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Abstract— This article introduces a wirelessly powered phased-
array transceiver for fifth-generation (5G) relay systems. To real-
ize the battery-less relay operation, 24-GHz wireless power
transfer (WPT) is employed. This relay transceiver consists of
the proposed vector-summing backscatter for Transmitter (Tx)
and a passive phase-shifting self-heterodyne Receiver (Rx) with
a rectifier for Rx and WPT. The receiver generates dc power
from the 24-GHz WPT signal, which is also used as a local
oscillator (LO) signal to down-convert the 28-GHz 5G modulated
data to a 4-GHz IF. The vector-summing backscatter up-converts
the 4-GHz IF signal to 28-GHz using a 24-GHz LO signal
while working as a 360◦ phase shifter with a 7-bit resolution.
Both transmitter and receiver operate only using the generated
power from the 24-GHz WPT. The chip area of the eight-path
transceiver is 1.8 mm2 and the transceiver is mounted on a
32-element phased-array antenna board. This module generates
3.1-mW dc power from 6.7-mW/cm2 received power density
at 24 GHz. The transmitter achieves a −2.2-dBm measured
saturated equivalent isotropically radiated power (EIRP) and
supports a −30◦ to +30◦ beam range. The measured error vector
magnitude (EVM) values are −27.5 dB for Tx mode and −31.3 dB
for Rx mode with a 400-MHz 64-QAM orthogonal frequency
division multiple access (OFDMA)-mode signal (5G new radio
(NR), MCS 19). The power consumption for each path is 0.03 mW
in both Tx and Rx modes.

Index Terms— Backscatter, CMOS, fifth-generation (5G)
mobile network, phased array, rectifier, relay transceiver, self-
heterodyne, vector summing, wireless power transfer (WPT).

I. INTRODUCTION

M ILLMETER-WAVE fifth-generation (5G) communica-
tion is expected to be used for enhanced mobile

broadband (eMBB), mission-critical communication, and mas-
sive Internet of Things (IoT) as the next-generation wire-
less communication. However, the communication distance
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Fig. 1. Two types of relay systems for 5G networks: (a) metasurface reflector
and (b) relay transceiver.

is limited because of the high free-space path loss at the
millimeter-wave frequencies. Therefore, phased-array imple-
mentation has become the most important key technology
to extend the transmission distance and realize spatial mul-
tiplexing communication by beamforming. High-performance
phased-array transceiver designs and high-efficiency com-
munication techniques using multiple-input–multiple-output
(MIMO) systems have been actively researched and devel-
oped [1]–[6]. On the other hand, the present use cases are
still limited to the line-of-sight (LoS) communication due to
the large transmission loss caused by buildings and the very
narrow directivity of the millimeter-wave radio. To expand net-
work coverage and maintain seamless network connectivity by
using non-line-of-sight (NLoS) links, the massive deployment
of relay nodes can be a promising solution.

As shown in Fig. 1, two types of relay systems for 5G
communication have been previously introduced. The first
one is based on metasurface reflectors [7], [8]. The reflectors
can establish NLoS communication by reflecting the received
radio waves toward the user equipment (UE), bypassing the
obstacles in the LoS link path. High reflected power is
achieved using large-scale reflectors while maintaining wide
beamwidth [7]. To further improve the wireless data rate
and to maintain the architectural esthetics of buildings, the
optically transparent dual-polarized reflectarray is reported [8].
Although low fabrication and maintenance costs and flexible
deployment are achieved, the path loss of the NLoS link is
still tens of decibels higher than the LoS link [9]. In addition,
reflectors cannot control the reflection beam angle actively.

To realize a beam-steerable relay operation, active relay
transceivers are introduced, as shown in Fig. 1(b). When an
LoS link blockage occurs, the base station (BS) can steer the
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beam direction to a relay node nearby UE, and the relay node
performs the beamforming again toward UE from the received
signal. The relay transceiver can achieve an NLoS link flexibly
by the beam-steerable operation, but an external power supply
is necessary. As a result, the battery can be a bottleneck for
the product life and causes the relay transceiver to require
regular maintenance. Moreover, the recent active phased-array
transceivers consume large power to obtain high spatial res-
olution and data rate. Power-efficient transceivers have been
reported [3]–[6], but they still consume over several hundred
milliwatts for each path. In terms of massive deployment,
the total cost of the active relay transceivers and their power
consumption are the main drawbacks when compared to the
passive reflectors.

This article introduces a wirelessly powered relay trans-
ceiver for millimeter-wave 5G communication, which realizes
outdoor-to-indoor communication. We assume that the obsta-
cles are the walls of the buildings. The transmitted wave from
BS on the outdoor side is transferred to UE on the indoor
side with low loss. To realize beam-steerable and battery-
less relay operation, we introduce 24-GHz wireless power
transfer (WPT) so that the relay transceiver operates only using
the wirelessly supplied power. The proposed transceiver is one
of the most suitable options for massive deployment because
it does not require any external power supply and can reduce
the maintenance cost. In addition, the transceiver is compatible
with the 5G new radio (NR) as a simple relay system. This
transceiver can be utilized not only for indoor-to-outdoor relay
systems but also for reflective systems that use metasurface
reflectors.

