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Performance of M-ary PPM UWB Radio in Fading
Channels

Mohammed Abdel-Hafez, Fatih Alagoz, and Matti Himéldinen

Abstract: This paper investigates the performance of M-ary pulse
position modulation (PPM) multiuser ultra-wideband (UWB) com-
munication systems in terms of symbol error rate (SER) over fad-
ing and additive white Gaussian noise (AWGN) channel. Based on
Gaussian approximation for the multiple access interference, an ex-
pression for the signal-to-noise ratio (SNR) is derived for the UWB
system. This expression is used to derive exact SER expressions for
coherent UWB receivers. The effect of pulse selection on the SER
of multiuser UWB system is studied. In addition to rectangular
pulse, the 2nd derivative Gaussian waveform and Rayleigh pulses
were considered. We show that the system capacity and/or SER
performance can be significantly increased by using the monocycle
pulse in fading channels.

Index Terms: Ultra-wideband communications (UWB), interfer-
ence, time-hopping, bit-error-rate (BER), fading channels, M-ary
PPM modulation.

I. INTRODUCTION

Ultra-wideband (UWB) systems were recently proposed as
one of the possible solutions for short range wireless networks
[1]. 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 defini-
tions under consideration by the US Federal Communications
Commissions (FCC) [2]. This new technology has the potential
to deliver high data rates with very low power densities. The
UWRB 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 pulse train is trans-
mitted without any modulation with sinusoidal carrier. This is
a major advantage of single band UWB since it has high im-
munity 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.
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Time Hopping (TH) is used in the UWB system as a 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) perfor-
mance. Some published works considered the BER of UWB
system in nonfading multipath channel [3], [4]. The correlation
properties and the frequency spectra of UWB pulses are very
crucial. The BER of a single user M-ary PPM UWB system
was considered for fixed multipath fading channel in [3], and its
extension to multiuser UWB is presented in [4]. This paper, an
extension of our work presented in [5], differentiates itself from
other previous works by introducing the effect of pulse shape
and fading on the performance of multiuser UWB system. Ri-
cian and Nakagami fading channels have been selected for their
generalized modeling of short range UWB channel [6].

The remainder of the paper is organized as follows. Section
II introduces the signal, channel, and receiver models. Section
III carries out the performance analysis of the UWB M-ary PPM
in Gaussian, Rician, and Nakagami fading channels. Section I'V
presents the numerical results. Section V concludes this study.

II. UWB SYSTEM MODEL

The time-hopping M-ary PPM system model examined in this
paper is shown in Fig. 1. The j-th pulse for the v-th user’s trans-
mitted signal has the form [1]

S]V(f) = A"P(t —jT; — C;TC — d;/), 1)
and the v-th user’s transmitted signal has the form [1]
STy =Y S
j=—00
= Y AYP(t— Ty — CiTo —dY), )

j=—o00

where P(t) is the normalized UWB pulse of duration Tp. The
pulse repetition interval, referred to as frame, is Ty. The am-
plitude, user dependent time-hopping code and data modulation
for v-th user are A, C7 and d¥, respectively. The time shift in-
troduced by the PPM modulation is d;f € {61, ,0nm}, where
8; for 1 < i < M is the basic time shift for the ¢-th M-ary sym-
bol, as shown in Fig. 2. We assume that 4y < -+ < §; < -+ <
dnm < Ty. For a fixed T'p, the symbol rate R, = 1/(NpTy)
where Np is the number of pulses that forms one symbol. The
symbol duration is then Ty = NpT;. The spreading ratio is
defined by 3 = T, /Tp.
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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 « and propagation delay 7 as shown in Fig. 3.
In this study, it is assumed that the channel is a single path Ri-
cian channel. The channel is random and its amplitude, ¢, can
be described by Rician distribution. The instantaneous power
level, v = 2, follows the non-central Chi-square probability
distribution function (pdf) as

1+ K Y1+ K)+KQ
) = E e (R, (2

(1+ K)K~y
T) -

where 2 is the mean power level, which is equal to the sum of
the powers due to the multipath diffused, ~3;,;, and Line-of-
Sight (LOS), 7} g, and Io(z) is the modified Bessel function
of the first kind and zero’th order. The Rician distribution is
more commonly specified by the Rice factor, K, which is in-
terpreted as the line-of-sight to multipath diffused power ratio,
K =9705/74is - The 1st and 2nd moments of o are [9]

1 Qr  _ 3
Elo®] = Q =105 + Yaiss- )

where F) (o : b; 2) is the confluent Hypergeometric function {7].

