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Abstract— This paper presents an analytical expression for the
bit error rate (BER) of the antipodal and orthogonal binary sig-
nals in the ultra-wideband (UWB) channel, of which the unique
characteristics include the cluster property and highly dense
multipath effect. Specifically, we consider the IEEE 802.15.3a
UWB channel and take into account of the impact of all the
key parameters, consisting of the cluster arrival rate, cluster
decay factor, the number of rays per cluster, and the distribution
of a non-Rayleigh fading signal. For the IEEE 802.15.3a UWB
channel, the effects of clustering are characterized by a Poisson
discrete random variable, and the magnitude of the signal is
modelled by lognormal random variable. In this paper, we
develop an analytical model to compute the signal with such
joint continuous lognormal and discrete Poisson random variable.
Hence, the developed analytical model can be useful in evaluating
the performance of an UWB signal in the IEEE 802.15.3a channel
without time consuming simulations.

Index Terms— Ultra-wideband (UWB), IEEE 802.15.3a chan-
nel model, bit error rate (BER).

I. INTRODUCTION

IRELESS systems continue pursuing even higher data

rates and better quality. The ultra-wideband (UWB) is
a promising technique to achieve this objective. Performance
analysis of the UWB communication system in a realistic
UWB channel is important but not an easy task.

In this work, we consider the IEEE 802.15.3a UWB channel
model [1]. Two important properties distinguish the UWB
channel from the conventional narrow band channel. First, the
bandwidth of the UWB signals is much wider than the co-
herence bandwidth of the channel. Thus, in the frequency do-
main the extremely highly frequency selective fading occurs.
Second, in the time domain the extremely large bandwidth
leads to high resolution arrival time for the UWB signal. Thus,
the reflected UWB waves by objects usually yield a number
of clusters of rays, which may contain some non-Rayleigh
multipath components.

A. Motivation

The challenges of analyzing UWB signals lie in three folds.

« First, unlike the narrow band channel model that usually
has only one cluster with a fixed-number of arrival rays,

I'This work is supported by the National Science Council, Taiwan, under
the contract NSC94-2213-E-009-030.

the transmitted signal over the UWB channel may arrive
in many clusters, of which the number of arrival rays
is also random. Mathematically, the arrival process of
the UWB signal is modelled by a doubly stochastic
Poisson process. The collected signal energy at the RAKE
receiver in a channel with unknown number of rays is
difficult to be analyzed.

o The amplitude of the impulse response in the UWB chan-
nel is a joint two-dimension random variable, consisting
of the lognormally faded amplitude with a mean related to
two Erlang random variables. This is because the average
of the channel impulse is also a random variable due to
varying interarrival time of rays and clusters.

¢ Due to insufficient arrival rays in a very narrow time
bin, the central limit theorem is no longer true. Thus,
the multipath fading signal is not a traditional Rayleigh
random variable. In the IEEE 802.15.3a UWB channel,
the multipath fading signal is characterized by a lognor-
mal random variable according to measurement results.
Furthermore, shadowing is also considered in the IEEE
802.15.3a channel model. Thus, for a given number of
rays and the mean of the signal amplitude, a UWB signal
is a composite slowly varying lognormally shadowed/fast-
varying lognormally faded random variable. The analysis
of such a signal is rarely seen in current literature.

The IEEE 802.15.3a UWB channel model defines four
sets of parameters for different environments. Based on this
channel model, a UWB signal can be characterized by a
joint continuous lognormal and discrete doubly stochastic
Poisson random variable, of which key parameters include
the cluster/ray arrival rates, the cluster/ray decay factors, the
standard deviations of the lognormal fading.

To our knowledge, a complete analytical formula for the
bit error rate (BER) performance with RAKE receiver in
the IEEE 802.15.3a UWB channel considering all the three
aforementioned challenges and key parameters is not seen in
the literature.

B. Related Work

The published papers which are related to the performance
analysis of the UWB system under different channels are listed
as follows. In [2], the authors derived the theoretical BER



of binary and M-ary UWB systems with Walsh codes under
the AWGN channel with multiple access interference. In [3],
the authors studied the performances of UWB systems in the
AWGN channel in the presence of the interference from uni-
versal mobile telecommunications system (UMTS)/wideband
code division multiple access (WCDMA) band is present. The
BER performances of the UWB system were derived under
the flat and dispersive Rayleigh fading channels with timing
jitter in [4]. In [5], the authors analyzed the performance
of a transmit-reference (TR) UWB system with a simple
autocorrelation receiver under a slow fading channel of which
attenuations are characterized by an appropriate moment gen-
erating function.

In [6], the authors derived a BER formula for the IEEE
802.15.3a UWB channel model but only as a function of finite
window size rather than a function of the fingers number of
the RAKE receiver. In [7], they further obtained statistics of
the output SNR for the RAKE receiver in the IEEE 802.15.3a
UWB channel, but without providing explicit BER formula
and ignored the shadowing effect.

C. Objective and Outline of This Paper

The objective of this paper is to derive the analytical BER
expression for the UWB system using the coherent RAKE
receiver in a complete IEEE 802.15.3a UWB channel. The
difference between [6] and [7] and our work are two folds.
First, we consider the lognormal shadowing fading in the IEEE
802.15.3a channel model. Second, we derive the BER formula
as a function of the fingers number of the RAKE receiver in
the UWB channel. From the numerical results, we can see
that BER in the IEEE 802.15.3a channel can be analyzed and
approach the simulation results.

The rest of this paper is organized as follows. Section
IT describes the IEEE 802.15.3a channel model. In Section
III, we derive the evaluation-form expression for BER of the
binary signals subject to the impact of the considered UWB
channel. Section IV shows our numerical results. Last, we give
our conclusions in Section V.

II. CHANNEL MODEL

We consider the UWB channel model in [1]. The impulse
response of the channel model is

N.—1 N;—1

hi(t) =X; Y > oh 8t =T) — 7)), (1)

=0 k=0

where i refers to the i-th realization, {X;} represents the
lognormal shadowing [i.e., 20log(X;) o Normal(0,02)],
{a};,l} are the multipath gain coefficients, {7}} is the delay
of the I-th cluster, {7} } is the delay of the k-th multipath
component relative to the [-th cluster arrival time (Tf), N, is
the number of clusters, and /V; is the number of rays for each
cluster. By definition, we have 75 ; = 0.

The distribution of cluster arrival time and the ray arrival
time are given by

p(Ti|Ti-1) = Aexp[-A(T; = T;—y)] 2

and

P(Th, 1| Th—1),1) = AexXP[=A(Th1 — T(h—1),1)] 3)
where A and ) are the cluster and ray arrival rate, respectively.
Note that Ty = 0 in the line-of-sight (LOS) channel, while in
the non-line-of-sight (NLOS) channel, T, is an exponential
random variable. That is,

p(To) = Aexp(—ATp). “4)
The channel coefficients (o ;) are defined as follows:

g, = Pri& P, )

where p;, ; is equiprobable £1 to account for signal inversion
due to reflections, ; reflects the fading associated with the
[-th cluster, and ) ; corresponds to the fading associated with
the k-th ray of the [-th cluster. The total energy contained in
the terms {ay,;} is normalized to unity for each realization.
The distribution of &3y ; is

2010g(&iBy,1) o< Normal(piy,1, 07 + 03) (6)

or
|€18%,1| = 10(“k,l+"1+n2)/20’ ™

where n; o« Normal(0,0%) and ny o Normal(0,03) are
independent and correspond to the fading on each cluster and
ray, respectively. Note that

~ 10In(Qp) — 107;/T — 1074, /v (0F 4 03) In(10)
B In(10) 20

M.l
)]

and
]E[|€lﬁk,l|2] = Qoe_Tl/Fe_Tk,l/’Y’ (9)

where (2 is the mean energy of the first path of the first cluster
and 7; is the excess delay of bin [. I is the cluster decay factor
and + is the ray decay factor.

In [1], through measurements, some initial parameters are
given for four kinds of channel models, namely CM1, CM2,
CM3, and CM4, which are based on LOS (0-4 m), NLOS (0-
4 m), NLOS (4-10 m), and 25 nsec root-mean-square (RMS)
delay spread channel measurements, respectively.

