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I. INTRODUCTION 

As a mobile communication standard is evolved toward 3G 

UMTS and 4G LTE, the importance of power amplifier (PA) 

efficiency is growing to extend the battery lifetime of mobile 

terminals [1]. The explosive demand for high-speed data trans-

mission has now led handset PA researchers to focus on im-

provement of efficiency at high power levels, since 4G LTE 

PAs cover a wide bandwidth signal (10–20 MHz) and are 

mostly operated in the high output power region (>24 dBm) to 

maximize the data rate. The efficiency enhancement at low-

power level (< 12 dBm) also remains important for extending 

talk-time of the voice-centric 2G/3G standards (backward 

compatibility); thus, this should be applied to PAs [1]. 

To enhance the efficiency in the low output power (Pout) level, 

several methods have been proposed [1–4]. Among these, an 

active stage-bypass technique is an attractive solution, because it 

can significantly reduce the average current consumption of a 

PA. This technique is subdivided into a conventional stage-

bypass [3, 4] and an active full-bypass [2], which utilize a dri-

ver-stage and a separate bypass-stage, respectively. To achieve 

extremely low quiescent current (3–5 mA) and higher efficiency 

at backed-off Pout of more than 15 dB, the active full-bypass 

method is preferred. 

Recent CMOS technology has also played an important role 

in handset PA design due to its size and cost benefits. By em-

ploying several power combining techniques such as the di-

fferential cascode and stacked-FET structures, the breakdown 

issue of a CMOS device is avoided and thus CMOS PAs are 

able to deliver watt-level Pout [3–7]. For these reasons, a multi-

mode watt-level linear CMOS PA covering broad signal 
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bandwidth is demanded. 

The authors’ previous work [8] introduced a highly efficient 

stacked-FET linear CMOS PA using an active full-bypass for 

3G handset applications. This paper expands the work [8] by 

presenting a detailed design description (in Section II) and 

fabrication and measurement results, including the 20 MHz 

bandwidth 4G LTE as well as the 3G W-CDMA (in Section 

III). 

II. CIRCUIT DESIGN 

Fig. 1(a) shows a block diagram of the proposed dual-mode 

linear CMOS stacked-FET PA. It consists of a two-stage main 

amplifier and a bypass amplifier, each aiming for high-power 

mode (HPM) and low-power mode (LPM) amplification. 

Since both amplifiers share an identical supply voltage, the load 

impedance of the bypass amplifier, ZBP, should be far greater 

than that of the main amplifier (ZLM) to achieve high efficiency 

 

 
(a) 

 

 
(b) 

Fig. 1. (a) Conceptual block diagram of the proposed dual-mode active 

full-bypass power amplifier (PA). (b) Detailed schematic of the 

proposed PA using a stacked-FET PA structure. 

at backed-off Pout of more than 15 dB. This is fulfilled by the 

bypass matching network. Another design requirement is to 

achieve an effective isolation between the HPM/LPM output 

paths during HPM operation. This is fulfilled by the bypass 

switch and the RF performance degradation at high Pout region 

can thus be avoided.  

The detailed schematic of the proposed PA is shown in Fig. 

1(b). The PA design is based on a single-ended stacked-FET 

PA theory [5], where the main amplifier is composed of a 

triple-stack driver-stage (2 mm gate-width) and a quadruple-

stack main-stage (20 mm gate-width) for watt-level power 

amplification under VDD = 4 V condition. Extremely low qui-

escent current and high efficiency below 12 dBm is achieved by 

adopting a triple-stack bypass-stage with smaller size (1 mm 

gate-width). The design of the main-amplifier is almost iden-

tical that presented in [6], except for the gate capacitors (C2–C4) 

and output matching network (OMN); they are re-optimized to 

have lower load impedances of the top and internal FETs (M1–

M4) compared to [6], which means that ZLM = 5 Ω in this work 

whereas ZLM = 6 Ω in [6]. Together with the load optimization 

and parasitic cancellation by employing the external drain-

source Miller capacitors (CM2–CM4) [9], adequate linearity and 

efficiency can thus be achieved at high power region without an 

additional linearizer. 

The efficiency during LPM operation is enhanced by de-

signing the load impedance of the bypass-stage (ZBP in Fig. 1(b)) 

to have a value that is 16 times greater than ZLM. This operation 

is fulfilled by the four passive elements: C5, L1, C6, and L2. 

