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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 antenna1, 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
UWB 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)

1Throughout 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 Q
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-
duplex2 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

2Relaying 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].

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(x; a, b) and FX(x; 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( · ), g(· , ·), Γ(· , ·), and Kn( · ) 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].

h(t) =

Lt−1∑
l=0

αlδ(t− lTg) =
√
G

Lt−1∑
l=0

φlδ(t− lTg) (1)

where Lt is the number of multipath components, l is
the path index, αl is the l-th path channel coefficient, Tg

is the minimum multipath resolution, φl is the energy-
normalized channel coefficient with E

[∑Lt−1
l=0 φ2

l

]
= 1,

and G is the total multipath gain. The minimum multipath
resolution Tg 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 {φl}Lt−1

l=0 are
mutually independent [39], and denote φl as φl = θlυl,
where θl = sign(φl) and υl = |φl|. The variable θl takes
the signs +1 and −1 with equal probability to account
for the signal inversion due to reflection. The variable υl

obeys the Nakagami-m distribution [31], [39] with the
PDF given by

fυl
(x;m, ηl) =

2x2m−1

ηml (m− 1)!
exp

(
−x2

ηl

)
U(x) (2)

where ηl = Ωl/m, and Ωl = E[υ2
l ] is exponentially

decreasing with the excess delay, i.e., Ωl = ϖΩl−1 where
ϖ < 1 is a constant. The value of ϖ 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,3 whereas the second one
is just for analytical convenience. Define χl = φ2

l = υ2
l .

Hence, χl follows the Gamma distribution whose PDF
and CDF, respectively, are

fχl
(x;m, ηl) =

xm−1

ηml (m− 1)!
exp

(
− x

ηl

)
U(x), (3)

Fχl
(x;m, ηl) =

1− Γ
(
m, x

ηl

)
(m− 1)!

U(x)

=

[
1− exp

(
− x

ηl

)m−1∑
k=0

1

k!

(
x

ηl

)k]
U(x).

(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 Q 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 hSq,j(t)
denote the CIR from the transmit antenna of the source
to the j-th receive antenna of the q-th relay, and let
hqD,j(t) denote the CIR from the j-th transmit antenna
of the q-th relay to the receive antenna of the destination.
Similar notations apply to the variables αl, φl, and
G contained in the corresponding CIR h(t), as shown
in (1). Then, we have that αSq,j,l =

√
GSq,j,lφSq,j,l and

αqD,j,l =
√

GqD,j,lφqD,j,l. 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 q 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 ΩSq,j,l = ΩSq,j′,l and ΩqD,j,l = ΩqD,j′,l

for all l 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

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),4 i.e., the relay knows the channel coeffi-
cients {αSR,j,l}M, L−1

j=1,l=0 and {αRD,j,l}M, L−1
j=1,l=0, where L <

Lt. Let us denote u = arg max
j∈{1,...,M}

Ej where Ej =∑L−1
l=0 α2

SR,j,l, and denote w = arg max
j∈{1,...,M}

E ′
j where

E ′
j=
∑L−1

l=0 α2
RD,j,l. 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.5

A. Amplify-and-Forward Relaying

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

xS(t) = b
√

Ef,S

Nf∑
i=1

g(t− (i− 1)Tf ) (5)

where Nf is the number of transmitted pulses that rep-
resent the data bit, Tf is the pulse repetition period,
Ef,S = Eb,S/Nf is the energy per pulse, and Eb,S 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
Tf ≥ LtTg to preclude intersymbol interference (ISI).6

At the u-th receive antenna of the relay, a Rake receiver
with L fingers, whose correlators use the pulse g(t)
as a template, is employed. The purpose is to achieve
multipath diversity. Corresponding to the l-th finger, the
correlator output can be written as

yR,u,l(i) = b
√
Ef,SαSR,u,l + nR,u,l(i); l = 0, . . . , L− 1;

i = 1, . . . , Nf

(6)

where nR,u,l(i) is the additive white Gaussian noise
(AWGN) with zero mean and double-sided PSD N0/2.

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].

5DTF is also referred to as uncoded decode-and-forward [43].
6For 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.

As the relay knows the channel coefficients {αSR,u,l}L−1
l=0 ,

the Rake combining output is given by

zR =

Nf∑
i=1

L−1∑
l=0

αSR,u,l yR,u,l(i). (7)

Due to the availability of the channel coefficients
{αRD,w,l}L−1

l=0 , 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

xR,w(t)

= z̄R

√
Ef,R

E ′
w

Nf∑
i=1

L−1∑
l=0

αRD,w,L−1−lg(t−(i+Nf−1)Tf−lTg)

(8)

where z̄R = zR
/√

NfEu(Eb,SEu+N0/2), Ef,R =
Eb,R/Nf is the energy per pulse, and Eb,R is the energy
of z̄R. In the above equation, the Rake combining output
zR is normalized to be z̄R to ensure that the transmitted
signal at the relay has the same average power as the one
at the source if Ef,R is equal to Ef,S. Note from (8) that
the normalized output z̄R 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.,

yD,l(i) = z̄R

√
Ef,R

E ′
w

αRD,w,l ∗ αRD,w,L−1−l + nD,l(i);

l = 0, . . . , L− 1; i = 1, . . . , Nf

(9)

where nD,l(i) is the AWGN with the same statistical
properties as nR,u,l(i). One can show that the term
αRD,w,l ∗ αRD,w,L−1−l achieves its peak at l = L − 1.
As a result, the destination only needs

yD,L−1(i) = z̄R

√
Ef,R

E ′
w

L−1∑
l=0

α2
RD,w,l + nD,L−1(i);

i = 1, . . . , Nf

(10)

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

zD =

Nf∑
i=1

yD,L−1(i). (11)

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

γ =
ϱS Eu ϱR E ′

w

ϱS Eu + ϱR E ′
w + 1

(12)

where ϱS =
Eb,S
N0/2

and ϱR =
Eb,R
N0/2

are the transmitted
SNRs at the source and relay, respectively. In Appendix
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A, the CDFs and PDFs of Eu and E ′
w 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 = Pr [γ ≤ γth] (13)

where γth is a prespecified SNR threshold. By insert-
ing (12) into (13), we get

Pout = Pr
[

ϱS Eu ϱR E ′
w

ϱS Eu + ϱR E ′
w + 1

≤ γth

]
=

∫ ∞

0

Pr
[

ϱS ϱR E ′
w x

ϱS x+ ϱR E ′
w + 1

≤ γth

]
fEu(x) dx

=

∫ γth
ϱs

0

Pr
[
E ′
w (ϱSϱR x−ϱRγth)≤γth(ϱS x+1)

]
fEu(x) dx

+

∫ ∞

γth
ϱs

Pr
[
E ′
w (ϱSϱR x−ϱRγth)≤γth(ϱS x+1)

]
fEu(x) dx

=

∫ γth
ϱs

0

fEu(x) dx+

∫ ∞

γth
ϱs

FE′
w

(
γth(ϱS x+ 1)

ϱSϱR x− ϱRγth

)
fEu(x) dx

= J1 + J2

(14)

where

J1 = FEu

(
γth/ϱS

)
= 1+

M∑
v=1

(−1)v
(
M

v

)L−1∑
l1=0

mSR∑
k1=1

· · ·
L−1∑
lv=0

mSR∑
kv=1

v∏
p=1

Ξkp

(
γth

ϱS

)A1

e
−A2γth

ϱS ,

(15)

J2 is shown at the top of the next page, Ξkp , Ξ′
k′
p′

,

{An}4n=1, and ∆(l, k,mSR, {ΦSR,ℓ}L−1
ℓ=0 ) are defined in

Appendix A. The detailed derivation of J2 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, mSR = mRD = 1, ϱS = ϱR = ϱ, ΦSR,0 =
ΦRD,0 = Φ, and ϱΦ >> 2Mγth, (14) simplifies to

Pout ≈
[
1− exp

(
− γth

ϱΦ

)]M
×

[
1 +M

M−1∑
v=0

(−1)v

v+1

(
M−1

v

)
exp

(
− (v+1)γth

ϱΦ

)]
(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.

