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Performance Degradation
Due to Specular Multipath
Intersymbol Interference
G. H. SMI1TH
D. R. CUNNINGHAM
R. E. ZIEMER
University of Missouri-Rolla
Rolla, Mo. 65401

Abstract

Plots of performance degradation are used to compare the

effects of fading and intersymbol interference in a two-

component specular multipath digital communications

channel. Similar plots are then used to compare two prac-

tical receivers designed to combat the interference. Degra-

dation plots are shown to allow easy identification of each

receiver's range of usefulness, as well as identification of

variance bounds demanded of channel parameter estimates

which the receivers require.

Introduction
Multipath has long been known to be the source of the

severe selective fading encountered in digital microwave
communications systems, and much effort has been de-
voted to minimizing the effect of this fading, as indicated
by the extensive bibliography of Lindsey [1]. Another
aspect of multipath interference, which has been less ex-
tensively considered, is multipath intersymbol interfer-
ence (MISI). This aspect is becoming a more significant
problem with the advent of very high data rate systems
[2].
Although MISI is discussed as a special case in many

papers which treat generalized types of intersymbol in-
terference (see the bibliography of Valerdi and Simpson
[3]), few of these papers have addressed themselves speci-
fically to practical solutions to the specular multipath
problem. Gonsalves [4] has found the optimum (maxi-
mum likelihood) receiver for a two-component specular
reflected path case in which the channel is completely
known. Aein and Hancock [5] have investigated two
suboptimum receivers, again assuming a known channel.

In this paper, curves of performance degradation will
first be derived aind used to indicate the relative signifi-
cance of MISI compared to fading, assuming a biphase
signal and a standard coherent (integrate-and-dump)
detector. Two practical modifications of the standard
coherent detector are then compared for performance
using degradation curves. Since these two receivers re-
quire estimates of the channel parameters, it is necessary
to know how accurate these estimates must be. The de-
gradation curves are used to provide the answers.

System Model and Results
The message is modeled as a binary phase-shift keyed

(PSK) signal with bit energy E and bit duration T sec-
onds, plus an identical multipath component with time
delay z, phase shift 0, and relative amplitude a, plus an
additive, zero-mean, white Gaussian noise component
with a double-sided spectral density of N0/2; i.e.,

ST(t) = Ss(t) + Sr(t) + n(t) (1)

where

S (t) - 1 -TsinLwo t + ki ;

kSi)= ±+s,n(iL- W)OT(-t ikT (2)

Sr(t) = aT sin o)o(t -r) -0 + ki 2 ;
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T -< T (i - 1)T < t -T < iT

and n(t) is stationary white Gaussian noise with

E{n(t)} = 0
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f Decision
ST(t) Device

Cos wot
Fig. 1. Coherent receiver structure.

It is assumed that ki = 1 and ki =-1 are equally proba-
ble and that ki is independent of kj j. It is also assumed
that the receiver is perfectly synchronized with respect to
carrier reference phase and bit period.

Standard coherent detection of the signal, as shown in
Fig. 1, is performed by multiplying the received signal
by a synchronized local oscillator, integrating over the
bit period, and feeding the integrator output into a com-

parator with threshold ofzero. As shown in the Appendix,
the bit error probability for this receiver in the presence

of the multipath component is

PE= 1 erf (
E (1 ±f- 2f#))

Fig. 2. Degradation versus f for standard coherent detector.

+ erfc(E (1 +f) (4)

where

2 00

erfc {x}j= e t2dt (5)

and

f A ccos (w0z + 0). (6)

Note that the parameterf is a measure of the fading ex-

perienced by the channel; negative f corresponds to
fading, and the closer f is to - 1, the more severe the
fading becomes. This error probability was evaluated
numerically as a function of signal-to-noise ratio (SNR)
E/NO, z/T andJf The degradation is defined as the in-
crease in SNR (in decibels) necessary to achieve PE =

10' relative to a channel without multipath. This de-
gradation is easily calculated graphically from plots of
PE, and the results are plotted in Fig. 2 for the case T =
0.2T andT = 0.8T
Two interesting conclusions may be drawn from Fig. 2:

1) When f < 0, multipath intersymbol interference
(MISI) is negligible, since variations in -/T have no sig-
nificant effect on the degradation; the effects of fading
dominate.

2) Whenf> 0, the degradation shows a strong depend-
ence on -/ T1 indicating that MISI is playing a significant
role in performance degradation. Specifically, when -r/T
is greater than about 0.5, performance deteriorates rap-
idly with increasingf Note that this delay represents a

path differential on the order of a meter with the high

data rate systems now being developed (100M bit/s and
higher [2]). This differential could easily be incurred
over typical microwave channels.

