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ABSTRACT

In power amplifier (PA) design, it is crucial not only to ensure
sufficient output power but also to simultaneously meet various
requirements such as miniaturization, low power consumption, and
low cost. In particular, when designing PAs with CMOS processes,
limitations in output power and challenges in impedance matching
caused by low impedance are considered major design hurdles. To
address these issues, the stacked power amplifier architecture has
gained attention as an effective alternative, enabling higher output
power and power—added efficiency (PAE) compared to conventional
single —transistor—based PAs.

In this study, we propose various PA designs incorporating
different techniques in 65nm and 40nm CMOS technologies. For the
40nm CMOS process, a dual—peaking Gmax technique based on a
feedback structure was applied to maximize the PA’s gain. This
approach secures wide bandwidth and high gain performance at
higher frequency ranges. Meanwhile, in the 65nm CMOS process, a
stacked PA configuration using three serially connected MOSFET's is
adopted to enhance output power and maximize PAE. By distributing

the voltage across the transistors, this design enables high—voltage



operation and achieves superior performance compared to
conventional CMOS PAs.

The X—band PA achieves a power gain of 23.2 dB, a 3—dB
bandwidth of 1 GHz, a peak power—added efficiency (PAE) of 24%,
and a saturated output power (Psat) of 20.9 dBm at 9.5GHz.
Reliability tests confirm that the proposed architecture successfully
meets JEDEC standards in both HTOL and HAST, thereby
demonstrating stable and reliable performance.

The D—band PA achieves a power gain of 27 dB with a 3dB
bandwidth of 35.4 GHz centered at 140 GHz, a peak Power—Added
Efficiency (PAE) of 4.74%, and a saturated output power of 14.6 dBm
at 128GHz.

The proposed PA design methods are expected to provide an
effective solution for achieving both high output power and high
efficiency in high—frequency bands. Moreover, they will contribute
to increasing the practical applicability of CMOS—based wireless

communication systems.
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Chapter 1. Introduction

1.1 Research Background

As a communication system has developed, a high—efficiency and
high—gain, high power transmitter is essential for future 6G
communication. The sub—THz and mid—upper band are the attractive
candidate for 6G communication [1][2]. At sub—THz, power
amplifier has suffered from low gain due to low—performance at high
frequency of active device. The X—band power amplifier has suffered
from low power and low efficiency than III—-V semiconductor
technologies like GaN, GaAs. Despite of this disadvantage, CMOS has
advantage because of its high—integrity due to BEOL characteristic
and low—cost.

In this thesis, Dual—peaking G—max technology at D—band power
amplifier and three—stacked power in X-—band are investigated.
Dual—peaking G—max technology is applied to boost gain and to get
wide bandwidth in D—band while three—stacked power amplifier is
designed for high output power and high power added efficiency in
X—band. The implemented D—band PA achieves the highest FOM

among bulk CMOS, and X—band three—stacked power amplifier



successfully achieves 256—QAM modulation test with high reliability.
Reliability tests have been performed to confirm the robustness of
the proposed architecture, showing negligible degradation in Psat and
Ipp over 100 hours of continuous operation under high—voltage

conditions, thereby demonstrating stable and reliable performance.



1.2 Thesis Organization

In Chapter 2, transformer-based power amplifiers are discussed;
this chapter covers the fundamentals of RF transformer modeling and
introduces the basic concepts of gain-boosting and power-combining
techniques. Chapter 3 describes the design procedure for an X-band
three-stack power amplifier, whereas Chapter 4 presents a dual-
peaking Gna.x core that employs a neutralization capacitor as a gain-
boosting technique for D-band operation. Finally, Chapter 5 concludes

the thesis.



Chapter 2. Transformer—Based Power Amplifiers

2.1 Fundamentals of Transformer Design in RF

Transformers play a vital role in radio frequency (RF) integrated
circuit (IC) design, especially in power amplifier (PA)
implementations, where they are used for impedance transformation,
single—to—differential conversion, compact layout, and DC isolation.

RF transformers can be modeled as shown in Fig. 2.1—1 with key
parameters, including inductance (L), coupling coefficient (k), quality
factor (Q), and winding resistance (R), which can be calculated using
equations from (2.1.1) to (2.1.4). A high coupling coefficient ensures
efficient energy transfer between the primary and secondary coils,
while a high Q minimizes loss. However, due to metal thickness
constraints and substrate losses inherent to CMOS technology, it is
challenging to achieve high k and Q values in on—chip transformers.
Therefore, transformer design requires optimization through
electromagnetic (EM) simulation and a careful layout to mitigate
parasitic effects and ultimately achieve high k and Q for improved

efficiency.
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Figure 2.1-1 Transformer Model with circuit parameters
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2.2 Transformer Modeling and Simulation

Transformer can be modeled using T—equivalent circuits that
include mutual inductance (M), as shown in Fig. 2.2—1. These models
are essential for circuit—level simulations, as they help verify design
feasibility and simplify hand analysis of transformer behavior.
However, at high frequencies, lumped models often lack accuracy due
to the presence of distributed effects and layout dependent parasitics.

To improve modeling accuracy, full-wave EM simulators such as
Ansys HFSS or Cadence EMX are used to extract the S—parameters
of the transformer structure, as shown in Fig. 2.2—2. These EM
simulators account for layout—related parasitics and material
parameters such as metal thickness and the permittivity of the
dielectric layer. Therefore, BEOL layers and the substrate must be
accurately modeled using the foundry—provided PDK. The extracted
SNP files from HFSS can then be imported into Cadence for co—
simulation with active circuit components, enabling more reliable

system—level verification.



