IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 15 July 2024, accepted 29 July 2024, date of publication 5 August 2024, date of current version 14 August 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3438463

== RESEARCH ARTICLE

Ka-Band CMOS Stacked-FET Power Amplifier
With Pre-Distorted Driver Stage

for 5G Applications

SEONHYE JANG/, (Student Member, IEEE), HYUNSOO KIM 2, (Student Member, IEEE),

AND CHANGKUN PARK“'2, (Member, IEEE)

! Department of Electronic Engineering, College of Information Technology, Soongsil University, Seoul 06978, Republic of Korea
2Department of Intelligent Semiconductors, College of Information Technology, Soongsil University, Seoul 06978, Republic of Korea

Corresponding author: Changkun Park (pck77 @ssu.ac.kr)

This work was supported in part by the National Research Foundation of Korea (NRF) through the Korean Government [Ministry of
Science and ICT (MSIT)] under Grant NRF-2021R1A2C1013666, and in part by Korea Institute for Advancement of Technology (KIAT)
through the Korean Government [Ministry of Trade, Industry and Energy (MOTIE)] under Grant P0012451.

ABSTRACT In this study, we proposed a pre-distorted driver of a power amplifier in which the driver stage
can serve as a pre-distorter of the power stage. In order to secure the linearity of the power amplifier, AM-PM
distortions according to the input power of the common-source (CS) and two stacked-FET structures were
analyzed and compared with the simulated results. Based on the analyzed AM-PM distortions of the two
structure, it was verified that the driver stage with CS structure can act as a pre-distorter of the power stage
with the two stacked-FET structure by optimizing the bias voltages of the two structures. The Ka-band power
amplifier was designed with a 65-nm CMOS process to verify the feasibility of the proposed pre-distorted
driver stage. At 28 GHz, the measured P;4p, saturated output power (Psat), and peak power-added efficiency
(PAE) were 18.6 dBm, 19.7 dBm, and 32.9%, respectively. The measured small signal gain was 24.1 dB.
When 5G-NR modulation signals (64-QAM, 100-Msym/s, 9.7-dB PAPR) were used, under conditions where
the EVM was less than —25 dB, the measured output power and ACLR were 13.3 dBm and -29.4 dBc,

respectively.

INDEX TERMS AM-PM distortion, CMOS, driver stage, pre-distortion, stacked-FET.

I. INTRODUCTION

Power amplifiers are traditionally one of the most actively
studied circuits in wireless communication systems. In par-
ticular, with the introduction of 5G mobile communica-
tion technology using beamforming systems, CMOS power
amplifiers operating in the millimeter wave band have also
been actively studied recently, considering the integration
level of multi-channel RF transceiver [1], [2], [3]. However,
the low breakdown voltage and lossy Silicon substrate of
CMOS process are obstacles to securing the output power and
efficiency of the CMOS power amplifier. These performance
degradations worsen as the operating frequency increases,
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especially like Ka-band, which is mainly used by 5G mobile
communications.

Accordingly, various studies on CMOS power amplifiers
were introduced to overcome the disadvantages of the CMOS
process and improve output power and efficiency [4], [5],
[6]. In particular, the stacked-FET power amplifier is rec-
ognized as one of the useful structures that can overcome
the low breakdown voltage of CMOS and improve output
power [7]. Therefore, various studies have been conducted
on the stacked-FET power amplifier, such as optimization
technique of external capacitors connected to the gate node
of stacked-FETs, capacitive neutralization technique, and
internal matching technique [7], [8], [9], [10], [11], [12].
Consequently, the output power of the stacked-FET power
amplifier is continuously and successfully improved.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

108088

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 12, 2024


https://orcid.org/0009-0000-6369-735X
https://orcid.org/0000-0002-4699-9935
https://orcid.org/0000-0002-9274-0182

S. Jang et al.: Ka-Band CMOS Stacked-FET Power Amplifier With Pre-Distorted Driver Stage

IEEE Access

11~000—= RFout

Power stage
/7 2-stacked structure
Capacitive neutralization
RC Feedback

Wd-Wv

T’ Power

+

L cover

Driver stage

/ Common-source structure
Capacitive neutralization

uonio}sip Nd-IAV 40
anbiuyos) Buipesyo

Wd-WvY

RFin m—00 1!

