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ABSTRACT

The length and complexity of a linear equalizer filter BACKGROUND

is highly dependent on the nature of the channel effects it ~ The role of an equalizer in a digital communication
must mitigate. The governing design rules are typically context is to restore the idellyquist pulseshaping that
stated in terms of the channel's temporal characteristics,has been disrupted bythe transmission channel and
i.e. impulseresponse duration. Equalizer implementa- transmitter preshaping. Theomposite pulse distortion
tional complexity is a principal limiting factor for high seen at the receivejives rise tantersymbol interference
bandwidth data communication applications, and conse-(ig)y that degrades performance in the form of the re-
qguently there is motivation for reexamining accepted de'ceiver'ssymbol error rate(SER). Figure 1 depicts the

sign guidelines. . o - ; ; i
Recently, itwas demonstrated iff1] that for rela- basic model.llnear phar_mel, additive white noise, fol
glowed by an equalizing filter.

tively benign conditions on the effective channel an ) ,
transmitter pulse shaping, there exists a linear equalizer ~ FOr purposes of this discussion we drawtearepre-
that perfectly mitigates intersymbol interference, and Sentative channels, shown in Figureari 3. Both are
whose span matches that of the composite distortion. OQufirawn from measurements taken from actuérowave
paper examines the implications of the minimal-length

equalizer in light of accepted design rules, ahdwsthat e

a tangible loss in performance can be assigned to this
complexity reduction. Actual line-of-sight microwave %

radio channels are used to demonstrate the nature of the — | channel E'&L':,;;r _———
performance loss.
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INTRODUCTION
This paper examines the apparértonsistency be- Figure 1. Basic Equalization Model

tweentraditional design ruleandresults reported in [1],
further elaborated in [2], regarding the minimal- radio links as part of aApplied SignalTechnology study
complexitylinear equalizer.Specifically, we quantify the  of equalizer requirements. Shown in (a) are the two
impact on performance as a function of equalizer length,components of theomplex impulse responsand in (b)
and showthat in importansituations, i.e. for longlelay the magnituddrequency response for eachannel. Fig-
specular multipath channels, a design with minimal ure 2showsthe more benign of thievo, denoted as G301
lengthmay be subject tsignificant performance degra- Wwith minor, concentrated dispersiaiue to short multi-
dation. This is demonstrated using measured channepath; the escond figureChannel G501, representsrare
responses for actual microwave links. serious time differential in its reflectgghth, andhence a

The conclusion ishat under themore serious multi-  more challenging equalization task. In both cases, the
path conditions shown here, significdméses may impact passband distortion takes the form of a “rippliregfect.
receiver performance, losses traceable to “ngése” and In all but the most pathological alignment situations, the
synchronization sensitivities. Such cases indit@e the
more traditional means of equalizer designaten more
robust than those described in [1].

! The data for these channels is available for evaluation on line.
The sample impulse responses shown here are drawnthe
most significant portion of the original data.
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Figure 2. Channel G301

reflectedpathwill be as shown here, i.e. weakéan the
direct path.

The traditional andhtuitive approach to specifying a
linear equalizer is to consideompensation of the chan-
nel in thefrequencydomain. This “inversion” approach
dictatesthat the equalizindjlter have sufficient time du-
ration to compensate fothe principal elements of the
passband distortion. In cases involvimgltipath propa-
gation as thosabove,this approach callfor a decaying,
reberatory time response. To illustrate with a tricede,
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b) Magnitude response

Figure 3. Channel G501

Thus, we mightexpectthe ideal linear equalizer to ap-
proach an impulse response having an infinite number of
decaying terms spaced by the path delay interval.

For the cases we have shown in Figuresa2d 3,
when a least squares-based equalizer is used, wthéihd
its impulse responséoes indeedollow this basictrend.
The resulting design approafidr these typicaultipath
situations considers the finite length equalizer as an ap-
proximation to the ideal. To do a credilpid, the equal-
izer should bellowed sufficientength toencompass the

consider the representation of simple single multipath,bulk of theenergy ofthe inverse channel response. The

with levela and differential dela:
G(2 =1+a z°2,
whose reciprocal takes the form

H(z) =1-a z%+a? 7% -a?

73

logical extension ishat the longer the equalizer, the bet-
ter the performance. Engineering practice foasd that
limiting the equalizer span t@about three timethe chan
nel pathdelay resultgi.e. through the *term) will pro-
vide sufficient ISI reduction for moderately dense modu-
lation. See[2] for further discussion of practical strate-
gies for equalizer length specification.



We can see frorigure 3 that this design rule results
in a linear equalizethat is excessive inength, on the
order of 150 active coefficients. In recent work ghpwed
that significantreduction in equalizer length can be real-

see that the performance is significantly improved, i.e. the

SER curve realizes a gain due to reduction of the ISI.
Performance lossan be quantified by the dB dis-

placement of th&ER curve.That is, aloss equates to an

ized by setting aside this inversion interpretation, andimprovement in receptiothat isnecessary to provide the
instead considering directly the underlying relationshipsequivalent SER. Such improvements magnslate to

governing distortion in fractionally spacegmbols. This
focus on“fractional spacing” in the equalizer structure is
key tothis result, i.e. having tap spacioge half of the
symbol period. Such structures have long beenog-
nized for their benefits in timing recovery [3,4].

