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This paper presents a phased array system (PAS) with built-in calibration to reduce cost and improve
the accuracy for vehicle-to-everything (V2X) communications. Unlike other high-complexity and high-cost
calibration methods, our proposed built-in calibration achieves a lower cost and low complexity by detecting
only the magnitude. Conventional built-in calibration uses a mixer, thus causing high power consumption and
high cost. However, our proposed built-in calibration method searches for the minimum of the vector-sum point
from the signal by sampled lines on-board, resulting in a higher accuracy. The vector-sum point goes to a
minimum when the phase and magnitude are in balance. Therefore, the phase and magnitude imbalance can be
easily monitored by controlling phase shifters and attenuators in PAS. To verify our proposed built-in calibration
in PAS, a T/Rx with four RF-chains and sampled lines was fabricated at 5.8 GHz. Its performance was then
demonstrated through simulated and measured results. Moreover, a communication performance evaluation
using an actual vehicle was performed both before and after calibration. As a result, we found that a signal

without distortion was transmitted after calibration.

1. Introduction

As interest in autonomous driving continues to grow, the demand
for vehicle-to-everything (V2X) communication has increased rapidly.
V2X communication is a crucial technique in modern transportation
systems and requires the use of phased array systems (PASs) to facilitate
communication [1]. These PASs are able to send and receive signals
from a moving vehicle while also receiving signals from other sources
that may also be in motion [2].

In V2X communication, PASs are employed to enhance efficiency
and transmission performance. A key factor in achieving this is the use
of beamforming techniques [3-7], whose performance is determined by
the radiation field characteristics generated by each antenna element
[8,9]. As such, it is imperative that the phase and magnitude of each
element are balanced or the radiation pattern of the PAS may be ad-
versely affected by an inappropriate side lobe. Therefore, calibration is
necessary to ensure efficient beamforming [10,11].

Several calibration methods for PASs have been researched, which
can broadly be divided into off-board and on-board types. In the off-
board type methods, the system or instrument is calibrated outside of
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the device using external equipment or tools. This includes far-field
or near-field calibration [12-20], which are based on monitoring the
maximum power received from the antenna at a far-field or near-field
reference point. Off-board types are suitable for calibrating factory de-
fault settings, not periodic calibration, because it requires a reference
antenna to measure the received power.

PASs used in vehicles not only require factory-level calibration but
also calibration after shipment. The performance of a PAS can change
over time due to variations in the temperature range inside a vehicle
[21,22]; thus, periodic calibration is necessary, making built-in cali-
bration of the on-board type necessary [23]. On-board calibration is
performed using peripheral fixed probes, mutual probes, or sampled
lines. The peripheral fixed probe method corrects errors by inserting
probes between antennas [12,24], while the mutual probe method can
correct errors without additional antennas [12,25-27]. However, the
two methods struggle to accurately distinguish signals from each radio
frequency (RF) chain; therefore, the algorithm becomes complicated
and the calibration accuracy is low. The sampled line method is sim-
ple to calibrate because the coupled signal is ideally identical across all
RF-chains [28-31].
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Fig. 1. Schematic diagram of on-board built-in calibration using sampled lines:
with a conventional (a) IQ mixer, (b) loopback scheme, and (c) proposed RF
detector.

Fig. 1 (a) and (b) show conventional built-in calibration methods
with sampled lines. In Fig. 1 (a), the beamforming transmitter and
receiver can calibrate by detecting the phase and amplitude of each RF-
chain using an IQ mixer [32-36]. However, it requires IQ mixers, which
cannot avoid IQ mismatch and power consumption. Fig. 1(b) shows the
form of a closed-loop of a transceiver and the IQ mixer replaced by
using a mixer [37,38]. For example, the phase and amplitude of the
2nd Rx RF-chain can be relatively compared for the 3rd Rx RF-chain
calibration with the 3rd Tx in operation. However, a mixer is still re-
quired, and RF paths for loop formation increase in complexity. Active
elements required in conventional methods increase power consump-
tion and cost. To solve this, a new built-in on-board type calibration
is needed. The aforementioned characteristics of state-of-the-art phased
arrays with the calibrations are summarized in Table 1.

In this study, we replace the mixer with an RF detector, as shown in
Fig. 1 (c), and propose built-in calibration by detecting only the magni-
tude. The use of RF detectors has a low cost because power consumption
is low and inexpensive. However, using only magnitude provides low
accuracy for calibration [20,39-43]. This is because the change in mag-
nitude is low near the maximum received power, making it difficult to
detect the change. We propose a new built-in calibration that improves
accuracy while simultaneously achieving a low cost.

The contributions of this paper are summarized as follows:

1. The proposed built-in calibration is based solely on a comparison
of the signal sampled by the main RF path in an on-board type as
shown in Fig. 1 (c). Therefore, it does not require an additional
reference antenna or detecting probe.

. The proposed method monitors only magnitude on-board, achiev-
ing a lower cost and higher accuracy using the minimum vector-
sum than the conventional method.

. The proposed system allows for periodic calibration after shipment
in addition to factory initial settings by configuring the calibration
in an on-board type method.

