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Abstractd This paper investigates the channel capacity with respect to
pulse waveform of M-ary pulse position modulation (PPM) ultra
wideband (UWB) communication systems over multiple-access and
additive white Gaussian noise (AWGN) channel. Based on Gaussian
approximation for the multiple access interference, an expression of the
signal-to-noise ratio is derived for the UWB system using various forms
of pulses. In addition to rectangular pulse, 2nd derivative Gaussian, and
Rayleigh pulses are considered. The effect of pulse selection on the UWB
capacity is investigated in AWGN multiuser channel. The information
theoretic capacity of the UWB system is expressed as a function of system
parameters. Analytical and simulation results show that the capacity of
UWRB system is highly influenced by the selected pulse shape.
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I. INTRODUCTION

Ultra wideband (UWB) systems will soon appear in the
communications marketplace. This new transmission system
offers promising capabilities for short-range communications,
ground and object penetrating radar, vehicular radar, security
systems and other applications including D-wall and medical
imaging systems, surveillance systems.etc. Moreover, this
technology has the potential to deliver high data rates with
very low power densities. The original UWB systems are
characterized by the transmission of series of sub-nanosecond
pulses (monocycles) that spread the energy of the signal from
near DC to a few GHz. The current spectrum allocated by US
Federal Communications Commissions (FCC) is from 3.1GHz
to 10.6 GHz. The pulse train is transmitted without any
modulation with sinusoidal carrier. This is one of the major
advantages of UWB since it has high immunity against
multipath fading effect as experienced in other wireless
systems. In addition, high processing gain and very low power
density ensure minimal mutual interference between the UWB
and other wireless systems. Pulse position modulation (PPM)
has been proposed as a modulation scheme suitable for the
UWB communications [1]. With PPM, the data modulates the
position of the transmitted pulse within an assigned window in
time. UWB radio is the generic term describing radio systems
having very large bandwidths; “bandwidths greater than 20%
of the center frequency measured at the —10dB points,” and
“RF bandwidth greater than 500 MHz,” are the two of the
definitions under consideration by FCC [2].
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In this paper, Time Hopping (TH) is used in the UWB
system as the multiple-access method. The PPM scheme is
used in TH-mode with pulse transmission instants defined by
a pseudo random code. One data bit is spread over multiple
pulses to achieve a processing gain due to the pulse repetition.
The processing gain is increased by the low duty cycle. The
multiple-access interference (MAI) may be the dominant
factor on the bit error rate (BER) performance. In this paper
we compute the information theoretic capacity of an UWB
system with respect to different wave forms and multiuser M-
ary PPM modulation. Some published works considered the
information capacity for UWB system with rectangular pulse
shape [5]. The correlation properties and the frequency spectra
of UWB pulses are very crucial. For example, the effect of
Hermite pulses on the BER performance is presented in [7]. A
detailed study of PPM capacity in Gaussian and Webb
channels is considered in [8]. Our paper is different from
previous studies by introducing the effect of pulse shape on
the information capacity of multiuser UWB system.

The remainder of this paper is organized as follows.
Section 2 introduces the signal, channel, and receiver models.
Section 3 carries out the system analysis for three types of
waveforms; namely, Rectangular, Rayleigh and the 2™
derivative Gaussian pulses. Section 4 presents the capacity
analysis of the UWB M-ary PPM in multi-user and Gaussian
channel. Section 5 presents the numerical results obtained.
Section 6 concludes this study.

1. UWB SYSTEM MODEL
The time-hopping M-ary PPM system model examined in this
paper is shown in Fig. 1. The v-th user’s transmitted signal has
the form [1]:

Sv(t): i AVP(t—ij -CT, —d;.) (1
=

where P(f) is the UWB pulse of duration 7,. The pulse

repetition interval, referred to as frame, is 7y, A" = E; ,

C;, and d jv are respectively, the amplitude, user dependent

time-hopping code and data modulation for user v, where E,, is
the energy per pulse. The PPM time shift is

d; D{d,...,JM} , Fig. 2. For a fixed Tj the symbol rate
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R = 1/ (N T f) where N, is the number of pulses that form

one symbol. The symbol duration is 7, = N,7; and, the
spreading ratio is defined by [ = T, / T,.
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Fig. 1. TH-PPM UWB modulator.
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Fig. 2. Example of TH-PPM asynchronous format.

Each user’s signal propagates over a single path channel with
attenuation factor o and propagation delay 7. The received
signal R(f) from all users is given by:

R(t)=§avSV(f‘T”)+/7(t) ®

where @, and T"are the channel attenuation and time delay

associated with user v out of total number of N, users,
respectively, and n(¢f) is zero-mean AWGN with power

spectral density N, /2.