During LPM, S1 and S2 in Fig. 1(b) are closed and opened, 

respectively (and vice versa at HPM operation). Thus, the re-

sultant ZBP becomes approximately 80 Ω. Fig. 2 shows the 

simulated load impedance trajectory of the bypass amplifier. 

The input and bypass switches are designed based on the 

required insertion loss, isolation, and power handling. Since the 

input SPDT switch does not require high power handling and  
 

 
(a)                        (b) 

Fig. 2. Simulated load impedances of the bypass-stage at low-power 

mode operation. (a) Impedance trajectory. (b) Load impedances 

of the bypass FETs (MB1, MB2, and MB3) as a function of input 

power. 
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(a)                       (b) 

Fig. 3. Schematic of the RF switches for power-mode reconfiguration. (a) 

SPDT switch. (b) Bypass switch. 

 

low loss, a simple single-stack series-shunt configuration is 

employed, as shown in Fig. 3(a). The simulated insertion loss 

and RF power handling of the SPDT switch are 0.1 dB and 19 

dBm, respectively. On the other hand, the bypass switch 

experiences a high RF voltage swing during HPM and output 

thru-loss during LPM operation. Since the series-arm (S1 in Fig. 

1(b)) is off-state at HPM, its number of stacks is chosen to be 

the same as that of the main-stage (= 4) to with stand the large 

voltage swing. The shunt-arm (S2 in Fig. 1(b)) is used to en-

hance the isolation. Thus, almost no performance degradation is 

achieved at HPM compared with the conventional PA without 

an active-bypass. An RF power of more than 15 dBm is wi-

thstood during LPM by adopting a double-stack for S2. Loss 

and efficiency at LPM are strong functions of S1 gate-width, 

because the series resistance of S1 (RS) and forwarding im-

pedance (Z2) with a low value are connected in series, as shown 

in Figs. 1(b) and 2(a). Fig. 4 shows the simulated power-added 

efficiency (PAE) as a function of S1 gate-width at LPM. Since 

wider gate-width of S1 with quadruple-stack gives rise to both 

advantage (better PAE) and disadvantage (larger IC area), its 

gate-width should carefully be determined. In this work, it is 

designed to be 2 mm, as shown in Fig. 3(b). Even though some 

loss is induced by S1, this does not cause a significant efficiency 

degradation because the average efficiency at LPM is mainly  
 

 
Fig. 4. Simulated power-added efficiency (PAE) for various S1 gate-

widths (RS is the equivalent series resistance of S1 at on-state). 

determined by the idle current. 
 

III. FABRICATION AND MEASUREMENT 

The designed PA was fabricated using a 0.18-μm silicon-on-

insulator (SOI) CMOS process and all the MOSFETs used in 

this work have a gate-length of 0.32-μm (2.5-V device). A 

single NFET for RF switch offers a series resistance of 0.8 Ω 

and an off-capacitance of 310 fF/mm, resulting in figure-of-

merit of 250 fsec [10]. Capacitances of the seven gate capacitors 

for common-gate FETs, C2, C3, C4, CD2, CD3, CB2, and CB3 are 

33, 14, 12, 6, 2, 4, and 1.5 pF, respectively. Five external drain-

source Miller capacitors, CM2, CM3, CM4, CM5, and CM6 have 

values of 3, 6, 10, 1, and 1 pF, respectively. Four inductors, LINT, 

LD, L1, and L2, were realized with off-chip elements, where L1 

and L2 can be integrated on-chip while compromising slight 

PAE degradation at LPM operation. The switch operation is 

controlled by the integrated logic circuit. The IC was mounted 

on a 400-μm-thick FR4 PCB (εr = 4.6, tanδ = 0.025), where an 

LC-based OMN was realized with off-chip. The source de-

generation effect was minimized by using multiple bond-wires 

for RF grounding. Fig. 5 shows photographs of the fabricated 

SOI CMOS PA IC and test module. 

 

 
(a) 

 

 
(b) 

Fig. 5. Photograph of the fabricated (a) SOI CMOS PA IC mounted on 

a PCB (IC die size = 1.46 mm × 0.68 mm) and (b) test PA 

module. PA = power amplifier, PCB=printed circuit board, SOI 

= silicon-on-insulator. 
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(a) 

 

 
(b) 

Fig. 6. Measured results. (a) Continuous wave (CW) gain and power-

added efficiency (PAE). (b) Two-tone third-order intermodu-

lation distortion (IMD3) (tone spacing = 4 MHz). HPM = 

high-power mode, LPM = low-power mode. 

