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Quantifying the Degradation of Combined MUI and
Multipath Effects in Impulse-Radio UWB

Fernando Ramirez-Mireles, Senior Member, IEEE

Abstract— We study pulse-based ultra wideband (UWB) com-
munications over multipath channels using asynchronous spread
spectrum (SS) multiple access (MA) based on time-hopping (TH)
and pulse position modulated (PPM) signals. More specifically,
we analyze the signal-to-interference (SIR) degradation in the
presence of additive white Gaussian noise (AWGN), multi-user
interference (MUI), and dense multipath effects (DME) with line-
of-sight (LOS) and non-line-of-sight (NLOS). In particular, we
define a degradation margin factor for the combined MUI and
multipath effects and also find an expression for the maximum
number of simultaneous radio links N, in terms of the operating
SIR, the SS processing gain, and the bit transmission rate R;. We
consider both cases with perfect and imperfect power control.

Index Terms— Multipath channels, multiple access, pulse po-
sition modulation, ultra wideband communications.

I. INTRODUCTION

OMMUNICATIONS using UWB has been the subject

of intense research activity in the last decade [1]-[5].
This work studies the performance of asynchronous pulse-
based UWB PPM-TH SSMA communications under a realistic
scenario that includes MUI, DME and AWGN. Several authors
have studied this problem before [6]-[12]. This work differs
from [10] because it considers M-ary instead of binary PPM
modulation, and because it introduces the notion of degrada-
tion margin in multipath. This work differs from [11] because
here we consider non-orthogonal M-ary signals instead of
orthogonal M -ary signals, and because here we consider PPM-
TH signals defined in terms of M > 2 time shifts with
an embedded no-repetition code, using M > 2 different
correlations in the receiver.

We study the performance of M -ary equally correlated (EC)
PPM-TH signals with a focus on low data rate UWB systems!,
e.g., a data rate of R, = 100 to 1000 kilobits per second
(kbps).> The performance trade-off is modeled with a simple
approach by finding an expression for the SIR and quantifying
the degradation experienced when user one (the desired user)
operates in the presence of other N,, — 1 users.

In single-user communications over a multipath channel the
fading margin reflects variations in the received energy. In
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1Our motivation to use PPM comes from the potential of PPM to simplify
the analog front end in applications combining communications and position
location.

2This range of Ry is in the high-end of the values 10 < R; < 100 kbps
being considered in the standard under development by the IEEE 802.15.4a
group.

multiple-users communications with no multipath the degra-
dation factor reflects a growth in the MUI as N, increases. In
multiple-users communications with multipath the degrada-
tion margin® reflects the combined effects of both DME and
MUL. In this last case, the SIR value (dB) required to achieve
a target bit error rate (BER) value BER,,. is

SIR,..(Ny) SIR,,.. + (fading margin in DME)

+(degradation factor with MUI)
+(degradation margin with MUI in DME)),

where SIR,. is the signal-to-noise-ratio (SNR) value to
achieve a desired BER,,. in pure AWGN.

In this work we use the BER curves to quantify this
degradation margin, and then use the degradation margin
to calculate an equivalent processing gain G, (defined in
Section III-B) that fits the data obtained from the BER curves.
By using this approach we can relate the system parameter
using simple expressions. For example,

(Geaus / 9)

N ~N, T/ 7]
" "™ (fading margin)’

where N,,. (N,..) and G (Gequv) are the maximum number of
users and the processing gain, respectively, for a channel with
AWGN (DME).

II. SYSTEM MODEL

The system model and analysis follow closely [13] and [14].

A. Transmitted Signals

We consider M-ary equally correlated (EC) PPM signals
[15]. The EC-PPM-TH transmitted signals are described by

N;—1

v (t Z Pt — KTy — T, —als), (1)

TX,]

where ¢ denotes time, the superscript 1 < v < N, indicates
user-dependent quantities, the index k is the number of time
hops that the signal \Ifgf ) (t) has experienced, T is the average
frame time between pulse transmissions, and p(t) is the
UWB pulse used to build the transmitted PPM signals.

The aj, is a 0, 1 pattern representing the j* cyclic shift of an
m-sequence of length N, [16], and the index 7 =1,2,..., M
indicates which signal from the equally-likely M-ary set is
being used to transmit information. Since there are at most
Ny cyclic shifts in an m-sequence we have that 2 < m < N,.

3This degradation margin reflects the fact that MUI gets worse in the
presence of DME, with more degradation as N, increases.
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The time shift value ¢ is chosen such that the set of signals
has favorable correlation properties [15].

