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A Study on Performance Improvement of GaN HEMT RF Power

Amplifier Based on Electrothermal Co-Simulation Technique

Abstract

Gallium nitride (GaN) high-electron-mobility transistors (HEMTS) are used in various
power amplifiers (PA) operating at radio frequency (RF). A self-heating effect in GaN
HEMTs causes a transient variation of the electrical characteristics, which degrades the
reliability of the PA circuit design. In this thesis, a methodology for designing accurate GaN
HEMT PA circuits based on an electrothermal co-simulation technique is reported. As
examples, this method was applied to a high-switching-speed power supply and an
envelope-tracking PA design.

In chapter 1, the background to this thesis is explained. The above-mentioned thermal
effect affects the MHz-order temperature variation. Then, this thesis addresses the issue of
building the electrothermal co-simulation environment for high-speed operation of MHz
order. A basic flow diagram of the electrothermal co-simulation in previous works is
referred. The novel points in this thesis are summarized as an increase in the accuracy of
the electric model, simulation-model constructions for actual operation conditions, and the
establishment of RF data extraction methods from the simulation results to estimate PA
performances.

In chapter 2, a switch-mode PA for a high-switching-speed power supply is analyzed.
The switching loss in a very short time generates most of the heat in the PA and increases
under higher-frequency operation. Thus, the accuracy of the electrothermal co-simulation

must be improved. For this purpose, parameters of an Angelov large-signal transistor model



including its temperature dependence were precisely extracted to emulate GaN HEMT
behavior. The simulation results for a half-bridge inverter including the switch-mode PA
showed a significant operation characteristic that cannot be estimated from an
approximated mathematical analysis at MHz-order modulation frequencies.

In chapter 3, a PA with dynamic drain voltage biasing for wireless high-speed
communication systems is analyzed. Before the simulation, a theoretical analysis
considering the temperature variation of the amplitude modulation (AM) —AM and AM—
phase modulation (PM) characteristics was carried out. From the results, it was predicted
that the AM—AM and AM-PM hystereses during the rise and fall periods of the RF signal
envelope were induced by the thermal effect. It was confirmed that the AM—AM and AM—
PM hystereses were precisely emulated by the electrothermal co-simulation.

In chapter 4, a fabricated GaN HEMT PA is measured for AM signals. From the
measured results, the accuracy of the GaN HEMT model was verified and the predicted
AM-PM hysteresis was observed. Consequently, it was confirmed that the proposed
methodology based on the electrothermal co-simulation can be applied to various PA
analyses related to transient thermal effects.

In chapter 5, the conclusion and issues to be addressed in the future are described.
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S bIZ GaN HEMT D&t & BEDIRIENZEL L RWEEE LT, A v TF v

TEREND D, Z O, PRF I RF JEEEIZE L, BVERENR Y I 2 L —



varERWTEDL ER DL FR Y ORI STV 522, LavL
PRF R°7 = —7 o LOZAKIT KT T~ D IR EEZABNI B 2 M 1T 4 72 H 720,

PERDIFZER TIE, BAVEXIER Y 2 2 L—3 3 UZOWTEHRERH D H DD,
MHz A — & —O# 5138, GaN HEMT % V7= RF XU —T U7 &xIG L L
T, MHz A= —OmEEEIC T 5B EXOBL Y R 2 L— 3 VBB
T D L) BETH DL Z LR35,

EIHEMEICB T A RESGEMR Y R 2 L— 3 U0, SCER[15], [16] T GaN HEMT
ERWEAL v FE—F RF NU—T U755 E LTRVEEN TN D, AHF
JETI, TOERNLRFEZTRMT 5, CEAS]DFEITLL T 0@ TH S,

M 1-2 [ 3IBVEXGEK Y I 2 L— a3 Y ONE TR TRITH D, BRIEE Y I 2
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\ 4
N e e e e e e e e e e e o
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Physical model of GaN HEMT and package

4 1-2 GaNHEMTRF XU —7 U 7T OEEXER Y I 2 L— a7 r—
Fig. 1-2 Electrothermal co-simulation flow of GaN HEMT RF power amplifier
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SEIR COMEHT TH YV, RF XU —7 T O EF RO IR EDOfFATIZ0E L 7= F
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—J, b7 V= MENIIR RO CH Y, WERITIOET 5, F72,
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KENIEIZ L DB OFERADT-DOIZE L DIREEBOMHE I A A » F o 7 ORE
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F =R 5B DH DT, ZIOICEEICAFEZ i L C AM-AM £t & AM-PM H5t
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AM-PM EIZOoWTIE, RF XU —T U 7FOEZITV, EBERL I 21—
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Power « DC input power (Ppc) —_Power
D|SS|pated power (Pgs)

/\,J\/J\/ RF output power (Pgreou)

T|me 0 Time
V control circuit
Envelope of Pgey, 7 PP
Constant Vpp ~ Modulated Vg, L
@ Poc ll% Poc L.

O
I:(>PRFin l/:(>PRFout I:(>PRF|n I:(>PRFout
@ PdiS > P’diS
(a) (b)

X 1-3 RU—=T T OHEES
Fig. 1-3 Dissipated power of power amplifier. (a) Conventional power amplifier with
constant Vpp. (b) Envelope tracking power amplifier.
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Ttk & BIERIFEZRET D 2 LIk, Fx REERECORKER L2 X5,
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HERFHEIL, A A v F U ZREEDROG AT EER S D0, A7)
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mE, A v F L ZTHERICE DREZEEOZGPEICOWTIL, RE & EHH
ELTHRIAET D Z EMTE R, £IT, A v F U THENEAETS RF (U
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EHL, F4ETITH) RFATU—T U TOHB ¥ ab—3 3 »OfEREFEBRO

it e 22 PR U CHRGIEICTE T D,

22. GWaNHEMT ®¥ 2 = bL—¥ g »ET)V
221 BETFN

PR RE D BIRAT FIE & LT, BARIFEHEEIC L 28T L2 iz, ZoF
TEIE, BMIRPT L BV B CEVEERIK A B U, IREELERE, BELERET5
Z & T, BREEOGE L FARRICIREZEZ KD D Z N TE D, BET V3T
[25] THhH L7z Foster O ZVGEA BT A FHV Mz, SCHER[25] TiE, X 2-1 (a)[37]ic
AP XA (8 GHz 205 12 GHz #) D GaN HEMT {22\ TRy 7 — U INERES &
O GaN HEMT F v 7' D &~k 2 SCHR[37], [38]7HHEE L, BVt oo 3 ¥k
JTLET NV E LT 2-1(0)[25] % 1ERk LT, = ZC, GaNHEMT OENEIRE Ten i
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H2¥E A v FET—RRFARXU—=T U 7OBETHEKY I 2L —a

(e

GaN Top view

\

Heat sources

" TCH
SiC : Simulated point

I
Au80-5Sn20 solder

Cu package

- «Ta
Cross section

(a) (b)

2-1 /Xy —U AN X H GaN HEMT D4l & FEM ZMidT 7 i [
Fig. 2-1 X-band GaN HEMT with package. (a) Photograph of GaN HEMT and package
[38]. (b) Cross section of thermal model for FEM analysis [25].

ZD I WILET /MZHDOWTIRPEBRREIZIIT 5 Ten DZE{LZ FEM IZ XD R,
2-2 | R EGEMIRE DT A —F Z2fhiH L72[25], Z ORI /37 A —
%1% GaNHEMT 4 — hiig 11.52 mm OFFOETH 5, Vra (38 PHIEEE Ta lCHY
THETEFRTH Y, FENE Pois ZBIIA & U CEVSERRIFICINZ 5 Z 12X 0 Ten
WA 58 Vrch 2155,
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i=7.40%x10710 =159%x10°% =143x107 =3.85%10°

Rys=056 Ry=074  Ry,=0.87

Cins Cine Cinz
R Gooxaor Saoxior Hrexior Tl

Thermal equivalent circuit Unit: Ry, (K/W), Cy, (J/K)

% 2-2 GaN HEMT o> ZAAfh a1
Fig. 2-2 Thermal equivalent circuit for GaN HEMT [25].

B2l —varoflt LT, 20W ORREZ 5 2 7-RFOEIEIREE(L 2 X
2-3 (T, BVREEIING 1ns BOEEHZIREIL 53K LR LTER Y, BVEMEIEE I ns
=B —DIBEB N E & KB TE TN D, 728, KHPIZR L2005 ps & 0.2 us i,
AA v F v 7AW E 10 MHz & 2.5 MHz T GaN HEMT % A A v F o JEifE L 7=

RED A RIS T 5,
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80
63.2 K at 20,000 pus
Pic=20 W
60
3
<
l_
_ 40
g 15.6 Kat 0.2 us
| 133Kat005 ps \
0
0.0001 0.01 1 100 10,000
Time (us)

2-3  GaN HEMT i) 72 iR 2k
Fig. 2-3 Transient thermal responses of GaN HEMT.

222 BREFIN

BEBRETT /LWENIAWR O RF [HE S 2 = L— & MWO @ Angelov &5 /L[26], [27]
Wz, ZOFETIICEBWTL, IRERFNEEZ S ORENT A—Z T RLA
it los, 77— F—Y —A[&xE Ces, 77— bR A V[EFE Cop Th D, 72E,
RIBA—F =L BBOFEREFFOET N T v SIS HREKFEE, 2
ZTIEEE LR,

lps1E, 77— h—Y —A&ERE Ves IZIKAFT DT E R A -V —XHEHE Vps IZ
KT HIEZ LT lpo DFETE SN D, Ves (KT HIED Curtice E7 /L7g & b
HT Angelov EF VO TH D, 7B, o THHE A F 7 %% (= Alps |
AVes) DI RIZ/2 HRFDOERTH 5,

lps = | pko[1+ tanh (¥)](1+ AV )tanh (aV g ) (2-1)
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ZIT, WiEVes I H Y 5 U ARRKIT IR BIED Ves T B Vo & D7
DREBIETH D,

Y= P1<Ves —=V pkm )+ P, (VGS =V okm )2

+ Py (VGS —=V pkm )3 (2-2)
Vokm =Veks — Dypks + Dypks tanh(aSVDS) (2-3)

a &\iykit’c&)%)o
a=ag +ag[tanh(¥)] (2-4)

a & A3 lps—Vos FREDE X IZBHR T DE T, ar i3/ losK Vps DIRE, as 13K lps—
i Vs DEE, 413/ lps—15 Vps DEFOMH & 2o~ d, R 2 FFo /3T A —#1%

|pk0 s P1 Tg?) U] ’ iﬁ{/ﬁﬁ#@%“\?*/vfﬁ&g Tcn s , %@kjﬂé %?Z\‘/V{ﬂaﬂ.}g Thom &

DFEHEF > TIROXTREIND,
I pko = IPKO[1+TCIPKO(TCH ~Thom )] (2-5)
P = P1[1+TCP1(TCH —Thom )] (2-6)

