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On the Diversity, Bandwidth, and Performance of
Digital Transmission over Frequency-Selective Slow
Fading Channels
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Abstract—The issues of diversity reception, bandwidth uti- proposed with per-survivor processing for CSI estimation.
lization, and performance evaluation of digital transmission |n addition, diversity reception such as space, frequency, or
over slowly time-varying frequency-selective fading channels are e diversity has been used to lower the required SNR for a

investigated, with a transmit pulse design that is more general o . N .
than previously considered. In particular, the tradeoffs among prespecified error rate. Space diversity is implemented by using

performance, bandwidth, and complexity are addressed. Three Multiple antennas at the receiver, usually located at one-quarter
types of transmit pulses are considered and compared, including wavelength intervals. Consequently, its use may be limited by
the raised cosine (RC), square-root RC (SRRC), and Gaussian the physical size of the receiver and may need multiple radio
pulses. Union bounds on the symbol and burst error rate are de- frequency (RF) modules depending on the combining method.

rived for maximum likelihood sequence estimation (MLSE) based = di itv is imol ted b . ltiol .
on exact pairwise error probabilities for burst-mode transmission. requency aiversity Is implemented Dy using multple carriers

Explicit and implicit diversity are employed to improve the system 10 carry the same information with frequency separation larger
performance. The results show that the implicit diversity is flexible  than the channel coherence bandwidth in order to obtain good

and easy to exploit and is a good complement to the space or other performance. This may not be possible in some applications,
explicit diversity to further improve the system performance. and also it needs multiple RF modules which increase the
Index Terms—Diversity, frequency-selective fading, maximum receiver complexity and cost. Channel coding can be regarded

likelihood sequence estimation. as a sophisticated form of time diversity and is very ineffective
for a slow fading channel.
I. INTRODUCTION In this paper, the issues of diversity reception, bandwidth

hutilization, and performance evaluation of digital transmission

FFICIENT digital signaling over time-varying multipat . . . .
fading channels is of great interest in today’s wirelesQver slowly time-varying frequency-selective fading channels

communications [1]-[11]. Time selectivity, frequency sele@® investigated, _W'th a transmlt pulse d?s'gn that is more
g|eneral than previously considered. In particular, the tradeoffs

tivity, and multipath fading are the major impediments to a hig X .

bit rate data transmission over such a channel. Time selectiity'°"9 perfqrmance, bandW|dt_h, and complexity are addressed

requires fast convergent algorithms at the receiver for adapt h Fhe optimum MLSE receier. Three transmit pulses are

signal processing. It may also distort the transmitted symb qn5|dered, namely, 'the raised cosine (RC), square root RC

and induce an error floor. Frequency selectivity causes int ?—RRC)’_ an_d Gaussian pul_s_e_s. Upper bounds de”"‘?d with
gxact pairwise error probabilities are used for evaluating the

symbol interference (ISI) in the time domain and needs to tes that difficult to obtain b ter simulati
compensated by an equalizer in order to obtain satisfactory p%rrr_or rates that are diflicult to obtain by computer simulations.

formance. Multipath fading results in a very low received signgxﬁl'c't an(: implicit dxers'tx arle emlﬁ)loy;e]d t(?[hln:rirr]ovg thI? it
power in deep fades and may significantly increase the requir&?ﬁ‘S erT: p.erf?"’.‘;me-d umentca relsqts Sd ow tha de |mp||C|
average signal-to-noise ratio (SNR) to achieve a prespecifi gerstty 1s fiexible and easy to expioit and IS a good comple-
error performance. Optimum and suboptimum detectors nt to the space or other explicit diversity to further improve
digital signals over time-varying multipath fading channel e_:”sfystem pe.rforman.ce.d foll Following this Introd
have been investigated extensively in the literature. In [6], the IS paper Is organized as Tollows. Foliowing this introduc-
optimum receiver with maximum likelihood sequence estima®"™ .the system and channel models are descrlbed in Section Il
tion (MLSE) and a proper front—end processor was develop getion Il presents the performance evaluation of MLSE for
under the assumption of perfect channel state informaﬁBHrst-modetransmission.Section IV gives numerical results and
(CSI). In [7] and [8], on the other hand, the optimum receivéiJSCUSSiOﬂS- Finally, our conclusions are given in Section V.
was developed for the case of no CSI, based on MLSE with

