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ABSTRACT This paper comprehensively examines the non-idealities inherent in commercially available
beamformers and explores their implications in the calibration procedures for phased array antennas.
The non-ideal nature of the beamformer is meticulously modeled and assessed through extensive S-
Parameter measurements to discern its impact on analyzed excitation retrieval methods. The Rotating-
element Electric-field Vector (REV) and Control Circuit Encoding (CCE) methods are simulated using a
synthetic array with spherical wave expansion driven by output coefficients measured from the beamformer.
Simulations are executed to compare the REV method with a Selective-REV variant, designed to enhance
coefficient prediction accuracy by leveraging a priori knowledge of phase-shifter amplitude deviations.
Additionally, amplitude, phase, and complex CCE encodings are employed to determine the encoding
technique that best accommodates beamformer non-idealities. Finally, anechoic chamber measurements
assess the pattern prediction capabilities of the analyzed methods, and an iterative calibration scheme is
proposed to compensate for the studied beamformer errors due to its behavior.

INDEX TERMS Integrated circuits, active phased arrays, calibration, pattern estimation, antenna integrated
circuit, antenna measurements, peripheral probe calibration.

I. INTRODUCTION

Millimeter-Wave (mm-Wave) technology is playing a crucial
role in the fifth generation of cellular systems (5G),
offering the potential for high data rates due to the
substantial bandwidth available in the mm-Wave band [1].
This technology is particularly promising for achieving
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gigabit/s throughput in wireless communication links, as it
can be employed for multi-gigabit/s outdoor transmission.
This includes serving as directional links for wireless
backhaul and access technology for transmissions between
base stations (BSs) and Mobile Stations (MSs) as part of
5G research initiatives. However, mm-Wave signals face
challenges such as high path loss due to their extremely
high carrier frequencies. Several state-of-the-art projects
from the European Space Agency (ESA) are implementing
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reconfigurable platforms for communications systems in Ka-
band that overcome these limits using reconfigurable antenna
schemes [2], [3], [4].

To mitigate these challenges and ensure reasonable signal-
to-noise ratios, high-gain antennas are essential. Antenna
arrays with adaptive beamforming become crucial, espe-
cially in scenarios where the propagation channel may
change [5], [6], [7] over time. These array antennas can
be subdivided into multiple small arrays to satisfy an
adaptive resource allocation [8]. However, large active phased
array antennas can have enormous power consumption
requirements if beamforming is performed digitally, similarly
to how it is currently used on the lower bands. Adaptive
beamforming helps to focus the signal using directive
and electronically reconfigurable beams [9]. Determining
the optimal beam direction in mm-wave adaptive arrays
can be complex, often requiring an exhaustive search
through its possible directions [10]. To minimize power
consumption, high-integrated IC-based analog beamforming
is an alternative for reconfiguring the antenna radiation
pattern.

Analog beamformers operating in millimeter wave bands
suffer from many non-idealities, such as amplitude variations
induced by the selected phase setting or interchannel
coupling [11], [12], [13], [14], [15], [16], [17]. Accurate eval-
uation and diagnosis of these errors in phased array antennas
is essential. It is even more relevant when the proposed archi-
tecture relies on multiple smaller arrays instead of a larger
array. Thus, diagnosing and mitigating the amplitude and
phase errors of the beamformer becomes even more crucial.
Additional errors induced by the degradation of the RF com-
ponents over time should also be able to be measured. These
non-idealities directly affect the beamforming procedure and,
therefore, the reconfigurability performance of the system.
These ICs may show additional non-linearities (gain linearity,
intermodulation products...) that may be meaningful from
an application perspective and can induce severe signal
degradation. However, these effects are usually compensated
by the signal source as the beamforming does not have any
mechanism to correct these non-linearities. [18], [19], [20]
Due to the high volume of millimeter wave systems
deployed, offline calibration may be economically unfeasi-
ble, so establishing on-site diagnosis models and methods
may be the only choice to prolong the life cycle of this
equipment.

Phased array calibration methods allow the extraction of
the excitation coefficient of all the array elements for a given
array configuration. Knowing the approximate excitation of
each element is particularly useful for highly reconfigurable
antennas since it allows one to make reliable estimations of
the array patterns without directly measuring them. Phased
array calibration methods can be classified into 4 different
categories. First, one of the most common calibration
methods is the mutual coupling method [21], [22], [23].
However, this method requires the capability to transmit
and receive simultaneously. A second approach consists of
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installing a coupled network [24] that allows us to extract
a sample of the signal sent by the antenna and calibrate
the array in real time. This method is unfeasible for many
millimeter-wave architectures because of space constraints.
Some beamformers provide some self-calibration monitoring
system [17]. However, in commercial beamformers, these
monitors only measure amplitude data. Usually, the measured
data do not have enough resolution to perform a reasonable
adjustment. Third, the park and probe method [25] is
extensively used for near-field calibration. The field radiated
by the array is measured by a moving probe at a distance of
3A to 5A. This technique is time-consuming and impossible
to perform on-site or online. Finally, the peripheral probe
methods have two main strategies for retrieving the excitation
coefficients of the array. First, the Rotating-element Electric-
field Vector (REV) method [26], [27], [28] retrieves the
excitation of the array coefficients by sweeping through the
phase-shifter states. Alternatively, Control Circuit Encoding
(CCE) consists of measuring the signal radiated by the
phased array configured following an orthogonal coding
matrix as stated in [29] and [30] and then decoding
the array excitation coefficient from the probe received
signal.

