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Abstract— This paper presents one-way and two-way ultra-
wideband (UWB) relay systems using a multiple-antenna
relay with antenna selection and those using single-antenna
relay selection. In particular, amplify-and-forward (AF) and
detect-and-forward (DTF) relaying schemes are considered
for these systems. The exact formulae for the end-to-end
signal-to-noise ratio (SNR) outage probabilities of the one-
way AF and one-way DTF relay systems are derived. In
order to minimize these outage probabilities, the optimal
power allocation strategies are presented. The SNR expres-
sions for the received signals in the two-way AF and two-way
DTF relay systems are derived to evaluate the system outage
performance and to determine the corresponding optimal
power allocation. Based on the above results, we quantify the
effects of the number of antennas and the number of relays
on the outage probabilities of the systems using the multiple-
antenna relay with antenna selection and those using the
single-antenna relay selection, respectively. We also com-
pare such outage probabilities obtained with equal power
allocation and the ones obtained with the aforementioned
optimal power allocation strategies. Furthermore, the effect
of spatial correlation at the multiple-antenna relay on the
outage performance is studied. We find that in general,
using the multiple-antenna relay with the antenna selection
provides more outage gain than using the single-antenna
relay selection for all the considered systems except the two-
way DTF systems.

Index Terms— ultra-wideband (UWB), relay system, outage
probability, antenna selection, relay selection

I. INTRODUCTION

In the past few years, ultra-wideband (UWB) impulse
radio (IR) has received significant attention due to its
potential to deliver high data rates over short distances and
to overlay spectrum with licensed narrowband radios [1],
[2]. Because UWB-IR systems make use of extremely
wide frequency bands where various legacy narrowband
systems operate, their transmit power spectral density
(PSD) is restricted according to the Federal Communi-
cations Commission (FCC) regulations [3], which leads
to limited system coverage. One viable solution to this
limitation is to employ relays as used in conventional
cellular systems [4].

The potential for extending the coverage of the UWB-
IR systems or improving their reliability through relaying
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has been demonstrated by many researchers [5]-[12].
While the work in [5]-[10] assumes that the relay(s)
has (have) a single transmit/receive antenna', we inves-
tigated the benefits of multiple-antenna deployment at
the relay(s) in [11], [12]. Such deployment is feasible
if the space at the relays is available as in fixed relay
networks, see, e.g., [13]. In [12], we also presented a
performance comparison of a dual-hop relayed UWB
transmission system using a single relay with multiple
transmit/receive antennas (referred to as the multiple-
antenna relay hereafter) and the one using multiple relays,
each of which has one transmit/receive antenna (referred
to as the single-antenna relay hereafter). This compari-
son showed that increasing the number of antennas at
the multiple-antenna relay can generally yield a greater
performance improvement than increasing the number
of single-antenna relays. However, the gain obtained by
deploying the multiple antennas comes at the price of
hardware complexity. This is because the complexity and
cost of the radio front end scale with the number of
antennas [14], [15]. A possible way to reduce them while
not sacrificing the gain too much is antenna selection. The
first contribution in this paper is that we present the exact
end-to-end signal-to-noise ratio (SNR) outage analysis of
dual-hop UWB relay systems using a multiple-antenna
relay with the antenna selection over a UWB multipath
fading channel. Even though the main idea of this relaying
scheme already exists in the narrowband relay systems
(e.g., [16]), the unique properties of UWB-IR systems,
such as high multipath resolution (which implies a large
number of resolvable paths) and carrierless transmis-
sion [1], make the analyzed performance of the above
UWRB relay systems (where only a subset of the resolvable
paths can be practically utilized owing to complexity
constraints [17]) different from that of their narrowband
counterparts. We also derive the optimal power allocation
between the source and the relay to further enhance the
system outage performance.

Recently, opportunistic relaying (also known as selec-
tion relaying), in which only the best relay(s) is (are)

!"Throughout this paper, “transmit/receive antenna” means the antenna
which can be used for reception as well as transmission.
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Figure 1. One-way half-duplex UWB relay system using: (a) a multiple-
antenna relay with antenna selection; (b) the best relay among @
available single-antenna relays.

chosen to be active among all available relays, has gained
great interest since it suffers from no performance loss
with less complexity compared to the deployment of
all these relays [18]-[20]. In the literature, only a few
papers have applied this simple technique to multihop
relayed UWB communications [21]-[23]. In [21], [22],
the opportunistic relaying was presented in the form of
an efficient routing strategy for UWB ad hoc networks
through cross-layer design. The work in [23] considered
such relaying in UWB multiband orthogonal frequency
division multiplexing (OFDM) systems. To the best of our
knowledge, the performance of dual-hop UWB-IR sys-
tems with the relay selection has not been investigated yet
in a UWB multipath environment. Hence, in this paper,
we evaluate the performance of the systems in terms of
end-to-end SNR outage probability, assuming that any
of the available relays possesses one transmit/receive
antenna. To minimize the system outage probabilities, the
relay selection schemes combined with optimal power
allocation are proposed. Note that the number of antennas
used for per-hop data transmissions in these systems is the
same as that in the systems using the multiple-antenna
relay with the antenna selection (see the grey antennas
in Figs. 1(a) and 1(b)). Both kinds of systems are of the
same complexity roughly. We will compare their outage
performance. In the comparison, spatial correlation be-
tween the antennas [24] at the multiple-antenna relay is
taken into account.

Up to this point, we have considered only one-way half-
duplex? communication scenarios. Most practical commu-
nications, however, are two-way in nature: the destination
also has some data to send to the source. In order

ZRelaying transmissions can be classified into two main categories,
namely full-duplex relaying and half-duplex relaying. The full-duplex
relaying allows the relay to receive and transmit at the same time in
the same frequency band, whereas reception and transmission for the
half-duplex relaying are usually performed in time-orthogonal channels.
Although the former relaying achieves higher spectral efficiency than
the latter one, the large difference in power levels of the received
and transmitted signals at the relay make it practically difficult to
implement [25].
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Figure 2. Two-way half-duplex UWB relay system using: (a) a multiple-
antenna relay with antenna selection; (b) the best relay among Q
available single-antenna relays.

to improve the performance of source and destination
transmissions simultaneously, we next extend the dual-
hop UWB systems using the multiple-antenna relay with
the antenna selection and those using the single-antenna
relay selection to the case of two-way relaying (also
known as bidirectional relaying) [26]-[29]. For clarity,
the system model is shown in Fig. 2. In the first phase,
both source and destination are scheduled to transmit
simultaneously while the relay receives. In the second
phase, the relay is scheduled to transmit while the source
and destination receive. The main idea is that the source
and destination, respectively, can cancel the interference
(generated by their own transmissions) from the signals
they receive from the relay, to recover the transmissions
from the destination and source. Unlike prior work on
two-way relaying which is mostly devoted to studying the
relevant sum-rate performance in the narrowband context,
this paper focuses on analyzing the outage performance of
those two-way UWB relay systems. The power allocation
strategies ameliorating the outage performance are intro-
duced as well. It should be pointed out that our criteria for
the antenna and relay selection in such systems similarly
follow the criteria in the case of one-way relaying (see
Sections III and IV), and thereby differ from the criteria
considered in the previous work, see, e.g., [29].

The remainder of the paper is organized as follows: In
Section II, the UWB channel model and the UWB relay
system model are described. Sections III and IV present
the relay systems using a multiple-antenna relay with
antenna selection and those using single-antenna relay
selection, respectively, both with their outage analysis and
optimal power allocation. The extension of these systems
to the case of two-way relaying is given in Section V.
Section VI provides the numerical results, and Section VII
concludes the paper.

Notation: * denotes the convolution. | - | and sign(-)
denote the absolute value and sign operator, respectively.
We use the notations fx (z;a,b) and Fx (z;a,b) to refer
to the probability density function (PDF) and cumulative
density function (CDF) of the random variable X possibly
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with parameters a and b, respectively. E[ -], Var[-], and
Cov|-, -] denote the expectation, variance, and covariance
operators, respectively. The subscripts S, R, and D denote
the source, relay, and destination in a relay system,
respectively. U(-), Y(-,-), (-,-), and KC,(-) denote
the Heaviside step function, lower and upper incomplete
Gamma functions, and n-th order modified Bessel func-
tion of the second kind defined in [30, eq. (17.13.93)], [30,
eq. (8.350.1)], [30, eq. (8.350.2)], and [30, eq. (8.432)],
respectively. ) is the binomial coefficient defined in [30,
p- xliv].

II. CHANNEL AND SYSTEM MODELS

In the literature on UWB channel models, there exist
both dense and sparse multipath channels. In a dense
multipath channel, observed for example in office and
industrial environments [31], [32], each resolvable de-
lay bin contains significant energy, and a tapped-delay-
line (TDL) model with regularly-spaced arrival times
of resolvable multipath components (as shown in (1))
gives a good approximation for the exact channel model.
In some other environments, e.g., [33], [34], a sparse
multipath channel has been observed, i.e., not every
resolvable bin contains energy, and the arrival times are
described as a continuous-time stochastic point process.
The IEEE 802.15.3a/4a channel modeling subgroup pro-
posed a modified Saleh-Valenzuela model as a reference
channel model for such environments [35], [36]. In this
model, the multipath arrivals were grouped into two
different categories: a cluster arrival and a ray arrival
within a cluster. Hence, it is much more complex than the
aforementioned TDL model. In this paper, the theoretical
analysis builds only on the TDL model (i.e., the case of
dense channels) for analytical convenience. In Section VI,
however, it will be shown that the performance trends in
the cases of dense and sparse channels are similar.