L1 -M I—Z'M

Figure 2.2-1 T-equivalent circuit with mutual inductance

Figure 2.2-2 Transformer modeling in HFSS setup



2.3 Impedance matching utilizing transformer

In RF design, impedance matching is one of the most critical
considerations. To transfer the maximum power from the source to
the network and to the load, it is necessary to use conjugate
matching [ref]. The source reflection coefficient can be described as

equation 2.3.1.

_ Zin _Zs* r = ZL _Zout*

/ Zin +Zs - ZL +Zout

(2.3.1)

Where Zs, Zi, Z1, Zouw are impedances from Fig.2.1—1. The source

and load impedances can be expressed in complex form as follows:
Z =R + JX, (2.3.2)

Z =R +jX, (2.3.3)
To make reflection coefficient to be zero, it is essential to ensure
conjugate matching between Zi, and Zs, as well as between Zr and

Zout. In order to meet this requirement, Z. and Zs must satisfy the

relationship derived in [3], shown in equations 2.3.4 and 2.3.5.
X, =-oL, X =-ol, (2.3.4)

R, = R\1+k?QQ,, R, = R,\/1+k’QQ, (2.3.5)



Under these simultaneous conjugate matching conditions, the
maximum available gain (Gmax) of the transformer can be expressed

as equation 2.3.6, as discussed in [3].

2
6 -1 pNKQR+1-1 (2.3.6)

max k 2 Q1Q2




Chapter 3. Enhancement Methods for CMOS PAs

Building upon the transformer principles established in Chapter 2,
this chapter introduces enhancement methods that leverage
transformer structures to overcome the limitations of CMOS power
amplifiers. In particular, it presents techniques aimed at maximizing
two key performance metrics in PA design—gain and output power—
through transformer—based power combining and gain boosting

approaches.
3.1 TF—Based Power Combining Techniques

In CMOS power amplifier (PA) design, transformer—based power
combining techniques are widely employed to overcome the limited
output power capability of individual amplifier cells due to low device
breakdown voltages. By combining multiple PA cells, these
techniques enable watt—level output while distributing the voltage
and current stress across devices.

There are two principal transformer—based power combining
architectures:  voltage—mode combining and current—mode
combining. The following sections compare these approaches and

justify the selection of current—mode combining in this work.

10



3.1.1 TF—Based Voltage Power Combining

In the voltage combining approach, the secondary windings of the
transformer are connected in series, allowing the individual voltage
outputs from multiple power amplifier channels to be summed
directly. This method inherently supports the realization of a high
output voltage and can simplify the impedance matching process. As

illustrated in Fig. 3.1-1, the optimum device resistance is given by

RL

Roptvos = omn? (3.1.1)

where m is the number PA unit and n is the transformer turn ratio.
This indicates that voltage mode power combining lets a larger output
device keep good power matching to the load.

However, when combining a large number of channels, voltage
combiner has disadvantage. When the number of channels is
increased, the PA suffers from parasitics which can degrade the
reliability of PA is in the presence of process and temperature
variations [4].

Fig. 3.1—2 shows the layout implementation of voltage mode power

combining for the two differential PA units.

11
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Figure 3.1-1 Impedance transformation of voltage mode power combining

Figure 3.1-2 Layout implementation of voltage mode power combining



3.1.2 TF—Based Current Power Combining

There are two different ways for current power combining scheme:
using multi secondary coil and using single secondary coil based on
magnetic coupling.

3.1.2.1 Multi secondary coil

The current power combining scheme leverages a parallel
summation of the currents from each power amplifier channel via a
common secondary winding.

As illustrated in Fig. 3.1 —3, for an arrangement of m PA units using
a transformer with turn ratio n, the optimum load resistance per

device is given by:

mR,

optMoS — on?

(3.1.2)
This value is higher than that of voltage—mode combining, which
can pose challenges for efficient power matching in large—size
transistors that inherently favor lower load impedances due to their
low output resistance.
Despite this limitation, current—mode combining is generally more
favorable in practical high—frequency implementations. Its superior

channel symmetry reduces the impact of layout —induced mismatches,

which  become increasingly critical at  millimeter—wave

13



frequencies[4]. Furthermore, the current—mode architecture
facilitates symmetric routing and transformer layout, minimizing
parasitic imbalance and enabling more stable performance across
varying operating conditions.

Fig. 3.1—4 shows the layout implementation of current—mode
power combining using multiple secondary coils for two differential
PA units.

3.1.2.2 Single secondary coil

Another current—mode combining method uses a single shared

secondary coil, where each PA channel drives its own primary

winding on a common transformer core, as illustrated in Fig. 3.1-5.

This architecture enables a compact layout but is more sensitive to
layout—dependent parasitics such as interwinding coupling and phase
mismatch.

Compared to the multi—secondary approach, the single—secondary
combining offers higher integration, but requires more careful layout
optimization to ensure consistent combining efficiency.

Fig. 3.1—6 shows the layout implementation of current—mode
power combining using single secondary coil for two differential PA

units.

14
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3.1.3 Comparison between two combining techniques

In transformer—based power combining networks, transformer
efficiency (7 ) is a key performance, defined as the ratio of total
output power (P2) to the total input power from m unit PA (MP1) as

equation 3.1.3.

n= (3.1.3)

P
mR

Based on prior analytical studies [D], it has been observed that
current—mode combining generally achieves higher transformer
efficiency than voltage—mode combining, particularly in lossy CMOS
processes. This is mainly due to the lower impact of parasitic
resistance in the current—mode combining structure. In contrast, in
voltage—mode combining, the parasitic resistance in the primary
windings become dominant compared to the transformed load
impedance, resulting in significant power consumes input power at
the primary windings. Table 3.1 —1 compares the key characteristics

of these two combining schemes.

