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Abstract— This work presents an eight-element 23-40 GHz
continuously auto link-tracking phased-array transceiver (TRX)
with a time division modulator in a conventional 40-nm CMOS
technology. Such a TRX array can support fast auto-beam-
steering in both receiver (RX) and transmitter (TX) arrays.
The link-tracking loop is introduced to generate the phase and
amplitude control codes of the RX array, which can automatically
steer the RX beam to the unknown target direction to establish
the RX link. After the RX link is located, the link-tracking loop
provides a phase control code to steer the TX beam toward the
target. Meanwhile, the time division modulator consists of four
digital power amplifiers (DPAs), a quadrature signal generator,
and a sign-map circuit. The time division modulator can not
only tune the LO power for RX gain flatness improvement but
also provide a baseband-to-RF direct conversion in TX mode.
The measured link-tracking time and peak TX system efficiency
are 7 us and 25.3%, respectively, while the proposed TRX array
can support 4.8 Gb/s 64-QAM and 8 Gb/s 16-QAM transmission.

Index Terms— Digital power amplifier (DPA), link-tracking,
millimeter-wave (mm-wave), phased-array, time-division modu-
lator, transceiver (TRX), wideband.

I. INTRODUCTION

HE increasing demands on high-data-rate and low-latency

wireless communication drive the development of inte-
grated millimeter-wave (mm-wave) phased-array transceiver
(TRX), especially for the SG-NR FR2 application. Recently,
various phased-array TRX operated at 24/28 GHz [1], [2], [3],
[4]1, [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], 37/39 GHz
[15], [16], [17], [18], [19], [20] bands, and 28/39 GHz [21],
[22], [23] bands for 5G mm-wave operations are reported.
However, the research on the wideband phased-array TRX that
can fully cover the 24/28/37/39 GHz bands is limited. The
wideband TRX array is expected to support multi-standard
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with practical multi-functions. Besides, a large-scale array
with high array gain is often used in mm-wave phased-array
wireless systems to overcome the relatively larger path loss,
which results in a narrow beamwidth and makes the trans-
mission/reception (T/R) link hard to alignment. In general,
establishing stable T/R links requires a complex phase-shifting
algorithm and power-hungered digital processor. However,
in specific high-speed systems (e.g., drone and vehicle), the
communication targets are moving quickly and randomly,
which results in rapid-changing T/R links. The establishing
of stable T/R links is even more complex in such appli-
cations. Therefore, the array systems that can support fast
beam-tracking are dramatically demanded.

Conventional self-steering arrays perform an auto
beam-tracking operation based on coupled-oscillator [24],
[25] architectures. However, the phase-shifting range of the
coupled-oscillator array is limited. Recent studies on the
self-steering array introduce autonomous spatial filter (ASF)
based on an all-passive negative feedback network [26], [27],
[28], which can achieve auto beam-tracking without any
limitation of phase-shifting range. Meanwhile, such an ASF-
based array enhances or reduces the strongest signal received
from the array. Nonetheless, the phased-array receivers
(RXs) based on ASF can only support 1-D antenna array
[26], [27], or 2-D antenna array with specific layout [28].
Recently, a hybrid-beamforming with minimum mean-square
error (mmse) beam adaptation technique has been proposed
for carrier aggregation and multi-stream [21]. The baseband
signals are sampled and fed to a digital logic circuit to
generate the control codes of programmable-gain amplifiers
(PGAs). Then, the beam and null tracking are achieved.
Furthermore, the aforementioned techniques for self-steering
array are only implemented on the RX, which limits the
application in multi-function wireless systems. Therefore, the
design of a TRX array that can support arbitrary 2-D auto
T/R link-tracking still remains a great challenge.

Except for the link-tracking for communication with high-
speed targets, other concerns for the mm-wave phased-array
TRX application include the relatively larger power consump-
tion. Meanwhile, the free-space path loss is increased with
higher operation frequency, the wireless systems require the
multi-element TRX array to improve the link-budget for high-
data transmission. The power consumption is multiplied with
the increasing of TRX channels. Since the transmitter (TX)
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provides enough output power to establish a wireless link, the
power consumption of the TRX array is most contributed by
integrated TXs. However, the increasing operation frequency
leads to the power efficiency degeneration of the transistor due
to process limits, which results in higher power consumption
of mm-wave TXs compared to sub-6-GHz designs. Therefore,
the increasing power consumption of mm-wave phased-array
TRX is a critical issue. Digital TX provides improved sys-
tem power efficiency by introducing a direct digital-to-RF
modulation function [29], [30], [31], [32], [33]. Nonetheless,
the design of phased-array TRX with direct digital-to-RF
modulated TX suffers from concerns that the LO frequencies
for RX and TX are different. The LO frequency is equal
to the RF frequency in the digital TX architecture, while
high-performance RX generally utilizes heterodyne architec-
ture with different LO and RF frequencies to avoid the LO
leakage, flick noise, and even-order distortion from interfering
with the weak receiving signal [34]. Therefore, different LO
frequencies are required for the digital TX and heterodyne
RX, which makes the design of high-performance and high-
efficiency phased-array TRX with a great challenge.

This article is an extension of the author’s previous work
[35] with an in-depth analysis of the operation of continu-
ous auto link-tracking with time division modulation, which
presents a 23-40 GHz phased-array TRX in a conventional
40-nm CMOS technology. The proposed phased-array TRX
features two advantages to address the aforementioned issues
as follows.

1) A link-tracking loop is utilized in each TRX chan-
nel, which generates the control codes for auto-beam-
steering in each RX and TX, respectively. Therefore,
the proposed phased array TRX can support auto T/R
link-tracking with an arbitrary 2-D array antenna.

2) A time division modulator driven by an ON-chip wide-
band fast-locking phase lock loop (PLL) is used to
control the gain of the LO signal in RX mode and
generate modulated RF signal in TX mode, respectively.

Thus, the high-efficiency digital TX and high-performance
RX can be integrated into the phased-array TRX, simul-
taneously. Based on the aforementioned mechanisms, the
proposed phased-array TRX is designed and implemented in a
conventional 40-nm CMOS technology for verification, while
the measured results exhibit state-of-the-art performance. The
article is organized as follows. The prototypes with principle
and theoretical analysis of the link-tracking and time divi-
sion modulation operation are discussed in Section II, while
Section III presents the circuit implementation. In Section IV,
the proposed phased-array TRX is fabricated, measured, and
compared with the state-of-the-arts. The conclusion is sum-
marized in Section V.

