
IEICE TRANS. ELECTRON., VOL.E106–C, NO.4 APRIL 2023
149

PAPER

A 28GHz High-Accuracy Phase and Amplitude Detection Circuit
for Dual-Polarized Phased-Array Calibration

Yudai YAMAZAKI†a), Joshua ALVIN†, Jian PANG†, Nonmembers, Atsushi SHIRANE†, Member,
and Kenichi OKADA†, Senior Member

SUMMARY This article presents a 28GHz high-accuracy phase and
amplitude detection circuit for dual-polarized phased-array calibration.
With dual-polarized calibration scheme, external LO signal is not required
for calibration. The proposed detection circuit detects phase and ampli-
tude independently, using PDC and ADC. By utilizing a 28GHz-to-140kHz
downconversion scheme, the phase and amplitude are detected more accu-
rately. In addition, reference signal for PDC and ADC is generated from
28GHz LO signal with divide-by-6 dual-step-mixing injection locked fre-
quency divider (ILFD). This ILFD achieves 24.5-32.5GHz (28%) locking
range with only 3.0mW power consumption and 0.01mm2 area. In the
measurement, the detection circuit achieves phase and amplitude detections
with RMS errors of 0.17degree and 0.12dB, respectively. The total power
consumption of the proposed circuit is 59mW with 1-V supply voltage.
key words: 5G, dual-polarized phased-array, calibration, detection cir-
cuit, millimeter-wave, divide-by-6 ILFD

1. Introduction

In recent years, the amount of data traffic has been increas-
ing exponentially. Such increase in overall traffic not only
come from the growing data traffic per device, but also from
the rise in the total number of connected devices. It is ex-
pected that, in near future this ever-increasing demand for
higher data rate cannot be fulfilled using only lower fre-
quency bands, which are already very crowded. To address
this problem, spectrum resources at millimeter-wave fre-
quency band is needed because of the possibility of wide-
band communication. In 5G new radio (NR), millimeter-
wave frequency allows more devices to achieve high-data
traffics.

Millimeter-wave frequency signal has huge path loss,
which heavily limits its coverage. To address the cover-
age problem, the beamforming technique with phased-array
transciever is necessary. In millimeter-wave applications,
the phased-array transceiver can compensate the huge path
loss with multiple-anntena output and phase shifting [1]–
[7]. In addition, dual-polarized phased-array transceivers
will also be employed in 5G NR for more high-data-rate
communication [8]–[11]. However, on-chip implementation
of such transceivers is sensitive to the mismatch caused by
the PVT variations. The mismatch between each element
will introduce phase and amplitude errors, which degrade
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Fig. 1 Calibration for phased-array beamforming

the performance of the transceiver, as shown in Fig. 1. This
mismatch needs to be calibrated to minimize the phase and
amplitude error and restore the performance of the phased-
array beamforming. For realizing the calibration system
of phased-array transceiver, a detection circuit is needed.
Conventionally, the detection circuit using I/Q modulation
is applied for calibration [12]–[14]. Such detection circuits
achieves low-power detection with small area. However, the
I/Q output suffers from large mismatch due to the I/Q gen-
eration circuits. So, the I/Q detection technique is not good
at phased-array calibrations.

This work introduces the detection circuit based
on PDC (Phase-to-Digital Converter) and ADC (Analog-
to-Digital Converter) for dual-poralizsed phased-array
transceivers. This proposed circuit achieves high-accuracy
phase and amplitude detections in 28GHz phased-array cal-
ibration. The 28GHz input signal is downconverted to
around 140kHz. After that the downconverted signal is sent
to the ADC and PDC. For the operations of ADC and PDC,
600MHz reference signal is generated from 28GHz LO sig-
nal using divide-by-6 dual-step-mixing injection locked fre-
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quency fivider (ILFD). In the measurement, the proposed
detection circuit achieves phase and amplitude detections
with RMS phase error of 0.17 degree and RMS gain error
of 0.12dB, respectively, in 59mW power consumption.

