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Abstract— This article presents an amplitude and 360◦ phase
shift array measurement system. The basic cell of the measure-
ment system uses a novel amplitude and phase detector based
on switched dual multipliers. The phase shift measurement is
characterized using an analog phase detector (mixer), detecting
a maximum range of ±90◦, and a double multiplication of the
input signals, in phase and phase shifted. This method broadens
the frequency and amplitude range beyond other solutions that
require fulfilling the quadrature condition. This method broadens
the frequency and amplitude beyond other solutions requiring
fulfilling the quadrature condition or phase and amplitude bal-
ance. Thus, it enables to compensate significant phase imbalance
in the 90◦ hybrid or use amplitudes out of the range that ensures
the switching operation of mixer diodes. The circuit calibration
that allows compensation for errors (amplitude, phase shift,
mismatching, etc.) is detailed, and its relation to the required
measurement accuracy is discussed. The design can be easily
extrapolated to other frequency ranges because it uses commer-
cial RF devices available in a wide frequency range and avoids the
need of crossing lines or complex 90◦ hybrid. A prototype with
3 × 3 cells has been built to evaluate various test conditions
on 1 × 3 cell configurations that show the advantages of the
procedure. It should be highlighted that the cell prototype uses
devices that will be operating outside the frequency and ampli-
tude ranges recommended by their manufacturers. A calibration
from 2.6 to 6 GHz and −15 to −3 dBm was performed to evaluate
the measurement errors. An analysis of the isolation between cells
and different calibration configurations is performed to analyze
the measurement errors. Measurements show compensation of
+30◦/−25◦ phase imbalance and 13-dB power lower than mixer
manufacturer recommendation.

Index Terms— 360◦ dual multiplier phase detector, amplitude
measurement, analog phase detector, calibrated RF array mea-
surements, phase shift measurement.

I. INTRODUCTION

AMPLITUDE and phase shift array measurement systems
are essential to calibrate, feedback controlling, and mon-
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Fig. 1. (a) Measurement array system connected to the input signals of
an antenna array via directional coupler array. (b) Single meter connected to
N-port RF array via switching matrix.

itoring RF array antenna systems. In a phased array antenna,
beamforming is determined by amplitudes and phases of each
antenna element. Anechoic chambers are commonly used to
check the correct operation of the array because they are
the most accurate approach for array system characterization
and prediction, but it is a cumbersome and costly procedure.
Amplitude and phase shift array measurement systems can be
an alternative to check the correct operation of the RF feed
array and estimate the radiation patterns associated with the
set of amplitudes and phase shifts between elements when
combined with electromagnetic simulators [1].

The array measurements system can be used in feed-
back control systems to configure the antenna array dynam-
ically. Initially, the amplitudes and phases-shift are obtained
from (both) the radiation pattern requirements (main lobe max-
imum, secondaries lobes, direction with radiations nulls, etc.)
and the different antenna array synthesis techniques [2]. Then,
the control and tunning systems modify the RF input signal to
the antenna elements iteratively until the required values are
found. The number of cells forming the measurement array
can be equal to the number of elements to measure [Fig. 1(a)]
or less [a single measurement cell in Fig. 1(b)]. The higher
the number of cells, the shorter the measurement time, which
implies more complex circuitry.

These measurement systems are essential when the power
supply network contains coupled oscillator arrays. Coupled
oscillator arrays show a greater circuitry simplicity than much
more classical solutions based on the use of programmable
phase shifters [3]. Controlling the outer varactor voltages
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Fig. 2. Multiplier analog phase shift detector. (a) Simplified measurement
system and (b) ideal phase detector response.

Fig. 3. Simplified circuit diagram based on double multiplication (in phase
and quadrature) that extend the detecting range to ±180.

allows regulating the progressive phase shift in a linear array.
The progressive phase shift can be governed by controlling the
peripheral element voltages in a 2-D array configuration [4].
It is possible to extend the ±90◦ theoretical phase shift limit
between elements using multiplier stages [5]. However, the
settings of the different stages are critical because a slight
change in any of the oscillators (polarization, varactor bias,
impedance, mismatching, etc.) causes a chain reaction on the
others, leading to differences in phase shift and amplitude
between the RF outputs [6], [7].

Therefore, additional adjustments are required, mainly var-
actor voltages of inner oscillators, until designed amplitudes
and phase shift values are achieved. This adjustment can
be made by connecting an antenna array and performing
successive radiation pattern measurements [8] or using an
amplitude and phase measurement array [9].

Phase shift measurement systems based on microwave ana-
log multiplier phase detectors have been used to adjust and
characterize the coupled oscillators. The signals are combined
two by two after passing through a 90◦ hybrid [9]. These
measurement systems have a theoretical maximum detection
range of ±90◦ and assume an ideal sinusoidal response in the
detector output voltage (Fig. 2).

This theoretical sinusoidal response corresponds to the
linear behavior of the mixer that requires a higher amplification
in the local oscillator port (pump signal) to guarantee the
switching operation of the diodes [10].