Adopting the TDL model, we describe the channel
impulse response (CIR) for a UWB transmission link
as [31], [37]-[39].

Li—1 Li—1
h(t)= > ad(t—I1T,) =VG > @id(t—1T,) (1)
=0 =0

where L; is the number of multipath components, [ is
the path index, o is the [-th path channel coefficient, T},
is the minimum multipath resolution, ¢; is the energy-
normalized channel coefficient with E ZlL:ta 19012 =1,
and G is the total multipath gain. The minimum multipath
resolution 7, is equal to the width of the unit-energy
monocycle pulse g(t) used to convey data, as any two
paths whose relative delay is less than the pulse width are
not resolvable. The gain G is the reciprocal of the path
loss, which is modeled as a function of the link distance
and given in [31, eq. (1)]. We assume that {gal}lL:to_l are
mutually independent [39], and denote ¢; as ¢; = 6;v;,
where 0; = sign(p;) and v; = |¢;|. The variable 6; takes
the signs +1 and —1 with equal probability to account
for the signal inversion due to reflection. The variable v,
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obeys the Nakagami-m distribution [31], [39] with the
PDF given by

9p2m—1 ( x2>
v, (LM, =——exp|— | U(x 2)
So (@ym,m) P T (@) (

where 7, = Q;/m, and ©; = E[v?] is exponentially

decreasing with the excess delay, i.e., ); = w();_; where
w < 1 is a constant. The value of w is determined by
the communication scenario. Throughout this paper, we
assume that m is an integer and fixed for all the path
indexes. The first assumption on m is necessary for the
following theoretical analysis,> whereas the second one
is just for analytical convenience. Define x; = 7 = v7.

Hence, x; follows the Gamma distribution whose PDF
and CDF, respectively, are
T T
; = —— | U 3
Pulaiman) = oo (-2 ) U@, o

0t (m —
i)

(m—1)!

_ [1 — exp <;) :i_:: % (;ﬂ Ulz).
“4)

We consider two half-duplex dual-hop relayed UWB
transmission systems: the one equipped with a relay
possessing M transmit/receive antennas as shown in
Fig. 1(a); and the one equipped with @ single-antenna
relays as shown in Fig. 1(b). In both figures, the source
and destination have one transmit antenna and one re-
ceive antenna, respectively. Throughout this paper, perfect
timing and synchronization among the source, relay(s),
and destination are assumed, and antipodal modulation
signaling is used at the source and relay(s). Let hgq ;(t)
denote the CIR from the transmit antenna of the source
to the j-th receive antenna of the g-th relay, and let
hgp,j(t) denote the CIR from the j-th transmit antenna
of the g-th relay to the receive antenna of the destination.
Similar notations apply to the variables «;, ¢;, and
G contained in the corresponding CIR h(t), as shown
in (1). Then, we have that asq ;1 = 1/Gsq,j,1954,5,0 and
ogp,j1 = \/Gep,j.19¢D,j,1- These channel coefficients are
assumed to remain constant over the duration of the data
transmission at both hops (i.e., the first and second phases
in Fig. 1). Without causing confusion, we replace the
index g with the subscript R and drop the index j in the
relevant notations when considering them in Figs. 1(a)
and 1(b), respectively. To make further analysis tractable,
we assume that Qg 51 = Qsq 71 and Qgp j1 = Qgp 411
for all [ and j # j'. We ignore the direct link between the
source and destination owing to the larger distance and
additional path loss compared with the links between the

m—1

FXz(x§ma77l) =|[1-

3This assumption may or may not be empirically true [40]. How-
ever, the channel modeled accordingly may still serve as a reasonable
approximation to realistic UWB channels [39], [41]. Therefore, our
outage analysis still provides insights into the performance of UWB
relay systems.
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source and relay and between the relay and destination.

III. DuAL-HoP UWB SYSTEMS USING A
MULTIPLE-ANTENNA RELAY WITH ANTENNA
SELECTION

In these systems (see Fig. 1(a)), it is assumed that
the relay has partial knowledge of the channels for the
links from the source to the relay (denoted as S—R
link) and from the relay to the destination (denoted as
R—D link),* ie., the relay knows the channel coeffi-
cients {QSRJ,I};Vi’LLl;lO and {@RD,j,l}?/i’l%l;(l), where L <

L. Let us denote v = arg max &; where & =
je{l,....M}
— U
Zz o aSR]l, and denote w = argje{rfaxM}gj where
&= lL 01 adp _j.1- Notice that u may or may not be equal

to w. Based on the above assumption, the relay selects
only the u-th receive antenna to receive the transmitted
signal from the source in the first phase. Likewise, in the
second phase, only the w-th transmit antenna is selected
by the relay to transmit a processed version of its received
signal to the destination. In the following, we focus on
two kinds of relaying schemes: amplify-and-forward (AF)
relaying and detect-and-forward (DTF) relaying.’

A. Amplify-and-Forward Relaying

In the first phase, the source transmits the binary data
bit b as [44]

Ny
t) =b\/Eys Zg(t — (i —1)Ty) )

where Ny is the number of transmitted pulses that rep-
resent the data bit, Ty is the pulse repetition period,
E¢s = Eys/Ny is the energy per pulse, and Ej is
the energy of the data bit. Because the transmitted signal
propagates through a UWB multipath channel described
in (1), the pulse repetition period is chosen such that
Ty > LiTy to preclude intersymbol interference (ISD).6
At the u-th receive antenna of the relay, a Rake receiver
with L fingers, whose correlators use the pulse g¢(¢)
as a template, is employed. The purpose is to achieve
multipath diversity. Corresponding to the [-th finger, the
correlator output can be written as

YRu,l (1) = b\/Efsaspui + nru(i); 1=0,...,L —1;
i=1,...,N;
(6)

where ng ., (7) is the additive white Gaussian noise
(AWGN) with zero mean and double-sided PSD N;/2.

4The reason behind the partial CIR considerations is as follows. In
typical UWB environments, the number of multipath components can
be on the order of several tens [34]. From a practical point of view, only
a subset of the multipath components can be exploited at the transmitter
or receiver side [42].

SDTF is also referred to as uncoded decode-and-forward [43].

OFor this non-ISI case, the AF scheme presented here is optimal. In the
presence of ISI, which is beyond the scope of this paper, the presented
AF scheme is suboptimal and some alternative relaying schemes, e.g.,
the filter-and-forward scheme in [45], would likely be preferable.
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As the relay knows the channel coefficients {OzSR,u’l}lL:*Ol,
the Rake combining output is given by

Ny L—1

2R = Z Z QSR 0,1 YR u,1 (7). @)

=1 =0

Due to the availability of the channel coefficients
{arp,w, ', a pre-Rake filter [46] with L taps (also
called pre-Rake fingers) can be used at the w-th transmit
antenna of the relay to exploit multipath diversity in the
second phase. The transmitted signal from the relay is
thus represented by

"L'Rﬁw(t)
5 Ny L—1
fRZZaRDwL 1-19(t—(i+Ny—1)Ty —1T,)
1=11=0
(8)
where zZp = ZR/\/Nfgu(Eb,Sgu+N0/2)’ Err =

Ey r/Ny is the energy per pulse, and Ej g is the energy
of zZr. In the above equation, the Rake combining output
2zr 18 normalized to be Zr to ensure that the transmitted
signal at the relay has the same average power as the one
at the source if Ey g is equal to Ers. Note from (8) that
the normalized output zg is modulated at the relay with
the time-reversed version of the partial CIR for the R—D
link. This results in a strong peak of the received signal
at the destination and, therefore, only a matched filter
(matched to the UWB pulse g(t)) is needed to receive
this path [46], [47]. To gain a better understanding, let us
first consider the received signal at the destination after
passing through the matched filter and sampling, i.e.,

Efr
g

yp, (i) = Zr QRD,w,l * ORDw,L—1—1 + 1,1 (1);

1=0,...,L—1;i=1,...,N;

)
where np;(i) is the AWGN with the same statistical
properties as ng (7). One can show that the term
QRD,w,l * ORD,w,L.—1— achieves its peak at [ = L — 1.
As a result, the destination only needs

Erg =2

) _ fR

~1(0) = 20y [ E + ;

Yp,L 1(7') <R n OO‘RD w,l np,L— 1() (10)

i=1,...,N;

to form the decision variable for the data bit b, which is
given by

;
2p = ZyD,Lq(i) (11)

After some straightforward calculations, the overall end-
to-end SNR, i.e., the SNR of zp, is found to be

& gl
_ 0S Cu OR &y (12)
os&,+orE, +1
where o5 = %/52 and gp = ]55/"2 are the transmitted

SNRs at the source and relay, respectively. In Appendix
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A, the CDFs and PDFs of &, and &, are provided,
and it is shown that for an arbitrary L, the closed-form
expressions of these functions can be found only in spatial
uncorrelation case. We focus on this case in the sequel,
while the more general case, i.e., spatial correlation case,
will be considered in Section VI.

