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Abstract— Active load impedance variations in a phased array
transmitter cause significant power amplifier (PA) performance
degradation, in terms of output power, linearity, and power-added
efficiency, which are key parameters to enable high-speed data
throughputs using spectrally efficient modulation schemes. The
system performance can be restored by using PAs having active
or passive reconfigurability with the help of antenna impedance
sensors. This article presents a low-power reflection-coefficient
sensor for 5G millimeter-wave phased-array applications. The
complex load impedance of the PA is determined based on the
complex voltage over a sensing element, which can be integrated
and co-designed with the PA output matching network, with
minimal loss (<0.2 dB) and a negligible area penalty. A full-range
phase detector with improved detection resolution is proposed,
enabling an amplitude-insensitive phase detection. Fabricated
in a 22 nm FD-SOI process, the sensor prototype occupies a
silicon area of 0.024 mm2 and consumes 13.2 mW power. The
sensor demonstrates a wide detection range with |�| up to 0.7
(VSWR 5.67) in a load-pull test at 28 GHz. From � circle of 0.2 up
to 0.7, the maximum detection errors in the magnitude and phase
of the � are 0.14◦ and 40◦, respectively.

Index Terms— CMOS, complex voltage, impedance sensor,
phase detector, phased array, power amplifier (PA), voltage-
standing-wave-ratio (VSWR).

I. INTRODUCTION

THE exponential growth in data rates and low latency
needed by 5G applications can be addressed by the large

bandwidth offered by millimeter-wave (mm-wave) solutions.
The need to optimize the use of spectrum while enabling
multi-gigabit/second data transmission, calls for higher-order
modulation schemes (QAM64 or higher). The corresponding
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large PAPR requires the RF front-end to be operating in
high linearity mode and needs techniques to improve the
energy efficiency at power back-off (PBO). Several techniques
have been proposed in the literature to improve the power
amplifier (PA) performance, such as waveform condition-
ing [1], NMOS/PMOS compensation [2], transistor stack-
ing [3], Doherty [4]–[6], load-modulated balanced PA [7], and
outphasing [8], [9].

To accommodate the high path loss and meet the link-
budget requirement at mm-wave frequencies, antenna arrays
are adopted in both base stations (BSs) and user equipment
(UE). Ideally, each channel in the array is designed and
operates with a nominal antenna impedance (50 �). However,
due to the mutual coupling among antenna units, especially for
beamforming transmission under sharp angles, the load seen
by an individual PA deviates from the load corresponding to
the boresight transmission. This load impedance change comes
with associated system-level performance degradation, and it
will be referred to the following as voltage-standing-wave-
ratio (VSWR) event. A similar effect can be due to antenna
blockage or change of nearby electromagnetic environment at
the UE side.

Moreover, extreme VSWR conditions may also result in
permanent damage of the PAs: the PA may need to drive
different impedance than the nominal 50-� load, resulting in
voltage or current exceeding technology limits.

In Fig. 1, the impact on power added efficiency (PAE) and
output power is simulated for a PA with a load condition within
VSWR 3 circle. The variation of the 1-dB-compression output
power is more than 9 dB and the PAE degrades with 15% at
6-dB PBO. The VSWR event is more pronounced for a larger
array size and a sharper beamforming angle.

Performance variations under VSWR conditions can be
mitigated by using advanced antenna design or circuit design
techniques. Circuit design techniques can be more cost-
effective and have a reduced impact on the total size of
the antenna array. Among those, balanced PAs are known
to be robust again load mismatches. However, the dummy
load located at the isolation port will introduce significant loss
under VSWR events since the output and isolated ports are no
longer balanced. An isolator/circulator can be placed between
the PA and the antenna to redirect the reflected energy flow,
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Fig. 1. Simulated large-signal performance of a power amplifier with
load swept within VSWR 3 circle (|�| = 0.5), PAE at (a) 6-dB PBO and
(b) OP1dB.

but this solution is impractical due to the excessive loss, size,
and cost. Alternatively, active/passive reconfigurable PAs can
compensate for load variation [10]–[12]. Those reconfigurable
PAs require precise load information to conduct the tuning,
and also a measure to monitor whether the performance is
properly restored.

