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Abstract—In this paper, a multiuser two-way filter-and-for-
ward relaying scheme for wireless communication over wideband
channels is considered. We propose pre/post-rake processing in
conjunction with optimized filtering at the relay to reduce the
signal processing burden at the source and destination nodes. Two
relay filter design problem formulations are introduced, namely
(a) a convex optimization problem formulation with closed-form
solutions and (b) the more general case, which is a non-convex
problem solvable via an alternating optimization algorithm. For
both design alternatives widely linear formulations are devised.
The presented numerical results demonstrate the capability of the
proposed designs to establish reliable two-way communication
links between nodes with limited signal processing power and in
the absence of a direct link.

I. INTRODUCTION

Wireless communication solutions that satisfy criteria such
as low power consumption, security, and reliability, in a
network of low complexity nodes, will play an important role
in the internet of things revolution and with regard to machine-
to-machine (M2M) communications. Application examples for
such a network setup include multimedia communication in
wireless personal area networks, where wireless links serve
e.g. for cable replacement, intra-vehicle data communication,
and wireless communication in M2M sensor networks, for
the exchange of sensor information (on the reverse link from
the sensors to a central controller) as well as for distributing
firmware updates (on the forward link).

Relaying can play a significant role in extending the range
and throughput of ultra-wideband (UWB) communication sys-
tems, where the communication range is typically limited to
less than 10 meters due to restrictions on the average transmit
power spectral density. In particular, multi-user two-way re-
laying, which is a special case of multi-way relaying, has the
potential to achieve higher spectral efficiencies compared to
one-way and two-way relaying schemes [1], by establishing
multiple simultaneous pair-wise two-way links through the
relay. However, to this end efficient techniques are required
for self-interference mitigation, multiuser interference (MUI)
suppression, and — due to the UWB nature of the wireless
links — intersymbol interference (ISI) cancelation, so as to
achieve a certain end-to-end link quality, e.g. in terms of the
resulting bit error rate (BER).

Relaying over frequency-flat channels and pre-processing
at the relay has been widely studied in the past, see e.g.

[2]-[4]. However, the literature on relaying over frequency-
selective channels — as in the case of UWB links — is fairly
limited. In particular, the presence of ISI differentiates relaying
over frequency-selective channels from that over frequency-
flat fading channels. A simple relaying scheme for frequency-
flat fading is amplify-and-forward (AF) relaying. Filter-and-
forward (FF) relaying, on the other hand, can be regarded as
an extension of AF relaying to frequency-selective channels,
as it attempts to partially suppress the ISI prior to forwarding.

One-way FF relaying was first introduced in [5]. Reference
[6] offers an extension of this work for one-way relaying, when
a direct link exists between the source and the destination node
and equalization is performed at the destination node. Two-
way FF relaying with multiple antennas was considered in
[7], [8]. In reference [7], two-way FF relaying was optimized
according to a worst-case signal-to-interference-plus-noise ra-
tio (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 node was
also addressed as part of the design. In [8], worst-case SINR
maximization as well as transmit power minimization design
formulations were investigated.

In the UWB literature, one-way UWB relaying for time-
hopped UWB transmission schemes was considered in refer-
ences [9] and [10]. Two-way relaying for transmit-reference
UWB communication was proposed in [11], [12]. Differen-
tial schemes with non-coherent AF for multiple-hop one-
way relaying were developed in [13]. One-way relaying with
pre/post-rake combining at the relay was considered in [14]
for UWB signaling with guard intervals, and in reference [15]
one-way decouple and forward relaying with rake receivers
at the destination node was investigated. However, the above
mentioned methods cannot handle multi-way relaying links.
In fact, to the best of our knowledge multiuser two-way
relaying for UWB communication has not been considered
in the literature yet.

Motivated by this fact, in this paper multiuser two-way
relaying schemes for pairwise internode UWB communication
are investigated. In particular, we consider direct-sequence
UWB (DS-UWB) signaling, which facilitates coping both
with ISI and with MUI, while supporting high data rate
transmission. Different from the available literature on relaying
over frequency-selective channels, we propose a combination
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Fig. 1. Block diagram of the source/destination nodes in transmit and receive
modes.

of post/pre-rake filtering with optimized equalization filter-
ing at the relay for pairwise internode communication. The
presence of post/pre-rake filtering reduces the optimized filter
length required in dense UWB channels. The equalization
filter optimization itself is based on a sum-mean-squared error
(sum-MSE) minimization design criterion, which allows us
to develop convex problem formulations for optimizing the
system performance. Moreover, an alternative design based
on a modified MSE formulation [16] is proposed that leads
to further improved performance. The problem is, however,
non-convex and we present an iterative solver according to
the alternating optimization principle [17]. 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 a real-valued modulation scheme [18], such as
binary phase-shift keying (BPSK).