AFRLTIE, Toom=25°CE L7z, Tewko & Tept MRERTH 5.

lps D737 A—& 1%, SCHR[37]D lps—Vos FEEORERERESHL, I 21—
3 URERIDNEIRERIC T 4 v T 4 T T DX T A=F 2RIz, X 2-41%
losVosFED Y I 2 L— 3 VEIRTH D, RITHIAREIX Ten=25°CTH Y, £
M OEXIEEE A2 FH LT Ibs & Vos KD 5, GaN HEMT DFEEE: Pais 13 lps &
Vs DFE & 72 %, BVEARIRIE S Pais 200 %, BIEIREEICH Y 3 2 8BIE Vrcn 21 5.
K72 Vren ZEEP & LT Angelov EF L OB T 52 %, FHEEAML RS
PITIENTIE T & U, AT AT o TR 2 FEi 92, R LA EIROEE

Vop (37 0L ZARICHIINT %, Vop D7V AL, 75V ABE Ton 28 0.5 ps, 73/ A
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IR UG TerIAS 50 pus &35, ZDO/ LV AEETIZ SV AA  ORIC ERH L
72 Terl T/ VA F T DRITTA Y, IRO 73V A Vpp DFIMBIAARFIZIE Ten 13 25°C
THoT=DT, MNEILEEIL 2 2D IV AENBIMGE TL L=,

7B, ZOROBET VITGREBTNICEDE T2/ XF A—4& & L1z, GaN HEMT
OIS, 2-1 TEH~NF T4 HT—ThY, XEBTITIZ o INT T
—Th b, LHBTIOBESUIK 2-2 (T TIRV ME & 72 - 72[39], [40],

2-5 OIEHRIL, SCHR[37]D los—Vos FeE D ERIEZ 7 — Mg 11.52 mm [ZH 5
LEbDTHY, FRIT 4 v T 4 v T LRI AR ERDTEHDY I 2L —
Va Uk THD, F— FMHNNEE Ve lZ-3V 7 H+1V £ TLIVAIATERT
AVH 2-5@)IIEET L EBIE L WA, 2-5(0)IFBET N EEE LT
BTHD, Vos D 725 EFRBENEZ T T NE < 25D T, FEHMEIT lps 23
Wb, BETNEBRET HLZOBRERITETEY, GaNHEMT 234 {KHE
THD Ve 1V OWE, Vos23 4V 25 40V OFPHTOERE I 2L —a v
DFET, HK50%TH D,

Thermal equivalent circuit

/ Pulsed power supply

Vi 5 Tl i
PRI
\%
:(VDS X IDS) 7;;'T ‘ v Ton <> _
DD
DC power supply T 0 \/— I_ ‘
\ GaN HEMT Time

Thermal port
(a) (b)

2-4 GaN HEMT O lps-Vps FitE % R 5 BERGEM Y R = L— 3 VR
Fig. 2-4 Electrothermal co-simulation circuit for lps—Vps of GaN HEMT. (a) Simulation
circuit. (b) Vop vs. time.
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— Simulation
------- Measurement
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Joooo e Ve =0V
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— Simulation
------- Measurement
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Fig. 2-5 Measured [37] and simulated lpos—Vps. (2) GaN HEMT without thermal model. (b)
GaN HEMT with thermal model.

21



F2E AAvFE—RRFXRU—T U 7OELHEHK I 21— 3

NIAWR @ RF [A] 2 2 = L—% MWO @ Angelov 5 /LB TIE, Cesld
RDOEIIZERS LD,
Cas =Caspi +Cyso [1+ tanh (¥, )[1+ tanh (¥, )] (2-7)
ZZTU BLNTIT,,
¥y =Py + PiVes (2-8)
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Cop lIRD LI ITEF SN D,
Cep =Coppi +Cyqo [1-+ tanh (¥, )1+ tanh (¥, )] (2-10)
ZZTCTUsBLINIY,,
¥3 = Pag + P3;Vps (2-11)
¥, =Py + PyVep (2-12)

ThHD, BEKRGHEEZFEFD/NT A—H1X Cho & Cgago TH Y, F ¥ R/ Tch ®

BrixFntchkolcREns,
Cgso =Caso [1+ Tesso (TCH ~Trom )] (2-13)
Cdo = CGD0[1+TCGDO(TCH —Thom )] (2-14)

HEEIZOWTIFIENT —Z BNEND T, TRESBIZLTT v I A Xnb—
e 7l & dEHE L 7=, Vos=20V, Ves=0V, IR TO Ces, Cop, KlLA Y+ Y
— A% & Cos DfE%, SCHR[15] & [FIERIC, £ £h, 105pF, 1.2pF, 2.6pF &
Lz, Z UG IREEEBO/NT A =8 LEELEBO/NT A —2 3[4 225 &
LTk, K 2-6 LK 2-7 12 Cas & Cop DB & IR FERFIEZ R,
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Fig. 2-6 Modeled Cgcs. (a) Voltage dependency. (b) Temperature dependency.
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Fig. 2-7 Modeled Ccp. (a) Voltage dependency. (b) Temperature dependency.
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2.3. AL v F T EBEEOBRE
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2-8 ITAA v FE—KRF RNU—T VT OMEKHER Y R 2 L—1 3 VA
Tdh b, GaN HEMT ZEANCEEG L TN—7 7 U v UEEME Lz, Q1 & Q2
%, Th A YA ML o —3 A Rl GaN HEMT Th 5, QLD R LA
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Th D,
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Switch-mode RF power amplifier [ L
(Half-bridge voltage type) 73;_
N s
T Q1: High-side GaN HEMT
/
" o I Vosn|
T-A \/. (/l_‘
=(Vpep X | e [ra] losn | |
(Voo os.) @ m Thermal port ‘m
Thermal equivalent circuit % |> |R_L|
I
/ e 2
— [[Fosr
e @] 3
T-A . .
=(Vos, % lps)) | A ?The”ma' port | Q2: Lov;/-5|de GaN HEMT

..... 5

2-8 AA v TFE—RRFNTU—T VT OEERHEHK Y I = L— 3 A
Flg. 2-8 Electrothermal co-simulation circuit of switch-mode RF power amplifier.

2-9 [CAA v FFE— R RF NU—7 U FOER, BERRNEA <7, GaN
HEMT DA > & A 71 Vinu & Vin Ll 341V &6 VIS T 5, At 70X A

SR 2-9@) £ (D)DEY THY, Q1 & Q2 kA LA T EBAAEICKY KT,
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TsiIAA v F U TRBTHY, AL v F o TR A OFHUTFHE LV, Vinu I2E
WT, TonlZA R, THISLH BV FEHE, TAISLH TR THY, T2—7 o
DX Ton/ Ts TEFET 5, 2-9 () IZ Vosh & lpsp &7~ L, 2-9(d)IZ Ipsh X
Vost /R L7c, 3B ED ENIH T D ORFEHEIZIB W TIE Vosh & lpsp 23282 L T
ALy F TR Paw DAL, A ORFRIFIZIBVTIL GaN HEMT D4 A 4k#L
Ron 28R K THEARER Peon VAEL 5, S HIZHIR LTV, GaN HEMT D HY

NEE ColZEFRSND F v U AR P FEET D,

TS

: (0)

Conductor Iosé

Time

rd

Switching loss

(d)

2-9 AA v FE— KRF/NU—7 T OE & BEORHR
Fig. 2-9 Wltage and current waveforms of switch-mode RF power amplifier. (a) Vinn Vs.
time. (b) Vin,L vs. time. (C) Vosx and lpsH vs. time. (d) IpsH X VbsH VS. time.
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AA v TFE—RNRFNNU—T 7 DOESNZ By, HSIFES) Por, GaN HEMT @
BRI Ton OEERIEIZLLTO X 212k 5, 2.3 i, 2.4 BiOMEHTIZIB VT,
Q2 LVt QL DEMERENEWDT, Tenld Ql DEMEREZ T HD L4 5,

Ef 1

P
Eq=—4 (2-15)
I:>DC

k ﬁiﬂ%#éo ZZ7T PDC ﬁilﬁfﬁﬁlﬁéﬁ(&) @ , Pout, Pdis,H, Pdis,L OD%DVC&)éo
Q1 N A DI DE 1p13,

Vv
= (2-16)

| =—-bo
’ F20[’1_|-|:QL

THY, QITIFEIRIEAIRND T, Powt, PdisH, PdisL (IR 2-1 L7025, 2 2T,
Cold Q1 d Cps & Cop DFITIH D, Tenld, 2-2 ORI SN D EFIRIEDEL

PP 3.16 KIW & Pisq DFE TR D 5,

#* 2-1 AAvFE—F RF NU—T U FOMEGETNANLER LM 1ET &
THEE ) DR

Table 2-1 Output power and dissipation power derived from simplified ideal model of
switch-mode RF power amplifier.

Pout I,’R.D

Pcon IpZRonD
1 1,

Pdis,H Psw EIpVDD + §Ip Ron (Tr + Tf)fs

P ! 2 2
c ECO [VDD - (IpRon) ]fs

I:)con’ Psw 0

Pais,L 1

® PC ECOVDDZfS
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= %v 2 (t)dt
o I,Tz N0 (2-17)
Vv T
Poc = $D J-T/ZIDS’H (t)dt (2-18)

ZITCTEHAL v F UM T, Ch D, (2-15), (2-17), (2-18)15 En &35,
2-10 I fs 2B R T-HD, A v FEF—RRFRXU—T 7DV Ialb— 39
UHER L B RS R R R T, @ILEr & Pt THY, 0ONE Ten—TaTHD, Tr &
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Ron 1%, X 2-5(b)ICH VT Ves=1V, lps=8A DHED 07Q & L7z, ¥ al—

3D Ten—Talk, 7?SIVADA U F 7 TET 2D THNRE L /IMEE Fox L,
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Fig. 2-10 Simulated results for electrothermal co-simulation circuit and calculated results
for simplified ideal model of switch-mode RF power amplifier. (a) Es and Pout vs. fs. (b)
Tch—Tavs. fs.
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WEFLVBREVHHIQLZA Y LTQREA7L, HDHAITIQLEA 7 LT
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—EDEET 2, 728, a—/3SAT7 4 VEZDO/RT A—H T, WEFFMED 20MHz T
3dBLLE, 100 MHz T50dB LL & 722 K 9 ICREE LTz, il 213X RL2S 8Q D,
L1=49nH, L,=120nH, C:=1.8nF, Cx=0.76 n"F T 5, LUEDMEHTIZH N TIE, Vo
240V, 12100 MHz, T & Trid TsD 5% & Lz, F72BGERRHRE O Ron 1% 2.3
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Switch-mode RF power amplifier

(Half-bridge voltage type ) 73;_ DC supply

Qi Tost ]
Amplitude signal Comparator i Filter ~>
M 2

e i Load
Saw signal

Fig. 2-11 Block diagram of half-bridge PWM inverter including switch-mode RF power
amplifier.

