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Abstract— This article introduces a high-accuracy phase
and amplitude detection circuit for 5G phased-array cali-
bration. By utilizing a 39 GHz–150 kHz down-conversion
scheme, the phase and amplitude information are detected
separately with a phase-to-digital converter (PDC) and an analog-
to-digital converter (ADC). In addition, to reduce the number
of reference signals, a divide-by-4 injection-locked frequency
divider (ILFD) using a transformer-based injection-enhancing
technique is implemented for wideband reference signal genera-
tion. This ILFD realizes a wide locking range of 16.3–23.4 GHz
(35.8%) with 5.05-mW power consumption. The detection circuit
achieves less than 0.049◦ and 0.036-dB detection rms errors
at 39 GHz. The wideband high-accuracy detection is also achieved
from 37 to 43.5 GHz. The total power consumption is 50 mW
with a 1-V VDD. The total core area is 1.43 mm2 in a 65-nm
CMOS process.

Index Terms— 5G, calibration, detection circuit, divide-by-4
injection-locked frequency divider (ILFD), phased array.

I. INTRODUCTION

RECENTLY, the data rate of wireless communication
has been increasing exponentially. In 5G, a more

than 10-Gb/s data rate is one of the targets to achieve
massive channel communication for the increasing future
applications, such as the internet of things (IoT), factory
automation, and self-driving. Thus, wideband communication
using a frequency of frequency range 2 (FR2) is neces-
sary. The FR2 band realizes high-data-rate communication
due to the large wideband frequency resource. However,
these frequencies also have huge free-space path loss, which
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Fig. 1. 5G phased-array beamforming in actual conditions with phase and
amplitude mismatches between each element.

makes long-distance communications difficult. The beamform-
ing technique with a phased-array transceiver is generally
used to solve this issue. A phased-array transceiver consists
of multiple TRX elements and antenna arrays. The TRX
element is composed of a variable-gain amplifier (VGA),
a phase shifter, a power amplifier (PA), and a low-noise
amplifier (LNA). Such phased-array transceivers can compen-
sate for the path loss at millimeter-wave frequencies, thanks
to the large equivalent isotropic radiation power (EIRP) [1],
[2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12].

In phased-array transceivers, the high-resolution phase and
amplitude control with low errors is required for creating
flexible beampatterns and preventing null degradation for mul-
tiinput and multioutput (MIMO) communications. However,
the on-chip implementation of the transceiver is sensitive to the
mismatch caused by process, voltage, and temperature (PVT)
variations. Fig. 1 shows the phased-array beampattern with
phase and amplitude mismatches between each TRX ele-
ment. Ideally, the beam angle θ is determined by the phase
difference 1φ between each element output. On the other
hand, in an actual condition, each output signal has amplitude
mismatch α and phase mismatch β, shown in Fig. 1. These
mismatches cause sidelobe growth, beam pointing errors, and
null degradation.

To calibrate these errors, a high-accuracy phase and ampli-
tude detection circuit should be implemented [12], [13], [14],
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Fig. 2. Phase and amplitude detection circuit (a) with I/Q modulated detection
technique and (b) with PDC/ADC detection technique, and beampattern
simulation (c) with I/Q modulated detection accuracy and (d) with PDC/ADC
detection accuracy.

[15], [16], [17], [18], [19], [20]. In recent research, there are
two detection types of circuits for phased-array calibration.
One is the I/Q modulation technique, shown in Fig. 2(a)
[13], [14], [15], [18]. This detection technique realizes phase
and amplitude detection with low power and small area
consumption. However, this technique has large detection
errors due to the large I/Q mismatch in the circuit. The other
one is the phase-to-digital converter (PDC)/analog-to-digital
converter (ADC) detection technique shown in Fig. 2(b) [12],
[17], [21]. This technique achieves less than 0.1◦ and 0.1-dB
detection accuracy with the independent phase and ampli-
tude detection. Fig. 2(c)–(d) shows the simulated beampattern
with I/Q modulated detection and PDC/ADC detection using
MATLAB. The simulation is performed at 39 GHz with eight
array elements and an array spacing of λ/2. The simulation
applies phase and amplitude Gaussian errors on the output
of each element corresponding to the detection accuracy. The
pattern with I/Q detection is plotted based on the accuracy of
[14]. From these simulation results, the PDC/ADC detection
technique achieves high-accuracy phased-array calibration,
compared to the I/Q modulated technique. As a result, [12]
realizes a high-accuracy beampattern in the 39-GHz phased-
array transceiver using PDC/ADC detection. However, the
detection circuit needs 35 and 4 GHz off-chip signals for the
calibration. Moreover, the calibration can only operate within
a limited frequency band due to the narrowband characteristics
of the detection circuit.

This article presents a high-accuracy phase and ampli-
tude detection circuit with PDC/ADC detection technique
for the calibration of phased-array beamforming [22]. This
detection circuit is designed to extend [12] and enable the
high-accuracy and wide-range detection around 39 GHz. A
37–43.5-GHz detecting operation is achieved by utilizing a
divide-by-4 Ring injection-locked frequency divider (ILFD)

Fig. 3. Detailed architecture of the proposed phase and amplitude detection
circuit for a phased-array calibration system.

using a transformer-based injection-enhancing technique [23].
In addition, a more detailed explanation of the PDC/ADC
detection technique is provided in this article. The high-
accuracy phased-array calibration using the proposed detection
circuit is discussed in Section II. The detailed circuit imple-
mentations including the proposed ILFD are demonstrated in
Section III, followed by the measurement results presented in
Section IV. Finally, this work is concluded in Section V.

