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The Use of Coding and Diversity Combining
for Mitigating Fading Effects in a
DS/CDMA System

Pilar Diaz, Member, IEEE,and Randn Agust, Member, IEEE

Abstract—Spatial diversity is an attractive technology to cope receivers corresponding 8 different antennas. In particular,
with the fading channel encountered in mobile communications. MRC is well suited as a form of microdiversity combining at
This paper presents novel closed analytical expressions of thethe same site, while selection could be suited as a form of

bit-error rate (BER) achievable in a coherent binary phase-shift- di it bining to b lized th work sid
keying (CBPSK) direct-sequence code-division multiple-accessmacro Iversity combining 1o be realized on the network side.

(DS/CDMA) system for any power delay profile and for either In this case, every base station involved (usually, a total of
postdetection selection or maximal ratio combining (MRC). In two) receives the signal from one mobile. At a higher level in
particular, expressions for the cutoff rate R, and for its related  the network hierarchy, which belongs to the access network to
parameter D are also formulated in order to assess the system o mgpile interworking unit [3], only the base station with the

performance under the consideration of some channel coding best si -to-interf tio at the Rak tout i lected
schemes. Finally, an exemplary study is carried out in order to est signal-to-interierence ratio at the kake output Is selected.

illustrate the behavior of a realistic space-diversity code-division Moreover, the selection diversity performance allows us to
multiple-access (CDMA) system according to the analytical ex- have an analytical upper bound of the performance (in terms

pressions that have been derived. of BER) of the switching microdiversity scheme [4], [5]. This
Index Terms—Channel coding, code-division multiple access, simple scheme useB antennas, but only one RF front end
fading channel, mobile communications, spatial diversity. and one Rake receiver, so that when the signal level at the

output of the Rake crosses down a preestablished threshold,
the input of the receiver is switched to another antenna.

No coding as well as convolutional channel coding schemes
HE ADVANTAGES of using spatial diversity have beemave also been considered. In the case of coding, closed
widely recognized in the code-division multiple-accesgxpressions of the channel cutoff rate have been formulated

(CDMA) field, although not much effort has been devoted s@ the presence of ideal interleaving (infinite depth), so that
far in the open literature to assess analytically these techniqugsailable bounds of the BER in terms of the channel cutoff
In this paper, closed analytical expressions of the bit-error rat@e R, can be used. In every case, as usually has been done
(BER) achievable with antenna diversity and ideal averaggflthe related literature, the Gaussian model for interferences
power control are presented for a coherent binary phasfis been assumed.

shift-keying (CBPSK) direct-sequence code-division multiple- The organization of this paper is as follows. Section Il is
access (DS/CDMA) system with a RAKE receiver in thelevoted to assess BER expressions of a DS/CDMA system
presence of generic multipath Rayleigh fading. This migly the presence of Rayleigh fading under diversity combining.
model rather well the CDMA system for high fading rategoth selection and MRC are considered as diversity schemes.
since, in practice, closed power control, as it is usualiy Section IV, the use of channel coding is also contemplated
invoked in CDMA systems to mitigate the fast fading, losegnd the parameteb, which appears in the BER bounds for
effectiveness for high Doppler ratef,(). Studies shown in [1] convolutional codes, is derived for soft decisions. Section
and [2] reveal that moderatg, values only lead to moderatey js devoted to analyze and compare the performance of
reductions on compensating the fast fading. That is, the fadipgth diversity schemes in conjunction with two different

statistics of the signal after closed power control remair®nvolutional codes. Finally, in Section VI, some conclusions
nearly the same that those obtained with only averaged poves drawn.

control. In particular, forf,,, = 80 Hz, as much as an 87% of
the variability is maintained [1].
The analysis pursued in this work includes bstiection Il. SYSTEM MODEL
andmaximal ratio combinindMRC) of the outputs of” Rake  CDMA is a digital multiple-access technique in which

. . . each subscriber has his own identification code and all the
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Fig. 1. Selection diversity of order 2 at reception.

