2292

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 57, NO. 8, AUGUST 2022

A Bi-Directional 300-GHz-Band Phased-Array
Transceiver in 65-nm CMOS With Outphasing
Transmitting Mode and LO Emission Cancellation

Ibrahim Abdo

, Member, IEEE, Carrel da Gomez, Chun Wang, Kota Hatano,
Qi Li, Graduate Student Member, IEEE, Chenxin Liu

, Kiyoshi Yanagisawa, Member, IEEE,

Ashbir Aviat Fadila™, Graduate Student Member, IEEE, Takuya Fujimura, Tsuyoshi Miura,

Korkut Kaan Tokgoz™, Member, IEEE, Jian Pang™, Member, IEEE, Hiroshi Hamada™, Member, IEEE,
Hideyuki Nosaka, Senior Member, IEEE, Atsushi Shirane, Member, IEEE,

and Kenichi Okada

Abstract—This article introduces a four-element 300-GHz-
band bi-directional phased-array transceiver (TRX). The TRX
utilizes the same antenna, signal path, and local oscillator
(LO) circuitry to operate either in transmitter (TX) mode
or receiver (RX) mode. The TX mode adopts the outphasing
technique to increase the average output power for higher
order modulation schemes by utilizing the two mixers that are
connected directly to the antenna in a mixer-last fashion. The
two signal paths also enable the canceling of the LO feed-through
(LOFT). The RX mode also benefits from the LOFT cancellation
technique to suppress the LO emission, which is a common
issue of the mixer-first RXs. The RX has a separate Hartley
operation mode to reject the image signal coming from the TX.
The TRX chip was implemented using CMOS 65-nm process, and
a four-element phased array was implemented by stacking liquid
crystal polymer (LCP) flexible printed circuit boards (PCBs). The
stacked structure provides the required narrow antenna pitch at
the 300-GHz band. The measured beam angle range is from
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—18° to 18°. The single-element power consumption is 750 mW
for both TX mode and RX mode.

Index Terms—300 GHz, beyond 5G, bi-directional transceiver
(TRX), CMOS, frequency multiplier, outphasing, phased array,
subharmonic mixer.

I. INTRODUCTION

REQUENCIES above 200 GHz are among the strongest

candidate bands to be utilized in beyond 5G wireless
communication systems where very high data rates and low
latency are required. Pushing the carrier frequencies higher
makes it possible to increase the RF bandwidth and the
communication speeds. In the recent years, many efforts have
been made to standardize the 300-GHz band, including the
amendment of IEEE 802.15.3d [1], [2].

The 300-GHz-band TRX systems using compound semicon-
ductors and SiGe were demonstrated in several works with
excellent performance due to the high maximum oscillation
frequency (fmax) as in [3]-[18]. However, implementing these
systems using the CMOS process is considered more attractive
due to the cheap cost and the ability to integrate large digital
circuits. One large drawback of the CMOS process is its
low fmax, Which does not normally exceed 300 GHz. As a
result, the CMOS amplification is not normally used for
systems that operate at frequencies above 170 GHz [19]-
[22]. Although several 300-GHz-band CMOS amplifiers have
been demonstrated lately [23]-[26], their characteristics are
still not reliable for wideband 300-GHz-band wireless TRXSs,
causing the dominance of the mixer-last (or multiplier-last)
transmitter (TX), mixer-first receiver (RX) architecture in the
recent works [27]-[35]. This architecture suffers from the
limited output power, high noise figure, and the LO feed-
through (LOFT) radiation from both TX and RX. The output
power issue was mainly faced by using frequency multipliers
instead of mixers [27], [29], [30], [32], [35].

In most of the recent sub-terahertz (THz) CMOS trans-
ceiver (TRX) implementations, high-gain horn or parabolic
antennas [36]—[39], lens antennas [40], and a combination
of both horn and lens antennas [41] are used to overcome
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Fig. 1. (a) Conventional sub-THz TRX. (b) Proposed TRX with bi-directional
phased-array architecture and beamforming.
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Fig. 2. (a) 300-GHz-band half-wavelength-pitched phased array using patch
antennas. (b) Stacked antenna placement for short wavelength arrays.
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the large path loss, but the radiation is only toward a single
direction. The phased-array implementation commonly used in
millimeter-wave systems is the most suitable solution to this
issue as it enables beam steering and boosts the antenna gain.
The lens antenna can be added to the array to increase the
gain, but it causes a narrower steering angle range [41], [42].
To avoid a large and complicated array configuration, antenna
sharing between the TX and the RX is essential. As can be
observed in the latest 200-300-GHz CMOS TRXs [27]-[32],
the TX and RX parts are designed separately mainly because
the multiplier-based mixers are uni-directional and cannot be
shared between TX and RX, as shown in Fig. 1(a). Hence,
separate antennas are used for TX and RX to avoid the large
losses of the antenna switches, which usually exceed 4 dB
at the 300-GHz band as reported in [43] and [44]. In this
work, we adopt a bi-directional mixer architecture that makes
it possible to share all the circuit components and antennas,
reducing by that the area on-chip and off-chip, as shown in
Fig. 1(b).

