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Abstract—Multicarrier direct-sequence code-division multiple
access (MC-DS-CDMA) becomes an attractive technique for the
future fourth-generation (4G) wireless system because it can
flexibly adapt transmission rates by changing both time and
frequency spreading factors and possesses many physical-layer
advantages in dispersive fading channels. However, power control
errors (PCE) and the complete multiple access interference (MAI)
from all the intersubcarriers may significantly degrade the per-
formance of the MC-DS-CDMA system. In this paper, we propose
an analytical method to evaluate the joint effects of the PCE and
the complete MAI on the multirate MC-DS-CDMA system. From
analysis and simulation, we obtain some important insights into
the performance issues of the MC-DS-CDMA system. First, the
effect of PCE can exacerbate the impact of the complete MAI on
the MC-DS-CDMA system, or vice versa. For BER. = 102 in a
considered case, the joint effect of the complete MAI and PCE fur-
ther degrades the performance by 2.1 dB compared with the sum
of the degradation from the complete MAI and the PCE individu-
ally. Second, increasing frequency- or time-domain spreading gain
can improve the performance of the MC-DS-CDMA system, but
the system also becomes more sensitive to power control errors.
Third, a larger PCE can possibly make the frequency-domain
diversity diminish faster than the gain obtained from the time-do-
main spreading although an MC-DS-CDMA system with a larger
frequency-domain spreading gain (M) is usually better than that
with a larger time-domain spreading gain (G,). In our example,
for the standard deviation of PCE (o.) equal to 0 dB, the BERs
with (M, G,) = (4,16) and (16,4) are 9.3 x10~* and 3.7 x10~°,
respectively, while for o, = 4 dB, the BER performances of the
two cases are all in the order of 103,

Index Terms—Multicarrier direct-sequence code-division mul-
tiple access (MC-DS-CDMA), power control, power control errors.

I. INTRODUCTION

ULTICARRIER direct-sequence code-division multiple

access (MC-DS-CDMA), a combination of multicarrier
modulation and spread-spectrum, has become an important
technique for the fourth-generation (4G) wireless systems
[1]-[4]. The advantages of the MC-DS-CDMA system include
the immunity to the dispersive fading channel, less peak-to-av-
erage power ratio compared with the orthogonal frequency-
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division multiplexing (OFDM) system, and the flexibility of
assigning spreading factors in both the frequency and time
domains. Pure frequency spreading, pure time spreading,
and joint time and frequency spreading are three spreading
methods for the MC-DS-CDMA systems. It has been reported
that MC-DS-CDMA using both time and frequency spreading
codes outperforms the pure time or frequency spreading
methods [5].

Although MC-DS-CDMA has been extensively studied
recently [6]-[10], to our knowledge, the effects of power
control errors (PCE) on MC-DS-CDMA seem to be neglected.
Improper power control may significantly degrade the perfor-
mance of the MC-DS-CDMA system. The key question is how
to quantitatively analyze the impact of power control errors on
the MC-DS-CDMA system. Unlike most current papers in the
subject of MC-DS-CDMA assuming perfect power control, the
first goal of this paper is to investigate the impact of open-loop
power control errors on the MC-DS-CDMA systems. In gen-
eral, power control schemes can be divided into two categories:
the closed-loop power control and the open-loop power control.
The former technique is to combat the small scale fading such
as the Rayleigh-fading caused by multipath propagation, while
the latter one aims to resolve the near—far effect, owing to
the large-scale fading caused by path loss and shadowing, in
a multiuser CDMA system. Note that with open-loop power
control to overcome the near—far effect, each subcarrier may
still experience severe multipath fast fading.

The second objective of this paper is to analyze the effect
of the complete multiple access interference (MAI) on top
of power control errors for the multirate MC-DS-CDMA
system. To support various types of services in the 4G system,
MC-DS-CDMA becomes an attractive technique because it can
adapt transmission rates by dynamically changing time and fre-
quency spreading factors. However, most analytical models for
the MC-DS-CDMA system are mainly focused on the single
rate case. In a multirate MC-DS-CDMA system, the MAI
issue becomes more involved because the users with different
transmission rates may cause different levels of the MAI In
addition, asynchronous transmissions among users is another
critical performance issue. Asynchronous users may destroy
the orthogonality between subcarriers in the MC-DS-CDMA
system. To our knowledge, the effect of the complete MAI (i.e.,
the interference from the main subcarrier and all the adjacent
subcarriers of other users) has not yet been fully investigated
in the context of the multirate MC-DS-CDMA system. Hence,
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we are motivated to develop an analytical model to evaluate the
effects of the complete MAI of asynchronous multirate users
for the MC-DS-CDMA system.

In the literature, the studies on the performance of the
MC-DS-CDMA system subject to power control errors and
MAI can be summarized twofold. On the one hand, from the
standpoint of MAI, the authors in [11] analyzed the MAI’s ef-
fect from the main subcarrier for a single-rate MC-DS-CDMA
system. In [12], the authors analyzed the effect of the other
intersubcarriers’ MAI in the MC-DS-CDMA system, but only
for the single-rate case. The authors in [13] analyzed the per-
formance of the multirate multicarrier DS-CDMA systems, but
considered only the effect of the MAI from the main subcarrier.
On the other hand, from the view point of power control errors,
most studies for the MC-DS-CDMA systems were performed
with the assumption of perfect power control [11]-[13]. Al-
though power control has been extensively studied for the
single-carrier DS-CDMA system in the literature [14]-[18],
extending these results from the single-carrier case to the
multicarrier case is a nontrivial task because the effect of power
control errors in an MC-DS-CDMA system has to be jointly
evaluated with the complete MAI from all intersubcarriers.