17



Table 3.1-1 Comparison of Transformer-Based Power Combining Techniques

Feature Voltage Combining Current Combining
Combining Series Parallel
Type Voltage summation Current summation
Roptmos R __R _ MR,
optMOS 2mn2 'optMOS 2n2
Output current High Low
handling
Sensitivity to High Low
parasitics
Amplitude/Phase high low
error
Output power High Lower than voltage mode

Capability

18



3.1.4 Structure and Efficiency Considerations in This Work

In this work, current—mode transformer—based power combining
was employed in both X—band and D—band CMOS power amplifiers.
This architectural choice was motivated by the need for high channel
symmetry, robustness against mismatch, and compatibility with
reconfigurable or discretely controlled power structures.

For the X—band and D—band implementations, current—mode
transformer—based combining was used to efficiently aggregate
multiple PA outputs while minimizing amplitude and phase
mismatches. In the X—band design, a three—stacked, four—way PA
achieved high output power and efficiency under a 3.3V supply. At
D—band, where parasitic effects and layout asymmetry are more
critical, a five—stage, eight—way PA was implemented using the
current—mode scheme to enable stable multi—channel operation.

Overall, the current—mode transformer—based combining scheme
adopted in this work enables robust, scalable, and efficient CMOS PA
implementations at both microwave and millimeter —wave frequencies.
The selected architecture balances practical layout constraints with
performance needs, supporting the goals of power density, linearity,

and reconfigurability in modern RF systems.

19



3.2 Gain Boosting Techniques in CMOS PAs

In sub—THz CMOS power amplifiers, the inherently low gain
caused by device parasitics and the limited intrinsic performance of
transistors necessitates the use of gain boosting techniques. Among
various approaches, two prominent methods are Linear, Lossless,
Reciprocal (LLR) embedding[6][7] and lossy capacitive over—
neutralization [8].

LLR embedding maintains Mason’s unilateral gain (U), which is
defined in equation 3.2.1, while increasing the maximum available
power gain (Gma) up to 4U at the edge of stability. In contrast, lossy
over—neutralization increases U itself, enabling Gm. to exceed the
lossless limit even near the maximum oscillation frequency (fmax).

These two methods address the low—gain challenge through
different mechanisms and present distinct trade—offs in terms of

stability, implementation complexity, and achievable performance.

U= |Y21 B 3/12|2
4(Re(y11) Re(yzz) - Re(y12) Re(yzl))

(3.2.1)

20



3.2.1 LLR embedding

The maximum available gain (Gma) of a two—port network can be
expressed in terms of the unilateral gain (U) and the gain ratio (A),

as shown in the following equation:

G, |A-G,

ma

Uu | A-1|

|2

(3.2.2)

Here, U is the unilateral power gain, and A is defined as Y21/Y12 or
equivalently Z21/Z12. The maximum available gain Gma. can be
controlled by adjusting both A and U. However, in LLR embedding as
illustrated in Fig. 3.2—1, U is held constant while A is selectively
varied, enabling Gma. to be boosted up to 4U under the edge—of—

stability condition [9].

LLR Embedding

Zs Matching
V Network
S

Matching
Network

Figure 3.2-1 LLR embedding that increases Gma t0 Gmax
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3.2.2 Lossy capacitive over—neutralization

As mentioned in 3.2.1 unilateral power gain (U) remains unchanged
when using the LLR embedding structure. However, by employing a
resistor in series with the conventional neutralization capacitor as
illustrated in Fig. 3.2—2, U can be increased, as the added resistor
effectively cancels a portion of the transistor’'s intrinsic gate
resistance. This compensation increases the real part of the y—
parameters, allowing Re(yi2) to shift from a negative to a positive
value. As a result, the unilateral gain U increases, as described in
Equation 3.2.1.

Using this technique, it was reported that a 190GHz amplifier was
implemented in 28nm bulk CMOS technology, achieving 14.3dB of

gain with 1.5dBm of PSAT and 2.6% of maximum PAE [8].

nOUTn

Re | C,
—W i R,
—
INP I | INN

Figure 3.2-2 Lossy capacitive over-neutralization structure
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3.2.3 Structure Implementation in this work

In this work, a dual—peaking Gmax boosting technique [10] based
on LLR embedding is applied. Due to the inherently low gain resulting
from device parasitics and the limited intrinsic performance of
transistors, gain enhancement techniques are essential in sub—THz
CMOS PAs. By employing this dual—peaking Gmax boosting technique,
both high gain and wide bandwidth can be simultaneously achieved.
Unlike the approach in [10], which utilizes a long transmission line in
the feedback path, this work adopts an over —neutralized capacitor to
achieve compact implementation. The detailed design of the proposed

dual—peaking Gmax boosting technique will be presented in Chapter 5.

23



Chapter 4. X—band Power Amplifier Design

4.1 Concept of stacked structure

The stacked power amplifier design involves literally stacking
multiple MOSFETSs in series to accommodate higher voltage swings.
Since Bulk CMOS cannot inherently sustain large voltage swings, it
typically delivers lower output power compared with III-V
semiconductor technologies such as GaN, GaAs, and InP.

However, Bulk CMOS remains widely adopted due to its low cost
and high integration density. In particular, its back—end—of—line
(BEOL) process offers multiple metal layers that facilitate routing
and enable on—chip integration without requiring external packaging.

To overcome Bulk CMOS’s limitations in handling large voltage
swings, the stacked structure has emerged as a compelling solution
[11][12]. Unlike a common—source (CS) amplifier, stacking
MOSFETSs in series distributes voltage across each device, enabling
higher voltage handling. This approach allows a bulk CMOS
technology to achieve higher output power and improved power—
added efficiency despite its inherent performance gaps relative to

III-V technologies.

