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Multipath propagation in underwater acoustic channels causes intersymbol interference in the
transmission of digital communication signals. An increase of the transmission rate on a multipath
channel results in longer intersymbol interference, which ultimately limits the performance of a
phase-coherent digital communication system. Recent experimental results, however, show a
seemingly surprising result: an increase in transmission rate resulted in improved system
performance. An explanation for this phenomenon is found in the time variation of the ocean
multipath. In strongly fluctuating shallow water channels, higher transmission rates allow for more
frequent sampling of the rapidly varying channel, thus resulting in a better tracking capability of the
receiver. Experimental results obtained in shallow water show a substantial improvement in
performance of QPSK coherent detection over a 1-mile range, as the data rate is increased from 5
to 20 kilobits per second. A theoretical analysis based on stochastic channel modeling supports the
experimental observations. @996 Acoustical Society of America.

PACS numbers: 43.60.Dh, 43.30.RK]

INTRODUCTION the performance of the mentioned receiving techniques on
medium-rangéapproximately 1 nautical mijeshallow water

Over the past several years there has been an increasgfannels, at data rates as high as 30 kbps. The medium-range
interest in underwater acoustiéJWA) communications.  shallow water channel is known to be the most rapidly time-
This is partly due to the increasing need for wireless underyarying of all the acoustic channété.Nevertheless, excel-
water communications in various nonmilitary applications|ent performance results were obtained using adaptive phase-
such as off-shore oil industry, environmental monitoring, Orcoherent communication techniques. During the course of
recovery of scientific data recorded at benthic stations, ag,q experiment it was observed thatiaoreasein transmis-
well as military applications which call for communication gjqn rate resulted imetter receiver performance. Such be-

with submarines and autonomous underwater vehicle§,,yior may seem surprising at first since it is known that the

Thgse, _and the many new appliqatipns to p‘? de.veloped', 'fost prominent, and indeed the most difficult, aspect of the
quire wireless underwater transmission of digital mformannSha"OW water channel is its multipath, whose effect on digi-

at high data rates. tal transmission is enhanced by increasing the symbol rate. It

The feasibility of high data rate, phase-coherent transis for this reason that the majority of the existing communi-

mission through severely band-limited UWA channels has

S tation systems are confined to very low transmission rates.
been demqnstrated on_ly regen’t&The principles of phase To be explicit, it is known that if the signaling rate is in-
coherent signal detection given in Refs. 1 and 2 serve as g . . .

. o .~ Creased on a given multipath chanrtet equivalently, the
basis for current state-of-the-art communication link design,

The adaptive receivers which achieve bandwidth-efficient ymbol dur_a'uon 'S shorten}_:da larger r_lumber of rec eived
symbols will overlap, causing longer intersymbol interfer-

WA communications ar n a meth f simulta: . .
v communications are based on a method of s Utaence(ISI), and thus degrading the receiver performance.

neous diversity combining, phase recovery and equalization, A relatively simple exolanation for the bhenomenon ob-
necessary for combating the effects of spatial and temporal y p'e explan " the p .
erved can be found in the time variability of the medium-

variations of underwater multipath. These receivers wer anae ocean channel. Besides the ISI. the channel time varia
shown to have excellent performance on a class of horizor 219 ' ' ' ime varl

tal, long-range deep and shallow water channels. Currerﬂon,s are another factor affecting the system performance.
achievements cite data rates up to 1 kilobit per seckhps While '_0”9“”99 channgls may be characterized as moder-
over three convergence zones in deep w&ldO nautical ately time-varying, med|um-.ran-g.e shallow Water.char)nels
miles), and up to 2 kbps over 50 nautical miles in shallow Suffer from the surface variability and may exhibit time
water2 variations rapid enough to cause significant degradation in
As a continuation of work on coherent UWA communi- the channel tracking mechanism of the adaptive receiver al-

cations, an experiment was set up in the fall of 1993 to tesgOrithm which adjusts the receiver parameters every symbol
interval. On such channels, higher transmission rates allow
for faster sampling of the time-varying channel response,
aThis work was reported in part in the Program of the 127th Meeting of theWhiCh may uItimater result in better overall receiver perfor-
Acoustical Society of America, Cambridge, MA, 1994. Acoust. Soc. .

Am. 95, 2809—28101994]. mance through more accurate channel tracking.