If Nakagami channel is assumed, then the random variable o
is described by Nakagami distribution [10]. The instantaneous
power level v = o follows the Gamma pdf as

$00 = () ew (<) o200 @

u'l
S —» 1! —»@——
° [ 4
¢ ® o, n(t)
A 4 R(t)
() —> TV —»é)—»é%»é-—»
° . /'y
* [ J a’Nu
SNe(ty—>y T N —»@

Fig. 3. The channel model.

where 2 is mean power level defined as @ = Efy], I'(m)
is a gamma function, and m € [0.5, cc) is the fading param-
eter (determines the severity of the fading) defined by . =
O2/E[(X? ~ Q)?] > 1/2. Less severe fading conditions are
modeled by using larger values of the fading parameter m. In
the limit when m — oo, pdf of v tends to a delta function cor-
responding to the case of nonfading. By setting m = 1, we
observe that (6) reduces to exponential pdf. The n-th moment of
a is [9]

o T(m+in) /0 z
Elo®] = () <m) . (7

The Rician distribution can also be closely approximated by
Nakagami distribution with m > 1. In general, the relationship
between the Rice factor K and the fading parameter m [10], is
m = 1/[1 — (£%)?]. A linear approximation between m and
K exists for K > 2 [11], m = 0.4998528 K + 0.7622159.

The received signal R(t) from all users is given by

Ny
R(t) = a,8"(t—7") +n(t), (8)
v=1

where «,, is the channel attenuation, 7" is the time delay asso-
ciated with user v (out of total number of V,, users), and (%) is
zero-mean AWGN with power spectral density Ny /2.

Without loss of generality, we assume that the desired user is
v = 1. The single-user optimal receiver is M-ary pulse corre-
lation receiver followed by a detector. We also assume that the
receiver is perfectly synchronized to user 1, i.e., 7! is known.
Furthermore, the time hopping sequence C} is known at the re-
ceiver. The M-ary correlation receiver for user 1 consists of M
filters matched to the basis function ¢} (¢) defined as

(éi(t):P(t_(sl—Tl)’Z:lavM (9)

The detector selects the Max ¢-th symbol of M possible out-
puts, as shown in Fig. 4. The decision variables at time sample
(t = jT'y), are now given as

JTy
U = / R(t)M(t — jTy — C'Teydt,  (10)
(j—1)7y
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Fig. 4. M-ary PPM UWB receiver for the 1st user.

by substituting for R(¢) from (8), the parameter U; can be rep-
resented as

Ui:di-’r-NIi-i-Ni. (11)

Without loss of generality, the dependency on i for terms d,
NI and N is removed for the rest of the paper. The desired part
of the received signal d is expressed as

JTy
d:/ a1SH(t — )} (t — jTy — CjTo)dt. (12)
(G-1Ty

J

N1 is the multiple access interference (MAI) from other users
expressed as

iTy  Nu
NI = / D 0,8 (t = 1)1 (t — §Ty — C}Tc)dt.(13)
(G=DTf =

N is the noise component at the output of the receiver,

Ty

N = n(t)g; (t — jTr — C}Te)dt. (14)

(j-1)T;

Using normalized pulse, the desired part of the signal is ex-
pressed as

d=ay Al(d} - 8y), (15)

where () is the delta function. The MAI part can be written as

NI=Y a4 / P)P(t - A)dt, (16)
v=2 0

where A is the time difference between the different users ex-
pressed as

A= (C] = CNTe + (df = §;) + (v — 7). (7

If the correlation function of the pulse P(t) is defined by

h(A) = /OTf P(H)P(t — A)dt, (18)
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Fig. 5. UWB pulses with Tp = 1 ns.
then the expression for MAI in (16) can be written as
Nu
NI=Ya,A"h(A). (19)
v=2

