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Abstract—This article presents a bits-to-antenna wireless
transmitter (TX), fully integrated in 45-nm CMOS SOI, capa-
ble of surpassing 100-Gb/s data rates. The unique method of
directly forming the 64QAM constellation within the RF domain,
using three QPSK sub-TXs with controlled amplitude weighting,
effectively mitigates the complications introduced by power
amplifier (PA) nonlinearity in high-order modulations. This
strategic approach opens avenues for significant enhancements
in bandwidth and output power. This article further explores
additional advantages of this TX design, such as local oscillator
(LO) leakage suppression and improved output power, while
going through the specifics of circuit block implementations. With
a 40-GHz RF bandwidth, the RF-64QAM TX prototype achieves
a measured data rate of 120 Gb/s with an effective isotropic
radiated power (EIRP) of 16 dBm.

Index Terms— 6G, FutureG, mm-wave, RF-64QAM, sub-THz,
transmitter (TX).

I. INTRODUCTION

G AND FutureG [1] ambitiously aim at achieving data

rates in the realm of hundreds of gigabits per sec-
ond (Gb/s), setting the stage for a transformative leap in
data transmission technologies [2]. This vision draws atten-
tion to the wide contiguous bandwidth residing within the
(sub-)terahertz (THz) spectrum [3] and uses higher order
modulation schemes as key enablers for significantly higher
data rates by enhancing spectral efficiency. However, the quest
to surpass 100-Gb/s data rate with traditional transmitters
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(TXs) encounters formidable challenges, particularly those
associated with power amplifier (PA) design. The obstacles
include degradation in power efficiency and error vector
magnitude (EVM) stemming from PA nonlinearities, such
as A.M.—A.M. and A.M.—P.M. distortion. These challenges
become more pronounced with higher order modulations
(e.g., 64QAM) having higher peak-to-average power ratio
(PAPR), where PA nonlinearity precludes full saturation oper-
ation, compromising the TX output power. Such constraints
are particularly serious at mm-wave frequencies bounded
by the device fnux and Gp.x. The RF power-digital-to-
analog-converter (power-DAC) approach, aimed at resolving
efficiency degradation by activating DAC segments associ-
ated with specific constellation points, leverages the discrete
power-level nature of digital modulation to maintain high
power efficiency [4]. However, attaining the necessary signal-
to-noise-and-distortion ratio (SNDR) for wideband, higher
order modulation at mm-wave frequencies remains a signif-
icant hurdle. The widely adopted stack-up topology of RF
power-DAC cells confronts challenges in its applicability for
wideband design [5], [6]. In addition, the issue of clock skew,
which stems from the need to synchronize delays across DAC
segments becomes more severe at sub-THz frequencies [4],
casting doubts on its practical viability.

In addressing these complex issues, our recent analysis
suggests that the power-backoff issue encountered in PAs
when amplifying signals with high PAPR can be substantially
alleviated through the concurrent execution of symbol gen-
eration/formation and upconversion in the analog/RF domain
[7]. A case in point is the construction of a 64QAM signal
using three QPSK signals with magnitude ratios of two,
as demonstrated in Fig. 1 [8]. This approach, enabling each PA
to process a constant-envelope RF signal, not only circumvents
A.M.—A.M. and A.M.—P.M. distortions but also fundamentally
avoids power efficiency degradation due to power back-off
of high-order modulation. Thus, the PA design complexity is
reduced from a multidimensional problem to a more man-
ageable 3-D focus on bandwidth, Py, and stability, enabling
new PA design methodologies at sub-THz frequencies [9].
Furthermore, it is established that N QPSK signals with
identical EVM will generate a 4YQAM signal with the same
EVM [7], [10].
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Fig. 1. System architecture of the proposed RF-64QAM TX (the depicted GCPW lengths are for illustrative purposes only).

Leveraging its notable advantages in output power, linearity,
and EVM, the direct-RF modulation method, referred to as
RF-64QAM, is used to generate 64QAM signals at sub-
THz frequencies. Fabricated in the 45-nm CMOS SOI, the
RF-64QAM prototype demonstrates the first fully integrated
sub-THz TX integrating all critical stages of the digital/mixed-
signal/analog/RF chain from bits and symbols’ generation
circuits to the antenna, showcasing a wirelessly measured
data rate of 120 Gb/s. This article offers a complete study
of the RF-64QAM TX, covering design consideration and
over-the-air measurement: Section II presents the system-level
architecture and foundational design principles. Section III
investigates the design considerations and implementation of
critical circuit blocks. Section IV details the measurement
setups and presents results from the TX prototype. Finally,
Section V summarizes key contributions of this work.

II. SYSTEM-LEVEL CONSIDERATIONS

A. System Architecture

From a system-level perspective, decomposing 4¥ QAM into
N QPSK sub-TXs relaxes the TX output power and linearity
tradeoff, while streamlining the overall design process. The
TX power efficiency is maximized through minor adjustments
in bias conditions and power supply voltages for the circuit
components. In addition, this architecture significantly boosts
the TX reconfigurability. Specifically, through the selective
deactivation of sub-TXs, it facilitates a straightforward con-
version of the RF-64QAM TX into either an RF-16QAM
or a QPSK TX, while maintaining high power efficiency.
This feature renders the TX highly adaptable to meet diverse
communication needs.

The RF-64QAM TX architecture, as shown in Fig. 1,
revolves around three QPSK sub-TXs that share iden-
tical circuit blocks to ensure uniformity and scalability,
while simplifying the design process. The output power is
fine-controlled by adjusting the dc bias conditions of the
three PAs, enabling distinct output saturation power (Pgy)
levels with a 6-dB difference (Fig. 1), while maintaining high
power-added efficiency (PAE). A key aspect of the design is
the carrier synchronization and baseband signals’ phase align-
ments among the three sub-TXs, through a carefully laid-out
transmission-line-based distribution network and a calibration
receiver (RX) with detailed synchronization methods to be
elaborated later in Section II-B.

The on-chip local oscillator (LO) chain takes the external
30-GHz single tone and boosts its frequency to 60 GHz using
an on-chip doubler whose output is then fed to Wilkinson
power splitters for distribution (Fig. 1). On the baseband side,
the chip incorporates six 2°— 1 pseudorandom binary sequence
(PRBS) generators to integrate baseband signal generation and
distribution. The dc biasing for all circuit blocks is handled by
current-steering DACs under the digital control of an on-chip
SPI controller. Fine-tuning the control parameters through SPI
enables comprehensive monitoring of on-chip dc bias voltages
via the output of an on-chip multiplexer available through a
single pad. This configuration facilitates a one-time calibration
to compensate for process, voltage, and temperature (PVT)
variations. Moreover, it enables digital calibration to correct
for amplitude mismatches among the QPSK sub-TXs and
within each IQ pair, thus enhancing the TX performance.