. To verify the proposed built-in calibration, beam patterns and com-
munication performance in vehicles are compared before and after
calibration.

Section 2 presents the proposed built-in calibration methodology,
including how to calibrate the phase and magnitude for low cost and
improved accuracy. In addition, the design of the proposed built-in
calibration is explained and simulation results comparing performance
before and after calibration are provided. In Section 3, the system con-
figuration and experimental environment are described and experimen-
tal results are compared before and after calibration. Finally, Section 4
presents the discussion and conclusion of this work.
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Table 1
Comparison of state-of-the-art phased arrays with calibration.
[20] [28] [38] This work
Method Far-field = Mutual Sampled Proposed
Probe Line
Periodicity X o (0]
Cost (6] o X
Efficiency
Accuracy Low Low High High

2. Proposed built-in calibration
2.1. Methodology

Fig. 1 shows the configuration of the antenna, amplifier, phase
shifter, and attenuation for each channel, where two arbitrarily selected
RF-chains with sampled lines are coupled and compared. When the
same magnitude (a) and phase (¢) are fed to two sampled lines, the
detected signal of the RF detector goes to the maximum. Contrarily,
the minimum (or null) is generated if the signal is fed to two sampled
lines with a 180° phase difference. The detected signal (sp) from p-th
and g-th RF-chains can be simply expressed by magnitude and phase as
follows:

Sp = cpgpape’jd’l’ + cngaqe’j‘ﬁq D

= ape_j¢/' + aqe_j¢4,

where ¢, g, a, a, and ¢ denote the coupling coefficient (a measure of
how much power is transferred between the main RF line and sampled
line), channel gain, attenuation level, magnitude, and phase by the RF-
chains, respectively. In the case of the conventional method, we simply
assume that ¢p = gbq = 0° in (1). (2) calculates the detected signal of
the conventional method to the maximum as

—qe /0 —j0 _
sp=a,e " tae =a,+a,. (2)

The proposed method is based on the detected signal, which com-
bines two selected antenna element signals with a 180° phase differ-
ence. Therefore, in the case of the proposed method, simply assume
that ¢, = ¢, + 7 and ¢, = 0° in (1). The detected signal goes to null
where the magnitude of the arbitrary signals is the same in (3):

3)

To design this, we have the sampled lines with a 180° phase dif-
ference in front of the RF detector, as shown in Fig. 1 (c). Then, the
detected signal in the RF detector has the minimum values, as shown in
(3.

When there is phase and magnitude imbalance, the change (AS})
of Sp (log scale of sp) means the accuracy of the calibration. This is
because it is difficult to detect if the change in .S}, is small when it is
imbalanced, so the accuracy of calibration is inevitably low. Assume
a,=a, =1, and ¢, =0. Then, the phase imbalance (|¢, — ¢,|) with ¢,
as a variable is expressed. AS (@) is expressed as (4):

a,—«

— —Jjo —jr _
sp=ae U+ e =a,—a,

ASp(@y) = Sp(d,) — Sp(d, — Ad), @

where A¢ means the amount of phase change and A¢ = 1° in this
paper. The magnitude imbalance can also be analyzed in the same
way. Assume ¢, = ¢, =0, and a,=1. Then, the magnitude imbalance
(la, — a,|) with @, as a variable is expressed. ASp(a,) is expressed as

(5):
(5)

where A« is the magnitude change, and in this paper, Aa = 0.01. Cal-
ibration is the process of comparing a reference element and adjusting

ASD(aq) = SD(a:q) - SD(aq - Aa),
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Fig. 2. Comparison of detected signals and changes between the conventional
and the proposed method using the magnitude of two RF-chains: (a) phase im-
balance and (b) magnitude imbalance. (c) Null depth by magnitude imbalance.
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for balance. When the change (AS ) near a goal point between the ref-
erence and comparison elements is small and cannot be observed, high
sensitivity is required to detect the change as shown in Fig. 2. Con-
versely, if the change (ASp) around the goal point is large, accurate
calibration is possible. Thus, calibration for maximum directivity gain,
as shown in Fig. 1 (¢), is more difficult than monitoring the minimum
(or null). The proposed method based on the conventional method uti-
lizes a minimum point to improve accuracy. The purpose of the phased
array calibration is that the phase and magnitude of the arbitrary signals
are well balanced; thus, the imbalances are easily detected by tracking
the minimum from the proposed built-in calibration, as shown in Fig. 2.

