurious 
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frequency components can reach the filter’s output. The simulated response of 
hairpin filter for a wider band of frequencies shows its periodicity. 

 

Figure 2.24 Periodic response of hairpin filter. 

Even if none of the spurious products is located in the pass bands of filter, it is 

recommended to put a low-pass filter at the output of receiver chain. In this case, 

the stepped-impedance low-pass filter shown in Figure 2.25 is the result of a 

previous laboratory practice and can be used to correct system periodic behavior. 

 

Figure 2.25  Low-pass filter to correct periodic response of hairpin filter. 

After simulating the serial interconnection of the hairpin and stepped-impedance 
filters, the result was the response shown in Figure 2.26. 
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Figure 2.26  Final response of interconnected filters. 
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3. PRODUCTION 

3.1. Design sending for fabrication 

The design was sent to a printing house, to be then fabricated at the UPM 
Laboratories, nevertheless, the results were not the expected. In microwave 
systems, the circuits must be fabricated with high accuracy, due to the small 
wavelengths and how they are affected by physical dimensions of transmission 
lines. In this case, the bad resolution of printed stencil caused the circuit to 
malfunction and delayed the prototype fabrication. As an alternative, the design 
was sent to another company to execute the entire building process. The ground 
connection for the devices was made using metallic drillings, the low noise 
amplifier was mounted over the structure using epoxy and the interconnections 
were made using thin gold bondings. The mixer’s mounting was made using tin 
paste and the end amplifier was mounted by using the conventional method. 

At the moment of the writing of this document, the process of soldering and 
placing the components on the substrate was being conducted, reason why the 
elements of the circuit are presented individually in ANNEX. ELECTRONIC 
COMPONENTS AND SUBSTRATE). The final receiver chain model will be 
presented in annex C (Resulting receiver chain circuit) as a fully integrated circuit 
once the fabrication process is completely finished. 

3.2. Design of a testing plan. 

After fabrication of the entire receiver chain, it is necessary to test some critical 
points to see the circuit overall behavior. The main features to be tested are: 

 Noise figure 

 Image frequency rejection 

 Spurious signals 

 Third-order intercept (IP3) or 1-dB compression (P1dB) point 

 Frequency response 

 Gain 

Previous calculations about circuit behavior have been made by assuming that 
components have the response specified in datasheets, however, components 
often have differences in their behavior due to age, storage conditions, 
temperature, etc. that’s why, if it is possible, some test must be made to 
characterize real response of the circuit. 

The laboratory equipment assigned to the planned tests is presented in Table 
3.1. 

Brand Ref Description 

Agilent Technologies (Keysight) E8364A Vector network analyzer 

Agilent Technologies (Keysight) N9010A Signal Analyzer 

Agilent Technologies (Keysight) E8257D Analog Signal Generator 

Keysight 346B Noise Source 

Keysight 85052D Calibration Kit 

- - Cables and connectors 

Table 3.1 Laboratory equipment. 
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3.2.1. Total gain 

As described in section 1.3.2, the total gain of the system is the accumulated gain 
of its components. Given that measuring each component is a complex and 
unnecessary task, the total gain will be measured by generating a RF signal with 
known power at input of the receiver chain and then measuring the output power 
at the system’s output. This emulated signal must be in the pass band of RF filter, 
which is the band of interest. The configuration used to validate this and other 
parameters explained further is shown in Figure 3.1. To emulate RF signals at 
the desired and image frequencies, a N5182A vector signal generator will be 
used. 

 

Figure 3.1 Configuration for the image frequency rejection measurement. 

Given the theoretical         gain obtained for this chain at RF frequency input 
and a       

  maximum input signal at Spectrum analyzer, RF input signal power 

must be below       
         to protect the equipment internal hardware. For 

example, for the Agilent N9010A signal analyzer used in this measurements, the 
maximum safe input level is       of average total power, so the input at RF 
frequency must be below         . 

The results will be computed in Table B.1 of annex test results. 

