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ABSTRACT

The evaluation of System Performance of UWB (ultra-wide band) jointing in MC (multi-carrier) signaling in correlated
environments is presented in the report. The correlated Nakagami-m statistical distribution for the multipath fading
model is assumed in this scenario. In fact to establish the model for analyzing in this article is using MC-CDMA
(multi-carrier code-division multiple-access) system characterization combined with a UWB scheme. The average BER
(bit error rate) is calculated and compared to a special case of previously published results. Studied results from this
paper can be implied to approve the system performance for a UWB system combined with a MC-CDMA wireless
communication system. It is worth noting that the Nakagami-m distributed fading parameter significantly dominates
UWB system performance when it cooperates with MC signaling under a fading environment. Finally, it is worthy of
noting that when the SNR (signal-to-noise ratio) at system’s receiver reaches a preset high threshold value, the parame-

ter of power decay ratio effect could be not included.
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1. Introduction

The UWB (ultra-wide band) system is explained as a sys-
tem which the impulse wireless radio system transmits
data without a sinusoidal modulating signal, it is instead
of sub-nanosecond pulses, recently raised growing in-
terest. The UWB system, which has joint bandwidth in
excess 1 GHz with very low PSDs (power spectral densi-
ties) but without inducing significant extra interference to
incumbent subscribers, has emerged as a solution for the
TG3a (IEEE 802.15a) standard to provide low complex-
ity, low power consumption, low cost and high data rate
among WPAN (Wireless Personal Area Networking)
devices. The modulating sub-nanosecond pulses obtain a
10 dB bandwidth benefit which exceeds 500 MHz or on
the order of one to several Gigahertz and is traditionally
20% of their center frequency. It is known that UWB
signals have large bandwidth when appropriately modu-
lated with spreading spectrum techniques and provide
low error intercept and detection probability as well as
robustness to jamming. UWB signals occupy large
bandwidth and account mainly for both the drawback and
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advantages of UWB radio systems. For the purpose of
minimizing interference to these systems, UWB system
operation must strictly follow certain necessary limita-
tions, e.g., transmission range, power control implemen-
tation and achievable data rate. In order to break through
these limitations, UWB systems could be developed to
coexist with wideband and narrowband systems already
allocated for a dedicated frequency spectrum, such as
multi-carrier modulated schemes, SS-CDMA (spread-
spectrum code-division multiple-access), DS-CDMA
(direct-sequence CDMA) or MB-OFDM (multi-band
orthogonal frequency division multiplexing) systems.
UWB channels are characterized as frequency selective
while the waveform of UWB system propagates over a
fading channel, because of their extremely high band-
width, as reported in [1]. To achieve higher data rates
with lower power consumption and support multiple us-
ers, the DS-SS (direct-sequence spread-spectrum) has
been promoted to reach this previously mentioned target.
Several researchers have addressed in this issue. Re-
cently, in [2] the author introduced a new UWB approach
with DS-UWB signaling and evaluated the system per-
formance. The performance of a DS-UWB system over
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multipath fading environments was evaluated in [3] at
about the same duration. MC-CDMA system perform-
ance was investigated in the presence of narrowband
interference for future UWB communication in [4]. In [5]
the authors outlined some attractive features of TH-SS
(time hopping spread-spectrum) multiple-access system
and estimated the multiple-access capability for both ana-
log and digital data modulation schemes under ideal
channels. In [6] a frequency selective Nakagami fading
channel was considered to analyze inter-symbol/frame
interference for pulsed DS (direct sequence) and hybrid
DS-TH (DS-time hopping) UWB communications. In [7]
the channel models for UWB were overviewed for UWB
propagation channels. Deterministic and stochastic mod-
els were also described for UWB channels and with key
parameters identified for the measurement description.
The researchers showed results from the developed equa-
lization in [8], claiming that a linear equalization scheme
with widely linear processing is well suited for DS-UWB
system lower data rate modes, whereas nonlinear equali-
zation is preferable for high-data rate modes. A novel
approach for reducing the power consumption and com-
plexity of a MB-OFDM (multiband orthogonal frequ-
ency-division multiplexing) UWB system involved ap-
plying ideas from pulsed UWB systems was described in
[9]. A decentralized cooperative beam-forming scheme
was proposed in [10] where the impulse-based UWB is

designed to link on cooperative wireless ad hoc networks.

