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EPIGRAPH

”.. where does the power come from, to see the race to its end ? From within ..

I believe God made me for a purpose, but he also made me fast. And when I run

I feel His pleasure...”

— Chariots of Fire (1981)
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Emerging millimeter-wave applications, including high speed wireless com-

munication using 5G standards, favor silicon technologies, both CMOS and SiGe,

for transceiver design, due to the high level of integration at reduced cost and

availability of high speed transistors. Efficient, linear and reliable high power am-

plifiers with broad bandwidth are needed at the transmitter front-ends to enable

high data rate links at long distances. But the low breakdown voltage of CMOS

FETs due to gate length scaling and other transistor non-idealities make the design

of high power mm-wave amplifiers in deeply scaled CMOS nodes difficult. Circuit
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techniques like FET stacking provide a compact and efficient way of implementing

high power mm-wave amplifiers reliably. Other power combining techniques such

as on-chip and spatial power combining can be used along with FET stacking to

achieve even higher output power levels. This thesis investigates the design of

high power mm-wave power amplifiers at frequencies from 28 GHz to 94 GHz,

using multiple power combining techniques.

This work extends the use of FET stacking for high power PA design to 94

GHz. A 3-stack PA designed in 45 nm CMOS SOI with 17 dBm output power

and 9% efficiency is presented. Using this PA as front-end, a CMOS PA-antenna

array is designed, to additionally provide spatial power combining. The CMOS

chip has a 2 x 4 array of pseudo-differential power amplifiers along with the signal

distribution networks and pre-drivers. A quartz wafer with a 2 x 4 array of dif-

ferential microstrip antennas deposited on it is placed on top of the CMOS chip,

electromagnetically coupled to the PA outputs on the CMOS chip. The spatially

power combined PA-antenna array achieved a measured equivalent isotropic radi-

ated power (EIRP) of 33 dBm and an estimated output power of 24 dBm at 94

GHz. Modulated data measurements at 3 Gbps (375 MS/s, 256 QAM) speed using

digital pre-distortion are demonstrated with the PA-antenna array.

A novel layout style is introduced for stacked FET design at low mm-wave

frequencies. A small multi-finger FET is laid out with fingers connected in series

to create the stacked FET. The gate capacitors are realized around the FET with

the back-end-of-line metal available in the CMOS process. Multiple multigate cells

are interconnected to implement the stacked FET PA. A PA designed in this style

in 45 nm CMOS SOI process achieved 24.8 dBm of output power and 29% PAE

at 28 GHz with high reliability. This PA is very broadband and linear as shown

by the modulated data measurements achieving a data rate of 36 Gbps (6 GS/s,

xxi



64 QAM) at 14 dBm with 9.3% PAE, with no digital predistortion.

NFETs and PFETs available in nano-scale CMOS processes are compared

and it is shown that in deeply scaled processes, PMOS devices are a viable alter-

native to NFETs due to their cut-off frequencies similar to those of NFETs, and

higher breakdown voltages than NFETs. The first exclusively PMOS mm-wave PA

design is reported. This 3-stack PA, made in 32 nm CMOS SOI process, achieved

a maximum output power of 19.6 dBm and maximum efficiency of 24% at 78 GHz.

All the designs reported in this thesis achieved either the highest output

power or the highest PAE for a CMOS PA at their respective frequencies.
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Chapter 1

Introduction

Highly integrated millimeter-wave transceivers with high output power and

efficiency are needed for emerging wireless communication (broadcast/point-to-

point), imaging (medical/industrial/tactical) and radar (automotive/backscatter)

applications. Extreme scaling of MOSFET gate lengths has led to steady increase

of operating frequencies for CMOS devices. Along with scaling, other process

improvements including material system engineering and structural changes, have

helped the Silicon transistors, both SiGe HBTs as well as CMOS FETs, to have

cut-off frequencies (ft/fmax) beyond 500 GHz. This has enabled the transistors

to have high enough gain to have compact signal generation and amplification

capabilities at high mm-wave frequencies. Thus in the past decade, silicon devices

have become the favored technology choice for highly integrated mm-wave wireless

front ends.

At RF frequencies, since the wireless capacity is primarily limited by in-

terference, the linearity of the front-end is the primary concern. But mm-wave

wireless links are primarily limited not by interference but by Signal-to-Noise Ra-

tio due to the high spatial spreading loss and atmospheric attenuation [6]. In this

1



2

scenario, as given by Shannon’s theorem, the link capacity is directly related to the

received SNR [7] and hence the power transmitted. Therefore having capability

for high generated and transmitted power levels is very critical to achieve high

data rates. The upcoming fifth generation (5G) mobile wireless communication

standards envision mm-wave links with effective isotropic radiated power (EIRP)

of up to 75 dBm/100 MHz for base stations and 43 dBm for mobile units. These

are going to be implemented as antenna array solutions using spatial power com-

bining. Assuming a 2 dB post PA loss, a 29 dBm unit PA is needed for a 256

element array for base station front end and similarly a 21 dBm unit PA is needed

for a 16 element array for mobile unit front end to reach the above specified max-

imum EIRP limits. Since the power amplifiers could constitute nearly half of the

total power dissipation of the transmitter, the efficiency of the PA is very impor-

tant to have viable mobile implementations. To be able to use spectrally efficient

higher order QAM signals the PA should have good linearity. Having broadband or

frequency-tunable PA helps to reduce the complexity of multi-band multi-standard

transceivers. Use of modulation schemes with high peak-to-average-power-ratio

(PAPR), such as OFDM, necessitates the need to have power amplifiers with high

efficiency at backed-off power levels also.

1.1 Design Challenges for mm-Wave PAs

For mm-wave systems with multiple antennas, the implementation of CMOS-

based power amplifiers with output power in the range 50 - 1000 mW has significant

interest, particularly using low cost approaches that enable integration with other

transceiver components. However, dimensional scaling leads to a reduction of the

transistor breakdown voltage [8]. This can be roughly described by the Johnson
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Figure-of-Merit (JFoM) which is the product of charge carrier saturation velocity

(vsat) and breakdown field (EBD). For a given combination of process (material

system) and charge carrier this can be translated to the product of current gain

cut-off frequency (ft) and breakdown voltage (VBD) which tends to be a constant

for a given material. The restricted voltage handling of devices limits the attain-

able output power. The output impedance matching network required to translate

to 50 Ω outputs further increases loss and reduces bandwidth. Non-ideal ID-VDS

characteristics, like higher knee voltage as a fraction of supply voltage (Vknee/VDD)

and lower output resistance (ro), of the short channel FETs reduce the maximum

PAE achievable with these devices. Also at mm-wave frequencies the increased

impact of parasitics leads to higher loss and non-ideal current-voltage switching.

This makes low frequency efficiency enhancement techniques like wave-shaping by

harmonic control difficult to be implemented at mm-wave frequencies.

Even though the fineline CMOS processes can have relatively high mobility

and hence transconductance (gm), the thin gate-length and narrow interconnects

increase the gate resistance. The fine pitch contacts and interconnects increases

the parasitic gate capacitances also. This causes the cut-off frequencies of the large

microwave transistors with the interconnects to the top metal layer, as used in mm-

wave PA design, to be much lower than that of the intrinsic device. A higher value

of gate-to-drain capacitance (Cgd) makes the device bilateral, reduces the gain and

increases the design difficulty. Also the reliability and thermal modelling of high

power transistors are not usually well captured in the foundry device models. The

quality factor of the passive components are low at the mm-wave frequencies due

to the increase in the insertion loss of the interconnects due to skin effect, surface

roughness of the metal wires (at high mm-wave frequencies > 100 GHz) and the

presence of dummy fill due to silicon density rules.
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1.2 Power Combining Schemes

The output power scales directly proportional to the width of the transistor

for a simple common source amplifier. The need for power combining schemes is

due to the inefficiencies which arise from scaling the transistor width for higher

power. This is limited by two factors; i). due to wiring parasitics the value of

maximum oscillation frequency (fmax) and hence the gain at design frequency de-

creases; and ii). if the FET optimum load impedance is very different from the

desired output impedance (usually 50 Ω), the required matching network would

have higher loss thereby reducing efficiency. Also large impedance-transformation-

ratio matching networks cause narrowband frequency response. A device designed

to have optimum load impedance of 50 Ω, with a supply voltage of 1 V, assuming

ideal class-A configuration, could achieve 10 dBm of output power. One can scale

the device width even larger with some penalty of fmax, but the output match-

ing losses would increase considerably. Assuming finite values for quality factor

(Qpassive) of matching elements, FET knee voltage (Vknee) and FET output con-

ductance (gds), an upper limit of about 13 - 14 dBm exists for common source

amplifiers if an output matching network of Q less than 4 - 5 is needed.

A variety of design strategies have been discussed to overcome this limita-

tion, including on-chip transmission-line [9,10], LC-based power combining [11,12],

transformer-based power combining [13, 14], radial power combiner [15], spatial

power combining [16,17] and FET stacking [18–22].

1.2.1 Stacking and On-Chip Power Combining

Among these techniques, FET stacking (Fig. 1.1) leads to the most compact

amplifiers, and has advantages for increased efficiency because of the potentially
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low additional losses introduced for power combining.

In stacked FET design the impedance seen out of the drain of a FET into

the source of the FET stacked above scales linearly with the number of stacked

FETs. This is achieved by proper scaling of the gate capacitance of the FET above

in the stack [23]. Stacking k FETs allows the use of FETs with k times width as

of common source for the same output load impedance. In ideal case this would

result in k2 times output power compared to common source FET. At mm-wave

frequencies the impedance seen at the drain has a considerable imaginary part due

to the parasitic capacitances at the drain node as well as parasitic series resistance

of the gate capacitor. This can cause impedance mismatch at the drain node and

misalignment of the drain voltages along the stack, leading to lower output power

and efficiency. Also some of the drain current is lost to ground through the shunt

parasitics. Various techniques including reactive tuning of the drain nodes [23,24],

variable sizing of the FETs in the stack [25] and active driving of top gates [26]

have been attempted to improve the efficiencies at mm-wave frequencies. With

less loss than on-chip power combining one could stack up to 4 - 5 FETs at low

mm-wave frequencies (20 - 50 GHz / Ka, Q band), 3 - 4 FETs are medium mm-

wave frequencies (50 - 110 GHz / V, W band) and 2 FETs at higher mm-wave

frequencies (110 - 140 GHz / D band). Beyond that, cascode or common source is

the optimum choice as the design becomes gain limited. With stacking FETs the

power gain grows linearly whereas with cascading same number of FETs the gain

grows exponentially. Due to the availability of thick back-end-of-line (BEOL) and

(semi)-insulating substrate, on-chip power combining is ideal for III-V processes.

Due to the lack of these two in CMOS, FET stacking is more advantageous. Stacked

FETs occupy much less area compared to on-chip power combining. Stacking of

2/3/4 FETs is equivalent to 4-/9-/16- way on-chip power combining. Voltages
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higher than nominal supply voltage of the process need to be generated for drain

and gate biasing of stack FET PA. On-chip power combining leads to thermally

better layout as the unit cells are now distributed across a larger area leading to

less heat concentration and cross heating. FET stacking leads to thermally worse

layout if the FETs are laid out in a small area.

1.2.2 Spatial Power Combining

Spatial/quasi-optic power combining is the most efficient power combing

scheme. Ideally, spatial power combining is lossless and can be scaled to any num-

ber of elements. It causes minimum coupling/load pulling between the individual

PAs. Addition of phase shifters can make the transmitter into a beam-former. For

an N element array the output power is increased N fold and EIRP is increased

N2 fold relative to a single element. In SNR-limited links this leads to N fold

scaling of distance as suggested by Friis equation. Separate control of antenna

array elements would enable techniques like windowing/weighing of unit element

power levels for lower side-lobes and selective element choosing for specific radi-

ation properties [27]. Spatial power combining allows graceful power degradation

in case of failure of individual elements. In transceivers the antenna array gives

receive gain also. The narrow beam width caused by large scale arrays may not

be desirable for broadcast applications. At low frequencies spatial power combin-

ing is area inefficient due to half wavelength spacing requirement of the antenna

elements. Separate and redundant matching network for PA and antenna can lead

to suboptimal efficiency if PA and antenna are not co-designed which is rarely the

case due to the need to have both characterized separately. Conventionally multi-

chip solutions suffer from difficulty of routing LO to different chips with accurate

phase. Phase shifters with high enough number of bits or injection locking tech-
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niques can be used to address this. Also very large scale arrays to be used in beam

former fashion would need true time phase-shifters if large bandwidth (inverse of

which is order of magnitude close to the array length) signal modulation is to be

used.

1.3 Dissertation Scope and Organization

This thesis studies the realization of high power mm-wave power ampli-

fiers in scaled CMOS nodes at mm-wave frequencies ranging from 25 GHz to 100

GHz. Design techniques to improve key PA performance metrics - output power,

efficiency, linearity, bandwidth and reliability, are investigated. The trade-offs

involved in choice of device types, the layout styles and the power combining ar-

chitectures are explored. The study makes heavy use of the stacked FET technique

to achieve high output power levels with high efficiency and reliability at mm-wave

frequencies. Efforts are made to ensure the designs are suitable for highly inte-

grated MIMO systems. Optimal combination of different power combining schemes

together to achieve the required output power and other specifications is studied.

Improved layout styles and non-classical device options are investigated for bet-

ter reliability of the high power mm-wave PAs. Along with desired output power

and efficiency, the PA designs are optimized to have the linearity and bandwidth

needed for high speed mm-wave wireless communication.

Chapter 2 presents a spatial power-combined power amplifier antenna array

at 94 GHz in 45 nm CMOS SOI process. The power amplifiers are implemented

as 3- stack FET multi-stage pseudo-differential PAs. The output of each PA is

coupled to an antenna on a quartz substrate placed on top of the CMOS chip.

The CMOS chip consists of an array of 2 x 4 PA channels, all operating at the
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same phase. The quartz wafer has the 2 x 4 differential microstrip antenna array

(with half wavelength spacing between the antenna elements) deposited on top of

it. Wafer probed output power measurements of the individual PA and the drivers

as well as radiation measurements of the whole array are presented. Modulated

data measurements of the transmitter array with digitally pre-distorted 256 QAM

signals are reported. Limits of different power combining schemes are also studied.

Chapter 3 presents a novel multi-gate cell design for CMOS SOI FET stack-

ing. Instead of conventionally-used large width lumped FETs for stacking, a small

multi-finger FET with multiple gate connections is designed. Gate capacitances

needed for the stacked FET amplifier are implemented around the FET as metal-

over-metal capacitors using the back-end-of-line metals available in the CMOS

process. Many of these unit cells are wired together to implement the equivalent

large FET width required for the PA. A high power PA was designed using this

configuration at 28 GHz. Both output power measurements as well as broadband

modulated signal measurements of the PA are presented. Thermal analysis of the

heat dissipation pathways in the PA layout is discussed and shown to be a prime

contributing factor to the demonstrated high reliability of the PA.

At deeply scaled nodes, below 40 nm, PMOS FETs offer a viable alternative

to NMOS FETs and SiGe HBTs as a fast, high voltage device. Chapter 4 explores

the device physics behind the high cut-off frequencies and reliability of MOSFETs

and provides a comparison of NMOS and PMOS performance. Device measure-

ments of large transistors are done and PMOS FETs are shown to be as fast as

and more reliable than NMOS FETs. As a demonstration a 3-stack PMOS PA is

designed in 32 nm CMOS SOI process at 78 GHz and the power measurements are

presented. A controlled experiment with similar NMOS and PMOS stacked FET

PA is also presented at the same frequency.
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The thesis concludes with a summary of the research and discussion of

further research topics related to the thesis.