Focusing on each QPSK sub-TX, the 60-GHz tone emerging
from the Wilkinson splitter passes through an LO chain,
wherein the first stage is a low-pass 8-b phase shifter, with
a tuning range of approximately +10° to compensate for PVT
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variations across the three sub-TXs. The phase-shifter output is
fed to a frequency doubler and buffer/amplifier before entering
a miniaturized 90° branch-line coupler to produce IQ signals.
A pair of 120-GHz buffers then counteract the losses of the
coupler and routing, and further boost the LO signal prior to
the Gilbert-cell-based QPSK modulator. A local D-flip-flop on
the baseband signal path compensates for the PRBS routing
loss, ensuring adequate conversion gain, while switched-RC
networks provide basic pulse shaping. The output of QPSK
modulator is coupled via a transformer into a wideband PA
with a single-ended output, which finally feeds a three-way
power combiner to form the 64QAM signal.

B. Phase Synchronization of QPSK Sub-TXs

Constructing a 64QAM constellation using three QPSK
signals necessitates phase synchronization among these QPSK
sub-TXs. The relationship between EVM and phase mismatch
has been established, as follows [10]:

EVMRE-640aM,0

4|:(2Sin%2 + sin@)2 _ ZSin(’—;sin"l;"z]
- o1 (1)

where 6; for i € {1, 2} represents the phase difference between
the largest QPSK signal (QPSK3) and QPSK;. From (1), it is
deduced that for a —30dB EVM floor, 6; must be within +5°.
To meet this theoretical requirement, a three-step strategy is
used for LO and baseband phase synchronizations across the
three sub-TXs.

The first step, conducted during the design phase, aligns
phase offsets among I/Q carrier signals and synchronizes
baseband signals across the QPSK sub-TXs. Variations in
bias conditions across the three PAs lead to distinct phase
responses for each sub-TX. The resulting phase differences
are corrected by precise length adjustments of the grounded
coplanar waveguides (GCPWs) that deliver the 60-GHz LO
signal from the outputs of Wilkinson splitters to each sub-TX.
In addition, electromagnetic (EM) simulations of interconnects
carrying high-speed baseband signals from PRBS generators
are undertaken to ensure modulator input phase alignment.

The second step uses an on-chip calibration RX at the TX
output (Fig. 1) to mitigate PVT variations post fabrication.
The 60-GHz LO signal emerging from the splitter is fed to a
doubler and is used to downconvert the signal coupled from the
combiner’s output. During the calibration phase, each sub-TX
is activated one by one while the dc output BB¢, of the
calibration RX is measured. The 8-b tunable 60-GHz phase
shifter at each sub-TX input is tuned to calibrate BB¢, to a
0-V dc voltage, achieving phase alignment.

The final step targets IQ phase-mismatch corrections within
each QPSK sub-TX, using a pair of 8-b +10° phase shifters
at 120 GHz placed after the 90° hybrid coupler (Fig. I).
A one-time calibration for each sub-constellation mitigates
process-induced discrepancies, ensuring precise 64QAM sig-
nal formation.
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Fig. 2. Proposed LO leakage suppression technique in RF-64QAM TX.

C. LO Leakage Suppression

Besides the outlined advantages regarding PA linearity,
TX power efficiency, and noise reduction, as detailed in [7],
the RF-4" QAM architecture intrinsically enhances LO leakage
suppression, leading to higher TX dynamic range and linearity.
This is readily achieved by swapping the input connections
to the PAs in lower amplitude sub-TXs (Fig. 2). Assuming
uniform mismatches and parasitic couplings across the sub-
TXs, this configuration enables a reduction in total LO leakage
amplitude Ay, as expressed by

N-1

) 1
Alkg = Ae"q)(l — Z 5) for N > 2 (2)

i=1
where Ae’/?® denotes the LO leakage from the largest amplitude
sub-TX. Equation (2) reveals that the RF-QAM TX achieves

greater LO leakage suppression with higher order QAM. As N
adopts very large values, we observe

; 1
. . . [0} _
i = fim 4 (57) <0 O

This indicates that, in theory, the RF-QAM TX architecture
is capable of completely suppressing the LO leakage. In our
specific case of the RF-64QAM TX, this simple architectural
variation, as illustrated in Fig. 2, results in a theoretical 75%
(or 12 dB) reduction in LO leakage power.

III. BLOCK-LEVEL DESIGN CONSIDERATIONS
A. On-Chip Wideband Antenna

Transmitting a wideband sub-THz modulated signal directly
from a chip while maintaining signal integrity poses consid-
erable challenges. The use of wirebonding for an output port
above 100 GHz is impractical due to the significant losses
associated with bonding wires, which degrade signal integrity.
The antenna-in-package (AiP) offers a viable pathway yet
faces implementation obstacles [11], [12]. A wide variety of
substrate technologies (in terms of materials and processes)
have been used, such as high-density interconnect (HDI)
PCB using materials with low relative permittivity and loss
tangent, low-temperature co-fired ceramic (LTCC), quartz-on-
silicon, thin films on glass, wafer-level fan-out package, and
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Fig. 3. (a) and (b) On-chip antenna with backside radiation silicon lens with
simulated radiation pattern in HFSS. (c) Simulated results of antenna gain,
matching, and total efficiency.

multi-layer organic laminate [13]. These technologies offer
enhanced fabrication precision concerning linewidth, spacing,
and via size useful for optimal matching and high power
efficiency in sub-THz antennas, but come with higher costs and
longer turnaround. Feeding wideband high-frequency signals
to antennas on interposers via copper pillars or C4 balls
requires precise interface modeling to capture high-frequency
impairments induced by routing and vias. In addition, low-loss
wideband matching with 30% fractional bandwidth at sub-THz
frequencies, as mandated in this work, through heterogeneous
integration of multiple materials with different loss tangent in
an AiP structure is extremely challenging and still an open-
research problem.

Given these considerations, we opt for an on-chip antenna
solution. An on-chip antenna with an underneath ground shield
is, however, unsuitable for wideband applications due to the
substantial interlayer capacitances resulting from dense metal
stackup in CMOS process. Without a ground shield, the
antenna primarily radiates about 97% of its power into the
silicon substrate due to the significant difference in dielec-
tric constants between air and silicon [14]. Thus, we use a
back-side radiation technique using a silicon lens.

For wideband design, a helical antenna is selected for
its superior broadband characteristics compared with dipole
antennas [15], [16], [17]. The thick metal layers are used to
construct the helical antenna, spiraling down from M7 to M.
It is crucial for an on-chip antenna to have a well-defined
ground plane to prevent the radiated wave from using the
silicon substrate as a propagation medium, potentially jeopar-
dizing the functionality of the IC. To this end, a ground routing
that spirals down alongside the signal routing is implemented,
as shown in Fig. 3(b). This design secures a well-defined
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ground path for the signal, while allowing for adjustment of
multiple resonant frequencies of the helical antenna by varying
the distance between the signal and ground routes to meet
wideband design specifications. To enhance gain and ensure
electrical field continuity at the ground strips of the CPW
feed, the signal path is divided into two symmetrical sub-
spirals, enabling effective spatial power combining. Modeled
in HFSS with its diced wafer substrate and silicon lens,
the simulated radiation pattern of this antenna is displayed
in Fig. 3(a). The simulation results in Fig. 3(c) also reveal
~15-dBi antenna gain, ~70% radiation efficiency across the
100-140-GHz range, and good input matching, as indicated
by S1;1 < —10 dB.

