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Design of Broadband High-efficiency Power Amplifiers Based on Series
Continuous Modes

Qirong Li. Songbai He. Zhijiang DaifAWeimin Shi
BFREKRE, B

AKX At T —HHH GG FRALHFGROFRA BAGESLBA FR G -, FRETH
Z AR T EFNFERKXE, R T —AF 8 o SR A CF BTG GG F AG 542, 40
ST E SR BIK, KXIEh 4975 217 T AW TR, THURAEL A
GIR AN, T He ik — IR, FH KT ATIL 16 % A h— A G R AT FHA B
SF R 25 RGEY] T B i 7 690 FAEK 85T X ERFAH D FE,  5F 5047 2] 67 22 5 A 7 K A B A
TP T2 E, PR 8920F K 5T X #2.3-3.8GHZE B A #8 #£10.9-19.5W 45 f¢1 F
Hri CRILK69.5%-77.9% 85 B RAF, FWFHA B9 E T£9.8-12.3dB, Hyi 9F %

40.4-42.9dBm,

S YL — B TR BT A T AR
D igitorpe. sensimmmsh 2nk sebi
AITAFIF AT RO BE, 2 HO8 RO Y B
HEFE. R B I Rk B ) T AR R
TRT8.5% DAL, (ELE T EL PR 0 17
k. EARTILIE . H TR T
AT R IEE M 230, — R AU Gt
MBS, WIBY, TSI LR Ty
BRI, H T AL R [
AT, R R R ) S B B 5t
AT LB R R T, T bt
HRZ I T DB TE 0 T A5,

ORTIT 35 6 I 4 3 % L 28 A 5 A
e g N e Ly
W, B L R o 0 i
B, R SRR, AL U
PG R B,

ChenZE A 420144852t T HRIBE 2 S K ot
(SCM) Hlfids, iTss ot i
F B AR B T 5 B A A 2 T B B
TR, B CEB TS (Zor ) TBAMIZE
1154, MMM T ERAEITE HE,

TEASC T, i o A i T
T R S F 2648 5 BT S C MG 7 0 816
FLULAR . AL TSCM, 7 70 6 Bt % S b ot
(NSCM) [9S3H T AE B8 95 (7 L P 25,
SN T TR PO P 45 53 e ) R

B B BOESAR
EELEF AR [E R
TSP, P 2 il R B P

Mol A THERFIEEE, 2828y T1E-1
BRI N BRARAY IH — 2 B e A FLAL D5
A A2,

2
Vs =[1—%cosej (1+%cosej-(1—ysine),
1<y< (1)

(2)
lgs = 1+1cose+£c0526—icos4e+ KK
2 3n 151

TEfE frd R RER I, H BB AT ATE 12
w R EARRITR AL, IR R m] AR
1£90.7%, (HZ2EAEE R,

SCM[ElfE

WIS A EIESBIFMA, ESFLAEATIH
ML, I — LAY LT T R i B i B A%
PRAEA X3P, HAARA K2R BLAE
B — AR R IR R BT .

Vgs +(1-0tcosB+Pcos38)«(1-ysing), —1<y<1 (3)

HTREFEVASHIE, o fl B ZEHY) R A2
HAPR

9
-B=1 f <=
o-p or o 3
2 2|1« 9 2 (4
o N I Z <
a[(3+aj 4+1213} 1 for8<oc_ 5 )

IR BRI P (EAET8.5% (TELEB/I2H
) $90.7% (GELFHMER) 2, H—
A 5L I J5 1 BELC ) S e

2
15)1.154 (lﬁaﬁﬁ> Z [tk

Microwave Journal China f{jJ7%% M May/Jun 2018



TechnicalFeature BiREEE

Continuous Class F

Quasi Inverse Class F Continuous
a =6/5,8=1/5 Continuous
a=11/10, 8 = 1/10 Continuous

Bl #HE$aE g e —Lhi e
JEAw IR,

O T 58 B 5E A R AR R+ A A
.
R R EESAR
HELE W FAARE AN SEF A AR A A g
ik, FELRFFAEEBIE AR OLT,
S E RN . XTI
IR BT 26 K5, @il
(1-ysin®) [ T5 ¥ B EBEAR e,
SCM ] AR H R Y R 51k, NSCMA
HELEFAB A MSCME R, AR
I A4 FUR SO AT RO, IEIA S

Continuous Class F
Quasi-Inverse
Class F Continuous

a=6/5pB=1/5
Continuous
a=11/10, 8 =1/10
Continuous

B2: it =R,
2 K OFHEARY o
2
Vs +[1—%cosej [1+%cosej-(1—ysin9),
“1<y<1 (5)

