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Abstract— Practical and low complexity implementation of
recevers is of vital importance for the successfulpenetration of
the ultrawideband (UWB) technology Energy detector recever
is an attractive solution for UWB signal reception trading off
complexity with performance. In this paper, joint estimation
of the optimal threshold, synchronization point, and integra-
tion interval for enemy detection based ultrawideband signal
reception with on-off keying (OOK) modulation is developed.
Suboptimal reception derived from the optimal solution is also
given for practical implementations. Gaussianapproximation of
the received signal statistics enableslow complexity solutions at
the expenseof someperformance degradation. The performances
of the optimal and suboptimal solutions are evaluated and
compared?

I. INTRODUCTION

Ultrawideband(UWB) is a promisingtechnologyfor future
short-rangehigh-datarate wirelesscommunicatiometworks.
Comparedo other communicationsystemsUWB is unique
in thatit hasthe exciting featureof combiningmary desired
characteristicdik e the increasedpotential of achievzing high
datarates,low transmissiorpower requirementandimmunity
to multipath effects.

Coherentecevers(suchasRAKE andcorrelatorrecevers)
are commonly usedfor UWB signal receptiondue to their
high power efficiencies. However, implementationof such
recevers requiresestimationof a priori channelinformation
regardingthe timing, fading coeficient, and the pulse shape
for eachindividual channeltap. Coherensignalreceptionalso

stipulateshigh samplingratesand accuratesynchronization.

On the otherhand,non-coherenteceiers have lessstringent
a priori information requirementsand can be implemented
with lower compleity. For example,in transmittedreference
(TR) recevers, transmissiorof the referencepulse(s)(which

includesthe channelinformation)to correlatethe information

bearingpulse(s)eliminatesthe needfor estimatingthe channel
parameters.

Enegy detectoris anothernon-coherentapproachfor ul-
trawideband(UWB) signal reception,where low compleity
recevers can be achieved at the expenseof some perfor
mance degradation[1], [2]. As opposedto more complex
RAKE recevers, estimationof individual pulse shapespath
amplitudes,and delays at each multipath componentis not
necessaryfor enegy detectors.Moreover, enegy detectors
are less sensitve againstsynchronizationerrors[3], and are
capableof collectingthe enegy from all the multipath com-
ponents.On-off keying (OOK) is one of the most popular
non-coherentmodulation options that has been considered
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for enegy detectors.OOK basedimplementationof enegy

detectorsis achieved by passingthe signal througha square
law device (such as a Schottky diode operatingin square-
region) followed by an integrator and a decisionmechanism,
where the decisionsare made by comparingthe outputs of

the integrator with a threshold. Two challengingissuesfor

the enhancementf enegy detectorreceiers are the estima-
tion of the optimal threshold[1], [4], and the determination
of synchronization/dumpoints of the integrator The effect

of integration interval on the systemperformancehas been
analyzedbeforefor enegy detectorq2], andfor transmitted
reference(TR) basednon-coherentecevers [5]-[7]. In this

work, a practical and adaptie receiver design for UWB

signaltransmissioris developed.An enegy detectorrecever

that estimatesthe optimal decisionthresholdand integration

parameterss discussed.Suboptimal solutions which allow

practicaland simpleimplementationsvith slight performance
degradationare also provided.

Il. SYSTEM MODEL

Let the impulseradio (IR) basedUWB signalreceved for
bit ¢ in a multipath ervironmentbe representeds

N,
ri(t) =) (s;(t) +n;(8)) , (1)
J=1
wherewe have
L
si(t) =Y ywbiw (t — jTy — ¢;Te — ) (2)

=1

the number of pulsesper symbol is denotedby Ng, L is
the numberof multipath componentsarriving at the recever,

j and ! are the frame and tap indices, respectiely, b; is
the ith transmittedbit with OOK modulation, w;(t) is the
receved pulseshapefor the ith path, T} is the frameduration
(Ty > 1, > T,), ¢; arethe time-hoppingcodes,y; and i,

are the fading coeficient and the delay of the /th multipath
componentyespectrely and T, is the chip duration.The ad-
ditive white Gaussiamoise (AWGN) with double-sidechoise
spectraldensity Ny /2 is denotedby n;(t). Therecevedsignal
is passedhrougha bandpasdilter of bandwidthB to capture
the significantportion of signalspectrunwhile remaoving out-
of-bandnoiseandinterferenceyesultingin §;(¢t), 7;(¢).