24



Stacked power amplifier (PA) configurations, such as 2—stack, 3—
stack, or n—stack, are widely used to boost the output power by
increasing the voltage swing. However, stacking excessive devices
leads to significant losses, primarily due to parasitic capacitance. As
illustrated in Fig. 4.1—1, we adopt a three—stack topology that
achieves roughly 90 % stacking efficiency, offering an optimal

balance between output power and efficiency [11].

RF OUT

Three-Stacked
amplifier,

v
"

RF IN

Lal el

Figure 4.1-1 Schematic of three-stacked power amplifier
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4.1.1 Hybrid stacked structure

Stacked amplifier has advantage of high voltage handling capacity
but it can induce reliability issue due to the top device has to endure
large voltage swing. As a result, this design introduces significant
challenges associated with large voltage swings, including reliability
concerns such as time dependent dielectric breakdown (TDDB), hot—
carrier injection (HCI) which can cause impedance mismatch and
output power degradation. To mitigate these issues, thick—oxide
transistors which is commonly used as I/O devices can be applied at
the top stack to endure high voltage swing. To evaluate the reliability
of the device, Time—to—Failure (TTF) based on TDDB and
accelerated—lifetime model based on HCI are widely used [13],

which can be simplified as:
TTFpps < exp(l/E,,) (4.1.1)
Lifetime, o, ocW /1, (4.1.2)
where Eox 1s the applied electric field across the dielectric and W
is the device gate width. Owing to their thicker dielectric layers and
larger device size, thick—oxide devices experience lower electric

fields under the same voltage, significantly reducing TDDB

degradation rates and improving overall reliability. Additionally, it is

26



demonstrated that thick—oxide devices offer superior reliability,
including higher breakdown voltage and longer mean time to failure
under the same voltage conditions compared to their thin—oxide
counterparts [14].

Fig. 4.1-2 shows the proposed hybrid structure and the
performance comparison table is explained. The thick—oxide device
has twice size of oxide thickness than thin—oxide device but has
inferior performance. This issue will be discussed in chapter 4.1.2.

As illustrated in Fig. 4.1—3, drain—source voltage of top device
reaches 3V, while the standard supply voltage of normal RF NMOS is
only up to 1.2V. Considering AC/DC ratio as 2, the standard voltage
swing would be 2xVDD, up to 2.4V. However, 3V exceeds this value,
potentially triggering reliability concerns and raising doubts about
robust operation.

On the other hand, thick—oxide devices, rated for nominal voltages
of 2.5 V, can handle voltages exceeding 5 V [14]. Thus, M3 as a
thick—oxide FET effectively addresses the stress issue, enabling

robust operation under higher voltage swing.
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Figure 4.1-2 Proposed hybrid three-stack FETs configuration with device
parameters between thick and thin oxide device
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Figure 4.1-3 Simulated voltage swing of drain node and gate node of M2 and M3
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4.1.2 Design approach of Hybrid stacked structure

The thick—oxide MOSFET offers reliability advantage but suffers
from inferior performance due to its low Funax and F: compared to a
thin—oxide device. Moreover, it requires higher supply voltage and
gate voltage to operate in saturation, which can disrupt uniform
voltage distribution, and it draws more current. By placing this thick—
oxide device only at the top, these drawbacks can be mitigated. The
current consumption is determined by the bottom device (M1) and
uniform voltage distribution can be achieved with proper bias
condition. Additionally, the voltage gain of the stacked amplifier is
dominantly determined by M1. Fig. 4.1—4 shows the simplified
equivalent circuit of three—stacked amplifier and the voltage gain can

be expressed by equation as follows:

A/ =, . gml g I:QL
C C
(1+ SCgsl . Rg )(14_ S J[l-'_ S gsSj (4.1.3)
Om2 O3

Since sCgs2/gm2 and sCgss/gms is relatively small than unity, the Ay
can be approximately a function of parameter of M1 and Ri. The
maximum available gain and voltage gain of the stacked structure with

the thin—oxide FETs and that with the thick—oxide FETs are
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illustrated in Fig. 4.1—5. It shows that the hybrid three—stack with
thick oxide at the top is expected to improve reliability with about 0.5
dB trade—off in Gmax.

Also, the gate capacitor value is crucial in stacked amplifier design.
Unlike a cascode structure, which has AC ground on gate node,
stacked amplifier has gate voltage swing to avoid the gate—drain
oxide breakdown. Also, the gate capacitors are utilized to achieve
node impedance matching. The value of gate capacitors is selected
from well—known equation from [11]:

(Cye+Cyy(1+ 9, Zo0))

Ca k=2,3 4.1.4
L (k_l)gmzopt -1 ( )

Zopt 1S expressed at Fig 4.1—4, Cgs and Cgq are device gate—source
and gate—drain capacitors, respectively. Considering this equation,

Cq1 is selected as 800fF and Cg2 is determined as 499{F in this design.
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Figure 4.1-4 Simplified small signal equivalent circuit of three-stacked structure
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4.2 Circuit Implementation in 65nm BULK CMOS

4.2.1 Device selection and layout

To implement a three—stacked structure in bulk CMOS, a deep n—
well is used to isolate each device’s bulk from the shared substrate,
preventing junction breakdown and latch—up. This isolation also
enables independent body biasing, reducing parasitic effects and
enhancing reliability under high—voltage conditions. To achieve
three—stacked structure in bulk CMOS technology, the deep n—well
is applied in layout as illustrated in Fig. 4.2—1. In this design, we
selected device widths of 192 #m for thin—oxide transistors and
756 ¢ m for thick—oxide transistor. Each transistor’s deep n—well is
biased at Vpp to prevent junction breakdown which comes from p—n
junction. Without this bias, the p—n junction could become forward
bias, potentially leading to junction breakdown. Fig. 4.2—2 presents
schematic of proposed three—stacked power amplifier with deep n—

well and its layout implementation.
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Figure 4.2-2 Schematic of proposed three-stacked power amplifier with deep n-
well and its layout implementation
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4.2.2 Over—neutralization capacitor