In that new result, itvas showrthat with proper
choice of bulk delay, éinear equalizeexiststhat com-
pletely suppressdbe ISland spansnly the duration of
the channel impulse responsdn other words, in the
multipath case, thimew approach promiseke need for
only about 1/3 the complexity of the traditional design.

PERFORMANCE CHARACTERIZATION

For veterans of digital radio developmetiis state-
ment iscompletely counter to experienfg]. For this
reason, its receptiohas rangedrom cautious optimism
to outright disbelief. To reconciliis disparity wewill
resort to linkperformance quantified in terms of receiver
SER. For a digitalink using 64-level quadrature ampli-
tude modulation (64QAM), SER as a function of SNR
will take the form shown as the dastmdve in Figure 4.
This represents the performanice the idealnoise-only
situation.
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The dispersiveffects of achannel results in an SER
curve displaced tthe rightfrom the ideal, shown as the
top curve inthe figure; itfollows the idealcurve forhigh
noise levelsthendiverges from it as the |S¥ffects domi-
nate at higtBNR levels. Byntroducing an equalizer, we

higher transmittepower, bettelantenna gain, additional
modulation complexity, etcgndany one of these factors
may have asignificant economic impact on well-
designedink even for seeminglgmalllosses. In Figure
4 we sedhat equalization at a 22 dBNR results in re-
covery of more than 3 dB of the losses due to ISI.

The mechanics of thisss relate to 1) incomplete ISI
mitigation, and 2) enhancement of thase, i.e. thdevel
of the additive white noise is scaled by teaergy” of the
equalizer taps. In combination, these® effectsresult in
dispersion of theeceivedeyepattern or signatonstella-
tion, and in a sense must be optimized jointlyniaimize
impact on SER. Zero-forcing approaches [6,Thalt fo-
cus onthe former are thus mosffective in high SNR
cases.

LOSS COMPARISON

Giventhis framefor performance characterization, in
the practical model of Figure 1 waxpect to encounter
losses due tohannel dispersiofor any equalizer. lithis
section we examine losses as a functiotenfth, using
the design procedurgescribed in [1]. Specifically, for
the channels presented earlier emmputethe equalizer
for arange of lengths andetermine theiSER perform-
ance. This can be presented as in terntessfas a func-
tion of equalizer lengthandserve as an indicator of the
gain aforded by additional complexity.

Consider Figure 5, i.e. family of four such curves
for ChannelG501 (Figure 3f. Representedre theloss
curves for four SNR values: from top to bott®8, 25,
20, and 15IB. We se¢he following consistent behavior,
more pronounced ahigher SNRs whereresidual ISI
dominates noise enhancemefitects. Forthis channel
with its reflectedpathdelay of about 64 samples, we see
that the “minimal-length”equalizer suffers significant
losses, nearlpine dB, when compared to the iddalear
equalizer. And as the length approaches 200 taps, the
performance loss drops fal SNR levels to amall frac-
tion of a dB.

Several interesting observationeme tomind with
this figure. First, weseethat performance improves in a
stepwise fashion with increases length. This can be
explained in terms of the intuitive “reverberation” concept

For purposes ofhis discussion, the loss value is widspect
to performance of an “infinite” length equalizer.



mentioned earlier. As the equaliziows to encompass
decaying termsthe traditionalist might predidietter ISI
suppressionand indeed, wesee that performanceloss
improves dramaticallynear lengths 75, 110, anti30.
This is consistent with thpresence of the min@econ-
dary delayed component the original impulseesponse
(Figure 3a) separated by about 15 samples ft@mmain
peak. This examplserves to validatthe established *3
rule” of practice.
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Figure 5. Loss Behavior, Channel G501

The second examplfacusing onChannelG301 of
Figure 2 yieldsthe family of loss curves shown in Fig-
ure 6, for SNR levels &5, 20, and 18/B. Recalkhat in
this case, the propagatigrath haonly minor delay in its
multipath, on the order of 10 samplestisat theimpulse
response is well-concentrated into a single strong,
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Figure 6. Loss Behavior, Channel G301

dispersive lobe. Ithis casethe curvesagainshow sig-
nificant loss, as much as 6 dB, ftre minimal-length
equalizer. However, because ohe low reflective level,

all but about a half dB ieecovered by doublingyot tri-
pling, the equalizer length. Indeed, by the<*3ength,
losses are minimal.

CONCLUSION

In this paper we have examined receigcoveries
describing a theoretical basis for reduced-complexity
equalizer design. Based on ideal zero-forcing conditions,
that resultprovesinappropriate for many practicabses
involving noisy, multipath digital radio links. In such
cases, an equalizer of minimal length may be subject to an
enhancement of noigbat significantly degrades receiver
performance. The exact interdependence of nieise
and equalizer length is noget clear, but in such cases,
intuitive design approachehat specify equalizer length
in terms of multipath delay time still appear reliable.
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