Now consider an enegy detectoy where the following
decisionstatisticis usedto make a symboldetectionby sensing



LNA BPF

()
Lo

L

(2)
C

Signal Processing
Threshold Estimation
Symbol Detection

fV(N)
w [

Synchronizatior]

Fig. 1. Adaptive parametelestimationfor enegy detectorrecevers.

if thereis enegy or not within the symbolinterval

N L 9
hi = Z/ [Z’YLbiwl (t —]Tf — C]‘TC — Tl) + ﬁ](t)] dt s
j=1YTi "j=1
3)

whereT; is theintegrationwindow definedby synchronization

anddumppoints(u, v). In otherwords,theabove approactor

the enegy detectorintegratesthe squareof the received signal

for eachpulsepositionover the maximumexcessdelay of the

channelandsumsthesestatisticsover N, pulses.The symbol

decisionis performedby comparingh; with a threshold¢,
1

h; Z €.
C()]bserving(S), it is seenthat optimal (joint) estimationof

(u, v, ) is of critical importancefor the performancef enegy
detectorsaswill bediscussedhroughoutherestof this paper

I1l. PROPOSED RECEIVER

Since the radio channelcharacteristicchangein time, an
adaptve enegy detectorrecever designthat optimizesthe
performancedependingon the variation of the channelis
neededThe proposedadaptie receiver, which is designedn
suchawayto fulfill thisrequirementis shavnin Fig. 1. In this
recever, the receved signal is amplified, band passfiltered,
squaredandpassedhroughabankof parallelintegrators.The
reasonfor employing multiple parallel integrators,eachwith
a differenttime constant,is to selectthe integration interval
that minimizes the bit error rate (BER). Using the training
bits, that are periodically insertedin betweendata symbols,
a synchronizationpoint (the starting point of the multipath
enegy) is estimatedover eachbranch,andan optimumshort-
term thresholdis evaluated. Synchronizationand optimum
thresholddeterminationare achievzed by estimatingthe signal
and noise statistics(like signal and noise power) during the
training period. These statistics are then used for relating
the expected BER performanceof each branch. Note that
increasingthe number of the parallel integrator branches,
in effect, increasesthe ‘integration time resolution’ of the
recever and enhancesthe likelihood of obtaining a lower
BER. However, this comesat the expenseof computational
and hardware compleity.

Note that as an alternatve to employing multiple parallel
integrator branchespptimal receiver parametersan also be

evaluatedby using a single integrator and larger number of
training bits (to test multiple hypothesis),and storing the
statisticsfor eachhypothesisin a buffer for postprocessing.

A. Practical Estimationof OptimumThreshold

The optimal thresholdin an enegy detectorrecever de-
pendson the noisevariance multipath delay profile, receved
signal enegy, integrationinterval, synchronizatiorpoint, and
the bandwidthof the bandpasdilter. From the training sam-
ples,the exact optimal thresholdg,(cE) canbe calculatedusing
the centralizedand non-centralizedChi-squaredistributions,
correspondingto bits 0 and 1, respectiely, and where k
denotegheintegratornumber However, this requiresa search
over possiblethresholdvaluesin order to find the one that
minimizesthe BER [4], or, high signalto noiseratio (SNR)
assumptionin order to use asymptotic approximation of
the Besselfunction (which still yields a thresholdestimate
basedon takulated data) [1]. It was showvn in [8], [4] that
by approximatingthe Chi-squaredistributions with Gaussian
distributions, which becomesmore valid for large degree of
freedom (DOF) definedby 2M = 2BT; + 1, the threshold
estimatef,(f) canbe obtained(asan approximationto §,(€E )).
Even though theseestimatesare not very accurate[4], they
can be obtained easily without requiring ary searchover
possible threshold values. Let the meansand variancesof
the Chi-squaredistributions for bits 0 and 1 be given by
po(k), oa(k), wi(k), ando?(k), respectiely [4], [9], where

po(k) = MNg (4)
ag(k) = MNg ®)
pm(k) = MNo+2E (6)
oi(k) = MNZ+4E,Ny . @)