The calibration of phase and magnitude is divided into two steps.
Firstly, when calibrating two RF-chains, the RF-chains are divided into
a reference role and a swept role. In a swept RF-chain, the phase is
compared with the phase of the reference RF-chain as it travels from 0
degrees to 360 degrees. As shown in Fig. 2 (a), the conventional method
shows little change in AS, near the target phase imbalance of 0 degree;
therefore, fine calibration is difficult. However, the proposed method
has a large ASp near the target phase imbalance of 0 degree so fine
calibration can be carried out. Phase balance can ultimately be found
by measuring null according to the phase change, as shown in Fig. 2 (a).
Next, the magnitude balance can easily be found once the phase errors
are diagnosed. Thus, the magnitude of attenuation is controlled to deter-
mine the magnitude imbalance. The magnitude balance can be decided
when null goes to a minimum according to magnitude change, as shown
in Fig. 2 (b). In other words, as shown in Fig. 2 (c), the depth of the min-
imum value (or null) changes in the detected signals by 10 magnitude
imbalances. The proposed calibration method can distinguish and cali-
brate imbalances in the phase and magnitude through the location and
depth of the null. After phase calibration, the .S, change for magnitude
imbalances is larger in the proposed method than in the conventional
method; therefore, fine calibration can be carried out. The reason for
guiding this process is that if the phase imbalance is excessively large
(e.g. 50 degree), adjusting the attenuator will not significantly change
the detected signal. During phase calibration, we do not leave as much
as 50 degrees of phase imbalance. In the case of a 6-bit phase shifter, a
maximum of 5.625 degrees of phase imbalance can occur. Unlike con-
ventional methods, our proposed method can be performed with only
the detected magnitude. In this way, the proposed method has an RF
power detector instead of an additional detecting antenna or probe, or
mixers. Therefore, the proposed built-in calibration has low cost and
improved accuracy.

2.2. Design of built-in calibration

In Fig. 3, the PAS with the proposed built-in calibration consists of
three zones: the RF driver, T/Rx beamforming chain, and detection &
calibration. The RF drivers are designed to adjust the power level in
both the transmitter and receiver modes. The RF signal output is trans-
mitted through the RF divider to the beamforming chains in transmitter
mode. Contrarily, the RF signal input is received from the RF combiner
in receiver mode. The T/Rx beamforming chains consist of attenuators
and phase shifters which cause errors in the PAS. When the balance of
the signal fed to each antenna element is distorted, the radiation pat-
tern of the phased array antenna is declined such as an unnecessary
side-lobe. To address these issues, we propose the built-in calibration in
PAS.

The proposed PAS is designed to operate in transmitter mode and
receiver mode by the switch operation. The zone of detection and cal-
ibration is configured with switches, and sampled lines, which have a
180° phase difference (= A4/2). The switches are adopted to select the
operation mode and calibration paths. Fig. 3 shows the proposed op-
erations in both the transmitter and receiver modes. For example, if
the switches connect the transmitter path of antenna 2 and antenna 4,
the two signals are compared on-board. Because the signals are given
through the sampled lines, there is an advantage that the main signal
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Fig. 3. Diagram in transmitter mode and receiver mode of the proposed built-in calibration. For example, antennas 2 and 4 in transmitter mode, and antennas 1 and
3 in receiver mode are calibrating on-board.
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Fig. 4. (a) Measurement environment before and after the proposed built-in calibration. (b) Implementation of a 1x4 phased array antenna and PAS board with an
MCU. (c) Detailed view of the PAS board with the proposed built-in calibration. Measured results of the (d) transmission coefficients and phase. The output voltage
of the RF detector according to the (e) phase and (f) magnitude imbalance.

does not have a significant effect. The two signals are compared with a chains, then it does not significantly affect the overall communication
phase difference of 180°, and null is generated in the absence of an er- efficiency. Finally, the RF power detector was used to diagnose the posi-
ror. Also, if the receiver path of antenna 1 and antenna 3 is calibrating, tion and depth of the null. The detector was selected in consideration of
the reference Rx signal is injected through the switch and two sampled the dynamic range, and it receives an RF signal from the sampled lines
lines. If the signals are coupled through the sampled lines after RF- and converts that into a voltage output. Also, the output is converted
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Fig. 5. The simulated and measured radiation patterns of 1x4 phased array
antenna without and with the proposed calibration in the (a) E-plane and (b)
H-plane.

through an analog-to-digital converter (ADC) and the output is moni-
tored as a digital signal. Based on the digital signal, the microcontroller
unit (MCU) performs phase and magnitude adjustment for calibration
through serial peripheral interface (SPI) communication.

3. Experimental validation

The proposed built-in calibration in PAS was fabricated to simply
verify the performance in transmitter mode, as shown in Fig. 4. A 1x4
phased array antenna was implemented with Taconic TLX-9 substrates
having a dielectric constant of 2.5 and loss tangent of 0.0019. Here, the
ground plane was 136 x 60 mm?, corresponding to 2.63 4y X 1.16 A
at 5.8 GHz. Also, A PAS board was separately fabricated with differ-
ent substrates, which is the Taconic RF-35 substrate having a dielectric
constant of 3.5 and loss tangent of 0.0018. Fig. 4 (a) shows the measure-
ment environment for comparing before and after calibration using the
proposed built-in calibration, where An anechoic chamber and a refer-
ence horn antenna were used. Fig. 4 (b) shows the 1x4 phased array
antenna for the beam pattern comparison, PAS board, and MCU for the
control. Fig. 4 (c) provides a detailed view of the top and bottom lay-
ers on the PAS board with the proposed built-in calibration, where RF
outputs 1-4, RF common, SP4T, divider/combiner, T/RF beamforming
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chains, power detector, and a 180° phase difference sampled line are
described.