The remainder of the paper is organized as follows. The
UWRB system model including the FF relaying scheme is intro-
duced in Section II. The equalization filter design formulations
are introduced in Sections III and IV. Section V describes the
WL variation of the design problems as well as an analytical
performance estimation. Numerical results are presented in
Section VI, followed by concluding remarks in Section VII.

We use the following notations: R{.}, 3{.}, [.]%, []¥ and
&{}, denote the real part of a complex number, the imaginary
part of a complex number, matrix/vector transposition, Her-
mitian transposition, and statistical expectation, respectively.
[.] * [.] represents the linear convolution, 0,, is the all-zero
vector of length n and I,, is the identity matrix of dimension
n X n. Vectors and matrices are identified as bold lower case
and bold upper case letters, respectively.

II. SYSTEM MODEL

The block diagram of the source/destination nodes for
the considered multiuser two-way relay network is shown in
Figure 1. The nodes are assumed to be single antenna units
with limited signal processing capability, while the central
relay node, depicted in Figure 2, is equipped with multiple
antennas (M > 1). 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. (Note that due to the two-
way communication setup, U also denotes the number of
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Fig. 2. Block diagram of the central relay with pre/post-rake filtering and
equalization filtering for multiuser two-way FF relaying.

simultaneous links.) In particular, the transmitted data symbols
asu)[n] of source node s(u) (1 < u < U) are upsampled by
a factor of N, filtered by a pulse-shaping filter gr,(¢), and
transmitted via the antenna. Throughout this paper, the time
index before the upsampling step is denoted by n, and the time
index after the upsampling step is denoted by k. In the second
phase (downlink), the relay processes and broadcasts the sum
of all node messages through its M antennas. The received
signal at destination node d(u) (1 < u < U) is in essence
filtered by a noise-limiting filter gg. (¢) and then downsampled
by a factor of V, and symbol detection is performed by means
of a slicer. Optionally, a self-interference mitigation step can
be incorporated prior to the detection step, as indicated in
Figure 1 for the case of a single feedback tap with weight ~.

Note that the signal processing at the source/destination
nodes is relatively simple, while inter-node communication
is achieved through the central relay equipped with multiple
antennas. The relay estimates the channel state information
(CSI) between itself and the source/destination nodes, and
handles the complexity associated with the different filtering
steps. As it was mentioned in Section I, FF relaying can be
considered as an extension of AF relaying to the case of
frequency selective channels [5].

The details of the signal processing at the central relay
for half-duplex FF relaying are shown in Figure 2. The
received signal from source node s(u) at the relay’s m"
antenna is first (post-)rake combined, based on the estimated
channel coefficients of the source-relay link, using a linear
filter py(,),,,- Throughout this paper, we assume perfect CSI
at the relay concerning all source-relay and relay-destination
links. In the case of a ‘full” rake filter, p,, , is the com-
plex conjugate, time-reversed version of the channel impulse
response y(y),m[k] associated with the source-relay link. In
particular, the filter length L, is equal to the length of the
channel impulse response, Lj. Alternatively, a ‘partial’ rake
filter may be employed, which is the complex conjugate, time-
reversed version of the first L,, channel coefficients (L, < Lp).



The rake-combined received signal is then passed through an
optimized equalization filter g, of length L,, as shown in
Figure 2. Note that we employ a common filter gy, [k] for all
U links, so that the complexity of our design is fairly limited.
Prior to re-transmission, the filtered signal for destination node
d(u) is then pre-rake combined, based on the estimate of the
channel impulse response hg(,),m[k] of the relay-destination
link, using the linear filter py(,,) ,,

At each of the relay’s antennas, the sum received signal
from all transmitting users passes through the U pairs of
source and destination pre/post rake filters. Hence, we de-
fine the overall pre/post rake filter for relay antenna m as
Rsamlk] = Zﬁll (Ps(e),m[k] * Pace),m[k]). Then, the overall
channel consisting of the link between source node s(¢) and
the m'™ antenna at the relay, the post/pre-rake combining
filters, and the link between the relay’s m'" antenna and
the destination node d(u) is defined as gse),m,a)lk] =
hos(oy,m (K] * Rsd,m[E] * ha(u),m[k]. Throughout, we assume that
the individual links are reciprocal, i.e., the channel impulse
responses are identical for the uplink (all nodes transmitting
to the relay) and the downlink (all nodes receiving forwarded
signals from the relay).