B. Front-End Wideband Power Combining

1) Power Combining in RF-QAM Modulation: The power
combining is a crucial part of the proposed RF-64QAM TX,
serving a dual purpose, (1) it helps in the construction of
the 64QAM constellation and (2) it naturally combines the
power from several PAs in their saturation and increases the
equivalent TX saturation power, Pgeq, at the system level.
To elucidate, with Py, denoting the PA saturation power of
QPSK, Pgyeq is derived, as follows:

=

P, sat
4i

“4)

P, sateq —

Il
o

where N denotes the number of sub-TXs contributing to
4VQAM generation. For N = 3, (4) yields Pyeq =
1.3125 Py, marking a 1.2-dB improvement in equivalent sat-
uration power before any power back-off is applied. As N
approaches infinity, Pgeq asymptotically reaches

N—1
. Py 4
Psat,eq = 1\}1—r>noo Z 4i = gpsab )
i=0

As discussed below, this Py, enhancement implies that the
RF-QAM TX is capable of providing larger output power com-
pared with the conventional counterpart even when accounting
for 101g(N) dB power combining loss. Notably, by adjusting
the bias and supply voltage for each sub-TX PA, we can ensure
that the PAs always operate at Py, (the saturation power of the
ith PA sets to be Py, /4'~"), thereby maintaining their highest
drain efficiency. This observation underscores the superiority
of the proposed RF-QAM TX architecture.

The output power discrepancies between an RF-QAM TX
and the conventional counterpart necessitate quantitative anal-
ysis of the average output power. For a conventional TX, the
PA should handle an upconverted high-order modulated signal
with a high PAPR. Notably, PAPR for a 4YQAM signal is
given by [7]

3x (2N -1)
2V +1
The PA is typically required to back-off from its 1-dB com-

pression point P gg in a TX handling high-order QAM. This
requirement shapes the average output power, Py, for the

PAPR = 6)
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conventional TX, as follows:

P,

Pl dB — 101g|:

if N=1
Peony (dB) = 327 -1
conv (dB) g , otherwise.

2N +1
(N

In the proposed RF-4YQAM TX, the PA output power in
each QPSK sub-TX can extend beyond Pjgg to Pgy. The
power back-off in this architecture effectively becomes the
insertion loss from the power combiner. Assuming a classic
N-way Wilkinson balanced power combiner [18], the insertion
loss can be quantified as 101g(N) dB. Thus, the average output
power, Prr.gam, for the RF-QAM scheme is derived as

Prr.gam (dB) = Py + 101g[§(1 - 4%)} — 101g(N). ()

Fig. 4 visually shows the average output power between
RF-QAM TX and the conventional counterpart based on (7)
and (8). Recognizing that the difference between P45 and
Pg,¢ is contingent upon the linearity of PA topology, this
analysis uses benchmark examples of 1.5-, 2-, and 3-dB dif-
ferences. For the PA used in the QPSK sub-TX, the simulated
difference is 2 dB. The majority of published CMOS PAs
operating above 100 GHz demonstrate a measured difference
of 1.5 ~ 4 dB [19], [20]. Fig. 4 shows that the RF-QAM TX
achieves higher average output power for modulation orders
extending up to 1024-QAM (N < 5) even for a difference
as small as 1.5 dB. This advantage extends to 16K-QAM
(N < 7) when the difference reaches 3 dB. Notably, our
RF-64QAM TX design showcases a 2.1-dB advantage in
average output power. Moreover, since P qg point is often
higher than the actual linear region boundary of the PA [21],
mitigating the A.M.-to-A.M. and A.M.-to-P.M. effects on the
EVM floor for the conventional TX allows this advantage of
RF-64QAM to be extended to even larger N values in practice.
In addition, considering 6G and FutureG may impose stringent
requirements on the IM3 level, PAs may need to operate with a
greater back-off from P; 4, further highlighting the advantage
of RF-QAM TX. To summarize, this analysis validates that by
enabling the PA to work in its Py region for all 4¥ QAM mod-
ulations, the RF-QAM architecture fundamentally improves
the TX output power.

TLs
y—@__ X Port 2
T
Zs, N4

Fig. 5. Schematic of a conventional recombinant, in-phase power combiner.

2) Miniaturized Three-Way On-Chip Combiner: Process-
ing wideband uncorrelated signals simultaneously using three
QPSK sub-TXs necessitates a three-way combiner with excep-
tional isolation and large fractional bandwidth. Traditional
three-way Wilkinson combiners, although effective in the-
ory, do not fit planar 2-D designs due to their reliance on
A-resistors or star-resistors [22]. This challenge compels a
shift toward the adoption of a more sophisticated recombinant
power combiner structure [23], designed in a 2-D layout that
combines ten transmission lines each with one of six unique
characteristic impedances, as shown in Fig. 5. Adopting a
Chebyshev transformation for synthesis, these six impedances,
Z1—Zg, are derived

(Z, =T, (9a)
Z, =27, (9b)
7, = 2B (9c)

Y ¢
V2K
Zy=T[2+ ?(Zs —T4)] (9d)
4
2T Z¢
Zs = 9
S= 7T (%e)
_ TTLG2-K) o
T LTV2K +2- KTTs

where 7; is the Chebyshev transformer sectional impedance,
with 77 = 0912y, T, = 1.4Zy, Tz = 048Zy, Ty, =
0.36Zp, and K2 denotes the sum of the powers of Ports
2 and 4 relative to that of Port 3 [23], [24]. However, for
K? = 2 these relationships turn singular, and the necessity for
all ten transmission lines to be of quarter wavelength renders
the structure unsuitable for on-chip integration.

Efforts were made to minimize transmission line lengths
and reduce the number of lines on planar three-way combiners
at the PCB level [25], yet application to on-chip integration
remains unexplored. To tackle these challenges and tailor the
footprint of the combiner for silicon integration, we accom-
modate design flexibility by allowing the power combiner
to make up for part of the 12-dB output power difference
needed between QPSK3; and QPSK; sub-TXs. This will allow
flexibility in choosing K2. Assuming —20-dB return loss to
be satisfactory in this design, Z; is selected such that Zs and
Ze are sufficiently close to 50 €2. Pursuing this approach,
K =1.2,and Zy, = 40 2, and from (9a) this yields Zs = 44 Q
and Zg = 41.4 Q2 for this design, which achieves a reflection
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loss of —19 dB and an insertion loss difference of about 1 dB
between S3; and S>;. As Zs and Zg are close to 50 €2, this
allows for the removal of the three input transmission lines—
specifically TLg, TLg, and TL,¢, as shown in Fig. 5.