In summary, in this paper, we develop an analytical model
to characterize the joint effects of both the PCE and the com-
plete MAI for the multirate MC-DS-CDMA system. Applying
the developed analytical model, we obtain some important
insights into the performance issues of the MC-DS-CDMA
system. First, when both PCE and the complete MAI are jointly
considered, the effect of PCE can exacerbate the impact of
complete MAI on MC-DS-CDMA, or vice versa. That is, the
joint impact of complete MAI and PCE is actually severer
than the summation of the performance degradation from the
complete MAI and PCE individually. Second, increasing the
maximum total spreading gain by either increasing frequency-
or time-domain spreading gain can enhance the error rate
performance for the multirate MC-DS-CDMA system, but it is
necessary to pay attention to the side effect of higher sensitivity
to power control errors. Third, for the same total time and
frequency spreading gain, an MC-DS-CDMA system with
a larger frequency-domain spreading factor outperforms the
system with a larger time-domain spreading factor. However,
the performance differences between the two are shrunk as
power control errors increase.

The rest of this paper is organized as follows. In Section II, we
introduce the signal and system models of the MC-DS-CDMA
system using both time- and frequency-domain spreading codes.
In Section III, we derive the error rate probability for the multi-
rate MC-DS-CDMA system taking into account of the complete
MAL In Section IV, we discuss the impact of PCE on the multi-
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Fig. 1. The transmitter structure of the MC-DS-CDMA system using time-

and frequency-domain spreading codes.

rate MC-DS-CDMA system. Numerical results are provided in
Section V. Section VI gives concluding remarks.

II. SYSTEM MODEL

A. Transmitted Signal

The transmitter structure in the MC-DS-CDMA system using
both time- and frequency-domain spreading codes is shown in
Fig. 1. First, the serial-to-parallel process converts a data stream
with the duration of Tb(),f) to U slower parallel with bit dura-

tion T,SX) = UTb(_)k(), where k is the user index and the user
group X € A, B,C will be defined later. After the serial-to-
parrel processing, unlike that the original data stream is trans-
mitted in a frequency-selective fading channel, each substream
is now transmitted in a frequency flat (or nondispersive) fading
channel. In the next step, the data in each substream are spread
by a time-domain spreading code g,(cx)(t). Being copied to M
subcarriers, each substream is multiplied by a frequency-do-
main spreading code {cg,x) [71}-

The transmitted signal of user k in group X can be ex-
pressed in (1) shown at the bottom of the page, where Pk(,X)
and )\gx), respectively, represent the transmitted power and
the PCE, while {f; ;} and {(pﬁ)]} represent the subcarrier
frequency and the initial phase for the jth carrier of the sth
substream, respectively. The waveform in the 7th substream
b,(:j)(t) = > o bgj.) UL]PT,?‘) (t — }LT,SX)) consists of a
sequence of independent rectangular pulses with duration T,SX),
where b5 [h] = 41 with equal probability. The time-domain

spreading code g,(cx)(t) =Yr o g,gx)[é]PTC (t — £T,) rep-

(X) S [ 29P %) x x) (X)
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1156

resents the Chlp sequence of the rectangular pulses of duration
T., where gk [é] = =1 with equal probability. Note that
the time-domain spreading factor of user & in the group X is
G = 1.,

The user group X is defined as follows. Let g,(t) and ¢,[j]
be the time-domain spreading code and frequency-domain
spreading code of the reference user, respectively. As in [11],
we categorize the interfering users into three groups.

1) Group A: the user utilizing a time-domain spreading code

g,iA)( t) = go(t) and a frequency-domain spreading code
A)p .
el # colil:

2) Group B: the user utilizing a time-domain spreading code
B) (t) # go(t) and a frequency-domain spreading code
B). .
e [7] = eoli):
3) Group C: the user utilizing a time-domain spreading code
(C)( t) # go(t) and a frequency-domain spreading code

c§f>[j] £ ¢ljl.

Noteworthily, gk ( ) # go(t) (or c,c [ ] # ¢,[j]) can also be
the case with the same particular pseudonoise sequence offset
by two different values.

B. Received Signal

Since each substream is sent in the flat Rayleigh-fading
channel, the received signal of the reference user (denoted by
75), can be expressed in (2) shown at the bottom of the page,
where P, and ),, respectively, represent the transmitted power
and the PCE of the reference user; o, ; ; and a,(:i)- are the
channel’s amplitude of the reference user and that of the kth
user in group X, respectively; 7, is the propagation delay for
the reference user which is assumed to be 7, = 0 without loss
of generality; T,EX) is the misalignment with respect to the ref-
erence user, which is uniformly distributed in the time interval
[0, T,SX)); Kx is the number of users in the group X; and n(t)
is the white Gaussian noise with double-sided power spectrum
denSity of ZVO/2 In (2) ¢o i, = Po,ij + 'l/}o.,i,j - 27Tfi,j7—o and
¢>k g = ,(CXL)j + 7/Jk L)J — 27 f; ]TIEX are uniformly distributed
in [0 2m), where ¢, ; ; and 1), ; ; are the initial phase and the
channel’s phase of the reference user, and cpff)J and 1/),(3)] are
those for the kth user in group X, respectively.

The receiver structure of the MC-DS-CDMA system using
time-domain and frequency-domain spreading codes is shown
in Fig. 2. Without loss of generality, let the bit of interest be the
first bit in the sth substream of the reference user (denoted by
bo s[0]). After time-domain despreading, the output variable in
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Fig. 2. The receiver structure of the MC-DS-CDMA system using time- and
frequency-domain spreading codes.
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the vth subcarrier of the sth substream for the reference user can
be expressed as

Yo,s,v
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where P, and T, are the transmit power and the bit duration
of the reference user; 3, s is the weights for a certain com-
bining scheme; I)(( )k and I)((2 )k denote the MAI from the main
subcarrier and that from other intersubcarriers, respectively; and
N 1 the white Gaussian noise with zero mean and variance
of (|Bo.s.0|?/2X0)(Eo/ M No)~", where E, = P,T, is the bit
energy of the reference user. Combining M subcarriers, the de-
cision variable of b, ,[0] for the reference user becomes

M
You=3 Youu

v=1

“

where Y, ; ,, is given in (3).