For a given time shift parameter 7%, the pseudo-random TH
code {c,(:)} provides an additional time shift to the pulse in
every frame, each time shift being a discrete time value c,(:)TC,
with 0 < C;V)TC < NpT,. The data symbol j changes only
every N; >> 1 hops, i.e., the system uses fast time hopping.

The UWB pulse p(t) is the basic signal used to convey
information. The duration of the pulse T}, is in the order of a
few nanoseconds.

B. Multiple-Path Trajectories

The link between user one’s receiver and user v’s transmitter
defines a multiple-path propagation trajectory that is a function
of the relative position of user one’s receiver with respect to
the position of user v’s transmitter. This random trajectory will
be identified with the random index £(). There will be N,, of
such trajectories, one for every pair (user v’s transmitter, user
one receiver), v = 1,2,..., N,. When user v’s transmitter
radiates the signal pr(t), the signal detected by user one’s
receiver will be represented by p(¢ ("),t). As we move user
one’s receiver position with all the transmitters static, these
trajectories change. Hence, the received waveforms coming
from each of the transmitters also change.

C. Channel Effect in the UWB Pulse

In an ideal propagation channel, transmission of the pulse
prx(t) results in a received pulse /E,p(t) with duration T},.*
In an indoor multipath channel, transmission of the pulse
pix(t) results in a received “pulse” /B, p(€*),t). The pulse
VEq, p(€™),t) is a multipath spread version of \/E,p(t). The
average duration of p(¢(*),t) is denoted T,, where T, is a
measure of the multipath delay spread, and can be up to a
few hundreds of nanoseconds for indoor environments, hence

T, >>T,.
The pulse +E, p(™),t) has random energy
E,(¢™) 2 E, « (5(”)), where FE, is the average pulse
energy, and o f_ (W), 1)]?dt is the normalized

random energy The pulse has normahzed random signal
A [ pE™) ) p(e™) t=0) dt
N aZ(E0) . The

correlation (£(), )

normalized signal cross-correlation corresponding to

pulses received with two different trajectories &) and
65 W 4_s

W) is (M €0 ) & JoerE SO pE Tt )dt where

a2(e@ )

GR(EW, W) 2 %2 p(eM 1) p(e®), 1) dt.

D. Model for Single-User in Multipath

The PPM-TH signals received in the presence of multipath
with trajectory £*) are

v ( Z\/7p

) t—kT—c T.—als). (2)

4Under free space propagation conditions the received pulse p(t) has been
modeled as the derivative of the transmitted pulse prx(t). This model for the
antenna system has been repeatedly used [1]-[5]. Most existing UWB antennas
do not have that frequency response. Even for those antennas systems, the
results in this work still can be applied since the analysis is based on the
energy and correlation values of the received signals.

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 6, NO. 8, AUGUST 2007

Since the channel is assumed to be slowly time invariant,
the PPM signal is composed of shifted version of the same
spreaded pulse. We will further assume that &) (£(*) #) has
fixed duration Ty = N,TY.

The s1gnals T (W) t) have random energy Ey (£ ("))
[ (W H))2dt ~ Ea?(E™), for all j, where E, =
Ny E is the average symbol energy. The signals have normal-
ized random correlation values [15]

0 (v) v (v) v
f—oo \Ijjl (5( )>t) v 2 (5( )7t) dt

)y 2
17 jl :j27
~ (V)75 . A (3)
{ %a J1 #.]Qa
for j; =1,2,..., M, jo =1,2,..., M, with Ny >> 1. The

time shift value § € (0,7},] is chosen such that the distance
between signals is maximized [15].

E. Model for the Gaussian Channel

To describe the signals in the Gaussian case we use the
expressions in Sections II-C and II-D except that we suppress
the random index ¢ and use a? = 1.

F. Model for Multiple-Users in Multipath

In the system model under consideration all the users utilize
the same type of M-ary time hopping PPM signals in (1) to
convey information, the difference being the TH code used for
each user. All the users experience the same multipath envi-
ronment, although each one has its own multipath trajectory.
When N,, asynchronous transmitters are active, the received
signal at user one’s receiver position is

Nu

S AT (W) ¢

v=1

r(t) = ) n), @

where 7(*) represent time asynchronisms between the clock
of user v’s transmitter and user one’s receiver, (A(*))? is
the ratio of average power used by user v’s transmitter with
respect to the average power used by user one’s transmitter
(with |[AM |2 = 1), and n(t) represents non-MA interference

modeled as AWGN with two-sided power spectrum density
(PSD) N, /2.