Now, we derive the end-to-end SNR outage probability,
which is used as the performance metric. This outage
probability is given by

Pout :PI'[’)/ < ’Yth]
where vy, is a prespecified SNR threshold. By insert-
ing (12) into (13), we get
0s gu OrR 5 :|

Py =P
' r[@sg +orE,+1 =
0s R E, T

— Pr|———— %
/0 [QSOH-QR&’,}

<0 fe () da
Wm

= Pr[g (Qs.QR$ QR’Yth)<%h(QS x"'l)]f&(m) dx
0

13)

+ /WhPr (&1 (0s0r T—0r Vi) <Ym(os 2+1)] fe, () da

Qs
Jth

o5 o0 1
= ffu (x) dx —|—/ ng, < ’Ylh(QS T+ ) )ffu (33 dx
0 L “\O@SOR T — ORVth

=T+ T
(14)

where
Ji = Fs Y/ 0s)

L— lmSR
e (M)
v=1 =0k =1

L lmSR v

l,=0k,=1p=1
(15)
Jo is shown at the top of the next page, ks :;c, s
{An}i_y. and A(l,k,msg, {®sr,e}; -y ) are defined in

Appendix A. The detailed derivation of J5 is given in
Appendix B.

To get an insight into the effect of some parameters
(e.g., the number of antennas M) on the system perform-
ance from (14), we consider the following special case:

For L =1, msg = mrp = 1, 05 = 0r = 0, Psr,0 =
®rp,o = P, and o® >> 2M~yy, (14) simplifies to

M
Py =~ [1 — exp <—;$)]
M—1
(-1)* [M-1
1—|—MZ v—|—1< v )exp(—
(17)

where we have used [48, eq. (9.6.9)] and [30, eq. (1.111)].
It is obvious from (17) that increasing the number of
antennas decreases the outage probability. In more general
cases, the benefit of multiple-antenna deployment will be
demonstrated by numerical examples in Section VI.
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B. Detect-and-Forward Relaying

In the first phase, the transmitted signal at the source
and the received signal at the relay are the same as (5)
and (6), respectively. The relay performs the data de-
tection by producing the estimate of the transmitted bit
as (7) and making a hard decision on it. The detected bit
is given by bg = sign(zg). This hard decision results
in superior performance compared to the AF relaying
scheme, as will be seen in Section VI. For the second
phase, the transmitted signal at the relay and the received
signal at the destination can be expressed, respectively,
as (8) and (10) with zg being replaced by bR. Finally,
the decision variable can be obtained as (11). It is
straightforward to show that the received SNRs for the
S—R link and R—D link are, respectively,

(18a)
(18b)

YsR = Eu 05,

D = &, OR-
Accordingly, the end-to-end SNR outage probability can
be derived as follows:

Py = Prmin(ysg, Yrp) < Vi
=1—"Prysr > Y| Pr{wo > v

L [/V:QS fe. (x)dz] [L;QR fey, (I)dx]

=1- [1 — Fe, v/o0s)][1 = Fer vn/or)]

L—1mgsg v
U'—

@%ﬁfzzn%

L=0k =1 lUOkrulpl

[=0k{=1 I!,=0k/ =1p'=1
(19
In the special case of L = 1, msg = mrp = 1, 0s =

or = 0, and Psg o= Prp o= P, (19) reduces to

Tth 1
Py=1-— ll — (1 —exp(—g&)))

which indicates that the outage probability decreases
monotonously with the number of antennas M.

; (20)

C. Optimal Power Allocation

In this subsection, we will find the optimal power
allocation between the source and relay, which minimizes
the outage probability for the aforementioned systems.
We assume that the source and relay use Ep s =(Fp and
Eyr = (1 — {)Ep for their transmissions, respectively,
where Ej, is the transmitted bit energy for the whole relay

system and 0 < ¢ < 1. Recollect that g5 = 1%’/52 and
= 2ok Th h
or = 75 Thus, we have
0s = Ot » 2la)
or = (1= () 0ot (21b)

where o = %’}2 is the total transmitted SNR.

<'7th> ! Azmh

(S i1 ()]
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k—1

L— 1 7th ¢ 1
=M ; I;A(l,k,msm {(I)SR,K}Z =0 {exp Do Qs) Z ol <‘I>sR,z Qs) + @’SCR’l(kfl)!
M-1 A1\ Lt mse - v 1 \Ak
[ECEE SR (2 t) ()
v=1 11=0k;=1 1,=0 ky=1p=1 SR,! SR,!
+2§:(— < )Lz:lmi Z Z H: (%h)(%) \/A<I> (1+ 1) <A4%h_ Vi )
oy S0kt i1=0 k,_lp:; ! SRZQR Vih P Psr,1 05

As i iz
st S0 e ()] e
X ] —_— 1+ — A,D 1+ Ko 2| —m—m8MmM———
J230<]1 AyPsr 1 05 Vih 12:0 Jo * SRlQR Vih amditl Osr 1 05 OR
M-1 M L—1 L—1 mgsr mgrp L—1 L—1 msg mgrp v "}/h 3 ")/h A1+k
’UJr’U =/ tl 1l
1% 3) ST G | D 5D D 3D IS S BB 3B 38 1§ | A EIN €Y
v=lo/=1 L=0U=0ki=1k{=1 1, =01/, =0 k,=1k/,=1 p=1p'=1
A ia
y A4Qs< 14+1/vm )exp(—Aﬂlh Ven <A2+ 1 )) 23: <A3) [ OR ( ><1+ )} 2
or \A2+1/Psg; OR 0s Dsr i ja ) | A40s (I)SR !
Ayth—1 ia
s Ai+E—1\[As0s [ 1+ 1/7n 2 1\ Ay (v +1)
x Y : Kjimjar1| 24/ | A2+
= Ja or \A2+1/Pgr Psr 0SOR

(16)

1) AF System: From (13), it is clear that maximizing
the end-to-end SNR, ~, results in minimizing the outage
probability of the AF system. Our aim is then to derive the
optimal ¢, which maximizes ~ in (12). Substituting (21)
into (12) and letting the derivative of (12) with respect to
¢ equal zero, we obtain the optimal ( as

1+ 0101 g{l, - \/(1+th 5{1,) (1+Qtot gu)

) gu#

<0Pt - Otot (5{1] - gu) v
0.5, E.=E.

22)

Note that: 1) when &, > €&, 1 + onll, <

VI+ 00t EL) (1+ 00 Eu) < 1+ 010t &y and 2) when
Eu < & 14 00iéu < \/(1+ 00t £y) (14 00t Eu) <
1+ 0wt E,,- Therefore, it is easily checked that Copt 1n (22)
is always in the interval (0, 1). Recall that the relay knows
the channel coefficients {aSR,u’l}lL:*Ol and {aRD’w,l}lL:*Ol.
Hence, (ope in (22) can be readily calculated at the relay,
and transmitted to the source through a noiseless feedback
link.

2) DTF System: 1t is seen from (19) that the outage
probability of the DTF system can be minimized by
maximizing the term min(~sgr,vrp). Since ysg and Yrp
in (18) are monotonically increasing functions of gg and
or in (21), respectively, the optimal ¢ which maximizes
min(vsr,Yrp) can be found by substituting (21) into (18),
and equating «sg and grp in (18). This optimal ( is

1+ -

obtained as .
Cnpt = < (‘:/ > )

which does not depend on gy, unlike (22), and is always
in the interval (0, 1) due to the fact that 0 < &, /&), < 0.
It can be realized at the relay and source in the same way
as in the AF case. In Section VI, it will be shown that

L (23)
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under the same energy constraint, i.e., Ky s + Epr = Ly,
the AF and DTF systems with optimal power allocation
have superior outage performance compared to those with
equal power allocation, respectively.

IV. DuAL-Hop UWB SYSTEMS USING THE BEST
SINGLE-ANTENNA RELAY

In these systems (see Fig. 1(b)), it is assumed that each
available single-antenna relay has partial knowledge of its
own channels towards the source and the destination, i. e
the ¢-th relay knows the channel coefficients {cvsq,i} 1"
and {agp, l}l ~o» Where L < L;. Based on this assump-
tion, only the “best” relay is chosen to be active among
all Q potential relays.” Details of the protocol for such
selection can be found in [18], [49]. In what follows, we
describe AF and DTF relaying schemes for such systems.

