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The Effect of Quadrature Modulator and
Demodulator Errors on Adaptive Digital
Predistorters for Amplifier Linearization

James K. CaversMember, |IEEE

Abstract—Imperfections in quadrature modulators and de-
modulators—gain and phase imbalance and dc offset—have a _ | ... Vall) | pre |Vo(t)
crippling effect on amplifier linearization circuits, a fact that dist
has previously been noted experimentally. This paper is the first
analysis of these effects on an adaptive predistorter. The primary
result is an expression that provides an explicit tradeoff among
intermodulation power, accuracy of the quadrature modulator match 0SsC.
and demodulator, and speed of adaptation. Another useful result
is a simple and easily measured error figure for quadrature

modulators and demodulators. v (t)
L>f adapt ¢~ qdmod

v, (1) v,()

gmod amp —>

delay

Index Terms—Amplifiers, linearization, transceivers.

Fig. 1. Organization of an adaptive digital predistorter.
I. INTRODUCTION

W ITH THE increasing importance of spectral eﬁ'C'enC%lllows the designer to estimate the required level of correction

in mobile communications, linearity of the power aMot these errors according to the system specifications. Since the

lifier h m ritical ign i for nonconstant o . S
plifier has become a critical design issue for nonco Saexpressmn is relatively complex, an approximation that can be

envelope modulations. Several methods for linearization have .
P evaluated on a hand calculator and is accurate to about 1.5

gﬁjz?e?\/[i]s_“[%?tiﬂe:ne?;(in;Xﬁ%r;r?:;dggc;%ﬁg ifvg:fofr?ﬁ (close enough for most calculations of IM power) is also
’ rovided. A second significant result of the analysis is a simple

in the quadrature modulator and demodulator has all bgjr%d easily measured error figure of a quadrature modulator or

been ignored. This is a considerable oversight, because even
the small errors encountered in good commercially availab?e modulator. : . .
devices can produce a large intermodulation (IM) error at th Because of the complexity of the problem—noniinearities
e P 9 . interacting with memory—most of the results provide only IM
amplifier output, to the point that the expense and design effar
! A : power, not spectrum. However, we show that the IM power
of linearization is essentially wasted. . Co . :
. . . due to predistorter adaptation jitter is white. Further, for the
To date, the only substantial analysis [1] dealt with thé ~ . . ; - .
s&eual case of a static previously optimized predistorter and a

gffect of quadrature modulator errors (gain |.mbalance,. p.ha neral amplifier nonlinearity, the analysis demonstrates how
imbalance, and dc offset) on a static, previously optlmlzq(ﬁE

predistorter, and with polynomial characteristics for both the quad mod errors affect the regrowth of the IM spectrum.
amplifier and predistorter. It demonstrated substantial regrowth
of the IM skirts even for small errors. Il. BAsic MODELS
The present paper is a full analysis of the problem: it
includes the effect of adaptation in the predistorter; it does nat Overall Structure

constrain the amplifier to have polynomial characteristics; andFig 1 shows the organization of an adaptive predistortion
it quantifigs the effect of errors in both the quadrature mOdEfrcuit. All signals are treated as complex baseband, and
lator used in the forward path and the quadrature demOdmaﬁ%rnoted byu(#), with a subscript to identify the precise signal

used i_n the feedback path. The prin_c_ipal result is an eXpr_essmocation in the circuit. The instantaneous power, or squared
that gives the IM power at the amplifier output as a function %a nitude, is indicated by(¢), and its average over the
the quadrature modulator and demodulator errors and the sp ulation ensemble is denoted B both with subscripts

of adaptation (and, of course, the amplifier characteristic). Trﬁ%r exampley, (#) is the complex envelope of the amplifier

_ 2 _
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Fig. 3. Complex gain predistorter with LUT.
Input Power x_
Fig. 2. Typical class AB amplifier characteristics. by the complex gain predistorter. However, for bandwidths

of the size accessible to digital predistortion, memory effects

block and the predistorter is the precise inverse of the powd¢ considerably smaller than the basic memoryless distortion

amplifier nonlinearity, so that the combination of the three isR{oduced by level-dependent complex gain, as shown by
simple linear gairk. In reality, the predistorter and quad modPuccessful implementations [7], [8]. Moreover, we show below
have small errors, so that the amplifier outpyft) contains that uncorrected quadrature modulator and demodulator errors

IM and other errors, given by further rai;e IM floors. For these reasons, amplifier memory
has been ignored.
Vae(t) = 1, (t) — Kupn(t) 1)

wherev,,,(t) is the modulation input. The primary results ofc- Predistorter
this paper are expressions fog.(t) and P,. for an adaptive  The predistorter is another level-dependent complex gain
predistorter. F(z), with output given by

Adaptation of the predistorter is achieved by comparing .
the fed back amplifier outputs(¢) with the desired amplifier va(t) = vm(O)F lwm (D)) ®)
output Kv,,(t) and adjusting the predistorter parameters tbthe quadrature modulator was a perfect unity gain device, we

minimize some measure of the difference could identify v, (t) with v4(t), and the optimum predistorter
) characteristic, denoted h¥,(x), would satis
0ge(t) = vy (8) = v (1) @ P ). would satsty
Fo(xm)G[xm|Fo(xm)| ] =K (6)

The delay element matches delays around the loop containing
the amplifier. We assume it to be perfectly adjusted, sehich follows from (3) and (5). We will show later tha, ()
that loop delay has no effect on linearization accuracy. Thgthe mean value of the adaptation, even in the presence of

adaptation itself can be a relatively slow background procesgiad mod and quad demod errors.
Note that the amplifier output power cannot exceed its satu-

