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Abstract—This paper presents a 210-GHz amplifier design
in 40-nm digital bulk CMOS technology. The theoretical max-
imum voltage gain that an amplifier can achieve and the loss of
a matching network are derived for the optimization of a few
hundred gigahertz amplifiers. Accordingly, the bias and size of
transistors, circuit topology, and inter-stage coupling method can
be determined methodically to maximize the amplifier gain. The
measured results show that the amplifier exhibits a peak power
gain of 10.5 dB at 213.5 GHz and an estimated 3-dB bandwidth of
13 GHz. The power consumption is only 42.3 mW under a 0.8-V
supply. To the best of the authors’ knowledge, this work demon-
strates the CMOS amplifier with highest operation frequency
reported thus far.

Index Terms—Amplifier, maximum gain, shunt stub matching,
transmission line.

I. INTRODUCTION

PPLICATIONS beyond 200 GHz, aiming at the broad
bandwidth for communication and the penetration capa-
bilities for object detection, have drawn great attention recently
[1], [2]. These wireless systems need high integration tech-
nology to achieve mobile, reliable, and economic production.
Advanced digital CMOS technologies offer a promising oppor-
tunity to meet the requirements at such high frequencies. With
continuous device scaling, the transistor speed is fast enough
that circuits working near and even beyond 200 GHz become
feasible, such as frequency dividers [3], [4], oscillators [5]-[7],
and amplifiers [8]-[10].
Among the circuits, the amplifier is very critical to provide
gain and improve system sensitivity. Yet amplifier design above
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200 GHz using digital CMOS technologies faces several chal-
lenges. Firstly, the unity current gain frequency (fr) is lim-
ited. For instance, fr is only around 300 GHz in 40-nm dig-
ital CMOS. As the operation frequency gets close to fr, the
transistor gain becomes relatively low. Although device scaling
can improve fr, it indeed lowers the output resistance, which
is unfavorable for the amplifier gain. This explains why there
exists debate if advanced technologies are really beneficial for
RF, and even terahertz, circuit designs. Secondly, passive com-
ponents have a low quality factor (Q)) because of a lossy silicon
substrate. The condition is worse in digital processes for lack
of an ultra-thick metal layer and high performance metal-in-
sulator-metal (MIM) capacitors. Low () passive components
cause significant signal loss in impedance matching networks.
Another issue is that the supply voltage scales down with the
technology, making circuit design more challenging. All these
issues need to be considered carefully to have a high-gain am-
plifier in an advanced digital CMOS process.

Many prior studies presented amplifiers operating beyond
100 GHz in CMOS technologies [8]-[20]. The common-source
(CS) or cascode topologies are commonly seen for signal
amplification. However, the aforementioned circuits lack of a
design methodology to deal with the issues of low-gain tran-
sistors and low-(} passive components. The passive loss issue
confuses designers in transistor sizing, e.g., in [21]. Previous
study of the design algorithm [22] is not easy to include the
passive loss and select device size. In this paper, the amplifier
design is developed based on the maximum voltage gain of an
amplifier and the insertion loss (IL) of an impedance transfor-
mation network. With the design methodology, the bias, device
size, circuit topology, and inter-stage coupling method can be
optimized to achieve the maximal gain near fr.

This paper is organized as follows. In Section II, the design
methodology for the 210-GHz amplifier is presented. The an-
alytical formulas of the maximum achievable voltage gain and
the IL of a matching network are derived. Section III presents
the implementation of a 210-GHz CMOS amplifier in 40-nm
digital CMOS technology. The experimental results are shown
in Section IV. Finally, Section V concludes this work.

II. AMPLIFIER DESIGN METHODOLOGY

An amplifier can offer a maximum available power gain
(MAG) related to its S-parameters [23]. Researchers used
to design amplifiers based on MAG. The design, however,
lacks of the information how to select circuit topology and
choose transistor size. This paper is aimed to obtain the design
guideline for amplifier design at frequencies close to fr. It will
be shown that the passive matching network reduces amplifier
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Fig. 1. Equivalent-circuit model of a narrowband amplifier.

gain significantly although the active device is still capable of
providing good gain.