Apart from the issues related to footprint, another concern
is the range of characteristic impedances realizable by on-chip
transmission lines. Due to the complexity of the signal routings
in this TX, the GCPW has been selected as the preferred
transmission-line structure owing to its well-defined ground
return path, while providing substantial isolation from any
environmental noise that may disturb the TX output sig-
nal. However, the characteristic impedance range for on-chip
GCPW is determined by the technology specifications of the
foundry, which dictates the maximum and minimum widths
for thick metal wire routing and the spacing to lower metal
layers. This range typically spans from 30 to 80 €.

The recombinant combiner design, if followed by (9a), often
necessitates an impedance surpassing 80 2. For instance, with
Zy = 40 @ and K = 1.2 as selected parameters, Z, is
calculated to be 99.5 Q. To address this issue, the use of
serial inductances at the transmission line’s ends is identified
as an effective measure, which also aids in reducing the line’s
overall length, as shown in Fig. 6(a) [26]. The diversity in
characteristic impedances used within this combiner naturally
results in the formation of T-junctions at each connection node,
where GCPW discontinuities act as the required serial induc-
tance [27] [Fig. 6(b)]. Furthermore, a capacitor introduced at
the T-junction further shortens the length of TL,/TLj3, while
making characteristic impedance Z, to be more flexible. This
adjustment enhances the design versatility of the combiner.

Finally, TL; in Fig. 5 at the combiner output is replaced with
a —14-dB coupler—comprising a 13-fF coupling capacitor, a
50-2 isolation resistor, and an interstage matching circuit—
to realize a coupler-embedded combiner [Fig. 7(a)]. This
embedded coupling network captures a portion of the TX
output power and feeds the on-chip calibration RX, all while
exerting a negligible impact on TX performance. The loaded
capacitor together with the capacitive component resulting
from the output tapered GCPW are used to reduce the footprint
of this transmission line network [28].

The final schematic of the miniaturized coupler-embedded
combiner and its microphotograph are depicted in
Fig. 7(a) and (b), occupying 460 x 272 um? of the
die area. The simulated performance is summarized in
Fig. 7(c) and (d), demonstrating <—10-dB input matching,
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Fig. 7. (a) Schematic of a combiner with coupling port. (b) Micro-photograph
of the fabricated combiner with coupler. (c) Simulated matching performance.
(d) Simulated insertion loss, coupling, and isolation.

<—15-dB isolation, and 6-dB insertion loss across the entire
F-band together with a —14-dB coupling at carrier frequency.
This design presents the first three-way combiner integrated
in silicon.

C. Wideband PA

Sub-THz PA design in CMOS faces a significant challenge
in achieving high output power due to constraints imposed by
the process intrinsic limitations on Gyax and fiax. This work
focuses on exploring a PA topology that can achieve maximum
output power over a wide bandwidth. As outlined in Section I,
the PAs placed before the power combiner now handle QPSK
signals, enabling us to focus on improving Pg, and bandwidth,
while ensuring stability.

1) System-Level Considerations: From a system-level per-
spective, different approaches can be used for PA design
in an RF-64QAM TX to generate the three output ampli-
tudes required for the 64QAM constellation. One approach
aims for maximizing efficiency using distinct optimum drain
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Fig. 8. (a) Schematic of the PA output stage. (b) Equivalent small-signal circuit for Yy calculation, and (c) its simplified version.

impedances for each PA, resulting in three different PA
topologies. However, this introduces unwanted mismatches
between three QPSK signal paths. PAs with different loads
require different transistor sizes, making transistor mismatch
compensation more complex. To maintain consistent phase
alignment across sub-TXs, it is advantageous to use the same
active and passive components. We thus adopt the same PA
topology but with varying bias currents and supply voltages
to form 64QAM constellation, while ensuring that all three
PAs operate in saturation region for maximum efficiency.
This approach confines mismatches mainly to PVT variations
in transistors and passives. Despite different bias settings,
mismatches are minimal and calibratable.

CMOS PAs operating above 100 GHz are typically biased
in class-A or class-AB modes, as the operation near fi.x
severely reduces higher order harmonics [29]. Therefore, the
PA for the highest power QPSK sub-TX (QPSK; in Fig. 1)
was designed to operate in class-AB, while the other two PAs
operate in class-A. All the PAs consistently work in their
saturation region, reliably delivering the required power to
form a 64QAM constellation. As long as the PAs reach their
saturation power, the amplitude response remains unaffected.
As for mismatch in phase response, system-level synchroniza-
tion ensures phase alignment among sub-TXs, as detailed in
Section II-B.

One additional reason for not scaling the PA device sizes
lies in the implications on PA loadline. The combiner presents
a uniform 50-€2 impedance to all the PAs. If PAs are scaled
with different sizes but identical bias, their optimum loadline
impedances will scale accordingly. For instance, if the QPSK;
PA requires a loadline impedance of X €2 for optimal efficiency
around Py, the QPSK, PA, being half the size, would require
2X Q. This wide range of loadline impedances complicates the
matching network design, leading to narrowband operation if
high transformation ratios are needed. Since wide front-end
bandwidth is essential to minimize the impact of intersymbol
interference (ISI) effects on EVM, we first design the QPSK;
PA for good efficiency and bandwidth. For the lower power
PAs, we reuse the same PA core but reduce the supply
voltage to control Pg,. Moreover, driving the three combiner
ports with similar source impedances minimizes their impact
on isolation, further simplifying the combiner design and
enhancing performance.

2) Py, Enhancement: For the following PA discussions,
we will focus on our PA design with the largest output

power. In CMOS PA design, the maximum output power
is often constrained by the technology’s breakdown voltage.
To mitigate this limitation, we use mutually coupled gate
and drain inductors with a coupling factor k ~ 0.2 within
the common-gate transistor of the PA’s output cascode stage,
as shown in Fig. 8(a). Assuming the drain signal emerging
from the final stage is represented by A sin(wt + ®), this
mutual coupling introduces a signal at the gate with a coupling
factor of «, resulting in

Vbc2 = Vop — Vor + A(1 — a) sin(wt + ) (10)

where Vpp is the supply voltage, and Vg, is the gate bias
voltage. To avert voltage breakdown, the maximum amplitude
Amax 18 derived to be

Veo — (Vop — Vi2)

Apax = (11)
11—«

with Vpo representing the gate—drain breakdown voltage.
Equation (11) shows that given the same bias conditions, this
coupling factor o can improve Ps, without endangering the
transistor breakdown. Notably, biasing the gate at Vpp yields
Amax = (1+a) Vpo for small « values, indicating the feasibility
of achieving output voltage levels beyond breakdown-voltage
constraints set by the CMOS process.

