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ABSTRACT the memory polynomial model for single-band PA. In [9], the
Dual-band and multi-band power amplifiers (PAS) becomesaUthorS analyzed thg Impact of the model accuracy with the

) . cross-band modulation and proposed a two-dimensional mod-
popular as they can effectively reduce the equipment cast aied memory polynomial model for dual-band PA lineariza-
operation cost. On the other hand, the nonlinear interéeren y poly

among signals in different bands needs special attenti@n. Ptlon' However, the above models are obtained by directly ap-

vious modeling results [1] suffer performance degradatior?Iylng the single-band baseband PA models to the dual-band

. . ; cenarios. Such extension is questionable since the eba
when the intermodulation terms among bands fall into band- q as

s of the signals. In this paper. we start from the assbanmodels are just mathematical equivalent models of the pass-
9 ' IS paper, P gramd nonlinearity, thus do not contain all information ri t

\olterra model and derive a general baseband Volterra modée ; .

S S : o actual passband nonlinearity.

co_nS|der_|ng all po_ssmle intermodulation terms. Existingd- In [10], the authors proposed a low-complexity dual-band

elin [1] Is a special case of the proposed baseband Volterr@ Iterra-series model for dual-band DPD with enumeration

model. Simulation results show that the proposed dual'banr%oethods In [1], the authors proposed a baseband equiva-

\olterra DPD model can provide additiorzadiB performance i : prop q

. - S lent Volterra model with physical constraints. Howeveg th
improvement comparing to the existing dual-band Volterra Dderivation of existing dual-band models assumed that tite ou
PD model.

of-band intermodulation products were far from the oparati
Index Terms— Nonlinear system modeling, dual-band bands and could be easily filtered out [8]. This assumption is
power amplifier, digital predistortion, Volterra model. appropriate in many dual-band systems. Since existing-wire
less standards occupies nearly all wireless spectrumashis
sumption is not always true. In such cases, the modeling ac-
curacy and the linearization performance can be significant

Dual-band and multi-band wireless communication systemdegraded. In this paper, we start with the physical comggai

have become popular in recent years for the advantage of higt e dual-band PA and derive a new dual-band Volterra mod-
el. The proposed model puts no constraints on the operating

integration and low cost. Similar to the conventional wire- . -
less communication systems, the nonlinearity of the ragio f bands. Simulation resm_JIts show that the propose_d dual-band
quency (RF) power amplifier (PA) in the dual-band wirelessvolterra model can gch|eve abautB performance improve-
transceivers is the limiting factor of the system perforoean Ment over the existing dual-band Volterra model. _
The trade off between the power efficiency and linearity seed, ' "€ rest of the paper is organized as follows: Section 2
special attention [2, 3]. introduces the baseband equn_/al_ent_ \olterra model for_—dual
In addition to the nonlinear effects such as in-band disto22Nd Systems. We show the limitation of such model if the
tion and out-of-band spectral regrowth as shown in the singl €r0SS terms are not properly included. Section 3 proposes a
band nonlinear system, the dual-band nonlinear systerarsuff "€W baseband Volterra model. We show that the model in [1]
s from the interference among signals in different band][4,5'S @ special case of the proposed model. Section 4 validates
The adaptive digital predistortion (DPD) linearizatiooheol- "€ effectiveness of the proposed model with simulatior. Fi
ogy can be applied to the linearization of dual-band PA [6, 7]1@lly, Section S concludes this paper.
The authors in [8] proposed a dual-band memory poly-
nomial model by substituting the dual-band input signab int 2. DUAL-BAND PA AND DPD SYSTEM

1. INTRODUCTION

This work was supported in part by the National Natural Sci-For a dual-band PA system, the adaptive dual-band DPD lin-
ence Foundation of China (No. 61231009), #@3 Program of China At f f : ;
(No. 2015AA01A709), and the Science and Technology ConmiorigSoun- ea.nzatlon teCh.mque. IS _attractlve as it Oﬁers. good comp_ro
dation of Shanghai (No. 15511102602). mise between linearization performance and implemenmtatio

Corresponding author: Hua Qian (hua.gian@wico.sh) cost [8, 11]. Fig. 1 shows the block diagram of an adaptive
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dual-band PA and DPD system with indirect learning archi- e Band #1: 1.8 GHz WCDMA, DCS or LTE signal;

tecture [12]. In Fig. 1z1(n) andz2(n) are the original base- Band#2: 5.4 GHz WiFi signal.
band inputs of bangt1 and band#2, respectivelyy; (n) and ) .
y2(n) are the baseband PA outputs of ba#tland band#2, Consequently, the baseband Volterra model in [1] is not

respectivelyz; (n) andz,(n) are the DPD outputs as well as @n @dequate model for dual-band dual-band DPD design.
the PA inputs of bandt1 and band#2, respectively.
3. A GENERAL BASEBAND VOLTERRA MODEL