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 b̂R = sign(zR). 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 z̄R being replaced by b̂R. 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,

γSR = Eu ϱS, (18a)
γRD = E ′

w ϱR. (18b)

Accordingly, the end-to-end SNR outage probability can
be derived as follows:
Pout = Pr [min(γSR, γRD) ≤ γth]

= 1− Pr [γSR > γth]Pr [γRD > γth]

= 1−

[∫ ∞

γth/ϱS

fEu(x)dx

][∫ ∞

γth/ϱR

fE′
w
(x)dx

]
= 1−

[
1− FEu

(
γth/ϱS

)][
1− FE′

w

(
γth/ϱR

)]
= 1−

[
M∑
v=1

(−1)v
(
M

v

)L−1∑
l1=0

mSR∑
k1=1

· · ·
L−1∑
lv=0

mSR∑
kv=1

v∏
p=1

Ξkp

(
γth

ϱS

)A1

e
−A2γth

ϱS

]

×

M∑
v′=1

(−1)v
′
(
M

v′

)L−1∑
l′1=0

mRD∑
k′
1=1

· · ·
L−1∑
l′
v′=0

mRD∑
k′
v′=1

v′∏
p′=1

Ξ′
k′
p′

(
γth

ϱR

)A3

e
−A4γth

ϱR

.
(19)

In the special case of L = 1, mSR = mRD = 1, ϱS =
ϱR = ϱ, and ΦSR,0= ΦRD,0= Φ, (19) reduces to

Pout = 1−

[
1−

(
1− exp

(
− γth

ϱΦ

))M]2
, (20)

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

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 Eb,S=ζEb and
Eb,R = (1 − ζ)Eb for their transmissions, respectively,
where Eb is the transmitted bit energy for the whole relay
system and 0 < ζ < 1. Recollect that ϱS =

Eb,S
N0/2

and

ϱR =
Eb,R
N0/2

. Thus, we have

ϱS = ζ ϱtot , (21a)
ϱR = (1− ζ) ϱtot (21b)

where ϱtot =
Eb

N0/2
is the total transmitted SNR.
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J2 = M
L−1∑
l=0

mSR∑
k=1

∆(l, k,mSR, {ΦSR,ℓ}L−1
ℓ=0 )

{
exp

(
− γth

ΦSR,l ϱS

) k−1∑
c=0

1

c !

(
γth

ΦSR,l ϱS

)c
+

1

Φk
SR,l(k−1) !

×

[
M−1∑
v=1

(−1)v
(
M− 1

v

) L−1∑
l1=0

mSR∑
k1=1

· · ·
L−1∑
lv=0

mSR∑
kv=1

v∏
p=1

ΞkpΓ

(
A1+k,

γth

ϱS

(
A2+

1

ΦSR,l

))(
A2 +

1

ΦSR,l

)−A1−k

+ 2
M∑

v′=1

(−1)v
′
(
M

v′

)L−1∑
l′1=0

mRD∑
k′
1=1

· · ·
L−1∑
l′
v′=0

mRD∑
k′
v′=1

v′∏
p′=1

Ξ′
k′
p′

(
γth

ϱS

)k(
γth

ϱR

)A3

√
A4ΦSR,l

ϱS

ϱR

(
1+

1

γth

)
exp

(
−A4γth

ϱR
− γth

ΦSR,l ϱS

)

×
A3∑

j1=0

(
A3

j1

)[
ϱR

A4ΦSR,l ϱS

(
1+

1

γth

)]j1
2

k−1∑
j2=0

(
k−1

j2

)[
A4ΦSR,l

ϱS

ϱR

(
1+

1

γth

)]j2
2

Kj2−j1+1

(
2

√
A4γth(γth+1)

ΦSR,l ϱS ϱR

)

+ 2
M−1∑
v=1

M∑
v′=1

(−1)v+v′
(
M−1

v

)(
M

v′

)L−1∑
l1=0

L−1∑
l′1=0

mSR∑
k1=1

mRD∑
k′
1=1

· · ·
L−1∑
lv=0

L−1∑
l′
v′=0

mSR∑
kv=1

mRD∑
k′
v′=1

v∏
p=1

v′∏
p′=1

ΞkpΞ
′
k′
p′

(
γth

ϱR

)A3
(
γth

ϱS

)A1+k

×

√
A4ϱS

ϱR

(
1 + 1/γth

A2+1/ΦSR,l

)
exp

(
−A4γth

ϱR
− γth

ϱS

(
A2+

1

ΦSR,l

)) A3∑
j3=0

(
A3

j3

)[
ϱR

A4ϱS

(
A2+

1

ΦSR,l

)(
1+

1

γth

)]j3
2

×
A1+k−1∑
j4=0

(
A1+k−1

j4

)[
A4ϱS

ϱR

(
1 + 1/γth

A2+1/ΦSR,l

)]j4
2

Kj4−j3+1

(
2

√(
A2+

1

ΦSR,l

)
A4γth(γth+1)

ϱSϱR

)]}
.

(16)

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

ζopt =


1+ϱtot E ′

w−
√
(1+ϱtot E ′

w) (1+ϱtot Eu)
ϱtot (E ′

w − Eu)
, Eu ̸= E ′

w

0.5, Eu= E ′
w.

(22)
Note that: 1) when Eu > E ′

w, 1 + ϱtot E ′
w <√

(1+ ϱtot E ′
w) (1+ ϱtot Eu) < 1 + ϱtot Eu; and 2) when

Eu < E ′
w, 1 + ϱtot Eu <

√
(1+ ϱtot E ′

w) (1+ ϱtot Eu) <
1+ϱtot E ′

w. Therefore, it is easily checked that ζopt in (22)
is always in the interval (0, 1). Recall that the relay knows
the channel coefficients {αSR,u,l}L−1

l=0 and {αRD,w,l}L−1
l=0 .

Hence, ζopt in (22) can be readily calculated at the relay,
and transmitted to the source through a noiseless feedback
link.

2) DTF System: It is seen from (19) that the outage
probability of the DTF system can be minimized by
maximizing the term min(γSR, γRD). Since γSR and γRD
in (18) are monotonically increasing functions of ϱS and
ϱR in (21), respectively, the optimal ζ which maximizes
min(γSR, γRD) can be found by substituting (21) into (18),
and equating γSR and γRD in (18). This optimal ζ is
obtained as

ζopt =

(
1 +

Eu
E ′
w

)−1

, (23)

which does not depend on ϱtot, unlike (22), and is always
in the interval (0, 1) due to the fact that 0 < Eu/E ′

w < ∞.
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

under the same energy constraint, i.e., Eb,S +Eb,R = Eb,
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 q-th relay knows the channel coefficients {αSq,l}L−1

l=0

and {αqD,l}L−1
l=0 , where L < Lt. Based on this assump-

tion, only the “best” relay is chosen to be active among
all Q potential relays.7 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 q⋆, 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 Eq =

∑L−1
l=0 α2

Sq,l

and E ′
q =

∑L−1
l=0 α2

qD,l. The CDF and PDF of Eq can be
written as (67) and (68), respectively, where the subscript
R is replaced by the index q. Similarly, the CDF and PDF
of E ′

q are obtained as these two equations, respectively,
both with mSR being replaced by mqD, and ΦSR,ℓ (and

