
Academic Editor: Ernesto Limiti

Received: 25 February 2025

Revised: 26 March 2025

Accepted: 2 April 2025

Published: 7 April 2025

Citation: Sun, X.; Calatayud-Maeso,

J.; Muriel-Barrado, A.-T.;

Fernández-González, J.-M.;

Sierra-Castañer, M. Calibration of a

Low-Cost 8×8 Active Phased Array

Antenna. Appl. Sci. 2025, 15, 4066.

https://doi.org/10.3390/

app15074066

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Calibration of a Low-Cost 8×8 Active Phased Array Antenna
Xiaoliang Sun 1 , Jorge Calatayud-Maeso 1 , Alfonso-Tomás Muriel-Barrado 2 ,
José-Manuel Fernández-González 1 and Manuel Sierra-Castañer 1,*

1 Radiation Group, Signal, Systems and Radiocommunications Department, E.T.S.I. Telecommunicación
Universidad Politécnica de Madrid, 28040 Madrid, Spain; x.sun@upm.es (X.S.);
jorge.cmaeso@upm.es (J.C.-M.); josemanuel.fernandez.gonzalez@upm.es (J.-M.F.-G.)

2 Group of Radiofrequency: Circuits, Antennas and Systems (RFCAS), Escuela Politécnica Superior,
Universidad Autónoma de Madrid, 28049 Madrid, Spain; alfonsot.muriel@uam.es

* Correspondence: manuel.sierra@upm.es

Abstract: This paper presents the calibration process involved in a planar active phased
array antenna operating in the K-band (17.7–20.2 GHz). The array consists of eight columns,
each containing a 1 × 8 subarray of patch antennas. To enhance the antenna bandwidth,
a double-stacked patch structure is employed. We analyze the challenges encountered
when measuring active antennas. Additionally, we discuss the solutions and calibration
techniques used to improve the array performance. Finally, we present the results of the
optimal calibration approach, comparing simulated and measured data, both with and
without calibration, to evaluate the improvements achieved.

Keywords: active phased array antenna; array calibration; antenna design; patch antenna;
antenna measurement

1. Introduction
The new requirement for 5G satellite communications for future mobile communica-

tions encourages the investigation of new technologies to meet market demand for latency
reduction, higher speed of communications and flexibility [1]. The revolution is in devel-
opment in markets such as automotive, energy, entertainment and defense that want to
benefit from the capabilities of 5G technology to fulfill the demands of businesses and
consumers [1–3]. The main advantage of 5G satellite communication is its non-geographic
dependency; it is capable of providing connectivity anywhere, by sea or air, for mobile
devices, planes, ships and high-speed trains [1,4,5].

The use of a millimeter band and phased array antenna is the key to fulfilling these
requirements in the future [5–7]. The millimeter band provides a wider bandwidth to offer
a higher transmission speed; planar phased array antenna is the most efficient solution for
compensating high free space losses, canceling interference and correcting beam-steering
electronically without the need for a mechanical motor, highlighting its ease of integration
in any type of surface, vehicle or IoT device [6–9].

In order to electronically steer the antenna, the key factor is the beamformer. Depend-
ing on the application, the beamformer can be analog, hybrid or fully digital. One of the
solutions can be an integrated circuit (IC) which includes all elements of the beamforming
circuit: an amplifier, phase shifter, switch, filter, analog to digital converter (ADC) or digital
to analog converter (DAC) [6,10–14]. The integrated circuit (IC), depending on the tech-
nology, can be GaAs, CMOS, BiCMOS [6]. The advantage of the integrated circuit is that
it carries all the elements mentioned previously, but the disadvantage is that, depending
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on the architecture of the integrated circuit, the errors in each response can be critical for
further integration with the antenna.

To correct for array beamformer errors, antenna manufacturing errors, temperature
variation, connector integration and wiring errors, an array calibration is necessary to
minimize all the previously mentioned errors to obtain an accurate array response [14].

