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Abstract— In this paper, we propose a novel multi-hop relaying fading and intersymbol-interference (ISl) effects, IR-BW
scheme to improve the performance and coverage of impulse-has attracted considerable attention. Moreover, by enoy
radio-based ultra-wideband (IR-UWB) systems. With regardto pseudo-random time-hopping (TH) sequences, IR-UWB can

a simple practical realization, we focus on a non-coherentystem | ¢ It icati ith . f
setup in conjunction with amplify-and-forward (A&F) relay ing. also support multiuser communications with-a minimum 0

In particular, we propose to employ a multiple-differential en- multiple-accelss .in.terference. _ . _
coding scheme at the source node and single differential deding In order to limit interference to incumbent wireless seegic

at each relay and at the destination node, respectively, sss&o the US Federal Communications Commission (FCC) has is-
efficiently limit intersymbol-interference effects at thedestination sued tight restrictions on the transmitted power spectasily

node. For a dual-hop system we derive a closed—form expreesi L
for the signal-to-noise ratio (SNR) at the destination nodgand for (PSD) of UWB systems [7]. Because of these limitations,

the general multi-hop case we provide a simple recursive fonula it iS essential to capture at the receiver most of the signal
for SNR calculation. Based on these SNR results, we obtain aenergy provided by the large number of resolvable multipath

closed-form expression for the optimal transmit power all@ation components. A favorable property of IR-UWB systems is that
to the source node and the relay for a dual-hop system and pey allow for an efficient energy combining at the receiver

a simple recursive suboptimal power allocation scheme forhe . -
multi-hop case, which permits a semi-distributed implemetation [8] — by means of either coherent Rake combining [9] or non-

with limited feedback between nodes. Simulation resultsliistrate ~ coherent energy detection schemes [10], [11]. Rake comdpini
the excellent performance of the proposed multiple-diffeential requires accurate channel estimation at the receiver auispr

encoding scheme with A&F relaying for both uncoded and timing synchronization, which can be challenging in preeti
coded transmission compared to various alternative coherg and In particular, a large number of “Rake fingers” is typically

non-coherent schemes based on A&F relaying and decode-and- ired i der t t t of the si | 12
forward (D&F) relaying. Furthermore, our simulations confirm ~'€Quiréd In order 1o capture most o the signal energy [12].

the (near-)optimal performance of the proposed power alloation AS 0pposed to this, selective Rake (S-Rake) combinersatolle
solutions. only part of the signal energy, thus providing suboptimal

Index Terms— Ultra-wideband (UWB) communications, im- performance at the benefit of a reduced receiver complexity.
pulse radio (IR), amplify and forward (A&F) relaying, multi ple Still, accurate channel knowledge and precise timing ssach
hops, differential encoding, performance analysis, poweglloca- nization are indispensable.
tion. In contrast to this, non-coherent energy detection schemes

relieve the receiver from any channel estimation task aed ar
|. INTRODUCTION thus easier to realize in practice. They capture the endrtpeo

. _ multipath components by means of an autocorrelation of the
LTRA-WIDEBAND (UWB) radl(_) Isa \_Nlreless_spectral received signal, followed by an integrate-and-dump (I&[P} o
> underlay technology fortrans_mlttlng S|g.nals with a b.an ration. Among these techniques, differential and trattenh
Wfldth Iarqtﬁr thgg(ySO(i Mgz 0?: W'zrh aofre.‘cuOpaltr?ancfw'dtneference (TR) schemes are the most popular options [10].
ot maore than 6 1], [ ]’_ [3]. [4]. owing 1o thelr 1arge,, 1 TR scheme, pulses are transmitted in pairs, where the
bandwidth, UWB transmission techniques are, for examp

isioned for short high dind at st pulse serves as reference pulse and the second pulse
envisionedfor short-range nigh-speed indoor CoMMUIDAL s o ated by the transmitted information bit sequence.
Within the scope of this paper, focus is on impulse-rad

e differential scheme, however, employs only single ¢sjls
(IR)-based UWB (IR-UWB) systems — SL.JCh as the IEE_ hich are modulated by a differentiaIFI)y chodgd in?or;?étio
802'15".161 standard [5] — where the transmnted signal stnsyy;; sequence. Therefore, a notable advantage of the ditiafe
O.f a train Of. pulses .Of very sho_rt duration [6]. Due to_ Icheme is that it is more energy-efficient and offers a higher
simple practical realization and its robustness to ml“ﬂlt'padata rate compared to the TR scheme [10], since the additiona
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(in the simplest case) received by an intermediate reigy, node(s), and the destination node. In Section Ill, we first
which forwards the received signal from the source node poovide a thorough performance analysis of our proposed
the destination node. In a more complicated multi-hop séenascheme in terms of the effective signal-to-noise ratio (pBiR
consisting ofmn links, the source signal is forwarded \(im—1) the destination node for the dual-hop case. Subsequergly, w
subsequent relay®;, ..., R,,—1. By this means, substantialdevelop a recursive formula for calculating the effecti¢Rs
path-loss gains can be achieved due to shorter link lengthsthe destination node for the multi-hop case. In Section IV
Two popular schemes for cooperative relaying are amplifye derive a closed-form expression for the optimum transmit
and-forward (A&F) and decode-and-forward (D&F) relayingpower allocation between source and relay node for dual-
which were originally proposed for narrowband wirelessrehahop transmission, and present a near-optimal transmit powe
nels [20]. Conventionally, A&F relays simply amplify and-reallocation strategy for the multi-hop case. Simulatiorutss
transmit the received signal, whereas D&F relays first decodhich illustrate the excellent performance of our scheme, a
and then re-encode the received signal, before re-trasgmis presented in Section V. In particular, our system setup is
is performed. Correspondingly, D&F relaying is usually mmorcompared with various alternative coherent and non-caitere
complex than A&F relaying, especially if a forward-errorschemes based on A&F and D&F relaying. Finally, Section VI
correction (FEC) code is employed. concludes the paper.