In the conventional phased-array systems operating
below 100 GHz, the antennas are aligned in 2-D arrays
with a 4¢/2 pitch. The arrays are also implemented using
broadside antennas, so the chips are placed on the same plane
as the array. However, at the 300-GHz band, the wavelength
and the antenna pitch are smaller than the chip itself. Thus,
to implement a 2-D TRX array, the RF lines on the printed
circuit boards (PCB) must be relatively long to face the short
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pitch issue, as shown in Fig. 2(a). The long RF PCB lines
result in large losses at high frequencies. The measured 1-
cm line loss of a 50-um-thick liquid crystal polymer (LCP)
PCB at 30 GHz is around 0.5 dB, so by simple extrapolation,
the best case loss at 300 GHz can be estimated to be around
5 dB/cm. Such loss will directly affect the link quality since
it degrades the TX output power and the RX noise figure. On-
chip arrays are possible for continuous-wave radiators [42],
[45]-[49], but they become less feasible for wideband TRX
systems where many additional components and circuits, such
as modulators, buffers, and wideband amplifiers, are required.
It is also very challenging to achieve good radiation efficiency
using silicon on-chip antennas [50], [51]. Knowing that the
thickness of the CMOS chip with the PCB can be less than
Ao even at the 300-GHz band, this work adopts a stacked
endfire 1-D antenna alignment instead of the horizontally
adjacent configuration. The array elements here are aligned in
a plane perpendicular to the chip plane. The antenna pitch in
the stack is around 0.7-0.8 mm, which is close to 4y/2 around
the target frequency. The stacked arrangement used in this
work is shown in Fig. 2(b). The number of stacked elements
in this configuration is limited by the maximum thickness
decided by the form factor and the target application.

This article describes the design details and measurements
of a phased-array bi-directional 300-GHz-band TRX that uti-
lizes outphasing with LOFT cancellation as its transmitting
mode and the local oscillator (LO) emission cancellation for its
receiving mode [52]. The Hartley architecture is also applica-
ble as a separate receiving mode for high-power received
image situations.

In Section II, the TRX architecture is discussed. Section 11
explains the design details of the 300-GHz-band TRX CMOS
circuits. Section IV presents the implementation and the mea-
sured performance. Finally, Section V concludes this article.

II. 300-GHz-BAND BI-DIRECTIONAL TRX DESIGN

Fig. 3 shows the block diagram of the 300-GHz-band
CMOS TRX system. It consists of two mixing paths with
a bi-directional subharmonic mixer and a bi-directional IF
distributed amplifier forming each path. The LO chain includes
three phase shifters to control the beam direction and the
operation mode. It also includes frequency doublers and LO
buffers to generate the required LO frequency. All the circuit
components are shared between the TX and the RX. LOFT
cancellation can be performed in both TX and RX modes,
and image cancellation is also possible in the RX mode
by applying a 90° phase shift externally. The applied LO
frequency is 30 GHz, and it becomes 240 GHz at the RF end
after frequency multiplication and subharmonic mixing. The
RF channel is selected by adjusting the IF center frequency.
The antennas are printed on PCBs and the connection with
CMOS is designed using the flip-chip process to implement
a four-element phased array. The bi-directional subharmonic
mixer design and the operation of the TX mode and the RX
mode are explained in this section.

A. Bi-Directional Subharmonic Mixer

There are two main issues that make it difficult to use
the conventional simple single-transistor mixer shown in
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Fig. 3. Bi-directional 300-GHz-band phased-array TRX architecture.
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Fig. 4. Conventional 300=GHz-band CMOS mixers. (a) Single-transistor
switching mixer, (b) square mixer, (c) transconductance mixer, and (d) resis-
tive subharmonic mixer.

Fig. 4(a) or the double-balanced mixer at frequencies that
exceed 200 GHz. The first issue is that getting good conversion
gain and linearity requires high LO signal power to drive
the mixer. However, the CMOS amplifiers cannot provide
acceptable driving power at 300 GHz [28], [31]. The other
issue is that the transistor parasitic capacitance results in
small shunt impedance values at such high frequencies causing
the conversion gain and the output power to degrade. These
two issues were faced by introducing multiplier-based mixers
where both the LO and the IF signals are applied to the
same input port, as shown in Fig. 4(b) [30], [32]. The output
power of these mixers is high enough to achieve reliable
communication at the 300-GHz band, but the IF signal second
harmonic appears in-band and the IF frequency is higher
than 100 GHz. The operation of the mixer is uni-directional
as well, so the circuit/antenna sharing between TX and RX is
not possible.

To reduce both the IF and the LO frequencies, subharmonic
mixing is a good choice. In this case, the LO frequency drops
to half or lower depending on the harmonic used. As a result,
frequencies around 100 GHz can be used while keeping the IF
frequency at lower values [29], [33], [34]. Such a frequency
plan is much more suitable for CMOS LO buffering. The
transconductance mixer shown in Fig. 4(c) utilizes the third-
order non-linearity of the transistor to extract the subharmonic
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Fig. 6. (a) Switching operation of the proposed mixer and (b) equivalent
circuit with second harmonic switching.
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Fig. 7. (a) Proposed mixer biasing technique. (b) Transistor cross section
and junction capacitance reduction. (c¢) Output power and conversion gain
improvement due to the reduced junction capacitance.

mixing components at the output using matching or an LC
tank. Both LO and IF are applied to the mixer gate, which
means that the bi-directional operation is not possible. Many
undesired harmonics also appear at the output affecting the
linearity [29]. The resistive mixer shown in Fig. 4(d) can
also be used for subharmonic mixing [53], but a wideband
matching with high isolation is required to achieve the desired
performance. The same issue can be found in the push—push
doubler-based mixers introduced in [54] and [55].