III. UWB SYSTEM MODEL
Without loss of generality, we assume the desired user is v=1.
The single-user optimal receiver is M-ary pulse correlation
receiver followed by a detector. We also assume that the

receiver is perfectly synchronized to user 1, i.e., ' is known.
Furthermore, the time hopping sequence C}. is known at the

receiver. The M-ary correlation receiver for user 1 consists of
M filters matched to the basis function Ql (t) defined as:

g@)=Pl-a -1 i=1.M @)
Fig. 3 depicts the detector selecting the Max i-th symbols
of M possible outputs.
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Fig. 3. M-ary PPM UWB receiver for the 1* user.

The decision variables at time sample (t=/Tj), are now
given by:
Ty
— . 1
U, = IR(f)#(f‘JTf“Cjﬁ)df “
(j-DT;
by substituting for R(¢#) from (2), the parameter U; can be
represented as U, =d + MAI + N, where d denotes the

desired part of the received signal, MAI the multiple access
interference from other users and is the noise component at the
output of the receiver all respectively expressed by:

d= ]}falSl(t —Tl)(di(t -JT, —C}Tc)dt , 5

(b1,
mar= | Sasl-vl-ir, -cr ki ©
(DT, v=2
and
iy
N = I/?(f)cﬂf (t-ij -C}Tc)df NG
(j_l)T_/‘

With P(¢) being normalized and orthogonal pulses, the desired
part of the signal is d = O’IA]J(Z' - ]) The MALI part can be

written as 47 = %a,A“TP(t)P(t—A)dtv where A is the time
v=2 0

difference between the different users
PR ) B e
If the correlation function of the pulse P() is defined by:

expressed as

T
Wo)= [POPE-a)ar  ®
0
then the expression for MAI in can be written as:
Nu
MAI =Y a,4"h(D) ©)
v=2

It is assumed that all the time-hopping code elements j are
random and independent, uniformly distributed over a frame
interval 7y for all users and frames. Each user has a uniformly
distributed data source. The time delays are also assumed



random, i.i.d. uniformly distributed over the frame interval.
Under the assumptions listed above, and noting that MAI
pulses of interest fall within the same UWB frame, the time
difference Ais a uniformly distributed random variable over
the interval [-T}, Tr].

Various waveforms with complex mathematical formats
have been proposed for impulse radio including Gaussian
pulse, Gaussian monocycle [1], and Rayleigh monocycle [7].
All of these waveforms reflect the high-pass-filtering impact
of the transmitter and receiver antennas. To simplify our
analysis, we consider three types of waveforms; namely,
Rectangular, Rayleigh and the 2™ derivative Gaussian pulses.
These waveforms are presented in Fig. 4. This analysis can be
extended to other waveforms that satisfy the FCC mask.

We assume the following rectangular waveform:

1
P 0=\, =T o
0 Otherwise
The correlation function h(A) for P..(f) in (15) is:
4
hrect(A)z I_T—P 0S|A|STb . (11)
0 Otherwise

Comparing with a rectangular waveform, the main
characteristic of monocycle signal is that they have a zero DC
component to allow them radiate effectively. The normalized
2" derivative Gaussian pulse is expressed as:

8 o] L]
Pgauss(f)=\/£ 1-“(9 e ) (12)

where € is a time scale factor and its relation to pulse width

Tp is Tp = 7€ which contains 99.99% of the total energy.
The corresponding correlation function is found to be as:

B (B) = {1 - 4{%}2 . %(%)4 }‘”@2 (13)

The normalized Rayleigh pulse is expressed as:

P, ()=

and its autocorrelation function can be found as:

_ifay
h,, (B)= 1—(AJ2 e () .9

&

IV. CAPACITY ANALYSIS OF MULTIUSER UWB
Without loss of generality, let the signals are transmitted in the
I-th time slot. With perfect synchronization, both the channel

delay of ' and time hopping sequence of C ; are known. We

also consider that the multiple-access interference is non-
Gaussian distributed, yet the number of users in the system is

large enough to justify the Gaussian assumption for MAI by
invoking the central limit theorem.
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Fig. 4. UWB waveforms with 7p=1ns.

In AWGN, the channel attenuation factor can be assumed

as unity, @ =1, and average SNR per symbol at the output of
the correlation receiver is given by:

AV
. T (+ V)a”(N)
(o) .
> (o F[el @] £l +

With perfect power control, 4' = 4" = A = ,/E » » Y becomes:

— .. Yo .
V= (17)
(v, -1 (@) - 27 [r(a )]y, +1
_ 2E, is the pulse energy to noise ratio, £ [h(A)] and
NO
E lhz(A)J the first and second moments of the correlation

function of the selected pulse waveform, respectively.
The means of A(A), E [h (A)] , for rectangular, 2" derivative
Gaussian, and Rayleigh waveforms can be calculated as in the

given order as follows:
For rectangular waveform:

where Vi

T, 1 1

ElhAN=F Al = A)—dAN=—. (18

[h( )] [hrect( )] __£ hrect( )ZTf d 2 ﬁ ( )
For the 2™ derivative Gaussian waveform:

£n,,,, (o] :2{ d (1—1}4[&?]...

