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Abstract— In the increasingly congested wireless spectrum,
phased-array transmitters can be used to provide spatial diversity
as an additional measure of coexistence. Reconfigurable matching
networks placed between the power amplifier device and the
antenna can allow the amplifiers in the transmitter elements
to maximize output power while maintaining the desired beam
fidelity. A challenge with the use of reconfigurable matching
networks in array transmitters is that they alter the system
calibration. This article provides measurement validation of an
in situ measurement approach to assess antenna input current
using a dual-directional coupler placed in an array element.
Measurement validation was performed using a two-port vector
network analyzer (VNA) with a load—pull tuner emulating
changing antenna impedance. This approach is expected to
ease the process of maintaining the pattern and is expected
to ease issues stemming from changing array calibration with
reconfigurable array element circuits.

Index Terms— Amplifier, array calibration, coupler, network
analysis, phased-array reconfigurable circuit.

I. INTRODUCTION

IN THE increasingly congested wireless spectrum,
spectrum-use systems benefit from the ability to adapt to

their surroundings and reconfigure to optimize performance
in available spectral and spatial channels. In transmitter
power amplifiers, an impedance tuner placed between the
power amplifier device and antenna can provide on-the-
fly impedance matching to maximize output power (and
corresponding transmission range) or efficiency while also
minimizing nonlinearities that distort the spectrum and array
pattern [1], [2], [3]. This real-time tunable behavior enables
improved performance over wider bandwidths than is possible
with a static transmitter design [4]. When a reconfigurable
impedance tuner is placed in an element of a transmitter array,
reconfiguring the impedance tuner can cause the magnitude
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and phase of the element’s transmission to change. If the
impedances in different elements are tuned differently, this can
alter the array pattern [5]. Because the surface current of the
antenna determines the array pattern, it is desirable to monitor
the antenna input current during impedance tuning to assess
the effects of the tuning on the array transmission pattern. Our
recent conference paper [6] proposes a method of measuring
the current in antennas and provided simulation validation.
In this extended version of the conference paper, we provide
measurement validation of this approach (whereas the
conference paper provided only initial simulation validation)
and expand the theory initially presented in the conference
paper to include nonideal measurement terminations. In
addition, the simulation validation is extended to include
nonideal measurement-port terminations.

Typical array transmitter calibration techniques assess the
traveling-wave voltage magnitude and phase transmission
parameters of each element using S-parameter (or equiva-
lent) approaches. Calibration allows transmitter magnitude
and phase offsets to be adjusted and allows receiver signal
processing to be changed to ensure proper detection of the
signal. If an uncorrected phase error exists, it can result in
poor radar detection in radar arrays, as recognized by Flament
et al. [7]. Pohlmann et al. [8] described a Bayesian algorithm
that employs the Cramer–Rao bound if in an environment
with unknown propagation parameters. Peccarelli and Ful-
ton [9] described how mutual coupling can be used with
nonlinear equalization to perform calibration through sensing
intermodulation products. Takahashi et al. [10] performed an
electric field measurement in space for calibration. Sippel et al.
[11] described a near-field measurement of a known signal,
transmitted by a beacon, to provide corrections for mutual
coupling and multipath. Nicolas [12] demonstrated calibration
performed using a mobile transmitter near the array surface,
and Salazar et al. [13] described a calibration approach using
an unmanned aerial system (UAS), flown near the array with
an RF probe, to measure antenna patterns. Srinivas and Bliss
[14] showed that aircraft arrays can suffer calibration issues
from fuselage deformation and provided a calibration method
using in situ sources and signals of opportunity. Lebron et al.
[15] demonstrated self-calibration with arbitrary amplitude and
phase. Fulton et al. [16] compared and categorized different
array calibration approaches. In most array calibrations, exter-
nal equipment or measurements are required.
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Fig. 1. In situ measurement setup with tunable matching network on a single
element.

Some array calibration techniques are achieved or main-
tained through the use of internal calibration networks.
Aumann et al. [17] proposed the first mutual-coupling cali-
bration method (MCCM) to improve the calibration of air and
space flight systems. Bekers et al. [18] presented a method for
using an MCCM that is robust to noise and module failure.
Agrawal and Jablon [19] proposed adding passive receive
elements into an array to be used for in field calibration. Fulton
and Chappell [20] described several element-wise calibration
techniques that can be used to assist with maintaining cali-
bration over time for digital phased arrays. Lebron et al. [15]
compared initial calibration against an in situ MCCM tech-
nique that provides greater accuracy and the ability to assist
in element failure diagnosis. These methods have a common
goal of determining drift from the initial calibration; they are
not designed to handle the drastic changes in transmission
characteristic that results from adaptively changing power,
frequency, and load impedance.

