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Studies on Low Vol tage and Two Stage CMOS Cl ass E RF Power Amplifier
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Pukyong National University

Abstract

Wth the increasing popularity of wireless communication systens |ike cordl ess phones, wirel ess
nodens, personal communication, Bl uetooth and HoneRF, higher |evels of RF conponent integrations
are required to reduce size and cost of products.

B uetooth and nmany other snall wireless communication systens require conponents that operate at
low voltages with high efficiencies to extend battery life. So far, GlliumArsenide technol ogy has
been the primary choice of radio engineers in inplenenting RF conponents due to its |ower noise
figure, higher gain and higher output power. However, we believe that QM5 is still a reliable
technology for utilizing 2.4G% frequency and offers a higher level of digital and anal og
integration with the advantage of reducing the power consunption and cost in conparison with GAs.

In this paper, low voltage and tw stage OMB dass E R power anplifier for
ISM(Industrial / Scientific/Mdical ) Qpen Band is presented. The power anplifier operates at 2.4G+%
Band, and is designed and sinulated with a 0.6um QU35 technol ogy and HSPICE simil ator. The power
anplifier is sinple structure of two stage dass E power anplifier. The design procedure deterning
mat ching network was presented. The power anplifier is conposed of input stage natching network,
preanplifier, interstage matching network, power anplifier, and output stage matching network. The
matching networks of input stage and interstage were constituted by pi(m) type and L type

respectively.




At 2.45G+ operating frequency, and with a 2.5V supply vol tage, the power anplifier delivers 23dBm

output power to a 50Q load with 45.3% power added efficiency(PAE) and 26dB power gain.

keyword : RF Pover Anplifier, Two Stage, OM5, dass E, Low \bl tage, B uetooth




25 PCS( ), 3 2GHz IMT -2000, UMTS,
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2GHz WLAN (Bluetooth, Home- Radio,...)
(Bluetooth: 2402M Hz- 2480M H z) , PDA, PC, TV
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100m) (Radio Link, 24GHz ISM Open Band)
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Table.1. Background for this paper

Reference Tech. Specification Far Intergration Chip Size
[l I 55mm LAV, 25.5dRm 1M He (HT-Chip -
CMOS 35% eBficiency
2l i 5fmm 21 Al 194G Hz THI-Chip
CMOS 1% elMiciency
]| 080 LAV, SikdThm S0 [Fx On-Chilp 1 S’
41 LR IV i 1.8 e On-Chip
CMOS L% efficiency
151 O Huny 1.5V, 244lT3m H3ZMHx On-Chip EAdmmt
LiaAs St ofliciency
161 GuAs A1 T2E% LM He
9% efficiency
M Bipalar A3 1TdBm Ti:Hz
35% efficiency
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Fig.1l. Nonlinear Device and Power Series

HPA (High Power Amplifier)

power series

y(t) = ax(t) + ax(t)®+ ax()’+ ...

» X(1) Y (1)

(2) ,

X(t) = A cos(w;t)

(1)

(2)



(3) y (1)

y(t) = %aLZA2 + (a A + %a3A %) cos (w; t)
1,2 1 3
+ a_A cos (2w,t) + Za3A cos (3w,t) + ... (3)
2
W, DC 2wy, 3w,y
3) a; 0 a,A cos (w;t)

(a,A + % a;A %) cos (w,t)
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Fig.3. Drain Waveforms of Class E Amplifier
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(10) RF DC
(9)
(PAE: Power Added Efficiency)
(7)
Power Gain( )
Pout
G, = 10l0g (P—) ®)
RFin

Pout 5 Output Power, Pgein; RF Input Power

Power Added Efficiency (PAE: )
Pout - PRrei
PAE = out RFin (9)
Pdc

P4 ; DC Power

Drain Efficiency (n)

P
Drain Efficiency () = P—°”‘ (10)
dc

Quality Factor(Q)

energy stored
% average power dissipated

Q= w (11)
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Fig.13. Voltage waveforms of the Class E Power Amplifier.



de ILdc

. turn-on - turn-off(T 1)

turn- off (T 1)

flat

Drain»

Fig.14

Zero

T 2(turn- off)

Tlo DA TATn B4 180 Jd T T 2 24 e T 300 ﬂhw“hﬂ

o

ok |

Fig.14. Current waveforms of the Class E Power Amplifier.