III. BER ANALYSIS
A. Receiver Structure

We use a coherent RAKE receiver with L fingers. The
received SNR r, is

(10)

where E}, /Ny is the bit SNR, ay, is the channel amplitude that
appears at the k-th finger of the RAKE receiver. From [8] we
know that the conditional error probability for binary signals
for the coherent RAKE receiver is

Po(w) = Q (VT = 1)) an

where p, = —1 for antipodal signals and p, = 0 for
orthogonal signals. Next we will derive the characteristic
function of the received energy £ £ Zle a? in the UWB
channel.



B. Characteristic Function of the Received Energy (£)

In the following theorem, we give the formula of the
characteristic function of £. We exploit the result in [9] to
further take the number of fingers of the RAKE receiver (L),
the chip duration between two fingers (7;), and shadowing
into account. Importantly, instead of deriving the path gain of
the UWB channel, we obtain directly the square of a path gain
of a UWB channel, which can facilitate the BER calculation
of the RAKE receiver in the UWB channel.

Corollary 1: Let L1 ,(v) be the characteristic function of
the single path gain in the IEEE 802.15.3a UWB channel with
the cluster arrival time at 7' and the ray arrival time at ¢ =
T + 7. Also, denote e=*¥»(T) and e=27(*) the characteristic
function of a shot-noise random variable related to the ray
arrival process with parameter A and that related to the cluster
arrival process with parameter A, respectively. Then, it can be
proved that the characteristic function of the received energy
(&) in the IEEE 802.15.3a UWB channel can be computed by

U(v) = Loo(v)e MW O-AT), (12)

Proof: See [9]. [ |

Theorem 1: Consider a RAKE receiver with L fingers in

the IEEE 802.15.3a UWB channel. The characteristic function
Lr (V) can be computed by

o  10exp {—
/ elve
0

é (20logqy x — Q,LI,T’t)Q}

Lri(v) =
re(v) V2mogxIn10
N() \FUgl( )+HTt
~ Zw —exp (yulO )
_ 2 52
where pry = % [mQo - F - ST — (150)* %] and

0?2 + 03 + 02. The parameters 2, I, and ~ are
defined in (9). Note that o¢ consists of o1, oo, and o,, which
represent the standard deviation of cluster fading, ray fading,
and lognormal shadowing fading terms, respectively. {w?H)}
and {xEH)} are the weights and abscissas of the Gauss-Hermite
formula, respectively. N™® is the number of points of the
Gauss-Hermite integration.

Proof: See Appendix 1. |
Theorem 2: For the RAKE receiver with L fingers, the
function v, (T") in (12) can be computed by

Yo (T)
IR~ g (v))dt, T < (L - DT,
0, T > (L-1)T,
(L—1)T.—T
N(L2) (L)
_ I e - £ "
= L=DTe=T ) (L-1)Tet T T< (L - T,
- 2 P 2
0, T>(L-1)T,

where T, is the chip duration between two fingers, {w{} and
{x%)} are the weights and abscissas of the Gauss-Legendre
formula, respectively. N is the number of points of the
Gauss-Legendre integration. Similarly, we can prove that J(v)

(13)

is equal to
(L—-1)T.
Jv) = / [1 - Lrr)e DT
0
(L - DT I~ L — My (T)
5 Z [1—[3 r(v)e ¥ ”

i=1

T EmDTe 0 (15)

Proof: See Appendlx 1L |

With characteristic function of &, i.e. ¥(v) in (12), the

PDF of £ can be computed by the Gauss-Hermite formula
as follows:

fe(x) =

(L— 1)TC .

1 o0
27
N(H)

1 Z W)

Combining (13), (14), (15), and (16), the BER of the RAKE
receiver in the IEEE 802.15.3a UWB channel can be computed

as
Q ( (1 - pr)f\;(b)g>

/0 e ( (1- pr>§zx> fe()da

\I'(V)efjm’dl/

—jwy V2

Q

(16)

_m
=z

Py

Ee

N A . ()+
Usf 10,0
= 3 3/2 ZZU)gc )wg )exp (]VlO )
[y
N(L)
exp —f)\ Zw(L) 1—Los(v)]|

N

Z w(L)

t:%@flm(w;&m)) oxp

1- ¢ mp,,m} ’
|: T,T(V)e T:%(L—l)Tc(I(iL)"'l)

/j@( (1 —pr)ﬁ(’f)

exp(—jzv)dz exp(v?) |y—~‘H> .
Yk

T

a7

Compared to [9], we further consider the impact of parameters
L, T, 03, and the characteristic function of the square of
the path gain into our formula. Also, an explicit computation
formula is provided.

IV. NUMERICAL RESULTS
A. Simulation Method

In order to check the correctness of the BER formula in
the last section, we perform simulation by using MATLAB.
We consider the orthogonal binary signal, i.e. the PPM signal.
When the information bit is 0, the transmitted signal is

so(t) = {é’

0<t<T,

18
otherwise. (18)



Here we set T, = 1 nsec. When the information bit is 1,
the signal waveform is s1(t) = so(t — 07¢), where § is a
positive integer. From the uwb_sv_model _ct function in [1],
we can get the output vectors h and t. The vector t stores the
arrival time of every channel impulse response with increasing
chronological order. The vector h stores the corresponding
amplitude.

We define a template vector pg with size 1 x (L+0), where
the m-th element of py (denote by po[m]) is equal to

Zn:t[n]:O h[n}’
Pon(m-2)To<tn)<(m-nr BN, 2<m <L,

m=1,

Po|m] =

0, L<m<L+4.

19)
The physical meaning of the vector pg is the received signal
excluding the noise sampled at a rate of 1/7, given the infor-
mation bit being 0. If the information bit is 1, then the template
vector can be expressed as p1[m| = [01xs, Po[1],- - , Po[L]]-

After adding noise n, the sampled received signal for
information bit 0 becomes r = py + [n, 01| and that for
information bit 1 is r = p; + [01xs, n]. Note that the noise
vector n contains L independent identically distributed normal
random variables, each of which has zero mean and variance
of Ny/2.

The coherent RAKE receiver is applied to detect the signal
in the IEEE 802.15.3a UWB channel. Let the decision variable
Uy =r-pg and U; = r-p1, where the operator “-” is the inner
product of two vectors. If Uy > Uy, then the information bit
is 0, otherwise the information bit is 1.

B. Results

Figure 1 compares the BER performance based on (7) in
[6] and (17) in our paper. For the BER curve based on [6],
we reproduce the curve in [6, Fig. 1], where the received
waveform is observed only over a finite window [0, Ti,ax] and
Tmax = 33 nsec. The symbol 1 = &, /(802), where &, is the
signal energy of and o2 is the noise power spectral density. In
the figure, we observe that the BER based on (17) is slightly
higher than that based on (7) of [6]. This is because we take
the lognormal shadowing into account.

Figure 2 shows the BER v.s. Ey, /Ny for CM1, CM2, CM3,
and CM4 by simulation and analysis. For the analytical curves,
We consider the orthogonal binary signal, i.e., p, = 0. The
parameter § of the PPM is set to be one. The number of the
fingers of the RAKE receiver is 10. The space of the fingers of
the RAKE receiver, T¢, is set to 1 nsec. For each given E;, /N,
we simulate 100,000 bits to obtain the BER. As seen from the
figure, the analytical results match the simulation results quite
well. However, for CM3 and CM4, there are some differences
between the simulation and the analytical curves, which may
result from the following reasons:

1) The usage of Gauss-Hermite and Gauss-Legendre for-

mulae may cause some error in integrations.

2) We use the MATLAB programs provided in [1] to
generate the IEEE 802.15.3a channel. Theoretically the
Poisson process has infinite arrivals, but the computer
simulation can only generate finite arrivals. The MAT-
LAB program in [1] only produces the clusters with the

arrival time up to 10I'. Meanwhile, each cluster only
contains the rays with the arrival time up to 10v. Thus,
the RAKE receiver in the simulation may collect less
energy than that in the ideal case. Thus the simulation
BER values are slightly higher than the theoretical BER
values.

V. CONCLUSIONS

In this work, we have derived the BER analytical formula
for receiving the antipodal and orthogonal binary signals by
using a coherent RAKE receiver over the IEEE 802.15.3a
UWB channel model. Our numerical results show that the
simulation and the analytical values of the BER are very
close. Using our analytical BER formula can save computer
simulation time. Furthermore, the suggested analytical method
can be applied to other multipath channel models.

The possible future works that can be extended from this
work include the following. First, we plan to analyze the same
problem under the IEEE 802.15.4a UWB channel model [10].
Second, we are going to find the ergodic capacity of such a
UWB channel models.