G. Statistical Averages

The signal r(¢) in (4) is a random process that depends
on the random noise n(t) and three other types of random
variables: The random time delays, the random time hopping
codes, and the random multiple-path trajectories indexes.
Performance computation is based on SIR ratios and bit error
rates (BER) rates averaged over all random variables. The
receiver will be assumed to be perfectly synchronized.

To facilitate our analytical treatment, we make assumptions
similar to [13] [14]. For the low data rates under consideration
the effect of the MUI at the output of the correlation receiver
can be modeled as a zero mean Gaussian random variable with
random (position-dependent) variance.’

SFor discussions on the validity of the Gaussian assumption for low values
of Ng and N, see [17]-[21].
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III. RECEIVER SIGNAL PROCESSING AND PERFORMANCE

We will present results for EC-PPM signals. The analysis
can be generalized to signal sets with other correlation prop-
erties.

To simplify notation, in the following analysis we will drop
the super-index (1) from ™M) (¢ ¢), AD 7 and M),

A. Signal Detection and BER

Let’s assume that the receiver wants to demodulate user
one’s signal. The received signal r(t) in (4) can be rewritten

r(t) =

where T £ [T, NsTy + 7], and

AUt —7) + nyor(t), t €T,

Ny
A 1% 14 1% 14
naor(t) = AVT () 1 — 700) 4 ().
v=2

For the time being, let’s assume that user one’s receiver is
static at one place, and that user one’s transmitter is at a fixed
position, i.e., £ is kept fixed.

In the present analysis signal detection is achieved using
a Rake receiver [22]. The performance of such correlation
receiver can be analyzed using traditional detection theory
[23], and the demodulation problem can be analyzed as
the time-shift-coherent detection of M equal-energy, equally-
likely signals in the presence of Gaussian interference plus
noise using a M-ary correlation receiver. The resulting per-
formance results should be considered as a lower bound, i.e.,
performance of an ideal Rake receiver.

To estimate the BER for time-shift-coherent detection of
equi-correlated signals we will use the union bound

[e%s) 2
UBPe(N,|¢) = M exp(—p7/2) dp.
2 J\iog,) SIR(N. ) V27
)
where
A 1
SIR.(Nule) = (6)

[SIR(1[¢)] " +[STRuun(Nu &))"

is the output bit SIR observed in the presence of IV, — 1 other
users,

& Eya’(©)[1-B()]

SIR(1[¢) TS ™
is the SNR when only user one is active,
s Eya®(©)[1 - B9 g(§)
SIRyui (Vo = ~ , (8
( ‘5) NMUI(€) (Nu - 1) ( )

is the SIR in the presence of MUI and in the absence of
AWGN, E}, = 1og]j EI’M) is the average bit energy, and where

s (Nu—1)FEpa’(€)

g(¢) ©

NMUI(f)

[1 =B8],
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is the equivalent PSD level of the total MUI under ideal power
control conditions, where

o (WE)/Ty)

~ mp(£,6,0,0,6)
.u“(f) - 21)0_%(57075) ’
0'127(57977]) é E(g(v)\g){gp%(€>£(y)79777)}7

A . Ty /2 ) )
= Tf / mp(fag v 7§79777) dga

ap(&,6M),0,n)
—Ty/2

where R} is the bit transmission rate, and where
mp(€,€"),,0,m)

2 p(EW, 0—<) [p(€,0—8) —p(&, 0 — )] do

a?(£) x

[Y(& s —0) — (& s —n)], for v =1,
] a2, ew)
(76,60, = 0) = 5(£,6) s —m)] . for v #1,

The G(§) is a random processing gain factor, and u(&) is
a normalized SIR parameter defined in terms of both the
received UWB pulse shape and the time-shift defining the
PPM data modulation.® The averaged performance can be
obtained by taking the expected value E¢{-} of (5) over all
values of ¢ to get

—— A

UBPe ( v ,Nu) =

]

Ec{UBPe (N,[6)}.  (10)

B. Multiple Access Performance

Notice that SIR(1) = E:{SIR(1]|¢)} is the average
SNR value in the presence of AWGN and DME, and
that SIR,,(N,) 2 E¢{SIR,,(N,|€)} is the average SIR
value in the presence of AWGN, DME and MUI. Naturally,
SIR,.(N,,) < SIR(1)

Let SIR,,. be the specified operating SIR to achieve a de-
sired BER,,,. in a single users system. Let SIR.(N,,) > SIR.
be the required value of SIR(1) that makes SIR,,(N,) =
ﬁw so BER,,. can be achieved in the presence of MUL

Using the relations in (6),(7),(8), we now define the degra-
dation factor in multipath

s SIR.(N,) ()

DFy(N,, e = el
w(Nu) SRy (&),
1
= =7 = L an
L= (R [2]

This definition requires to know the value of the equivalent
processing gain G- Notice that G, satisfy the relation

— ([ Ey
UBPe <(Fb)swc X DFyp(Ny), Nu> ~ BER,,., (12)

®Notice that we can re-write G(&) = Ku(g)%Ns, where K, (§) is a
time-normalized version of p(§).
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i.e., the SNR value (%)spec X DFp(V,) becomes a function
of Gy, and the desired value of G, is the one that makes
the relation (12) to hold.