(6)
EEEERRE, AT I RBOE

lgs =1+ 0tcosO + B cos 26

ST IR AR A IA BRI R o

mfEm, HEEMEI0ZY,

FRMERE

3 /CATVE 15
s g /NEL,
BRAE. SATE
MHREMERE
Ao

2.5GHz BW. 2/3%A
4BR TN ST BLES,
1& F F50FA75Q 52
Ao

BRBRFIRI TS

MiniRFZ2 A I FF L BE /B LB AL LR
BEESREEGNBRABNSEEREMIES A

MiniRFEY 28 4% HE 57 T & i KEVE R 7= fa it

500F1750, ¥ § 5 % B B A iR ‘,' Y
RAEE 11, 14, / wE, %7 M h@"

1:8. 1:16973Z | Iy

M H, -

www.minirf.com | sales@minirf.com | (408) 228-3533;

ey
4

Wi

f 0.060mm=|5mm,
BEmMzE, = Ik
| 5, 2EEE,

-

/e

!

40

B3: Ja—fotr b A F AR M ACE LR,

JA T A, AR AY9 %2738 LT A FLAL 5T
SRR . T LAS By B - 18 148
e, ofIBZIEIAY R AT

o—B=1 forocsg (7a)
2
‘;‘—B+B=1 for%<0c£\/§ (7b)

o BIY 2 F 2H A LWL 25 N [R] 9 %
LR, Moo= 2RIB=1/215F, B ARG
HEIELEIFAAE, Mo=5/4F1p=1/4HTF,
W a] PAFRAR 55 Sh—Fh s, a=11/1071
B=1/10 HL JF FH HL 37T 96 T& % o 5 — o
FIESAE, o=11/10, 5/4F0~/ 20 HL
FER R TR R LR A . SRR
L TE AT R L 25 S DAYERT L

AR H T IH— L BIR,, A EE
BRI . Rop=2(V i Vined Theae»
EBER AW BT, X AT 1
PR B

A
Zi=———+F e
" Ba 2 (8a)
Zy=-] L( +lj
2 J 2\/§B Y 6 (8b)
Z3:°° (SC)

3K BT 00 15 T B A 4R T
FEM RS T E, BHaF]
27k, Xt R g A B A — Ak
S (Zee) M1.28F1.81725 4k, K24
BT a=11/10, 5/4F0~ 208F () Fe Al =L
FUE UG (0 P, I % 0 T F B R
Z(lf,re)=1'280 7 S0 F A U R o 1)
HESEF AR 1A BT 23 [ 4 TR IE
U AR R W FLE T

Moo 25 A 26 T BT B
de(Py), RF(Pee) DA BRI N 2 ¢

1
Pac = E * Vs Ipeak (9a)
o
PRF = E °Vds |peak (9b)
- &
"5 (9)

I A A it D R — AL B
SRR, ZRIEEIHPHI, &

Microwave Journal China f{#iZ%& M May/Jun 2018



TechnicalFeature BERIEFE

Bias
Circuit

Bias
Circuit

B4: 7)FHKE TR M %@)ABRFAFEH K ED).

aM1EI22E 4k, NSCM #2808 M
57.7%FI81.6% 45k, Yo=2 i, Wk
SLIF A IR H81.8%, X 51L45E
) 1% S F A S TR BCR M % .
PR L, NSCMEy# i shx
£ FM0%1.5dB, (B8R AT AR K 1T
fIPERE o
ME2FIE3H A A&, 4
Z(lf,re)i—’fl-zgﬁul-gl%ﬁ@W@f’ﬂﬁ, OVT':EIQJ
JEE AR LAY, NSCMA Bk it 2s
] o S AH H T 1% GE i 1 S 5 mT DASR 1%
ERREITE R, flan, ARFEE
TF70%MwIRABCE, EHFERTO/S e
BBPAL AR AR K T 60% 1 IR L
Fat, RFEMHEHLT1040aS L,

HFNSCMI T A EHAR
e

—AM#E I 10W Cree (Wolfspeed)
GaN HEMT#:{4: (CGH40010F) f9ess
(2.3-3.8GHz) =30 B3R UK #5 6 F
SRiE A SRR TR AR S,
b, IAVEEN Y o>6/5HEHE, A]
PAIRAE70%H R 3K . Chen%s A *$2
R IAFYCGHA0010F K5 5 Bt
RS HICE M 4% (OMN) [F B8 T
RIS E A BT ICRL