A. Maximum Achievable Voltage Gain

Unilateral amplifier design can serve as the design guideline
for maximum gain. The unilateral assumption is often found ac-
ceptable when the error is less than 0.5 dB or so. A unilateral
narrowband amplifier can be modeled by the equivalent circuit,
as illustrated in Fig. 1. Instead of using S-parameters, it is easier
to obtain design insight by modeling the input and output im-
pedances of the active device as I?; and C; in series and 12, and
C, in parallel, respectively. The transconductance of the active
device is designated as g, .

According to the unilateral model in Fig. 1, the maximum
voltage gain under lossless matching network can be derived as

_;.W \f
2/,

where f, is the frequency of interest and fr is approximated as
gm/C;. Similar analysis is also given in [24] and [25], but the
input impedance is not taken into consideration, which might
lead to errors in evaluating the active device gain. When I2g =
Ry, (1) can be further simplified as

1 ¢_
L/ ,Imax 2 fo

Fig. 2 shows G max 0of a 40-nm nMOS transistor, together
with MAG and the current gain ( Hz; ) for comparison. The tran-
sistor width is 10.8 um. The gate-to-source voltage V;g and the
supply voltage Vpp are both set to 0.8 V. As can be observed,
Gy, max derived using the unilateral model matches MAG very
well within the unconditionally stable region, which is the fre-
quency band of interest in this work. This shows that unilateral
design is suitable.

Consequently, Gy, max can be used as a guideline to design
millimeter-wave amplifiers at 210 GHz, although only analog
parameters appears in (2). The equation indicates that high 12,
and fr can increase amplifier gain. From the device viewpoint,
a long channel length L benefits the former, but jeopardizes the
latter. To the first-order effect, device characteristics give I,
L and fr  1/L, which, in turn, yields to Gy ax x 1/VL.
Obviously, advanced technologies are still preferred. This is dif-
ferent from the analog circuit design using large intrinsic gain,

Vo
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Fig. 2. Simulated MAG, G, max, and current gain (H2, ) of a 40-nm nMOS
transistor.

400 1.5

N
I
© 300t
W 11.0
E ®
& 200f 5
o E
G 10.5
& 100}
04

0 - - +—10.0

0 80 160 240

Channel Length (nm)

Fig. 3. Simulated R;, R,, f1, and G, max of a 40-nm nMOS transistor at
210 GHz.

which might be actually lower in advanced technologies. Fig. 3
shows the simulated parameters extracted from the S-parame-
ters of a 40-nm nMOS transistor, as that in Fig. 2 if the channel
length is varied. Smaller L gives a larger gain. When f; ap-
proaches to fr, a proper resistance ratio of I?,/R; can still en-
sure a good gain level.

From the circuit viewpoint, the topology of a high R, /R; is
advantageous, such as the cascode. As compared to the CS, the
gain boost is roughly by a factor of /2 + ¢,,7,, Where g,.7,
represents the transistor intrinsic gain. The intrinsic gain actu-
ally decreases in very advanced technologies so that the advan-
tage becomes less effective. The comparison is shown in Fig. 4
by sweeping the finger number. Vg is set at 0.8 V for tran-
sistors. Vpp 1s 0.8 V and 1.6 V for the CS and cascode, re-
spectively. I?; is about the same in both cases and decreases as
the finger number increases. The cascode topology exhibits a
larger impedance ratio, about five times larger than that of the
CS. Yetits fr is lower due to the parasitic capacitance between
the CS and common-gate transistors. Accordingly, the cascode
topology shows a maximum gain around 1 dB higher at the
finger number of 4. Nevertheless, the power dissipation is twice
that of the CS. Actually, it will be shown later that the cascode
no longer has a higher gain than that of the CS once the IL of
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Fig. 4. Simulated R;, B,, fr, G4 max, and power consumption of CS and
cascode (Casc.) topologies at 210 GHz.

matching network is considered. The details will be discussed
as follows.

