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Abstract

The evaluation of system performance of an MC-DS-CDMA (multicarrier direct-sequence coded-division
multiple-access) system with dual-dimension (antenna diversity) Rake receiver is proposed in this
investigation. The working environment for the scenario is considered as situating in frequency selective
fading. Furthermore, some of the system parameters, e.g., the resolvable multipath number, the number of a
Rake receiver, the fading parameter the power decay factor MIP (multipath intensity profile), and the
correlation characteristic between the antennas, are adopted for analyzing. It is the original proposal of such
scenario with dual-dimension Rake receiver for the MC-DS-CDMA system. In order to validate the accuracy
of the derivative, a lot of numerical results are conduct in this paper.
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|. Introduction

Recently, the wideband radio systems combining
with the applications of multicarrier modulating
and CDMA (coded-division multiple-access)
schemes has been considerable interesting in the
cellular wireless communications. It is the reason
that DS (direct sequence) waveform exist the
broader bandwidth for combating the ISI
(inter-symbol interference) caused by the
multipath  fading during the transmission.
Generally, a Rake receiver can be adopted to
avoid the multipath fading and promote the
system performance whenever the bandwidth of
the propagated signal exceeds the coherence
bandwidth of the channel [1, 2]. However, in order
to create broader bandwidth and suppress the
interference effect for a wireless radio system the
multicarrier scheme has been applied. Based on
the motivation, the 4G (fourth generation) system,
MC-CDMA (multi-carrier CDMA), which based
on the OFDM (orthogonal frequency division
multiplexing) signaling techniques, are now
engaged in exploring [4]. One of the most
important types of multi-carrier CDMA system is
called MC-DS-CDMA (multi-carrier
direct-sequence CDMA) system. Generally,
multi-carrier DS systems can be categorized into
two types: (1). a combination of OFDM and
CDMA, and (2). a parallel transmission-scheme of
narrowband DS waveform in the frequency
domain [6]. However, empirical results as well as
physical reasoning have shown the fact that the
Nakagami-m distribution is not only a more

versatile model for a wvariety of fading
environment such as urban, suburban radio
multipath channels and even for indoor
propagation, but also including Rayleigh
distribution as a special case [6]. In this paper we
propose a multiple-dimension Rake receiver,
called as M-D Rake receiver, that adopts both
multipath and antenna diversity at the output end.
The system performance with BER (bit-error rate)
of the MC-DS-CDMA system with M-D Rake
receiver is evaluated under the assumption both of
the independent and correlated characteristics
between the paths.

1. System Models

A. Transmitter Model

The transmitter of an MC-DS-CDMA system
block diagram proposed in [5] is adopted in this
paper. The transmitted signal of a MC-DS-CDMA
system of the k-th user is given as [2]

s =2E, Y ¢d}) ht —nMT, —z")

. N M

R ei<2ﬂf.t+ﬂ>

x; e[ }
where E_ is the chip energy, Cﬁk) is the
pseudo-random spreading sequence,

dt:;NJ e{+1,—1} denotes the data bit of the k-th

user, |-| is the floor function extracts the integer

value, where N indicates the length of PN (pseudo
noise) sequence, h(t) is the impulse response of
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the chip wave shaping filter, ™ s an arbitrary
time delay uniformly distributed over

[0, NMT.] , Re[-] denotes the real part, oW
and f's i=1,2,.., M
phase uniformly distributed over (0,27] and the

are a random carrier

carrier frequencies, respectively.
B. Channel Model

The low-pass equivalent impulse response of
the bandpass channel from the transmitter to the
j-th receive antenna for the k-th user can be written
as

Lk g

hy(t) = z ael' 5z —1%) 2

where L% is the number of resolvable
propagation paths that reach the receive antenna.
Each path is characterized by its instantaneous

(k)

fading amplitude «;j)" , its phase shift, and its

propagation delay r ). Assuming a Nakagami-m

fading channel model, the instantaneous power of

the I-th path, 1=0, 1,.., L =1, follows the
gamma PDF

( (k)/ (k))'ﬂ W (k)
f,ﬂ?(}ﬁ)—w( ) -exp{— (k)} 720 (3)
where Q" =E[(¢(¥)’] is its average channel

power. In addition, the total time average channel
gain per antenna for each user is normalized to one,
ie.,

Lo Ly

2. Elle )= 3 Ot =1 (4)

1=0

In order to consider the real world case of the
wireless mobile channel, generally the MIP
follows the exponential relationship and is given
as
Q) =0e, 1=0, L., L -1 ®)
where the parameter 6 indicates the rate of
decay of the average path strength as a function of
the path delay.

