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Abstract: Linearity performance has become a defining characteristic as it affects power efficiency, channel density, signal coverage, and adjacent
channel power ratio. The non-linearity of Power Amplifier generates inter-modulation (IMD) components, also referred to as out-of-band emission
or spectral re-growth, which interfere with adjacent channels. To attain high energy-efficiency, P As should be operated at their output saturation
regions but this operational mode could not provide high bandwidth-efficiency for a single-carrier high-order quadrature amplitude m odulation
(QAM) signals as well as multi-carrier o rthogonal frequency division multiplexing (OFDM) signals. Itis therefore difficult to co mpensate the
nonlinearity of the power amplifier (PA) in the design of a wireless system. There are several techniques for power amplifier linearization. This
paper is based on the mathematical analysis of these linearization techniques and their comparision.
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I. INTRODUCTION

As the wireless ¢ ommunication is g aining its w idespread
popularity, t he i ncreased co mplexity o ft hed evicesan d
wireless protocols produce an unrelenting neccesity for linear
radio f requency ( RF) co mponentsan ds ystems. T hese
ubiquitous wireless devices r equire h igh p erformance t est
systems t o ch aracterize | inearity. Power a mplifiers a re th e
important part of the bandpass communication channel system.
The s imple p olynomial a pproximation o f nonlinear t ransfer
function b ased u pon t he T aylor s eries ex pansion [ 1] can be
used to define t he nonlinear P ower a mplifiers. Typically the
odd terms ar e co nsidered. If even-power no nlinear processes
are present within the device, there will be variations in the dc
conditions. In particular, a device which has significant even-
degree distortion will show a low-frequency ac component on
its dc supply [2].

Il. MATHEMATICAL ANALYSIS OF POWER
AMPLIFIER

Power a mplifier d evice n onlinearity ca nb ¢ modeledb y a

polynomial

V, () =aV,(t)+aV,’ ) +aV’@)......

Tablel: Coefficients of the intermodulation terms.

(1)

Coefficient n=3 | n=5 | n=7 | n=9 n=11
order
Fundamenta | 9/4 |25/ | 122 | 3969/6 | 53361/25
1 4 56 | 4 6
4
3% order 3/4 |25/ | 735 | 1323/3 | 38115/12
8 /64 |2 8
M order - 5/8 | 245 | 567/32 | 38115/51
/64 2
M order - - 35/ | 567/12 | 12705/51
64 |8 2
9™ order - - - 63/128 | 2541/512
11" order 231/512
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Applying a two carrier RF signal to the power amplifier
transistor

V,,(t) =vcos(at—a,t)+Vcos(ot +m,t)=
2vcos w,t cos ot 2)

Where @, t represent a mplitude modulation. @t represent
carrier waveform

Writing o ut t he r esponse V(1) by pe rforming t rigonometric

expansion

V, (t) = a,2vcos @, t cos .t +a, (2V cos @, t cos w,t)’ 3)
+a,(2vcos w,tcos wt)’ +...+a,(2veos ,tcos ,t)"

The De Moivre’s theorem states that

cos™™" X =52 Z( y )cos (2n+1-2k)x 4)

for odd powers of cos x, where 1<k< 1/(n-1)
Putting e quation (4)ine q(3) we getthe nth d egree o utput
modulated only on fundamental carrier as

ny,n n!
V,(t)=a,2"v e R— 2n1{cosnwmt+
2(T)( )! (5)
ncos(n—2)wmt+wcos(n 2K)m, t} cos ot

From equation 5, we can find the power series coefficients of
third, fifth, s eventh a nd a Il higher or der of i ntermodulation
terms as shown in the tablel. Note that the coefficients in the
equation (5) and (6) are for both upper and lower sidebands so
in the table they are divided by two for a single sidelobe. The
individual s pectral o utputsar e dividedi ntos eparate
components, each co ming f romad ifferentd egreeo f
nonlinearity. F or example, the third-order IM product has two
components, one from the third-degree nonlinearity and another
from the fifth degree. Each fundamental output has three
components: t he l inear term, and a t hird- and a fi fth-degree
nonlinear contribution.
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Practically, t he fundamental component o f AM-PM d isplays

the phase shift A with respect to the AM-AM response. Thus
the PA output can be written as