B. Power Amplifier ration value. The best possible characteristic of the combined
epredistorter and amplifier is therefore that of a limiter having
nt . . . . .
an output signal proportional to the input signal with sldpe
up to a limiting value, after which the predistorter supplies
Va(t) = va(t)Glzg(t)] (3) AM/PM correction only. The effect of the gaiff is simply
. to change the range of the input, that is, the input power
where v,(#) is the output of the quadrature modulator. Thg; \\nich the amplifier saturates.
complex gain of a typical Class AB amplifier is shown in- g yredistorter is assumed to be implemented as a lookup
Fig. 2 as magnitude (AM/AM) and phase (AM/PM), wherg 1o (| UT) of complex gain values [4], indexed by the
input and output power have both been normalized t0 Unigy, ared magnitude,,, as shown in Fig. 3. It is also possible
at saturat!on. The reduced gain at sfaturatlon and c_utoff APCindex by magnitude, or any other monotonic function of
clearly evident, as are the phase shifts in these regions. W&t de, depending on the regions of amplifier characteristic
will also use the derivative of the complex gain, denoted by, ,; need the greatest accuracy of representation. However,
dG(x) these considerations do not enter the analysis of the present

Gloy==5 " @ paper.

In general, power amplifiers also exhibit dynamic (i.e.
memory) effects, particularly in regions of rapid gain changg' Quadrature Modulator
like saturation and cutoff. These effects are not representedrig. 4 gives an expanded view of the physical quadrature
by the complex gain model, and therefore cannot be correcteddulator, and Fig. 5 illustrates the model used in this paper.

The power amplifier is characterized by a level-depend
complex gainG(x), so that its output is given by
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e Relv. ()] With good analog design, the gain and phase imbalance
¢ A/D errorse,,, andg,, are relatively small, typically about 3% and
)HE 3° or less, respectively. With such small values, we can adopt

the first order approximations

pre- ! osc v, ()
distort ! E3—> Ax1
istor | 90°

_Em + JPm
Imlv,(H)] % A -
A/D so that
--------- v () ~ va(t) + Bug(t) + C. (13)

From (13), it is clear thatB|* has a simple interpretation as the

G, power ratio of undesired to desired images when the input to
NS ~ * the quad mod is the offset torep (27 f,¢t). Further,|C|? is
| y A the power in a tone at dc (i.e., center channel). Because they
| I play a significant role in our analysis, we define the image
suppression ratio (ISR) and the dc suppression ratio (DSR) of
Va sin(¢) . Ve the quadrature modulator as
Q | B | cos(d) \)L Q ISR,, =|B/?
| \ A _ et o
4
Fig. 5. Analytical model of the quadrature modulator. DSR, — |C|2 (14)
" orm

We are concerned with three primary departures from idealifjgte that these quantities are easily measured with a spectrum
Phase imbalancg,,, is the amount by which the sine carrierynay7er when the quad mod input is a single offset tone: DSR
departs from its ideak /2 phase behind the cosine carrierig the residual carrier level, and ISR is the level of the image
Gain imbalance:,,, depends on the ratio of amplitude gains o the opposite side of the carrier, both of them relative to
in the cosine branch and in the sine branch and is given byi,e |evel of the tone.

Z-1 )
em =— — L.
"B E. Quadrature Demodulator
Ideally, « = f3, so thate,, = 0. In order not to confuse The quadrature demodulator is constructed much like a

gain imbalance with an overall change in power [2], we wijuadrature modulator in reverse, recovering the complex en-

constrain the branch amplitude gains to be velope of its bandpass input. It, too, has gain and phase
imbalancess,; and ¢4. The complex dc offset in its output
a=(1+en) /% is due to mixing of the local oscillator (LO) signal with
2+ 2em e, itself, 1/f noise in the mixers, and true dc offsets in active
9 antialiasing filters and A/D converters. Because it parallels the
B = / e 1 (8) model of the quad mod so closely, we simply summarize its
moTm behavior by

The third nonideality is dc offset, produced by the true dc _ *

offset in D/A converters and active reconstruction filters and vs(t) = ava(t) + bfa(t) te

by carrier feedthrough to the quad mod output. ~va(t) +bug(t) +c (15)
Previous analyses have used matrix [2] or conjugate vectphare

[1] representations of the quad mod. The latter is generally

more convenient for analysis. We therefore write the complex b~ M (16)
envelope of the quad mod output as 2
. Its image suppression ratio IgRand dc suppression ratio
Vg (t) = Avm(t) + Bup, (1) + € ©) DSR; are defined like the analogous quantities (14) in the

where modulator.
_ 1+ cos ((/)m) +éem — J sin (d)m)

A (10) F. Adaptation Algorithm
VA + ey, + 262, ) ) ) )
and Adaptation of the predistorter is based on comparison of
Em €OS (G + J SI (P) paired samples of_desired_ and fed back amplifier outputs.
B = N ErRe ey (11) Because the predistorter is constructed as an LUT, only
A T 2eh, the table entry associated with the magnitudg of the
and C' is the complex dc offset. modulation sample is adjusted in response to a given sample
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CAVERS: EFFECT OF QUADRATURE MODULATOR 459

pair. Conversely, a table entry is adjusted only when the sigrar small |v,.|/|v.|, (23) reduces to our intended iteration

trajectory passes through the corresponding amplitude leve21). Moreover, (23) is closely related to another published
For any signal powet,,, we find the rootF,, of (6) by the iteration [6]-[8], given by

method of successive substitutions [5], for which an iteration is

K

a1 [F (s i + 1)