extended Kalman and FIR filters, respectively, and, in [9]-[11] Il. SYSTEM AND CHANNEL MODELS

suboptimum receivers with different front—end processors wereThe equivalent base-band model for the considered digital
communication system with multiple explicit diversity recep-
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Fig. 1. The base-band model for frequency-selective fading channels with diversity reception.

transmitted for ever{’; s, g(¢) is an arbitrary transmit pulse as-adjusted such that there asesamples per symbol, i.eoy =
sumed to be bandlimited t8, and the channel is a wide-sens€W T, where« is a positive integer. Further, let
stationary uncorrelated scattering (WSSUS) Rayleigh fading

channel corrupted by additive white Gaussian noise (AWGN). _ | arya for k /o integer
The channel impulse response for i@ diversity branch is b = {o, otherwise. @)

<9 (t,7) which denotes the response at titnghen an impulse

is applied att — 7. In practice,c!¥(t,7) ~ 0 for 7 > 7,,, Then an equivalent discrete model which incorporates the
the maximum excessive delay spread. For Rayleigh faditrgnsmit pulse, fading channel, ideal low-pass filter, and
channelsc¥(t,7) is a zero-mean complex-valued Gaussiasampler can be devised, as shown in Fig. 2, where

process. At the receiver, the received sigel (¢) is passed

through an ideal low-pass filter (ILPF) with a bandwidth of @ Le @ @
W > B3]. If W is large enough to accommodate the effect 2= bk + (4)
of Doppler spread, then the sgt(¥)(¢)} is a set of sufficient =0

statistics for the optimum detection of the received signal [3],
[4], [10]. For slowly time-varying fading channels, the Doppler
spread is considered very smaliNote that other front—end WD 2 D (1, 6)]smryowemijow (5)
processors like the ones in [4] and [6] can also be used to obtain ’

the sufficient statistics. Sincl orders of explicit diversity are L. = L. + L, is the last tap with a significant power (so later
assumed, the channel has diVerSity branches; each has thQapS may be ignored for practica| purpose) én&)} arei.i.d.
same fading characteristics, but is statistically independentghdom variables with

one another. The explicit diversity can be obtained by using
space or other forms of diversity.

2 A 1 . 21
For thedth branch, the received signa” (t) is given by oy = 5 Ellml] = 2NoW. ©)
LD () = Dt i, (@) 1 From Fig. 2, it is clear that the equivalent discrete system is
270 z; “ (8,8 =) + 7 7(8) @ a finite-state machine and can be described by a trellis diagram

with each path in the trellis representing a different transmitted
whereh (@ (¢, ¢) is the overall impulse response given by block of information symbols. The state is defined as

HD(2,) = / T Ot rgle - ) dr (@) # = (@i, Gingy -+ 04-1) %

whereL 2 | L./c] and | x| denotes the largest integer smaller
and (¥ (t) is a zero-mean complex-valued white Gaussiafanz. Let ¢ be the size of the signal constellation. Then the
noise with two-side power spectral density/éf W/Hz. trellis has a total ofVs = ¢” states. Furthermore, assuming
As in Fig. 1, the samples of the received signals are takg@int there areV information symbols in a burst, then without
every1/2W s, while symbols are transmitted evefy s. For considering the preamble symbols (they are irrelevant to the
ease of implementation, the bandwidth of the ILPF is often detection), the length of the trellis needed to be considered is
N + L symbols, wherd. symbols are appended to the tail of
the information block for detecting the lastinformation sym-