There are different antenna calibration procedures. As mentioned in [14], they can be
divided into four subgroups: the near-field or far-field probing method, the peripheral-
fixed probe method, the mutual coupling method and the built-in network method [13,14].
The different methods can also be divided depending on the calibration approach, which
can be offline, on-site or online [14]. To make an on-site or online calibration, extra radiating
elements are necessary to make these calibrations, which increases the size of the antenna.
The offline calibration is the most accurate method for calibrating the antenna, but an
extra facility, as well as additional measurement equipment, is required [13–22]. In [16],
the comparison of three offline calibration methods is presented for a 4 × 8 rectangular
array; the amplitude-only method yields the worst results in the calibration. In contrast, the
rotating-element electric-field vector (REV) and the complex amplitude calibration method
demonstrate considerable accuracy.

After the previous analysis, a 64-element lineal polarized phased array antenna di-
vided into eight subcolumns is used to analyze the different calibration methods mentioned
in [14,16]. The radiating elements are manufactured separately to analyze possible man-
ufacturing errors. The chosen beamformer is an 8 channels commercial IC provided by
Chengdu Xphased Technology Co., Ltd. (Chengdu, China). The passive antenna and the
beamformer are connected by RF cables to test different methods of offline calibration.

The structure of this paper is divided into four sections. In Section 2, the architecture
of the phased array antenna is explained; the passive antenna, the IC structure and the
measurement facilities are also detailed in this section. In Section 3, the S parameter
measurement of the passive antenna is presented and the unbalanced amplitude and phase
error, due to manufacturing errors, is presented. Finally, the measurement of the integration
of the passive antenna and beamformer for different methods of calibration is compared
in this section. In Section 4, the comparison between measurement and simulation is
presented. Finally, conclusions and future works are presented in Section 5.

2. Architecture of the Active Phased Array Antenna
Figure 1 presents the architecture of the proposed phased array antenna. In order

to evaluate each of the components individually before their total integration within the
antenna, the complete system was divided into several parts: antenna, beamformer, control
circuit and power supply circuit, as can be seen in Figure 1. In this figure, the antenna is
connected to the beamformer board by 8 matched cables; the control and power circuit are
behind the beamformer, as shown in Figure 2. Each part is explained in more detail in the
following sections.

2.1. Antenna Design

The proposed antenna is an 8 by 8 subarray of double-stacked patch radiating el-
ements working from 17.7 GHz to 20.2 GHz. The reason for using this structure is to
increase the bandwidth of the antenna by stacking patches. Figure 3 presents the 8 × 8
simulation model and the stack up of the structure. The passive antenna is simulated by
the commercial software CST Studio Suite 2024; the following figure presents the stack-up
of the multilayer antenna and the simulation model of the passive 8 × 8 antenna with all
the components, including the commercial connector Southwest End Launch (Tempe, AZ,
USA). All substrates used in the design of the antenna are from the company from the
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company Rogers Corporation (Chandler, AZ, USA).The substrates are Rogers RO4350B,
with a dissipation factor tan δ of 0.0037 @10 GHz and a relative permittivity εr of 3.48. The
1 to 8 power divider is formed on a substrate whose thickness is 0.254 mm thick at the
bottom, and metallic vias connect the feed network to the lower patch, as shown in Figure 3.
The substrate on which the lower patch is printed is 0.504 mm thick. In order to prevent
misalignment errors, this structure is adhered to using a 0.101 mm thin prepreg Rogers
2929, whose relative permittivity εr is 2.94 and dissipation factor tan δ is 0.003 @10 GHz.
The element spacing is 0.6 λ0 at the center frequency (18.95 GHz). The size of the top patch
is 5.05 mm in diameter and the bottom patch is 4.4 mm in diameter. The feed network and
the upper parasitic patch have been printed at the bottom layer of the substrate Rogers
RO4350B, and a foam of 1 mm of height with a permittivity of 1.07 is slipped in between
layers to control the separation between active and parasitic patches.
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Figure 3. Simulation model and stack up of the 8 × 8 array antenna.