7We 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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ΦSR,l) being replaced by ΦqD,ℓ (and ΦqD,l). Now the best
relay can be represented by its index:

q⋆ = arg max
q∈{1,2,...,Q}

γq (24)

where γq =
ϱS Eq ϱq E′

q

ϱS Eq+ϱq E′
q+1 is the overall end-to-end SNR

corresponding to the q-th relay, and ϱq =
Eb,q

N0/2
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 [γq⋆ ≤ γth]

= Pr
[

max
q∈{1,2,...,Q}

γq ≤ γth

]
=

Q∏
q=1

Pr
[

ϱS Eq ϱq E ′
q

ϱS Eq + ϱq E ′
q + 1

≤ γth

] (25)

where

Pr
[

ϱS Eq ϱq E ′
q

ϱS Eq + ϱq E ′
q + 1

≤ γth

]
=

∫ γth
ϱs

0

fEq (x) dx+

∫ ∞

γth
ϱs

FE′
q

(
γth(ϱS x+ 1)

ϱSϱq x− ϱqγth

)
fEq (x) dx

= 1− 2
L−1∑
l=0

mSq∑
k=1

∆(l, k,mSq, {ΦSq,ℓ}L−1
ℓ=0 )

×
L−1∑
l′=0

mqD∑
k′=1

∆(l′, k′,mqD, {ΦqD,ℓ ′}L−1
ℓ ′=0)

× γth
k

(k − 1)!
(
ΦSq,l ϱS

)k
√

ΦSq,l ϱS

ΦqD,l′ϱq

(
1+

1

γth

)

× exp

(
− γth

(
1

ΦSq,l ϱS
+

1

ΦqD,l′ϱq

)) k′−1∑
i1=0

γth
i1

i1!
(
ΦqD,l′ϱq

)i1
×

i1∑
i2=0

(
i1
i2

)[
ΦqD,l′ϱq
ΦSq,l ϱS

(
1+

1

γth

)]i2
2

k−1∑
i3=0

(
k−1

i3

)

×
[
ΦSq,l ϱS

ΦqD,l′ϱq

(
1+

1

γth

)]i3
2

Ki3−i2+1

(
2

√
γth(1 + γth)

ΦSq,l ϱS ΦqD,l′ϱq

)
.

(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 q⋄ be the index of the best relay for the DTF
relaying scheme. The description of the data transmissions
from the source to the q⋄-th relay and from this relay to
the destination can be done as in the preceding scheme
except that q⋆ is substituted by q⋄, and z̄q⋄ is substituted
by b̂q⋄ = sign(zq⋄) since the relay makes a hard decision
on zq⋄ . The best relay can be represented by its index:

q⋄ = arg max
q∈{1,2,...,Q}

[min(γSq, γqD)] (27)

where γSq = Eq ϱS and γqD = E ′
q ϱq are the received

SNRs for the first and second hops, respectively, both

corresponding to the q-th relay. Consequently, we obtain
the end-to-end SNR outage probability as

Pout = Pr [γq⋄ ≤ γth]

= Pr
[

max
q∈{1,2,...,Q}

[min(γSq, γqD)] ≤ γth

]
=

Q∏
q=1

Pr [min(γSq, γqD) ≤ γth]

(28)

where

Pr [min(γSq, γqD) ≤ γth]

= 1−
[
1− FEq

(
γth/ϱS

)][
1− FE′

q

(
γth/ϱq

)]
= 1−

L−1∑
l=0

mSq∑
k=1

∆(l, k,mSq, {ΦSq,ℓ}L−1
ℓ=0)

Γ
(
k, γth

ΦSq,lϱS

)
(k − 1)!


×

L−1∑
l′=0

mqD∑
k′=1

∆(l′, k′,mqD, {ΦqD,ℓ ′}L−1
ℓ ′=0)

Γ
(
k′, γth

ΦqD,l′ϱq

)
(k′− 1)!


(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 ζ which maximizes γq
in (24) is obtained at the q-th relay as

ζopt,q =


1+ϱtot E ′

q−
√
(1+ϱtot E ′

q) (1+ϱtot Eq)

ϱtot (E ′
q − Eq)

, Eq ̸= E ′
q

0.5, Eq= E ′
q.

(30)
As in Subsection III-C.1, we can check that 0 < ζopt,q <
1. From (21) and (30), the end-to-end SNR γopt,q =

ζopt,q(1−ζopt,q) Eq E′
q ϱ2

tot
ζopt,qEq ϱtot+(1−ζopt,q) E′

q ϱtot+1 can be computed at the q-th
relay. Only the relay with the largest value of this SNR
is chosen as the active relay.8 Finally, this relay sends its
optimal ζ 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 ζ which
maximizes the term min(γSq, γqD) in (27) is obtained at
the q-th relay as

ζopt,q =

(
1 +

Eq
E ′
q

)−1

. (31)

As in Subsection III-C.2, we can check that 0 < ζopt,q <
1. From (18), (21), and (31), either the received SNR for
the first hop γSq = ζopt,q Eq ϱtot or the one for the second
hop γqD = (1−ζopt,q) E ′

q ϱtot is then calculated at the q-th
relay (because γSq and γqD 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 ζ 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.9 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[2] 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[1], and the transmitted signal
at the destination can be modeled as (5) with b being
replaced by b[2] 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 l-th finger is given by

yR,u,l(i) = b[1]
√
Ef,SαSR,u,l+b[2]

√
Ef,DαDR,u,l+nR,u,l(i);

l = 0, . . . , L− 1; i = 1, . . . , Nf

(32)

where the second term is treated as noise. Hence,
the Rake combining output can be written as
z[1]

R =
∑Nf

i=1

∑L−1
l=0 αSR,u,l yR,u,l(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 corresponding Rake combining output is
z[2]

R =
∑Nf

i=1

∑L−1
l=0 αDR,w,l yR,w,l(i).10

In the second phase, the relay transmits z[1]
R and z[2]

R at
the w-th and u-th antennas, respectively, as

xR,w(t)

= z̄[1]
R

√
E[1]

f,R

E ′
w

Nf∑
i=1

L−1∑
l=0

αRD,w,L−1−lg(t−(i+Nf−1)Tf−lTg),

(33a)
xR,u(t)

= z̄[2]
R

√
E[2]

f,R

Eu

Nf∑
i=1

L−1∑
l=0

αRS,u,L−1−lg(t−(i+Nf−1)Tf−lTg)

(33b)

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

10Recollect that the relay knows {αRD,w,l}L−1

l=0
, and αDR,w,l =

αRD,w,l owing to the channel reciprocity assumed.

where z̄[1]
R = z[1]

R

/√
NfEuB1 with B1 = Eb,SEu +

Eb,DI 2/Eu+N0/2 and I =
∑L−1

l=0 αSR,u,lαDR,u,l, and
z̄[2]

R = z[2]
R

/√
NfE ′

wB2 with B2 = Eb,DE ′
w+Eb,SI ′2/E ′

w+

N0/2 and I ′ =
∑L−1

l=0 αSR,w,lαDR,w,l. In the above
equation, z[1]

R and z[2]
R are normalized for the same reason

as zR in (8). Similar 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[1] can be expressed as

yD,L−1(i) = z̄[1]
R

√
E[1]

f,R

E ′
w

L−1∑
l=0

α2
RD,w,l

+ z̄[2]
R

√
E[2]

f,R

Eu

L−1∑
l=0

αRS,u,lαRD,w,l

+ nD,L−1(i); i = 1, . . . , Nf .