The low-pass equivalent impulse response for the linkhere M is the number of arms in the Rake ang; (i =
between an active user and the base station is assumed,to -, P) is the signal-to-interference ratio of thgh path

have L propagation paths in the ith antenna. When selection is employed as form of
-1 diversity, the signal-to-interference ratiobefore decision is
ht) = ane’® 6(t - nT.) (1) 9gven by
=0
’VIInaX(’Vlv ) ,VP)' 3)

where the path amplitude,, is assumed to be a Rayleigh
random variable and the path phage a uniform random pqr coherent BPSK signaling, the averaged BER can be

variable within [0, 2r]. expressed as
The optimum receiver of a DS/ICDMA system operating in
such a kind of environments, called the Rake receiver [6], P. = E[} erfe(v)]. (4)

has also been considered in order to take advantage of the

multipath propagation, characteristic in mobile communican order to assess the expressionfdf the probability density

propagation path since it has availatﬂetransmitteq signal from the pdf of~;, ---, vp, which are given by [6]
replicas. However, when the number of propagation pdths
is so large that the receiver complexity increases excessively, Mol ‘

. . . . . ki Vi .
or when the signal power received via the last replicas is  fv: = — <—_ ‘>, i=1,---, P (5
negligible with regard to that of the first ones, the Rake k=0 Thi Thi

receiver only combines the received signals fré# (out of in the presence of different Rayleigh fadings, is the signal-

L) different propagation paths. ) . e :
Furthermore, the presence of deep fades, characteristictcl)ﬂnterference ratio of every path, and the coefficients in the

Rayleigh fading channels, produce high error rates. To count8POVE EXpressiom; can be expressed as

act the effects of these propagation conditions, one may resort M—1
to_ employ ant_enna diversity in conjunction with the multipath Thi = H _'7%7 i=1, .-, P (6)
diversity provided by the Rake receiver. im0 Tk T Vi

J#k

I1l. BIT-ERROR PROBABILITY UNDER DIVERSITY COMBINING Therefore, the pdf ofy can be expressed as

Closed expressions of the bit error probability have been de-
rived for a coherent BPSK DS/CDMA system under Rayleigh
multipath fading whenP antennas are employed at the re- £
ceiver. Selection diversity and MRC have been considered and "
compared as different form of diversity.

1) Selection Diversity:Fig. 1 shows the receiver structure
for the particular case of selection diversity with two anten-

[l
AMw

Fy (0 ()

M-1
feen(-2)
0 Tni

T

=

I
M~
N

=1 n=
nas at reception. The receiver contains the RF front end, a 11
baseband processing module, and the Rake combiner after the . f’” exp <__’7 ) 7)
output of each antenna. im0 Ini Vi

~; denotes the overall signal-to-interference ratio at the

output of the Rake corresponding to thh antenna and is whereF, () represents the distribution function of the random

given by [6] variablex. From the expression of the pdf ef it is possible
M-1 to compute the mean BER given by (4) for coherent BPSK
Vi = Z Vi (2) and Rayleigh fading with antenna diversity. The expression
k=0 for the BER, which has been derived in detail in Appendix
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Fig. 2. MRC diversity of two at reception.
A, is as follows: When7,, =%, =+ =¥p(k =0, .-, M —1), the above
expression for the mean BER is no longer valid, and in this
| Lo M=yl case, the characteristic function is expressed as
SRR o
= n= o=
B _ Py = H T p- (13)
Yri Yl —0 (1 = joy)”
Tii + Vs + Yai + Ti Only for P = 2 it is possible to derive a simple and closed

analytical expression for the pdf of variablg which is
computed as the inverse Fourier transformv/of and given

by

(8)

) Vi Vi _ ki
Vi + VYni T Vii Vni 14+

2) MRC Diversity: Fig. 2 shows the receiver structure for e 2 i1
the particular case of MRC diversity with two antennas at = Ye1 el o Vi1 — Vi1
reception, analogously to Fig. 1 for selection diversity.

When MRC is employed as form of diversity, before - exp _l (14)

decision can be expressed as From (14), it is pOSSIb|e to determine again the mean BER

for coherent BPSK with Rayleigh fading and antenna MRC

r L diversity. The expression of the mean BER, which has been
= Z Z Vhi (9) derived in detail in Appendix B, is as follows:
=1 =1 k=0
M-—1 1_ 2
wherev; is again given by (2). P = Z k1 < 2““) (2+ pr1)
The expression of the mean BER is (4) for coherent BPSK k=0
signaling, so the pdf of must be determined in order to assess _
P.. It can be done by means of its characteristic function, —(1 = ) Z Tt (15)
which can be expressed as i T T T
M-1 P where
= 10
=1 =75, 1—Jw7m (10) -
k0 = = g (16)
since the random variables;;( = 1,---, P and k = 1+
0,---, M — 1) are statistically independent. Therefore, the
pdf of v is determined from the inverse Fourier transform of
4., given by IV. CODING WITH SOFT DECISIONS
M_1 P In mobile radio communication systems, there exists the

