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On the Performance of Ultra-Wide-Band Signals in
Gaussian Noise and Dense Multipath
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Abstract—An ultra-wide-band (UWB) signal is characterized by ~conditions with additive white Gaussian noise (AWGN case)
a radiated spectrum with a very wide bandwidth around a rela- and a dense multipath channel with AWGN (MP cas@he
tively low center frequency. In this paper, we study the reduced UWB signals considered here are based on subnanosecond

fading margin property of UWB signals. To evaluate the fading - . . .
margin, we compare the performance of UWB signals in an envi- pulses, which are generated relatively easily using current

ronment with only additive white Gaussian noise (AWGN) versus technology [1], [4].

the performance of UWB signals in a dense multipath environ-  We first describe the relation between the transmitted and re-
ment with AWGN. The assumption here is that the presence of cejved pulses. In the AWGN case, the transmitted pulse and the
multipath causes a small increase in the signal-to-noise ratio re- received UWB pulse are related by a mathematical operation

quired to achieve reasonable levels of bit error rate. A numerical . . . )

example confirms this assumption. More specifically, the example In the MP Case’ the tr_ansm'tt.ed pulse and the received dispersed
shows that to achieve a bit error rate equal to 165, we require UWB pulse is described using an ensemble of channel pulse

about 13.5 dB in the AWGN case and about 15 dB in the multipath responses. We also define the correlation properties of the re-
case, resulting in a fading margin of just 1.5 dB. This small fading ceived UWB in both cases.

margin can be understood by the ability of the UWB signal to re- Second, we define a set of UWB/-ary communication

solve the dense multipath. waveforms as pulse position modulated (PPM) signals con-

Index Terms—Communication, multipath channels. sisting of more than one UWB pulse. We use PPM because it
is straightforward to defind/-ary waveforms in terms of the
I. INTRODUCTION UWB pulses. In the MP case, we make the assumption that

N ultra-wide-band (UWB) signal is characterized by a rat_he multipath channel varies slowly with respect to the symbol

diated spectrum with a very wide bandwidth around a relg(aveform. TheM-ary PPM signals are defined to be equally

tively low center frequency. Typically, an UWB signal is deﬁne&orrelated in order to simplify the bit error rate (BER) analysis.

as any signal inwhich the 3-dB bandwidth of the signal is at Ieast]:lzgg'r‘évfef\‘/';"’:lgerntnge%ﬁi I?(eerrf?r:n:r?;(;;; ?:r{ﬁfe} atrgeclgER is

25% of its center frequency [1]. The wide bandwidth allows the . o
signal to be received with fine time resolution, and a low enou eraged over the energy and correlation variations caused by
' ultipath in a particular wireless indoor channel.

center frequency allows the UWB signal to penetrate many Einall ical les based ticular UWB
terials. These two properties are relevant for communications inally, numerical examples based on one particuar L

in radio channels impaired with dense multipath, such as t glse are g|_ven.V\{e use th's. particular UWB pulse bgcause ithas
wireless indoor channel [2]. With UWB signals, the dense m een used in previous studies of UWB communications [4]’_[7]'
tipath can be resolved, allowing the use of a Rake receiver [3] #1'3 These numerical examples are used to get a rough estimate

signal demodulation. Therefore, the radio links can be opera Sdlt;gw_mUCh dggradgltlor_1 N :thf/sve'rag? sllgr(;al-to-nms?e. ra'ur?
in indoor environments with low-power transmission and wit ) is experienced using signals in dense multipat

reduced fading margin, making UWB systems good candidafd@"nels.
for short-range high-speed indoor wireless communications.
In this paper, we are interested in the reduced fading margin [I. PERFORMANCE IN GAUSSIAN NOISE

property of UWB signals. The fading margin is the increase |n this section, we analyze the performance of UWB signals
in required signal power to provide the same average erigider free-space propagation conditions with AWGN. We as-

probability on fading versus nonfading channels [6]. The fadingime that both the transmitter and receiver are placed at certain
margin of UWB signals is studied by analyzing the perfofixed locations.

mance of UWB signals for two cases: free-space propagation
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to propagation). The effect of the antenna system in the transThe union bound on the bit error probability using these
mitted pulse is modeled as a differentiation operation. The noisgually correlated signals can be written [12]
n(t) is AWGN with two-sided power densiti¥, /2.