II. SYSTEM CONSIDERATION

Fig. 3 shows the detail of the proposed phase and amplitude
detection circuit for phased-array calibration. In this figure, the
mismatch calibration of the transceiver 1 element is presented.
In calibration mode, a 39 GHz + 150 kHz signal is input to
TRX1, and the output signal is sent to the detection circuit
through the calibration path. Then, the phase and amplitude
of the TRX1 output signal could be relatively detected by the
proposed detection circuit. Finally, the mismatch calibration
of TRX1 could be performed by tuning the VGA and phase
shifter, based on the detected digital values. Similarly, the other
elements could also be calibrated in the calibration mode.
The required size of the Cal. LUT varies depending on the
number of elements and the resolution of the beam steering
for phased-array transceivers. For example, in [24], an eight-
element phased-array transceiver capable of beamforming with
8-bit patterns is realized. The LUT in this transceiver consists
of 256-bank SRAM for storing beam ID, and conversion tables
for 256-level amplitude setting and 256-level phase setting.
In Fig. 3, Cal. LUT and TRX Bias Ctrl. are shared with the
phased-array control part. In the calibration mode, the Cal.
LUT is updated by comparing the detected values with the
original phase and amplitude values at each beam pattern.
Fig. 3 explains the case where the detection circuit is imple-
mented in a conventional phased-array transceiver. On the
other hand, this detection circuit can also be implemented in
a dual-polarized phased-array transceiver. In that case, Det.
IN and Det. local oscillator (LO) signals can be easily input
using the H and V paths without additional signal paths for
calibration.

In the proposed detection circuit, a 39 GHz – 150 kHz
down-conversion scheme is utilized. The 39 GHz + 150 kHz
signal is downconverted to a detection signal around
150 kHz by mixing with a 39-GHz LO signal. The
150-kHz detection signal is then sent to the ADC and
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Fig. 4. High-accuracy phase detection with 39 GHz–150 kHz down-conver-
sion scheme.

limiting amplifier (LA)-PDC chain. With a low-frequency
detection signal, high-accuracy detections with 12-bit PDC
and 10-bit ADC are achieved easily. Furthermore, to remove
the requirement of an additional reference signal for the
PDC/ADC, an on-chip clock signal generation scheme is also
presented. A clock signal with around 600 MHz is generated
from the 39-GHz LO signal with the divider-chain circuit,
which divides the LO by 64. This clock signal is directly input
to the PDC and is input to the ADC after the frequency is
reduced to about 20 MHz internally.

As shown in Fig. 4, the 39 GHz–50 kHz down-conversion
scheme is applied for high-resolution phase and amplitude
detection with low errors. The generation of the low-frequency
detection signal from 39 GHz + 150 kHz (=ωRF) to around
150 kHz (=ωRF − ωLO) is represented as follows:

BB = α × ADet cos (ωRFt + θDet) × ALO cos(ωLOt)

≈
αALO

2
× ADet cos((ωRF − ωLO)t + θDet) (1)

where BB is the down-converted 150-kHz detection signal and
α is the conversion gain of the mixer with an LO voltage
ALO. The values of phase and amplitude in the detection
signal are θDet and ADet, respectively. The part of ωRF + ωLO
frequency is ignored because a low-pass filter (LPF) in the
next stage will filter it out. This equation shows that the phase
and amplitude information of the RF output signal can still
be maintained with θDet and ADet, after this down-conversion.
In amplitude detection, the 150 kHz can easily be detected
by using an ADC with high accuracy. In phase detection, the
phase information of the 150-kHz signal also becomes much
easier for detection than the 39-GHz counterpart. At 39 GHz,
a phase shift of 1◦ corresponds to a very short time of 71 fs.
Therefore, it is very difficult to detect the phase of a 39-
GHz signal with high resolution. On the other hand, 1◦ of the
150-kHz signal corresponds to 18 ns, which is much easier
for detection. Therefore, high-accuracy phase detection can
be realized with low errors by down-converting the 39-GHz
signal down to 150 kHz.

III. BUILDING BLOCK DESIGN CONSIDERATION
AND MEASUREMENT

A. High-Accuracy Detection Circuit Architecture

Fig. 5(a) shows the detail of the 39 GHz–150 kHz down-
conversion block. This block consists of a 39-GHz two-stage
preamplifier, a 39 GHz–150 kHz single-balanced mixer, and
an LPF. The 39-GHz two-stage preamp amplifies the detec-
tion signal with low input power. To achieve high-linearity
detection at large input power, a 1-bit attenuator is added
in the preamp. The amplified detection signal is input to a
single-balanced mixer for 39 GHz–150 kHz down-conversion.

Fig. 5. (a) Schematic of the 39 GHz–150 kHz down-conversion circuit chain
with (b) simulated AMPM and AMAM characteristics from 37 to 44 GHz
and (c) more detailed characteristics.

Fig. 6. Clipping calibration for accurate amplitude detection in the proposed
circuit.

And then, the 150-kHz signal is input to the LPF to remove the
unwanted mixing components. This down-conversion block is
designed to suppress the degradation of the phase and gain
linearity for wide dynamic-range demonstration. The simu-
lated amplitude-modulation phase-modulation (AMPM) and
amplitude-modulation amplitude-modulation (AMAM) char-
acteristic is less than 0.03◦ and 0.03 dB in 37–43.5 GHz,
as presented in Fig. 5(b). The maximum input power is
−12 dBm for high-accuracy detection. Fig. 5(c) expresses
the detailed characteristics of the simulated down-conversion
block. The flat gain and low input reflection are realized
from 37 to 43.5 GHz by the matching circuit using trans-
mission lines in the 39-GHz preamp. The LPF has a 300-kHz
cutoff frequency and a gain of 13 dB.