This work aims to extensively study the non-idealities
of commercial beamformers by modeling all the error
contributions of the array excitation coefficients in Section II.
Based on this study, extensive research of the most fitting
calibration methods is performed to estimate how these
non-idealities affect pattern estimations in Section III.
A Selective-REV method is also proposed to improve the
calibration performance by considering the non-idealities
of the beamformer under test. Alternative multiple CCE
encoding matrices are also studied to evaluate their per-
formance with the beamformer errors. The goal of testing
multiple calibration schemes is to validate the accuracy of
these calibration schemes at mm-wave bands with highly
integrated circuity since most of the previous studys are
performed at lower frequency bands [29], [31], [32], [33].
The validation of the simulations provided in Section III is
carried out in the anechoic chamber in Section IV, where a
pattern prediction comparison using the studied phased array
excitation extraction methods is done. Finally, an iterative
correction procedure of the array excitation coefficients has
been performed.

Il. NON-IDEAL BEHAVIOUR OF HIGHLY INTEGRATED
BEAMFORMERS

Planar phased array antennas at mm-wave bands have really
tight space constraints to place their circuitry [34], [35], [36].
Therefore, it is key to integrate as many components of the
RF chain into this small available space as possible. One
of the most successful commercial state-of-the-art solutions
for a transmit beamformer is based on the integration of
eight independently controllable RF front-ends formed by
a common VGA (Variable Gain Amplifier) amplifier to
compensate for signal splitting and amplitude and phase
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FIGURE 1. Beamformer evaluation board and internal signal path
diagram.

control for each branch based on a 4 to 6 bit phase shifter
and attenuator with an independent amplifier [12], [13],
[14], [15]. The architecture illustrated in Fig. 1 shows
the general diagram for a commercial beamformer from
the Xphased brand with a 6-bit phase shifter and 30 dB
attenuation control with 0.5 dB jumps. This beamformer
chip configuration allows feeding four array elements by
a single IC in an electrically reconfigurable polarization
scheme or eight array elements without polarization con-
trol, leaving enough space between the ICs to route the
distribution network among several beamformers and the
common port.

Lincar Power Supply]

Control PC

Beam
Evaluation Board

FIGURE 2. Test setup for validation of the behavior model of the output
coefficients of the commercial beamformer.

Ideally, the complex output coefficient (V;) for the i-th
channel of the beamformer should follow Eq. 1, where «;
and B; are the programmed amplitude and phase bit-states for
the i-th channel, AA and A¢ are the phased and amplitude
control increments. This implies that the amplitude and phase
functions (A; and ®;) only depend on the amplitude and phase
bit-state respectively.

Vi = Al PP = (a; AA)PIA? (0

However, as stated in [11], and measured using the setup
shown in Fig. 2, there is an amplitude mismatch on the
channel under test when the phase bits of that channel are
modified as shown in Fig. 3. This first non-ideality is due
to the variance in the phase shift loss and is intrinsic to the
MMIC phase shifter architectures [37], [38], [39]. However,
the relative phase change is very accurate, as illustrated
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in Fig. 4. The measured Root Mean Squared (RMS) error
of the relative phase shift is 2.51 degrees. The exposed
beam transforms Eq.1 into Eq. 2 where the term A;(ct;) now
depends on the phase bit B; of that channel. The phase
term can remain as in the ideal model since the error is
quantitatively low.

Vi = Aiai, Bi)ePin? 2)

Furthermore, when the amplitude of a given channel is
measured while sweeping the phase bits of an adjacent
channel, an amplitude mismatch is recorded, as shown in
Fig. 3. This amplitude variation, with a sine-like shape, is due
to internal coupling between channels on the beamformer and
represents an additional contribution to the array excitation
coefficient. To model the behavior of beamformers, taking
into account all the error sources of the final output
coefficient, Eq. 3 is proposed. The Eq. 3 adds a coupling term
in the form of a sum of the contribution of the interfering
channels. The intensity of the coupling is modeled by the
term C,, which depends on the configured amplitude bit of
the interfering channel.

N
Vi = Ai(ai, BePt? + 3" Colan)d ™ (3)
e

Eq. 3 has been verified with measurements of the
S-Parameters of an evaluation board of a commercial
beamformer with the setup shown in Fig. 2.

