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Abstract

Abstract

The solid-state RF power amplifier will gradually replace the magnetron used
in industry, science, medical and white household appliances because of its small
size, light weight, long life and strong energy control. At present, there are two
mainstream solid-state RF energy sources in the industry, LDMOS and GaN HEMT.
In contrast, the solid-state RF energy power amplifier designed based on GaN
HEMT has more advantages in power density, heat dissipation capacity, efficiency
and broadband characteristics, and is the most promising RF energy power amplifier
in the future. However, there are few researches on the RF energy power amplifier
based on GaN design in China. In order to realize the self-control of domestic
devices, a 2.45GHz GaN RF energy power amplifier is designed in this paper by
using the GaN HEMT device produced in China. The research work is as follows:

Firstly, the basic theories involved in the design of power amplifier are
summarized. The main performance indexes, working types and impedance
matching theory in the design of power amplifier are introduced. Through the
analysis, class AB is selected as the working type of the power amplifier, and in the
process of the impedance matching design of the power amplifier, the input
conjugate matching and the output load impedance matching are adopted.

Secondly, the design method of power amplifier based on S-parameter test data
and DC test data is studied, including the selection of device technology and size,
the second harmonic of input control, package design and input-output impedance
matching debugging.

At last, the design method of power amplifier based on S parameter test data
and DC test data was used, and the GaN device of 12mm 0.45um process is selected
to achieve the power amplifier design. Through the impedance matching design of
the input and output of the power amplifier is carried out by the microstrip line on

the PCB evaluation board to complete power amplifier design with output power
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(pout) > 100W, drain efficiency(n) > 72%, saturation gain (gain) > 14dB and input

voltage standing wave ratio(VSWR) < 2 in the frequency range of 2.4-2.5GHz.

Key words: GaN HEMT, RF Energy, Impedance Matching, Microstrip, Smith Chart
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SHae EAE EAME D s Bl TARIMIA TG - Wi A 28 R - B R ILMAR A
LR EINATT I, X Tk RREEMEEST (IS SF4UR A F BT R .
R TE (S BRI R AR R B A, SRR BRI RN BB (E i
IR, EEAE R AL B R B RO E, RIMRBARHEIT R Ak TR,
WEIF AR, B, FET A KENREN, 29 JLHEMRE, SRR
ZRATEIY. BlEEMEr (ISM) BURk AR A, S megEsE—&
Rz E R, XEEAR T RHIES R BB LER T 2 ZRPTHE,
FEE Si EMFY BT ZHRH GaN 7 B4 T ZHRBIRR, Bz B X E R ThE
RSB CERAE TIRMSE, HRESHRBRREERR. Fa. MENGEE
EHTHANARFHm RN . FEE B SH R E R BORSE A — P AR,
THER A — 25 BRAR, Bhiz B R IR ) TSMORN B 6 SR BRI I T 4

1.1 GaN SHSRREE TP AFAIMNEE
BRI R AR B RS R E . 2 BENEBRTTA,
BHEARRB T M N—PHER, FIECEKE T =R¥IEHE . BTN
REME K DERFESHR 1.1 frRbien,
® L1 EEAMRNYIERNTSHE

Table 1.1 Comparison table of physical properties of semiconductor materials

2 SRR Si GaAs InP SiC GaN
2 % E Eg(eV) 1.12 1.43  1.35 3.26 3.39
HFRAMESEE 1.0 1.0 2.3 2.0 2.5
Vsat(10°m/s)

g mE (MV/iem) 0.3 0.4 0.5 3.0 3.3
BT IR 2 (cm/s) 1350 8500 5400 700 2000

#FHER K(W/emK) 1.3 0.54 0.7 4.5 1.3
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MERPIUFEH, Si MR BERKERBIR., EF=BARRH, R
TR AR 3% ) LDMOS 284F A s i 5 R A BUE A, {18 LDMOS #5447
FeBAISAE —E N E. {8 LDMOS 284125 GaN ZEF MM A E X
MIZERE, 7ESTIUSIAEGTE, GaN A ILKMS:

1) ERFELR: HFBRERESE CaN BB ER R REBE T LE,
FERERERHARMEMT, GaN AT Ll HE @I,

2) THEMER: GaN M FHRMEREER, EMERNIZHEART, GaN
MBI, R SRR ER.

