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Abstract—The purpose of this paper is to provide an op-
erative way of achieving high data rates for Impulse Ra-
dio (IR) transmission based systems. Since applicationsrta
geted for Ultra Wide Band (UWB) are liable to be low-cost,
we especially focus on simple transceiver design. To that-ef
fect, we present an original demodulation scheme adapted
to a multi-band On-Off Keying modulation.

From the receiver point of view, we impose relaxed chan-
nel estimation constraints and derive suitable signal pro-
cessing schemes and simple hardware architectures. In-
deed, we only consider the benefit from a limiteda priori
channel knowledge: approximative delay spread and energy
level. The associated optimum demodulation turns out to be
a non-trivial energetic threshold comparison whose precis
theoretical computation admits an analytical solution pro/-
ing its feasibility.

Numerical results are eventually performed for IEEE
802.15.3a channel models and FCC requirements; they ob-
viously demonstrate the potential of these techniques.

Index Terms— Impulse Radio, UWB, High data rates,
Non-coherent OOK, chi-square law.

|. INTRODUCTION

ConsideringUltra Wide Band(UWB) radio link, in
accordance with the Americdrederal Communications
Commission(FCC) regulation, we aim at designing a
simple transmitter/receiver architecture suitable fagtHi
Data Rates.Wireless Personal Area NetwokVPAN)
issues are especially targeted taking into account IEEE
802.15.3arequirements.

From a general point of view, research in UWB started
several decades ago, and the first patent applied to
telecommunications is due to G. FoBRsin 1973 [1].
From a theoretical point of view major breakthroughs
were achieved during the last decade. Among all the var-
ious transmission techniques using UWB labelled modu-
lations, the efficiency ofmpulse Radi¢IR) was pointed
out. Two categories of receiver strategy were then envi-
sioned: on the one hand optimal coherent rake receivers
involving perfect channel knowledge on resolved paths,
see M. Z. WN & R. A. ScHOLTZ [2], on the other sub-
optimal incoherent receivers essentially involving egerg
detection and therefore relaxed channel estimation, see S.
VERDU [3] and Y. SOuILMI & R. KNOPP[4].

With respect to the numerous number of significative
paths [5] and signal distortion produced by both antennas
and material propagation [6], synchronization and gen-
erally speaking channel estimation in IR schemes turns
out to be a critical point to design rake receivers; espe-
cially for applications including severe mobility. As we
here deliberately stress low-cost hardware architectures
asynchronous methods are favoured, since they require
relaxed synchronization constraints. Pursuing the initia
work of S. VERDU and R. KNOPPR, where essentially
prior channel statistics are available to the receiver, our
approach includes as a new deterministic parameter an
estimation of available energy. Moreover a relevant pa-
per by P. A. HUMBLET [7] addresses a similar formal
problem, but dedicated to optical photodetection.

The following development starts with an insight into
the choice of arOn-Off Keying(OOK) modulation gen-
eralized over multiple sub-bands and a channel propaga-
tion model description. Afterward the optimal demodu-
lation problem on a particular sub-band is set. As men-
tioned above its specificity consists in using a prior infor-
mation made of the approximative channel delay spread
and the available energy level. Deriving statistical con-
siderations, one shows the demodulation stage consists
in a non-trivial energy threshold comparison, for which
a simple and original analytical expansion can be given,
making the implementation cost-effective. In order to il-
lustrate the potential of these principles numerical appli
cations based on IEEE 802.15.3a are then detailed. Possi-
ble transceiver implementations involving mainly analog
devices conclude the argumentation.

II. CONTEXT SETTING
A. On-Off Keying justification

Let’s start with a brief argumentation on the choice of
an OOK modulation.

As a good understanding of the propagation aspects for
UWB is mandatory, let's examine typical characteristics
of a UWB channel (seelB.1). As shown by propagation
measurements [5], typical values of delay spréadire



30 to 150 ns for distances varying from to 10 meters
while the number of significant paths can be ug@oto
recover85% of available energy.

Fig. 1. Repetition time, delay spread and integration time.

In order to achieve high data rates at low-cost, it seems
reasonable to prohibit complex equalization processes, in
that context avoiding inter-symbol interference is a natu-
ral idea. Thus, the symbol repetition periddis chosen
such a<l;. > T, + T,, wher€eT, is the duration allocated
to the symbol waveform. For high data rates IR schemes,
we aim at carrying elementary symbol information within
a single pulse duratiofi, ~ Tpuse < T4 (a typical pulse
bandwidth is roughly a few GHz). As a consequence, we
can simply imposé’. > T.