The detection range can be increased up to 360◦ by com-
bining the output signals of a double in-phase and quadra-
ture (IQ) multiplication of the input signals (Fig. 3). There
are commercial IQ modulators up to 44 GHz [11] and novel

Fig. 4. (a) Simplified schematic of the phase shift detector used in [15].
(b) Procedure to obtain the solution that extends the quadrature condition to
90◦ ± β (β < 90◦: quadrature condition deviation).

designs that operate at higher frequencies (85–95 GHz) [12].
In all cases, to obtain the input signal phase shift, it is required
to combine the multipliers output signals (Combinator module
in Fig. 3) through a specific circuit [13] or using simples pro-
grams that implement the 2-argument arctangent function [14].
In addition, all circuits must fulfill in the frequency range:
quadrature conditions (90◦), amplitude ranges that guarantee
a lineal multiplier behavior, and proper amplitude and phase
balance in each branch.

When using 90◦ hybrid circuits [11]–[13] or 90◦ delay
lines [14] to increase the detection range to 360◦ by combining
IQ signals, the bandwidth of the measurement system is
limited by those circuits, which in the case of the delay line
is a single value which in the case of the delay line is a single
value, as it shifts 90◦ at only one frequency.

The use of multipliers as phase detectors presents limitations
well documented in the literature [13]–[15]: phase shift errors
derived from the dependence of the detector output voltage
on the input signal amplitudes; reduction of the theoretical
detection range (±90◦) due to dc offset; both loss of sensitivity
and increase of the phase shift error, at the extremes of the
maximum and minimum detected voltage due to the sinusoidal
characteristic of the detection curve.

To the best of our knowledge, designs based on IQ double
multiplication have the objective to achieve behavior as close
to ideal as possible (Fig. 4). The design calibration stage
aims to obtain initial elements tuning values that make system
behavior as ideal as possible in one frequency point (90◦ phase
shift). Usually, calibration procedures for measurement arrays
are limited to adjusting a point on the detector curve (typically
the output voltage zero of the phase detector) for a given
frequency [9], [13], [14], [16]. For this purpose, the electrical
lengths of the paths are modified, ensuring a 90◦ phase
shift for quadrature signals. In addition, some commercial
IQ modulators [17] adjust the response of the 90◦ hybrid to
achieve the quadrature condition at specific frequencies. The
amplitude balance and range are driven by the linear range
of the mixer which involves including amplifiers [9], [16] and
amplitude stabilization circuits [11], [13], [14], [18] in each
branch.

Despite their drawbacks, analog multiplier phase detectors
are used because they can operate at higher frequencies than
digital [19]–[21] or FPGA-based circuits [22], [23], which
do not exceed 8 GHz. However, downconverters can be
used as phase shift measurement solutions [24], which can
reduce the operating frequency to allow the use of digital



PÉREZ-DÍAZ et al.: PHASE SHIFT AND AMPLITUDE ARRAY MEASUREMENT SYSTEM 8005411

detectors, would increase the complexity of the circuit and
introduce isolation problems derived from the power levels
required by the oscillator to correctly perform the signal mix.
Some other configurations use known variable phase/frequency
oscillators as reference signal that enter to a subtractor together
with one of the unknown signals. A microcontroller varies
reference signal phase/frequency and calculates phase shift by
looking for minimum power [25]. In addition to requiring a
good signal reference and automatic gain control (AGC) in
the measurement procedure, it can be time consuming and
complex for a measurement array. A similar solution uses
a voltage control phase shift to force zero voltage at phase
detector output [26].

Finally, the authors have proposed a configuration based on
switched dual multipliers that increases the detection range
to 360◦ [15]. The main feature of this circuit is the ability
to correct large phase imbalance relative to quadrature ful-
fillment. However, both the design and the calibration and
measurement procedure do not support changes in frequency,
amplitude, or temperature, as well as providing relative high
phase errors due to the piecewise linearization of the analog
phase detector response. These limitations will be solved in
this article and applied to design a phase shift and amplitude
array measurement system.

To broaden the frequency and amplitude ranges in double
multiplication-based phase meters, a change in the previous
design [15] and the calibration and measurement method are
proposed.

The inclusion of coupler circuits and amplitude detectors in
the design allows the new measurement cell to be calibrated
in frequency, amplitude, and phase. In addition, we propose
a procedure for generating and using the calibration matrix
that reduces both calibration and measurement time without
reducing measurement accuracy.

It must be noted that the modified basic cell allows a
calibration that extends measurement ranges in frequency and
amplitude beyond the ideal behavior of the circuit. Thus,
it allows significant phase/amplitude imbalances or amplitudes
out of range that ensure the diode switching operation [10]
in analog phase detectors. Likewise, it allows less restricted
device specifications and simplifies the design by eliminating
the need for amplifiers or broadband 90◦ hybrid (0◦/90◦).
In fact, the correction capability shown in this article, would
allow a delay line to be used to generate a quadrature signal
in a bandwidth greater than 60% of the center frequency.

The procedure advantages are shown in a modular cell
design in the 5-GHz band, using microstrip technology com-
bined with commercial circuits to characterize each block
independently. The amplifier, coupler, mixer, and hybrid circuit
will be operating outside the frequency and amplitude ranges
recommended by their manufacturers. In addition, a switch
is chosen to avoid RF line crossovers and facilitate the
circuit board design. This design and procedure can be easily
extrapolated to other frequency ranges.