This equation models all error sources that distort the
desired coefficient, such as the amplitude disturbance
induced by the phase shifter state A;(x;, B;). The error is
shown in Fig. 3 as the amplitude of the channel whose
phase is swept does not remain constant, and its variance
shows dependence on its phase state. This amplitude variance
is common across multiple commercial and novel research
beamformers in mm-Wave bands due to its phase shifter
architecture [37], [38], [39]. However, the relative phase jump
of a channel can be modeled as ideal as the measurements
shown in Fig. 4. A coupling term has been added to model
the interchannel coupling inside the IC. Not all channels of
the IC are coupled in the same manner. In the evaluated
beamformer, these channels depend on the state of the
channel itself.

For the beamformer under test, the coupling terms can
be simplified to the contribution of only one / two adjacent
channels following the distribution shown in Fig. 1. This
effect is also illustrated in Fig. 3. It can be seen that the
amplitude of CH2 changes when the phase shifter of that
channel is swept and when the phase of the other channels
is also swept. Phase shifting the channels physically adjacent
to CH2 (CHO, CH4, and CH6) generates a more significant
amplitude variation than performing the same action for those
on the opposite side of the beamformer (CH1, CH3, CHS, and
CHT7). Also, the shape of the opposite channels remains very
similar among them despite the phase variation of the channel
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FIGURE 3. Amplitude variation induced when the phase shifter of the
channel [(a) CHO (b) CH2 (c) CH4 (d) CH6] is swept at 28 GHz.
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FIGURE 4. Phase variation when the phase shifter of the channel [(a) CHO
(b) CH2 (c) CH4 (d) CH6] is swept at 28 GHz.

that is being swept. For the latter configuration, the ampli-
tude variation of CH2 exhibits a sine-like shape, showing
that there is a coupling between those adjacent channels.
By filtering the high-frequency ripple measured in Fig. 3 for
different phase states on the adjacent channels and fitting the
result data into multiple sine curves a +1.3 dB amplitude
variation due to interchannel coupling has been estimated.
To further investigate the coupling effect, broadband mea-
surements have been carried out over CH2 to check how it can
be disturbed. Fig. 5 shows the amplitude and phase distortion
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induced in CH2 by all the other channels of the beam-
former along several CH2 phase states, showing the worst-
case perturbation range. This interchannel coupling effect
remains significant across the entire operating frequency
band.
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FIGURE 5. Amplitude and phase deviations distribution over frequency

for measured in CH2 when the phase state of the remaining channels is
swept.

This coupling also generates a floor effect when the value
A; is small. In high-attenuation configurations, the desired
output signal level is not achieved if the nearby channels are
not also attenuated, since the coupling term is larger than
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the channel signal contribution. This effect was measured
in Fig. 6. If only the channel under measurement is turned
on, the whole relative 30 dB attenuation range is achieved,
as shown in Fig. 6a. However, there is a clear difference in
the attenuation level achieved when the coupled channels
are switched ON, generating the floor effect. On the one
hand, Fig. 6b shows that the internal coupling is responsible
for the floor effect. On the other hand, this floor level
depends on the phase of the current channel, as shown
in Fig. 6b.

Finally, the coupling effect is not only an error but
also a constraint on making assumptions about the chip’s
behavior. Each output coefficient is dependent not only on
its channel configuration but also on its neighbor states.
This completely eliminates the possibility of calibrating each
channel independently.

This study of the coupling effects has been performed
in a narrow band perspective since most currently in-use
satellite and 5G applications use less than 500 MHz for
Satellite Communications [40], [41] and 400 MHz for 5G
FR2 operation [1] instantaneous bandwidths. Fig. 5, shows
the frequency response of the amplitude and phase variation
of CH2 induced by all the phase configurations of the
other beamformer channels. While the envelope of the
curve remains constant across the whole frequency range,
it can be expected that the coupling behavior is not the
same for all frequencies. The biggest discrepancy occurs at
30.5 GHz, where the coupling behavior is heavily reduced
for a 300 MHz band. The worst phase deviation for the
frequency range (27.5 GHz to 31 GHz) is less than 10 degrees.
Meanwhile, the amplitude discrepancy across the whole band
is within 0.7 dB. Since many applications will use narrower
instantaneous bandwidths, it can be stated that the single
frequency approximation made for studying the coupling
behavior is valid.

Ill. APPLICATION OF CALIBRATION METHODS TO
MM-WAVE BEAMFORMERS

A. SELECTION BETWEEN THE DIFFERENT CALIBRATION
METHODS FOR AN ACTIVE PHASED ARRAY

The main limitation the beamformer induces when calibrat-
ing a phased array is the interaction between each channel
configuration. The inability to analyze the behavior of
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each channel independently wholly eliminates the possibility
of using park-and-probe methods for calibration. Finally,
peripheral probe methods, based on some signal encoding,
allow the extraction of the excitation coefficient of a given
element when the rest of the elements are in their operating
condition. This enables the opportunity to calibrate each
element considering the contribution of the interchannel
coupling coming from the beamformer. However, the
amplitude variance generated by phase changes induces
additional errors when decoding the received signals by
the probe.