2-12 Z VW TN 2-11 OEEZ AT 5, 2-12(@)I% Vinp, (0)IX Vi TH
5. F17, 2-12(c) & (d)iX Q1 & Q2 DEFIIE & BIIKIE Th 5, ATt

5T QL XA U EF OB O FEEMEIE L VO T, VUi
V= D(VDD _ILRon) (2-19)

/C:‘% D 5 |L6?i¥}/—\'ft<]if£%)o

DV
| =Yoo (2-20)
R, +DR,
IpsH 1T R Imax 205 min T CZH) L,
\ I R IR
Imax _ Imin _ DD L Lon L''L Ton (2_21)

TROBID, Pout, PaisH, PaisL 13 2-2 £70b, ZZTLITR—/"AT LK
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DA UHE I BZGrTh D,
TS
L To
V|nH +1V \ -
—6V
()
Vin,L +1V

X 2-12 PWM A > /3\—& DT & B DR E
Fig. 2-12 Woltage and current waveforms of PWM inverter. (a) Vinn VS. time. (b) VinL vs.
time. (¢) Vosx and IpsnH vs. time. (d) Vos,. and Ips,L Vs. time.
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# 22 PWM A U NN—XDEGET L8 LI 18 & BT OB
"

Table 2-2 Output power and dissipation power derived from simplified ideal model of
PWM inverter.

I:)out ILZRL
Imax — Imin)?
Pcon [ILZ + ( max = mm) lRonD
1 1,
[g Imin (VDD + IminRon) + §Imin Ron] Trfs
PdiS,H PSW 1 1 5
+ [g Imax(VDD + ImaxRon) + §Imax Ron] Tffs
1
Pc ECO[(VDD + ImaXRon)Z - (IminRon)Z]fs
Imax — Imin)?
Pcon [ILZ n ( max = mm) lRon(l _ D)
PaisL |Py, 0
1
Pc ECO[(VDD - IminRon)z + (ImaxRon)z]fs

2.4.2. HABE—EDRKF
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Tarv HRmEEAER L., Y alb—a TR n— ST IR R 0%
EFEIT22HEFE L THY, 2-17)E@R-18)D T % Ts & LT Pout & Poc 3R 7=,
X 2-13(a), (b) (X, D& 01,5 0.9 £ TEXZFED Exr, Pow, TeH—Ta OV =
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Fig. 2-13 Simulated results for electrothermal co-simulation circuit and calculated results
for simplified ideal model of PWM inverter with constant V.. (a) Es and Pout VS. duty factor.
(b) Tch — Ta vs. duty factor.
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Fig. 2-14 Input voltage waveform to PWM inverter with modulated V.. (a) Amplitude
signal and saw signal. (b) Vinn and Vin,L.
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Fig. 2-15 Simulated results for electrothermal co-simulation circuit of PWM inverter with
modulated V.. (a) VL vs. time. (b) TcH — Ta vs. time.

37



F2E AAvFE—RRFXRU—T U 7OELHEHK I 21— 3

Bt RICB VTR, 241 HTRDO 7D D % (1+0.8cosnrt/Tm))/2 & L, 25
1 S A EERES Lz, £ 2b—ya 2BV, (2-17)8(2-18)d T
Z Tm & LT Poy & Poc 3R 7,

2-16(a)l% fw % 10MHz & L TRLEZ 6 Q25 30 Q £ TEL S HE7-HFD, Ex,
Pot, Tecr — TATH D, RLDS 20 QUL EDORFHIFEEEN D72, ¥ Ial—Tar
i L B EtRIE— T %, £/, ROVNSK RV RBENMZ D L, TOHEIT
K& 72b, BlzIiE, RL 2 6Q DEFD Poy DEGHEIZY R 21— a U fEL Y b
24% K=\,

2-16(b) IFRLZ 8QICHEHEL, fu% 10 MHz, 5MHz, 25MHz L &L x&
TeB;D, Ex & Ten—TaThH D, Ten DEFRIZEMEATcH X, fm 2% 10 MHz, 5 MHz,
2.5 MHz O, ZNnF1 58K, 83K, 98K THh-o7-, Ten— TaD KT %
ATch DEIBZFHF TS &, fuhd 10MHz, 5 MHz, 2.5 MHz (2%} L TZ 24 26%,

37%, 4% ThH %,

38



2 AAvFE—RNRFAU—T U 7FORESHEKY I 2L — 3y

100 - T
. < . ATex Er
S < 60— fy =10MHz —
5 = | .\1//. ) N P
D_C’ w T 40 | < ouT
0............-'.'.'.“.“.'T‘.'.--....
S 20 35
R_(©)
B P, Electrothermal co-simulation — . = Py : Simplified ideal model
A E;: Electrothermal co-simulation — Eg : Simplified ideal model
® T, — T, (max.): Electrothermal co-simulation ==== Tey — T - Simplified ideal model
O Tey — T (min.) : Electrothermal co-simulation
(a)
100

(e}
o

i

Simplified ideal model

Esr (%),
Ten = Ta (K)
D
o

40 | R =80 /
v . /\
20 2 CA ) S—"
ATey 2O O T
0 .
1 0
f,, (MHz2)
A E;; : Electrothermal co-simulation Ey - Simplified ideal model
® T, — T (max.) : Electrothermal co-simulation —---. Tey — Ta: Simplified ideal model
O Ty — T (Min.) : Electrothermal co-simulation
(b)

2-16 HITEENETHSNTZPWM A 2 N— X OVERHK Y R 2 L—y a3 v
fili R & f 5y BARE 7 L TR

Fig. 2-16 Simulated results for electrothermal co-simulation circuit and calculated results
for simplified ideal model of PWM inverter with modulated V.. (a) Pout, Eff and Tch — Ta
vs. RL. (b) Esfand TcH — Ta vs. fm.
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INBAHTHDHZ EEY I al—ya TR, ZOBRRTONTITHERHE
TEMMRHHIITEZ2H00, YIalb—rvaEDETIREN

ZA wFE— FRENY =T T ORI W T, BEEDNRKE WHAIZIE
BERHER S I 2L —va v BRETHHZ LW LN Lz, 725 RIOMRHT
(XAA > F o V7 EME A 100 MHz & L7223, 100 MHzZEL EOSEIZITAA v F

TEWEDNEMEC 2D, BVERKEK Y I 2 L— a COMEENET EEZ D,
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#3¥ RF NXU—T V7 OREBEXTER I 2L
—va v

1. IIC®HIT

ARETIE, HEHUBER RF AU —7 U AICERERE S S 2 L— 3 &
THRF AN =7 T OMEREE U THIBMEIZE B L TEWNESIE & SO RR A
O T 5,

RF U —7 U7 OMIEMEREZ SIS ELERE LT, ATV 1R H D, A
BV =R EZFIEEZTHRENL, 73 RTERFTHET 7 v 7[42]-[45],
JENSA 7 ABIBICEINT 5 EEAE[46], T34 A0 HCEHBUIERT LB €
V=R ThHrZenmoinnTng, BF 7y I VA —F—L0 HiED
RFEBTHLHDT, MHz A —F —DENTICITEE Ly, £72, EEELEIZ OV
TIEEBEDORIFEIS CIemEERARET D Z LI LV B I 2 b—a 2
X B IEMe B EMT S ATRE CTH D DT, ZZTIE, BAT U —2hRICHEH Lz,

WEEE DAL L T2 IR, AM-AM R & AM-PM Rt~ DREIRD K 5125 2 5,
2.2.2 D GaN HEMT OEBERET /LTI, IR % b DRI/ 3T A — X 13 Ips,
Ces, Cop ThoTo, MENELS 72D L Ips XD T 5D T, AM-AM EIZHONT
FRAEFDBAD T 2 TN T D & FRET 5, AM-PM EAFEET HH I, Cos
& Cep DI K » TR Z DFEFIRMA B —F U AB L OEMHA B —HF
R EDA B —F 2 ABEG DIALLEENANI K L TIEASY 2 Bty D272
ETHD [47], IBENEL 2D Z &1L > T Ces & Cepld & HITHIINT DA T
S, ERNAHEINZEST L LITIHLNTH LN, A E—F o REEDE
BTk % AM-PM FEDZEE) a2 —EHIZIRD 5 Z L IXTE R,

HB(E T AT JMTBWTE, RF{EFOTRa—7OKE 72BN RF ST

— T U TNEO B RO A XL, FO-HIZ GaN HEMT O#Eh{ER
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FENEAL LU TEAE Y — R HAET H, KETIL, RF XU —T 7 OERNEHE
i b+ A7-dlco e _Ra—7 o X U SERBPER SN Z E2EELT,

ERFVINEEDS RFE AJJENS CTET D RE ANU =7 U FITOW T &

\

T,

F£7, GaNHEMT DiEZ bz Himit A TR+ 2, =X —7D2&1{k e RF
Y —=7 T DORNGER) AR EEBORR A TS 5, £ DO®RICEVERER S I
2l =33 %179, GANHEMT OEET L L BELRET MIE 2E LR L L D%
Mo, REANT—=7 7 OAHEERIEKIL, NIAWR O RF [ I 2 L—4
MWO @ HB fi##ft Z{# > C GaNHEMT @ YV — A7/ b o — K7L 2 b— g
> % FEHE LRl AT & SR 6O TEEHERIEIE Tikal T 5, £D#%IZ, RF /XU —7
VIRIRA TR 2 A L CBVERERL Y R 2 L—Ya U EITH, B RLA v
BEL, —EOLE LRFBEFTE DO N =R LB GE L, =
Xu—7 N7 XU TEEOE N LR A GRS D, MIBEETIRD 20
2, ¥YIalb—varyTHRLNET —%% AM-AM F5E & AM-APM Rt 228 i
T 5, RIS, VI alb—a UREREEERENT O T L 7R R & i 5,

VI al—a UREREOZUMEIZHOWNWTIE, B4 BEOFERAICTELREITH,

32. ¥YIal—varyOlE

X 3-1 1% BVESER Y R 2L —3 3 DO RF XU —7 7 RIEKK A R
L TW%, GaNHEMT OEVE 7 /WIFEVGEMEIEE 7 /L, BEXE T /LI Angelov £
TNLTHY, ENENDNRTA—=2TE 2 ETHRRIZEDEFERITTHD, #* 3-1
TBVEMRIEET LD/ T XA —2Th Y, %% O RC IFFIEIE ORI ES & &
HITR L TWD, RFAE S FEAER IR LA B 2 10 GHz DIRMEZE TG 75 2 Azl 3

