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Abstract—Two transmission strategies, namely (i) pair-
wise zero-forcing transmission and (ii) non-pairwise zero-
forcing transmission, for multiple-input multiple-output (MIMO)
amplify-and-forward (AF) multi-way relay networks (MWRNS)
are analytically studied. To this end, lower and upper bounds
of the outage probability, the corresponding high signal-to-
noise ratio outage probability approximations, the achievable
sum rate, and the fundamental diversity-multiplexing trade-off
are derived in closed-form. The proposed pairwise zero-forcing
transmission strategy possesses a lower practical implementation
complexity as each node requires only the instantaneous respec-
tive node-to-relay channe knowledge. Counter intuitively, the
non-pairwise zero-forcing transmission strategy achieves higher
spatial multiplexing gains over the pairwise counterpart at the
expense of higher relay processing complexity and more stringent
channel state information requirements. Moreover, numerical
results are presented to further validate our analysis and thereby
to obtain valuable insights into practical MIMO AF MWRN
implementation.

Index Terms—Multi-way relay networks,
forward, mimo, zero-forcing, transmission designs.
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I. INTRODUCTION

N multi-way relay networks (MWRNS), M > 2 spatialy-

distributed nodes mutually exchange their data signals via
an intermediate relay. This communication system configura-
tion may arise in many practical scenarios, for example, in
multimedia teleconferencing applications via a satellite or in
data exchange between sensor nodes and the data fusion center
in wireless sensor networks. In particular, MWRNSs are the
natural generalization of conventional one-way relay networks
(OWRNSs) and two-way relay networks (TWRNSs) [1], and
conseguently, they allow mutual data exchange among more
than two nodes. Moreover, OWRNs have aready been in-
cluded in Long Term Evolution-Advanced (LTE-A) standard,
and TWRNSs are being studied for relay-based International
Mobile Telecommunications-Advanced (IMT-A) systems [2].
Thus, MWRNSs are also expected to be an integral part of the
next-generation wirel ess standards. However, a comprehensive
performance analysis of multiple-antenna MWRNSs has been
lacking. To this end, in this paper, two multiple-input multiple-
output (MIMO) transmission strategies are developed and
analyzed for amplify-and-forward (AF) MWRNS.
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Prior related research on single-antenna MWRNSs: Al-
though, multi-way communication channels were first studied
more than three decades ago [3], their practical significance
has not been fully exploited until the emergence of modern
cooperative relay communication research. To this end, in
[4]12], the multi-way channel has been exploited with the
aid of relays leading to MWRNSs. To be more specific, in
[4], the achievable symmetric rate of full-duplex MWRNS,
where all nodes and the relay operate in full-duplex mode,
are studied for severa relay processing strategies. However,
half-duplex MWRNs may be preferred in practice over full-
duplex MWRNSs as the practical implementation of the latter is
significantly complicated. Thus, in [5], a pairwise half-duplex
transmission strategy is studied for MWRNSs by employing so-
called functional decode-and-forward (FDF) relay processing.
Furthermore, the FDF strategy of [5] has been shown to
achieve the common-rate capacity of the binary MWRNs
whenever the multiple nodes exchange signals via a relay
at a common-rate. Reference [6] extends the FDF transmis-
sion strategy for common-rate binary MWRNSs of [5] to the
general-rate MWRNSs over a finite field by deriving capacity
regions. Besides, [7] derives the common-rate capacity of
Gaussan MWRNSs, where al nodes transmit at the same
power. In [8], pairwise decode-and-forward (DF) MWRNs
based on deterministic broadcasting with side information
have been shown to be optimal in the sense of sum-capacity.
Recently, in [9], we derived the conditional outage probability
and average bit error rate of pairwise AF MWRNSs in closed-
form. All the aforementioned studies except [9] consider
single-antenna MWRNS, where all nodes and the relay are
equipped with a single-antenna, and employ the DF protocol
exploiting inherent benefits of physical layer network coding.

Prior related research on multiple-antenna MWRNS: In
[10], a new transceiver strategy is proposed for half-duplex
DF MWRNs, where multiple single-antenna nodes exchange
their signals through a multiple-antenna relay by employing
beamforming techniques. Moreover, [10] derives the transmit
beamformer at the relay by employing semidefinite optimiza-
tion techniques based on relay power minimization criterion.
Reference [11] extends [10] to cater AF TWRNSs and thereby
studying the achievable sum rate for both symmetric and
asymmetric traffic scenarios by using simulations. In addi-
tion, [13] studies the multi-group AF MWRNSs by employing
unicast, multicast, and hybrid unicast/multicast transmission
strategies. Besides, [12] studies a special case of MWRNs!