Peripheral probe methods have two main strategies for
retrieving the excitation coefficients of the array. The first
one is the REV method [26]. The second one cosists on
solving a linear equation system based on some orthogonal
code [29], [30] using the circuitry of the phased array
(Control Circuit Encoding) to represent the symbols of an
encoding matrix, generally Hadamard matrices [42]. The
whole diagram of the usual peripheral probe methods is
shown in Fig. 7. It must be remarked that these methods
are based on modifying the excitation under test (a;) with
some prior knowledge that is assumed to be ideal (Encoding
provided by the H matrix). This is a known phase shift in
the REV method or an encoding quantity for the orthogonal
encoding. The signal emitted by the array in all the required
configurations is measured by a probe (b,,) and then decoded
back to retrieve an estimation of the actual array excitation
coefficients.

[ ] o _ .
I Microwave Receiver
e ECET:
by by ==}
] W N [T
] o~ |
[y 1@ @y
Decodification
Beamformer %
|:| oN={=] Encoding Matrix H Estimated Array
) oo Element Excitation
3,3, ... ay

Signal Generator

FIGURE 7. Measurement setup for peripheral probe calibration methods.

B. THE REV METHOD

The Rotating-element Electric-field Vector (REV) method
is an array excitation extraction method based on the
superposition of the fields radiated by each element that
resembles the array [26]. The total field radiated by an array
of N elements in a given configuration (Earmy), in a given
state of its circuitry, can be written as Eq. 4, where the i-th
element on the array is the selected element to perform the
REV method. If an additional phase term (¢;(8;)) is added to
the field radiated by the element under test for a certain value
of ¢i(B;) the amplitude of Earmy will be maximum (Emax)
or minimum (Emm). To check for which value of (¢;(5;))
total array field (Earmy) satisfies the last condition, the phase
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shifter of the i-th channel is swept.

N

N
Earay = Ei+ ) En=E"™ + 3 E, 4

n=

S

=

To retrieve the amplitude and phase excitation of the array
element under test Eq. 5 and Eq. 6 are used. In this equations
I = LoaltEl

|Epnax | = Emin
achieve E,,;. This process has to be done for each array
element. Since Eq. 4 has to exhibit a sine-like behavior
when g; is swept for a 360-degree phase shift; theoretically,
only four equally spaced phase-shifts are required to fit
the parameters of a sinusoidal curve accurately. However,
in many applications, the precision of the method increases
when additional samples are used in the fitting to filter
noise and reflections. There is an ambiguity in retrieving the
excitation coefficients using Eq. 5 and Eq. 6 depending if the
total phase displacement of Earmy is less than 180 degrees
or not. This phase ambiguity can be solved by the means
explained on [26] and [28]. For some scenarios, the REV
method can be performed phaseless, making it ideal for its
implementation in on-site calibration since measurement can
be performed with more cost-effective power detectors. Since
the REV method has to be performed for each element of the
array, improvements have been done by grouping elements
as in [27]. However, the assumptions made in these improved
versions of the REV method cannot be ensured when working
with the non-idealities of the beamformers.

r
K — 1+ 2FCOSI(A0) +r?’

and Ap is the phase-shift required to

if D(Eypray) < 180

if ©(Eqrray) > 180

1 42T cos(Ag) + T2’

(5)
_1, sin(Ao) ) >
t _—), f ©(E rqy 180
X = o (cos(A,o()A-i—)F) i ®(Earray) <
. sin(Ag 2
t ————), if D(E gy) = 180
an cos(Ao) + I/F) if O( array) =
(6)

C. SELECTIVE REV: ADAPTING THE REV METHOD TO THE
BEAMFORMER LIMITATIONS

Working with the analyzed beamformer, the degradation of
the performance of this method comes from the amplitude
variation of the channel whose phase is being swept and the
interchannel coupling. Additionally, the total power radiated
by the static channels is modified with more predictable
behavior, as shown in Fig. 3, where the coupled output
amplitude varies following a sinusoidal form. Predicting and
correcting these effects on a highly integrated array is not
feasible. Previous studies in the literature show models to
predict the accuracy of the REV method from the phase
and amplitude deviations [43]. However, they assume that
the phase and amplitude errors are unrelated. This condition
does not apply to the beamformer case since, as shown in
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Section II, there is a cross dependance between amplitude and
phase mismatches.

For the channel under test amplitude variation, there
are two possible ways to compensate for this effect. First,
the programmable attenuator could correct the amplitude
variation in each phase state. However, this modifies the
coupling behavior of the adjacent channels, as shown in Eq. 3,
so it does not reduce the uncertainty of the method. Secondly,
the phase-shifter losses can be measured in radiation to gain
knowledge about which phase states have similar amplitude
deviations. Only using those samples within an amplitude
deviation boundary can improve the sine curve fitting. Since
the amplitude variation due to internal coupling is not
considered, a good criterion for selecting these points is
establishing a boundary of less than £0.35 dB amplitude
deviation from the initial phase state. Fig. 8 shows the relative
amplitude measurement of a beamformer channel without
the coupling term. For the initial state, orange dotted points
represent those phase states with amplitude variation within
the established boundary. From now on, this method will be
called Selective-REV.