According to the WPT measured results, the proposed
Receiver (Rx) generates a 3.1-mW dc power at 6.7-mW/cm2

received power density and achieves a wide-angle coverage
from −30◦ to +30◦. Due to the proposed vector-summing
backscattering technique, the 4 × 8 array module realizes
beam-steerable relay operation with a power consumption
of 0.03 mW for each path. The error vector magnitudes
(EVMs) for Transmitter (Tx) and Rx mode are also measured
using 5G NR orthogonal frequency division multiple access
(OFDMA)-mode modulated signals.

This article is organized as follows. Section II describes the
issues of the current relay transceivers and the advantages
of the proposed one and introduces the entire relay system.
Section III explains the circuit operation of the transmitter and
the detailed analysis for phase calculation. Section IV presents
the concept of the proposed WPT system and the circuit
operation of the receiver. Section V demonstrates the circuit
implementation of the transmitter and receiver. Section VI
shows the measurement results, and finally, the conclusion is
presented in Section VII.

II. WIRELESSLY POWERED RELAY TRANSCEIVER

Fig. 2 shows the concept of the proposed relay system.
As shown in Fig. 2(a), by applying the conventional active
transceiver architecture to the relay systems, the need of cable
wiring, the relatively short product life due to the outdoor
circumstances, the large circuit size including the baseband
unit (BBU), and the regular maintenance cost are the main
issues to face. As the massive deployment of the relay nodes

Fig. 2. System block diagrams of (a) conventional active transceiver and
(b) proposed wirelessly powered transceiver.

is required and the installation space is limited, the traditional
ground-based power supply is not suitable. Moreover, batteries
cannot be used due to the unsuitable environment, including
the small installation space, dust, rain, and sunlight [10].
To avoid damaging the power supply unit, the wall-mounted
concealed installation was considered. However, it may be
difficult to get permission from building owners. Besides the
power supply issues, the circuit volume is also a problem.
As mentioned above, there is not enough space for installing
BBU in the massive deployment.

To overcome such problems, we propose a wirelessly pow-
ered relay system using 24-GHz WPT. As shown in Fig. 2(b),
all the required power for the relay operation is delivered by
24-GHz WPT. The 24-GHz continuous wave is radiated to
two relay nodes from a WPT BS. Rectifiers generate dc power
from the received 24-GHz WPT signal. The generated power is
regulated by a power management unit (PMU) and supplied to
the two relay nodes. Thus, the two relay nodes operate without
any external power supply. This relay transceiver is 5G NR
compatible. The received 28-GHz RF signal is down-converted
to a 4-GHz IF signal by using 24-GHz WPT as a local
oscillator (LO) signal. The 4-GHz IF signal is transferred to
the transmitter side and up-converted to the 28-GHz RF signal
in the same way. The simple relay structure makes it easy to
apply 5G NR modulated signals.

Fig. 3 shows the block diagram of the entire relay system.
The transmitter transmits a 28-GHz 5G signal to UE or BS.
The beam angle is controlled by the proposed vector-summing
backscattering technique. The receiver receives the 28-GHz 5G
signal from BS or UE and the 24-GHz WPT signal from WPT
BS. Thus, it can communicate with them while generating dc
from the received 24-GHz WPT signal. The receiver can also
steer the beam direction for both Rx mode and WPT by the
proposed 1-bit passive phase shifter. The receiver utilizes both
the 28- and 24-GHz paths, and the same beam pattern can be
obtained for 28- and 24-GHz WPT as the phase characteristics
of the 1-bit phase shifter are independent of the frequency.

In addition to the 1-bit passive phase shifters, the receiver
consists of four-way power combiners and LC-loaded recti-
fiers. The LC-loaded rectifier works not only as an RF-dc
convertor but also as a self-heterodyne mixer. Therefore, it can
down-convert the 28-GHz RF signal to a 4-GHz IF signal
by using 24-GHz WPT as an LO signal while generating dc
power from the 24-GHz WPT signal. The 4-GHz IF signals
are further combined after fine phase shifting and transferred
to the transmitter side in a wired way.

The transmitter consists of a 7-bit vector-summing backscat-
ter and an I/Q generator. In the same way as the
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Fig. 3. Block diagram of the entire relay system.

self-heterodyne technique, the 4-GHz IF signal is up-converted
to the 28-GHz RF signal using the 24-GHz LO signal. At the
same time, phase shifting is achieved with a 360◦ phase
range and 7-bit resolution utilizing the I/Q vector-summing
technique.

In this design, eight-path transmitters and receivers are
implemented on each chip. Because both transmitter and
receiver work only using the generated power from 24-GHz
WPT, they do not require any external power supply. The
generated power from 24-GHz WPT is boosted to supply
voltage at PMU and consumed by the internal bias circuit,
external logic controller such as MCU, and IF amplifiers. Note
that the IF chain, PMU, and MCU are not implemented on a
chip and a prototype module. To prove fully wirelessly pow-
ered operation, the breakdown of the generated and consumed
power will be shown in Section VI.

