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Abstract

In this study, a scalable GaN HEMT large-signal model for 140-W power devices is presented. The large-signal model of an 80-finger
GaN HEMT includes eight unit device models in parallel, and the large-signal model of the unit device is based on the AMCAD - FET
model. The unit device includes a 10-finger GaN HEMT, a gate pad, and a drain pad. Parameters for the unit GaN HEMT model
were extracted using an IVCAD program of AMCAD and a Keysight PNA-X network analyzer. The unit GaN HEMT model was
verified through on-wafer load-pull measurements, and the large-signal GaN HEMT model of the large-sized 80-finger device was
verified through load-pull measurements of the packaged device.
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Fig. 1. Microphotograph of a 10-finger GaN HEMT.
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Fig. 2. AMCAD GaN HEMT model!”.
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Table 1. Linear model parameters extracted for a GaN
HEMT unit device.

Parameter Value

R, 1.59813 Q

L, 54128 10" H
Cpe 4.181x10" F
L 12192x10™ H
Coa 5841210 F
Ly 58056 10" H
R 6.1818%10° Q
Ry 6.6382 102 Q
R 37997107 Q
Cys 79262< 10" F
T 50698 10" s
Rea 12.78365 Q

Cys 6296310 F
Cui 558510 F
Gus 5.1817x 102 S
G 59062 10" S

# 2. GaN HEMT @] &tel] tiste] &9 vjdy =2
g gZeE ZEIV model)
Table 2. Nonlinear model parameters extracted for a GaN
HEMT unit device(ITV model).

Parameter Value
s 3265 A
Voo 251156 V
Vi 3.40066 V
Voni 0.68007 V
A 0.001
B 0.64
M 12.4876
P 6.4x10*
w 0.56869

AlphaGmd 0.39565
Vem 10.87527 V

BetaGmd 0.39846
Vim 290.58298 V
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# 3. GaN HEMT 99l &7l tiste] F&8 vy &
9 g EE(C,e model)
Table 3. Nonlinear model parameters extracted for a GaN
HEMT unit device(C,; model).

Parameter Value
Cy Coa 2.54503< 10 F
Ci Cu 8.53126< 102 F
Cy Co 1.78482 <102 F
A Cy 276139
B Cy 3.050874< 10'
Vi Cad 271477 V
V, Coa 4.5233< 10" V

H 4. GaN HEMT 9] 27l tigte] 328 wAdg &
9 gtehvE 35 (Cor model)
Table 4. Nonlinear model parameters extracted for a GaN
HEMT unit device(Coy model).

Parameter Value
Cy Cu 1.79422< 10" F
Cr Cu 1.03653< 10 F
C; Cu 251129x 10" F
A4 Cy 37237710
B Cy 2.44076
Vi Coi 548254 V
Vi, Coa 36V

# 5. GaN HEMT @] &zte] djste] &9 H|Ag =2
9 s} G5 (G model)
Table 5. Nonlinear model parameters extracted for a GaN
HEMT unit device(Cy model).

Parameter Value
Co Coa 322078 10" F
Ci Cu 3.59715% 10" F
Cy Co 29127210 F
A Cy 2.40076
B Cy 6.0994< 107
Vi_Cai 134 V
Vy, Coa 1x10" Vv
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Table 6. Characteristics at the maximum output power load
impedance of the unit device.

Model Measured
Load impedance [£2] 17.45410.19 17.44+10.13
Output power [dBm] 43.87 44.08
Power gain [dB] 16.87 17.09
PAE [%] 57.32 54.93

E 7,99 270 0@ A0 & 25 A9 4 54
Table 7. Characteristics at the maximum efficiency load
impedance of the unit device.

Model Measured
Load impedance [£] 20.03+20.92 20.09+21.11
Output power [dBm] 43.41 43.42
Power gain [dB] 16.11 16.08
PAE [%] 58.39 60.67

aAe] RE-E SAS Foe] 4408 dBme] At E9,
17.09 dBY] AY o]E, 5493 %9 A& 27} 245 39l
spom, AlEE oA FA Ade A2 & X3 th
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Fig. 6. Output power performance of the unit device with
the input power under the maximum power load
impedance condition.