Amplitude Variation (dB)

15 | I I I I I I I | I I
0 30 60 90 120 150 180 210 240 270 300 330 360

Relative Phase Increment

FIGURE 8. Measured amplitude variation for a phase sweep of CH1 with
all other channels turned off. Orange dots represent those phase states
with an amplitude variation within the established limits.

D. CONTROL CIRCUIT ENCODING CALIBRATION

The relation between the signal received by a probe b
positioned in the far-field region of a phased array of N
elements can be written as Eq. 7, where a; and f; are the
excitation coefficient and the pattern of the i-th element
of the array. If the probe and array position are kept
stationary, Eq. 4 can be written as » = »_a;. When the
array is operating (all elements are radiating simultaneously),
the exact individual a; coefficients are unknown because
only its addition can be measured. However, if multiple
measurements of b are performed, with a known relative
change from the initial values of a;, a linear equation system
can retrieve all q; values from a set of M measurements of
the signal composed by the array. This can be written as
Eq. 8, where b represents the measured composed signal
of an array radiating with a; coefficients that are encoded
(relatively changed to the initial state) by a matrix H. Using
the capabilities of the reconfigurable circuitry of the array to
perform a calibration is also called in the literature Control
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Circuit Encoding (CCE).

N

bO, ) =D aifi6, $) )
i=1

b =Ha ®)

Solving Eq. 8 relies on choosing a good encoding matrix H.
The matrix H should have a low conditioning number and
should be easily invertible. Real Hadamard matrices satisfy
all these requirements since their conditioning number is
1 and their inverse can be calculated as itself divided by
its order [29], [30]. This kind of matrix can be constructed
following Eq. 9a and Eq. 9b. However, as stated in Eq. 9, the
order of a Hadamard matrix must be 2, or a multiple of 4.
Each row and column except the first one are composed of an
equal number of +1s and —1s. To ensure the orthogonality
of the code, the minimum order of the Hadamard encoding
matrix for an array of N elements is set to N+1. If N+41 is not
a feasible order for the Hadamard matrix, additional elements
with coefficient a; = 0 must be added.

11
m—[LA] (%)
_ H2k—] sz—l
Hy = |:H2k—1 —sz—1:| (°b)

Traducing the +1’s and —1’s of the code to physical
magnitudes can be done by establishing the rule: If H,, ; = 1
set the state of that beamformer channel to the original state
a; and if H, ; = —1 the state of the beamformer must be
set to da;, where d is the encoding modification. There are
multiple strategies to perform the encoding modification d.
The most common is to set d to perform a high attenuation or
to add a 180-degree phase shift to @;. This can be conceptually
interpreted as the symbols of binary amplitude keying (BAK)
or binary phase keying (BPSK) modulations, respectively.

For the beamformer studied, both approaches have similar
problems. The amplitude keying according to Eq. 3 modifies
the value of the coupling coefficient. On the contrary, the
coupled signal is added differently if the phase is shifted.
Therefore, due to internal coupling, the orthogonality of
the codes will be degraded. Suppose the array is excited
with a strong amplitude taper; phase encoding should work
better since the attenuation floor measured in Fig. 6 can
represent a signal level higher than the required for the
—1 state. In contrast, if the amplitude of the array excitation
coefficients is set to a similar level, in some cases, the
encoding will result in a complete change in the coupling
behavior. However, this will only happen for specific values
of the initial a; coefficient, so it will only be a concern for
some configurations. The more efficient complex encoding
matrix can be found in the literature, [42], [44], [45].
However, using multiple phase states for the encoding
severely degrades the performance of the method in analog
beamformers due to the amplitude shift induced by the phase
changes.
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E. SIMULATION OF THE BEAMFORMER CONTRIBUTION
TO THE ENCODING ERRORS

To study the contribution of the beamformer to the degrada-
tion of the performance of these methods, this work proposes
a simulation method based on modeling the signal received
by the peripheral probe with the transmission formula from
the spherical wave expansion [46]. This tool can be used to
consider the degradation introduced by the probe position
and orientation and the degradation scenario if desired.
Additional effects, such as the ground effect, can be added
to perform a more accurate estimate for on-site calibration
scenarios [47].