In this article, we propose a low-power complex impedance
sensing circuit for 5G mm-wave applications [13]. This article
is organized as follows. In Section II, the active loading effect
in a phased array, and state-of-the-art sensing technologies in
the RF front-ends are discussed. In Section III, the operating
principles and design tradeoff of complex-voltage impedance
sensors are reported, together with an amplitude-insensitive
phase detector operating at mm-wave frequencies. In Sec-
tion IV, the implementation details of the sensor prototype are
discussed. Section V is dedicated to the measurement results.
Finally, Section VI summarizes the conclusions.

II. ACTIVE LOAD IMPEDANCE AND SENSING TECHNIQUES

In this section, the active load impedance and state-of-
the-art sensing techniques in RF systems are discussed.
To illustrate the active loading in a phased array, a 4 by 4
cavity-backed patch antenna array is used in simulation, as
shown in Fig. 2(a). From 27 to 30 GHz, the return loss for
each port is better than 20 dB and the mutual coupling level
is better than 15 dB.

To mimic a 2-D ±60◦ beam-steering, the simulated phase
of incoming signal is swept from −155◦ to 155◦ in both
x- and y-directions, and the simulated reflection coefficients
of all 16 ports are plotted in Fig. 2(b). Clearly, the antenna
impedances occupy a significant part of the Smith chart (see
antenna port 5 as an example). The resulting load variations
severely de-tune the PA in each transmitting channel.

Several sensing techniques have been proposed to detect
the antenna load mismatch, such that the system performance
can be recovered accordingly. Based on the sensed signal
from the main signal path, they can be classified into two
categories. The first type takes advantage of the behavior of
the propagation waves along the transmission lines in the
main signal path. In [14] and [15], several envelope detectors
are placed along RF transmission lines to detect the standing
wave ratios, such that the complex impedance load can be

Fig. 2. (a) Layout of a 4 by 4 cavity-backed patch antenna array, and
(b) simulated active load impedances during 2-D ±60◦ beam-steering at
28 GHz, where antenna port 5 is highlighted for better understanding.

calculated. Such a method is suitable for PA designs in III–V
technologies where the transmission lines show lower loss than
in CMOS technologies. In [12] and [16], a directional coupler
is placed between the PA output matching network and output
pad to extract the incident and reflected waves from the main
signal path, the amplitudes of which are then measured by
envelope detectors. This method normally can only provide a
scalar detection of the mismatch condition and the insertion
of the cascaded coupler in the signal path is not functional to
the implementation of the output matching, therefore result-
ing in extra size and increased losses. Additionally, a high
directivity is required to achieve significant load detection
range and accuracy, which is difficult to achieve for on-
chip implementation. In [17], a directional coupler is parallel
connected with the load, and load detection for VSWR of ≤3 is
demonstrated with the help of voltage and current detection
circuits. This work shows the advantage of having sensing
circuit independent of the PA OMN design using a directional
coupler to extract the signals. However, the required single-
ended to differential transition and phase shifters occupy
significant area, which impose additional constraints on the
design of integrated transceiver arrays.

An alternative scheme discussed here performs load detec-
tion via complex-voltage sensing [18]–[21]. A hybrid trans-
former is used in [21] to detect a leakage signal at the virtual
ground node due to the impedance mismatch between the
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Fig. 3. Illustration of load detection based on complex-voltage sensing.

actual load and an on-chip reference load. By multiplying the
leakage signal with a reference signal, the complex antenna
load can be calculated. This method has the potential to
support mm-wave operation, although the presence of a switch
inside the balun might increase the loss. More importantly,
this method is not suitable for beam-steering arrays, because
when performing the load detection, the PA has to be in
detection mode rather than in operation mode, while the active
antenna loading effect is only visible when all PAs in an array
are operating. In the work of [18], load/antenna impedance
detection is proposed based on complex voltage sensing over
a reactive network, as shown in Fig. 3. Similar detection
techniques based on the same principle can also be found
in [19] and [22]. The complex ratio V1/V2 of the two terminal
voltages of the sensing element (capacitor, Csen) is a function
of the antenna load impedance. As such, the load impedance
can be calculated by

Z load = 1(
V1
V2

− 1
)

× jωCsen

(1)

where jωCsen is the characteristic impedance of the sensing
element inserted in the main signal path and V1 and V2 are the
voltages over this sensing element. The detailed derivation can
be found in [18]. This detection technique is interesting not
only because low loss lumped components can be used without
excessive loss and area overhead, but also it allows background
detection while the PA is in operating mode. Unfortunately, the
state-of-the-art implementations do not operate at mm-wave
frequencies. Extension of this detection technique to mm-wave
is discussed in Section III.