Besides being useful for identifying when MISI is det-
trimental, the graphical presentation of degradation is
helpful in comparing receivers designed to combat the
interference. Two examples are now presented.
The simplest receiver structure to combat MISI, both

conceptually and practically, is to begin integrating only
after the multipath tail ofthe previous bit has terminated.
Clearly, this technique is valuable only when the relative
multipath amplitude a is near 1, since part of the direct
signal component is sacrificed. The error probability for
this receiver is easily shown to be

PE =
1

erfc/(T| T) (1 + f 0 < T<z T (7)
2er NOT

Degradation is caluclated using the same reference as

before, the standard coherent detector with no multipath.
The results for T = 0.2T and 0.8 T1 respectively, are pre-
sented in Figs. 3 and 4. Note that this receiver requires
knowledge of (or an estimate of) the multipath delay T.

Figs. 3 and 4 also show the performance ofthe tail can-
cellation receiver of Aein and Hancock [5]. This receiver
may be viewed as the optimum Bayes detector if the pre-
vious bit is assumed known with certainty. It may also be
regarded as a truncated version of Gonsalves' optimum
detector [4], and, as such, its performance will be indica-
tive of the optimum receiver's performance. Its structure
is identical to the standard coherent detector with the

SMITH ETAL.: INTERFERENCE PERFORMANCE DEGRADATION

-1.2 -1.0 -0.8

.8

.6

1.2

t =.4

549

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on June 27,2023 at 02:35:45 UTC from IEEE Xplore.  Restrictions apply. 



DEGRADATION, dB

-1.0 -0.8 -0.6 -0.4 -0.2

r /T = .8

START

Fig. 3. Receiver comparison; X = 0.2T.
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Fig. 5. Degradation for delayed start detector with channel
estimate error. z =0.2T and 0.8T.
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exception of the comparator threshold which is +A0,
where the sign depends upon the decision of the previous
bit, and the value ofA0 = Ao(f T/T) is adjusted to effec-
tively cancel the predicted multipath component of the
previous bit. The bit error probability for this receiver is

calculated in the Appendix using the parameters f and
T/ T, and differs from Aein and Hancock's work only in the
choice of parameters. Clearly, this receiver requires esti-
mates of bothfand z/T in order to choose Ao.
The degradation curves in Figs. 3 and 4 allow two con-
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clusions to be drawn for the large delay considered:

1) The delayed start receiver affords relative perform-
ance improvement for large f (greater than about 0.6),
but degrades the performance drastically when f is
smaller.

2) The tail cancellation receiver not only alleviates the
multipath ISI, but also improves performance (relative to
the standard coherent receiver) under conditions of
fading.

Finally, the degradation curves may be used to indicate
the receiver sensitivity to errors in the channel estimate.
Thus, the graphs will indicate some practical minimum
accuracy bounds required of the channel estimating de-
vice. The Appendix indicates how bit error probabilities
are calculated, assuming some specified error in the chan-
nel estimate. The resulting expression for the delayed
start receiver is

PE =-

erfc([ (T - r- f)1 (1 + f))3

1 erfc E
4 L-' KNoT(T - -c - f)

+[(Il+(f)(T- )- [f]

+ erfc (|N T( -X [(I + f) (T -

+ X,32 t < T (8)

where t is the estimate of T and i = -T. Similarly, for
the tail cancellation receiver,

PE PEI 9

1 + PEIC PEII

where

PEIC = probability of a decision error given that the
previous decision was correct

= I[erfc(JN [1 + f + f +T 1)

+ erfc EN [ +f

+ (f±+)(T-i)1)1

and

PEII = probability of a decision error given that the
previous decision was incorrect

1Ff!E r(f+J) (zr+ i)]
= 4Lerfc N 1+L +

+ erfc' E[1 ±f-2f LINoL- T

(f± )T ]
(11)

Again, degradation is referenced to the standard coherent
detector without multipath. Figs. 5 and 6 show the results
for T = 0.2 T and 0.8 T These figures allow two conclu-
sions for the large delay considered:

1) The delayed start receiver is quite sensitive to errors
in delay estimates. In the case X = 0.8 T, average error in
- should be less than about 5 percent or the improved
performance is virtually lost, even in the limited range of
the receiveres usefulness; i.e., > 0.6.

t>T 2) The tail cancellation receiver allows improved per-
formance even with significant errors in the channel esti-
mate if the magnitude off is large. On the other hand, if
the relative amplitude of the multipath component is
small, degradation on the order of 0.5 dB can be expected
unless the channel estimate can be made extremely accur-
ate. This requirement would demand a fairly elaborate
estimating device, particularly if either 0, the phase shift,
or T is subject to rapid fluctuation.