7%, PEMEEFHOE W E fwix, 10 MHz, 5MHz, 2.5 MHz @ 3 S DOEAITHONW T 2
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2b—var&1T9, Vran & Vrea (X, TILENRF NT—7 7 ~D ANJJEIE
EREANT=T TN DOHNEETH D, Vee & Vob 1L, THEIN RF AT —
TTIEmENS S — MEEE R A CEETH D, Voo DIRIEIL, Vrrn DT
R =W LTS D K O ICEEEHERE CAFHIND, RV Ial
—Z L LTIENIAWR D RFEES S 2 L—% MWO @ b T > ¥ = Mg %
W5, ZHUIRkA RIBEO T Na =T RIRIIKNGT D 2 ENTE D, ANEENR
% & AR O ERL, i GaN HEMT @Y —X 7 )L r— K7
Ny alb—vaVInbIRESND, Vee & Voo D/3A 7 AEIEIE, AR B
N 10 GHz &72%4 U&7 &2 L X Ry X OIWFIBHRREIEE TR S D, Vs &
lps 1%, ZHZ4 GaN HEMT O KL A > — YV —R[HEE L KL A VERTH D,
GaN HEMT D422 77 Puis 1 Vs & los DFECTRD HiLD, Pais & BHIHL & 20V &
D N KAEHNEIFE 7 5 72 % Foster BUEVEAM[EIEE I HbHG L, £ ORER & U TR
J5 T Vicn BEH S, Vren & GaNHEMT DK — Mfiiih+2 2 &L TR E
K[ROWER Y T 2= 3 %179, 0B Vra FEREICHET5EBETH D,
Flo, BIIFERIFE 2HLFEUMETHY, Z 2 T RFJEEEDOEH Tee &
fif > TR TRD B,

1IW4

E _TR% [VRFout (t + U)]2 du

Eq(t)= (3-1)

TRF

,[—TRFZ Vpp (t+u)x 1 5p (t+u)ldu
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Voltage-modulation circuit

(Modulation signal)
DC supply

RF P lifi o supplyi—l Sl gk
ower amplitier 7); IVE, ‘IDD 7;_

Bias circuit Bias circuit
for

Input matching -

Vo] ;
JR—— RFin circuit ;r(RF output)
< ) modulator (RF:_inpu) TE Output matching

10GHz circuit
VT oH Angelov model of GaN HEMT
RF signal generator : al port

ermal equwalent CII’CUIt '
/ RiC,; <...<RCi <..< RyCy
dis % (i=1,2, ..., N-l, N)
@

:(V X |
DS DS. 7;;,]\ m i N
I m
3-1 [Eii RLA HINE Wﬁvﬁ{m“é RF XU —7 o FOEESHEKY I =

L— g EE
Fig. 3-1 Circuit schematic of RF power amplifier with dynamic drain voltage for

electrothermal co-simulation.

# 3-1 BFEMEEEO/NT A —5 LIRREE
Table 3-1 Parameters of thermal resistance and capacitance. [25]

Symbol R, R, R, R, Re Re R,
(K/W) 020 | 025 | 028 | 026 | 056 | 0.74 | 087
Symbol C, C, C, C, Cs Cy C,

(J/K)

1/(2=R,C;) | 1.08 4.00 3.97 | 159 4,31 4.06 8.70
(MHz2) x 103 | x 10 x 101 | x 108 | x 10| x 10°
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3.3. BERRMENTIC X DIREEE O TH

VRrin DT 21— IEGLHE CIRIBAT ST 0, Z55H A fv, 2230 M
EET D, BRI ERE Lo _Re—F 8T X TN RF XU —T
TN S AVDRE, Pais (FROEEPATREIND,

Pyis = Po[L+ M cos(2xf,t)], 0<M <1 (3-2)
Z 2T, Pold Pais DFEMETH %,

GaN HEMT WDIREEZENTIIR D L 91k D, K 3-1 OEVEMmEIFRIZIS 0
T, (3-2)DANH 1 NP R T EFR & (3-2) DAINH 2 AR AR A4 43T T&
2%,

BEIRIRD A DEE, X /ST ZITEIRBTEALRNO T Ry \ZHiih 5 FEiilL Po T
H 5,

SEVRIRD I DWE % B 2 5 o ZFIRIEHRIE PoM Td 0 FIHIAAH 0 2D T T = —H

FoRIZ PM TH D, RIZIHILDER I D7 = —FFoR InilX

B P,M
1+ j2zf,, R,C,

Ii

= FoM x (L j2afy, R,C;)
2
1+ (24f, R,C;)

= PoM > x\/1+(27rfM RiCi)z ><e_j9i
1+ (22fy, R,C;)

POM xefjei

=ﬁ+QﬁM&QV
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. (3:3)

VeSS4

Thbd, T7205 RilZIILD AU EIT niaclE,

(3-4)

LB,
[ELVEIR D A2 DR & AR D I DIRF D BT & A G CRIlZHEI D Bt 23K 5

&, GaN HEMT DR EEEN IR L 7 5,

Tey () =Ty = ZLVTi (t) (3-5)
M cos(2zf,,t - 6 )—|

Vy, (t) = PR, 1+ M- i) (3-6)
TS

(3-7)

0, = arctan (f,, /f;)

fi= UQrRC)TH Y, fi 1T iEHD RC WHEEEICEIFRT 5 EEETH

I,
%R
BB)MNBE-NEFEIZBEZ D LLLTN D,
« RS RC MBI DR ERAT LN TEWEE, 377205 fv << fi DRI,
G IX0ELEPITELDT, Vnldk L7 s,

V5 = PyRi[L+ M cos(2xf,, t)] (3-8)
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ZETAE B EEA RC [BIRE ORFEEI AR TR VR, T 7B fu>> fi ORfE
G 1390 FELITEITELDT, VnldkA& 725,
Vi = BR; (3-9)
- ENLISADOIEE, Tonw DOEKIE L B/IMEDZETH 2 LB &1L, fwdim< 72
L &S,
TehH Db AT U 3 Z % Vrpin DT X0 — 7 ORI LD REOE L E%T 5 &,
KDL DITRKDDHZ LB TED,

Tey (1) =Ty (1)

_le T| Ti t)]

I 1 1
RSl J R, Mcos(27zf t-0)| R +Mcos( 27fyt -6 |L
8 T B R ST

_Z PRMcos (27 ut—6;) PyR;M cos(2fyt+6) 1| (3-10)
S (/) fe(r /6
B DL,
Ton 0 -Tou (-0 = 3" Hsin(2nty ) (3-11)
_ 2P,MR;sin 6,
et /1) e
L5,
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(3-11) &V, t=0 22505/ fMETORD TchDE AT U AL t=0.25/fu DOFF

IR Z & D2 ENDND, 51T, (3-12)% fu THMO T 5, ricdhi->T

) (9)_9gf-fg
&j:y /T%ﬁéj\/l}it f - f2 %1&%90

[ ]
%:ZMXCZI Poki X Ju I/dfM
M | J 1+(f,/1)’ \/ﬁ%fMZJ

2 (3-13)

FLDHERKNERD,
dH,  42P,MR;’C,

dfy [1+(f|v| /fi)z]

- L= (fy /1 )] (3-14)
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(3-12) £ (3-14) 7B, KIRDOENRC WHIEFKIZ L > TH T SND TehDE AT
U ADRKEIL t=fk DRFTH Y, ZOfEIE PoMRk & 72 %,

EENEL LA, 31Hi TR~ 7- K 512 AM-AM & & AM-PM 1A
Hb, LIEDN-> TRELEOE 27 U A AM-AM £ & AM-PM ZED E 25

VI AZRESEDLETRTE D,

3.4. RF XU —T V7 DOk

Ei{EEE A 10 GHz & L CAMNEARIK ARG 5, M 3213y —27L
ER—RINTIalb—rarE27H9vIab—ra YRR THDL, ASANCE
ELLY AN F a—F—LHOIIRE L — R VTF a—F—%fios T,
FNZEI, GaN HEMT O AN G Rz Y —A A & —F 2 R Zst & MDD
Rica—RA VE—H R i ZRET Do T a—F—13 47 A[EEE &2 Nk L
THEY, GaNHEMT il & At ) — MAA B Lo A o B =2 0 ZTF A T AR
— FOEEITHNRNE IR o TWS, D—RF NI a2 b— g VIRFT Zst
i & b b A v E—F U RZEEL, VATV ab—ra VIR Zir
i & b oA v E—F L RIEET D, AENE—ELLTHB Y=
L—3 g9 21T, 18T Prrowt L BRI Ex 2RO T, AIXF ¥ — b R
HEHRELTRT, BELE Zst & Zur OFREICED 2 b—Ta VHRERDE
PoTLDHDT, AEM I 2L —va oKL, B, Y—A7 vin—
RNy 2 b= g IERBICONTORIT, 2 5L 3 fEkix4—7
& L7z, E£7z, GaNHEMT DIREIE—E L L, BuR— MIIE Toom (IS T2 EE

VThom ;5_’ 5‘ 2_ 71,:0
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DC supply

DC supply ‘ ;
3

. IDS
(Bias port)

I:’RFout
P
@ (RF output)
(: ——O0—— Load
(RF input) @ ”E ;7'
Load tuner

10 GHz ”; \ with bias circuit
Source tuner

RF signal generator
with bias circuit  Thermal port GaN HEMT

(Bias port)

32 VAL —FRTNLDOYIalb—a A
Fig. 3-2 Source pull and load pull simulation circuit.

X 3-3 LK 341%, TNENY—ATNE—RTLDOYI 2 b— g UFER
Thbd, AIAFv— b EIORENTEA LV E—F L AEDV I 2L —Y a2 E
i L7z, v— R AERIZIE Er & Prrow DR E R L, Y —ATVIIRIEED
A D 72T Preowt DAHDF @A R LT, AI AT ¥ — MOFREA B —4
VAIE 3-3A350Q, K 3-485Q LT\, ERENEEEX, Voo=20V,
Ve =25V & L7, 3-3 DFERMNG, V—ARAOEEA L E—H A Zsto &
LT15+j50 Q&8 AT, HAOEKA L E—F L ZAOBREIZE LTI, Prrout &
Ex BB L EE LT, K 3512, AffA L B —X VA% 2 2RO Prrout ¥t Eff D
BIfR%E 7R3, Preow DEIFIH B I M3 E < 20 Ex b WA A VB — X v A Z T8

EL, HARKOREA L E—F A Ziold19+j28 Q& L7
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= Pgreout CONtours, 0.5 dB step
Zg; points

X 3-3 V—ATINYI alb—arhbEHIIE OSSR
Fig. 3-3 Prrout cONtours obtained from source pull simulation.