II. PRINCIPLE AND OPERATION
A. Architecture

Fig. 1 shows the architecture of the proposed phased-array
TRX, which consists of eight TX/RX channels, a one-time
division modulator, and a fast-locking PLL. Each pair of TX
and RX shares the same antenna interface by a switch, while
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Fig. 1. Architecture of the proposed phased-array TRX.

each channel consists of a link-tracking loop for automatical
beam-steering of the phased-array TRX. In the RX, a wide-
band low noise amplifier (LNA) is used to provide low NF,
while a phase-gain manager [36] is utilized for phase and
gain tuning. An inverter is introduced for IF amplifying before
n-element RXs are combined as a single output RXoyr. Here,
the IF signal of each RX (i.e., IF,,,m = 1,2,...,n) and the
RXour are injected into the link-tracking loop for phase differ-
ence (PD) and amplitude detection. The IF signal is used for a
link-tracking loop since the relatively low operation frequency
reduces the circuit complexity and improves the detection
accuracy. Then, the link-tracking loop generates control codes
to tune the phase and amplitude of the phase-gain manager.
In the TX, a wideband power amplifier (PA) with high output
power and efficiency is utilized, while the phase shifting in
TX is performed by a vector-sum [37] based wideband phase
shifter. Meanwhile, a time division modulator connected with
fast-locking PLL is utilized to generate the LO signal for
RX and modulated RF signal for TX, and a dividing network
loaded with switches is employed for the power distribution
of n-element TRX. To clarify the aforementioned principles
and guide the implementation of the proposed phased-array
TRX, the rest of this section provides the detailed operation
and principle of the continuous auto link-tracking and time
division modulator.

B. Phased-Array TRX With Continuously Auto Link-Tracking

Fig. 2 shows a simplified model of a phased-array TRX with
shared antenna interfaces. For a signal from a certain angle of
incidence, due to the various distances from the antennas to the
signal source (i.e., communication target), the signal arrives
at each antenna element of the RX array with a PD. Then,
for the RX array, the phase-shifter in each element provides
phase-shifting —¢,,,, m = 1,2,...,n to compensate the PD,
hence combines the signal from each RX in-phase at the single
output interface RXoyr. For the TX array steering to the same
target direction, the phase-shifter is set to duplicate the PD
of the RX array at the shared antenna interface. Then, the
required phase-shifting at each phase shifter is equal to ¢,
m=1,2,...,n. Therefore, to steer the beam T/R link to the
same target direction, the phase-shifting of each TX element
(i.e., ¢Txm) equals to the minus of @rxm.
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Fig. 2. Concept of a phased-array TRX with shared antenna interface.

Based on the basic principle of the aforementioned T/R
beam steering, a three-step T/R link tracking procedure is
proposed. As shown in Fig. 3(a), the phase setting in each
TRX is identical in the initial state. Once the RX array receives
a signal from a target direction, the RX array generates IF
signals (i.e., IF,,m = 1,2,...,n) with different phases
in each RX element. Note that the generated IF signals in
each RX channel contain different phase information, which
is significant for link tracking. Thus, a mixer for each RX
channel is necessary. Besides, compared to the received RX
signals, the down-converted IF signals are easier to process in
the link tracking loop. Assuming the gain and receiving power
in all RXs are equal, then the amplitude of the IF signal in the
RX array is identical (i.e., Arr). Thus, the IF signal in each
RX element is expressed as

IF,, = Ape/*™. )]

Then, those IF signals are combined as a single output
RXour- An inverter is utilized before combining the IF signals,
assuming the gain of the ideal inverter is 1, the RXgyr is
calculated as

RXOUT = Z AIFejgomejn = —nAH: Z ej(pm. (2)
m=1 m=1
Equation (2) suggests that the phase of RXgyr is equal to the
inverse of combined IF signals. As mentioned above, the goal
of RX link-tracking is to compensate for the PD between each
RX. Thus, the RXpyr is used as a common reference for all
RX elements, while the phase tracking target of each RX is
defined by the inverse of RXgyr. As shown in Fig. 3(b), in RX
link-tracking procedure, each RX detects the PD between IF
signal and RXqoyr, then the phase shifter provides phase-
shifting @rxm to compensate the PD. Therefore, identical IF
signals are obtained in all RX elements, while the RX beam
is steered to the target direction to establish the RX link.
By repeating the aforementioned two procedures, the RX array
can track the movement target continuously. In the TX array,
all TX elements share a single input TXiy. In the initial state,
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Fig. 3. Concept of the proposed three-step T/R link-tracking procedure.
(a) Initial state. (b) RX link-tracking. (c) TX link tracking.

the phase setting of each TX is identical, resulting in an initial
TX beam perpendicular to the antenna array. To steer the TX
beam toward the target direction for establishing TX link,
the phase-shifting of each TX element (i.e., ¢txm) equals to
—@rxm, a8 shown in Fig. 3(c).

In specific practical applications, the communication tar-
get moves quickly and randomly, while the rapid-changing
received power causes the saturation of the RX element.
Meanwhile, the amplitude difference between each RX ele-
ment causes the degeneration of array gain and sidelobe
suppression [16]. Therefore, an auto gain-control (AGC) func-
tion is also required in the proposed link-tracking loop to
equalize the conversion gain of each RX element. Besides,
to provide a continuous tracking operation, the gain and phase
codes are updated in real-time. Fig. 4(a) shows the proposed
link-tracking loop with auto RX phase/gain control and TX
phase control. In the RX mode, the amplitude detector reads
the IF signal and generates a related analog voltage Vap. The
Vap is compared with a reference voltage Var and obtains
an amplitude error (AE) code. The amplitude target of the IF
signal is depended on Vg, while Var is assigned to avoid
the saturation of the RX element. The gain-control code is
automatically adjusted according to the AE code. Meanwhile,
a detector calculates the PD between IF and RXgut signals.
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Since the inverters are used for combining the eight-element
IF signals to RXoyr, the PD of each element is 180° as the RX
beam steering to the target direction. Therefore, the detected
PD is compared with 180°, and the phase error (PE) code is
obtained according to the comparison result. Besides, the PE
code drives all the IF signals close to the reversed resultant
RF signal. Although the direction of the resultant RF signal
might be changed, each IF signal is still more approximate to
the reversed resultant RF signal after each phase change. Note
that the locking condition is all IF signals feature the same
phase, which means the final phase of the resultant signal is
not concerned. Therefore, the locking condition is properly
achieved using the proposed auto link-tracking algorithm.