(34)

After some manipulations, we have

yD,L−1(i) = b[1]

√Eb,SE
[1]
f,REu E ′

w

B1
+ I ′I ′′

√
Eb,SE

[2]
f,R

Eu E ′
w B2


+ b[2]

I
√

Eb,DE
[1]
f,RE ′

w

Eu B1
+ I ′′

√
Eb,DE

[2]
f,RE ′

w

Eu B2

+ nD,L−1(i)

+

√
E[1]

f,RE ′
w

NfEu B1

Nf∑
i=1

L−1∑
l=0

αSR,u,lnR,u,l(i)

+ I ′′

√
E[2]

f,R

NfEu E ′
w B2

Nf∑
i=1

L−1∑
l=0

αDR,w,lnR,w,l(i)

(35)

where I ′′ =
∑L−1

l=0 αRS,u,lαRD,w,l. By assuming that
E[1]

f,R, E[2]
f,R, {αSR,u,l}L−1

l=0 , {αSR,w,l}L−1
l=0 , {αRD,u,l}L−1

l=0 ,
and {αRD,w,l}L−1

l=0 are known at the destination, the

self-interference component, i.e., b[2]

[
I
√

Eb,DE
[1]
f,RE′

w

Eu B1
+

I ′′

√
Eb,DE

[2]
f,RE′

w

Eu B2

]
, can be subtracted from yD,L−1(i) to

obtain

y̌D,L−1(i) = b[1]

√Eb,SE
[1]
f,REu E ′

w

B1
+ I ′I ′′

√
Eb,SE

[2]
f,R

Eu E ′
w B2


+

√
E[1]

f,RE ′
w

NfEu B1

Nf∑
i=1

L−1∑
l=0

αSR,u,l nR,u,l(i) + nD,L−1(i)

+ I ′′

√
E[2]

f,R

NfEu E ′
w B2

Nf∑
i=1

L−1∑
l=0

αDR,w,l nR,w,l(i).

(36)

Then, the decision variable for b[1] is given by

zD =

Nf∑
i=1

y̌D,L−1(i). (37)
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Through some tedious but straightforward calculations,
we obtain the SNR of this decision variable as

γ[1] =
ϱS Eu ϱ[1]

R E ′
w + S

ϱS Eu + ϱ[1]
R E ′

w + 1 +N
(38)

where S = ϱS ϱ
[2]
R

(
ϱSE2

u+ϱDI 2+Eu

ϱDE′2
w +ϱSI′2+E′

w

)(
I′I′′

Eu

)2
, N = ϱD

Eu
I 2+

ϱ[2]
R E ′

w

(
ϱSE2

u+ϱDI 2+Eu

ϱDE′2
w +ϱSI′2+E′

w

)(
I′′

Eu

)2
, ϱD =

Eb,D
N0/2

is the trans-

mitted SNR at the destination, and ϱ
[1]
R =

E
[1]
b,R

N0/2
and ϱ

[2]
R =

E
[2]
b,R

N0/2
are the transmitted SNRs (corresponding to b[1] and

b[2], respectively) at the relay. Similarly, given that the
source knows E[1]

f,R, E[2]
f,R, {αDR,u,l}L−1

l=0 , {αDR,w,l}L−1
l=0 ,

{αRS,u,l}L−1
l=0 , and {αRS,w,l}L−1

l=0 , the SNR of the decision
variable for b[2] is

γ[2] =
ϱ[2]

R Eu ϱD E ′
w + S ′

ϱ[2]
R Eu + ϱD E ′

w + 1 +N ′
(39)

where S ′ = ϱ[1]
R ϱD

(
ϱDE′2

w +ϱSI′2+E′
w

ϱSE2
u+ϱDI 2+Eu

)(
I I′′

E′
w

)2
and N ′ =

ϱS
E′
w
I ′2+ ϱ[1]

R Eu
(
ϱDE′2

w +ϱSI′2+E′
w

ϱSE2
u+ϱDI 2+Eu

)(
I′′

E′
w

)2
.

It 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[1]

R and z[2]
R 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 I ′′ = I ′ = I in (33)-(39).

As in [52], we assume that, in the two-way AF system,
an outage occurs when both γ[1] and γ[2] fall below the
prespecified SNR threshold γth. The outage probability is
thus written as

Pout = Pr
[
max(γ[1], γ[2]) ≤ γth

]
. (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 z[1]

R and z[1]
R , yielding b̂[1]

R =
sign(z[1]

R ) and b̂[2]
R = sign(z[2]

R ). 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 z̄[1]

R being replaced by b̂[1]
R and z̄[2]

R
being replaced by b̂[2]

R . Using the assumption that the
destination knows E[2]

f,R, {αSR,u,l}L−1
l=0 , and {αRD,w,l}L−1

l=0 ,

the interference term b̂[2]
R

√
E[2]

f,R

/
Eu
∑L−1

l=0 αRS,u,lαRD,w,l

can be subtracted from yD,L−1(i) or not depending on
whether the relay detects b[2] correctly.11 More precisely,
after generating b[2]

√
E[2]

f,R

/
Eu
∑L−1

l=0 αRS,u,lαRD,w,l and

11Different from most work on two-way relaying [26]–[28], we do
not assume that the relay can detect b[1] and b[2] without errors.

subtracting it from yD,L−1(i), the destination obtains

y̌D,L−1(i)=



b̂[1]
R

√
E[1]

f,R

E ′
w

L−1∑
l=0

α2
RD,w,l+nD,L−1(i), b̂

[2]
R =b[2]

b̂[1]
R

√
E[1]

f,R

E ′
w

L−1∑
l=0

α2
RD,w,l+

(̂
b[2]

R − b[2]
)√E[2]

f,R

Eu

×
L−1∑
l=0

αRS,u,lαRD,w,l+nD,L−1(i), b̂[2]
R ̸=b[2].

(41)
Finally, the decision variable for b[1] is given by (37). It
is straightforward to show that the received SNRs for the
S→R link and R→D link are, respectively,

γ[1]
SR =

ϱS Eu
1 + ϱDI 2

Eu

, (42a)

γ[1]
RD =


ϱ[1]

R E ′
w , b̂[1]

R = b[1]

ϱ[1]
R E ′

w

1 +
4ϱ[2]

R I′′2

Eu

, b̂[1]
R ̸= b[1]. (42b)

Likewise, given that the source knows E[1]
f,R,

{αDR,w,l}L−1
l=0 , and {αRS,u,l}L−1

l=0 , the received SNRs for
the D→R link and R→S link are obtained, respectively,
as

γ[2]
DR =

ϱD E ′
w

1 + ϱSI′2

E′
w

, (43a)

γ[2]
RS =


ϱ[2]

R Eu , b̂[2]
R = b[2]

ϱ[2]
R Eu

1 +
4ϱ[1]

R I′′2

E′
w

, b̂[2]
R ̸= b[2]. (43b)

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 z[1]

R and z[2]
R 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 z̄[1]

R
being replaced by b̂[1]

R and z̄[2]
R being replaced by b̂[2]

R .
Therefore, we have I ′′ = I ′ = I in (42) and (43).

Analogous to (40), we have

Pout = Pr
[
max

(
min(γ[1]

SR, γ
[1]
RD), min(γ

[2]
DR, γ

[2]
RS)
)
≤ γth

]
.

(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
assume that ϱS = ϱD = ζ ϱtot and ϱ[1]

R = ϱ[2]
R = (1−ζ) ϱtot.

