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DS-CDMA with Power Control Error Using
Weighted Despreading Sequences over a
Multipath Rayleigh Fading Channel

Yuejin Huang,Member, IEEE,and T. S. Ng,Senior Member, IEEE

Abstract—In this paper, closed-form solutions for the average A receiver is called correlation receiver when the de-
bit error rate (BER) performance of a direct-sequence code- spreading sequence is the same as the spreading sequence.
division multiple-access system with imperfect power control are It has optimal performance in the presence of additive white

derived for both coherent and noncoherent receptions operating . X .
over a multipath Rayleigh fading channel. The RAKE struc- Gaussian noise (AWGN). However, in a DS-CDMA system,

ture receivers under consideration employ despreading sequencesthére are two kinds of “noise” MAI and AWGN. The MAI
weighted by adjustable exponential chip waveforms optimized is the sum of many independent couser signals and can be
for multiple-access interference rejection. The chip-weighting modeled as zero-mean-colored Gaussian process. If the signals
waveforms employed are determined only by one parametety ¢ ¢ sers are shifted in time by a random amount distributed

which leads to easy tuning of the waveforms in practice to achieve . . . .
the best performance. The results indicate that the number of uniformly between zero arifl. whereT. is a chip duration, the

active users supported at a given BER for the case of tuned MAI becomes a statistically stationary random process [13].
to maximize the average signal to interference plus noise ratio It is easy to see that the optimum receiver derived in AWGN
H is much larger than the case ofy=0 (fixed or rectangular performs badly when the MAI dominates over the AWGN
despreading sequence). It is shown that imperfect power control yacause the MAI is not white. When the MAI and AWGN

affects the irreducible BER for the case ofy=0. On the other : . . .
hand, the effect of imperfect power control on BER performance occur simultaneously, an optimum despreading function has

for the case of v tuned to maximize H is equivalent to a been shown to b_e the solution of a Fredholm integral equa’Fion
reduction in the average signal-to-noise ratio, and, hence, systemOf the second kind [14, eq. (9-67)] and the corresponding
performance can be compensated by increasing the transmitter receiver is called the integral equation receiver [15]. Assuming
power. It is further shown that the e_ffe(_:t_ due to ir_nperfect power that a DS-CDMA system operates over an AWGN channel,
control on BER performance is significant while that on the o jnaqral equation has been solved in [15] for the case in
maximum value of H obtained by tuning + is rather insignificant. . : .

which the spreading pulses are rectangular and the resulting

Index Terms—Code-divi;ion_ multiple access, RAKE receivers, despreading function consists a2 exponentia| terms with

spread-spectrum communication. N(N + 3) coefficients whereN is the processing gain. In

practice, it is difficult to tune to the optimum despreading

I. INTRODUCTION function whenN is large.

. : . In addition to MAI rejection, power control is currently
ITH THE rapid growth of personal wireless communi- . I
. : o . considered indispensable for a successful DS-CDMA system.
cations, direct-sequence code-division multiple-acce

S L ;
(DS-CDMA) technology has attracted considerable attentioFn a real system, the power control error exists |rr_espect|ve

) . of power control methods being used. The effect of imperfect
over the last few years because of its many attractive propertie

for the wireless medium [1]-[3]. However, as is well I(nownpower control on performance was analyzed in [16] with the
. . o ' maximum diversity order of two. In practice, a typical DS-
the major factors which limit the performance, and, henc

the capacity of DS-CDMA systems are multipath fadin CDMA system over a terrestrial channel may operate with

) . : 9, r-branch diversity for better performance. Therefore, we are

multiple-access interference (MAI) and imperfect power con-".

motivated to analyze the performance of a DS-CDMA system

trol. In many performance analyses of CDMA systems, the. . . .

) . with power control error using any order of diversity to combat
assumptions are made that the transmitted power of eaﬁ%ultipath fading

user is perfectly controlled and the waveform of despreadingIn this paper, we analyze the performance of a DS-CDMA

sequence in a receiver is the same as the spreading sequence : ) .
. system with power control error over a multipath Rayleigh
assigned to a reference user [4]-[12].

fading channel for the uplink. With the purpose of MAI

rejection, the RAKE structure receivers under consideration
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the BER performance of a DS-CDMA system using bottve assume the following: 1) for different users and paths in

coherent and noncoherent receptions. Here for brevity, thach link, the random variables3, }, {m}, and {m.} are

receivers with coherent detection and noncoherent detectadhstatistically independent; 2) the random phaégg} are

are simply called RAKE receiver and RAKE demodulatomniformly distributed ovel0, 2] and the path delay$r;}

respectively. The RAKE receiver is equivalent to a receivare uniformly distributed ovefo, 7;]; 3) there areLp paths

with maximal ratio combiner and the RAKE demodulator igor each user and these different paths are separated in time

a noncoherent receiver with equal gain combining for DPSKom each other by more thail,; and 4) for each user, the

signaling. path gaing;; is a random variable with Rayleigh distribution
The organization of the paper is as follows. In Section Igiven by

we describe the system and channel models. The BER perfor-

mance of a DS-CDMA system with power control error for Bri _ Biu

. . . _ €exXp ’ ﬁkl Z 0
both coherent reception and noncoherent reception operating p(Br) =< pu 2011 3)
over a multipath Rayleigh fading channel is derived under the 0, Pri <0

proposed weighted despreading sequences in Section Ill. This

is followed by numerical results and discussion of the resudéere E[33] = 2p5.; and 5) the fading rate in the channel is
in Section IV. Finally, in Section V, conclusions are given. slow compared to the bit rate, so that the random parameters

associated with the channel do not vary significantly over two
consecutive bit intervals.

At the central station, all user signals, after passing through
their own particular channel, are added together and mixed
with AWGN n(t) with two-side power spectral density, /2.