B. IL of Matching Network

The IL of the matching network inevitably decreases the am-
plifier gain. It is valuable to assess how the network loss affects
amplifier design. Instead of the common simple L-section net-
works and transformers [26], the shunt stub of transmission lines
used in other designs beyond 200 GHz [23], [24] is chosen as
the matching network in this work to eliminate the issue of lim-
ited self-resonant frequency.

To analyze the IL, we consider the impedance transformation
from arbitrary load impedance of Z, to a source impedance of
Zs, as illustrated on a Smith chart in Fig. 5(a) for Zg = 50 €2.
The shunt-stub matching network comprises two lossy trans-
mission lines of TL; and TLy with length d and I, respec-
tively, as shown in Fig. 5(b). Both lines are with a characteristic
impedance of Z;. Either path through A or B can be selected.
As far as the loss is concerned, a shorter path is always better.

Let the line loss be « dB/A. The IL is characterized by the
ratio of P/ Py, = (Pr/P4)(Ps/Pi), given by

Py
Pin

=101 1- [T Ga
- 08 62(1(1 _ |FL‘2@72ad Gd + Gstub

4)

IL = —10log (
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Fig.5. (a) Smith chart of impedance matching. (b) Shunt-stub matching circuit.
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Fig. 6. IL of the shunt-stub matching network.
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Fig. 7. Calculated IL;, IL,, and total gain of CS and cascode (Casc.) topolo-
gies at 210 GHz.

where G4 and Gy, are the real parts of the two admittance Yy
and Yitun, respectively, and 'y, = (71 — Z)/(ZL + Zy) is the
load reflection coefficient referring to Zg. The length of d and
[ can be acquired from fulfilling the input complex conjugate
matching condition [29].

Given Z; equal to 50 €2, the calculated and the simulated re-
sults of the IL at 210 GHz are as shown in Fig. 6. The line loss
« is assumed 2.8 dB/A, taking from the transmission line de-
signed in Section I1I(a). In general, Z; and Zg could be com-
plex values. In the analysis, Z;, is assumed to be real, and Zg is
50 Q. The simulation is conducted using the transmission line
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model in the Agilent Advanced Design System (ADS). The re-
sults confirm that IL can be reduced if Z}, is close to Zs. In
other words, IL is larger if the impedance transformation ratio
is higher. A similar conclusion with different types of matching
networks can be found in [26].

This raises an issue of the tradeoff between Gy, max and IL.
A large G, .5 calls for a large ratio of R,/ R;, which, in turn,
requires a large impedance transformation ratio in the matching
networks and leads to a high IL. This is especially serious at a
few hundred gigahertz because IL can significantly deteriorate

Fig. 12. Cross-section view of the MOM capacitors formed by dummy metals
for the ac bypass at the power node, and the connection to the signal line and
the ground of the microstrip line.

the low active gain. An optimal ratio of %, / IR, is therefore nec-
essary, which can be achieved by the selection of proper tran-
sistor size.

ILs are added to the G, max analysis to obtain the total am-
plifier gain. The better circuit topology and the optimal tran-
sistor size can then be determined. The IL of the input matching
network (IL;) is due to impedance transformation from Z;; to
50 €, and the IL of the output matching network (IL,) from
Zout to 50 , where Z;, and Z,,; are the input and output
impedance of the active circuits. Fig. 7 shows the total ampli-
fier gain as the finger number is varied from 2 to 32, with per



2442

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 61, NO. 6, JUNE 2013

I
(b)

Fig. 13. Inter-stage matching topology and IL as the short stub is near the: (a) previous stage and (b) present stage.

finger width of 0.9 psm. The bias condition is the same as that
in Fig. 4. The IL,, of the cascode topology is the worst because
of a high-impedance transformation ratio. This greatly reduces
the total gain of the cascode topology. It turns out that both
circuits give similar total gain around 1.5 dB with an optimal
finger number of 12 and 20 for the CS and cascode, respectively.
Note that the current dissipation is proportional to the finger
number. The cascode topology consumes more current together
with a higher supply voltage. Evidently, the CS topology shall
be chosen to make the best tradeoff among the realized gain,
supply voltage, and power consumption.