It is explained that hybrid structure has 0.5dB gain trade —off than
conventional structure. To address the gain reduction caused by the
thick—oxide device at the top stage, an over—neutralized cross—
coupled capacitor is incorporated in M1. It should be noticed that
utilizing a capacitor larger than Cqq can cause potential instability and
output power degradation due to the undesirable positive feedback
[15]. Fig. 4.2—3 shows the simulation results for the maximum
available gain as a function of the neutralization capacitor C,. In this
work, an overcompensated cross—coupled capacitor with C, =106fF

i1s used to balance the gain reduction and instability issue.
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Figure 4.2-3 Simulation result of G-max and stability factor versus C,.
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4.2.3 Passive element design

4.2.3.1 TF—based balun design

Accurate modeling of parasitic in radio frequency range 1is
important to get precise measurement result. For the accurate
modeling, the parasitic of the active devices were extracted at the
transistor level using the Calibre tool under a 50 C operating
condition, while the passive components, including transmission lines
and transformers, were modeled through full—wave electromagnetic
simulations using HFSS.

Using dielectric and metal information from foundry provided PDK,
BEOL can be modeled accurately. Top metal is used for the primary
side considering current flows in drain side and metal below top metal
is utilized for the secondary side.

4.2.3.2 CPW transmission line power combining
To implement four—way power amplifier each differential PA is
current—combined with CPW line. 1002 CPW line is utilized to
combine each differential PA whose output impedance is 100Q,
which results in 502 matching. Fig. 4.2—4 illustrates the layout of
current mode power combining structure, the simulated insertion loss

is presented in Fig. 4.2-5.
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Figure 4.2-5 Simulated Insertion loss of transformer-based balun.
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4.2.4 Schematic and chip photograph

The hybrid three—stacked, four—way X—band power amplifier is
proposed and designed, as illustrated in Fig. 4.2—6. The amplifier’s
stability was also confirmed through the Mu and Mu_prime factors
shown in Fig. 4.2—7, both exceeding unity across the operating band,
indicating unconditional stability. The output power contour of the
three—stacked structure, under the bias conditions illustrated in the
schematic and with an input power of =5 dBm, is presented in Fig.
4.2—8. Fig. 4.2—9 shows the simulated impedance trajectory of the
output matching network over the 8GHz to 12GHz frequency range.
Fig. 4.2—10 presents the transient simulation results, demonstrating
stable large—signal behavior. Fig. 4.2—11 the chip photo of the
fabricated PA. The chip occupies a total area of 0.577 mm?, with the

core (excluding pads) measuring only 0.22 mma?2.
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Figure 4.2-6 Schematic of the proposed hybrid 3-stack 4-way PA.
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Figure 4.2-7 Simulated Mu and Mu_prime factor
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Figure 4.2-8 Power contour of three-stacked structure under the bias condition
illustrated in Fig. 4.2-6, with the input power set to the 1-dB compression point.
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Figure 4.2-9 Simulated output network impedance versus frequency
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4.3 Measurement

4.3.1 small—signal

4.3.1.1 small—signal measurement setup

The proposed X—band PA was implemented in 65nm bulk CMOS
technology. The implemented PA was evaluated through on—wafer
probing of a chip—on—board (CoB) for DC biasing. S—parameter
measurements were performed with Keysight N5224A network

analyzer after on—wafer calibration using GGB CS—105 as illustrated

in Fig. 4.3—1.

Network Analyzer
Keysight N5224A

Power Supply
Keysight E36313A

Network
analyzer

Figure 4.3-1 Small signal measurement setup
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4.3.1.2 small—signal measurement result

The measured S—parameters are presented in Fig. 4.3—2. The
implemented PA achieves an S21 of 23.2dB at 9.5GHz, an input and
output return loss of better than 10dB, and a 3dB bandwidth of around
1GHz. S12 was less than —43dB at all frequency range. Unconditional
stability was confirmed across the entire frequency band, as

demonstrated by the K—A stability test in Fig. 4.3—3.
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4.3.2 Large—signal
4.3.2.1 Large—signal measurement setup
The large—signal measurements, Agilent 83623B signal generator

and Agilent E4407B spectrum analyzer were used after meticulous

compensation for cable and probe tip losses, as depicted in Fig. 4.3—

4.

Spectrum
Analyzer
Agilient E4407B

Signal
Generator
Agilent 83623B

. Power supply =
o

NELE
generator - @

Power Supply
Keysight E36313A ﬂ\

Figure 4.3-4 Large signal measurement setup
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4.3.2.2 Large—signal measurement result

The measured saturated power (Psat) is 20.9dBm at 9.5GHz,
output 1dB compression point (OP1dB) is 16.4dBm and peak PAE is
24% as shown in Fig. 4.3—5. Fig. 4.3—6 shows the Pout, OP1dB and

PAE across the operating frequency range.
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Figure 4.3-5 Simulated and Measured Pout and PAE versus Pin at 9.5GHz
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Figure 4.3-6 Pout, OP1dB and PAE across the operating frequency range
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4.3.3 Modulation test

4.3.3.1 Modulation test setup

The modulation tests were conducted with Keysight M8195A
arbitrary waveform generator to input a modulated signal and
Keysight UXR0O104A digital oscilloscope to characterize the output
as shown in Fig. 4.3—7. Digital predistortion was applied to
compensate for the PA’s inherent nonlinearity, ensuring improved
linearity and meeting stricter EVM/ACPR requirements during the

modulation test.