This cell has been integrated into a measurement array built
on the same printed circuit board. This measurement array
is a prototype with 3 × 3 cells that have been previously
used to characterize arrays of narrow-band coupled oscillators

(a few MHz) in 1 × 3 configuration [27] but whose design
and operation has not been described.

The proposed design and calibration procedure reduce the
imbalance requirements produced by the lines connecting the
different cells.

The most relevant aspects that must be considered for such
integration are discussed, highlighting the error derived from
the lack of isolation between stages, which other authors do
not consider because they use shielded and connectorized
circuits [9], [16].

This article is organized as follows. In Section II,
we describe the source cell’s key features [15] on which the
array measurement system design is based. The details of the
new cell that makes up the array measurement system and
the designed system are described in Section III. Section IV
explains the calibration procedure to obtain the array under
test (AUT) amplitudes and phase shifts. Section V presents
the experimental results. Discussion and conclusions about the
error control of the array measurement system are exposed
in Section VI.

II. UNBALANCED DUAL MULTIPLIER PHASE DETECTOR

The design proposed in [15] allows for deviating from
the quadrature condition (90◦ ± β) up to a theoretical value
of ±90◦ (β < 90◦). This capability allows to substantially
increase the frequency bandwidth that covers the double
multiplication technique. Besides, to simplify the phase shifter
topology, a switching of the input signals is used [Fig. 4(a)].
Basically, it performs a double analog multiplication to obtain
two curves (in-phase and phase-shifted, hereafter also referred
to as Q because it can take a theoretical value of 90 ± β
and simplifies the nomenclature) that divide the ±180◦ range
into four quasi-linear zones. The phase shift calculation is
performed in the most linear area of each sinusoid using
a simple linear multisection interpolation and applying a
simple algorithm. The simplified procedure is shown with an
example in [Fig. 4(b)]: measure the two output voltages of
the phase detector when the signals are combined in phase
and quadrature (Vd i in red and Vd q in blue); use the voltage
closest to zero (Vd q ), which corresponds to the most linear
area, to obtain the two possible solutions of phase shifts
(marked with a blue x); the phase shifts (marked with a
red x) associated with the voltage furthest from zero (Vd i )
which corresponds to the less linear and higher error zone are
obtained; and finally, the correct phase shift solution provided
by the voltage Vd q is the one that most closely resembles Vd i

[Solution in Fig. 4(b)].

III. ARRAY MEASUREMENT SYSTEM:
HARDWARE DESCRIPTION

The phase shift and amplitude array measurement system
employs a modification of the cell shown in Fig 4. Fig. 5
shows the circuit diagram, including commercial component
references, a picture of two cells, and numbering to facilitate
component location. The new cell has a more compact design
and includes a socket for reading the input power. The key
elements for phase measurement based on the switched dual
multiplier are retained: the 90◦ hybrid that shifts the phase of
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Fig. 5. Schematic and picture of the newly manufactured amplitude and
phase shift detector based on switching dual multiplier. DC voltages flow
through the bottom layer of the circuit board.

the signal (6), the absorptive single pole double throw (SPDT)
switch that selects between the in-phase and phase-shifted
signal (7), the power divider that splits the signal to the
adjacent cell (9), and the analog mixer that delivers a voltage
proportional to the phase shift between the input signals to the
two cells (11). A directional coupler (3) is included to provide
a sample of the input signal to the logarithmic detector (4).
The remaining components, two amplifiers (2 and 8) and an
attenuator (5), are responsible for matching the signal levels
between stages, resulting in better isolation and impedance
matching. The amplitude detector has a dynamic range of the
input signal from −50 to 0 dBm and bandwidth from 50 MHz
to 8 GHz. A frequency of 5 GHz and power of −10 dBm at
each input of the cells have been assumed for selecting the
devices. A power of −4 dBm is obtained at the inputs to the
analog multiplier (11), which guarantees a detected voltage
of 200 mV. The control lines (switch), detector outputs (ampli-
tude and phase), and the power supply run through the bottom
layer. Each cell is supplied with 4 V and consumes 90 mA.

It must be noted that the characteristics of many devices
are outside the frequency and amplitude ranges required to
evaluate the measurement system: mixer (LO drive: +3 dBm
to +7 dBm and RF bandwidth: 4.2–6 GHz), 90◦ hybrid
(phase shift: 92◦ to 93◦. RF bandwidth: 3.1–5.9 GHz),
amplifier (adapted to 5.2 GHz), and directional coupler
(RF bandwidth: 4–7 GHz).

Internal arrangement of the cell components follows a
counterclockwise spiral so that all the components are installed
compactly. The necessary adjustments have been made to the
lines (10) upstream of the phase detectors (11) for each of
the cells to achieve a compact arrangement for a 2-D array
of MxN elements. In other words, the electrical lengths of
the lines have been equalized to provide designs specifically
adjusted to be placed in each of the corners, sides, and central
elements, which would allow easy scaling of the number of
elements that make up the array. However, any phase errors
that may occur when varying the frequency are compensated
in the calibration phase described in the following section.
The cells would be connected between them in an inverted S
configuration.