Suppose there ar&” CDMA users accessing the channelrperefore, the input signal at the central statign) can be
User k transmits a binary data sequentg(t) (data bits represented by

are differentially encoded for DPSK) and employs a spread-

Il. SYSTEM AND CHANNEL MODELS

A. Transmitter Model

ing sequencen;(t) to spread each data bit. The spreading K Lp-—1

and data sequences for ti¢h user are given by (t) = r(t) =V2P Z Z GrPrabr(t — Tro)ar(t — Trr)
S o al Pt — 1) andbi(t) = Y50 b Py (¢ - =1 120 |

41,) where 7. and T, are the chip and data durations, - cos(wot + ¢rt) + ne(t) cos wot — ns(t) sin wot
respectively, and,.(y) = 1 for 0 < y < « and zero otherwise. 4)

In our study,b§k) andagk) are modeled as independent random
variables taking values-1 or 4-1 with equal probabilities. It where¢y; = i + 7 — worie and the termse.(t) andn.(t)
is assumed that there ané chips of a spreading sequence irare low-pass equivalent components of the AWGM). The
the interval of each data hiff, and the spreading sequence forandom phase$#;} are uniformly distributed ovejo, 2r].
each user has period equal A In other wordsZ; = N7, The random variableGy}, {3u}, {7}, and {¢w} are
anda{® = aff) for all —co < j < +oc. The transmitted independent of each other.
signal for thekth user is
Se(t) = V2PGbn(Ban(t) cos(wot + 8,) (1) O Receiver Model

For BPSK modulation, the structure of one of the paths of
where the transmitted powef and the carrier frequencyo, a RAKE receiver using coherent detection is shown in Fig. 1.
are common to all users and the paraméjeis the phase of For MAI rejection, a bank of single-path matched filters, each
the kth user. The parameté¥;. represents the power controlof which is matched to different paths, have the same impulse
error for thekth user and is modeled as a random variabl@sponse matched i () cos(wot) Py, (t) whereay (t) is the
uniformly distributed in[1 —¢,,,, 1 +¢,,] wheree,,, represents \weighted despreading sequence with details given below. The
the maximum value of power control error for all users. Sucdutputs of all single-path matched filtefig (), € [0, Lr—1]
a distribution for the paramet&¥,, implies a complete lack of where . is the order of diversity, are weighted by the
knowledge of the power control error and is a least favora%rresponding path gains and then summed to form a Sing|e
distribution [16]. decision variable(;(x). The weighted despreading sequence

of the userk’s RAKE receiver can be expressed as [17], [18]

B. Channel Model

In our analysis, we consider a frequency selective multipath an(t) = Z a(k)w§k) (t _ ch‘ {c(k) ) }) (5)

channel for the uplink. The equivalent complex low-pass oo I g
representation of the channel for thth user is given by
Lp—1 ' Wherec](,’“) = a,(,'i)lag,k) and wEk)(t|{c§k), 05121}), for0 <t <
hi(t) = Z Brid(t — i)™ (2) T., is the jth chip-weighting waveform for théth receiver
=0 conditioned on the status of three consecutive chﬁpg),

where random variable8y,;, 7, andny,; are thelth path gain, cgljgl} = {%('li)l%('k)' agk)a]("jr)l}. Note that in [15] the optimum
delay and phase, respectively, for thiéh user. Furthermore, despreading function emphasizes the transitions of the received
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IN J-(Hl)ThHu G ()

KT, +7y

a,(t—xT,—7,) 2cos(w,l+¢,)

Fig. 1. The structure of pati's matched filter for thekth user.

signal of the reference user. Therefore, we define

(%) (k) ()
wj (t {cj ’ cj+1}) cw () cwy (1)
cwi(t) if cgk) =+1 and c](»ﬁ_)l =+1 1 1
i (k) _ ) _
cwy(t) if ¢’ = —1lande;y; = —1
- © (R) _ ® _ ©) o ¢ 78|
cws(t) if ¢’ =—1ande;y; = +1 . .
[ cwa(t) if c](»k) = +1 and c](»’j_)l =-1 ° 2 g ’ fr .
with the elements of the chip-weighting waveform vector ewy(0) ew, (1)
{ew (1), cws(t), cws(t), cwa(t)} given by the following: L 1
Ccwi (t) =c ’Y/QPT (t) P e
cws(t) = e T Pry(8) + ¢ 1T Pr o (t - T./2) 0 0
0 7./2 T, 0 7./2 T,
cws(t) = e /T Pr, ;o(t) + C_A//QPTC/Q(t -T./2)
cwa(t) = V2Pp jo(t) + e VI Pr (=T, /2)  (7)

) . . . Fig. 2. The exponential chip-weighting waveforms for despreading
where v € [0, o) is a parameter of the chip-weightingsequences.

waveforms. Whery = 0in (7) , the chip-weighting waveforms
cw,(t) for all p € [1, 2, 3, 4] reduce to the rectangular pulse : :
Pr (t). Fig. 2 shows the chip-weighting waveforms and Fig. ga

shows waveforms of length-14 segments of a spreading 8
guence and the corresponding weighted despreading sequences
for three values ofy. As pointed out in [15], the reason why ) ' ]
the weighted despreading sequence helps to reject the MAf IS 1
that the weighted sequence makes use of the property that | —
the occurrence of the transitions in the reference signal is|

independent of that in MAI signals. The weighted despreadiggh——— N4 N N
sequence emphasizes the transitions in the desired spreading Vo TN S
signal. Because MAI signals arrive with random delay, their 1
transitions are less likely to be emphasized, and this leads j‘

circuit.