PWoods Hole Oceanographic Institution, Woods Hole, MA 02543. The purpose of this article is to present the experimental
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YT cients is the RLS algorithm whose tracking properties are
determined by the value of the forgetting factor which is
used for exponential weighting of the past data. The sensi-
tivity of the receiver performance to the time-variation of the
channel is best illustrated in the case of a medium-range
shallow water channel, where experimental results have
shown that slightest changes in the value of the forgetting
factor significantly affect the receiver performarice.

Although a vast body of literature has been devoted to
the analysis of the multichannel equalizer performance, an
FIG. 1. Baseband system and channel model. assumption commonly made is that the receiver has perfect
knowledge of the channel responses at all times. Among the

results which demonstrate that signaling at a higher rate califst references on this subject is Ref. 7 where the perfor-
result in improved performance of an acoustic communicamance of a multichannel DFE is analyzed for the case of a
tion link, and to theoretically support this interesting phe-slowly varying troposcatter channel. Recently, a similar
nomenon. The material is organized as follows. In Sec. | wenalysis was presented in Ref. 6 for a time-invariant UWA
overview the theoretical background which relates the perchannel model. However, this assumption may not be appro-
formance of an adaptive equalizer to the time-variability ofpriate for rapidly varying channels, such as medium-range
the channel, showing, for a particular case of a Rayleigithannels, where the performance degradation due to channel
fading channel, the system tradeoffs that can lead to imestimation errors has to be taken into account. Thus, rather
proved performance when the signaling rate increases. Ihan assuming knowledge of the particular channel realiza-
Sec. Il we present the experimental results that assert thigon, we shall only assume knowledge of its statistical prop-
fact, and in Sec. Ill we summarize the conclusions. erties. Under such a constraint, we wish to characterize the
performance of a multichannel DFE, showing its dependence
on the channel dynamics.
. THEORETICAL BACKGROUND An in-depth mathematical analysis of the multichannel

The equivalent baseband channel and system model weFE performance based on stochastic channel modeling
are considering is shown in Fig. 1. The receiver employs avhen the channel is assumed to be Rayleigh fading is pre-
K-sensor array which provides spatial diversity. Each of thesented in Ref. 8. Below, we summarize the results of this
K propagation channels connecting the transmitter with th@nalysis which support our experimental observations. The
receiver array is modeled as a multipath channel. To simplifyRayleigh fading assumption in underwater acoustics is justi-
the mathematical treatment, in some of the available analysdigd for the fully saturated medium-range chanréi#s de-

a UWA communication channel is modeled as quasi-timefined in Ref. 4, a saturated or strongly fluctuating channel is
invariant (e.g., Ref. 6, and it is consequently assumed thatone in which the signal on each of the propagation macro-
the channel impulse response is perfectly known at the rePaths, or rays, splits into a number of resolvable micro-paths.
ceiver. However, this is not the case in practice when thed'he condition of full saturation occurs when the randomly
receiver adaptively estimates the channel response. As it wifluctuating micro-paths are uncorrelated, leading to statistical
be shown, the errors in channel estimation, caused by theharacterization of the signal traveling on this path as having
fact that the channel is time-varying, bear significant impac@ Rayleigh distributed envelope and a uniformly distributed
on the receiver performance. For a rapidly varying channelphase. The amount of saturation of one channel can be re-
the assumption of perfect knowledge of the channel respondated to its range and frequency, showing that a medium-
may lead to an overly optimistic performance estimaterange high-frequency channel fits within the model of a fully
Therefore, we model the UWA channel as a time-varyingsaturated channel where the signal on each macro-path is
multipath channel. The impulse responses ofkhehannels ~ subject to Rayleigh fading.

at time't are given as{ck(r,t)}l'le, where 7 is the delay For the model shown in Fig. 1, the DFE parameters are
variable in which the multipath spread is measured. optimized using a minimum mean-squared e(dSE) cri-

