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Modeling of Memory Effects in Power Amplifiers Using Advanced
Three-Box Model with Memory Polynomial
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Abstract

This paper suggests an improved system-level model of RF power amplifiers(PAs) including memory effects, and
validates the suggested model by analyzing the power spectral density of the output signal with a predistortion
linearizer. The original three-box(Wiener-Hammerstein) modef uses input and output filters to capture RF frequency
response of PAs. The adjacent spectral regrowth that occurs in three-box model can be perfectly removed by
Hammerstein structure predistorter, However, the predistorter based on Hammerstein structure achieves limited per-
formance in real PA applications due to other memory effects except RF frequency response. The spectrum of the
output signal can be predicted accurately using the suggested model that changes a memoryless block in a three-box
model with a memory polynomial. The proposed model accurately predicts the output spectrum density of PA with
Hammerstein structure predistorter with less than 2 dB errors over 30 MHz adjacent channel ranges for [EEE 802.11 g
WLAN signal.
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Memoryless
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Fig. 1. A nonlinear RF PA model considering RF fre-
quency response: three-box model(Wiener-Ham-
merstein model).
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Fig. 2. A nonlinear characteristics of three-box model
considering RF input/output frequency respon-
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Fig. 3. A simple block diagram of RF PA with a
predistortion linearizer.

Memoryless
Nonlinear Filter
*|  Function -1
G-l(.) H} (f)

2 4. Hammerstein 725 7R AR 9)37)
Fig. 4. A block diagram of predistortion linearizer
that has Hammerstein structure.

o2 AYaE o]F & A B =Ry
Three-Box Ed o)A &4 e EAL vjAY
29 2900 9ORE A 4379 P
1e3A FeEr

dd 4eM G¢H(-) 25L A
Ay BEE5E FHAIE BELEA

o
542 7tk

e mlm i

==
PO

ol

4
N
1o
)

vl
tlo
o
a3
rlo

“HGUx(D)) =1 (13)

9 73%011 AY o|5ge 12 EFE.
& ) BEE A @) 22 ved
-"4 Y2 Fd0] shsshh, g St
of w2 5o} A Fo FA 5 Lt
look-up table(LUT)& AF23le] +Al8] = Aol ¢

ol g
B S

lo

O

-r B
o|rl

B0l LUT 244, g8 459 370 B

947 42 9 A5e] B 249 15 LUT &
= 2719 940 0@ 249 13 LUTE o))
PRI Hy(-) B2L 19 19 A 32
g FEY 24 g (o dad Jasel
4R e FHEA e 2 s B

lo

H\(f ) (14)

G ) B2 oM AAHE= A = A
39 Fag > dg N5 Fog o vjgf
A AR AE7)e) wAY e Sre He

411



BEIEHESEERGE £ 178 B 006558

=

-10
nly

15 B+ Bredistortion
20 ™ Linearizer not

- // including H " (o RN
A e
-25 7
2
4.

PA + Predistortion;
Linearizer

including (g7 ~! (s Tt N

PSD(dB)

'
(%3
o

40 -30 -20 -10 0 10 20 30 40
Frequency (MHz)

J8 5. Three-Box 9] 9¥ ¥H EAE 1¢
Hammerstein 729] AP 9 F7] #HEA
2HEY 54

Fig. 5. Power spectrum density of three-box model
with Hammerstein structure predistortion li-
nearizer.

2, H{Y(+) 5L 48 A3y Fo5 HeEt
oA dAHooF gtk 4y FaF EAe
g3 &3ty B Fe AL A4 AR A=
719 A& 2RS¥ Fog S0 AR 9
F7o olAE GaE AuE TNy AAE O
Y 5o TAEY Tk 29 59 oo 4= Hammerstein
Fz9 AP AF71E Three-Box A FZ7] 24
o Fgstgen, dF AIE 20 MHzY Hd &
7IAE 16:QAM A58 AL8dth 1,(-)S 15
MHzolA 3 dB 7+ ¢} +30 MHzo A 60 dB 7+
2 712 = butterworth el o] EHE 7137 &
AgE glth

1Y 59 Aspel et 2ol H()E X
e Afos RF Fi4 S4e EAsHA
2 A Ad 7Y Zart AdHexwEl HY
(-

o &

A

A

o A

l‘

»a ji
{1

l

—

)& F23t= Hammerstein 329 AbA o=
3‘]%0}% A5, AR ALY uAEY el o3
2HEY S BT AAGA Y 459 F2
3 HHE A E Y AHERS gAY 4
Three-Box ZdlofA thefdt 48 HH Y EA3} vl
A8 o] ts) A% Hammerstein 722 A8 9
T717F g A3 H5E RS 9T F 3
A