For DPSK modulation, the structure of patiof userk’s
RAKE demodulator using noncoherent detection is shown in o 2 s 6 8 10 12 14
Fig. 4. In this case, the outputs of all single-path receiver 1T,

Re[Pu(r)¥5,(k — 1), L = 0,1, ---, Lg — 1, are directly

; il ; Fig. 3. Waveforms of length-14 segments of a spreading sequence and
summed to form asmgle decision Vanamﬁ(ﬁ)' Note that the the corresponding weighted despreading sequences (WDS): (a) spreading

weighted despreading sequences are also used in the RAKE ence, (b) WDS with = 0, (c) WDS with~ = 2, and (d) WDS with
demodulator for MAI rejection. v = 8.

to the MAI rejection at the output of the integrate-and-dumg, [7.-ﬁ - Um -

Ill. SYSTEM PERFORMANCE A. Coherent Reception

For ease in analysis, it is assumed that the average fadinyVe arbitrarily choose théth user as the reference user
power for each path of any user's channel is identical €md analyze the performance of the RAKE receiver with
that the average fading powers, = p(1 < k < K, coherent detection for data symbbf{‘). After the /th path
0 <1< Lp—1) are independent of and!. matched filter which has the impulse response matched to
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is the weighted sum of the outputs of the single-path matched
filters, is then given by

IN t=«l+7, Re[ 8, (k) (x —1)]
—@ @ [ ®
o | Lj S =2 Pusa)
a(t—-«xI, -7, clay 1, =0
2eos(@o! +yy) = bg\z) \/ﬁG’Z |:2NiTc(1 - 6_"//2)/
Lr—1
Fig. 4. The structure of pathis noncoherent receiver for thieth user. v+ (N - Ni)Tc6_7/2:| Z /331- (12)
=0

24,(t) cos(wot)Pr, (t), the conditional output random vari-Vi(A) in (9) is theith path AWGN term and is given by
able, denoted by;(\), can be expressed as

A+ Ty +740
a(A) = /

AT+t Using the approach that leads to (11), the variance of the noise
A2r(®)ai(t — ATy, — 7ar) cos(wot +dur) bt (8)  term N;(\), conditioned on{cj(?)}, is given by

Ty
Na(A) = /0 [ne(t) cos dit — na(t) sin gulas(t) dt. (13)

where cos(wot + ¢;1) is the coherent carrier reference andar[n;;())]

a;(t — AT, — 7;;) is the weighted despreading sequence for T, )2 e
the Ath bit of thelth path signal of the reference user. Since = N, [Zﬁi/ e 2/ Te gy 4 (N — Ni)/ e dt]
the carrier frequency, is much larger thar?;* in practical 0 0
systems, the double-frequency terms in (8) is ignored in our _ [ g _ v N — NV 14
analysis. Then (8) is reduced to 0[ iTe(l—e )/rH( i)Tee } (14)

K Lp—1 Lp—1 The total AWGN in the decision variable of thth RAKE
G\ = SaN) + NaW) + > > Yawa+ > Y receiver, denoted byV;(A), can be expressed as

ﬁ;l n=0 ";ﬁ Lr—1

9) Ni(A) = > BuNa(h). (15)

where the first, second, third, and forth components are the de- =0

sired, AW?N’ '}?AL and jelf-g_(ka)nzrgteg rtm_Jllttl)p?th Interferenc§ecause each of the single-path matched filters is matched to
coggcr):e(g)s Xgelcde:irri q i?ggaletelrrt:ﬁﬂ(e)\?l foret(r)]\:av-lth path a u.nique p_ha;e and different phases are independent random
. . variables distributed uniformly ovdf, 2x], the elements of
matched filter can be written as the outputs of the single-path matched filters caused by MAI
() DT+ and AWGN are uncorrelated among each other. This can be
Su(A) = V2PG; Biaby AT proved by similar approach used in [11, Appendix B] so that
ai(t — i)t _”;\r;i; ) dt we assume that the different pe}th noise terms, including MAI
N-1 (e and AWGN, are uncorrelated with each other in what follows.
_ @G‘/}lb(i) Z / I Thus, the variance of the total AWGN; () of theith RAKE
A = Ui receiver, conditioned ord3;} and {cgz)} and denoted by

§T.

2

DG ol ), IS given by
{2 })ar. oy "M

(¢ = JT.

2
Making a change of the integral limits in (10) and then usingaN|{,a7-z,c§f>}
(6) and (7), the signal term§;;(A) can be expressed as Lr—1
= > Bhvar[Nu(M)]
=0

: R T./2
Sa(A) =bV2PBuG; | 2; / T
0

Liu—1
o - No [fvacu . 7)/7 (N - Nz)Tce—W} Y 8
+ (N — Ni)/ eVt (=0
0 (16)
=0V2PBGi [2NiTc(1 - CJ'/Q)/ The third term in (9) is the MAI term of théh single-path

matched filter of theith RAKE receiver andYy, ,, ; can be

_ N —v/2
¥+ (N = N;)Tee } (11) expressed as

where N; is a random variable which represents the number Yi w1 = V2PGLkn cos(Pit — drn)

of times of occurrence that” = —1 for all jeo,N-1] (k) (k, %) (&) 7 (k,4)
The desired signal term of the RAKE receivés(\), which ' [bAflR”“ (T"l ) 05 R (T"l )} (7)
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where T< ) _ Ten — Tit, Ban(7) = fo ax(t a;(t) dt, filters, may be expressed as
and R (7) = fTT" ap(t —7)a;(t )dt. The variance of the term Ll K Lp-1
Y n.¢ , conditioned on{cj(?)}, can be expressed in the form Lix= Z Bit Z Z Y ot (21)

=0
{ (z)}) k;éz
2\ (= . As mentioned previously, the elements of the outputs of
=2pP|1+ 3 {@{cgﬂ}(Rik, Ry,) — “ik|{c§.i>}} the single-path matched filters caused by MAI are uncorre-
(18) lated so that the variance of the total MA4] ,, denoted by

var[Yy, n,1] = (Yk n,l

Uf\fl{ﬁzz, 0y and conditioned o#3;; } and{c]@}, is then given
where by E
O, oy (Rir, Rir.) i
e OJQW{,@N:C(-{)} =E Ii?’k‘{ﬁil}’ {CE)})
= E{ | R (7% D) + Rip (77 } fa !
{|: ( ) ( >:| {c g_i)} :LP(K — 1) var[Ykm,l] Z /31
and NT?
=2pPL,(K — )<1+ ; )( e W)

vy =28 () ()]

. Lr—1
.5<e>(p{c§.>}’,y) Z 7. (22)
Both @{c@}(Rik, f?.ik) and Hipjgeny are conditioned on 1=0