3) ATEEMELF: GaN ATLASMIELE SiC b, FIF SiC RIEFHIBFAGESIXT GaN
TR, 78 GaN B LA B MM TIESEIR, B GaN K2R 5 B R K bi4E
STEE 158

4) AR GaN m TR AT LR E R AT 58, SEI B W THETAOK
it

5) ¥EE: GaN (A F B EARE, @ EEIES, v RIS Em

F ik, GaN 2544tk LDMOS B inFRAE () B SMTh 2 234 . 56 BRI ARSI T
GaN 254 T2 s K AR, 18 GaN M RRA PO K, XA GaN 4t
AL E TR BRI MM HEE 7 &a— RS,

>

1.2 ElRSMSTHRThER AR T ZMigit e & RIVIK
1.2.1 LDMOS #1 GaN T 2% BRIk

ST AL B EA SR =4 LDMOS AN GaN Pifh, Hrr LDMOS K EBLLE R, #
1969 4, LDMOS Z5¥3# Y. Taury 3R HSRAE; £ 1979 £F, J. A. Appels X LDMOS
ZEFIHEAT T BGHE); 1999 4, Ericsson A= CHIE (Philips) ARIAA4%
e T BT SR LDMOS 28 AR 535 E A LDMOS k3L T Tiizf. E A AJ LDMOS B
F R E SN, T HEZBIHE T 2R, SHREERR, RAFE 13 Fr
55 T BRI F T AT EY FRmP 5T, £ 2003 9 13 Jrifthl it 7 E AN
K LDMOS #5345
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ST ARAE B DI HOR BRI 53 — P YRR 4 GaN, B THRARMEEECR, B4 GaN
MR LT, ERBTHIRIBR FAR R AR A TR ed . H 3 1993 47,
Khan!'9%7E 3 5 41 R B SE3 GaN R R 454544, A IR 7 % GaN Dh 8344 52
. 1996 4F, Y.F. WulBRI ¥ =A EAMER ALGaN/GaN 59T T 5K T)
FEEFHIE. 1997 4F, S.C.Binaril'Z4 4 NSEIL T 4 SiC EAbsEA KT
AlGaN/GaN HEMT £5%). EPARM 2000 FEFFIEEEE A ESME AlGaN/GaN f 7
P13, S5EAETZ ERP RN EZEAZRK.

X LDMOS 1 GaN (1% R A 1R] 35 S AT LA i, [E 7E LDMOS KB & 5 E 4k
BEBRKWER, ANRATH/LVEHESNS S, RESWRAMEZEN LDMOS 7
%, LDMOS MIHf K &R EFR I H, flETZ5EMEE—EMNER. M GaN
BT R RFESMIZEAKR, H GaN RAART Si WIZ, EHETZHK
SERE EEASMEAARRE . AT, ERETR 5. 1357, ZZERBRER
ATIFEETEEAE N GaN HEMT S8 T2 k. N GaN BB TEM A LS
SMZERRIR N . I _ETEA4RHI GaN A0 LDMOS B T Z BRI LLE B, KA GaN %
THE AR ThEE R ER, AT LA At SN T2 BR
12.2 GaN BEISHEMKRF[EITTEZRIVK

2014 5F, BREREEVIE NETE TSR A A ILEL SR FUK4S, 7E 2. 7~3. 56Hz
S PR THER KT 47dB, ZHEKIIMBE KT 70%.

2015 4, B FP15% ABT Cree A F]AY CGH40010 #8445ttt T 0. 03~2. 6GHz
IR R Th R BCK 3%, FEMIR FBJE Ve=-2. 62V, Vd=28V MIREMET, Al
HIHRATF 39. 1dBm, WE KT 28%.

2016 4F, Takaaki Yoshiokal!M& Nttt T —3K 2. 4~3. 6GHz BT @)%
BOKEE, kPRS2 K ThE 2 200W, THERBHNALE N 54. 4%.

2017 £E, K. Ohl'M&E \¥rit T —3K 2. 8~3. 3GHz MIThERMUK 2%, 7F 32V fmE
BRI T, W S KT 120W, MFIIE RS KT 9. 8dB, ThERMM
MEKRT 57. 8%, FI4E, AL NI T —3K 3~3. 56Hz TR TR B H,
36V ImBBET, BHThFE KT 320W, R KT 14dB, BE KT 62%.

2018 4E, Sk I A\ T 3K 3. 1~3. 4GHz {9 PO ICIE 0 2 0 3 T oK 28
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76 48V R E B ERB IR T, MHR IR AT 48. 30, W25 AT 10dB, WA
ZAT 63.8%. [E4E, F.Li M S. Zhong it T —3k 2. 6~3. 7GHz HITEH =T
HRIPKES, 7E 32V mE A EF KA, MHIhEKT 1200, BHAERT
62%.