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 ϱtot is large enough such that ϱSE2

u +
ϱDI 2 + Eu ≈ ϱSE2

u + ϱDI 2 and ϱDE ′2
w + ϱSI ′2 + E ′

w ≈
ϱDE ′2

w + ϱSI ′2. Hence, the SNR γ[1] in (38) can be
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approximated as

γ[1] ≈ C3(1− ζ)ζ

C2ζ + C1
, γ[1]

ap (45)

where C1 = ϱtot E ′
w

[
1 +
(
E2
u+I 2

E′2
w +I′2

)(
I′′

Eu

)2]
+ 1, C2 =

ϱtot

[
Eu + I2

Eu
− E ′

w − E ′
w

(
E2
u+I 2

E′2
w +I′2

)(
I′′

Eu

)2]
, and C3 =

ϱ2tot

[
Eu E ′

w +
(
E2
u+I 2

E′2
w +I′2

)(
I′I′′

Eu

)2]
. Let ζ [1]

ap be the optimal

ζ, which maximizes γ[1]
ap in (45). It is easy to show that

ζ [1]
ap =


√
C1 (C1 + C2)− C1

C2
, C2 ̸= 0

0.5 , C2 = 0.
(46)

Since C1 + C2 > 1, it can be verified that ζ [1]
ap in (46)

is always in the interval (0, 1). Similarly, the SNR γ[2]

in (39) can be approximated as

γ[2] ≈ C ′
3(1− ζ)ζ

C ′
2ζ + C ′

1

, γ[2]
ap (47)

where C ′
1 = ϱtot Eu

[
1 +
(
E′2
w +I′2

E2
u+I 2

)(
I′′

E′
w

)2]
+ 1, C ′

2 =

ϱtot

[
E ′
w + I′2

E′
w
− Eu − Eu

(
E′2
w +I′2

E2
u+I 2

)(
I′′

E′
w

)2]
, and C ′

3 =

ϱ2tot

[
Eu E ′

w +
(
E′2
w +I′2

E2
u+I 2

)(
II′′

E′
w

)2]
. The optimal ζ, which

maximizes γ[2]
ap in (47), is given by

ζ [2]
ap =


√
C ′

1 (C
′
1 + C ′

2)− C ′
1

C ′
2

, C ′
2 ̸= 0

0.5 , C ′
2 = 0.

(48)

It is clear that γ[1]
ap in (45) and γ[2]

ap in (47) cannot be
simultaneously maximized. The optimal ζ, which minim-
izes the outage probability in (40), can be approximately
obtained as

ζopt ≈

{
ζ [1]

ap , γ[1]
ap > γ[2]

ap

ζ [2]
ap , γ[1]

ap ≤ γ[2]
ap .

(49)

In Subsection V-A.1, we assume that {αSR,u,l}L−1
l=0 ,

{αSR,w,l}L−1
l=0 , {αRD,u,l}L−1

l=0 , and {αRD,w,l}L−1
l=0 are

known at the source, relay, and destination. Thus, ζopt
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[1] and b[2] correctly.
Under this assumption, we denote γ[1]

RD in (42b) and γ[2]
RS

in (43b) as γ[1]
ideal,RD = ϱ[1]

R E ′
w and γ[2]

ideal,RS = ϱ[2]
R Eu,

respectively. Let ζ [1]
ideal be the optimal ζ, which maximizes

min(γ[1]
SR, γ

[1]
ideal,RD). This optimal value can be found by

equating γ[1]
SR in (42a) and γ[1]

ideal,RD, yielding

ζ [1]
ideal =

√
D2

1 + 4 E ′
w D2 −D1

2D2
(50)

where D1 = Eu+ E ′
w −D2 and D2 =

ϱtot E′
wI2

Eu
. Note that

D2 > 0 and D2
1 + 4 E ′

w D2 < (Eu + E ′
w + D2)

2. Then,

it is easily checked that ζ [1]
ideal in (50) is always in the

interval (0, 1). Likewise, the optimal ζ, which maximizes
min(γ[2]

DR, γ
[2]
ideal,RS), is given by

ζ [2]
ideal =

√
D′2

1 + 4 Eu D′
2 −D′

1

2D′
2

(51)

where D′
1 = Eu + E ′

w − D′
2 and D′

2 = ϱtot EuI′2

E′
w

. It
is obvious that min(γ[1]

SR, γ
[1]
ideal,RD) and min(γ[2]

DR, γ
[2]
ideal,RS)

cannot be maximized at the same time. The optimal ζ,
which minimizes the outage probability in (44), can be
approximately obtained as

ζopt ≈

{
ζ [1]

ideal, min(γ[1]
SR, γ

[1]
ideal,RD) > min(γ[2]

DR, γ
[2]
ideal,RS)

ζ [2]
ideal, min(γ[1]

SR, γ
[1]
ideal,RD) ≤ min(γ[2]

DR, γ
[2]
ideal,RS).

(52)
Recall that the relay knows {αSR,u,l}L−1

l=0 , {αSR,w,l}L−1
l=0 ,

{αRD,u,l}L−1
l=0 , and {αRD,w,l}L−1

l=0 , while the source and
destination know {αSR,u,l}L−1

l=0 and {αRD,w,l}L−1
l=0 but

not {αSR,w,l}L−1
l=0 and {αRD,u,l}L−1

l=0 . Therefore, the relay
computes ζopt 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., u = 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 q•. The best relay can be represented by its
index:

q• = arg max
q∈{1,2,...,Q}

[max(γ[1]
q , γ[2]

q )] (53)

where

γ[1]
q =

ϱS Eq ϱ[1]
q E ′

q + Sq

ϱS Eq + ϱ[1]
q E ′

q + 1 +Nq

(54)

with Sq = ϱS ϱ
[2]
q

(
ϱSE2

q+ϱDI 2
q +Eq

ϱDE′2
q +ϱSI 2

q +E′
q

)(
I 2
q

Eq

)2
, Nq = ϱD

Eq
I 2
q +

ϱ[2]
q E ′

q

(
ϱSE2

q+ϱDI 2
q +Eq

ϱDE′2
q +ϱSI 2

q +E′
q

)(
Iq

Eq

)2
, Iq =

∑L−1
l=0 αSq,lαDq,l,

ϱ
[1]
q =

E
[1]
b,q

N0/2
, and ϱ

[2]
q =

E
[2]
b,q

N0/2
, and

γ[2]
q =

ϱ[2]
q Eq ϱD E ′

q + S ′
q

ϱ[2]
q Eq + ϱD E ′

q + 1 +N ′
q

(55)

with S ′
q = ϱ[1]

q ϱD

(
ϱDE′2

q +ϱSI 2
q +E′

q

ϱSE2
q+ϱDI 2

q +Eq

)(
I 2
q

E′
q

)2
and N ′

q =

ϱS
E′
q
I 2
q + ϱ[1]

q Eq
(
ϱDE′2

q +ϱSI 2
q +E′

q

ϱSE2
q+ϱDI 2

q +Eq

)(
Iq

E′
q

)2
. The corresponding

outage probability is given by Pout = Pr
[
max(γ[1]

q• , γ
[2]
q• ) ≤

γth

]
, which has no closed-form expression and is obtained

by means of simulations.
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2) Detect-and-Forward Relaying: Let q∗ 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 u (= w ) is dropped, and the
subscript R is replaced by the index q∗. The best relay
can be represented by its index:

q∗= arg max
q∈{1,2,...,Q}

[
max

(
min(γ[1]

Sq , γ
[1]
qD), min(γ

[2]
Dq, γ

[2]
qS )
)]

(56)
where

γ[1]
Sq =

ϱS Eq
1 +

ϱDI 2
q

Eq

, (57a)

γ[1]
qD =


ϱ[1]
q E ′

q , b̂[1]
q = b[1]

ϱ[1]
q E ′

q

1 +
4ϱ[2]

q I2
q

Eq

, b̂[1]
q ̸= b[1], (57b)

and

γ[2]
Dq =

ϱD E ′
q

1 +
ϱSI2

q

E′
q

, (58a)

γ[2]
qS =


ϱ[2]
q Eq , b̂[2]

q = b[2]

ϱ[2]
q Eq

1 +
4ϱ[1]

q I2
q

E′
q

, b̂[2]
q ̸= b[2]. (58b)

The outage probability for this relaying scheme is given
by Pout= Pr

[
max
(
min(γ[1]