{c](»i)}. According to the results derived in [18], (18) can be The fourth term in (8) is the self-generated multipath

approximately written as interference term of thé&h single-path matched filter and the
total self-interference of théh RAKE receiver, denoted by
var[Y, n, 1] I; ;, is given by
NT? )
~ 2pP<1 + %)( . “’)E(e) (r{% 3 ’y) (19) Lroi  Lpt
7 Li= Y Bu >, Yinu
where 1=0 n=0, nzl
() LR—l Lp—l
=@ (F[c ) ’Y) = Z Bit Z V2PG,; 3, cos(¢it — din)
12 16 =0 n=0, nzl
F(Z) |:4 —_— - — A//Q + — C’y:| i i, i,
N{ {—1,-1,-1} v v v [bg\ L ”(( ))—i-b()R (( )>:| (23)
+ (T2 oy + T8 ) .
{(-1,-1,1} {1, -1, -1} The terml; ; does not have a significant effect on performance
(5 v ~* 19 w2 12 ., 5 comparison because of the fact that the self-generated inter-
5 1T Ty T PV - 2y ° ference will have much less power than the MAI when the
1“(’) @ number of active user&” > 1. However, its precise effect
T ( (<1113 T —1}) on the system performance is much more difficult to analyze
[ 3 3 19 , 1 vy eV than the other terms in (9). For simplicity, some modification
|21 + YA 2y Te ﬂ to this term must be made. One way is to simply ignore it for
@ 3 7 o selected spreading sequences [12], [19], [20] and another is
+ F{ 1,1,-1} [ 3— 2 v+ 12 == + 26772 4 } to treat it crudely as one additional user for more pessimistic
vy .. . .
‘ o results [10], [11]. We evaluate the conditional variance of this
+ 1‘“({”1) L1 [1_1 + + 7 + 267/2 ew/2 _} term by taking ensemble average over all random variables
’ 2 12 v of the reference user excep#;;}. Thus, the variance of the
21(4) self-generated multipath interferenc@ 3.,1, conditioned on
+ 7T 1} (20) {8}
{1 {Bu}, may be expressed as

1‘*(1)

{v1,vz,vs}

is the number of times of occurrence tf{a@?l, o318y = B2 {Bu})

&, §+>1} = {v1, va, v} for all j € [0, N — 1] in the ith - re=t A
weighted despreading sequence and each element; ofuz, =2pP —m> Z {@(Rii, Rii) — Mi}
X Ny : 3

vs} takes values +1 o1 with equal probabilities. It is clear n=0, nzl
that 3, }F(Z) = N. Lr—1

Ul va, U3 v, Vg, 1;3 2

The total MA! of theih RAKE receiverl; x, which is the - > B (24)

weighted sum of the MAI terms of the smgle path matched =0
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where By definition, the total conditional signal to interference plus

_ . (i, ) . G\ 12 noise ratio SINR of the decision variable of the reference

@(Rii’ Rii) =k [Rw( ) + R (Tnl )} RAKE receiver may be expressed in the form
and 9 2 -1

|:R ( (z, z))R ( (¢, z)):| O—Nl[@_l (7'>} JT|[3'1 (7'>}
pii = 2K | Ry; i SINR: = LT 6 Dito Y 30
5 el e e (%0

Let Tr(fl’”) = mT. — 19, where 7y is a random variable
distributed over(0, 7¢], and the integem € [3, N —1] due to whereS ), o N|[8 ) ando T|[azz are given by (12),

the assumption that the delay differences between the dlﬁer?
paths of the signals of the reference useél,Z (n # 1), are
larger than2T,, we have

16), and (29), respectlvely

Because the MAI is the sum of many independent couser

signals, it can be modeled as conditional zero-mean Gaussian

R”( G, Z)) —i-R”( G, Z)) process. Gaussian approximation method has been used in
the study of similar models (e.g., [5], [6], and [9]) and has

- Ai:l a(z‘) f(To { O ORNO) }) (25) been reported to be accurate even for moderate number of
j=0 ek -G G cousers. Using this approach the conditional error probability
- @ iti N a ORI

where P€|{,8il},Gi' COI’ldItloned On{ﬁzl}y G“ and {cj }, is g|ven by
@) (z) (%) .
f( ‘{ CiZ1, 6, J+1}) Pe(flg,@u},Gi = Q(*/S|NR¢) (31)
D[ @ @) )
S [ e e
T.—70
) @) (& .
+/0 i (t {CJ ’ 1+1})dt' (26) Q(x):_; / =12 gt (32)
V2 Ja

It is clear thatE[Rii(Trgj”")) + fzﬁ(vﬁj’ i))] = 0 whenm €
[3, N — 1]. Thus, the variance of the self-generated multipath

interference is approximately given by [18] It is well known that the RAKE receiver under consideration

) ) is equivalent to a receiver with maximal ratio combiner [21].
U§:|{8u} ~2pP(Lp — 1)<1 4 ﬁ) <N€c e‘”i(e)(’y)> Since it is assumed thdt[33] = 2p for all paths and users,
' 3 v the conditional error probab|llty3£|é_ conditioned on; and
Ly—1 ;

) Z 32 27) {c}i)} is then given by [21, eq. (7.4.15)]

=0

Lp Lr—1 k
W_here Pl = <—2 ) E < k 5 (33)

k=0

1 =2 9 6 3
:<__1+0’7 +_+C"//2__e'y/2+2_6fy>. (28) where
Y

2 2 12 2y o
@ = = )t (34)
Note that E ¢, [E()(I'F, 4)] = E©) () where E ;[] F=V11R,
denotes ensemble average overdil for —oo < j < +oc. R, =H*G? (35)

Since there should be relatively little difference between
=@’} 5) andE€) () when the processing gaiN is
large, coupled with the fact that 107 > 0315, When
the number of active users - 1, the ‘term=() () in (27) i :{ YxA —e™) + (1 —x)e™]

can be replaced bg(*) (IS} 4) with a negligible effect on T [2x(1 = e7/2) + 4(1 = x)e/2]?