In this work, we propose a switching subharmonic mixer to
utilize a lower LO frequency while providing good conversion
gain and output power. The design was briefly introduced
in [33], and the same circuit is used here with some match-
ing network optimization. In addition, the mixer supports a
bi-directional operation in this work to enable antenna sharing.
The proposed subharmonic mixer has the push—push frequency
multiplier as a starting design point. The push—push doubler
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has two transistors with connected drains and sources, but the
input is applied differentially to their gates similar to the circuit
in Fig. 4(b). The output current of the push—push doubler has
twice the frequency of the input signal. To provide a switching
operation without cascoding transistors, a dc blocking capac-
itor is added to the source node and the IF signal is applied
to the sources through that capacitor, as shown in Fig. 5. Vs
is set to a value that is smaller than the threshold voltage of
the transistor. The source dc voltage is controlled by applying
the desired voltage to the drain, as the high cycle of the LO
signal passes the current that charges the dc blocking capacitor
to the drain voltage level. The ac de-coupling is done by MIM
transmission lines (MIMTLs) [56] to provide good RF-dc
isolation while avoiding any undesired resonances. Having
Vis lower than the threshold will create some off periods in
the current of the mixer [Fig. 6(a)], and this will result in a
switching operation close to that of the fundamental mixer, but
at twice the frequency of LO [Fig. 6(b)]. With a theoretical
maximum conversion gain of 1/x2, higher conversion gain
can be expected from this mixer compared to the resistive
mixers [57], and the CMOS transconductance mixers depend
on g, of the transistor [58]. However, the usage of the source
node limits the size of the transistors and the output power as
a result. The outphasing technique explained in Section II-B
is used to overcome this issue.

Another advantage of this design is that the IF and the LO
ports in this mixer are separated, which means that the desired
bi-directional operation is possible.

By increasing both the gate and the source voltage levels,
the depletion region inside the CMOS transistor expands as
the drain and the source voltage values are higher than the
voltage of the grounded transistor body, as shown in Fig. 7(a)
and (b). This will reduce the capacitance of the reverse-
biased source—bulk and drain—bulk p/n junctions. As a result,
the output power improves as shown by the simulation and
measurement results at 256-GHz RF frequency in Fig. 7(c).
Increasing the source—bulk voltage also affects the threshold
voltage of the transistor due to the body effect. The simulated
threshold voltage value is around 0.5 V when the source
voltage is 1 V. The time interval in which the gate voltages
of both transistors are equal is extremely short compared to
the sinusoidal peak. Therefore, knowing that the LO voltage
amplitude is around 1.2 V, the gates should be biased at around
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options (50-Q input—output termination). (b) Improvement on average power
by outphasing. (¢c) LOFT cancellation.

0.7 V so that the threshold point (Vg = 1.5 V) is closer to
the highest current point where one of the two transistors
is fully ON (v,(f) = 1.9 V and vg(f) = 1.2 V) than to
the point when both transistors are OFF (vg(f) = 0.7 V).
The simulation results in Fig. 7(c) show that the best gate
voltage is between 0.3 and 0.4 V below the drain voltage. The
1.5-V peak source-bulk voltage in this configuration is still
far below the p-n junction breakdown voltage of the 65-nm
CMOS process [59]. The simulated conversion gain of the
mixer after matching is shown in Fig. 8. The gain difference
at low frequencies is due to the slightly degraded matching
at that band since the matching with the IF amplifier is also
considered.

B. TX Mode Operation

The outphasing technique is usually applied to power ampli-
fier systems to improve their efficiency by driving the amplifier
at higher output power levels [60]-[62]. It was also used
with frequency multipliers to provide higher efficiency as
in [35]. In our design, we adopt the outphasing architecture
using the passive subharmonic mixers to improve the average
output power of the TX at the 300-GHz band. The outphasing
technique is one of the most suitable options to leverage
the mixer saturated power to the maximum, as applying the
constant envelope signal to the mixer means that the mixer can
be driven at its saturated output power. Doing that improves
the average power of the TX by several decibels compared
to the single mixer case, as shown in Fig. 9(a) and (b). The
6-dB back-off, or the PAPR of the modulation scheme in
the outphasing case, is taken from the mixer saturated power
instead of its 1-dB compression point. A T-junction is utilized
in this work to combine the two outphasing signals so that the
RF losses are reduced as much as possible.
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The TX modeoperation is explained in Fig. 9(c). The input
constant envelope signals can be expressed as follows [35],
[60]:

M (t) =

ATMcos(a)]Ft—i-ﬁ—i—qS) (1)

S:(1) = )

where S;(¢) and S,(¢) are the input outphasing signals, wg is
the IF angular frequency, 6 is the modulated phase, and ¢ is the
outphasing angle. Both of these signals are upconverted using
the subharmonic mixers with a relatively high LOFT. The
second-order non-linearity of the subharmonic mixers converts
the applied LO signal with an angular frequency of w o, and
two additional phase shifts (¢ for beamforming and ¢ for mode
selection) as follows:

A
TMcos(a)Ipt +60 — @)

LO(t, &) = (ALomcos(@ront + ¢ + &)