Chapter 2

Spatial Power-Combined W-band

Power Amplifier Using Stacked

CMOS SOI

Spatial power combining of silicon amplifiers has previously been demon-

strated in wafer-scale using SiGe at W-band [17] and in CMOS SOI at Q-band [28]

using antenna array on PCB. Reference [17] uses SiGe HBT in common emitter

configuration for a power amplifier. Due to the lower breakdown voltage of scaled

CMOS FETs a similar power amplifier array implementation using CMOS needs

to use more than one power combining scheme to achieve the same output power.

This work uses FET stacking and differential antenna drive to increase the out-

put power capability (also used in [28]). In this work a 94 GHz integrated power

amplifier antenna solution is demonstrated. This implements spatial power com-

bining of CMOS power amplifiers coupled to a 2 x 4 array of differential microstrip

antenna on a quartz substrate on top of the silicon chip (Fig. 2.1). Each of the

unit power amplifiers in-turn is implemented in pseudo-differential fashion and

10
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uses FET stacking to achieve higher output power. The silicon chip contains the

front-end power amplifiers, driver amplifiers, the signal distribution network and

the antenna feed. The chip occupies 4.3 mm x 6.0 mm area and achieves peak

output power of 24 dBm and Effective Isotropic Radiated Power (EIRP) of 33

dBm at 94 GHz. Over-the-air modulation measurements of the PA-Antenna array

using Digital Predistortion (DPD) demonstrates 375 MS/s of 256 QAM (3 Gbps)

signals with 2.5% EVM and -32 dBc ACPR. This chapter discusses the trade-offs

in different power combining schemes and uses the measurements of sub-blocks of

the amplifier array to investigate the discrepancy between measured and simulated

power measurements.

Figure 2.1: Schematic structure of the power amplifier-antenna array.

In the following, Section 2.1 discusses various power combining schemes

and their trade-offs. The PA-Antenna Array design is presented in Section 2.2 and

measurement results in Section 2.3.
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2.1 Levels of Power Combining

The common mm-wave power combining techniques ranging from the device

level to system level are broadly - FET scaling, FET stacking, on-chip power

combining, multi-driven antenna and spatial power combining (Fig. 2.2).

FET width 

scaling

IN

OUT

FET 

stacking

IN OUT

On-chip 

Power Combining

Multi-driven

Antenna

+

-

PA Antenna

IN

PA Antenna

Spatial 

Power Combining

Figure 2.2: Levels of Power Combining.

Scaling the transistor width for higher power is limited by - i) reduction of

fmax and hence gain - due to wiring parasitics; and ii) increase in the impedance-

transformation-ratio of the output matching network (QMN) and resulting higher

loss and lower bandwidth.

Stacking k FETs allows the use of FET with k times width as of common

source for the same output load impedance. In ideal case this would result in

k2 times output power compared to common source FET [18]. At mm-wave fre-

quencies FET stacking suffers from impedance mismatch between different FETs

on the stack. Also stacking with constant output impedance needs FET scaling

which would lead to lower fmax. The number FETs which can be stacked without

more loss of PAE than on-chip power combining in that frequency, drop from 4-5

at low mm-wave frequencies (30 GHz) to 2-3 at high mm-wave frequencies (140

GHz). At even higher frequencies, cascode or common source is more desirable

as the design becomes gain limited. Due to the availability of thick Back-End-

Of-Line (BEOL) and (semi)-insulating substrate, on-chip power combining is ideal
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Figure 2.3: Different PA-Antenna array configuration a) Single PA- Single An-
tenna, b) High Gain Array and c) Spatial Power Combiner.

for III-V processes. Assuming simple binary tree power combining scheme (like

Wilkinson Combiner) with a dB insertion loss per 2:1 combining, for an N level

combining (2N : 1) the output power scales as P0 + (3 − a)N dBm, gain scales

down as G0 − 2Na dB and drain efficiency scales down as η0

10(
Na
10 )

% where P0, G0

and η0 are output power in dBm, gain in dB and efficiency in percentage for a unit

PA.

On-chip power combining networks can be merged with on-chip antenna to

have multi-driven antenna [29,30]. The simplest case would be going from a single

ended antenna fed from one PA to a differential antenna fed from two PAs with

1800 phase difference. This can be extended to N PA, each with 360
N

degree phase

difference feeding into the same antenna at appropriate location determined by

phase/input impedance. Also co-designing the PA and antenna can eliminate the

need for separate matching networks for each.

Typical cases of PA-Antenna array configurations are - Single PA-Single

Antenna (SPSA), High Gain Array (HGA) and Spatial Power Combiner (SPC)



14

(Fig. 2.3). The EIRP and the equivalent efficiency (EIRP/PDC) of each case are

shown in the figure .

By using the same unit PA element and unit antenna element, in order

to have M times EIRP than SPSA, either one PA and M antenna in HGA con-

figuration, or
√
M PAs and

√
M antenna in SPC configuration are needed. The

EIRP/PDC of HGA is M times as of SPSA and
√
M times for SPC for the

same EIRP (assuming same PA efficiency). So if there are no constraints on the

beamwidth and the output power of the PA being used, in order to the maximize

EIRP/PDC , it is best to use maximum number of antenna possible and create a

high gain array. But this assumes lossless routing at the PA output to the differ-

ent antenna elements in the array. In a more realistic scenario usually the routing

losses limit the maximum number of antenna elements which can be used. Gener-

ically for a k-dimensional arrangement of N elements with at unit spacing d, for

equi-phase binary split signal distribution from a single source, the path length is

k k
√
Nd. Since the antenna elements are usually placed at λ

2
spacing for minimum

side-lobes, the routing distances for N element linear array is about (Nλ)
4

. For an

N element square (2D) array it is 2
√
N λ

4
. If we assume routing loss of αdB

λ
, for a

one PA - N antenna linear array, the EIRP can be given as

EIRPdBm,1D = P0,dBm +Gant.ele,dB + 10 log(N)− αN

4
(2.1)

For a square array the EIRP would be,

EIRPdBm,2D = P0,dBm +Gant.ele,dB + 10 log(N)− α 2
√
N

4
(2.2)

The value of EIRP increase is maximized for a linear array and 2D array

respectively at
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Nmax,lineararray =
10× 4

2.3α
(2.3)

Nmax,squarearray =

(
10× 4

2.3α

)2

(2.4)

This happens around N=16 for α = 1 dB
λ

and around N = 8 for α = 2 dB
λ

for a linear array. For a square array one can have N = 256 for α = 1 dB
λ

.

For SPC there is very little output routing loss as the PA can be placed

very close to antenna. Hence if PA has high gain (to compensate for input routing

losses), the EIRP always increases with number of PA-Antenna elements (N).

EIRPdBm,SPC = P0,dBm +Gant.ele,dB + 20 log(N) (2.5)

The analysis above assumes no constraint on N as well as the output power

capability of the PA. But in reality, due to the form-factor limitation of the final

implementation, the area available for antenna array and hence the value of N has

an upper bound. This leads us to the question of what is the best technology option

for highest efficiency operation. We can see from eq 2.1 and 2.5 that for comparing

high power PA used in HGA vs. low power PA used in SPC, to achieve same

EIRP, we should be comparing efficiencies of high power PA with output power

P0,dBm in one PA - N Antenna HGA against low power PA with output power

P0,dBm − 10 log(N) − αN
4

in an N PA - N Antenna system (SPC). For example,

assuming linear array with α = 1 dB
λ

, both an eight element HGA using a GaN PA

of 30 dBm and an eight element PA-Antenna array of Silicon PA of 19 dBm gives

same EIRP. Looking at current state-of-art we can see that [31] reports 30 dBm

GaN PA at 94 GHz with 15% PAE and [26] reports 19 dBm CMOS SOI PA at

90 GHz with 15% PAE. This shows that both technologies can yield very similar
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Figure 2.4: Block level schematic from chip input to antenna.

results with the given set of requirements (N ≤ 8).

2.2 PA-Antenna Array Design

The amplifier design reported in this chapter uses FET scaling, stacking,

multi-driven antenna and spatial combining.

2.2.1 System Architecture

The spatial power combining chip is designed as a 2 x 4 array of PA +

Antenna. The differential antenna feed, the pseudo-differential five stage power

amplifier and the input balun form one channel on-chip. The chip has eight such

channels. The chip also contains a signal distribution network which takes the

single input signal and divides and feeds it to each of the eight channels. The

distribution network is made of three stages of Wilkinson dividers to create a

1:8 split and two-stage cascode line amplifiers in between to compensate for the

routing losses. There is a line amplifier at the input of the chip and after every

Wilkinson divider. Thus from the chip input to the antenna feed the signal sees

thirteen stages of amplifiers (Fig. 2.4). A 100 µm quartz substrate placed on top

of the CMOS chip has the antenna array etched in gold on top of it. The antenna

feed on CMOS chip capacitively couples with the antenna on top and facilitates
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the radiation. The input to the chip is provided by wafer-probing and output is

radiated. DC power supply is provided by wirebonds on the sides of the chip.

2.2.2 PA Design

The PA design consists of the 3-stack final stage, the 2-stack/cascode driver

stages, the cascode line amplifiers, Wilkinson divider, balun and transmission lines

for signal distribution.

Final Stage

IBM 45 nm CMOS SOI process is used for the PA design. Regular Vt, float-

ing body, 1 µm wide finger, single-side gate-contacted, relaxed gate-pitch FETs

are used. The measured fmax of the FETs (wired up to top metal layer) is 210

GHz [26]. The final two stages of the amplifier chain are designed as 3-stack PA.

The PA size is chosen so that the optimum output impedance is close to 50 Ω

and hence no output impedance transformation is required. A 4-stack FET ide-

ally should achieve more than 2 dB more power than a 3-stack FET. But due to

the lower gain per FET and increased mismatch, the 4-stack PA simulations show

only less than 1 dB more output power and almost 4% lower PAE than 3-stack PA.

Therefore 3-stack is an optimum choice at this frequency to maximize the output

power while still maintaining > 10% PAE.

Intra-stack tuning (shunt inductance implemented as a shorted transmission

line) is used at drain of first (common source / bottom) FET to provide impedance

match between stacked FETs. A similar tuning is not used at the drain of second

FET as the PAE improvement thus would be only less than 1%, but the layout

complexity increases. The top common gate FETs of the stack are sized smaller

than the bottom common source FET (192 µm vs. 256 µm) [25]. This helps us to
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Figure 2.5: Schematic of 94 GHz amplifier 3-stack final stage.

improve the gain by having smaller and hence higher fmax FETs as common gate

device, while still having the large transconductance (gm) provided by the larger

common source device. Both the skewing of the common gate device width and

the shunt tuning help to impedance match the intra-stack node in addition to the

capacitive degeneration provided by the finite small value gate capacitor. A shunt

transmission line (implemented using CPW) acts as the RF choke for drain supply

as well as to tune out the capacitance at the top drain node. This brings the

output node impedance to 50 Ω and hence no further impedance transformation is

needed. For simulation the FETs are parasitic (RC) extracted along with the lower

thin metal layer interconnects (eight layers with thickness < 250 nm, spaced at

interlayer dielectric < 250 nm). The higher thick metal layer interconnects (three

layers with thickness > 1.2 µm), routing and passive structures like transmission

lines are simulated with EM tool (Sonnet) and S-parameter models are used. The

3-stack PA designed (Fig. 2.5) has a simulated output power of 18 dBm and PAE

of 12%.
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An identical 3-stack amplifier is designed as a pre-final stage to drive the

final stage PA. This is much less efficient than using a smaller size 3-stack or a 2-

stack. But the 3-stack PA can be operated under a wider range of supply voltages

yielding a > 1 dB range of maximum output power. Thus overdesigning the pre-

final stage makes sure that the final stage can be saturated even under non-ideal

conditions at the cost of PAE dropping to 8% from 12%.

Driver Stages

A three stage 2-stack/cascode driver chain is designed to drive the final

two stages (Fig. 2.6). For ideal cascode amplifier, the gate capacitor (CG2) of

the top transistor (common gate FET), should be large enough to provide a very

low impedance at the gate. Hence CG2 � Cgs2 for a cascode amplifier. For ideal

2-stack amplifier, the value of CG2 is nearly equal to Cgs2 for reliable operation

[23, 25]. The final stage of the amplifier chain is designed to be in deep class-

AB mode and is expected to operate into saturation for higher output power and

efficiency. This causes high voltage and current swings at the FET nodes and hence

the amplifier has to be designed for reliable operation following ideal FET stacking

methodology. The initial stages of the amplifier chain are designed in class-A mode

for linearity and high gain and hence designed more like cascode stages. In this

45 nm CMOS SOI process, the value of Cgs is about 0.8 fF/µm. The designed

value of CG2 varies from 1.5 fF/µm for final stage to 7 fF/µm for first stage of the

amplifier chain and 9.3 fF/µm for the first stage of the line amplifier. Thus the

design-class varies from 2-stack at the front end (with large FETs, higher voltage

swings and lower gain per stage) to cascode at the back end (with small FETs,

lower voltage swings and higher gain per stage) of the amplifier chain. The 2-stack

amplifiers also have shunt-inductor tuning at the first drain node for impedance
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Figure 2.6: Schematics of final five-stage PA (one half of pseudo-differential PA
shown).

matching.

The five-stage amplifier chain is used in pseudo-differential fashion to im-

plement one channel of the array. The input to the channel is single ended and

a simple balun is used to convert it to differential. The balun has a simulated

insertion loss of 1.5 dB and output gain imbalance of less than 0.25 dB and output

phase imbalance of 50. The first driver stage of the two differential sides are laid

out very close to each other and are fed the differential output from the balun.

The top FET gates are provided both capacitors to ground as well as capacitor be-

tween the two differential sides utilizing virtual ground. The output of this stage

is taken as a pseudo-differential signal and passed through the rest four stages.

This helps to reduce the imbalance between the differential sides. The rest four

stages of amplifier are laid out at a differential pitch which matches the antenna

feed pitch so that final stage is close to the antenna feed.

The five stage pseudo-differential amplifier has a simulated linear gain of

32 dB. Typical values of on-chip isolation at W-band are roughly about 40 dB

depending on the substrate type and the design of electromagnetic structures like
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Figure 2.7: Schematics of two stage Line Amplifier.

inductors, antenna, ground plane etc [32]. Thus the five-stage PA provides high

enough gain without having the risk of oscillation due to unintentional coupling.

Line Amplifier

The line amplifiers are used to compensate the routing and power division

losses in the input signal distribution chain. It is designed as a two stage cascode

amplifier with simulated gain of more than 10 dB (Fig. 2.7). For comparison with

the main stage amplifiers, the top gate capacitor (CG2) values are 9.3 fF/µm and

7 fF/µm for the first and second stages of the line amplifier which makes it almost

cascode-like. The line amplifier is matched to 50 Ω at input and output and hence

can be used as an easily reusable element across the signal distribution chain which

is designed in a 50 Ω environment. The final five stage amplifier chain needs only

less than 5 dBm input power for achieving saturated output power. But the line

amplifier is designed to have a 1-dB output compression power of much more than

5 dB to have an error margin for variations. This helps to have the line amplifiers

always operate in deep back-off and hence be very linear.
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Figure 2.8: Vertical cross section of CMOS + quartz combination.