Fig. 4(b) exhibits an example of the proposed continuous
tracking procedure. The phase of the tracking target is defined
as the reverse of RXoyrt, while the amplitude of the tracking
target is depended on Vag. The phase-shifting of the IF
signal in the initial state is higher than the tracking target,
while the amplitude is smaller than the target. Thus, the
phase-shifting is decreased with increased gain. Since the
phase-shifting function in the proposed TRX array is achieved
based on vector-sum, the phase control code provides 90°
phase-shifting in each quadrant. Therefore, a quadrant change
operation is executed, once the phase-shifting of the IF signal
reaches the edge of each quadrant. Each quadrant change
results in a 90° phase-shifting, which features a tracking-speed
improvement once the IF signal is two quadrants away from
the target. In this example, the phase and amplitude are
smaller than the target after the quadrant change. Thus, the
gain and phase-shifting are increased before the IF signal is
allocated close to the tracking target for accomplishing the
RX link-tracking. The phase-shifting in RX (i.e., —¢grx) is
calculated for TX link-tracking procedure. The TRX link-
tracking is accomplished by setting the TX phase-shifting ¢rx
equal to —@gx-

As shown in Fig. 4, to obtain a constant phase detected volt-
age during link-tracking, the input signals for the link-tracking
loop are continuous-wave (CW) signals. Besides, the cur-
rent proposed link-tracking loop is aimed at automatically
searching the signal with the largest power. Compared to the
conventional RF phase-shifting phased-array system, the con-
trol codes for phase/gain manager are automatically generated
in the RX. Note that the link-tracking loop is only operating on
the phase and amplitude code generation. Therefore, similar
to the RF phase-shifting phased arrays, the co-channel blocker
cannot be canceled, while the null cannot be steering directly.
To cancel the co-channel blocker and steer null, additional
efforts on phase/amplitude code are required in the digital
domain.

C. Time Division Modulation

Conventional heterodyne TX requires a power-hungered
digital-to-analog converter (DAC), a high-linear mixer, and a
driver chain to generate a high-speed modulated RF signal with
enough power level to drive the PA. The system efficiency and
integration level are not easy to improve in such a TX architec-
ture. Meanwhile, a major challenge for wideband RX design is
that the power of the LO source varies in different frequencies,
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Fig. 4. (a) Block diagram of the proposed link-tracking loop. (b) Example
of continuously tracking procedure.

this ripple of in-band LO power significantly affects the
conversion gain flatness. By introducing a variable gain LO
driver to compensate for the power variation, the gain flatness
of RX is improved. Therefore, to address the aforementioned
design challenge for high-efficiency TX and wideband RX
with improved gain flatness, the time division modulation is
introduced. The basic concept of time division modulation is
to reconfigure the function of the time division modulator
in RX- and TX-modes. Such a time-division modulator can
generate a signal with programmable power and phase based
on the control codes, while the carrier frequency is depended
on the output signal of PLL. As shown in Fig. 5(a), the



2394

Base c
Band ._9_“
Y
Time g DAC Time
Division | &|Driver Division
Q | Mixer
Modulator| & RF M%dFulator
PLL ¢ [circuit
e

Conventional TX Proposed TX

>

MCode 1 Code 2Code 3 Code 4

Time
Division
Modulator

] |©

Single Tone LO Signal

LO Power

\4

Frequency

(b)

Fig. 5. Concept of the time division modulation TRX. (a) TX mode. (b) RX
mode.

baseband signal is injected into the time division modulator
for amplitude and phase control in TX mode, while the time
division modulator directly converts the baseband signal into
the modulated RF signal. Thus, by integrating the multiple
functions of DAC, driver, and mixer, the proposed TDM
increases the integration level and reduces the overall power
consumption. In RX mode, the time division modulator is
a LO driver with single-tone signal output, the gain control
code is utilized to adjust the output power of the time division
modulator, as shown in Fig. 5(b). Therefore, the gain of the
time division modulator can be flexibly tuned to compensate
for the LO power variation in different frequencies, which
improves the flatness of LO power within a wideband. Note
that the proposed TX is a direct-conversion scheme, while
the RX is configured in a heterodyne architecture. Thus, the
required LO frequencies are different in the proposed TX and
RX under the same RF frequency. To support a low-latency
wireless link with fast T/R switching, the PLL is designed
with the capability of fast-locking.

Fig. 6(a) shows the block diagram of the proposed wide-
band fast-locking sub-sampling PLL (SSPLL) with quadra-
ture sub-sampling phase detector (QSSPD)-based dead-zone
automatic controller (DZAC) [40]. Such PLL consists of
two feedback loops, i.e., a sub-sampling loop (SSL) and a
frequency-locked loop (FLL). The SSL is used for close-in
phase lock to achieve low in-band phase noise, while the FLL
is introduced to ensure correct frequency locking. Note that a
QSSPD-based DZAC is implemented to achieve fast switching
between the two loops. Here, the FLL is instantly switched on
as the PE exceeds the phase-detecting range of SSPD. During
the locking state, only the SSL is active, while the FLL is
disabled without any jitter degradation. When the PLL loses
lock due to a disturbance, the output of DZAC (i.e., DZ_EN)
is used to enable or disable the DZ.