1gpecifically, the transmission strategy of [12] is only applicable whenever
the transmit beamforming at the relay cannot be employed due to the relay
antenna array constraints, where there are not enough degrees of freedom to
eliminate inter-pair interference.
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in which signals are exchanged only between predefined pairs
of nodes. To be more specific, [12] employs a proactive relay
precoder design to align messages from the same pair of nodes
by first eliminating inter-pair interference and then utilizing
intra-pair interference for symbol decoding via network cod-
ing. All the aforementioned references treat MWRNS with
multiple-antenna relays; however, al nodes are single-antenna
terminals.

Moativation: Although single-antenna MWRNSs have been
heavily investigated, their achievable spectral efficiency im-
provement is limited [9]. Thus, more spectrally-efficient
MWRNSs can be designed by exploiting the additional degrees
of freedom provided by multiple-antennas at the nodes as well
as at the relay. For example, these degrees of freedom can
be used for spatial beamforming to eliminate inter-pair/intra-
pair interferences and thereby improving the achievable spatial
multiplexing gains. To the best of our knowledge, multiple-
antenna AF MWRNS, where all nodes and relays are equipped
with multiple-antennas, have not yet been studied. For in-
stance, the MWRNSs considered in [4]{9] consist of all single-
antenna terminals, while those in [10]{12] alow multiple-
antenna relays, however, all nodes are restricted to single-
antenna terminals. Moreover, important system performance
metrics of MIMO MWRNSs such as the outage probability,
the fundamenta diversity-multiplexing trade-off (DMT), and
the achievable sum rate have not been derived in closed-form.

Our contribution: This paper thus fills the af orementioned
gaps in transmission designing and performance analysis of
MIMO MWRNSs by developing and analyzing two transmis-
sion strategies, which are primarily based on transmit/receive
(TX/Rx) ZF, for MIMO AF MWRNSs consisting of M > 2
MIMO-enabled nodes and a single MIMO-enabled relay. We
term the MWRNSs transmission schemes treated in this paper
as (i) Pairwise ZF transmissions and (ii) Non-pairwise ZF
transmissions.

To be more specific, in the pairwise ZF transmission strat-
egy, M nodes exchange M independent symbol vectors in
two consecutive multiple-access (MAC) and broadcast (BC)
phases each having M —1 time-dots. In the MAC phase, the
ith and the (i+1)th pair of nodes, wherei € {1,--- , M — 1},
transmit to the relay by employing transmit-ZF precoding,
while the relay receives a superimposed-signal without using
a specific receiver reconstruction filtering. This pairwise MAC
transmission takes place until the completion of the last pair's
transmission. In the BC phase, relay performs a simple AF
operation for each superimposed-signal received during the
MAC phase by employing a specific gain, which is designed
to constraint the long-term total transmission power at the
relay. The relay then broadcasts these M — 1 signds in
M — 1 consecutive time-slots in the BC phase, where all
the M nodes receive these amplified superimposed-signals
by employing their corresponding receive-ZF reconstruction
filters. Consequently, each node now has M —1 independent
signals from which the data signal vectors belonging to the
remaining M — 1 nodes can readily be decoded by using
self-interference cancellation and back-propagated successive
known interference cancellation.

On the other hand, the non-pairwise ZF transmission strat-
egy is capable of exchanging all M data signals among all the
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participating nodes in M time-dots, which contain one MAC
phase transmission and M — 1 BC phase transmissions?. In
the MAC phase, all the MIMO-enabled nodes simultaneously
transmit to the relay, where a concatenated-signal vector is
recovered by employing the receive-ZF reconstruction filter-
ing. In the next subsequent BC phase transmissions, the relay
forwards an amplified-and-permuted® version of its received
signal back to al nodes by employing a joint transmit-ZF
precoding technique.

In this paper, the basic performance metrics of the two
aforementioned MIMO MWRN transmission strategies are
derived to obtain valuable insights into their practica im-
plementation. To this end, two novel end-to-end signal-to-
noise ratio (e2e SNR) expressions are first developed and
then used to derive closed-form lower and upper bounds of
the overall outage probability. Moreover, the achievable sum
rate is derived in closed-form by employing the statistical
characterization of the e2e SNR. Mathematically tractable
high SNR outage probability approximations are derived,
and thereby, the fundamental DMT and maximum achievable
diversity/multiplexing gains are quantified as well in order to
obtain valuable insights into practical MIMO MWRN system-
design and implementation. Moreover, useful numerical results
are presented to further validate the insights provided by our
analysis.

