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Abstract—In this paper, we propose a novel cooperation
strategy for coherent Impulse-Radio Ultra-Wideband (IR-UWB)
communication systems with one relay. While non-orthogona
cooperation in narrow-band wireless networks often requies
deploying distributed space-time codes with joint encodig of sev-
eral symbols at the source and relays and joint decoding of #se
symbols at the destination, the proposed non-orthogonal oper-
ation scheme constitutes the first known symbol-by-symbdbased
scheme where cooperation is entirely realized within one sybol
duration. This follows from the fact that the proposed strategy is
adapted to the structure of the Pulse Position Modulation (PM)
that constitutes the most popular modulation scheme assatied
with UWB transmissions. We also propose a simple and efficien
power allocation strategy that further boosts the performance
of the proposed cooperation strategy. The error performane of
the proposed scheme is evaluated analytically while simuians
performed over the IEEE 802.15.3a UWB channel model are
provided to support the theoretical results.

Index Terms—Ultra-wideband, UWB, PPM, cooperation, re-
lay, diversity, power allocation, decode-and-forward, DF perfor-
mance analysis, cooperative diversity, correlated noise.

|I. INTRODUCTION

only recently that cooperative UWB systems started attrgct

a growing attention. In [6], [7], the amplify-and-forwardK)
cooperation protocol was extended to the context of IR-UWB
transmissions. In particular, different algebraic spteces (ST)
code constructions that are suitable for real-valued UVdBg¥
missions were proposed and analyzed. A cooperation syrateg
that is based on the orthogonal ST codes was proposed in [8]
for dual-hop multi-antenna IR-UWB transmissions. An ogtag
probability analysis and a bit-error-rate (BER) analybisvged

that the proposed relaying scheme is capable of achieving
better coverage over the multi-path UWB channels. A similar
strategy that is based on the orthogonal ST codes was consid-
ered in [9] in the context of multi-band orthogonal frequgnc
division multiplexing (MB-OFDM) UWB systems. On the
other hand, various cooperation strategies that are based o
the decode-and-forward (DF) relaying protocol were predid

in [10]-[12]. In [10], the pulse repetitions in time-hopgin
(TH) UWB systems were exploited for decoupling the data
streams received at the destination in a simple and efficient
way. In [11], the DF protocol was extended to coherent UWB
systems with selective-Rake reception and to non-coherent

Impulse-Radio Ultra-Wideband (IR-UWB) communicationg)WB systems that are based on the differential transmitted
attracted significant attention as a strong candidate isalutreference transmissions. In [12], an accurate BER analyats
for short-range high data-rate applications. The low toleis based on the characteristic function evaluation wasigeay
ated transmission levels and the propagation properties g¥er the realistic IEEE 802.15.4a channel model. Finally,
the UWB signals quickly become limiting factors on thexddressing DF relaying with MB-OFDM-UWB systems, the

system coverage. In this context, spatial diversity ctunsts

error performance and power allocation were provided if [13

an additional degree of freedom capable of leveraging tighile an upper-bound on the capacity was derived in [14].
performance and extending the coverage of UWB networks.The existing UWB cooperation techniques can be classified
The spatial diversity techniques include localized diitgrs into two broad categories. (i): Orthogonal techniques wher
techniques where multiple antennas are deployed at the-tragboperation is performed over two distinct time slots where
mitter and/or receiver. These techniques were consideredin the first slot the message is transmitted from the source to
[1], [2] in the context of IR-UWB communications where highthe relays (and in some cases to the destination) and in the
diversity and multiplexing gains were demonstrated over tiecond slot the message is retransmitted from the relayeto t
multi-path UWB channels. On the other hand, in cooperatiwstination [11]-[13]. Despite their good error performan
systems, neighboring nodes in a wireless network coopergifi simplicity, such schemes are characterized by a data-
with each other to profit from the underlying spatial diversi rate reduction where cooperative systems transmit at half t
in a distributed manner. In this case, a signal transmitteahf rate of their equivalent non-cooperative systems [11]}-[E8r
a source to a destination can be overheard by neighboréghmple, in [11] the symbol duration is doubled (compared to
relays that can further assist in enhancing the qualitygfai non-cooperative systems) where the first half of this darati
reception at the destination. is completely dedicated to the communication between the
While the literature on cooperation in the narrow-bangource and the relay while the second half is dedicated
context is huge and dates back to about a decade [3]-[5]sitWa the relay-destination link. This non-efficient use of the
system resources is highly penalizing and constitutes amaj
drawback that renders these simplistic orthogonal scheries
suitable for real-life applications. (ii): The second camigy
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corresponds to non-orthogonal cooperation strategied{f] this case, the signal transmitted by the source (S) duriag th
[9], [10] where appropriate encoding schemes render thesaresponding symbol duration can be written as:
cooperative systems.capable of transm_lttlng at thg sanze dat so(t) = aBsw(t — (a—1)5) )
rate as non-cooperative systems. In particular, all tréssons
(whether from the source or the relays) occur in the sariédered stands for duration of each PPM slot ahd stands
TDMA time slot. In such systems, the TDMA slots allocatedor the signal energyw(t) is the UWB pulse waveform having
to the relays are not used for transmitting the informatién @ durationT;, and which is normalized to have a unit energy.
the source, thus the relays can assist the source even if the§tands for the fraction of the energy that is transmitted by
have their own data to communicate. S with 0 < a < 1. In this case, the fraction of the energy