N
W2
To(t) = Z Z M ao,i,jbo,i(t - To)go(t - To)
i=1 j=1
Kx U M (X) p(X)
2M BT ) %)
+ Z Z M g, K ]bk 7 (

Co [j]COS(ZW.fi,jt + ¢o,i,j)

— 77 x g0t = 75N e leos(2m fijt+ 45 ) +n(t) (@)
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C. Assumption

To make Y, ; have the maximal diversity combining gain,
we assume that the associated M subcarriers in (4) experience
independent fading. For this purpose, any two neighboring
subcarriers in the same substream are at least separated by the
maximal coherent bandwidth, denoted by max(BW.,). Denote
Ay the minimal frequency spacing between any two adjacent
substreams with the same subcarrier index. Then, f;; (the
frequency of the jth subcarrier of the ¢th substream) can be
determined by the following rule:

i<
s = £+ =14 G- DA, for {5150
&)
where f, is the main carrier frequency. In order to achieve
the maximum diversity combining gain in (4), the following
condition:

UAy > max(BW.) (6)

should be satisfied, where U is the size of the serial-to-par-
allel process. Note that the system bandwidth is proportional
to UMG,/T,. For a fixed total number of subcarriers (U M),
U should be large enough to satisfy the condition of (6). Oth-
erwise, the assumption of independent subcarriers may become
less realistic.

III. EFFECT OF COMPLETE MAI ON
BIT-ERROR RATE (BER) PERFORMANCE

A. Motivation

The complete MAI in a multirate MC-DS-CDMA system
is defined as the sum of the other users’s interference form
their main subcarrier and all the other intersubcarriers. For any
two synchronous transmissions at subcarriers fs , and f; ; with
the initial phase ¢, and ¢, ;, respectively, the orthogonality
requirement

T
/ cos(2m fs ot + ¢s n)cos(2m fi it + ¢; ;)dt =0 @)
0

can be fulfilled if the following condition is sustained:

h
|fs,v_fi,j| = TLC (8)

where h is nonzero positive integer and 7. is the chip duration.
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reference user o nTe (n+ DT
transmits signals at fs

" e = 9'0["] . s
N T ‘ oty | oo

interfering user k
transmits signals at f; ;

T

Fig. 3. An illustrative example of intersubcarrier interference for
asynchronous users, where the misalignment between the reference user
o and the interfering user & in group X by 7.

However, for asynchronous users, the orthogonality condi-
tion between subcarriers can not be held anymore. Assume that
the reference user and the interfering user k in group X is mis-
aligned by 7, where 0 < 7 < T,. As shown in Fig. 3, we con-
sider the (n 4 1)th chip of the reference user, during which the
interfering user sends part of the (m + 1)th chip and part of the
(m 4+ 2)th chip. Recall that g,[n] denotes the (n + 1)th chip of
the spreading code of the reference user and g,g [rn] denotes the
(m+1)th chip of the spreading code of the interfering user. Sup-
pose that the reference and the interfering users transmit data at
subcarriers fs, and f; ;, respectively, and define the unit step
function H(t) as

1, t>0
H(t):{o. t<0 "

We can express the cross correlation between the two subcar-
riers fs, and f; ; during the (n + 1)th chip as shown in (10) at
the bottom of the page, where ¢ is a nonzero value. Clearly, the
orthogonality between subcarriers of the two users can no longer
be ensured for asynchronously transmitted data. Thus, in addi-
tion to the MAI from the main subcarrier in an MC-DS-CDMA
system, it is also important to evaluate this kind of other inter-
subcarriers’” MAL

&)

B. BER Performance

We denote the MAI from the main subcarrier by I)((1 )k and the
) :

MALI from other intersubcarriers, by I)<(2_ &> Tespectively. As in
[7] and [12], both types of MAIs are modeled by a zero-mean
Gaussian random variable. Because I)((l)k can be obtained from
I)((z)k by letting f; ; = fs ., we first analyze I)(<2)1< To analyze the
MAI in the case of multirate transmissions, we further consider
two scenarios according to the relationship between 7, (the bit

T.

(n+1)T. (X)
/ Go[n]cos(27 fs vt + ¢sv) [gk [m][H(nT.) — H(nT, + 7))

90 fm + IH (T, +7) = H((n+ 1)T.)]] cos(2 it = 7) + ¢i;)dt

nT.+1
=g, [n]g,(cx) [m] / cos(2m fs vt + bs v)cos(2m f; jt + ¢y j — 2 fi j7)dt
nT,

X) (n+1)Te
+ golnlgl m+ux/

nT.+1
:{E#Q

when g, [n]g{ "
0, otherwise

[m] # go[n]gy" [m + 1]

cos(27 fs vt + s ,0)c0s(27 fi jt 4 i j — 27 fi j7)dl

(10)
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duration of the reference user) and T,gx) (bit duration of the
interfering user).

1) Other Intersubcarriers’ MAI From Low Data Rate Users:
In this case T, < T\ ™. Since T,EX) is uniformly distributed in

the interval [0, T XSC (X) may fall into two possible regions:

) Th
)0 <7 < T,andb) T, < 7% < T, Clearly, the
probability of T,E ) falling in region a) is

T,
P(OST,&X)<TO>:W (11)
Ty
and that of T,EX) falling in region b) is
7 _ T,
k

Denote I\ )k and I <2)k the MALI from other intersubcarriers in
cases a) and b), respectlvely Let b, s[0] be the bit of interest.
Referring to (3) and (10), the MAI from the jth subcarrier of
the sth substream (f; ;) to the desired vth subcarrier of the sth
substream (f; ,,) can be expressed in (13) shown at the bottom of

the page, where Hk i qﬁf% — 0,5, is uniformly distributed
in [0, 27)
X) (X
R(Tlg )‘rels-,i,)j)
(%)
.
= / 98 =7 go (D)cos(2m(fij = fu )t + 015t
0
(14)
= X
R 60%)

1) g0(£)coS(2m(fij — foo)t+OCL, ).

