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Abstract

This paper presents & novel digial modulation technigue called
Multi-Carrier Code Division Muluple Access (MC-CDMA) in
which symhbols are transmitted at multiple subcamiers where
each subcamrier is encoded with a phase offset of - or n based
on a pseudo-random (pn) sequence.  Analytical results are pre-
sented on the performance of this modulation scheme in an
indoor wireless multipath radie channel,

Introduction

Fecently, there has been a growing interest in indoor wireless
redio communication [1]. This paper examines the perfor-
mance of @ new spread spoctum transmission method called
“MC-CDMA™ in an indoor wirgless radio environment. MC-
COMA may be a suitable modulation technique in the indoor
environment since the small rms delay spreads characteristic of
indoor environments,  typically in the range of 10-56 ns [2].
allow for the explotation of this technigue.

Narrowhband communications [3] has the desirable propery of
being relatively immune o intersymbol interference (IS0} but
Bas the undesirable property of being susceptible to flar fading.
To avoid deep fades over the entire signal bandwidth, spread
SpEcirum transmission can be used,

Two parameters that are often used to charactersze multipath
channels are the delay spread and the coherence bandwidch [4].
The delay spread T, is a measure of the length of the impulse
response of the channeél while the coherence bandwidth, which
i found to be

1
InT,’

EW, = i

iz @ measure of the correlation of the fading hetween frequen-
cies, If two frequencics lic within the coherence bandwidih,
they are likely to experience cormelated fading. As in the case
of narowband communications, i.e., if the symbol duration is
much larger than the delay spread (T, << T,). then the signal
experiences negligible overlapping (ISI) berween adjacent
trangminted symbols. However, the condition T, << T, also
implies that the signal bandwidth is much smaller than the
coberence bandwidth. Depending on the location of the
receiver antenna, the entire narrowband signal bandwidth may
be located in a deep fade in which case the signal experiences
significant attenuation.
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With conventional Code Division Muldple Acoess-Spread
Spectrum (CDMA-S88) systems [5], resistance to fading is
achieved by spreading the signal energy over a larger band-
width than necessary to contain the user signal. The larger
bandwidth iz achieved by multiplying each user symbol with a
fast binary antipodal sequence where the chip duration is Tu/M.
If the spreading Factor N is sufficiently large, the signal band-
width can be much larger than the coherence bandwidth. This
signal experiences frequency selective fading, 50 it is unlikely
that all of the signal bandwidth is located in a deep fade. How-
ever, in the process of providing resistance to decp fading, the
signal is affected by delay spreads to a greater extent, and the
sipnal experiences considerable inter-chip interference.

MC-CDMaA addresses the issue of how to spread the signal
handwidth without increasing the adverse effect of the delay
spread. With MOC-CDMA. the data symbol is transmitied over
M namrowband subcarmers with ¢ach subcamier being encoded
with the -m or © phase offset. The resulting signal has 2 pn-
coded sructure in the frequency domain. If the number of and
spacing between subcarriers is appropriately chosen. it is
unlikely that all of the subcarriers will be located in a deep fade
and consequenty frequency diversity is achieved. As a MC-
CDMA signal is composcd of N narrowband subcarmer signals
each of which has a symbal duration much larger than the
delay spread, a MC-CDMA signal will not suffer from inter-
chip interference and 151, In addition, meltiple access may be
possible by having different users ransmit at the same subcar-
riers but with a different po-code that is orthogoaal to the codes

_of other users.

Basic Principles of MC-CDMA

The generation of an MC-CDMA signal can be described as
follows, A single data symibol 15 rephicated mto ™ parallel cop-
ies, Each branch of the parallel stream is multiplicd by a chip
of a psendo-random {pn} or some other code of length M and
then BPSK modulated to a different subcarrier spaced aparn
from its neighboring subcarriers by FfT,, where F is an integer
number. The wansmited signal consists of the sum of the out-
puts of these hranches, This process vields a mult-camier sig-
nal with the subcarriers comaining the pn-coded dara symbal,
An example of a MC-CDMA signal with F = 1 15 shown in Fig,
I. Demodulation of this signal would involve collapsing the
chip structure in frequency and demoduleting the resulting
multi-carrier signal.
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by po-code, b) after modulation by pn-code, ¢ after channel

Transmitter Model

Shown in Fig. 2 is the model of the wansmitter. The input data
symbaols, o [k], are assumed to be bimary antipodal where k
denctes the kth bit imterval and m denotes the* mth user. It is
assumed in the analysis that a [k] takes on values of -1 and |
with equal probability. As illusoated in Fig. 2, the wansmited
signal corresponding to the kth data it of the mith user i

=1
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where gn(0), ep{lh o . g{N-1} represents the pi-code of the
mth user and Py, (1) is defined to be an unit amplitude pulse
that is non-zero in the interval of 0w T,
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Fig. 2 Transmitrer Model