Figure 4.3-7 Modulation test setup
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4.3.3.2 Modulation test result

The 500MHz Baud 64—QAM measurement achieved an EVM of -
25dB and ACPR below —34 dBc without digital predistortion (DPD)
as shown in Fig. 4.3—8. When DPD is applied, the ACPR performance
is further enhanced, as illustrated in Fig. 4.3—9. To investigate
feasibility of higher—order modulation schemes such as 256—QAM,
digital predistortion i1s applied during measurement. The
measurement shows —35 dB of error vector magnitude (EVM) and —
33.5dBc of the adjacent channel power ratio (ACPR) with 256—QAM,
measured with a 600 MHz reference and adjacent channel bandwidth,
as presented in Fig. 4.3—10. At 9.5GHz, the PA achieves a 4.8Gbps

data rate with average power of 12.7dBm, average PAE of 4.58%.
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4.3.4 Reliability test

4.3.4.1 Reliability test based on JEDEC standard

To guarantee robustness and long—term reliability, a High
Temperature Operating Life (HTOL) and Highly Accelerated Stress
Test (HAST) were conducted. The HTOL test was carried out in our
laboratory using a temperature chamber, as shown in Fig. 4.3—11,
while HAST was performed by a third-party laboratory specializing
in the reliability testing, as shown in Fig. 4.3—12. HTOL was
conducted at 145°C for 380 hours on two samples, which is
equivalent to the JEDEC standard condition of 125 °C for 1000 hours
[16], using an activation energy of 0.7 eV. For HAST, following the
JESD22—A110E.O01 [17], three samples were tested at 130 °C and
85% relative humidity for 96 hours. It is noteworthy that if the
measured output power or current decreased by more than 10% from
the initial value, the PA was considered to have failed according to
our failure criteria. Fig. 4.3—13 and Fig. 4.3—14 show the output
fluctuation for HTOL and HAST, respectively. No failures were
observed for either HTOL or HAST. Based on the HTOL data and the
zero—failure x? method with a 60% confidence level, the MTTF at

50 °C was estimated to be 2.5 x 10° hours [18].
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Figure 4.3-11 HTOL test setup

1 Qualification Plan and Results
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Test conditions are specified in customers in - house test plan all test procedures comply with
JEDEC standards.
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Figure 4.3-12 HAST test report
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4.3.4.2 RF overdrive Test

To wvalidate the robust operation of the proposed PA utilizing the
hybrid three—stack structure, a series of aging tests were also
conducted. The PCB with JIG used for the reliability test is shown in
Fig. 4.3—15.

The return loss aging test was performed with an input power level
of 10 dBm, corresponding to the saturation point, over a 100—hour
operational period. As illustrated in Fig. 4.3—16, the S11 and S22
measurements at the beginning and end of the test show negligible
variation, confirming stable impedance matching throughout.

Also, an output power aging test was carried out by operating the
PA under a 10 dBm input power level for 100 consecutive hours. The
results, depicted in Fig. 4.3—17, indicate no breakdown occurred,
with very marginal degradation observed in the saturated output
power. In contrast, conventional power amplifier structures
demonstrated significant performance degradation under shorter
aging test durations, as reported in [19]. These observations
demonstrate the enhanced robustness and reliability of the proposed
hybrid stacking approach, which effectively mitigates the impact of

hot carrier injection. The advancement ensures the suitability of the
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proposed CMOS PA with hybrid stacks for long—term operation in
high—performance applications operating under relatively high

supply voltage conditions.

Figure 4.3-15 PCB with JIG for the reliability test
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Chapter 5. D—band Power Amplifier Design

5.1 Concept of Dual—peaking Gmax Structure

Designing amplifiers for sub—"THz frequencies in CMOS technology
presents several challenges. As operating frequencies approach the
half of the maximum oscillation frequency (fmax) of active devices,
the intrinsic gain of transistors decreases significantly, making it
difficult to achieve sufficient power gain. This issue is further
compounded by the high losses associated with input and output
matching networks, often resulting in a total power gain close to or
even below unity.

To address these challenges, various techniques have been
proposed, including maximum achievable gain (Gmax) boosting
through linear, lossless, and reciprocal (LLR) embedding networks.
However, this Gmnax—based amplifier typically exhibit gain
enhancement sharply at specific target frequency, resulting in narrow
bandwidth limitations. To cover a wider frequency range, wideband
amplifiers such as distributed or stagger—tuned structures have been
explored, but these designs often suffer from lower gain, larger chip

area, and higher power consumption due to their design complexity.

55



Therefore, the dual—peaking Gmax technique has been investigated as
a promising solution to these challenges [10], as illustrated in Fig.
5.1—1. This approach simultaneously generates peaks at two distinct
frequencies, enabling the maintenance of wide bandwidth and high
gain, thereby greatly enhancing its suitability for high—performance
RF systems such as transmitters. While [10] realizes the dual—
peaking effect using a long transmission line in a single—ended
amplifier configuration, the approach presented in this thesis employs
a negative capacitance—based implementation compatible with
differential architectures. This method enables the implementation of
dual—peaking Gmax technique in a more compact and integrable layout

by eliminating the need for physically long structures.
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5.2 Design approach of Dual—peaking Gmax structure

With a properly designed feedback network represented by the
LLR embedding network, the maximum achievable gain can be

expressed as:

G, =2U-1+2JU(U -1) (5.2.1)

Y
When K=1, pbase[%JZH , Gmax becomes 4U, with K representing

12
Rollett’s stability factor and U representing unilateral gain. This Gmax
boosting technique can be achieved at two frequencies

simultaneously by utilizing an appropriate embedding network.