The PAS board was composed of a one-board by arranging the
transmission/reception unit including the beamformer and the built-
in calibration unit on the top and bottom layer, respectively. Therefore,
compared to existing beamformers, the overall size of the board is the
same even though the proposed built-in calibration function is included.
The proposed architecture uses a Wilkinson Divider with good isolation
characteristics between paths to be less affected by the leakage signal
and perform accurate calibration. In addition, since only a few signals
are sampled by using a directional coupler for built-in calibration, there
is no significant effect on the transceiver signal. The entire integrated
circuit (IC) is controlled by utilizing SPI communication (SPI Interface)
to reduce the number of pins compared to the IC to be controlled be-
tween the PAS board and the MCU. When controlling the phase shifter
and attenuator of the beamformer, it is designed to sequentially adjust
and calibrate each IC element. Therefore, in this study, the MCU can be
used to adjust the switch to determine the overall T/Rx mode, adjust
the switch to select the antenna path, and read the signal of the power
detector that passed through the ADC.

To verify the proposed built-in calibration, an RF-generated source
of 0 dBm was fed to the RF common port. The measured transmission
coefficients of the PAS are shown in Fig. 4 (d). Then, the measured
transmission coefficients of the RF common to RF 1, 2, 3, and 4 were
-15.0 dB, -15.2 dB, -15.2 dB, and -15.6 dB at 5.8 GHz, respectively. In
addition, the measured phase of the two sampled lines is shown in Fig. 4
(d) as 181° at 5.8 GHz. Thus, the sampled lines were well fabricated at
the center frequency because the ideal phase difference was designed as
180°. The output voltage was measured by the RF detector, as shown in
Fig. 4 (e) and (f). The RF detector (LTC5582) was adopted with a wide
dynamic range of 59 dB, which is within the +1 dB linearity error.
The minimum of the output voltage, which was combined with two 10-
dB sampled signals from the main source, was the phase imbalance as
shown in Fig. 4 (e).

In this paper, our proposed built-in calibration method was tested
with four cases. The RF-chain of RF 1 can be compared with the RF-
chains of RF 3 and 4. Similarly, the RF-chain of RF 2 can be compared
with the RF-chains of RF 3 and 4. Ideal theoretical values with open
square symbols can be compared with the measured values with imbal-
ance. The measured phase imbalance of RF 1 - RF 3, RF 2 - RF 3, RF 1
- RF 4, and RF 2 - RF 4 were 10.51°, 1.12°, 13.04°, and 7.95°, respec-
tively, which were the minimum point. The magnitude imbalance was
tested in the same cases. The measured magnitude imbalances of RF 1
-RF 3, RF2-RF 3, RF 1 - RF 4, and RF 2 - RF 4 were 0.023, 0.006,
0.067, and 0.045, respectively. Errors in different states of the phase
shifter and attenuator were compensated in advance. Finally, after the
phase and magnitude imbalance was calibrated, the radiation pattern of
the 1x4 phased array antenna was simulated and measured, as shown
in Fig. 5. To verify the proposed built-in calibration in PAS, a 1x4
phased array antenna was simulated with the proposed calibration by
the EM simulator (CST Studio Suite 2022). The imbalance signals of the
implemented PAS board were fed to each antenna element without cal-
ibration, which then caused an abnormal radiation pattern. Conversely,
the balance signals were fed with the proposed calibration; thus, an ef-
fective radiation pattern was generated. Also, the simulated radiation
patterns of the H-plane without and with calibration are showed in
Fig. 5 (b). The balanced radiation pattern was generated through the
proposed calibration, and the measured results are in good agreement
with the simulation results. The proposed calibration does not require
a mixer and shows good performance at low cost.

Our built-in calibration for V2X communication was tested on an
actual vehicle, as shown in Fig. 6. The PAS with the proposed built-in
calibration was mounted inside the vehicle and its communication per-
formance with a horn antenna outside the vehicle was tested, as shown
in Fig. 6 (a). A PC (Samsung ATIV Book 9) calibrates the PAS board and
controls the MCU for testing communication performance in the cen-
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Fig. 6. (a) Photograph of the PAS with built-in calibration and experiment set up inside and outside a car. (b) Measured constellations and EVM versus center, +30
degree, and -30 degree directions from PAS for 64-QAM and 256-QAM before and after calibration.

ter, +30 degrees, and -30 degrees directions from the PAS. A USRP (NI
2954R) was used for the signal modulation, such as 64-QAM and 256-
QAM with a sampling rate of 1M, 8 samples per symbol, and a symbol
rate of 125k. The communication performance was tested before and
after calibration, as shown in Fig. 6 (b), and as a result, a slight increase
in error vector magnitude (EVM) was observed at the +30 degrees di-
rections, and higher order such as 64-QAM to 256-QAM showed high
distorted constellations before calibration. We can verify that the pro-
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posed built-in calibration in PAS is useful for V2X communication. This
guarantees PAS performance not only through factory default settings
but also through periodic calibration when used in actual vehicles.