III. PROBLEM FORMULATION

In this section the problem formulation for the design of
optimized relay equalization filters g,,[k] (1 <m < M) is
presented. We start by introducing a matrix-form represen-
tation of the received signal, which greatly simplifies the
problem description. The sum-MSE minimization is selected
as the design criterion of choice, as it enables convex problem
formulations for optimizing the performance.

The received signal at the destination node can be written

as
Ta(uy[n Z a" Gl g @so[n] + zagw[n] + vagw[n] ,
=1
(1
where
e g=[q¥,...,q%,]7 is the concatenated vector of the filter

coefficients across all antennas,

e q,, = [(bn[o]a . '7QWL[Lq - 1]]H
coefficients at the m™ antenna,

o Gy)aw) = [Gs@)1,dw)s -+ Gs(e),m,d(u)] 18 a block-
diagonal matrix with block components G (¢) m,d(u)

. Gs(4)7m7d(u) is formed by downsampling the rows of
Toeplitz matrix G sy, m,d(u) by factor IV,

o Gy)mdw) 1is defined by its first row vector
[(9s(),m,a) [kf])*,0L, 1], where the sampling phase
kg is set as kj :Lp—&—Lh—Q—NLWJ, and by
its first column [gs(f),m,d(u) [kf], 9s(6),m,d(w) [kf + 1], ceey
gs(f),m,d(u) [kf + (2Lh + 2Lp - 4)], Oqul] H’

o aypn] = [asw(nl,...,aspn—Ly+ 1]]T is the L, x
1 vector of transmitted symbols affecting the received
signal, where L, = [2L"+2L’LJJ\”,L“_4_W

is the vector of filter

bl

o Zguln] ~ N (0,03(“)) is the additive white Gaussian
noise (AWGN) at destination node d(u),

E Ud (u),m
added at the relay (on the uplink) and which is being
processed and forwarded to the destination node. It is
defined as vg(,)[n] = qHTfl{(u)zR, where Yy, =
diag{ Y g(u),1,- -+ Yaeuy,m} is of size ML, x MLy,
and its block components Y, ,, are Toeplitz ma-
trices with first row [Y g, [0],0z, 1] and first col-
umn [Td(u),m[ka Td(u),m [kf + 1}, e Td(u),m [kf +
(Ln + 2L, — 3)],0p,-1]". Moreover, YTy(y)m is de-
fined as Td(u),m = de,m[k] * hd(u),m[ki], ZR[TZ] =
[zr1[n),...,zrMm[n]] and zgpn[n] as zpn,[n| =
[Zrm[n], 2rRm[n —1],..., 2rm[n — Ly, + 1]]. L, is the
length of the relay noise vector affecting the received
colored noise at the destination node and is defined as
L, :kf+Lh+2Lp—3—|—Lq.

o Vyw)ln] = [n] is the colored noise that is

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 m'" antenna is s rmlk] =

(zr,m[k] + Z as(o)[k] * hem[K]) * Roamlk] *
as(e) k] represents the transmit symbol sequence upsampled
by factor N, and zg ,[k] is the AWGN added at the m'"

antenna of the relay with variance o2 .- Finally, the average
transmit power at the relay can be wrrtten as

qm|k], where

M

Pr="Y E{srmlklsimlk]}

m=1
U
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s
(=1

where the matrices ®r, and Py, , are block diagonal
matrices with Hermitian Toeplitz block component matrices
®r,m and P, ., respectively. The first row of ®p, is
defined as [¢rm[0], Pr.m[—1], ..., Pr.m[—Lg + 1]], where
dr,mlk] is defined as ¢r k] = Rsqm[k] * R;‘d m|—k]. The
matrix v, is structured similarly to @ g, where drmlk] is
replaced by ¢, [k] = Ys(e)mk] * T ., [—k]. The MSE
with self-interference cancelation at the destrnation node prior
to detection is defined as