2Here, by slowly time-varying, we mean that the channel remains unchang}égls' In the literature, a wide variety of search algO”th.mS have
during a burst of transmission. been proposed to search for the most probable transmitted block
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Fig. 2. The equivalent discrete time model.

of information symbols. In the following, only the exhaustiveselected, based on a tradeoff between performance and com-
search MLSE via the Viterbi algorithm will be considered. Foplexity, as will be illustrated in Section IV. Likewisé&; andZ’;

our system, it can be shown that the branch metric is are not necessarily commensurable; &hgan be selected in-
dependent of ;. As shown in Table |, a largeB always gives

a larger effective diversity orde?, the effective diversity order,

2

Vi =~ Z Z 75&1)+J - Z 'SZ)-i—j,la+jai—’ (8) and hence gives a better performance for a fixed maximum ex-
d=1,j=0 =0 cessive delay spread. In addition, with a smatiea largerP
with perfect CSI, and the path metric is may be obtained and/or the tptal received power may pe _dis-
tributed more evenly over the independent paths. This will im-
= Z% (9) prove the system performance, as will be shown in Section IV.
P Finally, a largerB may reduce the receiver’s complexity as

shown in Table Il. In fact, one of the aims of this study is to

_ Before proceeding further, three important observations &l the tradeoff between diversity, complexity, performance,
in order. First, sincéV is large enough to accommodate the ef5,4 pandwidth for the considered system.

fect of Doppler spread, the set of sample vaI{JeS)} is a set
of sufficient statistics, and MLSE is optimal under the assump-
tion of perfect CSI. For burst-mode transmission over a slow!
fading channel, it is plausible that a very accurate estimationf UPper Bounds

CSl can be obtained with a preamble. Second, the channel tapset a = [ag, a3, -, ay_1] anda = [ag, a2, -+, ay_1] be
{h%dJ)J =0--- L.} form a set of correlated zero-mean colorethe transmitted and detected symbol vectors, respectively. De-
Gaussian processes which can be generated from the indeffiee-the error vectoe = a — a andg be the set of error vectors
dent colored Gaussian processgs,, p = 1---P, P < L. thatcontain no more thah— 1 consecutive zeros amid nonzero
through a unitary transformation [4]. The powerwf, is the elements. Then, the symbol error rate (SER)s bounded by

pth (nonnegligible) eigenvalue of the autocovariance matrix &), [13], [15], [16]

defined in (32). Therefore? may suitably be defined as the ef- 1

fective diversity order of the overall channel. Note that with ex- SER< i Z w(e)P[I'(a—e) > I'(a)] - P[X(e)] (11)

plicit diversity, the total effective diversity order beconi@sP. =€g

Third, unlike the case previously considered in the Iiterature,h is th ber of bol iated with
there is no restriction imposed on the transmit pylge in this w ere.w(s) 'S the NUMDBET Ot Symuol errors associate veig
study. Take the RC pulse as an example andX is the set of all possible transmitted vectors that can have

e as the error vector. Le¥/ (¢) be the positions within thé/ in-
sinwt/T  cosfBnt/T formation symbols where the error can begin. The upper bound

Ill. SYMBOL AND BURST ERRORRATE

9() = )T 1— 4242/ T? (10)  can then be simplified as
where/ is the rolloff factor andB = (1 + 3)/2T. In previous SER< 1 Z M(e)w(e)Py[[(a—¢) > T(a)]
studies, T is usually selected as the symbol duration. This is N ocCo
necessary in a frequency-nonselective channel in order to avoid - P[X(e)] (12)

ISI. Nevertheless, in a frequency-selective channel, there is no
necessity thaf” and7Z; are commensurable, i.€, /T is not whereG, C G is the set of error vector witk, # 0. Itis easy to
necessarily an integer. Hence, for a fix®d 5 and7” can be showthatM(e) = N+ L—1(e)+1, wherel(e) is the length of
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TABLE |
EIGENVALUES OF AUTOCOVARIANCE MATRICES FOR THECONSIDEREDEXPONENTIAL MIP ((3; = max{(;})