Figure 4 shows the prototype of the array; the front of the antenna is shown in Figure 4a,
while Figure 4b illustrates the reverse side of the antenna. As can be seen on the rear side
of the antenna, the feed lines from the edge to the antennas are optimized in order to avoid
phase difference between the different columns of the antenna subarray. As shown in Figure 4
The connector model used is the Southwest End Launch model (Tempe, AZ, USA). As the
connectors are considerably large with respect to the antenna patches, the size of the ground
plane has been increased to ensure that the connectors do not influence the radiation pattern
of the array. The increased simulation model of passive antenna size is 142 mm × 142 mm, as
shown in Figure 3. The columns have been enumerated as illustrated in Figure 4.
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2.2. Antenna Power and Control Systems

Figure 5 presents the schematic circuit of the beamformer and power control. The
CMOS Beamformer is controlled by a microcontroller STM32f072 from the company STMi-
croelectronics NV (Geneva, Switzerland), which is behind the Beamformer, as shown in
Figure 2. To communicate with the control board from outside the anechoic chamber to
the inside, a USB to RS232 converter from the company Waveshare Electronics (Shenzhen,
China) is used to send the SPI commands from a computer to the beamformer. The commer-
cial beamformer is provided by Chengdu Xphased Technology Co., Ltd. (Chengdu, China).
The Beamformer TRHJ-4011-F has eight channels with 6-bit control in both amplitude and
phase, as shown in Figure 1. The step of amplitude is 0.5 dB and 5.625◦ in the phase. Since
the current consumption of the beamformer is high, it cannot be directly powered from
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outside of the chamber, as the inductance of the cables creates stability problems with
the beamformer. This voltage regulator from the company ASHATHA Shenzhen, China)
guarantees a stable current distribution to the beamformer IC as it protects the beamformer
from any transitory induced by the long connecting power cables. The blue dashed line in
Figure 5 separate the transmitting part of the control signal outside of the chamber and the
receiving part of the control signal inside.
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3. Active Phased Array Calibration
The comparison of the S parameters between simulation and measurement is presented

in this section. The passive unbalanced amplitude and phase of the passive antenna is
presented. Finally, the performance of different methods of calibration is presented with
the whole phased array, along with the comparison between simulation and measurement.

3.1. Passive Antenna Measurement

The comparison between simulated and measured reflection coefficients of each col-
umn are presented in Figure 6. The simulated reflection coefficients are below −14 dB for
all the columns; however, column 3 of the prototype is not as well manufactured as the rest
of the columns, resulting in a worse reflection coefficient. But, in our working band, it is
below −10 dB. The difference between simulation results and measurement results may be
due to the following reasons:

A. Since the connector has a certain bend, it may be that the End Launch connector is not
directly in the center of the feeding microstrip line of the columns.

B. In the process of adhesive bonding of the PCBs, the alignment is not very precise and,
when pressing the PCBs, the heights of the prepreg and foam were affected, differing
from the height of the simulation.

To evaluate the unbalanced amplitude and phase between columns, the parameter S21

for each column is measured in the UPM Spherical Near Field System using a standard gain
horn (SGH) as transmitter. Column 5 is selected as reference and the rest of the columns
are normalized with respect to the reference. In Figure 7, the normalized unbalanced
amplitude of the passive subarray is ±1.5 dB in band. Regarding the phase difference
between columns is ±30◦. These discrepancies are caused by the manufacturing process.
Since the prepreg bonding of the PCB may not adhered precisely, this could be one of
the explanations for the encountered discrepancies (a line with an extra of 1 mm results
in an extra of 11.37◦ in the transmission phase). Therefore, in the process of integrating
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the beamformer and the passive antenna, we have to compensate for the errors in the
manufacturing of the passive antenna.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 6 of 13 
 

 

Figure 6. Comparison of simulated and measured reflection coefficient. 