15)

oy, (x
= /(X)q (t—m

Similarly, we can express I)(()N

o as
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the MAI can be approximated by a Gauss,ian distril/)/uted random
variable, we express the variance of I)((2 )k and I)(g )k as follows:

AP(X) E[(ak ) ])2]50 s,v

’ X) (X
Varlly] = S e Varl R(r ™, 6.7))]
5/_(X) 4X
+Var[R(r™ 6700 (8)
and
" AP(X) E[(al(a)i) )2]50 s,v X
Varlli ] = 5 e Var R(T,. 071}
19)
The detail derivations of R(T(X) 0,(C L)]) R( (X) 0,(35)]), and
H(X) can be found in Appendices A and B. Note that
k i,

E[(ak E ])2] = 1 for the flat Rayleigh-fading channel. The dis-
tributions of power control errors among all the users are as-
sumed to be the same. Denote A = E [)\ ] the average power
control error. After some derivations, we can have

Var[I( y o) = Var[Iy (2)

ap) S o

= 2
NP, 26—+ G —oip 20
From (11), (12), (19), and (20), it is followed that:
Var[[)] :var[1(2>’] PO <™ <)
+Var[, 1P(T, < 720 < 7)) 21
(X) 2
P
)\ k 0,8,V (22)

AP, 2G,2[(i — s) + (5 — v)U)?

2) Other Intersubcarriers’ MAI From High Data Rate Users:
In this case, 1, > T,SX). Assume 1, = LT,SX), where L is
a positive integer. Similarly, be referring to (3) and (10), we
express the MAI from the jth subcarrier of the ith substream
(fi,;) to the desired vth subcarrier of the sth substream (f; ,,)

I(Z)” B AIgX)pISX) a,(c)’(i?j[?’a s UCk [J]Ca [v] [b(x) 1] as follows in (23) shown at the bottom of the next page, where
Xk ™ AP, T, ki (24)—(25) are shown at the bottom of the next page. Note that
< R(T), pies) )} (16) (23) exists only for the multirate transmissions. Following the
kyiog procedures of deriving (20), we obtain
where (X) 2
(X) Var[I (2)]—)‘P I . (26)
R(T5,6:7;) = AP, 2Go7r2[(z—s)+( —0)UJ?
T, . . .
°(X) (X) 3) Main Subcarriers’ MAI: Letz = (i — s)+ (j — v)U in
2 .
/0 I (¢ - Tk )9(t) x cos( ﬂ(fz i1 o)t + Hk i J)d (26). Referring to [12], we can obtain the variance of the main
(17)  subcarriers’ MAI from the low or high data rate users as
Note that (16) only exists for the multirate transmissions, which (1) . (2) 2 P(X) ﬂoz s
is not seen in the single rate case. Because it is assumed that Var[IX’k] - }1—{% Var[lx’k] X P, 3G, @7
X X
Jor _ AP ) Bon0c [ilco ]
L Ao P, T,
T,
[0 = 700 = 7 Bos(2m o~ Fu e+ 053, i
AP a8, el [i]eo[0]
e [0 11RO, 000) + b0 101, 00%))] (13)
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Note that in (22), (26), and (27), the effects of mu{tirate
transmissions and PCE are included in PISX) /P, and A/,
respectively.

C. The Statistics of the Decision Variable Y, s

Consider the maximum ratio combining scheme and choose
the weighting factor (,,s,,) as the complex conjugate of the
channel response of the reference user (a, s,,). The decision
variable Y, , is also a Gaussian distributed random variable
since the MAI is modeled by a Gaussian distributed random
variable. Combining (3), (4), (26), and (27) and averaging Y, ,
over s and v, we can express the mean and the variance of Y, ,
with a frequency-domain spreading factor M as follows:

ElY, .| = 05012|am|2 (28)
and
1 ([ E, \! EXar
Var[¥o.o] = | 53 (MN0> + ) ZA—
Xe{A,B,C} k=1
1 2
X<3 (UM_]- >:|Z|aosv| (29)
where
1
IOC UM

U M 1 U M 1
22 \Tar 1" Z.Zl [27r2[<z—s>+<j—v>v]2}
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Substituting (28) and (29) into (31), we can have
Y= )\O’Y(‘VL (32)
where
E —1
Ye = (MNO>
—1
Kx o7 p(X)
2)\P; 1
+ Z o X (§ + (UM—l)loc> (33)
Xe{A,B,C} k=1

is a parameter to characterize the joint effects of the complete
MAI and power control errors and

M

YL = Z |040,s,v|2

v=1

(34)

is the central chi-square distributed random variable with 2M
degrees of freedom. From [19], the probability density function
(pdf) of y, is given by

1 M-1

= 1)!fyL e ", for g > 0.

flor) = (35)

Like [13] and [20], we let P /P, = R®)/R, in (29) and
(33), where R, and R,(CX) are the transmission rates of the refer-

s=1v=1 i=1j= ence user and user k in group X, respectively. This implies that
it P a user needs more power to support higher transmission rate.
(30) For binary phase-shift keying modulation with coherent de-
tection, the conditional error probability for a given -z and ),
Define the received signal to noise ratio (denoted by ) as is equal to
¥ = 7E2[YVO’S] (31)
2Var[Yo_,S]' P(ehL; /\o) = Q( V 27) = Q( V 2/\0707L) (36)
X
7@ _ )\ECX)P,SX) I(CL)j/BO svck )[J]co[v]
XETV AP, T,
SR s oy 00, ) (X)
[ W= = g cosC2( g = )+ 00 i
£=0 " k
AP I(CXL) Bo, svck )[J Jeolv] & X) (X x X) (X
=\ e Z{bm —UR(r 60 + 0T AR 0T @)
ZT(X)-l—T
(X) o(X X
Re(r0070) = / o (=70 g0 (H)cos(2m(fij — fu )t + 000, )t 24)
) goo ) [ e 4t = 700 (x)
Burf ) = [, o 800 T Oeos(2n s = fea)t+ 65 es)
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where Q(z) = (1/v27) [>° e~ /2dt. Referring to [7], [15],
and averaging (36) over the pdf of vz, from (35), we can further
simplify the conditional error probability for a given PCE ), as

