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Abstract—In this paper we propose multiuser two-way relaying
strategies for pairwise internode communication in a network
consisting of ultra-wideband (UWB) transceivers with limited
signal processing capability, via a central relay unit. We propose
reducing the complexity associated with the design of filters at
the relay by using pre/post-rake processing in conjunction with
optimized filtering at the relay. Two relaying strategies relevant to
multipath fading channels, namely detect-and-forward and filter-
and-forward with self-interference cancelation, are considered.
For both methods, we start with a convex optimization problem
formulation with closed-form solutions, then extend the design
to the more general case which is a non-convex problem and
use an alternating optimization algorithm to solve the design
problems. Furthermore, for both design schemes widely linear
design formulations are devised. The presented numerical results
demonstrate the capability of the proposed design schemes in
establishing a reliable communication link between nodes with
limited signal processing power and in absence of a direct link.

Index Terms—Detect-and-forward relaying, filter-and-forward
relaying, intersymbol interference, multi-way relaying, multiuser
interference, multiuser two-way relaying, pre-rake filtering, self-
interference cancelation, ultra-wideband (UWB), UWB relay
communication.

I. INTRODUCTION

There is an ongoing quest for wireless solutions that satisfy
criteria such as low power consumption, security and relia-
bility, in a network of low complexity nodes. Examples of
applications for such a network setup are wire replacement in
personal area networks for multimedia communications [1],
intravehicle communication [2] and the more recent wireless
interchip communication [3]. One of the potential solutions
that can efficiently provide most of these features is an ultra-
wideband (UWB) based communication system with a central
station and large number of low complexity nodes, where the
complexity is shifted from the nodes to the central transceiver
unit [4]. In such a system reliable communication between
the central unit and the nodes is achieved by use of pre-rake
and pre-equalization filters at the central unit. Considering the
asymmetric signal processing capability at the nodes and the
central unit, it is possible to achieve reliable internode links
via relaying through the central unit.

Relaying can play a significant role in extending the range
and throughput of UWB systems, where the communication
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range is typically limited to less than 10 meters due to
restrictions on average power spectral density [5]. In particular,
multi-way relaying which has higher spectral efficiency com-
pared to one-way and two-way relaying schemes [6], has the
potential for enabling high data rate UWB links [7]. Multiuser
two-way relaying is a special case of multi-way relaying,
where multiple pairwise links are established simultaneously
through the relay.

A. Related Work and Contributions

There exists a large body of literature on relaying and the
many variants of relaying protocols. In the following we start
by describing some of the relevant work for relaying over
frequency-flat channels and then narrow it down to methods
tailored for frequency-selective channels and UWB relaying.

Relaying over frequency-flat channels with multiple-input
multiple-output (MIMO) precoding at the relay has been stud-
ied in [8]–[12]. In reference [8], two-way amplify-and-forward
(AF) relaying with transmit and receiver beam-forming at the
source and destination and precoding at the central relay for
a single pair of nodes is considered. Two design strategies
based on zero-forcing and a minimum mean-square error
(MMSE) criterion are developed for the relay pre-coding
matrix. Multiuser two-way relaying with MIMO precoding at
the relay is considered in [9], where an iterative approach for
the joint design of the relay pre-coder matrix and the receive
beam-forming at the destination for multiple pairs of nodes
is derived. The joint design of source and relay precoders for
multi-way relaying has been considered in [11], [12]. In [11],
the multi-way relaying network operates as a secondary system
in the presence of primary user transmission, and in [12], the
effect of channel estimation errors in a multi-way relaying
system with pre-coding at the source nodes and the relay and
mean-square error (MSE) filtering at the destination nodes is
studied.

From the above literature review we note that multi-way re-
laying is performed by implementing a) precoders at the source
nodes and the relay, b) precoding at the relay and filtering at
the destination nodes, or c) pre-coding at the source nodes
and the relay plus destination node filtering/beam-forming.
Problem formulations involving the joint design of precoders
at the relay and pre-coding or receiver-side processing at the
source and destination are non-convex, and hence iterative
approaches that decouple the overall problems into a number
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of convex sub-problems have been suggested. These iterative
methods mostly apply alternating optimization (AO) [13],
which is a method based on optimizing a function jointly over
a number of variables by alternating restricted optimizations
over non-overlapping subsets of variables.

The presence of intersymbol interference (ISI) differentiates
relaying over frequency-selective channels from that over
frequency-flat fading channels. An alternative to AF relaying,
for relaying over frequency-selective channels, is the filter-
and-forward (FF) method that attempts to partially resolve
the ISI prior to forwarding. One-way FF relaying was first
introduced in [14]. Reference [15] offers an extension of this
work for one-way relaying when a direct link between source
and destination exists and equalization is performed at the
destination node. Two-way FF relaying with multiple antennas
was considered in [16]–[18]. In reference [16], two-way FF
relaying was optimized according to a worst-case signal-to-
interference and noise ratio (SINR) maximization criterion and
an algorithm based on bisection search was proposed to solve
the relaxed problem. The design of equalization filters at the
destination nodes was also addressed as part of the design. In
[17], worst-case SINR maximization as well as transmit power
minimization design formulations were proposed. Similar to
[16], for the worst-case SINR maximization problem, a one-
dimensional search approach was used to solve a relaxed ver-
sion of the problem. In reference [18], the two-way FF relaying
from [17] was extended to the case of multiuser two-way
FF relaying using the same worst-case SINR maximization
problem formulation.

In the UWB literature, one of the early works that con-
sidered half-duplex AF relaying for impulse radio UWB (IR-
UWB) with pulse-position modulation is [19]. References [20]
and [21] propose one-way UWB relaying for time-hopped
UWB transmission schemes. Furthermore, [22], [23] consider
two-way relaying for transmit-reference UWB communica-
tion. Differential schemes with non-coherent AF for single
and multiple-hop one-way relaying are developed in [24]
and [25], respectively. One-way relaying with pre/post-rake
combining at the relay was considered in [26] for UWB
signaling with guard intervals. In [27] one-way decouple and
forward relaying with rake receivers at the destination node
was considered. All of the mentioned methods cannot handle
multi-way relaying links. In fact, to the best of our knowledge,
neither multi-way relaying nor its special case multiuser two-
way relaying, for UWB communication has been considered
in the literature yet.

Motivated by this fact, in this paper multiuser two-way
relaying schemes for pairwise internode UWB communication
are proposed. In particular, we consider direct-sequence UWB
(DS-UWB), which facilitates coping with ISI and multiple-
user interference (MUI) and supports high data rate transmis-
sion. Different from the available literature on relaying over
frequency-selective channels, we propose the combination
of post/pre-rake filtering and optimized post/pre-equalization
filters at the relay for pairwise internode communication.
Furthermore, we consider filter optimization based on a sum-
MSE minimization design criterion which allows us to de-
velop convex problem formulations for improving the overall

link performance. The combination of the pre-rake and pre-
equalization filtering (PEF) has been considered for downlink
of a multiuser DS-UWB system in [4], [28], where in [4], two
design strategies based on a) minimizing the sum MSE and
b) minimizing the transmit power were introduced. In [28], a
robust PEF design strategy for minimizing the transmit power
while achieving pre-defined MSE levels in the presence of
imperfect channel state information was considered.

The first design scheme considered in this paper is based
on detect-and-forward (DTF) relaying, and the second one
uses FF relaying. Due to the large delay spread of UWB
channels, the FF strategy requires filter lengths similar to the
length of the overall impulse response between the source
node and the destination node. The optimization of such long
filters can be computationally demanding. It was shown in
[4] that the combination of the pre-rake and pre-equalization
filtering can efficiently reduce the optimized filter length. Such
a combination can be applied to the design of the central relay
in the downlink phase (i.e., transmission from the relay to the
destination nodes) to utilize the available channel information
at the relay for optimizing the filter coefficients. For both
DTF and FF relaying schemes, an alternative design based
on a modified MSE formulation [29] is proposed that leads to
improved performance. The problem is however non-convex
and we present an iterative solver following the AO principle.
Finally, we extend our multiuser two-way relaying design
strategies to the widely linear (WL) case, which exploits the
fact that most DS-UWB systems use real-valued modulation
[30]. The presented numerical results demonstrate that the
proposed multiuser two-way relaying schemes are well suited
to establish reliable communication links over UWB channels
between nodes with limited signal processing power.