and H is the average signal to interference plus noise ratio
per channel, given by

the total variance of interference. 2 java(e) (e} —1/2
Thus, the variance of the total mterferen@él{ m} N (KLp - 1)1 +e,/3)= (F C ’7) (36)
i1, C
approximately given by N[2x(e? = 1)+ (1 —x)] 2
2 2
iy, — + . o - -
o181, e7) T O MIBu, ) o1 with x = N;/N, 7, = E,/No, andE, = 2pPT;. In order to

NT? remove the conditional probability of; in (33), and obtain
~ _ -
~2pP(KLp 1)<1 3 )( 2 ) P, we evaluate the integral

Lr—1
—(e c(?') . 1 14em .
L= >(r{j i3 ,y) S s (29) Pl = /1 P, dG;. (37)

=0 25771

—<m
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According to the Appendix, a closed-form solution for (37hy Izk can be written as

is given by
K Lp—1
. <2d_ 2) I = Z Z Jr,n, 1
R —
pot st i) i
d=1 2 Ean(Zd — 3) K Lp—1
_{(b2+1)(3—2d)/2 _ (a2+1)(3—2d)/2} (38) Z Z V2PGfin exp[Jv )}
k=1 n=0
N N ki
wherea = (1 + ¢,,)H andb = (1 — ¢,,,)H. Equation (38) () (k, 1) () 7 (k, )
will enable us to compute the BER for coherent reception at [bA 1Rzk( ) + 3R ( )} (44)
a given set of system parameters.
where v( ) R = ¢pn — Wy. Similar to the derivation of
B. Noncoherent Reception (29), the vanance of the complex-valued MAI tefrﬁ ey
For noncoherent detection, the RAKE structure receiver fagqitioned on{c(z)} is given by
DPSK signals is called RAKE demodulator. After tile path '
receiver of theith RAKE demodulator, the random variable .21
Y;1(N) for data symbolbf\z) can be written as 5’?\“{6@} IE[ Ii {Cj }}
~ " 2
Vit(A) = Re[du (M5 (A — 1)] (39) =4pPLp(K — 1) <1 T3 ) <NZ ﬂ)
v
where Rel-] stands for the “real part,* denotes complex —(e &9
con [] P P .=( )(F{ E }, ’y). (45)
jugate, and
AT+ . The last term in (41) is the complex-valued self-generated
Da(N) = AT s {2r(t)a(t — ATy — 7ur) interference term due to multipath signals of the reference user
pr and can be expressed in the form
-exp(jwot + jvir)} dt - (40) P
f” = Z Jin, 1
whereq; is a random phase. Using the same argument in the o
derivation of (9) to drop the double-frequency components of nstl
r(t) exp(jwot + j1bi), (40) becomes Lp—1 o
= 3 V2PGifi, exp [jvfj’;’)}
K Lp 1 Lpfl n=0 /7
B (A) = Dy(A) + Wi (A +Z Z Ji,n, 1+ Z Jin, 1 n#l
n=0 n= () (4, 1) OF: (i, 1)
k=L n=0 R (R ) + 00 R (5G] @)
(41)
where the terms on the right-hand side (RHS) of (41) aBy the same approximation used in the derivation of (27), the
described in detail below. variance of the ternd; ;, denoted bys%, is given by
For ease in computation, it is assumed that, without loss
in generality, ;; = 4;; in (40). Therefore, similar to the _, i 2
derivation of (12), the desired signal tetBy;()\) in (41) can 75 = e
be expressed in the form NT?
| ~4pP(Lp - 1)(1 o )( o (F)('v))- (47)
Dzl()\) = bg\z) \Y 2PGZ/3” |:2NZTC(1 - C_’Y/Q)/ K
(N — M)Tce—ym] (42)  Based on the fact that? M) > 6% when K > 1 and

—=(e) ]_“[C( >}
The second term in (41) is a complex-valued AWGI\:BF] (511) has a conditional VanancéQ

, 7) = =) () for large N, the total interference
approximately

term. Following the approach used in the derivation of (16 T}
the variance of the complex-valued AWGN temsﬁ’ Loy equal to
i) N N N
conditioned on{cj }, is given by Uifl[cE-”} :o’?wl[c§7.>} +62
~ ~ 2
Uiq[cgo} =2No |:NiTc(1 - C_A/)/’Y + (N — Ni)TcC_’y:|~ ~4pP(KLp — 1) <1 + %)
(43) ,
The third term in (41) is a complex-valued MAI term due to . <E V() (p{c“)} 7)) (48)
couser’s signals. From (40), the complex-valued MAI, denoted 72
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The decision variable of the reference RAKE demodulat
9;(A) is the direct sum oRe[?;;(\)¥;(A — 1)], given by

Lr—1

191()\) = Re[t?zl()\)ﬁjl()\ — 1)], (1 S LR S Lp)
=0
‘ (49)
The conditional probability of erroPSl)[au} @ conditioned

on {8}, G;, and {c](»i)}, is simply the probability that either
9;(A\) < 0 or 9;(\) > 0. According to [21, eq. (4.4.13)], we
have the conditional probability

J20) I P = o
TG = g€ D Cnfd (50)
=0
where
Lr—1—-n
1 2Lp —1
=i 2l < o ) (51)

k=0
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@nd the result is easily shown in (55), given at the bottom of
the page. BER performance for noncoherent reception can be
computed using (55) given a set of system parameters.
Based on [21, eq. (7.4.30)], we would like to point out
that in a DS-CDMA system with power control error, the
error probability given by (55) also applies to RAKE receiver
with square-law combining for selected orthogonal spreading
sequences by simply writingd/v/2 in place of H. The
configuration of the RAKE receiver can be found in [7, Fig. 2].