=3 > P e (-

) (11) need to employ forward-error-correction (FEC) techniques
Vi
k=0 <=1

in order to protect the information against the severity of
. _ the multipath propagation. Moreover, it is well known that
provided thaty,; have different values. The parametars in spread spectrum systems, as CDMA systems are, the use

EERg:\rqenr:Ze(n?e |2fs;§h|; c;]a?ae dl;heczxnpfesséﬁgc?r tgeerT,ej channel coding does not require additional allocation of
P yielg 9 y SSandwidth [7]. In case of using convolutional codes as well as

from [6] decoders that work with soft decisions at their inputs, bounds
on the BER may be obtained by resorting to the expression [8]

Vi

(12)

_1 = . r}/kz
e kaz:z;’ﬁkz 1+ T

P(b) < G(D) (17
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where(.) is a function determined solely by the specific code, 16° - :
whereas the parametér depends only on the coding channel EE\IPOSKgOMDREC
and the decoder metric.  pen=p.01
i N=127
'I_'he use of this bound causes the paramﬂeippearance, L e e
which is related to the cutoff rat&, as follows [8]: = - 4 ea-9m9nene
D=9"Re+l _q (18) § /:;;,:j/,,,
0 ,f"://.
and is defined as — e
. m 19 2
D = min D(X) = ;
<C
A>0 (19) b T
o M=7
where e M=4
N 1973 Lei L - L \—“ij
D(\) = E[eM® =], (20) 5 45 8 15 185 25

In the above expression; and z* represent two different NUMBLR OF SIMULTANEOUS USERS (K]
encoded sequences, ani the received sequence whemas Fig. 3. Mean BER for selection diversity with two antennas at the receiver.
been the transmitted one. The paramdiedoes not depend

on the code, but on the chan.ngl, modulation scheme, receiverr, compare the different diversity combining schemes, let
and also on the kind of decisions employed by the decod

that is, hard or soft decisions. Therefore, in order to assess 5 assume the power delay profile (PDP) of the chan(ie)

b tial [11] and identical f t

BER as a function of the capacity, it is necessary to derive tée e exponential [11] and identical for any antenna

expression of the parametér as shown below. _ 1 T (24)
When the decoder works with hard decisiod$,depends p(r) = D, P D,

directly on the BER of the channel, and is given by [9] .
where D, denotes the delay spread of the channel. In this

D =+/4P.(1-PF.) (21) situation, the variance af;;, which represents the complex
Gaussian amplitude of theth propagation path between the
where F, is the average BER at the decoder input. transmitter and theth antenna at reception, is given by
When it works with soft decisionsD depends on the

channel statistics and transmission schemes. In particular, @, = p(kT.) (25)
when selection diversity withP? antennas having the same
signal-to-interference ratio for paths with identical delays ?gT
employed in a Rayleigh multipath channel, the expression /oﬁ
D for coherent BPSK, which has been given in detail iht

here 7. is the chip interval.
he mean signal-to-interference ratio of thia path at the
antenna can be formulated as [10]

Appendix C, is as follows: _ a3,
Vi = T Lol (26)
M—-1 M—1 2pK 9
D:PZ Z Tn1T k1 3N 5
n=0 k=0 J=
) - Tn1 22) where K is the number of simultaneous users of the system
1451 Vo1 + 701 + V1Vt within the cell of interestp is the reuse factor that takes into

account interference from other celld] is spread-spectrum
rE)rocessing gain, and the total number of arrival paths at
the receiver.
Furthermore, in order to assess the performance of the
M-1 1 2 system for different levels of complexity in the Rake receiver,
D= H <1+7 ) (23) which is actually built up withA/ arms, we have assumed
n=0 nl

representative values for the parameters on the expressions
derived for the mean BER, as shown below:
V. SYSTEM PERFORMANCE 1) delay spread normalized to the bit periggt D,, =
In order to illustrate the behavior of a space-diversity-based ~ Ds/7; = 0.01;

CDMA system according to the expressions obtained above2) processing gainV = 127;

and show how to assess the performance of such a system i) reuse factor [12]p = 1.7.

a given environment, we have first computed from (8) and (15) Figs. 3 and 4 show the mean BER for coherent BPSK of a
the mean BER of a two-antenna diversity DS/CDMA cellulaDS/CDMA cellular system that make use of two antennas at

system in a Rayleigh multipath environment with the sanreception with selection and MRC diversity, respectively, and
statistics in both antennas. in particular, for the environment described above.