The thresholdestimateusing the Gaussianapproximationis
locatedat the intersectionof the two Gaussiandistributions,
which canbe evaluatedfrom
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Taking the naturallogarithmof both sidesandrearranginghe
terms,one obtains

CL(ED)? + Cotl® + G5 =0, (©)
wherethe coeficientsare given by
Cr = o (k) - og (k) , (10)
Cs = —2(po(W)a2 (k) — pu (B3 (K) ) , (11)

Cs = o2 (k)u (k) — 03 (k)53 (k) — 203 (k)03 ()l (Zogz;) ’
(12)

with (9) beinga secondorderpolynomialequationthatcanbe

easily solved for §,EG) (only one of the rootsis appropriate).
The Gaussiarapproximationapproachabove is differentfrom

the one presentedn [4], becauseherethe noise varianceis

practicallyobtainedfrom thetraining symbolsinsteadof being
takenasa given parameterAs an alternatve to usingfrequent
training symbols,the thresholdcan be updated(tracked) in a

decision-directednanneronceit is initially estimated.

B. Adaptationof Integration Interval and Calculationof BER

When implementingan enegy detector specifyingan in-
tegration interval that sacrificesthe insignificant multipath
componentsn order to decreasehe collectednoise enegy
will improvethe performancég6], [2]. For abetterperformance
it is also significant that the recever synchronizeswith the
startingpoint of the multipath enegy. Therefore,the optimal
interval, which minimizesthe BER, can ideally be achieved
by ajoint andadaptie determinatiorof the startingpoint and
durationof integration.

The starting points and integration durations can be es-
timated by a synchronizationalgorithm that tests multiple
integration intervals along with various starting points and
jointly choosesboth so that the BER is minimized. How-
ever, this method considerablyincreasesthe computational
compleity of therecever. A sub-optimalsolution,wherethe
initial point of the recevved signal is taken as the common
starting point for all possible integration durations, yields
very close performanceto the optimal casewhen the power
delay profile (PDP)of the channelrealizationis exponentially
decayingFor example thechanneimodelCML1 in [10] reflects
sucha minimum phasescenariovheresingle synchronization
point performsaswell. For dispersve channelgsuchasCM4)
however, therewill be someperformancedegradation.

Using the training bits, multiple hypothesisfor the inte-
grationinterval canbe tested(using multiple integrators)and
the onethatminimizesthe BER canbe selectedLet u(k) and
v(k) denotethe startinganddumppointsof the kth integrator,
respectiely. Then,basedon the enegy andnoisestatisticsfor
a particularintegrator, eitherexact or Gaussiarapproximation
(whichis lesscomplex but suboptimallapproachesanbeused

to evaluatethethresholdf(E) andg(G) In orderto decrease

the computationalcompleity, the serial searchfor §(E) can
be performedin therange(M Ny + 0.5Ep, M No + Eb) asthe
normalizedthresholdin mostcasedalls in between0.25 and
0.5. The BER obsened after eachintegratorfor the two cases

arethengivenby P, (k, g,(f)) andP; (k, !;‘,(CG)), respectiely [1],
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Fig. 2. Bit errorratevs. E, /Ng for differentintegration intenals (73 =
10,20,40,60 ns and BW = 500 M Hz) andfor both Gaussianapproxi-
matedand exact thresholdestimates.

where
Py(k, &) = Prg, (0]1) + Prg, (1]0) , (13)
Pre, (0]1) = 0.5 — 0.5Q (w/i?) \/2£k> (14)
0
*—0 M u
Pig, (1]0) = Z Fg’“ﬂiou+ L (15)

the averageenepy receied for bits 0 and 1 is denotedby
Ey, Qur is the generalizedVlarcum- @ function of order M,
andT'(z) is the Gammafunction which equals(z — 1)! for x
integer The optimumintegratoris the onethat minimizesthe
BER, i.e. argmin(P; (k, &)).

k

IV. SIMULATION RESULTS

Computersimulationsaredoneto analyzethe performances
of the proposedapproachesln thesesimulationsthe channel
modelsin [10] are usedand the received signal’s bandwidth
is takenas2 GHz.