A. Amplify-and-Forward Relaying

In the AF relaying scheme, the data transmission from
the source to the best relay can be described by (5)-(7),
where the subscript R is replaced by the index of this
relay, denoted as ¢*, and the antenna index is dropped.
Meanwhile, the data transmission from the best relay to
the destination can be described by (8)-(11) with the same
modifications as before. Let us denote &£; = Zz 0 asql

and & =31 "o 2, ;. The CDF and PDF of &, can be
written as (67) and (68), respectively, where the subscript
R is replaced by the index ¢. Similarly, the CDF and PDF
of S(; are obtained as these two equations, respectively,

both with mggr being replaced by myp, and Psg , (and

TWe limit our discussion on such selection to proactive selec-
tion [18]. Proactive means that the relay selection is performed prior to
the source transmission.
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®ggr,1) being replaced by ®.p , (and ®4p ;). Now the best
relay can be represented by its index:

*
q" = ar max 24)
gqe{Lz,...,Q} Ta
where v, = % is the overall end-to-end SNR
corresponding to the g-th relay, and o, = ﬁb /‘12 is the

transmitted SNR at this relay. From (13) and (24), we
can derive the end-to-end SNR outage probability for the
AF relaying scheme as follows:

Pout =Pr [fYq* S ’Yth]
= Pr[ max

q€{1,2,...,Q}
= H

QS q 9q gq
ostrrogyr1 =
=1 0s + Oq +

Yq < ’7th:|
(25)

where
0s 5(1 Oq 5q
Pr|——>"9"9"a
r[gsgq—Fqu/ 1= < Y
i 1
Fe (M(QS z+1) )feq (z) dx

\0S0q T — 0q"Vth

Dt

th
Qs
0 Jth
@s
L—1 msq

=1-2) > Ak, msg, {Psq}=0)

=0 k=1
L—1 mgp

X Z Z A l/ k/ mqD,{‘I)qDE/ z';(l))

=0 k'=1
k o 1
% “Vth . Sq,l 0s (H—)
(k—1)! ®gq105)" | Paprr€g \ 7
k-1 ;
1 1 "
X exp <— Vth <<I> + o >> Z — il o
Sq,l 0s qD,l/Qq i1=0 Zl! (quJ/ Qq)
. 2 g1
1 2 k—1
St 20
= D1 0s Vth o\ i3

i3
Dsq.1 0s ( 1 >r Y (1 + Yin)
X | ——1+— | K, _; 2| —mm—|.
|:(PqD,l’ Oq Vth szl ¢Sq,l 0s cI)qD,l’:Qq

(26)
The first and second equalities in (26) are obtained by
following (14) and the same analysis approach as in [50,
Subsection III-A], respectively.

B. Detect-and-Forward Relaying

Let ¢° be the index of the best relay for the DTF
relaying scheme. The description of the data transmissions
from the source to the ¢*th relay and from this relay to
the destination can be done as in the preceding scheme
except that ¢* is substituted by ¢°, and Zz. is substituted
by byo = sign(ze) since the relay makes a hard decision

on z4. The best relay can be represented by its index:
¢ =ar max  [min(vs,, 27
q gqe{l’sz}[ (7¥s¢>Yap)] @7
where v5, = £, 0s and y,p = 5; 0q are the received

SNRs for the first and second hops, respectively, both
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corresponding to the g-th relay. Consequently, we obtain
the end-to-end SNR outage probability as

Pout =Pr h’q° < '7lh]

=Pr max min , <
[qe{l,z...’Q}[ (Vs> Yap)] < Y o8
Q

= H Pr min(vysq, Yqp) < Yen)
g=1

where
Pr[min(ysq, ¥gp) < Yin
=1—[1—Fe, ya/os)][1 - Fe: Yin/0q)]

L—1msgq (k q)s’m;gs)

— 1D AUk msg, (Psq i )74'

o (k—1)!

L—1mgp ( | ’leg)

ZZ_:]; AU, K, mgp, {(que}g/_O)(/qul)!q
(29)

and the first equality in (29) is obtained by following (19).

C. Optimal Power Allocation

Since each available single-antenna relay in the above
systems has partial knowledge of its own channels to-
wards the source and the destination, the relay selection
can be combined with the optimal power allocation be-
tween the source and relay, which is described as follows.

1) AF System: First, following the same procedure as
in Subsection III-C.1, the optimal ¢ which maximizes v,
in (24) is obtained at the g¢-th relay as

1+ 010t 5‘; - \/(1+Qtot 5{;) (1+Qtot 5q)

E FEE!

Copl,q = Otot (5{/1 — gq) » e 7& q
0.5, =&

(30)

As in Subsection III-C.1, we can check that 0 < (opr,q <

1. From (21) and (30), the end-to-end SNR ~vyp 4 =

Copt,q (1= Copt,q) Eq 5(; 91201
s G T (o) E7 g0l T can be computed at the ¢-th

relay. Only the relay with the largest value of this SNR
is chosen as the active relay.® Finally, this relay sends its
optimal ( to the source via an error-free feedback channel.

2) DTF System: Initially, following the same pro-
cedure as in Subsection III-C.2, the optimal ¢ which
maximizes the term min(vysq,vgp) in (27) is obtained at
the g-th relay as

5 —1
Copt,q = (1 + ;) . (31)

As in Subsection III-C.2, we can check that 0 < (opi,q <
1. From (18), (21), and (31), either the received SNR for
the first hop Ysq = Copt,q £q Ot OF the one for the second
hop Yo = (1—Copt,q) 5(’1 Otot 18 then calculated at the ¢-th
relay (because s, and ~y,p are equal). The relay with the

8In practice, such relay selection can be realized using the protocol
suggested in [49] with certain parameter modification.
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largest value of the calculated SNR is chosen as the active
relay. Lastly, the optimal ¢ for this relay can be conveyed
to the source through an error-free feedback channel. It is
evident that the relay selection criteria with optimal power
allocation are basically different from those described in
Subsections IV-A and IV-B.

V. EXTENSION TO TWO-WAY RELAYING

A. Two-Way UWB Relay Systems Using a Multiple-
Antenna Relay with Antenna Selection

The system model is shown in Fig. 2(a), where the
channels are assumed to be reciprocal.’ For these systems,
we follow the assumption of partial channel knowledge at
the relay and the antenna selection criterion in Section III.

1) Amplify-and-Forward Relaying: As mentioned be-
fore, the antenna index u may or may not be equal to the
antenna index w. First, we consider the case when u # w.
Let b!"1 and b'?! be the transmitted binary bits of the
source and destination, respectively. For the first phase,
the transmitted signal at the source can be modeled as (5)
with b being replaced by b!'!, and the transmitted signal
at the destination can be modeled as (5) with b being
replaced by b?! and the subscript S being replaced by the
subscript D. As in Subsection III-A, Rake reception is
performed at the u-th antenna of the relay. The correlator
output corresponding to the [-th finger is given by

YR, (1) = BM/E sasr w1+ E f panR ui +1R w1 (1);
—0,...,L—1;i=1,....N;
(32)

where the second term is treated as noise. Hence,
the Rake combining output can be written as
AV = SN S R YR (i), Meanwhile,
additional Rake reception is performed at the w-
th antenna of the relay. The correlator output is
the same as (32) except that u is replaced by
w and the first term is treated as noise instead.
The correspondmg Rake combining output is
[2] ZNfl Zl -0 aDRwlwal( ) 10

In the second phase, the relay transmits z[]] and zl[f] at
the w-th and u-th antennas, respectively, as

TRw (1)
[1] NyL-1
2! ZZaRDwL_l 19(t—(i+ Ny —1)T; —1Ty),
i=11=0 @33)
xR,u(t)
g2l Ny L-1
:51[12] fRZZaRSuL _1—g(t (i+Nf_1)Tf_”ZJ)
i=11=0

(33b)

9The experimental results in [51] show that the reciprocal theorem is
indeed valid for a UWB multipath environment.

10Recollect that the relay knows {aRD,w,l}lL;Ol, and opR w1
QRD,w,l OWing to the channel reciprocity assumed.
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where 2! = ' \/N;E, By with B, = Eys&, +
EbADIQ/g —|—N0/2 and 7 = ZlL:_Ol Q'SR u,] DR 1>, and
3 = o) \/NGEL By with By = Eyp€,+E, 5T /€, +
No/2 and 7' ZIL:_Ol QSR w,IODR,w,i- In the above
equation, z“] and zm are normalized for the same reason
as zgr in (8). Slmllar to (10), the received signal at the
destination, after passing through the matched filter and

sampling, which is used to form the decision variable for
b can be expressed as

il L-1
{1 R
YD,L— 1()—21[11 f Z QRD,w,l

2] L—1 (34)

fiR
E QRS u,l XRD,w,l
Eu 1=0

—‘r?’LD’L,l(i); t=1,...,Ny.

After some manipulations, we have

+ 25

EpsEVLELEL
(i) = oMM
YD, L 1(7) B
1] [2]
+b[2] T EbD ng/ + 7" EbDE 5/
Su Bl gu BQ
E[l] Ny L—1
Ng B ZZQSRulnRul )
f 1521 1=0
l2] Ny L—1
I// w, w
+ N.E. g/ BQE;QDR IR w,1(7)
(35)
where 7" = Zf;ol ORS,u,lORD,w (- By assuming that

1 L1 L1 L1
Ef,R’ Ef R’ {QSR,u,l}l:O , {QSR,w,l}l:O s {QRD,u,l}l:O >
and {aRDyw,l}lefol are known at the destination, the

Eb‘DE 51’“
=5+

EypE;REL .
7’ \/5321, can be subtracted from yp ;_1(7) to

obtain

self-interference component, i.e., 2

. By sEYRELEl By sEY)
ip,r—1(i) = bl 37 +I'7" ﬁ
1 wE! By
Ele, Jii
Nfg Bl ;gaSRulnRul( )+nDL 1(7,)
[2] Ny -1
I// . .
+ N¢&, 5’ BQE;;O‘DR 1R w1 (4)-
(36)
Then, the decision variable for bl!! is given by
s
2= ip,e-1(i) (37)
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Through some tedious but straightforward calculations,
we obtain the SNR of this decision variable as

m_ osucdk &+ S
os€ut R EL+1+N

2
21 osE2+opZ%+E ) (Z'T" _ o T2
where S = 0s QR (9D55+QSI/2+5{U Cu 5 N == EI +

1 2
e (M) (7) op = 22 s the trans-

(38)

onE2+osT2+E], No/2
itted he destinati 1] — Pok g o2 =
ml[tt]e SNR at the destination, and gy" = o /2 and gg
E2

No /2 are the transmitted SNRs (corresponding to bl and
b[Q], respectlvely) at the relay. Similarly, given that the
source knows Ef R> E?{{, {aDRul}lL_Ol, {apR w, g}lL_Ol,
{ars.u l}l o » and {ors,w l}l o > the SNR of the decision
variable for b?! is

2] _ QE]Su QDgl + &'
ok Eu+ on &, +1+N’

1 P +osT?+EL)\ (z7)°
where ' = o}'op (W e ) and N =

12 | ot 1\ 2
72y Mg, (% ?