The receiver structure is that of a multichannel decisionterion, subject to the constraint that only the sampled channel
feedback equalizefDFE). The DFE is used in a variety of estimates and their covariance matrices are known. The pa-
time-dispersive fading channels due to its low computationafameters that need to be determined based on this knowledge
complexity and near-optimal performancén a multichan-  are the tap weights of the feedforward equalizer filters and
nel Configuration, it pro\/ides an efficient method for Combat-those of the feedback filter. There dfefeedforward filters
ing the severe IS encountered in virtually all of the horizon-With the tap-weight vectors, operating on the sampled in-
tal UWA channel$ Among these channels, which include Put signalssampling is performed at twice the maximal sig-
both deep and shallow water channels, the medium-rangeal frequency, and one feedback filter with the tap-weight
shallow water channel is by far the most rapidly varying onevector b operating on the sequence of previously detected
It is known that the critical issue for the equalizer perfor-symbols. At the equalizer output, an estimalig) of the
mance in a rapidly varying channel is the tracking capabilitytransmitted data symbal(n) is formed, based on which the
of the underlying adaptive algorithm. A standard algorithmfinal symbol decisiord(n) is made. The effect of erroneous
that has been used for the adaptation of the equalizer coeffprevious decisions is neglected in the analysis, as its contri-

Channel estimator/
DFE parameters update
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bution is expected to be much smaller than that of the com- o
bined noise, residual ISI and channel estimation errors. It is,
however, included in the experimental results presented in

. . v WAT=0.01
the following section. 107 — wdT=0.001
The signal at the input to thkth equalizer branch is o — — wdT=0.0001
modeled as - noest erm.
107}
oi(D)=2 dMhy(t=nT,0+ w() (1)

where{d(n)} is the sequence of M-ary data symbols trans- & 107f
mitted everyT secondsh,(r,t) is the overall impulse re- : .
sponse of th&th channel including any transmitter filtering Ny ' "~y
p(7) and receiver filteringg(7), and v, (t) is the additive \
Gaussian noise observed after receiver filtering. The input
noise processe®,(t)} are assumed to be independent white .
Gaussian processes. For such a model of the input signal, the 0
optimal (in the MSE sensevalues of the equalizer tap vec-
tors are a function of the sampled channel response vectors 10 , ) , , . ,
h,(n). When the channel is not known, the filter tap weights 0 5 10 15 20 25 30 35
. o . Eb/No [dB]
are determined from the channel estimdtg@), which are
obtained adaptively on-line, based on the observation of the
input signal and the recovered data symbols.

For many practical estimation methods that may be em-
ployed, including the MSE estimator, the channel estimateperformance of the receiver which uses Kalman filtering for
are unbiased and orthogonal to the channel estimation errothannel estimation may be regarded as a bound on the per-
g(n)=hy(n)—he(n). Under such conditions, the optimal formance of other, less complex receiver algorithms which
equalizer parameters are shown to depend on the chanrale more frequently used in practice. In particular, one such
estimate in a similar way in which the conventional equalizeralgorithm is the RLS algorithm for which the experimental
parameters depend on the true value of the channel respongesults will be presented.

However, the MSE between the true and the estimated data In the simplest case of a first-order model, with indepen-

FIG. 2. Single-channel and dual diversity QPSK performance.

symbol, dent diversity channels, the time-variation of the channel is
A modeled as
MSE=E{|d(n)—d(n)|?}, 2
is now increased. In the absence of estimation errors, the Ck(7.t+T)=TC(7,1)+ &(1), )

e e e palinere,() i he Gaussian rocess eise. The faing ro-
erfect thé e uivalentp signal power, represented b th(ce:eSS Is specified by the paramefewhich represents the
P ' q 9 P » Tep Y MGalue of the channel autocorrelation function at a delay of

sampled channel covariance matrix, is reduced by the covas symbol interval. The parametis related to the band-

riance of the ghannel e_:stlmatlon error. At the same tlme, th?v]jdth wg of the Doppler power spectrum as
equivalent noise covariance, represented by the covariance o0

thermal noise, is increased by the covariance of the channel §_g-wdT %)
estimation errors which propagate through the feedback
filter.® Figures 2 and 3 summarize the theoretical performance

When the channel is Rayleigh fading, the probability ofresults for QPSK signaling when the data symbols take val-
bit error which characterizes receiver performance can beesd(n)=*1%x] with equal probability. These bit error
obtained in closed form. It depends on the value of the chanprobability curves are calculated for the case when each of
nel estimation error covariance. To specify this value, weindependent diversity channels contains two independently
must focus on a particular channel estimation technique. Wéading propagation paths of equal energy. The transmitter
accordingly consider a Rayleigh fading process described bgnd receiver filter are taken to have rectangular impulse re-
a Gauss—Markov model. The model parameters determingponses of duratioff.
the channel autocorrelation properties, and therefore its co- In Fig. 2 the probability of a bit error is shown as a
variance and the rate of time variation. The model paramfunction of the input SNR per bit;, /Ny, whereE, is the
eters can be measured at the receiver, and we focus on teeergy per bit and\, is the power spectral density of the
best case when these parameters are perfectly known. AlRput noise processeg(t). Shown are the curves for single-
though not true, this assumption is far more realistic than thand dual-channel reception, with the normalized fading rate
assumption of a completely known channel. When the modebyT as the parameter. The solid curve corresponds to the
parameters are known, they can be used to realize the chareference case of perfect estimation. As the fading rate in-
nel estimator as the Kalman filter, which is the optimal esti-creases, the degradation from the reference curve increases.
mator for the case of white input noise. Consequently, théven as the noise vanishes, a constant, nonzero value of the
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FIG. 3. Single-channel QPSK performance as a function of fading rate.  F|G. 4. Single-channel QPSK performance for varying symbol rates.