Fig. 6. Phase shift and amplitude array measurement circuit board.

A prototype with 3 × 3 cells has been fabricated and used
to separately evaluate various test conditions on 1 × 3 cell
configurations, although the prototype could be used as a 2-D
array (Fig. 6). On the left side of the circuit board are the con-
trol lines responsible for turning off/on each cell and switching
the switch that selects the input signal to the hybrid. The two
connectors of the phase detector voltages (Vphase connector in
Fig. 6) and power detector voltages (Vamplitude in Fig. 6) are
in the same location. Manual switches located on the upper
left-hand side of the circuit board have been added to perform
on/off switch without having a control computer connected
to facilitate the adjustments and initial checking of the cells
operation.

Both the analog voltages proportional to the phase shift
between cells (in phase and quadrature) and those representing
the power of the input signal are digitized in a data acquisition
system (DAQ) controlled by a PC. Nine power readings and
16 phase shift readings are obtained from the array, and 8 for
each switch state. The DAQ is responsible for digitizing the
nine power samples of the 3 × 3 array on a single clock
edge with a maximum voltage of 2.1 VDC and the eight
phase shift samples with a maximum voltage ±300 mVDC.
A phase shift sample is produced on two clock edges of the
DAQ; one acquires the voltage corresponding to the phase (I )
and the other the voltage corresponding to the phase shift (Q).
The DAQ acts on the SPDT switch, which lets one or the
other signal of the 90◦ hybrid through each case. Also, the
DAQ can turn on/off each of the array cells using a binary
value (0 or 5 V).

IV. ARRAY MEASUREMENT SYSTEM: CALIBRATION

AND MEASUREMENT

The calibration system is a semiautomated procedure that
absorbs circuit imperfections: mismatching, quadrature devia-
tions of the hybrid, and quasi-sine phase detector response.
Calibration depends on the AUT ranges over which the
measurement system is used, i.e., temperature, frequency, and
input power. The power detector voltage is used to measure
the signal amplitude at the cell input for a given frequency.
However, to obtain the phase shift between two cell inputs, two
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voltages of the phase detector (in phase and phase shifted) are
used, in addition to the voltages of each cell power detector.

The calibration procedure generates two matrices if the
temperature is assumed constant. The first matrix is in a
vector space of dimension 3 that includes the frequency,
power, and voltages of the power detectors. The second
matrix is in a vector space of dimension 6 and contains the
phase shifts, in-phase, and quadrature voltages for each input
power and frequency combination. Therefore, it is possible to
obtain the input signal phase shift from the first matrix (3-D)
power, frequency, phase, and quadrature voltages of the phase
detectors following the procedure described [15] (summarized
in Section II).

The proposed measurement procedure is based on a dis-
cretization of the variables (frequency, power, and phase shift)
and the use of interpolation functions to obtain the calibration
matrix. There is a trade-off between the volume of data
needed to calibrate the measurement system and the required
measurement accuracy. The larger the data, the higher the
accuracy obtained, but the longer the time required for the
calibration. Furthermore, the measurement procedure could
become too slow if the interpolation timelapse is not reduced.
Therefore, in this section, we discuss two strategies that allow
a faster measurement without increasing the calibration time
(it can be hours): curve modeling and interpolation submatrix.
In any case, the calibration process would be performed only
once for a given application.

The measurement system calibration includes the following
steps: 1) calibration of the RF generators; 2) data collection;
and 3) processing of the calibration matrix. The calibration
matrix is used to obtain the amplitude and phase shift, follow-
ing the procedure described in 4).

A. Calibration of RF Generators

The calibration of the array measurement system requires a
previous calibration of the RF generators (master and slave)
that supplies the reference signals (RF Ref in Fig. 7). This
previous calibration guarantees high accuracy of the amplitude
and phase for the input frequencies to the measurement array.
The null search procedure is applied using a power combiner
and a spectrum analyzer [28] to perform the previous calibra-
tion of the RF generators. Once the passive components, power
combiner, cables, etc., have been characterized and included
in the calibration process, the RF generators are synchronized.
Calibrated amplitude (Pmcal) is obtained using a power meter
located at the output connector of the cable connected to the
master generator.

Then, the values (display) of the master generator are
set with the calibrated power value, frequency and phase
of 180◦. The amplitude and phase values (display) of the
slave generator (Psgenr and θsgenr ) are modified to find a null
(minimum power at the output of the combiner). Once the null
has been found, these data, which appear on the display of
amplitude, frequency, and phase of the generators, guarantee
that the input signals to the combiner are 180◦ out of phase
and have the same amplitude, so they must be stored in the
calibration matrix of the RF generators. This is performed

Fig. 7. Block diagram and connections for the calibration of the input signals
to the array.

for the required set of powers (Pi :�P:Pf ) and frequencies
( fi :� f : f f ), depending on the application to be measured. The
calibration quality depends on the remaining output power
of the RF combiner when canceling the signals of the two
generators (180◦ phase shift and minimum amplitude) relative
to the 0◦ phase shift situation (maximum amplitude). Thus,
we would need a suppression of 60 dB to achieve an error
of 0.1◦ [28]. Using this method, the phase and power reference
is established at the output connector of the cables connected
to the input of the combiner (RF Ref). This task takes several
hours, so it is necessary to establish strategies to reduce the
number of points.