BRI AL AR R AR, WA
BB ANE ., B, 7EOMNi%
Th, B I% S T A N G
FIVEHEL,  [R] B R 7 e 25 X AR = O

—— Measured Drain Efficiency
—— Measured Power-Added Efficiency
—— Measured Pyt

—— Measured Gain

== Simulated Drain Efficiency

== Simulated Power-Added Efficiency
== Simulated Pyt

== Simulated Gain

B7. RHRAEZRBBMAE, HERMWZE, B aftn kD FGG Al RRER,

42

AT

B6: I-gen-F & 4 3.5GHzH & J& A= & 5%
W AR,

Wi PR, SEHT e A I A BELAT 08 8 75 DL
HE 2 VC e M 28 35 1T el k. A
AR T SR AT B A BB AT U U
P 2%

Fldath b T 5 210 VT EL W) 2% K H
Rob. DB R T R
H=20milsf{JRogers4350B/ 1 it I, HEH
TER4bP 2, AR Rl e A
FEZAIOMN, 1158 T EE 3P
MR AER (I-gen) “FHLIH—LF
R JIPHBTHE, WESHR, 7 AHEE
, T-gen P A BEGLAL T F0 KA

FoZ il TH IR KEHMWE RN
V. =28VHV, =28V}, {(5EAFKEK
A WAL R AT . W] RATRER 3|
K I B TR 7 2 T 5% L A
LIETZ IR

SLIG4ER

YRR IR A TS TAG 51
B N AT E, A5 5 #E2.3%3.8GHz
AT 9 LAO.1GHz - i 3, 1%
T IR AR IR N T B kR

(PAE) TEWNH)EIRESRIEET R4 H .,

P AR IR REAEE s 25 XL

Al B 45 R AT DA B AE2.3 5
3.8GHZIMHFL RN, I RCRIET1%E]
75.8% 2 [R5 4k, RPN A 65%F]
T4%, [ IRHEEAS TR R B N 25
A3510.2%]12.6dB, ;1 T E £E40.2
#42.6dBm [f],

TiF48|

Microwave Journal China 7% M May/Jun 2018



TechnicalFeature BEARFS

BEPESEA., ESbO)FSA)ZR
A AL TR 2 R X 30 A 1 2 5
B, XMELLT, 2.5um x 2.5umX i
4] 3T~ 35 2% THT 1L B £ M1 A e v S R B
A ERELL 15C, fii I Spm x Sumi L
SRy KF21C,

W F GaN# A, Aok T2
JH ok i 1 RS, RGN T0.256%
K, i LLAM i R AR R $wt S
HR— 5 R4,

BEAN, ZLAM RS ) B S AR 1)
FESE, AR PR bk AR
TN B RACANE 2, 16 SR bk
) FAST [F) 3 50 L ARTR A i T AR
T, SRR R A BRI,
MR ENEE N

w5, ARENEN R (o) B
AL, H LR RO R AR
BWEE, DMSRET=14ER, B1
FEIEI MRS BA, Xar4k
F—ka, BIRRR F R AR A LR
far, EOEEMELATIN, H#EH A ELSE
B, XEUAERFIERE, S5 0k

=2
FEABEAFREIIMIE. RiRE

BRI . r):XT” - SEE AR EIEE‘%%%;‘ETE éI&lﬁﬂll%(?g)%‘%ﬁiﬁrﬁ
{HE GaN 2+ - - 204.3 -
FER 25%X25 1.00 - 189.1
FER 25%25 0.85 - 1711
FER 5.0X5.0 1.00 - 183.0
FER 5.0X5.0 0.85 - 164.9

AT EEE, GaN BT RIS, Bl A4

X HERIFHE T ks Bl s g &
By sgm . fBoE R AR g, AT
LA B LA ER IR AR AG T I {H Ga Nl 8
RE, MRMERIR40C,

FIREBEIREN, ARAGE R
T AR X GaNg R YL R R, R
A XHR DR S R SR/ SR
JUATRSTIF R TR M AR &7 A B i
e, LRI RS FECTEEMEM T
iR, HFHSBE" MG, QorvoR
244 e RGN E T HIT & T #HRF

JehpEaTE. l

EEBEN

1. N. Killat and M. Kuball, University of Bristol, H.H. Wills
Physics Laboratory; T.-M. Chou, U. Chowdhury, and J. Jimenez,
Qorvo, Inc. Temperature Assessment of AlIGaN/GaN HEMTs: A
Comparative study by Raman, Electrical and IR Thermography

2. J. Pomeroy, M. Bernardoni, M. Kuball, H.H. Wills Physics
Laboratory, University of Bristol; D.C. Dumka, D.M. Fanning,
Qorvo, Inc. Low Thermal Resistance GaN-on-Diamond
Transistors Characterized by 3-D Raman Thermography Mapping

3. S. Kiefer, M. Nair, P. Sanders, J. Steele, M. Sutton, R.
Thoma, S. Wilson, Motorola Digital DNA Laboratories; G.
Albright, C. Li, J. McDonald, Quantum Focus Inc. Infrared
Microthermography for Integrated Circuit Fault Location;
Sensitivity and Limitations