Previous work on relaying for UWB systems has focused on
the ECMA-368 UWB standard [21], see [22], [23], space time- Il. SYSTEM SETUP
code design for coherent IR-UWB systems [17], coherent A&Fe consider a serial multi-hop differential IR-UWB sys-
and D&F relaying requiring a Rake combiner at each relagm consisting of a source nodg, (m—1) A&F relays
[18], [19], and dual-hop and multi-hop D&F relaying for IR-R;, ..., R,,_1, and a destination nod@.! Here,m > 1 denotes
UWB with single-differential encoding at the source [16]8]. the total number of hops. The link between source ngdmd
Here, for the sake of a simple practical realization, we witklay R, is in the sequel denoted as Link 1, the link between
focus on a combination of the differential IR-UWB schemeelay R;_; and relayR; is denoted as Link (2 <i<m~1), and
with A&F relaying. A straightforward combination of the twothe link between the last relak,, 1 and the destination node
techniques with differential encoding at the source, sempD is denoted as Linkn. For the ease of exposition, we focus
A&F relaying at the intermediate relay(s), and differehtiaon the single-user case here. However, it is straightfawar
decoding at the destination — which is well-known frornto extend our proposed multiple-differential A&F relaying
narrowband systems [24], [25] — has the major drawback tlsiheme to the multi-user case, by incorporating correspgnd
the length of the effective overall channel impulse respon$H sequences [5]. Before we provide a detailed descriptfon o
(CIR) from source to destination increases with each hape proposed multiple-differential A&F (MD-A&F) relaying
Compared to direct transmission (i.e., without any relgyin scheme, we briefly recapitulate the IR-UWB transmission
significantly larger guard intervals between the transditt format and highlight the advantages of our scheme.
pulses are therefore required, in order to achieve a siteNait
(_)f I_SI. Otherwise, the increased amount of ISI will seyerel  IR-UWB Transmission Format
limit the overall performance and can even compromise the ] ) ) ]
achieved path-loss gains. Note that an increased guanrdeinhte'” IR-UWB systems, the transmitted signal consists of eptrw
will significantly lower the effective data rate compared t8f ultra-short pulses (on the order of nanoseconds), whieh a
direct transmission. As an alternative, we proposeuttiple- Modulated by the transmitted information symbols [6]. With
differential encoding setup witn-fold differential encoding at e scope of this paper, focus will be on pulse-amplitude
the source in conjunction with single differential dematign Modulation (PAM). As illustrated in Fig. 1 (a), usually; > 1
at each A&F relay and at the destination. By this means, tff@mes are used to convey a single information symbol (in the
same level of ISI is achieved as in the case of direct transnfi¥@Mple, we havé/; =2). By this means, the effective symbol
sion, without requiring an extended guard interval. To theth €NErgy at the receiver can be increased. However, this comes
of our knowledge, such a use of multiple-differential eringd at the expense of a_decreased thr(_Jughput. After transml_ssm
is novel and quite different from narrowband systems, whef8€ IR-UWB signal is convolved with the UWB CIR, which
e.g., double-differential encoding is employed to mitdgaFan have a length on the_ order of hundreds of naqosecgnds
carrier frequency offsets [26]. Another significant ad et of [4], dependllng on the rad|p environment under.con3|demat|o
our proposed A&F scheme with multiple-differential enaagli COrrespondingly, the received pulses are considerablaspr
is that we are able to devise analytical solutions for a (ne&Ut in time, cf. Fig. 1 (b). In the differential setup, the ege
optimal power allocation between the source node and tRethe underlying multipath signal components is colleci¢d

relay(s)' Similar results are not available for correspngd 1By ‘serial multi-hop’ we refer to a scenario, where the seunodeS and

D&F-based schemes (cf. e.g. [16], [18]), especially not fefe AGF relays R, ..., Rm_1 transmit subsequently, e.g., based on some
the multi-hop case. global frame structure. Moreover, each reldy (i > 1) is assumed to process
o . ) . only signals received from relait; 1, and the destination node is assumed
Paper organizatiohe remainder of the paper is organizee process only signals received from the last refgy 1. Correspondingly,

as follows. In Section II. we describe the system setup undrefformance advantages compared to direct transmissiontfre source node

id Hi including th derlvi h | del ali S to the destination nod® will solely be based on path-loss gains. Diversity
consiaeration, including the underlying channel moael a Wgains are not obtained by the considered relaying setupe sio diversity

as the proposed structures of the source node, the relayibining is performed at any node.
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Fig. 1. (a) IR-UWB transmission format before convolutioithithe UWB CIR and (b) after convolution with the UWB CIR (&as not representative);
the subregion for the I&D operation at the receiver is alsduided, wherel’; denotes the integration time; (c) illustration of the peshlof IPI and ISI that
arises, when a straightforward combination of the IR-UWahsmission format with A&F relaying is employed.

the receiver by means of an I&D operation (for details seke details of our proposed MD-A&F relaying scheme. A
Sections II-D and II-E). major advantage of our scheme is that the level of IPI and ISI

If a straightforward combination of the IR-UWB transmis'> not increased compared to the single-hop case. In plarticu

sion format with A&F relaying is employed (e.g. similar tgSince differential demodulation (in conjunction with anD&

that used in narrowband systems [24], [25]), the effectitR Coper_ation) is performed at each relay_, the time spread of the
seen at the destination node results from a convolution & Fewed pulses (_Jlepends pnly on a single UWB CI.R’ so that
the UWB CIRs ofall intermediate links. Correspondingly,t € same guard interval size can be employed as in the case
the time spread of the received pulses will grow with eaéﬁ a single hop.

hop, leading to significant interpulse interference (IPhda
ISI, as the received pulses associated with one informatiBn
symbol (i.e., with one set oV, frames) interfere with those Fig. 2 shows the proposed structures of the source Sodee
associated with the subsequent symbol, see Fig. 1 (c). kroréth A&F relay R;, and the destination node. Throughout this
to keep the level of IPI and ISI comparable to the singl@aper, the employed relay?,, ..., R,,—1 are assumed to have
hop case, the only option is to increase the guard intervadentical structures. We start with a description of therseu
between subsequent pulses and symbols, which will (furtheode structure.

decrease the effective throughput. In the following, wespreé At the source node, the transmitted information bifs)] €

Proposed Structure of Source Node
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Fig. 2. Block diagram of the proposed MD-A&F relaying schertg source node, (b) A&F relay R;, and (c) destination nod®. Note that throughout
this paper we assume that relays are equipped with a singgaran only, used for both receiving and transmitting (in -thaplex fashion). For the ease of
exposition, however, the receiving branch and the tratisigibranch of relayR; are depicted separately here.

{0,1}, are (possibly) first encoded by a FEC encoder (sé® frame duration, which is chosen much larger than the

Fig. 2 (a)), which yields coded bitgk]. In this paper, focus pulse duration (i.e.7; > T}), andT, := N;T; the symbol

will be on a convolutional encoding scheme (along the lineliration. The effective bit rate is given bR, := 1/Ts.

of [5]). The coded bits:[k] are mapped onto binary antipodallhe length of the guard interval between subsequent pulses
symbolsq; [k] € {£1}, according to the mapping rulé — and subsequent symbols, := Ty — T, is typically chosen

+1, 1 — —1. Next, the information symbols,[k] are m- longer than the (expected) length of the UWB CIR, so as to

times differentially encoded according to circumvent IPIl and ISI effects.

ar[k] = qr-1[K]gr[k — 1] 2<r<m+1, (1)

) ) C. Channel Mode
wheregq, [k] € {£1} denotes théth intermediate symbol after

the (r—1)th differential encoderX< r <m-+1). The symbols For all links under consideration, we employ the IEEE

gma1|k] are then modulated onto a train of (real-valued) shd?P2-15-3a channel models [27] for UWB personal area net-
pulsesw;, (¢) with duration7},, according to [3] works. Consequently, the passband version of the CIR of the

ith link consists ofL¢ clusters ofLy rays and is modeled as

oo Nyp—1
s1(t) = /a1 E, Qi1 [k] wea (t—jTi—kT). (2) et . .
Vel 2.2 M= S S ALS-TO D), @

v=0 pu=0
Here, s (t) denotes the signal transmitted by the source node, .
a1 the corresponding transmit power allocation facfgy,the Wwhere )\,(f,),, models the random multipath gain coefficient of

energy per pulsefCof wi (t)dt := 1), Ny the number of the uth ray of thevth cluster,7\” the delay of the/th cluster,