Sq∗ ,γ
[1]
q∗D), min(γ

[2]
Dq∗ ,γ

[2]
q∗S)
)
≤ γth

]
,

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 γ[1]

q in (54) is obtained as γ[1]
ap,q =

P3,q(1−ζ)ζ
P2,qζ+P1,q

, and the optimal ζ maximizing γ[1]
ap,q is

ζ [1]
ap,q =


√

P1,q (P1,q + P2,q)− P1,q

P2,q
, P2,q ̸= 0

0.5 , P2,q = 0

(59)

where P1,q = ϱtot E ′
q

[
1 +
(
E2
q+I 2

q

E′2
q +I 2

q

)(
Iq

Eq

)2]
+ 1, P2,q =

ϱtot

[
Eq +

I 2
q

Eq
− E ′

q − E ′
q

(
E2
q+I 2

q

E′2
q +I 2

q

)(
Iq

Eq

)2]
, and P3,q =

ϱ2tot

[
Eq E ′

q +
(
E2
q+I 2

q

E′2
q +I 2

q

)(
I 2
q

Eq

)2]
. Since P1,q + P2,q > 1, it

can be verified that ζ [1]
ap,q in (59) is always in the interval

(0, 1). Similarly, the high-SNR approximation of γ[2]
q

in (55) is given by γ[2]
ap,q =

P ′
3,q(1−ζ)ζ

P ′
2,qζ+P ′

1,q
, and the optimal ζ

maximizing γ[2]
ap,q is

ζ [2]
ap,q =


√

P ′
1,q

(
P ′
1,q + P ′

2,q

)
− P ′

1,q

P ′
2,q

, P ′
2,q ̸= 0

0.5 , P ′
2,q = 0

(60)

where P ′
1,q = ϱtot Eq

[
1 +
(
E′2
q +I 2

q

E2
q+I 2

q

)(
Iq

E′
q

)2]
+ 1, P ′

2,q =

ϱtot

[
E ′
q +

I 2
q

E′
q
− Eq − Eq

(
E′2
q +I 2

q

E2
q+I 2

q

)(
Iq

E′
q

)2]
, and P ′

3,q =

ϱ2tot

[
Eq E ′

q +
(
E′2
q +I 2

q

E2
q+I 2

q

)(
I 2
q

E′
q

)2]
. It is straightforward to show

that the optimal ζ maximizing the term max(γ[1]
q , γ[2]

q )
in (53) is approximately

ζopt,q ≈

{
ζ [1]

ap,q , γ[1]
ap,q > γ[2]

ap,q

ζ [2]
ap,q , γ[1]

ap,q ≤ γ[2]
ap,q.

(61)

At the q-th relay, max(γ[1]
q , γ[2]

q ) is then computed us-
ing (54), (55), (59)-(61). Only the relay with the largest
value of this maximum is chosen as the active relay.12 For
the same reason as in the AF scheme in Subsection V-A.3,
the optimal ζ 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-
lytical tractability, we presume that any of the available
relays detects the data bits b[1] and b[2] correctly. Under
this assumption, we denote γ[1]

qD in (57b) and γ[2]
qS in (58b)

as γ[1]
ideal,qD = ϱ[1]

q E ′
q and γ[2]

ideal,qS = ϱ[2]
q Eq, respectively.

Following the same procedure as in Subsection V-A.3,
the optimal ζ, which maximizes min(γ[1]

Sq , γ
[1]
ideal,qD), is

obtained as

ζ [1]
ideal,q =

√
W 2

1,q + 4 E ′
q W2,q −W1,q

2W2,q
(62)

where W1,q = Eq +E ′
q −W2,q and W2,q =

ϱtot E′
qI

2
q

Eq
. Note

that W2,q > 0 and W 2
1,q+4 E ′

q W2,q < (Eq+E ′
q+W2,q)

2.
Thus, it is easily checked that ζ [1]

ideal,q in (62) is always
in the interval (0, 1). Similarly, the optimal ζ, which
maximizes min(γ[2]

Dq, γ
[2]
ideal,qS), is given by

ζ [2]
ideal,q =

√
W ′2

1,q + 4 Eq W ′
2,q −W ′

1,q

2W ′
2,q

(63)

where W ′
1,q = Eq + E ′

q − W ′
2,q and W ′

2,q =
ϱtot EqI 2

q

E′
q

. It
is straightforward to show that the optimal ζ maximizing
the term max

(
min(γ[1]

Sq , γ
[1]
qD) , min(γ

[2]
Dq, γ

[2]
qS )
)

in (56) is
approximately

ζopt,q ≈

{
ζ [1]

ideal,q, min(γ
[1]
Sq , γ

[1]
ideal,qD) > min(γ[2]

Dq, γ
[2]
ideal,qS)

ζ [2]
ideal,q, min(γ

[1]
Sq , γ

[1]
ideal,qD) ≤ min(γ[2]

Dq, γ
[2]
ideal,qS).

(64)
At the q-th relay, max

(
min(γ[1]

Sq , γ
[1]
qD) , min(γ

[2]
Dq, γ

[2]
qS )
)

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 ζ 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 = 4 m, ζ = 0.5).

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 GSR and GRD
are calculated according to the UWB path loss model
described in [31, eq. (1)]. Recall that the antenna index
j is dropped for notational simplicity. In generating the
UWB energy-normalized channel coefficients {φSR,l}L−1

l=0

and {φRD,l}L−1
l=0 , we assume that Tg = 2 ns, Lt = 50,

mSR = mRD = 2, ΩSR,0 = ΩRD,0 = 0.054, and ϖSR =
ϖRD =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 q since the Q single-antenna relays
are considered in lieu of the multiple-antenna relay. To
simplify simulations, we assume that Nf = 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 (γth) 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, Q = 1 and M > 1,
and computed with (14)-(16)), and those using the best
relay among the Q available single-antenna relays (i.e.,
Q > 1 and M = 1, and computed with (25) and (26)).
For comparison, the simulated outage curves are also
plotted. The abscissa indicates the total transmitted SNR
(ϱtot). 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., ζ = 0.5 in (21). The theoretical
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Figure 4. Outage probabilities of the one-way DTF systems in sym-
metric channels (d = 4 m, ζ = 0.5).

and simulated outage curves of the baseline AF system
(i.e, Q = 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 Q. When the product of Q 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 Q = 1 and M > 1, and computed with (28) and (29)
for Q > 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 (ζ = 0.5) and those with optimal power
allocation (ζopt in (22) for Q = 1 and M = 4, and
ζopt,q in (30) for Q = 4 and M = 1), when ϱtot = 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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Figure 5. Impact of power optimization on the performance of the
one-way AF systems.
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Figure 6. Impact of power optimization on the performance of the
one-way DTF systems.

instantaneous CSI [see (22) and (30)]. From Fig. 5, it
is clear that the optimal power allocation for both the
AF system with Q = 1 and M = 4, and the one with
Q = 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 (ζ = 0.5) and those with
optimal power allocation (ζopt in (23) for Q = 1 and
M = 4, and ζopt,q in (31) for Q = 4 and M = 1),
when ϱtot = 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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Figure 7. Effect of the spatial correlation coefficient ρ on the perform-
ance of the one-way AF and DTF systems (d = 4 m, ζ = 0.5, Q = 1,
M = 4, L = 1).
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Figure 8. Effect of the spatial correlation coefficient ρ on the per-
formance of the one-way AF and DTF systems (d = 4 m, ζ = 0.5,
L = 10).

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 Eu and E ′

w 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 ρ (see
Appendix A), on these outage probabilities with M = 4
and L = 1, assuming ζ = 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 Eu and
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Figure 9. Outage probabilities of the two-way AF systems in symmetric
channels (d = 4 m, ζ = 0.5).
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Figure 10. Outage probabilities of the two-way DTF systems in
symmetric channels (d = 4 m, ζ = 0.5).