B. Data Collection and Populating of Calibration Matrices

Once the calibration matrix of the RF generators has been
obtained, the cables are disconnected from the combiner
and connected to the measurement array inputs in pairs
and sequentially (1–2, 2–3, 3–4, etc.) following an inverted
S-shaped path. The DAQ is connected to the outputs of the
amplitude and phase detectors (Fig. 8) to obtain the data
that will form the calibration matrices of the measurement
array. In this cycle, the same frequency and power values
of the previous cycle are used and, for each combination
of them, a phase sweep is performed between 0◦ and 360◦,
capturing with the DAQ the voltages of the power detector
(Vpwrk and Vpwrk+1) and phase detector when the signals
enter in phase (Vd i ) and quadrature (Vd q). Two matrices are
populated: one with the values of phase detector voltages (in a
space vector of dimension 6: frequency ( f ), powerk (Pk),
powerk+1 (Pk+1), in-phasevoltage (Vd i ), quadrature-phasevoltage
(Vd q), and phase shift (�θ)) and the other with the val-
ues of the power detectors (dimension 3: frequency ( f ),
power detector voltagek (Vpwrk) and powerk (Pk)). In total,
and for a 3 × 3 array, there would be eight matrices in the
vector space of dimension 6 and nine matrices in the vector
space of dimension 3.

The step size in each sweep determines the time it takes
for a calibration cycle and the accuracy of the measurement
phase. The capture time for a combination is limited by the
PC communication speed with the two signal generators and
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Fig. 8. (a) Block diagram and connections for data collection of the
calibration matrices. (b) Photograph showing the PC connections with the
instrumentation (generators and DAQ) and the measurement array.

the DAQ. The time required to program the frequency, power,
and phase shift of the generators plus the stabilization time
of the signal and capture the four voltages is 0.4 s. Therefore,
the instrumentation used must maintain good calibration of the
output signals over time, amplitude, and phase. However, since
generator calibration and data collection takes many hours,
it is vital to minimize the number of points, which will be
associated with a deterioration in the interpolation that must
be carried out to obtain the amplitudes and phase shifts.

Fig. 9(a) shows the measurement of the power detector of
cell 1 for different frequencies (2.7, 5, and 6 GHz) where
it can be seen that the output volts versus power input curve
are quasi-linear. Fig. 9(b) shows the measurement of the phase
detector of cell 1–2 for various powers (−16, −6, and 0 dBm)
and frequencies (2.7, 5, and 6 GHz). It should be noted that the
responses are quasi-sine, varying both amplitude and aspect,
as well as the deviation about 90◦ from the quadrature signals.
In fact, curves have been included in the calibration matrix
that presents a displacement of the quadrature situation (90◦)
ranging from +30◦ to −25◦. In addition, since the gain in each
branch is about 6 dB, the mixer input signal is −10 dBm
when the input signal is −16 dBm, 13 dB lower than the
manufacturer’s recommended level for the LO gate. Likewise,
when the inputs are at 0 dBm, it is observed that the curve
is compressed. Concerning frequency range used, the upper
limit is set by the available instrumentation (6 GHz), and the
lower limit is delimited by the distortion of the phase detector

Fig. 9. (a) Power detector output voltage as a function of input power for
frequencies 2.7, 5, and 6 GHz. (b) I/Q curves (multiplier output voltage vs
phase shift between two cells) for different combinations of input powers
(−16 and 0 dBm) and frequencies (2.7, 5, and 6 GHz).

curve, which results in additional ambiguities that prevent a
usage over a range of 360◦.

C. Calibration Matrix Processing

Once the power (3-D) and phase shift (6-D) matrices are
obtained, they are processed to form the calibration matrices
used in the measurement cycle. Each curve is divided into
four zones to increase the number of points and lower the
interpolation error at the measurement cycle. The curves are
modeled with sinusoidal functions, and the points for the
calibration matrix are extracted. In this example, a range
of ±75◦ around the zeros has been selected to characterize
the more linear zones and ±40◦ around the maxima and
minima of the function to determine lower sensitivity zones
(lower �Vd/�θ ). The use of ±75◦ (150◦) to determine the
solution guarantees a loss of the quadrature condition of ±30◦
[β = 30◦ in Fig. 4(b)]. Besides, to facilitate interpolation
in the measurement cycle, the data are organized so that
the samples start from the maximum voltage in all cases
(Fig. 10) and are decomposed into a negative and positive
slope. Fig. 10 shows how the modeling by sections makes it
possible to have a smaller number of measurements (Original
Data) without giving up storing points with a minor separation
and guaranteeing a smaller interpolation error in the phase shift
and amplitude DUT measurements.
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Fig. 10. Detector curves and the sections that define the modeling.
In the representation: positive/negative slope (±75◦) and maximum/minimum
voltage region (±40◦); the Original Data are taken every 12◦ and the stored
data every 5◦.

Fig. 11. Formation example of the calibration submatrix to obtain the input
power (Pko).

