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Design of a Two-stage Differential cascode Power Amplifier with a Tempera-
ture Compensation function of High PAE with 2.4 GHz
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This paper presents a study on a 2.4GHz differential cascode power amplifier(PA) fabricated using
a 130nm CMOS process. This PA is designed for wireless power transmission applications and
consists of two differential stages with custom-designed balun transformers for single-ended out-
put. Balun transformers are utilized not only for the output stage but also for power match-ing
between each stage. Additionally, a bias circuit with temperature compensation capability is added
to maintain stable bias voltage in the 2.4GHz frequency band. As a result, it achieves an output
power of 21.75 dBm with a power-added efficiency(PAE) of 40.9% at TT/40C.

KEY WORDS

balun transformer; temperature compensation;

I A &

Faoz AumAsta vk FHE,
2 QIEY, AN WEANT 2D AR QEY
(oT)3 & cthobdr $& Fobold T4
4 7% FeAe ©% AAL AU

ool whet A BA A2HO A% F
AgH £ 9% 2oL
58] $AR] BEHE Ay FB7]9
n%9 AW xe mgol eTHT Y
AYZE7)E ex W] wise]  Fe
Agst EEel wWaE w5 A
oled £w Wt AYFE/Y Y

! Department of Electrical and Computer Engineering,
Sungkyunkwan University

*Corresponding author: Kangyoon Lee, klee@skku.edu

2 SKAIChips

(Received May. 1, 2024, Revised Jul. 22, 2024, Accepted
Jul. 26, 2024)

gy EAE(Loss) & WAAIZIH, wpehA
AA && (Efficiency)o] H3FTFE vt
wEbA] kg Hel &8s A
AelA = 2E=Wstel] tigt ®Afo] A<l
S 4 S JuH1,6]. Y E=Edd=
AYZFEs 9 Ba AP Fus) 99
Proportional To Absolute Temperature
(PTAT) 4718 71+ A 248717
EgE 29 holojn A WAy L%
B BEE FlR nsel 2R Ry
doloj B 2E AHZE e watlrt.
olg T3l v & W 40T ~ 1257
H}o o]/\ ;q 01-0
g

TSE, Vol. 2, No. 3, Jul., 2024



9EY, YAY, 4=, 0|ZR :24GHz HYES A= 2= BY 7|5 B 2HHRIREO 2 A5 HHAIZE WHSEI| €4

hi)

A A= AYFZ 7)o E={J% (1) 29 2% AAIE AYFEZ7) AA
L5 wpojoja 32 9l —-40TC ~

125TC9  H2 WHd 2% WA =2 58 4 AYgRrtass 245
20dBm o] £9 HHE fAAoH el EHHYol HQs(2 -2}
TT/40TCeNA 40.9%° %S AHR7IES 20dBm o9 & =¥ AgS 2A§)
(PAE) S gAds & QI A8l 28 1 A9¥ Drive Amp % Power
B e BEA AACNA AHgH AmpE 29w FAsY, =Yz E
degsFr] 9 2HEg ERJrIH, 2R At FEse Bl FERE ASE
BAS| R i3 Ry A, aga AAste] Heg &As HAEr] g8 2F
AEd oA A3E e o gl MNArz= 2o AYFZH7E AFESATh
[4]. o8 257t dizEo] Aso] FAE
ASA71A gk A TF W FEFE
II. & & HAox  E&HoR AHE FEslu
2HEHE AYes HasE AYgRtass
1. AYFZ7] 24 Z7MA17171 $18l Drive Amp % Power
AmpE AZEES 7K ZYPA  AB

Inter-stage Output 62%2713 /}é‘_ﬁ]%— —5‘]-9;]\ T;]—

Balun Balun
INP o—| >— o o o o
Bufer | 2IGHIN, =8 L e~ L E
Drive T= T Power, T - EIdRATZ
INN o—D— 2. E ﬁ‘——_l.ui

%71 b £l Hazd A
AGS 98 2% 234 % Interstage Balun
Transformer?}  2F AT A s
ete o] e Als 2 ddslr] Ya Output
VBIAS Balun Transformers T3ttt Inter

= stage, Output X5 WAy Fx=
AREERATE ol W 4Fx9]  Balun
NP o—] e o Transformers 7+ 718 A = AAR

AL Ho=z FAE ] Q).