Meanwhile, once the fast-locking SSPLL is pushed out of
the lock by a disturbance, the FLL engages the relocking
process once PE exceeds m/2 referring to the integrated
voltage-controlled oscillator (VCO). Due to the disturbance,
there is an error voltage AV () on the VCO control voltage.
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The changed AVc(¢) leads to a phase variation (i.e., the
integral of 2w KyvcoAVce(t)). Note that the PE reaches a
magnitude of 7/2 after a lock-reacquisition time 7 calculated
from

T
/ 27 Kvco AV (t)dt
0

_n 3
= 3)

However, for the DZAC disabled, the time for allocating the
FLL is

T
/ 27 KvcoAVe(t)dt| = Nm 4)
0

where N is the division ratio and the value of DZ is .
Fig. 6(b) shows an example of locking behavior. Once A¢vco
is larger than m/2, the FLL is switched on immediately
(i.e., the blue line). For comparison, the violet line exhibits
the case for disabled DZAC, where the FLL remains inactive
until the PE exceeds the DZ (i.e., Nm) with a long locking
time. Therefore, (3) and (4) reveal that by using QSSPD-based
DZAC, the long locking time caused by the dead zone of FLL
is eliminated.

III. IMPLEMENTATION
A. Phased-Array TRX

Fig. 7 exhibits the block diagram of the proposed eight-
element phased-array TRX. In the proposed RX, the noise-
canceling LNA and phase-gain manager [36] are utilized
in each RX element. The noise-canceling LNA reduces the
NF within the wide operation frequency range, while the
phase-gain manager can not only provide adjustable phase
shifting and gain but also achieve a dual-mode image-rejection
function [7]. In the proposed TX, a three-stage PA is connected
with a vector-sum-based wideband phase shifter. Meanwhile,
a link-tracking loop is used to control the TRX element
for auto-beam-steering in both RX and TX, respectively.
As shown in Fig. 8(a), the 14-bit phase-gain manager con-
sists of two 7-bit RFVGAs, four mixers, four pairs of 5-bit
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Fig. 7. Block diagram of the proposed eight-element phased-array TRX.

IFVGAs with 2-bit sign-control, and four differential ampli-
fiers. By adjusting the quadrant control code (i.e., QC) and
the overall gain of i- and r-paths (i.e., A;1A;» and A,1A4,2),
the phase-gain manager can generate an output signal with
arbitrary phase-shifting and gain [22], as shown in Fig. 8(b).
Here, the gain Apg of phase-gain manager is

ApG = vV AEIAEZ + A1'21A1'22 ®)

while the phase-shifting Ppg is
Ppg = tan™! Andi (6)
Fe = ArlArZ .

Note that the gain of i- and r-paths are adjusted by amplitude
control codes of AC; and AC,. As depicted in Fig. 8(b), the
gain control of i- and r-paths are split into the combination of
amplitude control A and phase control P expressed as follows:

[ac,-:A—l—P

ac, = A — P. 2
Here, the polarity of A is depended on the sign control code
QC, while the absolute value of A is larger than that of P
(i.e., |A| > |P]). Therefore, by combining the phase and
amplitude control codes generated by the link-tracking loop,
the phase-shifting and gain of the proposed RX can be flexibly
adjusted.

As shown in Fig. 9, the wideband 1Q generator is introduced
to drive the following vector-sum phase shifter in each TX
[22], [37]. The schematic of the 2 x 9-bit phase shifter
is shown in Fig. 9, which is composed of two quadrature
vector modulated VGAs with current-DACs. It combines the
amplitude-modulated quadrature signals in the current domain
to synthesize the desired phase-shifting of signal PS,,. The
output quadrant is controlled by the sign-bit EN; and ENg.
LOp and LOpy, LOgp and LOgn are input differential LO
signals. The binary codes PI[7:0] and PQ[7:0] are used to
control the output current for the I and Q paths, respectively.
Following the phase shifter, a two-stage PA is proposed,
as shown in Fig. 10. For higher output power, the cascode
structure with 2VDD supply (i.e., 2.2 V) is adopted for
the driver and output stage of the PA. The driver stage
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uses the transistors with the size of 90 um/40 nm to save
dc power consumption with improved efficiency. The last
output stage adopts the 300 um/40 nm transistor for linear
output power. The input, interstage, and output matching
use transformer-based networks for wideband and low-loss
operation. The simulated saturated output power (Psy) and
drain efficiency (DE) of the PA are shown in Fig. 10, which
exhibits the peak Py of 17.5 dBm and DE of 33.6%.

A single pole double throw (SPDT) switch is used in this
work for TX and RX switching, as shown in Fig. 11, which
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features a minimum loss of 1.1 dB with typical 20.3 dB
TX/RX isolation in 20-43 GHz frequency range.

B. Link-Tracking Loop

Based on the principle and operation of the continu-
ously auto T/R link-tracking function, a link-tracking loop
is designed and implemented. The block diagram of the
proposed TRX with a link-tracking loop is shown in Fig. 12.
The reference voltages for amplitude and PD comparisons
(i.e., Var and VpR) are provided by an OFF-chip reference
voltage generator. Such reference voltages determine the track-
ing target. As mentioned in Section II, the amplitude target is
allocated to achieve improved system linearity, while the target
of PD between IF and RXpyr is 180°. In the RX link-tracking
loop, the PD between IF signal and RXqur is detected by a
phase-difference detector. A triple-state comparator generates
PE code PE based on the PD, i.e., PE = 1 for PD > Vpr
and PE = 0 once PD < Vpg, respectively. Meanwhile, the
amplitude detector transfers the power of the IF signal into a
voltage Vap. The Vjp is compared with Vag in the triple-state
comparator to generate the AE code (i.e., AE). Then, the
phase- and amplitude-controllers driven by a clock update the
RX phase- and gain-control codes based on the PE and AE,
respectively. Finally, the amplitude and phase-control codes
are combined to tune the phase and gain of the phase-gain
manager in each RX element. Here, once the amplitude and
phase of the IF signal are allocated close to the tracking target,
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element.

the triple-state comparator for amplitude and PD comparison
can generate Apock and Py ock signals to lock gain- and phase-
control codes, respectively. The TX link-tracking loop consists
of a phase calculator and a phase control code generator. After
the RX link-tracking is completed as the TRX operates in TX
mode, the phase calculator reads out the RX phase control
code to calculate the related phase setting. The calculated
phase setting is transmitted to the TX phase control code
generator, where the TX phase control code is generated based
on the RX phase-setting. Therefore, by repeating the afore-
mentioned procedures, the continuous T/R link-tracking is
completed. Note that the proposed link tracking loop is aimed
at the direction of the beam pattern. For the co-channel blocker
cancellation and null tracking, the triple-state comparators can
be replaced by ADCs and digital processors. The phase and
amplitude of IF signals can be converted into digital codes by
the ADCs, and then be processed in the processor to generate
the required gain and phase control codes for a phase-gain
manager.