Plels) = / Q) )

M
— l 1— ﬂ
]2 1+ X7

M-1

x%(M_;”L”)xE (1+

AoVe
L+ v /|

(37)

IV. EFFECT OF PCE ON BER PERFORMANCE

Now, we consider the effect of power control errors. Ac-
cording to [15] and [21], the open-loop PCE can be modeled as
a log-normally distributed random variable with standard devi-
ation o in the decibels domain and mean \ = exp{(bo.)%/2},
where b = In10/10. Let § = 10log;oAo. Then, § becomes a
normal distributed random variable with zero-mean and stan-
dard deviation o.. Averaging P(e|),) of (37) over the pdf of Ao,
we can obtain the total error probability P(e) as in (38) shown
at the bottom of the page, where

/ 105/10’%
l,L((S) = 1 + 106/1070'

Based on the Hermite polynomial approach of [22], the integra-
tion for a function g(x)e™*" can be computed by

| / Z a(@)e" dz = éwiqm)

where z; and w; are the abscissas and the weight factor of the
Hermite polynomials with order D, respectively. Letting § =
V20,2 in (38), we can further simplify the total error proba-
bility P(e) to (41) shown at the bottom of the page. For the
single-carrier DS-CDMA, the influence of the PCE was investi-
gated by means of the first-order Taylor expansion method in
[15]. However, this method is only suitable for a small PCE
(0. < 1 dB) and small diversity order (L < 3). Our approach
can evaluate the effect of a larger PCE (i.e., o, > 1 dB) and a
higher diversity order for the multicarrier DS-CDMA system.

(39)

(40)
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Unlike that the diversity order in the single-carrier DS-CDMA
system means path diversity, the diversity order in the MC-DS-
CDMA system means the frequency-domain diversity.

V. NUMERICAL RESULTS

In this section, we apply the developed analytical models to
evaluate the joint impact of the complete MAI and the PCE
on the error probability and capacity performances of a mul-
tirate MC-DS-CDMA system. In order to have the complete
frequency diversity gain, the frequency separations for the M
subcarriers carrying the same data bit follow the assumption of
(6). We adopt the following parameters in most examples unless
they are defined again.

1) The total number of subcarriers is 512 (UM = 512),

where M is the frequency-domain spreading factor and
U is the size of the serial-to-parallel process.

2) Variable data rates are achieved by changing
the time-domain spreading factors in a set of
{max(G,), max(G,)/2, max(G,)/4} for a fixed

frequency-domain spreading factor M.

There exist total 12 asynchronous users in the system,
where three equal-numbered groups are formed. These
three groups transmit data rates with frequency-do-
main and time-domain spreading factor (M, max(G,)),
(M, max(G,)/2), (M, max(G,)/4), respectively.
The maximum total spreading gain is 256,
M x max(G,) = 256.

5) The Hermite polynomials order D used in (41) is 20.

3)

4)

ie.,

A. Discussions

Here, we first qualitatively discuss the the error probability
by observing the received signal-to-noise and interference ratio
(SINR) ~ defined in (31). For the sake of convenience, we as-
sume that the bit energy (F,) and the £, /Ny is large enough to
ignore the influence of noise on the error probability. Note that
E, = P,T, = POTX (e, PPGN = P,G, is fixed).
Thus, we can rewrite (31) as

A A 2
(To) Go El |ao,s,v|
v=

In this paper, variable data rates are achieved by
changing the time-domain spreading factors in a set of

P(e)z%gwil(l—u(faemrg(M_rn) (1+u(2ﬁoea:i)]" an
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Fig. 4. Cumulative density functions of ( = G, Ziu:l | s,0|? for

(M,G,) = (4,2) and (M, G,) = (8,1).

{max(G,), max(G,)/2, max(G,)/4} for a fixed fre-
quency-domain spreading factor M. Therefore, the ratio of
different transmission power is fixed for various values of
G,, ie., P,gx)/Po is fixed. Note that P,gx)/Po = R,(CX)/RO
[13], [20]. According to (42), we summarize the impacts of
the power control error (\,/A), the transmission powers (P,
and P,SX)), the frequency-domain spreading gain (M), and the
time-domain spreading gain (G,) on the error probability in
the following.

1) With fixed M and A,/ A, a high data rate user can have
better error rate performance because the high data rate
user experience small amount of interference produced by
low data rate users transmitting at lower power, i.e., P,EX)
is smaller.

2) With the same conditions as above, a larger time-domain
spreading factor (G,,) can lead to a lower error probability
because of the larger spreading gain.

3) With fixed G, and \,/), increasing the frequency-do-
main spreading gain (M) can result in a better error rate
performance because of the larger frequency-diversity
gain.

4) With fixed M, a larger GG, can make error probability
more sensitive to power control errors because the larger
G, can magnify a minor change of \,/\. Thus, a better
error rate performance thanks to a larger G, comes at the
cost of being more sensitive to power control errors.

5) Similar to the above phenomenon, a large M can also raise
the sensitivity of the error probability to power control
errors, although larger frequency-domain spreading gain
can result in a lower error probability.