Differential Dual-peaking Gmax core

Dual-peaking Gmax core

Figure 5.2-1 Schematic of proposed Dual-peaking G-max boosting structure
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However, achieving both conditions simultaneously is often not
feasible, as analysis in [20] shows that Gmax is more dependent on
the K—factor than on the phase of the LLR structure. To achieve
wideband performance, focusing on making stability factor unity, G—
max boosting was targeted at 130 GHz and 150 GHz, with a center
frequency of 140 GHz. The proposed dual—peaking G—max boosting
core is illustrated in Fig. 5.2—1. Using transmission line at gate, drain
node with length of L1 and L2, phase condition can be achieved and
over—neutralization capacitor between gate and opposite drain makes
K=1. Y—parameter of transmission and transistor can be modeled as

following equation:

1 ~ /1
1| tanh(yL sinh(yL,
N (L) (L) (522
Z,| 1 1
sinh(yL) tanh(yL,)
Y — (YllTR YlZTR] (5 2 3)
™ Y21TR Y22TR

Where Zo 1s the characteristic impedance of transmission line and
Yrr is transistor’s intrinsic Y—parameter. Using this Y—parameter

and considering over—neutralization capacitor value, the equivalent
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Y—parameter of the Dual—peaking Gmax structure are derived as

follows, which allows for the calculation of Gnax and the K—factor

[21][22].
04 ) Y, )
= vore Y Y100 Yoo Yo +Y, . —joC, (5.2.4)
&, 2211 nm)( 22TR 11L2) o Voare

Y, = Y;ZTR 'Y12L1 'Y12L2 +ja)Cn (525)

&, 2211 11TR)( 22TR 11LZ) el et
Y21 r Y21TR 'Y21L1 'Y21L2 +]'CUCH (526)

&, 2211 11TR)( 22TR 11L2) o Vorre
= ¢4 117R 22L1) - +Y,, —joC, (5.2.7)

( 2211 11TR)( 22TR 11L2) 1278 ZlTR

Theoretically, dual—peaking can be achieved with various
combinations of L1, Lg, and C,. However, L2 was fixed in this design
due to its placement on the drain side, where extending its length
could lead to significant voltage drop and increased power loss,
degrading PA performance. Keeping L2 short minimizes these
adverse effects, ensuring efficient power delivery to the output stage.
In contrast, C, directly affects Gmax and the K—factor, requiring
dynamic adjustments to achieve optimal gain and stability, rather than
setting it to a fixed value. Therefore, fixing L2 1s the optimal choice

as it simplifies the design and optimizes power delivery efficiency
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compared to fixing L1 or C,. The intersection of the two graphs in Fig.
5.2—2 indicates the theoretical feasibility of dual—peaking boosting.
However, practical implementation is not feasible because when K
equals unity, the real part of the source and load admittances in the
embedding network becomes zero, as shown in the equations [23] as

below.

y = |y12y21| JKZ -1 T j[lm(y12y21)_2622311:|
° 2/G,,| 26

22

(5.2.8)

_ |—V12y21| “KZ —} . j[lm(y12y21)_2611322:|
: 2lG,,| 26

11

(5.2.9)

To enhance stability and feasibility, the design points of 130 GHz
and 150 GHz were adjusted to 120 GHz and 160 GHz, providing
additional margin to the K—factor. The L and C, values were selected
to maximize the Gmax value, as shown in Fig. 5.2—3. The implemented
Dual—peaking Gmax core achieved high gain and wide bandwidth than

conventional common—source amplifier as illustrated in Fig. 5.2—4.
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5.3 Circuit Implementation in 40nm bulk CMOS

5.3.1 Circuit design

The subsequent steps in the design process are is illustrated in Fig.
5.3—1: the 5—stage 8—way power amplifier are designed to achieve
high gain and high output power. From the first to fourth stage, dual—
peaking G—max boosting technique was applied to achieve high gain
and wide bandwidth. However, it was not used in the output stage
because the increased neutralization capacitance could degrade
large—signal performance, leading to reduced output power and
efficiency [15].

Instead, a cascaded balun with flat intrinsic loss characteristics was
employed at the output stage to achieve wideband output
performance, overcoming the narrowband limitations caused by the
self—resonant frequency of conventional baluns in 40nm CMOS [24].
An active device size of 64 ym was utilized at the output stage, while
the transistor sizes in the preceding stages were set to half of those
in the subsequent stages, optimizing power delivery and current
consumption. Fig. 5.3—2 presents the output power contour of the
output device under the conditions of VDD=1.2V, Vbias = 0.6V and

an input power of OdBm.
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The PA consumes 455 mA with Vpp = 1.2V and its gate bias at
0.6V, balancing power—added efficiency and output power trade —offs.
The four PA units were combined using an MSTL—based current
mode power combiner. Fig. 5.3—3 shows the output network
impedance as a function of frequency from 100 GHz to 200 GHz. At
140 GHz, the output matching network achieves a near—50Q

impedance, indicating proper matching to a 50 @ system.
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Figure 5.3-1 Schematic and design parameter of proposed 5-stage 8-way power
amplifier in 40nm bulk CMOS
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Figure 5.3-2 Power contour of output device (device width: 64um) under
Vpp=1.2V, Vhias = 0.6V and input power is 0dBm. (output power step: 5dBm)

50 [ = Output impedance|

10

Figure 5.3-3 Simulated output network impedance versus frequency
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5.3.2 Layout implementation

In D—band design, accurate simulation considering its layout
structure is essential due to considering frequency shift which can
affected by parasitic during layout level. For accurate simulation, the
dual—peaking structure is simulated using HFSS simulation, as
illustrated in Fig. 5.3—4 and Fig. 5.3—5. The M2 metal is used as

ground plane for the L; and Lo.