frames used for conveying a single information symiol, rff?, the delay of theuth ray of thewth cluster, andj(-)
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denotes a Dirac impulse. The multipath gain coefficients areermediate symbol,,, —;,2[k] formed at the(i—1)th relay
normalized such thay %" Lo (A[),)? = 1. In [27], (1<i<m — 1), see details below. For the numerical results
four different parameter sets are specified for the variopgesented in Section V, the bandwidlii of the bandpass
parameters in (3). The resulting channel models, CM1-CMiter hpp(t) was optimized numerically for maximization of
represent different usage scenarios and entail differéeRt Ghe received SNR.
lengths. After the bandpass filter, (single) differential demodialiat
The channel gain is affected by log-normal fading and padii the filtered receive signal;(t) is performed. To this end,
loss, which is usually modeled in the UWB literature accogdi signal r;(t) is first delayed by a symbol duratidfi, and is
to [28], [29] then multiplied by itself. The resulting signaj(t)r;(t — T%)
is passed through an integrator with basic integrationtdra
G(d) = Go +10 - plog(do/d) + 0. 4) 71 2 Throughout this paper, we assume perfect synchronization
Here,G(d) denotes the channel gain in dBthe link length of the relays and the destination node with respect to the em-
in meter, Gy the channel gain resulting for some referenddloyed frame structure [10]. Moreover, the overall inteigra
distanced, (e.g.,do = 1 m), p the path-loss exponent, andime is composed ofV; separated sub-region intervals (one
¥ the log-normal fading term. In the following, the sourcePer received frame), as shown in Fig. 1 (b). By this means, the
destination (S-D) link will serve as a reference link for théegative impact of the additive noise can be efficiently tedi
path loss, in order to allow for a fair comparison betwee(-d., in comparison to a single integration interval ofgém
the proposed multi-hop relaying setup and the case of diré¢t7). The integrator at théth relay yields the discrete-time
transmission. Assuming omni-directional antennas atalles, output sample
the relative channel gain associated with ke link is thus Ni—1

ETs+jTs+Ti
modeled by a factor [23] Gm—it1[k] = Z / ri(t)ri(t — Ts)dt  (8)
k

A; =0, (dSD > | (5) o T
d; (cf. Fig. 2 (b)), which can be interpreted as a (soft) estamat
whered; models the log-normal fading associated with Link of the intermediate symbol
andds_p andd; denote the lengths of the source-destination
link and of Link i, respectively. The path-loss expongnis Gm—i+1[k] = dm—it2[k] - gm—iv2[k — 1] ©)
typically betweenl.7 < p < 4.0 [27]. Throughout this paper, (due to the differential demodulation step, see Section llI

we assume that the lognormal §hgfjowing tewpsand Vi for further details). Similar to (2), the estimated symbols
associated with two different links#4¢’ are uncorrelated. Gm—i11]K] are finally modulated onto a signal

0o Njp—1

D. Proposed A& F Relay Structure ~ .

S t) = \/ O E m—i k|l w x t— T—kTs y
At the receiver front-end of each relay, the received signalﬂ() i gk;m JZZ:O Q=i K] wea (t=5T )
is first passed through a bandpass filtesp(¢) with one- (20)

sided bandwidthi¥, so as to eliminate out-of-band noisevhich is then re-transmitted to the next reldy<{ i < m — 2)
(see Fig. 2 (b)). The filtered received signal at ile relay, or the destination node & m — 1). Here,«;4 1 denotes the

1 <i<m-—1,is given by power allocation factor for théth relay node.
T‘i(t) = /A;- hi(t) * th(t) * Sl(t) + ni(t)
oo Ny—1 E. Proposed Structure of the Destination Node

VAiaiEg Z Z &ilk] wre it = j Ty = KT5) The receiver structure of the destination node is identical
k=—o0 j=0 to that of the relays. In particular, we assume an identical

+ni(t), (6) bandpass filteh s p (t) for simplicity. Similar to (6), the filtered
where 4; is the relative channel gain associated with Link "eceived signal is given by

h;(t) the corresponding CIRs,(¢) the transmitted signal of A
the source nodei & 1) or the (i—1)th relay (L <i<m — 1), rm(t) =V Am - (8) 5 hpp(t) * sm(t) + nm (1)

. .. N . . N¢—1
n;(t) denotes filtered additive white Gaussian noise (AWGN) Gl AN ,
process with zero mean and single-sided noise P8y, is = VAnamEy ) Z Go[k] wra,m(t — jTy — kT5)
the transmit power allocation factor for the source nadel() k=—co j=0
or the (i — 1)th relay (0 < i < m — 1), wyy(t) := wea(t) * +nm (1), (11)

hi(t) x hgp(t) the received pulse associated with Lihkand

‘s’ denotes linear convolution. Moreover Wher€w, m () =i (t) * hn (t) £ hpp(t) andhm (t) denotes

the CIR of the final link (Linkm). In order to recover the
&[K] == Gm1[K] for i=1 @) symbolsq [k] transmitted by the source node, the destination
‘ o (jm,iJrQ[k] for 1<i<m-—-1 "

. 2Similar to the filter bandwidtHV, the integration duratiof; has to be
where m+1 [k] denotes thekth transmitted Symbo' of the optimized such that (on average) most of the signal energgpsured, while

source node and,,_;2[k] the (soft) estimate of théth the collected noise energy is kept to a minimum.
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node performs another differential demodulation stepfeid scheme. They thus represent corresponding wideband exten-

by an 1&D operation. This yields estimated symbols sions of conventional narrowband D&F relaying schemes.
Ny g However, in the MD-D&F scheme an additional slicer is
s+3 Ty +T; ; [P
Gk = ron (D)o (£ — )t (12) employed at each relay, wh|ch is inserted bet\_Neen the 1&D
 for or block and the pulse modulation block (cf. Fig. 2 (b)) to
j=0 sTILf

perform a hard decision on the transmitted symbols. The SD-
(cf. Fig. 2 (c)), which are used for detection (uncoded tranB&F scheme, on the other hand, also requires an additional
mission) or decoding (coded transmission) of the traneuhittdifferential re-encoding block, which is inserted aftes icer,
information bits. In the case of uncoded transmission, g@&m since differential encoding at the source node is conducted
slicer is used to quantizg [k] to the detected symboig [k] € only once. The D&F-based schemes thus come at the expense
{£1}. In the case of convolutionally encoded transmissioof an increased relay complexity — even if no FEC decoding
hard or soft input Viterbi decoding may be used to recover tieeemployed at the relays.

information sequence [30]. Hard input Viterbi decoding hes  Another aspect, which renders the considered MD-D&F and
inferior performance compared to soft input Viterbi decay]i SD-D&F schemes costly, is the fact that — to the best of the
cf. Section V, but also has a lower complexity, which maguthors’ knowledge — there are no analytical solutions for
be a crucial advantage in high-speed UWB applications. For(near-)optimal power allocation between the source node
hard input Viterbi decoding, the estimated informationsbiand the relay(s), neither for the dual-hop nor the multi-hop
bln] € {0,1} are obtained based on the hard symbol estimaigase. This is due to the lack of corresponding analytical
g1[k]. In contrast, for soft input Viterbi decoding, the Viterbiexpressions for the resulting effective SNR at the destinat

algorithm uses branch metrics of the form [30] node. Correspondingly, for the simulation results of thel&
. . based schemes presented in Section V, we have conducted
MIk] = [q1[k] = B [K]]7, (13) prute-force searches for the optimal power allocation fmhe

channel realization. This is quite complex and thus does
ot seem very practicable — especially not in the multi-hop
case. As opposed to this, for the proposed MD-A&F scheme
we derive a simple closed-form expression for the optimal
power allocation in the dual-hop case and a simple suboptima
recursive power allocation solution for the multi-hop case
which permits a semi-distributed implementation with lieai
feedback between the nodes (for details see Section 1V).

whereq, [k] € {1} is a trial symbol and3,, is a gain factor
which will be formally defined in the next section. We not
that, since the noise component §f[k] is non—Gaussian,
cf. Section Ill, branch metric (13) is suboptimal. Howeubg
actual noise distribution required to derive the optimarmh
metric does not seem tractable. Moreover, typically therimet
in (13) already yields high performance.