FEFAL2R
=1
REFHHTE IR ARG
q Output Drain q
Reference Bar('lg’\:’v;;lth Power Efficiency (AE) g_j’g}
(W) (%)
4 1.5t0 2.5 9to 11.5 60 to 70 (65) 1?'2250 77.3 | 2985 | ClassJ
5 14510245 MO [ 70t0810755 | 10 [e92| a626 | cF
’ : 16.8 : 12.6 : ’
6 1.3t03.3 10to 15 60to 83 (72.7) 10to 13 | 89.5| 552.8 CC’E/1
70.3t0 81.9 11.9 to
7 1.6t0 2.7 10.2-17.8 (76.4) 15.2 925 669.9 SCMs
) 10.9 to 69.5t077.9 9.8 to
This Work 2.3t0 3.8 195 (72.1) 123 95.3 | 1126.5 | NSCMs
Notes:

FE = AE*f 025, where AE = Average Drain Efficiency and . = Center Frequency
FoM = { 2*AE*AP*AG, where AP = Average Output Power and AG = Average Gain

CF = Continuous F

CF-1 = Continuous F-1

SCMs = Series of Continuous Modes

NSCMs = Novel Series of Continuous Modes

WY 25 R AT DB E], #E2.35)
3 SGHABA I M, KL B
69.5%%177.9%, YIFRMIIRCRFE63.5%
B73.4%2 6. B AHH I
14t S 6 5199, 85112.34BUA
40.4dBm#42.9dBm, LG ZERANG E L
Rtsrur,

RUBLE T VI HHORRE 5
S 1 52 ) HOK 7 10 P L
5. HHEIFEGRIITRS T3 MU 28 i

48

HEOM T I RHCRAER R PG, 1
CIEEpaS /i Ny aan DR ES N il
Al ARV M SERE LL B . FEFORBIR
IS 20 . ITRST R OR AR i
Jot PR EGA % RS T BRI AR AR A A R DA S
o i T AR B, Xl X 28 ) R 4 2R
A PAE HINSCMAR it T 5B HERE .

“hig
NSCM & M A& Gt i) 7 e F LA A

SCMAE At &, 38 i A 3 i 1 FEL LS AT P
TBPIEIRIGH . XL ] DAY R R A
P SE R AR ER T 58, R BEHE Rt
R AR E S L. W

EE N

1. S.C. Cripps, "RF Power Amplifiers for Wireless Communications,"
2nd Edition, Artech House, Norwood, Mass., 2006.

2. S. C. Cripps, P. I. Tasker, A. L. Clarke, J. Lees and J.
Benedikt, “On the Continuity of High Efficiency Modes
in Linear RF Power Amplifiers,” IEEE Microwave and
Wireless Components Letters, Vol. 19, No. 10, October
2009, pp. 665-667.

3. V. Carrubba, A. L. Clarke, M. Akmal, J. Lees, J. Benedikt,
P. J. Tasker and S. C. Cripps, “The Continuous Class F
Mode Power Amplifier,” Proceedings of the 40th Europe
Microwave Conference, September 2010, pp. 1674-1677.

4. P.T. Wright, J. Lees, J. Benedikt, P. J. Tasker and S. Cripps,

“A Methodology for Realizing High Efficiency Class J in a
Linear and Broadband PA,” IEEE Transactions Microwave
Theory and Techniques, Vol. 57, No. 12, December 2009,
pp. 3196-3204.

5. N. Tuffy, L. Guan, A. Zhu and T. J. Brazil, “A Simplified
Broadband Design Methodology for Linearized High
Efficiency Continuous Class F Power Amplifiers,” IEEE
Transactions Microwave Theory and Techniques, Vol. 60,
No. 6, June 2012, pp. 1952-1963.

6. K. Chen and D. Peroulis, “Design of Broadband Highly
Efficient Harmonic-Tuned Power Amplifier Using In-
Band Continuous Class (-1)/F Mode-Transferring,” IEEE
Transactions on Microwave Theory and Techniques, Vol. 60,
No. 12, December 2012, pp. 4107-4116.

7. J. Chen, S. He, F. You, R. Tong and R. Peng, “Design of
Broadband High-Efficiency Power Amplifiers Based on
a Series of Continuous Modes,” IEEE Microwave and
Wireless Components Letters, Vol. 24, No. 9, September
2014, pp. 631-633.

8. Z.Dai, S. He, F. You, J. Peng, P. Chen and L. Dong, “A
New Distributed Parameter Broadband Matching Method
for Power Amplifier via Real Frequency Technique,” IEEE
Transactions on Microwave Theory and Techniques, Vol. 63,
No. 2, February 2015, pp. 449-458.

9. Y.Song, S. Lee, E. Cho, J. Lee and S. Nam,” A CMOS Class
E Power Amplifier With Voltage Stress Relief and Enhanced
Efficiency,” IEEE Transactions on Microwave Theory and
Techniques, Vol. 58, No. 2, February 2010, pp. 310-317.

Microwave Journal China f{jJ7%% M May/Jun 2018



	miniRF: 