5 (n) z(n)
DPD(A)

In this section, we derive the baseband dual-band Volterra
model without any assumption on the carrier frequencies. Th
physical constraints of the frequency selectivity can be de
fined as follows:

Estimation € | »(m) a—0>0)-we +(a+b+2c—1) wey, =wey,
stlr(11:)t|on<_ M { ( ) 1 ( ) 2 1 4)

a+b+ec<l.

1/G
Estimation «—‘ »,(n) M (a’ - b) *Weq + (a +b+2c— l) T Wey = Weys (5)
®)  J— at+b+c<l.

Fig. 1: Block diagrams of an adaptive dual-band DPD systemntuitively, when the constraints (4) and (5) hold, the eerr
with indirect learning architecture. sponding high order harmonics or intermodulation products
fall into one of the frequency bands and show up in the base-
The physical behaviour of the dual-band PA in RF domairband representation.

DPD(B)

x,(n)

can be modeled by a Volterra model [10, 13]: Let us introduce
We, P
o +o00 +oo _ . = @a (6)
gt) = Z/ hi(ry, -, m) c2
1=1"7 = —oo whereP and(@ are integers and are co-primes.
1 Substituting (6) in (4), we have
-H%(t—n)dﬁdrzu-dn, 1)
=1 {(abl)-P—[l(a+b+20)]~Q, @
~ > < .
whereh,(r, - -- ,7;) is thel-th Volterra kernelg(¢) andz(t) atbtest

are RF output and input of the dual-band PA, and The constraint (7) can be further simplified as

z _ jwey t L pJweyt
Z(t) =Re[z1(t) - €717 4 z5(t) - €/“27]. ) a=M -Q+b+1,
Substituting (2) into (1), the passband Volterra model can l=M - (P+Q)+2(b+c)+1, (8)
be rewritten as (3). a+b+c<l,

Since the power amplifier exhibits frequency selectivity,
only the frequency components around the carrier frequekhere
cies are actually transmitted. In (3), the frequency compo- (’(l + 1)1 <M <| [-1 . 9)
nents arel(a—b)-we, +(atbt2e=l)-we, |t By assuming that the P+Q — T P+Q
out-of-band intermodulation products are far from the dual  The constraint (8) determines the intermodulation terms
operating bands and can be easily filtered out, the remainingat show up in the first band.
components around the carrier frequencies can be expressed Similarly, substituting (6) into (5), we have
by a, b, andc.

In [1], the authors provided a physical constraint on the (a—b)-P=[l+1—(a+b+20)]-Q,
remaining components based on the assumption that the out- { bie<l (10)
of-band intermodulation products are far from the dual aper at e=v
ing bands. In practice, however, this assumption is notygwa The constraint (10) can be further simplified as
valid. The model accuracy may degrade when the assumption
is violated. For example: a=Msy Q+b,

e Band#1: 900 MHz GSM signal; Band#2: 1800 MHz =My (P+Q)+2(0b+c)—1, (11)

WCDMA, DCS or LTE signal. a+b+c<I,
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~ > Foo too 1 2 jwey (at—=>27F T
y(f) = Z/ / hl(7—17"’ 77-1),(5)Z,Z{C‘ll. H Zl(thil)'ej e (at 211:1 i1)

l
a=0 i1=1

l:l — 00 — 00
l—a a+b ] atb l—a—b a+b+c l
4 [(j_a . H 2H(t—T7y) - e dwer (01=325 01 Tia) ( Z Cluy H 29(t — 74, - H 25t —15,)
b=0 ia=a+1 c=0 iz=a+b+1 ig=a+b+c+1
ever ((atbt2e=0)t =500 4y Tig+ 0 —attein m]ﬂ } }dﬁ dro - - -dTy. 3)
where 141 1 in [1] and the dual-band Volterra model proposed in this pa-
— <My < [——]. 12)  per.
I1g! <M <5 g (12)

From (9) and (12), we observe that the nonlinear inter-Table 1: Values of the coefficients for the Saleh PA model.
modulation terms indeed fold into the operating band with se
lectedM; andMs. If P+Q > 1+ 1, we haveM; = My = 0. Coefficients| o, | fa | g | B
This constraint suggest that the folded nonlinear intenned Values 9 |99 9 | 1
tion terms can be ignored since the nonlinear order is tolo. hig
In this case, the dual-band Volterra model reduces to thm for
shown in [1].