In Fig. 6, the amplitude detection with 10-bit successive
approximation register (SAR) ADC is presented. The ampli-
tude information of the detection signal is output with its
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Fig. 7. (a) Block diagram of the LO circuit and (b) simulated LO power
distribution at 39 GHz.

Fig. 8. Block diagram of the 12-bit PDC.

rms value. Furthermore, the average amplitude value is also
detected in the ADC to compensate for the unbalance of the
differential input. With a large input power, the dc offset causes
clipping. Thus, the clipping calibration is performed before
the amplitude rms detection. This clipping calibration ensures
accurate amplitude detection for a wide dynamic range.

Fig. 7(a) shows the block diagram of the 39-GHz LO
distribution. The LO signal is used for both mixing operation
and reference signal generation. A multistage buffer is used
in the LO circuit. The impedance matching is realized by
transmission lines at each stage. In addition, a 39-GHz balun
is applied to generate the differential LO signal for a single-
balanced mixer. The simulated output power for the LO
distribution for the mixer and the ILFD are shown in Fig. 7(b).

Fig. 8 presents the block diagram of the PDC. The PDC
consists of a 12-bit counter, an edge detector for the 150-
kHz detection signal, and a 12-bit D flip flop (DFF) for the
output of the digital phase value. The detailed relationship
between the input RF frequency fRF, the LO frequency fLO
for down-conversion, and the detection frequency fDet can be
represented with the following equations:

fLO =
(
212

× 2 × 4 × 8
)
× fDet (2)

fRF =
(
212

× 2 × 4 × 8 + 1
)
× fDet (3)

where fDet is finally selected at around 150 kHz considering
the desired detection accuracy. For example, when fDet =

149 kHz, values of fLO and fRF are determined to be
39.059456 and 39.059605 GHz, respectively. The PDC is
designed to operate with a clock frequency of 212 times fDet,
which is around 600 MHz. In the PDC, the input phase of
the detection signal is converted to the counter output, which
is a value from 0 to 4095. Thanks to the PDC, the phase
value could be relatively detected. The PDC can realize phase
detection with 0.088◦ resolution corresponding to the 12-bit
accuracy.

Fig. 9. (a) Block diagram of 600-MHz reference signal generation from
a 39-GHz LO signal and (b) divide-by-8 digital divider and (c) divide-by-2
39 GHz LC ILFD.

In addition, to generate the clock signal, a frequency-
divider-chain circuit is utilized, as shown in Fig. 9(a). The
divider chain consists of a divide-by-8 digital frequency
divider, a divide-by-2 LC ILFD, and a divide-by-4 Ring ILFD.
Fig. 9(b) presents the digital divider, which consists of a
three-stage cascade DFF with an inverter loop. An approximate
600-MHz clock signal is generated from the 5-GHz input.
Usually, the digital divider can only be used at a few GHz
frequency divisions. However, at a much higher frequency
such as 39 GHz, the ILFDs are usually applied. To divide the
39-GHz LO signal, a divide-by-2 LC ILFD is first utilized for
low-phase-noise characteristics, as shown in Fig. 9(c). In [17],
a Ring ILFD using a dual-step injection technique is used
for reference signal generation. However, the conventional
ILFD cannot cover a large enough locking range due to
the degradation of the injection signal at high frequency.
As a result, the operating frequencies of the detection circuit
become a narrow band. Next, a divide-by-4 Ring ILFD using a
transformer-based injection-enhancing technique is introduced
in Section III-B.

B. Transformer-Based Injection-Enhanced ILFD

A Ring ILFD can achieve high-division-ratio operation with
the harmonic-signal mixing technique [25], [26], [27]. How-
ever, the locking range is limited because undesired harmonic
signals will interfere with the oscillator’s injection locking.
In recent research, ILFDs using a dual-step injection approach
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Fig. 10. Divide-by-4 ILFD using the transformer-based injection-enhancing
technique.

Fig. 11. Block diagram of the dual-step injection Ring ILFD (a) with a
conventional approach and (b) with the proposed transformer for injection
enhancing.

are presented for removing undesired harmonic signals in
divide-by-4 operation [28], [29], [30]. However, the operation
at higher frequencies is limited due to the degradation of the
injection signal by the large parasitic capacitance of transistors.

In this work, a divide-by-4 dual-step-injection ILFD using
a transformer-based injection-enhancing technique is imple-
mented. Fig. 10 shows the schematic of the proposed divide-
by-4 ILFD. It consists of a 4-stage differential ring oscillator
and two area-efficient transformers for injection enhancement.
The differential input signal, whose frequency is about four
times the oscillation frequency (4 f0), is injected from INJP
and INJN. The signals are sent to each stage of the ring
oscillator through transformers. Then, the oscillation fre-
quency is synchronized to the divide-by-4 injection frequency.
Fig. 11(a)–(b) shows the block diagram of the dual-step
injection ILFD with the conventional approach and with the
proposed approach. As shown in Fig. 11(a), which refers to
[29], the 4 f0 injection signal is first mixed with the harmonic
signal of two times frequency (2 f0) generated from each

Fig. 12. (a) Divide-by-4 operation using the dual-step injection approach
and (b) values of 4 f0 and 2 f0 currents with and without the proposed
injection-enhancing technique.