o e
19 1. 2.4GHz Drive Amp % Power Amp (1) i3 28 EdLy

ARZE7) Aol Qo mad A

BAERS AYEEAY 54 vehs

gEHe Amelt &g ¥ Agn
A= A 7o) #ARE Fojdr

Efficiency(%) = % x 100 (D

m

RF Poy¢— RF Pip

DC power

PAE (%) = x 100 (2)

agol A ves AE AT 5 Qv

Ag SE7|7F gJgoz vk o nlg| B

zeow Agat Ade MEs e BN N

Zlol 2l (2)elH, olF AYFrtafoldta

Aelsk = 9} [2]. 1% 2. Inter—Stage , Output Balun

ot H W Fus feleld doleE
A¥stn FA FAL FYAND F Ak
oledt JHg FrE 4749 dudA

7 TSE, Vol. 2, No. 3, Jul., 2024



YHEY, XY, 428, 01ER :24GHz HYES #d= 2= BEY 7|5 BN AWHEIRE 2E K& HH2IE HHYSHI| €4
g g&dos ®WEd 4 glo] Aw9 Vigr = Vgg + Vrlnn (4)
EAE HAAa3 st A5 A E A
T ok =3 A9sk 9 FEAgol Hoju, PTAT 2474 84" AF 7t
32 9 AA"e dA 9 FEs 8olstH Ak Fx Ak AT 8" AA
dYsH7le 3= Fae adHowR gl ek 11 3o %7€ HlwrlE Fal
FolFo g AF Nrz= F25 AT 9 MUXZ #dgdth MUXE 89 F A%
AYFH7] Agsi[8]. A" Fx= oM o 2 s AEst] HF wpolojx
A, &, AF T 2HEE ddke s AT olg & 25 wet
T WAy Ay stE F due A e S7kske AY s FAskEA
ol Stk & E=wolA 7 HES] AlH A95H71e] 29 Ags dHHoR
2 Drive Amp$} Power Ampel 3.3Ve AT 5 Uk
Ats AlFeth Interstage AE Hel= olgidt PTAT WA7|E 3 ¢
=k B wolojA 3rw Qi A" TH71e] WAEE MAE & i, 25T
AYFEH71e mpoloj~ AYS FHsE Gl wEh mpoloja Hjks BF 8
BEE AHEEY <o WAd AHFHVIY 29 AYe

3. & B Hlojojx 3=

9 38 welels ASH AL %Y
wEe wx A W W AHFB0 AF
Qo] HgHE molon A Ay
g8 AAR olEAE uolF olHw
nfelof s Agte AYFE/ Y Y A o

=X
agge zRdE W Fad 4¥e

[6,7]. 71 =A% PTAT o7& 259
uep AFPHoF WI}st=
AskS gdetal it

O

[}

A,
o
-
[o

0%
2,
o

-

¢

COMPrEF

73 3. &% KA ulo]o] A o} 7] El A
(1) PTAT 247
PTAT @A71= 29 4o uekd

AAY F2 W= HyEABGR) JEE
ga3sto] TaHETt. BGR 3 E+E Process,
Voltage, Temperature (PVT) HWEo|
T bgE dds st AP E O
ol &3l PTAT HA7|= %o uzt
WHels dgs Hgde=w AdE + A
[5]. PTAT 'ZA7|eA TAS= PTAT
A2 2 (3), (4) 8} 2.

nl, Iy
AVBE = VBEl - VBEZ = VTln_ - VTln_
151 ISZ

(3

=VrInn

20dBm ol o® fFA% 4

9.

II. A&l 23

ool A AYFFHT)=
3.3vel RSkl s#sk Al
H%& 130nm CMOS 375 AH&3HAth

VPTAT

MN1 Reon

R1

s
2
p
MN2 1:8
PENT °—| Qi Q2 MN3
- +
e v ') PENTe—]
Vss

18 4. PTAT 2A37)

¥ 5 dAE AAE HAYFE7)
5o wE &7 A¥3} nlojoja AY
T3 Zolth, ¥ 5(@E Fd —-40T
125C 7HA &9 g WH3lEo] 4.8dBm YIS
o 4 9la, 19 5(b)E Fa vhejoix et
shgo]l 60mV 42 #ld 4 Qrh. 1
< =X B dpolo]ia FRA 7}
UHEZ —-40C ~ 125ToA PTAT A<t
Hioloj 2 HdetE yERfa Qlth. 7
ARt PTAT Heto]l @S wl= 400mV &
Hloloj A Agtor  ®UFi 40TCY ),
PTAT ZA7]eA A" 430mV 7}
Hloloj A Hetow ZHEE AL @ &
Aok webA 71E ddrTE PTAT #stol
TSE, Vol. 2, No. 3, Jul., 2024

o

¥R 9o



HES AKX

o, X

ox

SS/TT/FF zt zyd=
Hel7h —40° C oA 125
FTE719] &Y HYE HAFA
B Ruvr ZAste A
Aastd 9 AYo] Frlshs
F Stk P Ee %9 1257 C CA
SS/TT/FF x4l tjsl] &8 dgo] 7zt oF
1.31dBm, 2.48dBm % 0.96dBm Z7}&-S
g1 = Stk olA{H AYFEHT| d4dd

v 1o

@]