B. Organization and Notation

The remainder of this paper is organized as follows. In
Section II, we develop filter designs for multiuser two-way
DTF relaying with DS-UWB. The case of FF relaying is
dealt with in Section III. Numerical results demonstrating
the advantages of the proposed designs are discussed in
Section IV. Section V concludes the paper.

We use the following notations. E{.}, [.]T , [.]H , [.]∗, ∥.∥,
ℜ{.}, ℑ{.} and diag{.} denote statistical expectation, trans-
position, Hermitian transposition, complex conjugation, the
Euclidean norm of a vector, the real and imaginary part of a
complex number (applied element-wise in the case of vectors
or matrices), and a (block) diagonal matrix, respectively. [.]∗[.]
stands for linear convolution, and small and capital bold fonts
denote vectors and matrices, respectively. 0n is the n×1 vector
of all zeros.

II. MULTIUSER TWO-WAY DETECT-AND-FORWARD
RELAYING

In this section the system model and the filter design
for multiuser two-way DTF relaying between U nodes via
a central relay is described. Pairs of nodes establish a bi-
directional communication through the relay, so that we have
in total U links being supported by the relay. We use notations



3

Fig. 1. Block diagram of the source/destination nodes in transmit and receive
modes.

s(u) and d(u) to refer to the source and destination node of
the uth link, respectively (u = 1, . . . , U ).

A. System Model

The block diagram of the source/destination nodes for the
considered multiuser two-way relay network is shown in Fig-
ure 1. The nodes are single antenna units with limited signal
processing capability, while the central relay node, depicted
in Figure 2, is equipped with multiple antennas (M > 1)
and possesses more advanced signal processing capabilities.
The network uses a half-duplex two-phase multiple access
and broadcast schedule as follows. During the first phase
(uplink), all U nodes send their message to the central relay
simultaneously. In the second phase (downlink), the relay
processes and broadcasts the sum of all node messages through
its M antennas.

Source/Destination Transceiver Node: The block diagram
representing the node operation in transmit and receive mode
is shown in Figure 1. During the uplink phase, the data
symbols at the source node of the uth link, as(u)[n], are
upsampled and passed through a pulse shaping filter gTx(t)
before transmission. The upsampling process is equivalent to
having a spreading sequence consisting of a one followed by
N−1 zeros and it reduces the average transmit power and the
ISI. The data symbols, as(u)[n], are from a binary phase-shift
keying (BPSK) constellation with unit average power. In the
receive mode, the signal at the node is processed with a noise
rejection filter gRx(t), downsampled and passed to the detec-
tor. Prior to detection it is possible to perform self-interference
cancelation by subtracting the destination node’s own message
from the received signal (the term −βad(u)[n − 2n0] in
Figure 1) which will be discussed in the upcoming sections.
For the BPSK modulated signal, the detection is performed
according to

âs(u)[n− 2n0] = sign
[
ℜ{rd(u)[n]}

]
, (1)

where rd(u)[n] denotes the complex baseband received signal
at the slicer input. The delay n0 is set depending on the
processing at the relay and is described in the upcoming
sections.

Channel: For the UWB communication channel model, we
use the modified Saleh-Valenzuela multipath fading model
from [31]. The equivalent baseband discrete time channel

between the source node s(u) and the mth antenna at the
relay is written as

hs(u),m[k] = gTx(t) ∗ hs(u),m(t) ∗ gRx(t)|t=kT/N , (2)

where hs(u),m(t) is the continuous-time channel impulse re-
sponse between the source node s(u) and the mth antenna
at the relay, T is the symbol duration, and N is the chip
upsampling factor. The discrete-time channel between the mth

antenna at the relay and the destination node d(u) is denoted as
hd(u),m[k] and has a description similar to (2). For simplicity
and practical relevance the filters gTx(t) and gRx(t) as well
as the upsampling factor N are assumed to be identical for all
nodes.

Central Relay: The central relay structure in the two phase
operation is shown in Figure 2.

The received signal at the relay antennas contains the mes-
sages transmitted from all of the source nodes. Considering the
signal route for detection of the message from the source user
s(u), intended for destination user d(u), the received signal
at each of the relay antennas is passed through a rake com-
bining filter ps(u),m of length Lp, a downsampler and a post-
equalizing filter fUL

s(u),m of length LUL
f , where m = 1, . . . ,M

is the relay antenna index. The detector at the relay then makes
a decision on âs(u)[n−n0] based on the sum of the processed
signals from all the antennas. Here, n0 is the delay associated
with equalizing, and it is set as n0 = ⌈NLf+2N+2Lp−k0−4

N ⌉/2
[4]. Note that the decision delay at the receiving node is 2n0

as per Eq. (1). The detected symbol is then processed as per
block diagram in Figure 2, for transmission to user d(u). It
is passed through pre-equalization filter fd(u),m, upsampled
and pre-rake combined with pre-rake filter pd(u),m. The sum
of all outgoing messages is then transmitted via the M relay
antennas. The task of the pre-rake filter is to focus the channel
energy in a few remaining channel taps (limit ISI) and to
provide decorrelation between the signals of multiple users.
The task of the PEF is to eliminate residual intersymbol
and multiuser interference. In UWB systems, rake processing
alone does not offer sufficient interference suppression, due
to the large delay spread common for UWB communication
channels, therefore equalization or pre-processing is typically
applied to limit the interference e.g. [32], [33].

The post/pre-rake combining filters ps(u),m[k] and
pd(u),m[k] are set as the time reversed conjugate of
the estimated channel impulse response of length
Lh, i.e., ps(u),m[k] = (hs(u),m[Lp − k − 1])∗ and
pd(u),m[k] = (hd(u),m[Lp − k − 1])∗. The case Lp = Lh

corresponds to all-post/pre-rake combining [34]. The relaying
method can be extended to other rake combining techniques
(such as partial-post/pre-rake combining with Lp < Lh) as
well.

Let us consider the signal route for data symbol as(ℓ)[n]
(ℓ ̸= u) received via the relay’s mth antenna and pro-
cessed by rake filter ps(u),m. The overall impulse response
after downsampling can then be defined as wUL

s(ℓ),m,s(u)[k] =
hs(ℓ),m[k]∗ps(u),m[k]. Using this definition, the received signal
at the input of the detector for the message from the source
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Fig. 2. Block diagram of the central unit for the two phase DTF relaying.

node s(u) can be described as (see Figure 2)

rUL
s(u)[n] =

U∑
ℓ=1

(fUL
s(u))

H(WUL
s(ℓ),s(u))

Has(ℓ)[n] + zR[n] , (3)

where

• fUL
s(u) = [(fUL

s(u),1)
T , . . . , (fUL

s(u),M )T ]T is the vector
of M concatenated uplink equalizing filter coefficient
vectors fUL

s(u),m = [fUL
s(u),m[0], . . . , fUL

s(u),m[LUL
f − 1]]H ,

for source node s(u),
• WUL

s(ℓ),s(u) = [WUL
s(ℓ),1,s(u), . . . ,W

UL
s(ℓ),M,s(u)] ∈

CLt×MLUL
f is a block matrix with Toeplitz block com-

ponents, WUL
s(ℓ),m,s(u),

• WUL
s(ℓ),m,s(u) is defined with first row

[(wUL
d(ℓ),m,d(u)[k0])

H ,0T
LUL

f −1], with sampling phase k0

set as k0 = Lp + N − 2 − N⌊(Lp + N − 2)/N⌋,
and first column vector [wUL

d(ℓ),m,d(u)[k0], . . . ,

wUL
d(ℓ),m,d(u)[N(Lw − 1) + k0],0

T
LUL

f −1]
H ,

• Lw = ⌈(Lp+Lh+2N −3−k0)/N⌉ is the length of the
overall channel impulse response,

• the vector as(ℓ)[n] = [as(ℓ)[n], . . . , as(ℓ)[n − Lt + 1]]T

is the Lt × 1 vector of data symbols at the source node
s(ℓ), and Lt = Lw + LUL

f − 1,
• zR[n] is the colored noise at the input of the detector.