wherer,,; andxy, are given by (6). On the other hand, whe
MRC is selected as form of diversity, the paramdfecan be
expressed as (see Appendix D)
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TABLE |
BE oF A DS/CDMA Srstem witH CBPSK AND CHANNEL CoDING (r-1/3 CoNvoLuTIONAL Cobe AND HARD DECISIONS
M No Diversity Selection Div. MRC Diversity
1 0.07 0.16 0.21
2 0.15 0.25 0.38
4 0.21 0.31 0.49
10° ¢ - 1e% | —
E |BPSK-MRC [ BPSKMRC| | M=1 - theoretical
- |0 cone s T - cinlated
o I DSN:@'Z'?I Ll i Dan::1@27@1 —M=2 - theoretical
= 2 ant. [ B e > ot ~M=2 - simulated
&gt | e R UR:
94 [ e e [a N
) s ]
L PR [Np]
— /,," o —
m Tk m P
_ 19 2 : S - 19 2
= [ J <C
i . L
= P =
1@‘3 L | S R P, F——— 1@’3 PEENYA UG IR SN, AT ST RS
5 45 89 125 165 205 69 85 180 129 145 165 183 205
NUMBER OF SIMULTANEQUS USCRS (K} NUMBER OF SIMULTANEOUS USERS (K)

Fig. 4. Mean BER for MRC diversity with two antennas at the receiver. Fig. 5. Mean BER for MRC diversity with a-1/3 convolutional code.

Concerning channel Coding’ two representative Convo|gonV0|Uti0nal code have also been simulated in order not
tional codes have been considered. Bounds on the mean BEHY to evaluate the preciseness of the obtained analytical

for each one of them, derived from the Chernoff bound, afxpressions, but also the bounds given in (27) and (28). The
given by [9]. theoretical results and those obtained in the simulations are

1) -1/2 convolutional code with generator polynomial 138€pPicted in Fig. 5. The curves shown in this figure are so
171 (octal) close for bothaA/ = 1 and M = 2 that it can be statgd
that the upper bounds on the mean BER for convolutional
P, < 1(36D'" 4 211D" + 1404D™* + 11633D'®)  codes are very tight, except when the channel introduces too
(27) many errors [ > 10~1) so that the convolutional decoder
. . ] significantly degrades and bounds on the BER are no longer
2) r-1/3 convolutional code with generator polynomial 133 5ig. Moreover, whenM increases the bounds on the BER
145 175 (octal) tend to be tighter as it is expected.
P, < 1 (TD* 48D + 22D'7 1 44D*), (28) Ta_ble I_shows the BE for a DS/CDMA ceI_IuIar system with
no diversity (only one antenna), selection diversity, and MRC
In order to compare the different schemes, the systediversity (two antennas). It has been computed for the value
performance has been evaluated in terms of the bandwigdhx that supports a transmission with a mean BER0™3.
efficiency, which is defined as the number of bits simultan¢n this case, the-1/3 convolutional code with hard decisions
ously transmitted byK users divided by the total availablehas been considered as the channel coding employed in the

bandwidth and which is given by [10] system. In examining the BE values shown in Table I, it is
BE — Kr (29) apparent that diversity significantly improves capacity.
N Table Il shows the BE for a DS/ICDMA system with
wherer is the coding rate. selection diversity for both convolutional codes=£ 1/2 and

To assess the preciseness of the analytical results obtained 1/3) with hard and soft decisions and Table Il for MRC
from the derived expressions of the mean BER, they have beabversity. In both cases, selection or MRC, the BE is nearly
compared with results obtained from simulations. To do thatyice greater when the decoder works with soft decisions, and
an identical channel to that assumed to derive the analytieal a result, the capacity may be increased in the same way.
expressions has been simulated, ideal averaged power contréh all the tables shown above, it can also be noticed the
has been assumed and thé/3 convolutional code has beencapacity gain in terms of receiver complexity by means of the
taken as representative. The encoder and decoder of plagameter)M .
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TABLE I
BE oF A DS/CDMA SrsTEmM wiTH CBPSK AND CHANNEL CODING FOR SELECTION DIVERSITY