I g

Jo
0%
ogt
M
2
1A
B>
Ral
Hd
e

HF
Tlo
g
)
o
=
i
=
rg

kY
o
>
lo,
o,
:[o
f

Iz

o

=

[l i
>
Hu
N
N

R EE
4 2748 v

4 g

1z

LT

e
o2
of
o
N
~N 9
oo T

ox N
r mal

o &
Ny
rot
lo
[\
M o
> ox rlo Wt O XN XN fr kg R 4

-2
Av)

ot

ot
= w A
Mo e

R

of N ®
oot o,
|o

o

e}

tjo

o

=
s
o It o

N

~

1o
of
oo

z Z W 4o

RN
N

oX,
it
2O oo T T oox

o M
s o oX
:{o
L g g

B b Rt o &
N

__>d’,‘
1o to
ol ot
Sl
o A%
(o
-
ol
ol
N
2
inl
£
fu)

o oo o ©

2
e
N
=)
=

=

oll

L)

o

B
=

oo T ofl
Ag:imlm:i

= g

o 2 2

il

ol

O
£

z O
=2,

ko o

ol
ol
i
(S
o
o
Rl
2
i)
A
e
oxl
=
8

o
I
o ru o o
=

T A 53 75 E
ol Z2H Fu2 4354 Ga
Fds AZe o A axp RYE 3

o] Zo] AREE I Y,

80-37 GaN HEMT 27hk= 13 7(a)l Hol= A3
7o) ok Ao A At 10-% 7 GaN HEMT ©$] 44} 8
MW7 HEE 2" Fejolth A-E @9l ke Aol
E A5 2y A5718 dEeE ddE] glom,
9] A AfelolE A o] Jlo] 1 HlotE Fat
o] HAAZE AAE = F2olth 80-3F 7 GaN HEMT A%}
of thet WE 48 A A S TI" byl 2
o] JERNITE o Hol A A& T axt BRI A5
AL RS &9 Ak Ao|ESt EyQl A5E ©

R
2

>,
s
oL
Ol
a4

Y

|

d rlo
=N
5

o fol o

Fu
K

o3
ot
ol
rr
ok

r{r

1064

§iconlts ALT
iy ?
1=
Al_l*

4{?

‘le

(@) 27 AFA b) 571812 =Y
(a) Device photograph (b) Equivalent circuit model
J8 7. 99 224 8 HE F4¥ tiH4 GaN HEMT
a7 AR e 339 s B
Fig. 7. Photograph of the large-sized GaN HEMT with 8
unit devices and its equivalent circuit model.

ass

;O

>H’U

o, 228 HAZ A3%
i ok

| 2%

2
o nm
e
Y

é o 5 16
oI:o °
ol
O
o 2

1:}

-\—'_]N

2 80-
H‘}O# E‘:% é%?ﬂ Hth ZE-F SAE 5
of Alet tfH A 2zt 9714 Al 19 89 UrERA
ATk &9 e AolES B9l ol 7zt 3714
sfolo] Erjo] o] tt. GaN HEMT & #7]#3817]
9late] CPCl41 713 9ol frElg 2do = Heetne
o, 97)7) 2] E(lead)= Alloyd2S A3}, AL Ale}
912 ARO3E AHESISILE 2EE A4S S3 7S
9 8ol Yepfiglen, Eotelo] 225} AOE

% =99 d=9 40N GRS 35 22 O D

_][Nl _\‘I_/
S
>
1o
l—l:l
L,
tlo
= o
o|N
ob
N

EM AlEE oIS 85t [7]14 Aolg F&3813, Y
Hoto] 1591°, o] 13.64°9 YA o] 5 S A5 o]
A el A g ST

80-7 tHd 2x5 7143 v ZE-F 54



Unit Device

Input reference leiL»-' m

= i

J8 8. 10-38A ERALH @9 22 2 4% o
W 2749 8714 AR

Fig. 8. Photograph of the packaged large-sized device with
eight 10-finger transistor unit devices.

seste] AFE YAs 2dS vwagth 80-37 o)
022 £ 30 ps, duty cycle 34%

7tate] SAs ek 27 9ol A &

3k due 2o A A6 tig 34 2

Aol Ao vehlglon, A 9 23 Y9

2 A3 A &§ 1o} Juu s delAe &

85} X 9l YEMIITE Bdg o] &8 AlEe ol Az

Measured

PAE Max
Simulated | 1.87-j3.54
PAE Max

1.7-j3.67

Simulated
Pout Max
2.13-j5.33

Pout Max
3.86-j4.9

J8 9. tHA Aze] 258 54 54 2 AEY
A A3

Fig. 9. Measured and simulated load-pull results of the
large-sized device.