C. Effects of System Condition on the Results

Finally, a discussion on the effects of different system
conditions on the results derived in this section is given. For
noncoherent reception, it can be seen from (42), (43), and
(48) that the signal ternD;;(\), the variance of white noise

52 ., and the variance of the total MA¥2 ., for the
N|{el?y T}

data symbob(;) are conditioned on eithe¥; or the elements

of the set{l“([iz1 2 ,Ug}}. To simplify the analysis, we make

and#, is the total conditional signal to interference plus noisgne assumption that the spreading sequence of each user has

ratio per bit for DPSK, given by

Lp—1

> DY
=0

7
~2 ~2
o n. T O ;
NI T Ty

.= (52)

whereD;;()), anda—2| (o, are given by (42), (43),

~2
g i
N|{P} Tl{

a period equal to the processing gaw It will ensure that

either N; or the elements of the séfgfgly,v27 vg}} in D;;(A\),

and &2 for the data symbobf\i’) are identical

52 .
Ny TI{"}
to those for the previous data symbififll [22]. However,
when the multipath delay spread of a fading channel is larger
than the symbol duration, both self-interference and MAI will
be increased significantly in the system under consideration. In

and (48), respectively. As indicated in [21], the conditionalrder to reduce the interference caused by the multipath signals

error probabilityﬁ’gl)Gi for binary DPSK signaling, conditioned
on {c§z)}andGi, can be manipulated into the same form give
in (33) except that the variable in (34) is given by

—_ R(:
T 14 R,

I (53)

To obtain 2%, which is only conditioned or{c](»i’)}, the
conditional error probabilityf’gl)ci

Ly—1

D

> (
N

Lr—14k\ [item

k

i)
|

)

1+ 2R,
(R.+1

1
2(R. + 1

)} ' aG; (54

with delays longer than the symbol duration, the spreading
fequences with period equal 3 N must be employed where
the integerd > 1. Then the impulse responses of the single-
path matched filters of the reference user for both coherent and
noncoherent receptions, which match to the samsecond
segment onﬁle 2a;(t) cos(wot)Pr, (t — mTy,), need to be
updated everyl; s [11], [12], [23]. If the M subsequences
are selected from all possible random sequences of length

must be averaged over theN under the condition that all of the subsequences have
power control error statistics. Thus, we evaluate the integrahe samelV; and the elements of the s{gfi’)

'vl,v2,v3}}’ the
performance analysis taken in this section is not dependent
on whether or not the single-path matched filters update their
impulse responses evefl}, s. The derived results therefore
remain unchanged for the spreading sequences with period
much longer than the processing gaén For ease in analysis,

we have assumed that all the fading paths have the same

( < 1 ) . < a—b ) Lp=1
— arcigl — |, -
de, H & 1+ ab "
Ly—1 Lp+k q
1 ] Z Lp—1+k Z (_1)(17LR 1 k
- 2embl) 2= k o 2 q— Lg
sz) _ # -1 (55)
(VP77 e[ 220 ) 4 2 > -
92¢-3 g—1 arcts 1+ ab 2q—-1 — (g —n)22"
2 a b 2q — 2n
. _ Lr>2
(s wrve)/ Cin )} ’
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A b Ix=1,234 ] £, =0, 02, 04, 06

4
) 107} =
10° £, =0,02, 04, 06
107 : =0
I ¥ =0 ( rectangular despreading sequence) ‘ 10°} —— y tuned to maximize &
y  tuncd to maximize i 3 K=20,L =L,=2, N=255
. , L, »
107 ¢ K=20, L,=4,N=2551¢,=0 N
ol 10 . . . . . . .
10 10 L L ! : . L L 0 5 10 15 20 25 30 35 40
0 5 10 15 20 25 30 35 40
_ 75 [dB]
7, [d4B]

Fig. 6. BER'’s versus the average signal-to-noise rafiovith the maximum

Fig. 5. BER'’s versus the average signal-to-noise rafiéor RAKE receiver power control error as a parameter for RAKE receiver.

with different order of diversity.

average power. However, several measurements indicate thatBFR
the multipath intensity profile (MIP) for a actual channel 107
degrades as the path delay increases [24], [25]. Therefore, the

diversity gain obtained from our equations becomes optimistic 102, _

as the diversity order increases. The effects of the decayed MIP
on diversity gain are shown clearly in [10] and [23]. 5| |

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results on the BER !
performance of a DS-CDMA system with power control error ~ _f¢
using RAKE receptions over a multipath Rayleigh fading 0
channel. The RAKE receivers under consideration employ
either coherent detection or noncoherent detection. For theto’; 20 0 ps 80 700
two cases, we demonstrate the improvement on performance
using the proposed weighted despreading sequences and the
degradation of performance due to imperfect power control.

In the following, it is assumed that the average fading powélg 7. BER's versus the number of active ugerwith two values ofy,
p is perfectly estimated and thi¢h user’s spreadlng sequencd® RAKE receiver.
is a random binary sequence with length = 2 . In this

| —— ¥ tuned to maximize H
L,=L,=2,N=2551¢,=0

Number of users, K

Fig. 6 shows the BER performance versgig with the

_ (@) _
sequence,N; = 134, Dyl ooy = 33 F{ 1,-1,13 T maximum value of power control errar,, as a parameter.
FF{? 1y = 70, FF{)I 1 1}—1—1“%1) 1,-13 = 60, Ff{)l 1,13 = Itis clear that the BER performance degrades for both cases
36, Fi) L1y = 3L and't® )y =25 We use (38) and of v = 0 and ~ tuned to maximizeH as e, increases. In

(55) to compute the probabilities of error for coherent ari@lative high¥, (=15 dB), e, affects the irreducible error

noncoherent receptions, respectively, at a given set of systBfabability (or floor of error probability) for the case of= 0.

parameters. As a result, the degradation of system performance can not
First, let us consider a RAKE receiver with coherent dete€ compensated by simply increasifig. However, for the

tion. Fig. 5 shows the BER versus the average signal-to-nof@se ofy tuned to maximizeH, the effect on performance

ratio 7, with diversity orderL varies from one to four. The due to imperfect power control is equivalent to a reduction

dashed and solid lines in the figure correspond to the case®bfy, so that the degradation of system performance can be

v = 0 and~ tuned to maximize where H is the average compensated by increasing. For example, as,, increases

signal to interference plus noise ratio given in (36). The casefopm 0 to 0.4, the penalty ofy, is about 2.5 dB when

v = 0 represents the case that the despreading sequence irfthe 10dB.

