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Abstract—This article introduces a new over-the-air calibration
method for millimeter wave phased arrays. Our method leverages
the channel estimation process which is a fundamental part of
any wireless communication system. By performing the channel
estimation while changing the phase of an antenna element, the
response of the element is obtained. Unlike prior work, our
method includes all the system components and thus, spans
the full chain. By overriding channel estimation, no additional
circuits are required, and online calibration is possible without
pausing the communication process. We tested our method on
an eight-element-phased array at 24dGHz which we designed and
fabricated in PCB for verification.

Index Terms—Phased Array, Millimeter Wave, Calibration,
Beamforming, Over-the-air measurement

I. INTRODUCTION

The surge of IoT and mobile devices has led to an explosive
increase in demand for wireless bandwidth. This prompted
the FCC to open multi-GHz of both license and unlicensed
spectrum in the millimeter wave (mmWave) frequency bands
above 24 GHz [1]. Millimeter wave is expected to deliver
wireless link at fiber-like speeds of multi-Gbps and will play a
central role in 5G cellular networks and future wireless LANS.
However, mmWave signals attenuate quickly with distance.
Hence, mmWave radios need to use directional antennas to
focus the signal power and extend the range.

Phased arrays play a key role for directionality in mmWave.
Substantial path loss at mmWave is compensated by the high
directionality of phased arrays. Phased arrays allow us to
electronically steer the direction of the beam in real-time
in order to accommodate mobility and adapt to dynamic
environments. A phased array works by changing the phase of
the signal on each antenna element using a phase shifter. The
phase shifter values are chosen in order to align the phase of
the signals in a given direction # to sum up constructively and
beamform the signal towards 6.

However, mmWave phased arrays are extremely sensitive
to small offsets due to the very small wavelength. Process
variation and RMS phase error of the phase shifters can
easily degrade the performance. Nanoscale CMOS transistors
operating at mmWave frequency are more susceptible to
long-term electrical-stress [2]. Temperature drifts also induce
reliability degradations of the phase shifting [3]. The phased
array without correcting these offsets and errors can beamform
the signal in many directions. The poor beamforming limits
the gain of the array and the performance of the mmWave
system as well as interferes in other directions. Fig. 1 shows
an example of the beam pattern of an 8 element phased array
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Fig. 1. Phased array beam pattern when directed towards 100° (a) before
and (b) after calibration.

operating at 24 GHz before and after calibration. Without
calibration, the beam is not directional. It has more than one
main lobe and a significant number of sidelobes.

Unfortunately, calibrating the phased array requires ex-
pensive bench-equipment such as vector network analyzers
(VNAs) which is not adequate for mass production. Such
bench-equipment does not provide online calibration because
recalibration is impossible after the array is used in the
system. To reduce calibration cost and reliance on external
test equipment, built-in self test (BIST) has been proposed as
an alternative solution for phased array testing. In [4]-[6], on-
chip BIST circuitry characterizes and calibrates the amplitude
and phase of each channel of phased array. The approach
in [7] applies code-modulation to each element in the array
to allow parallel measurements using BIST architecture on
the distribution network. Concurrent testing on all mixed/RF
components in MIMO is demonstrated using multiple test
tones generated by BIST circuit [8].

The BIST approach can generally achieve accurate mea-
surements on the target system due to its proximity. How-
ever, it requires a special circuitry and its overhead becomes
significant as the device size scales down at mmWave fre-
quency. The BIST circuitry typically forms a wire connection
to the components under test. Due to this limited access
points, the mismatch or error beyond BIST coverage is not
presented in the calibration process.The compatibility across
different IC technology is another restriction to be consid-
ered in implementing BIST circuits. To address these issues,
several methodology on over-the-air (OTA) calibration has
been researched [9]-[11]. Some of them use amplitude-only
measurement to estimate phase of each array element [10],
while others use the mutual coupling of the array [9] or the
scattering parameters of the probe antenna and the phased
array to compute the excitations of the antenna elements [11].
Unfortunately, all these methods require a separate calibration
process before the communication initiates and hence, cannot
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Fig. 2. Phased Array System. Phased array system can steer a beam at a
direction @ by shifting the phase of signals.

correct the errors triggered by transistor aging, electrical stress
or temperature changes.