The variance of zR[n] can be written in
terms of the equalization filter coefficients, as

σ2
zR =

U∑
ℓ=1

(fUL
s(ℓ))

HPH
s(ℓ)P s(ℓ)f

UL
s(ℓ), where P s(ℓ) =

diag{P s(ℓ),1, . . . ,P s(ℓ),M} ∈ CLz×MLf and P s(ℓ),m are
Toeplitz matrices with first row [ps(ℓ),m[0],0LUL

f −1] and first
column [ps(ℓ),m[0], . . . , ps(ℓ),m[Lz − LUL

f + 1],0LUL
f −1]

H ,
Lz = Lp + LUL

f − 1.
Next we proceed to find the matrix-form signal repre-

sentation for the downlink phase, which is similar to the
downlink received signal representation from [4]. Defining
the overall impulse response including pre-rake combining
for destination node d(ℓ) and the channel impulse response
between the relay’s mth antenna and destination node d(u) as
wd(ℓ),m,d(u)[k] = pd(ℓ),m[k] ∗ hd(u),m[k], the received signal
at the destination node d(u) during the second transmission

phase is described as

rd(u)[n] =
U∑

ℓ=1

fH
d(ℓ)W

H
d(ℓ),d(u)âs(ℓ)[n− n0] + zd(u)[n] ,

(4)

where
• fd(u) = [fT

d(u),1, . . . ,f
T
d(u),M ]T is the vector containing

the M concatenated pre-equalization filter coefficient
vectors fd(u),m, for destination node d(u),

• fd(u),m = [fd(u),m[0], . . . , fd(u),m[Lf − 1]]H ,
• the matrix W d(ℓ),d(u) is the convolution-matrix

containing the overall channel impulse response
coefficients. It is defined as W d(ℓ),d(u) =
[W d(ℓ),1,d(u), . . . ,W d(ℓ),M,d(u)] ∈ CLt×MLf and
is a block matrix with Toeplitz block components,

• W d(ℓ),m,d(u) ∈ CLt×Lf is a Toeplitz matrix with
first row [wH

d(ℓ),m,d(u)[k0],0
T
Lf−1] and first column

vector [wd(ℓ),m,d(u)[k0], . . . , wd(ℓ),m,d(u)[N(Lw − 1) +
k0],0

T
Lf−1]

H , where Lw = ⌈(Lp+Lh+2N−3−k0)/N⌉
is the length of the overall channel impulse response and
Lt = Lw + Lf − 1,

• âs(ℓ)[n−n0] = [âs(ℓ)[n−n0], . . . , âs(ℓ)[n−n0−Lt+1]]T

is the Lt × 1 vector of estimated data symbols of the
source node s(ℓ),

• zd(u)[n] is the white Gaussian noise at the destination
node with variance σ2

d(u).
The average transmit power for the second transmit phase

at the relay is written as

P =
U∑

u=1

fH
d(u)Φd(u)fd(u) , (5)

where Φd(u) = diag{Φd(u),1,Φd(u),2, . . . ,Φd(u),M} is a
block diagonal matrix whose blocks Φd(u),m are Hermitian
Toeplitz matrices with the first row[

ϕd(u),m[0], ϕd(u),m[−N ], . . . , ϕd(u),m[−N(Lq − 1)]
]
,

and ϕd(u),m[k] = pd(u),m[k] ∗ pHd(u),m[−k].

B. Filter Design for Multiuser Two-Way DTF Relaying
In this section we describe the design strategies for optimiz-

ing the uplink and downlink filter coefficients for the multiuser
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two-way DTF relaying with self-interference cancelation at the
nodes. For the uplink phase the equalizing filters are designed
according to the MMSE criterion. In the downlink, the sum-
MSE criterion is applied.

Using the description of the received signal in (3), and defin-
ing the uplink MSE as MSEUL

s(u) = E{|rUL
s(u)−as(u)[n−n0]|2},

the MSE in terms of the uplink filter coefficients is written as

MSEUL =
∥∥∥ [fULH

s(u) W
ULH

s(1),s(u), . . . ,f
ULH

s(u) W
ULH

s(u),s(u) − en0

, . . . , fULH

s(u) W
ULH

s(U),s(u), σRf
ULH

s(u) P
H
s(1),s(u)

] ∥∥∥2 .

(6)

Applying the Karush-Kuhn-Tucker (KKT) conditions, the
solution for the uplink linear MMSE filter is obtained as

fUL
s(u) =

( U∑
ℓ=1

WULH

s(ℓ),s(u)W
UL
s(ℓ),s(u) + σ2

zP
H
s(u)P s(u)

)−1

WH
s(u),s(u)en0 . (7)

In the downlink phase, if a PEF design without self-
interference cancelation is considered, the design procedures
from [4] can directly be applied to obtain the PEF coeffi-
cients. However, since the signal received at the destination
contains the node’s own transmitted message, it is reasonable
to cancel the self-interference at the node and reduce the
pre-equalization task. Due to the large delay spread of UWB
channels, the received signal at the destination contains self-
interference from more than one symbol of the destination’s
transmitted signal. Depending on the number of stored sym-
bols, it is possible to cancel the effect of multiple transmitted
symbols in the received signal. Note that self-interference can-
celation requires feedback of the self-interference cancelation
coefficients from the relay to the nodes. The coefficients have
to be updated each time the PEFs or the channel change.

In the following we describe the PEF design for the down-
link phase of DTF relaying, where different from the design
developed in [4] self-interference cancelation is considered. As
mentioned earlier the PEF coefficients are optimized based
on a sum-MSE minimization design criterion. The MSE of
the downlink transmission, at the destination node prior to
detection is defined as

MSEIC
d(u) = E{|αrd(u)[n]− as(u)[n− 2n0]− βH

d(u)ād(u)[n]|2} ,

(8)

where as(u)[n − 2n0] is the desired signal from source node
s(u), ād(u)[n] is an Lt × 1 vector containing the stored
transmitted symbols at the Lc indices selected for self-
interference cancelation and zeros everywhere else, and the
vector βd(u) ∈ CLt×1 contains the self-interference cancela-
tion coefficients at the Lc self-interference cancelation indices
and zeros elsewhere. Note that this is a generalization to
Figure 1, where only one-tap self-interference was shown as
an example. The scaling factor α is related to the modified
MSE definition from [35]. Therefore, setting the same scaling

factor for all users, the MSE from Eq. (8) is

MSEIC
d(u) = ∥[ αfH

d(1)W
H
d(1),d(u), . . . , αf

H
d(u)W

H
d(u),d(u)

− e2n0 , αf
H
s(u)W

H
s(u),d(u) − βH

d(u), . . . ,

αfH
d(U)W

H
d(U),d(u), ασd(u) ]∥2 . (9)

Using the MSE definition from Eq. (9), the sum-MSE mini-
mization problem can be formulated as

min
f1,...,fU ,α,
β1,...,βU

U∑
u=1

MSEIC
d(u) , (10a)

s.t.
U∑

u=1

fH
d(u)Φd(u)fd(u) ≤ Pmax . (10b)

Setting βd(u) = αHALcW s(u),d(u)fs(u), to cancel the
self-interference from the Lc symbols, where ALc =
E{ad(u)[n]ā

T
d(u)[n]}, and applying the KKT conditions on the

Lagrangian function for the above convex problem results in
the following closed-form solution for the design parameters:

α =

√√√√ 1

Pmax

U∑
u=1

e2n0W d(u),d(u)T
H
d(u)Φd(u)T d(u)W

H
d(u),d(u)e2n0 ,

(11)

and

fd(u) = T d(u)W
H
d(u),d(u)e2n0/α , (12)

where

T d(u) =
( U∑

ℓ=1

WH
d(u),d(ℓ)W d(u),d(ℓ) +

U∑
u=1

σ2
d(u)

Pmax
Φd(u)

−WH
d(u),s(u)ALcW d(u),s(u)

)−1

.