Tt is quite straightforward to extend the above analysis
to the case when u = w. The difference from the above-
described case of u # w is that the Rake combining
outputs z[“ and 21[121 are derived from the same antenna
of the relay in the first phase, and then transmitted at this
antenna in the second phase as the sum of all the terms
on the right-hand sides of (33a) and (33b). Accordingly,
we have 7" = 7' = T in (33)-(39).

As in [52], we assume that, in the two-way AF system,
an outage occurs when both 4!l and /! fall below the
prespecified SNR threshold vg,. The outage probability is
thus written as

v (39)

Poy = Pr{max (41", 41?) < . (40)

Unfortunately, it is difficult, if not impossible, to find the
closed-form expression of (40). In this case, the outage
probability is determined by means of simulations.

2) Detect-and-Forward Relaying: Let us first consider
the case when u # w. For the first phase, the description
of the data transmissions from the source and destination
to the relay can be done as in the two-way AF relaying
scheme. However, the relay makes hard decisions on the
Rake combining outputs 21[21] and z“] yielding b[” =
sign(zy") and i)g] = sign(zf"). For the second phase,
the transmitted signals at the relay and the received signal
at the destination can be expressed, respectively, as (33)
and (34), both with z“] being replaced by BE] and 2 *[2]
being replaced by bm. Using the assumption that the
destination knows E}R, {ozSR’u,l}lL;Ol, and {aRD’w,l}lL:*()l,

the interference term b2’ E}ZL /€ Zf;ol QRS 1 IORD w1

can be subtracted from yp 1—1(7) or not depending on
whether the relay detects b/?! correctly 1 More precisely,

after generating bl?! E[Z]R /&y Zl Z0 ORS,u,lORD,w, and

Djfferent from most work on two-way relaying [26]-[28], we do
not assume that the relay can detect bl!! and b/ without errors.

©2012 ACADEMY PUBLISHER

337

subtracting it from yp 11 (¢), the destination obtains

1 L-1
2[1] f.R 2 2021 312
bg I Z ORD, w1 T10,L-1(1), by =0
wo1=0
_ R /En] L-1 B2
U = 1] fR 2] 2] R
yD’L*]-(Z) bR w ZQRD wl+(b b ) ?u
L—1
N 72
X Z ORS,u,l ORD w1 +1D, 1, 1(7), D) # b2,
1=0

(4D
Finally, the decision variable for b!!! is given by (37). It
is straightforward to show that the received SNRs for the
S—R link and R—D link are, respectively,

os &y
W’lsiz] = W, (42a)
[1]
T = 44@£1;, i, (420)
1 I 4g[2]1'//2 ) R .
Likewise, given that the source knows EEJ]R,

{apR w, ’}l o> and {agrs,u l}l o » the received SNRs for
the D—R link and R—S link are obtained, respectively,
as

o o0&,
TDR = 1 + QSI'2 ’ (433)
&a, b = b2
2
=3 R i ,m @3)
1 49[111//2 ’ bR 7 b
J’_

The extension of the above analysis to the case when
u = w is fairly straightforward. The difference from the
above-described case of u # w is that the Rake combining
outputs zL! and 2! are derived from the same antenna
of the relay in the first phase, and then transmitted at this
antenna in the second phase as the sum of all the terms
on the right-hand sides of (33a) and (33b), both with Z _[1]
being replaced by b{z” and 2[2] being replaced by bm.
Therefore, we have 7"/ = 7' = 7 in (42) and (43).

Analogous to (40), we have

P, =Pr {max (min(vgg, 7}[21]])) mln(%[)z]]p ’Vl[zzs])) < %hl
(44)
Since the outage probability in (44) is not available in
closed-form, it is computed via simulations.

3) Optimal Power Allocation: In what follows, we
[ _ 2] _

assume that o5 = op = ( g and gy = o' = (1-¢) ot
We first derive the optimal power allocation between the
source and relay, which minimizes the outage probability
for the two-way AF system. For analytical tractability,
we assume that gy is large enough such that 9553 +
opZ? + &, ~ 0sE2 + opZ? and opE!? + 05T + €l ~
op€/? + 0sI'%. Hence, the SNR A1 in (38) can be
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approximated as

C. (1 - C)C A
[ 3 A (1] 45
Co(+Cy Tap (45)

2 2 "N\ 2
where €1 = 0l |1+ (5)(E)| + 1. 0o
1’ 2
ot | Eu ‘|‘* - & =&, (5,2—:?2)(5 ) }, and C3 =

2 2 -
oo | Eu &L Jr(%) (ng > } Let 4[1] be the optimal

¢, which maximizes v} in (45). It is easy to show that

\/Cq (Cl —I—Cz) —C

¢l = G ;o Ca#0 (46)
0.5, Cy = 0.
Since C; + C5 > 1, it can be verified that CAII,] in (46)

is always in the interval (0, 1). Similarly, the SNR ~?!
in (39) can be approximated as
5(1=0C o _p

Ci(
Pl 23 S/ 4 47
v Cic+ Cl Vap 47

2 12 77 2
where C] = oo &y [1"'(%)(?&)} +1 G
12 &2 2 N2
Otot 51/11 + % 7(€u *Eu(gljzb;t%g)(q) :|, and Cé =

02 |ELEL + (%ZI%Q)(SI,”Y} The optimal ¢, which

maximizes fyap] in (47), is given by
VO (C1+Ch) — Cf
o _ 1(10/ 3) L )40

ap 2
0.5, Ch=0.
It is clear that vji] in (45) and ! in (47) cannot be
simultaneously max1mlzed The 0pt1mal ¢, which minim-

izes the outage probability in (40), can be approximately
obtained as

(48)

1 0] 5 AL
e {Cap, YL > 412 )

2 1 2
¢Bl, Al <42,

In Subsectlon V-A.1, we assume that {aSRul}l 0>

L1
{asrwitiy's {orpuilisy’s and {agpw,i}i, are
known at the source, relay, and destination. Thus, (op
in (49) can be readily calculated there.

Next, we determine the optimal power allocation for the
two-way DTF case. For analytical tractability, we presume
that the relay detects the data bits b[” and b2 correctly.
Under this assumption, we denote fy 1n (42b) and 'y[z]
in (43b) as 'Yu;eal RD = oy}, and 'Yldeal RS — 0] Eus
respectively. Let ( 4eq D€ the optimal ¢, which maximizes

mln(yég,yﬂgal rp)- This optimal value can be found by

equating *y in (42a) and 'Yi[;e]:al,RD’ yielding
D?+4¢&!, Dy, — D
1 w 2 1
Gaew = (50)

where Dy = &, + &), — Dy and Dy = %,IQ Note that
Dy > 0 and D? + 4&' Dy < (E, + €., + D3)2. Then,
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it is easily checked that ¢\l in (50) is always in the
interval (0, 1). Likewise, the optimal ¢, which maximizes
[2]

2] . .
mln('yDR,yldea] rs)s 1S given by

e VDP?+4&,D, - D) 51

deal 2D
2

12
where Dj = &, + &, — Dy and Dy = 25l It
(1 [ (21 f21

is obvious that min(7Ygg; Vigearrp) aNd MIN(YDR, Videarrs)
cannot be maximized at the same time. The optimal ¢,

which minimizes the outage probability in (44), can be
approximately obtained as

[1] (1] [2]
Con {Cidealv mln(VSRa%deal RD) > mln(VDRa%dedl rs)
opt

21 [ L[] 2] 2]

Gaear  DAN(VsR: Videarrp) < MAN(VBR: Videar 12%)2
Recall that the relay knows {aSR w l}z 0 {0srw, l}z 0>

-1

{aRDul}l o » and {aRrp,w, l}l o while the source and
destination know {QSRul}l and {arD,w, l}l o but
not {osr w l} 1o ! and {arD.u l} 1 0 Therefore, the relay
computes (op; in (52), and transmits it to the source and
destination through noiseless feedback links.

B. Two-Way UWB Relay Systems Using the Best Single-
Antenna Relay

The system model is shown in Fig. 2(b), where the
channels are assumed to be reciprocal. For these systems,
we follow the assumption of partial channel knowledge
at the relay in Section IV.