III. TRANSMITTER ARCHITECTURE

To realize low power consumption and beam-steerable
transmitter, the vector-summing backscattering technique is
introduced in this article. Two transistors with variable gate
width are used. Both IF up-conversion and phase shifting by
I/Q vector-summing are performed at the same time. Before
describing the proposed backscatter, the operation of the most
common backscatter and the IF backscatter is discussed.

A. Load Switching-Based Backscattering

Fig. 4(a) shows the circuit operation of a common binary
backscatter [11], [12]. The backscatter receives the carrier fre-
quency signal and reflects a modulated signal by switching the
load impedance. It can operate by consuming very low power
because phase-locked loops (PLLs) and LO oscillators are not
required. On the other hand, it is difficult to apply multi-level
modulation schemes and to improve the spectral efficiency.
The QAM backscatters based on load switching are reported
to enhance spectral efficiency [13]. However, they are difficult
to implement because a large number of load impedances are
required to achieve a high-order modulation scheme.

B. IF Backscattering

To achieve low power consumption and high spectral
efficiency, the IF backscattering technique is reported [14],

Fig. 4. Conventional backscattering techniques: (a) load switching-based
backscatter and (b) IF backscatter.

as shown in Fig. 4(b). Assuming that the gate–source voltage
VGS and the drain–source voltage VDS are sinusoidal waves
at different frequencies, the up-converted signal appears in
drain current IDS. This means that the IF backscatter uses
the received signal from the antenna as an LO signal and
up-converts the IF signal to the RF frequency. Because the
modulation is done at the IF frequency, multi-level modulation
schemes can be applied. Although an LO is required to
up-convert the BB signal to the IF frequency, the operation
frequency is lower than the LO frequency of heterodyne and
direct-conversion architectures, and the power consumption of
the local circuit can be reduced. As a result, high spectral effi-
ciency is achieved while keeping the power consumption low.

C. Vector-Summing Backscattering

In addition to low power consumption and high spectral
efficiency, in order to achieve beamforming, we propose
the vector-summing backscattering technique, as shown in
Fig. 5. The proposed backscatter consists of two transistors
with variable widths and an I/Q generator. It performs both
the IF backscatter and the vector-summing phase shifting
simultaneously. The basic operation of the two backscatters is
the same as the IF backscatter and frequency up-conversion is
performed at each backscatter. In addition to the up-converting
operation, the phase shifting is also possible by the I/Q vector-
summing architecture. Each transistor is assigned to I or Q, and
the up-converted I/Q signals are combined at the drain nodes.
As the power of the up-converted signal is proportional to the
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Fig. 5. Circuit operation of the vector-summing backscatter.

Fig. 6. Phase calculation for beamforming.

square of gate width, the vector-summing is realized without
voltage-controlled amplifiers (VCAs) and the output phase is
controlled by setting the two gate widths.

Since the backscatter reflects the received signal, the output
phase depends on the phase difference of the received signals.
Hence, we must consider not only the output phase difference
for beamforming but also the input phase difference from the
incident angle. Fig. 6 shows the example of the phase calcu-
lation for each signal. Here, λRF and λLO are the wavelengths
of the transmitted signal and the received signal, respectively.
Since λRF < λLO, we assume that the antenna distance is d =
λRF/2. Each phase difference is represented by

⎧⎪⎨
⎪⎩

�ϕRF = π

2
sin θRF

�ϕLO = πλRF

λLO
sin θLO

(1)

where θRF is the beam angle of the transmitted signal and θLO

is the incident angle of the received signal.
The total phase difference �ϕ is equal to the difference

between �ϕRF and �ϕLO, and the phase shift amount of each
phase shifter is calculated as in the following equation:

ϕi = i�ϕ = iπ

(
1

2
sin θRF − λRF

λLO
sin θLO

)
(2)

where i is the element number.
In the Tx beam pattern measurement, we calculate and set

the phase map using (2).
Table I presents a comparison of backscatters and active

phased arrays. The proposed vector-summing backscat-
ter operates with quite lower power consumption than
the active phased arrays. Unlike the other backscatters,
the proposed backscatter can steer the beam’s direction.

TABLE I

COMPARISON BETWEEN TRANSMITTER ARCHITECTURES

In addition, high-speed communication can be achieved uti-
lizing high-order modulation schemes.

IV. RECEIVER ARCHITECTURE

The receiver operates as a rectifier that converts the WPT
signal to dc and as a mixer that down-converts the RF signal to
IF frequency. Therefore, the following different performance
characteristics are required:

1) high power conversion efficiency (PCE) and long trans-
mission distance for WPT;

2) beam steering for Rx mode.