3) Bandwidth Enhancement: The PA bandwidth primarily
determines the overall TX bandwidth, thereby influencing
the achievable data rates. The mutually coupled gate and
drain inductors L, and L, will contribute to PA’s bandwidth
enhancement, as will be proved using the small-signal analysis
of the PA’s output stage in Fig. 8(a). We adopt the 7 model for
the coupling inductances [30], while disregarding the intrinsic
parasitics within the transformer. The investigation commences
by deriving input admittance seen at the source node of the
cascode device using the small-signal equivalent circuit of
Fig. 8(b). The inductances L;—L3 are derived [30]

, L = bk =M M (12a)
— a
T LM
L _LpLoM_1-K L,L (12b)
2 = M = k pls
L,L; — M?
Ly= 2o =7 (12¢)
L,—M
where M = k(L,L,)'/* denotes the mutual inductance

between L, and L,. The equivalent inductor L, in parallel
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Fig. 10. Schematic of wideband differential PA with single-end output balun.

with Cgq can either resonate out this parasitic capacitance—
turning the gate—drain connection as an open circuit—or
render this parallel network as a negligibly small capaci-
tance. This notion leads to the simplified equivalent circuit in
Fig. 8(c). Applying KCL, the input admittance Y, is derived,
as follows:

Ix 8m2 . C s2
Y,(jo) 2 =L = £ . (13
)y S T G T LGy )
G, C,

Defining a reference resonant frequency wy = 1/(L1Cg)!/?,
(13) reveals that

G, >0, C, > Cep >0, if o < wy (14a)
Cgs2 .
G, <0, CXZ_W <0, ifw>w). (14b)
@y

where g,> and Cg represent the transconductance and the
parasitic impedance between gate and source of M5, respec-
tively. (14b) reveals unique admittance properties at high
frequencies, notably the appearance of negative resistance and
capacitance. From Fig. 8(a), we can see that this negative
resistance can neutralize the effects of large drain resistance
ro1 and the total capacitance Cyq seeing from the drain of M;.
For a special case of C, = —Cqq, the effective capacitance
seen at the intermediate node of the cascode stage is removed,
thereby increasing the bandwidth.

The mutual coupling effect introduced between the gate and
drain inductances offers distinct advantages over conventional
gain-peaking inductor techniques for bandwidth enhancement
[31]. Fig. 9 presents large-signal simulation results comparing
a standalone cascode PA operating at Pg, with the same
output loading network at the drain but under three different
configurations at the gate: without gate inductance L,, with
gate inductance L, but no coupling factor, and with gate
inductance L, and a coupling factor of 0.2. The simulations
clearly show that introducing a coupling factor helps in Cgqp
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neutralization and results in additional peaking in output power
at the high corner frequency to compensate for sharp roll-
off, thus extending the bandwidth. Furthermore, this approach
results in L; and L, values that are larger than those of L,
and L, enabling a more compact layout for inductances.' This
compactness is beneficial for increasing the self-resonance
frequency (SRF) of the transformer, an essential aspect for
sub-THz applications.

Following our analysis in [9], we adopt a transformer-based
interstage matching network for its superior bandwidth
enhancement over transmission-line designs (Fig. 10), further
augmented by stagger tuning. This approach, recently referred
to as the “hybrid matching technique” [32], [33], has gained
wide acceptance. In addition, the gain-peaking inductor tech-
nique is also used at the PA’s first stage, ensuring the wide
bandwidth of the entire design.

4) Stability: To safeguard the output stage’s stability while
maximizing bandwidth, the negative resistance seen at the
drain of the common-source device M in Fig. 8(a) [cf. (14b)]
must be designed to be smaller than the output resistance
viewed from drain node of M;. Disregarding Cgq; for sim-

plicity, this leads to
2
(&) -
= (15)

Combining (14b) and (15) establishes a critical design con-
straint

Fo1 >

w
1< — < gmroa + 1.

wo

(16)

AS guoro is usually large in amplifiers, the relationship
in (16) can be easily satisfied. A more comprehensive analysis
including the impact of Cyq; is provided in the Appendix A.

As part of the design process, we initially use the
small-signal analysis described above to establish the founda-
tion for our design parameters. We then conduct large-signal
S-parameter (LSSP) simulations in Cadence Spectre to obtain
all critical large-signal transistor parameters. These LSSP
parameters are used to replace the values in the initial
small-signal design equations. To ensure PA stability across
all operational frequencies, further validations are conducted
via large-signal harmonic balance and transient simulations at
the design stage.

An important phenomenon observed during the TX sim-
ulation is the modulation of upconverted QPSK signal by
low-frequency fluctuations on the supply rail. This unwanted
envelope fluctuation is also coupled through the transformer
to the PA input, creating an excess low-frequency offset.
This phenomenon is more notable if the LO, the mod-
ulator, the PA, and the digital components use multiple
voltage supplies. Moreover, the subsequent PA stages may
also experience common-mode stability issues due to potential
feedback formed by on-chip bypass capacitors and ground or
supply rail inductances from routing (or bondwires at low
frequency). These issues can be managed by several design
techniques. First, de-Qing the bypass capacitors will help

"Proof is shown in Appendix B.
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suppress oscillation as the instability source emerges from
within the PA [34]. Second, to reduce potential common-
mode instability, we eliminate any potential inductive coupling
between the drain and gate for the cascode device at the input
stage, contrary to the coupling factor introduced in the last
stage. This is achieved by replacing a differential inductor
at the gate of the cascode device with two single-ended
inductors [Fig. 11(a)] and shorting the biasing side of the two
single-ended inductors at the SPI-controlled DAC.

The final standalone layout of the PA, excluding the mod-
ulator output matching network, is depicted in Fig. 11(a).
The micro-photograph of the entire fabricated PA, occupying
an area of 300 x 113 um?, is shown in Fig. 11(b). Post-
layout simulation results indicate a saturation power (Pgy)
exceeding 9 dBm and a 3-dB bandwidth surpassing 40 GHz,
as shown in Fig. 11(c). LSSP simulation confirms k > 1 across
F-band, as illustrated in Fig. 11(d), demonstrating uncondi-
tional stability of the PA.

D. Frequency Doubler and LO Chain

As described in Section II-A, the TX uses an off-chip
30-GHz signal for the LO input, enabling on-chip generation
of a 120-GHz signal via two doubler chains. Due to the
topological similarities between these chains, only one is
illustrated for the sake of brevity. As depicted in Fig. 12(a),
the configuration includes a 30-GHz buffer, a doubler, and
a 60-GHz buffer. The use of a cascode topology for each
LO buffer ensures stability and sufficient output power, while
the inclusion of thick-oxide NMOS transistors in the 30-GHz
buffer stage enhances the design’s durability.

The design reliability is further enhanced by a carefully
designed matching network, which integrates 30-GHz ESD-
protected input pads and uses tapered GCPW routing with
a transformer matching network. This approach effectively
mitigates capacitive effects of ESD diodes, ensuring robust
transfer of the off-chip LO signal into the chip. The efficacy
of the matching network is demonstrated by the simulated
input matching shown in Fig. 12(c), where S;; < —10 dB is
achieved across the 27.5-34-GHz range.