1) Amplify-and-Forward Relaying: Let q* be the index
of the best relay for this relaying scheme. The description
of the data transmissions in the first and second phases
can be done as in the special case (i.e., v = w) of the
AF scheme in Subsection V-A.1, except that the antenna
index u (= w) is dropped, and the subscript R is replaced
by the index ¢°®. The best relay can be represented by its
index:

* = [11 Al2]
= ar max max , 353
1 gqe{1727.,_,Q}[ (711 ’yq )] ( )
where -
m_ 9580 &+ S, 5
Y osEt e 14N
i _ o1 (05E2+0pT2+E,\ (T2) B )
with 8, = o o (SETEET) () 0 = gz
0sE.+onT . +E, 2 L1
QEI]E/ (m) (?q) c I, = S0 aseiapgis
l
2
EI] = N, /2> and Q[ V= o /2, and
]6’ (.c:l S/
Y op &, +
VW= (55)

g+ o &+ 14N,

} 21 0 T21EN [T2\2
with S</1 — Ql[;] op (w) (ﬁ) and N é -
q

0sE2+opT2+E
o€ +osI +E;

g—ZIq2+ olE, (m) <5,) The corresponding

outage probability is given by P, = Pr [max(’y[l.], 7([12])

fyth} , which has no closed-form expression and is obtained
by means of simulations.
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2) Detect-and-Forward Relaying: Let ¢* be the index
of the best relay for the two-way DTF scheme. The
description of the data transmissions in the first and
second phases can be done as in the special case (i.e.,
u = w) of the DTF scheme in Subsection V-A.2, except
that the antenna index w (= w) is dropped, and the
subscript R is replaced by the index ¢*. The best relay
can be represented by its index:

x_ oy o [2] (2]
¢'=arg  max Q}[max (mln(vsq : qu)ymln(qumqs))]
(56)
where
m_ 0 57
S¢ — T opZ2’ (57a)
1+ £
(1] o/ Ji1 — il
Qq gq ’ bq =0
[1] o1
T =14 % £ plt (57b)
495113 ) q 5
1+ 5=
and
op &,
Tog = — oz (58a)
1+ z
ng] &, 5512] — 2l
[2]
Ts = 8 oy (58b)
sizz '
L+ =g

by Pou= Pr|max (min(vélq]* i), min(f). ﬁiﬁls)) < %h},
which is computed via simulations.

3) Optimal Power Allocation: The above relay selec-
tion can be combined with the optimal power allocation
between the source and relay, as in Subsection IV-C.
Let us first consider the two-way AF case. Following
the same procedure as in Subsection V-A.3, the high-
SNR approximation of 41! in (54) is obtained as v}i], =
Ps,4(1=¢)¢

The outage Trobability for this relaying scheme is given

, and the optimal ¢ maximizing ! "is

Py (C+P1 g ap,q
\/qu(P1q+P2q)_P1q
AR ’ 1 Py #0
Y= P, 70
0.5 s P2,q =0
g2, 72 2
where Prq = o0&, {1 +(ﬁ)(%) } L Py =

72 £24T2\ (T 2
oo | €+ 2 — & = & (shez) (2) } and Py,
2412\ (12\?] . .
02, 1€, & +(552+I;2)(é> } Since P14 + Pyg > 1,
can be verified that ¢[}!, in (59) is always in the interval
(0,1). Similarly, the high-SNR approximation of ~*

, o Py q(1-¢)¢
in (55) is given by 7;[1;2,]4 = W

—
=

, and the optimal ¢

maximizing 71, is
\/P{ Pl +P)-Pl
o a flg / a “ P20 o)
ap,q P2,q ’
05, Py, =0
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ool -t e () E) ] mo n, -

2 (o er (252 (ZY] 1t straightforward to sh
O | € € + (Fo% )(F) |- Ttis straightforward to show

that the optimal ¢ maximizing the term max(y'!, 71
in (53) is approximately

[1] 1 2
) S Vg > Vo
Copt,g &

2 1 2
Gin» Vol < 7!

(61)
p.q = Yap,q*

At the ¢-th relay, max(’y([;], 7([12]) is then computed us-
ing (54), (55), (5§9)-(61). Only the relay with the largest
value of this maximum is chosen as the active relay.'? For
the same reason as in the AF scheme in Subsection V-A.3,
the optimal ¢ in (61) corresponding to the active relay can
be calculated at the source and destination.

Next, we introduce the relay selection with optimal
power allocation for the two-way DTF scheme. For ana-
Iytical tractability, we presume that any of the available
relays detects the data bits b'! and b/?! correctly. Under
this assumption, we denote 72([1% in (57b) and 75251 in (58b)

1 .
as ’Yi[dganD = Q[q”&; and ’yi[dgal’ s = Q[(f'é'q, respectively.
Following the same procedure as in Subsection V-A.3,
the optimal ¢, which maximizes min(wég,vi[(}gal’qu), is

obtained as

W W G W~ W,

Cideal ,\q = 9 W2
»q

(62)

where Wy, = &+ &, —Wa 4 and Wa , = %;;If. Note
that W5 , > 0 and W127q+45é Wa 4 < (E+E; +Wa,q)2.
Thus, it is easily checked that i[dlgaL 4 10 (62) is always
in the interval (0,1). Similarly, the optimal ¢, which

maximizes min(y[[)z(]l,yi[je]al 45)> 18 given by

Wl/?q + 4&1 W2/,q B Wl/,q
2W2’7q

Ci[dze]al,q = (63)

/ _ / / / _ ot € 2
where W , = &, + &, — Wy, and W3 = 52 < It
is straightforward to show that the optimal ( maximizing

. 1 1 . 21 21 :
the term max (mln(’yéq],'ytgg) ,mln(yl[);,fygs])) in (56) is
approximately

[1] . [11 L[] . 21 . I[2]
. Sideat,q> mln(VSq”Yideal,qD) > mln(“Yqu 'Yideal,qs)
COPMI ~ C[z]

ideal, g min(Vélzz]a'Yi[c;e]al,qD) < min(yg;, fyi[jgal,(%séz’
At the ¢-th relay, max (min(’yég, 'y{[lg) 7min(fy][)zg, '7([125])) is
therefore calculated using (57), (58), (62)-(64). Only the
relay with the largest value of this maximum is chosen
as the active relay. For the same reason as in the DTF
scheme in Subsection V-A.3, this active relay sends its
optimal ( in (64) to the source and destination via error-
free feedback channels.

12Such relay selection can be practically realized using the protocol
suggested in [49] with certain parameter modification.
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Figure 3. Outage probabilities of the one-way AF systems in symmetric
channels (d m, ¢ .5).

VI. NUMERICAL RESULTS

In this section, some numerical examples of the results
derived in this paper are presented. In Figs. 1(a) and 2(a),
it is assumed that the source and destination are separated
by a distance of 8 meters (m), and the multiple-antenna
relay is located in a line between them. Let d denote
the distance from the source to the relay (in m), and
hence the distance from the relay to the destination
is 8 — d m. The total multipath gains Gsg and Ggrp
are calculated according to the UWB path loss model
described in [31, eq. (1)]. Recall that the antenna index
7 is dropped for notational simplicity. In generating the
UWB energy-normalized channel coefficients {gpSRJ}lL:_Ol
and {ngD’l}lL:_Ol, we assume that Ty, = 2 ns, L, = 50,
TSR = MMRD — 2, QSR,O = QRD,O = 0054, and TSR —
wrp = 0.95 [39]. These parameter settings are also used
in Figs. 1(b) and 2(b), where the subscript R is replaced
by the relay index ¢ since the () single-antenna relays
are considered in lieu of the multiple-antenna relay. To
simplify simulations, we assume that Ny = 1. Unless
stated otherwise, the number of Rake/pre-Rake fingers
(L) is chosen to be 10, which is a good compromise
between performance and complexity [47], [53], and the
SNR threshold () is set to be 10 dB.

A. One-Way Relay Systems

Fig. 3 shows the theoretical outage probabilities of the
one-way AF systems using the multiple-antenna relay
with the antenna selection (i.e, @ = 1 and M > 1,
and computed with (14)-(16)), and those using the best
relay among the () available single-antenna relays (i.e.,
@ > 1and M = 1, and computed with (25) and (26)).
For comparison, the simulated outage curves are also
plotted. The abscissa indicates the total transmitted SNR
(0tot)- In this figure, we consider the symmetric channel
case where the relays are located halfway between the
corresponding source and destination, i.e., d = 4 m, and
assume equal power allocation between the source and
the (best) relay, i.e., ¢ = 0.5 in (21). The theoretical
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metric channels (d m, ¢ .5).

and simulated outage curves of the baseline AF system
(i.e, @ =1 and M = 1) are also included in the figure.
We can see that the theoretical results perfectly match
their simulation counterparts, which verifies the outage
probability formulae in (14)-(16) and in (25) and (26). The
outage performance of the AF systems using the multiple-
antenna relay with the antenna selection improves as M
increases. Furthermore, the outage probabilities of the AF
systems using the single-antenna relay selection decrease
with the increase of ). When the product of @ and
M is fixed, i.e., when QM = 2,3, and 4, respectively,
the AF system using the multiple-antenna relay with
the antenna selection performs better than that using the
single-antenna relay selection. This also holds true for
the case of optimal power allocation, as will be seen in
Fig. 5. Basically, this is due to the fact that the multiple-
antenna relay has an additional degree of freedom in
choosing the best transmit and receive antennas. The
performance gap between the two systems increases with
QM. Similar performance trends can be observed in the
one-way DTF systems as illustrated in Fig. 4 (where the
theoretical outage probabilities are computed with (19)
for @ =1 and M > 1, and computed with (28) and (29)
for @ > 1 and M = 1). Comparing Fig. 4 with Fig. 3,
one can see that the DTF systems using the multiple-
antenna relay with the antenna selection are superior
to their AF counterparts. The superiority of the former
systems is because of the additional signal processing,
i.e., the hard decision, at the relay. For the same reason,
the DTF systems using the single-antenna relay selection
achieve a lower outage probability compared to their AF
counterparts.

