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Theoretical and Experimental Study of Amplifier
Linearization Based on Harmonic and
Baseband Signal Injection Technique

Chun-Wah Fan and Kwok-Keung M. Cherlidember, IEEE

Abstract—This paper presents a novel linearization scheme
for RF amplifiers based on simultaneous harmonic and base- @
band signal injection. In this method, second-order frequency

components generated by predistortion circuits are fed to the @2
input of the main amplifier to mix with the fundamental signal lifi "
for third-order intermodulation distortion (IMD) cancellation. ja ampiitier system Z v
. . . 2w, GRpe with L out
A general and rigorous analytical formulation of baseband, nonlinear elements
harmonic, and the proposed injection techniques is presented, 20,

and from these derived expressions, the optimum conditions
for IMD suppression are developed. The result also reveals the
practical limitation of the proposed method subject to gain and

phase error associated with the RF and baseband circuitry. For
comparison purposes, an amplifying system is constructed for
the experimental investigation of second-order signal injection Fig. 1. General model of second-order signal injection system.
approach. Both two-tone and digitally modulated waveforms are

employed in these measurements.
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Index Terms—Amplifiers, baseband, harmonic, linearization. the amplifier’s transfer characteristics in both magnitude and

phase.
Recently, several methods based on the second-order signal
. INTRODUCTION injection have also been reported [3]-[6]. Intermodulation

ECENT exploration in wireless applications puts furthefistortion (IMD) suppression is achieved by exploiting the
R stress on the utilization of spectral efficient modulatiofecond-order nonlinearity and second-order distortion signal
scheme so as to accommodate more traffic in a limited barf- €ither the second-harmonic or baseband (difference) fre-
width. Digital modulation is usually achieved through pulseduencies. Compared to the feedforward approach, this method
shaping technique which results in a time-varying wavefortgnds to be simple and low cost. However, the second-harmonic
envelope. When this signal is fed to the RF power amplifiefPProach requires both precise gain and phase adjustment for
intermodulation distortion is generated which gives rise to ibe perfect cancellation of the distorted signal, whereas the
terfering signals in adjacent channels. In addition, this sarR@seband method only gives limited IMD suppression (to be
phenomenon causes in-band interference and increased bit éffggussed in Section II).
rate. Out-of-band emission is caused by the saturation and phasEhiS paper presents a new scheme for RF amplifier lineariza-
distortion in RF amplifiers. In recent years, there has been a Bign based on simultaneous harmonic and baseband signal injec-
resurgence of interest in the design of ultralinear power amplion. This method is very stable, has no reduction in amplifier
fiers for digital communication applications. Various linearizadain, and no need for precise phase adjustment. In Section II
tion techniques have been proposed such as feedforward [1] &héhis paper, the basic principle of second-order signal injec-
predistortion [2] that offer different degrees of performance #fn method is formulated by using the Volterra-series theory.
the expense of circuit complexity. Moreover, predistortion ma§nalysis shows the optimum conditions for the suppression of
be divided into baseband and RF schemes. Baseband predidféfd-order intermodulation. In Section llI, the effects of gain
tion focuses on the shaping of the waveform prior to up-convedd phase error associated with the RF and baseband circuitry
sion by using a lookup table or digital signal processor (DSMN the IMD suppression capability of the proposed method is
On the other hand, RF predistortion uses analog circuitry to gétidressed. Finally, the measured two-tone and vector signal test

erate a nonlinear transfer characteristic, which is the reversg®§fformances of an experimental amplifying system are shown
for comparison.
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operate in the mildly nonlinear region in which the fifth- andimilarly, the third-order IMD signal at = 2w; — ws is given
higher order mixing products are negligibly small. by

Active devices that are widely used in the design of RF ampli-
fiers are FET and bipolar transistors. The circuit models of thetien (2w —w2) = T(w1, w1, —wa) - vs(w1) vs(wi) - vs(—w2)
devices may contain a number of parasitic components as well
as nonlinear elements such as nonlinear gate-to-source capacE-3
itance, nonlinear base-to-emitter junction resistance, nonllneaT (
drain current source, etc. In the Volterra-series analysis, the non-
linear characteristics of these elements are usually represented :
by a Taylor series expansion. For example, the nonlinear drain ~~ + 3Grr - €% - H2(2w1, —w2) - K2(w1, w1) + Gp

Wi, Wi, _UJQ)