Vo () =[g, cos(a,t+A)+g,
cos3(w,t +A)+ g, cos S(w, t +A)...] (6)
[cos{mt+ D cos(2m,t)}]

5 9 ., 25 . 1225
Wheregl_ av+5a3v +7a5v +3—2a7v +
3969  , 53361
a‘)V + a“v
32 128
(6a)
3., 25 . 735,
g, =—a,Vv +—aVv +——av' +
2 4 32 (6b)
1323 o 38115,
16 % 128 "
g —éav5+£ v7+ﬁ v’
T TR e (60)
38115
256 Y
35 . 567, 12705
=——av +—aVv +——a,V (6d)
9s 327 64 % 256
ggz9 v"’qtﬁanv11 (6¢)
64 256
231
i =ﬁanv” (6f)

A=phase an gleb /w the AM-AM a nd AM-PM, ® =peak
amplitude of AM-PM distortion. @, t isthe two carrier beat

frequency which is half of the carrier frequency. The frequency
of AM -PM r esponse i s dou ble of t he e nvelope modulation
frequency as it has two peaks in every cycle.

Typically t he th ird-order i nter-modulation di stortion pr oduct
(IM3) are of most concern since distortion products which are
far away in frequency from the desired output can be removed
by filtering. B ut typical higher p ower d evices, s uch as
LDMOS, which ar e car efully b iased an d t uned i n o rder t o
present favorable nulls in the IM characteristics. Such devices
shows flat gain characteristics and a very abrupt compression.
These devices requires higher order terms, say, up to the ninth
order. So from the equation (6) we can find the intermodulation
terms as:

IM3,, =[9; cos3(a,t+A)]cosa,t (7
()

IM3,,, =[9, cos(a,t+ A)][? )
(sin(@, +2w,t) + (sin(w, — 2w, )]

IMS5,,, =[95cos5(a,t+A)]cos w,t )

o

IMn <[, , cos(n—2)(@,t+ A= )
(sin(@, +2w,t) + (sin(w, — 2w, t)]

IMn,,, =[9g, cosn(a,t+A)]cos ot (an
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IMn,,, =[g, , cos(n—z)(wmtw)][%

(sin(w, +2m,t) + (sin(w, —2w,1)] (12)

Equation (11) and (12) are the generalized equations to find the
nth o rderin ter-modulations f or AM-AMa nd AM-PM
respectively.

I11. LINEARIZATION TECHNIQUES

There are many linearization techniques for minimizing power
amplifier nonlinear distortion. But broadly we have feedback,
feedforward and digital predistortion technique for linearization
of power amplifier. The following subsections discusses these
techniques with their advantages and limitations.

A. RF Feedback

In radio frequency (RF) feedback the output signal is fed back
without d etection o r d own-conversion[6]. RF f eedback i s
illustrated in Fig 1. The RF signal is input to a subtractor on the
lefts ide in Fig.1.Ana mplifierc anb e used fora na ctive
feedback network or resistors or transformers can be deployed
as p assive feedback n etworks[3]. T he feedback network can
reduce di stortion a ppearing att he ou tput of t he nonlinear
amplifier in Figl.

v

11
.

v

i

Figure 1. RF feedback linearization method

The output of a simple RF feedback circuit is given as

_ AX
1+ Ap

Voltage-controlled ¢ urrent feedback an d ¢ urrent-controlled
voltage feedback ar e commonly used as they are simple and
their d istortion is p redictable.[4] However,duet ot het ime
delays in the feedback network, thereis a drawback of loop
stability pr oblem i n t his de sign. T hus, R F feedback use is
limited to narrowband systems.[5]