2
MSEI u) = 8 {‘Oﬁ“d(u) [n} — as(u) [n — nf] — 'yﬁu)&d(u) [n]‘ }
3)

where @g(,)[n] is an L; x 1 vector containing the stored
transmitted symbols at the L. indices selected for self-
interference cancelation and zeros everywhere else, and the
vector 4,y € CPo*! contains the self-interference can-
celation coefficients at the L. self-interference cancelation
indices and zeros everywhere else, and the delay, ny, is set
2L}L+2LP+Lf—4—k',f . . .
asny = [[ ~ 1/2]. Using the received signal




representation from Eq. (1), the MSE is represented as

MSEd(u) = H [aqHGZUd(“)’ . ,oéqHGfI(u Y,d(u) ~ Cnyyenns
aq" Gt atw) ~ Yi(wy: - 00" G{v),a):

04y, 000" | H )

where e, is a vector with the nth element set as 1 and

zeros elsewhere. Here, we have assumed that E{|a,)[n]|*} =
E{laaw[n]*} 1 for all 1<wu<U. Assuming that
factor « is identical for all users, and setting v, =

oM EL Gy awa with Er, = E{agw[n]al, (wnl}, the
sum-MSE design problem is written as
ZMSEd(u : (5a)

U
s.t. qH (O'?R@R + Z QTSW)) q S —Pmax . (Sb)

u=1

The above problem is in convex form, and applying the
Karush-Kuhn-Tucker (KKT) conditions, the closed-form solu-
tion is found as

U U
FFH FF H
e%jf ugl Gs(u),d(u)T DT uzl Gs(u),d(u) €n;

4= Prnax ’
(6)
where D =02 ®r + Z Py,
U U U
H 2 H
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=1 j=1 u=1
U o2
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and the (concatenated) relay equalization filter vector is given
as

(7

U
FF H
q=T (Z Gs(u»d(u)) en/a.

u=1

IV. ITERATIVE DESIGN FOR USER SPECIFIC SCALING

In this section the design from Section III is extended to a
more general case with user specific scaling factors oy, for
the individual source/destination nodes.

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

MSEq( = E{laaqraq 7] = ase[n = ny]
®)
Using the received signal representation from (1), the MSE is

derived as per Eq. (4), by replacing the common factor « by
the user specific scaling factor ag(y).

= Yty Ba) |’} -

Next we use the alternating optimization (AO) approach to
arrive at a solution for the sum MSE minimization problem
subject to the maximum relay transmit power constraint. 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 it is based on dividing the
parameter space into a number of non-overlapping subsets and
alternating between restricted minimizations over each subset
of variables [17]. For a non-convex optimization problem, the
AO algorithm does not guarantee convergence to a global
optimum. In our case, the parameter space is divided as
X1 = |a1,...,ap], Xo = q and x3 = A, where X is a
scalar parameter. Setting V) = aiu)ELqu(u),d(u)q, and
applying the KKT conditions, the strict minimizers at each
iteration index, t, are found as

H
a(t+1) _ §R{q(t)H(;"s(u),d(u)enf}
dx) q(t)HFd(u)q(t) + Od(u) 7

€))

where

U
H H
Catwy = Y Glloy.a) Gs0).dw) — Gltwy,atyBr. Gagu).dw)
=1

2 H
+ Ozr Td(u) Td(u) )

U
R S

u=1

H
Gs(u),d(u)enf> ) (10)

where

T(r+1) _ (Z |adt+1)|2

u=1

)\(t)D)

and U
(t+1)

2:: |0‘d (w) ‘Q%(M)
Pmax

For the initial solution, the parameters from the optimal
solution of the design with identical parameter « for all users
from Egs. (6) and (7) are used to solve Eq. (9), and (10)
in the first iteration. After each iteration two conditions are
checked as stopping criteria, (i) [[x**t1) — x| < €, where
x! is defined as x! = [x%, x4, x4] and € is a small threshold
value, (ii) ¢ < Njter, checking if the number of iterations has
reached the maximum allowable number of iterations.
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V. WIDELY LINEAR FILTERING AND BER ANALYSIS

The widely linear counterparts of the filter design schemes
introduced in Section III and Section IV are obtained by
incorporating the real part of the received signal in the MSE
definitions of (3) and (8). The real part of the received signal
is written as

M:

s(z d(w) Bso) ] + Zaey (0] + Daguy[n] 5
(11

=1



where g is defined as ¢ = [R{q},S{q}], és(g)7d(u) =
R{G),a) } —S{Gs(),aeu) }]. and the AWGN noise term
Zq(u)[n] is Gaussian distributed with zero mean and variance
Uﬁ(u) /2. The real part of the colored noise forwarded through

the relay is written as 0g,)[n] = (]TTZ(U)ER, where zZp =
[R{zr}, S{zr}| and

T = { %Cixd(u)} —{ Y} ]
—3{Yaw} —R{ Yy}
The matrices @ and @~ ,, are replaced with
&, — [ ?E{(I)R} —3{®r} }
S{@rt RN{®r} |°
and N
e = HOrl Sor) )
st \S{@Ts(u)} 8%{¢Ts(u)}
respectively.