The key circuit to increase the tracking accuracy is the
PD detector, which is shown in Fig. 13(a). Compared with
the conventional PD detector using AND gate, the proposed
circuit based on edge detection provides a simple method for
360° PD detection. Note that a detailed discussion of the
PD detector is shown in the Appendix. Two input signals
(i.e., IF and RXqyr) are transferred to the square-wave by
buffer chain, then the edge-to-pulse circuit generates a pulse
in each rising edge of a square-wave signal. The pulse trigger
is designed using two series of connected transmission gates.
The upper and lower transmission gates are connected to
VDD and GND, respectively, while the inter-connection point
of the two transmission gates is the output port. The upper
and lower transmission gates driven by the pulses shift the
output voltage to VDD and GND, respectively, hence the duty
cycle of the output signal is related to the delay of pulses.
Finally, an integrator is tapped at the output port to transfer
the duty cycle of the output signal into a voltage (i.e., PD).
Therefore, the PD between two input signals is transferred to
the voltage of PD. Fig. 13(b) shows the output response of
the proposed PD detector, which is close to the ideal linear
response. Meanwhile, the reference voltage Vpr equals the
output voltage with 180° PD. The phase detector works under
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Fig. 13. (a) Schematic of the proposed PD detector. (b) Simulated output
response of the proposed PD detector.
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Fig. 14. Simulated PD of the proposed PD detector under PVT variations
(PD = 180°).

the CW input signals. The modulated RX input is not suitable
for phase detection. The simulated output response of the PD
detector under various PVT conditions is shown in Fig. 14.
The maximum voltage variation is 118 mV. The variations,
including process, temperature, and voltages (PVT), can be
calibrated by manually setting the reference voltage Vpg.
The amplitude detector is required in the link-tracking loop
for the AGC function. Fig. 15(a) exhibits the schematic of
the proposed amplitude detector based on the concept of self-
mixing [38]. The input IF signal is self-mixed to generate dc
voltage and second-order harmonic as mixing product, while
the second-order harmonic is suppressed by the lowpass filter
(LPF) following with the detector. Thus, the power of the
input signal is transferred into a dc voltage. A differential
amplifier is utilized to amplify the relatively weak dc voltage.
The simulated output voltage Vap versus the peak-to-peak
voltage (i.e., Vpp) of IF signal is shown in Fig. 15(b). Note
that the proposed amplitude detector is designed to provide
a near-linear response to the input signal voltage within a
wide input voltage range. The simulated Vap of the proposed
amplitude detector under variable PVT conditions is depicted
in Fig. 16. Here, V,;, = 300 mV. The maximum detected
voltage variation is 113.9 mV. Besides, similar to PD, the PVT
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Fig. 15. (a) Schematic of the proposed amplitude detector. (b) Simulated
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Fig. 16. Simulated Vap of proposed amplitude detector under PVT variations
(Vpp = 300 mV).

variation of Vp can be calibrated by the externally supplied
reference voltage Vag.

After phase and amplitude detection, two comparators are
utilized in the link-tracking loop to generate phase and AE
codes as mentioned in Section II. Meanwhile, to improve the
system stability during the tracking procedure, the comparator
is expected to generate a lock signal after the phase and
amplitude of the IF signal tracked to the specified target.
Fig. 17(a) shows the schematic of the proposed triple-state
comparator, which consists of two open-loop differential
amplifiers and an XOR gate. The input voltages of the
comparator are the detected voltage (i.e., Vap and PD) and
reference voltage (i.e., Var and Vpr). The input reference
voltage is divided by a resistor network to generate the
second reference voltage (i.e., Varp and Vpgp). Then, two
reference voltages and the detected voltage are injected into
two open-loop differential amplifiers for comparison, while
the outputs of differential amplifiers are injected to the XOR
gate to allocate the lock signals (i.e., Arock and PLock)-
Fig. 17(b) exhibits the output response of the triple-state com-
parator versus the detected voltage. Three cases are concluded
as follows: 1) once the detected voltage (Vap for example) is
lower than Vagrp, the AE = 0 and Arock = 0; 2) once the
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of triple-state comparator (amplitude comparator is utilized as an example).

Varp < Vap < Vag, the tracking procedure is accomplished
and the Arock = 1 is generated to lock the controller of the
link-tracking loop; and 3) for Vap > Vag, the AE = 1 and
Arock = 0.

In the proposed link-tracking loop, Vpr and Vag are typ-
ically set as 0.55 and 0.95 V, respectively. Then, Vprp and
Varp are calculated as 0.55 x 40.41 = 0.536 V and 0.95 x
40.41 = 0.927 V, respectively. The ratio between phase and
voltage is depended on the proposed PD detector, which is
360°/1.1 V = 0.33°/mV@(Vpr = 0.55 V). The ratio between
amplitude and voltage is determined by the proposed ampli-
tude detector, which is 1 mV/mV@(Vag = 0.95 V). Thus,
the largest phase and amplitude mismatches after locking are
(550-536) x 0.33° = 4.62° and (950-927) x 1 mV =23 mV,
respectively. Note that the AE mainly introduces the power
error of the synthesized beam. Then, the beam accuracy,
i.e., tracking accuracy, can be estimated from PE by the

following equation:
. ¢
6 = sin™! 8
sin (18 - ®)

where 6 is beam accuracy and ¢ is PE. Then, the tracking
accuracy is 1.47°.

