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Performance analysis of complex wavelet packet based
multicarrier CDMA system over Nakagami-m fading channels
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Abstract: On the basis of analyzing the principle of multicarrier code division multiple access (MC-CDMA),
an optimized complex wavelet packet based MC-CDMA system (CWP-MC-CDMA) is proposed. The system
performances with equal gain combining (EGC) technique and maximum ratio combining (MRC) technique in
Nakagami-m fading channels are investigated, respectively; and the corresponding bit error rate (BER)
expression is derived. The system can overcome the decrease of spectrum efficiency of discrete Fourier
transform (DFT) based conventional MC-CDMA (DFT-MC-CDMA) due to inserting a cyclic prefix (CP).
Theoretical analysis and simulation results show that the CWP-MC-CDMA system outperforms DFT-MC-
CDMA as well as the real wavelet packet based MC-CDMA (RWP-MC-CDMA) system, it has superior ability
to combat multi-path fading and multi-access interference (MAI). Moreover, the BER performance of the
proposed system is also superior to that of the conventional MC-CDMA with CP.
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Multicarrier code division multiple access (MC-
CDMA) technique has received much attention among
researchers, and it is one of the most promising
techniques for future mobile radio communication
systems beyond 3G'". It has the properties desirable
for high data-rata services such as
insensitivity to  frequency selective  channels,
frequency diversity, high spectral efficiency and
flexibility to generate different data rates within a
fixed bandwidth'?'. However, the conventional MC-
CDMA is implemented by means of discrete Fourier
transform (DFT) and inverse-DFT (IDFT) operators. In
its frequency spectrum, the main lobe does not
concentrate energy effectively and side lobe attenuates
slowly; the multi-path fading or synchronization error
will cause severe performance degradation due to
inter-channel interference ( ICI ), inter-symbol
interference (ISI) and multi-access interference (MAI).

wireless

To overcome the above shortcomings, a number of
improved MC-CDMA systems have been proposed.
Among them, wavelet packet based MC-CDMA "’
have advantages of stronger ability to combat multi-
path interference (MPI) and ISI than conventional
MC-CDMA. Especially, the complex
wavelet packetm not only has good properties that the
real wavelet packet possesses, such as shifting
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orthogonality, adaptability, time-frequency localiza-
tion, but also matches the complex channel frequency
spectrum and suits multi-carrier communications.
Motivated by the above reason, we present an MC-
CDMA system based on the optimized complex
wavelet packet (CWP-MC-CDMA) in this paper, and
the corresponding  downlink  performance is
investigated over Nakagami-m fading channels. By
comparison, it performs better than DFT-MC-CDMA
and the real wavelet packet based MC-CDMA (RWP-
MC-CDMA) system; moreover, the CWP-MC-CDMA
system with equal gain combining (EGC) outperforms
that with maximum ratio combining (MRC).

1 CWP-MC-CDMA System Model

A synchronous downlink performance of CWP-
MC-CDMA system with K users is analyzed in this
section. The transmitter and receiver of CWP-MC-
CDMA are illustrated in Fig.1 and Fig.2, respectively.
At the transmitter, the complex wavelet packet
functions g;(¢) are taken as the signature waveform,
and the shifting orthogonality among g, (¢) (i =1,
-+, M) can be given as (g, (t), g’ (t-nT,)) =
8(i-1)8(n), where § is the Kronecker function and
superscript * represents the complex conjugate. The
transmitted signal of the k-th user is written as

M+

o,
S, (1) = [ Wb,f(n)ck(l) .

g/(t = nT)exp(juw,t) (1)

=1 n=0
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where k =1, , K, K is the active user number;
b,(n) corresponding to the quadrature phase shift
keying (QPSK) complex signal denotes the n-th data
symbol of the k-th user, {b,(n)| are assumed to be
identically distributed (IID) random
variables (RVs) taking value { + 277+ J2 -7 | with
equal probability. £, is the mean energy of the

independent,

transmitted signals over a bit. The symbols period 7
corresponds to the minimum orthogonal shifting
defined in complex wavelet packet; C, = {c, (i), i=
1, ---, M} is Walsh-Hadamard code, which represents
the k-th user-spreading code, the length of the code,
that is the processing gain is equal to the number of
subcarrier M. w, is the carrier angle frequency, and d,
represents the equalization gain for the subcarrier i.
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Fig.1 CWP-MC-CDMA transmitter structure