The number of operations associated with calculation of the
uplink DTF relay filter fUL from Eq. (7) can be approximated
as O

(
(MLf )

3 + (MLf )
2(ULt +Lt +Lz +1)+ (MLf )Lt

)
.

Similarly, for downlink DTF relay filter f from Eq. (12), the
computational complexity is of the order of O

(
(MLf )

3 +
(MLf )

2(ULt+2Lt+2)+(MLf )(L
2
t+Lt)

)
. In both cases the

computational complexity is cubic in the filter length (MLf ).
Hence reducing the filter length is highly desirable for practical
implementation and to bound the computational complexity
associated with calculation of the optimized filters. Note that
in absence of post(/pre)-rake filters, filter lengths of the order
of MLh would be required to achieve a performance similar
to that of our proposed design.

C. Filtering with User Specific Scaling Factors

The proposed design strategy in Section II-B is based on
applying a single scaling factor α to all users. It was shown
in [4] that assigning user specific scaling factors can improve
the system performance and the interference cancelation char-
acteristics of the system when users operate at different signal-
to-noise ratio (SNR) levels. In this section the sum MSE filter
design problem with self-interference cancelation from (10) is
extended to allow for user specific scaling.
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Including user specific scaling factors, the sum MSE opti-
mization problem in Eq. (10) becomes non-convex. Therefore,
we use the AO method from [13] to arrive at a solution.

Setting βd(u) = αH
d(u)ALc

W s(u),d(u)fs(u), the Lagrangian
function corresponding to the sum MSE minimization problem
subject to a constraint on the total transmit power at the central
relay is

L = U +
U∑

u=1

|αd(u)|2
U∑

ℓ=1

fH
d(ℓ)W

H
d(ℓ),d(u)W d(ℓ),d(u)fd(ℓ)−

αd(u)f
H
d(u)W

H
d(u),d(u)e2n0 − αH

d(u)e
T
2n0

W d(u),d(u)fd(u)

+ |αd(u)|2
(
σ2
d(u) − fH

s(u)W
H
s(u),d(u)ALcW s(u),d(u)fs(u)

)
+ λ

( U∑
ℓ=1

fH
d(ℓ)Φd(ℓ)fd(ℓ) − Pmax

)
, (13)

where λ is the Lagrange multiplier.
The AO method is an iterative procedure for optimizing

a function jointly over a number of variables. The method
is applicable to problems which are convex with respect to
individual subsets of the variables and is based on dividing the
parameter space into a number of non-overlapping subsets and
alternating between restricted minimizations over each subset
of variables [13]. For the sum MSE minimization problem,
since the objective function is convex with respect to the indi-
vidual subsets and is lower bounded by zero, the AO method
always converges [9], [11], [12]. However, convergence to a
globally optimum solution is not guaranteed. We derive closed-
form solutions for updating the optimization parameters at
each iteration until convergence to a local optimum.

In applying the alternating optimization method, the pa-
rameters from (13) are divided into three partitions, χ1 =
[αd(1), . . . , αd(U)], χ2 = [fd(1), . . . ,fd(U)] and χ3 = λ. Then
in an iterative approach, for each of the partitions the restricted
minimizer is computed while fixing all other parameters. The
iterations stop if a maximum number of iterations is reached
or if the change in the value of the parameters over all
subsets and per iteration is smaller than a threshold ϵ. At each
iteration t, the solutions are computed by applying the KKT
conditions on the Lagrangian function in Eq. (13) as follows.
The user specific scaling factors for each user are calculated
and updated as per Eq. (14).

The downlink PEF coefficients are updated by setting

f
(t+1)
d(u) = T d(u)

(
WH

d(u),d(u)e2n0

)
α
(t+1)
d(u) , (15)

where

T d(u) =
∣∣∣α(t+1)

d(u)

∣∣∣2 ( U∑
ℓ=1

WH
d(u),d(ℓ)W d(u),d(ℓ)

−WH
d(u),s(u)ALcW d(u),s(u) + λ(t)Φd(u)

)−1

.

(16)

The Lagrangian coefficient λ is updated as

λ(t+1) =

U∑
u=1

|α(t+1)
d(u) |2σd(u)

Pmax
. (17)

In the first iteration, the algorithm is initialized with the
optimum solution from the design with identical α for all
users in Eq. (11) and (12). After each iteration the differ-
ence in the vector containing all variables is calculated as
∆ = [χ

(t+1)
1 ,χ

(t+1)
2 , χ

(t+1)
3 ] − [χt

1,χ
t
2, χ

t
3]. The iterations

stop if the maximum number of iterations is reached i.e.,
t ≥ Niter or if ∥∆∥ ≤ ϵ.

D. Widely Linear Filtering for Multiuser Two-Way DTF Re-
laying

Considering BPSK modulation in conjunction with UWB
signalling in complex baseband representation, the real part of
the received signal is a sufficient statistic for signal detection
(see Eq. (1)). It was shown in [30] that PEF design, for DS-
UWB with BPSK modulation, based on the real part of the
received signal requires considerably lower transmit power.
Hence, in this section we extend our relay filter design schemes
to include this so-called widely linear (WL) filtering approach.

In the uplink phase, the WL uplink filter obtained according
to the MMSE design is

f̃
UL

s(u) =
( U∑

ℓ=1

(W̃
UL

s(ℓ),s(u))
TW̃

UL

s(ℓ),s(u) + σ2
z/2P̃

T

s(u)P̃ s(u)

)−1

W̃
T

s(u),s(u)en0 , (18)

where

W̃
UL

s(ℓ),s(u) = [ℜ{WUL
s(ℓ),s(u)},−ℑ{WUL

s(ℓ),s(u)}] ,

and
P̃ s(u) = [ℜ{P s(u)},−ℑ{P s(u)}] .

In the downlink phase, the MSE definition is modified as

MSEIC
d(u) = E{|αyd(u)[n]− as(u)[n− 2n0]− βT

d(u)ād(u)[n]|2} ,

(19)

where yd(u)[n] is the real part of the signal rd(u)[n].
The widely linear version of the downlink

filters are obtained by replacing fd(u) with

f̃d(u) =
[
ℜ{fd(u)},ℑ{fd(u)}

]
, replacing W d(ℓ),d(u)

with W̃ d(ℓ),d(u) =
[
ℜ{W d(ℓ),d(u)}, −ℑ{W d(ℓ),d(u)}

]
,

Φd(u) with

Φ̃d(u) =

[
ℜ{Φd(u)} −ℑ{Φd(u)}
ℑ{Φd(u)} ℜ{Φd(u)}

]
,

and σ2
d(u) by σ2

d(u)/2 in equations (12) through (15).