Raised-Cosine (RC) Square-Root RC (SRRC) Gaussian
B =15/T, B = 3.0/T; B =15/T, B =3.0/T; B=15/T, | B=30/Ts
3=01 8=10 | 8=01 | =10 B=0.1 8=1.0 3=10.1 3=10
=093 | ¢u=131¢u=11]|¢u=20}¢u=034 | (q=111] (=019 | (=033 (v =14 (M =18
$/Cn C/Cu $/x C/Cxm C/Car [9lsY] ¢/Cm (9497} C/Cm $/Cm
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.74 0.50 0.83 0.65 0.74 0.57 0.84 0.70 0.55 0.66
0.56 0.28 0.70 0.45 0.56 0.37 0.73 0.53 0.33 0.48
0.41 0.14 0.60 0.33 0.41 0.24 0.63 0.42 0.19 0.36
0.29 0.05 0.51 0.24 0.29 013 0.53 0.32 0.09 0.28
0.17 0.02 0.43 0.17 0.19 0.05 0.45 0.26 0.05 0.21
0.05 0.0 0.36 0.11 0.06 0.01 0.38 0.21 0.0 0.16
0.0 0.0 0.30 0.06 0.0 0.0 0.32 0.15 0.0 0.11
0.0 0.0 0.25 0.03 0.0 0.0 0.27 0.10 0.0 0.07
0.0 0.0 0.21 0.01 0.0 0.0 0.23 0.05 0.0 0.04
0.0 0.0 0.16 0.0 0.0 0.0 0.19 0.02 0.0 0.03
0.0 0.0 0.04 0.0 0.0 0.0 0.06 0.01 0.0 0.01
TABLE 1l
NUMBER OF SYSTEM STATES FORVARIOUS 3’s AND B'’s
3 RC SRRC Gaussian
B=15/T,| B=3.0/T, | B=15/T, | B=30/T, | B=15/T, | B=3.0/T,
(Ns) (Ns) (Ns) (Ns) (Ns) (Ns)
0.1 64 16 128 16
0.5 8 4 16 4 4 4
1.0 4 4 16 4
the corresponding error event. By lettinge) = 1 andN =1, where
we obtain the upper bound for burst (word) error rate (WER)
Pg as follows: (d) ()
B WS Z hza+1 loz+]EZ { (15)
WER< Y M(e)P[I(a—¢) = T(a)] - P[X(e)]. (13)
£€Gy
d d
m(, ,) = m(a)ﬂ (16)

Note that not like the case of continuous-mode transmission,

there are only finite terms in the upper bounds (11) and (13) fahdR[.] denotes the real part afSince the{n."/ } are i.i.d. zero
the burst-mode transmission. mean complex-valued Gaussian random variables with variance
2NoW, then the term in (14)

D I(g)-la-1

Y Yo [a ]

d=1 =0 j=0

B. Pairwise Error Probability

By definition, given the channel impulse respohséhe pair-
wise error event probability is calculated by

P{I'(a—¢)>I(a)|h] is also a zero-mean Gaussian random variable with variance

D I(e)—la-1 L 2 equal to
Z Z Z Z(ZZH Zhgi)ﬂ la+1al ! D I&)tazl
d=1 i=0 ;=0 1=0 8N0WZ Z
D I(s)—la-1 L 2 d=1 i=0 ;=0
(D (d) . .
< Z Ziats Z Piagjati®i—i| B Therefore, (14) can be represented in the following form:
d=1 =0 j=0 =0
D I(e)-la-1 A2
" Pil'(a—¢e)>T h} = erfc P —— 17
RS 20 (59" {Ma—e)2T(a)|h} = Viewow | @9
d=1 =0 j=0
D I(5)=1a—1 whereerfc(x) is the complementary error function defined by
(d)
< - L
- Z 8i.i h (14) erfc(z (18)

