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SUMMARY In this paper, expressions are derived for the
bit error rate (BER) of the multicarrier-CDMA (MC-CDMA)
downlink in the presence of pure impulsive interference and a
frequency-selective fading and the BER performance is numer-
ically evaluated by a Monte-Carlo simulation method. Min-
imum mean square error combining (MMSEC) and orthogo-
nal restoration combining (ORC) are considered for frequency-
domain equalization. The joint weight of antenna diversity re-
ception using maximal ratio combining (MRC) and frequency
equalization combining is derived. The MC-CDMA transmis-
sion performance in the presence of pure impulsive interference
is compared with that of DS-CDMA transmission.

key words: impulsive interference, MC-CDMA, OFDM-
CDMA, antenna diversity

1. Introduction

Recently, multicarrier code division multiple access
(MC-CDMA) (or sometimes called OFDM-CDMA) has
been attracting much attention as a promising wire-
less access technique for a wideband downlink (base-
to-mobile) transmission in a frequency selective fading
channel [1]-[5]. In MC-CDMA, different user’s trans-
mitting data symbol is spread over a number of orthog-
onal sub-carriers using a different orthogonal spread-
ing sequence defined in the frequency-domain, while in
direct sequence CDMA (DS-CDMA) the spreading se-
quence defined in the time domain is used. Most practi-
cal receivers are designed to be optimal or near optimal
against Gaussian noise. However, when the radio band-
width becomes wider in order to meet the demands for
higher data rate transmissions, the transmission perfor-
mance may be seriously impacted by impulsive noises
caused by vehicles, power lines, electrical equipment,
etc.

Many literatures treating the impacts of impulsive
noise on the transmission performance can be found
for DS-CDMA, time division multiple access (TDMA)
and OFDM. The bit error rate (BER) performances
of DS-CDMA in the presence of the Middleton’s class-
A interference [6] and the e-mixture noise were ana-

Manuscript received December 24, 2002.
Manuscript revised March 28, 2003.
fThe authors are with the Department of Electrical and
Communication Engineering, Graduate School of Engineer-
ing, Tohoku University, Sendai-shi, 980-8579 Japan.
a) E-mail: kudoh@mobile.ecei.tohoku.ac.jp

lyzed in [7] and [8], respectively. Recently, the impact
of pure impulsive noise in DS-CDMA was theoretically
analyzed by the authors [9]. The BER performance of
TDMA with antenna diversity reception in the presence
of the e-mixture noise was theoretically analyzed in [10]
to reveal that antenna diversity using linear combining
cannot effectively reduce the impacts of impulsive in-
terference. The BER performance analysis of OFDM
in the presence of the pure impulsive interference and
the e-mixture noise can be found in [11]. However, to
the best of authors’ knowledge, the BER, performance
of MC-CDMA in the presence of pure impulsive inter-
ference has not been fully understood.

In mobile communications, a user may reach the
vicinity of an interference source where the impulsive
interference may seriously degrade the downlink trans-
mission performance. Motivated by the above, this
paper analyzes the BER performance of MC-CDMA
downlink transmission in the presence of pure impul-
sive interference and a frequency-selective fading. A
downlink transmission system model using MC-CDMA
is presented in Sect.2 and BER expressions are de-
rived in Sect. 3. Then, in Sect. 4, the numerical compu-
tation based on Monte-Carlo method is performed to
evaluate the BER performance. Furthermore, the MC-
CDMA transmission performance is compared with the
DS-CDMA transmission performance. Section 5 draws
some conclusions.

2. Down Link Transmission System Model

Figure 1 illustrates the structure of MC-CDMA down-
link transmission system. At a base station, binary
data to be transmitted is transformed into quater-
nary phase shift keying (QPSK)-modulated symbol se-
quence. In this paper, it is assumed that the number
of orthogonal sub-carriers equals the spreading factor
(SF) and that K users are in communication. The gth
data symbol di(q) of the kth user, k¥ = 0,..., K —
1, is spread over SF orthogonal sub-carriers using a
SF-length orthogonal spreading sequence {cg(i); i =
0,...,SF — 1}. All ith sub-carrier components of K
users are combined and then, multiplied by the jth
chip of a scramble sequence {cpy(j)} to obtain the ith
composite sub-carrier component of MC-CDMA signal,
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Fig.1 Structure of MC-CDMA downlink transmission system.

where j = ¢SF + ¢. The scramble sequence is a binary
long pseudo noise (PN) sequence whose repetition pe-
riod is much longer than SF.