Fig. 13. (a) Operation of four-times and two-times signal input and (b) S11
and S22 simulation results with the proposed area-efficient transformer.

common node of differential inverters. And then, the generated
2 f0 signal is mixed with the fundamental oscillation frequency.
This dual-step injection ILFD could eliminate the unwanted
harmonic signal that disturbs the injection locking operation.
However, the locking range at higher frequencies is limited
due to the degradation of both 4 f0 and 2 f0 injection signals
by the large parasitic capacitance of transistors. On the other
hand, Fig. 11(b) presents the proposed ILFD that applies the
area-efficient transformer for impedance matching with para-
sitic capacitance to enhance both 4 f0 and 2 f0 injection signals.
These injection signals are therefore increased, and the locking
range could be extended. Fig. 12(a) demonstrates the transient
waveform of the divide-by-4 operation with the dual-step
injection technique and the proposed injection-enhancing tech-
nique. The locking range of the Ring ILFD is expanded by
enhancing the dual-step injection approach with the proposed
technique. Fig. 12(b) demonstrates an increase in the 4 f0 and
2 f0 current to the inverter stages with the injection-enhancing
technique. These simulation results are obtained with an
injection power range from −20 to 5 dBm and an injection fre-
quency of 20 GHz. Thanks to the proposed technique, both the
4 f0 and 2 f0 currents are increased at the same injection power.

Fig. 13(a) shows the 4 f0 and 2 f0 signal input operation
to the area-efficient transformer. In general, inductors are
used for high-frequency impedance matching with parasitic
capacitance. However, these inductors consume a large area for
matching. In the proposed ILFD, a highly area-efficient injec-
tion enhancing technique is realized using two area-efficient
multilayer transformers. In the ring oscillator, the second
harmonic signals are generated at a common node of each
inverter stage. At each transformer, the 4 f0 injection signal
and the differential 2 f0 harmonic signal are inserted. The
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Fig. 14. (a) Layout and (b) equivalent circuit of the area-efficient transformer
in the proposed technique.

Fig. 15. (a) Simulated injection current for optimization of L1 and L2 and
(b) from 10 to 60 GHz frequency range with varying k12 values.

2 f0 harmonic signals with 0◦ and 180◦, 90◦ and 270◦ are com-
bined, respectively. Fig. 13(b) presents the simulation results
of the impedance matching at port1 and port2 in Fig. 13(a).
The 4 f0 injection signal is sent to port1 and the 2 f0 har-
monic signal is sent to port2. According to the S-parameter
simulation, port1 achieves wideband 4 f0 frequency matching,
which is from 20 to 80 GHz and port2 achieves 2 f0 frequency
matching from 0 to 30 GHz. As a result, wideband injection
signal enhancement is realized for both 4 f0 and 2 f0 signals
simultaneously for each transformer.

Fig. 14(a) shows the detailed layout of the area-efficient
transformer at each layer. The transformer consists of L1 for
four-times injection signal input and L2 for second harmonic
signal input. The coupling coefficient between L1 and L2
is shown by k12. In Fig. 14(b), the equivalent circuit from
the injection node to the common node of the differential
stage is presented. The input capacitance C1 for removing
dc, the parasitic capacitance of tail transistor Ctail, and the
parasitic capacitance Cp at the common node of the differential
inverter are shown. ZS and ZL are the input impedance and
the common-node impedance, respectively. PIN is the injection
power to the proposed ILFD. IINJ is the injection current to

Fig. 16. Measurement results of the locking range around 20 GHz with and
without the proposed technique.

the differential stage in the ring oscillator. The locking range
of ILFDs depends on the magnitude of injection current into
the oscillator [31]. Thus, in this ILFD, the injection current
is enhanced at the same value of PIN. When ZIN = Z∗

S
and ZOUT = Z∗

L are achieved with the impedance matching,
the relationship between the injection current IINJ into each
inverter stage and the injection power PIN from the outside
can be simply expressed by the following equation:

IINJ ∝ k12

√
L2

L1
×

√
PIN. (4)

According to this equation, the injection current can be
improved by maximizing k12, L2, and minimizing L1 at the
same injection power PIN. The simulated injection current
against different L1 and L2 is demonstrated in Fig. 15(a).
To optimize L1 and L2 regardless of k12, the lumped trans-
former is used for simulation. They are swept from 0.38 to
1.9 nH and from 0.15 to 0.60 nH, respectively. Equation (4)
shows that it is possible to inject the largest current by
lowering L1 and increasing L2. However, in the actual layout,
k12 decreases dramatically as the L1 value decreases. Increas-
ing L2, the area consumption of the transformer becomes
large. Thus, L1 and L2 are optimized to 0.70 and 0.48 nH,
respectively. Fig. 15(b) shows the simulated injection current
to differential inverter stages with and without the proposed
technique. The ILFD without the technique reuses the design
of the conventional dual-step-injection ILFD [29]. Injection
power is kept constant at 0 dBm. In this figure, the current
values are plotted in a divide-by-4 operation (i.e., 10–60 GHz
injection frequency). The value of k12 is swept from 0.19 to
0.63 by electro magnetic (EM) simulation. At k12 = 0.63,
the injection current is increased by more than three times
at a higher frequency range compared with the conventional
method.

The measured locking range around 20 GHz with fixed
bias condition is shown in Fig. 16. At 0-dBm injection
power, the proposed ILFD achieves a locking range of 16.3–
23.4 GHz, which is an absolute locking range of more than
three times larger than the conventional technique. The power
consumption is 5.05 mW at 1-V VDD. Fig. 17(a) demonstrates
the total operating range with different bias settings of the ring
oscillator. A 1.8–67-GHz operating range can be achieved at
a 0-dBm injection power. The locking range at each center
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Fig. 17. (a) Measured operating range with variable bias settings and
(b) measured locking range at each center frequency with and without the
proposed technique.