2% HA vpojojA EEZS F WAy
s AL w, 27} WHeHEx

Hloloj A7} Wojx %] ¢ka FUEEE 81,
2gdgo] X wel Ast¥e= A4S
T Egdgs /A4

A 5t 2
she o] Abseiths 28 A S v

%25
24 1 dBm

243

263

(d@Bm)

Power

196 3

1600 dy 4 90095 €30 2475

19.3 dBm

1883

T T
400 600 800 1000 1200

temp.

(a)

465.0 —
4003\ 460mV
455.0
450.0
445.0
440.0 =
435.0 =
Euu.u E

>
425.0 = 426 9608mV.

4200 | == Voltage
415.0
410.0 =
405.0 3

400.0 =

400mV

Bt s

L
-400 200 00 200 400 600 800 100.0
temp (C)

™
130.0

(b)

O9 5. 2% W3l & (a) 9 A9
(b) wpo]o] 2~ Z<h

>>>>>

PTAT Voltage

Bias Voltage

% 6. wpoloj A

270 5
261 3
%2 -
zn—‘

245

temp (C)

A BA7I=HHY

uolo] 2 A1gh

—— TEMP_ON

T
-40.0

00

T T T
400 800

temp

(a)

= TEMP_ON
—— TEMP_OFF

TSE, Vol. 2, No. 3, Jul., 2024

#m Reference Voltage



— TEMP_ON

vvvvvvvv

a¥ 8 & AAFAR AYFEY
AA AL Holobg HojFa itk #
Argst diE, mpoloja A v
TwEE HpolojA AHgte] &
AE ol AgH= s #FE
o] AHZTZH9 o
gl A= #BeEHS
X 1800xm 9 H 94

BIAS unumm

%1 2 Z& —40TC ~ 125C9 4&
MY 2% WsolA HA 20dBm o]4e
=489S Frsty HAx 29% o]
PAE 7} Yo+ A& A& & Sl

x 2 5 T3 9 =EelA HAE
AYSEH717F 2297 o §a, ¥ 52
AgFrtags 7HAe 2AE s 4 Qlh

10

Jls @M DEHEIIEEO 2 AHE JHARE HHTETI| M
E 1 AIE AYSE7] 9 vuE
Temperature Compensation ON
FF/—40C TT/40C SS/125C
Power
23.84 21.75 21.55
[dBm]
Current
Consumption 140 113 147.1
[mA]
Power Gain
18.84 16.75 147.1
[dBm]
P1dB
21.9 19.46 13.11
[dBm]
PAE
52.53 40.9 29.23
(%]
®2. AYFF7] Fudd vlax
This Work [6] [7]
GaAs
CMOS CMOS
Process MESFET
130nm 180nm
N/A
Type Class—AB Class—E Class—AB
VDD
3.3 3.3 7
[V]
F
requency 2.4 0.34-0.53 | 6.5-10.5
[GHZz]
Power
21.75 -3 23.5
[dBm]
Tempera—
ture Range —40/125 —-40/85 —-10/80
[C]
PAE
40.9 24 37
[%]
Iv. Z&
B o=Ro|dE 24GHz B Ee
a5 HAYEFHIVIE ALt Alrd

AE=Z 7] 1% = Interstage Balun & Out—

put Balun & 283} 319 wj3

=

S

2Adeta,

#HAste gevEE Fall TT/40T ZxdolA

TSE, Vol. 2, No. 3, Jul., 2024




HEY, IAY, YBY, 01ZR 24GHz HABS FE 25 BY Il X DHALIBEO| 25 AE HADC HASEI| 47
21.75dBm 9] &8AH S I w3 &% IEEE Transactions on Circuits and Systems 1l: Ex-
WA} Hloloj A BES wmoldle] & wEo| press Briefs, vol. 68, no. 5, pp. 1705-1709, Mar. 2021.