In this paper, we propose a novel cooperation strategy ttiggnsmitted by the relay R will be equal te- « resulting in a
is suitable for IR=UWB communications with Pulse Posicooperative scheme that transmits the same amount of energy
tion Modulation (PPM). Unlike the existing non-orthogona®s non-cooperative systems. As will be shown later, thecehoi
schemes that extend over several symbol durations, the ppb< has a major impact on the achievable performance level.
posed scheme takes the structure of the multidimensiofdl efficient power allocation strategy that adapts the value
PPM constellation into consideration to realize symbol-bpf o to the specific channel realization will be discussed in
symbol cooperation that is completely limited to one symbd&ection IV. Finally, no reference to the TH sequence was made
duration. The distinction of the proposed scheme compar&d(1) since the proposed cooperation strategy does nondepe
to the AF and DF protocols is highlighted in what followson the number of time-hopped pulses used to transmit one
In AF-relaying, the signals received within all PPM slotgnformation symbol. Equation (1) can be written as:
are amplified and forwarded to the receiver [6], [7]. In a M
similar manner, in DF-relaying, the relay makes a decision ss(t) = vV aEs Z amw(t — (m — 1)0) (2)
at the end of each symbol duration after inspecting all the m=1
received PPM slots [11], [12]. On the other hand, the progoseherea,, = 1 for m = a anda,, = 0 otherwise. In other
scheme inspects the signals received within the PPM slotswords, the transmitted symbol can be represented by\fhe
a sequential manner where the signal retransmitted by thenensional vectoja,, . . ., axs] where only one component of
relay during a certain PPM slot depends only on what walsis vector (corresponding to the non-empty slot) is défer
received by this relay during the previous slot. This state from zero (and equal to one).
avoids the joint coding/decoding [6], [7] as well as the fralie Denote byT. the maximum delay spread of the UWB
transmissions [11], [12] while maintaining high perfornsan channel {. > T,,). We assume that the modulation delay
levels and diversity orders at the destination. Moreovelike  satisfies the relatiod > 7. +1T,, resulting in no interference
[10], the proposed scheme can be implemented independefalythe receiver side) between the different PPM time slats.
from the number of time-hopped UWB pulses used to conveyher words, we consider the case of orthogonal PPM where alll
one information symbol; in particular, it can be deployedrev the multi-path components of the frequency-selective nkhn
in the absence of pulse repetitions. As in [6], [7], [9], [L®je arrive within a duration that does not exceéd With the
proposed non-orthogonal scheme is limited to one TDMA slabove constraint ofi being respected, the symbol duration for
(that is allocated to the source). The above attractivaifeat non-cooperative systems can be chosefias M ¢ resulting
of the proposed scheme come at the expense of a data-iateo inter-symbol-interference. For the proposed codpera
reduction by a factor OI‘ML+1 compared to non-cooperativesystem, and in order to be able to realize cooperation ovgr on
M-PPM systems. However, this ratio is much better than tleee symbol duration, we fif; = (M +1)d resulting in a data-
1/2 ratio resulting from the orthogonal schemes; moreoveate reduction ofM]‘—i1 compared to non-cooperative systems.
this data-rate reduction decreases withand approaches oneThis data-rate reduction is transformed into an additional
(i.e. no date-rate reduction) for large valuesMf An exact power penalty imposed on the cooperative scheme in all the
performance analysis of the proposed scheme is provided fesults that we present in this paper. This choic&oWill be
2-PPM while an upper-bound is derived faf-PPM with justified later.
M > 2. Based on the obtained error probability expressions,In what follows, we denote bysd(t), gs(t) and gra(t) the
we propose a suboptimal, yet simple, power allocationegsat convolutions ofw(¢) with the impulse responses of the chan-
that turned out to be very close to the optimal strategy. Arels between S-D, S-R and R-D, respectively. We also assume
attractive feature of the proposed power allocation sisatethe presence of a perfect channel estimator that provides R
resides in its capability of achieving the same diversitgenr (resp. D) with the value ofs(t) (resp.gsd(t) andgrw(t)) over
as the optimal strategy. an integration duratioff;. Evidently, the complexity of these
estimators increases with;.

When the signal given in (2) is transmitted by S, the signal
received at R can be written as:

ConsiderM-ary PPM where the information is modulated M
by transmitting an UWB pulse in one of thid available time ri(t) = VapfsEs Z amgsi(t — (m —1)0) +ne(t)  (3)
slots. The cooperation strategy that we propose extends ove m=1
only one symbol duration that will be denoted By. Denote where n((t) stands for the noise that is assumed to be an
by a €{1,..., M} the PPM symbol to be communicated. Iredditive white Gaussian noise (AWGN) with variané\gt
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where N, stands for the noise power spectral density. Denote

by dsq and ds; the distances from S to D and S to R, [ya} M)] l-o
respectively. The terngs, in (3) follows from the fact thatls, B, 2, (¢) Bra gt
might be different fromdsq. In other words, a signal-to-noise
ratio (SNR) of = at D will be equivalent to a SNR ofs£=
N gsd
—— (D)
<1>

at R. Performlng a typical link power budget analysis shows(S) |

that Bgr= Z—Zf assuming that the received power decreases y :(1M)]
with the square of the distance.
The role of R will be based on the following decisiorf'9- 1. Parameters of the cooperative system.
variables that will be evaluated in a sequential mannetistar
from m =1 and ending byn = M: level (max[y\™] = v/aPBeEshs) and the minimum noiseless
(m) _ Ti signal level (nln[yr(m)] = 0). Note that since the noise is
oo = /O re(t)gsi(t — (m —1)5)dt (4)  AWGN, this value off,;, minimizes the error probability along

whereT; stands for the integration time. In the above equaﬂo%he SR link.

it is assumed that R has acquired the value of the functio
gs(t) over a durationT; via a channel estimation proce
that is assumed to be perfect in what follows. Evidently,
complexity of this estimator increases with Following from
the orthogonality of the PPM signal set, (4) reduces to:

M
= 1—a)E, A —md 6
W™ = \/aaEs s + ni™ (5) V(1-a) n;a w(t — md) (6)

where her £ [ g2(t)dt stands for the channel energywhere unlike (2) in whicho(t) was shifted by(m —1), w(t)
captured along the I|nk S-R over a duratidh In the same is now shifted bymd. _

way, n{™ = [ ne(t)gsr(t — (m—1)8)dt is a Gaussian random Now, the signal received at D can be written as:
variable with varlancehero/2 Note that the noise terms

' Denote by the smallest integer in the sét, ..., M} for
ri!] ch yr( ™) > I, and construct the vectdé,, . . ., M] such
thtﬁ ata,, = 1 for m = 7 anda,,, = 0 otherwise. In this case,
e signal transmitted by R can be written as:

M, 0™ are uncorrelated. ra(t) = VaEy Z amgsd(t — (m — 1))
The cooperation strategy at R is as follows. First, R observe m=1
the received signal over the intervill ¢] to evaluate the /
decision variabley!". R then compareg'" with a ceratin + V(1= a)BaEs Z amgrd(t —mo) + na(t) (7)

threshold levelly,. If yr1 > I, then R will retransmit
an UWB pulse in the next PPM slot (which is the second
slot) and it will wait for the next symbol; otherwise, theagl|
will not retransmit any pulse and it will start inspectinget
received signal over the next intenvdl 26]. This operation
will be repeated in a sequential manner starting from the fi
PPM slot and ending with th&/-th slot. In other words, for (m) Ti

the m-th slot, R evaluateg,™ and compares it withl,,. Yd :/0 7d(t) [gsd(t — (m — 1)d) + gra(t — md)]dt (8)
If yr(m) > I, then R retransmits a pulse in slet + 1;

otherwise it restarts the same operation with+ 1. Note Following from (7), equation (8) simplifies to:

that whenever the relatiog}m > I3, is satisfied for a ceratin (m) A
value ofm, the remaining decision varlablgémﬂ) e y,(M) Yo = VaEshsgam + /(1 = a)BaEshralm

2
Where, as in (3)Fq = (Z_fj) andnq(t) is the white Gaussian
h hoise with varianceVy /2.
A bank of correlators is deployed at D in order to collect
II@e following M decision variables (fom =1,..., M):

) e

will not be evaluated. Note that is incremented sequentially [,/aESamH +/(1— a)ﬁrdESdm,l} hin + 0§ (9)
from 1 to M and that this sequential analysis ensures the

causality at R. Consider the case Whgf@, e ,yr(M*l) are where hgg 2 f t)dt, hyg = fo g(t)dt and
all smaller thanl;;, while yr(M) > Iy This case necessitatesy;, 2 fO gsd(t grd( )dt We also set:apy1 =
the retransmission of a pulse in ti&/ + 1)-th slot implying ( and ao é 0. The noise terms are given by:
that the symbol duration has to be increased ffom= M ¢ n{™ = fo ng(t) [gsd(t — (m — 1)8) + gra(t — md)] dt. It can
(for non-cooperative systems) @, = (M + 1)é. Note that pe proven that:

the relay is left with a durat|on of — T; to further process

the decision vanabl@r that was collected over a duration (m) _(m") Ny
T;. Given thatT; is often chosen to take small values in order ["d g } o
to reduce the receiver complexity whitetakes large values

in order to eliminate interference, this duration is suffiti where E.] stands for the averaging operator. Equation (10)
to encompass all processing delays. In what follows,is shows that the noise terms corresponding to two consecutive
chosen asly, = vaBsEshe/2. In other words, the threshold PPM slots are correlated. The different parameters of the
level is fixed midway between the maximum noiseless signatstem under consideration are depicted in Fig. 1.

hsa+ hed, m=m';

\/ hsdhrd, |m — m/| = 1, (10)

0, otherwise.



[1l. PERFORMANCEANALYSIS 4n,2

In this section, we will evaluate the performance of the /
proposed scheme in terms of the achievable conditional sym- h+h
bol error probability. At a first time, we consider the case of
M = 2 and then extend the results to the case\bt> 2.

A numerical analysis performed over the IEEE 802.15.3a
channel model [15] showed that the interference term g >

: “h,-h Ny
takes very small values and, hence, can be neglected. This 3
can be justified by the randomness of the polarity of the
multi-path components corresponding #eqy(t) and gra(t).
Consequently, in this section we evaluate the performance
assuming thathj, = 0. This assumption will be further
supported by the numerical results in Section V. For the s o . 1 (@
of simplicity, we sethy = v/afeE.hsr, hy = v/aEshss and aﬁ?ég?aﬁ;“Zﬁé‘!“éé‘ﬁi&%ﬁ?ﬁ%’"tZeé’STgﬂanZd (@8 and GOy
hs = /(1 — a)BwEshwg in what follows. The channel state
is defined by:H = [hsr, hsd, hrd)- N _

Consider the casé/ — 2. Given that the noise termsél) then the error probability at D can be written as:

Frh) N2

and n((f) are correlated Gaussian random variables (r.v.s), we p, £ Pr(hy + hs + nc(ﬁ) < n((f)) (17)
first apply the following transformation that will simplifihe oo pn® —ha—hs
error analysis: :/ / p(nél),néQ))dnél)dnéQ) (18)
u L L1 ng’ M @) - o :
o | = 51 -1 (2) (11) wherep(ng’,ny’) stands for the joint probability density
2 "td function of the correlated Gaussian r.mg‘}) and n((f):
This transformation results in the zero-mean independent —z% + 2pzy — y?
Gaussian r.v.& andv whose variances are given by: p(e,y) = exp 2 2 (19)
. given by: 2o /1= 2 203(1—¢?)
o2 = (hsd—i- hed + \/hsdhrd) No/2 (12) where, from (10)52 = %2 (hsa+ huq) andp = YLste,
) Applying the transformation given in (11), the integral in
oy = (hsd+ hd — hsdhrd) No/2 (13)  (18) simplifies to:
ho+hs:
Assume first that the PPM symbol = 1 was transmitted. ,, _ /+°° (u)du /_ Ca (v)dlv (20)
In this case, the decision variables at the relay are giver]1 oo b oo b