FIGURE 1. Conceptual diagram of the proposed power amplifier with
pre-distorted driver.

Although there are relatively few studies to improve
linearity compared to the research on the output power
improvement technique of CMOS power amplifier, recently
research on linearity improvement technique has also become
active as the output power improvement technique has
matured [13], [14], [15]. In general, there are various tech-
niques such as RC-feedback, pre-distortion, anti-phase, and
adaptive biasing techniques to improve the linearity of the
power amplifier [16], [17], [18], [19]. However, in the mil-
limeter wave power amplifier, the performance degradation
due to parasitic components is deteriorated, so the application
of linearization technique is limited compared to the power
amplifier in the GHz band. Furthermore, the power amplifier
for beamforming system applications consisting of multiple
channels also has limitation on the allocation of additional
chip area for linearization techniques.

In this study, we proposed a Ka-band CMOS power ampli-
fier in which the driver stage with a common-source (CS)
structure acts as a pre-distorter for the power stage with
a two stacked-FET structure. With the pre-distorted driver
stage, linearity was improved by suppressing AM-PM dis-
tortion of the power amplifier. Since the driver stage acts
as a linearizer, there is no additionally required linearizer.
Consequently, additional chip areas are unnecessary for lin-
earity improvement. Fig. 1 depicts a conceptual diagram of
the proposed linearity improvement technique of the CMOS
amplifier structure. In this study, the AM-PM distortions
of each driver and power stages were investigated, and the
optimal bias condition was analyzed in which the distortion
occurring in each stage offset each other. The proposed power
amplifier was designed with a differential structure.

In section II, we proposed a structure of a power amplifier
in which the driver stage acts as a pre-distorter by analyzing
the AM-PM distortions of each of the two stacked-FET power
stage and the CS driver stage. Other incidental design details
were presented in section III. In Section IV, we verified the
feasibility of the proposed power amplifier by presenting the
measured results of the AM-PM distortion and output power
using 5G modulation signals.

Il. PROPOSED TWO STACKED-FET POWER AMPLIFIER

WITH PRE-DISTORTED DRIVER STAGE
Here, we described the offset of AM-PM distortion through

the cascade connection between the designed power stage and
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FIGURE 2. Designed driver stage: (a) schematic and (b) equivalent circuit.

the driver stage acting as a pre-distorter. The power stage was
designed in a two stacked-FET structure with a supply voltage
of 2.0 V to ensure the required output power, whereas the
driver stage was designed in a CS structure with a supply
voltage of 1.0 V to minimize dc power consumption [20].

First, the AM-PM distortion of driver and power stages
was investigated, and then a power amplifier structure was
proposed in which the distortions of driver and power stages
connected by cascade offset each other.

A. AM-PM DISTORTION OF COMMON-SOURCE
STRUCTURE

Fig. 2 depicts the schematic of the designed driver stage
and its equivalent circuit. In the driver stage, the capacitive
neutralization technique was applied through Cy p. In con-
sideration of a differential structure, the source impedance of
the input of the driver stage was defined as 0.5Zy, and Zppr p
represents the load impedance of the driver stage. In Fig. 2(b),
if the voltages of RFy p and RFoyr p nodes and voltage gain
are Vo, Vin, and A,, respectively, the relationship between
Vout»> Vin, and A,, can be expressed as follows:

Vour = Ay Win) , Vin, LAVour = LA, (Viy) (1)

In order to analyze the AM-PM distortion of the driver
stage, the phase relationship between v;, and v,,; should be
examined. Therefore, the phase variation of v,,; based on the
phase of v, can be expressed as follows:

ImlA, (Vm)])

Re[A, (vin)] @

[ Avyy = tan” ! (

Applying these to the designed diver shown in Fig. 2, the
vour and the phase variation of v,,; according to the v;, can
be calculated as follows:

wZy (Cgq + Cos + Cn.p) +j2

; 3
0Zy (Cea + Cn,p) vin )

Vout =

2
L Avoutles = tan™! @
ouries (G)ZO (Cgs + ng + CN,D))

The phase variation of v,, is related to the parasitic
components of Mp and Cy p. As illustrated in Fig. 3(a),
trans-conductance, g, and Cgs showed a relatively large vari-
ation range depending on V, p. On the other hand, Cyy and
Cys showed relatively small variation according to the Vj p.
Eq. (4) shows that, when the driver stage is designed with CS
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structure, the phase variation of the output voltage depending
on the input voltage is always positive.