= 2Hs(w1, w1, —w2)

and gate current sources of a MESFET may be expressed as ce T Hy(wy — wo, wy) - Ko(wr, —w2). (6)
igsn(t) = g1vgs(t) + 9202, (8) + gav, (1) (la) By assuming thats, ~ w; andé = 0, (5) and (6) can be
simplified as

bgont) = & [Chogs(1) + Conu() + Csnf ()] (1)
T ITg(UJg, w2, —wl) ~ Tg(wl, Wy, —UJQ)
whereg,, andC,, (n = 1, 2, 3) are bias-dependent coefficients. =pd Y 4 Grp de?*TIOHY 4 Gppge’”?
To a first approximation, the Volterra series is truncated beyond

the third-order term in the usual manner. Third-order mixing frévhere
guency component can be produced from the second-asder (
andCs) and third-order ¢s andCs) nonlinearities. If the input 5
source is assumed to consist of signal components at angular ~ 1 Hs(wy, wi, —w2) =
frequencies, we, 2w1, 2w, andws — w1, the output voltage at %HQ(ZwQ, —w1) - Ko(wa, wa)
2ws — w1y IS, thus, given by o %HQ(Zwl, —ws) - Ka(wy, wy) = dedB+iY

Hy(ws — wy, wa) - Ko(wa, —w1)

/o Ho(wr — wa, wr) - Kowy, —wa) = gqe’™.

3
ZLH3(W27 W2, _wl)
pcmﬂ‘lf

Vout (2w2 — w1)

= 2Ha(wa, wa, —wi1) - vs(w2) - vs(w2) - vs(—w1)

i\

+ Hy(2wa, —w1) - Grr - &% - v,(2w») Consequently, we have
Uig—wa + HQ(CUQ — Wi, CUQ) - GBB |7’|2 _ |pejq5 + GRF dej& + GBB(]|2 (7)
€7 vg(we — wy) - vs(wa) (2)

wheref = « + 3. Inspection of (7) indicates that the distortion
where H,,( ) is thenth order Volterra transfer function of thecomponentjc’®) may be suppressed, with appropriate choices
system [7];Grr andé, Grr and« are the voltage gain andof the amplifier gains Grr and Ggg) and phase anglé&).
phase shift associated with the baseband and RF paths, respetated studies of second-order techniques using either the RF
tively. Note that the second-order signal interacts with the fuor difference-frequency injection have been reported elsewhere
damental via the second-order nonlinearity of the amplifier {8]—[6].
generate new components appearinguat— w; . In fact, a pre-
distortion circuit is used to produce these second-order signgigse A: No Injection

from the original inputs ab;, andw,. Subsequently, these in- |n the absence of both baseband and RF injecti®nr( =
jection signals can be written as Grp = 0), (7) can be written as

05 (2w2) = 3 Ka(wa, w2) - vs(w2) - vs(w2) 3) Ir| = p. (8)

vs(wa = w1) = Kop(wa, —w1) - vs(w2) - va(=w1)  (4)  This IMD value is used as a reference level for comparison in

: the following cases.
where K»( ) denotes the second-order nonlinear transfer func- g

tion of the predistortion circuit. Hence, the third-order IMDc e B: Baseband Injection Only

component may be expressed as .
From a practical point of view, it is simpler to use baseband

rather than harmonic signal, which is at a substantially higher

ou 2 - =1T: ) y " Us " Us TUs\ T .
Vout(2wz —w1) 3wz, w2, —wi) vy (w2) v (w2) v (i) frequency. If we letGrr = 0, expression (7) becomes

where Ir|? = |pe”5 + Grral?
_ 2 2 2
Ts3(wa, w2, —w1) = (pccos ¢ + Ggpyq)” + p~sin” ¢. (9)
= %Hg(wz, w2, —w1) The optimum condition for minimizing|? is
+ lGRF e Hy(2wa, —w1) - Ko(ws, wo) Cone

+Gpp - ¢ - Hy(ws — w1, wa) - Ko(wy, —w1). () P = —cos¢ (10)
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and the corresponding IMD output can be evaluated by

L2
= sin? ¢ (11)