First, the PCE represents how efficiently the rectifier converts
the RF signal to dc. It is defined by the output dc power POUT

divided by the input RF power PIN. Assuming that the input
power equals the sum of the rectifier power loss PRL and the
output power, PCE can be written as follows:

PCE ≡ POUT

PIN
= POUT

POUT + PRL
. (3)

The loss of the rectifier is due to the turn-on voltage and
the reverse leakage current [15]. Therefore, low threshold
voltage and low leakage current are important to achieve
high PCE. When the total performance, including antennas,
power combiners, and transmission lines, is considered, the
input power is further degraded by the insertion loss (IL) of
each component and the losses of the printed circuit board
(PCB). If an N-way power combiner is inserted between the
rectifier and antennas, then the input power is multiplied by
N . Therefore, the PCE can be represented by

PCE = POUT

N × PIN
= POUT

POUT + PRL + PIL
(4)

where PIL is the total IL between the antenna and the rectifier.
Because the PCE can be significantly degraded even with a
few dB loss, the IL needs to be kept quite low. Second, similar
to the transmitter, the receiver is also required to perform beam
steering. However, there is a tradeoff between the resolution
of the phase shifter and the PCE. If we increase the number of
phase shifters to improve the resolution, the IL will increase
and the PCE will significantly drop. To realize the beam
steering while maintaining PCE, we utilize a 180◦ phase shifter
with low loss. The phase shifter is shared by the 24- and
28-GHz paths and both beam directions are the same.

A. Phased-Array Rectifier

Fig. 7 shows the concept of the conventional and the
proposed WPT systems. In addition to the PCE mentioned
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Fig. 7. WPT system block diagram of (a) rectenna, (b) rectenna array, and
(c) proposed phased-array rectifier.

Fig. 8. Circuit operation of the proposed phase shifter.

above, the transmission distance from BS to the harvester is
also essential. The theoretical received power of the harvester
is calculated from the Friis transmission formula

PR = EIRPBS − 20 log10

(
4πd

λ

)
+ G R (5)

where EIRPBS is the effective isotropic radiation power from
BS, G R is the antenna gain of the harvester, d is the trans-
mission distance, and λ is the wavelength at the operating
frequency.

Various types of rectifiers using a Schottky diode and
a diode-connected CMOS transistor have been reported to
improve the PCE at low input power [14]–[19]. The Schottky
diode type [17] has a shunt resistor before the rectifying
diode and it generates the self-bias voltage from a part of
the rectified wave, reducing the required RF input power.
The diode-connected type [15], [16], [19] utilizes Vth cancel-
lation technique and differential scheme. The source nodes
of NMOS and PMOS are biased with half of the output
voltage, and the negative balk-source voltage reduces threshold
voltages. In addition, twice the input voltage is applied to
the gate–source nodes, resulting in a steeper I − V curve
and higher PCE. However, these structures still require more

Fig. 9. Two circuit operation of the rectifier: full-wave rectifier and self-
heterodyne mixer.

than 6-dBm input power to achieve the maximum PCE at
millimeter-wave frequencies. Therefore, the transmission dis-
tance of the single rectenna is quite short. Assuming that
the WPT frequency is 24 GHz, the equivalent isotropically
radiated power (EIRP) is 43 dBm, and the patch antenna gain
is 3 dBi, the maximum transmission distance is limited to less
than 10 cm. Hence, it is necessary to increase the input power
by power combining and make the transmission distance
longer. To achieve that, the rectenna array as shown in Fig. 7(b)
is reported [20], [21]. However, the beam direction is fixed due
to the lack of phase shifters and the PCE can be extremely
low when the incident angle is not 0◦. To overcome such
problems, we propose the phased-array rectifier, as shown in
Fig. 7(c). The 180◦ phase shifters are inserted before the power
combiners, and they enable the beam-steerable WPT operation.
As mentioned above, since the IL degrades the PCE signifi-
cantly, the phase shifter consists of a flipped antenna pair and
a double-pole double-throw (DPDT) switch to keep the IL low.

B. 180◦ Phase Shifter With Flipped Antenna Pair

Various types of phase shifters have been reported for
millimeter-wave phased-array. One of these types is the
switch-type phase shifter (STPS) with a high-pass-to-low-pass
topology [22]. The high-pass filter and the low-pass filter
realize +90 and −90◦ phase shifts, respectively, and a 180◦
phase difference can be obtained. The IL can be more than
1 dB even with a 1-bit phase shifter. Another type is the
reflection-type phase shifter (RTPS) with a 3-dB quadrature
coupler [23]. The impedance of the reflection load is changed
by the switches and a 180◦ phase shift is achieved. However,
the IL is theoretically more than 3 dB.

To realize a phase shifter loss of less than 1 dB, the flipped
antenna pair is utilized as a 0◦ and 180◦ signal source in this
work. Fig. 8 shows the circuit architectures of the proposed
phase shifter. The flipped antenna pair is a set of two antennas
arranged symmetrically in the vertical direction. Since the
feeding points are opposite, they receive 0◦ and 180◦ signals.
The two received signals are toggled by the DPDT switch so
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Fig. 10. Circuit implementation of transmitter.

that the 180◦ phase shifting can be realized. The simulated
maximum IL of the DPDT switch is 0.85 dB. Since the 180◦
phase difference is determined by the arrangement of the
flipped antenna pairs, this phase shifter does not depend on
the frequency. Therefore, the same beam direction is obtained
for Rx and WPT.

C. Self-Heterodyne Mixer and Rectifier

The receiver is required to play two different roles: a
rectifier that converts WPT signal to dc and a mixer that
down-converts the RF signal to IF frequency. Furthermore,
the mixer should operate with low power consumption so that
it can operate using only the generated power from WPT.
However, the conventional heterodyne mixer needs the LO,
and it is difficult to reduce the power consumption.