2020 4, &hit BN A&t T —3K 1. 2~1. 4GHz BB BRI R K Ss, 78
I 48V MRELABKIRIUR R, 0303 400N, B35KF 1508, ThEEHMn
MFIEF] 81. 3%,

ET GaN S MThEBCRE MR IHEE NAMIEBTR, EREABIRMKN
e BT b, EAMRT I A . BUERIIAE, ERER KRBT
2. 4~2. 56GHz MR A ST MEE E 480, MESMER A M &SNP R L
C2H T i e/ f.3 1. 2 & RFHIC F1 NXP A J W R B HIITE 2. 4~2. 5GHz
Y] GaN 5T 451 88 8 T R 2512212,

% 12 EYb GaN SHMAL BB RS

Table 1.2 Foreign GaN RF energy devices and performance

Ry Fmin Fmax Pout Vds X & n Gp
(MHz) (MHzy W) (V) (%) (dB)

RYP24200-20S 2400 2500 200 50 68 28
RCP25400-20L 2400 2500 400 50 63 13.8
MRF24G300HS 2400 2500 300 48 70 14.9

1.3 RFEMRPENFMEEAS

KX AMSHRE R ERRBETEAT L. B%. BEFMAREKH
S, EEAAABEEERT TR AE. MEIFAR. BN,
Bl E N AEK BN KRR LA TEFSENMLE, ERMFEZAS
EELRKE S WAHOA, AR RN MEENTERMIEE, X4EHE
SRR ERM T AR TR, GaN hEBRBMIFHRBFEERNT
KT ERHHRAEIR, J9 T FRINE A E 2. 4~2. 56Hz HHARAE B ThE BORAR &1l
EMEE, R AR A K BN R E TR BRSRERK. ARICKA
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N\ H o de A A BE UL S 7 20 i R A RO PEBTILAC TR Smith & EIF0@E H
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RRFZRHMERALRS, BRRGEHERER, BARARRTEXR
Mveit 7k, PAMSRIA BB BT anfrr R B DO IR A S A e DA K an e 15 8
HETRRABRH TAERE, AR RSO B &I R HRK
RES S A BB AT R AR 2 BN & Fh TAER R SR AT N 4

1 ZimOMZg

NTHFAERE. TIRSFHARRER BERE, Guillemin M Feldkellerz
PR T MR, MERRIRHERESTERBBR RSN, BAFERE
PR B SR P 1 R B P AR T S 0, 3 FH I A AR U A R R i RS 1%
PR A1 SRR, T PO S AR B e N it SRR TR SE L B R G
LRFERIAE . RAXFEZOTE BT T 5005 20 sl RS BN B
P, BESWEANRRRZNTIEE, BRRMBELN Maxwell HFRHAR,

B 2.1 22—/ i FAREY

aq bZ
O 2 >0
ZiROmE
o= -ilf
b;

2.1 ZiOmg
Figure 2.1 Two-port network
i 1A o A1 6 ER 2R R R A O D S BUE R T IR K, FHKNS
HOERERMET (2) - 89 (V) . RE (B FIEES (S) %5, Hd 234
Y SHAHSHIEEN R ESEEMER, S5ERE LN, T
RIESEMM LML, BFESHIER. TS SHEMT LRGSR
EwAR, WA URRAEA RN, RAESHIEM . HIES ATt
WM&, RUBMARERE, ESANERE LEXWL, A LBEEN, AT
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SRR E SR ST WA E, A S FEREIR i DR 4.
S ZHIFEREIT

(2-1)

bi=Sll*ai+S12*az
b2=8S21*a1+S522* a2

ERBEA S SHER ST

S11= 2

alv
$12= 2o

Zl (2-2)
521 ="2}az0

ai

S22 = E!al:O
ai

o, S11 #0521 43 5 FRos 2 s UL S S BT » i A\ 11 ) s 2R 20R1
iR OB IE AR RS, S22 A S12 43 AR A A\ ILEC A,
i 1A R R BOR i O MU B R AR R S S SHIRICRAN R & 2K
B (VNAY o B MIARAS 54N T TIOR8 400 i A0 Hi 3w Y S
SHT LLR B Th R BRSNS STIE R S8, SCIURS ThE TR AT S BE RO TP«

2.2 NEBAFRIERSEIERT

hRMORRST Mt E ERABT H E F Mt S Hiaink &, BR
HEBRRABEARSHAOMER L. HEAFEURENZ AHEEAHIL5K
RN R BRRE TR EE. FTEBNIRBRBEASHIR TN A
22.1 BHBIhE (Pout)

thThE B T TE4F R ARE SN TE % om0 GBS 2 50 Q) I,
HE ESRERNIIR, HAalAAH EWBENBRER, XERWT:

Poul( ) = 0.5 % Re(Vou* Lous") (2-3)

MERFETLAEE, REAR EWHHIRREEDRERERNTTERZE
398 KA 3 %) B P R B o R T S R 32 B AE S A BRI S5 A RO BR 1
RSN T EER I RREN . BT A R RZIRMALE