Signal Distribution Network

A three stage cascade of 2-way Wilkinson power divider is used to achieve

the 1:8 split of the input signal on-chip to each of the eight channels. The signal

distribution loss includes routing loss, ideal Wilkinson power split and Wilkinson

divider loss. 50 Ω grounded coplanar waveguide (GCPW) transmission lines are

used for the signal routing. The measured insertion loss of the GCPW is 1.2

dB/mm at 94 GHz. The simulated insertion loss of Wilkinson divider is 1.0 dB at

94 GHz.
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2.2.3 Antenna Design

Wafer scale antenna array on a quartz substrate initially demonstrated in

[17, 33] is used in this work. A 2 x 4 array of differential microstrip antenna is

deposited on top of a quartz substrate and placed on top of the CMOS chip. The

antennas on quartz are aligned to the differential antenna feed lines on the CMOS

chip at the top most metal layer (LB). The output from the pseudo-differential

power amplifier to the antenna feed gets EM coupled to the antenna through the

quartz substrate (figs. 2.8 and 2.9). Antenna on quartz rather than antenna on

top CMOS metal layer is preferred at W-band frequencies. Using the top metal

layer as the antenna layer would cause a very small antenna to ground spacing (≈

6.3 µm) which does not allow efficient radiation. Also with the external quartz

antenna the resonator structure can be changed easily in the case of a shift of

peak gain frequency of the transmitter chip. Three 250 nm thick metal layers (B1,

B2 and B3) are stitched together to form the antenna ground plane beneath the

antenna feed. Since these antennas have very low impedances at the antenna edge

the feed line is connected to the amplifier output (50 Ω) by wide quarter-wave

impedance transformers.

To satisfy metal density rules dummy metal fill structures are needed to be

placed in the layers between the ground and antenna feed. The CMOS process used

for this work needs a minimum density requirement of 9% metal fill for the layers

between antenna feed and ground plane beneath. The dummy fill reduces the

efficiency of the antenna from more than 50% down to about 40%. The placement

and configuration of the dummy fill has been optimized for maximum efficiency.

Larger dummies increase the eddy current loss and smaller dummies cause more

effective capacitive shielding between antenna and ground, thereby reducing the

antenna impedance even further. Also dummy elements should be placed carefully
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Figure 2.9: Plan of antenna feed on CMOS and antenna on quartz (Designed by
Ozan Gurbuz).
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away from beneath high current density location on antenna feed like bent edges.

In this design, the dummy fills are laid out as floating square pieces of 7.5 µm x

7.5 µm at 25 µm pitch, not tied to each other or the ground beneath.

The antenna is a thin gold layer of dimensions 800 µm x 250 µm and is

fabricated on a 100 µm thick quartz wafer. The antenna is designed to resonate at

94 GHz and has a peak gain of 1.0 dB and peak efficiency of 41% at 94 GHz. The

array elements are placed at nearly λ
2

in air spacing for minimum grating lobes.

The final implementation is at 0.42 λ spacing in E plane (4 columns) and 0.59 λ

spacing in H plane (2 rows). The antenna array simulations show a directivity of

13 dB and gain of 9 dB (Fig. 2.10). The antenna has been designed by Ozan D.

Gurbuz.

2.3 Experimental Results

The CMOS PA - Antenna array chip as wells as each sub-block breakouts

are fabricated and measured.

2.3.1 Breakout Measurements

Separate breakout test structures are made for the final stage three-stack

PA, final four-stage PA, one channel (five-stage pseudo differential PA), line am-

plifier (two-stage cascode), balun and Wilkinson divider.

Final Stage

The final stage PA (PA1) has a measured maximum small signal gain (S21)

of 8 dB at 90 GHz (Fig. 2.11). The 3-dB small signal gain bandwidth of the PA

is 18 GHz (81 - 99 GHz). It has a measured maximum saturated output power of
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(a)

(b)
Figure 2.10: a) Simulated 2 x 4 antenna array gain and directivity; b) Simulated
2 x 4 antenna array radiation pattern in E- and H- plane.
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Figure 2.11: Measured and simulated S-Parameters of final stage 3-stack PA
(PA1).

17 dBm, maximum drain efficiency of 14% and PAE of 9% at 89 GHz (Fig. 2.12).

At 94 GHz the PA achieves S21 of 6.5 dB, Psat of 15 dBm, DE of 10% and PAE of

5% (Fig. 2.13). The PA is biased in class-AB mode with 0.15 mA/µm of current

density (IDq = 40 mA, VG1 = 0.3 V, VDD = 4.2 V).

The measured output power at 94 GHz is 1.2 dB lower than simulation.

The nominal maximum supply voltage for the CMOS process used is 1.1 V. The

PA have been designed and measured with 1.4 V per stacked FET. The devices

still operate reliably since the stress time per cycle is very low due to the very high

frequency of operation. The PA is designed such that at all points of operation

the drain-to-gate or drain-to-source instantaneous RF voltage swings of all FETs

are less than 2.5 V.
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Figure 2.14: Measured S-Parameters for 4-stage PA (PA2).

One Channel (Final + driver stages)

Two breakouts of the multistage PA are measured a single ended four-stage

(PA2) and pseudo differential five-stage with balun (PA3).

The four-stage PA (PA2) has a measured maximum S21 of 22 dB at 96 GHz

(Fig. 2.14). At 94 GHz the maximum measured output power is 15 dBm and PAE

is 5% (same as of PA1) (Fig. 2.15). The final stage 3-stack PA is biased at 4.2

V and the pre-final 3-stack uses only 3.9 V supply. The 2-stack driver stages use

2.6 V supply. The measured small signal gain is 2 dB lower than simulation. The

drivers are biased in class-A mode for linearity.

The pseudo differential five-stage PA (PA3) has single ended input to the

balun and differential output from the final stage of amplifier chain. For mea-

surements a WR-10 GSGGSG waveguide probe is used with one differential side

terminated with a 50 Ω waveguide termination and measurements made on the
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other differential side. At 94 GHz PA3 has a measured small signal gain of 28 dB,

maximum output power of 17.5 dBm (14.5 dBm in single ended measurement) and

a maximum PAE of 4%. PA3 measured output power is lower than that of PA1

by 0.5 dB and PAE is lower by 1%. Fig. 2.16 shows the measured drain current

of final 3-stack, pre-final 3-stack and three 2-stack stages (of two differential sides

together). As seen from the plot the pre-final stage current increases from 50 mA

only to 60 mA per PA whereas the driver stage currents keep on increasing. Hence

it can be inferred that the lower saturated output power compared to four-stage is

due to the first stage driver (following the balun) saturating prematurely. PA3 has

a 1-dB Psat bandwidth of 14 GHz (86 GHz - 100 GHz) (Fig. 2.17). The measured

output power difference between the two differential sides was below measurement

accuracy. Since the final stage amplifier maximum gain is centered around 90 GHz

the driving stages were designed to have maximum gain at 96 GHz so that together

the PA chain has broadband gain centered at 94 GHz. But the saturated output

power is still maximum at 90 GHz as it depends only on the final stage.

Line Amplifier

The line amplifier (two-stage cascode) (PA4) has a measured small signal

gain of 11 dB and Psat of 11 dBm at 94 GHz. The S-parameters shows very good

input and output matching, better than -15 dB at 94 GHz (Fig. 2.18). PA4 has a

3-dB small signal gain bandwidth of 22 GHz (88 GHz - 110 GHz). The PA is linear

till 6 dBm output power as seen from the Gain and drain current measurements

(Fig. 2.19). This is much higher than the input power needed to saturate the

five-stage amplifier chain (0 dBm). PA4 is biased with 2.7 V drain supply.
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Figure 2.19: Measured Gain and drain current of two stages of two-stage Line
Amplifier (PA4) at 94 GHz.

Wilkinson Divider

A test structure of back to back Wilkinson divider is measured and has 1.5

dB insertion loss per Wilkinson divider at 94 GHz. This is 0.5 dB higher than

simulation.

2.3.2 Chip Assembly

The PA-Antenna array fabricated in 45 nm CMOS SOI process occupies 4.3

mm x 6.0 mm area on-chip. The chip is mounted on a one inch thick copper block

using silver thermal epoxy for heat sinking. The chip has wirebonds on two sides to

a PCB placed around the chip on the copper block (Fig. 2.20). The DC supply for

the chip is provided from the PCB through these wirebonds. Redundant pads and

bonds are used to reduce the routing resistance of the supply lines. Different value
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Figure 2.20: CMOS PA chip-quartz antenna wafer assembly wire-bonded to PCB
mounted on copper block.

bypass capacitors are placed on the PCB for providing supply bypass at different

frequencies. The quartz wafer is placed on the top of the chip and hand-aligned

to the antenna feed on the chip. A 10-13 GHz signal from Agilent E8257D signal

generator is multiplied and amplified using a x8 VDI multiplier chain to create the

W-band signal. The W-band signal is provided to the chip by a WR10 waveguide

probe to GSG pad on the chip.

2.3.3 Radiation Measurements

The radiation measurements are done with a WR10 receiver horn antenna

placed 25 cm above the chip (Fig. 2.21). This distance is chosen to be much
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Figure 2.22: Measured and simulated E-plane radiation pattern at 94 GHz.

greater than the far-field distance for the array (≈ 2 cm) and still have enough

dynamic range at receiver W-band sensor. The receive antenna is moved in an arc

above the chip to measure the radiation pattern in the E-plane. The measured

radiation pattern matches excellently with the simulated pattern (Fig. 2.22). The

half-beam-width is 270 and the side-lobes are at +/- 380 in E-plane at 94 GHz.

Since the measured radiation pattern is centered and matching with the simulated

pattern we can infer that all the eight channels are active and there is no significant

phase or magnitude imbalance between them.

The chip-quartz assembly achieved a maximum measured EIRP of 33 dBm

at 94 GHz (Fig. 2.23). The antenna gain (GTX) is estimated to be 9.0 dB at

94 GHz from EM simulation using HFSS. Therefore the output power (PT ) from

the power amplifier array into the antenna grid can be estimated to be 24 dBm

(250 mW). This implies each channel is outputting 15 dBm, which is 2 dB lower

than PA3 measurement. More than 9 W of DC power is dissipated leading to
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Figure 2.23: (a) Measured maximum EIRP vs. frequency. (b) Measured quasi-
optic gain vs. EIRP at 94 GHz.

a 2% total system efficiency considering the on-chip PA power output and 40%

antenna efficiency. The efficiency is 1% lower than the array estimate from PA3

and PA4 individual measurements. The performance degradation could be due to

compounded effect of increased cross heating between PA, change in properties of

CPW between breakouts with air on top and PA-Antenna array chip with quartz

on top, finite air gap between chip and quartz causing impedance mismatch at

final stage output, increased drain supply line resistance due to longer routing

using thin metal layers etc.

The chip was continuously operated at peak power (EIRP of 33 dBm) for
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many hours and little irreversible power drop was noticed. The bandwidth of

the total system is primarily determined by the antenna. The PA-antenna array

achieved an EIRP of > 30 dBm from 91 to 95 GHz (Fig 2.23). Since the power

amplifier chain has broad bandwidth, the center frequency of the PA-antenna array

can be shifted by using a different quartz antenna designed for the appropriate

frequency. This allows for post-fabrication tuning compared to entirely on-chip

antenna solutions. The quasi-optic power gain is defined as the ratio of EIRP to

the input signal power to the chip. The measurement shows more than 47 dB of

linear gain at 94 GHz (Fig 2.23).

2.3.4 PA-Antenna Array Modulation Measurements

Modulated signal measurements are conducted using the spatial power com-

bining chip as shown in Fig 2.24. The baseband signal is generated using Arbitrary

Waveform Generator (AWG) Keysight M8190A. The IF signal at 2 GHz from AWG

with 6 GS/s is up converted in two steps using 21 GHz and 75 GHz LO to 94 GHz

and fed to the PA-Antenna array. The amplified-radiated signal from the chip

is captured with a WR10 horn antenna. This is down converted to 2 GHz and

sampled using a 20 GS/s Oscilloscope.

Computationally efficient Digital Predistortion algorithm is used to linearize

the transmitter. The transmitter non-ideality is decomposed into non-linearity

and memory. DPD linearization is applied first (Memory Polynomial DPD with

harmonic order of 5 and memory depth of 7) and an FIR filter (memory depth

of 100) is applied later to correct the memory effect due to the wide bandwidth.

This approach decouples the memory and non-linearity and reduces the number

of DPD coefficients from 500 to 135.

256 QAM single carrier signal with PAPR of 7.5 dB is used. The PA is
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Figure 2.24: Over-the-air modulation measurement setup (Measurements jointly
done with Po-Yi Wu).
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Figure 2.25: Over-the-air radiation measurements of modulated signals for PA-
Antenna array with 256 QAM, 375 MS/s single carrier signal (a) AM-AM (b)
AM-PM (c) Emission Spectrum (d) Transmitted constellation. (Red is before
DPD, blue is after linearization and green is after FIR filtering) (Measurements
jointly done with Po-Yi Wu).
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biased at low gain to avoid heating. This reduces the maximum EIRP to 26 dBm.

Due to the soft roll-off of CMOS PA an additional 5 dB back-off is applied on top

of the maximum EIRP PAPR. The PA is operated with an average EIRP of 13

dBm. With 375 MS/s (3 Gbps) the PA-Antenna array after DPD achieves 2.5%

EVM and -32 dBc ACPR (Fig. 2.25). The maximum modulation bandwidth is

limited by the band pass filter (1 GHz at 19 GHz) in the up convert chain. The

modulation measurements were done jointly with Po-Yi Wu and Youjiang Liu.

2.4 Conclusion

A 3-stack CMOS SOI power amplifier is designed to have an output power

of 17 dBm at W-band. Using this amplifier as front end, a spatially power-

combined, a stacked-FET, CMOS-SOI power amplifier array with integrated quartz

microstrip antenna has been designed and tested. The system achieves a maximum

EIRP of 33 dBm at 94 GHz. An estimated 24 dBm (250 mW) of power is delivered

by the power amplifier grid to the antenna. This is the highest output power from

a CMOS chip at 94 GHz. A 3 Gbps over the air modulated signal measurement

has been demonstrated with this system using 256 QAM signals with DPD.
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Chapter 3

Multigate-Cell FET Design

3.1 Introduction

In mm-wave ICs to date, the transistor stacking has been implemented with

discrete, relatively large devices (e.g. gate width 200 µm and above) [12,23–25,34],

and large external capacitors are placed at the gates (Fig. 3.1). Connections

between the distinct transistors, as well as between the transistors and capacitors,

must be carefully implemented in order to avoid excess inductance which can

disturb matching and create instability [28].

The maximum single ended output power demonstrated at mm-wave fre-

quencies in silicon using FET stacking alone as the power-combining technique is

limited as a result of (a) degenerated device performance due to the layout par-

asitics; (b) thermal issues at high current density high power operation; and (c)

modeling inaccuracies. Representative saturated power levels correspond to 21.6

dBm for CMOS [23] at 41 GHz and 23.4 dBm for SiGe [24] at 41 GHz.

In this work, a modified design is presented for stacked FET mm-wave

amplifiers based on the use of transistors with multiple gates. This technique

43
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Figure 3.1: Representative schematic of a stacked FET PA with gate capacitors.

eliminates a significant fraction of the parasitic resistances and capacitances of the

conventional stacked FET design. The gate connections in the stack can be termi-

nated in capacitors conveniently implemented in the metallization levels available

in CMOS technology. The structure leads to a compact unit cell that can be

arrayed to provide a wide choice of aggregate device sizes and output currents.

