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A 289-301 GHz amplifier with 18-dB gain in 28-nm CMOS
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Abstract: Traditional terahertz amplifiers are highly dependent on compound semiconductor processes such as
InP, which suffer from high costs and limited integration ability. In contrast, CMOS processes offer advantages
in low cost and high integration. However, they face multiple challenges in the terahertz band, resulting in a scar-
city of reported high-performance CMOS terahertz amplifiers. To break through the bottleneck of terahertz chip
design in CMOS processes, this paper proposes a terahertz amplifier architecture based on the periodic stabiliza-
tion technique. This technique enhances the gain at high frequencies while moving the input impedance of each
stage into the stable region of the preceding stage at lower frequencies. It also absorbs unavoidable conductor loss-
es into the stabilization network, effectively boosting the overall system gain performance and guaranteeing the
overall stability. Multiple amplifier variants were fabricated in a 28-nm CMOS process. AMP1 achieves a peak
gain of 18 dB at 300 GHz with a 3-dB gain bandwidth of 289 - 301 GHz. To the authors’ knowledge, this is the
first reported amplifier implemented in a 28-nm bulk CMOS process operating at 300 GHz, demonstrating a com-

petitive operating frequency.
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Introduction

With the rapid evolution toward sixth generation
(6G) wireless systems, the terahertz (THz) band (0.1
- 10 THz) has emerged as a crucial frontier. The mas-
sive bandwidth available in this spectrum is indispens-
able for accommodating future applications such as ultra-
high-speed terabit-per-second (Tbps) communications,
high-resolution imaging, and integrated sensing .
However, overcoming the severe free-space path loss at
these frequencies heavily relies on high-performance sol-
id-state front ends. In the RF front-end, the power ampli-
fier (PA) and low-noise amplifier (LNA) serve as the
primary bottlenecks for system efficiency, communica-
tion range, and signal-to-noise ratio """,

For years, terahertz amplifiers have primarily relied
on advanced processes such as InP and GaN. While
these technologies offer superior high-frequency capabili-
ties and high output power, their inherent incompatibility
with dense digital baseband circuits, coupled with exor-
bitant manufacturing costs, significantly hinders their po-
tential for commercialization. Consequently, extensive
research has shifted toward low-cost, highly integrated
silicon-based solutions. Early silicon-based designs were
severely constrained by the maximum oscillation frequen-
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cy (f..). A significant breakthrough occurred with the
introduction of the high performance SiGe process ',
sparking a proliferation of high-performance THz SiGe
chips. For example, a 200-255 GHz PA was reported "~
and the Doherty architecture was also successfully intro-
duced to the THz band for the first time with high back-
off efficiency . With the latest SiGe process, recent
works have demonstrated PAs """ and LNAs "* operating
well beyond 300 GHz, exhibiting the tremendous poten-
tial of silicon at THz frequencies. Compared to SiGe,
standard bulk CMOS processes offer unparalleled integra-
tion capabilities and much lower cost. Thus, extensive
research has focused on developing low-cost CMOS-

based THz amplifiers tisd bl sk el L) LS g recent
years.

However, the limited f,, of CMOS transistors poses
a major challenge in designing CMOS amplifiers over 200
GHz. The theoretical foundation for overcoming this gain
limitation dates back to the 1950s, when S. Mason pro-
posed the maximum unilateral gain (U) ""*';

|Y21 - Y12|2
U= (D)
4[R€(Y11)R€(Y22)_ Re(YIZ)Re(YZI)]

Subsequently, A. Singhakowinta and A. Boothroyd
derived the maximum available gain (G,,,) in 1964 by
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embedding the transistor in a passive, lossless, recipro-
cal network '

G =2U - 1+2JU(U - 1). (2)

In 2013, based on the above gain-boosting theories,
the operating frequency of CMOS amplifiers was first
pushed to 260 GHz by embedding the transistor in a four-
port passive, lossless, and reciprocal feedback network
2 Over the subsequent decade, numerous studies fo-
cused on enhancing gain and bandwidth I
1ol U7 Despite these pioneering efforts, contemporary
high-frequency CMOS amplifiers still face significant
challenges. To guarantee stability, the conventional G,
approach rigidly enforces a stability factor (K,) equal to
1. This enforcement inevitably results in a high quality-
factor, which strictly limits the fractional operating band-
width and introduces substantial insertion loss in the
matching networks. Furthermore, most existing wide-
band designs still only cover a few tens of GHz, failing to
fully exploit the ultra-wideband advantages of the THz
spectrum. The conventional approach also focuses solely
on the amplifier core, neglecting the loading effects of ad-
jacent stages, and requires precise tuning that is highly
sensitive to inaccurate transistor models at THz frequen-
cies.