%2 F IRBRB BT ERMIE R

VRN, B IhROBNIEERK, LANAETRE, FREEZRS. NT
FER— MR R R R TIRENZR, BHEMEH B AR IhZF RN .
E (W) M (W) 52401 (dBm) MFEHRKXRLT:

P(mW) ~

P(dBm) =10+ log( on W)) (2-4)
10 % lao( LH) _

P(dBm) =10 lqg(l(mW))+30 (2-5)

FESIEREE N, BT aEEFES RN RESR DRI 5

SMHARLMERE . ThERBPORSFRARTE, L TR EmE 2.2 Fin, A

HES Vin i, #HTIEH SEE SRR, FR8hZRIBORER A% 5
= Vout PFAXEHHRAMER T E, EFFFHMRIER S E

B 2.2 ZhE AR B

Figure 2.2 The working diagram of the power amplifier
BEMAES Vin=Acos (o t) it Vout A2
Vout=K,+0. 5*K,A*
+(k,A+0. 75%K,A”) cos (w t)
+0. 5%K,A’cos (Bwt) +0. 25%K,A’cos Bwt) +. . . . .. (2-6)
Eir, K0, 54KA RRREHIRATE, (kA+H0. 7T5+KA°) cos (wt) FRRFEE 57
B, GkA+0. To+KA SRR, K,—RER TR -5 KFSHRMEE. X
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Figure 2.3 The relationship curve of power amplifier input and output
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Figure 2.5 The output spectrum when two-tone input
MIFEERTUE L, ZHHE 20 -0,/ 20,0, SEFHZ0] Hw?
IRBEE, AR PRI AR IR 5 BUAE A, XA BRMRK, (E
WINZE RS, TP3 5 N TR IE KA SISl B HH T (038 K 2
L, WE 2.6 fs

OIP3

/ 1IP3  pin
2.6 ThEEBKER IP3 ~ERE

Figure 2.6 Schematic diagram of power amplifier IP3

13



2.45GHz GaN S8 Th RO

2) AME{EETNHLE (ACPR)

SR EEELA TEHRESEHRNE, ARG Y Sus T H S EE R
FHAFM, LT A T RIE % E S R LA — e R EE
R ThREEE . B2.7 RBEESFEERREE

1 i P | I |
5 CoBw | L BW W |
| L L |
g E b 1 |
1 | l |
1 o | |
| Pl | | |
| [/l 1 | |
| P/ | | l
! |/ | | |
I | |
I N N N W R N B N
oo |1 £ | | 0 | Freg

B 2.7 SEESEFEDEREA
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Figure 2.9 The waveform transformation diagram of class A power amplifier
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Figure 2.10 The waveform transformation diagram of class B power amplifier
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Figure 2.11 The waveform transformation diagram of class AB power amplifier
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Figure 4.25 Optimal efficiency impedance matching flowchart
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Figure 4.26 Physical picture of power amplifier
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Figure 4.27 Power amplifier large signal test results
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Figure 4.28 Input impedance matching layout
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Figure 4.29 Output impedance matching layout
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Figure 4.30 Input terminal layout and pre-matching test circuit diagram
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Figure 4.31 S11 curve of the joint test of input layout and prematch

52



% 4F GaN FIRTHEBMAKZE R

MATELEE RAT B, 5\ 9 PE 5 T G Y8 R0 TG T 77 3 9 B A
FOSEME 4. 21 0 —ERIRE, XMRERSRIE ] 2 S5 R KR EiE
. HTREREDN, 2R

o BB P ULAT layout I0AE, F BB HEFIRRIE, RIE (3-12)
B A K DY SRE () B AEPELT Ropt=12. 5 Q o SAEFLHT Ropt & B4 HHK
ThER I (K4 BB RH, 5 FE Bl Cds e & AE S HINR M, 5 EM TR/ layout,
Wi S SHRE A ¥ P BT Cds M)A — 1k #h 28 B /& 4. 32 FT7R X4 T 12mm
SL{4, Cds=4. 68pF, fE-& 4Lk e/ 140. 1pl, #3585 10 % A2 A L2 43 1l
J& L=40pH 1 C=4. 2pF, MK R B WA 4. 33 fin, HIER S SEFERKR LS

#, 153 PCB R NP0 R 4. 34 Fin.
mbB

2400GH
Cds meal_pF=0.385
Cds_mea? pF=039

freoF2500GH:
Cds meal pF=0355

L —— | [Co meaZ pF=036

0.%_ T T T rTTT LI A L LA
05 lO 15 2.0 25 30 35 40

freq GHz
4.32 H—{LIRIRRE Cds
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Figure 4.33 PCB S-parameter test circuit diagram of output terminal
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Figure 4.34 Output impedance test result of PCB
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