B.Envelope Feedback

A's econd f eedbackl inearization methodi se nvelope
feedback.[6] Fig.2 s hows a n en velope f eedback s cheme. I n
Fig.2, a portion of input and output signalsissampledby a
coupler an d t he en velopes oft he t wo s ampled s ignals ar e
detected by means of an envelope detector i.e.peak detector for
amplitude and phase detector for phase, respectively. Using a
differential a mplifier b oth envelope s ignals are s ubtracted
which results into an error-signal which is further controlled by
a FET/PIN attenuator, which modifies the envelope to remove
the error of the RF signal. Furthermore, envelope feedback can
be applied to either a transmitter or a single P A. However, a
disadvantage of the envelope feedback is that it only accounts
for distortion in signal-amplitude and notin signal-phase. T o
get the correct error signal, the delay of the circuit need to be
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controlled s uch th at b oth th e in puts o f d ifferential amplifier
shouldr eacha tt hes amet ime. F ort hatt he following
expression should follows:

A =App +Agur (13)
G L
Control Sp __
RE:
]
- 4

Phase
detector

Peak detector

Figure 2. Envelope feedback linearization.

The attenuator chosen is such that at zero drive voltage there is
a cen tered v alue o fat tenuation, s ay «,.Thevalueof

must be choosen to p ermit for sufficient v ariation one ofthe
side of't his v alue t o ov ercome a ny gain compression or
expansion over the projected operating range.

The attenuator characteristic, at envelope domain time 7 , can
be expressed in the form[2]

a(t)=1+G(V,(r - A, —Ayp)
Vi (7= Ay —Ayp))
Where A, and A, are output and input path delays,

(14

respectively. And AVID is the gain amplifier path delay. The
output of main PA can be characterized as

Vo(7) =a,(aV,, (1 —Apy)) + 3,

(@Vi, (7 - APA))3 +as(aV,, (7 - APA))5

Thus if there are more delays and are not controlled, they will
obviously generate the non linear output. In order to provide
AM-PM correction as well in the envelope domain feedback
we r equire a method of R F d ifferential p hase d etection. A
simple multiplier a s c anb e most e asily r ealized usingt he

square-law response of a diode.
So if input is

(15)

Vi, (1) = At) co §o,t +0(1)) (16)
Then the output will be
V,(t) = (1-5)A(t) co §a, t+6(t)+ o) (17)

Where O and O are the gain compression and AM-PM at the
envelope input level. Thus the output of the multiplier is
represented as

Vi () =1-8)AM)A(1)
cos(a,t+0(t))cos(w, t+6(t)+0)

1
_ (5)(1 —0)A(t)A(t){coso (18)

+cos(2(w,t +6(1))
which will be reduced by the IF filtering to the video signal,

Vo(® = 1= O AOAD 0 & 19)
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A 90° phase shifter is required so that phase lead and lag are
distinguished.

C.RF Power Amplifier Feedforward Linearization

The feedforward linearization technique was invented by H. S.
Black [7] and applied to m any c ommunication s ystems. The
feedforward linearization architecture is shown in Fig.3 and it
is based on di viding the input signal into two branches. In the
main branch the input signal is amplified by the main p ower
amplifier yielding the PA output [8]. In the second branch the
PA output is scaled and compared with the original input.

- - Delay
PA Direction line
coupler
7 | o
Vin Direction]
Power coupler
splitter
Delay b
PR

Figure 3. RF power amplifier feedforward linearization

The resulting error signal goes through a second PA known as
the error PA. After the error signal is obtained it is amplified
and added to the delayed output of the main PA. Since the error
signal is the nonlinear distortion, adding it from the P A output
linearizes the P A. T he following eq uations d escribes the
feedforward linearization.