IIl. PERFORMANCEANALYSIS

In this section, we provide a thorough performance analysis

The proPF’Seq MD-A&F relaying scheme can be regarded &Fthe proposed IR-UWB MD-A&F relaying scheme. In the
a generalization of narrowband A&F relaying to an UWB Se*bllowing, we show that the input-output behavior of the

ting. As opposed to conventional narrowband A&F schemﬁ/Stem between input symbgl [k] at the source node and
the _relays in the proposed MD-A&F sch_eme |rllclude.a dem le corresponding soft estimafg[k] at the destination node
ulation stage, so as to account for the signal dispersiondhd .\ vo Jescribed as

in by the wireless channel and, in particular, to collect the . N
received signal energy at the relays. As the proposed MD-A&F Q1[k] = B q1[k] + zm[K], (14)

scheme is tailored to a differential modulation framewahle, where 3,, and zm[k] represent a gain factor and an effective
demodulation stage at the relays consists of an autoctiorlagjse sample with variance?2,, respectively. The additive
of the received signal followed by an I&D operation. Ithgisez,,[k] is in general non-Gaussian. Its exact distribution
addition to the demodulation stage, the relays also emplg§es not seem tractable, and thus, an accurate analysis of
a corresponding re-modulation stage, so as to modulate {he resulting bit error rate (BER) does not seem possible.
obtained soft estimates of the transmitted information @herefore, we focus on the effective SNR at the destination
intermediate symbols onto the IR-UWB signal structure. pode in this section. In particular, we derive a closed-form
In Section V, we will compare the performance of thexpression for the effective SN2, /o2,, for the dual hop

proposed MD-A&F scheme to that of alternative relayingase (» = 2) and a recursive formula for the calculation of
schemes, particularly, two schemes that are based on D&F ando2 in the multi-hop caserg > 2).

relaying, namely (i) D&F relaying with multiple-differeiat

encoding at the source node (MD-D&F) and (ii) D&F relaying\. Dual-Hop Case

with single differential encoding at the source node (Skor the dual-hop case, double-differential encoding is- per
D&F).® Both relaying schemes employ the same demodulatiffimed at the source node. We start by substituting thedter
— re-modulation relay structure as the proposed MD-A&feceived signat (t) at the relay, cf. (6)i= 1), into (8) and

get
3In Section V, we will also consider the performance of cohere&F and =qa k]
D&F relaying schemes, where the demodulation stage (ve.atitocorrelation ——
and the subsequent 1&D operation) is replaced by coheréRulk@ combining. G2[k] = b1 qs[k]gsk — 1] +21[k], (15)

F. Comparison with Other Relaying Schemes
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where Note thatz, [k] is not Gaussian distributed, sineg;[k] is not
T; Gaussian.
pr:=NgAianEr, Ey ZZEg/ wiy 1 (t)dt, Along the same lines, the integrator output of the destimati
0 node can be analyzed. Substituting (11) into (12) = 2)
and e e e yields
z1lk] i= 21 1 [k] 4 21 5[k] + 21 3[k] Gi[k] = Boda [K]Galk — 1] + 24[K], 23)
with z7 4 [k], 21 »[k], andz] ;[k] being zero-mean noise terms .
defined as follows: where fz:=NyAsasEs, Eyi=E, [ w?,,(t)dt, and the
T R noise[ t]ernlz(g [k])? gg)_’l[k.]:zgf []k]b+.z§73[k] iT sin:jil?)rl}/ [d(]efizled
ok = gslbl/AonE, / ny(t—1,) aszlk]in (15)-(18), withgs[k] being replaced by k], A
11lA] slkly/ A By JZO KTy 44T il ) by As, a1 by as, n1() by na(t), andwyq1(t) by we s (1),
X Wrar (t — jT5 — KTy dt, (16) Pluggingg.[k] from (15), into (23) we get
Nyl o4 Te+T; =q1[k]
/ L _ ~
ol =l ADE 33 [0 ) ) e — T+ 4l 2l
. - ' (24)
X wrga (8= Ty — KTs) dt, (17) wherez) 4[k], 24 5[k], andz) ¢[k] are given by
Ne—l kT4 Ty+T; ' '
Aalk] = / L m@mit-Tode (18) alk] = Borgalklzalk — 1], (25)
j=0 TS olk] = Babrgalk — 1]zlk], (26)
As described earlier (t) is obtained by filtering an AWGN Zolk] = Paz[k]zi[k —1]. (27)

process with single-sided noise Pg‘@ with a bandpass filter
with one-sided bandwidtfi¥’. The autocorrelation function The variances of; , k], 25 ,[k], andz; 5[k] can be calculated

¢1(7) of ni(t) is thus given by [30] similarly to (20)—(22). One obtains
Ny sin(nWr N N N
91(7) = B{m(tm(t —7)} = 57 - ;T) cos(2mfor), 0%, ~ E{BM}pa— = (5 +o7)e,
(19) 02/ = 0'2/ 0'2/ = 0'2/ . (28)
where f, denotes the center frequency of the bandpass fil- #2,2 P21’ P2 1.3

ter, and E{-} denotes statistical expectation. Assuming that,q yariances of), ,[k], 25 s[k], andz} 4[k] can be calculated
the bandwidthiV is chosen sufficiently large, such that the.y, (25)-(27): ' ’ '

frequency response of the received pulse ;(¢) falls com-

pletely inside the PSDBP,(f) of ni(t), and the PSDD, (f) o =02 = (Bf1)’0] and o2, ~fGiof.  (29)

is sufficiently flat in the area of interest, the autocorielat ' ' '

function ¢1 () can be replaced by (). Thus, the vari- For computing the variance of, ;[k], we have assumed that
ances of the noise terms ,[k], 2] ,[k], and 2 5[k] can be =zi[k] andz[k—1] are uncorrelated. Based on (24)—(29), we are

approximated as now ready to obtain the input-output behavior of our system
T T according to (14) forn = 2, where s := (323% and zz[k] :=
o = B4k} = NfAla1Eg/ / W1 () 25[k] + 25 4k] + 25 5[k] + 25 [K]. In order to calculate the
1,1 > ) . ) oL
’ o Jo variance ofz[k], denoted as3 in the sequel, we should note
X Wrg,1 (7)1 (L — T)dtdT thatz} 4[k] andz ;[k] are not mutually independent, i.e., their