receiver consists of rectangular pulses and is identical to then Fig. 7, the BER performance as a function of the number

spreading sequence of the reference user. The improvemeinfictive usersk is plotted for two values ofy,. In the

on performance is obvious whenis tuned to maximized. case ofy = 0, the BER fory, = 25 dB is asymptotically

As expected, the BER decreases as the order of diveksity close to that fory, = 20 dB as the number of active users

increases for both casesof= 0 and~ tuned to maximizeéd. K increases. These are situations when the MAI dominates
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............ y=0
—— y  tuned to maximize /7
K=20,L,=4,N=255¢,=0

U y=0
—— ¥ tunedto maximize H
L,=1,=2,N=2557,=25dB

0 20 40 60 80 100 0 5 10 15 20 25 30 35 40

Number of users, K 7, [dB]

Fig. 8. BER’s versus the number of active ugémith two values of power Fig. 9. BER’s versus the average signal-to-noise ratidor RAKE demod-
control error for RAKE receiver. ulator with different order of diversity.

over the AWGN in a CDMA system. These graphs reaffirm  ggr
that the BER performance can not be improved by simply 10"
increasing7, for the case when the despreading sequences £ =0, 02, 04, 06
are fixed pulses. In contrast to the rectangular despreading o
sequence, we can see from this figure thais a major factor 10°F S
that affects the BER performance for the caseydfined to

maximize H. For example, whefy, was increased from 20 to
25 dB, the increase in the number of active users supported at10”:
BER=10" 3 for the cases of = 0 and~ tuned to maximize

H are about 1 and 60, respectively. At BER 5 x 104, o =0.02,04,06

the increase in the number of active users for the case of 107 | 7=0 )

~ tuned to maximizeH is about 32 for the same increment — 7 tuned to maximize H

of 7,. The graphs indicate that the receiver using weighted K=20,L,-L,-2, N=25

despreading sequence outperforms greatly the receiver with'® 5 10 15 20 25 30 35 40
fixed or rectangular despreading sequence even a wide range 7, 14B]

of 7,.

Fig. 8 shows the BER performance as a function of tf]:e ; _ . . .
b f acti K for t | " Wh fect ig. 10. BER’s versus the average signal-to-noise ragiowith the maxi-
numoer or active users for two values Ol . en perrect ,ym power control error as a parameter for RAKE demodulator.

power control is achieved,,, is zero. For the case of = 0,

the number of active user& supported at BER= 10~2 detection can also be improved tremendously by tunirtg

is about 14 where,, = 0, decreasing to about 11 for themaximize H. For the case of tuned to maximized, we can

same BER as,, increases to 0.4. However, whenis tuned increasey, for MAI rejection. For example, consider the solid

to maximize H, the number of active usets supported at curves shown in Fig. 11, the number of active users supported

BER = 102 is about 90 fore,, = 0, decreasing to about at BER= 10—2 increases from 17 to 43 whey is increased

48 for the same BER as,, increases to 0.4. Although thefrom 20 to 25 dB. On the other hand, the increase in the

reduction in the number of active users due to imperfect powanmber of active users supported at BER02 for the case

control is larger for the case of tuned to maximized than of v = 0 is only about 1 for the same increment .

the case ofy = 0 at a fixed BER performance, the number Fig. 12 shows that the effect of power control error on

of active users that can be supported by the latter systenperformance of the RAKE demodulator with noncoherent

still substantially higher. detection. Clearly, the decrease in the number of active users
Next, we consider a RAKE demodulator with noncohererit a given BER is also larger for the case #pftuned to

detection and DPSK signaling. The curves in Figs. 9-12 cormaaximize H than the case of = 0. From the figure we can

spond to the same cases illustrated in Figs. 5-8, respectivalge that the penalty of the number of active users supported

except the BER'’s are calculated using (55). In Figs. 9-1a BER = 10~ for both v = 0 and v tuned to maximize

we can see that the RAKE demodulator with noncoherefk cases are about 2 and 20, respectively, whgrincreases

detection performs slightly poorer than the RAKE receivédrom 0 to 0.4.

with coherent detection at the same operating condition. This isFor the purpose of comparison, Fig. 13 plots the BER

a well-known property. The curves in Figs. 9-12 indicate thaerformance of both coherent reception and noncoherent re-

the performance of the RAKE demodulator with noncoherengption for various orders of diversity. We note the difference
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BER BER
10 ; , : . 10” , : , :
] 2
———— 10
N
’,,,""":/ 3 ‘ A
102k T : 0%/ : e e
7, =20dB = " noncoherent] i / ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
10 Hreception i/ 4 3
herent :
.3 50 <o I =4
10 10 reception *
10°;
]
107} i 107} |y =0 X
——— 7 tuned to maximize H -—— y tuned to maximize H
-8
7, -25dB L=Ly=2N=25¢,=0 10 K=20,1,=4 N =255 7,=02
1075 L 1 1 1 1079 1 L 1 1 1 1 L
0 20 40 60 80 100 0 5 10 15 20 25 30 35 40
Number of users, K 7, 1dB]

Fig. 11. BER'’s versus the number of active ugénwith two values ofy,  Fig- 13. BER'’s versus the average signal-to-noise fafiavith two numbers
for RAKE demodulator. of diversity order for coherent reception (RAKE receiver) and noncoherent

reception (RAKE demodulator).