s

To address these challenges, this paper demon-
strates a periodic stabilization technique that can reduce
the stability factor in some frequency band of single stage
amplifier core to below 1. Moreover, the bandwidth deg-
radation associated with the conventional trade-off be-
tween gain and stability can also be relaxed. A
300 GHz prototype THz amplifier is demonstrated us-
ing a 28-nm bulk CMOS process. Four additional design
variants with tuned parameters were included on the
same die to assess sensitivity to model uncertainty.

Circuit Implementation

The architecture of the proposed periodically stabi-
lized amplifier is shown in Figure 1, featuring a 12-stage
periodically stabilized gain-boosting (PSGB) amplifica-
tion core. A compact transformer balun at the input and
a Marchand balun at the output provide broadband single-
ended-to-differential conversion and matching. A low-im-

Transformer Balun

Fig. 1 Architecture of the THz amplifier
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12-stages PSGB amplification

pedance and ground-shielded bias feedline with shielding
ground below M7 is used for bypassing in the feeding net-
work.

Figure 2 shows the schematic of the single stage am-
plifier. Each stage employs four parallel asymmetric UL-
VT transistors >, each with eight 0. 4-pum fingers, to en-
hance the output power while providing reasonable inter-
stage impedance for broadband matching. To boost the
MSG, two 7.43 {F cross-coupled over-neutralization ca-
pacitors "' are used for the amplifier core. Multiple
matching branches (TL, ., TL, ;4. C,, and L,) are used
for feeding and achieving broadband matching. To miti-
gate the impact of shunt inductor L,, two distinct sizes
(6.3 pH for AMP1 and 8 pH for AMP2) are designed for
different amplifiers.

Figure 3 (a) shows the simulated maximum stable
gain (MSG) and stability factor K, of the two amplifier
cores. To maximize the gain at 300 GHz to about 1 dB
per stage, the value of the cross-coupled over-neutraliza-
tion capacitors should be large enough, but it will also re-
duce the stability factor for lower frequencies.

To guarantee the overall stability of the amplifier, a
mismatching technique to move the load impedance to
the stable region can be used when K<1. According to
the basic two-port network theory, for a conditional sta-
ble linear two-port network, the center and radius of the
stable circle are defined as:

_ (522 - ASTI )*
L= s
|522|2_‘A|2

— SIZSZ] I
|522|2 - |A|2

When the load impedance lies outside the unstable
region, the input of the network remains stable. More-
over, after considering the loss of the matching network
and the multi-stage periodic cascading, the overall stabil-
ity can be further improved using the mismatching tech-
nique.

Figure 3 (b) shows the simulated matching trajecto-
ry of the matching network from 200 GHz to 300 GHz.
The unstable region at 250 GHz is also illustrated in the
grey region. To maximize the gain at high frequency
band, conjugate matching is employed around 300 GHz.
Moreover, from 210 to 280 GHz, the load impedance is
deliberately kept away from the unstable region to im-

Low-impedance

= h

H

Marchand Balun *
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Fig. 2 Schematic of a single stage amplifier.
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prove the stability after cascading.

The 3D layout of the single-stage amplifier core is
depicted in Figure 4. The parallel transistor fingers are
placed within a compact shared guard-ring layout to re-
duce parasitic capacitance and area as shown in the top
right of Figure 4. Compared with the default intercon-
nect configuration of the 28-nm CMOS PDK transistor
cell, the customized layout routes the drain directly to
the upper M7 layer and brings the source terminals out
through M2 and M3 on both sides, reducing the gain deg-
radation caused by parasitic parameters.

Measurement Results

The chip photograph is shown in Figure 5. The
width of a single THz amplifier is only 0. 1 mm, and its
length is less than 1 mm. Due to the sensitivity of THz
amplifiers to model parameters, in addition to the two
amplifiers mentioned in this article, four redundant am-
plifiers were also designed with tuned parameters.

The measured S-parameters are shown in Figure 6.
The gate and drain biases are 0. 6 V and 1 V, respective-
ly, to maximize f,,.. The power consumption is 95 mW
for each amplifier.