2

% (l — cos(ZwLOmZ +2¢ 4+ 25))
2

% (1 = cos(wrot +2¢ +2¢))

= 3)
and it can be observed that the system LO frequency becomes
Lo = 2 wLom as the dc component can be ignored due to the
presence of the biasing signals. Also, the previously applied
phase shifts double providing wider phase range. To cancel
the LOFT at the TX mode, the phase ¢ is set to 0° in one
outphasing path and to 90° in the other path. The phase of the
second outphasing input S, (¢) is inverted to recover the phase
of the desired signal. The resulting output at the combining
node from the first path can be calculated as follows:

A
S1(H)LO(t, 0°) = TMcos(wIpt +0+¢)

Ao
: Tcos(a)Lot +20)

“)

RS
N

Im

Re

xcos}(w, , +45°)
—x%sin(2w

Lom)

2
LO

a
LOpeak (7,0%) = cos(wrot + 2¢) (%)
and the calculated output of the second path is
_ Ay
S (t)LO(t, 90°) = Tcos(a)lpt +0 — ¢+ 180°)
Aio o
. Tcos(a)Lot +2¢ 4+ 180°) (6)
o aAIZ‘O o
LOrpeak(?,90°) = cos(wrot +2¢ 4+ 180°).  (7)

The TX output is calculated by adding all the mixing and the
leak components together

RFour = S;(1)LO(t, 0°) + S2(1)LO(2, 90°)

+ LOLeak(t» Oo) + LOLeak(t» 900) (8)
The leak components cancel each other out and the final output
formula of the desired RF output signal (excluding the image
components) is given as follows:

Ay A?
RFout = LO

(COS((CULO + oF) 4+ 20 + 0 + ¢)

+ cos((wLo + wF)t +2¢ + 6 — ¢))
9

The LOFT is completely canceled by applying a 90° phase
difference between the LO signals of the two outphasing paths
without affecting the desired RF signal by using the proposed
technique. The phase of the output signal is twice that of the
input LO signal reducing the phase range requirements of the
phase shifters. The same operation is used at the RX mode by
inverting one of the output IF signals before combining them.
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C. RX Mode Operation

The RX can be operated at two different modes depending
on the desired characteristics. First, the LO emission cancella-
tion mode mentioned in Section II-B is used when the image
signal is suppressed by the bandpass characteristics of the
antenna. The other mode is for high received image power
situation as the Hartley architecture can be applied. Fig. 10
shows the Hartley operation of the RX. A 45° phase difference
is applied to the LO inputs of the two mixers and is translated
to 90° between the IF outputs

A
RF(1)LO(t, 45°) = ¥cos(wRFt)

AZ
- Locos(@ror +2¢ +90°). (10)

An additional 90° phase shift is applied externally to com-
pletely cancel the image signal while combining the desired
signal.

III. CIRCUIT IMPLEMENTATION FOR IF AND LO

After implementing the bi-directional sub-harmonic mixer
circuit, the main focus of this work is on achieving
bi-directional amplification using the IF amplifier and flexible
phase generation for beamforming and LOFT cancellation.
The detailed LO chain and IF amplifier circuit implementation
of the proposed TRX chip will be introduced in the remaining
part of this section.

A. LO Chain (Phase Shifters and LO Buffers)

Fig. 11 shows the LO chain design details. The phase
shifting is done mainly at the input LO frequency at 30 GHz.
One phase shifter is used for beamforming, and two more
phase shifters are used for LOFT and image cancellation.
The frequency multiplier chain up-converts the LO frequency
to 120 GHz and quadruples the phase range. The outputs of the
two phase shifting paths are applied to baluns to generate the
differential LO inputs of the mixers. The required phase reso-
lution at the output for an array factor degradation of around
0.05 dB is approximately 11.05° at the RF frequency [63], so a
1.38° maximum resolution is allowed at 30 GHz considering
the multiplication factor of the LO chain and the subharmonic
mixing.

with feedback
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Fig. 12.  Phase shifter core: (a) schematic and (b) measured phase range.
(c) Simulated power variation against phase at the 30-GHz LO buffer output.

Fig. 12(a) shows the circuit schematic of the 30-GHz phase
shifter. A varactor/transmission line combination is used as a
load of a common-source stage to generate the required phase
shift. Based on a small-signal analysis, the voltage gain of the
phase shifter is

— g Jjoroin(1/Cps)
"1/ LpsCps — @} o, + jr0in(1/70Cps)
where Cps and Lps are the capacitance and the inductance

at the drain of the transistor, respectively. The phase shift is
calculated as follows:

P2
p=tant (2

wLoinLps

A, Y

— OLOn Cpsro). (12)

Thus, the value of Cpg, which is directly related to the varactor
capacitance value, controls the phase of the output signal. The
varactor utilizes a parallel combination to extend the tuning
range so that the required phase range is covered. In addition,
the voltage values of V' 1 and V2 are optimized to achieve wide
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(b) Simulated conversion gain of the quadrupler chain.

and the linear characteristics in the target range. The varactor
control voltage is generated using a 10-bit digital-to-analog
(DAC) as in [64]. Fig. 12(b) shows the measured phase range
at 30 GHz by sweeping the control voltage. The required 45°
is totally covered by around 400 DAC steps, so the estimated
phase resolution is around 0.1125° (0.9° at 240 GHz). The
maximum resolution in the middle of the curve is around 0.13°
at 30 GHz (1.04° at 240 GHz). This resolution is much smaller
than the required one for beamforming, and it is suitable for
the fine-tuning of the LOFT cancellation signals. Hence, the
same circuit is used to implement the three phase shifters of
the LO chain.