Experimental FET stacks and mm-wave amplifiers are demonstrated in CMOS

SOI technology. The use of SOI significantly reduces capacitances and leakage,

provides isolation between FETs and eliminates FET body-effects. The passive

components have higher quality factors due to the insulating buried oxide layer.

This makes SOI desirable for mm-wave design, particularly with stacked FETs.

SOI, however, can also lead to increased thermal resistance of the FETs to the
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heat-sink below the substrate. The multigate design can potentially improve the

thermal connection between the FET stack and the silicon substrate relative to

what is obtained in the conventional stack.

Amplifiers operating over the 25-35 GHz band (Ka-band) were implemented

using the multigate approach. The measured output power is the highest reported

to date for CMOS power amplifiers that do not use power combining in Ka-band.

In the following, a description of the multigate-cell design is presented in

Section II. Design considerations for stacked FET mm-wave PA, and comparisons

of characteristics of conventional FET stacked PA with those of the multigate ap-

proach are given in Section III. Section IV presents the design of Ka-band PA using

the multigate cell technique, and Section V presents their measured performances.

Conclusions are given in Section VI.

3.2 Multigate-Cell Architecture

The multigate-cell merges the source and drain diffusion regions of multi-

ple transistors, leading to a single effective FET with multiple gate regions. This

approach reduces parasitic resistances, capacitances and inductances in the ampli-

fiers. There are numerous precedents for the use of multigate FETs in microwave

circuits. It is a common practice in pHEMT switch design to have multiple fin-

gers laid out together to be wired as series connected transistors instead of wiring

them in parallel [35]. SOI RF switches have also been demonstrated in this lay-

out style [36–38]. A similar layout was used in a previously reported 2-GHz RF

CMOS SOI stacked FET design [22]. For high frequency PA, this layout is not

favored due to the difficulty of implementing appropriately small gate capacitors

for each stacked cell. In typical current practice in a mm-wave FET layout with
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N fingers of width Wg each in the same diffusion, all the gates, sources and drains

are connected among themselves to make a single FET of width NWg. Multiple

such FETs are used in series with external capacitors at the gate nodes (Fig. 3.1).

In this work, the multigate device includes four gates prepared on the same

diffusion or active FET area as shown in Fig. 3.2. The use of SOI technology

electrically isolates the bodies of the distinct FETs. Contacts to intermediate

source/drain nodes are eliminated. The external gate capacitors needed for the

stack are implemented locally using custom designed metal-oxide-metal (MOM)

structures around the device. This provides a compact layout for the unit cell

containing FET and associated capacitors.

The width of the gate fingers used in the cell is determined in a way that

minimizes gate resistance without introducing excess interconnect capacitance.

Gate finger widths in the range of 1 to 1.5 µm are considered in this work for

Ka-band amplifiers.

The source of the multigate FET is connected to a ground plane placed

around the FET on the lowest metal layer (M1). This ring provides a low in-

ductance ground connection as well as a good pathway for thermal dissipation

(Fig. 3.3). Since all the FET fingers sit on the same diffusion all of them are now

thermally sunk (connected to the ground ring). To further enhance the thermal

conductivity, bities (BI Tie-downs) are placed on the ground ring as close to the

device as the process limits allow. The bities are polysilicon filled holes punc-

tured through the buried-oxide (BOX) layer to the substrate. This provides a low

thermal resistance path to the substrate.

On top of the M1 ground ring a U-shape strip of second interconnect metal

layer (M2) is drawn around the FET and connected to the second stack gate. This

strip is covered with third interconnect metal layer (M3) which is shorted to the
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Figure 3.2: Schematic, layout and device cross section of a multigate cell.
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Figure 3.3: Multigate-cell layout with FET and ground ring.
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Figure 3.4: Layout of CG2.

ground ring on M1. This forms a Metal-Oxide-Metal (MOM) capacitor between

second gate and ground (Fig. 3.4). For higher levels in the interconnect stack,

every alternate metal layer is used as capacitor top plate or ground in similar

fashion. All the ground layers are tied together with a row of via stacks. All the

top-plate layers are connected to the FET gates. The bottom-most eight closely

spaced metal layers are used to make the capacitors. This sets the total area

density of the capacitors. Since the lower gate capacitors are higher in value the

more closely spaced lower metal layers are used for the generation of lower gate

capacitors. The multigate-cell capacitance requirements are thus well matched to

the capabilities of Silicon back-end-of-line (BEOL) processing.

The maximum current required for the power amplifier, and thus the overall

gate width of the aggregate FET assembly determines the number of multigate

stacked-cell units needed, which can be arranged in an array (Fig. 3.5).
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Figure 3.5: Arranging the unit cells to form an array.

3.3 Design Considerations for Multigate Stacked

FETs

In the following, the characteristics of the multigate-cell architecture are

contrasted with those of the conventional stacking approach in relation to the how

they address the significant design challenges for mm-wave PA design.

3.3.1 Wiring Parasitics

Gate length scaling has enabled CMOS devices to have maximum frequency

of operation (ft ) as high as 0.5 THz [39]. Fmax of 430 GHz has been reported

[40] for IBM 45-nm CMOS SOI NMOS devices. This result, however, is for a

small device (width 8 µm) with port references at the lowest metal layer. As one

includes the wiring parasitics for larger devices and considers reference ports at

upper layers of metal, the measured value of fmax is lower. For a 30 µm device,

285 GHz is reported [41]. For high power mm-wave PA design usually much larger

devices (width more than 200 µm) are required so that load lines are closer to 50

Ω. This results in further lowering of fmax values to around 200 GHz [26]. The
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scaling causes a disproportionate increase in gate resistance (Rg) and capacitance

(Cgs, Cgd) relative to the increase in transconductance (gm), leading to reduced

figures of merit (3.1).

fmax ≈
1

4π

√
gm

Rg Cgd (Cgs + Cgd)
(3.1)

A tradeoff exists in the layout of mm-wave FETs between the values of

Rg and Cgg (≈ Cgs + Cgd). Input gate resistance Rg can be roughly expressed

as the sum of three portions (as shown in Fig. 3.6): (a) Rg,routing, resistance

from the global routing on metal layers till the contact via to the gate finger; (b)

Rg,ext, resistance from the gate extension outside the active device; and (c) Rg,int,

intrinsic gate resistance from the active device. Rg,routing can be reduced by using

multiple metal layers tied together for gate signal routing; Rg,ext can be reduced by

bringing the contact to gate-poly as close to the active device as possible; Rg,int can

be reduced by using double side gate contacts [42]. All of these result in increase

of parasitic gate capacitances (Cgsx, Cgdx). In this conventional style layout it

becomes difficult to improve fmax beyond a value determined by the best achieved

Rg Cgg.

For the multigate-cell in this work, a gate-pitch (380 nm) wider than the

usual pitch (190 nm minimum allowed by technology) is used. This improves the

ft due to (a) enhanced stress response of the device leading to higher transconduc-

tance (gm); and (b) lower gate-to-contact capacitance due to wider spacing [39].

The contacts to intermediate source/drain nodes are eliminated. This nearly elim-

inates the extrinsic parasitic capacitance due to wiring on the gate (Cgsx, Cgdx)

for the intermediate FETs in the stack. Since the Rg − Cgg trade-off is reduced

it is possible to reduce Rg further than in conventional layouts. A double-sided

contact gate finger layout is used and the contact via to the gate poly is made at
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Figure 3.6: Representative FET layout showing parasitic resistances and capac-
itances on gate.

the minimum allowed distance from the active device.

To compare parasitic capacitances, a conventional FET layout was studied

along with a comparable multigate-cell. The 32 µm wide FET (1 µm x 32 fingers)

was RC extracted up to the global routing layer (UA). Simulations were done using

(a) schematic for intrinsic device; (b) RC extracted FET with wiring and (c) RC

extraction of wiring alone without FET. The estimated values for Cgs and Cgd

from the simulation are shown in the Table I. The simulations suggest that by

eliminating intermediate source/drain contacts and wiring, the Cgs and Cgd values

can be reduced by 17% and 24% respectively.
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Table 3.1: Comparison of Device and Wiring Parasitics

Parameter Value from
FET

schematic
simulation

Value from
RC

extracted
FET

simulation

Value from
RC

extracted
wiring

simulation

Estimated
percentage
improve-

ment with
multigate
layout (%)

Cgs (fF / µm) 0.60 0.72 0.12 17%
Cgd (fF /
µm)

0.25 0.33 0.09 24%

Cds (fF / µm) 0.23 0.29 0.10 21%

3.3.2 Vertical Contact Parasitics

For large FETs used in PA, the source and drain contact resistances (RD, RS)

are a considerable fraction of RON . Even with wiring optimized for reducing resis-

tance, the equivalent parasitic series resistance on source/drain for a FET wired

to the global routing layer (UA in this example) is approximately 24 Ω.µm as

calculated from via contact resistance and routing metal sheet resistance. From

this total approximately 12 Ω.µm is from the device to M1 contact and the rest

is from the via and metal routing to the top layer. Layouts which attempt to de-

crease the series resistance result in increase of Cds. The tradeoff is similar to the

well-known RON − COFF trade-off for switches. The vertical routing also creates

series inductance [43]. Particularly for stacked FET designs the added parasitics

present a problem as these parasitics are multiplied by the number of FETs in

the stack. For a 4-stack FET, we therefore have 8Rv and 8Lv in series with the

stacked-FET as shown in Fig. 3.7. The series resistance reduces the PAE and the

series inductance narrows the bandwidth.

Since the current in the stack flows laterally from one finger to another

inside the 4-stack multigate FET, six out of the eight vertical interconnects (and

their associated resistance and inductance) are eliminated. For the bottom-most
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Figure 3.7: Schematic of conventional and multigate 4-stack FET with parasitics
associated.

finger, only the resistance of the contact from device to M1 is present since the

source is connected to a very wide ground ring. This provides an estimated 82%

reduction of the parasitic wiring series resistance of the FET. At the same time

nearly all of the Cds arising from the local wiring parasitics is eliminated. It is

not possible, however, to completely eliminate parasitic capacitance at the drain

of the highest FET on the stack since the multigate-cell array requires global drain

wiring to connect unit cells.

A comparative study of series resistance was done between the 4-stack

multigate-cell and a 4-stack 32 µm gate width conventional-style FET. The esti-

mated value of RON is shown in Table 3.2 for different scenarios. The multigate-cell

layout has 11% lower RON compared to the conventional style layout. Assuming

that the difference in RON between the RC extracted FET stack simulation and

intrinsic schematic FET stack simulation corresponds to the parasitic series resis-

tance, the multigate-cell is able to reduce the resistance by 82%, which matches

the series resistance estimation described above based on contact via resistance
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Table 3.2: Comparison of Series Resistance of Stacked FET in Conventional Style
and Multigate-cell

Parameter RON (Ω.µm) Estimated
percentage

reduction of
parasitic series
resistance with

multigate
layout (%)

Estimated
percentage

reduction on
RON (%)

Value from FET
schematic
simulation

1128 - -

Value from
conventional
layout FET
4-stack : RC

extracted
simulation

1304 - -

Value from
multigate-cell

4-stack FET : RC
extracted
simulation

1161 82% 11%

Measured value
for multigate cell

IC

1148 89% 12%

(Measured value of RON is averaged across multiple size devices)
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and routing metal sheet resistance. The difference in Cds between conventional

style layout and multigate-cell is shown in Table 3.1. The parasitic Cds due to

the wiring of conventional style FET (and hence the savings by multigate-cell) is

estimated to be 0.06 fF/µm, as indicated by the difference between RC extracted

and schematic. This is less than the 0.10 fF/µm as given by RC extracted simu-

lation of wiring alone; the difference can be attributed to the fact that simulation

of wiring alone ignores the reduction of Cds due to shielding by the FET and

underlying silicon substrate.

3.3.3 Thermal Resistance and Self Heating

For high power PA design, SOI suffers from increased self-heating. The

thermal conductivity of SiO2 (≈ 1W/mK) is two orders of magnitudes lower than

Si (≈ 130W/mK). The active device is surrounded by shallow-trench-isolation

(STI) on all sides, by dielectric layers on the top and by buried-oxide on the bottom.

This leads to relatively thermally insulated FETs and can lead to elevated junction

temperatures while operating at high current densities [28, 44]. This lowers both

performance and reliability of the high power amplifiers. Thinning of the substrate

cannot alleviate the situation since the majority of the thermal resistance is due

to the buried oxide.

Thermal interaction between transistors is an additional concern. In con-

ventional stacked FET designs, the FETs in the middle of the stack do not have a

good thermal dissipation pathway. They are also cross-heated by FETs from both

sides.

Multigate-cell design reduces - but does not eliminate - these concerns.

Since all the (four) FET fingers sit on the same diffusion, they are thermally

connected by the continuous layer of Silicon. Heat can subsequently flow through
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Figure 3.8: Thermal dissipation pathway with bitie.

the metal connections to the source. The source connection to the M1 ground

ring thus is instrumental in dissipating the heat across the chip. This is aided by

the fact that every alternate interconnect metal layer is connected to the ground

plane to create the multigate-BEOL capacitor. A large density of polysilicon filled

through-buried-oxide-vias (bities) are placed on the source/ground ring (Fig. 3.8)

to improve the thermal conductivity to the substrate. The distributed nature of

the multigate-cell FET array allows the designer to put bities very close to and all

around each unit cell.

3.3.4 Unequal and Low Quality-Factor Gate Capacitor

Exact sizing of the external gate capacitance is critical in stacked FET

design to maintain the impedance levels at internal stack nodes and maintain
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equal voltage swing among the different FETs in the stack. Due to the large size

of the FET in conventional designs, the series inductance of the connection to the

external gate capacitor can be considerably different between gate fingers located

at different locations of the FET. At mm-wave frequencies, this leads to having

different impedance levels at the gate for different device fingers of the same FET,

and hence different voltage swings. The long lead inductances to the capacitors

and their ground return path can also make the design narrowband and potentially

unstable.

Typically large capacitors have lower quality factor (Q) at mm-wave fre-

quencies caused by wiring parasitic resistance due to spreading resistance and skin

depth. This reduces the gain and efficiency of the stacked-FET PA. Active-drive of

the stacked-FET gates [41] can reduce this problem, but would be area expensive

and can result in very sensitive design.

In multigate-cell, the capacitors are very small and the current return path

from gate to source through the capacitor is local, lowering the parasitic resistances

and inductances associated with the gate capacitors. The capacitance is equal for

all the unit cells. The external gate capacitor CG2 for the multigate-cell is about

3 fF. For a conventional stack design with size equivalent to 192 unit multigate-

cells, two gate capacitors of value 384 fF are needed. Electromagnetic simulation

of the multigate-cell BEOL capacitor indicates a Q of more than 375 for the 3 fF

capacitor at 28 GHz compared to around 100 for the 384 fF vncap (metal finger

capacitor) (Fig. 3.9).

3.3.5 Intra-Stack Tuning

It has been shown that to improve the efficiency of mm-wave stacked FET

power amplifiers it is desirable to carry out impedance matching at intermediate
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Figure 3.9: Quality factor of gate capacitors.

nodes in the stack in order to compensate for capacitances to ground present on

these intermediate nodes (from device parasitics and from intrinsic Cgs). This

intra-stack tuning is of increasing importance as the frequency of operation is in-

creased. Different types of intra-stack tuning including series-inductor [25], shunt-

inductor [45] and Cds shunt-feedback [24] have been used to improve the efficiency

of mm-wave stacked power amplifiers by providing impedance match at intra-stack

nodes. Due to the compact unit cell and distributed array architecture, these ef-

ficiency improvement techniques are difficult to implement for the multigate-cell

design. Although the parasitic capacitances are reduced for the multigate-cell de-

sign, it is likely that at very high mm-wave frequencies the conventional approach

will have superior performance by using intra-stack tuning. Reducing the width

of FETs along the stack [25] as well as driving multiple gates on the stack [26] are

other techniques reported to adjust for the current leakage to ground due to par-

asitic capacitances as one moves up in the stack. These are also more difficult to
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implement for the multigate-cell design than for the conventional approach. This

diminishes the usability of the multigate-cell design presented here for PAs with

large FET widths at frequencies higher than 75 GHz.