varying multipath channel. In other words, there exists an

error probability remains, which is a consequence of imperoptimal value of the signaling rate which results in the least
fect channel tracking caused solely by the time-variations ofleteriorating effect of combined estimation error and re-
the channel. sidual ISI penalty. Only if the channel were time-invariant

In Fig. 3, the error probability is illustrated as a function would it be best to choose a low data rate, since it results in
of the quantity (- f), with input SNR as the parameter. For least ISI. If the channel is time-varying, this is no longer the
all practical values of fading rate,-1f ~w4T. As it can be case, because signaling at a higher rate allows us to observe
expected, at a given value of SNR the performance degradethie channel more frequently, and thus perform more accurate
i.e., the probability of error increases as the fading becomeshannel tracking. A general quantitative procedure for select-
faster. Even when the thermal noise is not present, perfoiing the signaling rate to be used on a given channel would
mance is limited at finite values @§4T. The solid line rep-  consist of two steps. In the first step, extensive measurements
resents this limiting or saturation level of the error probabil-would be used to obtain a statistical channel model. For the
ity. At high fading rates @4T>10 2 in this examplg so-obtained model, characterized by the Doppler sptead
estimation errors are seen to represent a major cause for tiaad the multipath spreat,,, the bit error probability would
DFE performance degradation. then be calculated for varying values of the symbol duration

From the above considerations we see that the receivér. Finally, the selection of the data rate would be made for
performance on any given channel is determined by théhe available SNR.
value of the fading ratey, normalized by the signaling rate Further studies of the multichannel DFE performance on
1/T. Let us consider, in the light of such a conclusion, whata Rayleigh fading channel also revealed the following con-
happens if the signaling rate is increased on a given multielusions which we only state briefly since their mathematical
path channel specified by the fading ratg. If we increase treatment is beyond the scope of this article. Although the
the signaling rate T/, the normalized fading rateyT be-  use of diversity greatly improves the performance and re-
comes lower, which effectively reduces the estimation erroduces the residual ISI penalty, it increases the overall esti-
penalty and results in improved performance. At the samenation error penalty, which can be easily understood from
time, however, the multipath spread, as measured in symbahe fact that each independent diversity branch introduces
intervals, becomes longer, resulting in an increase in the reaew estimation errors, uncorrelated with those of other
sidual ISI penalty. This point is illustrated in Fig. 4 which branches. Also, it can be shown that the higher level M-PSK
shows a set of bit error probability curves as a function ofmodulation schemes are more sensitive to the channel dy-
SNR, with symbol rate as a parameter. In this example, theamics, i.e., they suffer higher performance degradation than
channel spreading factor is fixed @} T,,=0.005, while the the binary PSK scheme on the same chafnel.
signaling rate is changed. Initially, the performance improves  The theoretical considerations summarized above sup-
with an increase in the signaling rate froR=0.25/T, to  port the experimental results obtained on a medium-range
R=0.75/T,,, as the effective, normalized fading rate de-channel, which we now describe.
creases. However, by further increasing the symbol rate to
R=1/T,,, the effect of residual ISI becomes dominant, causd!- EXPERIMENTAL RESULTS
ing the performance to deteriorate. Hence, there exists a The medium-range experiment was a part of the high-
tradeoff in choosing the signaling rate for a given time-rate coherent acoustic telemetry demonstration conducted at
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Channel estimates (RLS)

receiver paramaiars 12320 sps

N=20 (T/2) M=25{1-0.5%3
Ki1=0.001 K{2=0.CC0!