The BER for each of the source and destination pairs
can be approximated using the resulting 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. (12), where ng(,) =
o2 T v - 02,
4" Y g Yaey@ + ~52

Using this definition for the SINR, the corresponding BER
for the BPSK DS-UWB signaling can be evaluated as

BER () = Q((/STNRy( ) -

where )(.) denotes the Gaussian Q-function.

(13)

VI. NUMERICAL RESULTS

In the following we describe and discuss a set of numerical
results that demonstrate the performance of the two proposed
relay filter design schemes. For the following numerical re-
sults, we consider the CM2 channel model for the residential
non-line-of-sight environment, cf. [19], and the channel real-
izations are generated according to the procedure described
in [20]. Note that the designs proposed in this paper are
applicable to any UWB channel model, while CM2 from [19]
is only chosen as an example. The signaling specifications
include a center frequency of 6 GHz and a pulse bandwidth
of 0.5 GHz using root-raised cosine pulses gt (¢) and grx(t)
with roll-off 0.7. Throughout, we consider ‘full’ pre/post-rake

processing (L, = Lp). Unless otherwise specified, results
are averaged over 500 channel realizations. Furthermore, it
is assumed that 0% = 02, = ... =03

In Figure 3, the pairwise BER for linea[; and WL schemes is
shown for two design scenarios, namely with and without self-
interference cancelation (L. = 0). For the simulations U = 4
transceiver nodes, M = 4 antennas at the relay node and an
equalization filter length of L, = 20 were considered. As per
the relay block diagram in Figure 2, the received signal at
the relay was 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, L. was
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# WL Design, Simulation
= = = Linear Design, Analytical
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Fig. 3. BER between a pair of source and destination nodes versus relay

transmit SNR, SNRTX’R = Pmax/ aﬁ(u), shown for multiuser two-way
FF relaying with U = 4 users, M = 4 antennas at the relay, and an
equalization filter length of Ly = 20. Comparison between linear and widely
linear designs, with and without self-interference cancelation, and identical
scaling factor for all users.

0.4 T T T
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0.35¢
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Fig. 4. Sum MSE versus user’s noise level difference 0‘%/0’% in dB, for
FF relaying with U = 2 users, M = 4 antennas at the relay, and an
equalization filter length of L, = 20. Comparison between WL designs with
self-interference cancelation and identical receiver scaling factor for all users
and the WL design with user specific scaling factors (with self-interference
cancelation).

set to L, =42, which corresponds to full self-interference
cancelation. The close match of the simulated BER results
with those obtained from the analytical evaluation from (13)
confirms the validity of the derivations in Section V. It is ob-
served 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 of the transmitted symbols, applying the WL design is
clearly advantageous.

Next, we proceed to evaluate the effect of the iterative
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design with user specific scaling with regard to the resulting
sum-MSE. In Figure 4, the sum-MSE is plotted versus the
noise level difference for a FF relaying network consisting of
U = 2 nodes, using M = 4 antennas at the relay, and an
equalizing filter length of L, = 20. The sum-MSE is plotted
for three transmit SNR levels of SNRryxr = 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. Note that the difference in noise levels translates
to a 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 (5) is obtained, the received
SINR can be evaluated analytically using (12). 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.

VII. CONCLUSION

In this paper, we have developed novel multiuser two-way
relaying techniques for a network of low-complexity direct-
sequence ultra-wideband (DS-UWB) nodes communicating
via a more powerful central relay. The designs are novel in that
we consider relaying over frequency-selective fading channels
and use post/pre-rake combining at the relay. Considering
binary phase-shift keying DS-UWB signaling, widely linear
(WL) counter-parts of the proposed filter design schemes were
devised, and the superiority of the WL design was demon-
strated via numerical performance evaluation. We formulated
convex optimization problems with closed-form solution and
also a more general formulation with an iterative design
approach using alternating optimization. Based on numerical
evaluations, the benefits of the iterative design are notable
when users operate at different signal-to-noise levels. Using
our bit error rate analysis, we suggest adopting the convex
design with identical receiver scaling for all users as the default
design procedure and switching to the iterative design, when
signaling conditions change accordingly.
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