Ny correlation cannot be ignored. In particular, one finds that

No [T,
~ NfAlalE_q?/ wrx,l(t)dt = 617, (20)
’ E{2) 4lk]25 5[k]} = (B261)* E{qe[k]azlk — 1]z1[k]z1 [k — 1]}

o = B3k} =02 (21) ) A
e R, = (B261)"E{qz[k]qa[k — 1] 4 [k]2 o[k — 1]}. (30)
2 _ ’2 _ 2,
oz, = ElAGK) = Nf/o o o1t — 7)dtdr A careful look at (16) and (17) reveals that
T; i
~ N [ [ B dall = 2124 ok — 1] = galK]24 K]
0 T;—t

T; n72 A2 Thus, we have
vy [ - TN g
0 E{qz[k]galk — 1] 1[k]21 o[k — 1]}

In (22), we have exploited the fact that the integrafiu) is = F{qs[k|gs[k — 202, | [k]2, o[k — 1]}
Dirac-like, i.e., the integral vanishes outsiglet, T; — t], and No "

have employed Parseval’s theorem to calculate the integral = E{{[K]} = 6170

Altogether, the variance of the noise temmik] = z; , [k] +

2} 5 + 24 5[k] in (15) is given by and get

No
0'% = (1 Ng + WNjTlNg/2 E{Zé,zl[k]zé,t')[k]} = 6%6?7 (31)
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Based on (14) and (24)—(31), the effective SNR at the desti- The gain factor3;. ; is obtained via the recursion
nation node can be calculated as

-2 Biv1 = Biy1 B (37)
SNR—ﬁQ PR . -
= 0_3 with initialization 3, := 1. Moreover, making similar
(822)2 approximations as in Section IlI-A and taking the corre-
= — 5 5 2227 TR 5 lations between the involved noise terms into account, the
Topa T 02y T 02 T {22,4[K]z 5 K]} + T2 varianceo?, ; of the noise term; (k] can be calculated
~ (B23%)? 32 via the recursion
- WN,T:NG (32) 2 2 52/ 2 4
P2t Y2+ 2 oiy1 ~ Bin (2@‘ (o7 +mi) + Ui) (38)
where, = 03 (26701 + GNo + of) andya =2 No(5% + B No(B2 + 0F) + WN/TING /2
o7). EQ. (32) will be exploited in Section IV to find the optimal
power allocation for the source node and the relay. where
B. Multi-Hop Case ni ~ B8], (01'2—1 + 2771'71) + 810871 No/2  (39)
. . ith initializati 2. —
In the following, we turn to the case of multiple hops ¢ 2). with initialization o5 := 0 and1 := 0. Here, we have
In order to obtain an expression for the gain factéy,, used the approximation that for a small to moderate num-
the noise termz,,[k], and the corresponding noise variance ber of_lntermed)ate A&F relays the correlation between
o2, (and finally the effective SNRSZ, /o2, at the destination the noise terms;_,, [k] andz;..[k], cf. (35) and (36), can
node), the following recursion steps are required (simitar be neglected.
the derivation for the dual-hop case in Section IlI-A): At the end of the recursioni & m —1), we thus obtain the

. Assume that we have already obtained the input-outd@towing expression for the effective SNR at the destioti
relation for the soft estimatg,, ;.1 [k] formed by theith node:
relay, according to 32
) SNR = Cm
Gm—i+11k] = Bigm—i+1[k] + 2i[k] (33) 9m :
(BmBp—1)?

WN;T; N2’
Pm + Pm + ——5C

Q

(t=1) or (40)

Gm—it1[k] = BiGm—i+11k] + 2][K] (34) Y , ,
(1 < i < m), cf. (14) and (15) for the dual-hop caseWhere%’g::f_ma(gﬁm)*l(amfl 1) + Oy) ANA Y =
m—1 m—1/*

. N,
(m = 2). In particular, assume that we have calculatégd” o
the gain factors; or 3; and the variance? of the noise
term z;[k]. In the sequel, we focus on the case 1 for IV. OPTIMIZED TRANSMIT POWERALLOCATION

simplicity. Fori =1, parameter; needs to be replacedgaseq on the effective SNR results presented in the previous
by i in the following equations. section, we next conduct an analytical optimization of the
« For the integrator output of the+1)th relay ¢ <m—1) = transmit power allocation factors; for the source node &1)
or the destination node £ m—1), we obtain the relation 5nq the relay node€ € i<m—1). Similar to Section Ill, we
G ilK] = Bis1@m—is1 [Kdm_is1[k—1]+=,, k], (35) focus first on the dual-hop case, before we consider the more
challenging multi-hop case. We also show that the proposed

where suboptimal power allocation algorithm for the multi-horsea
Bi+1:=NrAit1ait1Eitq, can be implemented in a semi-distributed manner with lichite
T message exchange between nodes.
Ei1:=E, / wfnwl(t)dt, Note that existing power allocation solutions for narrowtba
0

A&F relaying schemes cannot be readily adopted for the MD-
and z; ,[k] represents a zero-mean noise term witA&F scheme. This is due to the rather specific relay structure
components defined similar to (16)-(18), with{k] being under consideration, which is tailored to the IR-UWB signal
replaced byg,,—i+1[k], A1 by A;y1, a1 by a1, n1(¢)  structure and a differential modulation framework. Alsoten
by ni+1(t), andw, 1(t) by w4 i1+1(t). The variance of that similar results as presented in the following are naflav
the noise termy;_, [k] is calculated as able for the MD-D&F or the SD-D&F scheme (cf. Section II-

F), as analytical expressions for the resulting effectid&RSat

2 ~ (2 2 . N2 . .
0y, = (B +07)Biv1No + WNsTiNg /2. the destination node do not seem tractable.

« Plugging the expression faf,,;+1[k] from (34) into

(35), we obtain a new representation for the soft estimaie pyal-Hop Case

dm—i|k], according to - . .
Gm—ilk] g Based on (32), we can optimize the transmit power allocation

Gm—ilk] = Bis1am—ilk] + zis1[k]. (36) factorsa; and oy for the source node and the A&F relay,
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respectively: We aim to maximize the effective SNR at theB. Multi-Hop Case
destination node, under the constraint of keeping the tok|osed-form solution for the optimal transmit power abiec

transmit power per symbol period; E,, fixed. tion factorsa; (1 < i < m) does not seem feasible in the
It can be shown that the total transmit power constraint cafulti-hop case 7 > 2) because of the involved recursive
be expressed as expression (40) for the SNR. Thus, in the following, we
, present a heuristic algorithm for finding near-optimal ealu
NyEgjoy + NyEgasErpn = Ny Ey, (41) for the transmit power allocation factors;. The proposed

algorithm is based on the optimization presented in SedYon
where E,., 1 := (7 + of is the power of the received signala for the dual-hop case. Essentially, we decomposerthop
at relay ;. Concerning (32), we can make a high-SNigansmission inton. — 1 two-hop transmissions, cf. Fig. 3 (a).
approximation, according to In particular, we first assume that there are only three nodes
) namely the source node (Node 1), the last rel&y, (1, Node
P2 , (42) m), and the destination node (Node + 1) and find the
B2(20 + B1No) + No corresponding transmit power factor for the source-reiialy |
. based on (44). In the next step, the transmit power allocated
w?ere we4 ha;’e uszed that, for h'%h SNR valuééfcr_f_Jr to the source node in the previous step is regarded as the
B No > o1 P >>, Ul'andWNfTiNO /2 becomes negligible. overall available transmit power, and the power allocation
Assuming again high SNR, we can now formulate thgayeen the source node and the—2)th relay R, _» (Node
Lagrange problem m—1) is calculated assuming that ttig» —1)th relay R,,,_,
3,32 (Nodem) is the destination. We repeat this method until we
W2—+11)N — (a1 +azff —1), (43) find the overall power allocation for the source node ar_ld
172 0 subsequently calculate the powers allocated to each melay i