21 -




E Fig.15

(overlap)

Fig.15. Waveforms of V_drain and |I_M 1.



Fig.16

2 RF 25V 202mW (23dBm)
2V
200- .
—. 150
=z
£ 100,
D—.E i
50}
D ™ s ' . i
10 15 20 25

00 05

VI B J(\lr}

Fig.16. Output Power versus Supply Voltage

23 -



Voo Fig.17

25V 45V

Vt‘.lul (V)

00 05 10 15 20 25

1|W’rl.'.ll ) (V}

Fig.17. Output Voltage versus Supply Voltage.

24 -



Voo (PAE: Power Added Efficiency)

Fig.18 . 25V
45% L2V PAE 2

25V

50,
40

301

PAE(%)

10+

00 05 10 15 20 25

Fig.18. PAE versus Supply Voltage.

25 -



2.5V 24GHz Band

Fig.19
24GHz 25GHz 200mW 45%
24GHz
POUT
2:0_.,_ P — 10 L
j——— -@— —@— — 1453
ey Pl\E
= } )
— _—
L m
=R =
2 BHO- =
e - PAE |
40+ B P:I:l.fl
D T T T T T T
240 242 244 246 248 250
Frequency(GHz)

Fig.19. Po.. and PAE versus Frequency. (Vdd=25V)

26 -



2 CMOS E RF

Table.2
06 CMOS full custom 24GHz 2
E RF . 23dBm,
45%, 27dB 26dB

T able.2. Result Summary

Frawbat-hos e
"Eduwwbkcpr i hoyderrerehon Oy POTHR R ey
BEegereifaer: pE_ S s S IE =]
Iz remr T g wkFbver T
Ts=Hhoaer S T e
By SedibcH Ao s Lo
Fawey 1wt T das oot Hpack Flwne =i
i = R S Zae



42 [13- 14]

42.1 2 RF
2 CMOS RF
CMOS technology design rule M entor IC Station
0.7mm?* Fig.20

B!

]
|

==
—_—
=
=
e
]
=
=
e
—

LR | il

RN

Fig .20.

{{LH |
R

L ayout

P S PP

T

using Mentor T ool (IC_Station)

06




(M1 and M2)

422

800

M2

2000

M1

Fig.21

16

, M2

40

M1

50

g

v =
LR N
m =
LU )

L T I e e T e R L LT L

ER e {= e s mp o fs o ped e o )

LIRS =S S L ML il L d pddp d e R S R

IJ.“J-.-q FEF=ST 45 ST VRS
) T — T T ) —— _

: ﬂ...]..lﬂ.]{l.._.I.Illdu_..u..lﬂ.l._.._t“_...nﬂ__
A VT T (T ol e
YT VT TY TV ETST TTTTTTTEFETET T

3 T AT Ama e B e

———— " — — — ——— - —
l-t+rrrrﬂrrrr_.l?r1thttt-trht

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

¥ ; B
o e = e e e ol e e i e T i s e e P TG it e e F m
g dwp e gme g o ke s ok sy dhd g g A

e s r s s a e e —— — -

Fig.21. Layout of M1 and M2

- 29 -



423

CMOS
- (poly - poly capacitor)
1
Cp, < 10 C
Fig.22
ex XA
(12) A , d
(poly2) (poly2)
C1 C2
c1 c2 q
C2 C1

(poly1)

Fig.22. Circuit and Layout of Capacitor (C.)