After this process, the matrix in the vector space of dimen-
sion 6 has been broken down into four matrices and reduced
to a vector space of dimension 5, based on the slope (positive
and negative) of the linear range of phase shift interpolation
and the voltage detected when the input signals are in phase
or quadrature.

D. Procedure for Amplitude and Phase Shift Determination

The frequency value and the amplitude and phase shift
detector voltages are taken to interpolate the array calibration
matrix. A calibration submatrix is extracted around those
values to speed up the procedure.

The procedure for extracting the calibration submatrix used
for interpolation is easily described with the 3-D power matrix
(Fig. 11) and can be extrapolated to the phase shift matrix.
If a constant temperature is assumed, the frequency ( fo), and
voltage of the power detector of cell k (Vpwrko

) and cell k + 1
are used as a starting point. It is located the upper frequency
( fup) and lower frequency ( flow) around fo in the frequency
vector. For each of the two frequencies above, the upper
(Vpwrkup

) and lower (Vpwrklow
) voltages around Vpwrko

and its
associated powers (Pkup) and (Pk low) are located. Once the
dimension 3 submatrix is extracted (Fig. 11), an N-D scattered
data interpolation [29] is performed on the data ( fo, Vpwrko

) to
obtain the input power of cell i (Pko). The same procedure is
used to obtain the power of cell k + 1 (Pk+1o).

It is necessary to obtain the phase shift when the inputs
are in phase/quadrature and follow the procedure described
in Section II to obtain the phase shift between the input
signals of cells k and k + 1. In this case, we start from the
frequency ( fo), previously calculated powers (Pko and Pk+1o),

Fig. 12. Procedure to obtain input signal phase shift from response
submatrices.

and phase detector voltages for the in-phase (Vd i ) and quadra-
ture (Vd q) inputs (Fig. 11). Following the same sequence as for
the previous case, four calibration submatrix of dimension 5
is extracted for each detector voltage to obtain the phase
shifts for positive and negative slope (Fig. 12) when in
phase (�θ islope+o & �θ islope−o) and quadrature (�θqslope+o &
�θqslope−o). The correct phase shift is the value where the
difference between the phase and quadrature solution is the
minimum, as shown in Fig. 4(b) (Section II). Moreover,
the final solution corresponds to the most linear region, i.e.,
where Vd is lower (�θ = 101.51◦ in Fig. 12).

V. EXPERIMENTAL RESULTS

This section begins with a study of the isolation between
cells and evaluating the improvements through cell-by-cell
encapsulation. Then, it is performed an evaluation of the
system based on histograms, error statistics, and measurement
timelapses (refresh date).

A. Coupling Between Nearby Cells

The microstrip technology used to manufacture the circuit
board of the measurement array (Fig. 6) has inherent limita-
tions in terms of the isolation between cells.

The proximity between the cells and the lack of isolation
between them produces a coupling between the input signals
(crosstalk) that produce a variation in amplitude depending on
the phase shift. When the cell input has the same amplitude,
by varying the phase shift between them, the maximum
amplitude is obtained when they are in phase and minimum
when they are in counter phase. The variation of the phase
detectors input amplitude produces an error in measuring the
phase shift. This error is more pronounced when the input
signals to each cell are very different because the weaker
signal would be significantly affected by the other. Previously,
isolation tests were carried out between the detector outputs to
rule out-coupling effects through the lines running along the
plate’s bottom. Therefore, the coupling between inputs to each
cell occurs through the top layer and mainly between RF lines
to mixers.

Two types of encapsulation were chosen (Fig. 13) to eval-
uate the insulation effect on the measurements. The upper
part cells have been shielded independently, and the mass
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Fig. 13. Measurement array with cells 1–3 shielded with ground plane cutout,
cells 7–9 shielded and cells 4–6 unshielded.

Fig. 14. (a) Shielding without notch: cells 7–9. (b) Shielding with notch
(<0.5 mm) in the ground plane: cells 1–3.

Fig. 15. Power detector response (red color) for the power of −5 dBm and
the rest of the cells switched off. The phase shift detector response when the
adjacent cell is switched on, and its input is −5 dBm: cells 5–6 unshielded
(violet color) and cells 1–2 shielded (blue color).

plane joining them has also been separated [Fig. 14(b)]. The
cells at the bottom have been shielded without cutting off
the connecting ground plane between them [Fig. 14(a)]. The
isolation of the upper cells is slightly better than the lower
ones, and the study is limited to the first two rows, i.e., with
independent shielding between cells and not encapsulated.

Fig. 15 shows the power detector output voltages when
swept in phase, and the input signals are held constant. Signals
varying ±12.5 mV between maximum and minimum have
been obtained over a mean value of 944.5 mV, corresponding
to an input signal of −5 dBm interfered by another signal of

the same value entering an adjacent cell when using unshielded
cells (cells 4–5 in the measurement). The levels go to ±4 mV
when using shielded cells (cells 1–2 in the measurement). The
first case corresponds to the isolation of 29.74 dB, compared
to 39.54 dB when shielded. These isolations produce an error
of 0.85 and 0.22 dB, respectively, at a power of −15 dBm
when the adjacent cell signal is −5 dBm. The phase errors
that produce these amplitude errors are evaluated as follows.