Channel Model: Dispersive Rayleigh Fading

In this paper, we address a frequency-selective channel with
LTy, << BW_ << FT,. This maodel implies that each modulaced
subcarrier with transmission bandwidth of 1T, does not expe-
rience significant dispersion (T}, == Ty Iris also assumed that
the amplitude and phase remain constant over a symbaol dura-
tion, Ty, {i.e., Doppler shifts due to the motion of wrminals is
negligible.b This agrees with measurements revealing that
Doppler shifts are very small and typically in the range of 0.3-
6.1 Hz [6]).
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Since the MC-CDMA signal is best described in the frequency
domain, it is namral to define the ansfer function of the chan-
nel also m the frequency domain, The ransfer function of the
contnuous-time fading channel assumed for the mth user in
the indoor envirgnment can be represented as

. F g
Hy (1 +1q) = B i 3

where p,and §; o are the randem amplitude and phase effects
of the channel of the mth user at frequency f4+1(FTg).

» Uplink

For transmissions from terminals to the base station (uplink),
the basc station reccives cach signal from different wscrs
through different channels depending on the location of the wer-
minal. For the mth user, the random amplitudes, p,,; fori =0,
1, ..., M-1, are assumed 1o be iid Rayleigh rendom variables. In
an indoor environment, a Rician amplitode distribution would
be mare appropriate since there 15 often a dominant component
in the form of the ling-of-sight (LOS) path [7]. Rayleigh fading
would comespond to the case of having an object ar person
blocking the direct path from the transmitier to the receiver.
However, by analyzing the performance of MC-CDMA with
Rayleigh fading, a conservative ¢stimate of the performance is
be obrained since radic communications tend 1w have bettes
performance when a LOS component is present. For the mth
user, the random phases, 8,,; for i =0, 1, ... N-1, are assumed
to be iid uniform random variables on the inerval 0o 2r o,
and B, ; are also assumed o be independent of each other and
batween users. This assumption is appropriate for channels in
which F >> BW_T,,. By assuming that the amplitude and phase
effects of fading at cach subcarnier are independent of the fad-
ing at other subcarriers. it i believed that a conservarive analy-
515 i5 performed since having uncorrelated subcarriers removes
the benefits of the crthogonal codes.

= Downlink

For ransmissions from the base station (o the terminals (down-
link), the terminal receives inerfering signals designated for
other users (m= 1. 2, ... . M-1) through the same channel as the

wanted signal {m = 0L Thus, the user index may he repressed
s follows

Pmi = Pp, 6,,=8, o

form=0,1,..,M-l
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Fig. 3 Receiver Model

Receiver Model

For M active transmitters, the received signal is
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where n(f) & additive white Gaussian noise (AWGN). The
local-mean power at the ith subcarmer of the mth vser is
defined to be

By, =E pmc{nstznﬂ_l-hlrri:t-pﬂml " = ]iE{""

R
p:

The local-mean powers of the subcarmriers are assumed o be
equal. Thus. the tomal local-mean power of the mth user i
defined 1o be p,, = Np,, ;. Shown in Fig. 3 is the model of the
receiver. To simplify the analysis. it is assumed that exact syn-
chronization with the desired user (m = 0) is possible. The first
step in oblaining the decision variable involves demodulating
each of subcamers of the received signal. which includes
applying a phase cormection, él},i' and multiplying the ith sub-
camier signal by a pain comection, dyj. In the analysis. it is
assumed that perfect phase correction can be obuained, ie.
B,; = &, . After adding the subcarrier signals together, the
combined signal is then inteprated and sampled to vield the
decision variable, v . For the kth bit, the decision variable is

M=IN=1

u - E‘ Epml h|{}d|'||H ikl

mom =i
[k+ 11Ty

x [ cos {Enftt+lr|:i1—lj-t+ﬂml|] m
KT, ]
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Wi

Jdr+m

where the corresponding AWGN term, 1), s given as

Mgk 1T, 2
n= E ]' 11E|] dy cnsl{ﬁrtfl:+2m 1+E':5I“_I}|;l.1 {4y

1=l T

The wvalue of the gain correction depends on the particular
diversity method chosen. We will considered two methods:
Equal Gain Combining (EGC) and Maximum Ratio Combin-
ing (MRC}).