In the cases witht? + Q < [ + 1, My and M, can take )
nonzero values, whose items correspond to the harmonics BP written as bellow:

According to (6), we havé® = 1,Q = 2. By setting the
highest nonlinear ordel = 5, the ranges of\/; and M, can

intermodulation products located in one of the operatimgba

—2< M, <1,
s. The proposed dual-band Volterra model can accurately rep (14)
resent the baseband nonlinearities while the dual-barteivol “l< M <2

ra model proposed in [1] may suffer in the modeling accurac

as well as the linearization performance degradation. 'The corresponding values afb, c are shown in Table 2. In

Table 2, the black items are included in the dual-band \alter
model proposed in [1] whereas the red items are not included
in that model. On the contrary, all these items are included

. . . L in the proposed dual-band Volterra model. For the dual-band
In this section, we focus on the linearization performarice o . RN
olterra model proposed in [1], the missing items can reduce

the dual-band DPD system with dual-band Volterra modei/e model accuracy and thus degrade the linearizationperfo
proposed in [1] and the dual-band Volterra model propose(JﬂI Y 9 P

in this paper. The passband nonlinearity of the dual-band P arI]r?((e).rder to compare the overall linearization performance
is described by a Saleh’s model, which is given by: P P

of the dual-band Volterra model proposed in [1] and the dual-
QalZ(t)]  iLEm L) band_ \_/olterra model propqsed in this paper, power spectral
= We ¢ . (13)  densities (PSDs) at the PA input and output are simulated and
shown in Fig. 2. In Fig. 2, the left one shows the PSDs of
Table 1 shows the values of the coefficients for the Saleh’the lower band whereas the right one shows the PSDs of the
model used in this simulation. The dual-band Volterra modelipper band. From top to bottom, the blue line shows the PSDs
proposed in [1] and the dual-band Volterra model proposed iat the PA output without DPD, the green line shows the PSDs
this paper are utilized to model the inverse nonlinear aharaat the PA output with the dual-band Volterra model proposed
teristics of the PA. The highest nonlinear ordebiand the in[1], the black line shows the PSDs at the PA output with the
maximum memory depth i8. The baseband input for band dual-band Volterra model proposed in this paper, and the red
#1 is a GSM signal witl200 kHz bandwidth, the correspond- line shows the PSDs at the PA input. In addition, the PSDs at
ing carrier frequency i835 MHz; the baseband input for band the PA input are normalized to those at the PA output for easy
#2 is a4-carrier WCDMA signal with20 MHz bandwidth, visual comparison.
the corresponding carrier frequencylis70 MHz. The least We observe from Fig. 2 that the linearization performance
squares (LS) algorithm witR000 data samples is utilized to of the dual-band Volterra model proposed in this paper is bet
estimate the model coefficients. Adjacent channel power rat ter than that of the dual-band Volterra model proposed in [1]
(ACPR) is applied in this simulation to compare the lineariz As indicated in Fig. 2, the performance enhancements for low
tion performance of the dual-band Volterra model proposeér band and upper band are ab®aiB and2 dB, respectively.

4. SIMULATION

aglz()

y(t)
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Fig. 2. Simulation results of the DPD performance with differenatiband Volterra models. The left one shows the PSDs of
the lower band whereas the right one shows the PSDs of the bppd. From top to bottom, the blue line shows the PSDs at
the PA output without DPD, the green line shows the PSDs a@@gheutput with the dual-band Volterra model proposed in [1],
the black line shows the PSDs at the PA output with the duatihalterra model proposed in this paper, and the red linezsho
the PSDs at the PA input (normalized to the output power).

Table 2 The values ofi, b, c with w,., = 2w, andL = 5. we have redefined the physical constraints with no assumptio
on the nonlinear terms and derived a general baseband-\olter
Band #1 | Band #2 ra model for dual-band predistorter design. Specificalfg, t

b dual-band Volterra model that we proposed in [1] is a special
case of the proposed model in this paper. Simulation results
show that the dual-band Volterra model proposed in this pa-
per outperforms the dual-band Volterra model proposed]in [1
The simulation shows that the proposed modelhd8 im-
provement for both lower and upper bands in terms of ACPR
performance.

Order
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