Table 8. Characteristics at the maximum output power load
impedance of the large-sized device.

Model Measured

Load impedance [$] 2.13—j5.33 3.86—j4.90
Output power [dBm] 52.23 51.44
Power gain [dB] 13.43 1271
PAE [%] 49.16 46.84
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Table 9. Characteristics at the maximum efficiency load
impedance of the large-sized device.

Model Measured

Load impedance [ ] 1.70—j3.67 1.87—j3.54
Output power [dBm] 50.44 50.31
Power gain [dB] 12.08 11.88
PAE [%] 54.48 49.66

% 24 At NE B 9
EUPSER XS
4 A3 Aok 2 AL B
=1

1

1A3e 2 5 ot

agol e 2l =

Bl
ok

A -y Z=
JEgk g9l s 2o
] 2Ale] ZE-E

4% Fitel

Kl |\
(]

IR T =
N

[ r2 o md ox

2

o 1
b D I

HE
~N
1V | R A I D

fu
n
K
I\
oxl

rx L
B o E o
o =
\IJIN‘T_E/
“‘oé.i_%:ﬂ 5
gmf@-ﬂ:

ol
Lo e
Q ro,

Y
%5 A D

= o
= 2
rzé 2
folr &= O
g 32 s
m_ﬁ‘..‘ﬂ'

— >
o
©
ofo
o
>

Ego]AdE Bato] 5223 dBme] AW &9, 1343 dBY
A9 o5, 49.16 %] Ay F7F &5 AT 80-3A
o 2E-F 545§kl 5144 dBm] Ao =9
1271 dBS] HY ©]5, 46.84 %] g 7+ £&% 9
aom, AlEgoldd 54 A AE & dAsSith

i

1065



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 31, no. 12, December. 2020.

-

o
Z
£
S 2
b m
g E
= i
é 20+ Gain |20
4 haw o’
o = [
10 \ll\||\fl]\ll\lll\fl\\ll‘f|||||||\ 10
32 33 34 35 36 37 38 39
Pin (dBm)
08 10, A 29 e AnEa 244 gud 4

Aol dEAel BE 2d AARE 54

Fig. 10. Output power performance of the large-sized de-
vice with the input power under the maximum
power load impedance condition.

N4 2

ERAME 140 Wi A SZ 4239 B

37 ﬁg GaN HEMT tjA135 2dL A3} 2
BU2 g9 T Az Bde] WY g4gor A4
TFZolm, @9l Axte] Al 9 AMCAD FET &
719k 2 A 25 ¢tk AMCADAFS] IVCAD™ Z2 71
A 7} Keysight 2] PNA-X™ V| E$) T 4715 o] &5}
Tl 244¢] GaN HEMT thAle 29 giejr|e & FZ3)
Aok &9 2x4e] e 2L 10-GA LS 9]
3 BE-E SAS T8t AFsiaen, qds &%
9] tH*Ji 92 80-FA 25 A7) QE vy EE-E
ZA< Tt AEsAth ARE s B 5F
g otk 5ol 4 AR AMEHE 1EY A
g S5719 AAd F&sA &84 A Aolth

o

References

[1] D. W. Runton, B. Trabert, J. B. Shealy, and R. Vetury,
"History of GaN: High-power RF gallium nitride(GaN)
from infancy to manufacturable process and beyond,"
IEEE Microwave Magazine, vol. 14, no. 3, pp. 82-93,
May 2013.

[2] H. S. Kang, K. T. Bae, L. J. Lee, H. W. Cha, B. G. Min,

1066

D. M. Kang, and D. W. Kim, "X-band 50 W pulse-mode
GaN HEMT internally matched power amplifier," The
Journal of Korean Institute of Electromagnetic Engine-
ering and Science, vol. 27, no. 10, pp. 892-899, Oct. 2016.

[3] H. S. Kwon, G. W. Choi, S. M. Lee, and D. W. Kim,
"S-band 300-W GaN HEMT internally matched power
amplifier," The Journal of Korean Institute of Electroma-
gnetic Engineering and Science, vol. 31, no. 1, pp. 43-50,
Jan. 2020.