Buffering stages are added after each phase shifter to reduce
the output power variation caused by the phase change. The
output stage buffers must be saturated so that input power
changes caused by the phase shifting do not significantly affect
the output power. Fig. 12(c) shows the power variation at the
input of the quadrupler at two different LO input power values.
It can be observed that the power variation is reduced when
the last-stage buffer is saturated.

The frequency doublers are based on the CMOS device
non-linearity by biasing it around its threshold voltage

id =gmlvgs+gm2vés +gm3vgs+~«~~ (13)

This circuit is quite simple and it has a good output power
as shown by the simulation results in Fig. 13(a). Both the
first stage (30-60 GHz) and the second stage (60-120 GHz)
provide more than —5-dBm output power. The simulated
conversion gain after adding a buffering stage between the two
doublers is shown in Fig. 13(b). The doublers also multiply the
phase of their input signals by two as the subharmonic mixer
does in (3). The 45° coverage of the phase shifter at 30 GHz is
translated to 360° at 240 GHz at the output after the frequency
multipliers and the subharmonic mixer.

The 120-GHz LO buffers are divided into two parts: the
single-ended stages and the differential stages. Amplification
at 120 GHz using CMOS is not straightforward as that
frequency is pretty close to fi.x/2. The single-ended stages are
designed to fulfill the conditions of the maximum achievable
gain [23], [24], [65], [66], as shown in Fig. 14(a). The passive
feedback is formed using transmission lines to increase the
total gain. The target optimal voltage gain and phase of the
transistor calculated using the transistor’s Y-parameters to
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tics (mixer LO input power).

obtain the maximum achievable gain are [65]

Y12 + Y5
Aoyt = ——=11 14
opt 265 (14)
Qo = 2k + D — L(Y1o + Y3)). (15)

The simulated transistor conditions for both single-ended
stages are shown in Fig. 14(b) and (c). The simulated con-
ditions are close enough to the optimal values. The slight
difference between the optimal and the simulated results of
the second stage is due to the consideration of other matching
and stability requirements. The 150-fF capacitors are used to
separate the dc gate bias voltage from the supply voltage,
and their effect on the transistor gain and phase conditions
is also considered. Transmission lines are used for inter-stage
matching to save the area, and an open stub is used to match
the inductive impedance of the balun at the output. Fig. 15(a)
shows the simulated power provided by the single-ended
doublers and the buffer chain to the balun input. Around
5-dBm LO signal power and more than 30-dB suppression
of the other harmonics are achieved.
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Fig. 17. RX mode simulated noise figure.

The differential part consists of neutralized common-source
amplifiers. Cross-coupled capacitors are used for neutraliza-
tion. The simulated input—output power characteristics of the
differential amplifiers are shown in Fig. 15(b). The maximum
achieved power is around 9 dBm, but since the highest balun
output is around 2.5 dBm due to its 2.5-dB loss, the maximum
simulated LO power is around 8.7 dBm and it is applied
directly to the mixer.

B. IF Bi-Directional Distributed Amplifier

To achieve the full bi-directional operation, the IF ampli-
fiers must also have a bi-directional structure. Knowing that
the mixer bandwidth is very wide, the system bandwidth is
decided by the bandwidth of the IF amplifiers. The amplifier
is also supposed to have a controllable gain to provide the
ability of mismatch compensation as the mismatch between
the two outphasing paths in TX or the two Hartley paths in
RX causes serious degradation on the error vector magnitude
(EVM) of the system.

2299

Fig. 18. Die micrograph.
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realized gain (including the connection to CMOS) and directivity, (d) sim-
ulated radiation pattern for E-plane and H-plane (260 GHz), (e) simulated
efficiency, and (f) single-element versus array simulated directivity.

In this work, the distributed amplifier circuit is adopted to
provide wide bandwidth operation at low frequencies. Three
cascode stages are used with a bi-directional structure [67] to
provide several decibels’ gain to the TX and the RX paths.
The operation mode (TX or RX) is selected by controlling the
switches SW1-4 and the biases of the cascode transistors. The
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schematic of the bi-directional distributed amplifier is shown
in Fig. 16(a). The simulated amplifier gain values at the TX
mode and the RX mode are shown in Fig. 16(b) and (c). The
gain of the amplifier can be controlled by adjusting the bias
voltage of the transistors using DACs to make sure that the
outphasing signals amplitudes are equal in the TX case and
the image signal amplitudes are equal in the RX Hartley case.

The simulated overall RX noise figure including the distrib-
uted amplifiers is shown in Fig. 17. The noise figure is below
25 dB for most of the target band.

IV. PCB IMPLEMENTATION FOR PHASED-ARRAY

The proposed 300-GHz-band TRX chip is fabricated in a
65-nm CMOS process. Fig. 18 shows the chip micrograph.
The chip size is 2.45 mm x 1.7 mm.