=il
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and and

*
I(e)—1q—1 €i—mEi-n 0 oot 0

2 *
6(d) . (19) 0 £, Ei—n 0 . 0

—m
mi(m,n) =

For time-variant multipath fading channels, we define a new 0 0 cee e &R ey
random variable, as
is aa x o matrix. As evidentp,,,(¢4) must be found before

2
¢ Y A calculating (22). Letb,, (s) be the characteristic function of
16NoW the random variablg,. By definition
D I(e)-la-1| L 2 Na)
d _so
= v o D Milvjtariit| - (20) b= [ e (g0 des (30)
d=1 =0 j=0[[=0
. wherep.., (¢q4) is the probability density function of random
Then, (17) can be rewritten as variable;?d(. Tzlen from [17]
1 1
P{l(a—e)>I(a)|h} = Serfe(\3).  (21) o
2 Poals) = det(T + 2sRII)
Recall that the channels under consideration are slowly time . 1 (31)
varying, hence, it is reasonable that the channel remains fixed N (D) 4 ogn))

during several tens of symbol durations. Thus, the pairwise error Ris th fth q
event probability, given in (21), can be averaged over the fadl?%?ere Is the covariance matrix of the random vedhy, i.€.,

channel statistics, i.e., R2:2.g {04} (32)

P{I'a—¢e)>T(a)} = / lerfc(\/a)p%;((p) dy  (22) with H denoting the Hermltlan transpodeis the(L + 1)« x
o 2 (L 4 1)« identity matrix, and{\;} are the eigenvalues of the
wherep, (i) is the probability density function of the randommatrix RII. Since the fading statistics on ttie different di-
variablee. In order to calculate the integral (22), we define theersity branches are mutually independent, the received signals

new random variabte {7kd), =1,---,D} are also statistically independent. Hence,
He)—lai| L 2 the characteristic function of the random variablés directly
A iven b
va Z > iy jei (23) VN
i=0 j=0 |1=0 1
. . . . @S;(S) = (L+1)e D (33)
where the time index with the channel tap gains has been =1 (1+swi)

omitted. Then, (20) becomes It follows from (33) that the probability density functign,(¢)

is given as

1
= ) Pa. (24) o
16NoW ; e I )
: . . _ pele)= > Z L P T <)
Furthermore, it can be shown that (23) is a quadratic form, given =1 a=1 ’
by where
hZ TIh (25) a, !
Pd = d id= 7 ~ D_d
! (D = d)lw™
where qb—d
{d pall +s@]” (3)} . 39
hy = (hgd)""’hf&m 1>T (26) =
and
with 7" denoting the matrix transpose, and Al
wy = . (36)
I(g)—1 S8NoW
Z II; (27) Then from [12], we have the pairwise error event probability
i=0 given by
is a(L + 1)« order symmetric matrix with P{l(a—¢)>T(a)}
mi(0,0) m(0,1) -+ m(0,L) & -
. . . . a
o |0 WD e mAL | g =2 ) (5 )
A(L,0) m(L,1) - m(L,L Lty 1 m
mi(L,0) m(L,1) o m(LL) XZ( 1+m)<+m> a7
3The time index will be omitted in the sequel. "0 2
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where 2) The Stack Algorithm:To calculate (12) and (13), the fol-
= lowing stack algorithm will be employed. The basicideais thata
m=a/q p— (38) stack is constructed and maintained with each path (entry) con-
! taining the following information; terminal nodg[ ; ., £m;
E{(z,m)} Uy, the length of pathE{U’m)} II;,., and the inter-
C. Evaluation of Upper Bounds mediate bit error probability’;. Here, Py is calculated by
The error state diagram and stack algorithm in [5] can be M(e)
modified to evaluate the upper bounds (12) and (13). Pr= - H P, - Z Ul