C. Receiver Model

The dual-dimension Rake receiver block diagram
of a MC-DS-CDMA system with BPF (band-pass
filter) and LPF (low pass filter) for the referenced
user (the first subscriber) is illustrated in Fig. 1,

I (t) can be obtained as

Z\/_Zdb ¢h(t—nMT, - )

xZa(k) ) 4 2(t)+ 2, (t)

(6)
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where the subscript | represents the low-pass, the
symbol ® denotes the convolution operator, &(7)

is the impulse function, z(t) is the equivalent

low pass AWGN, z,(t) indicates PBI after low
pass filter. The complex low-pass equivalent
impulse response of the i-th channel is
{q =&-6(t), i :1,...,M}, and é‘i(k) =q )exp(jg(k’)

(k) (k)

where ¢

represent the attenuation factor and phase-shift of
the i-th channel of the k-th user. The complex
equivalent impulse response of the channel is

expressed as C, (t)=ZIL=1a|5(t—ITC). Hence the

received signal at the output of receiver is given as

[5]
K 0

r(t) = 2{1 [2E. > dMen(t - nMT, - 1)
k=1 n=—w

M
x> cos(2r fit + l,/f”)} +N, () + N, (t)

i=1

and g are corresponding to

(7

denotes the user number,
=% +e" | N,(t) is AWGN with a
double-sided PSD (power spectral density) of
n,/2 , N,(t) is partial band of Gaussian

interference with a PSD of qu(f) , which is

written as

where K

Toog Yogpper Y
Snj(f): 23 J 2 —| ‘— J 2 (8)
0 , otherwise

where f; and W, represent the bandwidth of

the interference and the center frequency,
respectively. Then the interference
(Jamming)-to-signal ratio, JSR, is defined as the
ratio of the interference power value to signal
power, and can be written as

W, N
JSR = b/T—(l “)E,,M )

The output signals after LPF, £ (t), i=1,.., M,

of the chip-matched filter in the branch for the
referenced user is given by

&0 (t) = Dél”(t) + MAI g”(t) + JSR;”(t) + Ng)(t) (10)
The first term of (10) indicates the desired signal
of the referenced user can be written as

D, () =+E.«, i d,c,x(t—nMT,) (11)
P, =LMoo, fading
envelopes characterized as Nakagami-m RV’s
(random variables). The second term in (10) is the
interference comes from the other users, called as
MAI (multiple access interference), and can be

where « denotes as
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determined as (the superscript of user will be
omitted form here)

MAI (1) :i{\/@; i d, -, X(t-nMT, - 1)} (12)

where & =q;cos¢ is the envelope of the MAI

component, which is allowed to approximate
Gaussian random variable under the assumption
with large user number K [3]. The third term in
(10) is the JSR defined in (9) and can be
represented as

ISR, (1) = Lp{2n, (D) cos(27 fit + ) (13)
and the last term of (10) presents the output signal

caused by the fact that the AWGN can be
expressed as

N, (t) = Lp[ V21, (cos2x ft+y) | (14)
where the terms n (1) in (13) and n,(t) in

(14) are results from passing N,(t) and N,(t)

into (7), respectively, through the i-th bandpass
filter. The SNR (signal-to-noise ratio) at the output
are to be determined and expressed as