[4] J. P. Mondal, "Distributed scaling approach of MESFETs
and its comparison with the lumped-element approach,"
IEEE Transactions on Microwave Theory and Techniques,
vol. 37, no. 7, pp. 1085-1090, Jul. 1989.

[5] D. Resca, A. Santarelli A. Raffo, R. Cignani, G.
Vannini, and F. Filicori, et al., "Scalable nonlinear FET
model based on a distributed parasitic network descri-
ption," [EEE Transactions on Microwave Theory and Te-
chniques, vol. 56, no. 4, pp. 755-766, Apr. 2008.

[6] A. Xiong, C. Charbonniaud, E. Gatard, and S. Dellier,
"A scalable and distributed electro-thermal model of
AlGaN/GaN HEMT dedicated to multi-fingers tran-
sistors," in 2010 IEEE Compound Semiconductor Integ-
rated Circuit Symposium(CSICS), Monterey, CA, Oct.
2010, pp. 1-4.

[7] S. Halder, J. McMacken, and J. Gering, "First pass multi
cell modeling strategy for GaN package device," in 2074
IEEE Compound Semiconductor Integrated Circuit Sym-
posium(CSICS), La Jolla, CA, Oct. 2014, pp. 1-4.

[8] F. Heinz, D. Schwantuschke, A. Leuther, and O.
Ambacher, "Highly scalable distributed high electron mo-
bility transistor model," in 2019 IEEE Asia-Pacific Mic-
rowave Conference(APMC), Singapore, Dec. 2019, pp.
1286-1288.

[9] D. Resca, A. Raffo, A. Santarelli, G. Vannini, and F.
Filicori, "Extraction of an extrinsic parasitic network for
accurate mm-Wave FET scalable modeling on the basis
of full-wave EM simulation," in 2008 IEEE MTI-S
International Microwave Symposium Digest, Atlanta, GA,



Jun. 2008, pp. 1405-1408.

[10] D. Resca, A. Raffo, A. Santarelli, G. Vannini, and F.
Filicori, "Scalable equivalent circuit FET model for
MMIC design identified through FW-EM analyses,"
IEEE Transactions on Microwave Theory and Tech-
niques, vol. 57, no. 2, pp. 245-253, Feb. 2009.

[11] J. A. Zamudio-Flores, G. Kompa, "Tmproved measurement-
based extraction algorithm of a comprehensive extrinsic
element network for large-size GaN HEMTS," in the
Proceedings of the 5th European Microwave Integrated
Circuits Conference, Paris, Sep. 2010, pp. 250-253.

[12] Y. Xu, W. Fu, C. Wang, C. Ren, H. Lu, and W. Zheng,
et al., "A scalable GaN HEMT large-signal model for
high-efficiency RF power amplifier design," Journal of
Electromagnetic Waves and Applications, vol. 28, no.
15, pp. 1888-1895, Sep. 2014.

[13] Y. Xu, C. Wang, H. Sun, Z. Wen, Y. Wu, and R. Xu,
et al., "A scalable large-signal multiharmonic model of
AlGaN/GaN HEMTs and its application in C-band high
power amplifier MMIC," IEEE Transactions on Mic-
rowave Theory and Techniques, vol. 65, no. 8, pp.
2836-2846, Aug. 2017.

[14] Q. Wu, Y. Xu, Y. Chen, Y. Wang, W. Fu, B. Yan, and
R. Xu, "A scalable multiharmonic surface-potential
model of AlGaN/GaN HEMTS," IEEE Transactions on
Microwave Theory and Technigues, vol. 66, no. 3, pp.
1192-1200, Mar. 2018.

[15] G. Torregrosa, J. Grajal, M. Peroni, A. Serino, A. Nanni,
and A. Getronio, "Large-signal modeling of power GaN
HEMTs including thermal effects," in the Proceedings
of the 2007 European Microwave Integrated Circuits
Conference, Munich, Oct. 2007, pp. 36-39.

[16] J. B. King, T. J. Brazil, "Nonlinear electrothermal GaN
HEMT model applied to high-efficiency power amplifier
design," IEEE Transactions on Microwave Theory and

140 W& A8 = GaN HEMT tjAls 74

|

279 38 B4

ofl

Techniques, vol. 61, no. 1, pp. 444-454, Jan. 2013.