In order to confirm the feasibility of the derived numeri-
cal analysis results of the CS structure, a simulation of the
designed driver stage was performed. For simulation the gate
width of the transistor Mp constituting the driver stage was
designed to be 192 um. The Cy p was designed to be 43 fF.

Fig. 3(b) shows the simulation results of AM-PM distortion
of the designed driver stage. In this simulation, the distor-
tion according to output power was observed while varying
the gate bias voltages V, p and input power. As shown in
Fig. 3(b), most of the distortion has positive values, as pre-
dicted by numerical analysis, except in areas where the gate
voltage increases excessively.

B. AM-PM DISTORTION OF TWO STACKED-FET
STRUCTURE

Fig. 4 depicts the schematic of the designed power stage and
its equivalent circuit. The power stage was designed with
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FIGURE 5. Simulated results of the power stage with two stacked-FET
structure: (a) parasitic components and trans-conductance, g, and
(b) AM-PM distortion.

100 L

a two stacked-FET structure using capacitive neutralization
technique in which various studies have already been intro-
duced. The phase variation of v,,, based on the phase of v;,
can be expressed as follows:

L AVout|2—stack
1 [ @8m (Cgs + Coa + Cexr) (Cas + 2Cga)
Cga' (wzc(g%s + g%)

Cys (Cga + Cexr + C,
_ tanfl wlds ( gd EXT gs) )
8mCod

=tan_

Here, for simplicity of the analysis, Coq and Cy p were
assumed to be same. In addition, it was assumed that the
size of Mpcs and Mpcg were the same, so that the par-
asitic capacitances of both transistors were also the same.
Fig. 5(a) shows g, and parasitic capacitances according to
the gate voltage of the Mpcs. As the voltage applied to the
gate increases according to the increase of the input power,
gm and Cgy increase relatively steeply. Accordingly, when
the input power increases, the decrease in the first term of
Eq. (5) becomes greater than the decrease in the second term,
resulting in a negative value of Eq. (5).

In order to confirm the feasibility of the derived numer-
ical analysis results of the two stacked-FET structure,
a simulation of the designed power stage was performed.
For simulation, both the transistors Mpcs and Mpcg were
designed to have a gate width of 384 um. Cy p and Cgxr
were designed at 110 fF and 1.11 pF, respectively. In addition,
Rr and Cf constituting the RC-feedback were to 33 Q and
22 {F, respectively. The detailed design process of the power
stage with the two stacked-FET structure can be found in
Appendix section.

Fig. 5(b) shows the simulated results of the AM-PM dis-
tortion of the designed power stage. As shown in Fig. 5(b),
the tendency of numerical analysis results is also consistent
with the simulated AM-PM distortion of the two stacked-FET
structure. As the simulation results show, AM-PM distortion
becomes negative under high input power condition.
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FIGURE 6. Simulated results of AM-PM distortion.

C. AM-PM DISTORTION OF POWER AMPLIFIER WITH
PRE-DISTORTED DRIVER STAGE

In this study, a technique to improve the linearity of the
power amplifier was proposed by utilizing AM-PM distor-
tions of CS and stacked-FET structures. Given that the signs
of the distortion of CS and stacked-FET structures are oppo-
site under high input power conditions, the power stage is
designed with the two stacked-FET structure, while the driver
stage is designed with the CS structure. In this case, through
optimization of the bias voltage of the driver stage and power
stages, the driver stage with the CS structure may function as
a pre-distorter of the power stage with the two stacked-FET
structure.

Fig. 6 shows the results of optimizing the bias voltages
so that the driver stage can function as a pre-distorter of
the power stage. Using the gate bias voltages, the AM-PM
distortion of the power stage according to the output power
was offset by the AM-PM distortion of the driver stage.
As shown in Fig. 6, the distortion of the power amplifier is
more suppressed than that of the power stage.