F(Zm, i+1) = 17 = arg [F'(xm, 9)] + s{arg [vm ()] — arg [va(d)]}
@ i+ 1) = G TF G P (7) .
| E(2p, ©+ 1))
wherei is the iteration index and’ has been given a second = |F(Zm, D] + s[K ()| = [va(D)]]. (24)
argument. The Appendix shows that convergenceFjois ] . o ) ] )
guaranteed in the neighborhood of the root if This phase iteration is identical to (23). Some manipulation
also shows that magnitude increment in this iteration is ap-
K1 G5 5] <1 (1g) Proximately |u,,G,| times that in (23); that is, predistorter

|G, |2 table entries associated with larger amplitudes near saturation
, . o receive large updates, while entries associated with small
whereG, andG;, denote amplifier characteristics correspondyynjitudes near cutoff receive very small updates. In any
ing to the optimum value,, and are given by case, the links among the update methods suggest that (22)
\ is representative, as well as tractable.
G, = G[xm‘FO(xm)F] P
! 2

Go =G Lol Folm)[]- (19) Il STATIC ERROR IN AMPLIFIER OUTPUT
Thus we can be more confident of convergence in regionsin this section, we obtain the error in the amplifier output
where the complex gain varies slowly or the signal level igs a function of the quad mod errors and any misadjustment
small, and divergence, if it occurs, is most likely to be neanrror in a static (i.e., nonadaptive) predistorter.
saturation. If we ignore temporarily the errors in the quad mod

and demod, treating them as unity gains, we can idenijfy A. Linearized Model of Amplifier Error

with vy anduy with v,. Substitution of (3) and (5) into (17) g iy suppose the predistorter characteristic to have a

then yields perturbations /' that is small compared witlt},, so that
, Kuv,, (i
F(@m, i+ 1) = F(wm, 4) U” (z()L) F=F,+6F (25)
) Vae () where the explicit dependence af), has been suppressed to
=F(2m, 1) [1 - T(t)} (20)  simplify notation. Combining (5) and (13), we have the quad

mod output, to first order in the small erraf$” and B, as
where the second equality comes from (1). This iteration was .
also used in [3]. As we shall see, however, errors in the Vg R Vm Lo +vpm8F + Bup Iy + C. (26)

quad mod and demod necessitate averaging of (20) over M@yhsidering that the dc offset is small compared with the

iterations. Accordingly, we use the update modulation|C| < |v,.|, we have the first-order approximation
Vae(?) of the squared magnitude ef,
F(xm, i +1) = F(zy,, t) |:1—8L,:| (21) ) 5 o ‘
va () Lq R T | Fo| 2+ 2., RE[F! 6F]+2Re[B* F2v2 + C" Fu,,].
wheres < 1 is a small positive step size parameter. The (27)

Appendix demor!strates that, thoughmay affect the speeq The quality of approximation is excellent in (26), and in (27)
of convergence, It QOes not change the convergence Cond'tilf)ﬂs very good for signal amplitudes greater than about ten
(18). Flnally, recalling that. we h‘?“’e qvallabix—; instead .Of times the dc offset. In both equations, the leading term is the
Ua, WE rewrite (21) to optaln the iteration update used in trlaeal value, and the remaining terms are perturbations caused
remainder of the analysis by predistorter and quad mod errors.

‘ i ‘ vse(i) To calculate the amplifier output, we note that the perturba-
Flam, i+1) = Fzm, 1) [1 - s U—(L)} (22) tion in x4 Causes a perturbatiafy in the amplifier complex
! gain away from, of (19). Using (27) and a first-order Taylor
where vy, is defined in (2). expansion ofG(z), we have

The iteration (22) is reasonably representative. For example

~ * * 2 2 * !
we could equally well have used geometric averaging of (20),5G ~ {2z, Re[F;6F] 4+ 2Re[B* F v, + C* F,u,|} G,

o m

by (28)
] NECNOIN where , is defined in (19). From (3), then, we obtain the
Flam, i+1) =F(zm, 'L)[ vald) } first-order approximation to the amplifier output as
:F(.’ﬂnl, L) |:1 _ vae(jl:):| S' (23) Vo = (UrnFo + SUQ)(GO + 5G)
a (%) X U Fo G + 60y G + U FL6G. (29)
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Since F,,G, = K, we have the amplifier output erret,, as 10 , , : , , : :
the last two terms of (29). Substituting (26) and (28), we have

Vge R VgeF + Vaeq (30) A0

-20

e

g
where 15 perfect PD and qmod : B=0.03, C=0
g -30 . ﬁ 8=0.01, C=0
@ no 4
, @ okl B=0, C=0.03
VgeF = Um{GO(SF -+ 2.’L’mFOGO Re[Fj&F]} (31) g .40 | ;i 6.0 001
RN L%
. . . -50 i i
is the component of the error due to misadjustment of the prveoet! o
predistorter when the quad mod is perfect, and -60 g T
-70 e \I “‘l et} | i h o |“ e
Vgeq = (BULF) + O)G, + 20, F, G, -4 3 2 -1 0 1 2 3 4
. RE[B*F(?U?n + C*Fovm] (32) frequency/symbol rate

6. Spectral regrowth due to quadrature modulator errors with static

. . i
is the component due to quad mod errors when the predstoﬁ.ﬁ%istorter‘

is perfect. In the remainder of the analysis, we will deal wit
the two terms separately.