;
where|r/p|?> andGgpq/p are, respectively, the IMD suppres-
sion factor and the normalized baseband signal gain required.
These results suggest that only the in-phase component of the
distortion signal may be eliminated and, hence, only partial can-
cellation of IMD is possible with the low-frequency injection G q
approach. The amount of residual IMEx{* ¢) depends on var- Fig. 2. Vector representation of (7)
ious parameters including the device’s nonlinearities, parasitig' ' P ’
components, and embedded circuit impedance levels. It is also
clear from (7) thatigg is real with either zero or 180phase
value and, therefore, only a constant gain amplifier is required to
maintain low distortion output. In this approach, the phase shift
associated with the low-frequency responses of the circuitry af
w = we — w1 is the major limiting factor for broadband opera-
tion.

normilzed signal gain

Case C: Harmonic Injection Only

The harmonic method may be obtained by setfifig; = 0in leosol | - - - -\(- - - - - - 5
(7), and the resulting expression for third-order intermodulation
is given by [singl b - - - - = 2=

|r| = |pej‘?5 + GRFdej0|.

1
[
[
1
n o+m 3n/2 2n

For optimum cancellation of the distortion signal, the following e
conditions should be satisfied:
Grrd Fig. 3. Variation of normalized signal gain required as a functio. of
— =1 (12)
p
=7+ ¢. (13) The above expressions indicate that the distorted signal can be

completely suppressed, provided that 0 andéd # =. As de-

It can be shown that the gaj7rr) and phased) of the RF icted in Fig. 2, the combination of the two subvectors may be
path must bg controlled to Wlthln e_lfractlon of a deqlbel and &ed to cancel out the distortion componget?, by control-
few degrees in order to attain maximum IMD reduction. ling the values ofGgg and Ggr at any arbitranyd value (but
phase reversal might be required). Fig. 3 shows the variation of
the normalized signal gainé&'ssq/p| and|Grrd/p| as a func-

In the conventional harmonic injection method, the degree @bn of phase anglé. In practice, if minimal RF signal gain is
achievable distortion cancellation is limited by the accuracy @équired, the two subvectors should be placed in phase quadra-
the gain and phase shift introduced by the feeding networks.tiite ¢ = 3x/2). The corresponding values (fzgq/p| and
the presence of both second-harmonic and baseband injecﬂgﬁFd/M are simply equal tdcos ¢| and|sin ¢|, respectively.
signals, it is possible to optimally suppress the third-order IMD
by adjusting the gains of the amplifiers only, whérbecomes ll. EFEECTS OEGAIN AND PHASE ERROR
an arbitrary constant. And according to (7), we have

Case D: Harmonic and Baseband Injection

Some work has been done to see how sensitive this method
lr| = |pej‘?5 + Grr de?? + Gppq| =0 is to changes in circuit parameters associated with the RF and

baseband signal paths.
or

A. Effect of Gain Error
If the gain errors associated with the RF and baseband
paths are denoted aAGgrr and AGgg, respectively, the

The optimum conditions for perfect IMD cancellation cargorresponding output IMD signal may, therefore, be derived as

therefore, be derived as ) ” "
12 = |pe?® 4+ (Grr + AGrr) de?
Gopg _ sin(f— 9) [r|* =|pe’® + (Grr rr) de

D sin 6 (14) + (G + AGsB)q|?
Grrd  sin¢ =|AGrrde’® + AGgpql®
- (15) = (AGRF dsin 9)2 + (AGRF dcosf + AGBB(])Q.

pcos ¢+ Grrdcosf + Gppg =0
psin¢g 4+ Grr dsing =0.

D sinf’
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Fig. 4. Experimental setup.

In the worst case, the above expression can be written as  whereé denotes the phase shiftintroduced by the low-frequency
circuitry atw = wy — w1, and forf = 37 /2, we have

r|? B <AGRF d>2 n <AGBBQ>2 2
p p p ‘7— =cos? ¢ - 6% a7
A A D
I A TSR O | | |
p If the baseband injection method is adopted instead, the residual

MD levels are then given b
Inspection of (16) indicates that the distortion signal is min;- g y
2

mized by setting = 3« /2, which leads to -
y 9 / ‘— 7~ sin® ¢p+cos? ¢-6% —sin 2¢-6, for w = 2wa—wy
b
v (AGrr\? [(Grrd\® [(AGps\® (Grea\’ 18
" . N . (18)
p Grr D Grnr p 2
2 AGrr\ > AGrs\ 2 ‘— ~ sin? ¢g+cos? ¢ - 62 +sin2¢-6, forw = 2w —wo.
- :< ) sin2<7)+< >C052<7). p
P Grr GeB (19)

Furthermore, it should be noted that, for the harmonic injectiofhe results shown in (17)—(19) suggest that the proposed
approach, the p2erformance degr:‘;\dation due to gQain mismaggBthod is more capable for broadband operation. In practice,
is given by|r/p|* = |AGrr/Grr|”. In practicesin® ¢ < 1 the effect of§ may be minimized by using either a baseband

and, therefore, the IMD performance of the proposed methodiigplifier with a large gain-bandwidth product or phase com-
relatively less sensitive to the gain error of the RF path. pensation network.