1Il. DESIGN OF THE POWER AMPLIFIER
Fig. 7 depicts the block diagram and schematic of the
designed power amplifier, respectively. The power amplifier
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FIGURE 7. Designed power amplifier: (a) block diagram and
(b) schematic.

was designed using 65-nm RFCMOS process, and the supply
voltage of the driver and power stages were 1.0 V.and 2.0 V,
respectively. For impedance matching, Ciy.p, Cour.p, Civ.P
and Coyr were additionally used, and they were designed
with 14 fF, 63 fF, 14 {F, and 43 fF, respectively.

In general, the layout of the power stage directly effects
the performance of the power amplifier, so the power stage
should be carefully laid out. Fig. 8 shows the layout of the
designed two stacked-FET power stage. As shown in Fig. §,
the Cgxr, which is an external gate capacitor, was designed
in a split layout structure so that the effect of the Cgxr is
evenly applied to the unit-transistors constituting the power
transistor [12].

Since the power stage is designed with a power matching
technique, the deterioration phenomenon of S»» often occurs.
Accordingly, it is required to improve the degraded Sj»,
and the stability should also be carefully observed. As can
be seen from the simulated K-factor shown in Fig. 9(a),
there is a frequency interval in which the K-factor of the
power stage designed without RC-feedback becomes less
than 1. In addition, as shown in Fig. 9(b), the Sy, are also
deteriorated. In this study, to improve the stability and S»7,
RC-feedback technique was applied. With RC-feedback, the
power stage become unconditionally stable. In addition, the
S22 was also improved. The used values of Rr and Cr consti-
tuting the RC-feedback shown in Fig. 4 were 33 2 and 22 {F.
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Specific simulation results are presented together with mea-
sured results for convenience of comparison.

Fig. 10 shows the load-pull simulation results and output
matching network of two stacked-FET power stage with the
previously determined values of Cgxr, Cy.p, RF, and Cp.
Since two transistors are stacked, a power supply voltage
of 2.0 V was used. The blue and red lines in Fig. 10(a)
represent the contours of the output power and PAE, respec-
tively. Simulated maximum output power and PAE of the
power stage were 21.5 dBm and 42%, respectively. The
output matching network for power matching was com-
pleted with a transformer and a Coyr of 43 fF as shown
in Fig. 10(b). The output transformer is designed with a 1:1
turn ratio, and the supply voltage of the power stage was
supplied through the center-tap of the primary winding of
the transformer. Fig. 10(c) shows the layout of the output
matching network. The Zjpap,p, the input impedance of
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the designed output matching network, is shown as a black
line in Fig. 10(a). As shown in Fig. 10(a), power matching
was successfully completed at the operating frequency range
of 27 - 31 GHz.

IV. MEASUREMENT RESULTS

The power amplifier to which the proposed pre-distorted
driver stage was applied was fabricated using 65-nm
RFCMOS process. Fig. 11 shows a chip photograph with a
chip and core sizes of 0.68 x 0.52 mm? and 0.52 x 0.19 mm?,
respectively. Supply voltages and gate voltages were applied
using bonder-wires, and input and output signals were mea-
sured by the on-wafer probing technique.

Fig. 12 shows the simulated and measured S-parameters
and K-factors using small signal. In consideration of the
downshift of the operating frequency that occurs routinely
when developing a millimeter wave circuit, the design was
carried out by raising the target frequency of the simulation
by 1 GHz. The measurement results showed that the operating
frequency was shifted down approximately 1 GHz compared
to the simulation results. From the measured K-factors, it can
be seen that the designed power amplifier is unconditionally
stable.

Fig. 13 shows the simulated and measured results using
large signal. The target frequencies of the simulation and
measurement were 29 GHz and 28 GHz, respectively. The
measured result was somewhat downshifted compared to the
simulated result. For continuous wave signals, the designed
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power amplifier showed the best performance at 27 GHz.
At an operating frequency of 27 GHz, Pigp and peak PAE
were 19.1 dBm and 38.0%, respectively. In the operat-
ing frequency range of 26 GHz to 30 GHz, the difference
between the maximum and minimum output power was
approximately 0.9 dB. The measured peak PAE was higher
than 29.7%.

Fig. 14 shows the measured performances of the power
amplifier using a 5G-NR modulated signal with 64-QAM,
100-Msym/s, and 9.7-dB PAPR. The Payg in Fig. 14
is the measured output power when the EVM is less
than —25 dB. PAE and ACLR measured under the same
conditions are also shown in Fig. 14. The power amplifier
using the modulated signal showed the best performance
at 28 GHz.