APPENDIX I
PROOF OF THEOREM 1

Let fgr.¢(2) be the PDF of the path gain G £ oy arriving
at time t that is part of a cluster that started at time 7.
According to [9], fg7,(x) can be written as

1
Jair(z) = §[f|GHT,t($) + fici ()], (20)
because the path gain has probability of 1/2 being positive and
probability of 1/2 being negative [Recall the definition of path

gain in (5) and the following context.] Note that fi)7,(z) is
lognormally distributed, i.e.,

20cxp[—20%(2010g10 fE—,LLTYt)z]
V2moxzIn10 ’
0, otherwise.
2D
where pr, is given in (1) and 0 = \/0? + 03 are the mean
and variance of the random variable 20 log, |G|, respectively.
Note that (1) is the continuous-time representation of (8),
because we have changed the discrete indices k£ and [ to
continuous arrival time ¢ and 7', respectively.
The complete form of the square path gain should be X2G?,
where X is the lognormal shadowing introduced in Section II.
Since 201og;, X o Normal(0,02), we have

z >0,

ficyre(z) = {

20log,y X2 = 2(201log,;, X) o< Normal(0, (20,)%)  (22)
and then
20log,, X >G>
= 2(20logy, X|G])
= 2(20log;u X) + 2(201ogy, |G))
o Normal(0, (20,)?) + Normal(2u7 ¢, (20)%)
o Normal(2pr ¢, 4(0} + o3 + 02)). (23)



Define o0g = \/0? + 03 + 02. Then the PDF of the square of
the path gain arriving at time ¢ that is part of a cluster that
started at time 7" can be written as

10 exp —@(20 log o x—2p7,t)?

[5] T. Q. S. Quek and M. Z. Win, “Ultrawide bandwidth transmitted-
reference signaling,” IEEE International Conference on Communica-
tions, vol. 6, pp. 3409-3413, June 20-24, 2004.

[6] J. A. Gubner and K. Hao, “A computable formula for the
average bit-error probability as a function of window size for the
IEEE 802.15.3a UWB channel model,” IEEE Trans. Microwave

fT,t(SU) = V2roezIn 10 y T > O’ Theory Tech., submitted for publication. [Online]. Available: http:
; omepages.cae.wisc.edu/~gubner/GubnerHao _ p
0 otherwise //h isc.edu/~gubner/GubnerHao_ MTT_-UWB.pdf
’ '2 4 [7] K. Hao and J. A. Gubner, ‘“Performance measures and statistical
L . ( ) quantities of rake receivers using maximal-ratio combining on
Denote £T7t(1/) as the characteristic function of fTJ,(x), 1.e., the IEEE 802.15.3a UWB channel model,” IEEE Trans. Wireless
o Commun., submitted for publication. [Online]. Available: http:
_ JUvX2G% _ jua /fhomepages.cae.wisc.edu/~ gubner/HaoGubnerTWaf2col.pdf
[’T’t (V) - ET7t[e ] - / € fTﬁt(x)dx' (25) [8] J. G. Proakis, Digital Communications, 4th ed. Boston: McGraw-Hill,
> 2001.
Let v = 1 2010 T —2 and apply it to (13). Then [91 K. Hao and J. A. Gubner, “The distribution of sums of path
Yy 2V20¢ ( 810 MT’t) PPly ( ) gains in the IEEE 802.15.3a UWB channel model,” [EEE Trans.
we can have Wireless Commun., submitted for publication. [Online]. Available:
http://homepages.cae.wisc.edu/~gubner/HaoGubnerTWireless2col.pdf
»CT,t (V) [10] A.F. Molisch et al., “IEEE 802.15.4a channel model - final report,” IEEE
oo . 2Eoey 2, 106792 zoe In 10 802.15 WPAN Low Rate Alternative PHY Task Group 4a (TG4a), Tech.
— exp (jr10— =20 Y Rep., Nov. 2004.
oo V2rogxIn10 5\/5 [11] [Online]. Available: http://www.efunda.com/math/num_integration/num_
o . Vioe b L int_gauss.cfm
= —=exp | jv10 10 e ¥ dy
oo VT
(H) I
Sl (o e,
R Zwl T exp | jv10 10 . (26) )
™ 10
=1
APPENDIX II
PROOF OF THEOREM 2 )
In [9] the authors have obtained the characteristic function
of the sum of path gains in the time window [a,b] (denoted o
by @), but the lognormal shadowing is not taken into account.
Similarly, we apply their results to determine the characteristic w*
function of £. Assume that the RAKE receiver with L fingers 5= rapmeed iahod
. . . . » ||t Previous Method n [6] ; ;
is used to collect the channel energy in the time window % E o is 2
[0,(L —1)T¢], where T; is the chip duration between two
fingers.
Fig. 1. BER comparison of the proposed analytical formulae with that in

In [9], the authors defined the following functions:

N 1 Lr.(v)dt, T <b,
(T = max(a,T) ) 27
Uu(T) 0 T>b, 27)
and
a b
J(v) = / [1—e Mg 4 / [1— Ly rw)e M4
0 0 28)

We set a = 0, b = (L — 1)T¢, and use the Gauss-Legendre
formula [11]. Then we can transform the above equations to
(14) and (15), respectively.

REFERENCES

[1] J. Foerster, et. al., “Channel modeling sub-committee report final,” IEEE
P802.15 Wireless Personal Area Networks, P802.15-02/490r1-SG3a,
Feb. 2003.

[2] K. Eshima, Y. Hase, S. Oomori, F. Takahashi, and R. Kohno, “M-ary
UWB system using Walsh codes,” IEEE Conference on Ultra Wideband
Systems and Technologies, pp. 37-40, May 21-23, 2002.

[3] M. Hdmdldinen, R. Tesi, and J. Iinatti, “On the UWB system perfor-
mance studies in AWGN channel with interference in UMTS band,”
IEEE Conference on Ultra Wideband Systems and Technologies, pp.
321-325, May 21-23, 2002.

[4] 1. Giiveng and H. Arslan, “Performance evaluation of UWB systems
in the presence of timing jitter,” IEEE Conference on Ultra Wideband
Systems and Technologies, pp. 136-141, Nov. 16-19, 2003.

[6], where Tinax = 33 nsec.

(analysis)
+ oMt
— — — CM2 (analysis)
o cm2
M3

* cm3
— = CM4 (analysis)
- o
102 I 1 I I I I I I

5 6
E/N, (@8)

(analysis)

Fig. 2. The BER v.s. E,/Np for the RAKE receiver with 10 fingers in the
IEEE 802.15.3a UWB channels CM1, CM2, CM3, and CM4.



Performance Analysis of Pulse Based
Ultra-Wideband Systems in the Highly Frequency
Selective Fading Channel with Random Clusters
and Rays

Wei-Cheng Liu and Li-Chun Wang
Department of Communication Engineering

National Chiao Tung University, Hsinchu, Taiwan
lichun@cc.nctu.edu.tw, Tel: +886-3-5712121 ext 54511

Abstract—In this paper, an analytical expression for the bit
error rate (BER) of binary signals in the IEEE 802.15.3a ultra-
wideband (UWB) channel is presented. Although the IEEE
802.15.3a channel model is widely adopted, the performance
of UWB system in such a channel are mainly evaluated by
simulations instead of analysis. The unique characteristics of
cluster property and highly dense multipath effect make per-
formance analysis in this kind of UWB channel interesting but
challenging. Mathematically, the signal in such a UWB channel
can be characterized by a joint lognormal and Poisson random
signal, where the lognormal random variable models the fading
amplitude and the Poisson random variable model the clustering
effect. We develop a BER computation method to take into
account of all the key parameters in the IEEE 802.15.3a UWB
channel, consisting of the cluster/ray arrival rate, cluster/ray
decay factor, the number of rays per cluster, lognormal fading
and lognormal shadowing. Furthermore, the effect of finger
numbers of the RAKE receiver is also considered.

Index Terms— Ultra-wideband (UWB), IEEE 802.15.3a chan-
nel model, bit error rate (BER).

I. INTRODUCTION

ULTRA-WIDEBAND (UWB) is a promising technique

for wireless communications due to its high speed
transmission. However, the UWB channel characteristics are
very different from the conventional narrowband channel.
Currently, most UWB systems are evaluated by simulations in
the complicated channel model or by analysis in a simplified
channel model.