V,,(t)=Vcosat and

After passing sampling coupler the output will be
aV,, (1) = a,a (v cos wt) + a,a(v cos wt)’ 0)
The input of error amplifier will be
V.(t)=vcoswt—aV , =Vvcoswt -

aa, (Vcos wt) —aa,(Vcos ot)’
= —aa,(Vcos wt)’
if a=1/a,

The distortion can be amplified with the auxiliary error PA and
added from the original PA output as shown in Fig.3

V.. (1) =2a,(vcoswt) +a,(Vcos a)t)3 +
(1/ @) (e, (veos wt)’)

=a,(Vcos wt) (21)

which is linearized. The gain ofthe error amplifierhastobe
greater than l/a in order to compensate for the (voltage)
coupling factor B of the output coupler which is being used to
achieve the necessary addition in the PA output. The output of
error amplifier EPA can be written as

3 3
Vepa =BV, +bV,” =baa;(vVeos wt)” +

b, (aa,(vcos wt)*)’ (22)

The transmission coefficient of coupler y is related to coupling

coefficient 3 as y =+/1— 3’

Analyzing the third order expansion from equation (6), the PA
output can be re written as
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Vi = (av+=a)

1
(cos wt) + 7 a,v’(cos 3wt)
thus the error amplifier input and output is

V.t)=[V-a(av+ %a3v3)] cos ot
Vepa = B[V —a(a1v+%a3v3)]cos wt
+b,([v—a(ayv+ % a,v))J’ cos’ wt
3 3
:bl[v—a(alv+za3v )]coscot+Zb3

(V-a(ayv+ % av')J’ cos wt

from equation (6)
When a, =1 then

3bea 8lb,a’a,’
VIR P i ki R YV I 3
o = 1 A 756
The final output

Vo) = 7Vpa (O + BVepa

“[ravSav) - A-E Ry

W’ ]cos ot

(23)

{8 lb,a’a;’ W)
256
Thus to c ancel th e third o rder d istortion weput y = ,Bbla

then the output becomes

]cos wt

V, (1) =[7a1v—,8 8lba’a; —3= 2 W ]cos wt
256 (24)

Feedforward linearization is stable technique but it suffers from
poor efficiencya s an auxiliaryer ror PA is required.
Feedforward can be used over a wide bandwidth of about 10-
100 MHz. However, mismatching of devices in amplitude and
phase can lead to i mpairment and reduce the p erformance o f
the feedback system. Since this systemi s feedforward in
nature, al terationsi nag ingan dt emperature d egradet he
correction o f1 inearity. T o r educe t hese e ffects, we can u se
multiple feedforward loops with a single feedforward loop as
the main a mplifier. H owever, this c onfiguration in creases the
complexity of a feedforward system. Ina ddition, e xternal
devices such as delay lines are necessary.

D. Adaptive Baseband Predistortion

The ad aptive b aseband p redistortion, al so cal led d igital
predistortion is b asically a C artesian f eedback with d igital
signal p rocessor. T he p rimary d isadvantageso fd igital
predistortion is relative c omplexity and bandwidth limitations
but it has accuracy and computational rate of the specific DSP
[9]. Furthermore, power consumption is also increased due to
the digital signal pr ocessor[10]. Ina ddition, digital
predistortion h as s torage a nd pr ocessing overhead f ort he
lookup tables[11].

© 2015-19, IJARCS All Rights Reserved

VP
Im Pradistorter i Filter
B N VO- —
. Filter
I‘ow"

Fig.4 Adaptive baseband predistortion linearization.

The analysis of predictor w ill be de fined b y f ollowing
equations:

V., (t) =V(r)coswt whereT is the time in envelope domain
V' (0 =by(r)co st +by(v(z)

cos(at +@,))’ +b, (v(zr) cos(at + ;) 25)
+b, (v(z) cos(at +¢,)) ...