VOLUME 12, 2024

©
=]

—IO—PsIAT —I.—PMIB
. 30| —s—Gain —O—peakPAE 36 9
=28
&
EZO 326
T w24
15
£ o 22
8 10 ® 20 O O O 216 ol
L w20 i
S 19.9 20.2 203 204 D
o 18 412 m
5 160 165 164 1651 7~
16 —48 S
14 Lo ! ! | L g
0 5 10 15 20 27 28 29 30 31
Ouptut Power (dBm)
(a)
30 T T T 40 32
36 30
25 32 .
3 28
28 o
~20 B2
o i 240 =
s GHz |o > o 24 g
= 15F - q2om 2 i 71,3
= : = 22 20
© s 2] X : )
] B 16 o (202 197 195 =
10 =20 [ 5 193116
. 112 $ >
u - c._.-' g o 18 189 191 186 183 182] 12m
la 16 | —O—Psar  —@—Pid Jg X
oo —=—Gain —0— peak PAE =~
0 . L L Jo 14 ! h L L 14
0 5 10 15 20 26 27 28 29 30

Ouptut Power (dBm) Frequency (GHz)

(b)

FIGURE 13. Large signal characteristics: (a) simulated and (b) measured
results.

22 T T T T T -18
—~20 +-20
s 18:1 17.8
E 18 17.3 {2
a 16 | o4 (2]
o3 {24 =
E14 - E

1262
4l
A g
10| {28
<
o sl -4-30
—e—Pave —O—PAE ——ACLR
6 L L 1 L 1 -32

26 27 28 29 30
Frequency (GHz)

FIGURE 14. Measured results with 5G-NR modulation signal (64-QAM,
100-Msym/s, 9.7-dB PAPR).

RFout

uonje|npoy
peo

FIGURE 15. Differential schematic and transistor for the load-pull
simulation of the power stage.

The summarized performances of the CMOS power ampli-
fiers are compared in Table 1. The proposed power amplifier
is designed to be relatively compact in size because the
driver stage itself serves as pre-distorter, and there is no
additional required linearizer. The proposed power amplifier
showed reasonable performance in terms of output power
and PAE. The power amplifier of Ref. 11 designed with
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TABLE 1. Performance summary and comparison of K-/Ka-Band CMOS power amplifiers.

Ref TCAS-1I"24 MWTL’23  TCAS-II’21 TMTT 21 MWCL’20 MWCL’18 TMTT 22 This work
) [11] [13] [21] [22] [23] [24] [25]
Tech. (nm) 65 65 65 65 40 65 28 65
CS+ CS+CS+ Cascode + CS+ Cascode + CS+
Structure 3-stack 2-stack Doherty Cascode Cascode 2-stack Cascode CS+2-stack
Llnearlz'atlon N/A T-sha}pe N/A Cpld-I?ET Draln-b(?dy N/A N/A Prc?-dlstorted
Technique linearizer linearizer connection driver stage
Vb (V) 1.0/3.3 0.8/22 2.0 1.1/2.2 - 24 22 1.0/2.0
Freq. (GHz) 29 28 28 31 28 34 37 28 26-30
Gain (dB) 252 33 20.4 18.9 20.1 13.8 19.9 24.1 >20.7
OP, 45 (dBm) 224 19.2 17 15 18.3 17 17.8 18.6 >18.2
Pgar (dBm) 22.7 20.4 17.5 17.1 20.25 19.9 19.5 19.7 >19.3
PAEpeak (%) 25.8 38.2 27 38.2 25 (34%) 25.8 30.5 329 >29.7
EVM* (dB) =25 =25 - -25 - - -25 =25 -25
Pavg' (dBm) 15.6 14.2 - 9.6 - - 12.3 13.3 >12.7
PAEavc” (%) - 17.1 - - - - 12.7 181  >157
Chio A s 0.381 . . 0.47 : 0365 0.808 0.354
ip Area (mm?) (0.0831) 0.23 0.35 (0.16%) 0.214 . (0.165%) (0.099%)

#64-QAM 100-Msym/s, tCore size, *@ 26 GHz.

a three stacked-FET structure and the power amplifier of
Ref. 13 using a higher supply voltage than the power ampli-
fier of this study show somewhat higher output power
performance. However, compared to other CMOS power
amplifiers, the power amplifier of this study shows relatively
high output power and PAE performance despite using the
lowest supply voltage of the power stage.