4. Conclusion

In this paper, a new built-in calibration in PAS for low cost and im-
proved accuracy was proposed and verified at 5.8 GHz. In the proposed
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built-in calibration, the process of detection and calibration is added
for monitoring both phase and magnitude imbalances. The proposed
method is both low complexity and low cost because it operates by de-
tecting only the magnitude. Moreover, the proposed built-in calibration
is based only on the sampled signal from the main source; therefore,
no additional reference antenna or probe is required. Calibration can
therefore be performed not only at factory default settings but also with
periodic built-in calibration in actual vehicles. The proposed method
uses minimum vector-sum tracking to improve accuracy, and showed
good performance in a theoretical analysis. In addition, in vehicle ex-
periments for V2X communication, the proposed built-in calibration
delivered high-order modulated signals without distortion. Therefore,
the proposed built-in calibration can be considered as a future solution
for V2X communication applications.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This research was supported in part by Institute for Information
and Communications Technology Promotion (IITP) grant funded by the
Korea government (MSIP) [2021-0-00151, A Development of W band
Chirp Radar RFIC for Level Sensor], and in part by Korea Institute for
Advancement of Technology (KIAT) grant funded by the Korea Govern-
ment (MOTIE) (P0017011, HRD Program for Industrial Innovation).

References

[1] M. Kamran Ishfaq, et al., Compact wide-angle scanning multibeam antenna array
for V2X communications, IEEE Antennas Wirel. Propag. Lett. 20 (11) (Nov. 2021)
2141-2145, https://doi.org/10.1109/LAWP.2021.3100349.

J.-W. Kim, et al., Wide-angle scanning phased-array system using arc-shorted half
elliptic elements, J. Electromagn. Waves Appl. 36 (Aug 2022) 261-271.

H.-J. Dong, Y.-B. Kim, J. Joung, H.L. Lee, High gain and low-profile stacked
magneto-electric dipole antenna for phased array beamforming, IEEE Access 8 (Sep.
2020) 180295-180304.

B. Liu, J. Liu, N. Kato, Optimal beamformer design for millimeter wave dual-
functional radar-communication based V2X systems, I[EEE J. Sel. Areas Commun.
40 (10) (Oct. 2022) 2980-2993.

H.-J. Dong, Y.-B. Kim, H.L. Lee, Reconfigurable quad-polarization switched beam-
forming antenna with crossed inverted-V array and dual-Butler matrix, IEEE Trans.
Antennas Propag. 70 (4) (Apr. 2022) 2708-2716.

Y.-B. Kim, H.-J. Dong, K.-S. Kim, H.L. Lee, Compact planar multipole antenna
for scalable wide beamwidth and bandwidth characteristics, IEEE Trans. Antennas
Propag. 68 (5) (May 2020) 3433-3442.

[7] Y.-B. Kim, S. Lim, H.L. Lee, Electrically conformal antenna array with planar
multipole structure for 2-D wide angle beam steering, IEEE Access 8 (2020)
157261-157269.

[8] C. Balanis, Antenna Theory: Analysis and Design, Wiley, 2012.

[9] S. Kim, H.-W. Jo, J.-W. Kim, J.-I. Oh, J.-W. Yu, B. Ahn, Curved-retrodirective beam-
forming system to improve microwave power transmission efficiency in the Fresnel
region, IEEE Int. Things J. (2023).

[10] C. Fulton, M. Yeary, D. Thompson, J. Lake, A. Mitchell, Digital phased arrays: chal-
lenges and opportunities, Proc. IEEE 104 (3) (March 2016) 487-503.

[11] C. Fulton, et al., Cylindrical polarimetric phased array radar: beamforming and cal-

ibration for weather applications, IEEE Trans. Geosci. Remote Sens. 55 (5) (May

2017) 2827-2841.

1. Seker, Calibration methods for phased array radars, Proc. SPIE 8714 (2013).

P.I. Muntianu, O. Breinbjerg, A 60 GHz first-order dual-port probe for spherical

near-field antenna measurements, IEEE Antennas Wirel. Propag. Lett. 19 (9) (Sept.

2020) 1467-1470.

J.K. Mulcahey, M.G. Sarcione, Calibration and diagnostics of the THAAD solid state

phased array in a planar nearfield facility, in: Proc. Int. Symp. on Phased Array

Systems and Technology, 1996, pp. 322-326.

S. Mano, T. Katagi, A method for measuring amplitude and phase of each radiating

element of a phased array antenna, Electron. Commun. Jpn. (1982) 58-64.

C.-N. Hu, A novel method for calibrating deployed active antenna arrays, IEEE

Trans. Antennas Propag. 63 (4) (Apr. 2015) 1650-1657.

[17] E. Sippel, M. Lipka, J. Gei}, M. Hehn, M. Vossiek, In-situ calibration of antenna
arrays within wireless locating systems, IEEE Trans. Antennas Propag. 68 (4) (Apr.
2020) 2832-2841.