 

The PA module was tested at 897.5 MHz (3G/4G Tx center 

frequency of band-8) and VDD = 4 V. The quiescent current was 

5.5/82 mA for LPM/HPM operation. For the measurement, 

continuous wave (CW)/two-tone, W-CDMA, and LTE signal 

were used. Fig. 6(a) shows the measured gain and PAE using 

CW signal, and Fig. 6(b) shows the measured third-order 

intermodulation distortion (IMD3) result using the two-tone 

signal. The PA showed a linear gain of higher than 10/26 dB, 

saturated Pout of 15.8/31.7 dBm, and peak PAE of 23.6%/58.5% 

for LPM/HPM operations. Maximum linear output powers 

meeting IMD3 of –28 dBc are 12/27.6 dBm at LPM/HPM 

regions. 

Measured W-CDMA (Rel’99) results of the PA are plotted 

in Fig. 7. During HPM operation, the PA showed a linear gain 

of higher than 26 dB and an adjacent channel leakage ratio 

(ACLR) better than –39 dBc up to Pout = 28.2 dBm. PAE at 

28.2 dBm was 43.5%. During LPM operation, the PA showed 

a gain of higher than 10 dB and ACLR better than –39 dBc up 

to Pout = 12.4 dBm. PAE of 20.5% was achieved at 12.4 dBm, 

which is PAE improvement of +16% compared with that at 

the same Pout of HPM operation. 

Finally, LTE performance was measured using the 20 MHz-

bandwidth 16-QAM signal (peak to average power ratio [PA- 

 
(a) 

 

 
(b) 

Fig. 7. Measured 3G W-CDMA results. (a) Gain and power-added 

efficiency (PAE). (b) Adjacent channel leakage ratio (ACLR). 

HPM = high-power mode, LPM = low-power mode. 

 

PR] = 7.3 dB) and the result is plotted in Fig. 8. The signal was 

obtained from the Agilent’s Signal Studio (N7624B). The PA 

showed ACLRE-UTRA/error vector magnitude (EVM) of better 

than –33 dBc/3.8% up to Pout = 26.5 dBm. PAE at 26.5 dBm 

was 35.1%. Compared with the result using the 10 MHz-

bandwidth LTE signal, which showed PAE of 35.6% and 

ACLRE-UTRA of –33 dBc at Pout = 26.6 dBm, negligible PAE 

degradation was measured. It should also be noted that the 

fabricated PA exhibits no significant memory effect (ACLR 

asymmetry) up to 20 MHz signal bandwidth. 

The performance of recently reported multi-mode W-CD-

MA PAs is summarized in Table 1. Compared to the reported 

CMOS PAs, the proposed PA shows the lowest quiescent DC 

power (22 mW) and better linear efficiency below 12 dBm, thus 

resulting in a significant reduction on average current con-

sumption. The linearity and efficiency of the proposed PA at 

both power modes are favorable among the reported CMOS 

PAs and are also comparable to the GaAs-based PAs. 
 

IV. CONCLUSION 

  A 900 MHz dual-mode stacked-FET PA has been im- 

plemented using an SOI CMOS technology for 3G/4G hand-

set applications. Employing an active-bypass amplifier and RF 
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(a) 

 

 
(b) 

Fig. 8. Measured 4G LTE results using 20 MHz-BW 16-QAM signal. 
(a) Gain and power-added efficiency (PAE). (b) ACLRE-UTRA 

and error vector magnitude (EVM). HPM = high-power mode, 
LPM = low-power mode. 

 

Table 1. Performance comparison of recently reported multi-mode W-

CDMA PAs 
 

Ref. 
IC 

technology 

Pout 

(dBm) 

PAE 

(%) 

ACLR 

(dBc) 

PDC.Q
a

(mW)

Freq.

(GHz)

Hau & 

Singh [2] 

GaAs 

BiFET 

8.0 

17.0 

28.5 

15 

22 

42 

–40 12 1.95

Koo et al. 

[3]b 

CMOS 

0.18 μm 

16.4 

28.0 

27.4 

36.4 
–35 68 1.95

Jeon et al. 