3.3.6 Array Architecture

The full PA device is laid out as 8 (or 6) x 32 array of unit cells. The 32

columns are fed in a binary corporate tree fashion using thick copper microstrip

transmission lines that connect to the gates. A similar binary corporate combining

tree is used to on the drain side of the unit cell array. Inside each column the signals

to the 8 (or 6) rows of unit cells are routed in series fashion (Fig. 5). Alternate

columns share the gate and drain routing, thus reducing the corporate combining

tree to be 16-way instead of 32-way. Inside each column the drain routing and

gate routing are done on different metal layers to avoid coupling between input

and output. As a result the input gate routing transmission line and output drain

routing transmission line have different impedances and different velocities of wave

propagation.

Let d be the unit cell width, ω be the frequency of operation and vd and vg

be the respective loaded transmission line propagation velocities on output drain

and input gate lines. Then with n unit cells in a row, the maximum phase difference

between unit cells at extreme ends can be expressed as

∆Φ = nω d

(
1

vd
− 1

vg

)
(3.2)

This shows that for a given choice of transmission line structure, the number

of unit cells one can have on a row decreases inversely as the frequency increases for

a given maximum allowed phase difference between cells. Phase difference affects
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gain and impedance and also appears as a dispersion which causes the harmonic

frequency contents to be misaligned. Another effect would be unintentional load

pulling between the unit cells. One way of achieving phase coherency would be

by minimizing the velocity difference between the gate and drain routing lines. In

this work, with n = 8 and d = 3.5µm, the overall propagation distance along the

row is 28µm, and the degree of dephasing between the lines is estimated to be

negligible (less than 10).

Unlike bipolar devices (HBT), CMOS FET devices have negative temper-

ature coefficient for IDsat (≈ -0.6 (µA/µm/0C) for the 45 nm NFET used for this

design). This prevents current hogging and thermal runaway if a temperature

difference should arise between different unit cells in the array.

3.4 Multigate-Cell PA Implementation

A four finger/stack multigate cell with finger width 1.2µm was designed.

The FET model was derived using parasitic RC extraction (PEX). An EM mod-

eling tool (EMX) was used to simulate the BEOL capacitor around the FET. The

unit cell with the FET and BEOL capacitor occupies an area of 3µm × 3.5µm.

To maximize the area density of the BEOL capacitors and thereby minimize the

size of the stacked-cell maximum amount of metal allowed by design rules is used.

This has the advantage that since the metal densities are maximized, no additional

dummy fill [46] is needed. It results in a more accurate simulation of the capacitor

structure.

The 4-stack multigate unit cell simulation shows an effective fmax of about

240 GHz. A load-pull simulation at 28 GHz with the unit cell yields a saturated

output power of 1.5 dBm and 43% PAE. The optimum impedance for maximum
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Figure 3.10: Load-pull simulation of unit multigate-cell.

power and efficiency (Zopt) roughly lies in the unit admittance circle when the

reference impedance is set to be 192× 50Ω (Fig. 3.10 (Reference Impedance = 50

Ω× 192; Normalized Yopt = 1 + j 2 S; Max Pout = 1.5 dBm; Max PAE = 43%).

Thus, an array of 192 unit cells would have Zopt close to 50Ω. This avoids need to

have any impedance transformation at the output thereby improving the efficiency

and making the design broadband.

A 4-stack FET of aggregate width 230µm was made using an array of

192 (6 x 32) unit cells. A PA (PA1) was designed at 28 GHz using this device

(Fig. 3.11). Simple matching networks with grounded Coplanar Waveguide (CPW)

transmission lines and capacitors were used to match input and output. The PA

achieves a simulated saturated output power of 24 dBm.

Another PA (PA2) of slightly larger periphery 256 unit cells / 307 µm

width, was designed for higher output power (Fig. 3.12). Since the device width
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Figure 3.11: 230 µm FET 4-stack PA (PA1). (a) Die microphotograph. (b)
Schematic.
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Figure 3.12: 307 µm FET 4-stack PA (PA2). (a) Die microphotograph. (b)
Schematic.

increased the optimum load impedance is reduced to 40 Ω. An additional series L

shunt C matching network was added to form the impedance transformation from

40 Ω to 50 Ω. The series L is implemented as a transmission line. This matching

network also provides a short at the second harmonic at the drain which helps to

increase the efficiency. The PA achieves a simulated output power of 25 dBm.

3.5 Measurement Results

The multigate amplifiers (PA1 and PA2) were fabricated in a 45-nm CMOS

SOI process (Fig. 3.11, 3.12). These amplifiers occupy an area of 540 µm × 450

µm (0.24 mm2) for PA1 and 540 µm × 550 µm (0.30 mm2) for PA2 including the

pads. Excluding the pads the PA occupy areas of 340 µm× 190 µm (0.064 mm2)

and 340 µm× 280 µm (0.095 mm2 ) respectively.
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Figure 3.13: Measured (solid line) and simulated (dotted line) S-parameters for
PA1.

S21

S11

S22

Figure 3.14: Measured (solid line) and simulated (dotted line) S-parameters for
PA2.
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3.5.1 CW Measurements

S-parameter measurements (Fig. 3.13, 3.14) show that both the amplifiers

have input and output well matched at 28 GHz. PA1 demonstrates a small signal

gain (S21) of 13 dB at 30 GHz. The 3-dB gain-bandwidth of the PA is about

11 GHz (24 35 GHz), corresponding to a fractional bandwidth of 38%. PA2

demonstrates S21 of 13 dB at 29 GHz. The 3-dB gain-bandwidth of the PA is

about 10 GHz (25 35 GHz), corresponding to a fractional bandwidth of 33%.

Large signal measurements were done at two bias conditions, high bias (VG1

= 0.4 V, VDD = 5.2 V) and low bias (VG1 = 0.3 V, VDD = 5 V) bias. Both the

bias conditions correspond to class AB bias, at different depths. The low bias

condition is very close to class B as seen from the class B like efficiency back-off

characteristics. The high bias condition is significantly closer to Class A.

PA1 (Fig. 3.13) demonstrates a saturated output power of 23.7 dBm (230

mW) and 29% PAE at 29 GHz with P1dB of 20 dBm, with the high bias. Under low

bias PA1 achieves a peak PAE of 30% and output power of more than 23.5 dBm.

PA2, (Fig. 3.14) demonstrates a Psat of 24.8 dBm (300 mW) and 26% PAE at 29

GHz, with P1dB of 21 dBm, with high bias. Under low bias PA2 achieves a peak

PAE of more than 29% and output power of more than 24.3 dBm. A frequency

sweep indicates a 1-dB Psat bandwidth of 10 GHz (24 34 GHz) and > 25% PAE

bandwidth of 5 GHz for both the PA (Fig. 3.17, 3.18). The scatter in the data is

due to the frequency ripple in the measurement setup involving long cables.

To check the reliability, the PA was operated for more than 48 hours con-

tinuously at peak output power and the output power was measured to be stable

within +/- 0.1 dB.

Table 3.3 provides a comparison of the multigate PA results with some of

the state-of-art results for Silicon-based and III-V mm-wave power amplifiers in the
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Figure 3.15: Measured gain and PAE of PA1 at high and low bias at 29 GHz.
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Figure 3.16: Measured gain and PAE of PA2 at high and low bias at 29 GHz.
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Table 3.3: Comparison with current State-of-the-Art

Ref. Tech. Design Freq.
(GHz)

Psat
(dBm)

Peak
PAE
(%)

Gain
(dB)

Chip
area

(mm2)
This
work

45 nm
SOI

CMOS

Multigate-
cell

29 24.8 29 13 0.3

[23] 45 nm
SOI

CMOS

4-stack 41 21.6 25.1 8.9 0.3

[25] 45 nm
SOI

CMOS

4-stack,
Diff.

off-chip
load

45 24.3 14.6 > 18 0.8

[47] 45 nm
SOI

CMOS

6-stack 18 26.1 11 5 0.5

[24] 130 nm
SiGe

2-stack 41 23.4 34.9 12.5 1.0

[48] 130 nm
SiGe

common
source

28 17.1 42 21.2 0.5

[49] 120 nm
SiGe

cascode 28 18.6 35.3 15.8 0.4

[50] 150 nm
GaAs

pHEMT

Doherty 26.4 25.3 38 10.3 25

[51] 150 nm
GaN

HEMT

8-way
power
com-
bined

28 39.4 26 24 9.7

20 50 GHz frequency range. The present work has one of the best combinations

of Psat and efficiency (Fig. 20). The SiGe HBT 2-stack results [24] are closest in

performance to the CMOS result here.

The multigate-cell PA delivers a saturated output power of 300 mW from

less than 0.1 mm2 of chip area (excluding the pads). This corresponds to 3 W/mm2

of output power density. Various demonstrations of efficient multi-way (up to 16-

way) on-chip power combining have been reported at mm-wave frequencies recently

[11, 52, 53]. The multigate-cell PA demonstrated here could in principle be used
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Figure 3.19: 28 GHz Modulated Signal measurement setup.

as a building block to implement a 4- or 8-way power combined amplifier. Such a

design would have more than one Watt of output power delivered from a chip of

less than 1 mm2 area and could be useful for 5G access point transceiver design.

This would require, however, careful study of heat removal methods since such a

chip would be dissipating about 5 W/mm2 of DC power. The segmented nature of

the multigate-cell array also enables it to be readily made into a mm-wave power

DAC [54]. However with the distributed layout one should be careful to avoid

non-linearities that could arise from differences in output from different unit cells,

due to on-chip process/temperature variations.
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3.5.2 Modulated Signal Measurements

Modulated Signal measurements (Fig. 3.19) demonstrates the capability

of the multigate-cell PA as a broad-band, high-power, high-efficiency, linear PA.

The measurements are done without any digital pre-distortion. The input signal

to the PA is frequency equalized due the high dispersion of the measurement set

up. The PAE at backed off power levels and hence the average PAE of modu-

lated signal shows that the PAE - Pout relationship is very close to a class-B PA

while still having linear gain (Fig. 3.20). The broadest bandwidth measured (7.2

GHz) is limited by the measurement set up (capture bandwidth of the Receiver

Oscilloscope). The stacked FET PA shows very good (< 30) AMPM response.

The maximum average output power achieved with EVM meeting transmit specs

is nearly Psat - PAPR. This shows that no additional power back-off is needed

for linearity. Broadband modulated signal measurements of the multigate-cell PA

showed 36 Gbps of data rate at 28 GHz (7.2 GS/s of single carrier 32 QAM signals

with average output power of 17 dBm and 14% PAE and 6 GS/s of single car-

rier 64 QAM signals with average output power of 14 dBm and 9.3% PAE)(Table

3.4). This is the maximum data rate to be demonstrated at any frequency below

W-band. Also the average power level achieved is nearly an order of magnitude

higher than previously reported Silicon PA at same frequency.

3.6 Conclusion

A multigate-cell device layout has been studied for the design of stacked-

FET CMOS mm-wave power amplifiers. Design considerations have been presented

including advantages from reduction of layout parasitics and topology which fa-

cilitates heat-sinking in an SOI process. The difficulty of impedance matching at
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Figure 3.20: PA Output constellation with different modulation schemes and
bandwidths.
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Table 3.4: Modulated Signal Measurement Results

BW
(GHz)

Carrier
(SC/OFDM)

QAM Data
Rate

(Gbps)

Pout
(dBm)

PAE
(%)

EVM
(%)

SNR
MER
(dB)

7 OFDM 16
QAM

28 15 11 8.4 -

7.2 SC 32
QAM

36 17 14 7.7 22.3

7.2 SC 16
QAM

28.8 18 15 8.6 21.3

6 SC 64
QAM

36 14 9.3 5.5 25.1

5 SC 64
QAM

30 17 15.3 5.2 25.6

5 SC 128
QAM

35 16 13 5.1 25.8

1 SC 128
QAM

7 17 16 3.7 28.6

1 SC 64
QAM

6 18 18 3.9 28.1

intermediate nodes in the stack was also highlighted. Several Ka-band mm-wave

power amplifiers have been demonstrated using the multigate-cell architecture. A

saturated output power of 300 mW and peak efficiency of 30% was achieved at

29 GHz from the amplifiers. The absence of tuning elements favors broadband

operation for the multigate-cell approach. In keeping with this expectation, the

measured amplifiers had 3-dB small signal and 1-dB large signal bandwidth of 10

GHz (35%) of centered around 29 GHz. Broadband modulated signal measure-

ments of the multigate-cell PA showed 36 Gbps of data rate at 28 GHz without

using any DPD. The multigate-cell offers a highly compact, scalable and reliable

building block for high power mm-wave PA design.
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3.7 Appendix : Approximate Thermal Analysis

Approximate temperature rise at the FET can be estimated from the fol-

lowing thermal resistance calculations. The heat is generated in the FET channel

and spreads readily across the silicon device diffusion area (as defined by STI oxide

at the multigate transistor edges). The main heat flow pathways from the device

are (a) vertical conduction from the silicon device layer to the heat-sink at the

silicon substrate backside through the buried-oxide (BOX); and (b) lateral spread-

ing through the silicon device layer to reach the source/drain contacts from where

there are various pathways to the heat-sink. Here we consider wire-bond packaging

which has a heat-sink on substrate backside; different pathways apply for flip-chip

bonding.

For critical heat flow paths in the structure used in this work, a one-

dimensional approximation can be used to estimate thermal resistance given by

Rth =
1

κth

l

A
(3.3)

where κth is the thermal conductivity of the material, l is the length of

conductor and A is the area of the conducting plane.

For heat flow from rectangular regions through a substrate of constant ther-

mal conductivity, the heat spreads in a prism-like fashion with an angle of approx-

imately 45o. The thermal resistance [55] in this case can be approximated as

Rth =
1

2κth

1

(L−W )
ln

(
W + 2h

L+ 2h

L

W

)
(3.4)

where L and W are the length and width of the rectangular sheet heat

source, h is the height of the heat conducting column (substrate thickness). When

L and W are similar in value this reduces to
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Figure 3.21: Schematic cross section of the chip showing thermal pathways and
equivalent thermal resistances.
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Rth =
1

κth

h

L (L+ 2h)
(3.5)

Fig. 3.21 shows the various thermal pathways from the active device to the

heat sink at the back of substrate. Fig. 3 shows the layout of a unit cell with 1.2

µm× 1.5 µm device area and 6.3 µm2 of M1 ground ring area within a unit cell

of 3.5 µm× 3.0 µm. For thin film BOX with κth = 0.8 W / m - K, the thermal

resistance from the device layer to the top of the substrate through the BOX, per

unit cell, can be estimated as

R1 =
1

κBOX

hBOX
Areadevice

= 104K/mW (3.6)

The lateral conduction path inside the silicon device layer can be modeled as

doubly contacted from both source and drain side for the multigate cell. Assuming

values of κSithinfilm
= 70 W/m - K, the lateral spreading thermal resistance is

R2 =
1

12κSithinfilm

lengthdiffusion
Wdiffusion hdiffusion

= 18K/mW (3.7)

The thermal connection between the source and heat-sink is accomplished

via the ground metal as described below. The thermal connection between the

drain and the heat-sink is accomplished via the drain supply transmission line,

which is bypassed using a large 50 pF capacitor. It can be shown that the thermal

resistance of this capacitor (Rcap) is negligible compared to other contributions

of the thermal pathway. The thermal resistance of the M1 ground plane to the

substrate, is calculated as

R34 = R3 +R4 = 42 + 45 = 87K/mW (3.8)
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If bitie are used, assuming a conservative thermal conductivity of 40 W/m-

K for the bitie fill and area of 1.1 µm2, R5 = 10 K/mW comes in parallel with

R34.