The approximation (30) is very good. For combinations )
imbalance errors of 3% and 0.03 radians and dc offsets of AJB) gives
of saturating signal amplitude (which we will term the 3/3/3
level of error), the error in (30) is typically less than about 3% Vaeq = BKqKrv;, + BKgui\g + BGma(za)v)
of the true value, even for very low signal amplitudes. + 204G’ (x4) Re[B*v3] + CKg + CGpu(zq)

+ 27}dG/(l’d) RE[C*’Ud]. (36)

utputs, as in [10]. Selectively substituting (34) and (35) into

B. Quad Mod Error and Spectral Regrowth

The component,., of amplifier output error due to quad N (36), the firstB term (a spectrally reflected replica of

mod error can be taken a little further. We can rewrite (32) &s.) and the firstC' term (a tone at the center of the channel)
dominate the remainder of their respective terms. However,

Vaeqg = BU3G(xq) + 204G (z4) Re[B*vj] + CG(zq) they both fall in the signal band and do not contribute to
+ 204G (2q) Re[C*ug] (33) adjacent channel interference. The remaining components have
bandwidth wider than the original modulation. Here we can
which can be seen as a regrowth of IM spectraw/fis i_den_tify a Qiﬁerence in the _IM spect_ra resulting from noise-
zero mean and circularly complex (i.&&[v7 (v)"] = 0 for like input signals and data S|g_nals. Wl_th the former, all spectral
m # n), as usual, it is straightforward to show that the firggomponents of (36) are continuous in frequency. In contrast,

two terms are uncorrelated with the second two. Consequenfla signals are cyclostationary, so thgf and its powers
the power spectrum o, is the sum of one spectrumtyp'ca”y contain discrete tones at multiples of the symbol rate;

weighted by|B|> and another weighted by’|2. That is, the in fact, the tones im;,,, are frequently used for timing recovery.
two components of spectral regrowth are proportional to tH&US Gmv(za) in the second” term of (36) contributes such

image suppression ratio ISRand the dc suppression ratiolones, and_ their power is proportional [t3]2. All other terms
DSR,, (14). have continuous spectra. We also note from (36) that the

Further insight can be gained by considering both tRoNtinuous spectra decrease at various rates with decreasing
amplifier and predistorter characteristics as a dominant lingar PUt that the discrete components are largely unaffected by
component (constant gain), plus a smaller nonlinear comp#creasing signal power, and therefore become increasingly
nent with level-dependent gain (typically 25 dB or more beloRrominent. Beyond these observations, it is difficult to qbtam
the linear component), an approach developed successfull;gﬁ{‘eral results about spectral regrowth without resorting to

[9]. Thus the predistorter output can be written as computation. On the other hand, analytical results for the
regrowth of IM spectrum resulting from quad mod error are
Vg = Kpvm + v a (34) available [1] for the particular case of polynomial models for

the amplifier and the predistorter, and they too show that the
where K is the linear component of predistorter gain antptal output spectrum is a linear combination of elementary
vrm q IS the nonlinear distortion at the predistorter output. Alsgpectra.

the amplifier complex gain can be written Fig. 6 presents the amplifier output spectrasfgd DQPSK
with 35% rolloff under several conditions. The desired linear
G(zq) = Ki + Giv(za) (35) gain was set toK = 1, so that saturation was reached
at ,, = 1. The average modulation power was backed

where K¢ is the linear component of the gain a6ty is the off to 3.1 dB less than saturating power to ensure that
level-dependent component that gives rise to distortion. Thgerload of the limiter characteristic of the linearized amplifier
linear gains can be determined by correlation of inputs aptdoduced no appreciable IMD (note that input and output
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backoffs are equal with linearization). For reference, one cureé the denominator gives
shows the output with no predistortion; that is, when the
amplifier input is Krv,,. Other curves illustrate the output . _ . Vye(t)
error spectrum for perfect predistortion followed by various’ (Fms ¢ +1) =08 (@m, @) = L, Ku,,
levels of quad mod error. Because of the normalization, . 2
{1 veld) [“fﬁ(”} +} (40)

C values can also be interpreted as dc offset amplitudes
relative to the saturating amplitude. The output error spectra Ko Ko,
demonstrate proportionality {&|* and|C|?, as predicted, and . . .
the dominance of the inband componeR& v}, andCKp, Next, we truncate the series (40) to first order. This approx-
as well as the fact that offset genera”y has a more sevérﬂ@tion is poorer than the OtherS; at a 3/3/3 level of error in
effect than imbalances. They also illustrate tones at multipl@gad mod and demod, the error committed by truncation is
of the symbol rate due to cyclostationarity of the signal. It §-10% over most of the signal power range, rising to about
clear that even relatively small amounts of quad mod erréP% for very low input power, with most of it due to the dc
Compromise the improvement gained through predistortion_oﬁsets. The truncation error decreases rOUghly ”nearly with
decreasing quad mod and demod errors. Finally, we substitute

IV. JITTER-INDUCED ERROR IN AMPLIFIER OUTPUT (2) and (37) into the truncated (40) to obtain the approximate

. . . update relation
In this section, we turn to the component.» of amplifier

output error (30) due to misadjustment of the predistorter. In . . . o

the adaptive configuration at hand, misadjustment is in the 8F (24, 1+ 1) = 8F (2, 1) = s[pbF (i) + rdF ()]

form of jitter caused by quad mod and demod errors. We derive — sw(i) (41)

the error power and show that this component of the error has

a flat spectrum. where
The strategy is to condition the analysis on the input level,

and obtain a linear stochastic difference equation as an approx-

G/
oy ; e - ¢ =14z, |L,]? =2
imation of the iteration in the neighborhood of the optimum P mlfol G,

value F,. Since such equations are well understood, we can 5 G,
obtain the jitter variance and the dynamics of convergence as r=rmly G, (42)
explicit functions of input level. Subsequent averaging with
respect to input signal level completes the calculation. are level-dependent constants that determine the dynamics of
oF, and