This paper is structured as follow. The high-accuracy
dual-polarized phased-array calibration system using pro-
posed detection circuit is discussed in Sect. 2. The proposed
phase and amplitude detection circuit is explained in detail
in Sect. 3. Section 4 demonstrates the measurement result
for the proposed detection circuit. Finally, this work is con-
cluded in Sect. 5.

2. Proposed Calibration Scheme

As mentioned in Sect. 1, phased-array transcievers have
mismatch between each element due to PVT variations. The
beam performance of the transceiver is thus degraded. Fig-
ure 2 shows the results of beamforming simulations us-
ing MATLAB. The simulation is performed at a frequency
of 28GHz with 8 array elements and an array spacing of
λ/2. The beam-pattern degradation is checked after apply-
ing Gaussian errors on the amplitude and phase values of
each element output. The black line is the ideal beam pat-
tern, which has no mismatch in each element. On the other
hand, the gray line shows the non-ideal beam pattern with
random errors. With RMS gain and phase errors of 5.0dB
and 2.0degree, as shown in Fig. 2 (a), the beam pattern is
degraded compared to an ideal pattern. After the errors is
suppressed to 0.5dB and 0.5degree, as shown in Fig. 2 (b),
the beam pattern is restored.

To suppress the degradation of beam pattern, the mis-
match has to be calibrated by the phase and amplitude de-
tection circuit. Figure 3 shows the proposed dual-polarized
phased-array calibration scheme with detection circuit. In
dual-polarized phased-array transceivers, there are V and H
input ports. The H/V input ports are reused for calibration
in this work, which ensures a simplified packaging. When
the phase and amplitude errors of V1 element are detected,
28GHz+140kHz detection signal is input from V-IN port,
and 28GHz calibration LO signal is input from H-IN port.
In this case, only the path of V1 element is turned on. The
output signal of V1 element will be sent to the detection
circuit through the calibration path. The detection signal is
downconverted to 140kHz signal by mixed with 28GHz LO
signal. This downconversion scheme makes phase and am-
plitude information of the RF detection signal converted into
the baseband (BB) signal, which can be quantified easily by
the digital circuits. This signal is then sent to the ADC for
amplitude detection, and to the limited amplifier (LA)-PDC
chain for phase detection. The calibration of V1 element is
then performed based on the detected digital values. Sim-
ilarly, the phase and amplitude detection is also performed
for V2, H1 and H2 in Fig. 3.

3. Architecture Implementation

Figure 4 shows the block diagram of the calibration cir-

Fig. 2 Simulated phased array beampattern in MATLAB (a) with RMS
gain error 2.0dB, RMS phase error 5.0degree (b) with RMS gain error
0.5dB, RMS phase error 0.5degree

Fig. 3 Proposed dual-polarized phased-array calibration scheme

cuit, which consists of three parts: RF signal detection
part, reference signal generation part, and digital circuits
part (ADC and PDC). First, the RF signal detection part
is introduced. In the proposed circuit, the phase and am-
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Fig. 4 Proposed 28GHz phase and amplitude detection circuit

Fig. 5 The schematic of (a) 2-stages RF preamp and (b) downconversion
circuit chain

plitude detection of around 28GHz+140kHz signal are re-
alized by 2-stage RF-preamp and downconversion circuit
chain. The schematic of the 2-stage RF-preamp is shown
in Fig. 5 (a). The preamp consists of two common-source
amplifier and an attenuator. It consists of transmission lines
for impedance matching at each stage. The preamp is de-
signed to suppress the degradation of AM-PM characteristic
within a wide dynamic range. The signal is then sent into the
downconversion circuit chain, which is shown in Fig. 5 (b).
28GHz+140kHz signal is downconverted to low frequency
signal around 140KHz. This downconversion is realized us-
ing RF double-balanced mixer and 28GHz calibration LO
signal. The mixer output is connected directly to the low

Fig. 6 The simulated AM-PM characteristic from 28GHz+140kHz input
to 140kHz LPF output

Fig. 7 Proposed divider chain to generate 600MHz reference signal from
28GHz LO signal

pass filter to extract only the signal with target frequency.
In the mixer, the voltage BBVP and BBVN can be tuned
to eliminate DC offsets and maximize the dynamic range of
the detection circuit. In this process, phase and amplitude
information of RF signal (28GHz+140kHz) is converted to
low frequency (140KHz) signal without degrading AM-PM
characteristic. Figure 6 shows the AM-PM characteristic
from 28GHz+140kHz input to 140kHz LPF output. In the
dynamic range from −40 to 0dBm, the AM-PM character-
istic is suppressed to less than 0.12degree. The LPF output
signal can be quantized accurately by the ADC and PDC.