From (11) we can find

" 1
geqlm (1 _
) DFy,

o 7 spec

Nu(DFy) = [ )I+1 13)

|

(¥

where |-| is the floor operation.
For comparison purposes, we also define a MUI-DME
degradation margin

ADF(N,) £ DF(N,) — DFaex(Ny), (in dB)  (14)
where DF oy (V) = % is the degradation factor in

spec

AWGN.?

IV. NUMERICAL RESULTS
A. UWB Pulses and Parameters

The UWB pulse considered in this example are based
on pulsed sine waves with center frequency 5 GHz and
parameters 7, = 2 ns and T, = 160 ns as described in [25]
using the channel model in [26] [27]. We also use § = 0.1 ns,
Ty = 200 ns and R, = 200 Kbps per user. With these values
we get Ny = % ~ 25logy (M), a value large enough to
reasonably justify the Gaussian assumption for the MUI for
low values of N,,. Finally, we set the target BER,,.. ~ 106,

B. Averages in AWGN and Multipath

Calculation in the Gaussian channel use the expressions in
Section III with a? = 1, 8 = 0.025, suppressing both the
random index £ and the bar 6 and using G instead of G-

Calculations in multipath require averaging over ¢ as in

[14], but using the sample mean values
& 2&,UBPe (N, [§)
mzz) (f’ €7 Oa 07 6)

UBPe(%,Nu) ~

we) = s 22(€.0.0)
0—12;(57075) ~ ﬁzgzl 0—2(575i7076)
£, #€

%

Tt / m2(£,&,5,0,0) d,

=Ty /2

U; (fa €i7 Oa 6)

where (Q = 200 is the size of the sample for every transmitter-
receiver separation distance D. Results were averaged consid-
ering D = 3,6,9 meters for the LOS case and D = 1,2,3
meters for the NLOS case.

C. Calculations With Perfect (Average) Power Control

We first determine the BER curves for 2 < M < 64 and
N, = 1 (Fig. 1(a)), and from these curves we determine

(%)spec for different M corresponding to BER,,. ~ 107°

(see Table I). Next we calculate , G, (¢) and G(€), and
proceed to determine the BER curves for M =2 and N,, > 1

(Fig. 1(b)) and for M = 64 and N,, > 1 (Fig. not shown).

7The degradation factor in AWGN was defined in [24]. Degradation factor
in DME was used in [10]. In this work we are expressing the degradation
factor in terms of the equivalent processing gain.
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TABLE I
VALUES OF SIR, FADING MARGIN, AND PROCESSING GAIN FOR
DIFFERENT M FOR Ry, = 200 KBPS WITH BERgpec =~ 1076 .

M (% )spec ( % )spec ( % )spec g Gequiv Gequiv

AWGN (dB) LOS (dB) NLOS (dB) AWGN LOS NLOS
2 13.53 22.20 25.58 3569 | 3500 3520
4 10.80 19.65 23.05 3569 | 3500 3520
8 9.25 18.29 21.67 3569 | 3500 3520
16 8.23 17.43 20.80 3569 | 3500 3520
32 7.46 16.80 20.17 3569 | 3500 3520
64 6.90 16.33 19.65 3569 3500 3520

TABLE II

APPROXIMATE (MAXIMUM) VALUES OF [Ny, TO ACHIEVE BERgpee ™ 10—°
FOR DIFFERENT R}, USING M = 2. LEFT COLUMNS: PERFECT AVERAGE
POWER CONTROL (PURE AWGN, LOS, AND NLOS). RIGHT COLUMNS:

IMPERFECT POWER CONTROL IN AWGN (LOS AND NLOS ENERGY

STATISTICS).