Eox



424
‘Hollow spiral inductor’™

5% . Fig.23

_ 45p gn*d’

22r - l4a (13)

T 25 ey = w3 {1

Fig.23. Layout of Inductor (L)

- 31 -




T able.3

2 ;
0.7mm?
T able.3. Comparison with Foreign Study
Reference Tech. Specification Fo Intergration Chip Size
Tlecs wrk o i L8, 2adFie 24t hr-Cheir [
CMOS  45.8% efficincy
n 035m0 25V, 23.5dBm 19GH:  OMChip
CMOS  3%efflidency
]| 038%um 21, FodBm 105z CAT-Chip
CMOS 4 %efMidenoy
13 ihSum 25V, Mk SHAH:  Ow-Chip 1. Senn
CMOB 2% afffclenoy
4 08um 3V, 2dBm 194Gz On-Chip .
CMOS 1t gfficiency
E] 0 8um 25V, 24dBm BIMHr  On-Chip & 4mm®
Gahs g elficiency
1% Gads 141, 5% 1.9z < -
W efficiency
17 Bipalar A3V 27dBm 2GHE
35%s efliciency

32 -



06 CMOS 2 Class E RF

2
HSPICE M entor IC
Station : 0.7mm’
24GHz Band 25V
50Q 45V 90mA
27dB

23dBm (200mW) , 45% (PAE)

2 :

ISM  Open Band(2402MHz 2480MHz) Bluetooth [Class

1< 100mW (10dBm)>, 2<25mW (4dBm)>, 3<1mW (0dBm)>]



[

[2]

[3]

[4]

[5]

[6]

[7]
[8]

9]

Giry, A. Fourniert, J-M. Pons, M. "A 19 GHz low voltage CMOS
power amplifier for medium power RF applications” Radio Frequency
Integrated Circuits (RFIC) Symposium, 2000. Digest of Papers. 2000
I[EEE, pp. 121- 124, 2000.

King-Chun Tsai Gray, PR. "A 19-GHz, 1-W CMOS class-E power
amplifier for wireless communications”Solid- State Circuits, I|EEE
Journal of , Volume: 34 Issue: 7, pp. 962-970, July 1999.

S. David, M. McFarland, “A 25V, 1W Monolithic CMOS RF Power
Amplifier”, Hewlett-Packard Laboratories, Palo Alto, California, |IEEE
Custom Intergrated Circuits Conference, pp. 189- 192, 1997.

Chen, YJE. Hamai, M. Heo, D. Sutono, A. Yoo, S. Laskar, J. "RF
power amplifier integration in CMOS technology”, Microwave Symp.
Dig. 2000 IEEE MTT -S International, vol.1, pp. 545- 548, 2000.

Sowlati, T. Salama, CA .T. Sitch, J. Rabjohn, G. Smith, D. "Low
voltage, high efficiency GaAs Class E power amplifiers for wireless
transmitters”, Solid- State Circuits, IEEE Journal, vol. 30, pp. 1074- 1080,
Oct. 1995.

K. Yamamoto and al., "A GaAs RF Transceiver IC for 1.9GHz Digital
Mobile Communication Systems", ISSCC, pp. 340- 341, 1996

S. Weber and G. Donig, "An Integrated 2GHz 500mW Bipolar
Amplifier", RFIC, pp. 139- 142, 1997.

N. O. Sokal and A. D. Sokal, “Class E-A new class of high- efficiency
tuned single-ended switching power amplifiers”, IEEE J. Solid- State
Circuits, vol. SC- 10, pp.168- 176, June 1975.

A. Rofougaran, G. chang, J. J. Rael, J. Y. C. Chang, M. Rofougaran, P.
J. Chang, M. Djafari, M. K. Ku, E. W. Roth, A. A. Abidi, and H.
Samueli, "A single-chip 900-MHz spread- spectrum wireless transceiver
in 1I-mm CMOS-Part |: Architecture and transmitter design”, IEEE J.
Solid- State Circuits, vol. 33, pp. 513-534, Apr. 1998.