For the 256 unit cells array, a ground plane (180 µm× 180 µm) using

multiple metal layers (lowest layer being M2) is laid around the FET array. Due

to finite conductivity of metal the heat can be estimated to be spread to a distance

Leff =

√
κmetal tmetal tdielectric

κdielectric
(3.9)

The value of Leff can be estimated to be about 25 µm. This means we

can assume an effective ground plane of width 25 µm around the unit cell array.

The effective thermal resistance per unit multigate cell of this ground plane can

be estimated as

R67 = 256(R6 +R7) = 30K/mW (3.10)

This calculation considers the fact that the ground planes are cheesed as

per CMOS design rules and hence has a fill factor of only 50%.

All the above calculations assume one-dimensional conduction obeying (3).

Since the substrate thickness is larger than the area dimensions of the FET array

+ ground plane the thermal conduction in substrate becomes three-dimensional,

obeying (4). Assuming κSibulk = 130 W/m - K, the effective thermal resistance per

unit cell of the substrate can be estimated as R8 ≈ 4 K/mW.

Now the total thermal resistance of the unit cell can be estimated as

Reff = R8 + (R1 || [R2 + (R34||R5||R67) ] ) ≈ 24K/mW (3.11)

The maximum output power each of the unit cells deliver is close to 1 mW
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at about 25% drain efficiency. This would lead to peak power dissipation of 3

mW per unit cell. Therefore the maximum temperature rise of the device can be

estimated to be 720 C.
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Chapter 4

Millimeter-wave PMOS Power

Amplifier

E-band frequencies (60 GHz - 90 GHz) are used for both radar applications

(77 GHz automotive radar) as well as point-to-point communication for wireless

back-haul (71 GHz - 76 GHz and 81 GHz - 86 GHz). Recently 73 GHz band is

being investigated for being used for fifth generation (5G) wireless communication

systems [56]. 77 GHz radar requires only less than 10 mW of output power and

typically SiGe and more recently CMOS chipsets are able to have single chip so-

lutions [57]. But E-band back-haul for point-to-point mm-wave communication

requires more than 100 mW - 1 W of transmitted power to be able to sustain very

high data rates. Both InP and GaN transistors have demonstrated capabilities to

have 100 mW of power from single un-power-combined amplifier at E-band [31,58].

With efficient power combining schemes the output power can be further increased.

But the integration needs for emerging complex systems favor silicon designs. Sev-

eral power combining schemes including FET stacking [34, 59], on-chip transmis-

sion line power combining [9,10], transformer power combining [13,14] and spatial

79
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power combining [17, 60] have been used to design reliable high power SiGe and

CMOS amplifiers in these frequency ranges. The PAE of most of them is less than

15% however.

This chapter presents an investigation of the use of PMOS devices in a

standard CMOS process as an alternative to NMOS and SiGe devices for the design

of high power mm-wave power amplifiers. Due to process improvements associated

with dimension scaling, material system engineering and structural changes, the

PFET devices have nearly similar performance as of NFET devices in deeply scaled

CMOS processes. At the same time PMOS breakdown voltages are higher than

that of NMOS. This allows a mm-wave power amplifier made exclusively with

PMOS to have similar or higher power levels as of an NMOS amplifier depending

on the ratio of the respective FET parameters. Previous research efforts have used

PMOS FETs in a push-pull [61,62] or inverter-like [63] configuration. In this work

a PMOS-alone PA at E-band using 32 nm CMOS SOI process utilizing stacked-

FET configuration is presented. This PA achieved a measured maximum output

power of 19.6 dBm and a peak efficiency of 24% at 78 GHz. This represents the

highest efficiency and the highest output power without elaborate power combining

schemes reported for any Silicon power amplifier in this frequency range.

Section II of this chapter describes the device physics associated with the

scaling of the CMOS FETs. Section III gives a comparison of measured perfor-

mance of equivalent NMOS and PMOS devices. The design of the E-band PA is

described in section IV and the measurement results are given in Section V.
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4.1 MOSFET Device Physics

Dimension scaling of CMOS devices has been primarily motivated by the

reduction in the area and hence the cost of Silicon CMOS chipsets as predicted

by Moores law. As the gate length (Lg) is scaled down the current and frequency

capabilities of the CMOS devices have been consistently increasing, while special

techniques have to be implemented to prevent the increase of leakage current.

Process and structural innovations like SiGe strained Silicon (Lg < 90 nm), High-

K Metal Gate (HKMG) (Lg < 40 nm) and FinFET and Ultra-Thin Body Buried

Oxide Fully Depleted Silicon on Insulator (UTBB-FDSOI) (Lg < 20 nm) have

helped performance improvement. At the highly scaled nodes (Lg < 40 nm) the

comparison of mobility and reliability of N-channel and P-channel devices shows

interesting merits for PFETs.
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Figure 4.1: Current density of NMOS and PMOS transistors of different genera-
tions of IBM CMOS FET.
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4.1.1 Mobility

The rate of increase of ON current (ION) of NMOS FETs with advancement

in the CMOS technolgy node has decreased considerably for nodes below 28 nm

[64]. PMOS FETs followed a similar trend but the slowing has been soft due to

the improvements in strain engineering. Thus initially for long channel devices the

PMOS ION was about half of that of NMOS whereas currently for many extremely

scaled processes it is as close as 94% of NMOS ION [65,66]. The result is apparent

in the fact that in CMOS inverter design the WP/WN ratio has changed from

above 2 to as low as 1.1 in deeply scaled CMOS processes. Fig. 4.1 shows the ION

for different generation of N and P FETs available in commercially available IBM

CMOS processes.

This relative improvement of PMOS compared to NMOS has been result

of: a. strain engineering; b. change in device orientation from [100] to [110]; c.

increasingly ballistic transport and d. wiring parasitics.

Figure 4.2: Cross section of a PFET showing the SiN liner on gate for inducing
compressive stress [1].
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Hole mobility increases with compressive stress and electron mobility in-

creases with tensile stress. Addition of Ge to the Silicon channel increases the

uniaxial compressive strain and hence embedded SiGe (eSiGe) is used to increase

the hole mobility in PFET. Also strain can be induced by the use of nitride (SiN)

liners on the gate (Fig. 4.2) [1]. This can be done for NMOS and PMOS by

using Dual Stress Liners (DSL) which creates tensile strain for NMOS and com-

pressive strain for PMOS in the same substrate. Other techniques including stress

memorization and strain induced by regrown source/drain contacts are also used

to increase the mobility of charge carriers. The mobility improvement for holes

has been much higher than that of the electrons in most of the above mentioned

techniques. This resulted in PMOS current and transconductance improving by a

higher fraction than NMOS.

Figure 4.3: Simulated hole and electron mobility for (100) and (110) silicon
substrates as a function of stress [2].

In Silicon electron mobility is higher for [100] direction than [110], while hole

mobility in [110] is higher than [100] direction (Fig. 4.3) [2]. Traditionally CMOS

devices used to be made on [100] orientation. But most of the deeply scaled devices
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especially FinFETs are made in [110] orientation. For NMOS the loss in mobility of

electrons with change in orientation is partially mitigated by application of stress.

But for PMOS the change in orientation and stress considerably increases the hole

mobility and brings it closer to the electron mobility for NMOS.

Both the above mentioned results enhances the hole mobility compared to

the electron mobility. But at the same time increasingly ballistic nature of the

carrier transport in extremely scaled devices makes the current less dependent on

channel mobility and more on the source density of states and emission properties.

This also makes PMOS and NMOS similar.

For mm-wave power amplifier design fmax serves as the most important

figure of merit. As the device is scaled, due to the smaller gate length the gate

resistance (Rg) increases. Smaller lithographic dimensions bring the FET contacts

closer thereby increasing the capacitive wiring parasitics(Cgd,ext, Cgs,ext) and thin-

ner interconnects increases resistive wiring parasitics. This increases the portion

of Cg,ext compared to Cg,int in the final Cgs and Cgd values. This is same for both

NMOS and PMOS. This leads to similar performance by NMOS and PMOS as the

similar values of parasitics overshadow the dissimilar intrinsic FET values.

4.1.2 Reliability

The primary reliability concerns in short channel MOSFETs are due to

Hot Carrier Injection (HCI), Time Dependent Dielectric breakdown (TDDB), Bias

Temperature Instability (BTI) (Positive BTI (PBTI) for NMOS and Negative BTI

(NBTI) for PMOS) and electro-migration. The breakdown voltages of PFETs are

typically higher than those for NFETs. This is partially due to the difference in

impact ionization rates of holes and electrons and tunneling behavior of the two

device structures. The impact ionization rate of holes in Silicon is much lower
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Figure 4.4: Impact ionization rate of electrons and holes in Silicon.

than that of electrons (Fig. 4.4) [67]. This leads to lower probability of avalanche

breakdown and creation of hot carriers (hot holes) in p-channel MOSFETs at a

given electric field. Also the n+ source and drain junctions are more abrupt than

p+ junctions leading to lower breakdown for NMOS [68]. In general, injection from

Si into SiO2 (or related High-K dielectrics) is much more likely for hot electrons

than for hot holes because (a) electrons can gain energy from the electric field

more readily than holes due to their smaller effective mass; and (b) the Si-dielectric

interface energy barrier is larger for hole (≈ 4.8 eV for SiO2) than for electrons (≈

3.1 eV for SiO2) as shown in Fig. 4.6. The difference in energy barrier between

holes and electrons is expected to increase further with use of High-K dielectrics

instead of SiO2 .
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Figure 4.5: Simplified CMOS band diagram showing Si − SiO2 energy barrier
for electrons in NFET and holes in PFET.

Fig. 4.5 shows a simple conceptual band diagram for NMOS and PMOS.

Commonly the band narrows at the channel for PFET due to the presence of eSiGe.

This is followed by a interfacial layer of SiO2 and then lower band-gap but wider

thickness High-K dielectric stack (mostly HfO2) followed by metal gate (TiN) and

then poly-Si. Hot carrier effect in FETs can be caused due to either Conducting

Hot Carriers (Vgs > Vt) or Non-Conducting Hot Carriers (Vgs < Vt). In amplifiers,

especially biased amplifiers, only conducting hot carriers are relevant. They can

be two types by origin - channel hot carriers or drain-avalanche hot carriers. These

hot carriers once generated can either cross the channel-dielectric band barrier and

get trapped in the dielectric or generate interface states. The trapped charges can

change the threshold voltage. The interface states can reduce the drain current,

degrade subthreshold slope and cause higher leakage. Interface states affect both

NFETs and PFETs, whereas charge trapping is more a problem in PFET than

NFET [68].

The dependence of current degradation due to HCI on device parameters

and operating conditions can be roughly expressed as
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∆ID ∝
W a

Lb
e(c |VDS |+d |VGS |

e
m

Tjunc

tn (4.1)

Where a, b, c, d, m, n are process and charge carrier dependent aging

variables and t is the duration of stress [69]. For 32 nm SOI process the time taken

for 10% drop in ID is calculated using the aging parameters provided by IBM.

This calculation assumes a 1 µm wide FET, Vgs = 0.5 V and Tjunc =100 degree

Celsius. The results are plotted (Fig. 4.6) for different drain supply voltage for

both NFET and PFET. As seen from the figure for a suggested 10 year lifetime
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(a)

(b)

(c)

Figure 4.7: Reliability data (Mean Time To Failure - MTTF) of 14/16 nm Fin-
FET published by (a) IBM [3], (b) Intel [4] and (c) TSMC [5].
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(3 × 108 seconds) the NFET VDD has to be less than 1.3 V whereas PFET can

operate up to 1.8 V supply for the same lifetime.

One should also note since there are multiple degradation mechanisms the

leading cause for failure is extremely dependent on the device configuration like

carrier type (N/P), nature of the dielectric (SiO2 vs. HK), nature of interface

(surface channel vs. buried channel), the gate length etc. For example at 32 nm

HKMG SOI devices HCI is the leading cause for failure for NFETs whereas NBTI

is a leading cause failure for PFETs.

These factors suggest that PMOS devices can be more robust than NMOS

devices [70]. Recent data published by multiple foundries show that these trends

carry forward to 14 nm FinFET devices [3–5] in relation to TDDB degradation

mechanism. It has been shown that for the same Mean-Time-To-Failure (MTTF)

due to TDDB the PMOS device can sustain 50% higher stress voltage than NMOS

devices (Fig. 4.7).

4.2 32 nm SOI FET

IBM 32 nm CMOS SOI process is used in this study for performance com-

parison of very short channel NMOS and PMOS devices. This process uses High-K

Metal Gate (HKMG) for the FETs and has an effective channel length of 32 nm

(Lg,drawn = 40 nm). (Lg,drawn is the lithographic gate length and Lg is the effec-

tive gate length which is lower than Lg,drawn due to the diffusion of dopants from

source/drain into the area beneath gate.) The NFET / PFET has an equivalent

gate oxide thickness Tox of 1.4 nm / 1.55 nm and suggested process digital supply

operating voltage of 0.9 V (nominal) / 1.0 V (maximum). Unlike bulk CMOS, SOI

FETs do not need different well structure for N and P devices due to the isolation
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provided by the buried oxide (BOX). Therefore the layouts of NFETs and PFETs

in SOI are identical. Partially Depleted SOI (PDSOI), Floating Body, regular Vt

devices are used for both NMOS and PMOS. Similar NFET and PFET of same

size (28.8 µm), having identical layout (double side gate contacted, 0.8 µm× 36

fingers), were fabricated and measured (Fig. 4.8).
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Figure 4.8: 3-D view of portion of FET wired to top level.

4.2.1 DC Characteristics

Fig. 4.9 shows ID-VDS measurements of the NFET and PFET. The thick

lines in the figure are for |V GS| and|V DS| ≤ 0.9 V, which is the suggested nomial

operating supply voltage for the process. With |V DS| = |V GS| = 0.9 V, NFET

has ION of 32 mA (1.1 mA/µm) and PFET has ION of 26 mA (0.9 mA/µm).

PFET current in this condition is 82% of NFET current. While operating in safe

condition the NFET can have a maximum current of 36.5 mA at increased bias

(|V D| = 1.3 V, |V G| = 0.9 V). PFET can achieve an almost similar maximum

current of 35.5 mA with higher bias (|V D| = 1.5 V, |V G| = 1.1 V). The ID-VDS
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curves for increased bias conditions are shown as dotted lines in Fig. 4.9.
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Figure 4.9: Measured ID − VDS for W = 28.8 µm FETs : NMOS (|VGS| = 0
- 0.9 V) and PMOS (|VGS| = 0 - 1.1 V) with ∆|VGS| = 0.1 V (Solid lines for
|VDS|&|VGS| ≤ 0.9 V and dotted lines for |VDS|&|VGS| > 0.9 V .