Favoring non-coherent demodulation, and thus a re-
ceiver working as an energy detector, information is
preferably carried by signal amplitude rather than its
phase. It naturally leads us to consider Pulse Amplitude
Modulation. In that case an OOK modulation appears to

be a suitable candidate since it possesses a good optimal-

ity considering a non-coherent demodulation (see Verd(
and flash-signaling [3]). Ultimately and so as to increase
the system capacity while preserving these properties, we

while the A;, denote their amplitude. Whereas in Il we
consider a realization of a particular radio linle pa-
rametersAy, 7, are fixed, for the system performances
shown in IV a statistical behavior is required. We will
use the four channel models of IEEE 802.15.3a[5], which
corresponds to indoor configurations within a range of a
few meters. The additive term(¢) denotes the thermal
noise whose two-sided spectral density\Mg2.

Note that a model including a waveforgis(t) instead
of the fixed waveformp(t), emphasizing the distortions
undergone by propagation, would not impact the follow-
ing development, provided the spectral supponi(@f is
not significantly affected by channel effects.

Ill. ANALYSIS

We shall consider a modulation scheme in accordance
with the description II.A. The system is assumed to in-
clude a preamble step with the purpose of performing a
coarse synchronization. This phase enables to estimate
the durationl; encompassing the most significant paths.
The symbol repetition period, > T} is derived as well
as the integration duratiof; < T, (see FG.1 and 2).
Concentrating on a particular sub-band of widghin
which a pulse of general wavefommt) is located (see [2]
for waveform examples) , the transmitted signal is then:

+oo
S(ﬁ) = Z ﬂnp(t - NTT)

n=—oo

wheren, € {0,1} are the emitted bit in the OOK
scheme.

propose to duplicate this basic scheme on several separate

sub-bands (in practice from 8 to 24).

The adopted non-coherent receiver structure per sub-
band is then the following:
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Fig. 2. Non-coherent receiver: energy integration.

whereT; denotes the energy integration time devoted to
a symbol demodulation. Though an optimization should
be investigated, for our numerical applicatidhsandT’.
will be roughly chosen as the channel delay spréad

B. Channel model

Comparison between system performances involves a
common channel model. In the sequel, for an emitted
pulse with wavefornp(¢), the received signal will be:

y(t) = Awp(t — 1) + w(t)
!

wherek indexes the paths of the channel. Thedenote
the path delays and are monotonically increasing with

A. Decision problem setting
From the receiver point of view, the demodulation

stage exacts to face the two following hypotheses:

H : mz/nm@fﬁ (bit 0)

T
Hy : z:/ [srec(t) + n(t)]>dt  (bit1)
0

where, with respect to the model depicted in llsR¢(t)

is the deterministic part of(¢) while n(t) corresponds
to the noisav(t), each of them filtered in the appropriate
sub-band.

With respect to the integrator outptit the demodula-
tion stage consists in deciding “at best” betwdénand
H,, i.eintending to minimize the error probability.

As a major improvement on usual non-coherent ap-
proaches, besides the noise spectral dedéjty, B and
T;, the estimation of the signal energy= fOTi s2.(t)dt
(deterministic for the fixed channel paramete#s;, )
will enrich thea priori channel knowledge. This esti-
mation could be naturally performed during the preamble
step thanks to appropriate unbiased estimators (see [7] for
statistics ofr under(H;);co,1)-



B. Optimal threshold where ¢ is a tabulated function depending on the vari-
Appropriate statistical methods based on the likelihood @ble L alone (see 6. 3). Ana posterioriverification

ratio test (see WN TREES[8]) show the optimal decision ~ Validates this approximation with1% error.

rule consists in comparing the statistido a predefined

thresholdoop: and deciding according to:

H,
T 2 Popt (;7

Hy

where pop is the solution ofpg(xz) = pi(z) assuming
equal likely bits 0 and 1 , thg;(z) being the probability
density function¢df) under the hypothesis?;);c 0,1} - N

These are shown to be central (resp. non-central) Chi- rig 3. Ppiot of thes function.
square distributiony?) for Hy (resp. H;) (see [7] [8]):