Thus a fundamental question arises: Can a UWB system be
possibly analyzed in a more realistic UWB channel model?
The IEEE 802.15.3a UWB channel model [1] is widely
adopted for the product development in the industry, while the
analysis under such a channel is rarely seen in the literature.
This UWB channel has two important properties different from
the conventional narrowband channel. First, the extremely
highly frequency selective fading occurs in the frequency
domain because the UWB signal occurs is much wider than
the channel coherence bandwidth. Second, the UWB signals
reflected by objects usually yield a number of clusters of rays

I'This work was supported by the National Science Council, Taiwan, under
the contract NSC94-2213-E-009-030.

and contain some non-Rayleigh multipath components because
the extremely large bandwidth in the time domain leads to the
high-resolution arrival time.

A. Problem Statement

The challenges of analyzing such UWB signals can be
explained in the following three folds.

e Unlike the narrowband channel model with only one
cluster of fixed-number arrival rays, the transmitted signal
over the UWB channel may arrive in many clusters with
a random number of arrival rays. Mathematically, the
arrival process of the UWB signal can be modeled by
a doubly stochastic Poisson process. For a channel with
an unknown number of rays, it is difficult to compute how
much signal energy is collected at the RAKE receiver.

o The UWB channel presents the characteristics of a log-
normally faded amplitude with a mean related to two Er-
lang random variables for varying arrival time of rays and
clusters. Signal analysis for such a joint two-dimension
random variable is not straightforward.

o Because insufficient arrival rays in a very narrow time bin
cannot justify the assumption of the central limit theorem,
the multipath fading signal is not a traditional Rayleigh
random variable in the UWB channel. According to
measurement results, the IEEE 802.15.3a UWB channel
adopts a lognormal multipath fading signal. In addition,
shadowing is also considered in the IEEE 802.15.3a chan-
nel model. Thus, a UWB signal is a composite slowly
varying lognormally shadowed/fast-varying lognormally
faded random variable conditioned on the given number
of rays and the given signal amplitude’s mean. Again,
the analysis of such a signal is rarely seen in the current
literature.

In short, a UWB signal in the IEEE 802.15.3a channel
model can be characterized by a joint lognormal and dou-
bly stochastic Poisson random variable with key parameters
including cluster/ray arrival rates, cluster/ray decay factors,
and the standard deviations of the lognormal fading and
shadowing. To our knowledge, a complete analytical bit error



rate (BER) computation formula for the RAKE receiver in the
IEEE 802.15.3a UWB channel is not seen in the literature.

B. Related Work

In the following we briefly summarize some published
papers in the literature related to the performance analysis
of the UWB system under different channels. In [2], the
authors derived the theoretical BER of binary and M-ary UWB
systems with Walsh codes under the AWGN channel and
multiple access interference.

On the one hand, in [3]-[5], the UWB system was inves-
tigated in certain simplified UWB channel models. In [3],
the authors studied the performances of UWB systems in the
AWGN channel in the presence of the interference from the
wideband code division multiple access (WCDMA) of the
universal mobile telecommunications system (UMTS). The
BER performances of the UWB system under the flat and
dispersive Rayleigh fading channels with timing jitter were
derived in [4]. In [5], based on an approach of defining
channel amplitude by a moment generating function, the
authors analyze the performance of a transmit-reference (TR)
UWB system with a simple autocorrelation receiver under a
slow fading channel.

On the other hand, the following papers considered more
sophisticated UWB channels [6]-[9]. With respect to the IEEE
802.15.3a channel model, [6] derived a BER formula as a
function of the window size. In [7], they further investi-
gated the statistics of the output SNR at the RAKE receiver.
Reference [8] analyzed how multiple transmit and receive
antennas affect the SNR of the UWB signal under a channel
characterized by 1) a Gamma distributed path power; 2) a
modified Poisson process for modeling the number of the
simultaneously arriving paths; 3) an exponentially decayed
resolvable path power in the time domain. In [9], the analytical
error performance of a multi-antenna with a zero-forcing (ZF)
RAKE receiver system over the frequency-selective UWB
lognormal fading channels was analyzed.

However, to our knowledge, an explicit BER analytical
computation method incorporating the impact of the finger
number of the RAKE receiver as well as shadowing effect in
the IEEE 802.15.3a UWB channel has not been seen in the
literature.

C. Objective and Outline of This Paper

The objective of this paper is to develop an analytical
method to compute the BER for the UWB system with
a coherent RAKE receiver in a complete IEEE 802.15.3a
channel. The difference between [6] and [7] and our work
are two folds. First, we consider the lognormal shadowing
fading as specified in the IEEE 802.15.3a channel model.
Second, we derive an explicit BER formula as a function
of the fingers number of the RAKE receiver. The rest of
this paper is organized as follows. Section II introduces the
IEEE 802.15.3a channel model. In Section III, we derive the
expression for evaluating the BER of the binary signals subject
to the impact of the considered UWB channel. Section IV
shows our numerical results. Last, we give our conclusions in
Section V.

II. CHANNEL MODEL

In this section, we discuss the key attributes of the IEEE
802.15.3a UWB channel [1]. The impulse response of the
considered channel model is

N.—1N,—1
hi() =X, > D a6t =T —7i,) (D
=0 k=0
where ¢ refers to the i-th realization, X; represents the log-
normal shadowing (i.e., 20 log(X;) oc Normal(0, 02)), {od}
are the multipath gain coefficients, 7} is the delay of the I-
th cluster, T,ﬁ,’l is the delay of the k-th multipath component
relative to the [-th cluster arrival time (Tli), N, is the number
of clusters, and [V, is the number of rays for each cluster. By
definition, we have 79 ; = 0.

The distribution of the cluster arrival time and ray arrival

time are given by

A —NT, —T;— T >1T_
p(ITy) = { A OPEATE Tl T T
0, otherwise,
for [ > 0, and
p(Tk,l|T(k71),l)
 Aexp[= ATk = T—1)0)] Thi > T(k—1),05
= . 3)
0, otherwise,

for £ > 0, where A and A are the cluster and ray arrival
rates, respectively. Note that Ty = 0 in the line-of-sight (LOS)
channel. Tj is an exponential random variable in the non-line-
of-sight (NLOS) channel, i.e.,

Aexp(—ATy), Ty >0,
p(Ty) = { A PEAT) To > 0 4)
0, otherwise.

The channel coefficients (ay,;) are defined as follows:

ot = Pra&iBr, s ®)

where p;, ; is equiprobable £1 to account for signal inversion
due to reflections, ; reflects the fading associated with the
[-th cluster, and (3}, ; corresponds to the fading associated with
the k-th ray of the [-th cluster. The total energy contained in
the terms {ay,;} is normalized to unity for each realization.
The distribution of &5y ; is

201og(&0k,1) o Normal (g 1, J% + O’%) (6)

or
= 10,1 +n1+n2)/20

|&18.,1 , @)

where the two independent normal random variables n; and

no with variance of o7 and o3 represent the fading on each

cluster and ray in the dB domain, respectively. Note that

101n(Q) — 107;/T — 1073/y (0% + 03) In(10)
In(10) 20

M, =
(3

and
E[|&8k.1]%] = Qoe T/ T et/ &)

where () is the mean energy in the first path of the first cluster
and 7; is the excess delay of bin [, I is the cluster decay factor,
and + is the ray decay factor.



Through measurements in [1], some parameters in the IEEE
802.15.3a channel are specified for four different environ-
ments, i.e., CM1, CM2, CM3, and CM4 for LOS (0-4 m),
NLOS (0-4 m), NLOS (4-10 m), and extreme NLOS multipath
channel with 25 nsec rms delay spread, respectively.

III. BER ANALYSIS

A. Receiver Structure

For a coherent RAKE receiver with L fingers, the received
SNR b is
By &

L
= ani :Z’Vk s
0 k=1

k=1

g0 (10)

where Ey, /Ny is the bit SNR, ay, is the channel amplitude at
the k-th finger of the RAKE receiver. From [10] we know
that the conditional error probability for binary signals for the
coherent RAKE receiver is

Pa() = Q (V=) (an
where p, = —1 for antipodal signals and p, = 0 for

orthogonal signals. Denote £ £ 25:1 a3 the received energy
in the UWB channel.

B. Characteristic Function of the Received Energy (£)

Here we derive the characteristic function of £. We extend
the results in [11] to further take into account of the finger
numbers of the RAKE receiver (L), the chip duration (7¢), and
shadowing. Instead of estimating the path gain, we directly
calculate the square of a path gain in the UWB channel to
facilitate the BER evaluation of the RAKE receiver in the
UWB channel.