III. COMPLEX VOLTAGE SENSING FOR mm-WAVE

APPLICATIONS-ARCHITECTURE AND DESIGN

The sensing element described above can provide a known
impedance to be used for calculation of the actual load
impedance. A tuning of this known reference impedance,
demonstrated at low RFs in [18], cannot be easily performed
at mm-wave frequencies. In fact, such a tunable element is
not only difficult to characterize for all settings, especially
the parasitic resistance, but it also introduces significant loss
to the network. Conversely, a high-Q reactive component
such as a capacitor, inductor, or an equivalent network can
be used as the sensing element, if a suitable phase shift in
the voltage can be generated at the two terminals. In the
following, a novel scheme is proposed that addresses this
limitation, by using a high-Q sensing component that is also
embedded and co-designed together with the PA matching

Fig. 4. Results of delta phase over VSWR 3 circle using different capacitance
values.

network. Therefore, the co-designed sensing component, part
of the output matching network, is realized at no cost in
terms of area and additional power losses. In implementation
described in the work, a pair of series capacitors are used with
negligible loss and area overhead.

Fig. 4 shows the delta phase, θD = � V1 − � V2, for
different capacitance values when the load is swept over
the |�| = 0.5 circle. The phase sensitivity increases by
reducing the value of the capacitors. The associated penalty
is that a high-Q node is introduced in the output matching
network, resulting in a narrower PA operating bandwidth.
Therefore, as a tradeoff, a pair of 470-fF capacitors (235-fF
single-ended) are chosen. As discussed before, the complex
voltage ratio V1/V2 is of interest, which can be decom-
posed into delta phase and amplitude ratio. Within the
|�| = 0.7 circle the maximum θD variation is from 5◦ to 100◦
while the amplitude ratio variation is from 0.5 to 3, as shown
in Fig. 5. Those boundaries define the detection range of the
following circuits.

Equation (1) involves a complex calculation, such that it
is difficult to link the delta phase θD and amplitude ratio
to the load. Therefore, a ±10% error is introduced to find out
the detection accuracy requirement of these two parameters.
The results are plotted in Fig. 6. The detection uncertainty
in amplitude ratio or delta phase leads to detection errors
in both magnitude and phase of �. The load detection is
more sensitive to amplitude ratio errors. However, at mm-wave
frequencies, the delta phase detection is more challenging,
as will be discussed later.

Theoretically, the relative phase difference rather than the
absolute phase of each RF signal is of interest for load
detection, such that an external reference is not needed.
In RF applications, mixers are commonly used for RF phase
detection, which generates a dc output proportional to both
amplitude and cosθD . As a function of the actual load mis-
match conditions, both the actual phase and amplitude vary
with the load simultaneously. For a certain phase difference
θD, there are two possible phases of �, which, however, exhibit
a large amplitude difference (up to 1 V for � = 0.5 circle at
17-dBm power level) in the amplitude of V1 and V2. The phase
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Fig. 5. Simulated (a) amplitude ratio and (b) delta phase with |�| swept
from 0.3 to 0.7, using 235-fF sensing capacitor.

Fig. 6. Results of detection accuracy analysis against ±10% error in
(a) amplitude ratio and (b) delta phase.

detection should be amplitude independent, which would yield
a monotonous output corresponding to the phase difference
θD. The conversion gain of a conventional mixer depends
on the input amplitudes, and its dc output cannot be solely
mapped to the phase difference without de-embedding the
influence of amplitude variation. A phase detector is needed
which is insensitive to amplitude variations. To address this
issue, several techniques have been proposed at low RFs.
In, [19], [20], and [22], the two RF input signals are multiplied
with a reference signal, respectively, by using two mixers.

Fig. 7. Phase detection circuit using (a) direct mixing at fc, (b) buffered
mixing at fc, (c) mixing at fc/2, and (d) mixing at fc/2 with in-phase and
quadrature outputs.