E contours, 2% step
= Pgrou CONtours, 0.5 dB step
Z, 1 points

34 B—RTVVIalb—rarhbBHIE & EIIROEER
Fig. 3-4 Prrout and E# contours obtained from load pull simulation.
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50 | | ‘ an
for = 10 GHz «:%%
g =
=30 4
20 =
10
0

30 32 34 36 38 40 42 44 46
Prrout (dBM)

¥ 35 m—R7NyIalb—ra AZBWTAMNA v E—X U AEEZ TGS
RYas WAL WARaR: WAL LE[ER

Fig. 3-5 Load dependency of relationship between Prrout and Es obtained from load pull
simulation.
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36 IZAHIEARIEORH Z BT 27200, RF fEvIal—va v
mHTH D5, AMIEEEEIT 1O LC B THRTIZLEL, Y—RAT L
ER—RINTIalb—2a b ENTIUEE LA L E—X R Zsto & Zio
26D L ITEREWRE LTz, AJMIOFESBEIFEIE Lin & Cin T, HAMIOFES
&I Lout & Cout THERKL S LTS, Lin=0.12nH, Cin=4.1pF, Louw=0.08nH, Cout
=38 pF ThH 5, 3-7 1% Prein E 272358 D Prrout & Ef 278 LT D, Prrout

25 44dBm DIRFIZ Ex 1L 40% & 72> TED, 3-5 D Ziro TD RF KA FITFEL

T,
DC supply J J_DC supply
Bias circuit
Bias circuit
Lou Preout |
e gl i -
outpu
C | -C " Load
(RF input) A | . 71
10GHz J; Cn Output matching circuit
RF signal generator Vnom i ’

Input matching circuit Thermal port GaN HEMT

3-6 A AR %% L2 GaN HEMT RF /XU —7 > 7D RF F#iE
2 L—3 g EEK

Fig. 3-6 RF characteristics simulation circuit of GaN HEMT RF power amplifier with input
and output matching circuits.
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50 | ]
— Prrout —= —
£ 40 N pr i
% / /’,’
3 30 // E //
I TN Vpp =20V
= pad vGG 2.5V |
s 20 A fpe = 10 GHz
i i
10 -
0
10 15 20 25 30 35
Prrin (dBM)

3-7 AL R A7 G L72 GaN HEMT RF /XU —7 70 RF Fthy

a b— g URER

Fig. 3-7 Simulated RF characteristics of GaN HEMT RF power amplifier with input and
output matching circuits.

35. REXTU =7 VT OREIER Y I 2L —Ta v
351 = R_Xe—F 7 vF U REARAU—T FOBME

X 3-1 DI alb—yarpEe O TEERHER Y I 2L —va U&7,
ATHEFFTIERE TIRIEZEM T 5, EBROLERIE 13X — ORI TITRVNR,
BEEOEEEOEFEZEREDLIEAHZ L TRETEX50DT, KRR EE
KTENRTEDEERD, MBI L DB 2572012, fu =10 MHz,
5 MHz, 25 MHz ® 3#EfH & L7z, BAMROM LfiKke LT _Xua—7 17
vRTBHEHEND T EEBELT, Vop ld A SIS L ThR/IME 0V 2
HRAAE 20 V F TIRIEEF L=, G THIREOHIZ, Voo 220 V —EDLE
by Ialb—varli, £/, Re=10GHz THY, Ves=-25V & L7,

3-81%, AJME5% fw =10 MHz TIRIEZEF L 72FF 0D Vrein DIETED —HI T
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%o X 3-8@)IFIEMWEFIED 2 FH» A2~ L, X 3-8(b)i% frRe=10GHz @ RF D
10 A ETIRLTWD, F T vy MESTO AT » 7EEEIL 0.01 ns (7%
FELTWADT, [ 3-8(b) Tl RF D 1 JEAHINT 10 %> F A DEHEZIT> T
Do Z DORERRY 72 EEEAE V(tnxis) 2> & BB P(t) 2 53 D BRI2iE, kox v
77
2
P(ti)‘iZ?l{\%] i=0,1,2, ... (3-15)

NZH 7Y 7 & RE OEBO R/ NAEENOIREDBIETH S,

fpEeAERERE D
I I I L
- S e e v gy gy s e
S A A A
£ lé¢¢l¢g¢téiél¢!¢§¢l¢
= FRIRIRTRIATRIRIRTRY
19 10 19 19 e ie s 14 10 19
TR B AR T T T TR
b > [v] [v] g’ § g’ g’ L] o
-10
0 50 100 150 200 149.5 150.0 150.5
Time (ns) Time (ns)
@) (b)

3-8 Z5F A 10 MHz TIRIEZEH S 7z AJIE 5 DEEEIE
Fig. 3-8 Waveform of Vrrin modulated by amplitude modulation with fy of 10 MHz. (a)
Time = 0to 200 ns. (b) Time = 149.5 to 150.5 ns.

39 IZ RF RNU—T U T OBERHEK Y X = L— 3 UREREZR Lz, Rl
TR T TIEBUL L7z, X 3-9() 1E Vrein D=2 N —7 2R LTEY,
flE t=-0.25Tm DFFO T N1 — 7 IRIEE CTIERE L 72, Vrein (3 t=-05Tw 705
t=0 FTTIFHML, t=0225t=05Tmw F TlIED T2, 3-9(b) 1% Vop Z7s L

TW5, —EBLEORHI20V THY, ZRELORHIIOV 75 20V £ TIEK
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BoRIZZB b5, K 3-9(c) & (d) 11T & Pais 7k LT 5, fv=10 MHz,
5MHz, 25MHz ® 3fEEICH L CRICIEE TH -7,

Rise period of Ve, Fall period of Vg,

e 27 > " fya = 10, 5. 2.5 MHz
g5 | M =1
=5 Veg=—2.5V
£g 1 for = 10 GHz
5 /
[
“ 0
(@)
20 « Constant Vp,
S
[a)]
> 10
/ — T Modulated Vpp
0
(b)
s 20_ - Constant Vpp,
= 10
e j K Modulated Vpp
a° i |
(©)
30
= , /Constant Voo
20 ]
- 10 7 Modulated Vpp
L /
-0.5 -0.25 0 0.25 0.5
t(x Ty)
(d)

X 3-9 EVRFVNELEN —EDHE LEHSNTHDHED RF ANT—=T 7D
ANIMER, BERHIINERE, HAHEN, WEEIOY I 21— a UfER

Fig. 3-9 Simulation results of RF power amplifier with constant and modulated Vpp. (a)
VRrin VS. time. (b) Vop Vvs. time. (C) Prrout VS. time. (d) Pais VS. time.
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# 32T RFNT =7 T OINERMFN IR D581 2% LT, Prrout & Pais D
YHE, BEXOErx £ & D7, ¥ Prrowtld, Voo N—EBEDRFZ 9.1W, ZiH
S A7z Vop DIRFIZ 8TW 725 88W Tho7-, RF/NTU—7 7D Exl, Voo M
—EEEDFZ 28%, EFHELEDEHZ 4% ThH -T2, ZDEgDFEFT o Nn—

T T X T WNENNREN ETOIRD DD EERL TS,

# 32 RFEANU—=T T OV IES), VEEEES), EINROV I 2 b—
voa UFER

Table 3-2 Simulated average Prrout, average Pais and E¢ of RF power amplifier with constant
and modulated Vpp.

Average | Average
Vv fy (MHz Ex (%
bb M ( ) I:)RFout (W) I:)dis (W) i ( )
Constant Vp (20 V) 10 9.07 23.15 28.2
Modulated Vpp 10 8.80 11.24 43.9
(The voltage is changed
from 0 V to 20 V with > 8.76 11.25 438
sinusoidal shape) 2.5 8.72 11.25 43.7

352 BELBODVI=L—Ta R

3-10 1% t=0 DIRLE Ten(0)7) b DIRFEEZAEZ 7R LT 5, 250 Voo (23 T,
fu=10 MHz, 5MHz, 25MHz ® 3 5D fy [E]TO Pais OFEEMED IR 3-2 1R
L7c K IZIERIT/NES VDT, Pais DZEIC K2 BNTHE, Ten DA LRI fu 23
m< 72D LD LTS, Ton DEALED fu KFEMIX 3.3 i Tl 72 iR & —%
15, FNIEXTcHDOE AT VR ERLTWD, Tch®D b A7 U T A%, Vrrin
TN =7 RENNT RO Ten LIBAD T DD Ten DETERK LI, B AT

T AED M IRFEE Ton DL ED fwikFE & 13— L T euy, 3.3 Hiofs R
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D, Ten Db AT U A IFE %~ OE RC WA ORI ERICEEI NS Z &
W53 oTWD, fu=5MHzIZ3 >DX A FOZEFH Vop OHFTIFEEK 3-1D 3 12
BHITW, il fMDENRTcHDE AT U ABERDIZLEEZD,
39D 7T 7, 33HTHWE Po & MICHYS T 2EIZENE 146 &
10 THDHZ ENDIND, LIzh-T, (3-11)&((3-12)H 5, fu=10MHz, 5MHz,
2.5 MHz OIFD Tey D& A7 UV AEIFENZINATK, 52K, 47K EFHETX
%o ZOMEIEX 3-1L IR SN TVNS t=0.25Ty TOMEIZIZIE—EH LTS
3-11 T, BHEEDOHZEIZE—ZED 0.25TM MO T TN D, T4 Pais
NICEENDEPER S DHEETH D, K 3-9(d)D Pus IZHDEITEEE LT
EARP DOHBDEGE Phis1 & 2 {5 E TEDIZHE Pas2 #5525, X 3-9(d)D Pais
DRI TE % FFT(RE 7 — U =484 « Fast Fourier transform) U C & Bk D7
— 2 & UTHEGRS & @R 2 RD D &, Pais1 & Pais 2 lTIRA TR SIS,
Pyis 1 ~11.0[1+1.3cos(2xf,t)] (3-16)
Pyis_» ~11.0[1+1.3cos(2xf, t)+0.34 cos(4xfy, t)] (3-17)
Z DM, Pais 1 & Pais 2 ORFIEIZIER 3-12 D@D TH Y, Pais 21 XX 3-9(d)P Pais
IFHBEL WL EN0N D, Tk Ten D A7 U v 2 EOIFHIFIC
X5 & 3-13 DY 725, Phis 213X 3-11 D Techn D AT U U A HIL LT
WD ZEDGN D Pais O FE TR R BVEREK Y I 2 Lb—3 g &5

i L THID TG D Z ENTE D,

59



HF3®E RFARNU—T U T OEBZER Y I 2L — g

) Rise period of Vigi, Fall period of Vg, .
(K) 5 T — ' -
Constant Vpp
ol fu= 10\E/IHZ |
s \
3L A -
|
F-10f
= Modulated Vp,
"/ RE M
\_/ i fl\/l = 5 MHz )://
J LY =25 MHz;
_20 I \‘T‘__E____u___/ L
-0.5 —0.25 0 0.25 0.5
t(x Ty)
3-10 EIRHINEEN —EDHE L AR SN TWLHED RF AT =7 7N