An on-PCB Vivaldi antenna is used to build the phased
array. The designed Vivaldi antenna is shown in Fig. 19(a). The
Vivaldi antenna was chosen due to its endfire radiation pattern
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Fig. 22.  Photograph of the implemented four-element phased array.
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Fig. 23.  (a) Measured TX mode output power and RX mode conversion
gain. (b) Measured TX EVM.

and wide bandwidth characteristics. However, the material for
the 300-GHz-band Vivaldi antenna must be carefully chosen
to avoid the breaking up of the main beam, by fulfilling the
optimal value of the effective substrate thickness normalized to
the free-space wavelength that is between 0.005 and 0.03 [68]
and defined by
feft _ (‘/g, — 1)L (16)
40 40
where ¢ is the substrate thickness.

From (16), it can be observed that the thickness and per-
mittivity requirements become more severe as the frequency
increases. The LCP material is used to fabricate the PCB in
this work to take advantage of its thin substrate (50 xm), low
permittivity (¢, = 3), and flexible characteristics as will be
explained later in this section. The 3-D radiation pattern of the
antenna is shown in Fig. 19(b). The bandwidth of the Vivaldi
antenna covers the whole band with more than 10-dBi gain,
as shown in Fig. 19(c). The simulated E-plane and H -plane
radiation patterns are shown in Fig 19(d). Fig. 19(e) shows
the simulated radiation efficiency, including the connection
to the CMOS chip. The main limitation of the efficiency is
the degraded matching due to the PCB design rules. The
overall array directivity is simulated and compared to the
single-element directivity in Fig. 19(f). The coupling between
the adjacent elements causes a slight degradation in the gain
of each element, and hence, the array gain is several decibels
lower than the ideal theoretical value.
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The CMOS-to-antenna flip-chip connection must also be
designed very carefully to avoid large losses in the RF band.
The CMOS signal pad size was chosen to be as small as
possible. The dimensions are 25 ym x 35 gm. Such a small
pad has less capacitance and less reflection as its impedance
is close to 50 Q. However, some difficulties may appear in
the implementation as the pad is slightly smaller than the
connecting bump. The bump position and PCB variations also
cause phase offsets between the elements, so the output phase
of each element must be adjusted manually. A calibration
system can be considered as proposed by several works for
lower frequency bands [69], [70], but it is beyond the scope
of this work. The 3-D model of the CMOS pads and bumps
is shown in Fig. 20(a). The simulated loss, including CMOS
and PCB connecting transmission lines, is around 3 dB at the
band of interest as shown in Fig. 20(b), and Fig. 20(c) shows
the simulated group delay across the target RF bandwidth.

The detailed photographs of the flexible 50-ym LCP PCB
are shown in Fig. 21. The implemented four-element phased-
array photograph is shown in Fig. 22. In the part surrounding
the antennas, 0.5-mm spacers are used to provide enough room
for the 0.3-mm-thick CMOS chips. By adding the 0.25-mm
PCB thickness, the total spacing between every two elements
is around 0.75 mm. The spacing can be further reduced to
reach Ap/2 by thinning the CMOS chip and using shorter
spacers.

The IF signals are applied through V-band connectors to
each PCB using external dividers. The antenna pitch is much
smaller than the V-band connector size, so a flexible part
of the LCP PCB is slightly bent to fit the connectors. Such
implementation could cause group delay variation across the
IF bandwidth for wideband operation, but such variation can
be compensated using equalization as in [71].

V. MEASUREMENT

The on-wafer characteristics are evaluated first by imple-
menting a PCB with wire-bonding connections to the CMOS
chip except for the RF port. The RF port is connected to
the measurement equipment using a waveguide probe with
known loss. Fig. 23 summarizes the measured characteristics
of the TRX chip and compares it to the simulated results.
An estimated bonding wire inductance of 1 nH is considered at
the IF ports in the simulations. Fig. 23(a) shows the measured
maximum output power of the TX mode over the whole
frequency band. The TX output was down-converted by an
external mixer, and the losses were de-embedded. The output
power is not high compared to the other works due to the
bi-directional design of the mixer, but using the outphasing
means that the average power is closer to Pg. The RX
conversion gain is also shown in Fig. 23(a), including the
bonding wires and the PCB losses at the IF side. Fig. 23(b)
shows the TX EVM for different output power situations at
a 5-GBd symbol rate. Due to the outphasing technique, the
third-order intermodulation product (IM3) effect on the EVM
is not observed as the EVM saturates with the output power.

The LOFT cancellation was also tested for both the TX
mode and the RX mode (LO emission cancellation). Fig. 24(a)
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Fig. 24.  Measured LOFT cancellation in (a) TX mode and (b) RX LO
emission rejection mode. (c) Measured image rejection of RX Hartley mode.
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Fig. 25. Measurement setup for (a) TX mode and (b) RX mode EVM.

shows the TX mode LOFT cancellation. More than 35-dB
cancellation is possible by using the proposed technique with
the fine resolution of the phase shifter. The LO emission
cancellation of the RX mode is shown in Fig. 24(b) with more
than 30-dB suppression as well. The Hartley RX mode was
tested by down-converting a double-sideband (DSB) signal
provided by an external mixer using a slightly shifted LO
frequency. The external mixer up-converts a 16-GHz signal
using an LO frequency of 240 GHz to generate two sidebands
at 224 and 256 GHz. The RX chip LO frequency is set to
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240.6 GHz to down-convert the desired signal and the image
at two different frequencies (the desired signal at 15.4 GHz
and the image at 16.6 GHz). Both IF output signals are applied
to an oscilloscope. The 90° phase shift at the IF is applied
using the oscilloscope as well in the digital domain. The image
rejection measurement results are shown in Fig. 24(c). More
than 40-dB image rejection is achieved at a single frequency
for the worst case situation where the signal power is equal
to the image power. The estimated RX input power after
considering the probe loss is around —30 dBm, which is way
lower than the 10-dBm simulated RX input 1-dB compression
point. Such high compression point power value is caused by
the power divider loss at the input. The amplitude and phase

Amp.