For eachdifferent integration interval, an exact threshold
g,gE> aswell asa Gaussianapproximatedthresholdf,(cG)
calculated.The BERSs calculatedfor the two different cases,
in which the exact and Gaussianthresholdsare employed,
respectiely, arecomparedo eachother It is obsenedthatthe
closenes®f the two BERs dependson the bandwidthof the
recevved signal. For large bandwidths,they obviously differ
from each other, whereasfor a relatively small bandwidth
like 500 MHz, the BER valuesobtainedmaking use of the
Gaussianthreshold mostly match with the exact BERs, as
shavn in Fig. 2. Therefore,one can take the advantageof
computationaleasinesof the Gaussianapproximationwhen
setting the thresholdif the receved signals bandwidth is
small.

It is alsofound that the effect of determiningthe synchro-
nizationpointadaptvely is morecritical for shorterintegration
intervals. For longer ones, this approachyields slight gains
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Fig. 4. BER vs. Optimumintegrationintenal for differentchannelmodels
(BW =2 GHz).

in CM4 (with almostidentical performanceor otherchannel
models).In Fig. 3, BER is plottedwith respectto Ej; /N, for

CM4 and CM1 for a fixed integration interval (synchronized
andnon-synchronizedgswell asfor the optimumintegration
interval.

Anotherobsenationis thatthe optimumintegrationinterval
changessubstantiallyfor different channelmodels,implying
the fact that significant gains can be obtainedfor a mobile
device whenthe integrationinterval is adaptvely determined,
asshown in Fig. 4. Variationof the optimalintegrationinterval
with respectto E; /Ny is plottedfor differentchannelmodels
in Fig. 5. Theline-of-sight(LOS) componenbf CM1 yielding
a parallelvariationwith CM2 is obsened,togetherwith CM3
andCM4 having largeroptimalintegrationvalues(andslopes)
dueto morespreaddistribution of their multipathcomponents
over time.
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Fig.5. Optimumintegrationintenal vs. E;, / Ny for differentchannemodels
(BW =2 GHz).

V. CONCLUSION

In this paper optimization of adaptie enegy detector
recevers for UWB systemsis discussed.The needfor the
joint adaptationof the integrationinterval, optimal threshold,
andthe synchronizatiorpoint (for certainchannels)s clearly
demonstratedwhich can be extendedto other non-coherent
approachesThresholdestimationcan benefitfrom the com-
putationaleasines$®roughtby the Gaussiarapproximationof
receved signal statistics,which yields reasonableesultsfor
certainbandwidths.

Thereare someotherissuesrelatedto the enegy detector
worth to be discussedbefore concluding. By averagingthe
noiseover mary pulsesthatrepresena singlebit, performance
of enepgy detectorrecevers may be further enhancedSec-
ondly, consideringhe computationatequirementgor adaptve
thresholddetermination for someapplicationsone may find
it morereasonabldéo emplgy a fixed long-termthresholdthat
takes the channelvariationsinto account. UWB multipath
componentscan be modeledwith Nakagamim distribution
[11], [12], and are known to be composedof less diffuse
(specular)componentdor the initial taps (with larger m pa-
rameter) andmorediffusecomponentgor thesubsequertaps
(with smallerm parameter)Once the signal passeghrough
the square-lav device in an enegy detector the distribution
of the signal component(when a bit 1 is transmitted)will
be due to the sum of squaresof the fading coeficients[13].
Therefore taking into accountthis new distribution (which is
obsenableover mary blocksin the long term), aswell asthe
effect of noise,a long-termfixed thresholdcanbe calculated.
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