A. Linearized Model of Feedback Error

The error in the feedback signa} can be obtained to first w(i) = L — u(4) (43)
order by combining (1), (15), (30), and (31) to give Kum(9)

is a noise term that reflects the effect of quad mod and demod
errors from (38) on the predistorter error. Normapyis close
to one and- is close to zero. Because of the level dependence
where in (41), we will find different convergence behavior and jitter
variance in the midrange, saturation, and cutoff.
uw={(Bv,LFr + C)G, + 2v,, F,G,, We will focus on the adaptation of a specific table entry with
. Re[B*Fo%fn + C*Foup) + K, +¢ (38) nominal signal levek,,. In reality, a table entry represents a
small range of input levels, which produces additional jitter.

acts as a noise term produced by the quad mod and qumS effect is not included in the analysis, since it can be
demod errors. From (2), the errof. equals the last two terms Made arbitrarily small by increasing the number of table entries

in (37). As in (30), the approximation of the errof. is very or by integrating linear interpolation with the adaptation [8].
good. The only remaining random variable is the ph&$é) of the

input, which acts through the imbalance and offset errors to
determine the statistics of the noise inpu({) of the iteration

. . ) (41) [see (38) and (43)]. The input is therefore
The predistorter adaptation dynamics are seen more clearly

in terms of the misadjustmeidtr’. Substituting (25) into (22) ) 1665)
gives, to first order Um (i) = /Tme . (44)

vf & Kvy + v {Go6F + 22, F,G) Re[F;6F|} +u (37)

B. Linearized Model of Adaptation

SF(zm, i+ 1) ~ 6F(wm, i) — sF, vfe(fi) (39) As noted earlier,_a table entry is updated only Whe_n the signal
vy (1) passes through it. These events occur at unpredictable times,
typically separated by a large number of samples, so the phases
for an iteration of the entry in the LUT corresponding to signal of the modulation signal at successive iterations can be
magnituder,,,. Further substitution of (2) and series expansiotonsidered independent. Furth@is distributed symmetrically
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around the circle. Thusy,,, v, andw are stationary, white, mean, and almost circularly complex, and the biag i is

Zero mean processes. negligible. At very low input powers, the approximations are
We can now calculate the components of the second nemmewhat degraded, though still acceptable; in any case, low

ments of the complex noise procesas defined as the three input powers make a relatively small contribution to the error

real gquantities at the amplifier output.

Wsum - E[|w|2]

Wairs = B{Re[w’]} - o
W = E{Im [w?]} (45) Now that we.have the statistics of the noise input of (41),
o we can determine the effect on the predistorter efbr Its

where the subscripts are mnemonics for the sum of squarg@¢ond moments at steady state are defined as
difference of squares, and cross products of:dijend Im[w]. Frum = E[|6F )]
These definitions mak&[w?] = Wy s+ jiWsum. To calculate sum = )
these second moments, we substitute (38) and (44) into (43), Faipy = E{Re[6F"]}
making explicit the dependence @f on 6. Further substi- F,. =E{Im[§F?]} (48)
tution of this result into (45) and performing the laborious

expectationsE[|w|?] and E[w?] over thed ensemble gives SO thatEB[6F?] = Fy;s s +jF.,. We calculate them by forming
CG, + o2 the square and the squared magnitude of (41), taking the
o+ cC

expectation and equating the second moment&tft,,,, k+
G220, 1) and 6 F(z,,, k). After collecting terms, the result can be

C. lJitter in 6F

Waum =|BEF +bF,|? +

2

s expressed as
+2un el |EBE P +i0) TP
o o (2D — sEYF = sW (49)
2 * * Tk o *
+2|F,|"Re [wm(B Fo +b°E7) FO B, where the vectord”™ and W are (I, Faisy, FC,,)T and
Q' (CHGF 4+ o (Wsums Waigs, Wer)T', respectively, and the matricd3 and
+C =2 (&G, ) (46) E are given b
G, G g Yy
and [Re[p] Re[r] Im[r]
~ Gz 2 2 D = |Re[r] Re[p] —Imp] (50)
Waigs + jWer —2TZ | Fo|*2m (| BES "2 + |C|7) _|m[,,] Im [p] Re[p]
* Gi) * 713 and
+20n DI +05) G2 LS o M i
(CG, +¢) G . » E =] 2Relpr] Rejp+77 Im[r—p-|]|. (51
+2T G—OC P2 (47) | 2im[pr]  Im[p? +r?] Re[p? — 2]
after use of (6) to eliminatdx. Solution of (49) gives the desired second moment&lof-that

It is worth noting that numerical evaluation shows thas, the jitter variances.
Waum is typically an order of magnitude greater theny; s
and W.,., so that the noise can be described approximatelyD. Amplifier Output Error
by its variance®[|w|?], without dependence on its phase angle
(i.e., it is almost circularly complex). FurtheW,,,, is well
approximated by the first two terms of (46), to about 3% at
3/3/3 level of simultaneous quad mod and demod errors. Th

Having obtained the predistorter jitter, we turn to our

ultimate objective, the error power in the amplifier output.