Im

Rate : 7500 sps

Katl

0.6 Pe~0.0303
0.4 v&&m “““\\“\\
0.2 \ ‘“\Maﬂwﬂﬂ ; receiver parametars : 5C00 sps
17
\“‘\},ﬂﬂwv ‘\“‘\‘%\}\\\‘&\\\“Sﬂh Y) N=24 (T72) M=50 [.-0.595
. WM‘\“ M&!W“ . KI120.0005 Ki2<52-05
[l eesiciz iy = .
il S o
N 1000 Pe~0.036C9
500
delay [symbol intervals] time_[symbol intervals] ou(.?:aner
FIG. 5. Ensemble of channel responses. 2 ﬁz‘& . receiver parameters : 7500 sps
Pk Na28 (T72) Ma735L.-0.995
o * % K{t-o.(c;_oo)l KiZe1205
the Woods Hole Oceanographic Institution during October — "L‘" 2= K=t
N x
1993. The shallow water channel of the Woods Hole harbor ”’# Pe-0.007322
exhibits a long and rapidly time-varying multipath structure. -2
The range of transmission across this channel was approxi- -2 F?e 2
mately one nautical mile in the water depth of about six feet. out.scaner
The carrier frequepcy of 15 kHz was used with thg nommal s ceceiver parameters : 10600 sps
transducer bandwidth of 10-20 kHz. Three omnidirectional * "
hydrophonegone near the bottom and two near the surface % Eaﬂ%ﬁé%& r}?éﬁoe_ré.s.o.gss
served as receiving elements. The QPSK signals were de& © et
rived from pseudo-noise binary sequences shaped by a ’ﬁ ,g
raised-cosine transmitter filter with roll-off factor 0.5. The Pe-0
signals were transmitted at rates of 2.5, 5, 7.5, and 10 kilo- 2 p 3
symbols per secontksps. Re

Figure 5 shows a representative set of channel responses
h(7,t), observed at one of the receiving elements over a FIG. 6. Receiver performance in single-channel configuration.
period of 0.4 s. This shallow water channel can be assumed
to be limited to a duration of 10 ms, which, depending on the
signaling rate used, corresponds to 25 to 100 symbol inteiting factor of the RLS algorithn(f.f.), and the phase tracking
vals. The coherence time of the channel was estimated to b@nstantsK; , (details of receiver design are given in Ref.
on the order of 0.1 s to 1 s, resulting in the equivalent Dop-2). There was a total of 2000 symbols transmitted in each
pler bandwidth less than 10 Hz. At the signaling rates ofexample. Note that in order to perform a fair comparison, at
2.5-10 ksps, the equivalent normalized fading rates woul@éach signaling rate the equalizer has a different number of
be on the order of 410 3~102, which is significant taps chosen so as to span the same amount of time, corre-
enough to cause a noticeable performance degradation. TRgonding to the channel multipath spread. Shown in Fig. 6
impulse response of the channel usually consisted of tware the results of single-channeéf£1) performance, and
significant arrivals of comparable energy, accompanied by 8hown in Fig. 7 are the results &f=3 channel diversity
multitude of low-energy arrivals. reception. Going from the top to the bottom in each figure,

Performance results are summarized in Figs. 6 and #he data rate increases from 2.5 ksps to 10 ksps. Indicated by
Each plot in these figures represents the scatter diagram @fe side of each scatter plot is the estimated probability of
the estimated QPSK data symbalén) on which the deci- error P, obtained as the ratio of the number of erroneous
sions are performetsee Fig. 1 These results correspond to symbols to the total number of symbols transmitted.
the decision-directed mode of operation. The amount of dis- As the data rate is increased, we observe a dramatic
persion around the center pointsl = j is proportional to the improvement in performance in both the single-channel and
mean-squared error in data detection which determines thide 3-channel receiver configurations, as the data estimates
quality of performance. Listed by the side of each plot arecluster more closely around their ideal locations. By far the
the corresponding receiver parametétsand M denote the best performance was obtained at the highest signaling rate
number of feedforward and feedback filter tap weights, re-used, i.e., at 10 ksps, or equivalently, 20 kbps. In each in-
spectively. The receiver tracking parameters are the forgestance, a low-pass filter with a cutoff frequencyl Was
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Im

racaiver parameters ; 2560 s2s

N=20 (T72) Ma2514-0.555
Ki1=0.001 Ki20.0C01

K=3

P2~0

lent. An additional advantage gained by increasing the data
rate is a considerable reduction in the sensitivity of the per-
formance to the choice of the receiver tracking parameters.
Unfortunately, at the signaling rate of 10 ksps the trans-
ducer bandwidth limit was reached, and we were not able to
investigate the performance at signaling rates higher than
this. We expect that by further increasing the data rate, a
region in which the ISI penalty begins to dominate would be