The S-parameters were measured using a Keysight
N5245A PNA-X vector network analyzer in conjunction
with OML VO3VNA2 frequency-extension modules oper-

14
= MSG AMP1 = = GMAX AMP1 ==
12 § = MSG AMP2 = = GMAX AMP2 =

Kf AMP1
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ating from 220 to 325 GHz. On-wafer measurements
were performed using microwave probes. Prior to mea-
surement, a SOLT (short-open-load-thru) calibration
was carried out using a calibration substrate, with the
measurement reference planes established at the probe
tips to remove the effects of the external measurement set-
up and accurately characterize the chip performance.

The AMP1 achieves a peak gain of 18 dB at 300
GHz as shown in Figure 6(a). The 3-dB gain bandwidth
spans 289-301 GHz. The gains are lower around 260
GHz because the proposed stabilization technique intro-
duces impedance mismatch at this frequency range. By
using a larger shunt inductor, the AMP2 achieves a peak
gain of 18 dB at 300 GHz, and its 3-dB gain bandwidth
spans 290-300 GHz, as shown in Figure 6(b).

Figure 7(a) shows the measured stability factor. Al-
though the isolated gain-boosting stage is intentionally de-
signed with K, < 1 over part of the band, no free-running
oscillation was observed during the small-signal and
large-signal measurements at the nominal bias condition.
Figure 7(b) shows the measured saturation power (P_ ).
AMP1 achieves about -4 dBm at 250 GHz and -15 dBm
at 300 GHz, while AMP2 achieves about -5 dBm at
250 GHz and -14 dBm at 300 GHz.

Table I shows the comparison with the reported THz
amplifiers in CMOS process. To the authors’ knowl-
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Fig. 3 Simulated performance of single stage: (a) gain and stability; (b) matching trajectory
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Fig. 4 3D layout of a single stage amplifier.
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edge, this work represents the first reported 28-nm
CMOS amplifier operating at 300 GHz. With the increas-
ing demand for the high-integration RF systems in the fu-
ture, the deep sub-micron technology represented by
28nm CMOS can provide more powerful baseband signal
processing capabilities and higher integration density.
Therefore, this work demonstrates the potential of inte-

grating high-performance terahertz systems into high-per-
formance deep sub-micron SOCs.

Conclusions

In this paper, a novel periodic stabilization gain-
boosting technique is proposed to address the fundamen-
tal gain and bandwidth limitations of standard bulk
CMOS processes operating near f, . By intentionally re-
laxing the single-stage stability constraint (K, < 1) at spe-
cific frequency band and fully accounting for the loading
effects of adjacent stages, the severe limitation on gain
and bandwidth of the conventional G,,, approach is effec-
tively mitigated. To validate the concept, multiple proto-
type THz amplifiers have been designed. The AMP1
achieves a 3-dB gain bandwidth of 289 - 301 GHz and a
peak gain of over 18 dB at 300 GHz. The proposed am-
plifiers offer a highly integrated, cost-effective solution
for emerging applications, such as THz radars and 6G in-
tegrated sensing and communication (ISAC) systems.

Table 1 Comparison With Recently Reported CMOS THz Amplifiers

x1 5CREMET CMOS TZH AR AR ERERT EE

This Work (AMP1) This Work (AMP2) [13] [14] [15] [16] [17] [18]
Technology 28-nm bulk CMOS 65-nm CMOS

Topology 12-stage Common—Source (CS) 10-CS  3-CS 6-CS 2-CS 16-CS 10-CS
Frequency (GHz) 289-301 290-300 225-264 294-310 245 272 273-301302.5
Gain (dB) 18 @300GHz 18 @300GHz 12+2.9 ~3 28 15 21 30.9
BW,, (GHz) 12 @300GHz 10 @300GHz N.A. 16  N.A. 3.7 N.A. NA.

P (dBm) -15 @300GHz -14 @300GHz -1.9 N.A. 9.2 -2.36 N.A. =53

PDC (mW) 95 95 36.4 N.A. 217 21.5 354 35.4

Core Area (mm?)

0. 1 (single channel w/o DC pad) 0. 1 (single channel w/o DC pad)

0.37 N.A. 0.48 0.28 =0.3 0.15

1024 um

A 4

“w I3

740 ym

Fig. 5 Chip photograph of the proposed amplifier
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Fig. 6 Measured S-parameters of the amplifiers: (a) amplifier 1; (b) amplifier 2
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