Given the power-hungry nature of the LO chain in the
TX design, a multiport waveform shaping technique has
been adopted to significantly improve power efficiency [35].
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(a) Layout of a wideband PA. (b) Microphotograph of the fabricated PA. (c) Simulated Pgy, PAE, and (d) stability k-factor.
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Fig. 12. (a) Schematic of LO doubler and buffers. (b) Layout of LO doubler
and buffers. (c) Simulated Sj;. (d) Simulated S, and total efficiency.

As shown in Fig. 12(a), this doubler achieves zero dc power
by biasing the gate of a cross-coupled NMOS pair at dc 0 V
(class-C operation regime [36]). This multiport doubler is then
connected to an additional buffer stage to ensure a satisfactory
output power level to be able to drive the subsequent stages.
Fig. 12(b) shows the detailed layout of the 30-GHz LO doubler
chain, featuring ground grid distribution and localized bypass
capacitors and occupies an area of 470 x 164 um?. The total
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efficiency” of this doubler chain, peaking at 11.5% at 60 GHz,
is shown in Fig. 12(d). The 60-GHz LO output port exhibits
S < —10 dB across the 56-64-GHz range and provides
a >10-dBm power ready to be distributed to three QPSK
sub-TXs through GCPW and Wilkinson-splitter network.

One question that may raise is why we opted to replicate the
entire LO chain from 60 to 120 GHz for each sub-TX rather
than using a 1:3 split after 120-GHz signal generation. While
this approach may save chip area by reducing the number of
doublers and buffers, the benefit is marginal, as multi-stage
amplifiers and buffers at 120 GHz would still be required.
Our decision to replicate the full LO chain is driven by
several critical factors: First, f.x/Gmax constraints of the
technology significantly limit the available LO signal power
when fewer amplifiers or buffers are used. Second, calibrating
phase at 120 GHz would require doubling the tuning range
of the phase shifter to maintain calibration effectiveness.
However, varactors at this frequency exhibit limited Q-factors,
potentially resulting in insufficient power to drive subsequent
stages. Finally, the varactors are modeled with active device
parameters, and at frequencies above 100 GHz, these models
become less reliable. Considering these challenges, replicating
the entire LO chain for each sub-TX offered the most robust
and reliable solution.

E. LO IQ Generation

The 120-GHz LO IQ generation circuit, detailed in
Fig. 13(a), comprised a 90° branch-line coupler followed
by a phase shifter for 1Q calibration and 120-GHz buffers.
In conventional designs, IQ branch-line couplers necessi-
tate quarter-wavelength routing on each side, which poses
challenges within our system-level architecture. The critical
concern arises from the long transmission line length in the
vertical direction, 6,, which determines the vertical length of
the entire QPSK sub-TX. This, in turn, directly influences the
routing length from the PA output to the power combiner. The
insertion loss incurred by this routing critically affects the total
output power Py of the TX. To address these constraints
and optimize the system design, unequal line lengths in the
couplers have been used [37], in which the vertical length
is determined by 6, = arcsin(Zy/Z,), where Z, is the
characteristic impedance of the vertical branch line and Z; is
the reference impedance which is normally 50 2. Increasing
Z, will reduce the routing length 6,. A loaded capacitor at
both ends of the transmission line is also introduced to further
reduce the length while adding another degree of design
freedom [Fig. 6(a)] [38].

To address PVT variations and IQ phase mismatches, a low-
pass phase shifter using a 60-pH inductor and a PMOS
varactor was developed, offering a 10° tuning range. This
grants phase alignment for the IQ calibration process men-
tioned in Section II-B [Fig. 13(a)]. In addition, a 120-GHz
buffer post-phase shifter balances LO amplitude across each
IQ path at its saturation while providing ample power to drive
the modulator. This pair of identical buffers when working at

P, out

Pyc + P;

2Total efficiency notal = x 100%.
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Fig. 13.  (a) Schematic of IQ clock generation. Simulated performance of

the IQ branchlike coupler: (b) reflection loss, (c) insertion loss, and (d) phase
difference. (e) Microphotograph of the fabricated IQ clock generation block
(excluding buffers).

its saturation also ensures the amplitude balance in 1Q paths.
The microphotograph of the 90° branch-line coupler and the
phase shifter is shown in Fig. 13(e) which occupies an area of
326 x 274 um?. The simulated performance of the branch-line
coupler is shown in Fig. 13(b)—(d), demonstrating a matching
of <—10 dB for the 102-140-GHz range, an insertion loss of
3.6 dB, and —90° phase difference at the carrier frequency
of 120 GHz.

F. PRBS Generation

To fully exploit the capabilities of our TX and ensure
a thorough evaluation of baseband signal distribution and
upconversion, we designed an on-chip high-speed 2° —1 PRBS
generator to maintain uniformity in constellation distribution
while conserving hardware resource overhead. Each QPSK
sub-TX uses a pair of PRBS blocks in its I and Q paths,
necessitating six uncorrelated PRBS bit streams, namely, B(0)
to B(5). Traditional methods to generate uncorrelated PRBS
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sequences by modifying XOR input locations within the linear
feedback shift register (LFSR) loop (red wires in Fig. 14) are
constrained by the number of registers, permitting a limited
number of permutations in configuration. This limitation main-
tains a high correlation between adjacent bit streams, B(i) and
B(i +1).

To address this challenge, we propose to delay the cyclic
pattern by T; = [(2™ —1)/K | - Tprgs bit periods to minimize
the correlation between B(0) to B(K — 1), where M is the
PRBS order, K is the total number of bit streams, Tprps is the
PRBS clock period, and |-] denotes the floor function. Fig. 14
demonstrates the proposed PRBS generator, where for clarity
and simplicity, only B(0) and B{(1) are shown. To start this
PRBS generator, an off-chip RESET signal brings all six LFSR
loops to a synchronized logic zero state. Referring to Fig. 14,
this RESET signal is processed by timing logic circuits to
generate SET(0) to SET(5) to initiate six LFSR loops, where
T, is generated by a counter driven by CLKpgrps. Upon gen-
eration, B(0) to B(5) are routed through a transmission-line
distribution network to each sub-TX in pairs, synchronized
with the clock signal. The entire distribution network was
modeled in Sonnet to guarantee the simultaneous arrival of all
six bit-streams and synchronization of the three local PRBS
clocks. Before integration into the modulator, each B (i) passes
through a DEMUX-MUX network, which includes local D
flip-flop buffers. Controlled by SPI, this network facilitates
pulse shaping via a switched-RC mechanism and provides an
off-chip testing pin, enabling quadrature upconversion sensing
a single carrier for characterization of image-reject ratio (IRR).
This PRBS design method ensures the bit streams are highly
uncorrelated, allowing for the reuse of the LFSR loops.