While RF current measurements are difficult [21], [22],
voltage measurements are simpler to perform. We present and
include measurement validation of an approach to use two in
situ voltage measurements to calculate the total current present
at the input to the antenna of each individual array element.
With these real-time current measurements, array calibration
is greatly simplified since the antenna excitation can be known
through changes in transmission characteristics, such as those
induced by an impedance tuner, or varying mutual coupling
environments.

II. METHODS

Fig. 1 shows a block diagram of how a four-port coupler
can be used to assess the current incident on an antenna. This
approach is an application of reflectometry techniques and
provides a means for assessing antenna input current in real
time. The following equations are derived in [6] to show how
to calculate the antenna current:

Iant =
V +

ant − V −

ant

Z0
(1)

V −

ant =
V −

4 −
S41
S31

V −

3

S42 −
S41 S32
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(2)
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(
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3
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Fig. 1 shows the port voltages of the coupler
(V1, V2, V3, V4). Each port voltage (e.g., V1) can be
decomposed into a voltage traveling entering the port (V +

1 )

and a voltage wave leaving the port (V −

1 ), with respect to the
reference impedance Z0. Fig. 1 also shows the traveling-wave
voltages entering and leaving the antenna (V +

ant and V −

ant),
with respect to Z0.

While (1) stands without assumptions, (2) and (3) are only
valid if V +

3 = V +

4 = 0, a condition assumed in the initial
derivation of [6]. This requires that perfect, nonreflecting loads
be connected to ports 3 and 4 of the coupler, which may
not be a valid assumption depending on the measurement
equipment used. As such, the exact assessment of V +

ant and V −

ant
requires that these assumptions can be removed. The follow-
ing equations generically define the waves leaving the ports
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4 ) in terms of the waves entering the ports
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In addition, if the loads on ports 3 and 4 possess known
reflection coefficients 0L3 and 0L4, respectively, then

V +

3 = 0L3V −

3 (8)

and

V +

4 = 0L4V −

4 . (9)

Solving (6) for V +

1 and using (8) and (9) gives
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Substituting (10) into (7), including use of (8) and (9), and
solving for V +

2 gives
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Substituting (10) into (5) gives
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Substituting (11) into (12) gives
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Finally, the next step is to substitute V −

3 = V3/(1 + 0L3) and
V −

4 = V4/(1 + 0L4) into (11) and (13) to obtain expressions
for V −

ant and V +

ant as follows:

V −

ant =

V3
1+0L3

(
−

S41
S31

+
S41 S33

S31
0L3 − S430L3

)
−

S41 S32
S31

+ S42

+

V4
1+0L4

(
S41 S34

S31
0L4 − S440L4 + 1

)
−

S41 S32
S31

+ S42
(14)

V +

ant =
V3

1+0L3

[
−S21 S32

S31
+S22

−S41 S32
S31

+S42

(
−

S41

S31
+

S41S33

S31
0L3−S430L3

)

+
S21

S31
−

S21S33

S31
0L3 + S230L3

]

+
V4

1 + 0L4

[
−S21 S32

S31
+ S22

−S41 S32
S31

+ S42

(
S41S34

S31
0L4 − S440L4 + 1

)

+

(
−

S21S34

S31
0L4 + S240L4

)]
. (15)

This gives V −

ant and V +

ant in terms of the total measured voltages
V3 and V4. Unlike (2) and (3), (14) and (15) use total voltage
measurements and account for the reflection from each port
of the measurement device. This expands the measurement
techniques that can be used to implement this method. For
example, a software-defined radio platform (which measures
total voltage and does not separate incident and reflected volt-
age waves) could be used in conjunction with an actual array
platform to assess the total voltages V3 and V4, calculating
V −

ant and V +

ant using (14) and (15), respectively, and using these
calculated voltages to assess the antenna current through (1).

In present state-of-the-art techniques, array calibration
includes the characterization of the full transmit amplifier
chain and often the antennas, channel, and receiver chain.
However, the calibration is invalidated as the transmitter
reconfigurable matching network is reconfigured. As such, the
use of traditional array calibration techniques in a situation
involving a reconfigurable matching network would require a
precalibration for each possible matching network setting. This
is an involved task, due to the vast number of possible tuning
configurations of the full array. Using direct monitoring of the
antenna current eliminates the need for these precalibrations
and, if the antenna pattern is known, allows monitoring of
the array pattern in real time. This current monitoring method
requires characterization only of the passive four-port coupler
and antenna.

