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This paper presents a highly efficient phased array calibration system for phase and mag-
nitude error correction. The proposed calibration system is based on far-field scanning of the array
antenna under test at factory level. Since the proposed structure requires a magnitude detection only
for vector calibration, low circuit complexity can be achieved. Unlike the conventional far-field cal-
ibration based on rotating-element electric-field vector (REV) method to find maximum vector-sum

point, the proposed system detects the minimum vector-sum point and tracks the behavior of the
null point. To verify the feasibility of the proposed system for large-scale array antenna, 4 x 4
phased array antenna is implemented at 5.8 GHz. Then, the proposed method is applied to the
phased array antenna and compared with the conventional REV method.
© 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Phased array antennas (PAAs) play a very important role in
modern radar [1-6], satellite [7,8], and future 5G communica-
tion systems [9-12]. Since the expected antenna elements in the
PAAs increase as the frequency band for the next generation
sensor and communication moves higher, RF synchronization
for multiple beamforming chips is considered as the key tech-
nique for future PAA applications. However, the phase and
amplitude errors always come with the initial integration of
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large-scale PAAs and consequently cause the radiation pattern
distortion and degradation in the overall system performance
[13,14]. Therefore, vector calibration for PAAs should be
required at least in a production verification level so that the
potential errors can be compensated before operation. Since
there have been many different calibration methods for PAAs,
typical calibration techniques are first compared as shown in
Fig. 1. A calibration line method that compares the signals
coupled from each RF chain [4,5,15] is shown in Fig. 1 (a).
Although this method allows self-calibration by the embedded
lines, the increase in the required number of coupled lines and
potential error by the coupled line itself make it impractical for
large-scale PAA. Also, the peripheral fixed probe method uses
the probe inserted between antennas to compensate for errors
as shown in Fig. 1 (b) [6,15-17]. However, the size of the PAA
increases due to the probe inserted into the array antennas.
Then, the mutual coupling method can be also considered to
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Fig. 1 Various calibration methods for the PAA with (a)
calibration line, (b) peripheral fixed probe, (c) mutual coupling,
(d) near-field probe, and (e) far-field probe.

compare signals without adding extra antennas or increasing
array sizes as shown in Fig. 1 (c) [15,18-22]. But, in non-
uniform arrangement of antenna elements, this method
requires a complex calibration algorithm, resulting in lowering
calibration accuracy.

Unless a real-time onboard calibration is necessary, the cal-
ibration method based on the look-up table (LUT) generated
by an initial calibration at manufacturing level might be suffi-
cient. Then, the near-field probe method and the far-field scan-
ning method can be considered for generating the initial
calibration LUT for large-scale PAAs. Fig. 1 (d) shows the
near-field probe method [6,15,17]. In this method, the near-
field probe antenna detects the amplitude and phase of each
individual element of the PAA through mechanical movement.
However, as array antenna size increases, the time required for
calibration increases drastically due to the mechanical move-
ment of the probe over the whole array. On the other hand,
the far-field calibration method as shown in Fig. 1 (¢) measures
the combined electric field vector of the PAA by the referece
antenna in the far-field region to calibrate for the magnitude
and phase of each element [23-26]. This method can easily

calibrate the amplitude and phase of each element by only
measuring the received power. One of the most popular meth-
ods based on this far-field calibration is the rotating-element
electric-field vectors (REV) technique [23-29]. The REV
method rotates the phase of each antenna element in the
PAA from 0° to 360° and finds a maximum level of all com-
bined electric field vectors as shown in Fig. 2 (a). However,
the problem with the REV method is the small dynamic range
with respect to the change in phase around the maximum
received power. In [26], Composite power curves according
to phase change of REV method are expressed using theoreti-
cal and measured values. The small dynamic range of the REV
method is also observed. That is, the system cannot find the
correct phase calibration values due to a small power resolu-
tion near the maximum point of combined electric field vec-
tors, which causes the calibration error. A calibration
method in the initial factory level aims to have high accuracy.
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Because we want PAAs with good performance without error
when PAAs are mass-produced at the factory. Therefore, this
paper proposes a new calibration method to solve the prob-
lems of the conventional REV method. Unlike the REV
method, the proposed method tracks the minimum level of
the far-field received power to increase the dynamic range
per phase change as shown in Fig. 2 (b). Since the changes
in the received power level can be more accurately read due
to the high dynamic range near the null, higher calibration res-
olution per phase adjustment can be achieved. That is, Fig. 2
shows the calibration resolution, which is “power change/
phase error”, for finely discriminating phase errors to compare
the power change according to the phase change near the max-
imum and minimum power. The configuration of this paper is
as follows. In Section 2, theoretical analysis and the simulation
of the proposed method are presented. In Section 3 and 4, the
proposed calibration system is designed and verified with the
4 x 4 PAA fabrication and measurement. Then, the proposed
method is compared with the conventional REV method.
Lastly, the conclusion of this work is given in Section 5.