IV. MEASUREMENT SETUP AND RESULTS
A. PCB Design and Chip Assembly

Fabricated in a 45-nm CMOS SOI process, the TX die
photograph is depicted in Fig. 15, occupying an area of

Timing Logic Set<t> 5+
To next Timing Logic ~ &
block for B<2>
CLKrrss

Fig. 15. Micro-photograph of the bits-to-antenna RF-64QAM TX chip.

4.5 x 2.8 mm?2. To realize the backside radiation, careful con-
sideration was given to both the PCB design and the assembly
process. At the outset, a hyper-hemispherical high-resistivity
float-zone silicon (HRFZ-Si) lens with a 12-mm diameter was
selected to enhance backside radiation. A fused silica wafer
was diced into square tiles of 1.5 x 1.5 cm?, where each tile
served as the substrate for assembly. As depicted in Fig. 16(a),
a three-dielectric-layer PCB was engineered to evaluate the
chip’s performance. The foundational dielectric layer uses a
1.6-mm-thick FR-4, chosen for its durability and resistance
to thermal deformation, thus minimizing warping during the
PCB assembly and chip-bonding process. The incorporation of
the chip, approximately 300-um-thick, introduced challenges
in wire bonding due to the requirement for <0.2-mm height
difference between the bonding interfaces.> To address this
challenge, a Rogers RO4350B material of 0.1-mm thickness,
featuring 0.50z copper on the top and bottom sides, was
adopted as the top layer. This arrangement, matching the chip’s
thickness and including a 4.8 x 3.1 mm? cavity [Fig. 16(b)],
ensures the chip can be positioned within the cavity, aligning

3This requirement may differ among various packaging companies.
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with the electrical characteristics projected in simulations.
The choice of RO4350B material, with its dielectric constant
€, of approximately 3.6 at 30 GHz, supports good input
impedance matching at mm-wave frequencies. An intermediate
FR-4 layer enhances the PCB’s layout flexibility for dc and
low-frequency signal routings. The design’s feasibility and
structural integrity were verified through SolidWorks model-
ing, with dimetric views from both the front and back sides
presented in Fig. 16(c). Non-conductive epoxy (EPO-TEK
353ND) with an ¢, of about 3.2 was used to stick the silica
wafer to the chip, PCB, and silicon lens. A cross-sectional
view in Fig. 16(a) demonstrates the complete assembly of the
TX system.

B. Measurement Setups and Results

1) Continuous-Wave Measurements: A continuous-wave
test was conducted on the chip, mounted on a 3-D rotatable
holder at a distance of 10 cm, to evaluate the TX radiation
pattern at the carrier frequency of 120 GHz, as depicted in
Fig. 17. A Rohde & Schwarz SMA100B sent a 30-GHz signal
to the chip as the LO input. A Keysight arbitrary waveform
generator (AWG) generated a low-frequency single-tone signal
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Fig. 20. Downconverted zero-IF spectrum of 1-GBd QPSK signal.

to act as the on-chip baseband signal, bypassing the PRBS
generator in all continuous-wave tests. The received power
was measured using a VDI/Erickson PM5B power meter,
connected through a waveguide taper from WR10 to WRS8.0
(WRS8.0TA). The free-space path loss (FSPL) was estimated
by the Friis formula [39]

FSPL (dB) = 201g(d) + 201g(£.) + 20 1g(4—”) (17)
C

where d is the distance between TX and RX, f, is the carrier
frequency, and c is the speed of light. In this setup, the FSPL
was calculated to be 54 dB at 120 GHz. The measured power
from PMS5B varied between —14 and —13 dBm in multiple
test runs. Accounting for the 24-dBi standard gain of the
horn antenna and the reported loss of 0.2 dB of WRS8.0TA
by VDI, this translates to a worst case measured effective
isotropic radiated power (EIRP) of 16 dBm. A rotatable
holder, shown in Fig. 17, enabled 3-D rotation of the TX for
comprehensive radiation pattern measurement. The measured
normalized radiation pattern results, displayed in Fig. 18,
closely follow the simulation results in HFSS.
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TABLE I
COMPARISON OF THE PROTOTYPE WITH STATE-OF-THE-ART

13

This Work [40] [41] [10] [42] [43] [44] [45]
Technology 45nm SOI 28nm CMOS | 22nm FinFET | 180nm SiGe | 45nm SOI | 16nm FinFET | 45nm SOI | 22nm FD-SOI+InP HBT
Architecture Direct Mod. Direct Mod. 1/Q DAC Direct Mod. 1/Q DAC 1/Q DAC 1/Q DAC 1/Q DAC
Integrated Integrated Integrated Integrated External External External External
D/Alnterface 1-bit 1-bit 2-bit 1-bit AWG AWG AWG AWG
Modulation 64QAM 16QAM 16QAM 16QAM 64QAM 16QAM 64QAM 64QAM
Carrier
Frequency (GHz) 120 135 140 115 149 109,135 143, 152 149
On-chip . . . . PCB
Antenna +Silicon Lens Off-chip - Off-chip Off-chip Off-chip +Flat Lens LTCC
EIRP (dBm) 16 8 - N.M. 83 N.M. 16.4 27.5
Pout (dBm) 1.4 0 0.8 0.1 -5 -9.6 20.5
DR (Gbps) 120 32 160 20 84.48 120 57.6 30
Pdc (mW) 880 287 173 520 420 584.5 1580 760
Eff. (pJ/bit) 7.33 9 1.1 26 4.97 4.87 27.4 25.3

N.M.= Not mentioned.

* Insufficient SQNR for practically attainable EVM and INL/DNL. [7].
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Fig. 21. Downconverted 64QAM spectrum for 8, 16, and 20 GBd.

Hartley modulator tests were also performed on the TX by
transmitting 1Q single-tone signals from Keysight M8195A
AWG and bypassing the on-chip PRBS block. To verify our
LO leakage suppression concept, Hartley tests were conducted
on both QPSK; sub-TX and the entire 64-QAM TX. The

TNo wireless meaurement.

Fig. 22.

Setup for real-time oscilloscope measurement.

outcomes, including LO leakage and the 64-QAM TX IRR, are
depicted in Fig. 19. An exemplary down-converted spectrum®
is shown on the left side of Fig. 19. From the results in
Fig. 19, it is evident that the proposed LO leakage cancellation
technique enhanced the overall LO feedthrough by 7 ~ 10 dB
in the RF-64QAM scheme in comparison to a single QPSK
sub-TX. Moreover, the measured IRR for this prototype is
>32 dB.