The system performance of PCSS-UWB (parallel com-
binatory spread spectrum) with multiple users was evalu-
ated considering the AWGN channel in [11], where the
authors also proposed MUD (multiple user detection) in
the system with 2 dB outperforming the system without
MUD. In [12] for suppressing the mutual interference
between ultra-wide band-width wireless and coexisting
narrowband services, DS and THS designs were pro-
posed for impulse radio ultra-wide bandwidth systems.
The aforementioned research motivated this paper’s
contribution in analyzing MC (multi-carrier) techniques
combined with the UWB system performance over the
correlated-Nakagami-m fading channel. The correlation
phenomenon caused by the distance between subchan-
nels is not sufficient, a fact validated in [13]. There are
several closed-form BER (bit-error rate) derived formu-
las. Because most UWB systems are deployed in short
distance indoor environments, it is believed that the cor-
relation effect between the multipath branches could
dominate the performance. On the other hand, the corre-
lation fact is not negligible when UWB scheme perfor-
mance evaluation is conducted. This paper is organized
as follows: the system model is presented in Section 2.
Section 3 analyzes UWB system with MC-CDMA tech-
niques performance. The numerical results and dis-
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cussion are illustrated in Section 4. A simple conclusion
is drawn in Section 5.

2. System Models

It is known that the MC (multi-carrier) system can be
incorporated in the UWB system, e.g. the MC-CDMA
system overlay for the UWB communication system [4].
This situation assumes that the bandwidth of each MC
system subcarrier is W, =W, /N, where W, and N
denote the UWB system bandwidth and the number of
subcarriers, respectively. We evaluate the system per-
formance for a typical UWB system based on TH-PPM
(time-hopping pulse position modulation) scheme, which
is the most popular, suitable modulation technique for the
UWB system [1], combined with the MC-CDMA system
and the working environment for the propagated channel.

The binary source data sequence, aL(ik/z\, |» Where li/N, |

indicates the integer part of i/N, , of the k-th user is first
spread by a set of random time-hopping sequences, cfk) ,
with processing gain PG =T, /T, , where 7, and T,
stand for the bit duration and the hopping time, respec-
tively.

Based on TH-PPM scheme utilization for the UWB
system, the BER of the coherent BPSK (binary phase
shift keying) modulation with AWGN (additive white
Gaussian noise) channel is calculated in [1], and rewrit-
ten as

1 E, 1-R(t)
BER_zerfc[ N2 ] €]

where R(t),in which 7 represents the time shift of the
comparison between the pulse in a data bit “1” to a data
bit “0”, is defined as the auto-correlation function of the
received pulse signal and E,/N, represents the SNR
(signal-to-noise ratio) of the frame. The BER system for
evaluating the communication system with BPSK modu-
lation can be expressed as

N, T, +T,

BER = %erfc{

where 7, is the guard interval time, 7, indicates the
bit symbol time without guard interval time 1 (1 Since
PPM (pulse position modulation) is adopted for UWB
system, guard interval exists between each pulse position
is necessary). Consider a channel that has frequency-
selective fading, the channel impulse response is then
modeled as a linear filter and can be written as
L-1

h(f)=zh@5(f—fz) (3)

=0

where &, =q, exp(j@),ﬂ =0,---, L—1 are mutually un-
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correlated, &(-) denotes the Dirac delta function, 7, is
the time delay of the 1-t& diversity path, the phase
¢,,0=0,---,L—-1 , are uniformly distributed over
(0,2n] , and the amplitude «, =|h,| is assumed charac-
terized as Nagakami-m distributed, which is denoted by
a, ~M (a;;m,,Q,) [14], which is restated as

M (a;5m,,Q,)

2 m, B 2m, -1 m, ,
= — | o exp|—a, |, 4
F(m/)(Qf] { p( Qﬁ 0 ( )
(=0, L—1

where T'(:) is the Gamma function, QK:EDMZJ

denotes the average power of the received signal and
m,,{=0,--,L—1 are the fading parameters, with
m, >1/2 representing the fading severity. The smaller
the m, values are, the greater the fading in the channel
environment. Assuming that the fading parameters of all
taps are identical, i.e., m, =m, for
i#j,i,j=0,--,L—1 and exponential MIP (multipath
intensity profile), Q, =Qe™"’, where Q, is the av-
erage power of the first channel path, 6 >0 indicates
the average power decay rate, however, 6 =0 corre-
sponds to the constant MIP condition. To claim that the
pulsed-UWB channel is modeled as correlated Naka-
gami-m fading in this report is necessary. Generally the
relevant UWB techniques are applied in a short distance
and the standard channel model with IEEE 802.15.3a is
always the one model suitable for the UWB system. It is
reasonable to adopt the correlated-Nakagami-m distrib-
uted system as the channel model in the indoor commu-
nications case [7]. The channel could suffer from the
correlation between the diversity paths due to not having
enough subchannel separation. The N-point (N >L)
DFT (discrete Fourier transform) of the channel impulse
response at nth frequency bin is defined as