possible at R. Case (i.1m(1) > I, implying that the symbol =1xQ
m = 1 will be retransmitted (in the second slot). Case (i.2): V203 Vhsa+ hig — Vhsdhd
yr(l) < Iy, and yr(2) > I, implying that the symboln = 2
will be retransmitted (in the third added slot). Case (i.3wherep(u) andp(v) stand for the probability density functions
yr(l) < Iy, and yr(2) < Iy, implying that no symbol will be of the r.v.su andv defined in (11). The equivalence between
retransmitted by R. Given thd}f, = h,/2 and(n§1),n§2)) are the integrals in (18) and (20) is better illustrated in Fig. 2
uncorrelated Gaussian r.v.s with varianéggV, /2, then it is Case (i.2) occurs with probability? following from (14)
straightforward to prove that: and (15). In this casey =2 resulting in the following decision
variableszyél) = h2+n((,1) andyff) = h3+nc(,2). Following an
Pr(hy +n{" < Iip) = 1—Prthy + n{") > Iyy) =p  (14)  analysis similar to that presented in equations (17)-(Xne
pr(ng) > L) =1- pr(nEQ) <Ip)=p (15) h2 + hs is now replaced by:> — h3, we obtain the following
expression of the probability of error in case (i.2):

where the probability is given by:
P P15 gven by (Vahss— /A=a)Baha [Es
P,=Q A (22)
p= Q (hli/2> — Q ( M) (16) \/hsd'i‘ hrd -V hsdhrd 0
VhstNo /2 2No Case (i.3) occurs with probability(1 — p). In this case,

no symbol is retransmitted by R resulting in the following

where the function Q(z) is defined as: Q(z) = decision variables at Dyél) — hy +nél) and y((f) _ ”c(f)-

B . . : .

\/ﬁfw ¢ dt. ) - ) Replacinghs + hs by hs in (21) results in the following
Case (i.1) occurs with probability—p following from (14). gy hression of the probability of error in case (i.3):

Given thatm = 1, then ignoringhj, in (9) results in the

following decision variables at Djél) =ho + hsg + nf,l) and Py=0Q Vahsg E 23)

y$? = nl?. Given that the symboln = 1 was transmitted, Vhsa+ g — VIisdha ¥ No

RO (1) (2 _ (2
by: v/ = h1 + n’ and yv* = n;”’. Three cases are <h2 +h3> 0 (\/ahsd+ (1—a)Brahi \/E>
=12 = N




Evaluating the weighted sum of the probabilities in equaroisy slots (where only one of them contains a signal). This

tions (21)-(23) results in: justifies the fact that the symbab =1 will be reconstructed
a 9 with a higher fidelity.
Pig=0=p)P+p" P+ p(l—p)Ps (24) " Note that the integrals in (18) and (20) must be per-
(1) - o ri(:)rmed over integration regions in &/-dimensional space.
wherePelH stands for the conditional error probability whe onsequently, forM > 2. these integrals are difficult to

the symboln = 1 is transmitted.

Assume now that the symbeb = 2 is transmitted. In this
case, the decision variables at R are giveng}faﬁ): = nﬁl) and
yr(2) =hi + n§2). Three cases are possible at D as follows.

Case (”'1):%(1) = ‘?‘?C“”'”Q with probabilityp. In this the conditional SEP of the proposed cooperation scheme can
case,m =1 and the decision variables at D a@é.l) =hs+ pe upper-bounded by:

n{" andy? = hy +n{?. Given the analogy between cases ' P

(ii.1) and (i.2), then the conditional error probability this 1 my 1 (m) p(m)
case is equal td given in (222. Pon = i lee\H = E : E P, (27)

solve rendering an exact expression of the conditional SEP

difficult to obtain in this case. Therefore, we resort to bding

techniques that allow us to obtain the following result.
Proposition: For M-ary PPM constellations witid/ > 2,

Case (ii.2)y'" < I, andy® > I, occurring with prob- | MM [
ability (1 — p)2. In this casesi = 2 resulting iny("” = n{' 1 (m) (m)
y(Qg B p) (2) . 9 Yy d = M ZZ by Z Pi,j (28)
andyy” = ha + hs +ny . Given the analogy between cases m=li=1 j=1; j#m
(ii.2) and (i.1), then the conditional error probability this iy
case is equal td?, given in (21). where the probability”; ;" is given by:

Case (ii.3):yr(1) < LIin andyr(2 < I, occurring with prob-

ability (1 —p)p. In this caseyél) = nél) andy((f) = h2+n((,2) P™ = Vahsa+ (Omi = 05:)\/(1=a)biaha | Es
]

resultin_g in an err(_)r_probabiliw that is equal 1o given in \/hsd+ hrd = (0j,m—1 + 85,m+1) v/ hsdhrd No
(23). Finally, combining the above cases results in: (29)
2 _ )2 _ whered; ;, = 1 for i = j andé§;; = 0 for ¢ # j. The
Py =prP+ (1—=p)*PL+p(1—p)Ps (25) J J
probabilitypgm) can be written as:
where P'?). stands for the conditional error probability when i _ .
<l - : (1-p)i~lp, i<m
the symbolm = 2 is transmitted. (1—p)i oo
Finally, combining equations (24) and (25) results in tHe fo ™ = a —g)iLsz ;1_<nz'< - (30)
lowing expression of the conditional symbol error probiapil e T
(SEP): (I—-p)—=p, i=M+1.
Py = % {pe(‘lé n Pe(i)[} (26) where the probability is given in (16).