1) Error State Diagram: Define error states as = sﬁ”) — {(t,m)} {@,m)}
s wheres™ ands” denote legitimate system states. The Y
elrror state dizagram i; constructed as follows. The initial node Pila=e) 2 I2)) (45)
and the final node are zero-error states, but the intermediate v
nodes are nonzero error states. A directed line fsgrio v, WhereP{I'(a —¢) > I'(a)} is calculated by using (37) along
for somel andrm represents the transition from to v,,, which ~ With the eigenvalues associated with the majix; ,,,); Ilim-
is denoted byv,, v,,,). Since traveling from the initial node to The complete algorithm is given in Fig. 3 and is described as
the final node, passing through an intermediate zero-error stidows.
is not possible, the error state diagram can enumerate the set of Step 1): Load the stack with the initial node, &t= 0 or
error vectorgj,. The next step is to define an appropriate tran- Pg = 0.
sition gain for each transitiofv;, v,,,) so that (12) and (13) can  * Step 2): Determine if the length of the top path is larger
be evaluated. Ldf;,,, denote the transition gain associated with  thanN + L. If it is, then go toStep 7); otherwise go to

the transition(vy, v,,,). Defineb;,, Step 3).
- + Step 3): Determine if the top path terminates at the final
bim = P X1 X5 X570 (39) node. If it does, then go Btep 4); otherwise go Btep 5).

» Step 4): IfP; < p - Ps (or Pg), then outputPs (or Pg)
and terminate the algorithm; otherwige = Ps + Py (or
P = Pg + Pr) and go toStep 5).

« Step 5): Extend the top path and calculble ), Lim;
E{(z,m)} Uim, the path Iengthz{(ljm)} 11;,,., andP; for
all successors of the top path.

 Step 6): Insert these successors extended from the top path
and rearrange the stack in the order of decreasing interme-
diate bit error probability?; (from top to bottom).

 Step 7): Delete the top path.

 Step 8): Determine if the stack is empty. If it does, then
outputPs (or Pg) and stop; otherwise go 8tep 2).

Note that withp > 0, SER (or WER) evaluated with this al-

gorithm may only be a truncated upper bound. Theoretically,

L Wim 11, i
H Py Xy .XZZ{(,,M,»} ,ngw,m» (40) zgg?ggr:cgjpa?;\.mays be selected small enough to obtain the

where we have the following.

* X1, X5, andX;3 are dummy variablesY; is used to count
the length of error events.

* B, is the fraction of correct symbols; such that the
transition(vy, v,,,) is possible (or the corresponding error
symbole; is possible).

* u;n = 1, if there is an error associated with the transition
(vi, vmm), and SER is to be evaluated; otherwigg, = 0.

e II;,, is the branch distance matrix given by (28), but
here it is emphasized that it is a function of the transition
(Vh Vrn)-

From the definition of,,,, in (39), the path gain for a partic-
ular path in the error-state diagram is given by

{tm)}

where {({,m)} denotes the set of state transitions associated IV. NUMERICAL RESULTS
with the path under consideration. Also, for the path starting

with the initial node and terminating at the final node In this section, BPSK system is used for numerical results.

Three transmit pulses are considered, including the RC, SRRC,
P{X(e)} = H P, (41) and Gaussian pulses. For BPSK= 2 anda; € {1,-1}. In
()} all examples,V = 100, B = W, and L. is selected to con-
tain 99% of the total power. The method in [4] of using unitary
transformations is employed to produce the desired correlations

wie)= Y (42) between channel taps in the simulations [4]. Only the results for
{(tm)} the exponential MIP (with,,, = 277)
A 2
c =1/2 - El|c(t;
- Y m, @3 Pel(r) £ 1/2- Elle(ti 7))
((tm)} =K -exp[-7/T;] 0<7<7, (46)
and are shown here, wheli is the normalized constant such that
ME@=N+L+1- {(,Z)} b “9) / " ge(r)dr = 1. (47)
e 0
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Fig. 3. The stack algorithm.