=D, +MAI, +IR, +N, (15)

where the representation of each terms are
adopted as the same results that evaluated and
shown in [5]. We follow the analysis in [7],
therefore, conditioned on the channel amplitudes

a; ,» the noise variance of the n-th Rake finger of

the j-th antenna due to all the multiple access users
in the same cell is given by
2 EbT 2 “e
Gmai,j,nzi(an) ZZQ“ (16)
6N k=21=0
Similarly, the variance of the SI (self-interference)
due to multipath is approximated by [7]

Var {J, } ZR (aMT,) 22 o (17)
, and the variance due to AWGN is
Var{NZi}zN% (18)

where €, denotes the average power of the |-th
path in the j-th antenna, and E =PT is the
received signal energy per bit per antenna.
Without loss of generality, we assume identical
MIP among receive antennas (i.e., Q =€,

j=1,2,..,M,). The desired signal is with mean

ZZ( i) (19)

j=1 n=0
5 and variance glven as
o =Var {MAl, } +Var {N,} +Var {J,}
- _ 20
(K I)NECQ,[I_EJ+M+M (20)
2 4) 2 4

Proceedings of the 11th WSEAS International Conference on COMMUNICATIONS, Agios Nikolaos, Crete Island, Greece, July 26-28, 2007

The signal-to-interference and noise ratio (SINR)
at the MRC output is

y = ﬁ—aoZZ(w 21
j=1 n=0
Furthermore, with the help of (4), we obtain
mK-1) )
0 { a 4)+n0/Eme} (22)

[11. PDF of Dual Dimension Rake

Decision Statistics
The instantaneous SINR y at the output of the
dual-dimension Rake receiver was shown in the
previous section, and the expression can be
written as

=337, (23)

j=1 n=0
where the antenna number at the receiver is preset
as M, =2 for the dual-dimension Rake receiver,
L, indicates the finger number of the Rake
= GO (aj,n )2
SINR of the n-th finger of he j-th antenna. On the
other hand, when the fading figure are real and
arbitrary, the PDF of y 1is given as an
approximate expression and shown [6], it can be
expressed as an indefinite integral in [8] too. The
other most common mean for determining the
PDF of y is the method of adopting the product
of the MGF (moment generating function), and
followed by the calculation of the inverse Laplace
transform. Hence, by means of substituting (21)
into the MGF formula, the MGF of y,, can be

expressed as

receiver, and y; , is the instantaneous

(y‘n)rwn © _xt,mi,—1
M, ()=-=F X" exp(—y; X)dx (24)
7 r(mj n) JO :
where
m., .
Yin :ﬁ, j=12,.,M,,n=01..,L -1 (25)
0=%j,n

However, the integral in (24) will be determined
by using of the approach proposed in [11]. Firstly,
the exponential function may be expressed as a

contour integral exp(-x) = Ii?mr(—s)xsds 271 [15, p.

43], where i= J-1. By interchanging the order of
integration and substituting it into the MGF
formula (24), which can be derived as

1 Y'n m; 1
M, (= — ()

rm, t 2ri

27
x| T(=s)r(m ,+ s)(%fds
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where the components of the multipath channel
are assumed all identical and via the imaginary
axis (in the complex s-plane), separating the poles
of r(m ,+s9), =1, 2, .., M,, n=0,

I, ...,L -1 from the poles of I'(-s). Thus
following the inverse Laplace the PDF, f (y),

of the SINR can be calculated in terms of the
confluent form of the multivariate Lauricella
hyper-geometric function and obtained as [6]

fy(7)={ (¥;.) }
F(ZJ 1 mJn HH

TSI Mo

XV( ) (I)<2 L')(moamna My (28)
D M =Y =Yy Yo =Ya )

where @Y (b, ..

Lauricella hyper-geometric function define as[10]

n c (),.B), X X
OO (BobiGXx) = 3 DO X X o)

i 500 =0 (C)i‘ +otiy il ! in !