B. Experimental Evaluation: Errors

To evaluate the calibrated measurement system using the
shielded cells (1–3 in Fig. 13), several tests are performed
to measure the error made in obtaining the input power and
phase shift. First, the calibration matrix is obtained for a range
of frequencies, powers, and phase shifts. Secondly, reference
signals (frequency, amplitude, and phase shift) are applied to
obtain differences with measured values. In all tests, the power
detector output (Vpwrk) was only measured at the first point of
phase sweep. This means that the number of evaluated points
is lower and the error due to power detector voltage ripple
shown in Fig. 15 is not corrected. The solution accuracy is
mainly determined by the number of points in the calibration
matrix (Section IV-C). Therefore, different tests are performed
by varying the number of points in the calibration matrix and
evaluating phase, power, and frequency ranges that include
intermediate points. In all cases, the input signals have been
previously calibrated (Section IV-A).

In the first test, the calibration matrix was configured
with the following values: frequency from 2.6 to 5.9 GHz
with 300-MHz steps (GHz: 2.6:0.3:5.9), input power from
−15 to −3 dBm with 2-dB steps, and phase from 0 to 360
with 12◦ steps. A total of 22 500 (10 × 52 × 90) phase
points have been evaluated corresponding to ten frequen-
cies (GHz: 2.9:0.3:5.6), five power combinations (dBm:
−13:2:−5), and a phase sweep with a 4◦ step (Deg: 0:4:356).
It is noted that amplitudes and frequencies of the input signals
overlap with those used in the calibration matrix. Therefore,
these parameters do not affect on measured amplitudes and
phase shifts. Fig. 16(a) represents the histogram of the phase
error (cells 1–2) whose data have a mean value (μ) of
−0.01◦ and 0.32◦ standard deviation (σ ). About 95% of the
errors are at ±0.66◦. These results correspond to the range
−0.67◦ to 0.65◦ delimited by two vertical orange lines on the
graph. Fig. 16(b) shows similar results when the frequency
is calibrated with a 100-MHz step (GHz: 2.6:0.1:6.0) and
measured in the internal range (GHz: 2.7:0.1:5.9), keeping the
rest of the values.

Next, the amplitude measurement effect is added. For this
purpose, the phase and the frequency ranges are maintained
in the calibration matrix, modifying the power range (dBm:
−15:4: −3). Fig. 17(a) shows the amplitude error histogram
when swept with a 2-dB amplitude range (dBm: −13:2: −5),
measured in cell 1. The error measurements show a −0.013 dB
mean and 0.032 dB standard deviation. Under the same
conditions, Fig. 18(a) presents a phase error distribution with
−0.1◦ mean and 1.80◦ standard deviation. The effect of the
amplitude measurement error on the phase measurement error
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Fig. 16. Histogram of the phase errors where only in-phase interpo-
lation has been performed. The phase measurement is performed with a
4th step. (a) Calibration matrix: frequencies (GHz: 2.6:0.3:5.9), powers
(dBm: −15:2:−3), and phase (Deg: 0:12:360). (b) Calibration matrix: fre-
quencies (GHz: 2.6:0.1:6.0) are modified.

Fig. 17. Histogram of amplitude errors where only amplitude has been
interpolated. (a) Calibration matrix: frequencies (GHz: 2.6:0.1:6.0), pow-
ers (dBm: −15:4:−3), and phase (Deg: 0:12:360). (b) Calibration matrix:
frequencies (GHz: 2.575:0.05:3.025), powers (dBm: −15:2:−3), and phase
(Deg: 0:12:360). Amplitude measurement is performed with a sweep of
(a) 2 dB and (b) 1 dB.

Fig. 18. Histogram of phase errors interpolating in amplitude and phase.
The calibration matrices are those in Fig. 17. The amplitude and phase
measurement are made with a sweep of (a) 2 dB and 4◦ and (b) 1 dB and 4◦ .

can be noticed by comparing Figs. 16(b) and 18(a) the standard
deviation increases from 0.31◦ to 1.8◦.

To test how increasing the number of samples affects the
calibration, a new calibration is performed with a 50-MHz
step in frequency (GHz: 2.575:0.05:3.025) and 2 dB in power
(dBm: −15:2:−3) and always maintaining the phase ranges
(Deg: 0:12:360). The frequency range was reduced to avoid
calibration timelapses that exceed 24 h with the available
equipment. Initially, it is evaluated using the same frequency
range as the calibration but increasing the number of input
power (dBm: −14:1:−4) and maintaining the phase ranges
(Deg: 0:4:356).

Fig. 17(b) shows an expected reduction in the amplitude
error standard deviation [from 0.032 dB in Fig. 17(a) to
0.019 dB]. Likewise, the phase error standard deviation is

Fig. 19. Histogram of phase errors interpolating in frequency, amplitude
and phase. The calibration matrix is as detailed in Fig. 17(b). The frequency,
amplitude, and phase measurement is made with a sweep of 25 MHz, 1 dB,
and 4◦, respectively.