III. SIMULATION VALIDATION

As described in [6], this approach was validated using
simulations from Keysight’s advanced design system (ADS).
Fig. 2 shows a simple validation of this method (from [5])

Fig. 2. Simulation schematic of simple validation.

TABLE I
SIMPLE SIMULATION VALIDATION TEST RESULTS, REPRINTED FROM [5]

using a model of an ideal dual-directional coupler. Table I
shows the results of the simulation validation. Using ADS,
V −

3 and V −

4 were assessed, and using (2) and (3) with (1) was
used to calculate Icalc. The “ground truth” for comparison,
Imeas, is assessed through the ADS current probe tool [ele-
ment “I_Probe2” in Fig. 2 (simulation schematic)]. Table I
shows the results for this test with various source and load
impedances using (2) and (3) with ideal 50-� loads acting
as the measurement device termination. These results demon-
strate complete agreement between the simulated current and
the result produced through the previously published method
[5] (verified to floating-point precision). Because the simulator
simply implements the same circuit theory that has been laid
out in our equations, it is expected that, given this approach
is theoretically validated, and the simulator would use the
voltages to accurately calculate the antenna current.

To validate the more general case derived in Section II
[specifically (14) and (15)], the schematic in Fig. 3 was used.
This test used measured S-parameters of a coupler and allowed
the ability to change not only the source and load impedances
but also the impedance of the measurement device(s) on the
other two ports.

Several different impedances were connected to
ports 3 and 4 of the coupler to test this approach. The
results of some of these tests are shown in Table II. The
currents Icalc shown in Table II, calculated using (1), (14),
and (15), match the Imeas results from the ADS current
probe in all cases to floating-point precision. This simulation
demonstrates the applicability of our method to imperfect
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Fig. 3. ADS schematic of advanced simulation validation.

TABLE II
ADVANCED SIMULATION VALIDATION TEST RESULTS

measurement equipment using the more complete calculations
prescribed in (1), (14), and (15). As expected, the results
correlate exactly in an environment free from measurement
noise and repeatability issues.

IV. MEASUREMENT VALIDATION

In addition to simulation testing, we have validated the
ability to assess the antenna currents with measured voltage
waves. Fig. 4(a) shows a block diagram of the measurement
setup. One port of a vector network analyzer (VNA) is used
to generate an incident voltage wave V +

1 to port 1 of the
dual-directional coupler, and a second VNA port was used
to sequentially measure the traveling-wave voltages V −

3 and
V −

4 based on the transmission measurement of the VNA
(giving S31 and S41). These measurements were performed
sequentially, as only a two-port network analyzer was available
for the measurement. The port not terminated in the second
port of the network analyzer was terminated in a 50-� load,
with a 6-dB attenuator further removing unwanted reflec-
tions. A photograph of the measurement setup is shown in
Fig. 4(b). Because the network analyzer is capable of assessing
traveling-wave voltages, (11) and (13) were used with the
VNA-measured data to calculate V −

ant and V +

ant for use in (1).
A Keysight Technologies E5071C ENA network analyzer

was used as the VNA. A Krytar 501004020 dual-directional
coupler was used as the four-port coupler, and a Maury
Microwave MT982B load—pull tuner was used to emulate
changing antenna reflection coefficients 0ant. The S-parameters
of each component and cable assemblage were precharacter-
ized using the E5071C VNA, and correction was performed

Fig. 4. Measurement validation bench (a) block diagram and (b) photograph.
The dashed line in (a) indicates that the loads presented to ports 3 and 4 of
the coupler are swapped to allow sequential measurement of both ports.

Fig. 5. Emulated values of antenna reflection coefficient 0ant using the
load—pull tuner.

based on these characterizations in the measurement. In
practice, such precorrections would be performed before
deployment of the array.

Because of the VNA calibration, along with the termination
of the non-VNA connected port to the 6-dB attenuator and
50-� load used during its characterization, it was assumed
0L3 = 0L4 = 0 allowing use of (11) and (13).

Measurement validation was performed across different 0ant
values (shown in Fig. 5), resulting in varying values of vector
antenna current Iant. For comparison, the calculation of current
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Fig. 6. Comparison of the voltage measurements against simulation for (a) V3
and (b) V4. V3 is used as the zero phase reference; as such, only magnitude
is shown.

for the same 25 points was performed in the ADS simulator
for comparison. In both simulation and measurement, V3 was
chosen as the phase reference of zero degrees.