Corollary 1: The received energy £ has the following prop-
erties: £ can be written as the sum of three statistically
independent terms

E=X%aj o+ Pro+ Py (12)
where X and ag,g are defined in (1), ®,¢ is the energy of the
first cluster excluding the first ray, ®x is the total energy of
the remaining clusters. Then, the characteristic function of the
received energy (€) in the IEEE 802.15.3a UWB channel is
U(v) = Loo(W)R¥)S(v), (13)
where L, (v) is the characteristic function of the single path
squared gain in the IEEE 802.15.3a UWB channel with the
cluster arriving at time 7" and the ray arriving at T+ 7, R(v)
and S(v) are the characteristic functions of ®,¢ and ®g,
respectively.
Proof: See [11]. [ |
Compared to [11], we further consider the impact of param-
eters L, T, aﬁ, and the characteristic function of the square
of the path gain into L7 :(v), R(v), and S(v). Also, explicit
computation formulas are provided.

Theorem 1: Consider a RAKE receiver with L fingers in
the IEEE 802.15.3a UWB channel. The characteristic function
Lr+(v) can be computed by

o 10exp |~ gk (20logy @ — 2ur)’]
/ eve £
0

Lr:(v) =
re(V) V2mogxIn10
N(H)
1 \/505 z(lH)‘HJT,t )
(H) : —l—
~ w, ' —=exp | jv10 10
> e
where
10 T t-T In10\" o2
= — —= | — = 15
Tt 1n10lno r (10) 2] (15)
and

og =1\/0? +03+02

The parameters 2y, I, and ~ are defined in (9). Note that o¢
consists of o1, 09, and o,, which represent the standard devi-
ation of cluster fading, ray fading, and lognormal shadowing
fading terms, respectively. {wEH)} and {xEH)} are the weights
and abscissas of the Gauss-Hermite formula [12], respectively.
N® is the number of points of the Gauss-Hermite integration.
Proof: See Appendix I. |
Theorem 2: For the RAKE receiver with L fingers, the
function R(v) in (13) can be written in the form of

(16)

R(v) = e () (17)
where the function v, (T') can be computed by
¥ (T)
_ RV - Ly, T < (L= 1T,
0, T>(L-1)T,
(L—1)T,—-T
i L)
~ Zp:l wp [1 - £T,t(l/)] (18)

|t=(L—1)2TC—Tx%)+(L—l%TCJrT , T <(L- 1)TC7
0, T>(L-1T,

where T, is the chip duration between two fingers, {w{} and
{:17%)} are the weights and abscissas of the Gauss-Legendre
formula [12], respectively. N is the number of points of the
Gauss-Legendre integration. Similarly, we can prove that S(v)
can be written in the form of

S(v)=e MW | (19)
where the function J(v) can be computed by
(L-1)T.
Jw) = /0 1= Lrr(v)e e M]ar
(L - 1T, %w@ [1 — Lor()e D
2 = 7
|T:(L*71)Tcw<_ll)+% . (20)

Proof: See Appéndixl IL. |

dx

(14)



With the characteristic function ¥(v) of &, the PDF of &
can be computed by the Gauss-Hermite formula as follows:

1 o0
27

N(H)
E UJ(H)\I/ 7jxuev2
271' u:."c(:)

Combining (14), (18), (20), and (21), the BER of the RAKE
receiver in the IEEE 802.15.3a UWB channel can be computed

Q( <1pr>fj‘;s>
- /f@( <1fpr)E >fs()

N(H) N(H)
\fﬂgT( )+14(J 0

= 7r3/2 ZZw w(H) exp <]V10)

fe(z) = \I/(u)e‘j”du

Q

2y

P,

= Eg¢

k=11=1
. N©»
O N S
p=1

|t—2 (L— 1)Tc(x(L)+1))
N(L)

Z U)(L)

exp | —=

— _/\wV(T)
[1 »CT,T(V)e ] ’Té(Ll)TC(I(iL)Jrl))

/OOOQ< (1- pr)ffox> exp(—jzv)de

exp(v?) ’V:I(z?) . (22)

IV. NUMERICAL RESULTS

A. Simulation Method

In order to check the correctness of the BER formula in
the last section, we perform simulation by MATLAB. We
consider the orthogonal binary signal, i.e., the pulse position
modulation (PPM) signal. When the information bit is 0, the
transmitted signal is

1, 0<t<T,,
So(t) = {0 C

Here we set T, = 1 nsec. When the information bit is 1, the
signal waveform is s1(t) = so(t — 6T¢), where d is a positive
integer. From the uwb_sv_model_ct function in [1], we can
get the output vectors h and t. The vector t stores the arrival
time of every channel impulse response with increasingly
chronological order. The vector h stores the corresponding
amplitude.

23
otherwise. 23)

We define a template vector py with size 1 x (L+4), where
the m-th element of py (denoted by po[m]) is equal to

En:t[n]:() h[n]’ m = 17
Polm] = 3, 2y n<tim<m-nr, b0, 2<m <L,
0, L<m<L+64.

(24)
The physical meaning of vector py is the received signal ex-
cluding the noise sampled at a rate of 1/7; for the information
bit 0. If the information bit is 1, then the template vector can
be expressed as

; Po[L]]

After adding noise n, the sampled received signal for
information bit 0 becomes

P1 = [01X57p0[1}7“' (25)

r:p0+ [n701><5]7 (26)
and that for information bit 1 is
r = p1 + [01xs, 1. 27

Note that the noise vector n contains L independent identically
distributed normal random variables, each of which has zero
mean and variance of Ny/2.

The coherent RAKE receiver is applied to detect the signal
in the IEEE 802.15.3a UWB channel. Let the decision variable
Uy = r-pg and U; = r-p1, where the operator “-” is the inner
product of two vectors. If Uy > Uy, then the information bit
is 0; otherwise, the information bit is 1.

B. Results

Figure 1 shows the PDF fg(z) for CM1, CM2, CM3, and
CM4 according to (21). The number of fingers of the RAKE
receiver is 10. CM1 has most probability mass in the high
energy range; CM2 ranks second; CM3 ranks third; and CM4
has least probability mass in the range of higher energy range.
This phenomenon can explain why CM1 has the best BER
performance compared to CM2, CM3, and CM4.

Figure 2 shows the PDF fg(x) for various numbers of
RAKE fingers L = 20, 30,40, and 50 in the channel model
CM1. The PDFs of L = 30,40, and 50 are about the same,
while the probability mass of L = 20 is in the lower energy
range.

Figure 3 compares the BER performance based on (7) in
[6] and (22) in our paper. For the BER curve based on [6],
we reproduce the curve in [6, Fig. 1], where the received
waveform is observed only over a finite window [0, Ti,ax] With
Timax = 33 nsec. The symbol n = &, /(802), where &, is the
signal energy and o2 is the noise power spectral density. In
the figure, we observe that the BER obtained from (22) is
slightly higher than that obtained from (7) of [6] because of
the lognormal shadowing.

Figure 4 shows the BER v.s. E},/Ny for CM1, CM2, CM3,
and CM4 by simulation and analysis for p, = 0, i.e., the
orthogonal binary signal. The parameter § of the PPM is set
to one, the number of the fingers of the RAKE receiver is 10,
and T; is 1 nsec. For a given Ey/Ny, we simulate 100,000
bits to obtain the BER. As seen from the figure, the analytical



results match the simulation results quite well. However, there
are some differences between the simulation and the analytical
curves for CM3 and CM4. We explain reasons as follows:

1) The usage of Gauss-Hermite and Gauss-Legendre for-
mulas may cause some error in integrations.

2) We use the MATLAB programs provided in [I] to
generate the IEEE 802.15.3a channel. Theoretically, the
Poisson process has infinite arrivals, but the computer
simulation can only generate finite arrivals. The MAT-
LAB program in [1] only produces the clusters with the
arrival time up to 10I'. Meanwhile, each cluster only
contains the rays with the arrival time up to 10v. Thus,
the RAKE receiver in the simulation may collect less
energy than that in the ideal case. Thus the simulation
BER values are slightly higher than the theoretical BER
values.

Figure 5 shows the BER v.s. the number of fingers of the
RAKE receiver for CM1, CM2, CM3, and CM4 at Ey, /Ny =
5 dB. The other parameters are the same as those of the
simulation in Fig. 4. As L increases, the BER decreases
because of collecting more energy. For a large value of L, the
BER curves become flat because the RAKE receiver almost
captures all the channel energy. In the figure we can see that
the BERs of CM1, CM2, and CM3 converge to a common
value when L = 50 except for CM4. Note that CM4 has the
largest delay spread. Thus, a portion of the energy in the region
of L > 50 is not received, thereby resulting in higher BER
than CM1, CM2, and CM3.