This article introduces the online phased array calibration
technique that enables calibrating the phased array during the
communication process [12]. This allows us to continuously
calibrate the phased array without the need for expensive
equipment, specialized circuitry such as BIST or a separate
calibration process that can only be done prior to using the
phased array for communication. The key idea is to leverage
the wireless channel estimation protocol that is an inherent
part of any wireless communication system. By changing
the phase shifter states and monitoring how the phase and
magnitude of the wireless channel changes in response, we can
calibrate the phased array to maximize the power at the desired
direction and minimize the beam’s sidelobes. Specifically, by
performing the channel estimation while changing the phase
of an antenna element, the phase response of the element
can be estimated. The relative phase of the phased array
can then be obtained by collecting all the estimated phase
responses with a shared reference state which allows us
to resolve the phase mismatches of the phased array. Our
calibration method embraces all the array components such
as power-divider, phase shifter, amplifier and antenna. Thus,
the proposed method spans the full chain unlike prior work
which is limited to a few selected components.

Since calibration takes place during the communication
process, no additional measurements are required and in-field
calibration is possible to adapt to system conditions such as
temperature. We have implemented and tested our technique
on a 24 GHz phased array with 8 antenna elements which
we had designed and fabricated in PCB for verifications. Our
results show that we can reduce the sidelobe leakage for the
array by up to 7.3dB and our measured beam patterns prove
the viability of our method.

II. BACKGROUND
A. Phased Array

A phased array system is an array of antennas in which the
relative phases of the signals can be controlled by the phase
shifters as shown in Fig. 2. By changing the relative phases,
the radiation pattern of the array is strengthened at a desired
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Fig. 3. Channel Distortion. The channel attenuates, phase-rotates, and adds
the AWGN noise on the signal. To correctly demodulate the original symbols,
the channel distortion should be corrected beforehand.

direction and suppressed at the rest. This allows the phased
array system to electrically steer its radiation pattern without
mechanically moving the antennas.

If a signal is arrived at a certain angle, 6, the distance
traveled by the signal at the antenna element will be differed by
d cos 0 with its neighbor element where d is the displacement
of the antenna elements. Mathematically, the power P of
signals arriving along the direction 6 can be written as:

Np

P(e) _ Z 6j27r ndcos)\B-%—(}bn, (1)

n=1

where ¢,, is the phase change by the n-th phase shifter, NV,
is the total number of the antenna elements, and )\ is the
wavelength of the signal. By setting the phase shift ¢,, equal
to —nd cos 6, the power is maximized at the direction 6, and
thereby the beam pattern is steered to the desired direction.

Note that a small phase error in ¢,, can be amplified when
the signal wavelength () is a small value. In mmWave signal,
the wavelength is 5-10 times shorter (0.5-1cm) than WiFi
or LTE signal (5-10cm). Hence, the phased array system for
mmWave is more sensitive in phase error than the sub-6GHz
system.

B. Channel Estimation & Correction

In wireless communication, the received signal is corrupted
by the channel response such as attenuation, phase shift,
and noise. The channel impulse response (CIR), h, can be
expressed as:

h = ae 3*I7 )

where « is the magnitude response, f is the frequency, and 7
is the time-of-flight between the transmitter and the receiver.
The signal at the receiver, y(t), through the channel % is

y(t) = h-a(t —7) +o(t) 3)
= ae Ty (t — 1) + v(t) 4)

where x(t) is the transmitted signal and v(¢) is the additive
Gaussian white noise (AWGN). The channel not only attenu-
ates the signal, but rotates the phase by 2x f7. Fig. 3 shows
an example how the channel distorts the transmitted signal.
In the example, the symbols are modulated by binary phase
shift keying (BPSK) which encodes bit 1 as +1 and bit 0
as -1 in the 1Q constellation. After the symbols pass through

2168-2356 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Illinois. Downloaded on March 09,2020 at 13:09:39 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/MDAT.2020.2968286, IEEE Design

and Test

the channel h, the received symbols are attenuated and phase-
rotated and added by the noise. Notice that the receiver can
fail decoding the correct bits due to the phase rotation even
with high signal-to-noise ratio (SNR).