I (30), we distinguished output error due to predistorter
o . . . . ?ﬁlesadjustment from output error due to quad mod error, and
approxma’uops are Fequwalent to ignoring the derivai¥s, the remainder of Section Il dealt with the second component
as;éﬂcaes ::1 dsti?fc:s\r::t%_:tlhas 2610 mean. it would a earalone. In this section, we deal with the first component, the
thatéF also has a zero mean; that is, the ite,ration is ur?l:?ias%rorvaﬁ t(St'l) du; o Jltier n tth mlsaii:]usetmeﬁF. 'It')?kmgd
However, the dominant omitted term in the series (40) has ¢ expectation Oftep = |vaer|” OVer thef ensemble an

: . usi 42), h
nonzero mean, as shown by (47), so that there is some blag%lpg (42), we have

6F. Fortunately, the bias, as a fraction Bf, is very small. _ K? 2 9
i Tack =Tm = (P17 + |7[F) s
Even at a 3/3/3 level of error in both quad mod and demod, ae TRE sum
the fractional bias is on the order of 16 over most of the +2Repr* (Fuips + jFa )] (52)

power range, rising to just over 18 at very low input powers

near cutoff. At a 1/1/1 level of error, the bias is about an ord@his is the amplifier output error due to predistorter jitter, as

of magnitude smaller still. a function of quad mod and demod errors, amplifier charac-
In summary, the linearized iteration (41) is a good approxieristics, signal level, and the iteration step size parameter. It

mation to the true iteration over most of the input power rangean be used to obtain the convergence speed achievable at a

even at the relatively high 3/3/3 level of error in both quagarticular predistorter table entry for any level of quad mod

mod and demod. Further, the noise inpe() is white, zero and demod error and a given level of allowable output error.
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In the normal case of variable input level due to modulation, These results lend themselves to simple interpretation. If

we average (52) to produce the average output error powlee quad mod is perfedtB = C = 0) then the fractional
due to predistorter jitter as amplifier output error power iIdSR;+DSR;)/2N., assuming
> the test tone used to measure the suppression ratios has the
Poer = / ZacF (T ) Pm(Tm) dTm, (53) same powel’, as the data signal. If the quad demod is perfect
0

(b = ¢ = 0), then the fractional amplifier output error power is
wherep,,(z.,) is the pdf of the level of the modulated input(ISR,,, + DSR,,)/2N.. If both devices are imperfect, there is

signal. some chance that their errors in (60) will cancel. More likely,
they will combine unhelpfully, but best case and worst case
E. Simple Approximation bounds are easily obtained.

Although (52) and (53) are readily evaluated numerically, EVidently, we can define an error figure (EF) for the
the expressions are complex enough to defeat intuition. FgHadrature modulator and demodulator as
tunately, a further approximation gives a very simple result, EF — ISR+ DSR (62)
without dramatically increasing the error. We simply ignore

the shift in operating point of the amplifier with respeck\s noted in Section II-D, the EF is the sum of the powers

to perturbations in the predistorter or quad mod. This i§ the unwanted sideband image and dc tone relative to the
equivalent to setting the derivativ&, to zero. From (46) and power of an input offset tone. In Section I11-B, we saw that

(47), we then havéVa;s; ~ 0, We, ~ 0 and the variance of gpectral regrowth is proportional to the components of the EF

the noise inputw to the iteration (41) is just and, as noted above, jitter-induced error power at the amplifier
~ by  |CG,+c? output is proportional to the EF. It is gratifying to see several
Woum % |BES + bE[" + |Goo|2xm : (54)  forms of error power depend in a straightforward way on easily
] ] S measured properties of the quad mod and demod.
The iteration (41) simplifies to We note from (60) that the required time constant increases

§F (2, i +1) = (1 — $)6F (@, i) — sw(i)  (55) aS the EF of the quad mod and demod, that is, as the square
of the imbalances and dc offsets. This has significant conse-
sincep = 1 andr = 0, and (31) becomes quences for the initial convergence of the predistorter. Even
o = v . SF (56) at a 1/1/1 level, which represents the limits of good analog
ackt = Tmiot it design without DSP compensation, at least 100 iterations are
The solution for steady-state jitter variangg,,,, is simple. We required to bring the fractional amplifier output error power
take the squared magnitude of (55), perform the expectatittn10-. Moreover, every level of the predistorter must have
and equate the variances &f(z,,, k¥ + 1) and §F(x,,, k) been exercised this often to avoid partial convergence of some
to obtain levels and consequent high levels of IM. Since some random
s data levels have relatively low probability, there is a strong
Foum = 9 _ g Waum.- 67) argument for use of a special training sequence during initial
g " convergence.
ggggta?igi %%)arri eZZLhrefjeirr?.it;—rt:ﬁiortllgn?s constant” of the We also note from (60) that there is a difference in effect
' ’ between the imbalances and the dc offset. Gain and phase

N, = -1 imbalances produce an output error with power approximately
 ln(l-s) proportional to the input power”,, (ignoring changes in
1 (58) amplifier gainG,). The error due to dc offset, on the other
T hand, is approximately constant (again ignoring changes in
Finally, jitter-induced output error power is, from (54), (56)@MPplifier gainG,). The consequences can be seen in (61):
and (57) backing off the input power to the amplifier has almost no

effect on the fractional error power at the output due to
(2m|Go?|BES +bE,|> +|CG, +¢[*) (59) imbalances; even worse, backing off causes the fractional
error power due to dc offsets to increase. Both behaviors are
at any levelz,,. To obtain the average jitter-induced powemych worse than the classical 2-dB reduction in fractional