Remark:in case of a non-ideal filter, these calculations

po(z) = ﬁM) (%) M exp (—%) can also be carried out, taking into account the exact filter
responsé.(t) (see MDDLETON [9]).
() 1 (£> M1 o (_x +E)I]M—1 (2\/m_E)
NA\E N N C. Error probability
where2M = 2BT; + 1, T" denotes the BLER function Let's denotep = popt the optimal threshold. As shown
andI,, then™ BEssELfunction of the first kind. in [7], the probability of deciding?; whereas no signal
Thesepdfcan be expressed as functions of the normal- had been sent is given by:
ized variablex/N > 0 and the number of fixed param- M)
eters involved is advantageously reduced to two quanti- P(1[0) = e=#/Y (p/N)ME
ties. These are the energy rafio= E/N and M where F M—k+ 1)

2M = 2BT; + 1 is the dimension of the space of func-

tions whose energies are concentrated in a bandwdth ~ where | M | denotes the integer part aff. Conversely,
and timeT;, which is the number of degrees of freedom  the probability of decidingd, whereas bit 1 was sent is:
of the x? distributions as well.

In practice, the computation pf, has to be performed PO1)=1-Qum (\/ﬁ, 1/ 2%)
efficiently. It is the reason why we now aim at expanding
popt/N into an operative formula depending frandM. where() is the generalized Marcum function:
We propose the following method. 1 . .

Let's start with the asymptotic equivalent for a fixed Qm(a,b) = W/ xme_%lm—l(al’)dl’
M: b

1
In—1(u) ~ Ku™% expu In the expression oP(0[1), L is equal toE /N with E

the energy of the received pulse (when a bit 1 has been
sent). Then, the error probability expressed as a function
of the mean received energy= E/2 is the following
analytical formula:

for a positive KX andu — +o0, reporting inpo(popt) =
P1(popt), P = popt/N (function of L) must satisfy:

(Lp)= ~iexpL ~ KT'(M)exp(2y/Lp)

[ [2 S /M)

for pL. — +oo. Taking the logarithm: = ——QM( ) M —FT1)
L (M 1\ InpL

QJ; <71> A

Thus\/% — 2andp ~ L/4 for pL — +4o00. Equiva-

lentlyp ~ L/4 for L — +oo.
Then processing numericalpoy/N — L/4, we pro-
pose an interpolation yielding the original expression:

D. Curves and comments

On FG. 4 are plotted performancd’ versus/N
for various receivers, wheggis the deterministic amount
of energy eventually processed. It shows that to achieve
comparable’, the non-coherent OOK receiver has to in-
crease its link budget by to 5 dB with respect to a co-
L herent BPSK receiver, for typical values df ~ BT;
% =7 tM+VM-1¢(L) (betweer? and25, see IV.B.).



But, for a fair comparison, we have to keep in mind that Receiver:The received energl can be derived from
whereas the proposed non-coherent receiver is able to in- Erx andL;,;. Finally, from the above theoretical study,
tegrate almost the whole available energy, a coherentrake P, is easily obtained for the given link budget.
receiver has a limited number of fingers and will recover a

small part of it. Thus, to be competitive, the latter should Transmitter
recover at least fror@3% to 40% of the whole energy4( ii’;gtmon Seriod f r'\]"SHZ
to 5 dB difference). Taking up such a challenge is quite Energy at TX Brx = £(B,Tr) dBJ
unlikely due to the propagation characteristics pictured i Data per band R=1/T, Mbit's
[I.A.; this obviously confers an inherent advantage to the Channel
non-coherent scheme. Distance d m
Path loss at 1 meter L1 = 20log,q (47 fc/c) dB
o Path loss atl meters Ly = 201log,, (d) dB
Multipath integration gain| L3 dB
-af Channel loss Liot dB
Receiver
2r Energy at RX Erx = Erx — Lot dBJ
Ll Noise density No = —204 = —174dBm/Hz dBJ
RX noise figure Ny =11 dB

Energy to noise ratio (E/N)ie = Erx — No — Ny dB
Degrees of freedom 2M =2BT; +1
Error probability Pe = f(E/N, M, p)

TABLE I. Link budget analysis table.

—v— OOK coherent \

° : ! ¢ (%)43 ® 14 b e B. Results

Fig. 4. Error probability versus /N for different values of M. In the table I, numerical results of three link budget
samples are presented.