Fig. 5 depicts the outage performance comparisons
between the aforementioned AF systems with equal power
allocation (( = 0.5) and those with optimal power
allocation (Cop; in (22) for @ = 1 and M = 4, and
Copt,g in (30) for @ = 4 and M = 1), when g = 33
dB. The outage results for the latter systems can only
be obtained through simulations, as the optimal power
allocation requires partial knowledge of the corresponding
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instantaneous CSI [see (22) and (30)]. From Fig. 5, it
is clear that the optimal power allocation for both the
AF system with ) = 1 and M = 4, and the one with
@ = 4 and M = 1 enhances the system performance,
especially when the relay is very close to the source (d
approaches 0 m) or the destination (d approaches 8 m).
However, at the halfway point between the source and
destination (d = 4 m), the gains of optimizing the power
allocation are minimal. As a result, when the relay is
located in the vicinity of this point, using equal power
between the source and relay is a good strategy. In Fig. 6,
we compare the outage probabilities of the DTF systems
with equal power allocation (( = 0.5) and those with
optimal power allocation (o in (23) for ¢ = 1 and
M = 4, and (op,q in (31) for @ = 4 and M = 1),
when g = 30 dB. In contrast to the results in Fig. 5,
a substantial improvement in the outage performance of
the DTF systems by optimizing the power allocation is
observed when the relay is near the midpoint between
the source and destination (d is between 3 m and 5 m).
Both figures show that in all the considered systems, the
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best position for the relay is the halfway point between
the source and destination.

The spatial correlation between the antennas at the
multiple-antenna relay is not taken into account so far.
From a practical point of view, it is important to in-
vestigate how such correlation affects the corresponding
system performance. In Appendix A, the CDFs and PDFs
of £, and &/, for the spatial correlation case with L =1
are provided. Based on these functions, the theoretical
outage probabilities of the AF and DTF systems using
the multiple-antenna relay with the antenna selection are
obtained by numerically computing the third line of (14)
and the fourth line of (19), respectively. Fig. 7 illustrates
the effect of the spatial correlation, represented by p (see
Appendix A), on these outage probabilities with M = 4
and L = 1, assuming ¢ = 0.5 and d = 4 m. The
simulated outage curves are also included to compare
with the theoretical outage curves. It can be seen that
the outage performance degrades as the spatial correlation
increases. As mentioned in Appendix A, there are no
closed-form expressions for the CDFs and PDFs of £, and
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&/, in the spatial correlation case with L > 1. To obtain
the outage results for this case, we apply the simulation
approach presented in [54, Subsection 2.4] (see the given
reference for details). The simulation results for M = 4
and L = 10 are shown in Fig. 8. For comparison, the
simulated outage curves of the systems using the best
relay with Q =4 and L = 10 are also included. We can
observe that, in the outage probability range of interest,
the AF and DTF systems using the multiple-antenna relay
with the antenna selection are superior to those using the
single-antenna relay selection when p < 0.3 and p < 0.2,
respectively. The spatial correlation in UWB channels de-
pends primarily on antenna spacing [24]. Thus, deploying
the multiple-antenna relay with the antenna selection is a
better option although the antenna spacing at the relay
needs to be carefully designed.

B. Two-Way Relay Systems

In Figs. 9-12, all the results are obtained via simula-
tions. Fig. 9 shows the outage probabilities of the two-
way AF systems using the multiple-antenna relay with
the antenna selection (computed with (40)) and those
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using the single-antenna relay selection (computed with

Prmax(+Ld,95) < w]). In this figure, equal power

allocation (i.e., os = op = o4 (or o) = o (or o) =
0.500) and d = 4 m are assumed, and the outage

curve of the baseline two-way AF system (i.e, Q@ = 1
and M = 1) is also plotted. Similar to the one-way
AF cases, increasing the numbers of antennas and relays
improves, respectively, the outage performance of the
two-way AF systems using the multiple-antenna relay
with the antenna selection and those using the single-
antenna relay selection. Furthermore, with the same value
of QM, the former systems outperform the latter ones.
Fig. 10 plots the outage probabilities of the
two-way DTF systems (computed with (44) for
QQ = 1 and M > 1, and computed with
Pr[max min(v4., 7). min(v5). 4l)) < qw] for
@ > 1 and M = 1) under the same parameter settings
as in Fig. 9. Somewhat surprisingly, in the high SNR
regime, the two-way DTF system with Q =1 and M =4
performs even worse than that with ) = 2 and M = 1.
This is in contrast to the results for the one-way DTF
systems in Fig. 4. Note that there exist outage floors
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Figure 13. Outage probabilities of the one-way AF systems in an IEEE
802.15.3a UWB channel (CM1, d m, ¢ .5).

in the two-way DTF systems, which is mainly due to
the erroneous data bit detection at the relay. Comparing
Figs. 9 and 10, we observe that the two-way AF systems
have lower outage probabilities than their two-way DTF
counterparts at high SNRs, say more than 32 dB. From
Figs. 3,4, 9, and 10, it is evident that the two-way relaying
schemes are inferior to the one-way relaying schemes in
terms of their outage probabilities.

Fig. 11 compares the outage performance of the two-
way AF systems using the equal power allocation strategy,
and the power allocation strategies proposed in Subsec-
tions V-A.3 and V-B.3 (ie, os = op = (o and
ok (or o) = of (or o) = (1 = ¢) 0w Where ¢ is
equal to (op in (49) for Q@ = 1 and M = 4, and ( is
equal to (op,q in (61) for Q@ = 4 and M = 1), when
Ot = 32.5 dB. As a reference, we also plot the outage
curves corresponding to the case where Fj s, E,[Hz (or
EE(]Z), El[fl]2 (or El[fl];), and Ej p are all optimized subject
to the constraint Ejp s + Ez[)l]]2 (or Eps + EZ[)I(]I) = EIEZI]2 +
Eyp (or E,[)%(]I+Eb7D) = FE}. Such power optimization can
only be achieved by exhaustive search and, therefore, is
much more time-consuming compared with our proposed
power allocation strategies. The results in Fig. 11 show
that the proposed strategies are beneficial, particularly
when the relay is located near the source or the destina-
tion. Fig. 12 illustrates the effectiveness of our proposed
power allocation strategies for the two-way DTF cases
(i.e., Copt in (52) for Q =1 and M = 4, and (op,q in (64)
for ) = 4 and M = 1), when g = 32 dB. Recollect
that these strategies are derived based on the assumption
that there are no data detection errors at the relay, but
we do not make this assumption in our simulations. The
outage probabilities obtained with such strategies may be
worst than those obtained with the equal power allocation
strategy. However, we find in our simulation trials that if
this case happens, the outage performance difference is
very small and can be neglected, e.g., the performance
difference between the system with Q = 1, M = 4 using
¢ = 0.5 and the one using (o, When d = 3 m in Fig. 12.
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C. System Performance in an IEEE 802.15.3a UWB
Channel

While the above performance results are based on
the TDL channel model suited for dense multipath en-
vironments, it is worthwhile to investigate the outage
performance of the aforementioned UWB relay systems
in sparse multipath channels. As discussed in Section II,
a sparse channel model such as the IEEE 802.15.3a
channel model is relatively complicated, which prohibits
the theoretical performance analysis of those systems.
Therefore, we present simulation results instead. In our
simulations, we consider the symmetric channel case
described previously and assume equal power allocation
between the source and the (best) relay. According to
the IEEE 802.15.3a channel model, the source-relay and
relay-destination links (line-of-sight, 4 m) belong to chan-
nel model CM1 [35] where the sampling time is chosen
to be 2 ns, and the path loss model of [55] is assumed.!?
Figs. 13 and 14 show the simulated outage probabilities of
the one-way AF and one-way DTF systems, respectively,
with the same SNR threshold and number of Rake fingers
as before. Comparing Figs. 3 and 13 (or Figs. 4 and 14),
we see that the performance benefits of the antenna selec-
tion at the multiple-antenna relay () = 1 and M > 1) and
of the single-antenna relay selection (@) > 1 and M = 1)
in the IEEE 802.15.3a channel are more pronounced than
in the dense multipath channel. For instance, at BER =
1073, the one-way AF system with Q = 1 and M = 4
has a 3.3-dB SNR gain compared to that with ) = 1 and
M =1 in the former channel, but has a 2-dB SNR gain
in the latter channel. However, the relative performance
of the one-way AF (or one-way DTF) system with Q) = 1
and M > 1, and that with Q > 1 and M = 1 remains
the same for the two distinct channels. Similar trends can

13Notice that the path loss model for the IEEE 802.15.3a channel
model is different from that for the TDL channel model. This leads
to different SNR ranges of interest in the outage results for the same
system but different channel models. For example, the SNR range of
interest in Fig. 3 is from 22 to 36 dB, while that in Fig. 13 is from 30
to 36 dB.
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also be observed in the two-way AF (or two-way DTF)
systems, as illustrated in Fig. 15 (or Fig. 16).