This not only increases circuit complexity but fails to remove
completely the amplitude influence. In the work of [18],
a logarithmic amplifier/limiter is inserted between the main
signal path and the mixer. Thereby the amplitude variation
is compensated by the dynamic gain before reaching the
mixer for phase comparison. Unfortunately, such logarithmic
amplifier cannot support mm-wave operation. In fact, it is
difficult to remove the amplitude variation by inserting any
gain stages between the main signal path and the mixer.
The time delay caused by such a gain stage is negligible at
low RFs while at mm-wave frequencies, and the amplitude-
dependent phase distortion is comparable with the delta phase
θD to be detected. Moreover, the amplitude variation cannot be
fully compensated by the reduced transistor gain at mm-wave
frequencies.

In this work, an amplitude insensitive phase detection is
proposed for mm-wave operation without using an external
reference signal, as shown in Fig. 7. The phase is detected at
half of the operating frequency fc, by inserting two frequency
dividers between the RF nodes and the phase detection mixers.
These dividers are working as two injection-locked oscillators
and serve two purposes. First, they sense the input frequency
and phase, and then provide a constant envelope output at
fc/2. The time delay between two RF nodes (at the two
sides of the sensing capacitor) is maintained and passed to the
outputs while the delta phase at fc/2 is half as large as at fc.
Second, they provide orthogonal outputs at fc/2 to the mixers.
The simulated time-domain waveform is shown in Fig. 8,
at one RF node and one frequency divider output, respectively.
Each curve is obtained by sweeping the full |�| of 0.5 circle
with a step of 10◦, at an input power of 17 dBm. The peak
amplitude varies from 1 to 3 V and from 0.35 to 0.4 V
at the RF node and frequency divider output, respectively,
which is equivalent to 14.6-dB compression. The time delay
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Fig. 8. Simulated time-domain waveforms at (a) RF node and (b) frequency
divider outputs of Fig. 7(c) with load swept over |�| of 0.5 circle. Waveforms
having max phase variation are shown in red, waveforms having max
amplitude variation shown in blue.

difference between any two load conditions can be quantified
by observing the time of zero-crossing. At these two nodes,
the maximum delay differences are both equal to 6.6 ps,
equivalent to 66.5◦ in phase at fc. Since the delta phase θD

at fc/2 is halved compared with at fc, the phase sensitivity is
reduced. Fortunately, the phase-detection mixers will provide
higher conversion gain than at fc, which partially compensates
degradation of the phase sensitivity.

The schematics of the frequency divider and mixer are
shown in Fig. 9. The frequency divider comprises two CML
latches in a feedback loop. A tail current source is placed
in each latch to clamp the current consumption such that
once the divider is locked, the output swing is immune to the
input amplitude variation. A double balanced mixer is used to
perform the phase detection. An RC load is used to generate
the dc output while the harmonic products are filtered out.

Both frequency dividers have a free oscillation fre-
quency (FOF) of 13.1 GHz. However, considering process
variation, they might have different FOFs in reality. When
these two dividers are locked at the same frequency (28 GHz),
there will be different phase offsets added to their outputs.
Fortunately, this systematic offset will be constantly present
through all the measurements, resulting in a negligible impact
on the detection (that is based on the difference from a refer-
ence). The simulated locking sensitivity is shown in Fig. 10.
Less than 30-mV RF input swing is needed from 22 to 32 GHz,
which proves negligible loading effect to the main signal path.

Fig. 9. Schematics of the (a) frequency divider and (b) mixer.

Fig. 10. Simulated RF sensitivity of the CML frequency divider. The
minimum locking input is less than 30 mV from 22 to 32 GHz.

Fig. 11. Illustration of phase ambiguity caused by locking to different edges.

The frequency dividers might trigger at two different rising
edges, which could introduce a 180◦ phase shift at fc/2 to
the mixer input and cause possible polarity ambiguity at the

Authorized licensed use limited to: University of Gent. Downloaded on September 20,2021 at 08:35:42 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE JOURNAL OF SOLID-STATE CIRCUITS

Fig. 12. (a) Phase of the RF node and (b) RF amplitude and phase detection
out in function of delta phase, with load swept over VSWR 3 circle. In spite of
large amplitude variation for a certain phase, the mixer is capable of providing
an output proportional to the delta phase.