SNR =~

A(0617042,7) =

where v denotes the Lagrange multiplier. In order to arrivémilar manner. . _
at (43), we have used the high-SNR approximatighss o2 In the following, letA4; ; denote the gain factor associated

ando? ~ B, N,. Based on (43), we obtain the optimal transmiith the link from Node: to Node j, cf. (5), where: =1
power factors as represents the source node ajijéd= m + 1 the destination

node. For the corresponding energies of the received pulses

. 1 B 1 E; ;, we assume for simplicity thaf; ; =1 for all indicest, j.
“ = 1+ /A - oo [\ Assuming that we have only the source (Nddigthe last relay
34:B: 144/ 35,F; (d_l) R,,_1 (Nodem), and the destination (Node+1), according
i} 1—at (44) to (44), the power factor for the sourag,, is given by
Qy = )
Erz,l an = 41 L . (45)
which only depend on the effective link gaids F; and A5 Es. 1+ 3Am,mi1

The numerical results in Section V will reveal that (44) 18, i  The normalized fraction of power allocated to the-(1)th

fact, very close to the optimal solution (also for moderatRS relay R,,_1 (Node m) is given by 1 — ¢l . However, we
values). For the computation of the power allocation fa&tor annot calculate the associated power allocation faator
(44), the source and the relay have to have access to eimgf:e the received power of the relay is not yet known. In
of the effective link gainsl, £y and A, E», and the relay also yhe next step we take into account that the received signal
has to estimate the power of its recel_ved sighal. ;. From ot the ( — Dth relay R.,_, (Node m) actually originates
(44), we can see that if; < dy holds, i.e., the relay is very {rom the (m — 2)th relay R,,_» (Nodem —1). To find the

close to the source node, the power a_lloc_:ation factor for '_[ESrresponding power allocation, we consider only the ssurc
source node becomes very small. This is reasonable, SIRRy R,.,_», and relayR,._1, with the latter playing the role

in order to achieve a high effective SNR at the destinatiof} ihe destination. Therefore, the fraction of power alteda
node most of the available transmit power should be allacatg) ihe source is now given by ¢! where ¢! _| =
m m—

m—11 -

to the relay, so as to bridge the long link from the relay/(1+\/A1 1734, _1.m). This procedure is repeated until

to the d_est|_nat|on. Vice versa, if the _relay is very close Qe arrive at the first relay, (Nodei=2), which leads to the
the destination node, most of the available transmit POWergl|iowing final power allocation factor for the source:

allocated to the source node. Thus, by (44) the individudRSN

for the two hops are balanced such that an optimal end-to-end . o

SNR is achieved. The same idea will also be employed in “r = Hgi’

the following subsection, in order to construct a (suboptf)m =2

power allocation solution for the multi-hop case. where(} is defined as in (45) (withn = ). Knowing the power

allocated to the source, the available power for allocatiche

“We note that (32) could also be utilized for optimizing {hesition of the m —1 relays is 9'“?” b)(l - CYT)Nng- The power allocation

relay, recalling that3; = Ny A;a; E; (i = 1,2) and A; = 9;(ds_p/d;)?. factor for relay R, is constrained by

This might be of interest for certain scenarios with fixed emdut is outside _
the scope of this paper. By 1+ Ey=1—af, 47

(46)
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Source Relay Relay Relay Relay Relay Destination
Node 1 Node 2 Node 3 Node m-2 Node m-1 Node m Node m+1

(@

Source Relay Relay Relay Relay Relay Relay Destination
Node 1 Node? Node3 Noded4 Node m-2 Node m-1 Nodem Node m+1

(b)

Fig. 3. (a) lllustration of the optimization af; using a recursive approach; (b) lllustration of the optatian of az for known aj.

where E,. 1 := 37 + o7 denotes the received power of thehe overall power constraint

first relay R, and E, is the remaining power to be allocated m

to the otherm — 2 relays later on. The power allocation factor N:Ego7 + Z Nt EgEy i1 = Nt Ej.

as of the first relayR; (Nodei = 2) is now obtained using i=2

the same recursive approach as for the source node befor@lthough the proposed heuristic power allocation scheme

i.e., the first relayR; now plays the role of the source nodefor the multi-hop case is suboptimal, our results in the next

see Fig. 3 (b). Subsequently, the same steps are repeategdetion confirm its near-optimal performance. Furthermore

relaysRs to R, 1. For thejth relayR;, 1 < j <m—1, this the proposed power allocation algorithm allows for a semi-

leads to the power allocation factor distributed implementation, where the source has to halye on
access to estimates of its own path loss to all relays and

ot = M ﬁ it (48) the path-losses betwgen_ al] neigh.boring relay§. In paaticu
g+ E . ; e v for the proposed semi-distributed implementation, thers®u
- computes the factorg; := H;’;M ¢/, 1 <j < m, feeds
with back f;1 to relay R;, computesa; = f1, and feeds back
k1 =1—ajf torelayR;. RelayR;, 1 < j < m—2, estimates
g = 1 ’ (49) its own received power,, ;, computes;,; based on (48),
1+ 3;;1_1',3 computess;, based on (50), and feeds ba%l to the next
e relay R;1. The last relayR,,—; only has to estimaté, ., ,,,—1
Kj = Rj-1 = QB o1, (50) and computer’,. We note that computation of the optimal
Erpj = (Aja;Bn;—1NiE;)? + 0.72-, (51) power allocation based on (40) requires a centralized agbro

where the central node (e.g. the source or the destinatid@)no
where the received power at thgh relay R;, E,, ;, and has to perform an exhaustive search over a fine-scaled grid of
normalization factors; are calculated recursively for > 1. all possible power allocation factors, since (40) is notvesn
For initialization, we haves:, := 1 and E,., ¢ := 1. It is easy in the power allocation factors. Such an exhaustive search i
to check that the suboptimal power allocation in (48) fudfillcomputationally expensive for more than two hops.
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Effective SNR at the Destination [dB]

-
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Fig. 4. Effective SNR at the destination node versus tranpover allocation Fig. 5. BER at the destination versi, /Ny for double differential, single
factor of the source node; for dual-hop transmission (three different valuedifferential, and coherent uncoded transmission over tastwith both A&F
for the source-relay link length are considered). and D&F relaying (geometrical setting with=0.2).