[4]c 

CMOS  

0.18 μm 

15.7 

26.6 

16.4 

35
–33 61d 1.95

This 

work 

SOI 0.32 μm 

(W-CDMA) 

12.5 

28.0 

20.5 

43.1 
–39 22 0.9 

This 

work 

SOI 0.32 μm 

(LTE 20)e 

10.9 

26.5 

17.5 

35.1 

–33 

3.8%g 
22 0.9 

 

PA=power amplifier, PAE=power-added efficiency, ACRL=adjacent 

channel leakage ratio, SOI=silicon-on-insulator. 
aQuiescent DC power consumption.  
bOn-chip matching.  
cIPD-based matching.  
dGraphically estimated.  
eLTE with 20 MHz-BW 16-QAM (PAPR = 7.3 dB).  
gError vector magnitude (EVM). 

switches resulted in significant PAE improvement at low-power 

level while maintaining good RF performance at high-power 

region. The fabricated PA showed a PAE of 20.5%/43.5% and 

W-CDMA ACLR of –39 dBc at Pout = 12.4/28.2 dBm. The 

PA also covered wide bandwidth signal (LTE) up to 20 MHz-

bandwidth. Its efficiency and linearity are comparable to those 

of GaAs-based PAs. 

 

This work was supported by the Brain Korea 21 Plus 

Project in 2014 and National Research Foundation of Korea 

(NRF) grant funded by the Korea Government (No. 2013-

R1A2A1A05006502). 
   

REFERENCES 

[1] T. Fowler, K. Burger, N. S. Cheng, A. Samelis, E. Eno-

bakhare, and S. Rohlfing, "Efficiency improvement techni-

ques at low power levels for linear CDMA and WCDMA 

power amplifiers," in Proceedings of the IEEE Radio Fre-

quency Integrated Circuits (RFIC) Symposium, Seattle, WA, 

2002, pp. 41–44. 

[2] G. Hau and M. Singh, "Multi-mode WCDMA power 

amplifier module with improved low-power efficiency using 

stage-bypass," in Proceedings of the IEEE Radio Frequency 

Integrated Circuits (RFIC) Symposium, Anaheim, CA, 2010, 

pp. 163–166. 

[3] B. Koo, T. Joo, Y. Na, and S. Hong, "A fully integrated 

dual-mode CMOS power amplifier for WCDMA appli-

cations," in Proceedings of the IEEE Solid-State Circuits Con-

ference Digest of Technical Papers (ISSCC), San Francisco, 

CA, 2012, pp. 82–83. 

[4] H. Jeon, Y. Park, Y. Y. Huang, J. Kim, K. S. Lee, C. H. 

Lee, and J. S. Kenney, "A triple-mode balanced linear CM-

OS power amplifier using a switched-quadrature coupler," 

IEEE Journal of Solid-State Circuits, vol. 47, no. 9, pp. 

2019–2032, Sep. 2012. 

[5] S. Pornpromlikit, J. Jeong, C. D. Presti, A. Scuderi, and P. 

M. Asbeck, "A watt-level stacked-FET linear power am-

plifier in silicon-on-insulator CMOS," IEEE Transactions 

on Microwave Theory and Techniques, vol. 58, no. 1, pp. 57–

64, Jan. 2010. 

[6] U. Kim, J. L. Woo, S. Park, and Y. Kwon, "A CMOS 

stacked-FET power amplifier using PMOS linearizer with 

improved AM-PM," Journal of Electromagnetic Engineering 

and Science, vol. 14, no. 2, pp. 68–73, Jun. 2014. 

[7] S. Park, J. L. Woo, M. S. Jeon, U. Kim, and Y. Kwon, 

"Broadband CMOS stacked power amplifier using recon-

figurable interstage network for envelope tracking appli-

cation," in Proceedings of the IEEE Radio Frequency Inte-



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 14, NO. 4, DEC. 2014 

398 

 

grated Circuits (RFIC) Symposium, Tampa, FL, 2014, pp. 

145–148.  

[8] U. Kim, Y. G. Kim, J. L. Woo, S. Park, and Y. Kwon, "A 

highly efficient dual-mode linear CMOS stacked-FET po-

wer amplifier using stage-bypass," in Proceedings of the 

KIEES Summer Symposium, Jeju, Korea, 2014, p. 175. 