3.2.2. Noise figure 

As shown in section 1.3.1, the overall noise figure of the system can be 
calculated if the individual noise figures and gains of the system components are 
known. Theoretical result were obtained by assuming individual components 
noise figure as specified by vendors in datasheets. Nevertheless, this parameter 
must be measured to obtain a real value of noise introduced by chain to the 
signal.  

Noise figure will be measured using Y-factor technique. It is the most common 
method to measure the quantities required to calculate the noise factor of a DUT 
and its exhaustive explanation can be found at [9]. This technique involves the 
use of a noise source that has a pre-calibrated Excess Noise Ratio (ENR). This is 
defined as shown in equation (20). 

     
     

      
 

  
 (20) 

    
 and      

 are the noise temperatures of the noise source in its ON and OFF 

states.    is the reference temperature of 290 K. 

The noise source must be connected at the input of the receiver chain, then the 
output power is measured for both ON and OFF input states, obtaining    and    
respectively. The configuration used to measure noise figure is shown in Figure 
3.2. 
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Figure 3.2 Noise figure measurement configuration. 

The ratio between these two levels is the Y-factor: 

   
  

  
 (21) 

The system’s noise factor that includes the DUT and the measurement system is: 

 
     

      
  
  

   

   
 

   

   
 

(22) 

This approximation is accurate if test is made around     . If DUT’s gain is high, 
the noise factor measured is barely affected by the noise factor of measurement 
system. Results will be computed in Table B.2. 

3.2.3. Image frequency rejection 

Rejection of image frequency and other undesired spectral components at the 
circuit input is achieved by RF filter. To calculate how this particular frequency is 
rejected output power must be measured with desired RF frequency at input and 
then with image frequency instead. Image frequency rejection will be the power 
output difference between both of these input conditions. The measurement 
equipment configuration for this topic is shown in Figure 3.1. The results obtained 
will be compared in Table B.3. 

As explained in section 1.2.1, given the great selectivity of RF filter, the output 
power of system being excited with a signal located on image frequency band 
must be below the noise floor of measurement system. 

3.2.4. Spurious Signals 

Output spurious signals power must be low in order to have minimum 
interference. Given the RF (          ) and OL (         ) frequencies 
selected, principal output spurious signal will be resumed in Table 3.2. 

Product f (GHz) 

RF-OL 1,5 

RF+OL 19,55 

2OL 18,05 

2RF 21,05 

2OL-RF 7,525 

2RF -OL 12,025 

Table 3.2 Intermodulation products frequency. 
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These spurious signals must be measured in the signal analyzer to assure they 
are below at least 60 dBc in order to not interfere with desired signal. The 
configuration used to measure the spurious produced is the same as shown in 
Figure 3.1 and the results will be computed in Table B.4. 

3.2.5. Third-order intercept (IP3) or 1-dB compression (P1dB) point 

After measuring real gain as explained in section 3.2.1, an input power sweep 
must be done to see the overall gain behavior. When one of the components 
reach his real 1-dB compression point (in the case the IF amplifier) the gain of the 

system decreases 1dB too. The input for which the output power is       
    (theoretically        according to section 1.3.3) is the      compression 
point of the system. 

Results will be computed in the Table B.5. 

3.2.6. Reflection parameter measurement 

In order to measure reflection parameter it is necessary to calibrate Vector 
network analyzer in forward configuration. This calibration can be made using 
vendor specific kits like 85052D for Keysight network analyzers.  

Reflection parameter will be measured by analyzing S11 plot. The S11 
magnitude in the interest band must be        maximum, nevertheless, given 
the low level of the regular signals in reception systems, the S11 magnitude is 
desired to be below -20dB in all RF band of interest. Configuration required to 
measure S11 and S21 parameters is shown in Figure 3.3. 

 

Figure 3.3 S-Parameters measurement configuration. 

The maximum value of S11 and S21 for various frequencies in the band of 
interest will be computed in Table B.6. 
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GLOSSARY 

Bonding: Thin short gold wire used to interconnect the devices and conductors of 
the microwave circuit. 