Using equation (6)

V, (t) =bv(z)cos wt + %b3v3 (7)cos(at +¢,)

+§b5V5(f)c0 (ot + ;) +

cos(wt +¢,)...
And the PA output will be
V, () =aV,(et)+aV, (ot +6)+aV,’

35
b 7
64 V(1) 26)

(@t+6,)...=a,[bv(r)cos wt +%b3v3 ()

cos(at +6,) +%b5v5 (7)cos(at +6,) +Z—jb7v7 (7)

cos(wt+6,)...]+a,[bv(r) cos wt +%b3v3(r)
5. s 35,
cos(at+6,) +§b5v (t)cos(wt+6,)+ 6—4b7v ()

cos(at+6,)..J' +a[bv(r)cos ot +%b3v3 () 27)

cos(at +6,) +§b5v5 (7)cos(at +6,) +Z—Zb7v7 (1)

cos(at+6,)..T
From the above equation we can extract the third order term as

3 .3
[a, (Z)b3 co (st +0)+ab (4)
cos(at +6,)V’ (1)

In or der t o remove t hird or der di stortion t he a bove e quation
should be zero when

a,=b=1,b,=a,/a andp, =6, +7
In the similar way fifth order distortion will be null when

5 9 9

gbs cos(¢s) = (E)a; + (g)af cos 26,
5

—(g)a5 cos 6,

and%b5 sin(es) = (%)ag2 sin 26, — (g)a5 sin 6,
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Thus proper choice of coefficient could remove the distortion
in the predistortion technique.

E. Envelope elimination and restoration (EER)

EER i sat echnique whichi ncreases! inearity an d power
efficiency simultaneously [ 12]. The basic method of EER is to
split the RF input signal into phase and envelope separately and
then combine them after amplification [13]. The basic principle
of E ER isthatany narrow-band signal c an be produced by
simultaneous amplitude (envelope) and phase modulation. The
architecture in Fig.5 shows an EER technique with limiter and
envelope detectort o seperate thep hase and envelope
information, respectively.

The limiter eliminates the envelope and thus makes it possible
for a hi gh-efficient nonlinear P ower Amplifier to amplify the
constant-envelope signal. Finally, the envelope amplifier
creates an amplified replica o f the input signal at the o utput.
EER gives better linearity with high

efficiency. H owever, it h as li mited b andwidth o f't he c lass-S
modulator a nd th us d ifficulty in correct alignment ofth e
envelope and phase signals.a jitter or high ACPR could be the
issues. Furthermore, high envelope variations can drive the RF
power a mplifier in to ¢ utoff a nd th us s ignificant d istortion.
However, the resulting feedback poses a problem in bandwidth
limitation a nd lo op s tability. F urthermore, c omplexity o fthe
circuit i s al so i ncreased. T he modulator is usually a c lass-S
amplifier

Envelope Em'elope Atternat
detactor stector or
I'P
Envelope
- detector
IDirsctio
Lirmit ; "
& _[Delay couplar
line [ PA
ey

Figure 5. Envelope elimination and restoration.

1V. CONCLUSION

The 1 inearization t echniques d iscussed s o far has at radeoff
between high ef ficiency, co mplexity and cost. T he ad ditional
circuitry alson eedd elayl ines toc ompensatet he
synchronization of multiple inputs. The digital predistorter
technique also need additional circuitry and complexity but the
efficient adaptive algorithm can be used to give high efficiency
power amplifier. A comparison of different RF power amplifier
linearization techniques is shown in Table 2.

Table 2. Comparison of different RF power amplifier linearization techniques

Technique Performance Band cost Control Drawback

width
Cartesian Moderate Narrow Moderate Control at input | Low gain & stability
Polar Moderate Wide Moderate Control at input | Low gain
Analog RF Low Wide Low Control at input | Comparativily Low gain
Predistortion
Digital Moderate Wide Moderate Control at input | Easy to control but
Predistortion depends on DSP
Feed Good Wide High Control at output | Low efficiency
forward
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