Fig. 6 compares the measured and simulated voltages of
both ports 3 and 4. When compared with the simulation results
using the same input voltage and the characterized-network
S-parameters, the magnitudes of V3 have a maximum percent
error of 1.72% and an average error magnitude of 179.49 µV.
The values for V4 have a maximum percent error of 25.98%,
but this occurs at the point where the load was set to 50 �,
and the magnitude of V4 is near zero. The actual voltage
error magnitude is only 108.11 µV. The average voltage error
magnitude is 330.12 µV.

Fig. 7 shows the view of the error vector magnitudes
(EVMs) of V3 and V4 in terms of the difference between
the measured and simulated of the voltages for the differ-
ent current magnitudes caused by the differing 0ant values.
Table III lists both voltage values for each point and pro-
vides the EVM values. The simulated and measured values
appear nearly identical, with the largest EVM value of only
609.64 µV.

The strong agreement between these simulations and mea-
surements demonstrates accurate modeling of the test setup in
the simulator. This means that it is expected that the measured
and simulated values of Iant are also expected to have good
correspondence.

Fig. 7. EVM comparison of measured and simulated voltages.

TABLE III
VOLTAGE VALUES AND ERROR

Fig. 8 compares the antenna current Iant, based on the
measurement of V −

3 and V −

4 and use of (1), (11), and (13)
with the current value assessed directly in simulation using
the current probe tool. The measured current values have an
average error magnitude of 66.87 µA and average percent
error of 1.23%. The maximum current error magnitude was
187.93 µA, with a maximum percent error of 4.42% observed.
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Fig. 8. Comparison of measured and simulated currents for all points on the
complex plane.

Fig. 9. Residual error vectors of measured and simulated current.

Fig. 9 shows the comparison between measurement and
simulation in terms of the difference residuals. As expected,
the EVM of the current generally increases for reflection
coefficient values 0ant resulting in larger current magnitudes.
However, the percent error is small for all of the reflection
coefficients assessed. The maximum EVM in Fig. 9 relates to
a percent error of only 1.93% (this is a 187-µA EVM for a
9.71-mA measurement).

V. APPLICATION TO ARRAY CALIBRATION

To demonstrate the application of this method to array
calibration, a simulation experiment was conducted using a
four-element digital array. This simulation is performed in
ADS and iteratively uses in situ monitoring of the current
to adjust the input voltages to the power amplifiers. Because
the approach measures the antenna currents and adjusts the

Fig. 10. Patch antenna array for electromagnetic simulation with the ADS
Momentum Microwave simulator.

input voltages iteratively, it corrects for differences in the
transconductance magnitude and phase between the elements,
the nonlinear effects of the power amplifiers, and the mutual
coupling between array elements.

A simulation was constructed to examine the effectiveness
of this approach. Using the ADS Momentum Microwave sim-
ulator, a simple four-element linear microstrip patch antenna
array was constructed. The construction of this array, as shown
in the ADS Momentum Microwave electromagnetic simulator,
is included in Fig. 10. These element antennas were arranged
linearly in the magnetic field plane. Using a harmonic bal-
ance simulation, each element was excited using a voltage
source with relative magnitude and phase values calculated for
an array. A GaAs metal–semiconductor field-effect transistor
(MESFET) model from Modelithics was used to simulate
the nonlinear transistor in each element. The port current
entering each antenna was calculated in the harmonic balance
simulation, and these current values were used in Momen-
tum Microwave electromagnetic simulations to determine the
array pattern. The schematic for this simulation is shown
in Fig. 11. The amplifier blocks contain the Modelithics
nonlinear models and the amplifier matching networks. Inside
the In situ Measurer block are the measured S-parameters
of a dual-directional coupler, where the coupled ports are
connected to impedance blocks that match the measured values
of our measurement equipment.

To demonstrate the capability of the system to make on-the-
fly corrections, the output matching network in each element
was set to a different impedance value to replicate the effects
of impedance tuning. To perform the calibration, the input
voltage values and the output current values, found using in
situ measurements, are used to calculate the transconductance
of each element. The transconductances and the desired output
element output currents (iideal,n) are then used to calculate new
input voltage values using (16)–(18). The input weights for
each iteration are determined by

win,n(t) =
iideal,n

Gn(t − 1)
(16)

where Gn is the transconductance of the nth element, which
is calculated as

Gn(t) =
iout,n(t)
vin,n(t)

. (17)

The weights are then normalized to the maximum power level
set by the user, Pmax, to get input voltage values using

vin,n(t) = win,n(t)

√
2Pmax Z0

maxn
(∣∣win,n(t)

∣∣)2 . (18)
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Fig. 11. ADS schematic used for array calibration with harmonic balance
simulation.