V. NUMERICAL PERFORMANCERESULTS are represented by markers. Moreover, the cross signsaiedic

In the following, we present numerical performance resultde (near-)optimum value for the transmit power allocation
which illustrate the excellent performance of our proposdactor «; for the source node, which was found based on
MD-A&F scheme and corroborate our analysis in Sections I#4). As can be seen, the analytical results and the sirualati
and IV. We start with considering the dual-hop case withotgsults are in good agreement, and considering the fact that
additional channel coding. Afterwards, we will considee thour (approximate) formula (44) was derived for high SNR
benefits of an outer FEC scheme and present results for ¥adues while the SNR considered in Fig. 4 is rather moderate,
multi-hop case. the power allocation factor; obtained with (44) offers a

In the following, the information symbolg,[k] € {+1} remarkable accuracy.
are transmitted in blocks of 1000 symbols. The CIRs areFig. 5 illustrates the performance of the proposed non-
assumed to remain static for the duration of an entire blogkherent MD-A&F relaying scheme with double-differential
(70 ps). As an example, we focus on channel model CMédncoding at the source node, obtained by means of Monte-
in the sequel and assume a path-loss exponent ef 3, Carlo simulation using a large number of independent CIR
unless specified otherwise. One frame is used for transittrealizations. We have considered a geometrical settingyrevh
a single information symbol{; =1), and the frame length is the relay is located relatively close to the source ngde-(
chosen such that the guard interval between subsequeespuls?). The proposed MD-A&F scheme is compared with (i)
is larger than the root-mean-square (rms) delay spreadeof #firect transmission from the source to the destination n@le
channel Ty =70 ns), so as to circumvent ISI effects. For th@on-coherent A&F relaying with single differential encodi
transmitted pulsev;,(t), we employ the widely-used secondht the source node (SD-A&F), (iii) non-coherent D&F relayin
derivative of a Gaussian pulse [4], i.e., with double-differential encoding at the source node (MD-

9 9 D&F), (iv) non-coherent D&F relaying with single-differéal

wia(t) = [1 = dn(t —vp) /v, ] exp[=27((t — vp)/vm)7], encoding at the source node (SD-D&F), and (\g/l) coherent A&F
where v, =0.35 ns andw,, =0.2877 ns (I,,=0.7 ns). The and D&F relaying with S-Rake combining at the relay and at
bandwidth W of the bandpass filter is optimized such thahe destination node using=3, 5 Rake fingers, cf. Section II-
for a single link the maximum received SNR is obtaineld. For the proposed MD-A&F scheme, the transmit power
(W =5 GHz). Similarly, the integration tim&; has been allocation factorsa; and a, for the source node and the
optimized such that on average the maximum effective SNRlay, respectively, were optimized based on (44). For the
at the integrator output is obtained;&5.25 ns). coherent A&F relaying scheme with S-Rake combining at

Fig. 4 shows the effective SNR at the destination nod@e relay and at the destination node, we have used a similar
for the MD-A&F relaying scheme for the dual-hop cas€losed-form power allocation solution as for the proposéat-M
and E,/Ny = 9 dB, considering three different positions oA&F scheme (details have been omitted here for the sake of
the relay p := di/ds_p = {0.2,0.4,0.8}), whered; and conciseness). For all other schemes, especially the D&E¢ba
ds_p denote the lengths of the source-relay and the souré€hemes, we had to resort to simulations (exhaustive sgarch
destination link, respectively. Analytical results baser(32) due to the lack of analytical power allocation solutions.
are represented by lines, and corresponding simulatiaritses As can be seen, all considered schemes offer substantial
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Fig. 6. BER at the destination versis; /Ny for double differential, single Fig. 7. BER at the destination versiig, /Ny for double differential, single
differential, and coherent coded transmission over twoshejth both A&F  differential, and coherent coded transmission over twoshejth both A&F

and D&F relaying, using hard input Viterbi decoding (georicat setting with and D&F relaying, using soft input Viterbi decoding (georiea setting with

p=0.2). Dotted lines indicate the performance with equal powtcation. p=0.2).

performance improvements over direct transmission, whichte and an increase in receiver complexity (destinatiateno
is due to significant path-loss gains. These performance i&s can be seen, the performance of the proposed MD-A&F
provements can, for example, be translated into an extendetleme is now comparable to that of the MD-D&F scheme and
coverage [23]. For sufficiently high SNR values, our propbsés still superior to that of the SD-D&F and SD-A&F schentes.
MD-A&F scheme outperforms the coherent A&F and D&PRMNe have also included simulation results for the case oflequa
relaying schemes, unless a relatively large number of Rgb@awer allocation (dotted lines). As can be seen, all comsitle
fingers is employed (e.gf > 5), and it also outperforms schemes — both D&F-based and A&F-based — suffer from
the SD-D&F scheme. The MD-D&F scheme offers a smatiotable performance degradations compared to the case with
performance advantage of ab@us dB compared to the MD- optimal power allocation. In other words, an optimizatidn o
A&F scheme (at a BER ofl0~*), at the expense of anthe power allocation factora; and as is highly desirable.
increased relay complexity. The SD-A&F relaying schemdere, the advantage of our proposed MD-A&F scheme over
suffers from a significant loss in performance compared ¢o tthe D&F-based schemes becomes evident, since for the MD-
proposed MD-A&F scheme, due to excessive ISI. We ha¥&F scheme the simple closed-form power allocation sotutio
doubled the integration tim&; at the receiver for SD-A&F (44) can be employed instead of an exhaustive search.
relaying, since the effective CIR seen at the destinatiaseno Fig. 7 reveals that for the proposed MD-A&F relaying
is the convolution of the CIRs of the source-relay and treeheme additional performance gains are possible with soft
relay-destination links. We note that the performance ef tinput Viterbi decoding (about 1.2 dB compared to hard input
SD-A&F scheme could be improved by increasing the framéterbi decoding at a BER of0—*). Contrary to this, for the
duration7’y at the expense of a loss in data rate. MD-D&F scheme soft input Viterbi decoding does not result
Next, we consider the performance of the proposed MIr a notable gain, and there is a performance gap of about
A&F relaying scheme, when an outer FEC scheme is usdd? dB and 1 dB compared to the proposed MD-A&F scheme
cf. Fig. 2. The FEC block is placed before the doublend the SD-D&F scheme, respectively, at a BER16f*.
differential encoder and includes a convolutional encadat Altogether, it seems that the performance of the D&F-based
a bit interleaver. In particular, we adopted the quasiddiath schemes is somewhat limited by the decision errors at the
rate-1 /2 binary convolutional code with generator polynomialselays. In particular, the simple Euclidean distance ro€fiB)
[133,171]s [30]. The performance of the proposed MD-A&Fused for soft input Viterbi decoding is highly suboptimal in
relaying scheme as well as that of the considered altematikiis case since the reliability information (i.e., the aitygle of
coherent and non-coherent relaying schemes is shown fdr h@rk]) exploited for decoding is compromised by the decision
and soft input Viterbi decoding in Figs. 6 and 7, respecyivelerrors. This problem does neither exist for the D&F-based
A comparison of Figs. 5 and 6 shows that FEC with hasthemes with hard input Viterbi decoding, where reliapilit
input Viterbi decoding improves the performance signiftban information is not exploited, nor for the proposed MD-A&F
(compared to uncoded transmission). For example, for MD-
A&F relaying the coded scheme yields a performance gain o In order to minimize the complexity differences between A&fd D&F
about3.8 dB compared to the uncoded scheme at a BER geJaymg, we have considered the case where the D&F relasisrpe only

| : - tection without Viterbi decoding (both for non-cohereamtd coherent
10~*. Note that this gain comes at the expense of a loss in datasmission).
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Fig. 8. BER at the destination versi, /Ny for double differential, single Fig. 9. Effective SNR at the destination node for three-hog f@ur-hop MD-
differential, and coherent coded transmission over twoshejth both A&F  A&F relaying. Relative position of nodesi{/ds_p — -+ — dm/ds—_Dp):
and D&F relaying, using soft input Viterbi decoding (georeal setting with  3-hop case 10.5—0.4—0.1, diamond markers); 3-hop case®{—0.3—0.1,
p=0.5). triangle markers); 4-hop case 0.25 — 0.25 — 0.25 — 0.25, star markers);