It is assumed that all the time-hopping code elements C; are
random and independent, with uniform distribution over frame
interval T’y for all users and frames. Each user has a uniformly
distributed data source. The time delays are also assumed ran-
dom, i.i.d. uniformly distributed over the frame interval. Un-
der the assumptions listed above, and noting that MAI pulses
of interest fall within the same UWB frame, the time difference
A is a uniformly distributed random variable over the interval
[T, Ty]-

Various waveforms with complex mathematical formats have
been proposed for impulse radio including Gaussian pulse,
Gaussian monocycle [1], and Rayleigh monocycle [8]. All of
these waveforms reflect the high-pass filtering impact of the
transmitter and receiver antennas. To simplify our calculation,
we consider three types of waveforms, namely, Rectangular,
Rayleigh and the 2nd derivative Gaussian pulses. The consid-
ered waveforms are presented in Fig. 5 with Tp = 1 ns. This
analysis can be extended to other waveforms.

We assume the following rectangular waveform

L o0o<t<T
Prect(t) = Tp =0 = P (20)
0, otherwise
The correlation function A(A) for Pyeq¢(t) in (20) is
_1al
hyeet(A) = 4 L~ T 0SIA[< TP Q1)
0, otherwise

Comparing with a rectangular waveform, the main character-
istic of monocycle signal is that they have a zero DC component
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Fig. 6. Autocorrelation of UWB waveforms with Tp = 1 ns.

to allow them radiate effectively. The normalized 2nd derivative
Gaussian pulse is expressed as

¢ AN o)
P2nd gauss (f) = g 1—4n g € €7, (22)

where ¢ is a time scale factor and its relation to pulse width Tp
is Tp = 7e which contains 99.99% of the total energy. The
corresponding autocorrelation function is found to be as

2 2 4
1—4W(é>.+ﬁl(é)
€ 3 £

The normalized Rayleigh pulse is expressed as

h‘lnd gauss(A> -

8 t )2
Pyt :“ - _7(2)- 24
y( ) /—"271_ 52 € 3 ( )
and its autocorrelation function is found to be as
ANZ
hray(A) =|1- (;‘) 64%(%)% (25)

Fig. 6 shows the autocorrelation functions of the considered
waveforms

III. PERFORMANCE ANALYSIS

For simplicity, and without loss of generality, we assume that
signals are transmitted in the /-th time slot. With perfect syn-
chronization, channel delay 7! is known, the time hopping se-
quence C' ]1 is known, and the decision variables are

. (U :alA'+ NI+ N,i=1
D’_{UP:NIJrN, i=1- Mizl @O

e (2) (23)

It is known that the MAI is not Gaussian. However, we as-
sume large number of users to justify the Gaussian assumption
for MAI by invoking the central limit theorem. The decision
variables are independent Gaussian random variables distributed
as follows:

U : N (a'A' + E[NI]+ E[N],0%, + Var(N))

27,

U, : N (E[NI] + E[N],0%, + Var(N)) . @0

where N (0, 1) denotes the Gaussian distribution with zero mean

and unit variance, and E(z) and Var(x) are the mean and vari-
ance of z, respectively.

The mean E(N) and variance Var(N) are found to be 0 and

No/2, respectively. The corresponding parameters for MAI are

found to be

Ny
E[NI]| =) E[a,]AYE[(A)], (28)
v=2
and
Ny
oXr = Z (Ay)z
v=2
(EleD)E[R*(8)] - E* | E*[R(D)]) . (29)
The mean of h{A) can be calculated as follows:
i) For rectangular waveform
E[h(A)] = Elhyect(A)]
7 h(a)haa = L 30)
= [ hal@gpdn= g

ii) For the 2nd derivative Gaussian waveform

Elhsnd gauss(A)] = %5;_13 (l _ 1) orf (ﬁT?p>

T

) ).

where er f(-) is the error function [7].

iii) For Rayleigh waveform

(32

The 2nd moment of h(A), E[h?(A)], is calculated as follows:

i) For rectangular waveform

E[hz (A)] = E[hgect(A)]

1 1

Tp
_ 2 AT
—24 B gdd = 55 (3
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it) For the 2nd derivative Gaussian waveform

E[h’gnd gauss (A)]
2 |1 1 35 Tp
=— |—(1-=+ 22 Verf{vor2t
Tpﬁl:\/i< 7T+96772>Mf< ”a)
35 2\ Tp
+<(_1‘48w2+E)?
(84 33\ (Tr)
3 367 <
7 8 e\’
33 ()
4 TP 7 72,”(7‘_}9)2
§7T (?> >€ .