Ji

P

[o

e

412

V. H2a| CIetA S 0|25t Three-Box 29
s XF Ol

FQl A=
(=)

o Ao A 7|&g ukgl 7EL°] Three-Box Tdl2
25} 7, Hammerstein +39 A}

4y 2378 7Y
4 93712 439 A7 g d5e dede
2 985 AAY £ ek 2eu A A 3

719 Hammerstein 7-39] ALA =71 E,%EP 7
* A83g Ay P AdtH otk ol 71E Th-
ree-Box Rl ZA$ F Mo A¥ gE|gt O Aol
9 Rz AEL 7HAA &e vy £ ol f
stod g8 4 ¥R Fag S A4S 2dY
S el 48 33719 48 2 8
At g=d, d 54 5ol o9 A2y &35
3= A ] 917] whEo|t}. Three-Box 249
o 9 E ATE A7 HS HA 2 vA
¥y EAN FAHL 9, 29 JH RF Fa5 54 &
F9 7)o WA HAY g4 69 FHE
9 20048 Zo] x&3 yEHE w o] FAE
3 &5 2o g v 2aA7e £33 B
o oo} e Ao E RHE 4 gle WAY
EA ML JIRE A& Three-Box XY 2 A
ZEY & gk ol d LA Volterra 578 A
sto] 14T & Utk Voltera g4 WEIE
Zhe HAE Al2ES YR & AekEQl ol A
o R4 KemelE22 T 5 o] Kemeld] EFE7}
v A E et 18 skE bl e dolrt FrhEel
ne} 7)egsden ket gdill oge 2
ARE FE37] st dyrHQl Volterra
7+ergls) A Lbehi = Simplified Volterra
Eo| A FE7)e KA AEE F
g ek Simplified Volterra %—’F—B

ofg] A3} Zo| ¥R HES /A=

@ eElYE 49 ol des Mw“”

WD =G (D, x(t— 1), x(t—1,),)

’l.l

oo

=
O S E oL -\)
ofo Hu o o i o

m\n 32 oy
o ot

oD DIIRPECP EE NS
(15)

slxel QY A5 A7 ¢

7NN 7, t-r,
29 ol 7% 4T dehlr) A8 A2 A
golth 7, 028 gtk oj4t 21359 s A



48 22709 WEe &% 2y

7IWE o] &3 AY 27

thojo 1

Fig. 6. Block diagram of RF PA model using me-
mory polynomial.

28 6. Wza) oy
29y 7)) 2%

p

AZE D AE AEH A7 wFE A Yst=
RS d2g g I9 63 72 BEE tjo]
lﬁzi A9
o] 2+ FIR(Finite Impulse Response) HEj ] ¢
29 FARBIAT, Ao]HE FIR 139 Ay o5
g oAl mAY o5 B F (07 AHEE Aol

il‘

F )= 3 ay |52 (16)

AEH RF F3¢ 549 ZdgS FA88A,
71% % Three-Box 299 @38 F83a7] 9s)A
7129] Three-Box 99| W] AES 71xA &
LHAY B2 G()2 A (1504 EAF HE
2 034 G, )E WAP:
"e‘xﬂ A8 ZZ7]o] Hammerstein 32| A4 ¢

€ Hesde “ﬂ Xﬂﬂ“‘ T 8s 94 Ady
dfﬂ g% Fis AR e BEye =Y
&= Three-Box ,Lé_l—% }&o}oq R3] o2 4
Atk ol AAHA e AHEY B4E 4F

371 Qeke] The st ol 9.3 gre Al sk

_J_IH

O

)= y(8)— 3D (17)
714 y(HE 2 (159 vze tayod GEx
© &9 7‘01111 I oe HEY AdEol fle 2Y
2 dS5HE 29 #olth wWoe e 7ol
RIS

N,
W) =2 an 15OV () (13)

o HAX N2 HHE B9 o] AFE o
BT 4] (1)l M 9] 24k RS ohF 43t o)

9 A WEY GPYE 08T B4

Three-Box 24
WEel e £99 Yo mdE

N2
e(H= ﬁoglbz,e_l_qlx(t—rq)l 2=t~z )
(19)
2(DE A8 FF (9ol th3 ALH 9 F7]9 &
ol 39, AAl ALY 29 3 oy (oo
# 4% 2AER YR 4R BHE LA of

Aot o) HEHT.