Therefore, the self-heterodyne conversion [24] is adopted
in this work. The receiver down-converts the RF signal to
the IF frequency without the LO by using the WPT signal
as an LO signal. Fig. 9 shows the circuit architecture of the
rectifier. For 24-GHz WPT signal, it works as a highly efficient
full-wave rectifier [15]. Each MOS transistor is biased with
about half of the output voltage VOUT by the cross-coupled
CMOS configuration. In addition, the gate node of transistors
is actively biased by a differential signal. Due to the above
biasing, the turn-on voltage effectively decreases, and a high
PCE can be obtained. On the other hand, for the 28-GHz
RF signal, the PMOS part in the rectifier works as a self-
heterodyne mixer. The 28-GHz RF signal at the drain node is
down-converted by the 24-GHz LO signal at the gate node,
and the 4-GHz IF signal is obtained from the source node.
Because the rectifier outputs two signals simultaneously, the
band eliminate filter (BEF) is added to separate these signals.

V. CIRCUIT IMPLEMENTATION AND ANTENNA DESIGN

The detailed block diagram of the transceiver is already
shown in Fig. 3. All circuits are designed with the standard
65-nm CMOS process. Although both transmitter and receiver
require 0–1-V bias voltages generated by internal digital-to-
analog converters (DACs), the supply voltage is not needed
since they are passive circuits. The transmitter generates
an image signal at 20 GHz. However, the phase shift for

28-GHz beamforming causes misalignment at 20-GHz image
frequency, so as a result, the image signal at 20 GHz can be
suppressed for the desired direction due to smaller array factor.
In addition, the 20-GHz image signal is further suppressed in
Tx- and Rx modes by BPF characteristics of matching network
and antenna.

A. Transmitter Implementation

Fig. 10 shows the circuit implementation of the transmitter.
The I/Q generator is comprised of the balun and the differential
all-pass filter (APF) [25]. The APF generates 0◦, 90◦, 180◦,
and 270◦ signals from differential IF signals. The quadrant
selector selects an I/Q signal pair for vector-summing from
four-quadrature phase signals. When the 0◦ and 90◦ are
selected as a pair, the output phase is controlled in the range
of 0◦–90◦, i.e., the pair of 180◦ and 90◦ covers 90◦–180◦,
the pair of 180◦ and 270◦ covers 180◦–270◦, and the pair
of 0◦ and 270◦ covers 270◦–360◦. Since the operation of the
quadrant selector is equivalent to determining the quadrant
for phase shift, it can be regarded as a 2-bit phase shifter.
The vector-summing backscatter has a 5-bit binary-weighed
transistor array and realizes fine phase shifting between 0◦
and 90◦. Therefore, the transmitter covers a 360◦ phase range
with 7-bit resolution.

The phase and amplitude mismatch between paths and chips
can be compensated by controlling phase setting and bias
voltages for each backscatter. The Tx conversion gain (CG)
changes by 8 dB between 0- and 0.5-V gate bias voltage.

1) 5-Bit Binary-Weighted Transistor Array: The 5-bit
binary-weighted transistor array consists of five CMOS struc-
tures with different gate widths. Since the gate width doubles,
the gate width of the i th bit equals W ∗

0 2i , where W0 is the
minimum gate width. The variable width as mentioned in
Section II is equivalently realized by assigning I or Q signal to
each CMOS structure. The selection range of the gate widths
WI and WQ is from 0 to 31 and each gate width is set so
that the sum of them can be 31 when WI = 8 and WQ = 23;
1 LSB is equal to 2.9◦ phase shift since the backscatter covers
a 90◦ phase range with a 5-bit resolution. From the simulated
results, the maximum integral non-linearity (INL) is less than
1.5 LSB, as shown in Fig. 11. Note that the I/Q assignment is
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Fig. 11. Simulated equivalent widths and INL.

Fig. 12. Simulated Tx output power versus the gate input amplitude.

for phase shift, not for the IF modulation. Therefore, the INL
does not affect the EVM and the adjacent channel leakage
ratio (ACLR).

Fig. 12 shows the simulated Tx output power as a function
of the gate input amplitude vGS. When vGS is larger than 0.5 V,
the output signal is saturated and distorted. Since the input
signal is already modulated, the output signal is degraded
only by saturation. Fig. 13 shows the dependency of the
output power on the 24-GHz input power. The reflected power
depends on drain-to-source and gate-to-source voltages, so the
lower input power of 24-GHz WPT signal, the lower CG.
However, the Tx EIRP can be improved by increasing the
number of elements.

2) Output Impedance Compensation of APF: The IF differ-
ential signals are generated by the balun and four-quadrature
phase signals are generated from them at the APF. In this
design, each of the four signals is shared by eight-parallel
backscatters. As a result, the load capacitances looked from
output nodes of APF are large and degrade the output
amplitude of four-quadrature phase signals. To reduce the
gate capacitance of backscatters, the binary-weighed transistor
array utilizes a CMOS structure. As shown in Fig. 14(a), the
CMOS structure requires differential input signals, while a
single-ended input is enough for the NMOS-only structure.
However, compared to the NMOS-only, the CMOS can reduce
the gate width by half, and the gate capacitance can also be
halved. Hence, the CMOS structure is more suitable for the
APF than the NMOS-only structure.