7 GaN HEMT O F ¥ R /UREZAL
Fig. 3-10 Tcw variation of GaN HEMT in RF power amplifier with constant and modulated

Vbp.
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Fig. 3-11 Tcw hysteresis of GaN HEMT in RF power amplifier with constant and modulated

Vop.
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Fig. 3-12 Simulated and approximated Pgis. (2) Padis_1. (0) Pdis 2.
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Fig. 3-13 Simulated and approximated Tcw hysteresis. (2) Padis_1. () Pdis_2.
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353. AM-FAMEHDY I 2 L—va VR
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AMFHED SV I 2 b—2 3 URERTH D, BINE VRrin D= _"m—7ThH Y, t=
—0.25Tm TO= N —7OIRIFEE TIERL L T2, #ibfhiE 20log()Vrrout]/|VrFin])
TROOLNDLFFFTHY, t=-025Tm IZBITDFMGFTESIELL TS, AM-AM

FEOEATY I ZAEFTH 311D TechDE AT U AT 5,

N
N

. _ _ . Rise period of Vg,
% 1 Rise period of Vg, % 1 \
So S 00— J
= 0.060B | T
é_l (hysteresis) | > —1 0.10dB
£ 2 / E 5 (hysteresis)
— < — -
© ; Fall period of Vg, © o Fall period of Veeiy
-2 0 2 4 6 —2 0 2 4 6
Normalized envelope of Vgg, (dB) Normalized envelope of Vig, (dB)
(a) Constant Vpp; fy=10MHz (b) Modulated Vpp; fy=10MHz
2 . . 2
_ Rise period of Vggi, Rise period of Vg,
g1\ g1\
c
S0 g o !
= s
g1 o008 g1 01408 _
£ steresis £
52 _ V! S 5 - (hysteresis)
Fall period of Vgg, o Fall period of Vg,
-3 ‘ ! ‘ -3 ! ! |
-2 0 2 4 6 -2 0 2 4 6
Normalized envelope of Vi, (dB) Normalized envelope of Vi, (dB)
(c) Modulated Vyp; f,=5MHz (d) Modulated Vpp; fy=2.5MHz
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Fig. 3-14 AM-AM distortion of RF power amplifier with constant and modulated Vpp. (a)
Constant Vpp, fw = 10 MHz. (b) Modulated Vop, fu = 10 MHz. (c) Modulated Vpp, fm = 5
MHz. (d) Modulated Vpp, fm = 2.5 MHz.
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Fig. 3-15 AM-PM distortion of RF power amplifier with constant and modulated Vpp. (a)
Constant Vpp, fw = 10 MHz. (b) Modulated Vpp, fm = 10 MHz. (c) Modulated Vpp, fw =5
MHz. (d) Modulated Vpp, fm = 2.5 MHz.
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Fig. 3-16 Simulation results of power amplifier with constant, rectangular and sinusoidal
Vop. (a) Vrrin VS. time. (b) Vpp vs. time. (¢) Pgis vs. time. (d) Tcn variation.
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Fig. 3-17 AM-AM distortions of power amplifier with constant, rectangular and sinusoidal
Vop. (@) Constant Vpp. (b) Rectangular Vpp. (¢) Sinusoidal Vpp.
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4.2. EBIZHWS GaN HEMT

GaN HEMT & L THRZ® D CH; (4 GHz 7% 8 GHz #5) 25W #%k TG15867-25L
[49]% W=, X a7 —42E LT, 4-1 2Bl %, 3 4-112FE72 RF
PEREZ T,

4-1 C#7 25W #hdOWNHEHEE M GaN HEMT TGI5867-25L 44l

Fig. 4-1 Photograph of C-band 25 W class internal-matched GaN HEMT, TGI5867-25L
[49].

* 4-1 TGI5867-25L O & f LRI L OV MERE
Table 4-1 RF performance specifications and electrical characteristics of TG15867-25L [49].

Characteristics Performance unit conditions
Output power 44.0 min., 44.5 typ. dBm |Vob =24V, Ippse = LTS A,
fre = 5.8510 6.75 GHz,
Power efficiency 44 typ. % |at Pggi, = 35 dBm
Linear gain 12.5 min., 13.5 typ. dB |at Pggi, =20 dBm
Thermal resistance 2.8 typ., 3.2 max. K/W |Channel to case

£ 41 2B DENE Ex 1L, H ¥ FAICREE S WD EFINghE
Nadd 7> DR A W THRE L7,

P
Eg = —RPoul M add (4-1)
IDRFout— I:)RFin

HAEINFE2ELFEIZEDI I 2L —2ary THWEF AL ZLRERILTHD
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RETHENTED,

43. YIab—Ta v

K ALISREH SN TS K DI, IERES%E 5.85GHz 7°5 6.75 GHz & LT
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24V & L7z, VeelZDWTIE, RFEFDBIENED RN LA BEIHE lopse &3 4-1
L LT5A Z8bE 570z, —2.09V I LTz, et FIEIE 3.4 fi Tl ~7- FAE
ERICTH D, AHIESRIEO HEEA v B — % 2 A %, fre=5.85 GHz, 6.3 GHz,
6.75GHz 12Xt L CENZENRO T, ZNHAFEBRTDERZFHF LTz, X 4-2 &
X 4-31%, fre=63GHz IZBITAY—AT )Lt ua— RO I a2l — g Uit
RThHDH, AIAF ¥y — b EITRENTEAVE—F U ARDOHB v a2 b—v 3
YERFEM LT, m— R AAERIZIL Er & Prrow DE R AL, YV — AT LITH]
BADEIE S 72D Prrowt DADFEEMAE TR LT, AIAF v — FORMEA >
B — A AT 42 350Q, K 4-335Q L LTS, X 43 DFERNS, V—
ZMDOBREA v E—=F A Zst0 & LT 043 +j2.1 Q #EAE, HARKA o v—
H U ZADIEEICE L TIE, Prrowt & Ex DBIR BB L7, K 4-412, AffA B
— X AL IR T2 RED Prrou it Ex DBIR A 7R T, Prrout = 44.5 dBm 131 C Ex 2315
KRBHAMA L E—F o AZREL, HAOREOREA B —F X Zinolk 2.95

+j274Q & LT,
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Fig. 4-2 Prrout contours obtained from source pull simulation.
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Fig. 4-3 Prrout and Esr contours obtained from load pull simulation.

50| Voo =24V 7,:5=2.95+[2.74 O
,IDDSGt: 175A - /_/
Veg =—2.00V 7
40§¥263GH2) = ;gg
E’\-a/: 30 % %
ul <
20
~
.
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0

32 34 36 38 40 42 44 46
Preout (dBM)
M 4-4 m—RTNTIalb—ra NIBWTAMNA v E— X U RAEEZ TS
RYasWAL:- WaRal: WAL LR
Fig. 4-4 Load dependency of relationship between Prrout and Es obtained from load pull
simulation.
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AHIPEEEFRRIIX 45 1R o2& & L, YV—ATLEa—R7 Ly
Ral—YarhbENETNRE LAV E—X U R Zsto & ZinolZH D L9 ITE
BakE L, £ 42 ICHOO BREA v BE—& v 2 & A TSR D /3T A
— AT,

=

RF signal generator
(Zo=59Q)

) =

. GaN HEMT

=
J; Coutl J;COUtZ J; (Load

Z, =50 Q)
T Cou)
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N

GaN HEMT

4-5 RF XU—7 7 DAL
Fig. 4-5 Input and output matching circuits of RF power amplifier. (a) Input matching
circuit. (b) Output matching circuit.
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# 42 RFXU—T 7O ANHIFEE IO EEK
Table 4-2 Parameters of input and output matching circuits of RF power amplifier.

Z 1o (fre = 5.85 GHz) 3.73+j3.25Q
Target load impedance Z, 1o (fre = 6.30 GHz) 2.95+)2.74 Q
Z, 1o (fre = 6.75 GHz) 2.36 +j2.95 Q
Lint 0.052 nH
R Cint 60.0 pF
Input matching circuit
Lin2 0.03 nH
Cinz 25.0 pF
Louto 15.22 nH
Couto 0.05 pF
Lout1 0.21 nH
Output matching circuit Cout 0.70 pF
Loutz 0.33nH
Cout2 2.98 pF
Louts 0.71nH
Cout 0.57 pF

3-6 IZ/R L7 RF R R = L— 3 VA O AH AR &2 X 4-5 128
BLT, AHESEIEORGT 2 MR LTz, X 4-6 I frr = 5.85 GHz, 6.3 GHz,
6.75GHz IZB W, Prrin B ZE X T2HAD Prrowt & En 2R LTS, £72, # 441

ZRLH L 72 TGI5867-25 DMEREDE & TR LTz, X 4-6(a) Tid, & DR
Prrout 73 44.0 dBm LLEE 72> TN 5, FT7, 4-6(b)D Ex I, H ¥ 1 VfH 44%
typ.lZk L CEDEBEE D 39%typ fFEETHY, VI ab— 3 NIBITDH Er O
FEIL SWRRETH D Z ENhnD, LR -T, KRimsSUTIER L7z GaN HEMT
DER[RET INVORKENEERIZB T 2R AEITIEZE RO THDL EEX D,
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4-6 AH AR EZZRGT LIZRF AT =T U TORFREY I 2L —va v
Fig. 4-6 Simulated RF characteristics of GaN HEMT RF power amplifier with input and
output matching circuits. (a) Output power. (b) Power efficiency.
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V & LT lopset =053 A IZRXE LTz, AJHEFIE, fw=25MHz, M=1 DIE%E T
IR L Uiz, fre IIMAHEBORENBNSCTWVWI L E2BELT, £ 41 O
HELEJE 4 Cd 5 5.85GHz 75 6.75 GHz £ CTO#HiPHI CTH 543, 5.8 GHz %8 E
L7z K 4TI RF AU =T U7 OBERIEMR Y I 2 L— 3 URERZR LT
%o REERIIZRER Ty TEMEL TV 5, 4-7(a) 1% Vrrin DT 10— F %
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Pais 7R L TN D, Preot DEKRAEIL 16 W TH Y, Pais 15 10 W 705 24 W O T

AL L TW5,
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Fig. 4-7 Simulation results of RF power amplifier. (a) Vrrin Vvs. time. (b) Vop vs. time. (c)
Prrout Vs. time. (d) Pais vs. time.