[9] H. Dabag, B. Hanafi, F. Golcuk, A. Agah, J. F. Buckwalter, 

and P. M. Asbeck, "Analysis and design of stacked-FET 

 

 
 

Unha Kim  
was born in Ulsan, Korea. He received the B.S. degree 

in electrical engineering from Sungkyunkwan Uni-

versity, Suwon, Korea, in 2004, and is working toward 

the Ph.D. degree in electrical engineering at Seoul 

National University, Seoul, Korea. His research in-

terests include multi-mode multi-band (MMMB) 

reconfigurable power amplifier (PA) structure, PA li-

nearization, and load-insensitive PA technique using 

GaAs and Si devices for mobile applications. 

 

 

 

Yong-Gwan Kim  
was born in Gwangju, Korea, in 1991. He received the 

B.S. degree in Electronic and Electrical Engineering 

from Hongik University, Seoul, Korea, in 2014, and is 

working toward the M.S. degree in electrical and 

computer engineering at Seoul National University, 

Seoul, Korea. His research activities include RF cir-

cuits for mobile handset application, especially highly 

efficient CMOS RF PA design. 

 

 

 

 

 

 

 
 

 

 
Jung-Lin Woo  

was born in Incheon, Korea, in 1987. He received the 

B.S. degree in electrical engineering from Seoul Na-

tional University, Seoul, Korea, in 2010, the M.S. 

degree in electrical engineering from Seoul National 

University, Seoul, Korea, in 2012, and is working 

toward the Ph.D. degree in electrical engineering at 

Seoul National University. His research activities in-

clude the design of high efficiency RF power amplifier 

using GaAs and Si devices. 

 

 

 

millimeter-wave power amplifiers," IEEE Transactions on 

Microwave Theory and Techniques, vol. 61, no. 4, pp. 1543–

1556, Apr. 2013. 

[10] U. Kim, S. Kang, J. Kim, and Y. Kwon, "A fully-integrated 

penta-band Tx reconfigurable power amplifier with SOI 

CMOS switches for mobile handset applications," ETRI 

Journals, vol. 36, no. 2, pp. 214–223, Apr. 2014. 
 

 

 

 

Sunghwan Park  
was born in Daejeon, Korea, in 1987. He received the 

B.S. degree in electrical and computer engineering 

from University of Seoul, Seoul, Korea, in 2012, and is 

working toward the Ph.D. degree in electrical and 

computer engineering at Seoul National University, 

Seoul, Korea. His research activities include RF cir-

cuits for mobile handset applications, especially highly 

efficient and broadband CMOS RF PA design. 

 

 
 

 
 

Youngwoo Kwon  
was born in Seoul, Korea, in 1965. He received the 

B.S. degree in electronics engineering from Seoul Na-

tional University, Seoul, Korea, in 1988, and the M.S. 

and Ph.D. degrees in electrical engineering from the 

University of Michigan at Ann Arbor, Ann Arbor, 

MI, USA, in 1990 and 1994, respectively. From 1994 

to 1996, he was with the Rockwell Science Center, as 

a Member of Technical Staff, where he was involved 

in the development of millimeter-wave monolithic integrated circuits. In 

1996, he joined the faculty of the School of Electrical Engineering, Seoul 

National University, where he is currently a Professor. He is a co-inventor of 

the switchless stage-bypass power amplifier architecture CoolPAM. He co-

founded Wavics, a power amplifier design company, which is now fully ow-

ned by Avago Technologies. He has authored or coauthored over 150 te-

chnical papers in internationally renowned journals and conferences. He 

holds over 20 patents on RF MEMS and power amplifier technology. Over 

the past years, he has directed a number of RF research projects funded by the 

Korean Government and U.S. companies. Dr. Kwon was awarded a Creative 

Research Initiative Program in 1999 by the Korean Ministry of Science and 

Technology to develop new technologies in the interdisciplinary area of 

millimeter-wave electronics, MEMS, and biotechnology. He has been an 

Associate Editor for the IEEE TRANSACTIONSON MICROWAVE 

THEORYAND TECHNIQUES. He has also served as a Technical Pro-

gram Committee member of various microwave and semiconductor confe-

rences including the IEEE International Microwave Symposium (IMS), RF 

Integrated Circuit (RFIC) Symposium, and the International Electron De-

vices Meeting (IEDM). He was the recipient of a Presidential Young Inves-

tigator Award from the Korean Government in 2006. 