Feer, We average (59) with respect to the modulation pdf, @$ror power for every 1-dB reduction in input power seen in
in (53). If we ignore the variation of, and G, with level, third-order IM.

the average is obtained simply as

ToeF R
— S

s F* 2 F. Numerical Results
Porp~——|P|B=2+1b
2—s F,

Several first-order approximations were made in obtaining
) ) the fractional amplifier output error through linearized analysis
and the fractional output error power is (52), and more were made in arriving at the simplified model
Py s P 2 ICG, + ¢|? (59). As a che_ck on_the accuracy, there_fore, we compare
P o~ 5 B 7 +b + P (61) these results with a simulated adaptation in which the input
@ s ° @ level z,, is fixed and the phase of successive inputs is

+]CG, + c|2) (60)
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TABLE |
SIMULATION PARAMETER SETS. &, FRACTIONAL AMPLITUDE IMBALANCE; ¢, PHASE IMBALANCE
IN Rapbians; C, ¢, dc OFFseTs RELATIVE TO UNITY FULL ScALE

Parameter Set #1 K=08 s = 0.01
€, = 0.03 &, = 0.03 C =001 +0.02j

g, = 0.03 b, = -0.03 ¢ =0.02 - 0.01j

Parameter Set #2 K=038 s = 0.01
€, = 0.01 ¢, = 0.01 C = 0.0033 + 0.0066j

g, = 0.01 ¢, =-0.01 ¢ = 0.0066 - 0.0033j
Parameter Set #3 K=08 s=0.1
g, = 0.01 b, = -0.01 C = 0.0033 + 0.0066j

g, = 0.01 b, = -0.01 ¢ = -0.0066 + 0.0033j
Parameter Set #4 K=08 s=0.1
g, = 0.01 ¢, =-0.01 C=0

g4 =0.01 ¢, = -0.01 c=0

102 ¢ T T T T T 10
solid: simulation
. dotted: linearized analysis
f u_g dashed: simplified mode!
; 104 F

8 5 — ,,__f_\ i e o Emmo—ommLET
S r e 105 7 - v Parameter Set #3
= t Parameter Set #1 =2
K o Parameter Set #1

Q
5 10 | Parameter Set #4 - E
N ]
g Parameter Set #2 ..— g 106
Q o
@ 10° . . o
2 solid: simulation =
a dotted: linearized analysis “

dashed: simplified model T
107 L ' o 107 | I 1
0.01 0.1 1 0.00 010 0.20 0.30 0.40 050 0.60 0.70 0.80 0.90 1.00
Input Signal Power x,_ Input Signal Power x|
Fig. 7. Predistorter jitter variance as a function of input level. IFig. I8. Jitter-induced IM power at amplifier output as a function of input
evel.

uniformly distributed around the circle over 140 000 iterationﬁ'ldistinguishable from the simulation on parameter sets 2—4, at
As benchmarks, we use the four parameter sets summariggg1/1/0.75 and 1/1/0 levels. Any discrepancy is due largely to
in Table |. Parameter set 1 is at the 3/3/2.2 level of quad m@gincation of the series (40). The simplified model (59), which
and demod error, with a 100 iteration time constant. Parameﬁ@ﬁores changes in amplifier gain by setting the derivative
set 2 is identical to set 1, but scaled uniformly by a factqty to zero, is in good agreement with both simulation and
of 3, bringing it to the 1/1/0.75 level. Parameter set 3 is |earized analysis on all parameter sets, and is close enough
new set of values at the 1/1/0.75 level, but with a ten-iteratigg be useful for almost all purposes. We conclude that our
time constant. Finally, parameter set 4 has the same imbalaggglysis is accurate and that we can draw reliable conclusions
values as set 3, but has no dc offsets, putting it at the 1/%0en from the simplified model.
level. Turning from accuracy to behavior, we see from Fig. 7 that
Fig. 7 shows the jitter variancé&[|6F|?] as a function the curves for sets 1-3 show an inverse dependence of jitter
of input level. There is excellent agreement between th signal level, which, from (54), indicates that the dc offset
simulation and the linearized analysis [from (49)] for all foudominates in determining the jitter. In set 4, with no dc offset,
parameter sets, and even the simplified analysis (57) is véing jitter is almost independent of signal level. Similarly, on
close to both the simulation and the linearized analysis. FigFRy. 8 we see that the sets in which dc offset dominates have
shows the output error power as a function of input level. Thelatively constant output error power, compared with the
linearized analysis is in good agreement with the simulatimffset-free set 4, where error power is roughly proportional
on parameter set 1, at the 3/3/2.2 level, and it is almadstinput level, as predicted by (59). By comparing sets 1 and
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10 ; — T where R is the symbol rate and, is the sampling rate. This
i reduction by a factor equal to the number of samples per
symbol implies that the quality of the output can be improved
by increasing the sampling rate. However, it is computationally
expensive to do so, since the reduction is only 3 dB for every
jitter plus regrowth | doubling of the sampling rate.
/ jitter only Finally, we can obtain a practical design target for quadra-
4 ture modulators and demodulators from (63). A typical imple-
mentation might have on the order of ten samples per symbol
and would aim forS,.r /S, < 1075. Itis not likely that a time
constant greater than ten iterations would be acceptable. We
should therefore ensure that the error figures of the quadrature
modulator and demodulator satisfy

-20 -

.30 Set #1 with
K=1, $=0.1
-40
-50

-60

Power Spectral Density (dB)

-70

jitter, jitter plus relgrowth
; \ .

-80
3 2 -1 0 1 2 3

Frequency (Normalized by Symbol Rate)

EF = ISR+ DSR< 1074 (64)

Fig. 9. Jitter-induced IM power spectra at amplifier output.