The sum of SF composite sub-carrier components
forms the MC-CDMA waveform of length T, where
T, is the effective symbol length. This process is per-
formed using the inverse fast Fourier transform (IFFT).
Finally, a small time portion 7, of the MC-CDMA
waveform is copied and added as a guard interval (GI)
to form the transmitting MC-CDMA symbol of length
T =T+ T,. The MC-CDMA signal waveform can be
expressed using the equivalent baseband representation
as

[e%e] SF—-1
W= 3 gt —aD o S ula,i)

gq=—00 =0
exp (jszios - qT)) : M

where ¢(t) is the transmit pulse waveform given by

(1 T, <t<T,
9(t) _{ 0 otherwise

S is the average signal power per user and u(q,i) is the
tth composite sub-carrier component for the gth MC-
CDMA symbol and is expressed as

; (2)

K-1
u(q,7) = cpn(gSF +14) > di(q)ex(i), (3)
k=0

with ¢, (i) = {—1,1} and epn (i) = {—1,1}.
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Receiver

Fig.2 Antenna arrangement.

M-branch antenna diversity reception using maxi-
mal ratio combining (MRC) [12] is considered at the
mobile station. Figure 2 illustrates the antenna ar-
rangement with antenna separation of D. It is as-
sumed that the source of an impulsive interference is
located in line of sight, but, sufficiently far from the
mobile receiver of interest and hence, it arrives as a
plane wave with the same incident angle to all the re-
ceiver antennas. The multipath channel is assumed to
be a frequency-selective fading channel having L dis-
crete paths with different time delays. In this paper,
we assume that L paths are subjected to independent
Rayleigh fading and furthermore that the antenna sep-
aration D is sufficiently large (e.g., D ~ A\/2, where A is
the carrier wavelength, for the antenna diversity recep-
tion at the mobile station [15]) to obtain independent
fading on all antennas. The channel impulse response
hm (T, t) observed by the mth antenna at time ¢ may
be represented as

mel

where &, ;(t) and 7; are respectively the complex chan-
nel gain and the time delay of the [th path with

! E[|&€m,1(t)]?] =1 for all m, where E[.] represents
ensemble average operation. {&,,,(t); m=0,...,M —
1,1=0,...,L—1} are independent and identically dis-
tributed zero-mean complex Gaussian processes. It is
assumed that h,,(7, t) exists only over an interval of
0 <7< Ty, ie, {Ti}max — {71} min < Ty. The channel
transfer function H,,(f, t) is the Fourier transform of
hu (7, t) with respect to 7. Hence, we have

Z gm l

Assuming that the complex channel gain &, ;(t) varies
very slowly and remains constant over an interval of
Ts, the equivalent baseband representation of the ith
received composite sub-carrier component ,,(g,7) is

given by
\/ 25 Hu (i/Ts,qT)u(q, 1)

( i) + o (g, 1), (6)

where 71, (g, 7) is the zero-mean complex Gaussian vari-
able with a variance of 2Ny /T, owing to the additive

o(r —m), (4)

hom T t

t) exp(—j27 f7). (5)
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white Gaussian noise (AWGN); Ny is the single sided
power spectrum density. Assuming that a single im-
pulse has occurred in ¢T' < t < ¢T + T, I,,(q,1) is the
impulsive noise, given by

A ) D tn —qT" .
= Eexp (j271' (m; cos ¢ — T z)) , (1)

where A is the area of impulse, ¢ is the incident angle
to M antennas, A is the carrier wavelength, D is the
antenna separation and t,, is the occurrence instant of
the nth impulse. We are assuming a pure impulsive
interference model [9], [13], [14]. The pure impulse has
an infinite amplitude, resulting in infinite energy. How-
ever, since the FFT process is equivalent to an integra-
tion filter with the bandwidth of 1/T5, the band-limited
impulsive interference has a finite amplitude, which is
A/Ts as seen from Eq. (7).