Impact: It is worth noticing that the two aforementioned
transmission strategies are applicable to two specific antenna
configurations. Specifically, to employ joint Tx/Rx ZF in the
pairwise transmission strategy, the number of antennas at the
relay must not exceed the minimum antenna count at any
of the nodes. On the contrary, the non-pairwise transmission
strategy requiresthe relay to be equipped with a larger antenna
array than the summation of al node antennas in order to
retain adequate degrees of freedom to eliminate al inter-
pair/intra-pair interferences in the BC phases.

Our pairwise ZF transmission strategy enjoys two-fold
benefits; (i) it allows simple practical implementation as each
node requires only the corresponding node-to-relay channel
knowledge as opposed to the global CSI requirement, and (ii)
it yields lower relay processing complexity as the relay does
not either employ any receive-filtering/precoding or require
instantaneous channel state information (CSI). However, these
benefits come at the expense of lower achievable spatial mul-
tiplexing gains as shown in Section 111-D. Counter intuitively,
the non-pairwise ZF transmission strategy enjoys a much
higher spatial multiplexing gain, however, by compromising
most of the benefits inherent to the pairwise counterpart. To
be more specific, non-pairwise strategy requires relay to be
equipped with a much larger antenna array in order to enable
its joint receive/transmit (Rx/Tx) ZF and thereby substantially
increasing the relay processing complexity. Besides, both pair-
wise and non-pairwise transmission strategies reap substantial
diversity and multiplexing gains inherent to MIMO systems,

2This transmission strategy can be considered as an extension of [11] to
enable multiple-antenna nodes in order to reap both diversity and multiplexing
benefits subjected to a fundamental DMT.

3To be more specific, this permutation is performed such that the signals
belonging to all nodes are fully exchanged among themselves at the end of
the final BC phase transmission.
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however, subjected to the fundamental DMT. It is worth notic-
ing that our two transmission strategies for MIMO MWRNs
can be employed in various practical implementation scenarios
by carefully analyzing the performance versus complexity
trade-off, which is the most important trade-off in deploying
practical cooperative communication systems.

Notations: Z#, [Z]i;, and \x(Z) denote the Hermitian-
transpose, the (k, I)th diagonal element and the kth eigenvalue
of the matrix, Z, respectively. £4{z} is the expected value of
z over A, and the operator ® denotes the Kronecker product.
I, and Oy« v arethe M x M Identity matrix and M x N
matrix of all zeros, respectively. f(z) = o(g(z)), g(z) > 0
states that f(z)/g(z) — 0 asz — 0.

Il. SYSTEM, CHANNEL AND SIGNAL MODELS

In this section, the system, channel, and signa mod-
els pertaining to the two transmission strategies of MIMO
AF MWRNSs are presented. In this context, we consider a
MIMO AF MWRN consisting of M nodes (S,,) for m €
{1,---, M}, and one relay node (R), where each of them
operates in haf-duplex mode. The mth node and the relay
are equipped with N,, and Ngr antennas respectively. All
the channels are assumed to be independently distributed
frequency-flat Rayleigh fading. Moreover, the noise at all
the receivers is modeled as complex zero mean additive
white Gaussian noise (AWGN). The direct channel between
S, and S,,, for m # m' is assumed to be unavailable
due to impairments such as heavy path-loss and shadowing
[1], [24], [15]. The channel matrix from S,, to R in the
ith time-slot of the MAC phase is denoted as an) R~
CN NpxN,, ONpxN,.; Ins, @Iy, ). The channel matrix from

R to S, in the jth time-slot of the BC phase is denoted as
Hg)m ~ CNN, «xNr (ON, xNr» In,, ® Ing). Moreover, all

the channel matrices are assumed to be remain fixed over
one time-slot. Besides, H()R and H' )R are mdependent
for(mm)e{l , M}, (zz)e{l M — 1} and
m 7 m'. Sumllarly, H%)m and HY 3n are mdependent for
(45" € {1,- 1}, (mym) € {1+ M}, j £ and
m # m'.

In the next two subsections, signal models of MIMO AF
MWRNSs with (i) pairwise ZF transmissions and (ii) non-
pairwise ZF transmissions are presented in detail.