To correct the distortion from the channel, the receiver needs
to estimate the channel h first. To do this, the transmitter
sends a training sequence which is also known in priori by
the receiver. The channel h can be estimated as:

N
- 1 ylk]
h = N;T 5)

where N is the total number of the training sequence, and
ylk] and z[k] are the k-th symbol of the transmitter and the
receiver, respectively.

C. Channel Estimation in OFDM

The transmitted signal over the wireless channel suffers
inter-symbol interference (ISI) due to multipath channel effect
and frequency-selective fading. Equation 4 assumes a single
path between the transmitter and receiver. In the presence of
multipath, Equation 4 is extended by

y(t) = h(t) x2(t) +v(t) (6)
—Zh Ti)x(t — %) + v(t) 7

The channel % is not a single number anymore. Since h is
convolved with the input signal z, it is not possible to be
estimated by Equation 5. In conventional single-carrier system,
complex time-domain equalization techniques is required to
deconvolve the channel h from the received training sequence.
The main advantage of OFDM over single-carrier system is
that it can deal with the multipath channel without the complex
equalizations.

OFDM divides a spectrum band into many small and
partially overlapping subcarriers, and modulates the symbols
on the subcarriers. The subcarriers are chosen to be orthogonal
so that the inter-carrier interference sums up zero. The OFDM
output signal at the transmitter is given by

Z X(fi)ed R (®)

where fj, is the k-th subcarrier frequency. The above equation
is an N-point inverse discrete Fourier transform (IDFT), which
can be implemented in Fast Fourier transform requiring only
O(Nlog N) computation. Once the transmitter performs the
IFFT to convert the symbols in the frequency domain to N
time domain samples, the receiver converts the signal back to
the frequency domain using the FFT, where each subcarrier is
demodulated independently.

Let X j, is the transmitted OFDM symbol at the time index
1 and the frequency index k. The received OFDM symbol Y; j,
can be written as

Yir=H X +w 9

where Hj, is the frequency response of the channel at k-th
frequency index and w is the frequency-domain AWGN. If a

training OFDM symbol at ¢« = —1 (also called a preamble) is

sent before the data OFDM symbols (: = 0,1, 2,...), H can
be estimated by the Least Squares (L.S) method as:
P Y_ 1k
Hy = Lk (10)
X_ 1k

Notice that H is obtained through dividing the received
symbols (Y) by the transmitted symbols (X) without a com-
plicated deconvolution process. This is possible because the
symbol is sent in the frequency-domain and the channel H
is multiplied with the transmitted symbols. Therefore, the
channel estimation in OFDM can be performed in much
simpler way than the conventional single-carrier system. This
is the reason we choose OFDM for our communication scheme
in the proposed method.

III. PROPOSED METHOD
A. Channel including Phased Array

Consider the phased array system of N, number of antenna
elements transmitting OFDM symbols. We can write the
received OFDM symbols as:

Y=HX

Np
:(mﬁmo+§:aﬂgm)X
n=1

where a,, and ¢,, are the magnitude and phase response of
n-th antenna element, respectively. For the sake of simplicity,
the time and frequency index (i and k) are omitted. age’?°
represents the leakage signal that is emitted by power di-
vider/combiner or the RF devices, not by the antenna elements.
The leakage signal is undesirable but difficult to be completely
removed.

Fig. 4 (a) demonstrates how the phased array contributes to
the channel. As described in Equation 12, the total channel H
is the summation of the response of the phase shifters and the
leakage signal. If one element changes its phase from 0 to 27,
the total channel response will make a full rotation (the red
circle in Fig. 4 (a)). In other words, the response of the phase
shifter can be analyzed by the trajectory of the total channel
response.