| = 2nnl
H =—— h,exp(—j—j,OSnSN—l. %)
\/N; ‘ N

The approximate S, =|H,| expression is adopted to
analyze the system performance showing that the fading
intensity follows the Nagakami-m distribution with fad-
ing parameter m ., and mean power Q_, ie.,

B, ~M(ﬁ";mj ,Q/.) , where m, and Q, are given
by [14]

1
"I Yd(L.26) ©)
T
m d2(L,§
d(L,0

respectively, where d(L,5)=1 —e ¥ /1—e”, while 6 =
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0, and then m, =L/(L-m+1), and Q, =LQ;/N . It
is worth noting that the accuracy of the approximate ex-
pression becomes better when the number of multipaths,
L, increase. After the channel fading model is modeled
and established, we describe the receiver model, as
shown in Figure 1, where the block diagram of the pro-
posed MC technique is combined with the UWB system.
There are N subcarriers deployed in this infrastructure
for the multiple access system. Each sub-channel signal
is fed into a BPF followed by a notch filter demodulated
by sinusoidal waveforms. The received signals are
summed after dispreading and NRC combining with
weight gl.(k),i=0,---,N—1 . The received signal r(t)
at the system output is expressed as

(1)
= (1)

RE

Zlfb(k)(q)u (t—qT —T(k)) ®)
NE; g=-° k=0 g ’

N-1
x>y HYeW cos (27tfnt +6" )
n=0

where H,Ek) = ﬂ,gk)ej‘g'(’k) represents the sub-channel fad-

ing intensity with attenuation ,b’,gk) defined in (5), and
H,Sk) is the phase of the nth subcarrier of the kth user.

K-1
The channel impulse response taps, {aﬁk)}k , are as-
2 PN

sumed 1i.i.d (identically independent distributed) for dif-
ferent users with the same index 7, thus,

{ag’f)}l(_] ~M(a£k);mf,Ql),

k=0
and
WV (g0,
(a0 =M ().
7®) s the time misalignment of user & with respect to

the referenced user at the receiver which is i.i.d for dif-
ferent users k& and uniformly distributed in [¢7}, (g +
1)T,]). n(¢) represents the AWGN (additive white Gaus-
sian noise) having a two-side power spectral density of
N,/2.

3. Performance Analysis of Proposed System

Without loss of generality, the Oth user is considered the
referenced user operating on each subcarrier suffering
from a flat fading channel. Assuming that the channel
fading, ﬂ,sk), and phase shift, H,Ek), are constant over
one bit duration. The decision variable, U, , of the
Oth data bit of the referenced user after the coherent de-
modulation is given by

1 N-1
Uome = FIOTb ()Y " cos(2nf,0)dt (9)
b n=0

(0)

n

where the weighting factors, g, , of the Oth user for an
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Despreading and
demodulation 1st subcarrier

Despreading and
> demodulation 2nd subcarrier

r(1)—

Despreading and
»| demodulation 2nd subcarrier

J'TbH()dt _><‘ | I I 4

Figure 1. Block diagram of MC decision scheme combined with UWB system.