To evaluate the unbalanced amplitude and phase between columns, the parameter 
S21 for each column is measured in the UPM Spherical Near Field System using a standard 
gain horn (SGH) as transmitter. Column 5 is selected as reference and the rest of the col-
umns are normalized with respect to the reference. In Figure 7, the normalized unbal-
anced amplitude of the passive subarray is ±1.5 dB in band. Regarding the phase differ-
ence between columns is ±30°. These discrepancies are caused by the manufacturing pro-
cess. Since the prepreg bonding of the PCB may not adhered precisely, this could be one 
of the explanations for the encountered discrepancies (a line with an extra of 1 mm results 
in an extra of 11.37° in the transmission phase). Therefore, in the process of integrating the 
beamformer and the passive antenna, we have to compensate for the errors in the manu-
facturing of the passive antenna. 

(a) (b) 

Figure 7. (a) Normalized measured amplitude of the subarray respect Col 5. (b) Normalized meas-
ured phase of the subarray respect Col 5. 

3.2. Active Antenna Measurement 

As mentioned in the previous section, the prototype antenna manufactured does not 
exhibit the same behavior for each of the columns. The calibration of the phased array 
antenna is performed using the methods explained in [16]. In [16], three different calibra-
tion methods are proposed and analyzed: the REV method, Fast Amplitude-Only Method 
and Complex Amplitude Calibration Method. The REV method [18,23] is a phased array 

Figure 6. Comparison of simulated and measured reflection coefficient.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 6 of 13 
 

 

Figure 6. Comparison of simulated and measured reflection coefficient. 

To evaluate the unbalanced amplitude and phase between columns, the parameter 
S21 for each column is measured in the UPM Spherical Near Field System using a standard 
gain horn (SGH) as transmitter. Column 5 is selected as reference and the rest of the col-
umns are normalized with respect to the reference. In Figure 7, the normalized unbal-
anced amplitude of the passive subarray is ±1.5 dB in band. Regarding the phase differ-
ence between columns is ±30°. These discrepancies are caused by the manufacturing pro-
cess. Since the prepreg bonding of the PCB may not adhered precisely, this could be one 
of the explanations for the encountered discrepancies (a line with an extra of 1 mm results 
in an extra of 11.37° in the transmission phase). Therefore, in the process of integrating the 
beamformer and the passive antenna, we have to compensate for the errors in the manu-
facturing of the passive antenna. 

(a) (b) 

Figure 7. (a) Normalized measured amplitude of the subarray respect Col 5. (b) Normalized meas-
ured phase of the subarray respect Col 5. 

3.2. Active Antenna Measurement 

As mentioned in the previous section, the prototype antenna manufactured does not 
exhibit the same behavior for each of the columns. The calibration of the phased array 
antenna is performed using the methods explained in [16]. In [16], three different calibra-
tion methods are proposed and analyzed: the REV method, Fast Amplitude-Only Method 
and Complex Amplitude Calibration Method. The REV method [18,23] is a phased array 

Figure 7. (a) Normalized measured amplitude of the subarray respect Col 5. (b) Normalized measured
phase of the subarray respect Col 5.

3.2. Active Antenna Measurement

As mentioned in the previous section, the prototype antenna manufactured does
not exhibit the same behavior for each of the columns. The calibration of the phased
array antenna is performed using the methods explained in [16]. In [16], three different
calibration methods are proposed and analyzed: the REV method, Fast Amplitude-Only
Method and Complex Amplitude Calibration Method. The REV method [18,23] is a phased
array element excitation extraction method that is able to retrieve the excitation coefficient
of each phased array element in its operation state. Therefore, this method takes into
account the degradation induced by the phased array element’s mutual coupling. However,
in some antenna structures, the significance of this interaction can be disregarded in favor
of more simple phased array excitation extraction techniques.