Note that Equation 12 omits the frequency index k. The
channel H is estimated at every subcarrier frequency as de-
scribed in the background section. During the channel estima-
tion, the channel from Hy to Hy_; is obtained simultaneously.
Therefore, the channel response over the bandwidth is mea-
sured at once. This potentially means that wideband calibration
is possible as long as the OFDM bandwidth supports.

(1)

(12)

B. Challenges

In practice, the magnitude and phase response of antenna
element has a more complicated form than described in
Equation 12. If we look closely into one element, the response
of one element can be written as a function of the control state,
s:

ful(s) = an(5)6j¢n(5)+<ﬂn (13)
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where ¢,, represents the phase mismatch with the reference
phase shifter (here we set the first phase shifter as the refer-
ence). The control state s is an input for the phase shifter that
changes the output phase. The state can be either continuous
(e.g. voltage) or discrete (e.g. digital bus) depending on the
architecture of the phase shifter.

There are two challenges: First, the function a,(s) and
on(s) representing the unique characteristic of each phase
shifter are not identical over the other elements. In other words,
the magnitude and phase are unknown at a given state. Second,
even all the phase shifters are assumed to be identical, the
phase mismatch term, ¢,,, is unknown in general. The phase
mismatch comes from the variation of other RF components
such as power divider/combiner or antenna patches. They
are usually independent with the phase shifters, and thus
independent with the state s.

In this paper, we assume the response of the phase shifters
are not randomly different but share a similar characteristic.
In section III-C, the shared model will assist to enhance the
estimation. Consequently, the phase mismatch can be resolved
in section III-D.

C. Model-assisted Phase Estimation

We assume the phase shifters shares a common magnitude
and phase response that is known in priori. However, due
to manufacturing variation and mismatch, their output mea-
surements are not identical. For example, two phase shifters
can share a common response but can create two different
channel constellations. The actual constellation of the phase
shifters can be different due to 1) different magnitude and
phase response to control state, 2) relative phase offset, and
3) noise. In practice, the magnitude response is not flat over
the phase shifts. Thus, the constellation does not necessarily
form a circle while the phase is shifting from O to 27, which
makes the estimation difficult.

Suppose  (cf,c?) is  the  unknown  center
of the  trajectory on the  constellation  and
(i(1),q(1)), (i(2), q(2)), e, (i(N,),q(N,))  are  the
measurements at Ny discrete phase states. The goal

is to find the best estimate of the center given the
measurements and the model response. Consider
the vectors V(1) = [i(1),q(1)]T — [¢),c¢9]T and
v(2) = [i(2),q(2)]" — [¢!,c?]T as shown in Fig. 4 (b).
V(2) can be obtained by rotating f5 and scaling ¢y on V(1).
It can be described as

S(c2)R(02)V(1) = V(2) (14)
i(1) =] [i(2) ¢
S(CQ)R(GQ) |:q(1) _ Cq:| - |:q(2) _ Cq:| (15)

{;(é))] ~ S(ca)R(62) m} = (1-S(e)R () H

(16)
where S(c) is the scaling matrix (c) (c)] and R(6) is the
—sinf
cos 6

cosf

rotation matrix [ .
sin 6

} . Note that matrix S and R are

o
Y ety ary)

N reference state
(i(N,), g(Ny)

(b)

Fig. 4. Channel Estimation Constellation. (a) The overall channel response
is a linear combination of the antenna elements. (b) The response of phase
shifter is determined by a given model. Changing the control state of the
phase shifter will move the channel response.

determined by the model, and thus they are given in priori.
By defining

_ |im)| i(l)]
Y= o] = stewmon 1] an
a,m =1— S(C'm)R(em) (18)
, Equation 16 can be written as:
Y2 = ax (19)

where x is the unknown center cal
The 2-by-2 system in Equation 19 can be expanded to
2(Ns—1)-by-2 system by observing all N, constellation points

as follows:

y2 az

ys3 ag
=] . |x (20)