6) With a fixed product of M x G,, frequency-domain
spreading (M) in the MC-DS-CDMA system is more
sensitive to power control errors than time-domain
spreading (G,). To compare (M, G,) = (4,2) and (8, 1),
welet { = G, Ei”:l |t,s.|?. Fig. 4 shows the cumula-
tive density functions of ¢ for (M, G,) = (4,2) and (8,
1). From the figure, one can find the 90th percentile of £
for (M,G,) = (8,1) is 4.6 which is larger than 3.3 for
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Fig. 5. The impact of the joint effect of complete MAI and PCE on the error
rate performance of the MC-DS-CDMA system with (M, G,,) = (8,8),(8,16),
and (8,32), where M x max((G,) = 256 and the standard deviation of PCE
o. = 1.5 dB.

(M,G,) = (4,2). Thus, the case of (M,G,) = (8,1)
results in larger diversity gain than (M,G,) = (4,2).
That is, the case of (M, G,) = (8,1) can amplify a small
change of \, /A more than the case of (M, G,) = (4,2).
Hence, (M, G,) = (8,1) is also more sensitive to power
control errors.

B. Impact of Complete MAI and PCE on Bit Error Probability

Fig. 5 shows the joint effect of complete MAI and PCE on the
error rate performance of the MC-DS-CDMA system. Assume
that 12 asynchronous users be equally partitioned into three
groups with the frequency-domain and time-domain spreading
factors (M,G,) = (8,8), (8, 16), and (8, 32), respectively.
First, without power control, we have following important
observations.

* Compared with the effect of the main-subcarrier-only
MAI, the complete MAI from all the intersubcar-
riers significantly degrades the BER performance. For
P(e) = 1.5 x 107 and (M, G,) = (8,8), the required
E,/Ny is 10 dB in the main-subcarrier-only MAI case,
while the required E;, /Ny is increased to 12 dB in the
complete MAI case.

* High data rate users have better BER performance com-
pared with low data rate users. This observation confirms
the first point of qualitative analysis in Section V.

* Note that both the main-subcarrier-only MAI and the
complete MAI result in a floor of error probability in the
region of high E;,/Ny. In the former case, the error floor
is about 1.95 ><10_5, while in the latter case the error
floor is increased to 1.47 x10™%.

Now, we consider the impact of PCE. In the figure, the stan-
dard deviation of PCE ¢, = 1.5 dB. For comparison, we also
show the case with the single user and perfect power control (the
curve with the legend “Neither complete MAI nor PCE”) and the
case with the single user and imperfect power control (the curve
with the legend “PCE only”). We observe that PCE exacerbates
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Fig. 6. The impact of PCE on the error rate performance of the
MC-DS-CDMA system with a fixed frequency-domain spreading factors
(M = 8) and various time-domain spreading factors G, = 8, 16, and 32 for
M x max(G,) = 256, 512, and 1024, respectively, when E, /Ny = 25 dB.

the effect of the complete MAI. That is, the increase of the re-
quired /Ny due to the joint PCE and complete MAI is indeed
higher than the summation of those due to PCE only and com-
plete MAI only individually. For P(e) = 1073, the required
Ey/Ng are 8.2,9.1, 13.8, and 16.8 dB for the cases of “Neither
complete MAI nor PCE, ” “PCE only,” “Complete MAI only,”
and “Joint complete MAI and PCE, ” respectively. Compared
with the based-line case of “Neither complete MAI nor PCE,”
the effect of power control errors increases the required Fy, /N,
by 0.9 dB (i.e., the difference of 8.2 and 9.1 dB), while the effect
of the complete MAI increases the required E; /N, by 5.6 dB
(i.e., the difference of 8.2—13.8 dB). However, the joint effect
of the complete MAI and PCE increases the required F /N, by
8.6 dB (i.e., the difference of 16.8 and 8.2 dB). As a result, the
joint effect of complete MAI and PCE further degrades the per-
formance by 2.1 dB compared with the sum of the degradation
from complete MAI only and PCE only individually.

C. Impact of Various Time-Domain and Frequency-Domain
Spreading Factors

Fig. 6 shows the impact of various time-domain spreading
factors and PCE on the multirate MC-DS-CDMA system
when frequency-domain spreading factor M = 8 and
E,/Ny = 25 dB. The error rate performances of three
groups of spreading factors for M x max(G,) = 256, 512, and
1024 are compared. To ease illustration, we only show the per-
formances with the highest data rate in each group, i.e., (8§,8),
(8,16), and (8,32). In general, we find that a larger maximum
total spreading gain by increasing the time-domain spreading
factor can improve the performance. This is mainly because
users transmit lower power in a group of a larger maximum
total spreading gain, thereby yielding fewer interference. Note
that the product of the frequency-domain spreading gain and the
time-domain spreading gain is not the only factor to determine
the system performance. It is also influenced by various levels
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w0 % high rate user with (M, G,)=(4, 16
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10° L o high rate user with (M, G_)=(16, 16) 4
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o, (dB)
Fig. 7. The impact of PCE on the error rate performance of the

MC-DS-CDMA system with a fixed time-domain spreading factors (G, = 16)
and various frequency-domain spreading factors M = 4, 8, and 16 for
M x max(G,) = 256,512, and 1024, respectively, when E, /Ng = 25 dB.

of transmission power from surrounding multirate users. In
Fig. 6, the group with M x max(G,) = 256 means that four
users are allocated with the rates (M, G,) = (8,8), (8, 16),
(8, 32), respectively. Thus, the user with (M, G,) = (8,32) in
this group belongs to the low rate user and will experience the
interference from three low-rate users with (M, G,) = (8,32),
four medium-rate users with (M,G,) = (8,16), and four
high rate user with (M,G,) = (8,8). Similarly, a user with
(M,G,) = (8,32) in the group with M X max(G,) = 1024
is classified to a high rate user, who will be interfered by three
other high-rate users with (M, G,) = (8, 32), four medium-rate
users with (M, G,) = (8,64), and four low rate users with
(M,G,) = (8,128). Due to less interference, a user with
(M,G,) = (8,32) in the group of M x max(G,) = 1024
indeed outperforms the user with (M,G,) = (8,32) in the
group of M x max(G,) = 256. Our developed analytical
model (i.e., (34)) can accurately calculate the MAI in the mul-
tirate MS-DS-CDMA system. Furthermore, due to the reason
of the second point of the qualitatively analysis in Section V,
the high rate user with (M,G,) = (8,32) in the group of
M x max(G,) = 1024 can outperform the high rate user with
(M,G,) = (8,8) in the group of M x max(G,) = 256, as
shown in Fig. 5.