2. Proposed method theory and simulation

2.1. Theory of proposed method

The concept of the proposed method is based on the array fac-

tor equations. Fig. 3 (a) shows a diagram to describe the array
factor of the PAA. Each antenna element is linearly arranged
on the z-axis, and a uniform plane wave arrives at all of the ele-
ments with an angle of incidence (0). The phase difference of
each element is then generated with y. N is the total number
of antenna elements in the array, and w, is a n-th weighted vec-
tor. d is the distance between the antennas. Assuming a uni-
form linear array has w, = 1, then the array factor is given
by (1). It can be presented simply as follows (2), where k is

the wave number, and can be expressed as (3) by
normalization.
AF =14V 1o 1.4 gD Ly JJ(N=DY (1)
(v~ 1yp/2 SN /2)
AF — FN=1y/2 sin( 5
¢ sin(y/2) )
sin(Nyr/2)
AFy =127
N7 Nsin(/2) (3)

Assuming N = 2, and d = 1/2, Fig. 3 (b) shows the array fac-
tor according to the phase difference () between the two
antennas, and the location of the null according to the angle
of incidence (0). When the angle of incidence is 90°, broadside,
the null occurs at 180° of phase difference. Fig. 3 (c) shows the
null depth according to the magnitude ratio of the two anten-
nas, and the null is the deepest when the magnitude ratio is the
same. Therefore, the proposed method tracks the null to cali-
brate for both magnitude and phase between two antenna ele-
ments by having the 180° phase differences as the calibration
reference.
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Fig. 3 (a) Diagram of the PAA for array factor with N weights.
Array factor with regard to phase difference of two antennas with
(b) null location by incident angle and (c) null depth by magnitude
ratio when 0 = 90°.
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2.2. Simulation of proposed method

In this subsection, an exemplary calibration scenario is simu-
lated to describe the proposed method. The reference antenna
and the array antenna to be calibrated are distant from each
other in the far-field region as shown in Fig. 4 (a). The anten-
nas to be calibrated and reference antennas include 4 x 4 and
3 x 3 arrangements, respectively. The antenna elements in the
3x3 reference array are aligned toward the middle of the four
corresponding antenna elements to be calibrated to accurately
detect nulls as shown in Fig. 4 (b). The simulation proceeds by
monitoring the transmission parameters (Sy;) with regards to
the phase difference of two calibration elements, where it has
a resolution of 1°. Fig. 4 (c) shows the exemplary calibration
sequence in the horizontal scanning direction which is the most
basic sequence. Although there might be other faster calibra-
tion sequences like starting from the middle elements or scan-
ning diagonally, the horizontal scanning sequence is chosen
because it is the simplest algorithm. More importantly, this
paper is rather focused on verifying the new calibration hard-

|:| : Before calibration

(c)

- : Selected Ref. I:l : Unselected Ref.

(a) Simulation environment for the calibration and (b) x-y plane view. (c¢) Calibration sequence with a horizontal scanning

ware and method instead of optimizing the scanning time. In
Fig. 4 (¢), “fixed”, “calibrated”, “before calibration”, “‘selected
reference”, and “unselected reference” denote the antennas for
which magnitude and phase are referenced, the target antenna
for calibration, the uncalibrated antenna, the reference
antenna selected to find the correct null, and the unselected ref-
erence antenna, respectively. In the first step, antenna 1 (green
square) and antenna 2 (light green square) are calibrated
through reference 1 (orange square) using the proposed
method. In the second step, antenna 2 and antenna 3 are cal-
ibrated through reference 2. This method continues until the
last sequence. Once an initially selected two elements are com-
pared and calibrated, one of the two element remains as the
reference element to compare the next element. By doing so,
the phase variation among the phase shifters due to intrinsic
nature of active component can be also minimized.