After removing the GI, the received signal on each
antenna is decomposed into SF sub-carrier components
by FFT processing. Since H,,(f, t) varies over the sig-
nal bandwidth due to frequency selective fading, the
orthogonal property among K users is destroyed to
some extent and thus, multi user interference (MUI) is
produced. Hence, each received composite sub-carrier
component needs to be equalized when despreading.
This is called frequency equalization combining. In
this paper, ORC [2] and MMSEC [3], [4] are considered.
The ORC completely removes MUI, but produces the
noise enhancement, while the MMSEC minimizes the
sum of background noise and MUIL. The MMSEC re-
duces to the ORC when the background noise can be
neglected. Without loss of generality, we consider the
Oth user’s gth QPSK symbol dy(g) is to be detected.
The M x SF ith sub-carrier components {i,(q,1%);
m=20,....,M—1,i=0,...,SF — 1} are multiplied
with the joint weights w,,(g,?), the scramble sequence
{epn(¢SF+i)}, and the orthogonal spreading sequence
{co(?)}, and then summed up. Therefore the decision
variable do(q) for the symbol do(q) is expressed as

In(q,7)

o) = (W) s% (%)

SF-1M-1
XY (g, Dwm(q,9)
i=0 m=0
X cpN(qSF +i)co(i)
= V2udy(q) + 2, (8)

where ,,(q, %) is given by Eq. (6) and

( )Silelwm (¢, ) Hm(i/T5,qT)  (9a)

i=0 m=0
z=MUI + Nimpulse + NAWGN (gb)

with
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T

X Z Z co(i)epn(gSF +1)

i=0 m=0

D
X W, (q,17) exp (]2 (mx cos ¢ —

(10c¢)
2 1 (Es
Nawaen = <7T\70/TS> SF (Fo)
SF—1M-1
X Z Z CQ(i)CPN(qSF+i>
i=0 m=0
X Wi (¢, 9) T (q, 1) (10d)

and E (=S5Ts) is the effective symbol energy. The first
term of Eq. (8) is the desired signal component and the
second term z is the sum of the MUI, noise due to
impulsive interference, and noise due to AWGN. For
derivation of Eq. (10a), see Appendix A.

3. BER Expressions for MC-CDMA with MM-
SEC and ORC

Assuming that the four QPSK data symbols are trans-
mitted equally likely, transmission of do(q) = (14-5)/v/2
(representing (1, 1) transmission) is considered without
loss of generality. The conditional probability of error
of the first bit for the given {&,,;;m =0,..., M —1,1=
0,...,L—1} can be obtained once the statistical prop-
erty of Re[dy(q)] is known, where Re[z] is the real part
of the complex-valued variable x and &, ; = &,,;(0) for
simplicity. Substituting do(q) = (1+7)/v/2 into Eq. (8)
gives

Re[do(q)|do(q) = (1 + 5)/V2,{&m}] = p + Re[z].
(11)

Remembering that the orthogonal spreading sequences



2428

are used, each user’s interference before despreading is
represented as the sum of the average interference over
SF sub-carriers and the difference from the average in-
terference. Due to the use of orthogonal spreading se-
quences, the contribution of the average interference to
the MUI value becomes zero and only the differential in-
terference contributes to the MUI value. Assuming that
many users are in communication and SF > 1, MUI
can be approximated as a zero-mean complex Gaussian
variable from the central limit theorem. Since cpy (%)
is the scramble sequence having a period much longer
than SF, ¢o(i)cpn (¢SF+1) can be treated as a random
binary sequence. Therefore, from the central limit the-
orem, the impulsive interference component Njppuise
of Eq. (10c) is well approximated as a zero-mean com-
plex Gaussian variable. Since fi,,(g,%) is a zero mean
complex Gaussian variable with the variance of 2Ny /T,
Nawen of Eq. (10d) is a zero mean complex Gaussian
variable. Consequently, z in Eq.(8) can be approxi-
mated as a zero-mean complex Gaussian variable with
the variance of 202, and the conditional decision error
probability for the given {&,,;} can be expressed as