(2]

[3]

[4]

[5]

[6]

[12]
[13]

[14]

[15]

[16]

590

Alexandria Engineering Journal 86 (2024) 584-590

[18] L. Kong, X. Xu, Calibration of a polarimetric MIMO array with Horn elements
for near-field measurement, IEEE Trans. Antennas Propag. 68 (6) (Jun. 2020)
4489-4501.

[19] Y. Cao, A.B. Ayed, J. Xia, S. Boumaiza, Uniformly distributed near-field probing
array for enhancing the performance of 5G millimeter-wave beamforming transmit-
ters, IEEE Microw. Wirel. Compon. Lett. 31 (6) (Jun. 2021) 823-826.

[20] H.-J. Yoon, B.-W. Min, Improved rotating-element electric-field vector method for
fast far-field phased array calibration, IEEE Trans. Antennas Propag. 69 (11) (Nov.
2021) 8021-8026.

[21] Y. Wang, et al., Effect of temperature on electromagnetic performance of active
phased array antenna, Electronics 9 (July 2020).

[22] A. Tsuchiya, H. Sugama, N. Hidaka, K. Miyamoto, S. Tsujino, O. Hashimoto, Temper-
ature dependence of complex permittivity for polyimide film used in flexible printed
circuit in microwave band, in: 2011 International Conference on Electromagnetics
in Advanced Applications, Turin, Italy, 2011, pp. 417-420.

[23] T. Takahashi, N. Nakamoto, M. Ohtsuka, T. Aoki, Y. Konishi, I. Chiba, M. Yajima,
On-board calibration methods for mechanical distortions of satellite phased array
antennas, IEEE Trans. Antennas Propag. 60 (3) (Mar. 2012) 1362-1372.

[24] S.C. Chae, H.W. Jo, J.I. Oh, G. Kim, J.W. Yu, Coupler integrated microstrip patch
linear phased array for self-calibration, IEEE Antennas Wirel. Propag. Lett. 19 (9)
(Sept. 2020) 1615-1619.

[25] H. Steyskal, J.S. Herd, Mutual coupling compensation in small array antennas, IEEE
Trans. Antennas Propag. 38 (12) (Dec. 1990) 1971-1975.

[26] H.M. Aumann, A.J. Fenn, F.G. Willwerth, Phased array antenna calibration and pat-

tern prediction using mutual coupling measurements, IEEE Trans. Antennas Propag.

37 (7) (1989) 844-850.

A. Nafe, K. Kibaroglu, M. Sayginer, G.M. Rebeiz, An in-situ self-test and self-

calibration technique utilizing antenna mutual coupling for 5G multi-beam

TRX phased arrays, in: 2019 IEEE MTT-S Int. Microw. Symp. (IMS), 2019,

pp. 1229-1232.

J. del Castillo, S. Sénchez, R. de Porras, A. Pedreira, J.R. Larrafiaga, L-band digital

array radar demonstrator for next generation multichannel SAR systems, IEEE J. Sel.

Top. Appl. Earth Obs. Remote Sens. 8 (11) (Nov. 2015) 5007-5014.

[29] Kuan-Min Lee, Ruey-Shi Chu, Sien-Chang Liu, A built-in performance-
monitoring/fault isolation and correction (PM/FIC) system for active phased-array
antennas, IEEE Trans. Antennas Propag. 41 (11) (Nov. 1993) 1530-1540.

[30] O.Inac, D. Shin, G.M. Rebeiz, A phased array RFIC with built-in self-test capabilities,
IEEE Trans. Microw. Theory Tech. 60 (1) (Jan. 2012) 139-148.

[31] S.Y. Kim, O. Inac, C.-Y. Kim, D. Shin, G.M. Rebeiz, A 76-84-GHz 16-element phased-
array receiver with a chip-level built-in self-test system, IEEE Trans. Microw. Theory
Tech. 61 (8) (Aug. 2013) 3083-3098.

[32] T. Kanar, G.M. Rebeiz, A 2-15 GHz built-in-self-test system for wide-band phased
arrays using self-correcting 8-state I/Q mixers, in: 2016 IEEE MTT-S International
Microwave Symposium (IMS), San Francisco, CA, USA, 2016, pp. 1-4.

[33] S.Y. Kim, O. Inac, C.-Y. Kim, G.M. Rebeiz, A 76-84 GHz 16-element phased array
receiver with a chip-level built-in-self-test system, in: 2012 IEEE Radio Frequency
Integrated Circuits Symposium, Montreal, QC, Canada, 2012, pp. 127-130.

[34] O. Inac, F. Golcuk, T. Kanar, G.M. Rebeiz, A 90-100-GHz phased-array transmit/re-
ceive silicon RFIC module with built-in self-test, IEEE Trans. Microw. Theory Tech.
61 (10) (Oct. 2013) 3774-3782.

[35] D. Chen, et al., A Ku-band 8-element phased-array transmitter with built-in-self-
test capability, in: 2018 IEEE/MTT-S International Microwave Symposium - IMS,
Philadelphia, PA, USA, 2018, pp. 610-612.