M M
r,, ()= ;1 mZ:Ia =18 om1 oy ()

NN Q .
* —j2afr,

+ =1 m2=1 q=0a21_1b2m_1~4 € re wzzlfh'z)m—l(f)

N M Q i

. 2afz,

+ ;1 m2=1 qz=o(Z 21 b1 0e ™ wzﬂ-uzzm.,(f)

£ 82 g & . jorf(z,~ ,)
+ ;1 m2=1 azo ,ZobZ/’l.amel—l.re}” B wzz,,,,z“,l(f)

(20)

o 71A,

+ oo :
wzzl—x-zzm-l(f)z f_ R321—122m—1(r)e _’Zﬂfrdz- (21)

L=E[z1(zD)" 2@ (22)

o]=
2= 2(1), 2,=2(¢+7) 23)

£ Yea.

9] A4 200914 A A dL HyE Z7 A
TEE 4

ARte 2oy Al
%78 449 A9
e H]JL?f?c’der i
80211 g BH A A2
s ZH ﬂ&.oﬂ EHSH/H 24 GHz 99 SiGe # &
ZZ7] 01] Hammerstein

g, 98 2o 2
oE w2 &ae] s F3Hql
Sha=ofl 9] 4] Hammerstein 329 }

09 751 ol 485 A% WA H AT 5



BEBHKRRERIGE $178 $H55% 2006558

0
20 W&W""‘W
-40 E
)
PA +
T .
= 80" Bredistortion PA Output
P g0l Linearizer /
& ““I"Output N %
-100 et b
T
£ \
120 I /(\M g MM
L L -
140} ' "y
f‘ffw Input Signal
50—
3 -2 -1 0 1 2 3
Frequency (Hz) % 10’

O3 7. 80211 g ¥ A3 g Ay FF7]9
Z3 A" EY3} Hammerstein 7329 AR
e 488 299 28 29Ey 37 @

Fig. 7. Measured power spectrum density for RF PA
only and RF PA with Hammerstein predistor-
tion linearizer for 802.11 g signal.

A Z3:0) 4 15 MHz Bolzl 2ol Ao AgA &
e tF 21 BT o] 2 4Y A5 ~FE
A3 vl 30 dB AR Aslst B Roldh

Z29l AM/AM, AM/PM EA4& sl 54

0 ;
7o) AR S SRR
-40 :
! easx{id Predicted
-60 Oulpuh N Adjacent
e Ctiannel
5 -80 Spectrum
p 100 U oy
i} -120 /,«”#MM%
-140;/{,: ‘(’:j, g \ : x!‘( ™ .|
160 ’ PSD dueito :
‘,.-‘ Memeory Terms :
-18(_)3 ‘.'2 3 5 : 2.. X 4

Frequency (Hz) x 107

I8 8. Hammerstein A} M83l7)7t 288 29
ZZ7] £9 2359 JH Ad 2dEH
&3 dEuAe] v

Fig. 8. Analytical extraction of spectrum of output
signal of PA with Hammerstein structure pre-
distortion linearizer and its comparison with
the measured results.

414

slod, ©A Yul Three-Box 2@ wH
& VA g HAE e A 2
TaA o) 2 WRE & st 7)<
RAogM AHEY REZ 719 8 BAEA
A (17), (198 ol &3t vz & g 2
w5 ?4 5}6‘44 Hejol Ay ZZ7)
- 3t Zd o) siebulE 2 5E
&t Hammerstem Z29 AIA 9=
of 2aF ARl g ~¥EY ¢
a9 7MY 2R 2kt Hlws)

do

e 4y e oo

5]

ngl_:
s
o r\r
38

O =
2 T
o

n% il

(o}

—
()
—

N pgo2h fLooh il oXx ol
ob'.obo
$ &

L (TRt

£ i
=3
i)
o
s

29 8o A9 o] ALD B Aol o
@ A Ad ) 29EY BE A% e 34
234238 30 MHz B9 oA 23 I3
A 29 2% =4 732 dB o3t AR
REET

o

o of

vz g

—

f
rr
S

dAE AA HY FE7E
&ta] 7] Three-Box E’_Eﬂi«l Fu5 A4
HE FAFAAM, HEE AdEol e Yl
S W2y gehe T gt Zd )