1+j
\/— {gml}]<0>

_ %erfc (\/’2“‘?> , (12)

(2/y/x) [ exp(—t*)dt and, pu and 20>

where erfe (z) =
are given by

\/5 E SF—1M-1 ’
> > wm (q,1) Hu(i/Ts, qT),
SF =0 m=0
(13a)
20° = 2051 + 2Uz2mpuzse +20%wans (13b)
for MMSEC, and
Es
p=v2 N (14a)
202 = 2Ui%np'u,lse + 20124WGN7 (14b)

for ORC, where 202/, 20lmpulse and 20, are the
variances of the MUI component, the impulsive inter-
ference component and the AWGN component, respec-
tively, and they are given by (B1)(see Appendix B)

0y? A 1) (Es 2
U]WUI_T Fo

SF—1

o F (Zwm 0.9) mu/Ts,qT))
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SF—1M-1 2
( SE Z Z W Q; m(i/Ts;qT)>

i=0 m=0
(15a)
0 4 AT, E,
impulse SF /72]\[0/7.,S NO
SF—1M-1
Y wmle ), (15b)
=0 m=0
SF—-1M-1
20.124WGN SF NO ; Tnz:o ‘wnl q7 . (15C)

The average BERs Py(A4)’s of MC-CDMA in the
presence of impulsive interference can be computed by
averaging Eq. (12) over {1}

) = [ [
1+

 (Reldafa)ldnta) = 2 and {6,131 <0)
X Hp(gm,l) H dgm,l' (].6)
m,l m,l

If the impulsive interference occurs during guard
interval, it does not affect the decision at all. The over-
all BER P, is given by

T,
T

T,
Pb: ulsePb(A) + (1 - _Ppulse> Pb(A = 0)7

T
(17)

where P,(A=0) is the average BER in the presence of
no impulsive interference and Ppys. is the probability
of the occurrence of the impulse per QPSK symbol.

4. Numerical Results

An L=4 path Rayleigh channel having uniform power
delay profile is assumed for the multipath channel, i.e.,

E [|§m71\2] = 1/4. The time delay of the ith path is

7, =1-A7/T and A7/T = 1.95 x 1072 is assumed here.
M=4 antenna diversity reception is considered. The
multiple-integration required in Eq. (16) is performed
based on the Monte Carlo simulation method. The im-
pulsive interference amplitude-to-the rms noise ampli-

tude ratio (A/T)/\/2NO/T is an important parame-
ter. In the following numerical computation, we set
the value of (A/T)/«/QNO/T to be 100 and the im-

pulse occurrence rate Py to be 103 for an example.
Assuming a transmission of 1M MC-CDMA symbol/s
(i.e., T=10"5s), a receiver with the noise figure of 5dB
(Np=3.16), and a room temperature of 27 degrees (T
= 300 Kelvin) and using Ny = kToNp, where x is the
Boltzman constant, the impulsive interference ampli-
tude A/T becomes 16.2 4V and the impulse occurring
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Fig.3 Impact of SF on overall BER performance.

rate becomes 1000/s. Since the guard interval is not
necessary for DS-CDMA, the signal bandwidth of DS-
CDMA is T, /T(< 1) times that of MC-CDMA.

4.1 TImpacts of SF and Ts/T

The spreading factor (SF) impacts the BER perfor-
mance of MC-CDMA as understood from Egs. (13) and
(14), even for the single user case (K=1). On the other
hand, the BER performance does not depend on SF'in
DS-CDMA for K=1 [9]. The guard interval is intro-
duced in MC-CDMA in order to keep the orthogonal-
ity among sub-carriers in a frequency-selective channel.
Therefore, SF and T /T are important parameters that
differentiate MC-CDMA performance from DS-CDMA.
How they impact the BER performance of MC-CDMA
is discussed below.