Fig. 18. Die photograph of the proposed phase and amplitude detection
circuit.

frequency is summarized in Fig. 17(b). Locking ranges
of 26.1–33.7 GHz (25.4%), 36.8–44.8 GHz (19.6%), and
61.1–67 GHz (10.5%) are also achieved with each fixed bias
setting. These measurement results of the stand-alone ILFD
are provided by a signal generator (Keysight E8257D), which
is connected to an external RF balun to generate differential
signals. The output signal is observed by a spectrum ana-
lyzer (Keysight E4448A) in this work. Compared with the
conventional ILFD, this result is greatly improved with the
transformer injection. Note that the measured locking range
was limited to less than 67 GHz due to the operating frequency
range of the used signal generator. Thus, this ILFD could work
at an even higher frequency.

IV. DETECTION MEASUREMENT

Fig. 18 shows the die micrograph of the proposed detection
circuit. This work is fabricated in a 65-nm CMOS process,
which minimizes the manufacturing cost. The total area includ-
ing pads is 1.41 × 1.46 mm2. The core area is 1.43 mm2, and
the power consumption is 50 mW at 1-V VDD. To perform the
detection over a larger frequency range, the divide-by-4 Ring
ILFD using a transformer-based injection-enhancing technique
is implemented. The PDC and ADC readouts are sent to the
external side by the serial peripheral interface (SPI) block.
Fig. 19 presents the measurement setup for the phase detection
with PDC. The Det. IN and the Det. LO signals are generated
from the external signal generators in this measurement. The
input phase of Det. IN is changed by an external phase shifter.
In addition, an external mixer and an oscilloscope are used to
check the input phase value. Fig. 20 shows the waveform of the

Fig. 19. Measurement setup of the proposed detection circuit for around
39-GHz signal detection.

Fig. 20. Checking 90◦ phase shifting with an oscilloscope.

external mixer output. The input phase of the RF signal is read
by comparing the external mixer output and a reference signal
at 149 kHz. The input phase value is set to 90◦ in this figure.
In this condition, the PDC readout is 90.08◦. In amplitude
detection, the input power of the RF signal is swept by the
signal generator, and the detected values from ADC are sent
to the external side-by-side SPI.

Fig. 21(a)–(b) shows the measurement results of the phase
and amplitude detection accuracy at 39 GHz. The phase
detection is performed from 0◦ to 360◦, and the amplitude
is from −26 to −12 dBm. The measured detection results
realize high-accuracy phase and amplitude detection with
the PDC/ADC detection technique. The detailed detection
accuracy at each input value is presented in Fig. 21(c)–(d). The
measured phase and amplitude detection errors at 39 GHz are
less than 0.067◦ and 0.060 dB, respectively, and the rms detec-
tion errors are 0.049◦ and 0.036 dB, respectively. In addition,
wide-range high-accuracy detection within 37–43.5 GHz is
achieved, as shown in Fig. 22(a)–(b). The rms phase detection
error is less than 0.060◦, and the rms amplitude detection
error is less than 0.051 dB. Fig. 23 shows the amplitude
detection results at the different bias settings of the attenuator
in the 39 GHz preamp. This result was measured in the Det.
IN range of −42 to 6 dBm with the step of 0.5 dB at the
frequency of 39 GHz. The dynamic range for high-accuracy
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TABLE I
PERFORMANCE COMPARISON OF THE DETECTION CIRCUIT FOR PHASED-ARRAY CALIBRATION

Fig. 21. Measurement results of (a) phase and (b) amplitude detection
accuracy, and the detection errors of (c) phase and (d) amplitude detection
at 39 GHz.

Fig. 22. Measured (a) phase and (b) amplitude rms detection errors in
37–43.5 GHz.

detection is limited by two factors. One is the nonlinearity
of the 39 GHz–150 kHz down-conversion circuit chain at a
large Det. IN signal. The other is the lower resolution of the
ADC at a small Det. IN signal. The dynamic range is from

Fig. 23. Measured amplitude detection with the Det. IN step of 0.5 dB at
the different bias settings of the attenuator in the 39-GHz preamp.

−31 to −19, −26 to −12, and −18 to −6 dBm at the bias
settings of 0, 0.5, and 1 V, respectively.

Table I presents the comparison table of state-of-the-
art detection circuits for phased-array calibration. The
high-accuracy phase and amplitude detection is realized by
using the PDC/ADC detection technique in this work. In addi-
tion, the proposed divide-by-4 Ring ILFD achieves wide-range
high-accuracy detection in 37–43.5 GHz.

V. CONCLUSION

In this article, a 37–43.5-GHz high-accuracy phase and
amplitude detection circuit for 5G phased-array calibra-
tion is introduced. In the proposed detection circuit, the
PDC/ADC detection technique is applied for high-accuracy
detection. To realize high-accuracy and low-cost detections,
the 39 GHz–150 kHz down-conversion and the reference sig-
nal generation scheme is also applied. In addition, to realize
the wideband operation of the detection circuit, the divide-by-4
Ring ILFD using a transformer-based injection-enhancing
technique is implemented. The measured rms phase and ampli-
tude detection errors are 0.049◦ and 0.036 dB at 39 GHz,
respectively. The wideband high-accuracy detection is also
performed in 37–43.5 GHz with 50-mW dc power consump-
tion at 1-V VDD. The total core area is 1.43 mm2 in a 65-nm
CMOS process.



YAMAZAKI et al.: 37–43.5-GHz PHASE AND AMPLITUDE DETECTION CIRCUIT WITH 0.049◦ AND 0.036-dB ACCURACY 2859

REFERENCES

[1] H.-C. Park et al., “A 39 GHz-band CMOS 16-channel phased-array
transceiver IC with a companion dual-stream IF transceiver IC for 5G
NR base-station applications,” in IEEE Int. Solid-State Circuits Conf.
(ISSCC) Dig. Tech. Papers, Feb. 2020, pp. 76–78.