Proof: The proof is provided in the appendix.

Equations (24) and (25) show a rather surprising resultNote that, as in the case af = 2, the error probability is
where the error probabilities on the two symbols of the hinanot the same for alll/-PPM symbols in the case dff > 2.
PPM constellation are not the same. In other words, despe shown in the appendix, the upper-bound in (28) follows
the symmetry of the PPM signal set, the probability of makingom the union bound. Consequently, (28) becomes close to
an error depends on which symbol was transmitted showitige exact value ofP, 5 for large values of the SNR; i.e. in
that this symmetry is broken by the structure of the proposéte range of SNRs where cooperative diversity is useful.
cooperation strategy. In a more gorecise manner, subtgactin Finally, since the conditional error probabilities in etjaas
(24) from (25) shows thaIPe(fgl—Pe(‘lH = p(1—p)[P,—P1]. On (24),(25) and (28) do not lend themselves to a simple amallyti
the other hand, given thafahset+/(1—a)Brah > ahsg— INtegration over the IEEE 802.15.3a channel model, then we

/(1—a)Bah (since all involved quantities are positive), therifvaluate the SEP according to:
2)

P, < P, following from (21)-(22). This results iP! zP(l) M

i o e|H e|H 1 (m)
showing that it is more probable to make errors on the P, = i g P, (31)
second PPM symbah = 2. This follows from the proposed m=1

cooperation strategy where, whenever one decision vargitbl
R exceeds threshold, the subsequent decision variableseawil
ignored (i.e. not compared with the threshold). In fact, tfoer
symbolm =1 the first slot contains a signal energy, then with

high probability the second slot (containing only noise)l wi IV. POWERALLOCATION

not be considered. On the other hand, for the symhet 2 It is desirable to derive the optimal value afthat mini-

the first slot contains only noise, then with high probapilite mizes the conditional symbol error probability given in 26
second slot (containing a signal energy) will be consideired and (28) forM = 2 and M > 2, respectively. However, a
other words, the retransmission of the correct symbol by ¢tosed-form solution is not possible and, instead, we adopt
for m=1 is based on one noisy slot (containing also a signauboptimal approach based on minimizing two upper-bounds
while this correct retransmission forn = 2 is based on two on the asymptotic values of (26) and (28). As a first step, we

where the average probabilitigs>.™'}M_, are obtained by
numerically integrating{Pe(‘“;l)},,f‘{:l.



will perform the derivation with\/ = 2 and then consider the of « that minimizesmax{ Py, pP,} is « = «; that minimizes

case ofM > 2. The corresponding value of is found to be f;(«).

dependent on the SNR and channel state. Case 2:ky/Baha > Q71 (3). In this casef2(0) > f1(0).
For M = 2, from (24), (25) and (26), the conditional SEFMoreover, sincef2(1) < fi(1), then the functionsf;(«)

can be approximated by the following expression for largend f>(«) intersect in one point implying thatax{P;,pP>}

values of the SNR: is minimized at this point. In fact, for any other point, we

1 have eitherf,(a) > fo(a) or fo(a) > fi(a) implying that
Pejn =~ 5 2Py + pPs + 2pF] (32) max{ fi(a), f2(a)} will increase. In other words, the upper-
where this equation follows from approximating (24) and)2g°und in (33) is minimized for the value af that is the
for p < 1. solution of the equationfi(a) = fa(«).
From (22) and (23), we observe th < P, implying that As a conclusion, the suboptimal power allocation strategy
(32) can be upper-bounded by: that we propose is given by:
he Ve —1(1\-
Pg < L 2P + 3pPs] < 3 [P, + pP,] < 3max{P,pP} o= { h§d+ﬁ(:dhﬁ,’ k/Brahra < Q ) (?) ' (38)
2 2 (33) o] f1(0) = fa(e), kyBaha > Q" ().

The suboptimal approach that we adopt corresponds i@ere the equatiorf; (o) = f»(a) has to be solved numeri-
determining the value af that minimizesmax{Py,pP»}. For cally.

simplicity, from (16), (21) and (22), we writ& andpP; as: Note that sincek increases with the SNR, then case 1 is

Ap more easily satisfied for small SNRs while case 2 holds for
h(e)=h =@ (k(\/ahs‘ﬁ_ v (1_0‘)5“’}“")) (34) large values of the SNR. In this case, the solutiorfdfy) =

fa(a) 2 pPy = Q (k@) Q (k(\/ahsd— mhrd)) fg(CZY)QCB.n be obf[ained anglytigally by approximatiQgz) by
(35) e~ /2 where this apprommaﬁuon be_comes more accurate for
larger values of the SNR. It is straight-forward to provettha
wherek andk; are two constants that do not dependaan this solution (that is always in the interv@@l 1]) is given by:

E, BethsiEs _ 16k* Brahgghiy
= S TR 36 a= (39)
\/No(hsd +hia — vVhsdha) 2Ny 0 16k frahgghiy + ki

Note that the termpP, can not be neglected compared We next consider the cageé > 2. We first derive an upper-
bound on the conditional SEP assuming that the transmitted

to P;. In fact, k hsa + +/(1— hg) and k are 4 - .
alwails positive i(m\/gyrr?g, frof’n (g A)f)ﬁrgr:g) (35), tiﬁa/ﬁa and s_ym_bols are reconstructed at the relay with a sufficientyhi
p decrease rapidly with the SNR. On the other hand, the tefms\ll'ty (v <? 1). e the f . in (30). (i):
k(v/ahsg— mhrd) is small in absolute value (since it o € nex se(pn?)raf iror%ur(sgisegn gtlx:notlrr\]er( h;ﬁd(l).
corresponds to the difference between two comparableymsit O @ < ™. p;" ~ P ' ’
numbers) and it can be positive or negative implying, frofd (29), dm: = 0 while ¢;; and (§;m-1 + Gjms1)
(35), thatP, can take large values even for large SNRs. AsG@n be either 0 or 1. Consequently, the summation
conclusion, P, is several orders of magnitudes larger than " (28) contains terms of the formpQ (kv/ahsq),
and P, implying that P, andpP, have comparable values. pQ (K'v/ahsqa),  pQ (k(\/ahsd_ V(- a)ﬁrdhrd)) and