) This simple guideline is a principal result of the paper.
2 on Figs. 7 and 8, we also observe that the scale factor of 3

in the quad mod and demod errors produces a factor of 9 in
error powers, again as predicted from (59). Finally, we note V. CONCLUSIONS

that the variances in sets 2 and 3 differ by almost two ordersWe have developed expressions for the power and power
Or: magcjlnltudfe, only' oge OLWh'Ch, IS ﬁtt”bmabl,e (57), (59) t%pectra of the IM error at the output of an amplifier embedded
the or er o mggnltu & change In the step size paransetef, ., adaptive predistortion loop, and have included the
The remainder IS due to the.reversal of the-quad. demod Oﬁa‘ﬁrects of the quad mod and demod errors interacting with
Cr 33 not%dbearher, the p(;emse phasi relationships betxbl?egrahe adaptation algorithm and the nonlinear characteristics of
andb, an etweerC’ andc, may make worst case analySi§he amplifier. A linearized analysis (52), (53), in which all
appropriate. errors are represented as small perturbations about an ideal
value gives very good agreement with simulation. Even a very
G. Error Power Spectrum simple model that can be evaluated on a hand calculator (59),

In (52) and (59), we have the error power. Of mor&60) provided sufficient accuracy for almost all purposes.

interest, however, is the error power spectrum. Here we recall "€ IM error signal at the amplifier output (30) can be
from Section II-F that the iterations occur at widely separatéPressed as the sum of a component due to quad mod error
and unpredictable times. Moreover, the levels exercised Wil @ perfect predistorter, which results in regrowth of the
successive input samples are unpredictable. From this, fédinal IM spectrum (Section II-B), and a component due
infer that the predistorter errors at different signal levels (1.0 Predistorter jitter with a perfect quad mod, which results
different table entries) are independent, which in turn implid@ @ flat IM spectrum (Section IV-G). Both are proportional
that this component of the amplifier output error has a fife the image suppression ratio and dc suppression ratio of

spectrum, unlike the spectral regrowth component (33). Fig ¢ quad mod and quad demod—easily measured characteris-

illustrates the simulated spectra of the jitter-induced noise pitigS—which we combine to form the error figure (EF) of the

the spectral regrowth for parameter set 4 and for parameter $gYices (62). ,
1, the latter modified to have a ten-iteration time constant, 1€ litter and the corresponding flat component of the
instead of 100. and both modified fd¢ = 1. for easier €rror at the amplifier output can be reduced by slowing the
comparison with Fig. 6. The curves for jitter only (with the?daptation, that is, increasing its time constant. However, the
regrowth component removed) confirm the flat nature of tﬁngred time constant increases linearly with the EF, that. is,
jitter spectrum. As for the total error spectrum, we see th4fth the squared offsets and imbalances, and very long time
the regrowth component is significant near the data sigrfnstants are required even at EF levels characteristic of good
spectrum for parameter set 1, but that the jitter compone#falog design. The EF should not exceed “10or tolerable
contributes much more total power. For parameter set 4, whigfaptation times (Section 1V-G). Since adaptation iterations of
is somewhat unrealistic due to its zero dc offset, the regrowdfiven table entry occur at infrequent and unpredictable times
component is negligible compared with the jitter componentVith random data, initial convergence may need a training
Since the spectrum is flat and the fractional error does rftduénce.

depend on sampling rate, the ratio of power spectral densitie$3acking off the amplifier input level is of no help in
of jitter-induced error and signal power is obtained from (6Fgducing the spectrally flat (i.e., jitter-induced) component of
as IM error. Relative to the signal level, the part due to gain

and phase imbalances remains constant, and the part due to
2 ICG, + ¢? dc offset actually increases. Increasing the sampling rate does
+ P ) (63) lower the flat spectrum, but only by 3 dB for every doubling
¢ of sampling rate.

SacF R S F*
N — B =
5a f52—3<‘ F, T
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Clearly, good design of the quad mod and quad demod,
including DSP-based correction of their errors, is of primary1
importance in digital predistortion. g

APPENDIX [2]

Convergence of the basic iteration (17) at a specific 3]
can be determined by representitfz,,, i) = F,(xm) +
6F(xm, t) and expanding the denominator in a series. For
small perturbation$ ¥, we have [

Glam|Fy + 6F (2, 1)]%]

[5]
w G| Fol? + 2 RE[FTSF (2, )]} o
~ Gy + 22, G Re[FI6F (xp,, 1)]. (A1)
Substitution into (17) and keeping first-order terms gives  []
. F,G, " .
OF (zp,, i+ 1) = =2z, < Re[F)6F (x, 1)].  (A2) (8]

Taking the magnitude of both sides and boundingg
|Re[FF 6L (zm, 1)]| bY |Fo||6F (z,, 7)] gives a sufficient
condition for convergence in the neighborhood of the root 3%
||| G|
|Go?
Turning to the modified iteration (21), we use (1) and rewrite
it as

2Kz, <1 (A3)

K
[-’IJ'm|F(.’Em, L)|2] '

SubstitutingF’ = F, + 6 F and applying the same approxima
tions as above, we obtain

F(xp,, t+1) = F(zm, )(1—s)+s e (A4)

F,G
G,
(A5)

SF (@, 1+ 1) = (1 — s)6F (x,, 1) — 25T,
 RE[FF6F (2, 4)]-
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From this, we see that (A3) is a sufficient condition fo
convergence, irrespective of the valuesoin (0, 1].
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