V. CONCLUSION

In this study, we investigated the AM-PM distortion charac-
teristics according to the input power of the common-source
(CS) and two stacked-FET structures. Based on this, it was
analyzed that distortions of the CS and the two stacked-FET
structures can be offset by each other under high input power
conditions. As a result, it was confirmed that the driver stage
could serve as a pre-distorter of the power stage if the driver
stage was configured with a CS structure and the power stage
was configured with a two stacked-FET structure. Through
this, we designed a Ka-band CMOS power amplifier with a
pre-distorted driver stage. The power amplifier is measured
with 5G NR modulation. At 28 GHz, the power amplifier
achieves output power of 13.3 dBm with —25 dB EVM and
the ACLR of —29.4 dBc, respectively.

APPENDIX

This Appendix provides the design information of the power
stage of the proposed power amplifier. First, the design pro-
cess of power stage was provided. Given that the process of
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determining the size of a transistor through load-pull simula-
tion and capacitive neutralization applied to the power stage
of this study are already well-known design techniques, the
design process was briefly explained and key results were
presented.

A. LOAD-PULL SIMULATION FOR DETERMINING
TRANSISTOR SIZE

Fig. 15 shows the schematic for load-pull simulation and
the layout of the used unit-transistor. The power stage was
designed with a two stacked-FET structure, however, the
size of the transistor was first determined through load-pull
simulation of the CS structure with supply voltage of 1.0 V.
In addition, although the required center frequency of the
power amplifier is 28.0 GHz, the load-pull simulation was
performed at an operating frequency of 29.0 GHz, consider-
ing the tendency of the operating frequency of the fabricated
power amplifier to be down shifted.

As shown in Fig. 16, with the unit gate width of 3 um
and gate bias voltage of 0.3 V, the total gate width was deter-
mined to be 384 um to obtain output power and power-added
efficiency (PAE) higher than 20.0 dBm and 50.0%, respec-
tively. Because the power stage was finally designed in a
two stacked-FET structure, the output power would ideally
increase by 3.0 dB. In addition, although the gate voltage of
the CS amplifier was set to 0.3 V as an initial value in the
load-pull simulation, the gate voltage was finally optimized
and readjusted to improve linearity.
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FIGURE 17. Simulation results of the load-pull according to the total gate
width of the transistor.

In this study, all transistors constituting the two
stacked-FET of the power stage have the same size.

B. DESIGN OF TWO STACKED-FET POWER STAGE

Fig. 4 shows the designed two stacked-FET power stage.
To apply the stacked-FET structure, as shown in Fig. 4, Cgxr,
which is an external gate capacitor, was used. The initial
value of the Cgyr was determined based on theories that
have already been studies in relation to the Cgxr effect. The
final Cgxr value was determined to be 1.11 pF through the
optimization and tuning process.

As the next step, the values of Cy p, which are the neutral-
ization capacitor, were investigated. Ideally, the performance
of the power stage can be optimized when the value of Cy p
is similar to the value of C,y, which is the gate-drain parasitic
capacitance of the power transistor, Mpcs. In this study, the
Cgq value of Mpcs was simulated as 135 fF. Fig. 17 shows
the simulation results of K-factor, maximum available gain
(MAG), and maximum stable gain (MSG) according to Cy p.
Through the optimization and tuning process, the Cy p was
finally determined to be110 fF.

REFERENCES

[1] N.Ginzberg and E. Cohen, “A wideband CMOS power amplifier with 52%
peak PAE employing resistive shunt feedback for sub-6 GHz 5G applica-
tions,” IEEE Microw. Wireless Technol. Lett., vol. 33, no. 2, pp. 192-195,
Feb. 2023.

[2] J.Li, B. Sun, J. Huang, L. Wu, H. Chang, R. Jia, and H. Liu, “A K-band
broadband power amplifier with 15.7 dBm power and 30.4% PAE in 0.13
pum CMOS,” IEEE Trans. Circuits Syst. I, Exp. Briefs, vol. 70, no. 4,
pp. 1321-1325, Apr. 2023.