(34)
iii) For Rayleigh waveform
1 T 2 Tp 2
2 (A I el id —(-£)
BlI, (8)] = w[(l (5)>e
+—3ﬁEerf (TE> 35
2 ¢ €
If Tp/e = 7,(31), (34), (32), and (35) can be reduced to:
—9.738 x 10~2
E[h2ndguass(A)] - T
5
0.14519
E[hgnd guass(A)] = ﬂ ’
2.29 x 10~ 11
E[hray(A)] = —6—7
and
0.095
[ ray(A)] T

The pdf for decision variable U; can be represented as

o 2
1 _ (lrllzguz)
e ro
V2o

where jy = o' A' + E[NI]and oy = /0%, + 2. The pdf for

decision variable U, can be expressed as

p(U) = (36)

1 _ ([717—/»‘;1)2
U, = e b 37)
p( P) \/57—1_01) (
where y, = E[NI]and o) = 0, = /0%, + 2.
The conditional probability of correct decision is
Pew, = prob(Uy > Uy, --- U > U,
U >UM|U[,l7éi), (38)

and the average probability of correct decision is

Pe = /Oo [prob(Ui > Uy)|Ui, 1 # O™~ p(UndU;, (39)

by substituting (36) and (37) into (39), and after some calcu-
lus with the substitution z = y\’/——;(’:—’, the probability of correct

decision becomes
1 OO alAl >jl M-1
Po=-—Fr—— l+erflz+ —
¢ Umehl /—oo [ / ( V20

e dz, (40)
where o is defined as
N,
o= Z JE[R*(A)] — E?[o, | E2[A(A)]).

(41)

Under perfect power control assumptions, i.e., A = A! =

A, Ez[a,,] = E?[a] and E[a2] = E[a®] for all v, the term
‘i/g‘ in (40) can be expressed as
al Al

V2o

Lp
YNNG

1+ (N, - 1)2 (58) (B[] E[R2(A)] - B2 E2h(A)))
42)

where Ep = /A is the pulse energy and ?\,—fg 1s the pulse energy
to noise ratio. The probability of symbol erroris Ps = 1 — Pc.

A. AWGN Channel

In Gaussian channel, the channel attenuation factor can be
assumed as unity, o = 1, and the average probability of correct
decision error can be reduced as (43) as shown at the bottom of
next page. This integration is evaluated by Hermite integration
method {7} as (44) shown at the bottom of next page. In (44), z;
is the 4-th zero of the n-th order Hermite polynomial H,,(x) and
w; is a weight defined by RZQ[HL—?;@
and w; are given by [7].

The term (E[h?(A)] — E?[h(A)]) in (44) represents the vari-
ance of the autocorrelation function denoted by 0,21. From (30)
and (33) for 3 > 100, the parameter o3 for rectangular pulse
can be approximated by

Numerical values for x;

10333

2 ) —
oj(rect) = 5 aE S g (45)
and the corresponding parameters for the 2nd derivative Gaus-

sian and Rayleigh waveforms with Tp/c = 7 are

: 0.14519  9.4836 10-3
i (2ndgauss) = s Z;(
0.14519
N (46)

g’
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and

9 0.095 5.242x 10722  0.095
W) =g s T N

(47)

From (43) and by comparing (45), (46), and (47), we clearly
observe that the monocycle waveforms is beneficial in reducing
the MAL Finally, the probability of symbol error is again given

by Pscawany = 1 — Poiawany-

B. Rician Fading Channel

To evaluate the system performance in terms of probability
of correct decision, we substitute (42) into (40), and average P
over the non-central Chi-square distribution for v defined by (3).
The average probability of correct decision is