E ′
w 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 ρ ≤ 0.3 and ρ ≤ 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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Figure 11. Impact of power optimization on the performance of the
two-way AF systems.
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Figure 12. Impact of power optimization on the performance of the
two-way DTF systems.

using the single-antenna relay selection (computed with
Pr
[
max(γ[1]

q• , γ
[2]
q• ) ≤ γth

]
). In this figure, equal power

allocation (i.e., ϱS = ϱD = ϱ[1]
R (or ϱ[1]

q ) = ϱ[2]
R (or ϱ[2]

q ) =
0.5 ϱtot) 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
Q = 1 and M > 1, and computed with
Pr
[
max
(
min(γ[1]

Sq∗ , γ
[1]
q∗D), min(γ

[2]
Dq∗ , γ

[2]
q∗S)

)
≤ γth

]
for

Q > 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 Q = 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 = 4 m, ζ = 0.5).

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 (i.e., ϱS = ϱD = ζ ϱtot and
ϱ[1]

R (or ϱ[1]
q ) = ϱ[2]

R (or ϱ[2]
q ) = (1 − ζ) ϱtot where ζ is

equal to ζopt in (49) for Q = 1 and M = 4, and ζ is
equal to ζopt,q in (61) for Q = 4 and M = 1), when
ϱtot = 32.5 dB. As a reference, we also plot the outage
curves corresponding to the case where Eb,S, E[1]

b,R (or
E[1]

b,q), E[2]
b,R (or E[2]

b,q), and Eb,D are all optimized subject
to the constraint Eb,S + E[1]

b,R (or Eb,S + E[1]
b,q) = E[2]

b,R +

Eb,D (or E[2]
b,q+Eb,D) = Eb. 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., ζopt in (52) for Q = 1 and M = 4, and ζopt,q in (64)
for Q = 4 and M = 1), when ϱtot = 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
ζ = 0.5 and the one using ζopt when d = 3 m in Fig. 12.
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Figure 14. Outage probabilities of the one-way DTF systems in an
IEEE 802.15.3a UWB channel (CM1, d = 4 m, ζ = 0.5).

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.13

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 (Q = 1 and M > 1) and
of the single-antenna relay selection (Q > 1 and M = 1)
in the IEEE 802.15.3a channel are more pronounced than
in the dense multipath channel. For instance, at BER =
10−3, the one-way AF system with Q = 1 and M = 4
has a 3.3-dB SNR gain compared to that with Q = 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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Figure 15. Outage probabilities of the two-way AF systems in an IEEE
802.15.3a UWB channel (CM1, d = 4 m, ζ = 0.5).

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 used14 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 = 4 m, ζ = 0.5).

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 Eu and E ′
w

Referring back to Section II, let us first consider
the case that the channel coefficients {αSR,j,l}Mj=1 are
statistically independent and so are {αRD,j,l}Mj=1. We refer
to this case as spatial uncorrelation case. In order to find
the CDF and PDF of Eu = max

j∈{1,...,M}
Ej , we need to find

the CDF and PDF of Ej=
∑L−1

l=0 ξj,l where ξj,l = α2
SR,j,l.

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 ΦSR,l =
GSRηSR,l = GSRΩSR,l/mSR and ΦRD,l = GRDηRD,l =
GRDΩRD,l/mRD for ease of exposition. Using (3), (4) and
with the help of [56, eq. (7)], we obtain

fξl(x;mSR,ΦSR,l) =
xmSR−1

ΦmSR
SR,l(mSR−1)!

exp

(
− x

ΦSR,l

)
U(x)

(65)
and

Fξl(x;mSR,ΦSR,l) =

1− Γ
(
mSR,

x
ΦSR,l

)
(mSR − 1)!

U(x)

=

[
1− e

− x
ΦSR,l

mSR−1∑
v=0

1

v!

(
x

ΦSR,l

)v]
U(x).

(66)

344 JOURNAL OF COMMUNICATIONS, VOL. 7, NO. 4, APRIL 2012

© 2012 ACADEMY PUBLISHER



Applying Theorem 1 in [57], the PDF and CDF of E can
be derived, respectively, as

fE(x)=
L−1∑
l=0

mSR∑
k=1

∆(l, k,mSR, {ΦSR,ℓ}L−1
ℓ=0 ) fξl(x; k,ΦSR,l),

(67)

FE(x)=
L−1∑
l=0

mSR∑
k=1

∆(l, k,mSR, {ΦSR,ℓ}L−1
ℓ=0 )Fξl(x; k,ΦSR,l)

(68)
where

∆(l, k,mSR, {ΦSR,ℓ}L−1
ℓ=0 )=

(−1)(L−1)mSR Φk
SR,l

[(mSR−1)!]
L−1∏L−1

ℓ=0 Φ
mSR
SR,ℓ

×
mSR∑
i1=k

i1∑
i2=k

· · ·
iL−3∑

iL−2=k

[
(2mSR−i1−1)! (iL−2+mSR−k−1)!

(mSR−i1)! (iL−2−k)!

×
(

1

ΦSR,l
− 1

ΦSR,L−2+U(L−2−l)

)k−iL−2−mSR

×
(

1

ΦSR,l
− 1

ΦSR,0+U(−l)

)i1−2mSRL−3∏
p=1

(mSR+ip−ip+1−1)!

(ip−ip+1)!

×
(

1

ΦSR,l
− 1

ΦSR,p+U(p−l)

)ip+1−ip−mSR
]
.

(69)

Following [57, eq. (8)], we can calculate
∆(l, k,mSR, {ΦSR,ℓ}L−1

ℓ=0 ) recursively as

∆(l,mSR − k,mSR, {ΦSR,ℓ}L−1
ℓ=0 ) =

mSR

k

L−1∑
p,ℓ=0

ℓ̸=l

1

Φp+1
SR,l

×
(

1

ΦSR,l
− 1

ΦSR,ℓ

)−(p+1)

∆(l,mSR−k+p+1,mSR,{ΦSR,ℓ}L−1
ℓ=0)

(70)

with ∆(l, k,mSR, {ΦSR,ℓ}L−1
ℓ=0 ) =

1∏L−1

ℓ=0,
ℓ̸=l

Φ
mSR
SR,ℓ

∏L−1
p=0,

p ̸=l

(
1

ΦSR,p
− 1

ΦSR,l

)−mSR

. Using (65)-

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

Ξk =
1

(k − 1)! Φk−1
SR,l

mSR∑
c=k

∆(l, c,mSR, {ΦSR,ℓ}L−1
ℓ=0 ),

(71)
the CDF and PDF of Eu can be expressed, respectively,
as
FEu(x)

=

[
1+

M∑
v=1

(−1)v
(
M

v

)L−1∑
l1=0

mSR∑
k1=1

· · ·
L−1∑
lv=0

mSR∑
kv=1

v∏
p=1

Ξkpx
A1e−A2x

]
U(x),

(72)

fEu(x)=M

L−1∑
l=0

mSR∑
k=1

∆(l, k,mSR,{ΦSR,ℓ}L−1
ℓ=0 )

xk−1

Φk
SR,l(k−1)!

× exp

(
− x

ΦSR,l

)[
1 +

M−1∑
v=1

(−1)v
(
M − 1

v

)
×

L−1∑
l1=0

mSR∑
k1=1

· · ·
L−1∑
lv=0

mSR∑
kv=1

v∏
p=1

Ξkpx
A1e−A2x

]
U(x)

(73)

where A1 =
∑v

p=1kp − v and A2 =
∑v

p=1
1

ΦSR,lp
.