2) Modulated-Signal Measurements: As discussed in
Section III-D and illustrated in Fig. 12(d), our LO chain
design prioritizes power efficiency over bandwidth expansion.
This design choice precludes the possibility of evaluating our
TX bandwidth by sweeping the LO signal across the entire
RF spectrum. Instead, we adopted an alternative approach
for bandwidth measurement, inspired by the methodology
presented in [41]. By activating only a single sub-TX and
transmitting a 1-GHz PRBS signal, we were able to assess
the TX bandwidth. The measured QPSK spectrum in Fig. 20,

4A signal at 14 120 = 121 GHz was down-converted by a signal of 9.8 x
12 = 117.6 GHz from the VDI signal generator frequency extender.
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which is captured after the signal downconversion to the
baseband, shows a 3-dB drop at 20 GHz from the ideal sinc
function, indicating a 40-GHz RF bandwidth. This measured
RF bandwidth corresponds to a 20-GHz baseband bandwidth,
theoretically allowing up to 40 GBd for the system, which
translates to 240 Gb/s for a 64QAM signal. However, our
measurements capped the data rate at 20 GBd, and the reasons
for not achieving higher rates are multi-faceted: First, the
PRBS generator was originally designed for a maximum
of 20 GBd. While simulations suggested overdriving it with
a higher Vpp could extend its capability to 25 GBd, practical
challenges such as /R drops and self-heating prevented the
PRBS chain from functioning effectively at higher rates. Sec-
ond, inadequate bypass capacitances on certain CML buffers
along the PRBS signal path led to vertical eye closure at higher
data rates, exacerbated by increased “switching noise” at Vpp.
This issue became more pronounced with higher modulation
orders, such as 64QAM. Finally, the lack of advanced on-
chip pulse-shaping hardware further constrained performance.
The current implementation, relying solely on basic RC filters
without DSP support, was insufficient to fully mitigate ISI at
higher data rates.

Fig. 21 displays the measured spectrum at 30-cm TX-RX
distance for the downconverted 64QAM signals at 8, 16,
and 20 GBd, captured using a Rohde & Schwarz FSVA40
signal analyzer. For the proposed PRBS pattern of 2° — 1, the
beating frequency difference Afp is derived to be

/8D
A =
/B 31

(18)

where fpp represents the baud rate of the baseband signal.
Accordingly, we anticipate Afp to be 15.66, 31.31, and
39.1 MHz for baud rates of 8, 16, and 20 GBd, respectively.
The right side of Fig. 21 provides a zoomed-in view of the
spectrum, confirming our expectations. In addition, a 3-cm
wireless link measurement was performed by downconverting
the signal through an F-band balanced mixer, followed by
demodulation using a Keysight DSAV334A 33-GHz real-time
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Fig. 24. Power breakdown for the RF-64QAM TX.

oscilloscope for eyediagrams and a Tektronix DPO77002SX
70-GHz ATI performance oscilloscope for real-time data
capture and processing for constellation and EVM analy-
sis (Fig. 22). The limited transmission distance is primarily
due to significant path loss at this carrier frequency further
exacerbated by the absence of a low-noise amplifier in the
off-the-shelf RX, the integrated noise across a 40-GHz RF
bandwidth, and the sensitivity constraints of the wideband
oscilloscope. These factors are critical for achieving a dis-
cernible eye-opening for the 64QAM signal. The measured eye
diagrams for QPSK (using QPSK; sub-TX alone), 16QAM
(using both QPSK; and QPSK, sub-TXs), and 64QAM,
obtained through the oscilloscope’s internal continuous-time
linear equalizers (CTLEs) and baud rate decision feedback
equalizers (DFEs), are displayed in Fig. 23. Up to 40taps of
DFE were used to recover 20-GBd 64QAM signals primarily
to cancel out the unavoidable group delay variation and
channel frequency response and cable-loss on the RX side.
The distinct eye-openings at 48 and 120 Gb/s affirm the per-
formance of the proposed RF-64QAM TX. Furthermore, the
equalized 64QAM constellation diagram at 120 Gb/s exhibited
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an EVM,,; of —18.6 dB. A comprehensive performance
summary of the RF-64QAM prototype alongside a comparison
to the state-of-the-art is presented in Tablel, and a power
breakdown is shown in Fig. 24. This prototype represents a
complete fully integrated bits-to-antenna 64QAM TX capable
of >100 Gb/s transmission, paving the way for next-generation
wireless communication.

V. CONCLUSION

A comprehensive CMOS single-chip solution for >100-Gb/s
64QAM tailored for 6G applications is presented. The F-band
RF-64QAM TX prototype was fabricated in the 45-nm CMOS
SOI. The demonstrated performance showcased 120-Gb/s
wirelessly measured data rate with an EVM,,,s of —18.6 dB.
The measured EIRP was reported to be at approximately
16 dBm, coupled with a power efficiency of 7.3 pJ/b. In addi-
tion, this TX successfully achieved an LO leakage cancellation
of over 7 dB, further enhancing the overall performance of the
system.

APPENDIX A
STABILITY DISCUSSION WITH CONSIDERATION OF Cgpi

If we consider Cgq1 for M, the input impedance of M; can
be expressed as

(A1)

. . 8m1 + Yx
Yin = ]a)Cgsl + ]ngdl( )

Y, + jowCgq
Here, Y, is as defined in (13). Ensuring unconditional stability

of the amplifier requires the real part of Y;, to be positive,
leading to

(Cx + ngl)(gml + Gx) > GxCx- (AZ)
This condition introduces another design constraint
m1 C m2C
2> 1+g1 gsl+g2 gdl. (A.3)
o &m1Cedl

Combining with (16), we derive a comprehensive design
guideline for PA stability

m1Cas1 + gm2C
J1 oot 0 forsy

&m1Cyual N

(A4)

Equation (A.4) outlines a more detailed constraint for ensuring
the stability of the PA in the design process.

APPENDIX B
7-MODEL INDUCTANCES FOR WEAK COUPLING CASE

In this appendix, we aim to demonstrate that in a 7-model
of a transformer, all the inductances exceed the original values
of the two coils when these are weakly coupled. This insight
is particularly valuable for designers working at sub-terahertz
frequencies, where inductor size or SRF could be design-
limiting factors.

Given the w-model inductance values as outlined in (12),
we define weak coupling as the condition where the mutual

inductance M < min(L,, L,). Examining the difference
between L; and L,, we derive

M(L,— M)
Similarly, for L3 compared with L, we have
M(L; — M)
L;—Li=——->0. (B.2)
L,-M

Equations (B.1) and (B.2) confirm that L; and L3 in a 7-
model are invariably larger than the original values of the two
coils, suggesting that by strategically tuning L,, the inductor
footprint can be made more compact and the SRF of these
inductances could be increased, which is beneficial for sub-
terahertz designs.

To assess L,, we examine the function f(k) = (1 — k?)/k
and its first-order derivative

df 1

= e =0
which holds true for all possible k& values. And from (12b),
we know that L, = f(k)(L ,,Lx)l/z, will increase if k gets
smaller. Given practical constraints at sub-THz frequencies,
including skin and proximity effects as well as parasitics
inherent to the technology, k generally remains below 0.6.
This results in L, > 1.067(L ,L;)!"/? across the board for sub-
THz designs. Specifically, for our case that k >~ 0.2, L, is
roughly four times larger than the root average of individual
inductances.

(B.3)
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