Fig. 5 shows the simulated transmission characteristics of
the proposed 4 x 4 array. The free-space path loss of the pro-
posed method and the conventional REV are simulated
according to the phase imbalance between antenna 1 and
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Fig. 5 Simulation results of calibration with (a) each S,; by

phase difference of antenna 1 and antenna 2 after the REV
calibration and the proposed calibration. (b) the REV calibration
and (c) the proposed calibration results of all elements in an array
at 5.8 GHz.

antenna 2 as shown in Fig. 5 (a). The dynamic range of the cal-
ibration magnitude by the proposed method over the 60° phase
around the null is about 14 dB, whereas the conventional REV
shows a dynamic range of 0.5 dB around the maximum point.
According to the simulation, the proposed method shows a
13.5 dB higher resolution than the REV method. Since the
conventional REV has very small changes in S, per change
in phase near the maximum point, a small variation in phase
cannot be distinguished accurately based on the magnitude-
based method. However, the proposed method has a better
detectable resolution in terms of the distinct magnitude level
changes per small phase variation. That is, the proposed
method can significantly improve the calibration accuracy by
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Fig. 6 Comparative simulated results of normalized radiation
patterns after the REV and proposed calibration in (a) E-plane
and (b) H-plane at 5.8 GHz.
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monitoring only the magnitude behavior in the far-field cali-
bration. Further, since only an RF power detector is required
to monitor the received power for vector calibration, the sys-
tem complexity can be drastically lowered. Then, Fig. 5 (b)
and Fig. 5 (c) show the REV calibration and proposed calibra-
tion results for all elements in the 4 x 4 array initially having
the random phase variation among elements. Also, the simu-
lated radiation patterns of the 4 x 4 array with and without
calibration are presented in Fig. 6. The simulated peak gain
in E-plane is improved by 9.85 dB and 0.85 dB, respectively,
than without calibration and REV calibration, showing that
the proposed method in PAA has better performance than
the REV method. In H-plane, the simulated peak gain is
improved by 9.95 dB and 0.91 dB than without calibration
and REV calibration, respectively. An improvement by the
proposed calibration with high accuracy will reduce the num-
ber of arrays, or broaden device selection and provide a higher
signal-to-noise ratio (SNR). As an example in the practical
case, [30] designed 256 elements as a satellite transmitter. If

@ Control & Power Board

Micro Controller Unit

(MCU) Power Supply

the magnitude is increased by 0.85 dB using the proposed
method instead of the conventional REV method, it has the
effect of reducing 45 elements while maintaining the same per-
formance. This effect is greatly exerted in larger-scale PAAs.

3. Proposed calibration system design

The system design was carried out to validate the proposed cal-
ibration method. Fig. 7 (a) shows the overall system diagram,
including a pilot signal generation and received power detec-
tion T/Rx board, reconfigurable switch matrix, 16-channel
beamformer, 4 x 4 array antenna for calibration, 3 x 3 refer-
ence antenna, and switching board to control the reference
antenna array. Each block will be discussed in the following
individual subsections. Also, a software graphical user inter-
face (GUI) for automatic calibration control was implemented
by MATLAB and the Arduino microcontroller. Then, both
phase and magnitude deviations in the array was measured
and calibrated by different methods such as vector network
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(a) Auto-calibration system diagram for proposed method, REV, and non-calibration. Implemented board of (b) pilot calibration

signal T/Rx, (c) reconfigurable switch matrix, (d) 4 x 4 phased array antenna for test, (¢) 3 x 3 reference antenna with switching circuit, (f)

control and power.
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analyzer (VNA), auto-calibration based on the proposed
method, and the REV for accuracy comparison.

3.1. Pilot Signal T/Rx Board Design

Fig. 7 (b) shows the implemented pilot signal T/Rx board
where a calibration pilot signal is generated and received
power from the reference antenna is detected. Specifically,
the transmitter generates an RF signal through the voltage-
controlled oscillator (VCO) and controls output gains through
a variable gain amplifier (VGA). Also, the single-pole-double-
throw (SPDT) RF switch is used to switch and calibrate the
array antenna either in the transmission mode or reception
mode. The Tx port of the pilot signal T/Rx board is connected
to the following reconfigurable switch matrix. Also, the Rx
port is connected to the reference antenna switching board
to track the null magnitude. The received power is first band-
pass filtered to reject interferences and optionally amplified by
the VGA to compensate for the RF cable losses and satisfy the
dynamic range of the power detector. In other words, By using
an RF power detector that can sufficiently detect the minimum
power, the dynamic range to be received at the measurement
distance is satisfied. The output voltage of the power detector
is then connected to the microcontroller unit (MCU) for iden-
tifying the optimal calibration point and moving to the next
antenna elements.