In addition, the imbalance between the two output
impedances of the I- and Q-nodes degrades the phase accu-
racy and increases the amplitude difference. To match these
impedances, two additional inductors are added to the I-nodes.
The additional inductors cancel out the capacitive component

Fig. 13. Simulated Tx CG versus the 24-GHz input power.

Fig. 14. (a) Load capacitance reduction of CMOS structure and (b) output
impedances of APF without and with ZOUT compensation.

of APF and make four-output impedances equal, as shown in
Fig. 14(b). As a result, the phase linearity of a backscatter is
improved.

B. Receiver Implementation

Fig. 15 shows the schematic of the receiver. The received
signals are phase-shifted by the flipped antenna-type phase
shifters and power-combined by two four-way power combin-
ers. One of the combiners combines four 0◦ signals and the
other one combines four 180◦ signals. The capacitance Cm

is for impedance matching on the input side and is 250 fF.
After the power combining, the LC-loaded rectifiers convert
the 24-GHz WPT signal to dc and down-convert the 28-GHz
RF signal to 4-GHz IF frequency. The two generated dcs’ are
connected in parallel and applied to the load resistor. The two
4-GHz IF signals are connected to separate output ports since
they have different phases.

1) RF DPDT Switch: Fig. 16 shows the detailed circuit dia-
gram of the RF DPDT switch. The switched parallel resonance
network topology [26] is utilized to reduce the IL. To connect
the input port IN1 to the output port OUT1, MOS transistors
M2 and M4 turn off and M1 and M3 turn on. The OFF-
capacitance of transistors M2 and M4 resonates with the induc-
tor and blocks the path from port IN1 to port OUT2. The ports
IN1 and OUT1 are connected by the ON-resistance of transis-
tor M1, and the ports IN2 and OUT2 are connected by the
transistor M3. Thus, the signal from port IN1 can be routed to
port OUT1 while isolating ports IN1 and OUT2. The sizes of
the MOS transistors are determined by considering the tradeoff
between the IL and the isolation. As the gate width increases,
the OFF-capacitance Coff increases proportionally, while the
ON-resistor Ron decreases inversely. A small Ron results in a
low IL, but a large Coff degrades the isolation [26]. In this
design, the gate width is set to 76.8 μm to achieve low IL.
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Fig. 15. Circuit implementation of receiver.

Fig. 16. Detailed circuit diagram of RF DPDT switch.

Fig. 17. (a) Simulated model and (b) IL of four-way power combiner.

2) Four-Way Power Combiner: The model of the four-way
power combiner is shown in Fig. 17(a). It was designed using
an electromagnetic field simulator. To simplify the wiring on
chip and the transmission line on the PCB, the two power
combiners are joined in a complex way. Half of the secondary
coil is formed on metal 8, and the other half is formed on
metal 9. The primary coils are also formed on metals 8 and 9,
and two coils share the ground port. As shown in Fig. 17(b),
the simulated IL is −1.7 and −1.8 dB for each combiner.
In the case of input phase mismatches, the IL increases, but
the input impedances do not change.

3) LC-Loaded Rectifier: Since the rectifier outputs dc and
the 4-GHz IF signal simultaneously, the filter is required
to separate these signals. Hence, the LC load with 4-GHz
resonate frequency is inserted to the output side. The LC load
has a high impedance at 4 GHz, and the 4-GHz IF signal
passes through the 50-� impedance line. The capacitance Cc is

Fig. 18. (a) Illustration of phased-array antenna and (b) simulated beampat-
tern of 4 × 8 phased-array antenna.

for dc block, and its value is 1.2 pF. On the other hand, at other
frequencies, the large capacitance for stabilizing the output
voltage COUT can be found in the rectifier. Therefore, the LC
load does not affect the performance of RF-to-dc conversion.
The generated dc goes through the inductor and appears at
the load resistance Rdc. Rdc is determined to maximize PCE
at the desired input power. The optimum value is 250 � in
this design.

C. Antenna Design

The dual-band phased-array antenna is shown in Fig. 18(a).
Since the proposed transceiver utilizes 24 GHz for WPT and
28 GHz for 5G communication, the phased-array antenna
is designed to receive and transmit signals at dual bands.
In addition, the phase shifter uses the pair of two antennas as
a 0◦ and 180◦ signal source. Therefore, the upper and lower
antennas are symmetrically arranged in the vertical direction.