4-hop case 2(0(1 — 0.3 — 0.2 — 0.4, square markers).

scheme with soft input Viterbi decoding, where no prelinmna o .
decisions are made at the relays. SNR. For low SNR, the approximations made to arrive at (40),

Fig. 8 shows further performance results for the case - conceming the as_sum!otion that certain noise_ terms ar
soft input Viterbi decoding, this time for a geometricaltises uncorrelated, are less justified, so that the analyticalli®s

where the relay is located half-way in between the sour E,ghtly deyiate from the simulat.ions. Finally, we invme
node and the destination node £ 0.5). As can be seen,t e effectwenesg of the recursive power allocation method
in this case the proposed MD-A&F scheme has an inferiBfoPOsed in Section IV-B for the multi-hop case. In partl
performance compared to the D&F-based schemes (the P&F- show in Tables | and Il the power allocation factors
formance difference at a BER dfo—* is about 1 dB and ° tained with the proposed method and with an exhaustive
0.5 dB, respectivelyf. However, note again that the excellen?earCh over a fine grid of aII_ p955|ble power allocation fcto
performance of the D&F-based schemes shown in Fig. 8 ﬁaf 3-hop_and 4—ho.p transmission, respgctyely. We alsovsho
based on an exhaustive search for the optimal power altocat® resulting effective SNR? at the destination node, both .f
factorsa; andas, whereas for the proposed MD-A&F scheméhe proposed power allocation and for equal power allonatio
the simple closed-form solution (44) can be utilized. A nnaj&0 all n%dles. We chosE, /No = 12.8 dB for ZOﬂLtab]!es’ rz:md
advantage of our proposed MD-A&F scheme is also that evgl'i pat -doshs e:rr)]onents were setptezl 3 '?nblp _I 4 ((;r“t N fi
in the multihop case we have derived a (suboptimal) soluti r? op and t € I OprT]SG, respec'gve y. 1apies 1an tlcmn "
for the power allocation factors; (cf. Section IV-B), whereas the near-optimality of the proposed recursive power atioca

an exhaustive search would soon become prohibitive when SthOd for all conS|d_ered relay_arrangements. In particula
number of hops increases. arge performance gains are achieved compared to the case of
We now turn our attention to the multi-hop case. Fig. Squal power allocation.
shows the effective SNR at the destination node ven%(;us
for three-hop f» = 3) and four-hop fn = 4) transmission
with MD-A&F relaying. The distances between the networkve proposed a multiple-differential encoding scheme for
nodes normalized by the source-destination distance wes gimulti-hop A&F relaying in IR-UWB systems. In contrast to
by 0.5—0.4—0.1 (3-hop case 1)).6—0.3—0.1 (3-hop case 2), conventional A&F relaying with single-differential endad —
0.25—0.25—0.25—0.25 (4-hop case 1), anel1—-0.3—0.2—0.4  as typically suggested for non-coherent narrow-band syste
(4-hop case 2), respectively. The analytical resultsqdoles) the proposed scheme overcomes the UWB-specific problem of
were obtained with the recursive method for calculation Bl accumulation by performing multiple-differential eting
the effective SNR outlined in Section 11I-B. The simulatiortt the source node and single-differential demodulaticaah
results (markers) in Fig. 9 confirm the accuracy of the derivéelay and the destination node. We have provided a closed-
analytical SNR expression (40) especially for moderatgdb h form expression for the effective SNR at the destinationenod
for dual-hop transmission and a recursive method for SNR cal
8For a geometrical setting gf=0.8, where the relay is located relatively culation for multi-hop transmissions. Furthermore, weidst
close to the destination node, we found that the relativéopeance of the 5 ¢|osed-form expression for the optimal power allocation f
considered relaying schemes is similar to that fo= 0.2, cf. Fig. 7. In . .
the dual-hop case and a near-optimal recursive method for

particular, the proposed MD-A&F scheme again outperforoth ID&F-based e h _ g
schemes. power allocation in the multi-hop case. Simulation restdts

VI. CONCLUSION
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TABLE |
TRANSMIT POWER ALLOCATION FACTORSx] FOR THREEHOP TRANSMISSION(m =3); THE FIRST COLUMN INDICATES THE RELATIVE POSITIONS OF
THE RELAYS (NORMALIZED WITH RESPECT TO THE SOURCEDESTINATION LINK LENGTH). WE HAVE CHOSENE,; /Ng = 12.8 dB AND p = 3.

14

Relative position of nodeg Type of optimization 5 asFr, 1 SNR (dB)
Proposed method 0.11 0.06 14.95
0.1—-0.1-0.8 Exhaustive search 0.1 0.05 14.99
Equal power allocation| 0.33 0.33 10.36
Proposed method 0.12 0.18 15.52
0.1-0.2-0.7 Exhaustive search | 0.11 0.15 15.59
Equal power allocation| 0.33 0.33 12.53
Proposed method 0.09 0.75 13.73
0.1 -0.6—-0.3 Exhaustive search | 0.08 0.8 13.69
Equal power allocation| 0.33 0.33 10.54
Proposed method 0.52 0.30 14.20
0.33 —0.33 —0.33 Exhaustive search 0.5 0.31 14.24
Equal power allocation| 0.33 0.33 13.63
Proposed method 0.59 0.34 12.90
0.4—-04-0.2 Exhaustive search | 0.57 0.37 12.93
Equal power allocation| 0.33 0.33 11.40

TABLE I
TRANSMIT POWER ALLOCATION FACTORSx) FOR FOURHOP TRANSMISSION(m =4); THE FIRST COLUMN INDICATES THE RELATIVE POSITIONS OF THE
RELAYS (NORMALIZED WITH RESPECT TO THE SOURCEDESTINATION LINK LENGTH). WE HAVE CHOSENE, /Ny = 12.8 dB AND p = 4.

Relative position of nodes| Type of optimization o asFry1  aizFErp2  SNR (dB)
Proposed method 0.52 0.27 0.14 15.38
0.25 —0.25 —0.25 — 0.25 Exhaustive search 0.52 0.26 0.12 15.40
Equal power allocation| 0.25 0.25 0.25 13.95
Proposed method 0.11 0.52 0.11 17.48
0.1-03—-0.2—-04 Exhaustive search | 0.10 0.52 0.11 17.48
Equal power allocation| 0.25 0.25 0.25 16.00

uncoded and coded transmission showed that the propogedM. win and R. Scholtz, “Impulse radio: how it works,EEE Commun.

multiple-differential A&F-relaying scheme offers an ekleat

performance. In particular, despite its low complexity &nc
compete with non-coherent D&F-based schemes and even with

[7]

coherent A&F- and D&F-relaying schemes that are based
on S-Rake combining. In particular, the proposed transm ?1
power allocation solutions were shown to offer significant
performance improvements over equal power allocationlto dfl A- Rajeswaran, V. Somayazulu, and J. Foerster, *Rakéopaance for

nodes.
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