[2] X. Guan, H. Hashemi, and A. Hajimiri, “A fully integrated
24-GHz eight-element phased-array receiver in silicon,” IEEE
J. Solid-State Circuits, vol. 39, no. 12, pp. 2311–2320,
Dec. 2004.

[3] A. Ahmed, M.-Y. Huang, D. Munzer, and H. Wang, “A 43–97-GHz
mixer-first front-end with quadrature input matching and on-chip image
rejection,” IEEE J. Solid-State Circuits, vol. 56, no. 3, pp. 705–714,
Mar. 2021.

[4] J. Pang et al., “A 28-GHz CMOS phased-array beamformer utilizing
neutralized bi-directional technique supporting dual-polarized MIMO for
5G NR,” IEEE J. Solid-State Circuits, vol. 55, no. 9, pp. 2371–2386,
Sep. 2020.

[5] J. Pang et al., “A 50.1-Gb/s 60-GHz CMOS transceiver for IEEE
802.11 ay with calibration of LO feedthrough and I/Q imbalance,” IEEE
J. Solid-State Circuits, vol. 54, no. 5, pp. 1375–1390, May 2019.

[6] J. Pang et al., “A 28-GHz CMOS phased-array transceiver based on
LO phase-shifting architecture with gain invariant phase tuning for 5G
new radio,” IEEE J. Solid-State Circuits, vol. 54, no. 5, pp. 1228–1242,
May 2019.

[7] A. Alhamed, O. Kazan, G. Gultepe, and G. M. Rebeiz, “A multi-
band/multistandard 15–57 GHz receive phased-array module based
on 4 × 1 beamformer IC and supporting 5G NR FR2 operation,”
IEEE Trans. Microw. Theory Techn., vol. 70, no. 3, pp. 1732–1744,
Mar. 2022.

[8] T. Wu, C. Zhao, H. Liu, Y. Wu, Y. Yu, and K. Kang, “A 20 ~ 43 GHz
VGA with 21.5 dB gain tuning range and low phase variation for 5G
communications in 65-nm CMOS,” in Proc. IEEE Radio Freq. Integr.
Circuits Symp. (RFIC), Jun. 2019, pp. 71–74.

[9] F. Padovan, M. Tiebout, A. Neviani, and A. Bevilacqua,
“A 15.5–39 GHz BiCMOS VGA with phase shift compensation
for 5G mobile communication transceivers,” in Proc. 42nd Eur.
Solid-State Circuits Conf., Sep. 2016, pp. 363–366.

[10] T. Yao et al., “Algorithmic design of CMOS LNAs and PAs for 60-GHz
radio,” IEEE J. Solid-State Circuits, vol. 42, no. 5, pp. 1044–1057,
May 2007.

[11] M. Elkholy, S. Shakib, J. Dunworth, V. Aparin, and K. Entesari, “Low-
loss highly linear integrated passive phase shifters for 5G front ends
on bulk CMOS,” IEEE Trans. Microw. Theory Techn., vol. 66, no. 10,
pp. 4563–4575, Oct. 2018.

[12] Y. Wang et al., “A 39-GHz 64-element phased-array transceiver with
built-in phase and amplitude calibrations for large-array 5G NR in 65-nm
CMOS,” IEEE J. Solid-State Circuits, vol. 55, no. 5, pp. 1249–1269,
May 2020.

[13] T. Kanar et al., “A 2–15-GHz accurate built-in-self-test system for
wideband phased arrays using self-correcting eight-state I/Q mixers,”
IEEE Trans. Microw. Theory Techn., vol. 64, no. 12, pp. 4250–4261,
Dec. 2016.

[14] S. Y. Kim et al., “A 76–84 GHz 16-element phased-array receiver with a
chip-level built-in self-test system,” IEEE Trans. Microw. Theory Techn.,
vol. 61, no. 8, pp. 3083–3098, Aug. 2013.

[15] O. Inac, D. Shin, and G. M. Rebeiz, “A phased array RFIC with built-
in self-test capabilities,” IEEE Trans. Microw. Theory Techn., vol. 60,
no. 1, pp. 139–148, Jan. 2012.

[16] T. Shimura, T. Ohshima, and Y. Ohashi, “A 28-GHz phased-array
receiver with an on-chip BIST function by using a shielded symmetrical
signal distributor,” in Proc. 49th Eur. Microw. Conf. (EuMC), Oct. 2019,
pp. 618–621.

[17] Y. Yamazaki, J. Alvin, J. Pang, A. Shirane, and K. Okada, “A 28 GHz
high-accuracy phase and amplitude detection circuit for dual-polarized
phased-array calibration,” IEICE Trans. Electron., vol. 106, no. 4,
pp. 149–156, Apr. 2023.

[18] O. Inac, F. Golcuk, T. Kanar, and G. M. Rebeiz, “A 90–100-GHz phased-
array transmit/receive silicon RFIC module with built-in self-test,”
IEEE Trans. Microw. Theory Techn., vol. 61, no. 10, pp. 3774–3782,
Oct. 2013.

[19] J. Alvin, J. Pang, A. Shirane, and K. Okada, “A high accuracy phase
and amplitude detection circuit for calibration of 28GHz phased array
beamformer system,” in Proc. 26th Asia South Pacific Design Autom.
Conf., Jan. 2021, pp. 93–94.

[20] H. Chan, Y. Kuo, W. Chen, and S. Chang, “A Ku-band CMOS build-in-
self-test chip based on phasor-sum detection method for RF beamform-
ing transceivers,” in IEEE MTT-S Int. Microw. Symp. Dig., Jun. 2017,
pp. 1614–1616.

[21] Z. Li et al., “A 39-GHz CMOS bi-directional Doherty phased-array
beamformer using shared-LUT DPD with inter-element mismatch com-
pensation technique for 5G base-station,” IEEE J. Solid-State Circuits,
vol. 58, no. 4, pp. 901–914, Apr. 2023.