The results obtained with this exponential MIP is about 0.2 dB
inferior to those obtained with the rectangular MIP. In all fig-
ures, the received SNR is defined as

Ellail]* - [72 [h4(t, 1) dr
2Ny '

Fig. 4 shows an example of selectingn the stack algorithm
for the evaluation of the upper bounds (12) and (13). As can
be seen, the truncated upper bound evaluated with 10—
provides a good approximation to the true upper bound for bit
error rate smaller than 10, except for the cas® = 1 with
B = 1/T,, where a smallep needs to be usedAs expected,
a smallerp is required for a low SNR and/or a channel with a
smaller effective diversity ordes.= 10~ is used for all the an-
alytical results in the following. Figs. 5 and 6 compare the simu-
lation and analytical results for RC pulse wjth= 0.5. Similar
results are observed for other pulses and parameters. Also, the
upper bounds are tighter at a higher SNR and/or for a channel

dB) 2 10log

Ly (48)
0

Symbol Error Rate (SER)

102

108

1074 b
103

10°® s

107

108

STOP

lw —

5 75 10 125 15 175 20 225 25
Eb/No (dB)

with a larger effective diversity order. In addition, from simufig. 4. Selection op in the stack algorithm.

lation results in the figure, it is observed that with no explicit

4Unfortunately, we are not able to use smalén our evaluation in this case
due to the memory limitation in our work stations.

841

diversity (D = 1), a significant performance improvement is
obtained by using the implicit path diversity at the expense of
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a larger bandwidth. For example, at SER 10~%, approxi- channel power being distributed more evenly over the indepen-
mately 6- and 5-dB improvements are obtained by using thrdent paths which are used to generate the overall channel re-
and two times the bandwidth, respectively. Hor= 2, as ex- sponse. In the figure, witB = 1.5/77, about 2 dB of improve-
pected, the improvement with the implicit diversity is less signent (at SER= 10~°) is obtained by using = 0.1 instead of
nificant than for theD = 1 case. Nevertheless, a 2-2.5-dB im1.0. Unfortunately, as shown in Table II, a smalieoften re-
provement is still possible by using two times the bandwidth atlts in a larger number of system stadésand hence increases
SER= 10-5. Clearly, the explicit diversity is more effective inthe system complexity. Hence, one needs to trade performance
increasing the system performance. This is because the effectiffeagainst complexity. In some cases, however, it is possible to
diversity order is increased iy times whenD explicit diver- have a smallef, but with the same number of system states, as
sity is used. As a result, the implicit path diversity may not bghown in Table Il. Fig. 8 shows the relative performance of the
designed to replace the explicit diversity, rather it may serve as@nsidered three transmit pulses with various pulse parameters.
complement to the explicit diversity to further improve the petn the figure, the bandwidth for Gaussian pulse is its 99% band-
formance. From Table II, it is worthy noting that a larger bandwidth. As seen, the performance difference due to using dif-
width often reduces the system state numier ferent pulses can exceed 1 dB, with different selections of pulse

Fig. 7 shows an example of the effects/@6 on SER for parameters. In addition, from Table | and Fig. 8, it is observed
RC pulse. (Similar results are observed for SRRC pulse.) At better performance is obtained if the overall received power
mentioned, better performance is obtained with a smallduwe is distributed more evenly over the independent paths used to
to a larger effective diversity ordef and/or due to the total generate the overall channel response.
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V. CONCLUSION

In this paper, the issues of diversity reception, bandwidth13)
utilization, and performance evaluation of digital transmission
over slowly time-varying frequency-selective fading channeI%14
are investigated, with a transmit pulse design that is more
general than previously considered. Three transmit pulse§id]
namely, the RC, SRRC, and Gaussian pulses have been used
as examples. Upper bounds on the error rate are derived fore)
maximum likelihood sequence estimation for burst-mode
transmission. The bounds are useful for performance estimzﬁ-?]
tion at the error rates that would be difficult to estimate by
using computer simulations. Numerical results show that good
tradeoffs among performance, bandwidth, and complexity are
always feasible with an appropriate design on the transmit

pulses and by combining explicit and implicit diversity.
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