3.2. Reconfigurable switch matrix board design

Since any two antenna elements could be selected for complete
and flexible calibration, a 1:2 reconfigurable switch operation
circuit was designed for the whole 16 antenna elements in
the exemplary 4 x 4 PAA as shown in Fig. 7 (¢). The switch
matrix board is configured by a Wilkinson divider, two SPDT
RF switches, one double-pole-double-throw (DPDT) RF
switch, and four single-pole-4-throw (SP4T). The divider first
divides the pilot signal into two signal paths and each signal
path can be connected to any one of the four SP4T switches
based on the path control by the two SPDTs and one DPDT.
Then, each SP4T can connect the divided pilot signal to any
one of the 16 antenna elements with beamforming chains.

3.3. 4 x 4 Phased array antenna

Fig. 7 (d) shows the implemented 16-channel phased array
beamformer and 4 x 4 patch antenna array at 5.8 GHz. The
beamformer board controls the phase and magnitude of each
RF chain in the PAA. Each chain consists of a 6-bit phase shif-
ter with 5.6° resolution, and a 6-bit attenuator with 0.5 dB res-
olution. Since the preceding switch matrix can select any two
RF chains, any pair of antenna elements can be compared with
the 180° phase difference by adjusting the phase shifters in the
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beamformer. Having the 180° phase difference as the ideal cal-
ibration reference, the phase and magnitude variation from the
reference will be the values to be compensated for calibration.
The proposed method purely varies the phase shifter so that it
is an opposite phase or 180° phase difference for minimum
power. If there is a phase difference from the first 180° at the
actual minimum power, since it is an actual phase difference
between antennas, calibration is performed to obtain the max-
imum power by compensating for the phase difference.

3.4. Reference antenna switching board and array antenna
design

Fig. 7 (e) shows the implemented 3 x 3 reference antenna with
a 1:9 switching circuit. The switching circuit was configured by
four single-pole-3-throw (SP3T) to change the reference
antenna to be in the proper far-field line-of-sight (LoS)
depending on the antenna elements in the PAA under calibra-
tion. That is, one of 9 possible reference antennas can be
selected for the 4 x 4 array calibration. If the N x N antenna
array were to be calibrated, then N-1 x N-1 reference array
would have been designed for the calibration.

3.5. MCU and power supply

Lastly, the MCU for auto-calibration of the proposed method
is designed as shown in Fig. 7 (f). The controller which is
Arduino Mega 2560 performs switch control and serial periph-
eral interface (SPI) communication selection control of cali-
bration system boards. In addition, the output voltage of the

Star

Variable Init
x=0

Auto Cal
Button on?

All Antennas
Turn-off

”
<

Y

The Last
Reference
Antenna?

Stop

RF power detector is read by the MCU. More details are desc-
tibed in the following section. For the operation of the auto-
calibration system, the switching mode power supply (SMPS)
supplies 24 V power.

4. Measurement

In this section, the phase and magnitude of the 4 x 4 PAA are
calibrated using the proposed calibration system implemented
in Section 3. Then, the proposed system is to be compared with
different calibration schemes such as manual calibration using
a vector network analyzer (VNA) and the conventional REV.
To efficiently control the proposed calibration system, Ardu-
ino Mega 2560-based controller for auto-calibration was
designed. Fig. 8 (a) shows the selected control block mapping
diagram. The switch control and SPI communication of the
proposed calibration system were performed using the digital
I/O interfaces. The SPI communication was used to control
the digital phase shifters and attenuators, while the output
voltage of the RF power detector was read through the
analog-to-digital converter (ADC). The test configuration is
shown in Fig. § (b), where the distance between the PAA under
calibration and the reference antenna was 700 mm satisfying
far-field at 5.8 GHz. Further, the entire calibration system
was controlled through the designed GUI as shown in Fig. 8
(c) through the UART function. Fig. 9 shows the calibration
algorithm based on the horizontal scanning sequence used in
the measurement.