[22] Y. Yamazaki et al., “A 37–39 GHz phase and amplitude detection circuit
with 0.060 degree and 0.043 dB RMS errors for the calibration of 5GNR
phased-array beamforming,” in Proc. IEEE Asian Solid-State Circuits
Conf. (A-SSCC), Nov. 2022, pp. 1–3.

[23] Y. Yamazaki, J. Pang, A. Shirane, and K. Okada, “A 1.8–67 GHz divide-
by-4 ILFD using area-efficient transformer-based injection-enhancing
technique,” in Proc. IEEE 48th Eur. Solid State Circuits Conf.,
Sep. 2022, pp. 393–396.

[24] J. Pang et al., “A fast-beam-switching 28-GHz phased-array transceiver
supporting cross-polarization leakage self-cancellation,” in Proc. Symp.
VLSI Circuits, Jun. 2021, pp. 1–2.

[25] A. Garghetti, A. L. Lacaita, D. Seebacher, M. Bassi, and S. Levantino,
“Analysis and design of 8-to-101.6-GHz injection-locked frequency
divider by five with concurrent dual-path multi-injection topology,” IEEE
J. Solid-State Circuits, vol. 57, no. 6, pp. 1788–1799, Jun. 2022.

[26] Y.-S. Lin, W.-H. Huang, C.-L. Lu, and Y.-H. Wang, “Wide-locking-
range multi-phase-outputs regenerative frequency dividers using even-
harmonic mixers and CML loop dividers,” IEEE Trans. Microw. Theory
Techn., vol. 62, no. 12, pp. 3065–3075, Dec. 2014.

[27] A. Ghilioni, A. Mazzanti, and F. Svelto, “Analysis and design of mm-
wave frequency dividers based on dynamic latches with load modu-
lation,” IEEE J. Solid-State Circuits, vol. 48, no. 8, pp. 1842–1850,
Aug. 2013.

[28] Y. Yamazaki, J. Alvin, J. Pang, A. Shirane, and K. Okada, “A 39 GHz
divide-by-8 LC-ring ILFD designed for 5G new radio n260 band,” in
Proc. IEEE Int. Conf. Integr. Circuits, Technol. Appl. (ICTA), Nov. 2021,
pp. 74–75.

[29] T. Siriburanon et al., “A low-power low-noise mm-wave subsam-
pling PLL using dual-step-mixing ILFD and tail-coupling quadrature
injection-locked oscillator for IEEE 802.11 ad,” IEEE J. Solid-State
Circuits, vol. 51, no. 5, pp. 1246–1260, May 2016.

[30] A. Musa, K. Okada, and A. Matsuzawa, “Progressive mixing technique
to widen the locking range of high division-ratio injection-locked
frequency dividers,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 3,
pp. 1161–1173, Mar. 2013.

[31] B. Razavi, “A study of injection locking and pulling in oscillators,” IEEE
J. Solid-State Circuits, vol. 39, no. 9, pp. 1415–1424, Sep. 2004.

Yudai Yamazaki (Graduate Student Member,
IEEE) received the B.E. and M.E. degrees in
electrical and electronic engineering from the
Tokyo Institute of Technology, Tokyo, Japan,
in 2021 and 2023, respectively. He is cur-
rently pursuing the Ph.D. degree in electrical and
electronic engineering with the Tokyo Institute
of Technology, Tokyo, Japan, working on 5G,
beyond 5G, and 6G wireless communication system
design.

His current research interests include millimeter-
wave and subterahertz CMOS phased-array transceivers, and mixed-signal
calibration systems.

Jun Sakamaki received the B.E. degree in electrical
and electronic engineering from the Tokyo Institute
of Technology, Tokyo, Japan, in 2022, where he is
currently pursuing the M.E. degree in electrical and
electronic engineering.

His research interests include millimeter-wave
CMOS wireless transceivers.



2860 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 58, NO. 10, OCTOBER 2023

Jian Pang (Member, IEEE) received the bachelor’s
and master’s degrees from Southeast University,
Nanjing, China, in 2012 and 2014, respectively, and
the Ph.D. degree from the Department of Physical
Electronics, Tokyo Institute of Technology, Tokyo,
Japan, in 2019.

From 2019 to 2020, he was a Post-Doctoral
Researcher with the Tokyo Institute of Technology.
From 2020 to 2022, he was a Specially Appointed
Assistant Professor with the Tokyo Institute of
Technology.

Dr. Pang was a recipient of the IEEE SSCS Student Travel Grant Award
in 2016, the IEEE SSCS Pre-Doctoral Achievement Award for the term
2018–2019, the Seiichi Tejima Oversea Student Research Award in 2020,
and the IEEE MTT-S Japan Young Engineer Award in 2021.

Joshua Alvin received the B.E. and M.S. degrees in
electrical and electronic engineering from the Tokyo
Institute of Technology, Tokyo, Japan, in 2019 and
2021, respectively.

He is currently working with Western Digital,
Kanagawa, Japan.

Zheng Li (Graduate Student Member, IEEE)
received the B.E. and M.E. degrees in microelec-
tronics and solid electronics from Xidian University,
Xi’an, China, in 2014 and 2017, respectively. He is
currently pursuing the Ph.D. degree in electrical
and electronic engineering with the Tokyo Institute
of Technology, Tokyo, Japan, working on fifth-
generation (5G) and beyond-5G wireless communi-
cation system design.

His current research interests include radio fre-
quency (RF)/millimeter-wave CMOS phased-array

beamformers, 5G area-power-efficient power amplifiers, and 5G high-data-
rate mobile systems.