A. Signal model of MIMO AF MWRNSs with pairwise trans-
missions

Inthe MIMO AF MWRNSs with pairwise ZF transmissions?,
all M nodes exchange their information-bearing signal vec-
tors®, x,,, satisfying &[x,,x%] = Iy, one another in two
consecutive MAC and BC transmission phases each of them
having M — 1 time-dots.

4In MIMO AF MWRNSs with pairwise transmissions, the constraint Np <
min (N, .-+, Nps) isimposed to employ joint transmit and receiver ZF for
the same antenna configuration [16]. Conseguently, the maximum number of
end-to-end data subchannels from S; to R is constrained to Ng.

5The symbol vector of S, for m € {1,---, M} is denoted by x;,, with
dimension Ni x 1 and has Ny independent data symbols.
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Fig. 1. The schematic system diagram of the MIMO AF MWRN with
pairwise ZF transmissions depicting the zth time of the MAC phase and the jth
time-slot of the BC phase, wherei € {1,--- ,M—1}andj € {1,--- ,M —
1}. The terms TZF and RZF are referred to the transmit zero-forcing and
receive zero-forcing, respectively.
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Fig. 2. The schematic timing diagram of the MIMO AF MWRN with
pairwise ZF transmissions depicting the MAC phase and BC phase time-slots
and transmission/reception sequence.

1) MAC phase of pairwise transmission strategy: Let us
consider an intermediate stage of the MAC phase, i.e, its
ith time-dlot (see Fig. 1 and Fig. 2). In the ith time-slot of
the MAC phase, the pair of nodes, S,, and S,,+1 transmit
X and x,,+1 Smultaneously to R by employing transmit-
ZF precoding. The received superimposed-signal vector at R
in the ith time-dot of MAC phase is given by

y%) = HSL)R (gnLUgrzL) an) HSLJrl R (gnl+1U£’lL)JFle+1)
4, @

where i € {1,- — 1}, Hffl),R is the channel matrix

from S, to R, and nR is the N x 1 zero mean AWGN
vector a R in the ith time-slot of the MAC phase satisfying

g[n(i) (n@))H} = In,02. In (1), g, U x,, isthe precoded
R R NrOR- y IgmYUm Xm p

transmit signal at S,,, with the dimensi on® N,,, x 1. Moreover,
Ug,? is the transmit-ZF precoding matrix at S,, in the ith
time-dot of the MAC phase, and is given by [16]

vy = (19,)" (Hggﬁ (HE,?,R)H> o

Besides, in (1), g,, is the power normalizing factor, which
constraints the long-term total power at S,,, and is given by

gm_\/Pm/Tr(e[ o ( Q)HD—W

Na— [17] and Py,

©)

where T,,, 2 Tr (& U%)(U%))HD =%
is the transmit power at 5.,

SNote that the precoded transmit signal at S, is of dimension N, x 1,
and hence, no transmit antenna is discarded arbitrarily.



Remark [1.1: Symbol vectors at each node can be of
arbitrary length. However, only N g independent data symbols
can be sent from each node to the relay as it has only
Ng receive antennas. To ensure this constraint at each node,
the symbol vectors of arbitrary lengths are multiplied by a
permutation matrix as follows:

Xm = Hmdwu (4)

where d,,, is a symbol vector at S,, with dimension /,,, x
Further in (4), I1,, is the Ny x [,,, permutation matrix’, which
ensures only N independent data streams are transmitted to
the relay by each node to avoid any data symbol loss.

The aforementioned MAC phase continues until the last pair
of nodes, Sj;—1 and Sy, complete their transmission (see Fig.
2), and consequently, R has now received M — 1 pairwise
transmissions containing M — 1 superimposed-signals in the
form of (2).

2) BC phase of pairwise transmission strategy: During the
BC phase, R broadcasts the amplified versions of the M —1
received signals back to all M nodes in M —1 consecutive
time-dots (see Fig. 1 and Fig. 2). Again, we consider the jth
time-dot, an intermediate stage of the BC phase for the sake
of the brevity of the exposition. Furthermore, let us assume
that y'? in (1), which is the signal received by R in the ith
time-dot of the MAC phase, is scheduled to be transmitted in
the jth time-dlot of the BC phase. In the jth time-dot of the
BC phase, the transmitted signal by R is therefore given by