The parameters Y, , shown in (28) are defined in

-b;CX,....x,) is the confluent

(25) equals to the ratio of the amount of fading
m. . divided by the corresponding average SINR,

J,.n
o,Q
For the negative exponential MIP with power

decay factor, &, from (4) and (5) , the average
power of the n-th path can be written as [1]

—Né
Q= j=1, 2., M, n=0,1.,L -1  (30)
q(L,o)

where the number of multipath L is considered for
the desired user and the

q(L.8) = Z*‘ﬁ :

of the n-th Rake finger of the j-th antenna.

j.n>

-e
71 S 3D
IV. Bit Error Probability

4.1 System BER with un-correlated channels
The coherent BPSK (binary phase shift keying)
was applied as the modulator at the post-detector.
It is known that the conditional BER of that in
AWGN channel is given by [1]

ré.)
P(7)=QL2y) = 23; (32)

where Q() is the Q-function, and

I'(a,X) = Jmt"’le’tdt denotes the complementary

incomplete gamma function [11, (8.350-2)]. By
means of the random process the average BER of
the dual-dimension Rake for MC-CDMA system
working in Nakagami-m fading channel is then
written as
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R =, R, (ndy (33)
Next, by the definition of the Lauricella
multivariate hyper-geometric function F{”(...)
shown as [19 ~ 20]

Fa (@b, 0,56 %0 X))

,i lafl __t\ca-l
_F(a)l"(c—a)j‘)t =1 (34)

x f[a —xt)™dt, Re(c) > Re(ar) >0

where the Lauricella function F{"(...) for the

order of n=2 is able to provided with a library
function in a common mathematical software
package. The convergence of the Lauricella
multivariate hyper-geometric function in (34) can

be shown by wusing of the following
transformation [11]
F" (0B €% %, ) [H(l—x) }

(35)

= F[()n)(c— a,bl,...,bn;C;xxl_l,...,X:(n_lJ
1

Therefore, the system BER in (33) is going to
be determined as an equation function of
Lauricella multivariate hyper-geometric and
shown as

1 -
TG+ 2 M)
AT+ Y Y M)

2 Lg-l m . ) 1
|:HH( Yin_ym :|‘F[(72L')(2+m,oa Mo My 5 (36)

j=1 n=0 y]n

B -

- y
1+zz ZL, lmj . y1,() , yl_l ey 2.LR-1
J=ten=0 Yio +1 Yt 1 y2 +1

The average BER presented in the previous
equation converges for all practical values of the
system parameters (fading parameters), and where
the representation in (36) provides a convenient
method for fast and accurate numerical
computation of the multivatiate hyper-geometric
function.

)

4.2 System BER with correlated channels
The degree of correlation depends on the distance
between the antennas and their configuration [8].

Let the sequence of branch SINRs, {y j }T: ,bea

set of correlated, but not necessarily identically
distributed, gamma varieties with parameters

m, and o©,Q,;, , respectively, and let p,(")

denote the correlation coefficient between 7"

and y{",i
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Cov(y,",7")
Jvarr ™) -var(r")
where i, j=1,2,..,M, ,and n=0, L., L, —1.
From [16], we find that the CF (characteristic
function) of the instantaneous SINR y given in
(23) is obtained as

L-1 2

M, O=[TTTa+t-(y; )" A" ™ (38)

n=1 j=1

n _ S _

pl] p]l Ospi(,r}) Sl (37)

where || is the determinant operator, and I,
is the M, xM,

A" | n=0,1,..,
matrices with entries o,Q,; /m, =(y,,)” , and

c™ ,n=0, 1, ..,L —1,are M, xM, positive
definite matrices defined by

cm = Péln) 1 Pg) (39)

identity matrix. The matrices

L -1, are M, xM, diagonal

oM L]

In (38), A", are the M, eigenvalues of matrix

C™. In the case of independent fading among the

receive antenna, we have 2\ =1, j=1, 2,.., M,

n=0,1..,L —-1. It can be shown that (38)
reduces to [19, p. 44].