mixer outputs, see Fig. 11. This might not be a problem if
the phase range to be detected is known beforehand such that
the flipped sign can be corrected. However, a general full-
range phase detector is still preferred. Such a phase detector
allows the freedom in choosing any network as the sensing
element. This ambiguity issue can be eliminated by using two
mixers, one that combines the two in-phase components and
one that combines an in-phase component with a quadrature
component from the other divider, see Fig. 7(d). Further, using
two mixers in this way yields a higher detection accuracy in
the phase region close 0◦ and 90◦, since the two outputs are
proportional to cos θD and sin θD, respectively. The simulated
phase at RF nodes and the corresponding detection result
are shown in Fig. 12, with a load sweep over VSWR of
3 circle and 17-dBm input power. Despite the large amplitude
variations, the mixer output is only proportional to the delta
phase θD .

The amplitude of V1 and V2 is detected by two envelope
detectors, which generate dc voltage signals proportional to the
signal strength, then the amplitude ratio is calculated. Accurate
and linear detection within +10% precision is required in
the dynamic range indicated by Fig. 5 (|�| ≤ 0.7). This
is achieved with a low power envelope detector based on a
differential common-source stage where detected envelope is

Fig. 13. Schematic of the envelope detector.

Fig. 14. Simulated response of the envelope detector. A linear response is
obtained within RF input variation from 0.2 to 1 V.

extracted from the source node through an RC load (Fig. 13).
The transistor pair is biased in subthreshold condition to obtain
a wide linear detection response. The simulated detection
response is shown in Fig. 14. A linear dc response is obtained
with the RF input swing varying from 0.2 to 1 V. The simu-
lated amplitude at RF nodes and the corresponding detection
result are shown in Fig. 15, again with a load swept over
VSWR of 3 circle and 17-dBm input power. The detection
outputs track the amplitude in the RF nodes, resulting in an
accurate amplitude ratio detection, which is key to achieve
accurate load sensing. It should be noted that even at a
fixed nominal RF power level (fixed signal provided at the
input of the PA), the sensed RF input swing is a function
of the load variation, therefore the envelope detector needs
to have a significant dynamic range, therefore setting the
primary constrain on the dynamic range of the full sensing
circuit.

The composite input impedance of the whole sensing circuit
must be high enough to limit power losses from the main
signal path. This may be implemented by using high input
impedance active buffer or a high impedance passive divider.
Since the buffer will introduce amplitude-dependent phase
distortion, in this work two identical differential capacitive
voltage dividers are adopted to extract the signals from the RF
path. The attenuation level should be properly set to protect
the following detection circuit from the large voltage swing
in the RF path, enable a linear amplitude detection, as well
as lock the two frequency dividers. To extend the dynamic
range of the full sensing circuit, a switched capacitor bank
can be used in the voltage divider. This arrangement would
provide extra flexibility and allow VSWR measurements also
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Fig. 15. Amplitudes of the (a) RF nodes and the (b) corresponding detection
output, with load swept over VSWR 3 circle. Accurate amplitude ratio is
obtained for the load detection.

for different nominal RF power levels: by setting the ratio of
the two capacitances, the voltage range at the input of the
envelope detector can be kept in the optimal region of linear
detection.

IV. PROTOTYPE IMPLEMENTATION

The block diagram of the sensor prototype is shown
in Fig. 16. The sensor is controlled via an on-chip SPI and all
circuits are biased through iDACs, which are omitted from
the figure for simplicity. The sensor core is connected to
GSG pads via two transformers for characterization. The input
transformer (left) matches the sensor impedance to 50 �. The
output transformer (right) conducts a 50-to-50-� impedance
transition, such that the load impedance provided by a tuner
can be presented to the sensor with only a phase rotation.
Inside the core two differential capacitive dividers connect
to the two sides of the sensing capacitors. At each side,
an envelope detector and a frequency divider are in parallel
connected to the output of the capacitive voltage divider.
The IQ outputs of the two frequency dividers are cross-
connected to two mixers to perform the phase detection. The
loading effect of the sensor excluding the sensing capacitors
can be modeled as a 32-fF shunt capacitor added to the
matching network, equivalent to an extra insertion loss of less
than 0.2 dB.

Fig. 16. Block diagram of the implemented sensor prototype.

Fig. 17. Chip photograph of the implemented sensor prototype in 22-nm
FD-SOI CMOS.

Fig. 18. Measured S-parameters of the implemented sensor.