Conclusions

It was shown that multipath intersymbol interference
is a major source ofperformance degradation ifthe multi-
path delay is on the order of a bit period and the relative
multipath amplitude is near unity, and if the multipath
component is in phase with the direct signal component.
While this result is intuitively obvious, a less obvious
result is the fact that MISI plays a relatively insignificant
role when fading occurs.

It was further shown that a coherent detector which
integrates over only the part of the bit which is free from
MISI is beneficial only in a highly specialized channel.
Moreover, this receiver is fairly sensitive to errors in de-
lay estimates, making it an undesirable structure. On the
other hand, degradation curves indicate that the tail can-
cellation receiver performs well in spite of significant
channel estimate errors ifthe parameterfhas a magnitude
on the order of unity. If If is small, the receiver requires
an accurate channel estimate to avoid degradation on the
order of 0.5 dB relative to the standard coherent detector.

Appendix
(10) Bit error probability is calculated first for an ideal

correlation receiver for the PSK signals defined by (2)
and shown in Fig. 1. After the result is obtained for ar-
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bitrary start and stop times on the integrator, simplifica-
tions are made for the special cases ofinterest.
We first consider the expected value of the output of

the integrator due to the signal component. Note that
this is the expected value averaged over the noise and
conditioned upon the bit sign, k

3s0 I S(t)cos (ot) dt (12)

= J2T [ki(T - TO) + U(Tf -T)ki+(Tf - T)]
(13)

where (i - 1)T < To < i T,

iT < Tf < (i + 1)T, (14)

1
PE - 4 [PE(, 1, 1) + PE(1,i,- 1) + PE(- 1, 1,1)

+ PE(- 1,1,- 1)]. (20)
Since the noise is Gaussian, the variance of STO is easily
found:

Tf rTf
=y2_ Ei n (t) cos (wot) dt n (t') cos (wot) d t

U To JTo J

= No(Tf_T04 (T-0).

This allows the straightforward calculation

PE(ki- 1 ' 1, ki+ 1) =

(21)

0
1 exF (R-STO)2ldR

- 0,X, X2 7r u
2C2

and U(t) is the unit step. The expected value of the inte-
grator output due to the multipath component is now
considered. It is given by

(Tf
SrO | Sr(t) COS (wot) dt (15)

To

=Ef T[U(T T0)kj (T - TO)

+ U(T- TO)ki(T- T) + U(To- T)ki(T - TO)
+ U(T + T- Tf)U(Tf - T)(Tf - T)ki
+ U(Tf - T-z)(kiT + (Tf - T -T)ki+]

(16)

wheref = a cos (wOT + 0), as defined previously. Conse-
quently, the (conditional) expected value of the total out-
put of the integrator is

STO = 3sO + SrO (17)

= 72T Uki-1(Tr - TO)U(T - TO) + ki(T - TO)

+f (T -z)U( - TO) + f(T - TO)U(TO-T)

+ f(Tf -T)U(T + z - Tf)U(Tf - T)

+ f(U(Tf - T -T)) + ki+ 1(f(Tf - T -T)

UU(Tf - T- T) + (Tf -T)U(Tf- T))]- (I18)

The bit error probability consists of 8 terms, corres-
ponding to the 8 possibilities of (ki - 1 , k, ki + 1); however,
from the symmetry of the problem, it is clear that

PE(k,- 1, ki ki+ 1) = PE(-ki- 1,-ki, -k+ 1), (19)

so that the total PE consists of four equally likely terms
(since Pr{ki} = Pr{-kj} = 1/2:

= 1erfcLSTO 1.

22-
(22)

Thus,

PE(ki-,17 ki+ 1) = 1 erfc( E [ki-Ju( -To2er No

+ (T - TO) + fU(T - TO) (T T)
+fU(To-T) (T - TO)

±fU(T + T- Tf)

U(Tf - T) (Tf - T)
+fU(Tf - T- T)T + ki+[f
U(Tf - T - r) (Tf - T T)

+ (Tf - T)U(Tf - T)]]). (23)

The total probability of error may now be found easily
for each case of interest by substituting appropriate
values for To and Tf ; i.e., To = 0 and Tf = T for the stan-
dard coherent detector, and To= and Tf T for the
delayed start receiver.
The tail cancellation receiver will now be developed

as the optimum receiver for the channel, assuming the
previous bit is known with certainty.