Due to short channel characteristics the output conductance of the FET is

very high. Hence it is difficult to determine a single-valued knee voltage (Vknee),

as used in many power amplifier calculations. From the measured ID−VD (shown

in Fig. 4.9) an effective knee voltage (Vmin) can be roughly estimated to be about

0.4 V for both N and P FETs. With |V G| = 0.9 V and |V D| = 0.4 V, the

N/P FETs draw 21 mA / 18 mA. Assuming |V D|N = 1.1 V and |V D|P = 1.4

V a simple class-A PA made with the corresponding N/P FET can achieve an

output Power (Pout = 1/4(VDD − Vknee) × IDsat) of 3.7 mW / 4.5 mW. Thus

even though the current (IDsat) is lower for PFET, the product of VDD - Vknee
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and IDsat and hence the output power (Pout) is higher for the PFET. A plot of

Pout(= 1/4(VDD − Vknee)× IDatVknee
)) vs. Vknee (which is essentially a scalar load-

pull), estimated using the measured ID and VDS values from Fig. 4.9 is shown in

Fig. 4.10.
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Figure 4.10: Output power and effective efficiency factor (ηDC) of an NMOS and
PMOS amplifier biased in class-A with constant VDD and varying load or Vmin.

The maximum efficiency a PA can achieve with a FET of finite Vknee is

ηmax,class× ηDC where ηDC is the maximum efficiency of that class of PA with zero

Vknee and ηDC = 1−Vknee/VDD. Given similar Vknee (0.4 V), higher VDD (1.4 V for

PFET vs. 1.1 V for NFET) allows PMOS PA to have higher ηDC , 72% for PFET

compared to 64% for NFET.

The DC transconductances (Gm) derived from the ID-VGS measurements
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for the NFET and PFET (W = 28.8 µm) for different values of |V DS| (0 0.9 V)

are shown in Fig. 4. 4.11. Both the devices achieve peak Gm at a current density of

about 0.6 mA/µm. The maximum value of Gm for NFET is 56 mS (1.95 mS/µm)

at VGS=0.56 V, VDS = 0.9 V (ID,den = 0.65 mA/µm) and for PFET is 48 mS

(1.65 mS/µm) at |V GS|=0.64 V, |V DS| = 0.9 V (ID,den = 0.58 mA/µm). The

PFET maximum Gm is about 86% of that of the NFET.
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Figure 4.11: Measured DC transconductance (Gm) of NMOS and PMOS FETs
(W = 28.8 µm) vs. current density (IDden) for |VDS| = 0 - 0.9 V, ∆|VDS| = 0.1 V.

The output conductance of NFET is considerably higher than for the PFET

(corresponding to the results shown in the ID-VDS plot, where the PFET shows

significant current saturation whereas the NFET shows only very weak saturation).

The value of Intrinsic gain (analog gain) (Gm/Gds) vs. drain current density for

both NFET and PFET (W = 28.8 µm) for different values of |V DS| (0.2 1.2 V)
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is shown in Fig. 4. 4.12. At low drain voltages the NFET and PFET have similar

gain. The NFET gain saturates around 0.9 V whereas the PFET gain continues

to increase beyond that. The values of intrinsic gain at ID,den=0.5 mA/µm for

different |V DS| for both NFET and PFET is shown in the inset of Fig. 4. 4.12.
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Figure 4.12: Measured intrinsic gain (Gm/Gds) of NMOS and PMOS FETs (W
= 28.8 µm) vs. current density (IDden) for |VDS| = 0.2 - 1.2 V, ∆|VDS| = 0.1 V.
Gain at |IDden| = 0.5 mA / µm vs |VDS| for both NFET and PFET shown in
inset.
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4.2.2 AC Characteristics

NMOS and PMOS (W = 28.8 µm) S-Parameters measurements have been

done to extract the equivalent small signal model of the devices. The data was

collected at |VDS| = 1.1 V and ID,den = 0.6 mA/µm which represents the highest

transconductance point. In the measurement data the pads are de-embeded (open-

short), moving the reference plane to the top metal layer (LB) of the FET wiring.

Thus the measured data includes all the FET interconnect parasitics and represents

the device used in the mm-wave amplifier design. The measurement data is verified

against simulation. The simulation model contains the FET RC parasitic extacted

with the transistor and bottom nine thin metal layer interconnects together. Along

with that an EM simulated S-Parameter block for the top three thick metal layer

interconnects is also added. S-parameters, MAG, H21 and equivalent circuit pa-

rameters (Rg, gm, gds, Cgs, Cgd, Cds) estimated from the Y-parameters [42, 71] are

shown in the Fig. figs. 4.13 to 4.18. For mm-wave power amplifier design source

resistance (RS) is also important. But including RS in the model explicitly makes

the analysis complicated. Hence the effect of RS is absorbed into gm such that

gm,eff = gm(1 + gm.RS).

gm = Re(Y21) |ω→0 (4.2)

gds = Re(Y22) |ω→0 (4.3)

Cgg =
Im(Y11)

ω
(4.4)

Cgd =
|Im(Y12)|

ω
(4.5)

Cgs = Cgg − Cgd (4.6)
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Rg =
Re(Y11)

Im(Y11)
2 (4.7)

Cds =
|Im(Y22)|

ω
− Cgd ∗ (1 + gmRg) (4.8)

ft =
gm

2 π (Cgs + Cgd)
(4.9)

fmax =
ft(

2
√

[(RS +Rg) gds + 2 π ftRg Cgd]
) (4.10)
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Figure 4.13: Measured and simulated S-parameters for 28.8 µm NFET - a) S11

and S22 (smith chart), b)S21 (polar plot).

The measured and simulated values of gm, Cgs, Cgd and Rg agree very well.

The measured value of gds is higher than simulated and while the measured value

of Cds is lower than simulated. The value of ft can be estimated by extrapolation

from the current gain (|h21|) plot. However due to the noisy nature of the measured

data (measured till 110 GHz), estimation of fmax by extrapolation the unilateral

gain (U) is not attempted. Instead the value of fmax is calculated from the value

of equivalent circuit parameters estimated.
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Figure 4.14: Measured and simulated S-parameters for 28.8 µm PFET - a) S11

and S22 (smith chart), b)S21 (polar plot).

Table 4.1 shows the comparison of equivalent circuit parameters estimated

from extracted simulations for NFET and PFET. While gm,PFET is only 88% of

gm,NFET , due to lower values of Cgs and Cgd for PFET, the estimated value of ft

is similar for both devices (≈ 285 GHz). The slightly lower value of Cgs and Cgd

of PFET partially comes from the fact that the equivalent oxide thickness (Tox) of

PMOS device (1.55 nm) is higher than NMOS device (1.4 nm).

For long channel devices, since Rg gds � 2 π ftRg Cgd, the analytical ex-

pression for fmax, ( ft

2
√

[Rg gds+2π ftRg Cgd]
is usually simplified as

√
ft

8π Rg Cgd
. But as

seen from the measurements above the value of gds is very high for deeply scaled

devices. This is due to Channel Length Modulation and Drain Induced Barrier

Lowering (DIBL) and is more pronounced for NFETs. For the 32 nm FETs mea-

sured here, the value of Rg gds is nearly 44% of 2πftRg Cgd (for NFET) and hence

cannot be neglected. The value of Rg is similar for both NFET and PFET due to

similar lithography. The advantage of higher gm for NMOS is neutralized by its
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Figure 4.15: Equivalent circuit parameters estimated from measurement and
simulation for the 28.8 µm NFET - a) gm and gds, b) Cgs and Cgd and c) Rg and
Cds (Solid lines are measurement and dotted lines simulation).
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Figure 4.16: Equivalent circuit parameters estimated from measurement and
simulation for the 28.8 µm PFET - a) gm and gds, b) Cgs and Cgd and c) Rg and
Cds (Solid lines are measurement and dotted lines simulation).
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Table 4.1: Estimated equivalent circuit parameters for NFET and PFEt (from
simulation of extracted 28.8 µm FET)

Parameter NFET PFET
Rg (Ω.µm) 141 139

gm (mS / µm) 1.82 1.62
gds (mS / µm) 0.28 0.19
Cgs (fF / µm) 0.75 0.66
Cgd (fF / µm) 0.4 0.37
Cds (fF / µm) 0.41 0.42
ft (GHz) 290 280
fmax (GHz) 353 382

ft is extrapolated from |h21| measurement, fmax is calculated from equivalent
circuit parameters using 4.10

higher gds value, resulting in similar fmax values for NFET and PFET. In fact for

this process the estimated value of fmax is higher for PFET than NFET.

4.3 PA Design

A single-stage three-stack PMOS PA was designed for E-band (60 GHz - 90

GHz). At these frequencies, stacking three FETs provides the optimum in terms

of output power efficiency trade off [34]. This PA uses inter-stack shunt inductive

tuning for efficiency improvement. Also two similar three-stack amplifiers without

inter-stack tuning, are made using NMOS and PMOS as a control experiment to

compare their performance. These are identical in layout except for the type of

FET used.

For short channel MOSFETs reducing the gate resistance (Rg) is very crit-

ical in increasing the fmax. This requires double contacted gate fingers with sub-

micron finger widths. At sub-50 nm processes the resistance of the gate poly

outside the active device is a considerable fraction of the total gate resistance.

This portion primarily comes from the DRC rules stipulating an exclusion dis-



102

M1 – gate/source/drain contactPoly Silicon

Diffusion region (FET defenition)

Wf = 800 nm

We = 125 nm

G
a

te
p

it
c

h
=

2
6

0
n

m

Lg = 
40 nm

S

S

D

G

G

Poly – contact 

distance = 90 nm

Figure 4.19: Layout of portion of double side gate contacted FET showing finger
dimensions (only device layers and contacts shown, metal routings not shown).

tance (We) (usually this is roughly three times the gate length) between the active

device and the closest via on the gate poly to low resistance metal routing. This

resistance does not scale as we reduce the width of the fingers Wf .

Rgfinger
= Rext +Rint (4.11)

Rint =
1

12
Rsheetpoly

(
Wf

Lg

)
(4.12)

Rext =
1

2
Rext one side =

1

2
Rsheetpoly

(
We

Lg

)
(4.13)

Rgtot =
Rgfinger

Nfinger

=
1

2

Rsheetpoly Wf

LgW

(
We +

Wf

6

)
(4.14)

From 4.14 we can see that for Wf > 6We, as the Wf is decreased the Rg

drops as second power. But for Wf < 6We, Rg drops only linearly with Wf . Since
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the reduction of Wf amounts to increase in number of fingers (Nfinger = W
Wf

), the

routing capacitive parasitics, both Cgs and Cgd, increase nearly linearly. Therefore

reducing Wf below 6We is not useful in increasing the fmax. For the 32 nm SOI

process the Lg,drawn is 40 nm and the exclusion distance is about 125 nm (Fig.

4.19). Therefore a gate width of 800 nm should give the maximum fmax. This

result is also supported by an empirical experiment result in 45 nm SOI process

published in [40]. 45 nm SOI has the same Lg,drawn and similar lithography. In [40]

fmax measurements of different gate widths (with single side gate contact ) are

provided, with Wf = 400 nm having the maximum fmax. 400 nm single side

contact is equivalent to 800 nm double side contact. Also it should be noted that

the above mentioned trade-off of Rg − Cgd can be broken if we use differential

design with Cgd neutralization. Also for nanoscale devices the vertical gate stack

resistance is also significant, but since it is invariable with device layout (finger

width) it is not usually considered while layout optimization.

The maximum pitch between the gate finger strips allowed in this pro-

cess (260 nm) was chosen for the design. The wider pitch increases the gate-to-

(drain/source) contact spacing. This leads to lower gate parasitic capacitances

(Cgd and Cgs). Also relaxed pitch results in higher transconductance (gm) due to

enhanced stress response. Both these effects result in a higher value of ft [39]. The

impact in fmax is limited as the effect of increased gm is negated by the increase in

overlap capacitance and gate routing resistance for the double pitch layout. Multi-

ple instances of the unit FET (0.8 µm× 36 fingers) of 28.8 µm were used to build

the final device.

The device widths were chosen to have nearly 50 Ω optimum real part of

output impedance with the three transistor stack. This avoids the need to have

additional impedance transformation at the output and hence allows to have high
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Figure 4.20: Schematic for (a) NMOS PA (PA1), (b) PMOS PA (PA2) and (c)
PMOS PA with inter-stack tuning (PA3).

efficiency and bandwidth. Same size devices and matching elements were used for

both NMOS PA (PA1) and PMOS PA (PA2) (Fig. 4.20). Fmax simulations of

extracted NMOS and PMOS FETs of 230 µm width with identical layout showed

similar fmax values for both devices (370 GHz for PMOS, 340 GHz for NMOS). To

avoid differences from non-FET elements, exactly same layout was used for both

PAs. Both PAs have their sources of the bottom common source FET Q1 connected

to ground plane and drains of the top stacked common gate FET Q3 connected to

output pads. The NMOS PA uses positive bias voltages and the PMOS PA uses

negative voltages. For simplicity only the absolute values of voltages are mentioned

in this chapter. PA3 is similar to PA2 but has an additional inter-stack shunt

inductance tuning at the drain node of the bottom FET (common source FET).

This improves the phase alignment of voltages along the stack and hence enhances

the PAE. All the inductances used for matching were implemented using grounded
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coplanar waveguides (GCPW). The PAs were designed with about 0.15 mA/µm of

quiescent current for maximum linearity and PAE. This condition achieved a small

signal gain (S21) within 1 dB of maximum S21 achievable across all bias condition.

The bias voltages (|VG1| = 0.3 V, |VG2| = 1.6 V, |VG3| = 2.6 V, |VDD| = 3.5 V)

are set so that the DC and RF voltage swings are equally distributed between the

three FETs in the stack at maximum output power condition.

4.4 Experimental Results

All the three amplifiers (PA1, PA2 and PA3) have similar layout and occupy

440 µm× 280 µm area (0.05 mm2 excluding the pads) (Fig. 4.21).

Figure 4.21: Die micro-photograph of 3-stack PMOS PA (PA3) with shunt tun-
ing.
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4.4.1 Small Signal Measurements

The PMOS PA with inter-stack tuning (PA3) achieved a maximum S21

of 11.6 dB at 75 GHz and a 3-dB gain bandwidth of 27 GHz (35% fractional

bandwidth, from 65 to 92 GHz) (Fig. 4.22). Both NMOS PA (PA1) and PMOS

PA (PA2) without the inter-stack tuning achieved similar peak S21 ( > 10 dB) (Fig.

4.23). The shunt inter-stack tuning helps the PA3 to have more than 1 dB higher

gain than PA2. The measured maximum gain is lower than simulated by 2 dB and

the measured 3-dB bandwidth is greater than simulated by 6 GHz. This could

be possibly because of lower than simulated quality factor of passive matching

elements used. All the S-parameter measurements are done with quiescent current

of 50 mA (0.22 mA/µm) and 3.6 V supply (VDS of 1.2 V per FET) for NMOS and

PMOS amplifiers.
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Figure 4.22: Measured (solid line) and simulated (dotted line) S-parameters of
3-stack PFET PA with inter-stack tuning (PA3) ( |VG1| = 0.35 V, |VDD| = 3.6 V.
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4.4.2 Large Signal Measurements

For large signal measurements, the PA (PA3) was operated at both low-bias

(ID,Quiescent = 0.18 mA/µm) and high-bias (ID,Quiescent = 0.30 mA/µm) conditions

(Fig. 4.24). The low-bias operation achieved maximum output power of 18.7 dBm

and peak PAE of 24% at 78 GHz. The high-bias operation achieved maximum

output power of 19.6 dBm and peak PAE of 18% at 78 GHz. Large signal frequency

sweep measurements showed that the PA achieved more than 20% PAE from below

75 GHz to 81 GHz (Fig. 4.25). With high bias, the PA achieved more than 18

dBm Psat from 70 GHz to 90 GHz. The PA was tested at different drain supply

voltages at 78 GHz (Fig. 4.26). The maximum PAE is obtained at VDD = 3.6

V (VDS of 1.2 V per FET) and the maximum output power is obtained at VDD

= 4.5 V (VDS of 1.5 V per FET). The measured maximum output power is 1 dB

lower than simulation whereas the measured maximum PAE is same as that of

simulation. The measured P1dB is 16 dBm in high bias condition and 13 dBm in

low bias condition.