+ Egual Gain Combining

With Equal Gain Combining, the gain correction removes the
code structure but does not ry to equalize the effects of the
amplitude scaling introduced by different channel sttenuations
at different subcarrier frequencies, The gain factor at the ith
subcarrier is given as

d,, = ¢li). {8)

This method yields the following decision variable

Na|
v, =a, [kl ¥ p, +B,+n (10)
=T

where the interference term, i, is given as

M=lk=]
B = ¥ ¥ aalklc, {ile,(i)p,, cos(B,, -0

mem | jmi

Y. (m

As the phase difference ﬂ,,,, 8, -6, isasum of indepen-
dent random variables, carrying out he convolution of the pedfs
results in @, ; sull being uniformly distributed on O to 2m
Since the m—phase component, p, cosd .. relative o the
phase of the received wanmed signal is Gaussian and
a_[kle (b (i) € [-1, 1}, the interference term, B, . has a
Gaussian distribution, The mean and variance of the interfer-

ence term and the variance of the noise component are

% = 7 Ml}-
%, " (M=1p, dﬁ=N-T (12}

i b

EB,

respectively.
+ Maximum Ratio Combining

The motvation behind Maximum Ratio Combining 15 that the
components of the received signal with large amplitudes arc
likely to contain relatively less noise. Thus, their effect on the
decision process is increased by squaring their amplitudes. For
MRC, the gain factor at the ith subcarrier is

d.. = by, L) (13)

ol

The corresponding decision variable for MRC is

LER

v, = 2, (k] ¥ 0 +B 0 (14

imi
where the interference term is given as

M- M=1
P = Y anlkl E P iP0 ., ()€ (i) cosB (15)

m = |

As the werms of the summation in parenthesis are assumed o be
iid with respect 1w “m” and i, the inner summation can be
approximated by a Gaussizn distribution for large M. Using this
approximanon, the interference term, By, is a sum with
respect (o m” of M-I independent Caussian random varnables.
Thus. 3 itself is Gaussian, The mean and variance of fi,,, and
the variance of the noise component arg

: (M=1) ;.
BBy =0 0 =27 PuP O =23 P (6)
respectively,
Uplink Bit Error Rate (BER)

The probability of making a decision error conditioned on the
amplimdes of the desired signal, {pp;:i=0, 1. .. N-1}. and the
local-mean interference power, -y jy. i

Prierrorn {p, } .N:ul' Uﬁ...:‘ -

N1 ' o
=T"F[ E d”.,':lz-h.:' I:"ul_“":ﬁ"-u‘-'-l”]

i}

As the interference term and the noise term are independent
and Ganssian, the sum to the right of the inequality has a zero-
mean CGaussian disribution with a variance egual to the sum of
their vanances, Thus, the probability of a decision ermor can be
represented as

D1.3.3 111



Prierron {|:r;,\.}"-'l £ il

f - "i
E [}: d;, Fﬂf'}ﬂ. (18]

|-I'.l
= erfc 5
2

| (o +ed

* EGC

For equal gain combining. the corresponding probability of
error 15

Prierror {p,,,_l 0. (M-1)p,) =
I'.' il 2 \ll
[ {E p,,“] Ty (15)

- aife ! hall f

2771 (M= 1) p, T, + NN,

Finding the distribution of the sum of iid Rayleigh random
variabies
H-1

po= ¥ Pa, (20)

has historically been a difficult problem. In [8], Beauliew offers
an infinite series representation of this sum that has some com-
putational advanrages. In this paper, three approximations of
the distibution will be compared: a LLN approximation, a
small parameter approximation [8], and a Central Limit Theo-
rem approximaon,

1. In the limiting case of many subcarriers, Epp; can be
approximated by the Law of Large Numbers (LLN} to be
NEpg;. The advantape of using the LLN is that it requires low
computational complexity. Using the LLMN simplifies the
expression for the probability of error o

Prierror| Ep , (M—1] Pu) =

[
fl N, T, E 21)

& lerf::
2 J{M-np -l-]\'[\'{,J

Lsing the following statistical properties of Rayleigh amplh-
tude distributions

Ep= [5p Ep’=12p {22)

the probability of error simplifies to

FnT "|

4 {M—H

L@
ol oy S

Pr{error py p, ) & é::f&.[ E
A

2. For the small values of p,. the BER may be approximated
as

= N-lg 36

LN -1y
[24)
{ [ ;‘,DF'T"' !
erfe] f———-———— 1dp,
27N (M= 1)p, T, + NN
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where b = pﬁc'[fm—n!r]““

3. A third possible approximation can be obtained by applying
the Central Limit Theorem (CLT) for the limiting case of large
M. Using the CLT results ina BER of

o, -11°

Ly 2

1 14_
Ps {ecror pﬂ, pmj = I L "
o 2T u:r',.g
T (25)
! | En.ﬂT., )
l 2
» - erfe el dF"
2Ly (M= T, # NN,

where j, = “[_F.IN]:” and o, = {1-;} Po-
« MRC

The conditional instantancous BER for MRC can be deter-
mined to be

Prierror {p, } . e (M=1p,) =
(] N=1 _.\# 1
| [En""'J % | - ®
"2 =
il "

cp(,'l‘ + ipnt\

The exact descripticn for the distribution of the sum
H- 1 2

r=% 2|:| 15 the gamma distrnbution [3]

1mil

Fipg) = ’[} an

Using Eq.(26)and Eq.(27), the BER for MRC is

Prierror ]?. EI} - J'f (1 FT,J
o

s 28)

I
® —erfe dr
2 [{M—T1)
L- = pmp, T + p»,N”

An approximation for the BER, obtained by applying the LLN,
15

Prierron py ;P i) :;arf{:l [rm————— .