The UWB pulse p(t) has durationZ, and energy M M E\p
E, = [Z_ [p(t)]*dt. The normalized signal correlation UBPb= — ZZQ 1—/3)
function of p(¢) is i=1 j=1
i#j
_M 2/2
Al [ exp(=£*/2) ) (5)
vp(T) = o p(O)p(t —7)dt > -1 V. Q) los, ADSNRD or
P J—o0
A where
We defineviin = ¥(7min) as the minimum value of,,(+), 1 By
SNRb=—"— "> (1-0 6
T € (0, Tp] 1Og2(M) No ( /) ( )

Once we know the effect of the channel on a single pulse,
we can describe the effect of the channel on the informatigithe received bit SNR ang@(¢) is the Gaussian tail function.
signals. The transmitted signals are a kind of PPM signal, each
composed ofV, time-shifted pulses [1l. NUMERICAL EXAMPLE

N1 To evaluate UBPb in (5) we need to calculate SNRb in (6). For

\IJ(J) (t— kT this purpose, we need to kngwin (4), i.e., we need to define
x(t kzo prx(t = KT = ajTain) @ the pulsep(t) and the parametert,,;, that define the signal in
3).
) Forp(t), we consider a UWB pulse that can be modeled by
J=1,2, ..., M.Inthe absence of noise, the received S'gna!ﬁe second derivative of a Gaussian functiap(—2x[t/¢,]?)

are Composed aW, time-shifted UWB pulses properly scaled. In this case, the transmitted pulse is

N,—1 )
() = Z p(t — kT — aj Tmm) (3 prx(t) = texp <—27r [ti} )
k=0 n

To analyze the performance of the signals in AWGN, we mudfd the received pulse is

describe the correlation properties of teeeivedsignals¥ ;(¢)

in (3). Each¥;(t) represents thgth signal in an ensemble of t1? 2

M signals, each signal completely identified by the sequence p(t) = |1~ d4n {a} exp | —2m {a}

of time shiftsa® - Tmin € {0, 7min } (this choice of time shifts al-

lows usto producM ary PPM signals, which are equally COI&yhere the value, = 0.7531 ns was used to fit the modgl(t)
lated). Thex} is a0, 1 pattern representing tfth cyclic shiftof ) ' 0aqured waveform,, (¢) from a particular experimental
anm-sequence of length,.. Since there are at moat, cyclic g jink [13]. This resulted irf}, ~ 2.0 ns. The normalized

shifts in anm-sequence, we require that< M < N. FOr  qiona| correlation function correspondmg;t()t) is calculated
a discussion of the properties of-sequences and the requweus'ng (1) to give

ments on the value oV, the reader is referred to [10]. We a

sume that the pulse duration satistigst 7min < 17, wherel’s 2 5 4 2

is the time shift value correspondlng to the frame period. Each, (¢ [1 — 4 {1} + an” [i} ] exp <_7r {i} ) .
signall,(¢) has duratiorf; = =Y =Ly and energyy = N, E,,. tn 3 Ltn tn

The signals in (3) have normalized correlation values [11]
For this~y,,(t), we haver,i, = 0.4073 ns andymin = —0.6183,

S0/ = 0.1909in (4). Bothp(t—1,/2) and,(7) are depicted in

/ W, () W,(t) dt Fig. 1. Fig. 2 shows the spectrum of the impuyige). The 3-dB
Bij E N I bandwidth of the pulse is close to 1 GHz. The center frequency
v is around 1.1 GHz.
=f= 1 Yinin (4) Note that the specific value a¥, and7’; does not affect
2 SNRb, as long ad4 < N, and1}, + mmin < 1. Hence, we
o set arbitrarilyZ’; = 500 ns andV, > 1000.
forall< # j, i.e., they are equally correlated. The BER in AWGN can now be calculated using UBPb in (5).

Results for different values ¥/ are shown in Fig. 3. Values
as large asW/ = 128 are easily obtained with the PPM signal

The optimum receiver is a bank of filters matched to #fe design in (3), allowing us to exploit the benefitsiaf-ary mod-
signalsV,(¢), s =1, 2, ..., M. The receiver is assumed to baulation without an excessive increase in the complexity of the
perfectly synchronized with the transmitter. receiver [11].