V. CONCLUSIONS

In this work, we have derived the BER analytical formula
for the antipodal and orthogonal binary signals with a co-
herent RAKE receiver in the IEEE 802.15.3a UWB channel
model. Our numerical results show that the simulation and
the analytical values of the BER are very close. The analytical
BER formula can significantly save computer simulation time.
Furthermore, the suggested analytical method can be applied
to other multipath channel models with random numbers of
clusters and rays.

The possible future works that can be extended from this
work include the following. First, we plan to analyze the same
problem under the IEEE 802.15.4a UWB channel model [13].
Second, we are going to find the ergodic capacity of such a
UWB channel models.

APPENDIX I
PROOF OF THEOREM 1

Let fgr.+(2) be the PDF of the path gain G £ oy arriving
at time ¢ that is part of a cluster that started at time 7.
According to [11], fg|r,(x) can be written as

faire(z) = %[fIGHT,t(x) + fi) ()], (28)

because the path gain is positive or negative with equal
probability of 0.5. [Recall the definition of path gain in (5)

and the following context.] Note that f|7,¢() is lognormally
distributed, i.e.,

20 exp|— 15 (20log, o v —pr1)?
y , x>0,
fiar.(z) = 2oz in 10 |
0, otherwise.
(29)
where pr; is given in (15) and
o= \fot+} (30)

are the mean and variance of the random variable 20 log,, |G|,
respectively. Note that (15) is the continuous-time representa-
tion of (8) because the discrete indices k and [ are changed to
continuous arrival time ¢ and 7', respectively.

The complete form of the square path gain should be X2G?,
where X is the lognormal shadowing introduced in Section II.
Since 201og;, X o Normal(0,02), we have

201log;y X2 = 2(201log;, X) o< Normal(0, (20,,)%) . (31)

Then, it follows that
20log,y X?G* = 2(20log;, X|G|)

2(201og;o X) + 2(201og;, |G|)

o Normal(0, (20,,)?) + Normal (27, (20)?)

Normal(2p7.;,4(0% + 02 + 02)) .

Define og = \/0? + 02 + 02. Then the PDF of the square of

the path gain arriving at time ¢ in a cluster starting at time 7'
can be written as

10 ex 7é(20 logo x—2u7,t)2

fT,t(x) = V2roexzIn 10 ;T > 0’
0, otherwise.
(33)
Denote L7 4(v) as the characteristic function of fr (), i.e.,
Lrs(v) = B[ 6] = / I fro(x)de.  (34)

Lety = 2\/150[5 (20log,y x — 2pr,) in (14). Then we can have
Lo (v)
/00 ( ) zﬁangum) 10e~¥’ xogIn10
= exp | jv10 20
—0 V2roezInl0  5v2
/00 1 ( 10 VEogytur, ) 2y
= —exp | jv 10 e Y
oo VT
N® H
1 < ) VZogal +uT,t>
(H) S T —
R~ Z w;  —=exp | jv10 10 .
=1 VT

APPENDIX II
PROOF OF THEOREM 2

In [11] the authors have obtained the characteristic function
of the sum of path gains in the time window [a, b] (denoted
by @), but the lognormal shadowing is not taken into account.
Similarly, we apply their results to determine the characteristic
function of £. Assume that the RAKE receiver with L fingers
is used to collect the channel energy in the time window
[0,(L — 1)T¢], where T; is the chip duration between two
fingers.

(32)

(35)



In [11], the authors defined the following functions:

(a1 = Lre(Wdt, T <b,

max(a,T

h(T) = 0, T>b,

(36)

a b
J(z/):/ [1—e-wv<T>}dT+/ [1—Lpr(v)e DT,
0 a

(37)
We set @ = 0, b = (L —1)7¢ and use the Gauss-Legendre
formula. Then we can transform the above equations to (18)
and (20), respectively.
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Fig. 1. The PDF f¢(x) for a RAKE receiver with 10 fingers in the IEEE
802.15.3a UWB channels CM1, CM2, CM3, and CM4.

Fig. 2. The PDF fg(z) of a RAKE receiver with finger number L =
20, 30,40, and 50 in the IEEE 802.15.3a UWB channel CM1.
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Fig. 3. BER comparison of the proposed analytical formulas with that in
[6], where Tmax = 33 nsec.
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Abstract— This paper provides the bit error rate (BER) anal-
ysis of the antipodal and orthogonal binary signals under the
ultra-wideband (UWB) channel. We offer an analytical expression
and its evaluation formula for the BER. The channel model
we consider is the IEEE 802.15.4a UWB channel. We take into
account of the impact of all the key parameters, including inter-
cluster arrival rate, cluster decay constant, the inter-ray arrival
rate, ray decay constant, parameters of the power delay profile
(PDP), and the distribution of a Nakagami fading signal. For
the IEEE 802.15.4a UWB channel, the effects of clustering are
characterized by a Poisson process, and the inter-ray arrival
time is modeled as the hyperexponential random variable. We
propose a systematic analytical method to evaluate the BER
performance of the UWB signal associated with such joint
continuous Nakagami and discrete Poisson random variable.
Thus, the developed analytical model is useful in evaluating the
performance of an UWB signal in the IEEE 802.15.4a channel
without time consuming simulations.

Index Terms— Ultra-wideband (UWB), IEEE 802.15.4a chan-

First, the narrow band channel model does not have the
concept of cluster. The number of the channel impulse
response is a fixed constant. On the contrary, the trans-
mitted signal over the UWB channel may arrive in many
clusters, of which the number of arrival rays is random.
The number of the clusters is also random, which is
modeled as the Poisson random variable. Mathematically,
the interarrival time of the rays within a cluster is the
hyperexponential random variable. The collected signal
energy at the RAKE receiver in a channel with random
number of clusters and rays is difficult to analyze.

The amplitude of the impulse response in the UWB chan-
nel is a multidimensional random variable, consisting of
the Nakagamin faded amplitude with a mean related to
an exponential and a hyperexponential random variable.
This is because the average of the channel impulse is also

a random variable due to varying interarrival time of rays
and clusters. The parameter of the Nakagami random
variable is a lognormal random variable, of which the
mean and the standard deviation are both dependent on
the arrival time of the rays.

The number of arrival rays in a very narrow time bin (or
chip duration) is not very large, so the central limit the-
orem is no longer applicable here. Thus, the distribution
of fading is not a traditional Rayleigh random variable
as in the narrow band case. In the IEEE 802.15.4a UWB
channel, the multipath fading signal is characterized by a
Nakagamim random variable according to measurement
results. Thus, for a given number of rays and the mean
of the signal amplitude, a UWB signal is a fast-varying
Nakagamim faded random variable. The analysis of such
a signal is rarely seen in current literature.

nel model, bit error rate (BER).

I. INTRODUCTION

HE trend of the modern wireless systems is to achieve

higher data rates and better quality. The ultra-wideband
(UWB) communications is a possible technique to achieve this®
objective, due to its extremely large bandwidth. Performance
analysis, such as bit error rate (BER) analysis, of the UWB
communication system in gealistic UWB channel is impor-
tant but a difficult task.

In this work, we use the IEEE 802.15.4a UWB channel
model [1] as our channel model, which is based on the recent
measurements and close to the realistic UWB channel. The
UWB channel has two important properties that is different
from the traditional narrow band channel: 1) The bandwidth
of the UWB signals is much larger than the coherence

bandwidth of the channel. Thus, in the frequency domam,_l_he IEEE 802.15.4a UWB channel model defines nine

the severely highly frequency selective fading occurs. 2) Tg%ts of parameters for different environments. Based on this

large bandwidth results in high resolution arrival time forhannel model, a UWB signal can be characterized by a joint
the_ U\.NB signal. Thus, th? reflected UV.VB waves by objec_:Ps ntinuous Nall<agamin a discrete Poisson random variable
arrive in many clusters, which may contain some non-Raerlq?(ﬁr clusters, and a diécrete counting random variable with
multipath components. . . i’ . 2 .
ultipath components interarrival time being hyperexponential distributed, of which
key parameters include the inter-cluster arrival rate, ray arrival
o ) , , rates (mixed Poisson model parameters), inter-cluster decay
~ The difficulties of analyzing UWB signals can be discusseghnstant, intra-cluster decay time constant parameters, Nak-
in three aspects. agamim factor mean, Nakagami factor variance, Nakagami
1This work is supported by the National Science Council, Taiwan, und&? factor for strong components, and parameters for alternative

the contract NSC94-2213-E-009-030. power delay profile (PDP) shape.