Based on the principle in Fig. 8(b), the amplitude control
codes (i.e., AC;,) of the phase-gain manager are generated
using the amplitude control code (i.e., RXA) and phase
control code (i.e., RXP). The schematic of RX phase- and
gain-controllers is shown in Fig. 18(a), which includes two
counters and two adder-subtractors. The counters driven by
an external clock (i.e., CLK) generate the RXA and RXP
based on AE and PE, respectively. The output code of the
counter is plus 1 for each clock cycle as the AE or PE
equaling to 0, while the output code of the counter is —1
as the AE or PE setting to 1. Therefore, the tracking speed
is depended on the frequency of the CLK signal. When
Arock (or Prock) equals to 1, the counter for RXA (or
RXP) is disabled to maintain the state. The adder-subtractor
combines the RXA and RXP to generate AC;, = RXA =+
RXP, while the polarity is depended on the sign control code
SC (e.g., AC, = RXA + RXP and AC; = RXA — RXP for
SC =1, AC, = RXA — RXP and AC; = RXA + RXP for
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SC = 0). As mentioned in Section II, once the phase of the IF
signal reaches the edge of each quadrant, the quadrant-change
operation is performed to provide a 360° auto phase-control
in four quadrants. The block diagram and changing conditions
of the auto quadrant-change circuit are shown in Fig. 18(b).
The AC; = 0 or AC, = 0 means that the IF signal reaches
the edge of each quadrant and requires quadrant change, while
the value of PE determines the direction of quadrant changing
(i.e., quadrant increased for PE = 0, quadrant reduced for
PE = 1). Note that before the quadrant change is executed,
the changing condition stands for eight clock-cycle to avoid the
misjudgement caused by signal fluctuation. The sign control
code of the adder-subtractor is depended on the quadrant
setting. Here, SC = 1 for quadrant 2 (Q2) and quadrant 4
(Q4), while SC = 0 in quadrant 1 (Q1) and quadrant 3 (Q3),
respectively. The amplitude control codes AC;, and quadrant
control codes QC,;, of each RX are transmitted to the OFF-
chip micro-control unit (MCU) for phase calculation. Then, the
phase control codes of each TX channel are generated using a
lookup table of the RX phase setting. Thus, the link-tracking
loop with automatical phase, gain, and quadrant control is
implemented. Fig. 19 exhibits the simulated output waveform
of two RX elements during a tracking procedure, a 10 MHz
clock is utilized to drive the link-tracking loop. In the original
state, the input signals of two RXs are assigned with a 120°
PD, while the original gain settings of two RXs are different.
Thus, the phase and amplitude of IF signals are different in
the original setting. After the tracking procedure is completed,
the phase and amplitude of IF signals are equal. Therefore, the
proposed link-tracking loop can provide an automatic phase-
and gain-control function.

The tracking time f, is depended on the counter times
N and clock frequency fox, i.€., tr = N/fax. For the
possible longest case, the initial phase of the IF signal
is about 90° PD compared to the phase of the resultant
RF signal, as shown in Fig. 20. Then, the phase change
is about 180°. Assuming the initial phase of IF signal
is 180° (i.e., AC,[11:0] = 111111111111, AC;[11:0] =
000000000000, QC; = 0, QC, = 1). Then, the phase
changes from 180° to 90° (i.e., AC,[11:0] = 000000000000,
AC;[11:0] = 111111111111, QC; = 0, QC, = 1). Next,
the quadrant changes (QC; = 0, QC, = 0). Finally, the
phase changes from 0° to 90° (i.e., AC,[11:0]=111111111111,
AC;[11:0] = 000000000000, QC; = 0, QC, = 1). Note that
the code AC, and AC; are separated into two parts in the pro-
posed work, i.e., AC;,[0:6] for RF-LNA and AC,; ,[7:11] for
IF-VGA. Then, the bits of the counter for phase and amplitude,
as shown in Fig. 18, are designed as 7 bits. Under the possible
longest case, the counter changes from 0000000 to 1111111 in
the first phase tune, and then changes from 1111111 to
0000000 in the second phase tune, i.e., the counter change time
N is 28 = 256. Then, the longest tracking time under a clock
frequency of 10 MHz can be calculated as 256/10 MHz =
25.6 us. Note that the amplitude and phase are calibrated,
simultaneously. Thus, whatever the initial amplitude of the IF
signal is, the amplitude (7-bit) can be calibrated under 28 times
code change. Meanwhile, the largest clock frequency is limited
by the longest settle time of the three circuits, i.e., PD detector,
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(b) Block diagram and changing conditions of the auto quadrant change
circuit.
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amplitude detector, and triple-state comparator. Due to the
LPF (R and C) circuits existing in the two detectors, the
settling time of the detector is longer than the comparator.
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Fig. 21. Simulated voltages of (a) amplitude detector and (b) PD detector.

The simulated voltage transients of the amplitude detector and
PD are shown in Fig. 21. It is notable that the settle times are
50 and 40 ns, respectively. Then, the fastest clock frequency
is 20 MHz.

C. Time Division Modulator and Fast-Locking PLL

Based on the principle and operation of time division mod-
ulation mentioned in Section II, the time division modulator
generates the single-tone LO signal in RX mode and modu-
lated RF signal in TX mode, respectively. The schematic of
the proposed time division modulator is shown in Fig. 22. The
main part of the time division modulator consists of a sign-map
circuit, an in-phase/quadrature (I/Q) generator, four digital PA
(DPA) arrays [39], and an output transformer. The LO signal
from PLL is transmitted to the I/Q generator with quadrature
LO signal outputs (i.e., LOg, LOgge, LOjg0c, and LOy7¢e).
As shown in Fig. 22(a), the sign-map circuit determines the
polarity of output quadrature LO signal (i.e., LOI4, LOQ+,
LOI—, and LOQ—) according to the sign-control code. Then,
each LO is transmitted to a DPA array, while the output
amplitude of DPA is depended on the number of ON-state
unit cells. The ON-state unit cells of DPAs with LOI4 and
LOI- are controlled by baseband signal BBI<0:7>, while
the on-state unit cells of DPAs with LOQ+ and LOQ-—
are depended on BBQ<0:7>. By combining the quadrature
outputs of four DPAs, the proposed time division modulator
can provide a signal with programmable phase and amplitude.
Therefore, the time division modulator is configured as a
radio frequency DAC (RFDAC) with a direct digital-to-RF
modulation function, while the output of the time division
modulator is a modulated RF signal. For RX mode shown
in Fig. 22(b), the sign map circuit is disabled, while all the
DPA arrays are controlled by an identical gain control code
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Fig. 23.  (a) Schematic of the proposed fast-locking PLL. (b) Simulated
locking time of proposed fast-locking PLL with or without enabling DZAC.

G<0:7> to generate a single-tone LO signal with pro-
grammable amplitude. Thus, the time division modula-
tor acts as a variable gain LO driver, where good LO
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Fig. 24. Chip micrograph of the fabricated eight-element phased-array TRX.
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power flatness can be achieved within the wide frequency
range.