We definea; as the value o that minimizes the function o) (k’(\/&hsd— a- Oz)ﬁrdhrd)) where the constant is

%Iﬁg\/)vi%g?/gllge('sdf). It can be easily proven that takes the defined in (36) while the constat (that does not depend

h2, on «) is given by:
o= 3 37
YT n2y+ Bl (37) E
e — (40)
where the last equation shows thef oy < 1. No(hsa+ hra)

Over the intervall[0 «4], the function f;(«) decreases
from f1(0) = Q(kv/Bidhra) 10 fi(ar) = Q(kv/hZy+ Brahy) (ii): For i = m, p\™ ~ 1 from (30). In this caseg,, ; =
and over the intervale; 1] fi(a) increases frony;(a;) to 1, 0;; = 0 (since j # m = i) while (§;m—1 + &jm+1)
f1(1) = Q(khsg). On the other hand, the functiofy () is can be either 0 or 1. Consequently, the summation in (28)
strictly decreasing forx € [0 1] where it decreases fromcontains terms of the forr (k(\/ahsd+ V(11— a)ﬁ,dh,d))
f20 :lQ _k\/%hrd :ll_Qk\/%hrd t0f21 = ’ / .
Q((kl))Q(ihs(d). Note thi)itfg(QoE) varie(s faster t)rlarfl(a() zmd and @ (k (Vahsa+ /(1 = a)ﬂrdhrd))' (ii: Form < i <
that Q(k1)Q(khsd) < Q(khsg) implying that f2(1) < f1(1). ]\/f,pl(-m) ~ 0 from (30) implying that the corresponding terms
Consequently, two cases are possible. can be neglected in (28). (iv): For= M + 1, pl(-m) ~ p from
Case 1:3Q(—kv/Baha) < Q(kv/Baha) implying that (30). In this cased,,; = 0 (sincem € {1,...,M} while
Q(kv/Brahw) > % of ky/Biaha < Q7' (3). In this case, i=M+1),5,; =0 (sincej € {1,...,m—1,m+1,...,M})
f2(0) < f1(0). Moreover, sincefsa(1) < fi(1) and fao(a) while (6;,m—1+0;.m+1) can be either 0 or 1. Consequently, the
varies faster thary;(«), then fo(«) is always belowf;(a) summation in (28) contains terms of the fop) (k+/ahsg)
implying thatmax{P;,pP>} = f1(«). In this case, the value andpQ (k'\/ahsg).



Consequently, fop < 1, (28) can be approximated by: “’Qé
1 / 10"7§;‘¥:§:5‘555§5:- il
Pon ~ i [n1pQ (kv/ahsg) + n2pQ (k'/othsa) e S e
DR IR T
, A:‘: \'.‘::‘~
+n3pQ (k(Vahsa— /(1 = ) Brahra) ) 'y SR TR |
N § Sete
NS Yo TN le
+n4pQ (K (Vahss— /(T = a)Brahna) ) o oy e
SEHEN SOEINTING
NER A 3 (TN
+n5Q (k(vahsa+ /(1= ) Bahia) e RN
i . PO T=5 22 R R 3 ;\
+ngQ (k/(\/ahsd—i— \/ (1 — Oz)ﬁrdhrd))} (41) Z E;)sz%s N ‘\\\\\ RS
Wi & Ty ITone NNy |
whereny, ..., ng correspond to the number of times that the 3 Ej T;Z(Z)Ons oo
corresponding probability terms appeariy ;. - ‘

I
10 15 20 25
SNR per bit (dB)

From (36) and (40), we observe that> k' implying that

(41) can be upper-bounded by:
Fig. 3. The different error probabilities with 2-PPM a6k, 5ra) = (4,1).
1 , PAS-1 is applied withh = 0.5. The marked points are obtained by simulations
Pon < i [(n1 + n2)pQ (k \/ahsd) while the dashed curves correspond to the analytical esul24) and (25).

+(ns + na)pQ (K (Vahsa— /(1 = a)aha) )
scheme resides in its simplicity while the second scheme has

+(ns +16)Q (k/(\/ah5d+ V1~ O‘)ﬁfdh“’)” (42)  the capability of achieving higher performance levels amsh

. later. A possible implementation of the second scheme can be
! / .
Sincek’ahsy > k'(vahsa— /(1 = a)fhalira), then: based on evaluating at D (based on (38)) and providing

1 this value to S and R via two feedback links. In this case,
Pp < i [(n5+n6)Q (k/(\/ahsﬁ' vV (1—a)ﬁrdhrd)) the noise variance as well as the S-R, S-D and R-D channels
, need to be known at D. For scheme d,is held constant

+(n1+n2+n3+n4)pQ (k (Vahsd— v (1_O‘)ﬁfdh“’))] and no feedback is required. In this case, R needs to estimate

(43) only the S-R channel while the detection at D requires only
the knowledge of the R-D and S-D channels. These power
allocation strategies (PAS) will be referred to as PAS-1 and
PAS-2 in what follows.