Figure 3 plots the overall BER performance curves
with SF as a parameter for T, /T = 8/9 and K =1. It
is seen that SF has no impact on the BER floor value
due to impulsive interference for both MC-CDMA and
DS-CDMA. However, in the small E;, /Ny regions below
BER floor region, where the AWGN is a predominant
cause of errors, the BER value reduces with increasing
SF. This is because, as SF increases, the frequency di-
versity effect becomes larger owing to frequency equal-
ization used in MC-CDMA signal reception.

Figure 4 plots the overall BER performance curves
with T, /T as a parameter for SF'= 256 and K=1. The
BER performance of DS-CDMA is almost identical to
that of MC-CDMA with large Ty/T. The BER floor
value caused by impulsive interference reduces as T /T
decreases. This is because the probability that impul-
sive interference occurs in the effective symbol period T
becomes smaller as T /T decreases for the given value of
T. On the other hand, in the low (less than about 6 dB)
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and high (larger than about 34dB) E}/Ny regions, the
BER value increases as Ts/T decreases. This is be-
cause, for the given value of E}, /Ny, the effective symbol
energy E; (=2EyTs/T) reduces as Ty /Tdecreases.

4.2 TImpact of Number of Users

So far we have considered the single user case (K = 1).
Here, we will extend the evaluation to the multi-user
case. In the multi-user case, two kinds of BER floors
may be produced; one is the BER floor due to impul-
sive interference and the other is the BER floor due
to MUIL Since MUI can be completely eliminated by
using ORC and partially eliminated by using MMSEC
(but, note that the MUI for MMSEC approaches zero
as the average Ej/Ny increases), MC-CDMA does not



2430

produce BER floor due to MUI, and hence, only the
BER floor due to impulsive interference exists. On the
other hand, DS-CDMA yields both BER floors due to
impulsive interference and MUI. Figure 5 plots the BER,
performance with the number K of users as a parame-
ter. Asisexpected, no BER floor due to MUIT is seen for
MC-CDMA, while it is seen for DS-CDMA in the large
Ey /Ny regions; when K =128, the influence of impulsive
interference is almost masked by MUL

5. Conclusions

BER expressions for MC-CDMA in the presence of
pure impulsive interference were derived and then, the
BER performance was numerically evaluated based on
Monte-Carlo simulation method. The BER perfor-
mance of MC-CDMA with MMSEC or ORC was com-
pared with that of DS-CDMA with coherent Rake com-
bining. The results obtained in this paper can be sum-
marized as follows:

(a) MC-CDMA with MMSEC and that with ORC pro-
duce almost the same BER floor due to impul-
sive interference as DS-CDMA. The BER floor does
not depend on the spreading factor for both MC-
CDMA and DS-CDMA.

(b) The BER floor value caused by impulsive interfer-
ence reduces as T, /T decreases in MC-CDMA.

(c¢) For large number of users, e.g., K=128, the influ-
ence of impulsive interference is almost masked by
MUI for DS-CDMA, however the impulsive inter-
ference is still the major cause of errors for MC-
CDMA.

The results obtained in this paper can be used to es-
timate the BER performance degradation in the pres-
ence of pure impulsive interference. The assumption
made in this paper on the pure impulsive interference
was that each incoming impulse always has the same
area A. However, in a real environment, the value of A
may be a random variable and impulses may arrive in
groups. How these impact the BER performance is left
for a future study. Also, an interesting extension of the
analysis is to the case of Middleton’s class A impulsive
interference model.

References

[1] S. Hara and R. Prasad, “Overview of multicarrier CDMA,”
IEEE Commun. Mag., vol.35, no.12, pp.126—-144, Dec. 1997.

[2] V. Mignone and A. Morello, “CD3-OFDM: A novel demod-
ulation scheme for fixed and mobile receivers,” IEEE Trans.
Commun., vol.COM-44, no.9, pp.1144-1151, Sept. 1996.