VOLUME 12, 2024

[3]

[4]

[51

[6]

[7]

[8]

[9

—

[10]

(1]

[12]

(13]

(14]

[15]

[16]

(17]

(18]

[19]

(20]

(21]

(22]

K. Kim et al., “Analysis and design of multi-stacked FET power ampli-
fier with phase-compensation inductors in millimeter-wave band,” IEEE
Trans. Microw. Theory Techn., vol. 71, no. 5, pp. 1877-1889, May 2023.
Z. Ma, Z. Ma, K. Ma, F. Meng, and K. Wang, “A 28-GHz 26.8-dBm
Doherty power amplifier with four-way differential hybrid load-modulated
combiner in 55-nm CMOS,” IEEE Microw. Wireless Technol. Lett., vol. 33,
no. 7, pp. 1015-1018, Jul. 2023.

W. Wu, R. Chen, S. Chen, J. Wang, L. Chen, L. Zhang, and Y. Wang, “A
compact W-band power amplifier with a peak PAE of 21.1% in 65-nm
CMOS technology,” IEEE Microw. Wireless Technol. Lett., vol. 33, no. 6,
pp. 703-706, Jun. 2023.

P. Mehr, N. Elsayed, J. Lee, L. Lu, and C. Zhang, “A 76-81-GHz power
amplifier with 14.6-dBm psat and 25.1% PAE on 22-nm FDSOI tech-
nology,” IEEE Microw. Wireless Technol. Lett., vol. 34, no. 1, pp. 84-87,
Jan. 2024.

H.-T. Dabag, B. Hanafi, F. Golcuk, A. Agah, J. F. Buckwalter, and
P. M. Asbeck, “Analysis and design of stacked-FET millimeter-wave
power amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 4,
pp. 1543-1556, Apr. 2013.

W. L. Chan and J. R. Long, “A 58-65 GHz neutralized CMOS power
amplifier with PAE above 10% at 1-V supply,” IEEE J. Solid-State Cir-
cuits, vol. 45, no. 3, pp. 554-564, Mar. 2010.

S. Shakib, H.-C. Park, J. Dunworth, V. Aparin, and K. Entesari, “A
highly efficient and linear power amplifier for 28-GHz 5G phased array
radios in 28-nm CMOS,” IEEE J. Solid-State Circuits, vol. 51, no. 12,
pp. 3020-3036, Dec. 2016.

T. Kim and C. Park, “Ka-band three-stacked CMOS power amplifier with
LC shunt-feedback to enhance gain and stability,” IEEE Trans. Circuits
Syst. II, Exp. Briefs, vol. 71, no. 4, pp. 1969-1973, Apr. 2024.

T. Kim, H. Jeong, S. Jang, J. Lee, and C. Park, “Ka-band CMOS
power amplifier using stacked structure with cascode-like operation,”
IEEE Trans. Circuits Syst. 1I, Exp. Briefs, vol. 71, no. 4, pp. 1949-1953,
Apr. 2024.

J. Yang, J. Lee, S. Jang, H. Jeong, and C. Park, “Ka-band three-stack
CMOS power amplifier with split layout of external gate capacitor for 5G
applications,” Electronics, vol. 12, no. 2, p. 432, Jan. 2023.

H.-W. Choi, S. Choi, J.-T. Lim, and C.-Y. Kim, “Highly linear Ka-band
CMOS linear power amplifier using T-shape linearizer with pMOS,” IEEE
Microw. Wireless Technol. Lett., vol. 33, no. 8, pp. 1179-1182, Aug. 2023.
H. Mosalam, W. Xiao, X. Gui, D. Li, and Q. Pan, “A 54-68 GHz power
amplifier with improved linearity and efficiency in 40 nm CMOS,” IEEE
Trans. Circuits Syst. Il, Exp. Briefs, vol. 69, no. 1, pp. 40-44, Jan. 2022.
T.-W. Huang, H.-C. Yen, J.-H. Tsai, W.-T. Bai, J.-C. Hung, and Y.-J. Liang,
“A 19.7-38.9-GHz ultrabroadband PA with phase linearization for 5G in
28-nm CMOS process,” IEEE Microw. Wireless Compon. Lett., vol. 32,
no. 4, pp. 327-330, Apr. 2022.