The REV technique can retrieve each element individual excitation by sweeping
that element phase shifter. Since the programmed phase shift for a given amplitude
measurement is known a priori, through the mathematical procedure describe in [18] the
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initial element excitation is calculated [18,23]. The proposed phased calibration need 2 × N
measurements. The measured set up is shown in Figure 8: a standard gain horn antenna
(SGH) is used as a probe in the far-field conditions (550 cm) to obtain the S21 parameter for
each of the columns, deactivating the rest of the columns using the beamformer control.
During the calibration process, the temperature of the facility is controlled (22 ◦C) and
there is no temperature dependence for the calibration. In the proposed method, the
phase is considered to be a calibration variable, so that the amplitude variation, when
changing phase state (PM-AM performance), is not affected in the calibration process,
thereby reducing the number of calibration measurements and iterations.
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The proposed calibration flow diagram is shown in Figure 9. The process is detailed
as follows:

1. The amplitude and phase control of the column under test are programmed to behave
with maximum gain state and zero-state for the phase.

2. The rest of the channels are disabled with the amplitude control set to maximum
attenuation state (30 dB).

3. The S21 parameter between the SGH and the column under test is measured. For each
measurement, a frequency sweep for 17.7 GHz to 20.2 GHz is measured for each column.
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Figure 9. Flowchart of the calibration process.

In the first iteration after N measurements, select an arbitrary column and normalize
the phases with respect to the chosen column and obtain the phase difference between
columns. In the second iteration, using the phase differences obtained in the iteration one,
compensate the phase difference by changing the phase shifter state of the beamformer for
each column to reach the same phase.

The obtained initial phase stage result is shown in Figure 10a. Again, the phase
unbalance is normalized to column 5, and it can be observed that the unbalanced phase
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differs from the passive antenna, indicating that the beamformer and the cables also
introduce additional phase errors. In order for the columns to exist in the same phase state,
the center frequency 18.95 GHz is used as the calibration frequency. By varying the states of
the beamformer phase shifters, the S21 phase states depicted in Figure 10b can be obtained.
It can be seen that the phase error has been significantly reduced; while it cannot be zero,
the phase error is smaller than the phase step of the beamformer.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 8 of 13 
 

 

Figure 9. Flowchart of the calibration process.. 

The obtained initial phase stage result is shown in Figure 10a. Again, the phase un-
balance is normalized to column 5, and it can be observed that the unbalanced phase dif-
fers from the passive antenna, indicating that the beamformer and the cables also intro-
duce additional phase errors. In order for the columns to exist in the same phase state, the 
center frequency 18.95 GHz is used as the calibration frequency. By varying the states of 
the beamformer phase shifters, the S21 phase states depicted in Figure 10b can be obtained. 
It can be seen that the phase error has been significantly reduced; while it cannot be zero, 
the phase error is smaller than the phase step of the beamformer. 

 

(a) (b) 

 Figure 10. (a) Normalized measured initial phase response of the subarray. (b) Normalized meas-
ured calibrated phase response of the subarray. 

The calibration frequency and the selected reference column are arbitrary; any fre-
quency and any column can be selected as reference, as we can see in Figure 11a. The 
comparison of the horizontal cut of the phased array radiation pattern at the center fre-
quency of 18.95 GHz with and without calibration is shown in Figure 11a for two different 
reference columns. As can be observed, the radiation pattern without any calibration stage 
shows a diffraction lobe in the green circle, which causes a loss in the maximum directivity 
of the array. By selecting an arbitrary column for calibration, Figure 11a presents two cal-
ibrations that use different columns as references. A 0.5 dB improvement in the maximum 
value of the radiation pattern can be observed, with increased power in the main lobe and 
an improvement in the secondary lobes (including the diffraction lobe present in Figure 
11a, with deeper nulls in both cases). Figure 11b presents the comparison of the radiation 
pattern using the phase calibration and REV method. The obtained results are similar, and 
the improvement using the REV method is insignificant, with respect to the phase calibra-
tion method proposed. 