[36] Y. Yu, et al., A Ku-band eight-element phased-array transmitter with built-in self-test
capability in 180-nm CMOS technology, IEEE Trans. Very Large Scale Integr. (VLSI)
Syst. 30 (6) (June 2022) 694-705.

[37] Y. Wang, et al., A 39-GHz 64-element phased-array transceiver with built-in phase
and amplitude calibrations for large-array 5G NR in 65-nm CMOS, IEEE J. Solid-
State Circuits 55 (5) (May 2020) 1249-1269.

[38] S. Zeinolabedinzadeh, et al., A W-band SiGe transceiver with built-in self-test, in:
2019 IEEE 19th Topical Meeting on Silicon Monolithic Integrated Circuits in RF
Systems (SiRF), Orlando, FL, USA, 2019, pp. 1-4.

[39] T. Takahashi, Y. Konishi, I. Chiba, A novel amplitude-only measurement method
to determine element fields in phased arrays, IEEE Trans. Antennas Propag. 60 (7)
(Jul. 2012) 3222-3230.

[40] R. Long, J. Ouyang, F. Yang, W. Han, L. Zhou, Fast amplitude-only measurement
method for phased array calibration, IEEE Trans. Antennas Propag. 65 (4) (Apr.
2017) 1815-1822.

[41] Z. Wang, F. Zhang, H. Gao, O. Franek, G.F. Pedersen, W. Fan, Over-the-air array
calibration of mmWave phased array in beam-steering mode based on measured
complex signals, IEEE Trans. Antennas Propag. 69 (11) (Nov. 2021) 7876-7888.

[42] T. Takahashi, Y. Konishi, S. Makino, H. Ohmine, H. Nakaguro, Fast measurement
technique for phased array calibration, IEEE Trans. Antennas Propag. 56 (7) (July
2008) 1888-1899.

[43] S. Kim, H.-J. Dong, J.-W. Yu, H.L. Lee, Phased array calibration system with high
accuracy and low complexity, Alex. Eng. J. 69 (Apr. 2023) 759-770.

[27]

[28]