_ e_K
PC(Rician) = W‘;—l—
M-1
/ / I+erf £+“(1+K)C
-e’ﬁe_”IO(?\/Ku)dacdu,
where ( = 1+ (N, — 1)2(52)(E[e*E[R*(A)] — E*[a] -
E?[h(A)]). The integrations in (48) are evaluated using La-

guerre and Hermite integration methods described in [7] as fol-
lows:

_K na ni
5 €
Pe(Rician) = ﬁﬁ-_l Z:ZI w; JZ:T v;iIo(2/Ku;)

= M—1
Ep
u; R

1+€7'f m

T; + , (49)

where u; is the j-th zero of the n;-th order Laguerre polynomial

Ly, (u) and v; is a weight defined by (n1+1)(‘fIlL!iij1(uj)]2' Nu-

merical values for u; and v; are given by [6]. The parameters
z;, w;, and no are defined earlier in (44).

The probability of symbol error is Ps(giciany = 1 —
Pc(Rician)- The performance expressions found are very gen-
eral and can be used for Rayieigh and Rician channels for dif-
ferent pulse shapes.

C. Nakagami Fading Channel

To evaluate the performance of M-ary PPM UWB system in
Nakagami fading channels, we substitute (42) into (40), and av-
erage P over the Gamma distribution for v defined by (6). The

average probability of correct decision is

. 1
Pe Jakagami) — TvrN oM 1
«/(Nakagami) I(m)y/m2M-1

00 [=3) uga
/ / l+erfla+ Do
0 - 00 mC

— p— 2_
w™ le™® Ttdedu,

M—-1

(50)

where ( is defined in (48). The integrations in (50) are evaluated
using Laguerre and Hermite integration methods described in
[7] as follows:

m-— 1
PC(Nakagamz) F(m 2M 1 szzyj
i=1

= M-1
. &P
ujRF

me , BD

1+erf |z +

where u;, v; , and n — 1 are defined earlier in (49) and z;, w;,

(48) ny are defined in (44).

The probability of symbol error is Ps(nakagamiy = 1 —
Po(Nakagami)- The performance expressions found are very
general and can be used for Rayleigh and Nakagami channels
for various waveforms.

IV. NUMERICAL RESULTS

Figs. 7-9 depict the effect of pulse selection on the user
SER of M-ary PPM UWRB in Rician and Nakagami fading and
AWGN channels. It is obvious that the monocycle pulses repre-
sented by the 2nd derivative Gaussian and Rayleigh pulses out-
perform the rectangular pulse regardless of the channel. This is
due to the autocorrelation properties of the monocycle pulses.
One can also observe that the performance is slightly degraded
with increased M for monocycle pulses. This suggests higher
spectral efficiency.

Using the Rayleigh pulse at SER-level of 10~3, the perfor-
mance differences between M = 2 and M = 8 are approxi-
mately 1.7 dB, 3.8 dB and 3.4 dB in AWGN, Rician and Nak-
agami channels, respectively. The corresponding values for the
2nd Gaussian pulse are 4.5 dB, 6.5 dB and 5.6 dB, respectively.
Using the rectangular pulse, the system performance saturates
before the SER-level of 1072 is achieved. Due to the larger dis-
tance between the modulation points, the lower level modulation
(M = 2) outperforms the higher ones (M = 8). Note that the
values of K = 10 and m = 5 were selected to show the accura-

M-1
00 Ep .
Foiawany = —Ml_—l/ I+erf|ax+ No e * dx. 43)
M e L+ (N, — 12 (B2) (BIR(A)] - B2R(2))
M-1
Po(awen) = garr > owi|lterf|zi+ e, (44)
i=1

L+ (N, = 1)2 (52) (B2 ()] - E2R(A)))

No
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Fig. 7. User SER for multiuser M-ary PPM UWB radio system with
N, = 10 users, spreading ratio 8 =100, and Tp/c = 7, in AWGN
channel.
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Fig. 8. User SER for multiuser M-ary PPM UWB radio system with

N, = 10 users, spreading ratio # = 100, and T» /¢ = 7, in Rician
fading channel with K = 10.

cy of the relationship between the Rician and Nakagami distri-
butions. It is obvious that such relation holds in most of the
presented results.