E. Downlink BER Analysis

For the BPSK DS-UWB signaling, assuming residual noise
and interference as Gaussian distributed, the bit error rate
(BER) can be approximated in terms of the SINR at the
detector prior to the sign operator as

BERd(u) = Q
(√

SINRd(u)

)
, (20)

where Q(.) denotes the Gaussian Q-function [36].
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α
(t+1)
d(u) =

ℜ
{
f
(t)H
d(u)W

H
d(u),d(u)e2n0

}
U∑

ℓ=1

f
(t)H
d(ℓ) W

H
d(ℓ),d(u)W d(ℓ),d(u)f

(t)
d(ℓ) − f

(t)H
s(u)W

H
s(u),d(u)ALcW s(u),d(u)f

(t)
s(u) + σ2

d(u)

(14)

The SINR between the relay and the uth pair’s destination
node d(u) is derived as

SINRd(u) =
|f̃

T

d(u)W̃
T

d(u),d(u)en0 |2
U∑

ℓ=1

f̃
T

d(ℓ)W̃
T

d(ℓ),d(u)W̃ d(ℓ),d(u)f̃d(ℓ) − ρu +
σ2
d(u)

2

,

(21)

where ρu = ∥[f̃
T

d(u)W̃
T

d(u),d(u)en0 , f̃
T

s(u)W̃
T

s(u),d(u)ALc ]∥2.
Note that the underlying Gaussian assumption is on the

residual interference after pre/post-equalization. We have
shown in [4] that for the downlink of a pre-equalized DS-
UWB system the residual ISI and MUI at the receiving node is
well approximated as Gaussian distributed. This result applies
directly for the downlink phase of the DTF relaying setup
considered here, and the same also applies for the residual
interference after equalization in the uplink phase. This is also
verified by numerical results, where simulation and analytical
BER results show a close match. Furthermore, an end-to-end
analysis of the BER for a pair of source and destination nodes
requires an analytical representation of the error propagation in
the uplink and the downlink phase. Since stream packetization
and coding are not considered here, we do not perform any
error propagation analysis.

III. MULTIUSER TWO-WAY FILTER-AND-FORWARD
RELAYING

In this section, filter design for multiuser two-way FF
relaying is developed. Similar to the system model described
in Section II-A, the signal processing at the source/destination
nodes is relatively simple and inter-node communication is
achieved through a central relay that is equipped with multiple
antennas. The relay estimates the CSI between itself and the
nodes, and handles the complexity associated with filtering. As
it was mentioned in Section I, FF relaying can be considered as
an extension of AF relaying over frequency selective channels
[14]. The received signal at the relay is passed through a
filter that is optimized to reduce the distortion caused by ISI
and multiuser interference (MUI) in the multiple-access case
[17]. We start by describing the relay structure and the signal
representations and then proceed to developing the filter design
procedures.

A. System Model

The general system model is fairly similar to the one intro-
duced in Section II-A with the main difference being in the
relay structure. In particular, the source and destination node
structure is the same as the one considered in Section II-A
and shown in Figure 1.

The block diagram of the central relay for half-duplex
FF processing is shown in Figure 3. The received signal

Fig. 3. Block diagram of the central relay with pre/post-rake filtering and
multiuser two-way FF relaying.

at the relay’s mth antenna is rake combined based on the
available channel coefficients of the link between source
and relay through ps(u),m, and is then passed through an
optimized filter qm of length Lq , as shown in Figure 3.
Prior to re-transmission, the signal is pre-rake combined with
the estimated channel impulse response of the link between
the relay and the destination node, pd(u),m. At each of
the relay’s antennas, the received signals from all transmit-
ting users pass through the U pairs of source and destina-
tion pre/post rake filtering. Hence, we define Rsd,m[k] =∑U

ℓ=1

(
ps(ℓ),m[k] ∗ pd(ℓ),m[k]

)
. Then, the overall channel con-

sisting of the transmit channel between source node s(ℓ) and
the mth antenna at the relay, the post/pre-rake combining
filters, and transmit channel between the relay’s mth antenna
and the destination node d(u) is defined as gs(ℓ),m,d(u)[k] =
hs(ℓ),m[k] ∗Rsd,m[k] ∗ hd(u),m[k].

For the FF relaying scheme, the received signal at the
destination node can be written as

rd(u)[n] =

U∑
ℓ=1

qHGH
s(ℓ),d(u)as(ℓ)[n] + zd(u)[n] + vd(u)[n] ,

(22)

where
• q = [qT

1 , . . . , q
T
M ]T is the concatenated vector of the filter

coefficients across all antennas,
• qm = [qm[0], . . . , qm[Lq − 1]]H is the vector of filter

coefficients at the mth antenna,
• the matrix Gs(ℓ),d(u) is the convolution-matrix containing

the overall channel impulse response coefficients. It is de-
fined as Gs(ℓ),d(u) = [Gs(ℓ),1,d(u), . . . ,Gs(ℓ),M,d(u)] and
is a block matrix with block components Gs(ℓ),m,d(u),

• Gs(ℓ),m,d(u) is formed by downsampling the rows of
Toeplitz matrix Ḡs(ℓ),m,d(u) by factor N ,

• Ḡs(ℓ),m,d(u) is defined by first row
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[(gs(ℓ),m,d(u)[kf ])
∗,0Lq−1], where the sampling phase

kf is set as kf = Lp + Lh − 2 − N⌊Lp+Lh−2
N ⌋,

and first column
[
gs(ℓ),m,d(u)[kf ], gs(ℓ),m,d(u)[kf +

1], . . . , gs(ℓ),m,d(u)[kf + (2Lh + 2Lp − 4)],0Lq−1

]H
,

• as(ℓ)[n] =
[
as(ℓ)[n], . . . , as(ℓ)[n−Lg +1]

]T
is the Lg ×

1 vector of transmitted symbols affecting the received
signal, where Lg = ⌈ 2Lp+2Lh+Lq−4−kf

N ⌉,
• zd(u)[n] ∼ N (0, σ2

d(u)) is the additive white Gaussian
noise (AWGN) at the destination node,

• vd(u)[n] =
M∑

m=1
vd(u),m[n] is the colored noise

that is added at the relay and is being processed
and forwarded to the destination node. It is de-
fined as vd(u)[n] = qHΥH

d(u)zR, where Υd(u) =
diag{Υd(u),1, . . . ,Υd(u),M} is MLv × MLq and
its block components Υd(u),m are Toeplitz matrices
with first row [Υd(u),m[0],0Lq−1] and first column
[Υd(u),m[kf ],Υd(u),m[kf + 1], . . . ,Υd(u),m[kf + (Lh +
2Lp − 3)],0Lq−1]. Υd(u),m = Rsd,m[k] ∗ hd(u),m[k],
zR,m[n] = [zR,m[n], zR,m[n−1], . . . , zR,m[n−Lv+1]],
and zR,m[k] is the AWGN added at the mth antenna of
the relay with variance σ2

zR . Lv is the length of the relay
noise vector affecting the received colored noise at the
destination node and is defined as Lv = kf +Lh+2Lp−
3 + Lq .

The average transmit power at the relay is the sum of the
average power transmitted from the individual relay anten-
nas. The transmit signal at the mth antenna is sR,m[k] =

(zR,m[k] +
U∑

ℓ=1

ãs(ℓ)[k] ∗ hℓ,m[k]) ∗ Rsd,m[k] ∗ qm[k], where

ãs(ℓ)[k] represents the transmit symbol sequence upsampled
by factor N . The average transmit power at the relay can be
written as

PR =
M∑

m=1

E{sR,m[k]s∗R,m[k]} = qH

(
σ2
zRΦR +

U∑
ℓ=1

ΦΥs(ℓ)

)
q ,

(23)

where the matrices ΦR, and ΦΥs(ℓ)
are block diagonal

matrices with Hermitian Toeplitz block component matrices
ΦR,m and ΦΥs(ℓ),m

, respectively. The first row of ΦR,m is
defined as [ϕR,m[0], ϕR,m[−1], . . . , ϕR,m[−Lq + 1]], where
ϕR,m[k] = Rsd,m[k] ∗R∗

sd,m[−k]. The matrix ΦΥs(ℓ)
is struc-

tured similarly to ΦR by replacing ϕR,m[k] with ϕΥs(ℓ)
[k] =

Υs(ℓ),m[k] ∗Υ∗
s(ℓ),m[−k].