[10] Larson, L E. "Integrated circuit technology options for RF [Cs-present

status and future directions" Solid-State Circuits, IEEE Journal of,
vol. 33, pp. 387 -399, March 1998.

[11]P. Gray and R. Meyer, "Future direction of silicon IC's for RF personal

communications”, in Proc. Custom Integrated Circuit Conf., pp. 83-90,
May 1995.



[12]Hung-Lung Tu. S and Toumazou, C. "Highly efficient CMOS class E
power amplifier for wireless communications", Circuits and Systems,
ISCAS '98. Proceedings of the 1998 IEEE International Symposium on,
vol. 3, 1998.

[13] , “CMOS 7, Sigma Press, 1999.

[14]Thomas H. Lee, "The Design of CMOS Radio-Frequency Integrated
Circuits", Published by the press syndicate of the Univ. of Cambridge.
1998.

[15]H. A. Wheeler, “Simple Inductance Formulas for Radio Coils’, IRE
Proceedings, p. 1398, 1928.

[16] K K.Youn, H.C.Cho and JK .Rhee, "Design of MMIC Power Amplifier
using Power HEMT at 1740 1780MHz", , 21 , 2
pp. 675-678, 1998.

[17]1T. Cho, E. Dukatz, M. Mack, D. Macnally, M. Marringa, S. Mehta, C.
Nilson, L. Plouvier, and S. Rabii, "A single-chip CMOS direct-
conversion transceiver for 900MHz spread- sprectrum digital cordless
phones,” in ISSCC Dig. Tech. Papers, San Francisco, CA, Feb. 1999.

[18]Tan, Y. Kumar, M. Sin, JK.O. Shi, L. Lau, J. "A 900-MHz fully
integrated SOl power amplifier for single-chip wireless transceiver
applications”, Solid- State Circuits, IEEE Journal, vol. 35, pp. 1481- 1486,
Oct. 2000.

[19] Gupta, R. Allstot, D.J. "Parasitic-aware design and optimization of
CMOS RF integrated circuits" Radio Frequency Integrated Circuits
(RFIC) Symposium, 1998 |IEEE, pp. 325-328, 1998.

[20] Yoshida, |. "2-GHz Si power MOSFET technology”, Electron Devices
M eeting, T echnical Digest., pp. 51 -54, 1997.

[2]]Ma, G. Burger, W. Shields, M. "High efficiency 04/spl mu/m gate
LDMOS power FET for low voltage wireless communications”,
Microwave Symposium Digest, 1999 IEEE MTT-S International, vol.3,
pp. 1195- 1198, 1999.

[22] Krauss, H. L, C. W. Bostian and F. H. Raab, "Solid State Radio
Engineering”, Wiley, NY, 1980.

[23] Maryam Rofougaran, "A 900MHz RF Power Amplifier in 1 CMOS
for a Spread-Spectrum Communication Transceiver”, a theses
submitted in partial astisfaction of the requirements for the degree
Master of Science in Electrical Engineering, Univ. of California., 1995.



[24]Tu, SH.-L Toumazou, C. "Design of highly- efficient power-controllable
CMOS class E RF power amplifiers", Circuits and Systems, ISCAS '99.
Proceedings of the 1999 IEEE International Symposium on, vol.2, pp.
602- 605, 1999.

[25] Yeung, T. Lau, J. Ho, H. C. Poon, M. C. "Design considerations for
extremely high-Q integrated inductors and their application in CMOS
RF power amplifier”, Radio and Wireless Conference, RAWCON 98.
1998 IEEE, pp. 265- 268, 1998

[26] G. G. Rabjohn, "Monolithic microwave transformers,” M. Eng. thesis,
Carleton University, Apr. 1991.

[27]Long, JR. Copeland, M A. "Modeling of monolithic inductors and
transformers for silicon RFIC design” Technologies for Wireless
Applications Digest, 1995, MTT-S Symposium on, pp. 129 - 134, 1995.