A. Motivation



To our best knowledge, a complete analytical formula f@ER of the antipodal and orthogonal binary signals under the
the bit error rate (BER) performance with RAKE receiver itEEE 802.15.4a UWB channel. In Section IV, we show our
the IEEE 802.15.4a UWB channel considering all the threeimerical results. Last, we give our conclusions in Section V.
aforementioned challenges and key parameters is not seen in
the literature. Even only the analysis of the IEEE 802.15.4a II. CHANNEL MODEL
UWB channel model is an open issue. A. Power delay profile

We consider the UWB channel model in [1]. The impulse

B. Related Work response (in complex baseband) of the Saleh-Valenzuela (SV)
In this subsection, we introduce some related works whi¢hodel is given in general as

has the correlation to the performance analysis of the UWB L K
system under different channels. In [2], the authors derived hg;s.-(t) = ZZak7leXp(j¢k7l)5(t T —71) (1)
the analytical BER of binary and M-ary UWB systems with 1=0 k=0
Walsh codes under the AWGN channel with multlple acCegmere ak,| is the tap We|ght of thekth Component in the
interference (MAI). In [3], the authors studied the perforith cluster, 7; is the delay of thelth cluster, 7, is the
mances of UWB systems in the AWGN channel with intefdelay of thekth multipath component (MPC) relative to the
ference in the universal mobile telecommunications systemin cluster arrival time7;. The phasesp;; are uniformly
(UMTS)/wideband code division multiple access (WCDMAjistributed, i.e., for a bandpass system, the phase is taken as a
band. In [4], the authors derived the BER formula of thgniformly distributed random variable from the range2x].
UWB system under the flat and dispersive Rayleigh fadinthe number of clusterd is an important parameter of the

channels with timing jitter. In [5], the authors analyzed thgnodel. It is assumed to be Poisson-distributed
performance of a transmit-reference (TR) UWB system with (T)L exp(~T)

an autocorrelation receiver under a slow fading channel of fo(L) = i @)
which fading amplitude is characterized by an appropriate _ ' _ o
moment generating function. so that the mea, completely characterizes the distribution.

In [6], the authors derived a exact BER formula for the IEEE By definition, we haver,; = 0. The distributions of the
802.15.3a UWB channel model [7] but only as a function ¢fluster arrival times are given by a Poisson processes
finite window size' rather than a function of thg fingers.nL'meer B {Az exp[-A(Ty — Ty_1)], Tp > T
of the RAKE receiver. In [8], they further obtained statistics ofp(7i|7;-1) =
the output signal-to-noise ratio (SNR) for the RAKE receiver 3)
in the IEEE 802.15.3a UWB channel, but without IoroVidin%vhereA is the cluster arrival rate (assumed to be independent
explicit BER formula and ignored the shadowing effect. In ! P

. : of ). The classical SV model also uses a Poisson process
(9], t.hg authors have derived the BER qnalytlgal formula f.%r )the ray arrival times. Due to the discrepancy i% the
receiving the antipodal and orthogonal binary signals by us'%ﬂing for the indoor residential, and indoor and outdoor office

a coherent RAKE receiver over ttommpletelEEE 802.15.3a : .
environments, the authors of [1] propose to model ray arrival
UWB channel model.

Reference [10] . . Hmes with mixtures of two Poisson processes as follows
presented an analytical expression for the

SNR of the pulse position modulated (PPM) signal in a multi P(Tr1|T(k—1),1)

input multi output (MIMO) UWB channel. The considered By exp[— A (Ths — 710+

UWB channel has the following three major properties: 1) ' o

0, otherwise’

Gamma distribution to describe each resolvable path power; (1 = B)Azexp[=A2(h = Toe-1))]s Tt > T(k=1).0
2) a modified Poisson process to characterize the clustering 0, otherwise
property of the UWB channel and the number of the si- k>0, (4)

multaneous arrival paths; 3) exponential decay to model th : : o :
average resolvable path power in the time domain. In [11], tw%ereﬁ 's the mixture probability, while\, and A, are the

) ; gy arrival rates.
theoretical error performance of a zero-forcing (ZF) RAK The next step is the determination of the cluster powers and

rec_eiver system over the frequency-selective UWB Iognormahster shapes. The power delay profile (mean power of the
fading channels with MIMO was analyzed. different paths) is exponential within each cluster

C. Objective and Outline of This Paper E{lar|*} = TZeXp(—Tk,l/’yl) (5)
l

The objective of this paper is to derive the analytical . :
BER expression for the UWB system using the cohere\ﬁvth?re {3, is the integrated energy of thih cluster, and

RAKE receiver in a complete |IEEE 802.15.4a UWB channel’ IS the intra cluster dec?‘y time constant. Note that_the
; . ; . normalization is an approximate one, but works for typical
Furthermore, we obtain a practical evaluation equation to com-
. values of A and~.
pute the BER much more quickly, compared to do computer .
. ) : . . The cluster decay rates are found to depend linearly on the
simulation. The rest of this paper is organized as follows. In

Section Il, we describe the IEEE 802.15.4a channel mod("g}r.nv"’lI time of the cluster,

In Section lll, we derive the evaluation form expression for Y o< ky Ty + Yo (6)



where k., describes the increase of the decay constant with [1l. BER ANALYSIS
delay. . A. Receiver Structure
The mean (over the cluster shadowing) mean (over the _ ) ]
small-scale fading) energy (normalized9, of thelth cluster ~ e use a coherent RAKE receiver willkace fingers. The
follows in general an exponential decay received SNRyy is
L

Ej
101log() = 10log(exp(=T1/T)) + Mepuster  (7) b = Fb > (14)
01
Whe.re.MCl““” is a norma_lly distributed variable with Stand"’lrdwhereEb/No is the bit SNR ¢, is the channel amplitude that
deglatlct)r?gdusml. aroufnq I:]'t NLOS ¢ .__appears at thé-th finger of the RAKE receiver. From [12] we
or the non-line-of-sight ( ) case of some enviror, .\ hat the conditional error probability for binary signals
ments (office and industrial), the shape of the power delfﬁyr the coherent RAKE receiver is

profile can be different, namely (on a log-linear scale)
Pa() = Q (V1= 1) (15)
E{lara’} = (1 — xexp(—7h1/vise)) exp(—Tr1/71)
Y1 + Yrise Q4 where p, = —1 for antipodal signals ang, = 0 for
Y 7+ yrise(l — x) (8) orthogonal signals. Next we will derive the characteristic
function of the received energg £ S~ ¢? in the IEEE
Here, the parametey describes the attenuation of the firs802.15.4a UWB channel.

component, the parametefs. determines how fast the PDP
increases to its local maximum, ang determines the decay

B. Characteristic Function of the Received Energy (

at late times.
In the following theorem, we give the formula of the
characteristic function of. We exploit the result in [9] and
B. Small-scale fading modify it to fit in the case of the IEEE 802.15.4a UWB

channel.
The distribution of the small-scale amplitudes is Nakagami | emma 1: Let L7.,(v) be the characteristic function of the
9 A m m squared single path gain in the IEEE 802.15.4a UWB channel
falz) = =—— (—) 2 Lexp (——xQ) . (9) with the cluster arrival time &F and the ray arrival time at—=
L(m) \ Q2 L T + 7. Also, denotee=**+(T) ande~2/(*) the characteristic

wherem > 1/2 is the Nakagamin-factor,T'(m) is the gamma function of a shot-noise random variable related to the ray
function. andQ is the mean-square vr;tlue of the amplitud@rrival process with parametarand that related to the cluster

A conversion to a Rice distribution is approximately possibl@mval process with paran.]et'er, respectlvely. Then,.|t can be
with the conversion equations proved that the characteristic function of the received energy

(&) in the IEEE 802.15.4a UWB channel can be computed by

2
o JEr1)° (10) U(v) = Loo(v)e rO-AI@), (16)
(2Kr +1) Proof: See [9]. [ ]
and Theorem 1:Consider a RAKE receiver witlh.grake fingers
s in the IEEE 802.%)5.4a uwB ((j:hsnnel. The characteristic func-
- tion L1 +(v) can be compute
K, Y (11) T.¢(v) p y
) ) Lri(v)=(1—-jQ/m)™™ a7
where K, andm are the Rice factor and Nakagami-factor
respectively. where
The parametef) corresponds to the mean power, and its 0= lexp <_T = T) (18)
delay dependence is thus given by the power delay profile m L 8l
above. Them—parameter is modeled as a lognormally disyq
tributed random v_an_able, whose logarithm has a mgan m = exp (mo +ﬁ1(2)/2). (19)
and standard deviation,,. Both of these can have a delay
dependence The parametety; is defined in (6).
fim(T) = Mo — kT (12) Proof: See Appendix I. _ [ ]
Theorem 2:The parametek in Lemma 1 can be calculated
~ as
O'm(T) = T?LO — km’T (13) )\1)\2
_ _ A (1—B)A1+BA2 (20)
For the first component of each cluster, the Nakagami factor Proof: See Appendix II. ]

is modeled differently. It is assumed to be deterministic and The equations for calculating, (T") and.J(v) can be found
independent of delayn = my. in Theorem 2 in [9].