B. Receiver and Bit Error Rate Performance
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amplitude

Fig. 1. (a) The pulsg(t — (T},/2)) as a function of tim@ < t < 4 ns. (b)
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The pulse has “random” enerdy(u,) 2 E,&*(u,), where

The signal autocorrelation,(7) as a function of time shif2 < r < 2ns.  F, is the average energy and

nomalized magnitude

1 @) 2 [ [ P di ™
08 is the normalized energy. The pulse has normalized signal cor-
relation

08 o0
-~ [ B, D, = )

. . A J oo

’Y(um 7_) = 50 - 8

06 / [P(u,, )]? dt

o
o

The transmitted information signals are the sa?é@i(t) as
in the AWGN case given in (2). In the absence of noise, the
received signals are composeddf time-shifted UWB pulsés

N,—1

\Pj(uoa t) = Z vV E, ﬁ(uoa t— ka - a?"_min) 9
k=0

1.5
frequency (GHz)

forj=1,2,..., M.

Fig. 2. The magnitude of the spectrum of the pyiés). The UWB PPM Signal@j(um t) is a multipath spread

version of ¥;(¢) received at positions,. We will assume

, _ that W (u,, t) has fixed duratioril, ~ N,T}, provided that
Notice that the performance in AWGN depends on the corrg- ;. < T;. The signals in (9) have “random” energy

lation properties of the UWB signals and not on the UWB nature

~ oo 2
of the signals. In fact, any other set with the salfieary corre- Ey(u,) = / [\Ifj(uo, 5)} d¢
lation properties would give the same performance. J—o0
~ E\p&(uo) (10)
IV. PERFORMANCE IN DENSEMULTIPATH j=1,2,..., M, whereEy = N,E, is the average energy.

In this section, we analyze the performance of UWB signald1e signals in (9) have normalized correlation values

\Pi(uoa S)qjj (U'ov 5) d£

in a dense multipath channel with AWGN. The channel can be, /°° ~ ~
A

for example, an indoor radio channel. In the analysis, we will -

assume that the transmitter is placed at a certain fixed location, Bij(uo) === Ep(u )
\ (7]

and the receiver is placed at a variable location denated

A. Channel Description and Signal Properties

> 1 + ! Uoy Tmin
= Blu,) = L4 3(to, Tinin) ; ) (11)
forall ¢ # j, i.e., they are equally correlated.

The transmitted pulse is the same pujsg(¢) as in the

AWGN case. and the received UWB signa '(SEa ﬁ(uo t) + 4The assumption that the multipath channel varies slowly with respect to the
) ?

duration of the symbol waveform allows to assume thattheary PPM signal

”(t) The_ pulsey Ea_ﬁ(uov t)_ is a multipath SF_’read version Ofin (9) is composed of shifted replicas of the “same” multipath spread UWB
p(t) received at positiom,, with average duratioff, > T,. pulse.
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Obviously, the multipath effects change with the particulagation since the multipath signal is a superposition of a number
position u,,, and therefore thél/-ary set of received signalsof pulses, each pulse with a different amplitude, time delay,
{05 (uo, 1) j:{” also changes with that particular position  phase, and frequency content [17]. In the UWB case, this effect

is more notorious. Each resolvable component has different fre-
B. Receiver and Bit Error Rate Performance quency content since a UWB pulse suffers frequency distortions

Conditioned on a particular physical locatiom,, the as it propagates through walls and other obstacles (the higher
optimum receiver (matched filter) is a kind of perfect Rake rdrequencies are likely to be attenuated more than lower frequen-
ceiver that is able to construct a reference signghso, 7, —t)  Ci€s).
that is perfectly matched to the signal recei\)ép(uo, t) over Instead of using a channel model, we can make our calcula-
the multipath conditions at that locatian. We will assume tions based on theeceivedwaveforms properly characterized.
that the receiver is perfectly synchronized with the transmitteFhis is possible since the expected value in (14) is taken with

Performance analysis for the perfect Rake receiver can be ¢&spect to the quantitie®*(u,) and 5(u,). We can calculate
culated using standard techniques [12]. Conditioned on a partiéstograms of these quantities for a particular indoor channel en-
ular physical location,, the union bound on the bit error prob-vironment and get a first approximation using the sample mean
ability using these equally correlated signals can be written Vvalue