The antenna board is fabricated using Megtron6 R5775K,
which has a dielectric constant of 3.6 and a dielectric loss
tangent of 0.004. The antenna board is composed of five
copper layers: L1 for transmission line and wire bonding, L2
for the ground plane, L3 for the supply voltage and SPI wiring,
L4 for the ground plane, and L5 for the patch antennas. The
antenna distance d is 5.3 mm, which corresponds to half of
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Fig. 19. (a) Die photograph and power breakdown table. (b) Photograph
of 4 × 8 phased-array module.

the wavelength at 28 GHz. To achieve the dual-band gain, the
U-slot antenna is utilized. The main patch and U-slot resonate
at different frequencies, and the dual-band characteristic can
be obtained. The simulated beam pattern of the 4 × 8 array
is shown in Fig. 18(b). The total realized gain is 17.5 and
18.5 dBi at 24 and 28 GHz, respectively.

VI. MEASUREMENT RESULTS

Fig. 19(a) shows the die photograph and power breakdown.
The chip was fabricated in a standard 65-nm CMOS process.
The chip size of the eight-path phased-array transceiver is
1.8 mm × 1.0 mm. Since all circuit blocks except for the logic
part are passive, the power consumption is only 240 μW for
the bias circuit. As shown in Fig. 19(b), four chips are wire-
bonded to a PCB with a 4 × 8 phased-array antenna. The
prototype module is used to evaluate the over-the-air (OTA)
performance. The module has a row of dummy antennas at
the top and bottom of the active antenna array. One of them is
connected to a connector and used as a reference antenna port.
The 24-GHz input power PWPT is determined by measuring the
received power of the reference antenna. It is used to calculate
PCE in (4). The WPT performance can also be plotted as a
function of power density [27]. The power density is calculated
by (6) using PWPT

PD = 4π PR

λ2G R

∼= 4π PWPT

λ2G R
(6)

Fig. 20. Simulated and on-wafer measured results: (a) PCE, (b) Rx linearity,
(c) Tx linearity, and (d) Tx phase linearity.

where G R represents the antenna gain of the receiver, mea-
sured by the reference antenna. In the WPT and TRX
measurements, the distance from a horn antenna (BS) to the
module is set to be 0.2 m.

First, the probe measurement results of the proposed trans-
ceiver are shown in Fig. 20, which summarizes the simulated
performance and the measured performance. In the on-wafer
measurement, one of two receivers and four of eight backscat-
ters are measured using four paths. The single-ended signals
are input to the four ports, leaving the remaining four ports
as open. For Tx and Rx measurement, a directional coupler is
used to mix and separate 28- and 24-GHz signals. Fig. 20(a)
shows the measured PCE. Note that the total input power is
PWPT + 6 dB due to the four-input power combining. These
results include the IL of the power combiners and the DPDT
switch. The maximum PCE is 15% at the 24-GHz input power
of 0 dBm. Due to the power combining, the input power for
the maximum PCE is reduced by 6 dB. Fig. 20(b) presents the
simulated and measured output power for Rx mode. PIF_OUT on
the vertical axis is the output power of the 4-GHz IF signal and
PRF_IN on the horizontal axis is the input power of the 28-GHz
RF signal. The measured CG is −17 dB and the measured
IP1dB and OP1dB are −3.8 and −21.8 dBm, respectively.
Fig. 20(c) and (d) shows the simulated and measured Tx-mode
linearity and phase linearity. PIF_IN on the horizontal axis rep-
resents the input power of the 4-GHz IF signal and PRF_OUT on
the vertical axis represents the output power of the 28-GHz RF
signal. The measured saturated output power Psat is −21 dBm
and a 360◦ phase range can be covered.

The OTA performance is measured using a 4 × 8 dual-
band phased-array antenna board. Fig. 21 summarizes the OTA
measured performance. Fig. 21(a) and (b) shows the generated
power plotted as a function of PWPT and as a function of the
antenna array size. In this measurement result, the IL caused
by the PCB and the bonding wires is included. The 32-element
module generates a 3.1-mW dc power from a 17-dBm total
input power at the incident angle of 0◦. Note that the total
input power equals PWPT + 15 dB for 32-element configura-
tion. Here, the equivalent power density PD is 6.7 mW/cm2

at 24 GHz. As the antenna area increases, the generated
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Fig. 21. OTA measurement results: power generations as functions of
(a) input power, (b) array size, (c) simulated beam pattern for Rx and WPT,
(d) measured beam patterns for WPT, (e) Tx EIRP, and (f) Tx beam pattern.

power also increases proportionally. In the case of 256 arrays,
24.9 mW can be estimated. Fig. 21(c) and (d) shows the simu-
lated beam patterns for Rx and WPT mode and measured beam
patterns for WPT. By switching the status of the DPDT switch,
three effective beams are formed. The red highlighted line is
a composite of the three beam patterns and is consistent with
the measured beam pattern. Compared with the conventional
rectenna array where the switch status corresponds to “0000,”
the phased-array rectifier can generate more than 1 mW in
the range from −30◦ to +30◦. The beam pattern of Rx and
WPT modes is misaligned due to their different frequencies.
However, the wavelengths of 24 and 28 GHz are close and the
same beam patterns can be achieved between −30◦ to +30◦.
Fig. 21(e) and (f) shows the measured EIRP and the measured
beam pattern in the azimuth plane. The saturated EIRP is
−2.2 dBm at 11-dBm input power. Although the achievable
EIRP is quite lower than that of an active relay transceiver,
it can be enhanced by increasing the number of elements. The
beam pattern of the 4 × 8 array is also measured in the azimuth
plane with a 15◦ step. The proposed transmitter covers a beam
angle range of −30 to +30◦. The beam-steerable range is
defined by the −3-dB point from the main lobe power at 0◦
of the azimuth angles.