Two antenna elements in the PAA under calibration and
one antenna element in the reference antennas were selected
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for Calibration
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¥
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Fig. 9  Algorithm of horizontal scanning direction for proposed auto-calibration.
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for calibration. The pilot signal T/Rx board generated the test
signal for any two antenna elements in the PAA through the
reconfigurable 16-channel switching matrix. Thus, 1 x 2
antenna radiation could be made by the two antenna elements
in the PAA. Next, the received RF power from the far-field
radiation to the reference antenna was fed to the pilot signal
T/Rx board. The RF power detector converted the power to
voltage and the values were stored in the buffer of the MCU
while varying the phase of the one antenna element in the
PAA from 0° to 360°. Then, the minimum value could be
found in the buffer, and the corresponding values were set into
the phase shifter and attenuators in the RF chains. The REV
method can also be available by finding the maximum value.
This cycle continued for the whole antenna element in the
PAA until the calibration sequence with the horizontal scan-
ning direction was completed. Finally, each antenna element
was set with the optimal magnitude and phase by adjusting
the phase shifter and attenuator in the corresponding RF
chain.

Fig. 10 (a) shows the measurement results of the proposed
method in comparison with the conventional REV method. It
is noted that the conventional method could be also conducted
by the proposed calibration system tacking the maximum mag-
nitude instead. According to the measured results, the received
magnitude dynamic range within the 60° phases of the pro-
posed and REV methods was approximately 22 dB and
1 dB, respectively. That is, higher calibration resolution and
accuracy could be possible with the proposed system because
the small phase deviation could be clearly detected by observ-
ing the distinct magnitude variation. Then, Fig. 10 (b) shows
the complete result after processing the proposed calibration
for the 4 x 4 PAA. All element pairs were calibrated with
respect to the null. Further, the calibration accuracy was ana-
lyzed by comparing the proposed method with the REV
method. Fig. 10 (c) shows the measured result of the calibra-
tions. The proposed calibration shows a maximum deviation
of 9.89° while the REV calibrations show a maximum devia-
tion of 54°. Thus, an outstanding calibration could be
observed by the proposed technique where the phase deviation
of each element was closest to 0° after the proposed calibra-
tion. As a result, the measured peak gain in E-plane is
improved by 9.28 dB and 0.87 dB as shown in Fig. 11, respec-
tively, than without calibration and REV calibration, showing
that the proposed method in PAA has better performance than
the REV method. In H-plane, the simulated peak gain is
improved by 9.46 dB and 0.76 dB than without calibration
and REV calibration, respectively. In addition, after REV cor-
rection, the beams were tilted by 3° and 4° occurred in the E-
plane and H-plane, respectively.

Both the conventional REV method and the proposed
method use a phase shifter with a finite resolution, which
causes quantization error. The quantization error of the pro-
posed method is affected by the bit of the phase shifter because
the maximum quantization error is half the phase shifter reso-
lution [31]. Larger errors do not occur by using different states
of the phase shifter. For example, the maximum errors of a 4-
bit phase shifter are no bigger than 11.25°. By the same prin-
ciple, a 6-bit phase shifter has a maximum error of 2.81°. In
this paper, a 6-bit phase shifter is selected and includes an error
of up to 2.81°. The same goes for the conventional REV
method.
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For factory calibration to generate reference LUT, yield is a
very important factor for which the accuracy per number of
tries should maintain high. Thus, to verify the yield of the pro-
posed method, 10 trials of the proposed calibration and the
REV were conducted and denoted by the arrows in Fig. 12.
The error ranges of the proposed calibration and the REV
method were 5.57° and 59.15°, respectively. That is, the error
range of the proposed method was reduced to 0.094 times com-
pared to the REV method, showing the excellent performance
of the proposed calibration with a very low-complexity system.
Even when the power detector receives a power lower than the

minimum detection power, the proposed method can be used
because the minimum power change with amplitude and phase
can be observed. In addition, if the minimum detection power
of the power detector has a lower minimum detection power,
the phase error of the proposed method can be further
reduced.

5. Conclusion

This paper proposed the new far-field calibration system that
could efficiently improve both accuracy and system complex-
ity. The proposed method was distinguished from the existing
far-field-based solutions by tracking the null magnitude of two
vector-sum elements in the array while the conventional REV-
based methods tracked the maximum magnitude. Then, the
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proposed method was verified by implementing a 4 x 4 cali-
bration system at 5.8 GHz and compared with the conven-
tional REV method. The proposed method showed a better
detection range per phase change corresponding to a 22 dB
higher resolution. Further, the proposed method showed the
phase deviation among the antenna elements within 9.89°
whereas the REV method showed the maximum phase devia-
tion of 54°. Lastly, to verify the reliability of the proposed sys-
tem, a total of 10 trials were repeated. The deviation of the
proposed system among each trial was 5.57° whereas the
REV method showed 59.15°. Thus, the proposed method can
be considered the efficient solution for a large-scale phased
array calibration system at the factory level to produce initial
LUT.
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