Note that the simulated outage curves of the one-way
AF and one-way DTF systems using the two-antenna
relay, where both antennas are used'* for reception as
well as transmission (labeled with “all ant.”), are included
in Figs. 13 and 14, respectively. These systems are more
complex and expensive than the one-way AF and one-way
DTF systems using the multiple-antenna relay with single-
antenna selection, respectively, because 1) the complexity
and cost of the radio front end scale with the number
of antennas used [14], [15] and 2) the total number of
Rake/pre-Rake fingers used in the former systems (i.e.,
20) is twice that used in the latter systems (i.e., 10). It can
be seen from both figures that, in the high SNR regime,
the two-antenna relay systems (without such antenna
selection) yield worse performance than the four-antenna
relay systems with the antenna selection, and comparable
performance to the three-antenna relay systems with the
antenna selection. In practice, it would thus be preferable
to use only the best transmit antenna and best receive
antenna in UWB multiple-antenna relay systems.

VII. CONCLUSION

In this paper, we have presented one-way and two-
way UWB relay systems using a multiple-antenna relay
with antenna selection, and those using single-antenna
relay selection. Our focus is on AF and DTF relaying
schemes for these systems. We have derived the exact
expressions for the end-to-end SNR outage probabilities
of one-way AF and one-way DTF relay systems over
a UWB dense multipath channel. With the objective
of minimizing these outage probabilities, the optimal
power allocation strategies are developed. We also have
presented the SNR expressions for the received signals
in two-way AF and two-way DTF relay systems. Based
on these expressions, the power allocation strategies,
which approximately minimize the corresponding outage

14For details, see, e.g., [12].
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Figure 16. Outage probabilities of the two-way DTF systems in an
IEEE 802.15.3a UWB channel (CM1, d m, ¢ .5).

probabilities, are proposed. The numerical results have
shown that for the one-way AF, one-way DTF, and two-
way AF systems, using the multiple-antenna relay with
the antenna selection generally offers more outage im-
provement than using the single-antenna relay selection.
However, this conclusion is not valid for the two-way DTF
systems. We have examined the performance gains of the
aforementioned power allocation strategies over the equal
power allocation strategy, and demonstrated how these
gains are affected by the relative position of the relay
with respect to the source and destination.

APPENDIX

A. CDFs and PDFs of &, and &),

Referring back to Section II, let us first consider
the case that the channel coefficients {asg ;i}1L, are
statistically independent and so are {agp ;1 }}Z,. We refer
to this case as spatial uncorrelation case. In order to find

the CDF and PDF of £, = max &, we need to find
je{1,...M

the CDF and PDF of &=Y"1""¢;, where ¢, = OFR -
For notational simplicity but without causing confusion,
hereafter we omit the antenna index j while keeping
the antenna indexes u and w. Let us define ®gr; =
Gsrnsr, = GsrSdsr,i/msg and ®rp; = Grpfrpy =
Gro€rp,i/mrp for ease of exposition. Using (3), (4) and
with the help of [56, eq. (7)], we obtain

(p meR71 T U
ffl (ﬂf,mSR> SR,l) = W exp ( CI)SRJ> (x)
(65)
and
(s, 52-)
FEz ('TQ MgR, (I)SR,I) =|1- m U(I)
- WSRfll z VW
=|l—e T — U(x).
vz:(:)v! <(I)SR,Z> ( )
(66)
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Applying Theorem 1 in [57], the PDF and CDF of £ can
be derived, respectively, as

L—1 msr
= Z Z A(l k,msg, {®sr,e} ;70 ) fe, (23 k, Psr.1),
1=0 k=1
(67)
L—1 mgr
- Z Z Al k, ms, {(I)SR»Z}L_ol) Fe (23K, ®sry)
1=0 k=1
(63)
where
(_1)(L*1)WSR (I)k
Al k,msg, {Psr by ) = —
£=0 [(mSR—l)!]L 1 L 1¢§§SR@

msr i1

XZ Z 1LZS l2m5R111)¥(iL_.2+mSRk1).

— | iy
1=k ok ip_aek mSR 21).(ZL,2 k’)

< 1 1 >kiL—2 —msRr
% _
Dsr Psr,L—24U(L—2—1)

><< " : )il_ZMSRL_3(mSR+ip—ip+1—1)!
Dsri Psr,0+U(<1) pi (ip—ip41)!

1 1 ip+1—ip—7ns[{
X — .
((I)SR,I ‘I’SR,p+U(p—z>)

(69)
Following [57, eq. (8)], we can calculate
A(l, k, mgsg, {CDSR,g}fz_Ol) recursively as
msg S~ 1
_ SR
A(l,mSR—k7m5R,{‘PSR,e}gL:ol):T P+l
p,e=0 — SR,l
i£l
1 1 (p+1)
X( - ) A(l,msr—k+p+1, msg {@sr k)
Psr;  Psrye
(70)
with Al k,msg, {®sr,e}roy) =

_ 1 711& 1( 11 ) MR Using  (65)-
Hzf;ol, q);:?? Z,;Uj Dsr,p DsR,1 .

(685 and [58, Ex. 8-2], and defining

pe—
Er = TRt A(l, e, msr, {Psr e 2o )
(k—1)! P ) =

(71)
the CDF and PDF of &, can be expressed, respectively,
as

Fe ()

M
= 1+Z(_
v=1

L—1msr v

=0ki=1 [,=0k,=1p=1
(72)
L— 1m5R k—l
=M A Z ki mSR,{CI)SRg} )7
1= Okz:l =0 (I)lgRl(k 1)
—1
X ex 1+
p( <I>s1u) Z ( >
L—1 mgr L—-1 msg v

DIPNEDISV | Ee

16‘4”51 U(x)
I1=0k1=1  [,=0k,=1p=1

(73)
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where Ay = Y7k, — v and Ay = Y 1%:%
Similarly, the CDF and PDF of £/, are obtained as (72)
and (73), respectively, both with mgg, ®Psgr ¢ (and Psr ),
{Uptp=1- {kp}p=1> Ek,» A1, and Ay being replaced by
mrp, Prpe (and Prpp). {L0_y. (K3, By, =

7—12:}5%/A(l' ¢ mRD>{‘1>RDe}g,,) As =
(y~1)! 37

RD,1’
p’zlkﬁ

v, and Ay = Zp:_l E. 1
Ly

Next, we consider the so-called spatial correlation case
where the channel coefficients {aSle}j , are statis-
tically correlated and so are {arp,j, l} 7. Let us define
the correlation coefficient between &; ; and Ejr1as pj g =
Cov[&;1, &ral [/ Var[€; ] Var[;, ], and the one between
&, and &, as pf ;= Cov[¢) ;&)1 /) Varl€) IVarl€), ]
where &) = 041%1),]',1' The coefficients pj,J/ and pf 5
represent the spatial correlation between two neighboring
receive antennas and that between two neighboring trans-
mit antennas, respectively, both at the relay. For analytical
simplicity, we assume that p;j; = p}, = 033"l
where 0 < p < 1 and 5,5/ = 1,2,..., M. Typically,
equispaced linear antenna arrays are of this form of spatial
correlation. Under this assumption and for the case of
L =1, the CDF of &, is given by [59, eq. (15)]

, respectively.

o e e} piv
Fsu(x)* (msg — 1 1 Z Z Z Hz '(msr+i,—1)!

11=0142=0 ip_1=0L v=1

x xT
x4 ¥ (msg +i1, ———— VY (msg+ins 1, ———
{ ( e <I>SR,0(1—,0)) ( e ‘PSR,O(l—p))

M—1
o (1+p)x >/ it
X || Y{msr+ictic—1,————|/(14p) "R TteTe=10 U (x).
CEZ ( SR 1 (bSRyo(l_p) ( p) ( )

(74)

From (74), we can obtain the PDF of &, as (75), shown at
the top of the next page. Likewise, the CDF and PDF of
E!, are obtained as (74) and (75), respectively, both with
msr being replaced by mgrp and ®sg o being replaced by
®rp . To the best of our knowledge, however, there are
no closed-form expressions for the CDFs and PDFs of &,
and &, in the case of L > 1.

B. Derivation of J»

Using (72) and (73), the integral J5 in (14) can be
rewritten as

To=T+Ti+Ts+Ts

where the expressions of {7,,} _, are given, respectively,
in (77)-(80) on the page after the next page. The second
equalities in (77) and (78) are obtained by using [30, eq.
(3.381.3)], while the ones in (79) and (80) are obtained
by changing the limits of integration and using [30, eq.
(1.111)] and [30, eq. (3.471.9)]. Combining (76)-(80)
gives (16).

(76)
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meRfl [e’s) fe%s) M-—1 piv
T) = ex
fg“( ) q)SRo(mSR 1) p( q>SRO 1— )21220122:0 le;O |J;H Z ' mSR—sz—l)!
) o) () v )
X —_— m T — m 11, —————
(‘PSR,O(l—P) ML Bgro(1=p)) " \@sro(1-p) T Bgpo(1—p)
M-1
(I+p)x > / misgtie-Fie (75)
X Y|m + 1 + 1 P S 1 + SRt2ctic—1
C_l_[2 < SR c c—1, CI)SR,O(I — p) ( P)
+ ex < pr )Y(m +1 - >Y(m +1 a )
P Bsp.o(1—p) SR 15 Bsp.o(l—p) SR M—15 Dsp.o(1—p)
M-—1 iptip—1 M—1
z . . (1+px )/ misg+ic+ic
X — Y |msr +ic +ie—1, =] /(1 + p)"ET T 5 Ulx).
pz <‘I’SR o(1- p)> C_g?ﬁp ( T g o(1-p) () )
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