Next, the reference signal generation part is explained.
To realize the phase detection, reference signal PDC is gen-
erated internally from 28GHz calibration LO signal. In the
proposed circuit, frequency divider chain shown in Fig. 7
is utilized for the reference signal generation. The di-
vider chain consists of divide-by-6 injection locked fre-
quency divider (ILFD) and divide-by-8 digital frequency
divider. Usually, only digital dividers are used at a few
GHz frequency. However, at much higher frequency such
as millimeter-wave, high-division-ratio analog dividers are
also used [15]–[21]. Calibration LO signal around 28GHz
is first divided by 6 to a signal near 4.7GHz using ILFD. Af-
ter that, the 4.7GHz signal is divided by 8 to generate around
600MHz signal with logic-baced digital divider. Using this
frequency generation scheme, the RF input and calibration
LO frequencies are given as follow. fCAL is the frequency of
the calibration signal, which is around 140KHz.
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Fig. 8 The schematic of divide-by-6 dual-step-mixing ILFD

Fig. 9 The dual-step-mixing approach of divide-by-6 ILFD

fLO = (212 × 6 × 8) × fCAL (1)

fRF = (212 × 6 × 8 + 1) × fCAL (2)

The circuit schematic of 28GHz divide-by-6 ILFD is
shown in Fig. 8. The ILFD is based on a 4-stage ring os-
cillator with injection mixers connecting the common nodes
of even and odd stages, respectively. This ILFD topology
is dual-step-mixing approach. It is chosen because it shows
good tradeoff between locking range, power consumption
and area, while requiring less headroom than other topolo-
gies. Figure 9 shows the dual-step-mixing approach of
ILFD. When no injection signal is presented, the ILFD os-
cillates at free-run frequency of 4.7GHz. To realize divide-
by-6 operation, the injection signal around 6 times of the
free-running frequency is input to the gates of the injection
mixers. During the operation, this injection signal is mixed
with even harmonics of the common nodes by the injection
mixers. Then, the resulting mixing products are mixed fur-
ther with the fundamental signal at the transistors of the de-
lay cells. Such dual-step-mixing approach achieves wider
locking range in divide-by-6 operation with only one oscil-

Fig. 10 The system of PDC (phase-to-digital converter)

Fig. 11 DC offset of ADC input signal

lator.
Finally, the operations of PDC and ADC are explained.

The phase detection is realized by LA-PDC chain. To real-
ize the phase detection, the BBOUT signal is first transformed
to square wave with LA. The square wave signal is then sent
into the PDC for phase detection. The structure and opera-
tion of the PDC is shown in Fig. 10. The main components
in the PDC are 12-bit counter, falling edge detection and
output registers. The clock signal, which is generated by
the frequency divider chain, works as reference signal for
phase detection. On the other hand, the input signal which
comes from the limiting amplifier contains original RF sig-
nal’s phase information. Here, the frequency ratio between
the clock signal and the reference signal is 212 : 1. When
both signals are sent to the PDC, the phase of the input sig-
nal can be counted directly using digital operation. The con-
verted counter output waveform and the input signal wave-
forms during the detection process are shown in Fig. 10. The
instantaneous phase difference between the input signal and
the reference signal can be obtained by evaluating the state
of the counter output at that moment. In the proposed cir-
cuit, the phase difference is evaluated at each falling edge
of input signal by transferring the counter output value to
the output registers at each falling edge. The PDC can re-
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alize phase detection with 0.088-degree resolution which
corresponds to 12-bit accuracy. The amplitude detection is
realized by 10-bit successive-approximation-resister (SAR)
ADC. Figure 11 shows the DC offset of ADC input sig-
nal. Before the detection, the DC offset is required to be
removed. The equation of amplitude detection output are
shown as follows.