However, an MC-DS-CDMA system with a larger time-do-
main spreading factor also becomes more sensitive to PCE.
When (M, G,) = (8,8) and o, increasing from 0 to 4 dB, the
error probability is increased by about an order of 10* (i.e.,
from 2.77 x10~* to 1.16 x10~2). For (M,G,) = (8,32) in
the same range of o., the error probability is increased by
about an order of 10° (i.e., from 1.88 X107 to 7.49 x 10™%).
This phenomenon can be explained by the fourth point of the
qualitative analysis in Section V. Thus, power control errors
can reduce the performance benefits resulting from a larger
time-domain spreading factor.

In Fig. 7, the impact of PCE on the multirate MC-DS-CDMA
system is evaluated for a fixed time-domain spreading factor



WANG AND CHANG: PERFORMANCE OF MULTICARRIER DS-CDMA

—— Hermite summation
—<— Analytical integration

—+H— Simulation
10_3 ]
o 5
% high rate user with (M, GO):(4, 16)
in group Mx max(Go):256
107 high rate user with (M, G )=(8, 8) .
in group Mx max(GO)=256
high rate user with (M, Go):(16, 4)
in group Mx max(Go):256
1075 1 1 1 1 1 1 1
0 0.5 1 15 2 2.5 3 3.5 4
o, (dB)
Fig. 8. The impact of PCE on the error rate performance of the

MC-DS-CDMA system with various combinations of (M,G,) = (4,16),
(8.8), and (16,4), where M x max(G,) = 256 and E, /N, = 25 dB.

(G, = 16) and changing the frequency-domain spreading fac-
tors when Ej /Ny = 25 dB. Consider three sets of spreading
factors for M x max(G,) = 256, 512, and 1024. Here, we
only show the performance with (M, G,) = (4,16) for M x
max(G,) = 256, (8, 16) for M x max(G,) = 512, and (16, 16)
for M x max(G,) = 1024. In the figure, as stated in the third
and fifth points of the qualitative analysis in Section V, a larger
maximum total spreading gain by increasing the frequency-do-
main spreading factor results in better performance due to a
larger frequency-domain diversity gain but the sensitivity of the
system to PCE also becomes higher. For example, when M = 4
and o, increases from O to 4 dB, the error probability changes
from the order of 10~ to 1072, whereas for M = 16 the error
probability changes from the order of 107" to 10™*. When
the frequency-domain spreading factor (M) increases, the ag-
gregated PCE’s among M subcarriers become quite significant,
and therefore reduce the advantage of frequency diversity over
the system with a smaller frequency-domain spreading factor.
Interestingly, by comparing Figs. 6 and 7, one can find
that frequency-domain spreading (M) in the MC-DS-CDMA
system is more sensitive to power control errors than time-do-
main spreading (G,). This phenomena can be explained by
the sixth point of the qualitative analysis. To further confirm
the above interesting observation, we perform simulations and
evaluate the BER of MC-DS-CDMA systems according to (38)
to illustrate the impact of PCE (o.) with various combinations
of frequency-domain and time-domain spreading factors, as
shown in Fig. 8. We let the maximum total spreading gain
M x max(G,) = 256 in this example. First, it is shown that
the Hermite approach can accurately match both the analytical
integration results and the simulation results. Second and more
importantly, comparing the result of (M,G,) = (16,4) with
(M, G,) = (4,16), we find that the performance improvement
thanks to a larger frequency spreading factor is reduced as
o. increases. For 0. = 0 dB, changing the spreading factor
from (M,G,) = (4,16) to (M,G,) = (16,4) can improve
the bit error rate P(e) = 9.3 x 107* to P(e) = 3.7 x 107°.
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Fig. 9. The impact of complete MAI and PCE on the capacity of the multirate
MC-DS-CDMA system with { (M, G,)} = {(8.8),(8,16),(8,32)}.

However, in the case of 0. = 4 dB, P(e) = 9.5 X 1073
for (M,G,) = (4,16) and P(e) = 8.2 x 107° for
(M,G,) = (16,4). Although the system with a larger
frequency-domain spreading factor still performs better than
that with a smaller frequency spreading factor, the difference
between the two becomes quite insignificant in the presence of
a large power control error.

D. Impact of Complete MAI and PCE on Capacity

Fig. 9 shows the impact of the complete MAI and PCE on the
capacity of the multirate MC-DS-CDMA system with time-do-
main and frequency-domain spreading factors in the group of
M x max(G,) = 256, M = 8 and E; /Ny = 25 dB. In the
figure, the total number of users is three times the abscissa and
the only the curve of (M, G,) = (8,32) is drawn for each case.
For a given P(e) = 10 ° requirement and o, = 0 dB, the
numbers of acceptable users in each group are eight and five
for the main-subcarrier-only MAI and the complete MAI, re-
spectively. The capacity decreases by 37.5%. However, for PCE
o = 3 dB and the complete MALI, is the number of acceptable
users becomes two. That is, the joint effect of the PCE and the
complete MAI can further decrease the capacity by 60% (from
5 to 2). Clearly, the effect of PCE worsens the impact of the
complete MAI on the capacity of the multirate MC-DS-CDMA
system. This phenomenon can be explained by observing the
parameter \ (denoting the average power control error ) in 7y, of
(33), where the joint effect of PCE and complete MAL is analyti-
cally modeled by the term 3"y (4 5 ¢} Zfle [ZJ\PISX) (1/3+
(UM - 1)100)]/(P0Go>'