Figure 5.3-4 Implementation of Dual-peaking structure
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Figure 5.3-5 HFSS simulation setup
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5.3.3 Chip photograph

The five—stage eight—way D—band power amplifier is proposed.
Fig. 5.3—6 shows the chip photo of the fabricated PA. The total chip
area of the PA is 0.915 mm?, and the core area, excluding pads, is

0.524 mma.

Figure 5.3-6 Chip photograph of D-band PA
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5.4 Measurement

5.4.1 Small signal

5.4.1.1 Small signal measurement set up

The proposed PA was fabricated in 40nm Bulk CMOS technology.
Fig. 5.4—1 shows the measurement setup. For the S—parameter
measurement, Keysight PNA N5244B connected with WR6.5 VDI
network analyzer extension modules were utilized. The calibration

was done using the GGB CS—5 calibration substrate.

Network Analyzer

[::::::]DDDD
® 0 o

ooooe@

WR6.5

0000
I

Power supply

Figure 5.4-1 Small signal measurement setup
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5.4.1.2 Small signal measurement result

In Fig. 5.4—2, S21 achieve dual peaking at 128GHz and 152GHz
and 3—dB bandwidth based on 140 GHz is over 35 GHz. The
measured input and output return losses were better than 10 dB from
110 GHz to 170 GHz, and 130 GHz to 170 GHz, respectively. For
stability check, Fig. 5.4—3 shows K—delta result which guarantees

unconditionally stable across the whole frequency band.
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5.4.2 Large signal

5.4.2.1 Large signal measurement set up

Fig. 5.4—4 shows the measurement setup. For large—signal
measurement, PNA combined with the D-—band extender was
employed to generate a continuous wave signal in D—band, which is
injected into the PA via a tunable attenuator for input power control.

Output power was measured using the power sensor and Erickson

Power Meter (PM5).

Network Analyzer

O

oooo
® O o ooooe@

WR6.5
VNAX Power Meter

Power Sensor | © |:]
S -
[ J ooao

Figure 5.4-4 Large signal measurement setup

74



5.4.2.2 Large signal measurement result

Fig. 5.4—5 and Fig. 5.4—6 show large—signal measurement data.
The measured saturation power is 14.6 dBm at 128 GHz, 13 dBm at

152 GHz, with peak PAE of 4.74% and 3%, respectively.
10

E10Fk L VM =Sim. Pout
7 Meas. Pout

PAE(%)

Sim. PAE ‘l
Meas. PAE
0 0
-20 -10 0 10
Pin(dBm)
Figure 5.4-5 Simulated and measured results of output power and power added
efficiency
16 r 10
_ 12.1T
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Figure 5.4-6 Measured Psat and PAE versus frequency
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5.4.3 Comparison with other work in D—band

This PA achieves the highest Figure of Merit (FOM) compared with

other state—of—art BULK CMOS PAs, which is 90.28.

Table 5.4-1 State-of-Art PAs in D-band

Topology Tech VDD | Freq (GHz) | Gain | OP1dB Puc(dBm) |PAE (%) Area FOM**
(V) | BW (GHz) (dB) (dBm) (mm?

128 27 10.1 14.6 4.74 90.28
This 5S-8W | 40nm CMOS | 1.2V 140 :35 202 8.1 13.1 32 0915 81.3
152 19.1 7.8 13.7 33 81.6
[24] MWTL 24 3S-8W [ 40nmCMOS | 1.2 132: 18 145 12.3 16.4 72 0.72 81.8
[25] TCAS 1119 3S-4aW 40nm CMOS 1.2 120 :38.5 16 9.3 14.6 9.4 0.33 81.9
[26] TMTT 23 3S-4W [ 28nm CMOS 1 138 :27.5%** 19.2 11.2 15.4 14.25 0.091* 88.9
[27] RFIC 18 3S-4W 40nm CMOS 1 140 :17 20.3 10.7 14.8 8.9 0.34 87.5
[28] ACCESS 21 3S-2W 28nm CMOS 1 135 :20 21.9 N/A 118 10.7 0.24* 86.6
[29] TCAS 120 4S-2W 28nm CMOS 0.9 132: 22 22.5 5.2 8 6.6 0.026* 81.1
[30] JSSC 22 4S-8W 45nm RF SOI1 1.2 140: 21 24 14.2 17.5 13.4 0.43 95.7
[31] MWTL 24 4S-2W__ [ 280m CMOS | 0.9 160 21.9 46 9.5 76 0.26 843
[32] TCAS 124 4S-2W 40nm CMOS 1 130 :22 23.5 8.2 13.2 9.1 0.34 88.5

*Core only **FOM =Psat[dBm|+Gain|dB]+20log(freq|GHz|) + 10log (PAEmax[%]) ***Estimated value
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Chapter 6. Conclusion

This thesis demonstrates two PA designs that employ different
techniques to overcome the inherent limitations of CMOS in the X—
band and D—band. In the X—band design, a stacked structure achieves
a power gain of 23.2dB, a 3dB bandwidth of 1 GHz, a peak PAE of
24%, and a saturated output power of 20.9 dBm. Under 256-QAM
modulation, it maintains an EVM below —35dB and an ACPR of
—33.5 dBc. Reliability evaluation following JEDEC standards predicts
an MTTF over 28 years at a 3.3 V supply, and continuous 100 hours
RF overdrive test shows stable operation for high input power.

For the D—band, the dual—peaking Gmnax boosting technique is
applied to achieve 27 dB of gain, a 3 dB bandwidth exceeding 35 GHz,
and a saturated output power of 14.6 dBm. This represents the
highest figure of merit among recently reported bulk CMOS PAs in
this frequency range.

These measurement results illustrate how the proposed
approaches effectively mitigate CMOS limitations and enhance
overall performance, making the presented PAs well—suited for
future high—speed communication systems, including next—

generation 6G applications.
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