YN aN,
Y = Ax 21

The above system is linearly over-determined, 2(Ng — 1)
observations for two unknowns. It is a linear regression
problem that estimates the unknown model parameter, x, from
the data. Linear least square estimation minimized the sum of

squared residuals:
%= (ATA)'ATY (22)

2
where x = {CAJ is the least squared estimation for the
c

unknown center. This process is repeated for all Ny number
of phase shifters.
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Fig. 5. Phase Mismatch. The phase mismatch is obtained by comparing the
phases at the reference state.

D. Phase Mismatch Calibration

Once we found the center of the n-th element, the magnitude
and phase of state m can be calculated as:

(23)
(24)

an(m) = |V (m)|
dn(m) = LV, (m)

where V,,(m) is the vector measured by the n-th phase shifter
at the state m.

The relative phase mismatch across the antenna elements is
calculated by comparing the phase with the reference element.
For example, we set the first element as the reference element
and the first state as the reference state. The relative phase
between the reference element and the n-th element is equal
to the phase difference at the reference state as:

Pn = (z)n(l) - (bl(l)

Fig. 5 shows an example of phase mismatch between two ele-
ments. It is a reasonable assumption that the phase mismatch
is independent with the control state and has a fixed constant
offset because the source of the mismatch comes from the
passive components such as power divider and patch antenna.

(25)

E. Handling Synchronization Offsets

When the transmitter and the receiver encounter a significant
carrier frequency offset (CFO) or sampling frequency offset
(SFO), they should be corrected as well in order to achieve
a correct channel estimation. The estimation of the CFO/SFO
will be affected while the phase shifters change their phase.
This issue can be resolved by adding a single static antenna on
each Tx and Rx to form a static channel (or if they are MIMO
system, one of channel can be reserved for the static channel).
The CFO/SFO estimation on the static channel can be used
to cancel the frequency offset between Tx/Rx, and thus the
synchronization can be achieved during the phase changes.

IV. HARDWARE IMPLEMENTATION

To evaluate the proposed method, a mmWave phased array
system is designed and built. The hardware block diagram is
shown in Fig. 6. The hardware system is implemented by the
commercial off-the-shelf components. NI USRP-2920 trans-
mits/receives OFDM baseband signals and processes baseband
signal. We use HMC815 and HMC977 evaluation board for
24GHz 1/Q up-converter and down-converter, respectively. The
up/down-converters include an internal power amplifier/LNA,

an IQ mixer, and a frequency doubler. LMX2594 PLL eval-
uation board generates the LO signal at 11GHz for the 1Q
up/down-converters. A prototype phased array test board is
fabricated on printed circuit board (PCB) on Rodgers substrate
as shown in Fig. 7 (b). The power divider and the patch
antennas were simulated and designed by Advanced Design
System. The phased array board includes 8 antenna elements
spaced by A\/2. The RF input signal is splitted by the power
divier and fed into 24GHz analog phase shifters (HMC-933).
The control voltage for the phased shifter is generated by a 8-
bit DAC (AD7228A). The DAC is controlled by Arduino Duo
micro-controller which is synchronized with USRP through
the PC. The phased array is used for the transmitter antenna in
this work, but there is no restriction that the array is used in the
receiver side. We use a K-band horn antenna from SAGE for
the receiver antenna. The horn antenna has 22dBi gain and 12
degree 3dB beamwidth. Theoretically, it is possible that both
transmitter and receiver use the phased array and calibrate
them one-by-another. However, we use a horn antenna to
simplify the experiment setup.