Fig.2 CWP-MC-CDMA receiver structure

In this paper, the Nakagami-m fading channels
are considered. We suppose that each modulated
subcarrier experiences independent fading channels
and the channels remain constant over symbols period,
so the lowpass impulse response of the /-th subcarrier
channel for the £-th user can be represented as

b, (t, T) =ak,l(t)exp[j7k,l<t) J6(7) =

BA~,[(t>8(T) (2)
where @, ; and vy, , denote the amplitude and phase of
attenuation factors g, ,, respectively'’
Nakagami-m RVs; the phase {1y, , |

ctay | are

are random
variables uniformly distributed over [ 0, 2w ].
Considering downlink transmission, all user signals
pass through the same channel; hence, for VI,
a, (1) =a,(t), y, ,(t) =vy,(t). Therefore, at the
receiver, the received signal is

r(t) = ZZ Z b(n)ch(l)

l=1 n=

g /(t - nTs)az(t)eXp%ch[ +jy, () ] + ()
(3)

where n (t) is the additive white Gaussian noise
(AWGN) with double sided power spectrum density
N,/2 and zero mean. Since the amplitude and phase
remain constant during the symbols period, B, =
a,exp(jy,) . After passing through lowpass filter (LPF)
and the complex wavelet packet matched filter in
subchannel ¢, the output signal at the uT, sampling
interval is

+

ZZZ

=ln=-w

ck(l),BZRij(nTs) +n,(w) (4)

yi(u) = b(n+u)

where

Ri(r) = [ e(Dg (t+m)dr
n,(u) = fTb’r](t)gf(t—uTs)dL

2 Performance Analysis for CWP-MC-CDMA
System

Without loss of generality, let user 1 be the
desired user, then let the decision variable for the u-th
data symbol of user 1 be

bi(u) = Ecl( iy (u) = Z b (u)B.d,;

M +o0
> Y [ b(n+u),8R”(nT)d+
i=1ln=-o,n#0

ll 1 | 2 bb (n+u)e, (DR (nT.) -
1(>d+z;’;z b(n+u)

CA'<l)Blngl(nTs>cl< )d; + ch<i)dini(u) =
D+I, +1L, +1, +7Z (5)

where the noise interference Z is a Gaussian RV with
zero mean, and D is the desired output. There are
three types of interference contained in (5): @D 7, is
the interference from the same subchannel i and the
same user k = 1; @ I, is the interference from the
other subchannels and the same user k =1; @ 1, is the
interference from the other users &k # 1. Since cross-
correlation functions of optimized complex wavelet
packets'*’ satisfy the equation R (nT ) =6(i-1) -

6(n), then [, = I, = 0, I =
2EJ £ Y . .
2 X b(we (e (DB
k=2 i=1

2.1 System BER by applying EGC
For EGC, d, =exp( —-jvy.), so0

Z “b(u)B,dl Z

b (u)q,
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I a/% ,Z& ;bk(u)ck(i>()](i)a5

Z = ch<i>exp< —j%)frn(t)g;‘ (t —uT,)dt

Considering that M and K are large in general,
MAI term [/, can be approximately a zero-mean
Gaussian RV. By computation and making use of
superior orthogonality of Walsh-Hadamard code
applied, the variance of /, and Z are var (/) =

2E,(K-1) ¢ and var (Z) = MN,/2, respectively,
where ¢ is the variance of «;. Hence, the bit error
probability conditioned on {w;} can be written as

- IDJ* -
)= Q(\/Var([3) +var(Z)

Q(WAX*) =P(e | X) (6)
where A = (2E,/M)/[2E, (K - 1)o” + MN,/27, X

=a; o oy

According to Eq.(2) in Ref. [6], Q(t) = —

P(el {a

T 2
ex
J; p( 2sin’@

obtained via averaging P(e | X) over X as

BER=me(e | X = x)p,(x) dx =

[ el ool

Considering that p,(x ) is the inverse Fourier

)d0 t = 0, then BER can be

)dﬁpx(x)dx (7)

transform of its characteristic function ¢ (jv), and

1D assumption on {a;, i=1,2, ---, M}, py(x) can

be rewritten as

() = =] g exp(— jur)dv =

1~ . e .
277J—w [, (jv) 1"exp( - jux)dv  (8)
Substituting (8) into (7), BER becomes

per= L[ 4.0

[ -

2.2 System BER by applying MRC

2 sina - jvx)dx]dvd0 (9)

= a,exp( - jy) ,

b (u)Bid; = 2

For MRC,d,-
D = 2
sz Zbk(u)ck(i)c,(i)af
= =

Z= 3 e(Daexp(-iy) [ n(0g (1=l

b (u)a;

M} are independent
all M (K - 1) terms in the
summation of /, are uncorrelated with zero-mean.