V. MEASUREMENT RESULTS

The sensor prototype is fabricated in a 22-nm FD-SOI
CMOS process, and the die photo is given in Fig. 17.
The sensor core occupies an area of 0.024 mm2, including
the capacitive voltage divider. The overall circuit consumes
13.2-mW power. In order to save power consumption, this
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Fig. 19. Measurement setup of the sensor load-pull test.

Fig. 20. Raw measured data read by the ADC, with load |�| swept up to
0.7 (VSWR 5.7).

sensor can be turned on when needed or operated in a duty-
cycle mode. S-parameters are measured on a high-frequency
probe station up to 40 GHz. The measured S-parameters with
50-� terminations are shown in Fig. 18. Both S11 and S22 are
below −10 dB from 25 to 32 GHz. The insertion loss is 5 dB
at 28 GHz, which takes into account the loss of the input and
output GSG pads and baluns, as well as the insertion loss of
the interconnection lines toward the series sensing capacitors.

The sensor function characterization measurement setup
is shown in Fig. 19. The output port is terminated with a
FOCUS impedance tuner via an RF probe. After de-embedding
the connection loss, the reflection coefficient can be swept
within the |�| ≤ 0.7 circle at the probe tip. The sensing
outputs are MUX together on-chip and then read out by a dc
ADC for digitalization. The tested single-tone 28-GHz signal

Fig. 21. Measured � magnitude and phase-detection errors between measured
and reference values.

Fig. 22. Load detection results with load swept over 0.33 |�| circle
(VSWR 2), at (a) 19- and (b) 21-dBm power level.

is provided a Keysight PNA and sent to the chip after an
external PA module. Although the sensor was not tested using
modulated signals, [19] has experimentally demonstrated that
the sensor based on complex voltage is functional using LTE
signals.

The reference impedance points have been grouped such
that the characterization is done in the vicinity of several
constant VSWR circles in the complex � plane. The raw
datasets obtained at the output of the mixers and the envelope
detectors for all considered loads are shown in Fig. 20.

Several impedance points are selected to perform the cal-
ibration (� = 0.5 � [0 90 180 270]). The calculated load
impedances are compared with their references. The resulted
� magnitude and phase-detection errors are summarized
in Fig. 21. Significant impedance detection performance in
terms of � magnitude and phase is obtained under both small
and large mismatch conditions. The � phase starts to blur as
coming closer to 50 � given the small VSWR to be detected.
From � circle of 1.5 up to 0.7, the maximum detection errors
in the magnitude and phase of the � are 0.14◦ and 40◦,
respectively.

The tested sensor already shows certain dynamic range
by the fact the external PA has output power variation
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TABLE I

PERFORMANCE SUMMARY AND COMPARISON WITH PRIOR WORKS

  

through load-tuning. To further demonstrate the dynamic
range, the sensor is also measured with different input power
levels (referred to 50 �). The detection results are shown
in Fig. 22 with input power of 19 and 21 dBm, respec-
tively. Note that the amplitude calibration is slightly tuned to
remove the 2-dB loss influence due to the long interconnection
lines between two capacitive dividers. The dynamic range is
limited by the linear detection range of the two envelope
detectors. As mentioned in Section IV, to further extend the
dynamic range, a reconfigurable attenuation can be applied to
the capacitive divider with the help of switchable capacitor
banks.

The performance of the tested sensor is summarized and
compared again state-of-the-art in Table I.

VI. CONCLUSION

This article presented the design, analysis, and implementa-
tion of a low-power reflection-coefficient sensor. The active
load impedance detection is achieved based on complex-
voltage sensing over a reactive component, which can be
integrated into the PA output matching network design with
negligible loading effect and no cost in terms of extra
area. To decouple the voltage amplitude and phase detec-
tion, an amplitude-insensitive phase detector is proposed with
full detection range and improved detection resolution. The
sensor operating frequency is therefore extended into mm-
wave range. Fabricated in a 22-nm FD-SOI process, the sensor
prototype occupies a silicon area of 0.024 mm2 and consumes
13.2-mW power. The implemented sensor demonstrates a wide
detection range with |�| up to 0.7 (VSWR 5.7) during a load-
pull test at 28 GHz. From � circle of 1.5 up to 0.7, the
maximum detection errors in the magnitude and phase of the
� are 0.14◦ and 40◦, respectively.
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