V. EXPERIMENTAL RESULTS

The proposed calibration method is evaluated on 8-element
24GHz phased array. To calibrate the phased array on the
transmitter, we use the horn antenna at the receiver side facing
toward transmitter. The control voltage is swept from OV to
10V while the transmitter and the receiver are communicating
OFDM packets. Fig. 8 shows the measured channel constel-
lation at two different elements. We import the magnitude
and phase specification of the phase shifters (HMC-933) and
estimate the center for the trajectory. We run the calibration
10 times for each 8 element. The gain and phase estimated for
the 8 elements by the channel estimation is plotted in Fig. 9.
The red circles represents the specification of the phase shifter.
The figure shows that a few phase shifters have a huge phase
offset more than 100 degree. This phase mismatch will degrade
the beam pattern without a proper calibration. In Fig. 10, the
standard deviation of the gain and phase calibration result is
shown. The result shows the calibration is stable enough that
the standard deviation of the gain and phase are less than 1dB
and 5 degree, respectively.

To evaluate the beam pattern with calibration, the phased
array is mounted on a pole equipped with a precise step motor.
We setup the phase shifters of the array to steer at a specific
angle, then we rotate the phased array antenna from 0-180
degrees while the horn antenna is receiving the transmitted
signal. We measure the received power at each angle which
gives us the radiation pattern. In Fig. 12, we set the phased
array to steer the beam at 9 different angles (50-130 degree, 10
degree step) and compare the beam patterns with and without
calibration. For the sake of clarification, the peak magnitude is
normalized in both cases. In general, the peak power without
the calibration is smaller than with the calibration because
the signal power is not focused at one direction. The beam
pattern with calibration shows that the main lobe is narrower
and the side lobe levels are lower than without calibration.
For each measured beam pattern, we calculate the side lobe
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Fig. 6. Hardware Block Diagram. Block diagram of the mmWave transmitter and receiver.
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Fig. 7. Phased Array and Up-converter Hardware. Each 24GHz phase
shifter is connected to a patch antenna. The control voltage is provided by an
external DAC through the connector.
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Fig. 8. Measured Channel Estimation and Model. The figure shows the
channel estimation from two phase shifters with the fitted model. The relative
phase can be evaluated by comparing the reference state.

level (SLL) which is the side lobe power relative the main
lobe. Higher SLL means that the antenna leaks more power
outside the main lobe. Fig. 11 compares the CDF of SLL with
and without calibration. The 90th percentile of SLL is -1.3dB
without calibration, while it reduces to -8.6dB with calibration.

Gain (dB)

Control Voltage (V)

Phase Shift (degrees)
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Fig. 9. Estimated Gain and Phase. The figure shows the estimated gain and
phase of the 8 phase shifters over the control voltage. The red dots shows the
specification of the phase shifter.
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Fig. 10. Stability of Calibration. Standard deviation of calibration result.
The figure shows that the calibration is stable within 1dB gain deviation and
5 degree phase deviation.

The result implies that calibration reduces side lobe power and
improves the directionality of the phased array.

We observed that the beam patterns with calibration still
have higher side lobes than the theoretical value. The main
reason for this is because of the magnitude mismatch between
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calibration not necessarily to interrupt the communication

— With Calibration without extra circuits. We implemented an 8-element 24GHz
—— Without Calibration . .
0.8 phased array system to evaluate our calibration. The hardware
measurement results prove that our calibration is capable of
0.6 compensating the phase mismatches and improves the beam
Lo .
a pattern by reducing SLL.
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Fig. 12. Beam Patterns. The measured beam patterns steered at 9 different
angles are shown. The beam patterns before (black) and after (red) calibration
are compared. The peak magnitude is normalized for better visualization.

the elements. We do not calibrate the magnitude mismatch in
this work because our hardware does not support the control
over the magnitude for each element. This problem will be
further studied in the future work.

VI. CONCLUSION

In this article, we introduce a new online OTA calibration
method for mmWave phased array. Phase calibration is ex-
tremely difficult in mmWave system due to its very small
wavelength. Our method leverages the channel estimation pro-
tocol which is an essential part of any wireless communication.
By measuring the phase response of the array while changing
the phase shifter states, we can estimate the phase mismatches
and calibrate the phased array. This allow us continuous
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