ADCAVG =

∑N−1
i=0 (ADCi − 512)

N
(3)

ADCMS =

∑N−1
i=0 (ADCi − 512)2

N
(4)

The average output of ADC is utilized for DC offset cal-
ibration. After that, the RMS output of ADC is used for
magnitude detection.

4. Measurement Results

Figure 12 shows the die micrograph of proposed detection
circuit. This work is fabricated in a standard 65nm CMOS
process to minimize the manufacturing cost. The total core
area is 1.12 mm2. Figure 13 shows the locking range of
divide-by-6 ILFD. The total locking range is 24.5-32.5GHz
(28%) only with −5dBm injection power. Thanks to this
ILFD, accurate reference signal generation is achieved in
5G 28GHz band.

Figure 14 shows the measurement setup of the pro-
posed detection circuit. The calibration LO signal and the
RF detection signal are generated by AWG and two syn-
chronized signal generators. The calibration LO signal is
sent into the chip using external balun. The detection signal
passes through external phase shifter to change its phase.
The input detection signal is converted to digital value us-
ing PDC and ADC. The value can be read out from dig-
ital logic circuit by SPI, then the value of phase and am-
plitude can be detected. In addition, both the LO signal
and the phase shifted detection signal are also sent into an
external mixer. The detection signal is down-converted to
140KHz signal to check the operation phase detection using

Fig. 12 Die micrograph

Fig. 13 The Locking range of dual-step-mixing divide-by-6 ILFD

Fig. 14 Measurement setup for proposed phase and amplitude detection

Fig. 15 Measured waveform of PDC input, PDC reference and ideal
140kHz signal
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Table 1 Performance comparison

This Work [12] [13] [14]

Process 65nm CMOS On-PCB 0.18μm SiGe 130nm CMOS

Frequency[GHz] 28 1 2-15 9.5

Amplitude Detection ADC N/A I/Q I/Q

Amplitude detection Error 0.12dB(RMS), 0.21dB(MAX) - 0.3dB(MAX) 0.5dB(RMS)

Phase Detection PDC I/Q I/Q I/Q

Phase Detection Error 0.17deg(RMS), 0.29deg(MAX) 1deg(MAX) 3deg(MAX) 4deg(RMS)

Fig. 16 The measurement results of (a) amplitude and (b) phase detec-
tion

4-channel oscilloscope such like Fig. 15. The 140kHz PDC
input and reference signal in the detection circuit is output
from the DC probe to the oscilloscope. This micrograph
shows the frequency of all these signals is 140kHz, so high-
accuracy reference signal generation and 140kHz detection

signal downconversion for phase and amplitude detection
can be achieved.

The measurement is done by reading the phase and am-
plitude detection result of the circuit while sweeping the RF
input signal’s power and phase from the signal generator.
Measured phase and amplitude detection characteristics of
the proposed circuit is shown in Fig. 16 (a) (b). The circuit
can achieve amplitude detection with RMS error of 0.12dB
and phase detection with RMS error of 0.17 degree. The
implemented circuit consumes about 59mW of power with
1V supply voltage. Detection performance of the proposed
circuit and the comparison with several other state of the
art detection circuits is summarized in Table 1. The pro-
posed circuits which utilize signal down-conversion and de-
tections with ADC and PDC with single signal path can per-
form amplitude and phase detections with higher accuracy
compared to conventional circuits, which use I/Q demodula-
tion schemes with multiple signal paths to realize phase and
amplitude detections.

5. Conclusion

A 28GHz high-accuracy phase and amplitude detection cir-
cuit for dual-polarized phased-array transceiver is intro-
duced in this article. The dual-polarized calibration scheme
can support high-accuracy beamforming without external
LO signal. By utilizing 28GHz-to-140kHz downconversion
and reference signal generation scheme using divide-by-6
dual-step-mixing ILFD, the independent detections of phase
and amplitude with PDC and ADC are achieved. The RMS
detection error is 0.12dB and 0.17deg, which is much lower
than conventional detection scheme.
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