III. 210-GHz AMPLIFIER DESIGN

Fig. 8 shows the proposed 210-GHz amplifier using a 40-nm
digital CMOS process. Multiple CS amplifiers are cascaded
without inter-stage coupling capacitors. Based on the above
discussion, the finger number of the transistor is chosen as
12 to have the maximum total gain. The shunt-stub matching
network is applied to the input and output matching networks.
Eventually the inter-stage matching is realized by a single short
stub. Moreover, the number of cascaded stages is designed to
be nine to achieve sufficient gain. The details will be presented
as follows.

A. Microstrip Line Design

The planar types of coplanar waveguides and microstrip
lines are commonly chosen in on-chip implementation. The
microstrip line is adopted in this work because of the struc-
ture simplicity and better ground accessibility to reduce the
connecting loss to the ground. Besides, its ground plane also
shields the lines from the lossy substrate to reduce the line loss.
The top copper metal is used as the signal line. The two bottom

metal layers, M1 and M2, are connected together by vias as
the ground plane. Note that opening slots are required on the
ground plane to meet the metal density rule in chip fabrication.
The slots are placed on M1 and M2 in a complementary manner
to reduce the field penetration into the lossy substrate.

The microstrip lines are used to match the input and the
output impedance of an nMOS transistor to 50 §2. The line
width is chosen as 4.5 um in this circuit. The measured line
loss using two network analyzer systems for the frequency
bands of 0.01-67 and 140-220 GHz is shown in Fig. 9. The
multi-line de-embedding method is used to remove the pad
effects with two lines of 720- and 540-¢m long [30]. However,
the de-embedded results are still affected by the line resonance
at high frequencies so that there exists ripples in the measured
data over the frequency range of 140-220 GHz. The microstrip
line is also modeled using the MLIN model in ADS by the
approach in [31]. The measured loss is 2.8 dB/A at 210 GHz,
where A is around 750 pum for the microstrip line at 210 GHz.
The data is comparable to the reported results, around 2.5 to
6.7 dB/X at 110 GHz [32]-[36] and 2.2 dB/X at 200 GHz [9] in
bulk CMOS technologies. The measured 7 is around 55 € at
210 GHz.

B. Bias Optimization

The transistor shall be biased at a proper current density for
maximum fr [37]. Fig. 10 shows fr versus the current density.
Two cases are included, one with a fixed Vps of 0.9 V, and the
other with Vpg equal to Vgs. The differences in fr and the
corresponding optimal current densities are negligible, meaning
that fr is insensitive to Vpg variation. Actually the latter case
benefits in inter-stage connection as far as direct dc coupling is
concerned. Hence, the current density of 0.67 mA/um is chosen
in this work.
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C. Inter-Stage Design

In the multi-stage amplifier design, the inter-stage connection
can be realized either by ac or dc coupling. Although ac coupling
allows each stage to have independent gate bias voltage for the
optimal gain, it causes extra signal loss induced by the dc block
capacitor.

Fig. 11 shows G, max of a single-stage CS amplifier. Given
the same power consumption, the case with an independent gate
bias gives larger G, max by 0.45 dB, as compared to the case of
Vbs = Vgs. However, a metal-oxide—metal (MOM) capacitor
for dc blocking induces over 1-dB loss at 210 GHz based on the
simulation. It is obvious that dc coupling is preferred to alleviate
gain degradation.

Keeping the dc voltage node well ac grounded for
single-ended circuits is essential to reduce parasitic effects.
This work adopts decoupling capacitors for ac grounding,
which are formed by the metal layers distributed on the entire
chip, as shown in Fig. 12. Odd and even metal layers are
connected to the power and ground, respectively. The layers
are connected to one another by vias through the holes in the
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adjacent layers. This can maximize the capacitance between
Vpp and the ground and also reduce the parasitic effects of the
needed interconnects between the pads and circuits.