4-8 13 t=0 COIRENSDIREEZ R LTWD, 4-9 1% VRein D X1
—EINT DRED Ten EPDTHEED TechDZETH Y, TchD & AT U U ADFE

ELTHD, X 4-9005,t=025TuIZBNT TP E AT U T RX[F 28K TH D,
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Fig. 4-8 Tcw variation of GaN HEMT in RF power amplifier.
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Fig. 4-9 Tcw hysteresis of GaN HEMT in RF power amplifier.
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VHERTH D, BN Vren D=L X0 —T7THY, t=-0.25Ty TOT L —F
OIRMFE TEFLL TV D, AM-PM FetEDNARIE, RO T — % Vrrin &
Vrrout % FFT U CEEESEIR DT — X 1288 L, FEARPE ONAEZED b i@ AE %

RKOT-, AM-AM EIZIXb 2T U ZANREN TV, AM-PM EiZlXke 2T
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VI ABRRELTVD, HIHEDOV I 2 b—3a T, ERFMEES —ED
BAICEITS AMPM EDOE 25 U 2 23 3-14(@)ITRT L 912 0.2 ETH-
oo BB EDOE AT U AN 4-100) THRAEL TNDLDIE, [ E—F 0 REE

B DOEND -8 ThHh 5, 41 EH TR X 512, ERIZBWTIZ AM-PM EIZE

H9 %,
4
Ippset = 0.53 A
(Vg =—2.68V)
for = 5.8 GHz
o 2 : i 1 fy=25MHz
= Rise period of Vgg,
S
k=
g o
B=
©
o Fall period of Vg,
_2 L
-2 0 2 4 6
Normalized envelope of Vgg, (dB)
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10 lopee = 0.53 A
(Vgg=—2.68V)
35deg fre = 5.8 GHz
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S /
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&
o
_5 L
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-10 A . .
-2 0 2 4 6
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4-10 RF XU—7 7O AM-AM £ & AM-PM &
Fig. 4-10 AM-AM and AM-PM distortions of RF power amplifier. (a) AM—AM distortion.
(b) AM-PM distortion.
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4.4. BIER
4.4.1. RIEFRDORERL

HZH GaN HEMT @ TGI5867-25L % HIWTC RF NU—7 U ZOREZEIT Do
TGI5867-25L (X/%y 77—V NHERIC GaN HEMT F v 7 & A AR 25 AT
W5, X 4-111Z, TGIS867-25L, MEHT /LI r— A, RF EMCCTRAEL - RF X
U —7 T DEEERT, RF /XU —7 U FI3HIER B TE D X DI RF AW
J1E8% SMA = x 7 & & LTz, RF ZEMIE, TGI5867-25L @ RF AH /151~ & SMA
R T ROl SREA LV E—F A 50 Q O RF 74 &, Vop, Ves ZHEIINT
BT DINA T A THERL S AL TV 5, RF 7 A ¥ RIZITHIE R & B B
ENBRNWEIICEINCDC By N T U EZFAL TN D, N1 7 R[EIT,
RF G533 7 ZRERITHRALVRN K 912 RF JEREE DR D 14 OF S O
T H TV T Har T oY ERE Lk, WANCEMEGHOa T oy %
Bt LT D, £72, Vee RITITLEMHOWFIZEINIHHFAL T\ D, 726 RF
R EORIBEIL, A — =5 OHESEAE 2 S 00 L 72 [49],

. 4 (:
Registor . )
\

Decoupling capacitor
DC blocking capacitor\“ »

Decoupling capacitor
DC blocking capacitor

TGI5867-25L RF output connector

RF input connector
" RF sub¥trate

4-11 WERICHREL 7= RF R =T T DEHE
Fig. 4-11 Photograph of fabricated RF power amplifier for measurement.
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4-12 1 THERD Ty 7 [ THDH, ArmAa—7 0sc.l TiE, RF /XU —
T T ~D RF AJHEE L RF HMESARET 5, MIEMEITHESROBKEE
ATEE LT, AMZERER, Voscin & Vosciont &35, A1 A= —7 0Osc.2
TlE, EETv—7LER T2 —7%HWT, Vop & lop ZHIET 5, HRIEZ L
DEA 22 TLEE Viiming 1 TEELE B H AL TIERK L, Osc.l & 0sc.2 Dl izt s
%, Osc.l & Osc2 TORET —H Z/E LT, RF /ST —7 7 OMEREFEMIC

VB572 Prein, Preout, Efi, AM—AM #il:, AM-PM $ppk7e BI85 #a L7,

Viiming @ -m Current probe ﬂmli
Vop | Voltage probe | '~ O
. v _
ggr?;t;gwaveform - Digital multimeter ~ Oscilloscope
;DC supply
>8GHz Coupler  3dB ATT 1
Coupler
O H>C 3w w L
(-10dB) | _ 20dBATT 0O
Amplitude Pre-amplifier RF power amplifier (-10dB) Spectrum
modulator || (6=449B) |’\N\/ |10dB ATT analyzer
o [
i Voscii Ripnipgnh
RF signal generator OSClin
> O O Vosciout
Oscilloscope

4-12 RFRU—T > 7ORERT 0 v 7
Fig. 4-12 Block diagram of measurement set-up.
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4.42. PIEBREICEET 28
PERZENEC D FERERE LT, MESRORBE, HERIZE > THEL DR/
R, [ U E—F ARSI K DBIBNAE~ DR E BT, MR EE R D,
BANCHERORE Th 5, RF XU —7 7O AN HBEEOHEN Vosciin &
Vosciout I%, AM-AM ¢ & AM-PM Bt OB HIZHW B L DT, @WIIERE
INEETH D, Osc.l DERBEXMREZR 4-3 (IRT, BEREITME S HiEwho sy
fEREIZ 8 By FTH D, AMPM 22 2 L—3 3 VOFERDD, Prein D KED
5 6dB T23 572 Prein £ CEBIE L7V, BERIEMICHE T2 &, K Prrn D
BEA 1L LIESE, 6 dBIKT Pran DHIEMEITRAEZZD T 05 £ 28 Th 5,
Tebb, ERMIZEE L TiX=0.07dB OENBAET S, £z, Rl oy v
AL 15ps THhodH, 58 GHz DJEHNZX LT 0.9% Th VD AiAHZEE3.2 FEIZHEY T
b, LIEW-oTC, fREENAHORPEIZBE L CiX RF @ 1 3720 ORIE 4 -
TRDD EFRENKEL D, K E LT, EEENPOENEEMHELZERT S
BUCHWDH(R-15)D N flEx K& 528, Efrctsgl 457 —% 0%
ZFRENCKR L TR LTRAEZRE T 52 L1107 5,

# 43 RF NXU—T U 7OAMNMEEZNET H A4 RAa—7DFERERN
PRE

Table 4-3 Main electrical features of oscilloscope for measuring Vosciin and Vosciout.

Characteristics Performance
Bandwidth 8GHz
Sampling rate 20GS /s

Four input channels

Input channel (each with 8-bit resolution)

Trigger jitter as low as 1.5 ps
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WATTERIC X AAABRIERR 21T, RF XU —7 2R+ 5 RF EROE &
WZEDbDe, MESRE DRSS T—TNVREIIZEDBDNREZ LD, RF RO
RIFALNEDET fre @ 1 EREROT, AHTIORF#ZEITK 02 ns Th
%o WERRE DR —TNESIZOWTIIKRO X IZER/ L, RF XU —7
TOANIMBEHIERE, By TTTAL LY TA VDLV LR, Fr—7
NEBLTOCLICANTD, ho 7T r—TLVORIHIEET 5720, RF /X
V=7 7L CERZER L CAHEZNELZEZS, 06ns DENED
oo =T NOWEREMFE 10%ET 5L 6GHZ #Tld 13em & 720, fEH L
=T NDOREISOEE L TIERYEEZ D, LER->T, JIERICE DAAHRE
FRFEIX08ns TH D,

RRIZ, A =2 2 ZBREIRBOJABEUKAFNED R E WRFONAHLT) 275 2
D, IO A v =& 0 ABGITH BB IINRICRE S EETHOTAR
HEEWIIINZ 5 LD ICRIEHG 2T 228, BEERROMT T3/ v v—F v
ADFALRRE D, ASANTEEAIRE L 0 & IRHEE 2 B L CReHT 25408
%<, AR EETREGPREVNGENRH D, RF/NT —7 7 OEEAH O
AT, A OEESIRENE Y KRB ED D Z LI KV AT D, EAIR
RENEDLHEEIE, 418 Tih~72 X 912 GaN HEMT O FE LI E 2L AN F IR
BA L, BB OECDBERND D, Z0 2 OOHERN, AIES D IRIELEH S
TR DNARZEAIZH L TED X D IZHN D 2NFTIRD K S I TE %, AJJRF
& B RIEZAH SN TV LRFONMIRET 25 2 5, [ 4-13(a)lTIRIEZE 2 7 = —
PFRLIZHDTH V[50], FHNC VrRe D= N —7 R Tns, THET
&, HRIE Ao, JEBE fre D RFAZ 75 Vre 28, ZSFRJENRER fv, ZSFHEE M CHRIRZS T

SV, FIHIAEAEZE 0o & LT,
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Ve = Ag[L+ M cos(2zfy, t + ¢y )]cos(2zfget), 0<M <1 (4-2)
Thbh, FEBEERRS THT 5 &,
Ver = A, cos(2af o t)

(4-3)

+

A M
°2 {cos[2z(frp + fiy Jt+ 0 |+ cos[2a(frr — fyy )t — 00 |}

L,

BENRE L, JEEEIC X 2 @B AZT AR & VIR, BRI X 2 s
R 2 L JE BT Sek U TRV B IRER T g1, WO B RER THor &5,
4-13(0)i%, ZOREEZRLIZKTH S, TRNZHID N VRe D= _Na—7 % B
L&, g DN TR 72 2 Z L D3 DD,
F72, BIEREEOBLDNFIEE) ¢, DJRROEANL, X 4-13)IIRT X H I
PEP 2R IRMEZT O 1 AT 005 g DETELLTEZO0ITRED, Lo
T, REAIZL DAL Z S ATV re 1Tk L 72 5,

Ve = Ag cos[2zfprt + 0, (t)]

Y

+ cos[27(fae + fyy )+ 0o + 0y + 0, (t)] (4-4)

+ 208 cosl2nlfy — i)t~ 00— 0, +0,(0)]
R o s
ViRe=Ao[1+M cos(2af, t+o,+9, )] cos[2af;, 10, (D] (4-5)
Th D,
L7IeDio T, A =2 0 ZREGREO BRI RE WERRE, RE[FEZOT
R — T REROMNAHE AT RS 2 & T, BE L REIC X DFEELE
EENCH 2 DB HHTE D,
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2nfyt
J— N
UpperAsideband/(s,,‘ 2efut+ o
0 |Carrier _ / \*,_ Combined phasor
— > :\.f r
Lower S|de??nd ‘‘‘‘‘‘ I o)
Ay | 2fut Amplitude
—/
Ao(lfM)/— Ay(1+M)
\_\
e
| Envelope of Vge
\\ Time
a
(@) [50]
""""" “,‘\// 2nfyt+oete,
—(2nfyttegte,)
Amplitude
N e ’ Ay(1+M)