https://doi.org/10.1109/LAWP.2021.3100349
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC81E728D9D4C2F636F067F89CC14862Cs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC81E728D9D4C2F636F067F89CC14862Cs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibECCBC87E4B5CE2FE28308FD9F2A7BAF3s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibECCBC87E4B5CE2FE28308FD9F2A7BAF3s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibECCBC87E4B5CE2FE28308FD9F2A7BAF3s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA87FF679A2F3E71D9181A67B7542122Cs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA87FF679A2F3E71D9181A67B7542122Cs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA87FF679A2F3E71D9181A67B7542122Cs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibE4DA3B7FBBCE2345D7772B0674A318D5s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibE4DA3B7FBBCE2345D7772B0674A318D5s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibE4DA3B7FBBCE2345D7772B0674A318D5s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1679091C5A880FAF6FB5E6087EB1B2DCs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1679091C5A880FAF6FB5E6087EB1B2DCs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1679091C5A880FAF6FB5E6087EB1B2DCs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib8F14E45FCEEA167A5A36DEDD4BEA2543s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib8F14E45FCEEA167A5A36DEDD4BEA2543s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib8F14E45FCEEA167A5A36DEDD4BEA2543s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC9F0F895FB98AB9159F51FD0297E236Ds1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib45C48CCE2E2D7FBDEA1AFC51C7C6AD26s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib45C48CCE2E2D7FBDEA1AFC51C7C6AD26s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib45C48CCE2E2D7FBDEA1AFC51C7C6AD26s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibD3D9446802A44259755D38E6D163E820s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibD3D9446802A44259755D38E6D163E820s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6512BD43D9CAA6E02C990B0A82652DCAs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6512BD43D9CAA6E02C990B0A82652DCAs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6512BD43D9CAA6E02C990B0A82652DCAs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC20AD4D76FE97759AA27A0C99BFF6710s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC51CE410C124A10E0DB5E4B97FC2AF39s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC51CE410C124A10E0DB5E4B97FC2AF39s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC51CE410C124A10E0DB5E4B97FC2AF39s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibAAB3238922BCC25A6F606EB525FFDC56s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibAAB3238922BCC25A6F606EB525FFDC56s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibAAB3238922BCC25A6F606EB525FFDC56s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib9BF31C7FF062936A96D3C8BD1F8F2FF3s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib9BF31C7FF062936A96D3C8BD1F8F2FF3s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC74D97B01EAE257E44AA9D5BADE97BAFs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC74D97B01EAE257E44AA9D5BADE97BAFs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib70EFDF2EC9B086079795C442636B55FBs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib70EFDF2EC9B086079795C442636B55FBs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib70EFDF2EC9B086079795C442636B55FBs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6F4922F45568161A8CDF4AD2299F6D23s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6F4922F45568161A8CDF4AD2299F6D23s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6F4922F45568161A8CDF4AD2299F6D23s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1F0E3DAD99908345F7439F8FFABDFFC4s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1F0E3DAD99908345F7439F8FFABDFFC4s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1F0E3DAD99908345F7439F8FFABDFFC4s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib98F13708210194C475687BE6106A3B84s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib98F13708210194C475687BE6106A3B84s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib98F13708210194C475687BE6106A3B84s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib3C59DC048E8850243BE8079A5C74D079s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib3C59DC048E8850243BE8079A5C74D079s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibB6D767D2F8ED5D21A44B0E5886680CB9s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibB6D767D2F8ED5D21A44B0E5886680CB9s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibB6D767D2F8ED5D21A44B0E5886680CB9s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibB6D767D2F8ED5D21A44B0E5886680CB9s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib37693CFC748049E45D87B8C7D8B9AACDs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib37693CFC748049E45D87B8C7D8B9AACDs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib37693CFC748049E45D87B8C7D8B9AACDs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1FF1DE774005F8DA13F42943881C655Fs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1FF1DE774005F8DA13F42943881C655Fs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1FF1DE774005F8DA13F42943881C655Fs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib8E296A067A37563370DED05F5A3BF3ECs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib8E296A067A37563370DED05F5A3BF3ECs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib4E732CED3463D06DE0CA9A15B6153677s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib4E732CED3463D06DE0CA9A15B6153677s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib4E732CED3463D06DE0CA9A15B6153677s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib02E74F10E0327AD868D138F2B4FDD6F0s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib02E74F10E0327AD868D138F2B4FDD6F0s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib02E74F10E0327AD868D138F2B4FDD6F0s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib02E74F10E0327AD868D138F2B4FDD6F0s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib33E75FF09DD601BBE69F351039152189s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib33E75FF09DD601BBE69F351039152189s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib33E75FF09DD601BBE69F351039152189s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6EA9AB1BAA0EFB9E19094440C317E21Bs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6EA9AB1BAA0EFB9E19094440C317E21Bs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6EA9AB1BAA0EFB9E19094440C317E21Bs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib34173CB38F07F89DDBEBC2AC9128303Fs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib34173CB38F07F89DDBEBC2AC9128303Fs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC16A5320FA475530D9583C34FD356EF5s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC16A5320FA475530D9583C34FD356EF5s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibC16A5320FA475530D9583C34FD356EF5s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6364D3F0F495B6AB9DCF8D3B5C6E0B01s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6364D3F0F495B6AB9DCF8D3B5C6E0B01s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib6364D3F0F495B6AB9DCF8D3B5C6E0B01s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib182BE0C5CDCD5072BB1864CDEE4D3D6Es1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib182BE0C5CDCD5072BB1864CDEE4D3D6Es1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib182BE0C5CDCD5072BB1864CDEE4D3D6Es1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibE369853DF766FA44E1ED0FF613F563BDs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibE369853DF766FA44E1ED0FF613F563BDs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibE369853DF766FA44E1ED0FF613F563BDs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1C383CD30B7C298AB50293ADFECB7B18s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1C383CD30B7C298AB50293ADFECB7B18s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib1C383CD30B7C298AB50293ADFECB7B18s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib19CA14E7EA6328A42E0EB13D585E4C22s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib19CA14E7EA6328A42E0EB13D585E4C22s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib19CA14E7EA6328A42E0EB13D585E4C22s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA5BFC9E07964F8DDDEB95FC584CD965Ds1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA5BFC9E07964F8DDDEB95FC584CD965Ds1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA5BFC9E07964F8DDDEB95FC584CD965Ds1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA5771BCE93E200C36F7CD9DFD0E5DEAAs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA5771BCE93E200C36F7CD9DFD0E5DEAAs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA5771BCE93E200C36F7CD9DFD0E5DEAAs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibD67D8AB4F4C10BF22AA353E27879133Cs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibD67D8AB4F4C10BF22AA353E27879133Cs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibD67D8AB4F4C10BF22AA353E27879133Cs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibD645920E395FEDAD7BBBED0ECA3FE2E0s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibD645920E395FEDAD7BBBED0ECA3FE2E0s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibD645920E395FEDAD7BBBED0ECA3FE2E0s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib3416A75F4CEA9109507CACD8E2F2AEFCs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib3416A75F4CEA9109507CACD8E2F2AEFCs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib3416A75F4CEA9109507CACD8E2F2AEFCs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA1D0C6E83F027327D8461063F4AC58A6s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA1D0C6E83F027327D8461063F4AC58A6s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bibA1D0C6E83F027327D8461063F4AC58A6s1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib17E62166FC8586DFA4D1BC0E1742C08Bs1
http://refhub.elsevier.com/S1110-0168(23)01110-9/bib17E62166FC8586DFA4D1BC0E1742C08Bs1

	Cost-effective and highly accurate antenna with built-in calibration for V2X communications
	1 Introduction
	2 Proposed built-in calibration
	2.1 Methodology
	2.2 Design of built-in calibration

	3 Experimental validation
	4 Conclusion
	Declaration of competing interest
	Acknowledgements
	References