= |

1-element Qo
pattern 2

-60°

()

Fig. 28.  Array pattern measurement setup: (a) block diagram and (b) pho-
tograph. (c) Measured steered beam pattern.

optimization in this measurement was performed using the
on-chip phase shifters and the amplifier bias voltages.

Fig. 25 shows the setup used to evaluate the TX mode and
the RX mode EVM separately while probing the RF signal.
The PCB previously mentioned in this section was placed on
a probe station with all the IF and LO connections provided
using wire bonding. For the TX mode EVM measurement, the
outphasing signals are generated using the Keysight arbitrary
waveform generator (AWG) M8194A. The AWG generates
the two single-sideband (SSB) IF signals while providing the
required 180° phase shift between them. A roll-off factor of
0.25 is used in all the EVM measurements. The measurement
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TABLE I
PERFORMANCE COMPARISON WITH STATE-OF-THE-ART 300-GHZz-BAND TRXs
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Freq. Ant Max.
Process req Structure " eflna TX topology ax. baud Ppc[W] | Area [mm?]
[GHz] sharing rate [Gbaud]
130 Single-strea TX:1.24 TX:7
IMS 20 [16] onm 240 | Single-element No Hngie-strea 25 (16QAM)
SiGe / power amplifier RX:0.85 RX:5.1
130 Single-st TX:0.96 TX:1.5
MWCL 19 [14] onm 230 | Single-element No Igiestream 53 75 (16QAM)
SiGe / power amplifier RX:0.45 RX:1.25
80 Single-st TX:4.5* TX:2.44
JSSC °20 [3] nm 200 | Single-element No ingle-stream 30 (16QAM)
InP-HEMT / power amplifier RX:4.5* RX:2.44
ingle- TX:8 (QPSK TX:0.22 TX:2
JSSC °15 [27], [28] 65nm 240 | Single-element No Single-stream 8 (QPSK) 0
CMOS / tripler-last RX:8 (QPSK) RX:0.26 RX:2
ISSCC ’17 [30] 40nm i Power TX:21 (32QAM) | TX:1.4 TX:5.19
290 Single-element No o
& IMS 17 [31] CMOS combining RX:14 (QPSK) | RX:0.65 RX:3.15
40 p 20 (16QAM) TX:0.89
JSSC °19 [32] i 266 | Single-element No ower TX:28 (16QAM) - TRX:11
CMOS combining RX:0.9
RX:N/A
ingle- TX:0.2 TX:1.
IMS *20 [33] 65nm 288 | Single-element No Single-stream 17 (QPSK) 0.27 ?
CMOS / mixer-last RX:0.14 RX:1.9
2 Single-st TX:0.24 TX:3.5%
JSSC ’14 [26] 32nm 210 Combining-array No 1ng e-streafl Not measured# 35
SOI CMOS / PA-last RX:0.07 RX:1.1
65 Phased $ 8 (QPSK) TX:0.75
-arr. 0.
This Work nm 256 asec-array Yes Outphasing TX:26 (QPSK)! TRX:4.17
CMOS / bi-directional RX:0.75
RX:18 (QPSK)T

* Without LO multiplier. $ Only CW performance tested.

channel is selected using the AWG by adjusting the center
frequency of the IF signal while keeping the LO frequency
fixed. The TX output signal is applied to an external sub-
harmonic mixer through a waveguide probe. The LO of the
external mixer is set at a higher frequency (138 GHz x2 =
276 GHz) to avoid down-converting the image signal to the
target IF frequency. The 138-GHz signal is generated using
a signal generator and a tripler. The down-converted signal
is amplified and observed using the Tektronix DPO77002SX
oscilloscope. The TX mode setup is shown in Fig. 25(a).

The RX mode measurement setup is shown in Fig. 25(b).
This time, the RF input signal is generated externally using
the subharmonic external mixer with a 120 GHz x2 =
240 GHz LO frequency. The image signal appears in-band in
this measurement, so the image rejection can also be tested.
The IF outputs are then observed using the oscilloscope. The
90° phase shift and signal combining are performed using the
oscilloscope as well.

Fig. 26(a) summarizes the TX mode EVM performance for
several situations. The maximum baud rate achieved is 26 GBd
using QPSK with an EVM of about —9.8 dB. The center
frequency of the IF, in this case, is 16 GHz since higher
frequencies suffer from low IF amplifier gain and high bonding
wire losses. The corresponding TX mode maximum data rate
is 52 Gb/s. It can be observed from the TX spectrum that
the low-frequency part of the data is suppressed by the TX
bandwidth characteristics, causing a slight degradation of the
EVM. The wide total bandwidth also causes some folding
below 1 GHz, but the folded components are also suppressed
by the TX characteristics. Since the peak output power condi-
tions are considered here, the estimated average output power
is around —16 dBm. Using the same IF center frequency and

T Direct connection to waveguide.