Defining N as N £ max{(ny +na+n3+n4), (ns+ne)},
then (43) can be upper-bounded by:

2N
< = ! v (1—
Peim < M maX{Q (k (Vahset/(1 a)ﬁ'dh'd)) ’ V. NUMERICAL RESULTS

pQ (k’(\/ahsd— V(1 —a)ﬁrdhrd)) } (44) Simulations are performed over the IEEE 802.15.3a channel

] model recommendation CM2 [15]. A Gaussian pulse with a
The approach that we adopt in the cdde> 2 corresponds gyration of 7,, = 0.5 ns is used. The modulation delay is

to choosingx as the value that minimizesax{fi(a), f2(@)}  chosen to verifyy =100 ns which is larger than the maximum

where: delay spread of the UWB channel. The presented results show
Fa)=0Q (k:’(\/ahs(ﬁ— mhrd)) (45) the vgrlatl_on pf the error %obabnlty as a functlor_w of theFSN
per bit which is equal tq\m for non-cooperative systems
f3(a) = pQ (k/(\/ahsd_ V (1_Q)ﬁrdhrd)) and to]\,ofﬁ% for the proposed cooperation scheme.

. .. (1) (2) . .
—0(k i her— /(1= Bih 46 Fig. 3 shows the variations af;™’, P.”’ and P. given in
Q (k1) @ (¥ (vahss—/(T=auhe)) - (46 (31) for 2-PPM with (Bsr, fra) = (4,1). PAS-1 is applied

where the constant; is given in (36). We observe that thewith a = 0.5. This figure shows the close match between

functionsf(a) and f5(«) are the same as the functiofi§a) simulations and the theoretical analysis presented inidect

and f2(«) given in (34) and (35) except for the fact thiat 1l despite the fact that the interference tehi, was neglected

is now replaced byt’. Therefore, the solution to the powerin the theoretical study. This shows that this term can be

allocation strategy fo/-PPM with M > 2 can be obtained safely neglected without resulting in significant modificas

from (38) wherek, fi(a) and fa(«) need to be replaced by of the results. Fig. 3 also shows that the performance igdumni

k', fi(a) and f4(«), respectively. For high SNRs, (39) can benainly by P? which is significantly larger thai V.

applied whereé: must be replaced by'. Fig. 4 compares the performance of the proposed scheme
Note that the proposed cooperative system can be coupleth that of non-cooperative systems fof =2 and Gs;= Grq =

with two possible power allocation schemes. In the first oné,n the case where PAS-1 is applied with= 0.8. This figure

« is held constant independently from the specific channghows the high performance levels and the enhanced diversit

realization while the second scheme is based on adapting tinders achieved by the proposed cooperation strategy for

value ofa to the channel realization according to the strateglifferent integration times. The obtained numerical resssilip-

proposed previously in this section. The advantage of tisé fiport the theoretical analysis presented in Section 11l shgw
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—— No coopgralion, TI:ZO ns
+ Cooperation, T.=20 ns

-6 L L L
0 5 10 15 20 25 30 0 5 10 15 20 25 30

SNR per bit (dB) SNR per bit (dB)

Fig. 4. Performance of the proposed scheme with 2-PPMdgng: ;g = 4. Fig. 6. Impact of power allocation on the performance of theppsed
PAS-1 is applied witle = 0.8. The marked points are obtained by simulationsooperation scheme. PAS-1 and PAS-2 are compared with 24P M =
while the dashed curves correspond to the analytical e28ulf26) and (31). Sq =1 andT; =5 ns.
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Fig. 5. Performance of the proposed scheme with 4-PPMdgne: 3y = 4.  Fig. 7. Impact of power allocation on the performance of theppsed
PAS-1 is applied withe = 0.8. cooperation scheme with 2-PPM f@g = B¢ = 4 andT; = 5 ns.

that the performance of the proposed scheme with 2-PPM assurce, i.e.fs; = Bg = 1. This figure shows that in this
be correctly obtained from combining (24), (25), (26) antl)(3 case where there is no power gain in the system, applying
Note that forM = 2, the data rate reduction of the proposethe proposed cooperation strategy with PAS-1 might not be
scheme is maximum since the functidf-l decreases with useful. In fact, for practical values of the SNR not excegdin
M. Fig. 4 shows that even in this extreme case, the propo8ldB, the proposed cooperative scheme (associated with PAS
cooperation strategy outperforms non-cooperative sysfem 1) degrades the performance for= 0.5, .. .,0.8 while small

practically all values of the SNR. performance gains are observed for SNRs exceeding 26 dB
Fig. 5 shows the performance wiff =4 and ;= [4=4. for a = 0.9. This figure shows the importance of adapting the
PAS-1 is applied withe = 0.8. This figure shows that transmitted power to the specific channel state based on PAS-

the upper-bound given in (28) can be accurately used f@rThis allows the proposed cooperative scheme to outgarfor
estimating the performance of the proposed scheme Mith non-cooperative systems for SNRs exceeding 18.5 dB. This
PPM (for M > 2) especially for large values of the SNRfigure also shows the efficiency of the proposed suboptimal,
since this bound is very close to the exact error probabilifyet simple, power allocation strategy described in (38¥abt,
for large SNRs. Note that even for the large integration tinthe gap between the optimal and suboptimal strategies dites n
of T; = 20 ns where the number of multi-path componentsxceed 0.8 dB for any value of the SNR. The obtained results
captured at the receiver side is large, the proposed schessd highlight the important fact that the proposed power
results in a performance gain of about 1.7 dBPat=10"3.  allocation strategy PAS-2 does not penalize the diversitgio

Fig. 6 compares the power allocation strategies PAStiat can be achieved by the proposed cooperative scheme. In
and PAS-2 with 2-PPM and; = 5 ns. In this figure, we fact, the error curves pertaining to the optimal and sulboguiti
consider the extreme case where the relay is as far fratnategies have the same slope as well as similar variations
the source and destination as the destination is from thecept for a small bias in the SNR.
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Fig. 8. Impact of power allocation on the performance of tmeppsed Fig. 9. PAS-2 versus the nonorthogonal-AF and orthogorfalsbhemes in
cooperation scheme with 4-PPM f@§ = 5, = 4 andT; = 5 ns. [6] and [10]. 8-PPM is deployed witl¥sr = B¢ = 4 andT; = 3 ns.