In addition to the above results, EVM, ACLR, and spectrum
are measured for both Tx and Rx modes with a 5G NR mod-
ulated signal. Fig. 22 shows the equipment setup for Rx- and
Tx-mode EVM measurements. The beam angle is optimized
for the direction of the 28-GHz horn antenna and the commu-
nication distance is 0.2 m similar to the WPT measurement.

Fig. 22. EVM measurement setup for (a) Rx mode and (b) Tx mode.

Fig. 23. Measured EVMs and constellations for Tx and Rx modes.

The OFDMA-mode modulated signal is generated by the
Keysight arbitrary waveform generator (AWG) M8190A and
programmable signal generator (PSG) E8267D with the Signal
Studio N7631C. The four I/Q modulated signals are generated
by the AWG and up-converted by the internal mixer and LO
signal of the PSG. The received signal is analyzed by the
Keysight PXA spectrum analyzer (SA) N9030B with vector
signal analyzer (VSA) 89601A. The power density of the
24-GHz signal is about 6.7 mW/cm2 for both Tx and Rx
modes. In the Rx-mode measurement, only one of four output
signals is amplified by an LNA and analyzed by SA. In the
Tx-mode measurement, four modulated signals are generated
by a four-output divider and all four input ports of the module
are used. Fig. 23 shows the measured constellations and EVMs
for Tx and Rx modes. The power back-off (PBO) is set to 9 dB
to improve the transmitter linearity. The 400-MHz standard-
compliant 5G NR OFDMA-mode signals are used for both Tx
and Rx modes. As shown in Fig. 23, the proposed 32-element
module can transmit the 400-MHz OFDMA-mode signal using
QPSK with −27.9-dB EVM, 16-QAM with −27.8-dB EVM,
and 64-QAM with −27.5-dB EVM.

Table II shows the comparison between this work and
the state-of-the-art 28-GHz phased-array transceivers [1], [2].
Since the rectifier is implemented, the receiver can generate dc
power from the 24-GHz WPT signal. Furthermore, due to the
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Fig. 24. Level diagrams for (a) uplink and (b) downlink.

proposed vector-summing backscatter and LC-loaded rectifier,
the beam-steerable relay operation is achieved while consum-
ing only 0.03 mW for each path. Note that the transmitter
and receiver do not consume power because they are passive
circuits. However, the biasing DACs and the SPI module used
for bias control consume power. Thus, 0.03 mW/path of power
consumption is mainly from the biasing circuit. Table III
presents the comparison between this work and the millimeter-
wave rectifiers [16]–[18]. The power generation at 30◦ of
azimuth angle is calculated from the generated power at 0◦
and the beam pattern. The power density PD is almost unified
at 6.7mW/cm2. Due to the phased-array rectifier, larger power
generation is achieved at 30◦.

Fig. 24 shows the level diagrams for the uplink and down-
link. The conditions are shown in Table IV. We assume that the
transmission distance for WPT is 5 m and the communication
distance with UE and BS is 5 and 100 m, respectively. To com-
pare the performance with other transceivers and explain
the advantages of the proposed one, the active phased-array
transceiver [1] is added to both level diagrams. The array size
of the active transceiver is calculated to achieve the same EIRP
as the proposed one: two arrays for uplink and eight arrays for
downlink. The proposed module with 4096 arrays can relay

TABLE II

PERFORMANCE COMPARISON WITH 5G PHASED-ARRAY TRANSCEIVERS

400-MHz modulated signal in 256-QAM for downlink and
in 16-QAM for uplink. The estimated power consumption of
transmitters, receivers, and IF chain is 386 mW, which can
be supplied only by 24-GHz WPT. Moreover, compared to
the active transceivers, when EIRPs are almost the same, the
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TABLE III

PERFORMANCE COMPARISON WITH MILLIMETER-WAVE RECTIFIERS

TABLE IV

CONDITIONS FOR LEVEL DIAGRAM CALCULATION

proposed module can provide a higher spatial resolution by a
4096-array antenna.

VII. CONCLUSION

This article has presented the wirelessly powered
relay transceiver for 5G communication, which realizes
beam-steerable relay operation with low power consumption
and achieves a wide-angle coverage in WPT. The proposed
transmitter with vector-summing backscatter covers the 360◦
phase range with a 7-bit resolution and achieves a −2.2-dBm
saturated EIRP. The phased-array rectifier generates 3.1 mW
at 6.7 mW/cm2 power density and realizes a wider receiving
angle than the conventional rectenna arrays. Both transmitter
and receiver consume only 0.03 mW/path and operate only
using the generated power from the WPT signal. From
the EVM measurement, the standard-compliant 5G NR
OFDMA-mode modulated signal with 400-MHz bandwidth
can be transmitted and received for both the uplink and the
downlink. The proposed transceiver can contribute to the
spread of the 5G network as a repeater between outdoors and
indoors.
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