MRC (maximal ratio combining) diversity is employed
in detection scheme, thus, let

g =(H)

By multiplying each subcarrier with the weighting
factor gio), and the decision variable, Uf;g , after de-
spreading the signal of the Oth user can be expressed as

= e (10)

n

U](\/([)g‘:Dv+JMA1+JN (11)

where the first term, D_, denotes the desired signal of
the referenced user can be calculated as (assuming that
the case of b,(0)=+1)

oy

D, ZNT“ 0( ") (12)

the second term, J,,,,, in (11) indicates the MAI (multi-
ple-access interference) which is including all the dis-
turbed terms from the other located in the same BS (base
station), and the last term, J, , is the background noise
component. Assuming that the number of multi-carriers
N s large enough, the chips for spreading code and the
input data symbol are modeled as random variables, con-
ditioned on channel state ﬂ . Hence, the MAI is able
to be well approximated by zero mean Gaussian statistics
and with variance obtained as [13]

o2 BENQ, (K I)Q NZ;( ) (13)

where Q, is given in (7). By utilizing the CLT (central
limit theorem) definition, the random variable of J,
can also be approximated using a zero mean Gaussian
distribution with variance yields as

o) (19

J,,_
¥ 47;7710

Once the desired value and all statistical characteristic
variances for the interference of the referenced user are
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computed, the instantancous SINR (signal-to-interference-
noise ratio) can then be determined as

. :{mz:—g(ﬂio))z}/{m_i)%+Zﬂ} (15)

where E, /N, is the SNR per transmission bit. Now,
the phenomena of the correlation characteristic between
transmission branches should be taken into account. Dif-
ferent delay times could be caused for each path, when
they arrive at the receiver via different propagation
routes. Each path with the same delay may meet corre-
lated fading among the separated paths. All of the possi-
bilities may occur in the path of each subcarrier or the
multi-path channel. In this article, the correlation will be
ignored for the multi-path channel, since the spatial tech-
nique is not considered, thus, #,,¢=0,---,L -1, are mu-
tually uncorrelated for different /. It is believed that the
correlation between the propagation channel cannot be
canceled while the MC scheme is applied. However, the
CFO (carrier frequency offset) is negligible when the
channel estimation is considered. Hence, the correlation
of H, and H, Iisexpressed as

Q 1- -SL/N /21r(n -n)L/N
Pun :E|:H H :' Z

N 1— e—é/N j2n(n'-n/N) (16)

It can be shown that in the case of 6 =0, in order to
satisfy the case avoiding correlation, p,,. =0, the rela-
tionship between paths of

n—n'=cN/L 7)

must be satisfied, where nonzero integer 1<c<L-1.
Among all sub-carriers, for a fixed sub-carrier n, only
L—1 other subcarriers are uncorrelated to sub-carrier n.
It is well known that when a random variable x = \/;
is modeled with Nakagami-m distribution, then the
square of x* = u, is a random variable characterized as
Gamma distribution. Thus, the pdf of SINR, y,,, shown
in (15) can be denoted as
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g(y;m,Q){ﬁ)m - eXp[—ﬂ7j (18)

Q) T(m) Q

where O and m have been described in (4). By using
of the symbol of S{, express the summation of all the
fading components at the system output, i.e.,

¢ _ (g0 / : @)
Sy —Z,,:o(ﬂn ) N, since {a[ }H are mutually
uncorrelated, the statistical results of S{, can be shown
as S, ~g(Sﬁ;mE,Qfl),where

coelss] (Zhe) e

= = L = 19
"t Var[SACJ zj:(;efw d(L,25)m( )
and
d(L,0
Q= (N )Qo (20)

where the first path arrival average power at the receiver
output, and d(L,5) are the same as shown in (7). By
following the average system BER procedure for a co-
herent BPSK signaling system, the BER evaluation,
P ysvic.coma » for UWB system adoption in a MC-
CDMA system equipped with a MRC receiver can be
calculated using the formula shown in [15]

Bows-sc-coma = f:Q(\/ﬁ)gﬁ;m,Qf )dx (21)

where Q(-) is the well known Gaussian Q-function,
alternatively expressed as

0(x) =%I§“exp( v ]de 22)

2sin’@

and by substituting (15) and (18) into (21), the average
system BER result, P 1c.cpus » ©f MC-CDMA system
with MRC diversity scheme combined with UWB sig-
naling can be obtained as (see the Appendix )

x m
Bows-sc-coma = le =
e 0 Q,

(23)
. sin”? @ L . m | 40
(K—l)d(l,é')Q N THT, Q
N’ *E,
1—exp(—l5) 1

where d(1,6)= 0, =—-d(15)Q, . with

1-exp(-6)
conditions of 0<d <1 and Q,=1.