The workflow used to perform this analysis is shown in
Fig. 9. Given an ideal desired array, excitation is encoded,
generating all the needed beamformer coefficients that should
be measured to perform the simulation. These ideal encoded
coefficients are then configured in the beamformer. The real
excitation coefficients for each encoded configuration the
beamformer generates are measured with a VNA. A synthetic
phased array (without coupling) is fed by the VNA-measured
coefficients containing beamformer errors. The signal the
probe would measure for each array configuration in an
ideal measurement facility is calculated using the Spherical
Wave Expansion (SWE) of the synthetic array generated.
Finally, the probe-received signals are decoded using the
calibration method under test. This simulation is realistic,
as the uncertainty in most calibration methods arises from
encoding errors in the beamforming with element coupling
at the array level being eliminated. An equivalent noise level
of 40 dB and a probe polarisation misalignment of 0.1 degrees
is used to replicate anechoic chamber-like conditions.

Ideal Desired

Array Excitati :550
rray Excitation B
521 SBs \/\Ei—l
oono
¢ "B @

Encoding

N

Ideal Encoded
Array Excitations

Simulated Received
Probe Signal

SWE of the l

Wivexcranor| | Estimated Real
Array Excitation

ARRALR

—> S-Parameters
Beamformer generated
excitations with errors

generated

y the
beamformer

FIGURE 9. Workflow of the proposed simulation method for calculating
the probe received signal to simulate the calibration methods.

To remain as close as possible to the capabilities of
many spherical near-field antenna ranges, all the simulations
performed in this section have been done with a probe-to-
array distance of 1m. This is one of the standard distances
that most real spherical ranges offer. The synthetic array is
a linear array formed by eight uniformly spaced elements at
0.5X. Two array configurations have been simulated:

1) Broadside Configuration by setting all phase shifters to
phase zero and the attenuators to the minimum. (Errors
due to the beamformer response are still present)

2) A 20-degree beam steering config by setting a progres-
sive phase-shift of 62 degrees
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FIGURE 10. Array excitation coefficients retrieved with the proposed simulation method for both configurations (1) beam aiming to broadside with

uniform amplitude and (2) beam to 20 degrees with uniform amplitude.
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FIGURE 11. Comparison of the simulated signal with internal coupling
and the ideal case for the REV-Method and Selective-REV sine fitting.

Fig. 10 shows the retrieved excitation coefficients and their
error (compared to the VNA measured S-Parameters) in sim-
ulation for the two studied scenarios for all the REV and CCE
variants under study. As expected, an apparent amplitude
mismatch exists between the S-Parameter measurement used
as a ground truth value and the traditional REV procedure.
However, cleverly selecting which samples are used for the
sine interpolation, using the exposed criteria, clearly reduces
the amplitude error induced for the configurations simulated.
Fig. 11b compares the simulated received signal from the
beamformer measurement and the ideally received signal if
no amplitude changes were induced by coupling and variance
of the phase shifter losses. Observing the simulated received
signal by the virtual probe shown in Fig. 11a, the sine shape
of the curve is heavily deformed due to changes in the
amplitude of each channel. This deformation generates more
significant mismatches between the reference coefficients (S-
Parameters) and those retrieved by the REV method. The
result from the Selective-REV procedure approximates the
ideal case.

Comparing the different CCE encoding matrices, both
phase and amplitude encodings provide an excellent approx-
imation of the coefficients of the phased array. Amplitude
encoding has been done with an attenuation level of 10 dB
to the initial state. This attenuation level has been selected so
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that the signal radiating for each attenuated channel does not
wholly interfere with the coupling of the adjacent channels set
to the initial state, which has a higher amplitude output. The
CCE (Amplitude/Phase) encodings provide accurate results
within 1 dB of amplitude and £15 degrees in phase as
RMS across all elements and configurations. Meanwhile,
Selective-REYV is able to further improve the accuarcy of the
traditional REV but for the broadside scenario, its accuracy
is lower than the CCE encoding.

F. PHASED ARRAY PATTERN SIMULATION

These coefficients have been injected into the simulation
array model of [11] to better illustrate how the errors affect
the simulated coefficients in the final phased array pattern.
Fig.12 compares the diagrams generated by the excitation
coefficients recovered for both configurations.

The CCE patterns shown in Fig. 12c and Fig. 12d show a
similar agreement with the ground truth of the S-parameter
as the Selective-REV. For the broadside configuration
(Fig. 12c), there is a more significant mismatch on the first
right side lobe than in any other angular region of the pattern.
For this configuration, the Selective-REV seems to retrieve a
better estimation of the whole array pattern. In contrast, the
amplitude CCE retrieves an impressive result for the beam-
steered configuration. The phase CCE shows a bit of null
filling for the side lobes on the right side of the pattern
compared to the reference, a symptom of an increased error
on the phase terms shown in Fig.10d. For the 20-degree
beam steering (Fig. 12b and Fig. 12d), both methods show
similar pattern prediction capabilities. The traditional REV
method has the most significant SLL error across the pattern.
In contrast, Selective-REV shows a better SLL estimation
for the left-side secondary lobes, but CCE encodings better
retrieve the SLL level on the main beam’s right side. However,
these inconsistencies are within the uncertainty.
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FIGURE 12. Comparison of the simulated diagram using the array
coefficients measured in S-Parameters as reference against the estimated
phased array patterns from the retrieved excitation coefficients with the
calibration methods.