[3] A. Chouly, A. Brajal, and S. Jourdan, “Orthogonal mul-
ticarrier techniques applied to direct sequence spread
spectrum CDMA system,” Proc. IEEE GLOBECOM’93,
pp.1723-1728, Nov. 1993.

[4] S. Hara and R. Prasad, “Design and performance of multi-
carrier CDMA system in frequency-selective Rayleigh fad-
ing channels,” IEEE Trans. Veh. Technol., vol.VT-48, no.5,

IEICE TRANS. COMMUN., VOL.E86-B, NO.8 AUGUST 2003

pp-1584-1595, Sept. 1999.

[5] H. Atarashi and M. Sawahashi, “Variable spreading fac-
tor orthogonal frequency and code division multiplexing
(VSF-OFCDM),” Proc. 2001 Third International Workshop
on Multi-Carrier Spread Spectrum (MC-SS 2001) & Re-
lated Topics, pp.113-122, Oberpfafenhofen, Germany, Sept.
2001.

[6] D. Middleton, “Statistical-physical models of electromag-
netic interference,” IEEE Trans. Electromagn. Compat.,
vol. EMC-19, no.3, pp.106-127, Aug. 1997.

[7] S. Unawong, S. Miyamoto, and N. Morinaga, “A novel re-
ceiver design for DS-CDMA systems under impulsive radio
noise environments,” IEICE Trans. Commun., vol. E82-B,
no.6, pp.936-943, June 1999.

(8] B. Aazhang and H.V. Poor, “Performance of DS/SSMA
communications in impulsive channels—Part I: Linear cor-
relation receivers,” IEEE Trans. Commun., vol.COM-35,
no.11, pp.1179-1188, Nov. 1987.

9] E. Kudoh and F. Adachi, “Analysis of DS-CDMA trans-
mission performance in the presence of pure impulsive in-
terference over frequency selective fading,” IEICE Trans.
Commun., vol.E85-B, no.11, pp.2395-2404, Nov. 2002.

[10] R.S. Blum, R.J. Kozick, and B.M. Sadler, “An adaptive
spatial diversity receiver for non-Gaussian interference and
noise,” IEEE Trans. Signal Process., vol.47, no.8, pp.2100—
2111, Aug. 1999.

[11] M. Budsabathon and S. Hara, “Robustness of OFDM sig-
nal against temporally localized impulsive noise,” Proc.
IEEE Vehicular Technology Conference, vol.54, pp.1672—
1676, Fall 2001.

[12] J.G. Proakis, Digital communications, McGraw-Hill, 1995.

[13] P.A. Bello and R. Esposito, “A new method for calculating
probabilities of errors due to impulsive noise,” IEEE Trans.
Commun., vol. COM-17, no.3, pp.368—379, June 1969.

[14] H.S. Oranc, “Ignition noise measurements in the VHF /UHF
bands,” IEEE Trans. Electromagn. Compat., vol. EMC-17,
no.2, pp.54-64, May 1975.

[15] W.C. Jakes, Microwave Mobile Communications, John
Wiley & Sons, 1974.

Appendix A: Joint Weight For MRC and MM-

SEC or ORC of Eq. (10a)

The composite sub-carrier components of M received
signals are coherently combined by MRC and then,
MMSEC is performed (note that both MRC and MM-
SEC are not optimal combining in the presence of the
impulsive interference). Assuming ideal channel esti-
mation, the weight wy, prrc(q,i) of MRC for the mth
antenna is given by

Wm, M RC (q7 Z) = H:;l (Z/Tsa qT) 5

where * denotes the complex conjugate operation. The
ith sub-carrier component 4(q,i) after MRC in the
presence of no impulsive interference is given by

(A1)

M—1
@(g,1) = Y (g, ) wm nre (4,4)
m=0
M-1
28 . ;
= o Hn(i/Te. D) u(g, )
m=0
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+ ﬁm(q’i)H:;z(i/Ts;qT)}' (AQ)