The same simulation setup is reproduced in Fig. 7 wifbrotocols. Our work also highlighted the importance of powe
Bs = B = 4. In this case, applying PAS-1 results irdllocation in such UWB cooperative systems; this consdut
significant performance gains that are highly dependent 8R important design parameter that turned out to be critical
the specific value of.. For example, setting=0.5 results in i determining the system performance. Finally, we hopé tha
a performance gain of about 1.1 dB Bt = 10~* while this this work will motivate more research effort in this direxti
performance gain increases to 4 dB tox=0.9. As in Fig. 6,
the superiority of the proposed power allocation strateiggit( APPENDIX
is very close to the optimal strategy) is confirmed in Fig. 7. The conditional SEP can be written as?,; =

Fig. 8 compares the power allocation strategies PAS-1 agd s~ M pe(ITZ) where pe(‘";l) stands for the conditional SEP
PAS-2 with 4-PPM,T; = 5 ns andfs; = g = 4. This figure gjyen that the PPM symboh € {1,..., M} was transmitted.
shows that the performance levels that can be achieved fyig probability can be written a@™ — ZMHp(_m)P_(m)

PAS-1 are highly dependent on the specific valuenofAt el =L e

SNR=24 dB, the best performance that can be obtained fr(‘fmerepi(m) stands for error probability given that the symbol

associating the proposed cooperation scheme with PAS-17lsas transmitted while the relay is forwarding the symbol

P, = 4 x 105 for & = 0.95. On the other hand, PAS-2 is’ € {1,..., M} (in sloti+1); the case = M +1 corr)esponds

capable of drastically reducing this value to abput 10~7. O the case where the relay is backing off. Finaply, stands

Finally, the obtained results show that the proposed pow@f the probability of the relay forwarding the symbal = i

allocation strategy PAS-2 can achieve error probabiliiesr While the source is transmitting th&')sy_mbql (m)

are very close to those achieved by the optimal strategy. Folr i # Jy + 1, the probabilityp; ™" is given by:p;"" =
Fig. 9 compares the proposed cooperation strategy with the—1 Pr(y " < Ith)Pr(gr(” > Iy,). Given thaty™ = hy +

nonorthogonal-AF and orthogonal-DF schemes in [6] and. [10}5"” while yr(m ) =n™) for m/ # m, then fori < m:

8-PPM is deployed withdsy = (B¢ = 4 andT; = 3 ns. i1

The performange of the proposed_ cooperation scheme, th@\g"ﬂ = H Pr(n(®) < I, )Pr(n{) > I;y) = (1 — p)"~'p (47)

is associated with PAS-2, is determined from the upper-tdoun =1

in (28)_. Results show the superiority of the propo;ed SCh_e'??ﬁ'lowing from (15).

espec!ally for Iarg_e SNRs. _In fapt, this scheme avoids tiitjo £, — m, following from (14) and (15):

decoding and noise amplification of [6] as well as the _

. i—1
data-rate reduction of [10]. pz(-m) _ H Prin® < Lp)Pr(hy + n™ > Iy)

k=1
VI. CONCLUSION _ (1 —p)171(1 _p) _ (1 _p)z (48)
Compared to the classical QAM and PAM modulations
deployed in narrow-band and UWB systems, the structure
of the PPM constellations constitutes an additional degfee ) m—1 *) (m)
freedom that can be exploited in the construction of novel co P: H Pr(ng™ < Iin)Pr(hy +n™ < Iip)
operation protocols. In this work, we have taken the stmactu k=1
of these constellations into consideration and constduete
simple and powerful symbol-by-symbol cooperative divgrsi
scheme that drastically simplifies the structure of theyrela 1 P P9 o
and the destination compared to the conventional AF and DF =(1=p)" p(l-p) p=(1-p)"p> (49)

In the same way, form < i < M:

i—1
x [ Pr(ni® < Ln)Pr(n{) > Iy,
k=m-+1



Fori=M +1, p(-m) = H,i”zl Pr(yr(k) < Ii) resulting in:

K3

m—1 M
pi™ =T Prn® < L Pr(hy +nl™ < Iy,) [[ Pr(n{® < Iin) 161
k=1

k=m+1
=(1-p)™pl-p)M = (1-p)"p=(1-p)7p

(50)

Now combining (47)-(50) results in (30).

Given that symbolm is transmitted by the source and (8]
symbol i is transmitted by the relay, then (neglecting the
interference) the decision variables at the destination lua

written as:

yi) = Sjnha + 8jihs 40 o j=1,...M  (81)

In this case, the error probabilit&i(m) can be written as:

M
P =pr| U 6z
=13 j#m
M ) M
< > PP sy 2 S P (52)
i=1; j#m =1 j#m

where the union bound was invoked. From (51), fo£ m:

PZ()T) = Pr (5j)ih3 + néj) > ho + 0m,ihs + ném))

= Pr(n§) = 0§ > by + (i — Gi0hs)  (53)

Forj #m —1 andj # m + 1, the noise termméj) and
n((,m) are uncorrelated following from (10). In this case, (53)

can be written as:

ho 4+ (0m.,i — 65,:)hs

P =Q L jAmEl (54)

2% (hsd + hrd)

Forj=m-—1orj=m-+1, E[néj)ném)] = 2o \/hsdhia
following from (10). Following an analysis similar to the ®n
given in (17)-(21) shows that (53) can be written in this case

as:
P™ = ha + Omi — 95.)hs s j=m+1
2, ?
\/2% (hsd + hrd -V hsdhrd)
(55)

Finally, combining (54) and (55) and replaciing and hs

by their values results in (29).
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