B. Filter Design for Multiuser Two-Way FF Relaying

The FF strategy offers a simpler relay design and reduced
delay compared to the DTF processing, since the messages
from all nodes are transmitted simultaneously to the relay, fil-
tered and retransmitted (there is no detection and remodulation
prior to transmission from the relay to the destination node).
In addition in the FF relaying scheme, all user messages are
filtered by a single filter vector q, hence the design has a
smaller number of degrees of freedom compared to the DTF
relaying scheme. Therefore, self-interference cancelation plays
a critical role in improving the overall performance. Similar to

the DTF relaying filter design in Section II-B, the sum-MSE
is the criterion of choice for the filter design.

The MSE with self-interference cancelation at the destina-
tion node prior to detection is defined as

MSEIC
d(u) = E

{∣∣∣αrd(u)[n]− as(u)[n− nf ]− γH
d(u)ād(u)[n]

∣∣∣2} ,

(24)

where ād(u)[n] has the same definition as per Eq. (8), the
vector γd(u) ∈ CLg×1 contains the self-interference can-
celation coefficients at the Lc self-interference cancelation
indices and zeros everywhere else, and delay nf is set as
nf = ⌈⌈ 2Lh+2Lp+Lf−4−kf

N ⌉/2⌉. Using the received signal
representation from Eq. (22), the MSE is represented as

MSEIC
d(u) =

∥∥∥[αqHGH
s(1),d(u), . . . , αq

HGH
s(u),d(u) − enf

,

. . . , αqHGH
d(u),d(u) − γH

d(u), . . . ,

αqHGH
s(U),d(u), ασd(u), ασzRq

HΥH
d(u)

]∥∥∥2 ,

(25)

where enf
is a vector with the nth

f element set as 1 and
zeros elsewhere. Assuming that factor α is identical for all
users, and setting γd(u) = αHELcGd(u),d(u)q with ELc =

E{ad(u)[n]ā
T
d(u)[n]}, then the sum-MSE design problem is

written as

min
q,α

U∑
u=1

MSEIC,FF
d(u) , (26a)

s.t. qH

(
σ2
zRΦR +

U∑
u=1

ΦΥs(u)

)
q ≤ Pmax . (26b)

The above problem is in convex form, and applying KKT
conditions, the closed-form solutions are found as

α =

√√√√√eTnf

U∑
u=1

Gs(u),d(u)T
FFH

DT FF
U∑

u=1
GH

s(u),d(u)enf

Pmax
,

(27)

where D = σ2
zRΦR +

U∑
u=1

ΦΥs(u)
,

T FF =
( U∑

i=1

U∑
j=1

GH
s(i),d(j)Gs(i),d(j) + σ2

zR

U∑
u=1

ΥH
d(u)Υd(u)

−
U∑

u=1

GH
d(u),d(u)ELcGd(u),d(u) +D

U∑
u=1

σ2
d(u)

Pmax

)−1

,

and the downlink PEF is given as

q = T FF

(
U∑

u=1

GH
s(u),d(u)

)
enf

/α . (28)
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C. Iterative Design for User Specific Scaling Factors

In this section the design from Section III-B is extended to a
more general case with user specific scaling for the individual
source/destination nodes. Similar to Section II-C, an iterative
design scheme is proposed based on minimizing the sum-MSE.

The MSE with self-interference cancelation and user spe-
cific scaling is defined as

MSEIC
d(u) = E{|αd(u)rd(u)[n]− as(u)[n− nf ]− γH

d(u)ād(u)|2} .

(29)

Using the received signal representation from (22), the MSE
is derived as per Eq. (30).

Next we use the AO approach to arrive at a solution for
the sum MSE minimization problem subject to the maximum
relay transmit power constraint. As mentioned earlier, for
a non-convex optimization problem, the AO algorithm does
not guarantee convergence to a global optimum point. The
parameter space is divided as χ1 = [αd(1), . . . , αd(U)], χ2 = q
and χ3 = λ, where λ is a Lagrangian multiplier. Setting
γd(u) = αH

d(u)ELcGd(u),d(u)q, and using KKT conditions,
the strict minimizers at each iteration index, t, are found as

α
(t+1)
d(u) =

ℜ{q(t)HGH
s(u),d(u)enf

}
q(t)HΓd(u)q(t) + σd(u)

, (31)

where

Γd(u) =
U∑

ℓ=1

GH
s(ℓ),d(u)Gs(ℓ),d(u) −GH

d(u),d(u)ELcGd(u),d(u)+

σ2
zRΥ

H
d(u)Υd(u) , (32)

q(t+1) = T α
(t+1)

(
U∑

u=1

α
(t+1)
d(u) GH

s(u),d(u)enf

)
, (33)

T (t+1)
α =

( U∑
u=1

|α(t+1)
d(u) |2Γd(u) + λ(t)D

)−1

,

and

λ(t+1) =

U∑
u=1

|α(t+1)
d(u) |2σ2

d(u)

Pmax
.

For the initial solution, the parameters from the optimal
solution of the design with identical parameter α for all users
from Eqs. (27) and (28) are used to solve Eq. (31), and (33)
in the first iteration. After each iteration two conditions are
checked as stopping criteria, (i) ∥χ(t+1) − χt∥ ≤ ϵ, where
χt = [χt

1,χ
t
2, χ

t
3], (ii) t < Niter, checking if the number

of iteration has reached the maximum allowable number of
iterations.

D. Widely Linear Filtering for Multiuser Two-Way FF Relay-
ing

The widely linear counterparts of the filter design schemes
introduced in Section III-B and Section III-C are obtained by
incorporating the real part of the received signal in the MSE

definitions of (24) and (29). The real part of the received signal
is written as

yd(u)[n] =
U∑

ℓ=1

q̃T G̃
T

s(ℓ),d(u)as(ℓ)[n] + z̃d(u)[n] + ṽd(u)[n] ,

(34)

where q̃ = [ℜ{q},ℑ{q}], G̃s(ℓ),d(u) =
[ℜ{Gs(ℓ),d(u)},−ℑ{Gs(ℓ),d(u)}], and the AWGN noise
term z̃d(u)[n] = N (0, σ2

d(u)/2). The real part of the
colored noise forwarded through the relay is written as
ṽd(u)[n] = q̃T Υ̃

T

d(u)z̃R, where z̃R = [ℜ{zR},ℑ{zR}] and

Υ̃d(u) =

[
ℜ{Υd(u)} −ℑ{Υd(u)}
−ℑ{Υd(u)} −ℜ{Υd(u)}

]
.

The matrices ΦR and ΦΥs(u)
are replaced with

Φ̃R =

[
ℜ{ΦR} −ℑ{ΦR}
ℑ{ΦR} ℜ{ΦR}

]
,

and

Φ̃Υs(u)
=

[
ℜ{ΦΥs(u)

} −ℑ{ΦΥs(u)
}

ℑ{ΦΥs(u)
} ℜ{ΦΥs(u)

}

]
.