It is understood from Eq. (A-2) that \/2S/SF Z%;ol
|Hm(i/T87aT)‘2
gain and the noise variance becomes (2Ny/Ts) >

|Hp (i) Ty, qT)|>.  Therefore,
wymsec(q:t) is given by [3], [4]

can be viewed as a new channel
M-1
m=0

the MMSEC weight

wymmsec(q, 1)

- : (A-3)

M-1
K FE
S i/ T.0aT) P +(SFNO)

m=0

On the other hand, the ORC weight worc(g,1) is de-
rived by neglecting the background noise term of the
MMSEC weight and is given by

1

worc(4,1) = 375 (A-4)

|H, (i/ Ty, qT))?

m=0

In the sequel, the joint weight w,, (g, ) is the product of
the weights of MRC and MMSEC or ORC and is given
by

H; (i/Ts, qT)

M—1 _
K FE
Hp (i) Ts, qT) ) + | o
> /7T + ()
for MMSEC

H, (i/Tsa qT)
M-—1

> [Hpn(i/Ts, qT))?

m=0

Wi (q,1) =
for ORC

(A-5)

Appendix B: Delivations of Egs. (15)

z is the sum of the MUI, the noise Njppuise due to
impulsive interference, and the noise Nawgn due to
AWGN. The variance 2 ¢2 of z is the sum of those of
MUI, impulsive interference and the AWGN:

(A-6)

for MMSEC. However, in the ORC case, since MUI is
completely removed, the variance 202 is given by

252 2 2
207 = 2001 + 205 mpuise T 20awan

202 = 2G7J2mpulse + 20124WGN' (A 7)

Below, we derive expressions of 202, 202 and

impulse
2
204wGnN-
First, we derive the expression for 203,,,. The
MUI component, given in Eq. (10b), can be rewritten
as

2431
MUI = S_FF Z di(q
SF—-1
-{Y—i—y > ck(i)co(i)}, (A-8)
1=0
where
SF—1
Y = Z cx (i) co (1) (yi — )
Y
Yi = Z wm(Qv ) (i/TS7qT)
m=0
1 SF—1
1=0

Since the orthogonal spreading sequences {cx(i); k =
0--- K —1} are used, the second term inside the brack-
ets {.} of Eq.(A-8) becomes zero. From the central
limit theorem, Y can be approximated as a complex
Gaussian variable for large SF. Since data sequence
{dr(q)} is a complex random process, MUI can be ap-
proximated as a zero-mean complex Gaussian variable,
whose variance is given by

4(K—1) (Bs\? /—
2012\/1UI = (S—F (m) (92 - y2) ) (A-10)
where
SF—1
2 SF Z Vi (A-11)

Next, the expressions for QO'Zmpulse is obtained.
From Eq. (10¢), Nimpuise can be rewritten as

Nimpulse

ox [ Am ) [ |
=2X <\/2N0/TS> SF (No)’ (4-12)
where

SF—-1
X = E CiT;
=0

ci =co(i)cpn (gSF + 1)

M—1
D tn —qT .
Ti = Z exp <j27r <m)\cos¢— Tq z>)

m=0

wm (q,1) . (A-13)

Since cpy (i) is the scramble sequence having a pe-
riod of much longer than SF, ¢; can be treated as a
random binary sequence. Therefore, from the central
limit theorem, X can be approximated as a zero-mean
complex Gaussian variable for large SF. As a conse-
quence, the impulsive interference component Njp,puise
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of Eq. (A-12) is well approximated as a zero-mean com-

plex Gaussian variable with variance 2Uzmpulse given by
02 4 AT,
Oimpulse — o | ~ o orn
e SE\ \/2No/ T,
SF-1M-1
(5) X X tunlar (a1

i=0 m=0

Finally we obtain the expression for 20% oy
Since 7, (g,¢) is a zero mean complex Gaussian vari-
able with the variance of 2Ny /T, Nawen of Eq. (10d)
is also a zero mean complex Gaussian variable whose
variance is given by

SF—

4 FE,
205 waN = SF N, (A-15)

1M-1
> |wim(q,4)
m=0

i=0
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