The inter-stage connection is implemented by the shunt-stub
matching network from Z,,, to Zj, directly. Generally, shorter
transmission lines are better. Two possible configurations are
illustrated as shown in Fig. 13. In each one, two solution sets
of transmission-line lengths can be found to meet the matching
condition. The contour plots of the network IL provide more in-
formation over the ranges with 0 < d < A\/2and 0 < 1 < X/2.
From the plots, the optimal length of d and / for the minimum
loss, marked as an X, can be determined as zero and 0.1, re-
spectively, for both cases. This concludes that the inter-stage
matching can be reduced to a single shunt stub. The loss is only
0.94 dB at 210 GHz.
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TABLE 1
PERFORMANCE SUMMARY AND COMPARISON WITH PRIOR WORKS IN CMOS

o/ fnax Peak Gain Vop Ppc S 2 Gain | 3-dBBW Pias Py Area
Ref. | Tech. {G{-lz) f(GHz) &) | mw) | @) | @B) | @B) | (GHz) | @Bm) | @Bm) | Topology/MatchComp. | o o
8] | 65om | - 200 | 20 | 108 | -10 | -16° | 81 5 10 : DIff. 5 Casc./Lump. 0.058
(] | 65am | 180320 | 150 | L1 | 255 | 74 | <136 | 82 27 15 | 63 3 CS/MSL 0.16
[10] | 65nm | 200250 | 144 | 14 | 546 | 24 | -15 | 206 | 33 5 5.7 Diff. 3 Casc./Lump. 0.048
[ 65om | - w2 12| - Z [0 [ 1 15 205 | 132 Diff. 5 CS/Lump. 0.125
[12] | 65nm | 170240 | 140 | 12 | 63 n : 8 10 RS 3 CS+3 CG/Lump 0.06
31| 65om | - 20 | 12 | 112 | - | 90 28 5 5 6 Casc/MSL 027
[14] | 65am | 220 | 1175 | 20 | 48 | 7 | -5 | 253 | 20 3 05 4 Casc/MSL 0248
[15] | 650m | 5200 | 109 | 20 | 267 | 3 | <10° | 141 9 116 | 148 | Diff 2 CasctCS/Lump+TL | 0.106
[16] | 130nm | <130 | 107 | 095 | 31 | -13 | -19 | 125 54 T 23 3 CS/MSL 0.5
[17] | 90nm | 100300 | 1038 | 10 | 22 | 98 | 55 | 93 7 - : 3 CS/ICPW 0.243"
[18] | 90mm | 150 | 1005 | 24 | 140" | <11 | -15 | 15.1 18 6 10 DIff. 3 Casc/MSL 04
[09] | 65om | - 100 | 12| 8 | 8 | i | 13 20 6 10 4 CS/CPW 033
201 [ 90nm | 250 | 99 | 12 | 9 | ar | 3 | 11 10 » B Diff. 6 CS/Lump. 0.01
[0 | 45am | 200200 | 95 | 14 | 52 | <16 | 47 | 107 3 52 | 75 3 CS/CPW 032
;ffk 40nm | 310275 | 2135 | 08 | 423 | -127 | 226 | 105 13 a2 | 32 9 CS/MSL 0.013

“Estimated graphically. "Not 3-dB bandwidth, but the bandwidth with larger than 0 dB gain. "Receiver

Diff. : differential topology.

D. Layout Consideration

The circuit layout needs to be carefully arranged to reduce
undesired parasitic effects. Fig. 14 shows the chip micrograph of
the fabricated amplifier. For coupling reduction, the shunt stubs
for the inter-stage matching are placed in the upper position for
the odd stages and in the lower position for the even stages.
In this way, the currents of the adjacent stubs have the same
phase, and the magnetic field coupling increases the inductance.
This helps to reduce the required line length and the loss can be
further minimized. Note that the amplifier with this layout style
is checked and shows no stability issue.

The signal pads with the dimension of 40 um X 40 pm are ta-
pered to reduce the step discontinuity. Two bottom metal layers
are used as ground shielding from the substrate. The power pads
for dc bias are placed 200 ;m away from the signal pads to
avoid probe collision. All areas, except pads and active areas,
are used to form the MOM capacitors between Vpp and the
ground. They also act as the dummy metals to fulfill the density
rule. The entire chip occupies the area of 450 pm x 270 pm,
while the core circuit only 103 pm x 130 pm.