J. Park, C. Lee, and C. Park, “A quad-band CMOS linear power amplifier
for EDGE applications using an anti-phase method to enhance its linear-
ity,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 64, no. 4, pp. 765-776,
Apr. 2017.

J. Park, C. Lee, J. Yoo, and C. Park, “A CMOS antiphase power amplifier
with an MGTR technique for mobile applications,” IEEE Trans. Microw.
Theory Techn., vol. 65, no. 11, pp. 4645-4656, Nov. 2017.

S. Mariappan, J. Rajendran, Y. Chen, P.-1. Mak, and R. P. Martins, “A 1.7-
to-2.7GHz 35-38% PAE multiband CMOS power amplifier employing a
digitally-assisted analog pre-distorter (DAAPD) reconfigurable lineariza-
tion technique,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 68, no. 11,
pp. 3381-3385, Nov. 2021.

G. Jeong, T. Joo, and S. Hong, ““A highly linear and efficient CMOS power
amplifier with Cascode—Cascade configuration,” IEEE Microw. Wireless
Compon. Lett., vol. 27, no. 6, pp. 596-598, Jun. 2017.

J. Yang, J. Lee, S. Jang, H. Jeong, C. Kim, and C. Park, ‘“Ku-band CMOS
power amplifier with three-stack power stage to enhance output power and
efficiency,” Appl. Sci., vol. 12, no. 9, p. 4432, Apr. 2022.

C. Yu, J. Feng, and D. Zhao, “A 28-GHz Doherty power amplifier
with a compact transformer-based quadrature hybrid in 65-nm CMOS,”
IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 68, no. 8, pp. 2790-2794,
Aug. 2021.

J. Park, S. Kang, and S. Hong, “Design of a Ka-band cascode power
amplifier linearized with cold-FET interstage matching network,” IEEE
Trans. Microw. Theory Techn., vol. 69, no. 2, pp. 1429-1438, Feb. 2021.

108095



lE E E ACCGSS S. Jang et al.: Ka-Band CMOS Stacked-FET Power Amplifier With Pre-Distorted Driver Stage

[23] G. Cho, G. Jeong, and S. Hong, “28-GHz CMOS power amplifier lin-
earized with resistive drain-body connection,” IEEE Microw. Wireless
Compon. Lett., vol. 30, no. 9, pp. 876-879, Sep. 2020.

[24] S.-H. Chang, C.-N. Chen, and H. Wang, “A Ka-band dual-mode power
amplifier in 65-nm CMOS technology,” IEEE Microw. Wireless Compon.
Lett., vol. 28, no. 8, pp. 708710, Aug. 2018.

[25] J. Lee, J.-S. Paek, and S. Hong, “Millimeter-wave frequency reconfig-
urable dual-band CMOS power amplifier for SG communication radios,”
IEEE Trans. Microw. Theory Techn., vol. 70, no. 1, pp. 801-812, Jan. 2022.

SEONHYE JANG (Student Member, IEEE)
received the B.S. and M.S. degrees in electronic
engineering from Soongsil University, Seoul,
South Korea, in 2021 and 2023, respectively.

Her research interests include wireless power
transfer and millimeter wave integrated circuits.

108096

HYUNSOO KIM (Student Member, IEEE)
received the B.S. degree in electronic engineering
from Soongsil University, Seoul, South Korea,
in 2023, where he is currently pursuing the M.S.
degree.

His research interest includes millimeter wave
integrated circuits.

CHANGKUN PARK (Member, IEEE) received the
B.S., M.S., and Ph.D. degrees in electrical engi-
neering from Korea Advanced Institute of Science
and Technology (KAIST), Daejeon, South Korea,
in 2001, 2003, and 2007, respectively.

From 2007 to 2009, he was at the Advanced
Design Team of the DRAM Development
Division, Hynix Semiconductor Inc., Icheon,
South Korea, where he was involved in devel-
opment of high-speed I/O interfaces of DRAM.

In September 2009, he joined the Faculty of the School of Electronic
Engineering, Soongsil University, Seoul, South Korea. His research interests
include RF and millimeter-wave circuits, wireless chip-to-chip communica-
tions, and power transfers.

VOLUME 12, 2024