Fig. 23(a) depicts the schematic of the proposed wideband
fast-locking SSPLL [40]. In order to fully verify the per-
formance of the proposed SSPLL architecture in wideband
mm-wave operation, a quad-mode oscillator is integrated into
the SSPLL. The quadrature frequency divider is used to
generate the IQ signals over the wide operation frequency
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Fig. 27. (a) Measured EVM of the RX under various input power.
(b) Measured EVM of the TX under various average output power (Payg).

range. A disturbance is injected into the loop to observe
the locking operation of the fast-locking SSPLL at 28 GHz.
Fig. 23(b) shows the simulated transient of VCO control
voltage in fast-locking SSPLL under a disturbance at 1 us.
The simulated locking time of the fast-locking SSPLL with
disabled DZAC is 5 us. Under the same disturbance, the fast-
locking SSPLL with enabled DZAC recovers to a steady state
within 1 s, while the simulated locking time is improved by
more than 5x with the enabled DZAC.

IV. MEASURED RESULTS

Based on the aforementioned structures, the proposed
phased-array TRX is implemented and fabricated using a
conventional 40-nm CMOS technology. The chip micrograph
is shown in Fig. 24, where the chip occupies an area of
3.00 x 3.27 mm. Here, two RXs close to each other are
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shared with a single I/Q generator for compact size. The
fabricated chip consumes 86 mW in the PLL and LO driver,
209 mW in the time division modulator (under maximum
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Fig. 31.  Measured output spectrum and constellation diagrams of the
proposed phased-array TRX at frp = 28 GHz. (a) RX and (b) TX.

output power), 75 mW in each RX element (including the
link-tracking loop), and 179 mW (at Pg,) in each TX element.
The measured results of single element TRX are shown in
Fig. 25. Fig. 25(a) exhibits that by using the time division
modulator to provide a flexible LO driving ability, the flatness
of gain and noise figure (NF) is improved. The maximum
gain of each RX is 39 dB at 30 GHz with a 3-dB bandwidth
of 23-40 GHz, while the minimal NF is 3.9 dB at 25 GHz.
The NF is lower than 5.3 dB within the operation frequency
range of 23-40 GHz. As shown in Fig. 25(b), the P of
each TX is 14.0-17.1 dBm at 23-40 GHz, while the peak PA
efficiency and TX system efficiency are 30.4% and 25.3%,
respectively. As exhibited in Fig. 26, under the maximum
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Fig. 32. Measured constellation diagrams of the proposed phased-array TRX.

gain mode (i.e., the link-tracking loop is disabled), the input
1-dB compression point (IP; gg) of the RX is —32 dBm at
28 GHz. By setting the reference voltage Vag = 900 mV, the
RX controlled by the link-tracking loop provides an auto-gain
range of 17 dB. Fig. 27(a) describes that the RX achieves
EVM of 5.6%-7.3% from —52 to —30 dBm input power
(i.e., Pyy) under 800 MHz symbol rate 64-QAM signal input,
and 10.2%-11.9% EVM from —54 to —32 dBm P,, with
a 2 GHz symbol rate 16-QAM modulation signal. Meanwhile,
as exhibited in Fig. 27(b), the TX obtains 5.3%-7.2% EVM
from —2.5 to 9.6 dBm average output power (P,,,) under
800 MHz symbol rate, 64-QAM modulation and 9.2%-9.7%
EVM from 0.5 to 10.2 dBm P, under 2 GHz symbol rate
16-QAM modulation. Therefore, the proposed TRX provides a
high operating power range to support a high data rate, which
is attractive for multiple applications with various T/R power
levels.

To evaluate the over-the-air performance of the proposed
phased-array TRX, the test circuit board and measurement
setup are shown in Fig. 28. A 2 x 4 wideband slot antenna
array [41] operating from 21 to 45 GHz is utilized for over-
the-air measurement, while the digital control code for TX
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART TRX ARRAYS

2403

TRX Beam Steering | By Using On-Chip

Digital Control
Link-Tracking Loop

Digital Control

. ISSCC JSSC JSSC ISSCC
Ref. This Work
2022° [23] 2022 [22] 2020 [16] 2018 [1]
40-nm 28-nm 65-nm 65-nm 28-nm
Technology
CMOS SOI CMOS CMOS CMOS CMOS
Link-Tracking TRX Heterodyne Phase and Gain
. Heterodyne ) Heterodyne
Architecture Array with Time Full-Duplex Self-Calibrated
TRX Array TRX Array
Division Modulator TRX Array TRX Array
Auto Beam-Control ) ) Off-Chip Digital )
Off-Chip Off-Chip Oft-Chip

Control with On-Chip

Calibration

Digital Control

Full RX with Mixer

and IF Circuit + Full | Full TRX with

Integration Level

Full TRX with

Full TRX with

Full TRX with

Mixer and Mixer and IF Circuit

TX with Direct BB-RF | Mixer + PLL Mixer and IF Circuit
Baseband Processing + PLL
Modulation + PLL
Frequency (GHz) 23-40 26-28 / 39 28 /37 39 26.5-29.5
RX Conv. Gain (dB) 39 N/A 44 / 37 3 34
RX NF (dB) 3.9-53 43-64/5.3-6.8 7.9/838 7.7 4.4-47
RX IP1gB (dBm) -32F N/A —29/ =22 —22 N/A
16-QAM, 10.17%
RX Modulation
EVM 8 Gb/s 64-QAM, 497% | 64-QAM, 4.02% 64-QAM, 3.09% 64-QAM, 1.58%
64-QAM, 5.57% 4.264 Gb/s™ 1.5 Gb/s 2.4 Gb/s (TX-to-RX) 2.4 Gb/s
Data Rate
4.8 Gb/s
TX Psat (dBm) 17.1 16.1 155715.6 15.5 >14
PA Efficiency (%) 30.4 N/A 21/21.5 25.5 >20
Peak TX SE¥ (%) 25.3 N/A N/A N/A N/A
16-QAM, 9.72%
TX Modulation
EVM (%) 8 Gb/s 64-QAM, 4.41% | 64-QAM, 4.12% 64-QAM, 3.09% 64-QAM, 1.12%
0
64-QAM, 5.48% 0.077 Gb/s™ 1.5 Gb/s 2.4 Gb/s (TX-to-RX) 2.4 Gb/s
Data Rate (Gb/s)
4.8 Gb/s
P4./Elements (mW) 290 307.33 267.5 500 164
Area (mm?) 9.81 (8 TRXSs) 25.08 (16 TRXs) 12.65 (8 TRXS) 12 (4 TRXs) 27.76 (24 TRXs)