M r=1/2 hard =1/2 soft r=1/3 hard r=1/3 soft

1 0.10 0.252 0.16 0.328

2 0.19 0.382 0.25 0.475

4 0.25 0.469 0.31 0.564
TABLE Il

BE oF A DS/CDMA SrsTem wiTH CBPSK AND CHANNEL CoDING FOR MRC DIVERSITY

M r=1/2 hard r=1/2 soft r=1/3 hard r=1/3 soft

1 0.14 0.346 0.21 0.449

2 0.29 0.567 0.38 0.693

4 0.39 0.716 0.49 0.858

VI. CONCLUSIONS with
In summary, novel closed analytical expressions have been Fims = _hiTni (32)
. . wexa - i *
derived for the mean BER of gr-antenna postdetection selec- Tri + Vi

tion diversity and MRC diversity DS/CDMA cellular system |If the two integrals in (31) are computed by parts, the
under an ideal averaged power control scheme and undgpression of the mean BER obtained is given by
any generic Rayleigh multipath environment. It has also been
obtained tight upper bounds on the BER in terms of the P
cutoff rate for such diversity schemes when convoluuonaIP % Z

codes and soft decisions are employed. These expressions, the ‘=1 n—0 k=0 itk

preciseness of which has been evaluated through simulations, — _ —

have allowed us to assess the system performance and compare . || 1 — ki _ kni (g _ | _kni

the gain in capacity for any of the analyzed schemes in the [ 14+ ) ki < V L+ Vni )]

presence of a realistic environment. (33)
APPENDIX A and after substituting (32) in (33), the final expression is

To simplify the computation of

F. = % Elerfe(y/7)] 1 b ML M
L[~ S Pe=3 E i Thi
2 /0 exfo(v/) Z Z Tni {1 - exp <—%)} i=1 jzo k=0 )
1=1 n=0 ,Ykz rynz
Mol . 744_7‘—%7‘_’_7‘
. E: Tk ox p< )d’y (30) ki T Vni i T i
Thi Vi

k=0
let us make the change of variable= /7 so that

pe [T 5 i (<)

=1 n=0

(34)

) Vi VYni _ Vii
Vi + Vni T Vii Vi 14+

APPENDIX B

ML 2 To simplify the computation of
ki &
. E — exp <—_—>a:da:
o ki Vi

o0 .’L’2
. {/ 2z erfe(x) exp <——> dx
0 Vi
oo 2
—/ 2z erfe(x) exp <—_—> da:}
0 Vieni

8

v 2 Vi 0
31) | (% e eXp( %) o)
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let us make the change of variabte= /7 so that

3 2z

Tn

Yi

2

exp <—;—> dz

M—1 ! oo 2
= Z Tn [3/ x”erfc(x) exp <——> dx

n=0 Tn 40 n

- _3 Z = i — /OO x erfe(x)

2
cexp| —— ) dzx (36)

101
M—-1 M-1 1
=P "
> Y mn| e
n=0 k=0
_ Tn
(43)

Then, minimizing the parametdp(s) expressed in (43), the
following expression is obtained:

D=

m>1nD(s)
M-1 M-1 7
=P 7rn7rk[ = — (44)
z_:o kzo L+ T T+ 75+ T
APPENDIX D

When MRC is selected as form of diversity, from (42) we
It is convenient t0 compute the integrals in (36) by parts, $pve that

it is straightforward to obtain the expression of the mean BER

M-1

_ - —p(25—57)
M—1 1=\ 2 D(s) = /0 e lz_:
F = Z Tn (2+un) n=0
C T j—g—_— Z %_ exp <—j—b> dy,
—(1 = pin) Z - = (37)
T~ M1
i#En 1
1 |55 (45)
where i L1+ 27,(25 — s?)
5 Therefore, theD parameter is given by
o, = e (38) M1 . )
D:ISnZlgD(s): 11[0 <1+7n) . (46)
APPENDIX C =
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M-1
D)) = E{exp [— Z 22A\VE, — \2) ]} (39) @
n=0
Let us define [3]
E
A= sYE (40)

and notice that the signal-to-interference ratio at the output of
the Rake receiver is [5]

M—-1

Yo = g Oé T (41) [6]
so (39) can be transformed in [7]
[8]

D(s) = E{exp[—y,(2s — 32)]} (42)

To compute this average, we need the expression of the pi#f

of ~, given by (7), so that (10]

=) M-1
D(s) = / 6_"/6(25_52) {P Z Tn |:1 — exp <—j—b>:| [11]
0 n=0 Tn
M-—1 . 5 >
 exp <—_—b> } dyy (2
o Tk Vi
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