VI. CONCLUDING REMARKS

In this paper, we have developed an analytical model to quan-
titatively evaluate the performance of multirate MC-DS-CDMA
systems using time- and frequency-domain spreading codes
subject to the PCE and the complete MAI from all subcarriers.
Applying the developed analytical model, we have obtained the
following observations.
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e When both PCE and the complete MAI are jointly consid-
ered, the effect of PCE can exacerbate the impact of com-
plete MAI on the MC-DS-CDMA system, or vice versa.

e A larger maximum total spreading gain either by in-
creasing frequency- or time-domain spreading factors can
enhance the performance of the multirate MC-DS-CDMA
system. However, the sensitivity of these performance
gains to power control errors cannot be ignored.

e A larger PCE (o.) can possibly make the frequency-do-
main diversity gain diminish faster than the gain obtained
from the time-domain spreading. Thus, although for the
same maximum total time and frequency spreading gain,
the MC-DS-CDMA system with a larger frequency-do-
main spreading factor results in better performance than
that with a larger time-domain spreading factor, the per-
formance difference between the two become less signif-
icant as power control errors increase.

The developed analytical model and the above observations
can provide some important insights into the performance is-
sues of multirate MC-DS-CDMA systems. Possible interesting
research topics that can be extended from this work include:
1) to analyze the multirate MC-DS-CDMA system under other
types of fading channels [12], [23] and other distortion [24] sub-
ject to power control errors and complete MAI and 2) to de-
velop resource allocation mechanisms including code assign-
ment, subcarrier allocation [25], scheduling [26], and power
control schemes [27] for the multirate MC-DS-CDMA system.

APPENDIX I

X) %) )]. To ease the

In this appendix, we derive Var[R(Tk e

notation, let T( ) — 7 and #

hig = . Then, we can calculate
VarlR(r®, 6409, by

Var[R(7,0)] = E,[Es[R*(1,0)]]. (43)

Recall that in the case of (0 < T,SX) < 1T,), 7 is uniformly
distributed in [0, T,). Hence, we assume that b7, < 7 <
(h+ 1)T., where 0 < h < G, — 1 and G, is the time-do-
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main spreading factor of the reference user. Following the same
procedure as [7], we have (44) shown at the bottom of the page.
Then, the expectation of (44) with respective to 7 over [0, T,)
can be obtained by calculating (45)—(46) shown at the bottom
of the page. Similarly, we can obtain

Var[R(r,6)] = Var[R(r,6)]
_ G,T?
CAr(i—s)+ (7 —v)UP

(47)

(48)

APPENDIX II

6,(3?])] LetT(X) = 7and 9,(3?] =

6 without loss of generality. Then, Var[R(T,, 9,(€’ 1)1)] can be cal-
culated as

Here, we derive Var[R(T,

Var[R(T,. 0)] = E, [E[RX(T, . 6)]).

(49)
Recall that 7 and 6 are uniformly distributed in [T, T,EX)) and
[0, 2m), respectively. Assume AT, < 7 < (h + 1)T,, where
G, < h < G,(CX) - 1; G, and G,(CX) are the time-domain
spreading factors of the reference user and the interfering user,
respectively. Then, referring to (10), we can express R(T,, 6) as

g NG —h -1+

+ 3 0l x ¢ 01GF — h+ 4]
7

7=0
/]T -+7—hT, <27TZt
G,

o

~(G+1)T.

Ot
x cos( Tz +9> dt  (50)
JjTe+1—hT, TI.

where

z=(—s)+(j—v)U. (51)

Eg[R*(7,0)]

1 (h+1)T.
2 ./hT,

{(T — WT.)? xsinc® <M> (h 4 1) (b + 1) To7) xsine? <

mz((h+ 1)T. — 1)
T ) h} dr (44)

Var[R(T,0)]

Go=1 .(h+1)T.
1 3 o . ofmz(r—hT,) 3
- g;o /h . {(T BT.)? x sinc <7TC (h+1)+((h+1)T,

B G,T?
Ar(i = ) + (7 — »)U)?

7)? xsinc2< Ak +Tc) T)> h} dr

(45)
(46)
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Var[R(T,,0)]

a G -1 -(h+1)T.
:# / (r — hTC)2><sinc2<E(T—
2(12: —-1}) h=G, hT. 12
G,T?

" 2n2((i— 5) + (j — ) U2

hT.,

)) +[(h4+1)T.—7]* xsinc? <T
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E((h+1)n—r))dr (56)

c

(57)

After some deductions, we obtain

R(T,.0) = (1 — hT,)sinc <;—Z(T - hTC)>

(&

Go—1
x> goli] x g7OIGTY — h =1 + jlcosd )
7=0

+[(h+1)T. — 7] x sinc (%(

c

(h+1)T. - r))

Go—1
X Z ga[j]g,gx)[G,(cX) —h+ j]cos@fz (52)
§=0
where
o) = ?(%‘Tc +7—hT,)+0 (53)
o) = %2«2], + )T, 47— hT.) + 6. (54)

Taking the expectation of R?(7},, ) respective to § over [0, 27),

9o[j], and g,(cx) [4], where g,[j] and g,(cx) [7] are assumed to be 1

with equal probability, we can have

Go

Ey[R*(T,,9)] = —* [(T — BT.)2sinc? <%’Z(T - th)>

+[(h + 1)T. — 7]%sinc? <%Z(

(&

(h+ 1T, — T)>:| . (55)

Finally, substituting (55) into (49), we can get Var[R(T,, #)] by
calculating (56)—(57) shown at the top of the page.
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