M, O=TTTT(,) 470 ™ Fumis-—  (40)
n=0 j=1 j

The confluent hyper-geometric function may be
written as a Barnes-Mellin contour-type integral
[10, p. 43]:

1 I(m+59)
Fo (M= =p- )_Zm r(m)

By substituting (40) into (41), the CF becomes as
2 Ll m
2L, 1 yj,n
M (t) ( ) j ,[ -[CZLR{J e or(rnn) [/lj(n)tJ

xI(=s, JT(M, +5; )[a ] }ds,odsl.l...dsw

I'(-s(p-t)°ds 41)

(42)

/1(")

which is very similar to (30). It then follows that
the PDF of y in the case of correlated fading

among Rake fingers with the same path delay in
spatially separated antennas is given by

. 2>y "
‘/(7/ r(2 z'ﬂ- 01 HH lj(n)
(2.2"70 m,)-1 _q)z, L (m 0> m Lseees (43)

Yio Y Yo
/’LI(O) 7, ﬂ,‘(]) Vseees /’{Z(Ly—l)

n"leaazzrnwa 7/)

with the only restriction that m; =m, for

j=1, 2,..., M, . Similarly, the average BER in the

spatially correlated Nakagami-m fading channel
becomes

L TGrELEL ™) {
Toaara+ Y S m)

1
XF](JZ L')(5+m,oa M e My s

ﬁL 1( Yin m.:|
+ A"

j=1 n=0 y] n

(44)
Yio
y Lo + 2’(0) ?/th’

yl 1 ?/ yz.LR—l
Yiit A’la) " y + /12“_'7l>

20 -1

T2y ms

i)

V. Numerical Results

Accordingly, the effect of the power decay factor,
6 , with different antenna numbers,
M, =1 (1D-Rake) and M, =2 (2D-Rake), and
different Rake finger numbers, L, =2, 4 and 6,

are presented in Fig. 2. It is except reasonable to
describe that the system performance become
superior when the antenna number increases and
the lever number of power decay factor will
deteriorate the system performance. The fading
MIP and the degradation of the number of Rake
finger on the system BER performance is shown
in Fig. 3, in which the finger number of Rake
receiver are varied with L =2, 4 and 6, the

subscriber k=25, and power decay factor are
varied with 6 =0, 0.5, and 1. It is valuable to
describe that the higher values of power decay
factor can supply better performance when the
finger number of Rake is L, =2 . The lower

decay factor includes the higher power. In words,
when the Rake finger is 4, the medium values of
power decay factor can supply better performance
inversely compared to the lower values. The
reasons are that: (1) The balance of the combined
Rake fingers can be reached, (2) The power of the
combination of the Rake receiver is stronger, and
thus it can obtain higher gain at the diversity
receiver. In Fig. 4 the bit SNR versus BER curves
are illustrated for comparing with the different
number of subcarrier number. Three different
subcarrier numbers are illustrated, the path
number and the subscriber number are L=1L, =4
and k=50, respectively. It is worthwhile noting
that the larger number of subcarrier the superior
performance of the MC-CDMA system is. This is
accordance with the research report in [5].
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V1. Conclusions

The extension of system performance of
MC-DS-CDMA system is investigated in this
paper. The antenna diversity is adopted as a
dual-dimension Rake receiver and the fading
channel is characterized as the versatile
Nakagami-m statistical distributed. The most
important parameters are applied for the numerical
analysis.

H*(o-0)+ ¥ ]
(Antenni H*(0+o,) 1st Rake
j - *H*(mf%w subchannel
H*(w+a, 9 ! ()
z -
R() < 90
[Antenna2 H*(@-0)+ ™
— H*(o+o0) 2nd Rake
t —| subchannel
k H*(w+a, e
Fig.1. The receiver block diagram of

dual-dimension Rake receiver.

Average BER

T T T
-10 0 10 20 30
E,/n, per antenna(dB)

Fig.2. Average BER versus E /n, per antenna
for 1-D and 2-D Rake receivers.

Averate EBR

; : :
-10 0 10 20 30
E,/n,

Fig.3. Average BER versus E /n, for 1-D
Rake receivers.

1E3 M=2" el

average bit error probability
=
m
A

1E-5 T T T
-10 0 10 20 30
SNR(dB)

Fig.4. Average BER versus E /7, per antenna for
1-D and 2-D Rake receivers.
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