Agilent ADS Momentum is used to conduct the post-layout
simulation. The layout parasitic increases IL; and IL, to be 1.0
and 0.9 dB, respectively, and each inter-stage matching loss to
1.6 dB. The simulated gain of each stage has 3.0 dB at 210 GHz
when Vg and Vg are 0.8 V. To have the gain larger than 10 dB
with a margin, a stage number of 9 is selected. The total gain
of the nine-stage amplifier is 12.3 dB at 210 GHz, which in-
cludes the losses of the input, the output, and the eight inter-
stage matching networks. The simulated power consumption is
only 52.6 mW.

IV. MEASUREMENT RESULTS

The proposed amplifier is implemented using TSMC
40-nm digital CMOS technology where MIM capacitors and
ultra-thick top metal are not available.

The amplifier is measured on chip using a network analyzer
system that can support measurement from 140 to 220 GHz.
The system consists of a dc subsystem HP 4142B and an RF

subsystem Agilent E8361C with millimeter head controller,
N5260A, and millimeter-wave test head module, N5256AWO05.
The calibration by line-reflect-reflect—-match (LRRM) is ap-
plied to move the reference planes to the probe tips. After
calibration, the line standard shows that 511 rine and S22 rine
are all smaller than —40 dB, and S pine is —0.02 with
£0.02-dB variation. The match standard has Sii match and
S22 viateh 0f —25 dB with £5-dB variation. The input power
level at the probe tip is fixed at —25 dBm.

Fig. 15 presents the measured S-parameters. The measured
peak So; is 10.5 dB at 213.5 GHz. The gain remains 9.3 dB at
220 GHz. If the upper 3-dB frequency is symmetric with respect
to the peak gain frequency, the 3-dB bandwidth can be estimated
as 13 GHz. Si1 and S»5 are —12 and —22 dB at 213.5 GHz, re-
spectively. The reverse isolation, S12, is below —30 dB, which
confirms that the amplifier is unconditionally stable. The ampli-
fier consumes only 52.9-mA dc current under a 0.8-V supply.
Limited by experimental equipment, the noise figure (NF) is
only available by simulation. As shown in Fig. 15, the NF is
13.4 dB at 210 GHz.

Linearity performance is measured by the customized setup
in Fig. 16. The system contains a signal source, a power ampli-
fier, x2 and x 3 multipliers, an attenuator, a probe station with
ground-signal-ground (GSG) probes, and the power meter. The
output power is measured by directly connecting output of the
attenuator to a power meter. The device-under-test (DUT) is
tested using on-wafer GSG probes. The power at the probe tip is
calibrated with the measured loss of each probe. Fig. 17 shows
input power sweep results at 0.8-V power supply and signal
source of 35.583 GHz. Output 1-dB gain compression point
P, dB is at —7.2 dBm. The saturated output power P, is —3.2
dBm when gain drops to 0 dB. The peak power-added efficiency
(PAE) is around 0.75%. At Vpp = 0.9 V, P, increases to
—2.4 dBm.

The measured results under different supply voltages are also
examined as shown in Fig. 18 along with the associated power
consumption. The calculation results are also included for com-
parison. The trend of calculation and measurement results is
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very close. The power gain starts to saturate as Vpp is larger
than 0.8 V. Although the amplifier with Vpp 0f 0.9 V has higher
gain, it consumes much power. Vpp of 0.8 V is the best tradeoff
among the gain and the power consumption.

The peak gain difference between the simulation and mea-
surement results is only 1.8 dB. This proves the usefulness
of the proposed design methodology for the 210-GHz am-
plifier design. Table I makes comparison of the performance
with previous reported CMOS amplifiers operating beyond
100 GHz. Clearly, the proposed amplifier presents the highest
operating frequency while using the lowest supply voltage and
the smallest chip area.

V. CONCLUSION

A 210-GHz amplifier is successfully designed and verified in
40-nm digital CMOS technology. The measured results show
the peak power gain of 10.5 dB at 213.5 GHz. The power con-
sumption is only 42.3 mW under a 0.8-V supply. The occu-
pied chip area is only 0.013 mm?. The agreement between the
measured and the simulated results verifies the proposed design
approach.
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