p HA[dB]
‘ 14

N=255, K=20 e
[ 1,=4

107k ey =0 R
¥ tuned to maximize //
L,=L,=2 N=2557,=25dB

L L L 1

0 20 40 60 80 100 ~o 5 10 15 20 25

Number of users, K parameter of the weighted despreading sequence, y

Fig. 12. BER’s versus the number of active udérwith two values of Fig. 14. The average signal to interference plus noise tiwersus the
maximum power control error for RAKE demodulator. parametery for various values of the average signal-to-noise raijowvhen
em = 0 ande,,, = 0.4,

in performance between the two systems is less for low .
order of diversity. This suggests that the performance galiis suggests that the degree Hf,..x reduction relative to
from diversity is higher for RAKE receiver with coherentthat of BER performance degradation due to imperfect power
detection. From the figure we can also see that when the Mgdntrol is very small. This figure also shows that the difference
is insignificant, the BER performance of the two systems flletweenH .., obtained by tuningy and H aty =0 is small
the case of tuned to maximized is very close to that for the when#, < 5 dB so that the weighted despreading sequence
case ofy = 0. For example, whef, < 5 dB, the BER’s for can be simply replaced by rectangular spreading sequence with
either system have a negligible difference between hoth0 little loss of BER performance. On the other hand, when the
and~ tuned to maximize cases. This is because the BER a¥lAl is significant (e.g./7; > 10 dB), v should be tuned with
low average signal-to-noise ratio is mostly caused by AWGH¢spect to each, to maximize H. This is illustrated by the
so that tuningy has little effect on the performance. two top sets of curves in Fig. 14. That is, the gainl@iijlaX

In Fig. 14, the average signal to interference plus noise rat®omuch larger than that off aty = 0 as#, increases from
H is plotted as a function of for various values ofy,. The 20 to 25 dB.
solid and dashed curves correspond to the caseg of 0 and Finally, we discuss the effects of parameter errors on system
em = 0.4, respectively. One can see that the effectffn., performance. First, recall that all numerical results are obtained
due to imperfect power control is not obvious whete,.. under the assumption that the average fading powés
stands for the maximum value df obtained by tuning the estimated perfectly. In practice, errors in estimatipgis
parametery. However, as mentioned earlier, the penaltyygn unavoidable and hence in obtaining the optimal value tfat
at a given BER between,,, = 0 ande,, = 0.4 is about 2.5 maximizesH . However, it can be seen from Fig. 14 that each
dB for the case ofy tuned to maximized when7, > 10 dB. curve varies slowly around its maximum point. This implies
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that when the optimal value of is replaced by its estimated 1 ESELg S
value, the degradation in performance is small. Second, from <2 )U(” -2) Z < n )
(36), itis clear that is a function ofp. In order to maximize " (n&even)
H, v must be tuned explicitly as the channel conditions n a—1b
L -s(a—1b)— (—)arctg —
change. Becausg represents the average characteristics of 2 14+ ab
the channel and varies slowly, it is reasonable to assume that n/2
~ can be tuned fast enough to compensate for the change of + U(n —4) Z (_1)q< /712/2 )
nja—4q

V. CONCLUSIONS oy 3
In this paper, the BER performance of a DS-CDMA system . {( 1 )

L arct a—b
2¢-3 )M\ T T

[@q— 1><2q—3>---<2q—2p+1>}
2°(q—1)(q—2)--- (g —p)

with power control error using RAKE receptions over a
multipath Rayleigh fading channel has been evaluated and 1
closed-form solutions for the BER performance have been

obtained for both coherent and noncoherent receivers. For p=t

MAI rejection, the receivers under consideration employ the . { 5 ¢ - — b }}}
despreading sequences weighted by adjustable exponential (a? +1)27p (b +1)17P

chip waveforms. Numerical results show that tremendous 1 sy S
improvement on performance can be achieved using both — % 1 Un—3) Z n

multipath diversity and the proposed weighted despreading (n€odd)

sequences in the receivers. For both coherent and noncoherent (n—1)/2  (n—1))2
receptions, imperfect power control for the caseyof& 0 Z (— )Z< )
increases the irreducible error probability (or floor of error i=0 (n—1)/2—1
probability) in relative high average signal-to-noise ratip (02 + 1)H/2=0 — (g2 + 1)L/2

On the other hand, the penalty on performance with power - { 25— 1 }}}
control error for the case ofy tuned to maximizeH is

equivalent to a reduction in the average signal-to-noise ratfd (A-3), the functionU(j — 1) for any integersj and! is
at a given BER in a DS-CDMA system. Therefore, wheis  defined as

tuned to maximizef, the degradation of performance due to UG —1) = {1, i>1
imperfect power control can be compensated by increagjng J 10, j<L
We also show that the effect due to imperfect power control @Qhen L = 2, and after some algebraic manipulation, (A-3)
the BER performance is significant while that on the maximugy, pe written in the form

value of H obtained by tuningy is rather insignificant.

1 /1+€m Lil Lp—1+k
APPENDIX 2m ) J1 e, k

In this Appendix, we evaluate the integral

(A-3)

(A-4)

e NI AN
P =_— / 0N e 2 2
2em Ji—e,, elci Lgr
1
e r,ﬁ? Lo 14k /1+em SR H(\/a2+1—\/b2+1) 3
25771 k 1—e " =2
k=0 ™ 2d — 2
1=\ /14" < d )
: <—“) <—> dG; (A-1) : -1 {07 4 1y@-20r2
2 2 22de,  H(2d — 3)
wherey = /R./(1+ R.) and R. = H?G?, and we show — (@ +1)(3—2d)/2}. (A-5)
the result is given by

1 1 We proceed by using the method of induction. Assuming that
9~ de B (Va? +1-v#? +1), Lp=1 (A-5) is true for an arbitrary positive integérz, we prove that
(A-5) is also true wherl.p + 1 replacesLg in this equation.
By writing LR + 1 in place of Lr in (A-1) and noting that

Q(LRr, em, H) P() for Lr2, we obtain
ﬁ(-[/Rv Em, ﬁ)

PY =
ﬁ(LRa Emy, I;[)v Lr2>2
R R (A-2)
wherea = (1 +¢,,)H, b= (1 —¢,,)H, and

ﬁ(LR, Ems I{I)

_’il <LR—1+k> 3 (1 @)LR“" (f) - <21> /* %:( R—1+k)

Jr=0

-{{1—LR+;”“ (\/@24—1—\/1)2—1—1)} -<1_T’“‘>iR<HT’“‘>dei (A-6)

2em
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where Lr = L + 1. The RHS of (A-6) is the same as the[19] D. L. Noneaker and M. B. Pursley, “The effects of spreading sequence

left-hand side (LHS) of (A-5), except thdtr replacesLg.
Thus, the previous expression may be expressed in the form

which is of the same form as the RHS of (A-5), except that
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