In the simulations, the pulse shaping ratio T'p /¢ for both the
2nd derivative Gaussian and Rayleigh pulses was loosely se-
lected to be equal to 7. This selection may degrade the per-
formance 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 system SER performance. Figs. 10-12 depict
the effect of pulse shaping ratio, on the performance of M-ary
PPM UWB system. These figures suggest that the shaping ratio
must be greater than 2 and 3 for Rayleigh pulses and the 2nd
derivative Gaussian pulses, respectively. Moreover, the perfor-
mance with Rayleigh pulses can be made equal to that with the

2, Rectangular
2, Rayleigh
2, 2nd deriv. Gauss.
8, Rectangular
8, Rayleigh
8, 2nd deriv. Gauss

-~ M
e M
- M
e M
~g~ M.
-~ M
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0 5 10 15 20 25 30
E/N, (dB)

Fig. 9. User SER for multiuser M-ary PPM UWB radio system with N,, —
10 users, spreading ratio 3 = 100, and T'p/e = 7, in Nakagami
fading channel with m = 5.
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Fig. 10. User BER for multiuser 2-ary PPM UWB radio system with

N, = 10 users, spreading ratio 3 = 100, Ep/No = 15 dB, in
AWGN channel.

2nd derivative Gaussian pulse by an appropriate pulse shaping
ratio.

The effect of system capacity on the BER is presented in
Figs. 13 and 14. We observed that practical pulses such as
monocycle pulses provide higher capacity than ideal ones. For
the same BER, the number of accommodated users in the system
can be significantly increased using the 2nd derivative Gaussian
pulse. The difference in the performance as a function of si-
multaneous users between the Rician and Nakagami channels
is insignificant. This analysis can also be extended to the other
UWB waveforms. With K = 10 and m = 5, the results of
Figs. 13 and 14 are similar because of the validity of the rela-
tionship between the Rician and Nakagami channels.
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Fig. 11. User BER for multiuser 2-ary PPM UWB radio system with
N, = 10 users, spreading ratio 3 = 100, Ep/No = 15 dB, in Rician
fading channel with K = 10.
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Fig. 12.
N, = 10 users, spreading ratio 5 = 100, Ep/No =
Nakagami fading channel with m = 5.

User BER for multiuser 2-ary PPM UWB radio system with
15 dB, in

V. CONCLUSIONS

In this paper, we have investigated the SER performance
of coherent M-ary PPM UWB multiple-access system in Ri-
cian and Nakagami fading channels. Among many practical
pulse waveforms, rectangular, the 2nd derivative Gaussian and
Rayleigh pulses were considered. Closed form expressions for
SER were derived using M-ary PPM UWB system for AWGN,
Rician and Nakagami fading channels. The expressions are gen-
eralized in such a way that it can be applied to multiuser UWB
environment using various pulse waveforms. Monocycle pulse
is found to be much more robust against MAI than rectangular
pulse even in fading channels. Moreover, the system capacity
with monocycle pulses would be improved compared with rect-
angular pulse in fading channels. The results also showed that
the performance of the rectangular pulse may decrease rapidly
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Fig. 13. User BER with respect to number of users and spreading ratio,
3, for multiuser 2-ary PPM UWB radio system with £, /Ny = 15 dB
in Rician fading channe! with K = 10.
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Fig. 14. User BER with respect to number of users and spreading ratio,
B, for multiuser 2-ary PPM UWB radio system with E;/No = 15 dB
in Nakagami fading channel with m = 5.

as a response to changes in channel statistics. For example,
SER-level of 102 cannot be achieved for both Rician and Nak-
agami channels. The performance with Rayleigh pulse is about
1 dB superior to that with the 2nd derivative Gaussian pulse for
the same SER-level in all the studied channels. Although the
system performance degrades for increased M for all the stud-
ied cases, the degradation is minimal with the monocycle pulses.
This work may be extended to account for multipath fading us-
ing a suitable UWB receiver.
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