#: System efficiency including all baseband to RF circuits. *: Maximum gain mode. °: Beamformer chip. *: With ADC and DAC.

link-tracking is generated by a digital control circuit. The
baseband signal and gain control code of the time division
modulator are provided by an arbitrary waveform generator
(AWG). Meanwhile, the CLK signal to drive the link-tracking
loop is fed by a signal generator, while the reference signal for
PLL is provided by a stand-along crystal oscillator module. For
the 2-m wireless communication measurement, a 2-D rotation
platform is used to change the angle of incidence of the TRX
array, while the communication target is a fixed horn antenna.
Fig. 29(a) shows the test setup of link-tracking time. The link-
tracking loop is disabled in the original setting (i.e., the beam

steered to 0°), then rotating the phased-array to achieve an
angle of 30° from the horn antenna. By using a 10 MHz clock
to trigger the link-tracking loop, the proposed phased-array
steers the beam automatically to the target. Fig. 29(b) exhibits
that the power of RXour increased rapidly after the tracking
loop is enabled, while the tracking time is about 7 ws in this
case. As shown in Fig. 29(c), the tracking time is varied with
the incidence angle, which maintains lower than 11 us under
various incidence angles. Once the link-tracking is completed,
the beam pattern is measured after disabling the link-tracking
loop. Fig. 30 depicts that the proposed phased-array TRX



2404
©100%
S
REF O— outr © 50%
IN O— 2
o 0%
0 180 360
Phase Difference (°)
REF 0° REF 0°
IN 90° IN 270°
OUT 25% OUT 25%
(a)
o 100%
INI O Fooutl o T
O 509
“EF°{D B
=
o 0% —
INQ O— outa 0 180 360
Phase Difference (°)
rer O JULULL ree © JUULL
N soe ! UUUUT a7 VJTULULL
a [[[I[I1F a [[JLTLTL
25% | 25% 1
OouT ouT
0% Q 50% Q
(b)
Edge to o 100%
REF Pulse ] ouT S
Pulse 6‘ 50%
Edoet Trigger >
ge to ] 5
IN Pulse S 0%
0 180 360
Phase Difference (°)
rRer oo [ LT LT rer oo [LJILIL
IN 90°j;;; IN 270° | i i L[
out 25% || [l LIl out7sw || ||
(c)
Fig. 33.  PD detector. (a) AND gate. (b) I/Q signal as input of AND gate.

(c) Proposed PD detector based on edge detection.

provides good auto-beamforming operation. The sidelobe sup-
pressions for RX beam H- and E-planes are 5.1 and 2.6 dB,
respectively. Besides, the sidelobe suppressions for TX beam
H- and E-planes are 7.6 and 2.6 dB, respectively. Note that
each slot antenna implemented on the PCB for the DUT test
is the omnidirectional antenna, while the antenna linked to
the instrument is the directional horn antenna. As exhibited in
Fig. 31, the phased-array TRX can support 8.0 Gb/s, 16-QAM
and 4.8 Gb/s, 64-QAM modulation signals transmission. Note
that the modulation signals are transmitted after link-tracking.
Besides, if the direction is not changed, the link-tracking does
not need to be re-constructed. Fig. 32 reveals that the proposed
phased-array TRX can transfer the high data-rate at 24, 28,
and 39 GHz, simultaneously. Besides, the EVM shows little
variation with different incidence angles.

The performance summary of the proposed phased-array
TRX and the comparison with state-of-the-arts are shown
in Table 1. The proposed work is the first TRX array
with ON-chip auto link-tracking. It demonstrates the mer-
its of a wide operation frequency range with low RX NF,
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high TX efficiency, and high data-rate transmission cover-
ing the n257/n258/n260/n261 bands for the 5G-NR FR2
standard.

V. CONCLUSION

This article presents an eight-element phased-array TRX
operating at 23—40 GHz. A link-tracking loop is introduced
in each TRX channel, which can generate the gain and phase
control codes for the RX to track the target signal from
unknown directions. Based on the phase setting of each RX,
the link-tracking loop provides a phase control code for each
TX to steer the beam of the TX array to the target. Meanwhile,
a time division modulator connected with a fast-locking PLL
is integrated. Such a time division modulator can not only pro-
vide a flexible LO driving ability for gain flatness improvement
of RX but also generate the modulated RF signal based on
digital baseband directly to improve the TX system efficiency.
Then, the proposed eight-element phased array TRX using a
conventional 40-nm process is fabricated and measured for
verification. With the state-of-the-art performance, the pro-
posed phased-array TRX is attractive for wideband mm-wave
wireless applications, including the 5G-NR FR2.

APPENDIX

An AND gate used in straightforward through of PD
detection can convert the PD between two square wave signals
(i.e., reference signal REF and input signal IN) to the duty
cycle of the output signal. As shown in Fig. 33(a), the PD
detector based on AND gate suffers from a critical issue,
where the phase detection range is limited within 180°.
Meanwhile, one duty cycle is referred to as two-PD detection
results (e.g., the duty cycle of the output signal is 25% for
the PD of 90° and 270°). Such an issue can be avoided by
using I/Q signals as the input of the AND gate, as shown in
Fig. 33(b). However, it requires a bulky I/Q signals generator,
while an additional phase-difference recover circuit is needed
to convert the I/Q output to a single detection result. In this
work, a phase-difference detector based on edge detection is
proposed, as shown in Fig. 33(c). The edge-to-pulse circuits
are used to transfer the rising edge of the input signal and
reference signal to a pulse. Then, the pulse signals drive a
pulse trigger. Such a trigger counts the delay between two
input pulses and generates an output signal with a duty cycle
related to the delay. Therefore, the PD between two signals is
referred to as the duty cycle of the output signal linearly.
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