Ry Ny Ny Ny Ny Ny
(Kbps) (AWGN) (LOS) (NLOS) (AWGN-LOS) (AWGN-NLOS)
100 76 24 11 30 14
200 37 12 6 15 7
300 25 8 4 11 5
400 19 6 3 8 4
500 15 5 2 7 3
600 12 4 2 6 3
700 10 3 2 5 3
800 9 3 2 4 2
900 8 3 2 4 2
1000 8 3 2 4 2

From the BER curves for N,, > 1 we determine the true value
of DF,(N,). From this true value DF,;(N,,) and knowing

(%)spec we determine G, (see Table I) such that G, and

(ﬁ_z)sm in (11) produce an equivalent version of DF,;(N,)
that fits the true value of the degradation factor® (both true
and equivalent versions of DF,;(NN,) are plotted in Fig. 1(c)
and there is a good fit).” Next, we use this Gewiv and the other
parameters to determine N, in (13) for 2 < M < 64 with
fixed R, = 200 Kbps as depicted in Fig. 1(d). Finally, we
can also use this G, and the other parameters in Table I to
determine ADF(NV,,) in (14) (results not shown).
Furthermore, the first four columns in Table II shows the
maximum values of N, to achieve a value of BER,,, ~ 10~3
for different I, using M = 2. Notice that in this case a
different processing gain is calculated for every value of Rj.

D. Calculations in AWGN With Imperfect Power Control

To study the performance in the presence of AWGN and
MUI with no DME but with imperfect power control, we
make calculation with o? = 1, 8 = 0.025, and we use

(%)W“ = 13.58 dB (i.e., zero fading margin) but we let G(§)

vary randomly in (9), with the random power variations of the
components of the MUI following the statistics of a? in both

8Notice that in the Gaussian case both the true and the equivalent DF(N,,)
are the same.

9Notice that the frue DFwp(Ny) is found from the BER curves already
averaged over the multipath effects, while the equivalent DFyp(Ny,) is not
a direct average of different realizations of a random degradation factor, but
comes from a model in (11) that fits the BER curves.
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averaged bit BER

. (b)

averaged bit BER

Number of users

Degradation factor DF (dB)

NLOS (true)
NLOS (equivalent)
RIS . o LOS (true)
K4 2| LOS (equivalent)
K4 K4 o AWGN (true)
K4 4 == AWGN (equivalent)
J

2
10
Number of users N, Degradation factor (dB)

Fig. 1. (a) The UBPe (%,Nu) for 2 < M < 64 with Ny, = 1, (b) the UBPe (%,Nu for M = 2 with N, = 1,33,65,97,129, 161 (AWGN),

N, =1,7,13,19,23 (LOS), and N,, = 1,3,5,7,9,11 (NLOS), (c) True and equivalent versions of DFawan(Nv ) and DFyp(Ny, ) for M = 2 and 64, (d)
the Ny, (DFwp) for 2 < M < 64, calculated using the equivalent values of the degradation factor. Results are for R, = 200 kbps with BERgpec =~ 106,

LOS and NLOS cases. The last two columns in table II shows e As N, increases, DF;(V,) also increases, and

N, to achieve BER,,, ~ 1075 for different R, with M = 2: mm(Nu) must be increased in order to maintain the
BER,,.. Ultimately, however, no amount of increase in
ﬁm(Nu) can offset the effects of the MUI, and N,
reaches a plateau with a maximum number of users equal
to the ratio Guuy/(Ep/No)ge (see Fig. 1(d)).

e We can relate the maximum number of users N, =~
N,.. (%) / (fading margin). From table I we notice
that there is little difference in G, for LOS and NLOS.
Hence, the main difference in performance come from
the difference in fading margin (see Figs. 1(b) and 1(d)).

V. CONCLUSIONS

This work studies the performance of pulse-based UWB
SSMA communications in the presence of AWGN, MUI,
and DME. More specifically, we quantify the degradation of
combined MUI and multipath effects in Impulse-Radio UWB.
We proposed a model of the degradation that allows us to
calculate the number of users in the system. The model is
found for M = 2 and M = 64 and then used for 2 < M < 64.
In general, the results show that:
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e M-ary modulation can be used to compensate for degra-
dation caused by the combined effects of both MUI and
DME,'* and we can relate N(*) ~ Cyy N2 for M >
2, where the Cyr = SIprzcz / SIREX ) is the coding gain
for M > 2. In particular, even that N5 /N2 ~ C4y),
we found that

DF(64)/DF(2) ~ 1 NGOV — Cea)[Nu — 1].
Ceny N2 — 2 [N, — 1]
(64)

o For the particular system model that we use, we found
that imperfect power control degrade the number of users
in the same order of reduction produced by MUI com-
bined with DME. In DME with perfect average power
control, both the signal and the interference suffer fading.
In AWGN with imperfect power control, the energy of
the signal is constant (no fading) and the energy of the
MUI follows the statistics of a multipath channel. On
average, the first situation (combined effects of fading
and multiuser interference) is worse than the later (no
fading margin for the signal of interest).
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