Bitrate | 150 240 600 | Mbit/s
IV. SYSTEM PERFORMANCES d 10 5 3 m
A link budget determination for typical environments B 500 | 500 | 250 | MHz
according to IEEE 802.15.3a channel models will now Neana | 12 | 12 | 24
give realistic achievable data rates. T 80 50 40 | ns
CM 4 3 2
. T; 50 40 30 | ns
A. Link budget methodology — = = =
[P.  J1wo®[107°]107° |

The required parameters are detailed in the table I.
Transmitter: Erx is the maximum mean transmitted TABLE II. Performances samples.

energy allowed by regulation (FCC, [10]) according to As required for a IEEE 802.15.3a proposal, 100 chan-

th%EaE?]Blé_?: thie Leﬁm:éor: pendﬂ;.]. ttenuation denoted nels (different sets ofl;, 7) are computed according to
annet. the signalundergoes an attenuation denoted ¢ gtatistical model [5], each of them giving an available

rLet;let:s fﬁ) 1m+thLe2 :OL;' ;::)?] ?ﬁ:gzuﬁt:nrf;n%rgifg energyE = 2€ at the receiver input as explain above.
o the f propag i 'thg t multipatth is th Then, the mean of the error probabilit () is taken over
o the free space propagation without multipath.is the the 90 most favorable.

gain brought by the multipath energy integration.

For a good understanding &f, let’s notice that if the
energy is integrated over the single direct path alone, then
Ls = 0 dB. Of course, due to the diversity provided by ~A. General considerations
the UWB channels, an important gain is brought by mul- The hardware implementation greatly benefits from the
tipath integration over the duratidfy. This gain is com- relaxed constraint offered by the asynchronous approach.
puted according to the IEEE 802.15.3a channel models  Primarily, only a coarse synchronization is needed (an
[5], for a given bandwidthB and for different types of error of2 ns< T; =~ 50 ns is acceptable), which makes
channel models (CM). The types 2, 3 and 4 are all NLOS the system robust against the clock jitter and every trig-
(Non Line Of Sight) and respectively valid from 0 to 4  gering inaccuracy. Secondly, since the treatment is based
meters, from 4 to 10 meters and for extreme multipath on energy, the transceiver performances are nearly insen-
configurations. sitive to distortion and phase non-linearity of devices lik

V. HARDWARE IMPLEMENTATION



antennas, amplifiers or filters. Finally, a low power con-
sumption is achieved thanks to the use of mainly analog
and passive devices.

B. Implementation sketches

The transmitter architecture depicted orcF 5 uses
a filter bank of up t@24 adjacent filters. At the input of
this filter bank, a UWB pulse (covering the whdle- 10
GHz bandwidth) is generated with a repetition perigd
On each line, the relatively narrow-band (fr@s0 to 500
MHz) pulses are modulated by an OOK modulation at the
rate of1/T,.

Digital data

Filter bank
B A
[
o>
j B " — —L
Pulse | | Energy) | >
generation| | splitter | ]
e 2ol A
>

Fig. 5. Transmitter implementation sketch 1.

Conversely, a second solution uses a bank of local os-
cillators ensuring the frequency transposition towardeac
sub-band. Notice that oscillators are only used to provide
transposition, coherence is not required. The OOK mod-
ulation controls the own activation of each oscillator. In
this solution the constraint on the pulse width to gener-
ate is relaxedq ns for 500 MHz bandwidth). In both
sketches, every “narrow-band” pulses are added produc-
ing a UWB signal which is sent through the antenna. An
interesting feature to notice is that an easy power control
in each sub-band is possible. This kind of flexibility can
be useful to fulfill a regional PSD mask.

On the receiver side (B. 6), a filter bank splits the
signal on the same sub-bands as the transmitter. Then
on each parallelized stage, a square law device and an
integrator follow, the output of which is sampled at a rate
of 1/T,. before demodulation.

CONCLUSION

This paper presents a simple non-coherent architecture
providing high data rate with impulse radio. The en-
couraging performances obtained show the obvious po-
tential of these principles and the mainly analog-oriented
transceiver architecture could be fruitfully capitaliZed
low-cost applications.

In order to go closer into related matters, we could
point out the following key points.

Synchronizatioﬂ

Filter bank
o — Ti ]
—B1 ()2 ¥/l7ADC I
= i 0
> — T;
jBQ%W()Q f/ Aocg
Energy’ o v 70 o
| splitter|_ 1<
a
s
=)
a
> — - T
B, < ()2 ¥/ H ADC Jf
> 2Ry 0 —

Fig. 6. Receiver implementation sketch.

Further studies on inter-band interferences based on
precise passband filter characteristics are to be carried ou
to complete the system dimensioning.

Relaxed synchronization methods based on asyn-
chronous time-hopped signal detection have also been in-
vestigated to enable fast channel delay spread estimation.
However space limitation prevents us from developing
these topics in this paper.

From a system point of view, usudMedium Access
Control (MAC) may be re-visited taking benefit from
energy detection techniques while piconet division may
favour the inherent frequency separation properties in
such a system.
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