Cavity filter: Sharply tuned resonant circuit that allow only certain frequencies to 
pass. 

COTS (Commercial off the shelf): Makes reference to items and services 
available in the commercial marketplace that can be bought and implemented in 
a custom project. 

Coupling: The transfer of electrical energy from one circuit segment to another. 

DUT: Device Under Test 

Layout: Design of conductor lines and connection pads of a microwave circuit 
that later will be implemented over a specific substrate. 

LNA: Low Noise Amplifier 

MMIC (Monolithic Microwave Integrated Circuit): Dimensionally small integrated 
circuit device that operates at microwave frequencies. 

SMD (Surface mount device): An electronic device made to be mounted or 
placed directly onto the surface of printed circuit boards (PCBs). 

Substrate: Is a solid (usually planar) substance onto which a layer of another 
substance is applied, and to which that second substance adheres. It serves as 
the foundation upon which electronic devices are deposited. 
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A. ANNEX. ELECTRONIC COMPONENTS AND SUBSTRATE 

 

Figure A.1 Reference schematic for Table A.1 

Nº Device Type Model Image 

1 
Bandpass 

filter 
Cavity 
filter 

5C60-
10525/T60

-O/O 

 

2 
Low Noise 
Amplifier 

MMIC HMC903 

 

3 
Frequency

Mixer 
SMD 

MCA1T-
12G+ 
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4 

Hairpin 

Bandpass 
filter 

MSTRIP - 

 

5 
End 

Amplifier 
SMD 

MAR-
6SM+ 

 

Table A.1 Components of receiver chain. 

 

 

Figure A.2 Final layout over substrate 
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B. ANNEX. TEST RESULTS 

 

To measure the real gain as explained in section 3.2.1 an HP 8620A signal 
generator was used as local oscillator and an Agilent E8257D Analog signal 
generator was used as RF input signal. Measurements were made in an HP 
8564E spectrum analyzer. To connect the signal generators to the circuit input 
and the output to the spectrum analyzer, RG142 cables with SMA connectors 
were used. The cables length was about 1 meter, which at 10 GHz results in an 
attenuation of about 1.5 dB and at 1.5 GHz results in 0.5 dB attenuation 
according to the manufacturer. 

Gain 

To minimize measurement errors, power required for all tests was validated using 
the spectrum analyzer, to have a real value of input power in the system. In this 
case, a RF signal of 10.525 GHz and -25 dBm was connected to the input of the 
receiver chain, obtaining an IF signal of 1.5 GHz and -12 dBm. In 10.525 GHz, 
connecting the signal generator directly in the spectrum analyzer through a cable 
results in measured powers 3.5 dB below the indicated, and at 1.5 dB the losses 
are around 0.5 dB. Finally, after correcting losses for input and output cables, 
gain can be calculated as: 

                                                   

Input power (10.525 GHz) Output power (1.5 GHz) Gain 

-25 dBm -8 dBm 17 dB 

Table B.1  Real gain of the system. 

Compared to theoretical gain, measured one was much lower. Given the small 
dimensions of MMIC circuits, mounting process must be done carefully. In this 
case, there was a problem when mounting the LNA amplifier and the FET’s gate 
bonding was not correctly welded. As a consequence, when the amplifier is 
polarized, there is a limitation in gate current and it does not reach the ideal 90 
mA polarization level, as a result, the total gain of the receiver chain is lower than 
expected. A zoomed image of the LNA mounted on the final circuit is shown in 
Figure B.1. 
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Figure B.1  LNA mounted on final circuit. 

Noise factor 

Even though the section 3.2.2 explains the Y-factor to measure the noise figure, it 
was not necessary to use an external noise source. Given the high gain of the 
entire chain, a measurable amount of amplified noise was observed in the 
spectrum analyzer just by powering the circuit. That little amount of output noise 
power was approximately constant in the band of interest and near to -91 dBm. 

Having only thermal noise at the input of the receiver chain, the output noise in 
linear units will be defined as show in equation (23). 