4 L - _—; S o) Bl o] A [7] K. Yamauchi, Y. lyama, M. Yamaguchi, Y. Ikeda, S.
et ®y Jlss Aol ]Ea_ﬂ [l Urasaki and T. Takagi, "X-band MMIC power ampli-
A3 2 HE 40.9% 9] AHE7 a&s& fier with an on-chip temperature-compensation cir-
DA Ele]  glEAEe FeaHow ZEy cuit'l',zlEEEZ'EI)'(r)in;.S(l;/éicerow. él;)tz)elory Techn., vol. 49,
Zydeos WEd £ Yo IS 110- 25, P, 529, e, 2L
=R, 2w wg dololn  Bse
PTAT 24718 @g3lo] 52 2% W9
welA d7gst mloloj A HS FAFE=R =3 (Joon Hyung Park), 334
AeSasel dwd gt FY Adg 20234 29 : Fdsta

S A~ L S =] =
AT F due As gFdskiv ol AR EN TS =
X w4 wlololx BEe Y%S Adstn o o
s 2w wslel da e Agss] g8 = o

g Faug wy AAUES wejds A7s 2023 3E-dA At
B HS aeFoln ¢FHed uXe AY oty ARA7I S
TH719 d FA S AL A gl Bl 28t A Al
71018 = Adg Ao Vet

<FdE-op> CMOS RF $57417] A7)
ALY 2 A7 (Jisung Jang), 3]
2021 2€ ¢ =
o] =& 2024 dE AFGHIEY st AT
APy o] AQedow  FEAY I ENET A %9
=
1<) JRSTNR E) =3 o]
2 =
3} A2}
A7 723 2024d 3g€~dA) 4t
" ) o st AAANDF
D. Kang, B. Park, D. Kim, J. Kim, Y. Cho, and B. =
) ) ) ) ) 2Lkl vixlalA
Kim, "Envelope-tracking CMOS power amplifier loj:“i} AR
module for LTE applications,” IEEE Transactions on <FAAFoPR CMOS RF 5574171 A7), ofd =
Microwave Theory and Techniques, vol. 61, no. 10, 1 3%
pp. 3763-3773, Oct. 2013.
[2] B. Razavi, “RF Microelectronics,” 2nd ed. Prentice
Hall, 2012, ch. 12, sec. 2, pp. 826-848. 59 (Howon Kim), A3 ¥
[3] I. Aoki, S. D. Kee, D B. Rutledge, and A. Hajimiri .
. ' i ' g 29 . 2R
"Fully integrated CMOS power amplifier design us- 2021 _2E K °
ing the distributed active-transformer architecture,” Fuigtw AAE
IEEE Journal of Solid-State Circuits, vol. 37, no. 3, e =9
pp. 371-383, Mar. 2002 & o . Aarilsl
[4] D. Chowdhury, C. D. Hull, O. B. Degani, Y. Wang, ~ 2023 24 gt e
and A. M. Niknejad, "A fully integrated dual-mode e o ARA7) 5 s
highly linear 2.4 GHz CMOS power amplifier for 4G | - 5} MA}
WiIMAX applications,” IEEE Journal of Solid-State 1 l/ -
Circuits, vol. 44, no. 12, pp. 3393-3402, Dec. 2009. 20239 39~dA : A
[5] Y.Ji, B. Kim, H. -J. Park and J. -Y. Sim, "A Study on sty ARATAE

Bandgap Reference Circuit With Leakage-Based
PTAT Generation," in IEEE Transactions on Very
Large Scale Integration (VLSI) Systems, vol. 26, no.
11, pp. 2310-2321, Nov. 2018, do0i:10.1109/TVLSI.
2018.285280.

[6] C.Liu, C.J.Richard Shi, “Design of the Class-E Power
Amplifier Considering the Temperature Effect of the
Transistor On-Resistance for Sensor Applications”,

28k upapab
<ok CMOS RF 57417] AA|, 914

1 F3x 97

11 TSE, Vol. 2, No. 3, Jul., 2024



AT
20034 3€¥ ~ 20059 :
GCT Semiconductor Inc. <%
2005W~2011 : A=ty AApyea}
EaTA
20128 ~AA « AJedhehn GRS
¥ g A F
20193 ~&A] © A7lo]- A CEO(Chief
Executive Officer) A2 &
<R 19 F3 312, CMOS RF 5
A7), obd R F9 3%, obd R /YA
g 23t BT VLSI AAE A7 &5

12 TSE, Vol. 2, No. 3, Jul., 2024