Figure 10. (a) Normalized measured initial phase response of the subarray. (b) Normalized measured
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The calibration frequency and the selected reference column are arbitrary; any fre-
quency and any column can be selected as reference, as we can see in Figure 11a. The
comparison of the horizontal cut of the phased array radiation pattern at the center fre-
quency of 18.95 GHz with and without calibration is shown in Figure 11a for two different
reference columns. As can be observed, the radiation pattern without any calibration
stage shows a diffraction lobe in the green circle, which causes a loss in the maximum
directivity of the array. By selecting an arbitrary column for calibration, Figure 11a presents
two calibrations that use different columns as references. A 0.5 dB improvement in the
maximum value of the radiation pattern can be observed, with increased power in the main
lobe and an improvement in the secondary lobes (including the diffraction lobe present
in Figure 11a, with deeper nulls in both cases). Figure 11b presents the comparison of the
radiation pattern using the phase calibration and REV method. The obtained results are
similar, and the improvement using the REV method is insignificant, with respect to the
phase calibration method proposed.
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4. Measurement Comparison
After the calibration, shown in the previous section, the measured and simulated

radiation pattern results are compared in this section. As described in the previous section,
with phase calibration, the obtained result is similar to the obtained result using the REV
calibration method; therefore, the radiation patterns simulated and measured within this
section only take into account the phase calibration method.

Figure 12 presents the comparison of the normalized radiation patterns (simulation
vs. measurement) of the radiation pattern of the horizontal plane at the lower, center
and upper frequency. The calibration at the center frequency also has excellent in-band
performance for the lower and upper frequencies despite amplitude imbalance between
the elements. The measured cross polar level is higher than the simulation because of
the manufacturing misalignment. Figure 13 presents the radiation pattern at the lower,
center and upper frequency of the extreme beam steering direction (−35◦). For this beam
direction, the progressive phases of lineal array for this steering are applied to each column
by adding the calibration states from the broadside steering. This figure shows that the
calibration for broadside direction is valid for the extreme beam steering angle in the band.
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Once the calibration has been demonstrated to work for broadside in the entire working
band, progressive phase shifting is applied to steer the beam from −35 degrees to 35 degrees
for the phased array. Since the discrete phase step of the beamformer is 5.625 degrees, there
are certain states in which the closest phase state (previous or subsequent) should be selected.
Figure 14 presents the comparison of radiation patterns of the antenna at the center frequency
(18.95 GHz). As Figures 12 and 13 show, the behavior of the phased array at the lower and
upper frequencies is very similar.

Finally, the realized active phased array antenna gain is measured by comparing with
a calibrated standard gain horn antenna (SGH). Figure 15 shows the measured realized
gain for all the beam steering directions; the highest gain of the phased array occurs in the
broadside direction. The further you move away from the perpendicular axis of the array,
the more the gain decreases. As can be seen in Figure 15, in the worst-case gain loss is 4 dB.
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The measured realized gain includes the losses of the cables, the additional lines that move
the connectors away from the columns and the losses of the connectors.
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5. Conclusions
In this paper, the comparison of calibration processes for an active phased array

antenna is presented. The passive antenna prototype is characterized separately, revealing
substantial manufacturing errors. These manufacturing errors can be corrected by using
the reconfigurability methods provided by the beamformer.

Since the mutual coupling interaction of the array elements can be diminished, the
proposed on/off toggle calibration method provides a faster alternative to the REV procedure.
This method achieves coherent performance across the entire operating frequency band.

The presented measurement results demonstrate the capabilities of both methods to
correct the impact of manufacturing tolerances on the passive phased array antenna elements.
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