[17] AMCAD, "IVCAD 3.8." Available: https://www.amcad-
engineering.com/software/ivcad-3-8

[18] AMCAD, "MT930M1/M2A - HEMT compact model
extractor, operation manual v3.6." Available: https://www.
amcad-engineering.com/pp. 26-32.

[19] T. Gasseling, "Compact transistor models: The raodmap
to first-pass amplifier design success," Microwave Jour-
nal, vol. 55, no. 3, pp. 74-86, 2012.

[20] C. Charbonniaud, A. Xiong, S. Dellier, O. Jardel, and
R. Quéré, "A non linear power HEMT model operating
in multi-bias conditions," in the Proceedings of the 5"
European Microwave Integrated Circuits Conference
(EuMA), Paris, Sep. 2010, pp. 134-137.

[21] G. Dambrine, A. Cappy, F. Heliodore, and E. Playez,
"A new method for determining the FET small-signal
equivalent circuit," [EEE Transactions on Microwave
Theory and Techniques, vol. 36, no. 7, pp. 1151-1159,
Jul. 1988.

[22] M. Berroth, R. Bosch, "High-frequency equivalent
circuit of GaAs FETs for large-signal applications,"
IEEE Transactions on Microwave Theory and Techni-
ques, vol. 39, no. 2, pp. 224-229, Feb. 1991.

[23] C. Charbonniaud, T. Gasseling, "VNA based load pull
harmonic measurement de-embedding dedicated to wa-
veform engineering," in 2015 IEEE International Con-
ference on Microwaves, Communications, Antennas and
Electronic Systems(COMCAS), Tel Aviv, Nov. 2015, pp.
1-6.

[24] J. Hoh, J. A. del Alamo, U. Chowdhury, T. M. Chou,
H Q. Tserng, and J. L. Jimenez, "Measurement of
channel temperature in GaN high-electron mobility
transistors," IEEE Transactions on Electron Devices,
vol. 56, no. 12, pp. 2895-2901, Dec. 2009.

1067



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 31, no. 12, December. 2020.

4 3 A EEgaFa/AdAT]
https://orcid.org/0000-0001-5133-296X
19953 29: A8 hstw AAysta} (33t

/K]—)
[ — 199714 24 5T ohal dAkg et (st
(S A
018 39~EA: FUste dugn
‘ "%"" EAT ) 34
19974 39~19994 29: ¢ A
9
19999 3¢ ~A: =t ra Addrd

1o
v
[ BEOH Holth, Holthe 44417, RF $54 &, RF
2

power Amplifier, ¥4 &

CE B L NE IR R R

https://orcid.org/0000-0003-2407-5851
2008 29: EYtisty AV|AHEAL
isj]-\ﬂ (_1_61-/\})
20109 29: FFHs71&Y AHEA
= = 6_]]-‘:' (_g'_a‘ /H/\]_)

= 2016 29: FFHeled ARG
e
> 20160 9Y~&A: I3 A HEA

[+ #tAF0F GaN HEMT, RF Power Amplifier, IMFET, H]413

nﬁe
:
-

1068

AT S [FEUS/ AT

https://orcid.org/0000-0003-1913-4714

(F8+h
1992'd 24 @=4s7lEd A71RHA
_g'_fz'l-;v,]. (_x_iﬂ-/\-] /\})
199611 8¥: =ty r|&y A719A
51_61-;1,], (_:_b‘]-lj}/\].)
i 19919 89 ~20004 59: LG £37]%

RDERE]

20004 69 ~2002 8Y: GEYE~ AL

2002 99 ~20049 9¥: oﬂi%ﬂ%"d% 8718

2009 69 ~2009'd 129Y: ETRI 2 a7

2010 1€ ~2011d 1€9: v UCSD WEXF

2004 108 ~AA): S gty AgYRFAFE AF

[+ B F0f] 274 9 2359 JH3=2 2
Z7]

g g AYSE7] BE, 24 Holtt BE

19909 2¢: stgigty AAEA 38



	140 W급 전력 증폭 소자의 병렬 확장형 GaN HEMT 대신호 모델
	요약
	Abstract
	Ⅰ. 서론
	Ⅱ. 단위 소자 대신호 모델
	Ⅲ. 병렬 확장형 대면적 소자 모델
	Ⅳ. 결론
	References