            (23) 

Where   is the Boltzmann constant,    the reference temperature,   the bandwith 
of the chain (in this case determined by the narrowest filter),   the noise factor 

and   the overall gain. The     is assumed as             for        ,   is 
     for a      bandwidth filter set in the spectrum analyzer, and   was 

previously calculated as     . The noise factor in dB is given by: 
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However, the noise factor measurement is modified by the noise added by the 
spectrum analyzer, so a correction must be made. The equation (24) shows the 
Friis noise factor formula for a two stage chain. 

      
     

  
 (24) 

Where   is the overall noise factor,    is the circuit noise factor,     is the 

spectrum analyzer noise factor and    is the circuit gain. Replacing the known 
values in linear units results in: 

        
     

  
 

Then  

            

Parameter Value 

    - 

   - 

   - 

  - 

     1,76 dB 

Table B.2  Noise factor measurement. 

As shown, the measured noise figure is very similar to the one calculated in 
section 1.3.1. 

Image frequency 

The image frequency analysis could not be realized due to the following: 

- The lack of another X-band signal generator in the laboratory. 
- The K&L X-band cavity filter was not available for testing at the university. 

Frequency Input power Output power Comment 

               - - - 

              - - - 

Table B.3 Output power for desired and image frequencies. 

Intermodulation products 

None of the third order spurious were above noise floor, however, there was a 

        spurious signal in the band of interest. After observing the spurious 
signal in the spectrum analyzer, it was identified as an eleventh order 
intermodulation product (       ), reason why its low power does not interfere 
with the desired output signal. 
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Product f (GHz) Power (dBm) 

RF-OL 1,5 Below noise floor 

RF+OL 19,55 Below noise floor 

2OL 18,05 Below noise floor 

2RF 21,05 Below noise floor 

2OL-RF 7,525 Below noise floor 

2RF -OL 12,025 Below noise floor 

Table B.4  Intermodulation products measured power. 

1dB compression point 

The circuit’s overall 1dB compression point was found at an input power of 

         as shown in Table B.5. Pgen is the power indicated by the signal 
generator, the power indicated by the Pin column is the power after correcting the 
losses of the cables used in the measurements. 

Pgen (dBm) Pin(dBm) Pout (dBm) Gain 
(dB) 

-25 -28,7 -15,33 13,37 

-20 -23,7 -10,33 13,37 

-15 -18,7 -5,42 13,28 

-12 -15,7 -2,6 13,1 

-11 -14,7 -1,7 13 

-10 -13,7 -0,8 12,9 

-9 -12,7 0 12,7 

-8 -11,7 0,7 12,4 

-7 -10,7 1,5 12,2 

Table B.5 Power input sweep and gain variation. 

S-parameters 

S11 and S21 parameters were measured for hairpin filter. A probe line with a 
SMA connector and a bridge was used to connect the signal directly in the IF part 
of the circuit, while the RF part was disconnected as shown in Figure B.2. The IF 
amplifier was not present to measure only the hairpin filter. 
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Figure B.2  Configuration used to measure hairpin filter S-Parameters 

The results were not the expected. The possible causes of high reflection shown 
in Figure B.3 can be related to bad connections or weldings. 

 

Figure B.3  S11 parameter for  Hairpin filter. 

The hairpin filter S21 parameter shape presented in Figure B.4 is very similar to 
the obtained in simulations, however, the magnitudes were not the same, having 
less selectivity and more losses. 
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Figure B.4 S21 parameter for  Hairpin filter. 

f (GHz) S11 (dB) S21 (dB) 

1 -1 -35 

1.2 -1 -32 

1.41 -5 -10 

1.44 -9 -6 

1.47 -6 -6 

1.5 -12 -6 

1.53 -7 -7 

1.56 -6 -10 

1.59 -3 -20 

1.8 -1 -55 

2 -1 -40 

Table B.6 S11 and S21 parameters measurements. 
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C. ANNEX. RESULTING RECEIVER CHAIN CIRCUIT 
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