IV. OFFLINE CALIBRATION AND PATTERN PREDICTION
IN AN ANECHOIC CHAMBER

A. PATTERN PREDICTION CAPABILITIES

Additional factors can impact the performance of the
calibration methods studied in Section III when working
with a complete antenna system. Mutual coupling between
the radiating elements and electromagnetic interactions of
the antenna with fixation elements can severely degrade the
performance of the antenna and, therefore, its calibration.
Furthermore, in this scenario, the calibration method will
not only retrieve the excitation error due to the beamformer
mismatch but also consider the mismatch on the distribution
network of the antenna. This error should remain constant
for each configuration of the beamformer. Additionally, these
measurements aim to check if, for a mass production envi-
ronment, a measurement procedure based on some a priori
knowledge of the passive diagrams of the radiating elements
and the excitation coefficients extracted by the calibration
procedures can give a good estimation of the active diagram
without performing a direct diagram measurement.

In order to evaluate the performance of the calibration
methods proposed, a measurement campaign of an active
phased array was performed on the Spherical Near-Field
System (SNF) at UPM’s LEHA. The active antenna scheme
proposed in [11] was used for this validation. This active
antenna is an 8 by 8 column steerable array based on circular
patches. The array can steer its beam across the azimuth plane
since an independent corporate microstrip network feeds each
column. Each column of the array is connected to a different
channel of the beamformer IC.
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The validation procedure is based on comparing the
measurement of the active radiation pattern with a syn-
thetic pattern generated by adding the passive radiation
pattern of each array element pondered by the excitation
coefficient extracted by the calibration method. Passive
radiation patterns were measured by spherical acquisition
for each radiating element, connecting a matched load to
all remaining elements. Furthermore, in this scenario, the
calibration method will not also retrieve the excitation error
due to the mismatch of the beamformer-generated excitation
coefficients. Still, it will also consider the amplitude and
phase mismatch between the different branches of the
antenna distribution network. This error term is estimated
as almost constant for all configurations and is already
present in passive antenna acquisition. Therefore, it should
be dembedded from the excitation coefficient retrieved by the
calibration method. However, return losses variation in the
active element patterns can slightly modify this error term for
mid-size arrays [48], [49].

Power/Control
Circuitry

Roll Axis

FIGURE 13. Measurement setup for 64 elements active phased array on
the LEHA SNF facility.
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FIGURE 14. Equivalent sources of the ideally combined elements of the
phased array, the dotted line represents the average value.

This correction term has been estimated by calculating the
equivalent sources for the ideal combined case, which have
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been recovered using the relationship between the spherical
wave expansion and the plane wave expansion [50], [51].
Since the evaluated array has only beam steering capabilities
in the azimuth plane, the antenna and cables’ correction
coefficient has been extracted by pondering the sources of the
eighth array rows and the field for a given patch radius on the
excitation dimension. Additionally, for phase correction, the
average of the rows was linearly fitted. Fig. 14a and Fig. 14b
show the retrieved excitations for each row of the phased
array. The differences between each row of the phased array
do not matter for the azimuth plane since that imbalance will
affect the other plane of the array pattern, whose excitation is
set by the distribution network impairments.

To optimize the probe positioning, simulations were
conducted using the Monte Carlo method with an equivalent
noise level of 40 dB for the signal received by the probe. The
main goal of this procedure is to ensure that the probe signal
remains as high as possible in all theoretical configurations
to be measured. This was especially critical for the CCE-
Phase encoding since the resulting encoded pattern from the
phase inversion is a difference pattern with a null on the beam
steered direction, making inter-comparative measurement
results impossible.

The results shown in Fig. 15 correlate with the simulated
results for the REV method. As expected, the higher
amplitude error recovered by traditional REV shows a
different SLL and a different asymmetry present on the
first side lobes of Fig. 15a. When steering the beam at
20 degrees, there is an aiming mismatch of 3 degrees
between the traditional REV and the Selective-REV, which
matches the measured active pattern. In contrast to the
traditional approach, the selective method retrieves a pattern
much closer to the real measurement. SLL imbalance and
level are more accurate, especially in the steered beam
configuration. The direction of the beam is within uncertainty
compared to the measurement of the active pattern. The
CCE encoding shows good agreement between the two
measured encodings and the active pattern, as shown in
Fig. 16. This behavior correlates with the simulation, where
both encodings show very similar results. The comparative
error between the Selective-REV and the CCE encodings is
within the uncertainty of the measurement, so it is impossible
to determine which result is more accurate than the real
measurement.