Because {o;, 1=1, 2, -,
random variables,
Considering M is large in practice, /; can be
approximated by a Gaussian RV conditioned on the

fading channel amplitudes with zero-mean and

M
variance var (I;) = (2E,/M)(K -1) 2 .
i=1

Similarly, we can evaluate the variance of Z by
M

22

By using

var (Z) =

the Gaussian approximation, the
probability of bit error conditioned on {¢;} is given

by

P(elfa;l)

Y - —
[var(l,) + var(Z)]

M
Q Z S
where s, = pa;, p = 4E,/[4E,(K - 1) + MN,] .
Considering that «; is Nakagami-m random
variable, so the probability density function (PDF) of
 is written as p(a,) = [2/T (m) ] (m/@)"a" ™" -
exp( —ma./Q), where Q=E(a’).
By transformation, we can calculate the PDF of s,
by
m 1 m

pGs) =rom i) e =) (11)

where 5, = E(pa; ) =pA.
Thus, we can obtain BER via averaging P(e |s,)

:P<e‘{3i%) (10>

b= [ [ L[ TTewe( -5 2 Jao] -
[;5’,,,‘)<ﬂ.>'"exp< s -
(i) @

According to the BER expression from (9) and
(12), we can conclude that the proposed system obtain
M diversity order, which comes from the frequency
diversity gain.

3 Simulation Results

In this section, the performance of CWP-MC-
CDMA system with EGC and MRC technique is
simulated in the Nakagami-m fading channel. For
simplicity of the channel model, m = 1, i.e., the
Rayleigh fading channel is employed in the
simulation, and it is modeled by the Jakes modified

model. It is assumed that different subcarriers
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experience independent identically distributed fading
channels. The simulation results are shown in Fig.3
and Fig.4, respectively. In the simulation, we assume
that the carrier synchronization, clock synchronization
and spreading code synchronization are achieved cor-
rectly; all users receive the same power and the
channel estimation is perfect. The parameters are set
as carrier frequency f, =2 GHz, the sampling rate f, =
3.84 MHz, the vehicle velocity v =50 km/h, the bit
rate per user is 384 kbit/s. M =32, K = 16, EGC,
optimized complex wavelet packet with the fifth-level
of the binary wavelet packet tree'*’ and corresponding
real-valued Daubechies wavelet packet are considered
in Fig.3. Meanwhile, M = 16, EGC, MRC, as well as
the complex wavelet packet corresponding to the
fourth-level of a binary wavelet packet tree'*’ are
shown in Fig.4.
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Fig.4 BER vs. numbers of users for different systems

The simulation results show that the system with
different combing methods has different performances.
From Fig.3, the performance of the CWP-MC-CDMA
outperforms that of DFT based MC-CDMA systems as
well as the RWP-MC-CDMA system, and it is close or
superior to that of conventional MC-CDMA system
with CP (CP =6), where “CP = x” denotes that «
cyclic prefix symbols are inserted. Especially, the
CWP-MC-CDMA system with EGC technique can
decrease the BER effectively over Nakagami-m (m =
1) fading channel. We also give the average BER of
different multi-carrier systems against different
numbers of users in Fig.4, where the SNR is fixed at 8
dB. As a result, the presented CWP-MC-CDMA system
with EGC technique has the best performance; it
outperforms the CWP-MC-CDMA system with MRC
technique and DFT-MC-CDMA system with CP =3; it
can get lower BER than the other comparative systems
conditioned on the same number of users. Moreover,
with the numbers, the
performance of the proposed system is improved
further due to the frequency diversity gain from multi-
carrier modulation.

increase of sub-carrier

4 Conclusion

In this paper, an orthogonal MC-CDMA scheme
based on a complex wavelet packet is presented, and
the corresponding performance analyses have been
undertaken in Nakagami-m fading environments. The
error rate probability expressions for CWP-MC-CDMA
system with EGC and MRC are derived in detail,
respectively. The system can overcome the decrease of
spectrum efficiency and energy of conventional MC-
CDMA system due to the insertion of a cyclic prefix.
The analytical and simulation results show that the
proposed CWP-MC-CDMA system performs better
than the DFT-MC-CDMA system, and is close or
superior to the DFT-MC-CDMA system with CP. For
EGC and MRC considered in our system, the system
performance with EGC technique shows obvious
performance improvement, and compared with DFT-
MC-CDMA and RWP-MC-CDMA system, the
proposed CWP-MC-CDMA system with EGC
technique can effectively strengthen the system’s
ability to cope with multi-path fading and MAI.
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