B 2T, \m
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For Rayleigh waveform:
Eln,,, () = %e_;(?j e

Fig. 5 show the autocorrelation functions of the considered
waveforms.

The second moments of h(A),El_hZ(A)J for rectangular, 2™

derivative Gaussian, and Rayleigh waveforms can be
calculated as in the given order as follows:
For rectangular waveform:
g 1 1
E[n? () = E[n2, () =2 [ 2, (8)——dan=— . @D
0 2T 38

rect rect
S

For the 2" derivative Gaussian waveform:

2 _2ef (1, 35 T,
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For Rayleigh waveform:

E[m)]:4;[[1_@2]6-@12nfr@"eﬂ(gﬂ o)

1 T T T

(22)
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Fig. 5. Autocorrelation of UWB waveforms with Tp=1ns.

With Gaussian approximation for multiuser interference, the
expression for single—user capacity (bits/symbol) is defined as

8]:
M
C=log, M ~ Ey log, Zlexp(\/}_/(Um -U, )) . (24)

m=
and the random variables U,, m=1,..,M have the following
distributions conditional on the transmitted signal X;, where X
is interpreted as a collection of points in M-dimensional signal
space with one point located on each coordinate axis :

U, :Nly.)

U,:N(01) , mzl
where N(14,27%) denotes the Gaussian distribution with mean
and variance 20°. An analytical study of (29) for a binary
PPM (M=2) is presented as a special case in [5]. We consider
the channel capacity with respect to pulse waveform of M-ary

PPM UWB communications over multiple-access and AWGN
channel by using Monte-Carlo simulation of (24).

CA)

V. NUMERICAL RESULTS
Several Fig.s are produced to obtain specified results and
demonstrate the comparison study of UWB capacity with
respect to difference pulse waveforms. Fig. 6 presents the user
capacity in bits per M-ary PPM symbol of UWB as a function
of number of users for various number of modulation levels
M. The curves are obtained by Monte-Carlo simulation with
spreading ratio 3=10, and noise free channel. Fig. 6 suggests
that the UWB user capacity is approximately log,(M) for low
number of users. Moreover, the user capacity is highly
influenced by the shape of the pulse width. Before we go
forward to investigate the effect of pulse energy to noise ratio,
we need to understand where the capacity difference comes

2 2
from. The term (Elh (A)J_E [h(A)]) in (17) represents the
2
variance of the autocorrelation function denoted by 9 . From
£>>10 o;
(18) and (21) for , the parameter * for rectangular
pulse can be approximated by o2 (rect):0.333. The
corresponding parameters for the 2nd derivative Gaussian and

Rayleigh waveforms with T,/e=7 are _ 0.14519

o7 (2" gauss)

and ;2,0 = 0.095 . We clearly observe that the monocycle

B
waveforms are beneficial in reducing the MAIL
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Fig. 6. User information capacity with respect to pulse
selection for multiuser UWB, $=10 and noise free
channel, yp=0o.



Fig. 7 presents the capacity in bits per PPM symbols of
UWB as a function of symbol SNR for various numbers of
levels M with processing gain =100 and 10 users. Fig. 7
suggests that the UWB user capacity is approximately log(M)
for high SNR ranges. The difference between -capacity
performances of different pulse waveforms is less due to the
higher processing gain that minimizes the MAI. Note that in

the simulations, the pulse shaping ratio T,/& for both the 2nd
derivative Gaussian and Rayleigh pulses was loosely selected
to be equal to 7. This selection may degrade the performance
of the 2nd derivative Gaussian pulse as compared to that of
Rayleigh pulse.

It is clear that the pulse shaping ratio is of importance that
may influence the capacity performance. Fig. 8 depicts the
effect of pulse shaping ratio on the performance of M-ary
PPM UWRB system. Fig. 8 suggest that the shaping ratio must
be greater than 2 and 3 for Rayleigh pulses and the 2nd
derivative Gaussian pulses, respectively. Moreover, the
performance with Rayleigh pulses can be made equal to that
with the 2nd derivative Gaussian pulse by an appropriate pulse
shaping ratio.
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Fig. 7. User capacity versus Yy=2E/N, for multiuser UWB
system, 10 users and 3=100.

VI. CONCLUSION

In this paper, we have investigated the effect of pulse
waveform selection on the information theoretic capacity of
the M-ary PPM UWB multiple-access system. Among many
practical pulse waveforms, Rectangular, Rayleigh, and 2nd
derivative Gaussian pulses are considered. We show that the
proper pulse shape selection may result in substantial capacity
enhancement as a result of reduction in the MAIL The
expressions are generalized for use in multiuser UWB
environment with various pulse waveforms. This work can be
extended to account for the higher derivative Gaussian pulses
adopted by the FCC-2002 regulations.
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