M [ exp(—¢£%/2) - s
UBPb(x, :—/ x(—E/2) 4 (1) By 1
buo) = = flog, ADSNRb(ug) V27 UBPD( 7~ | ~ o > UBPh(u,). (15)
where up=1
1 Ey(u,) ~ Since we are not using a specific channel model, confidence
SNRb(u,) = log,(M) N, (1= Bluo)) limits cannot be established properly. However, this calculation
1 Eyda®(u,) . represents a rough approximation to the performance of UWB
= oo 2 (1 - /3(%)) (13) signals in the presence of dense multipath in a particular indoor
O%Q(M) No

. . , ~ radio environment. )
is the received bit SNR [14]. Thg(u,) value accounts for  The histograms fofi?(u,) and 3(u,) can be derived from

changes in the correlation properties of the received signaiseir definitions in (7) and (11) using the ensemble of pulse re-
These changes ifi(u, ) translate into changes in the Euclidearponses

distance between signals [12]. Therefore, the/@.uo)) value

accounts for energy variations at the output of the perfect {B(to, O}, o =1, 2, ..., us (16)
matched filter due to distortions in the shape of the signal

correlation function caused by multipath. Thé(x,) value taken in a measurement experiment in the multipath channel of
accounts for variations in the received signal energy due itderest.

fading caused by multipath.

The average performance can be obtained by taking the ex- V. NUMERICAL EXAMPLE
pected valudz, {-} ove_rall values otu, To evaluate UBPO(Ey/N,) in (15), we need to cal-
W%(E‘P) — E, {UBPHu)} (14) culate UBPlu,) in (12) and SNRb(u,) in (13) for
N, u, = 1,2, ..., u,. For this purpose, we need to know
where the productd?(u,) x (1 — B(u,)), i.e., we need to describe
Eo\ A the pulsep(u,, t) and the parameters that define the signals
<N ) =E, {SNRb(u)} U, (u,, t)in (9).
° Let the transmitted pulse be the sapag (¢) that was used in
is the average received bit SNR. the numerical example for the AWGN-only case. For the multi-

This BER analysis provides a theoretical matched filter bour@th case, the received pulse is described by the ensemble in
for the best performance attainable when the multipath chanf&$). This ensemble is formed with channel pulse responses

is perfectly estimated. p(u,, t) measured in a UWB propagation experiment [19]. This
experiment is described in detail in [13] and is summarized in
C. Statistical Characterization the Appendix of this paper.
Evaluation ofUBPH(Ey /N,) in (14) requires precise statis- A total of u,. = 392 channel pulse responsgu,, t) were
tical characterization of the channel. measured. An equal number of normalized energy values

“ o ) o . . -

In traditional narrow-band communications, this charactert (10) and normalized correlation functiong(u,, ) were
zation is based on a channel model in which a multipath sigrfz@culated using (7) and (8), respectively. One of the measured
is represented as a superposition of a number of pulses, eBél$€% (1o, ?) is depicted in Fig. 4. The normalized correlation
pulse with a different amplitude, time delay, and phase [2]. Thignction (u,, ) of the pulse2 in Fig. 4 is depicted in Fig. 5.
channel model does not quite apply for wide-band signal progdd- 6 shows histograms at"(u,), /}(u,), and the product

& (o) ¥ (1 — Blu,)).

SPrevious analysis did not consider both sources of energy variation sepa-
rately. For example, [15] analyzes UWB propagation from the perspective oféThis method to calculate BER performance is similar to the quasi-analyt-
variations in the received signal energy and [16] analyzes UWB propagatical method in [18], except that the waveforms are not modeled analytically but
from the signal waveform distortion point of view. measured in a real channel.
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Fig.4. (a)One of the measured pulges,, t) (normalized in amplitude). (b) Fig. 6. The histograms of the normalized values of (a) the received energy
Acloser view of the pulse in (a). The spreading caused by multipath is notorioys.(y,), (b) the correlation valug(u), and (c) the produck?(u)[1 — F(u)].
The high multipath resolution of the UWB signal is evident. The ordinate represents appearance frequency, and the abscissa represents the
value of the parameter. The size of the sample.is= 392.
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Fig. 5. (a) Normalized correlation functiéi{«,, ) of the pulsei(u,, t)in  Fig. 7. TheUBPH(E4 /N,) in (15). Curves folll = 2, 4,8, 16,32, 64, and