Downlink Bit Error Rate

With the downlink, all signals experience the same channel,

The received signal is the same as Eq.(5) with p | = p,  and

B, = 8y, ¥m, Note that when phase comrection is applied, all
signals have the correct phase alignment. Note that for the
codes 1o be orthogonal, this requires that half the chip products,
£y [} e, (i), bhe positive and the other half be negative. Using
these observations, the BER for EGC and MRC in the down-
link can be calculated in a similar manner as above,
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= EGC

The decision variable is now given as

M- M1 M-l

% =210 T oy + F a0kl T caeuling, +n. @

Becausze of the orthogonality of the m-:ics the interference has

& variance of ::rp =IM=-1|1-- IJ:-, The corresponding
BER i5 '
( fo B )
h
Pr{e;ranpuri erfcl|4 LM— - —x — J {31}
v [ 4l [PaT+ N,
+ MREC
For MRC in the downlink, the BER can be determined to be
| T
Pr{error py) !l:rfcf T ) (2
2 [, (M=T) j
1.2—IJ- pTL+ N
where the vanance of the interference is
uim = (M- E,‘IN[EpUI— (Ep'—»} = [ = ;41-_.“_ {33

Humerical Results
+ Liplink

Flots of the bit error rates versus the number of co-channel
interferers arc given in Fig. 4. To calculate the BERS, it was
assumed that each interfering signal has a local-mean power
equal to the local-mean power of the wanted signal. For the
sike of comparison, the BER for MRC using the LLN approxi-
mation i5 included, As it can be seen in Fig. 4, the LLN
approximation, the small parameter approximation, and the
CLT approximation for EGC produce relatively close curves,
According to all approximation, MRC outperforms EGC for
any number of imerfering  signals, Comparing Eq.(23)
and Eq.(28), the improvement m performance between MRC
and EGC can be quantified by the ratio

M-
g P
TR g, T D 134
Ep* 2p 4

If the acceprable BER is 107 ag in some video applications,
vsing MRC over EGC translates to an increass in CDMA user

capacity of G0%.
BER
1ol — ' e —
la-2
le-3 | —
Je-0d - —
le-05 —
100 ==
# of interfersrs

Fig. 4 BER for BGC using the small argumeat appeazz, (13, CLT (2, snd
LLH (3} and for MRC exact (4} 2nd approx, using LI (5) in the uplink
versus the number of inerferers m=10, 1, ..., 127, The SNE is 10dB and
M= 128,

» Downlink

Plots of the BER for downlink transmissions are given in Fig,
3. For both diversity methods, the bit error rates were approxi-

mated by using the LLMN, Examiming the curves in Fig. 3, it can
be seen that for a small number of users (i.e.. in a noise hmited
channel) MRC outperforms EGC. However, for a large mumber
of users, BGC has a superior performance.

BER == B

o) e
! ] i

le-02

(LR RE]

le-{4

le-05 | | —
= I —

o 50 100

# of interferers

Fip. 5 BER for EGC{—) and MREC(-—) in the downlink
versus the member of inteferers, m=10, i,.., 127, The
SNE is 10 0B and N = 128,

Conclusion

In this paper, a new spread spectrum technigue was inroduced
and its bit error rate for a Rayleigh feding dispersive channel
was analyzed. For the two diversity techniques considered,
MEC had 2 better performance than EGC in the uplink but
appeared less effective in combating interference in the down-
link. While being a better combatant against noise, MRC
appears to distort the onhogonality of the codes and conse-
quently performed worse for large number of users in the
downlink. Comparing the performance of FGC in the uplink 1o
the downlink at a bit error rate of 107", there is an increase in
capacity from 8 users to 20 wsers in the downlink, This
improvement is duc to the greater degree of phasc conmral in
the downlink that allows for some of the benefits from the
arthogonality of the codes to be utilized.
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Dear MC-CDMA friend,

| am very pleased to see that MC-CDMA is appearing regularly in the
scientific literature as an interesting solution for wireless communication over
multipath channels. Regularly | get requests for areprint of the pioneering paper
of 1993 in which this transmission concept was baptized MC-CDMA, and |
certainly appreciate the citation to this paper. While there isno original
electronic file available, | have scanned the original conference text. Apologies
that the fileis 2.8 Mbytes.

Kind Regards, Success with your research

Jean-Paul Linnartz
http://www.linnartz.net
http://www.eecs.berkel ey.edu/Research/Proj ects/of dm/
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