E. BER Analysis

The BER for each of the source and destination pairs
can again be approximated using the SINR for the cor-
responding link (assuming that the residual interference is
Gaussian distributed). The SINR for the design with self-
interference cancelation at the destination node d(u), after
the real operator is derived as per Eq. (35), where ηd(u) =
σ2
zR

2 q̃T Υ̃
T

d(u)Υ̃d(u)q̃ +
σ2
d(u)

2 .
Using the above definition for the SINR, the BER for the

BPSK DS-UWB signaling can be evaluated as

BERd(u) = Q
(√

SINRd(u)

)
. (36)

IV. NUMERICAL RESULTS

In the following we describe and discuss a set of numerical
results that demonstrate the performance of the two proposed
relaying schemes. For the following numerical results, we
consider the CM2 channel model for the residential non-line-
of-sight environment, cf. [31], and the channel realizations
are generated according to the procedure described in [37].
Note that the designs proposed in this paper are applicable to
any UWB channel model. Our selection of CM2 from [31] as
an example, is inspired by the potential application of our
proposed system model for multimedia communications in
residential non-line-of-sight environments [1]. The signaling
specifications include a center frequency of 6 GHz and a pulse
bandwidth of 0.5 GHz using root-raised cosine pulses gTx(t)
and gRx(t) with roll-off 0.7. Unless otherwise specified, results
are averaged over 500 channel realizations, and it is assumed
that σ2

R = σ2
d(1) = . . . = σ2

d(U), and that the uplink and
downlink channel are of the same type.
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MSEIC
d(u) =

∥∥∥[αd(u)q
HGH

s(1),d(u), . . . , αd(u)q
HGH

s(u),d(u) − enf
, . . . , αd(u)q

HGH
d(u),d(u)

− γH
d(u), . . . , αd(u)q

HGH
s(U),d(u), αd(u)σd(u), αd(u)σzRq

HΥH
d(u)

]∥∥∥2 (30)

SINRd(u) =
|q̃T G̃

T

s(u),d(u)enf
|2

U∑
ℓ=1

q̃T G̃
T

s(ℓ),d(u)G̃s(ℓ),d(u)q̃ − ∥[q̃T G̃
T

s(u),d(u)enf
, q̃T G̃

T

d(u),d(u)ELc ]∥2 + ηd(u)

(35)
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Fig. 4. BER between a pair of source and destination nodes versus relay
transmit SNR, SNRTx,R = Pmax/σ2

d(u)
, shown for multiuser two-way DTF

relaying with U = 4 users, M = 2 and M = 4 antennas at the relay and a
PEF length of Lf = 10.

A. Multiuser Two-Way DTF Relaying

In this section the simulated results for multiuser two-way
DTF relaying are presented. In all results it is assumed that
the filter lengths for uplink equalization and downlink pre-
equalization are equal, i.e., LUL

f = Lf . We start by comparing
the linear and widely linear design schemes. It was shown
in [30] that the WL design scheme is preferred to its linear
counter-part in terms of requiring lower minimum transmit
power for meeting a pre-defined level of QoS. Here we
compare the simulated BER between a pair of source and
destination nodes, obtained using (10) with identical scaling
factor for all users, for the linear and WL uplink and downlink
filter designs.

In Figure 4, the simulated BER between a pair of source
and destination nodes versus the relay transmit SNR, defined
as SNRTx,R = Pmax/σ

2
d(u), is shown for a network of U = 4

nodes communicating via the central relay (in bi-directional
fashion). In the figure, the results for linear and WL designs
are plotted for scenarios in which the central relay is equipped
with M = 2 and M = 4 antennas, respectively. Considering a
BER of 1× 10−3 as a point of reference for the comparison,
when M = 2, the WL design achieves the reference BER at
a 5 dB lower transmit SNR than the linear design. Increasing
the number of antennas at the relay to M = 4, the difference
in transmit SNR is approximately 1.5 dB. The transmit SNR
at the relay is a measure of the transmit power required
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Fig. 5. BER between a pair of source and destination nodes versus relay
transmit SNR, SNRTx,R = Pmax/σ2

d(u)
, shown for multiuser two-way DTF

relaying with U = 4 users, M = 2 and M = 4 antennas at the relay and
a PEF length of Lf = 10. WL design with identical scaling factor for all
users. Comparison of the BER for self-interference cancelation lengths of
Lc = [1, 3, 5, 30].

for achieving the reference BER. Considering the superiority
of the WL design approach, we select the WL design for
generating the next sets of results in this section, that evaluate
the performance of the DTF relaying scheme.

First, we study the effect of self-interference cancelation
on the simulated BER. Figure 5 shows the BER between a
pair of source and destination nodes versus the relay transmit
SNR for U = 4 nodes and M = 2 and M = 4 antennas
at the relay, respectively. Similar to the previous figure, the
results are generated for the design problem from (10). The
BER is simulated for the WL design without self-interference
cancelation at the transceiver node (Lc = 0) and the WL
design with self-interference cancelation for Lc = 1, 3, 5, 30,
where Lc = 30 corresponds to full self-interference cancela-
tion, i.e., canceling the effect of the entire sequence of symbols
which affect the received signal. The effect of self-interference
cancelation is more pronounced in the scenario with M = 2
antennas at the relay compared to the case with M = 4. For
example at a BER of 1 × 10−4, and for M = 2, the design
with Lc = 30 requires 2.5 dB less transmit SNR compared
to the design without self-interference cancelation. In the case
of M = 4, the difference in the transmit SNR is on the order
of 1 dB. Furthermore, it can be seen from the figure that
most of the benefits of full self-interference cancelation can
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Fig. 6. BER between a pair of source and destination nodes versus relay
transmit SNR, SNRTx,R = Pmax/σ2

d(u)
, shown for multiuser two-way DTF

relaying with U = 4 users, and M = 4 antennas at the relay. WL design with
identical scaling factor for all users. Comparison of the BER for post/pre-rake
scheme without post/pre-equalization, post/pre-equalized DTF relaying with
PEF length of Lf = 1 (single-tap beam-forming) and Lf = 10. w/o IC:
without self-interference cancelation.

already be achieved by canceling the self-interference only
from a small number of symbols. For the design scenarios
in Figure 5, Lc = 5 achieves a performance that is close
to that for full self-interference cancelation. Note that self-
interference cancelation at the transceiver nodes requires i)
feedback of self-interference cancelation coefficients from the
destination node to the relay and ii) storing the transmitted
symbols at the transceiver node. Hence reducing the number
of self-interference cancelation symbols affects the feedback
channel and the complexity of the operations (in terms of
storage and recovery of symbols) at the transceiver nodes.

Figure 6 presents a comparison of our proposed DTF relay-
ing scheme from Section II-B with two other DTF schemes
namely, post/pre-rake without any post/pre-equalization, and
the design with Lf = 1 which corresponds to single-tap
beam-forming. We observe that rake combining in the uplink
and pre-rake combining in the downlink are not sufficient
to overcome the ISI and MUI. Furthermore, applying single
tap beam-forming (Lf = 1), which is typically considered
for relaying over flat fading MIMO channels, suffers from
considerable residual interference, while our proposed design
based on post-equalization in the uplink and pre-equalization
in the downlink can fully eliminate the detrimental effects of
ISI and MUI in UWB channels.

Next we proceed to discuss and present results related to
the DTF relaying scheme with user specific scaling factors
from Section II-C. In Figure 7, the downlink sum-MSE is
plotted versus relay transmit SNR for U = 4 nodes, M = 4
antennas at the relay and a PEF length of Lf = 10. The
noise variance at the relay and the transceiver nodes are set
as follows: σ2

R = σ2
d(1), and σ2

d(u)/σ
2
d(1) = 1, 2, 5, 10 for user

indices u = 1, 2, 3, 4 respectively. We observe from the figure
that applying the iterative design for user specific scaling can
improve the sum-MSE in the low-SNR regime.

For an in-depth study of the effect of user specific scaling,
we consider a two user scenario. Figure 8 presents the sum-

0 5 10 15 20
0

0.5

1

1.5

2

2.5

3

3.5

SNR
Tx,R

 [dB]

Σ 
M

S
E

 

 
L

c
 = 5, α

1
 = … = α

U

L
c
 = 5, User Specific Scaling

Fig. 7. Sum MSE versus relay transmit SNR, SNRTx,R = Pmax/σ2
d(u)

,
shown for multiuser two-way DTF relaying with U = 4 users, M = 4
antennas at the relay and a PEF length of Lf = 10. WL design with
self-interference cancelation and Lc = 5. Comparison between designs with
identical receiver scaling factor for all users and the design with user specific
scaling factors.
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antennas at the relay, and a PEF length of Lf = 10. Comparison between
designs with and without self-interference cancelation (w/o IC), and identical
receiver scaling factor for all users and the design with user specific scaling
factors with self-interference cancelation.