B. PHASED ARRAY CALIBRATION

Attempting to directly correct the excitation of the phased
array from the coefficient retrieved by the proposed Selective
REV or CCE methods fails. As stated in Section II by
Eq. 3, phase adjustment of a given channel significantly
impacts the amplitude and phase of the adjacent ones. The
amplitude adjustment of a channel has a minor impact on
the adjacent channels since it only affects the coupling
ratio. The characterization of this type of beamformer has
shown that the induced phase change due to interchannel
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FIGURE 15. Comaprison between the measured diagram and the
predicted using the REV methods.
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FIGURE 16. Comparison between the measured diagram and the
predicted using amplitude or phase coded CCE.

coupling is small (Fig. 3 and Fig. 4), so the relative phase
adjustment can be interpreted as ideal. However, adjusting
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the phase of a given channel significantly impacts that
channel’s amplitude, even for small phase changes. So,
correcting both amplitude and phase simultaneously prevents
the iterative approach from converging to the desired phased
and amplitude distribution.

To overcome this limitation, the approach used for the
phased array calibration is illustrated in Fig. 17. This
approach consists of the following steps:

1) Retrieve the current excitation from the phased array

using the proposed techniques.

2) Check if the phase distribution is within the desired
tolerances. If not, adjust the phase difference between
the desired and retrieved excitation. Return to the
previous phase. A phase variation tolerance of +10
degrees was set for the array under test.

3) When the phases are tolerable, correct the amplitude
term as the difference between the desired amplitude
factor and the retrieved one.

4) Calibration has been finished; if a lower phase or
amplitude error is required, this process can be
repeated to use more restrictive phase tolerances. This
iteration loop can be helpful in calibrating small
phased arrays operated with complicated beamform-
ing techniques that are very sensible to excitation
mismatches.

Two cases have been studied to verify this calibration

approach using the same phased array system:

1) A defect in the manufacturing process of the phased
array antenna induces huge static differences in the
lengths of the distribution networks. The target exci-
tation is a uniform amplitude excitation aiming to
broadside.

2) A beamforming configuration with beam steering (to
20 deg) and nulling (at -30 deg) where the tolerances in
phase and amplitude mismatches are reduced.

Phased Array Phases within Amplitude
Excitation Retrieval tolerances ? Adjustment
No V
Phase Calibration
Adjustment Finished

FIGURE 17. Iterative calibration procedure for the phased array system.

A deviation of +10 deg from the desired phased array
distribution has been set to calibrate the proposed configu-
ration. The results achieved at each step of the calibration
procedure are shown in Fig. 18. For the first configuration,
the starting point is a phase mismatch of £120 degrees and
3 dB in amplitude. This is the result of a poorly manufactured
prototype. After an initial phase-only adjustment, the pattern
is almost perfectly corrected. The amplitude correction effect
is insignificant since it only equalizes the side lobes level
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FIGURE 18. Phased array patterns measured during the proposed
calibration procedure.

for the first two lobes. For the second configuration, the
initial excitation generates an exact aim of 20 degrees but
misplaces the null by 3 degrees. The side lobes are also
entirely distorted. After an iterative phase correction with
three iterations, the shape of the side lobes is fixed, but
the null is still misplaced. However, after correcting the
amplitude mismatch, the null is finally placed at -30 degrees.
For the first configuration, two iterations were needed for
the phase adjustment. However, in the second case a third
iteration was needed to match the stopping criteria perfectly.

These calibration procedures have been at a single
frequency. As the phase and amplitude control stability over
the frequency was ensured in [11], calibrating for a single
frequency (usually the central frequency of the operating
application) achieves a good broadband performance. The
main concern with the single-frequency approach relies on
the consistency of the coupling non-idealities. As depicted by
Fig 5 over a 500 MHz bandwidth, the amplitude discrepancy
is less than 0.7 dB in the worst-case scenario and its effect on
the beamforming performance will be small.

V. CONCLUSION
This article shows an in-depth study of the non-idealities of
commercial beamformers and their implications in the proce-
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dures for phased array antenna excitation retrieval methods.
The non-idealities of the beamformer have been modeled and
tested with extensive S-Parameter measurements to acotate
its effect on the excitation retrieval techniques. The two
most popular peripheral probe calibration methods have been
studied and adapted to the specificities of highly integrated
phased-array antennas. This provides a good understanding
of how these non-idealities introduce errors when decoding
the phased array excitation from measurements. An adapta-
tion to the active phased array scheme has been proposed for
the REV method to reduce the error of the retrieved excitation
coefficients. Through a simulation procedure that allows
isolating of the measurement errors from the beamformer
non-ideal behaviour, the array excitation retrieval methods
have been analyzed, showing that the adapted Selective-REV
method can improve the accuracy of the traditional approach,
retrieving similar error results to the CCE encodings, which
were the better performant methods. For the proposed small
array, the accuracy of this method is within 1 dB in amplitude
and 15 degrees in phase. The application of these methods for
pattern prediction has been demonstrated with accurate and
consistent results in both simulation and anechoic chamber
measurements. Finally, the proposed iterative calibration
procedure corrected the defects of a passive antenna. This
calibration fixed the null’s location and the sidelobes’ shape
in a beam-steered configuration.
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