# Only OOK. % Four elements total area.

a narrower bandwidth, 16 QAM modulation scheme is also
achieved. The maximum symbol rate that satisfies the 16 QAM
required EVM is 12 GBd (48 Gb/s). The IEEE 802.15.3d
channels were also evaluated and Fig. 26(a) shows the results
of two channels. Ch. 66, which has a wide bandwidth of
25.92 GHz, can provide a symbol rate of 21.12 GBd con-
sidering the 0.25 roll-off factor. The EVM achieved using this
channel is around —11.5 dB, which means that the QPSK
modulation is usable with a 42.24-Gb/s data rate. Ch. 57 has a
narrower bandwidth of 12.96 GHz, and the EVM achieved that
there is —16.8 dB, so the 16 QAM is used to obtain a data rate
of 42.24 Gb/s.

The RX mode EVM performance is summarized in
Fig. 26(b). The maximum baud rate achieved is 18 GBd with
a —10.1-dB EVM at an RF center frequency of 256 GHz. The
maximum data rate achieved by the RX is 36 Gb/s. From the
mentioned results, it can be observed that the RX performance
is limited compared to the TX since the RX does not benefit
from the outphasing technique. The Hartley mode narrow
bandwidth and the limited output power of the external mixer
also cause the RX measured performance to be lower than that
of the TX. The 16 QAM modulation is also achieved at the
same RF center frequency with a 3-GBd symbol rate (12 Gb/s).
The results of IEEE 802.15.3d ch. 57 and ch. 2 are also shown;
21.12 Gb/s is achieved in ch. 57 using the QPSK modulation,
and 7.04 Gb/s is achieved using the 16 QAM in ch. 2.

To evaluate the over-the-air (OTA) performance of a single-
element-to-single-element case, two TRXs were placed on the
probe station, as shown in Fig. 27. The outphasing signals
with opposite phases are applied to the input of the first
TRX, which operates at the TX mode. The 300-GHz-band
signal is applied to the input of a 26-dBi horn antenna using
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waveguide bends and a waveguide probe. The U-like shape
makes it possible to align the antennas as the same connection
is used for the second TRX, which operates at the RX mode.
The output of the RX is observed by the oscilloscope where
the 90° phase shift and the combining take place. Different
signal generators are used for the TX and RX to calibrate the
image cancellation by shifting the down-conversion frequency.
The maximum data rate achieved over an estimated distance
of 3.5 cm between the phase centers of the horn antennas
is 16 Gb/s. The TX-to-RX performance is limited compared
to that of separate TX and RX performance due to the better
external mixer characteristics and the additional path loss in
the TX-to-RX measurement.

The beam pattern of the four-element phased array was
measured using the setup in Fig. 28(a) and (b). A simple
chip-to-waveguide transition was attached to a single-element
RX so that a receiving horn antenna can be connected, and
the down-conversion of the radiated signal can be performed.
However, the resulting high insertion loss of the transition
causes a large drop in the received signal, so a compen-
sating III-V semiconductor amplifier [72] was attached. The
unknown transition loss, the large losses at the IF side caused
by the external divider network and the long PCB lines, and
the lack of a reliable 300-GHz source for calibration made it
very difficult to perform an EIRP measurement with correct
results, so the EIRP values are not presented in this article.
The mentioned packaging and measurement limitations also
resulted in omitting the throughput measurement results of the
phased-array configuration. Considering the array dimensions,
the 2.5-cm separating distance shown in Fig. 28(a) is larger
than the 1.6-cm Fraunhofer distance. Hence, it is in the far
field of the array. However, considering the 5.5-cm Fraunhofer
distance of the horn antenna, the array is in the Fresnel
region of the horn. Therefore, the horn antenna gain is several
decibels lower than the far-field 26-dBi gain indicated in
Fig. 28(a). The measured beam is shown in Fig. 28(c). The
steering range in the H-plane of the Vivaldi antennas covers
the angles from —18° to 18°. The scanning angle range
is limited by the narrow Vivaldi antenna pattern since the
total array directivity is calculated by multiplying the element
pattern by the array factor. Larger phase shifts between the
adjacent elements will result in low radiated power values
that cannot be properly measured for pattern evaluation. The
LO phase shifter configuration required for a certain beam
angle when the array operates at the RX mode is expected
to slightly differ from the configuration used in the TX mode
considering the different phase mismatch conditions. However,
the scanning range does not change since it is dominated by
the single-element antenna pattern.

In Table I, this work is compared with several
state-of-the-art 300-GHz-band TRXs. The bi-directional archi-
tecture reduces the area considerably and the mixer-
distributed-amplifier combination contributes to the very wide
operating bandwidth.

VI. CONCLUSION

In this work, a 30-GHz-band CMOS bi-directional four-
element phased-array TRX is introduced. The outphasing
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technique is used to overcome the low output power issue
of the bi-directional subharmonic mixer in the TX mode. The
flexible phase generation enables several additional features,
including LOFT cancellation (TX and RX) and image rejection
(RX). The TX and RX achieve 26- and 18-GBd symbol rates,
respectively. The stacked Vivaldi antenna structure makes it
possible to have a good beam steering range as the antenna
pitch can be close to Aop/2 at the RF band. The measured
beam pattern demonstrates a coverage from —18° to 18° in
the H-plane of the stacked Vivaldi antennas.
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