[28] "M odeling, characterization and design of monolithic inductors for
silicon RFIC's" in Proc. Custom Integrated Circuits Conf. San Diego,
CA, pp. 185 -188, 1996.

[29] T. M. Hyltin, “Microstrip transmission on semiconductor dielectrics"”,
IEEE Trans. Microwave Theory Tech., vol. MTT - 13, pp. 777-781, Nov.
1965.

[30]K. K. Youn, H. C. Cho and F. K. Rhee, "Design of MMIC Power
Amplifier using Power HEMT at 1740 1780MHz" S & IC Lab. Dept.
of Elec. Eng. Dongguk Univ. MacAm, pp. 675-678, 1998.

[31] Jong- Sik Lim, Jong-Wook Kim, Man-Seok Uhm, Sung-Choon Kang
and Jae-Moung Kim, "Development of MMIC SSPA for 20GHz Band",
Satellite Communications System Department, Radio & Broadcasting
Technology Laboratory, ETRI, Satellite Business Dvision, Hyundai
Electronics Industries Co. Ltd., pp. 327- 330, 1998.

[32] Young-Se Kwon, Dong-hyun Baek, "A Study on the Linearization of
the RF power amplifier using the Feedforward method", Department of
Electrical Engineering Korea Advanced Institute of Science and
T echnology, 1997.

[33] Tu, SH.-L. Toumazou, C. "Design of highly-efficient power-
controllable CMOS class E RF power amplifiers" ircuits and Systems,
1999. ISCAS '99. Proceedings of the 1999 IEEE International
Symposium on, vol. 2, pp. 602-605, 1999.

[34]1. H. Lee, Y. S. Chae, D. An, K. K. Youn and F.K Rhee, "Design of
MMIC 2 Stage Power Amplifiers for 35GHz", S & IC Lab. of Elec.
Eng. Dongguk Univ., pp. 637-640, 1998.



[35] Sun Wook Kim, Won Tae Kang, Chung Gu Kang, and Ik Soo Chang,
"Design Method of Stable RF Power Amplifiers using 3dB Coupled
Line", Dept. of Electronic engineering, Graduate School of Sogang
University., pp. 800-807, 1997.

[36] Mistberger, F. Koch, R. "Class-AB high-swing CMOS power amplifier"
, Solid- State Circuits, |IEEE Journal of , vol. 27, pp. 1089- 1092, July
1992.

[37]Yong Hoon Lim, Jeong Tae Seo, Dae Hee Youn, Kwang Lak Seo and
Yong Soo Cho, "A nonlinear adaptive predistorter for the compensation
of nonlinearities in high power amplifier", Dept. of Elec. Eng. Yonsei
Univ. and Chungang Univ., pp. 825-834, 1993.

[38] Yil Park and Sangseol Lee, "Improvement of the Characteristics of a
Feedforward Linear Power Amplifier", Dept. of Elec. Eng. and School
of Electronic and Electrical Eng. Hanyang Univ., pp. 871-878, 1997.

[39] Akaiwa, Y, Y. Nagata, "Highly efficient Digital Mobile Communication
with a linear Modulation Method,"IEEE Trans. Journal of selected Area
in commum., vol. SAC-5, PP. 890 -895, June 1987.



(?)

- 38 -



39 -

2002

6



	 표지 
	목차 
	초록 
	1. 서론 
	2. 전력증폭기 이론 
	2.1 전력증폭기의 비선형성 
	2.2 E급 전력증폭기 이론 

	3. 저전압 2단 CMOS E 급 RF 전력증폭기 설계 
	3.1 설계 순서
	3.2 제안된 2단 RF 전력증폭기 
	3.3 임피던스 매칭네트웍 

	4. 시뮬레이션 결과 및 레이아웃 
	4.1 시뮬레이션 및 결과 
	4.2 레이아웃 

	5. 결론 
	참고문헌 