With characteristic function o€, i.e. ¥(v) in (16), the where them-th element ofp, (denote bypy[m]) is equal to
probability density function (PDF) of can be computed by
the Gauss-Hermite formula as follows: 2 nitlnl=o 1),
1 00 . Po [m] _ z:n:(m—Z)Tc<t[n]g(m—l)Tc h[n]v 2 <m < Lrake,
fe(x) = or U(v)e 7™ dv 0, Lrake <m <
N(_H;’C Lrake + 9.

1 ) —jv . : : e
P Z wy, W(v)e € (1) The physical meaning of the vectey is the received signal
k=1 g excluding the noise sampled at a rate bfT; given the
j‘nformation bit being 0. If the information bit is 1, then the
mplate vector can be expressed as

m=1,

Q

Combining (17), (21), and (16) and (17) in [9], the BER o
the RAKE receiver in the IEEE 802.15.4a UWB channel catﬁ
be computed as p1[m] = [01xs,Po[1], - , Po[Lrake]] (25)

Ee [@ ( (1- mﬁzf‘:)

o) Eb r = Ppo + [n7 01><6]7 (26)
/0 @ (V (1= pr)Nf) Je(z)da and that for information bit 1 is

After adding noisen, the sampled received signal for

P, information bit 0 becomes

1 (1 ‘ v >exp<mo+m3/2> r=p; + [01.s,1]. (27)
= _— —_ j —~5
2 Yo exp (mo +mg/2) Note that the noise vecton contains Lgake independent
N® “ 1 N© ) identically distributed complex normal random variables, each
> wexp gAML~ DTy wl of which has zero mean and variance .
k=1 p=1 The coherent RAKE receiver is applied to detect the signal

in the IEEE 802.15.4a UWB channel. Let the decision variable

1-L 1 , .
[ Ovt(y)]|t:5(L—1)Tc(aL%)+1)) Uy = R(r-po) andU; = R(r-p;1), whereR(z) is the real part

1 N® o of a complex number and “” is the inner product of two
exp *QA(L - 1)Tczwi vectors. IfU, > U;, then the information bit is 0, otherwise
i=1 the information bit is 1.
- rrtem]| )
' T=4(L-1)Te(a +1) B. Results
> Ep . Figure 1 shows the BER v.£i, /Ny for CM1 by simulation
1— ) — _ d : -hup 0 y . )
/0 @ ( (1= )NO x) exp(—jav)d and analysis. The term CM1 denotes the residential line-of-
sight (LOS) environment. The parameters of CM1 can be
exp(l/z)‘ H) - (22) 9 ( ) P

v=m) found in the Table in [1, Sec. Ill.A]. For the analytical curves,

We consider the orthogonal binary signal, i.e., = 0. The

parameten of the PPM is set to be one. The number of the

fingers of the RAKE receiver is 10. The space of the fingers of

the RAKE receiver/, is set to 1 nsec. For each givél/Ny,

we simulate 100,000 bits to obtain the BER. As seen from the
In order to check the correctness of the BER formula ifigure, the analytical results match the simulation results quite

the last section, we perform simulation by usiktATLAB . well.

We consider the orthogonal binary signal, i.e. the PPM signal.

IV. NUMERICAL RESULTS

A. Simulation Method

When the information bit is 0, the transmitted signal is V. CONCLUSIONS
In this paper, we have derived the BER analytical formula as
sot) = 1, 0=t < T, (23) Wellas a computable equation for the antipodal and orthogonal
0, otherwise binary signals with a coherent RAKE receiver under the IEEE

802.15.4a UWB channel model. Our numerical results show
Here we setlc = 1 nsec. When the information bit is 1, thethat the simulation and the analytical values of the BER are
signal waveform iss; (t) = so(t — 01c), whered is a positive extremely close. Our proposed analytical BER formula can
integer. From theuwb_sv _model _ct _15_4a.m function in obtain the BER values much more quickly, compared to to the
[1], we can get the output vectods and t. The vectort computer simulation. Furthermore, we would like to emphasis
stores the arrival time of every channel impulse respongeat the suggested analytical method can be applied to other
with increasing chronological order. The vectlorstores the multipath channel models with any fading distribution.
corresponding amplitude. The possible future works that can be extended from this

We define a template vectgi with sizel x (Lrake +0), work include the following. First, we plan to analyze the



same problem under the IEEE 802.15.4a UWB channel modg@] K. Hao and J. A. Gubner, “Performance measures and statistical

plus MIMO system. Second, we are going to find the ergodic duantities of rake receivers using maximal-ratio combining on
. . the IEEE 802.15.3a UWB channel modelEEE Trans. Wireless
capacity of such a UWB channel models. Third, we want to Commun. submitted for publication. [Online]. Available: http:
design the whole transmitter and receiver of the UWB MIMO  //homepages.cae.wisc.etiglibner/HaoGubnerTWaf2col.pdf
wireless communication systems. [9] W.-C. Liu and L.-C. Wang, “Performance analysis of pulse based ultra-
wideband systems in the highly frequency selective fading channel with
cluster property,"IEEE Vehicular Technology Conferendelay 7-10,
APPENDIX | 2006, to be published.
PROOF OFTHEOREM 1 [10] L.-C. Wang, W.-C. Liu, and K.-J. Shieh, “On the performance of using
multiple transmit and receive antennas in pulse-based ultrawideband

From (9), we can easily find the PDF aof = 42 by systems,1EEE Trans. Wireless Commuwol. 4, no. 6, pp. 2738-2750,

P ; ; ; Nov. 2005.
explomng the resultlng of Example 7b in [13]' That is, [11] H. Liu, R. C. Qiu, and Z. Tian, “Error performance of pulse-based ultra-

1 wideband MIMO systems over indoor wireless channdBEE Trans.
fo@) = = [faW2)+ fu(—V7)] Wireless Communyol. 4, no. 6, pp. 29392944, Nov. 2005.
2\/5 [12] J. G. ProakisDigital Communications4th ed. Boston: McGraw-Hill,
(- 5E) ()" o 2001 | § .
— oL (m) ) =Y, (28) [13] S. RossA First Course in Probability5th ed. Prentice-Hall Interna-

tional, Inc., 1998.

[14] E. W. Weisstein, “Log normal distribution,MathWorld—A Wolfram
Web Resource [Online]. Available: http://mathworld.wolfram.com/
LogNormalDistribution.html

° jvz [15] A. Krendzel, “Arrival and service processes basic definitions of

ET,t(V) = f_t(x)e dx queueing theory,Teletraffic Theory Part |I: Queueing TheorfOnline].

o0 Available: http://www.cs.tut.fi/kurssit/8303700/exercise2004(3).ppt
= (1—4vQ/m)~™. (29)

The term$) = E{z} is defined in (5). To fit it into our
formula, we substitutel; by 7" and M, ser DY its mean,
zero, in (7) andr; by (t —T) in (5). Then we can get (18). i

Finally, we setm to its mean and get (19). The mean is
given by (4) in [14].

0, x < 0.

The characteristic function of is

APPENDIX I
PROOF OFTHEOREM 2

To find the average arrival rate, we lend a concept from

the queueing theory [15] that ¢
A = 1/E[average interarrival tinje [ehemes,) o
) . i : 5 ; I 7 s s o
— {/ T [ﬂ)\lef)‘lx +(1- 5))\264‘296] da:}
0
Ao Fig. 1. The BER V.sE},/Ny for the RAKE receiver with 10 fingers in the

- m (30) IEEE 802.15.4a UWB channel CM1.
- 1+ 2
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