Without inter-stack tuning, at 78 GHz, NMOS PA (PA1) achieved a max-

imum PAE of 15% at 16 dBm and PMOS PA (PA2) achieved 22% at 17 dBm.

They respectively achieved a maximum output power of 17 dBm and 19 dBm with

high bias (Fig. 4.27 and Fig. 4.28). Under same bias conditions, the NMOS and

PMOS PA have similar output power, but PMOS PA has higher PAE.

4.4.3 Reliability Measurements

To check the reliability of the PMOS amplifier, PA3 was operated at an

increased supply voltage of 5.1 V for more than 24 hours continuously at peak

output power of 19.6 dBm and the output power was measured to be stable within
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Figure 4.23: Measured (solid line) and simulated (dotted line) S-parameters of
3-stack NFET PA (PA1) and PFET PA (PA2) - a) S11, b) S22 and c) S21.



109

4 8 12 16 20
Output Power (dBm)

6

8

10

12

14

16
G

ai
n

 (
d

B
)

0

5

10

15

20

25

P
A

E
 (

%
)

Low bias meas
Low bias sim
High bias meas
High bias sim

Figure 4.24: Measured and simulated Gain and PAE vs. Pout at 78 GHz for PA3
with low and high bias ( Low bias : |VG1| = 0.35 V, |VDD| = 3.6 V, High bias :
|VG1| = 0.4 V, |VDD| = 4.5 V.

+/- 0.1 dB on a probe station. This is within the resolution of the measurement

setup for the extended time period (> 24 hours) given the inaccuracies accrued

by oxidation of the probe tips, vibrations of the measurement setup and other

environmental changes. Assuming 4.1 and the values of n (0.33) and c (8.824

V −1) as given by the process manual, the degradation in current due to HCI for

a 24 hour measurement is equivalent to a 10 year measurement at a |VDS| lower

by n
c
ln
(
10x 365

1

)
= 0.3 V. Thus the short term measurement with |VDD| = 5.1 V

(|VDSperFET | = 1.7 V) is equivalent to long term use at |VDD| = 4.2 V (|VDSperFET |

= 1.4 V).

Both DC and AC measurements were conducted to study the reliability
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Figure 4.25: Measured maximum Pout, PAE and DE vs. frequency at low bias
for PA3.

of the NMOS and PMOS. ID-VDS measurements were done on unmatched 28.8

µm and 230 µm NFET and PFET. To differentiate between the degradation due

to thermal effects caused by higher power dissipation and the degradation due to

voltage stress, the FETs were measured at different drain-dource voltages with

gate bias adjuested to have appropriate currents so that the VDS × ID is constant.

The results showed that NFET and PFET can withstand 1.8 V and 2.1 V of

drain-source voltage respectively without irreversible breakdown. The breakdown

voltages varied by 0.2 V between multiple samples. Since neither 28.8 µm nor

230 µm devices are matched to 50 Ω, RF reliability measurements on them would

be difficult to interpret due to the presence of reflected power. Instead the three-
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Figure 4.26: Measured maximum Pout and PAE vs. VDD at 78 GHz for PA3.

stack PAs (PA1 and PA2) are used for RF measurements. Both the PAs were

provided with maximum input power (10 dBm) and tested with different drain

supply voltages. Three chips of each flavor (NMOS and PMOS PA) were tested to

ensure repeatability and the worst case PMOS and best case NMOS are compared

(Fig. 4.29). The PMOS PA (PA2) output power is stable within measurement

resolution (0.01 dB) till 4.8 V of drain supply voltage across three-stack (≈ 1.6 V

per device). At this point the PA outputted 18.7 dBm of output power. As the

supply voltage was raised above 5.1 V (1.7 V per device) the output power started

varying slowly with time suggesting FET degradation. Similarly the NMOS PA

(PA1) output power was stable till 4.2 V of supply voltage (1.4 V per device) and

output power of 16.9 dBm. Above 4.5 V of supply the output power of NMOS PA
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Figure 4.27: Measured Gain and PAE at 78 GHz for two samples of 3-stack
NFET PA with low and high bias ( Low bias : |VG1| = 0.3 V, |VDD| = 3.0 V, High
bias : |VG1| = 0.4 V, |VDD| = 3.6 V.

decreased. Since the supply voltage and hence the DC power for the breakdown

condition in RF measurement is lower than that of DC measurement it can be

inferred that the breakdown is voltage breakdown and not thermal. Also this

result confirms the calculated reliable VDD values from the aging calculations in

section II. Under RF swing the drainsource voltage can be multiple times the

drain-source DC supply voltage. Since it is difficult to effectively realize higher

harmonic tuning with high quality factor at mm-wave frequencies sharper drain

voltage waveforms with more than two times supply voltage swing are not usually

created. Also at higher frequencies, the time the FET suffers voltage stress is less

in each cycle. Because of these two reasons higher frequency mm-wave PA can

have slightly higher supply voltages than low frequency PA and still be reliable.
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Figure 4.28: Measured Gain and PAE at 78 GHz for two samples of 3-stack
PFET PA with low and high bias ( Low bias : |VG1| = 0.3 V, |VDD| = 3.6 V, High
bias : |VG1| = 0.4 V, |VDD| = 4.2 V.

4.5 Comparison with State-of-Art

Table 4.2 provides a comparison with other silicon based mm-wave power

amplifiers in E- and V- bands. Most of the amplifiers of comparable output power

levels are massively (up to 16-way) on-chip power combined. The PMOS stacked

FET PA achieves better efficiency than the NMOS and SiGe PA at the same

frequency range (Fig. 4.30).

4.6 Conclusion

For deeply scaled CMOS process nodes, compared to NFET, PFET usually

has slightly lower ION and gain efficiency
(

= gm
ID

)
, similar analog gain

(
= gm

gds

)
,

Pmax

(
=

(VDD−Vknee) ID,knee

4

)
and fmax

(
= ft

2
√
Rg gds+2π ftRg Cgd

)
and higher

ηDC

(
= 1− Vknee

VDD

)
and lifetime. This is primarily due to the mobility enhancement

for PFET by strain engineering and lower effective mass orientation and higher

breakdown voltage.
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Table 4.2: Comparison to previously reported Silicon high power PA in V- and
E-band

Ref. Tech. Design Freq.
(GHz)

Psat
(dBm)

Peak
PAE
(%)

Gain
(dB)

Chip
area

(mm2)
This
work

32 nm
SOI

CMOS

PMOS,
3-stack,
class A

78 19.6 18 11.6 0.12

This
work

32 nm
SOI

CMOS

PMOS,
3-stack,

class
AB

78 18.7 24 11.2 0.12

[9] SiGe 16-way
power
com-
bined

76 27.3 12.4 19.3 6.5

[14] 40 nm
CMOS

8-way
power
com-
bined

80 20.9 22.3 18.1 0.4

[72] 65 nm
CMOS

Cascode,
4-way
power
com-
bined

77 15.8 15.2 20.9 0.4

[13] SiGe 4-way
power
com-
bined

62 20.1 18 20.6 0.7

[73] 28 nm
UTBB
FDSOI

8-way
power
com-
bined

60 18.8 21 15.4 0.25

[62] 40 nm
CMOS

Push-
pull,

4-way
power
com-
bined

60 16.4 23 22.4 0.4

[24] 90 nm
SiGe

3-stack
HBT

83 23.3 17.1 18.7 1.95
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We have demonstrated that at very short channel lengths PFETs - instead

of conventional NFETs - are promising as a reliable technology for high power, high

efficiency, compact mm-wave PAs. We report a single stage, 3-stack PMOS PA

with 11.6 dB of gain and 27 GHz (65-92 GHz) 3-dB bandwidth. The PA achieved

19.6 dBm output power and 24% PAE at 78 GHz and occupies only 0.05 mm2

area (excluding pads) on a 32 nm CMOS SOI process.

Acknowledgment

Chapter 4 is mostly based of of materials used in the following publications

The material in preparation to be submitted to IEEE Journal of Solid-State

Circuits, J. A. Jayamon, J. F. Buckwalter, and P. M. Asbeck, ”Millimeter-

wave PMOS Power Amplifier”. The dissertation author was the primary

investigator and author of this material, and co-authors have approved the

use of the material for this dissertation.

The material as it appears in J. A. Jayamon, J. F. Buckwalter, and P. M.

Asbeck, ”A PMOS mm-wave Power Amplifier at 77 GHz with 90 mw Output

Power and 24% Effiency,” in 2016 IEEE Radio Frequency Integrated Circuits

Symposium (RFIC), May 2016. The dissertation author was the primary

investigator and author of this material, and co-authors have approved the

use of the material for this dissertation.



Chapter 5

Conclusions and Future Works

5.1 Dissertation Summary

Highly integrated transceiver chipsets are needed to implement mm-wave

wireless applications like radar and high data rate communication links including

emerging 5G wireless standards. Deeply scaled CMOS nodes offer fast transistors

for mm-wave applications as well as dense digital back end for control, calibration

and performance enhancement. High power, high efficiency, broadband, linear, re-

liable power amplifiers are needed at the front-end of these transmitters. But the

non-idealities associated with the nano-scale CMOS devices and their low voltage

handling capability make the design of high power mm-wave PA challenging. This

thesis demonstrates the viability of FET stacking in CMOS SOI to implement high

power PA extended to frequencies as high as 94 GHz. Various other power combin-

ing techniques including spatial power combining are used to increase the output

power further. Also, design of reliable and efficient PA using high voltage devices

(PMOS) available in standard CMOS process and implementation of layout tech-

niques for performance and lifetime enhancement are studied and demonstrated. A

118
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W-band 3-stack PA design in 45 nm CMOS SOI process is presented in chapter 2.

This PA achieved a measured output power of 17 dBm and PAE of 9% at 90 GHz.

This design increased the frequency of operation of stacked FET from previously

demonstrated 45 GHz to 94 GHz and represented twice the previously reported

highest power at 94 GHz. Stacking three FETs helps to increase the voltage swing

three-fold and also increases the output impedance to nearly 50 Ω. This avoids any

additional impedance transformation matching networks at the output and hence

allows broadband and efficient operation of the PA. Multiple channels of a similar

PA implemented as a pseudo-differential amplifier are made into a 2 x 4 array.

The CMOS chip along with a differential microstrip antenna array, deposited on a

quartz wafer placed on top of the CMOS chip, with the antennas electromagnet-

ically coupled to the PA output, is used to implement a spatial power combined

PA-antenna array at 94 GHz. The array achieved a measured EIRP of 33 dBm and

estimated output power of 24 dBm. This represents the highest output power from

a CMOS chip at 94 GHz. The CMOS chip has the signal distribution networks (in-

cluding Wilkinson dividers, baluns and grounded CPW transmission lines), driver

amplifiers (twelve-stage) and on-chip differential antenna feed in addition to the

PAs. The radiation measurements of the PA-antenna array with modulated signals

of 256 QAM (375 MS/s - 3 Gbps) with digital pre-distortion are demonstrated. A

multigate-cell style distributed layout of stacked FET PA with superior thermal

dissipation properties is presented in Chapter 3. This PA implemented in 45 nm

CMOS SOI process achieved a measured output power of 24.8 dBm and 29% at

28 GHz. This represents the highest reported power from a CMOS PA at 28 GHz

without use of elaborate power combining schemes. The PA achieved this power

level while occupying a chip area of less than 0.1 mm2. This translates to 300 mW

at 3 W/mm2 power density and highlights the merit of stacked FET design as
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the most area efficient power combining scheme. The distributed layout technique

makes the PA very reliable and negligible performance degradation was noticed af-

ter multiple days of wafer probed measurements with continuous operation at full

output power of 24.8 dBm. Broadband modulated signal measurements showed 36

Gbps of data rate at 28 GHz (7.2 GS/s of single carrier 32 QAM signals with aver-

age output power of 17 dBm and 14% PAE and 6 GS/s of single carrier 64 QAM

signals with average output power of 14 dBm and 9.3% PAE). The measurements

were done without use of any digital pre-distortion techniques. This represents

the widest bandwidth modulation measurement reported for any high power mm-

wave PA. These properties make this PA an excellent choice for the 5G wireless

transmitter frontend. Chapter 4 presents a comparison study of performance and

reliability of NMOS and PMOS FET available in deeply scaled CMOS processes.

With device measurements of 32 nm CMOS SOI FETs it is shown that the PFETs

available in the process are as fast as and more reliable than NFETs. A 3-stack

PMOS PA is designed at E-band and measured. The PA achieved a maximum

output power of 19.6 dBm and maximum PAE of 24% at 78 GHz. This is the

first exclusively PMOS mm-wave PA reported and has the highest reported PAE

in CMOS for an E-band PA. Also this represents the highest reported power from

a CMOS PA at this frequency without use of elaborate on-chip power combining.

5.2 Future Work

As discussed in the chapter 4, the better performance of PFETs compared

to NFETs is expected to hold with continued scaling, at least till the 7 nm gate-

length CMOS node when NFETs potentially can have III-V channels and have

considerably higher transconductances. Identical NMOS and PMOS PAs, using
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the multigate design discussed in chapter 3, implemented in 45 nm CMOS SOI,

achieved similar maximum measured output power at 28 GHz. It is shown in chap-

ter 4 that the 32 nm PMOS PA achieved higher output power than the comparable

NMOS PA. Simualtions using 14 nm CMOS SOI FinFET show even higher output

power improvement for PMOS compared to similar NMOS. Due to the small pitch

for gate fingers as well as the increased parasitic capacitance between the contacts

and the 3D gate fins, the FinFET devices suffer from increased extrinsic parasitics.

Also the nominal supply voltage is only 0.8 V for the 14 nm process. Therefore the

multigate style layout which would avoid the intermediate node contacts for the

stack FET design using PFETs could be highly advantageous in a FinFET process.

But for thin fin on SOI, heat removal could be an issue and careful thermal analysis

needs to be done to compare the heat dissipation characteristics of such a structure

compared to conventional style with contacts in between. Also compound struc-

tures using NFETs and PFETs together could be implemented, which makes use

of higher voltage handling capability of PFETs for higher power or complemen-

tary gate capacitance variation of NFET and PFET for linearization. Differential

implementation of the multigate cell with drain-gate capacitance neutralization

could potentially increase both the output power and gain of the multigate PA.

Since interstack inductive tuning is difficult to implement in multigate-cell, capac-

itance accleration (CDS feedback) could increase the efficiency of the PA as well as

enable the architecture to be used at higher mm-wave frequencies upto W-band.

The 28 GHz multigate PA has close to class-B like efficiency roll-off with power

back-off. Implementing Doherty or similar load-modulation techniques with the

unit multigate PA could lead to better than class-B PAE characteristics and would

be extremely useful in transmitters using high PAPR modulation schemes for the

emerging wireless communication standards.
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