Dongwon You (Student Member, IEEE) received
the B.S. degree in electrical and computer
engineering from Ajou University, Suwon, Korea,
in 2017, and the M.S. degree in electrical and
electronic engineering from the Tokyo Institute of
Technology (Tokyo Tech), Tokyo, Japan, in 2019,
where he is currently pursuing the Ph.D. degree in
electrical and electronic engineering.

His current research interests include CMOS
RF/millimeter-wave/analog transceiver systems,
multiinput and multioutput (MIMO), mixed signal,

wireless communication, device modeling, and satellite communication.
Mr. You is a recipient of the IEEE SSCS Student Travel Grant Award in

2022, the Best Student Paper Award (First Place) from the 2019 IEEE Radio
Frequency Integrated Circuits Symposium (RFIC), IEEE Microwave Theory
and Techniques Society MTT-Sat Challenge Phase1, Phase2, Phase3. He also
serves as a Reviewer for the IEEE JOURNAL OF SOLID-STATE CIRCUITS
and IEEE Microwave Magazine.

Jill Mayeda (Member, IEEE) received the B.Sc.
degree in applied and computational math sciences
from the University of Washington at Seattle,
Seattle, WA, USA, in 2014, and the Ph.D. degree in
electrical engineering from Texas Tech University,
Lubbock, TX, USA, in 2022.

She has also spent seven years in the
industry working at Noise Figure Research
from 2015 to 2022. She is currently a Post-Doctoral
Researcher at the Tokyo Institute of Technology,
Tokyo, Japan with a research focus on CMOS

satellite communication transceivers. Her research interests include mm-Wave
PA design using CMOS, HBT, and III-V technologies as well as CMOS
mm-Wave transceiver design.

Dr. Mayeda received the Electrical and Computer Engineering Department’s
Best Ph.D. Student Award in 2022 from Texas Tech University.

Atsushi Shirane (Member, IEEE) received the B.E.
degree in electrical and electronic engineering and
the M.E. and Ph.D. degrees in electronics and
applied physics from the Tokyo Institute of Tech-
nology, Tokyo, Japan, in 2010, 2012, and 2015,
respectively.

From 2015 to 2017, he was with Toshiba
Corporation, Kawasaki, Japan, where he devel-
oped an 802.11ax Wireless LAN RF transceiver.
From 2017 to 2018, he was with Nidec Corporation,
Kawasaki, where he researched intelligent motors

with wireless communication. He is currently an Associate Professor with the
Laboratory for Future Interdisciplinary Research of Science and Technology,
Institute of Innovative Research, Tokyo Institute of Technology. His current
research interests include RF CMOS transceivers for IoT, 5G, and satellite
communication and wireless power transfer.

Dr. Shirane has been a member of the Technical Program Committee for
IEEE International Solid-State Circuits Conference Student Research Preview
since 2019. He is a member of the IEEE Solid-State Circuits Society and the
Institute of Electronics, Information and Communication Engineers (IEICE).

Kenichi Okada (Fellow, IEEE) received the B.E.,
M.E., and Ph.D. degrees in communications and
computer engineering from Kyoto University, Kyoto,
Japan, in 1998, 2000, and 2003, respectively.

From 2000 to 2003, he was a Research Fellow
of the Japan Society for the Promotion of Science
with Kyoto University. In 2003, he joined the Tokyo
Institute of Technology as an Assistant Professor.
He is currently a Professor of electrical and elec-
tronic engineering at the Tokyo Institute of Technol-
ogy, Tokyo, Japan. He has authored or coauthored

more than 500 journal and conference papers. His current research inter-
ests include millimeter-wave and terahertz CMOS wireless transceivers for
20/28/39/60/77/79/100/300GHz for 5G, WiGig, satellite and future wireless
systems, digital PLL, synthesizable PLL, atomic clocks, and ultralow-power
wireless transceivers for Bluetooth low-energy, and sub-GHz applications.

Prof. Okada is a member of the Institute of Electronics, Information and
Communication Engineers (IEICE), the Information Processing Society of
Japan (IPSJ), and the Japan Society of Applied Physics (JSAP). He is
a member of the Technical Program Committees of the IEEE Interna-
tional Solid-State Circuits Conference (ISSCC), VLSI Circuits Symposium,
European Solid-State Circuits Conference (ESSCIRC), and Radio Frequency
Integrated Circuits Symposium (RFIC). He was a recipient or co-recipient of
the Ericsson Young Scientist Award in 2004, the A-SSCC Outstanding Design
Award in 2006 and 2011, the ASP-DAC Special Feature Award in 2011 and
Best Design Award in 2014 and 2015, the MEXT Young Scientists’ Prize
in 2011, the JSPS Prize in 2014, the Suematsu Yasuharu Award in 2015,
the MEXT Prizes for Science and Technology in 2017, the RFIT Best Paper
Award in 2017, the IEICE Best Paper Award in 2018, the RFIC Symposium
Best Student Paper Award in 2019, the IEICE Achievement Award in 2019, the
DOCOMO Mobile Science Award in 2019, the IEEE/ACM ASP-DAC, Prolific
Author Award in 2020, the Kenjiro Takayanagi Achievement Award in 2020,
the KDDI Foundation Award in 2020, the IEEE CICC, Best Paper Award in
2020, and more than 50 other international and domestic awards. He is/was
also the Guest Editor and an Associate Editor of IEEE JOURNAL OF SOLID-
STATE CIRCUITS (JSSC), an Associate Editor of IEEE TRANSACTIONS ON
MICROWAVE THEORY AND TECHNIQUES (T-MTT), and a Distinguished
Lecturer of the IEEE Solid-State Circuits Society (SSCS).