MSE as a function of the difference in node’s noise levels for
several transmit SNR values set as SNRTx,R = 8, 12, 16 dB.
As it can be seen from the figure, the efficacy of the iterative
design for user specific scaling varies with the transmit SNR
and also the difference in the receiving node noise levels.
If users operate at similar noise levels, both solutions lead
to the same performance (note that the iterative solution is
initialized using the convex solution from (10)), hence the
convex solution is more efficient in terms of the computation
load at the relay. The relay can switch to the iterative approach
to improve the overall performance if the channel and system
conditions change.

B. Multiuser Two-Way FF Relaying

In this section we present and discuss the results related
to the multiuser two-way FF relaying scheme. Similar to
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relaying with U = 4 users, M = 4 antennas at the relay and a filter length
of Lq = 20. Comparison between linear and widely linear designs, with and
without self-interference cancelation and identical scaling factor for all users.

Section IV-A, we start by comparing the linear and WL
design approaches and then proceed to a more detailed system
performance evaluation.

In Figure 9, the pairwise BER for linear and WL schemes
is shown for two design scenarios, with and without self-
interference cancelation. For the simulations U = 4 transceiver
nodes, M = 4 antennas at the relay and an equalization
filter length of Lq = 20 is considered. As per the relay
block diagram in Figure 3, the received signal at the relay
is processed with a combination of post-and-pre-rake filters
in addition to the equalizing filter prior to re-transmission. In
case of self-interference cancelation, Lc is set to Lc = 42
which corresponds to full self-interference cancelation. The
close match of the simulated results with that of the analytical
evaluation from (36) confirms the validity of the derivations
in Section III-E. It is observed that applying the WL design
without self-interference cancelation achieves a BER that is
comparable to the BER for the linear design with full self-
interference cancelation. Considering that the gains achieved
by the WL design come without any transmission overhead,
unlike the self-interference cancelation scheme that requires
feedback of information and storing the transmitted symbols,
applying the WL design is clearly advantageous.

The effect of self-interference cancelation on the WL design
of filters for multiuser two-way FF relaying with U = 4
users and relaying via M = 4 antennas at the relay, for the
design with identical receiver scaling is depicted in Figure
10 (analytical results based on Eq. (36)). Self-interference
cancelation lengths of Lc = 1, 3, 5, 7, 11, 42 are considered
for comparison. It can be seen from the figure that increasing
the number of self-interference cancelation symbols, improves
the BER significantly. As an example, applying Lc = 42, a
BER of 1×10−3 is achieved at 5 dB lower relay transmit SNR
compared to the case with Lc = 0, which is quite significant
compared to the gains achieved from self-interference cance-
lation in the DTF scheme (referring to Figure 5). It is also
observed that Lc = 11 results in a performance comparable
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filter length Lq = 20. Comparison between WL designs with and without
self-interference cancelation and identical receiver scaling factor for all users
and the WL design with user specific scaling factors, with self-interference
cancelation.

to Lc = Lg = 42. Such numerical evaluations based on Eq.
(36), can be used at the relay to set the value of Lc.

Next, we proceed to evaluate the effect of the iterative
design with user specific scaling on the overall performance.
In Figure 11, the sum-MSE is plotted versus the noise level
difference for a FF relaying network consisting of U = 2
nodes, M = 4 antennas at the relay, and the equalizing filter
length set as Lq = 20. The sum-MSE is plotted for three
transmit SNR levels of SNRTx,R = 8, 12, 16 dB. It is observed
that at higher transmit SNR levels, the iterative design with
user specific scaling achieves a sum-MSE that is comparable to
that achieved by the non-iterative convex design with identical
receiver scaling for all users. The effect of user specific scaling
factors is more pronounced at lower transmit SNR levels and
when the two users operate at different receive SNR levels.
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Fig. 12. The BER and SINR difference versus the ratio of the two users’
distances from the relay d2/d1, for DTF and FF relaying with WL design,
U = 2 users, M = 4 antennas at the relay, SNRTx,R = 12dB and
equalization filter length of Lq = 10 for the DTF and Lq = 20 for the FF
relaying scheme. Self-interference cancelation of length Lc = 5 and identical
receiver scaling factor for all users are considered for both design schemes.

Note that the difference in noise levels translates to difference
in received SNR. Therefore, the convex design scheme with
identical scaling factor for all users can be used as the default
FF relaying design procedure. Once the optimal solution of the
design problem in (26) is obtained, the received SINR can be
evaluated analytically using (35). Combining the information
about the relay transmit SNR and the destination node SINR
levels, the relay can make a decision about whether or not
switching to the iterative design is useful.

For the final set of results, we study the effect of distance
dependent path loss on the performance of the FF and DTF
relaying schemes. For the purpose of comparison we consider
two-way relaying between a pair of nodes, i.e. U = 2, with
asymmetric distances from the relay. The distances between
the relay and the two users are denoted as d1 and d2. The
path loss exponent is set as 4.58, as per the recommendation
from [31] for the CM2 model. The performance of the system
is examined at discrete locations along a circle centered
around the first user, the ratio d2/d1 is set to d2/d1 =
1, 1.2, 1.4, 1.6, 1.8, 2. Figure 12, shows the BER and the SINR
difference, SINR1 − SINR2 in dB, versus the distance ratio
of the two users, d2/d1 at a relay transmit SNR of 12 dB.
For both relaying schemes, WL design with self-interference
cancellation length of Lc = 5 are considered. As it can be seen
from the figure, when both users are at the same distance from
the relay, the users operate at same SINR levels and hence
achieve similar BERs. Increasing the relay’s distance from
the second user, although the relay’s distance from the first
user is constant, both users experience a loss in BER which
corresponds to approximately 4.5 dB SINR difference between
the two users for the FF relaying and 3.5 dB downlink SINR
difference in the DTF relaying scheme, when d2 is set to be
twice the value of d1.

V. CONCLUDING REMARKS

In this paper we have developed two novel multiuser two-
way relaying techniques, for a network of low-complexity
DS-UWB nodes communicating via a more powerful central
relay. The designs are based on DTF and FF processing at
the relay. Our design schemes are novel in that we consider
relaying over frequency-selective fading channels and the use
of post/pre-rake combining. Considering BPSK DS-UWB sig-
naling, WL counter-parts of the proposed filter design schemes
were devised and the superiority of the WL designs for both
relay schemes was demonstrated via numerical performance
evaluation.

For both relaying schemes we formulated convex optimiza-
tion problems with closed-form solution and also a more
general formulation with an iterative design approach using
alternating optimization. Based on numerical evaluations, for
both schemes the benefits of the iterative design are notable
when users operate at different SNR levels. Using our BER
analysis, we suggest adopting the convex designs with identi-
cal receiver scaling for all users as the default design procedure
for both schemes and switching to the iterative design when
signaling conditions change.

The example results on self-interference cancelation, for
channels randomly drawn from the CM2 UWB channel model,
reveal that canceling the self-interference resulting from a
small number of transmitted symbols, e.g. setting Lc = 5
for DTF relaying and Lc = 11 for FF relaying, is sufficient
to achieve a performance close to the full self-interference
cancelation while reducing the complexity at the receiving
nodes. We note that the reported numbers vary for different
channel models. Reducing the number of self-interference
cancelation symbols is desired since it affects the traffic on
the feedback channel and the processing at the destination
nodes. Incorporating the uncertainty of the channel estimation
into a robust design of the proposed relaying strategies is an
interesting extension that will be considered as part of our
future work.
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