Fig. 4. (b) A closer view of the correlation in (a). The long tails in the correlatiofns g signals.

function are the effect of the pulse spreading.

about 13.5 dB in the AWGN case and about 15 dB in the mul-
The measureg(u,, t) havel, = 300 ns. Th_e rest of the tipath case, an extra SNR penalty of just 1.5 dB. The reason for
parameters values are the sar:1e as those used in the AW_GN Ct%%Small SNR fading margin can be understood by the ability
€., Tnin = 0.4073 nS’Tf = 500 ns, andn, > 1000. W'j[h of the UWB signal to resolve the dense multipath.
these values, the condition$ < N, andT + T < Ty Wil In contrast, narrow-band modulations such as binary phase-

he satisfied. ift keying in a Rayleigh fading environment require a fading

we now can calculate numerical values for (1.3)’ (12), arfﬁ]argin of about 35 dB to achieve the same BER of 1[B].
(15). Fig. 7 shows the curves f&4BPI( Ly /N,) with M of The reduced fading margin in the UWB signal is obtained
2, 4.’ 8, 16’. 32, 64” and 128. Va_llues as '_afgﬁf‘ﬁﬁ 128 are - at the expense of receiver complexity. Due to their ability to
easily ol_atamed W'th the PPM signal d_e3|gn in (9), allowing Y&solve the dense multipath, the UWB receiver is faced with the
to exploit the benefits aff-ary madulation. challenging task of “raking” the signal energy dispersed in the
multiple paths.

The small fading margin for UWB signals calculated here
We calculated the performance of UWB signals both in asing the “perfect Rake” receiver is, of course, an idealistic
dense multipath environment with AWGN (Fig. 7) and in analue representing a theoretical lower bound in performance.
environment with only AWGN (Fig. 3). As can be seen fronSince implementation restrictions in practical Rake receivers re-
the figures, the presence of multipath causes a small increasduce the usefulness of taps beyond some limit, more study is
the SNR required to achieve reasonable levels of BER. For édeeded to evaluate the impact of these restrictions on the per-

ample, to achieve BER equal to 10with A/ = 2, we require formance of the system.

VI. CONCLUSION
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The sample average calculation made in this paper is a roughs]
approximation to the performance of UWB signals in the pres-
ence of dense multipath in a particular indoor radio environment.[4]
Perhaps the major virtue of this method of calculation is that once
the experimental datais processed, itcan generate BER curvesfor
differentsignal designsinjustafewseconds. Thus, inthe absenc
of great accuracy, we found the method useful for fading margin

calculation based on comparative evaluations. [7]

(8l
APPENDIX

This Appendix provides a brief description of the measure- [9]
ments experiment configuration and the data collection proce-
dure.

The channel responsegsu,,, t) were measured in eight dif-
ferent rooms and hallways in a typical office building. In every
room and hallway, 49 different locations are arranged spatially
ina 7 x 7 square grid with 6 in per side. At every locatiop, [11]
theT,, = 300 ns-long pulseg(w,, t) are recorded keeping the
transmitter, the receiver, and the environment stationary.

The UWB transmitter is placed at a fixed location inside the
building. It consists of a step recovery diode-based pulser cortt3l
nected to an UWB omnidirectional antenna. The pulser produces
a train of UWB “Gaussian monocycle€s’hrx (¢). The train of ~ [14]
prx(t) is transmitted as an excitation signal to the propagation
channel. The train has a repetition rate of 500 ns with a tightly
controlled average monocycle-to-monocycle interval. The clockL5]
driving the pulser has resolution in the order of picoseconds.

The p(u,, t) represents the convolution pfx (¢) with the
channel impulse response at locatign The 500-ns repetition
rate is long enough to make sure that pulse respoises ¢)
corresponding to adjacent impulgesk (¢) do not overlap.

The receiver consists of a UWB antenna and a low-noise am-
plifier. The output of this amplifier is captured using a high- [18]
speed digital sampling scope. The scope takes samples in win-
dows of 50 ns at a sampling rate of 20.5 GHz. Noise in the med19]
suredp(u,, t) is reduced by averaging 32 consecutive received
pulses measured at exactly the same locatjpThese samples
are sent to a data storage and processing unit.

(20]

(12]

[16]

[17]
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