A Q?‘s] 24

X

oft mE Ob

o
l‘ﬂ-ﬂmoﬂii‘z
ok

> e

}

oo
o

3k Three-Box 2 9& A A&tk o] 2g 2]
BAE ASE7] Aste] AGE Z2o] Hammer-
stein 729 APA Q27 H LA £ AHEY
S 4D FFEA 458, o e A @ v
Wit AZEATE £ =AM At A8 FF
719 wAg A vjxe] Z3d oF St
ol A 7+4H Mg A% 84 e =3
3, o] A @& A A 45 AFs9
Al A48 F AS AR BddEn

oX rlr rx M ool

m{o

[1] F. H. Raab, P. Asbeck, S. Cripps, P. B. Kenington,
Z. B. Popovic, N. Pothecary, J. F. Sevic, and N.
0. Sokal, "Power amplifiers and transmitters for
RF and mvicrowave", IEEE Trans. Microwave Th-
eory Tech., vol. 50, no. 3, pp. 814-826, Mar. 2002.

[2] B. Kenington, High-linearity RF Amplifier Design,
Norwood, MA: Artech House, 2000.



A9 279 Wvel &% 2992 99 A2 BedS o188 4Y TheeBox 29

[31 S. C. Cripps, Advanced Techniques in RF Power
Amplifier Design, Norwood, MA: Artech House,
2002.

[4] J. S. Kenney, W. Woo, M. D. McKinley, H. Ku,
and Y. Park, "Practical limitations of predistortion
linearization systems for RF power amplifiers”, in
Asia-Pacific Microwave Conference, Nov. 2003.

[5] S. L. Loyka, J. R. Mosig, "New behavioral-level
simulation technique for RF/microwave applica-
tions, Part I. Basic Concepts", International Jour-
nal of RF and Microwave Computer-Aided Engi-
neering, vol. 10, no. 4, pp. 221-237, Jul. 2000.

[6] R. Blum, M. C. Jeruchim, "Modeling nonlinear am-
plifiers for communication simulation”, [EEE Inter-
national Conference on Communications, vol. 3,
BOSTON 11-14, pp. 1468-1472, Jun. 1989,

[7] A. A. Saleh, "Frequency-independent and frequen-
cy-dependent nonlinear models of TWT ampli-
fiers", IEEE Trans. Commun., vol. 29, pp. 1715-
1720, Nov. 1981.

[8] C. J. Clark, C. P. Silva, A. A, Moulthrop, and M.

20039d: W= Georgia oSt
A7 AR5} (F 8D

20043 ~20053: HAAR HEE
5L AYdT+E

=
(2]

3
£
[
< N
€«
fot,
hu
A
Y
e
58]
ity
ol

20033: Mg gy A7 FEE (T
ghakap

200313 ~200513: (F)ANE A =]
HYgdrg

20059 ~3A: A e Ay

y shE Z g

i [F 20 oldg HF3zZ,

RF 32 A4, olg21/t)x g Mixed Mode 24

S. Muha, "Power-amplifier characterization using a
two-tone measurement technique", [EEE Trans. Mi-
crowave Theory Tech., vol. 50, no. 6, pp. 1590-
1602, Jun. 2002.

{9] T. Wang, J. Hlow, "Compensation of nonlinear
distortions with memory effects in OFDM tras-
miiters", IEEE GLOBECOM, vol. 4, pp. 2398-
2403, Nov.-Dec. 2004,

[10] L. Ding, R. Raich, and G. T. Zhou, "A Hammer-
stein predistortion linearization design based on
the indirect learning architecture”, IEEE Interna-
tional Conference on Acoustics, Speech, and Sig-
nal Processing, vol. 3, pp. 111-2689-111-2692, May
2002,

[11] V. J. Mathews, G. L. Sicuranza, Polynomial Sig-
nal Processing, John and Wiley & Sons. Inc.,
2000.

[12] H. Ku, J. S. Kenney, "Behavioral modeling of
nonlinear RF power amplifiers considering me-
mory effects", IEEE Trans. Microwave Theory
Tech., vol. 51, pp. 2495-2504, Dec. 2003.

1983: AL AATUH (2
434N

1991d: M ETem AAES (3
§ratAh .

19913~ Asgda AAF
gr

= A E0H okElul, RF 2 Micro-
wave 3|2

415