Re reached, and the receiver performance would start to de-
outscarar grade. At 10 ksps the ISI span is already very large and
2 raceiver parametass : 5C00 sps requires a feedback filter with 100 taps. Nevertheless, the
% ik N=24 (T/2) M=50 (10595 DFE still successfully copes with this ISI. At the same time,
£ o ' Ki1-0.0005 iti2-32-05 it takes full advantage of the fine channel sampling and mul-
- ” K~3 tipath resolution resulting from signaling at a high rate of 10
* % Pe=0 ksps.
-2 From the above results we may conclude that although
-2 F?o signaling at high rates causes the ISI to contaminate a large
outscatiar number of the received data symbols, one should not seek
2 . e the solution to this problem by confining the signaling rates
receiver parameters : 7500 sps . . .
to low values. To deal with the multipath problem, previous
. » o8 (T12) Mo75 1120995 generations of high-rate UWA communication systems have
Eo ko3 resorted to multichannel signaling, where the available fre-
=" = quency band is divided into many narrow bands, in each of
) Pe-0 which a very low-rate signal is transmitted. In this way, each
> 5 of the sub-channels can be regarded as free of multipath, thus
Re eliminating the need for equalization. An example of such a
ouLscatier system is the 64-FSK system described in Ref. 5. However,
2 receiver parameters : 10000 sps we have seen that in coherent systems signaling at low rates
" - N=36 (T/2) M=100 1£.0.995 implies greater penalty caused by imperfect channel estima-
Kf1=0.0001 Kf2=1e-05 tion.
Eo . . . .
- K=3 An alternative solution to the multipath problem is the
‘ n Pe-0 broadband signaling method presented which uses equaliza-
-2 tion to combat the effects of multipath. The fact that UWA
-2 F? communications are generally confined to low frequencies

FIG. 7. Receiver performance in 3-channel configuration.

employed at the receiver front-end to limit the noise power

allows for the implementation of complex receiver algo-
rithms. Therefore, by employing a powerful equalization
method, the receiver will be able to suppress the unwanted
multipath effects. At the same time, it will gain an additional
advantage of fast channel sampling which enables channel
tracking much better than that of a narrow-band system.

Note that for higher data ratemore noise is passed to the
equalizer. Hence, we explain the performance improveme

by the fact that as the rate is increased, the changes in t . . . . . : .
channel, observed by an adaptive receiver on a Symbol_toe_quallzer can be achieved by using higher signaling rates in

symbol scale appear slower, providing for better channef shallow water channel. This phenomenon is explained by

tracking. In terms of the analysis presented in the previou§he fact that increasing the signaling rate effectively de-

section, changes of the symbol rate result in the changes Gfeases the normalized Doppler spread of the channel, thus

the normalizedDoppler spready, T, which was shown to be reducing the penalty caused by imperfect channel tracking.
the figure of merit in determining the system performance.
In the single-channel configuration, signaling at the low-
est rate of 2.5 ksps results in an unacceptable performance. It is commonly assumed that in order to overcome the
However, by increasing the rate, the performance graduallgffects of multipath, the transmission rate used on a shallow
improves, and at 10 ksps we observe a satisfactory perfowater channel should be kept at low values. In doing so, the
mance. In the multichannel configuration, performance inmplications which a low-rate signaling method bears on the
general is greatly improved. Here, as well as in the singleproblem of tracking the time-varying channel are often ne-
channel configuration, it is clearly observed that as the sigglected.
naling rate increases, the performance improves. At 2.5 ksps The performance of an adaptive receiver on a rapidly
diversity helps to overcome the poor performance of thevarying channel heavily depends on the quality of the avail-
single-channel receiver, resulting in good quality data. At 10able channel estimate. Theoretical considerations described
ksps, the performance of the multichannel receiver is excelin this article support this fact by showing that higher chan-

A#ence, although the multipath represents a major problem in
WA communications, better performance of an adaptive

lll. SUMMARY AND CONCLUSIONS
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nel dynamics result in a greater degradation of receiver petion methods, but signaling at high rates may result in better
formance. This analysis is based on considering receiver opeceiver performance by virtue of reducing the channel track-
timization in the case when only the channel estimate isng errors.
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