Envelope of Vge

One cycle of
amplitude modulation

4 4-13 IRIEEFO T = —HFER
Fig. 4-13 Phasor of amplitude modulation. (a) Without nonlinearity of reflection
coefficients [50]. (b) With frequency dependency of reflection coefficients. (c) With
temperature and voltage dependency.
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4.5. ET — & OfFNT I

451. DC A7

Voo =20V, fre=5.8GHz, fu=25MHz, F¥JASIE ST Pinave = 24dBm DR
ET—2 & UTHT 5iEZ 3T %, Vee I3, Ippse 25 4.3 Hfi DBV KA >
Ralb—varEFU 053A b k512, B0V ICRELL, FHAE
PiNave = 24dBm DIRFIZ Preout D FKAEIL 5.5 W (=37.4dBm) & 72 V), 43 HiDEER
Y X 2 b—3 g ERBRICEME 68 dB Oy 7 A7 B AR LT
%, frRe=5.8 GHz I%, 4.3 HiOBEX LY 2 2 L— 3 VTl L 51T, £ 441
OHEREE B ETH 5 5.85 GHz 75 6.75 GHz £ CTO#HINTH D13, (AHEE)D
WENHNCT W L 2EE L GRE L, K 4-14 1% Osc.2 ORIEBEE TH Y,

|DD, VDD, thmmg ffT Lfl/\é :H&[l]uﬂ""pﬂ 10 { ﬁ?ﬁ#ﬁﬂiéh“(b‘éo

5 V/di Vop =20V
Voo $ I Ippset = 0.53 A
~lop $ O T T U, - = 5.8 GHz
| - W, =25MHz

Viiming (0.4 us/div)

Osc.2

¥ 4-14 FivmAa—70sc2 #HWTHELZ LA VEBEE RLA VER
Fig. 4-14 Measured Vpp and Ipp using Osc.2.

HIE U7~ lop, Voo DI AT+ %, Osc.2 DF —& ZH 0 AL, [X 4-15 |2 F
77 7k Uiz, BN ATIES ERRE, SFRBRIIANEINRVETSH D, Vop &

87



F4FE RFRXU—To70Ov 27 > 28O RIE

lop DU, ATJEIJEINEE & BUDFF TR > TN D Z DR TE 5, IRIE
D 10 Wy DT—2 D5 LRl AZE N 9 Wy DT —Z L TERRHD
N 4-16 Th D, RIEZEHRHOANTIEIIRKFENERE 0 TH Y, Al SR TIRIE
ZERE A OHA7ZHY L 200ns Té D, Vop & lop & H1Z, —100ns 7> 5+100ns F
TIXASIE IR & WD RHTE R > TWDH D, OFRFH OSMAI Tl e i
T2, Voo ZMAGT DA T ATGA DY DA U BT Z AL T v /R F
ADRENBNTNDLEEDEE R D, LIn>T, AM-AM Kk & AM-PM F#:

IZ, —100ns 7>5+100 ns TEHET %, 24U, Prein 23 20.7 dBm DL EIZ%HST 5,

Rise period of Vg, Fall period of Vg, Rise period of Vgg,  Fall period of Vg,
204 1.00 \ /
2200 <
8 8075
19.8

196 d v

0 1.0 2.0 30 40 290 1.0 2.0 30 40
t (us) t(ps)
(a) (b)

4-15 KL A VEEE RLA EROWPIER T
Fig. 4-15 Measurement data. (a) Vop Vs time. (b) Ipp vs time.
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20.4
Vpp =20V
—100 ns to ... =053A
DDset '
20.2 +100 ns (Vgg=—3.0V)
. frp =5.8 GHz
2 20.0 fy = 2.5 MHz
a
>
19.8
Fall period of Vg,
19.6/  Rise period of Vggi,
194 .
05 —0.25 0 Rise period of Vg,
0.5 0.25 0 Fall period of Vg,
t(X Ty)
(a)
1.1
—100 ns to Vop =20V
10 +100 s lppset = 0-53 A
Rise period of Vg, - (Veg=—3.0V)
0. . for = 5.8 GHz
< 0.9 Fall period of Vg, f'F;F: 25 MHyz
£ 08}
0.7}
0.6
~0.5 —0.25 0 Rise period of Vg,
0.5 0.25 0 Fall period of Vgg,
t(X Ty)
(b)

4-16 KL A VEEE FLA CBIORIEA T 1 75 OWgr
Fig. 4-16 Variation of measured Vpp and Ipp in a cycle of amplitude modulation. (a) Voo
vs. time. (b) lpp vs. time.
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4.5.2. RF

451 TH L [FERIZ, Vop=20V, Vee=-3.0V, frr=5.8GHz, fu=2.5MHz, Pinae
=24dBm OREORPET — & %l & LT RF FtEOMNT HiEE AT 5, X 4-17 1%
Osc.2 OHFIEMHE TH Y, Vrein, VRrout, Viiming 2 718 L TN D, RIBZFH 5 3175 3 HIE

INTWAH,

Vpp =20V
IDDset =0.53A
(Ve =—3.0V)
for = 5.8 GHZ

el f, = 2.5 MHz

(0,2ps/div)
VOSClout

(0.2V/div)

e »v‘\",c*ﬁ A

,‘)" v ) )

\ A,
LS | e

| \/ ,- :
Ao’ timingua

Osc.1
4-17 FmAza—7 0sc.l ZHAWTHIE L7~ RF A IEE

Fig. 4-17 Measured Vgrin and Vrrout using Osc.1.

HIZE L7= VrFin, VRrout Z fENTI 5, 4-17 \TR LAY a1 OF—H ZH0 A
Fr, BETZ 7 LT=b 0N 4-18 Th D, BMNATIE) ERE, FRBRIZAT
B CTH D,
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0.4
Rise period of Vg,  Fall period of Vg, Rise period of Vgg,,  Fall period of Vg,

1.0 : 2 & < &

N\ 02t & ¥ EE 2

== == == =

>o >8 g S — | —" m":é-
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10 . 3 e =
: . : -04
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4-18 RF AHJEEDRIERER
Fig. 4-18 Measurement data. (a) Vrrin VS time. (b) Vrrout VS time.

A FEJEAE Vrrin, VRrow 2 BB/ EICHAE T 5, (3-15)ICHBWVTN=100 & L, 7—
Z % 5ns & 9%, ZAULRF D 29 W DICHIY T 5, IRIEAHRO 4 35y
DT —HZ DD LIl ZE N 3 DT —XE L TERRDDONK 419 Th
%o HEEhIE RDT -y 7T RPN L DB EBIEF A DEIETH D,
PRIGZSTH DO NS FEI 1 RIGF 3 RE[E] 0 Tdo V), Al AR | JHRNE 2550 J5 491 D - 73 LT
B L 200ns Th D, 728, d42HTHMA LA U E—F U ABEDZELEZ D
NAREEH = X —7OMHE#H L LT, BERETns # AN TERLE, A
1175871, WI1ETIE HITHMEE & AR TRFIE & oo T D, LI, Kia
TN TIE LB 2DV TEBIEEZ SRR &5,
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4-19 RF AJjES & RF HE ) OIRIEZSTE 1 JE 8155 O
Fig. 4-19 Variation of measured Prrin and Prrout in @ cycle of amplitude modulation. (a)
Prrin Vs. time. (b) Prrout Vs. time.
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4-19 @ Prein & Prrout DL DAIF AR L, X 4-20 (2R L7, Vop & lop D
BEEDNS & 5573 U b8 7--100 ns 7> 5+100 ns ZFEFE TP > TW\W5, T L7
D, FOFEOIMAITIZATIHEMEE & AT REDZERKE L, TDFFITDONT
(TEEFHDA DL CTnd, 51T, K 4-20 DA A BN L LT, K 4-21
IZ AM-AM F#tEZ 7R L7z, Vbs & lps DFFED G & 57> CedHik 7= 20.7 dBm LA L
AT - TS, 05 dBFED E AT U AN SN DA, FRipsh o8

EDORBINTER, YI2b—a rTPHILEZEY, AM-FAM B X5 U 2R

FBIL TV e SR 5,
Rise period of Vg, Vpp =20V
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4-20  IRMEZS 1 A5y ORIASZE B I E fE
Fig. 4-20 Variation of measured gain in a cycle of amplitude modulation.
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_ | Vpp =20V
14 Rise period of Vg, lppset = 0.53 A
(Vg =—-3.0V)
12 . |, . | fre = 5.8 GHz
= Tt e e hivied | W25 MHZ
e 10 /
-S Fall period of Vggi,
8 L
6t =—100 ns to +100 ns
20 21 22 23 24 25 26 27

Prrin (dBM)

4-21 AM-AM FEPEDORIENE
Fig. 4-21 Measured AM—AM characteristic.

4-18 (2R L7z R fEIk DT — % Vrein & Vreout 2 FFT L CJEBEESEIR DT —
SNTEHL, FEAREDONARZED SR Z KO H, FFT IZERL TOT — 251
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72 Vopb & lop DFFHENS & 52> LR ©72-100 ns 7> 5+100 ns % f5i4 THH - Tu
D, I, KX 4-22 ORI A A1ES L LT, K 4-23 12 AM-PM FEPEZR LT,
Vps & lps DEHENS B 503 ik 7= 20.7 dBm LLEZ T - T\ 5, fkf

O TITEEAHDOE 27 U ARFAEL, TORKNEZIETH D,
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2r . Vpp =20V
ol .. | lope=0.53A
a ."o: l. .. ...o .s (VGG:_3OV)
g b0 L Ne:| fre=5.8GHz
= ' L eee TV e e £y, =2.5MHz
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—0.5 —0.25 0 Rise period of Vgg,
0.5 0.25 0 Fall period of Vg,
t(x Ty

4-22  PRMEZEA 1 JA 53 ONARZE B E fE
Fig. 4-22 Variation of measured transmission phase in a cycle of amplitude modulation.
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4-23 AM-PM Fiit oI EE
Fig. 4-23 Measured AM—PM characteristic.
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4.6. EBRHER
4.6.1. NSTIEHOEKENHE

Vob=20V, Ves=-3.0V, frRr=5.8GHz, fu=2.5MHz

’ BIOY PiNave = 19 dBm,

22dBm, 24dBm & L CHIEZ1To72, X 4-24 L [X] 4-251Z, =i £, AM-AM
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Fig. 4-24 Measured AM—AM characteristics. (a) Pinave = 19 dBm. (b) Pinave = 22 dBm. (C)

PINave =24 dBm.
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Fig. 4-25 Measured AM—P M characteristics.
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