4. Numerical Results and Discussion

In this section the UWB system performance combined
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with a MC-CDMA system is illustrated by implementa-
tion with a computer software package. Some of the pa-
rameters will be taken into account for accuracy valida-
tion and performance comparison, e.g., the number of
received resolvable multi-paths, L, the user number, &,
the fading parameter, m, and the sub-carrier number,
N, of the MC-CDMA system. The role of correlation,
which is always fixed at p,, =0.5, is implicitly applied
all through the numerical operation for evaluating the
system performance. The bit duration is considered equal
to that of a frame time, i.e., 7, =T, +T, . First the BER
versus SNR, E,/N,, (dB) of the transmitted bits are
illustrated in Figure 2. The user number is setas K =2,
the received path number is L =5, and the sub-carrier
number is set as N =512. In Figure 2 where different
fading parameters, m = 1, 3 and 5 are considered, we
adopted different values for 6 =0.1,0.3 and 0.5. It is
clear that the system performance was degraded by the
fading parameter. However, the system performance will
be independent of the power decay ratio parameter, J ,
after the SNR value increment is equal to 50 dB. This
fact tells us that the power decay ratio will disappear
when the transmission energy symbol is increased. The
system performance results with BER versus bit SNR are
presented in Figure 3, with the effect of different num-
bers of users, K =1, 3, and 4. It is reasonable to note that
the smaller number of users, the better the system per-
formance. The system performance degradation is gener-
ated by the interference, which is caused by the number
of different users. The effect comes from the resolvable
multipath, L, provides the degradation of the system per-
formance are presented in Figure 4. In advance, in Fig-
ure 4 where the received path number are assigned as 1,
2, and 5. Generally speaking it is well known that the
little number of the received paths will deteriorate the
system performance. As usual, the greater the fading

1 3

0.1
0.01

1E-3 4

Bit Error Rate

1E-4 4

1E-5 4

1E-6 4

1E-7 . . . . . T . - - T
0 10 20 30 40 50

SNR(dB)

Figure 2. Plots of BER vs SNR (dB) with different parame-
ters &§(k=2,L=5N =512).

ENG



334 J.1-Z.CHEN ET AL.

0.1

Bit Error Rate

0.01

1E-3 . T

SNR (dB)

Figure 3. Plots of BER vs Eb/NO (dB) with different para-
meters K(m=5,L=5N =512).

0.1
0.01

1E-3 4

Bit Error Rate

1E-4

1E-5

1E-6 4

1E-7 . . . . . T " T . T
0 10 20 30 40 50

SNR(dB)

Figure 4. Plots of BER vs SNR (dB) with different para-
meters L(k=2,6=0.1,N=125).

parameter value, the better the system performance. This
fact can be explained as the system performance is
dominated by the fading parameter. On the other hand,
the system performance of an UWB system combined
with MC techniques is dominated mainly by the fading
environment. In contrast to the results shown in Figure 2,
shows the system performance BER of the UWB system
combined with a MC-CDMA system presented by the
curves versus the E, /N, (dB) with different numbers
of subcarriers, N, and different power decay ratios, o .

5. Conclusions

We proposed a system which adopted the UWB system
in the MC system, i.e., the MC-CDMA system, in this
paper. The system performance of the proposed configu-
ration is also evaluated in the article. The fading channel
is characterized as the correlated-Nakagami-m distribu-
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tion. Some of the usual parameters were taken into ac-
count in the numerical analysis for accuracy validation
and comparison. The most important thing worth noting
is the fading parameter always dominates the system
performance when considering the Nakagami-m distribu-
tion as the fading model.
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Appendix that the distribution has Gamma statistics. After put the

) ) ) ) ) ) SINR into (18), the Gamma distribution expression can
In this appendix the Formula (23) is derived in detail. be obtained. By substituting the Gamma distribution

From the SINR description shown in (15), it is known formula into (21) the result can be calculated as
< 2x T, m) xm m
Fowvic-coma =), @ l (—j ———&Xp (——XJ dx (A.1)
J \j(K—l)d(l,é)QO+]\f()7;+Tg Q, | I'(m) Q,
N? E,

where the O-function can be alternatively replaced with the formula shown in (22), and the integral expression now
becomes

PUWB-MC-CDMA

f

1 o2 oo —xsin” @ T; m | m
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By applying the integral equivalent of the formula shown as [16]
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and using of the variable changed with v =m , the other variable is denoted as
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By following the results illustrated in the previous equation, the indefinite integral in (A.2) becomes
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The formula shown in (23) can be obtained by substituting (A.5) back into (A.2) and yielded as
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