Similarly, the CDF and PDF of E ′
w are obtained as (72)

and (73), respectively, both with mSR, ΦSR,ℓ (and ΦSR,l),
{lp}vp=1, {kp}vp=1, Ξkp , A1, and A2 being replaced by
mRD, ΦRD,ℓ′ (and ΦRD,l′), {l′p′}v

′

p′=1, {k′p′}v
′

p′=1, Ξ′
k′
p′

=
1

(k′
p′−1)! Φ

k′
p′

−1

RD,l′

∑mRD
c′=k′

p′
∆(l′, c′,mRD,{ΦRD,ℓ′}L−1

ℓ′=0), A3 =∑v′

p′=1k
′
p′− v′, and A4 =

∑v′

p′=1
1

ΦRD,l′
p′

, respectively.

Next, we consider the so-called spatial correlation case
where the channel coefficients {αSR,j,l}Mj=1 are statis-
tically correlated and so are {αRD,j,l}Mj=1. Let us define
the correlation coefficient between ξj,l and ξj′,l as ρj,j′ =
Cov[ξj,l, ξj′,l]

/√
Var[ξj,l]Var[ξj′,l], and the one between

ξ′j,l and ξ′j′,l as ρ′j,j′ = Cov[ξ′j,l, ξ
′
j′,l]
/√

Var[ξ′j,l]Var[ξ′j′,l]

where ξ′j,l = α2
RD,j,l. The coefficients ρj,j′ and ρ′j,j′

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 ρj,j′ = ρ′j,j′ = ϱ|j−j′|,
where 0 ≤ ρ ≤ 1 and j, j′ = 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 Eu is given by [59, eq. (15)]

FEu(x)=
(1− ρ)mSR

(mSR−1)!

∞∑
i1=0

∞∑
i2=0

· · ·
∞∑

iM−1=0

[
M−1∏
v=1

ρiv

iv! (mSR+iv−1)!

]

×

{
g
(
mSR+i1,

x

ΦSR,0(1− ρ)

)
g
(
mSR+iM−1,

x

ΦSR,0(1− ρ)

)

×
M−1∏
c=2

g
(
mSR+ic+ic−1,

(1 + ρ)x

ΦSR,0(1−ρ)

)/
(1+ρ)mSR+ic+ic−1

}
U(x).

(74)

From (74), we can obtain the PDF of Eu as (75), shown at
the top of the next page. Likewise, the CDF and PDF of
E ′
w are obtained as (74) and (75), respectively, both with

mSR being replaced by mRD and ΦSR,0 being replaced by
ΦRD,0. To the best of our knowledge, however, there are
no closed-form expressions for the CDFs and PDFs of Eu
and E ′

w in the case of L > 1.

B. Derivation of J2

Using (72) and (73), the integral J2 in (14) can be
rewritten as

J2 = J3 + J4 + J5 + J6 (76)

where the expressions of {Jn}6n=3 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).
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×
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+ exp
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(
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x
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×
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(
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(75)

REFERENCES

[1] M. Z. Win and R. A. Scholtz, “Impulse radio: How it
works,” IEEE Commun. Lett., vol. 2, no. 2, pp. 36–38,
Feb. 1998.

[2] S. Roy, J. R. Foerster, V. S. Somayazulu, and D. G. Leeper,
“Ultrawideband radio design: The promise of high-speed,
short-range wireless connectivity,” Proc. IEEE, vol. 92,
no. 2, pp. 295–311, Feb. 2004.

[3] Federal Communications Commission (FCC), “First report
and order in the matter of revision of part 15 of the
commission’s rules regarding ultra-wideband transmission
systems,” Tech. Rep. ET Docket 98-153, FCC 02-48, Apr.
2002.

[4] R. Pabst, B. H. Walke, D. C. Schultz, P. Her-
hold, H. Yanikomeroglu, S. Mukherjee, H. Viswanathan,
M. Lott, W. Zirwas, M. Dohler, H. Aghvami, D. D.
Falconer, and G. P. Fettweis, “Relay-based deployment
concepts for wireless and mobile broadband radio,” IEEE
Commun. Mag., vol. 42, no. 9, pp. 80–89, Sep. 2004.

[5] C. Cho, H. Zhang, and M. Nakagawa, “A UWB repeater
with a short relaying-delay for range extension,” in Proc.
IEEE WCNC, vol. 2, Atlanta, GA, Mar. 2004, pp. 1154–
1158.

[6] T. Q. S. Quek, M. Z. Win, and M. Chiani, “Distributed di-
versity in ultrawide bandwidth wireless sensor networks,”
in Proc. IEEE VTC, vol. 2, Stockholm, Sweden, May 2005,
pp. 1355–1359.

[7] C. Abou-Rjeily, N. Daniele, and J.-C. Belfiore, “On the
decode-and-forward cooperative diversity with coherent
and non-coherent UWB systems,” in Proc. IEEE ICUWB,
Waltham, MA, Sep. 2006, pp. 435–440.

[8] C. Cho, H. Zhang, and M. Nakagawa, “A short delay relay
scheme using shared frequency repeater for UWB impulse
radio,” IEICE Trans. Fundam. Electron. Commun. Comput.
Sci., vol. E90-A, no. 7, pp. 1444–1451, Jul. 2007.

[9] S. Zhu and K. K. Leung, “Cooperative orthogonal MIMO-
relaying for UWB ad-hoc networks,” in Proc. IEEE
GLOBECOM, Washington, DC, Nov. 2007, pp. 5175–
5179.

[10] C. Abou-Rjeily, N. Daniele, and J.-C. Belfiore, “On
the amplify-and-forward cooperative diversity with time-
hopping ultra-wideband communications,” IEEE Trans.
Commun., vol. 56, no. 4, pp. 630–641, Apr. 2008.

[11] K. Maichalernnukul, T. Kaiser, and F. Zheng, “Rake fingers
versus multiple antennas for UWB relay systems – Which
one is better?” in Proc. IEEE ICUWB, vol. 1, Hannover,
Germany, Sep. 2008, pp. 63–66.

[12] ——, “Performance investigation of a UWB relay system
using multiple relays with multiple antennas in IEEE

802.15.3a channel,” in Proc. IEEE VTC, Barcelona, Spain,
Apr. 2009, pp. 1–6.

[13] A. Adinoyi and H. Yanikomeroglu, “Cooperative relaying
in multi-antenna fixed relay networks,” IEEE Trans. Wire-
less Commun., vol. 6, no. 2, pp. 533–544, Feb. 2007.

[14] A. F. Molisch and M. Z. Win, “MIMO systems with
antenna selection,” IEEE Microwave Mag., vol. 5, no. 1,
pp. 46–56, Mar. 2004.

[15] S. Sanayei and A. Nosratinia, “Antenna selection in MIMO
systems,” IEEE Commun. Mag., vol. 42, no. 10, pp. 68–73,
Oct. 2004.

[16] J.-B. Kim and D. Kim, “End-to-end BER performance of
cooperative MIMO transmission with antenna selection in
Rayleigh fading,” in Proc. ACSSC, Pacific Grove, CA, Oct.
2006, pp. 1654–1657.

[17] J. D. Choi and W. E. Stark, “Performance of ultra-
wideband communications with suboptimal receiver in
multipath channels,” IEEE J. Sel. Areas Commun., vol. 20,
no. 9, pp. 1754–1766, Dec. 2002.

[18] A. Bletsas, H. Shin, and M. Z. Win, “Cooperative com-
munications with outage-optimal opportunistic relaying,”
IEEE Trans. Wireless Commun., vol. 6, no. 9, pp. 3450–
3460, Sep. 2007.

[19] E. Beres and R. Adve, “Selection cooperation in multi-
source cooperative networks,” IEEE Trans. Wireless Com-
mun., vol. 7, no. 1, pp. 118–127, Jan. 2008.

[20] A. Adinoyi, Y. Fan, H. Yanikomeroglu, and H. V. Poor,
“On the performance of selection relaying,” in Proc. IEEE
VTC, Calgary, Canada, Sep. 2008, pp. 1–5.
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