Fig. 12. Flowchart of array transmitter calibration process. In this work,
calibration is complete after a set number of iterations is reached but a more
sophisticated method of convergence testing could be applied.

This process is then repeated in an iterative manner, as shown
in Fig. 12, until a desired number of iterations or level of
performance is reached.

Fig. 13 shows the results of using this calibration with a
simple four-element array transmit beam steered to 30◦ off
broadside. To create a beam at this angle, each element must
be excited with signals identical in magnitude and separated in
phase by kd sin 30◦, where k is the phase constant in radians
per meter and d is the separation between the element antennas
in meters (in this setup, d = λ/2, where λ is the wavelength
in meters). Because k = 2π/λ , the element excitations are

Fig. 13. Comparison of array transmission pattern before and after calibra-
tion, compared to an ideal transmission pattern with all plots normalized to
the same maximum amplitude.

separated in phase by

kd sin 30◦ =
(

2π

λ

)(
λ

2

)
sin

(π

6

)
=

π

2
= 90◦. (19)

Before calibration, all elements were excited with the same
magnitude and 90◦ relative phase shifts to produce the desired
beam steering. This traditional input resulted in the distorted
pattern shown with the blue dashed line in Fig. 13. The side-
lobe at −45◦ is significantly overpronounced in the resulting
pattern. The in situ measurement process is then used to
perform an “on-the-fly” array calibration, correcting the input
voltages based on the measured antenna currents. The resulting
pattern, shown as the red solid trace in Fig. 13, is nearly
identical to the ideal transmission pattern (blue dotted-dashed
trace).

A numerical comparison between the ideal currents and
the measured currents across the elements can be performed.
Because the relative currents determine the array pattern, a nor-
malized current can be calculated for each element relative to
the mean current across all elements. This can be performed
for the ideal element currents and the in situ measured element
currents. The normalized ideal and measured current values,
respectively, for the nth element of an N element array are
given as follows:

iideal,n =
Iideal,n(∑N

n=1|Iideal,n|
N

) (20)

imeas,n =
Imeas,n(∑N
n=1|Imeas,n|

N

) . (21)

These normalized element current values can be used to
calculate a percent error of each element’s measured relative
current value when compared to the element’s ideal relative
current value. For the nth element, the percent error is defined
as follows:

En =

∣∣∣∣ iideal,n − imeas,n

iideal,n

∣∣∣∣ × 100%. (22)
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Before the calibration was performed, the percentage error
values of up to 221.9% were observed for En . Following
calibration using the in situ measurements, the maximum En

was reduced to 6.5 × 10−7% after 20 iterations of correction.
The array pattern after calibration in Fig. 13 is right on top
of the desired pattern trace, to the extent that the traces are
nearly indistinguishable from each other. The actual speed
of this number of iterations would likely be based on the
measurement processing time of the in situ measurement
device and the required computation time for the excitation
adjustments, but 20 iterations seem reasonable for real-time
implementation. The feasibility of this number of iterations
should be examined in implementing this in a realistic system
for measurements.

Simply put, the insertion of in situ current monitoring pre-
cludes the need for advance calibration and allows monitoring
of actual current. Thus, it provides two specific benefits: 1) it
removes the need for traditional array precalibration and 2) it
corrects for changes or adjustments during operation, such
as reconfiguration of impedance tuners and mutual coupling
effects.

VI. CONCLUSION

A method of monitoring the current entering a phased-array
antenna has been measurement validated using traveling-wave
voltage measurements with a four-port dual-directional cou-
pler. Furthermore, a measurement approach allowing the total
voltage at the coupled ports has been derived and validated
through extended simulation results. This approach is designed
for in situ implementation in array transmitter elements and
is expected to be especially useful when element transmission
magnitude and phase are expected to vary in real time, such as
when real-time impedance tuning is performed in the element,
or mutual coupling changes antenna impedance (especially
when mutual coupling varies from element to element). Very
importantly, the ability to monitor the input current to the array
antennas allows calculation of the array transmit pattern if the
individual antenna patterns are predetermined. This removes
the need for pre-calibration of the transmitter at all possible
tuner settings. Further, this method may either replace or
provide useful assistance to traditional array calibration for
some applications. When implemented in an array setup, this
approach is expected to enable the use and reconfiguration
of tunable matching networks to optimize array performance
with changing transmission characteristics in a dynamic envi-
ronment. The theoretical, simulation, and measurement-based
justification of the in situ monitoring approach presented
in this article should allow practitioners to develop this for
real-time use in an actual transmitter with confidence that it
will provide accurate monitoring of the antenna currents.
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