Fig. 20. Mean phase error and standard deviation versus frequency (a) and
phase shift (b). The frequency, amplitude, and phase shift measurement is
made with a sweep of 25 MHz, 2 dB, and 4◦, respectively.

reduced from 1.80◦ [Fig. 14(a)] to 0.86◦ [Fig. 18(b)]. Finally,
an identical calibration is used including the frequency effect,
i.e., the step frequency is reduced from 50 to 25 MHz
(GHz: 2.6:0.025:3.0). Fig. 19 shows the phase error histogram,
which shows a slight increase from 0.86◦ [Fig. 18(b)] to 1.30◦
(Fig. 19). Fig. 20 plots the mean phase error and standard
deviation versus frequency and phase shift, from Fig. 19 data.

Using the system as a dynamic control element requires
287 ms to carry out a complete measurement consisting of
eight phase shifts and nine amplitudes. The time is distributed
as follows: obtain the frequency employing the spectrum
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analyzer, which includes a peak search (5 ms) and frequency
reading from the analyzer (10 ms); read the nine power
voltages and the eight phase voltages (200 ms), and obtain the
phase and amplitude value by interpolation (72 ms). An Intel i5
with 6 GB RAM and MATLAB 2020a has been used, which
takes 9 ms to resolve one phase and two powers, so eight
phases are 72 ms.

VI. CONCLUSION

The amplitude and phase shift measurement array design
based on a dual multiplier phase detector has been presented.
This article describe the design of the measuring cell and
the procedures for calibration and measure input amplitudes
and phase shifts between adjacent array ports. The design,
calibration, and measurement combination is able to com-
pensate for: significant imbalances between branches of the
same cell, as well as between cells; input amplitudes out
of the range that ensures the switching operation of mixer
diodes as linear detectors; and the amplitude variation and
phase with frequency. The inclusion of coupler circuits and
amplitude detectors in the design used in [15] allows the new
measurement cell to be calibrated in frequency, amplitude, and
phase. To show all these features, the cell is manufactured
using devices which are suitable for amplitude and frequency
ranges far away from those used to evaluate measurement
errors. For example, the minimum LO input power of the
mixer recommended by the manufacturer is +3 dBm and was
used as an analog phase detector with −10-dBm input power.
A procedure is proposed to generate and use a calibration
matrix that reduces calibration and measurement time while
keeping measurement accuracy.

The procedure for obtaining the calibration matrix used to
acquire the amplitude and phase values by interpolation has
been described in detail. The measurement error decreases as
the number of points in the calibration matrix increases. The
increase of points implies an exponential increase in calibra-
tion timelapse. Therefore, a modeling of the detector curves
is carried out to reduce the samples required in the calibration
cycle and increase the samples that make up the calibration
matrix. In this work, the detector curves are modeled in four
sections: two with high sensitivity (�Vd/�θ ) and two with
low sensitivity. The higher sensitivity range is used to deter-
mine the phase shift value because it involves a minor error
in the interpolation. Also, a value of 150◦ (±75◦) has been
chosen, which guarantees the correct operation of the measure-
ment system when the quadrature condition is within the range
of 90◦ ± 30◦ (β = 30). That means, for example, the method
could be able to use a single 90◦ line at 60 GHz to phase
ship in a frequency range from 40 to 80 GHz (� f = fc ×
2 × β/90, being fc, the central frequency where phase shift
is 90◦, and � f , the frequency bandwidth given by 90 ± β).
The prototype presents a phase imbalance from +30◦ to −25◦
between 2.6 to 6 GHz.

Besides, to simplify and speed up the measurement phase
interpolation procedure, two kinds of matrices were used.
The first kind is in a vector space of dimension 3 to obtain the
input powers depending on the frequency and voltage of the
power detector, and the second kind is in a vector space of

dimension 6, which is subdivided into four according to the
slope (positive and negative) of the linear range of phase shift
interpolation and the voltage detected when the input signals
are in phase or quadrature. Accordingly, there will be four
matrices in the vector space of dimension 5 to obtain each
phase shift depending on the frequency, power in each adjacent
cell and detector voltage.

All matrices derived from the proposed method can be
resized to include temperature, humidity, etc. A prototype with
3 × 3 cells has been built to evaluate various test conditions
on 1 × 3 cell configurations. The initial design shows a lack of
isolation between cells, which is improved using independent
encapsulation in each cell. Thus, isolation close to 40 dB has
been achieved.

It has been performed several calibrations from 2.6 to 6 GHz
and from −15 to −3 dBm to evaluate the measurement
errors under different assumptions. The analysis shows that
the measurement errors are mainly subject to the number of
points that compose the calibration matrix, which interpolates
the input values. When frequency and amplitude effects under
phase shift measurements is not included, the average phase
error is −0.01◦ and standard deviation is 0.32◦, i.e., 95% of
the errors within the range ±0.66◦. If amplitude measurements
errors are included, the standard deviation increases to 1.8◦
(95% within ±3.6◦). In this case, when data in calibration
matrix increase (amplitude step from 4 to 2 dB), the standard
deviation is reduced from 1.80◦ to 0.86◦. Finally, if fre-
quency effect is included, the standard deviation increases
from 0.86◦ to 1.30◦.

Finally, 287 ms are required for each measurement update
(nine amplitudes and eight phase shifts), which may be suffi-
cient for the adjustment tasks of a DUT.
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