Ifwe assume that ki = + 1 with equal probability, that
either type of error in decision is equally "costly", and
and that the cost of a correct decision is zero, then the
Bayes risk is minimized [6] by making the decision such
that

A(R) = PrIH1,ki -(RIHi k,-1) Hi
PrlHo,ki-l(RIHO,ki-1) Ho

(24)1

where the hypotheses HO and H1 are defined by
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TiT
E{R|HO,k_} = cos (o0t)SO(t) dt

(i-1)T

oc sinl (Coot T

-0 +ki-± 2] + n(t), when(i - 1)T< t

< (i - 1)T + T

2E
sin

I T
cDoot + cxJT sin [(wo(t -T)+2,

| -0 + 2] + (t), when (i-1)T+ T < t < iT

t. (25)

and

Ho :S(t) = SoW

2ET sin cootO-2) + a, sin[w0o(t -T)

-0+ki ,1 + n(t), when (i -1)T < t

[(1 +f)T -f(l- ki-l)T].
(29)

The noise variances are, of course, identical:

2= cos (coot) cos (coOt')E{n(t)n(t')} dtdt'
N0

NoT
4

Hence,

=
prHl (R |H1,5ki-1)
Pr1 HO(RIHO,ki- 1)

= exp (1 + f)T -fTj

1.

(30)

(31)

(32)

Ii

_ (i - 1)T + X

| sin (co t - + a - sin [coo(t -)

-0- + n(t), when (i - 1)T + T < t < iT

(26)

Now note that correlation of the signal with the differ-
ence of the two possible transmitted signals will yield a

sufficient statistic, as can easily be verified through
Karhunen-Loeve expansion [6]. Thus, let

T

= cos (aot)S(t) dt.
(i-1)T

(27)

We now proceed to calculate the required conditional a

priori densities. Since all densities required are Gaussian,
we require only the mean and variance of each:

iT

E{R|H1 kj- I} = I COS (coot)S I(t) dt
J(i-1I)T

=
2E

[(1 + f)T -f(l -ki_ j)].
(28)

Taking the natural log of the above, the
becomes

decision rule

R ~|2Tki- jTf= Aoki-,, AO 244Tf (33)

Thus, the receiver compares the correlator output to a

threshold whose sign depends upon the previous bit, or,

in effect, subtracts off the tail of the previous bit before
making a decision.

In order to evaluate the receiver performance, it is
necessary to consider the case where the previous deci-
sion was incorrect, as well as the case where it is correct:

PE = PEIC * Pr {last bit correctj

+ PEII * Pr {last bit incorrect}

PEIC

-

1 + PEIC - PEII

(34)

(35)

It remains to evaluate the conditional error probabilities
above. To simplify the notation, let

Rk = E{RRHj,ki-1}, i=0O,1,k = +1 (36)

(37)k
E

[(1 + f)T-- (1 - kiki-1)f]
Similarly,

SMITH ETAL.: INTERFERENCE PERFORMANCE DEGRADATION
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PEIC - 4 PElki=1+ PEki=-1 + PElki=-1lki 1 =1 tik- t==-1 ki_ l= 1
+ PEki=-1

-1k=-I-I (38)

(AO 1 (R - RI, 1)2d
PEki= exp - 2 dR

|ki-l=l -oo /2n a 2f

= erfc[
E (1 +f-f ] (39)

-Ao 1 exF (R - RI 1)2l

PE ~ki= ki ex dR40iki- 1= 1 ,V2na- =

=PE 1kj I(40)

Similarly, it is easily shown that

P ,ki =-1l= PEki =-1 PEki= 1 4I
|k, i=l |k 1 kki -I (4 )

Thus,

PEIc = 1erfc LJE (42)
2 [N T)] (2

We now need to consider the probability of error,

assuming the previous bit was incorrect. The only differ-
ence which this introduces is that the ki 1 appearing in
the threshold, A0oki -1 , is the negative of the ki -1 appear-

ing in R. In the following, the ki- 1 subscript on PE will
refer to the ki 1 appearing in the threshold, so that

PEk= =Ao I exp[ (R-R, _)2dR
.Eki =-1 e/27

k1 =i-121 (| N

~erfc (LI +f) f

PE FAo I
ex

(R R,1 )2 1R

kE ,i= V27r a 2cr2

erfc E/-il+f+f-iT
2 INoL T

Since the other two cases again reflect the symmetry of
the problem, there are only two distinct terms in the
expression:

[={ erfC( 1 +f -3f

+ erfc| [1 +ff#])] (45)

The total error probability may now be calculated as in
(35).
To calculate the bit error probabilities, assuming an

error in the channel estimate, it is necessary to repeat
the above analysis using the parameter estimates, rather
than the actual parameter values, in the receiver imple-
mentation. Thus, in the delayed start detector, the lower
limits on the integrals (12), (15), and (22) will become f,
the estimate of T. Note that two cases need to be consid-
ered: one where f1> z and another where t < T. Similarly,
with the tail cancellation receiver, the upper limits on
(39), (40), (43), and (44) become A0, the comparator
threshold based on the parameter estimates. Notice that,
in this case, the Rjk in (44) and U2 in (34) remain dependent
upon the actual parameter values. The results of per-
forming the indicated analysis are presented in (8)
through (11).
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