B. Effect of Low-Frequency Phase Shift IV. EXPERIMENTS AND DISCUSSIONS

When the difference frequency becomes large under broadrhe test setup for the IMD measurement is given in
band operation, (5) and (6) indicate tha_t the sign_al componem@_ 4. The one-stage MESFET amplifier under test is a
atw, —wp andw, —w; are a complex conjugate pair. Because Qfommon-source configuration with input and output impedance
this, the IMD signal afw; — w» and2w, —w; cannotbe totally maiching networks. The transistor used is an Infineon Tech-
suppressed by the proposed method. Mathematically, this effggfogies CFY30. The main amplifier is designed to have two
can be modeled as RF input ports: one for the fundamental and the other for the
second-harmonic injection. High isolation between the two
' ' ports is achieved by using harmonic filters. Some filtering is
= |pe’® + Grr de’® + Gepa(l + j6)| also incorporated into the drain circuit to reduce the harmonic
_ ‘GBBqé‘ | sin(@ — ¢) 161 signal from reaching the output. Moreover, baseband signal is

7| = |pe’® + Grr de?® + Gppae’®|

r
p

P sin 6 injected into the circuit through the gate-biasing network.
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for the proposed scheme is about 30 dB and this value is limited

The predistortion circuit is constructed using MESFET deyy the noise floor of the measuring equipment and by the reso-

vice, operating near pinchoff, for the generation of the secongtion of the variable attenuator used. Similar results were also
order frequency components. The harmonic signal path consisiiserved for differené values. In Fig. 7, the performance of
of a preamplifier, a variable attenuator, and a high-gain anke proposed technique, the baseband injection technique, and
plifier. A variable phase shifter is inserted into the harmonige harmonic injection technique are compared. It is clear that,
path for phase adjustment. The baseband circuit consists gbithe proposed technique, a reduction factor of, respectively,
low-pass filter, a tunable gain amplifier, and an inverter. F@I5 and 8 dB was achieved for the first and second side-lobe
the two-tone test, signals centered at about 2.1 GHz with a fggwer levels. In contrast, the conventional baseband injection
quency spacing of 100 kHz are used. For the vector modéchnique Grr = 0) shows an IMD suppression factor of only
lated signal measurement, 384-kb/Al differential quadrature 6 dB. Moreover, Fig. 8 shows the plot of the measured harmonic

phase-shift keying (DQPSK) with random data is employegdnd baseband signal level required as a functioh of
Fig. 5 shows the plots of the measured third-order IMD and gain

characteristics of the experimental amplifier, in the absenceBf IMD Suppression Versus Output Power Level

any second-order signal injection. The module is found to ex-|n most linearization systems, adaptive control circuitry is
hibit a small-signal gain of about 10 dB and an output power gkyally required to maintain a low-distortion output as the
approximately 9.5 dBm at 1-dB gain compression point.  input power level varies. Fig. 9 shows the measured third-order
IMD level as a function of output power for the three injection
methods under consideration. The performance of each scheme
The output frequency spectrum of the main amplifier, me&s optimized for minimum third-order IMD at an output power
sured at an output power of 6.5 dBm, is shown in Fig. 6 for ibf 7.5 dBm. The results indicate that a substantial amount
lustration. The gain levels of the RF and baseband paths are adiMD reduction (~20 dB) is achieved with the proposed
justed for minimum third-order IMD level. Improvement factormethod over a wide range of output power level. Note that

A. Two-Tone and Vector Signal Test Performance
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= ' ' conventional second-harmonic injection method, no precise
=©- baseband injection only control of the amplitude and phase angle of the injected RF
-10H harmon!c injection only o . . . ) . ;
harmonic and baseband injection signal is required by the new scheme. The analysis also indi-
2 cates that a 270phase shift{) in the RF path is optimal for
minimizing the effect of gain error on the IMD performance of
E -0 the proposed method. Furthermore, it is shown experimentally
? that a large IMD reduction factor can be achieved with the
-40 . .
3 proposed method over a wide output dynamic range.
a
= -0 //
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