(4) _ 1}, (5)

xXp = M —
where G; = \/PR/(gfn +g2,.1 + 0%) is the power normal-

ij) for j e {1,-

izing constant corrresponding to yg) in (1) a R designed to
congtraint the long-term total relay power and P, is the relay
transmit power. It is worthy noting that, in (5), y%) can be
either of M — 1 superimposed-signals received by R during
the MAC phase. The broadcast signa in (5) is then received
by all the M nodes. During the jth time-slot of the BC phase,
the received signal at the mth node is therefore given by

y? =vi(eHE,y7+nl)), (6)
where j € {1,--- ,M — 1} and m € {1,---, M}. Besides,
in (6), H(])m is the channel matrix from R to S,, in the

jth time-slot of the BC phase, and is assumed to be statis-
t|ca|Iy independent for different m e {1,---,M} and j €
{1,---, M-1}. Moreover, in (6), nm |stheNm><1 Zero mean

D (O
AWGN vector at S, satisfying £ [nm (nni ) =1y, 02,

forme{l,---,M} and V) is the receive-ZF matrix at S,,,
employed in the jth time-slot, and is given by [16]

()

where j € {1,---,M — 1} and m € {1,---,M}. The
aforementioned BC phase transmissions continue until all
M — 1 superimposed-signals are broadcast by R during M —1

7The permutation matrix, IT,,, is constructed by horizontally concatenating
a Ng x Ng permutation matrix and a Ng X (I;,,— Ng) zero matrix, where
meée{l,---, M}
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successive BC phase time-dlots in order to ensure that each
node receives adequate number of independent signals from
which the signals belonging to other M — 1 nodes can readily
be decoded.

3) Sgnal decoding process of pairwise transmission strat-
egy: Upon the completion of the MAC phase and the BC
phase, mutual exchange of all M node signa vectors via
the relay is accomplished. Each node therefore has received
M —1 independent signals, which indeed carry the data of the
remaining M — 1 nodes. Now by employing self-interference
cancellation and back-propagated known-interference cancel-
lation successively [5], [11], [18], each node can readily
decode the data of the other M — 1 nodes.

For the sake of the exposition of signal decoding, let us
consider a three-way relay network consisting of three nodes
and asingle relay. By first substituting (1) and (7) into (6), and
then letting M =3, i € {1,2}, j € {1,2} and m € {1, 2, 3},
the signals received at S,, for m € {1,2,3} during the first
time-slot of BC phase are given by

y(s1 G (91X1 + goxo + IIR ) + V( ) 51) (89)

y32 Gl (91X1 =+ ga2Xo =+ Ilg%)) + Vé )Il(l) (8b)

ySg Gl (91X1 + goxao + ng)) + V( )ngl), (8C)

where G1 = /Pr/(¢? + 92 + 0%). Similarly, the signals
received at the three nodes in the second time-slot of the BC
phase are next given by

YSl Gs (92X2 + g3x3 + Il ) + V( ) 52) (93

YS2 G2 (92X2 + gaxz + ) +Vv&ns? (%)

ysg Go (92X2 + g3x3 + Il ) + V( )n:(;z)7 (90)

where Go = \/Pr/(g3 + 65 + 03,)-

The signals received by S are given by (8a) and (9a). From
(8a), the salf-interference, i.e., the term involving x 1, can be
readily canceled, and consequently, the signal vector belonging
to Sy, i.e, xo, can now be decoded at S; by employing
standard ZF MIMO decoding [18]. Next, by knowing x> from
the previous decoding step, the interference owing x - in (93)
can be eliminated and thus paving the way to decoding of
x3 a Sp. This step of interference cancellation is referred to
as back-propagated known-interference cancellation [5], [11].
Similarly, by employing self-interference and back-propagated
known-interference cancellations successively, the the signals
received at S> and S3 can be decoded as well.

4) End-to-end SNR: In this subsection, we develop a gen-
eral e2e SNR expression for an arbitrary data subchannel. To
this end, by again substituting (1) and (7) into (6), and then by
employing back-propagated successive self-interference and
known-interference cancellation®, the signal vector pertinent
to the nth node, received at the mth node in the jth time-dot
of the BC phase is derived as

y(g) =Gj (gnxn + 1’1(])) + V(]) 5771)7 (10)

8It is assumed that S,,, knows its own information-bearing symbol vector,
, CSl of H' >R and G, which requires g, .
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Fig. 3. The schematic system diagram of the MIMO AF MWRN with non-
pairwise ZF transmissions depicting the only time of the MAC phase and the
jth time-dot of the BC phase, where j € {1,--- ,M — 1}. The terms TZF
and RZF are referred to the transmit zero-forcing and receive zero-forcing,
respectively.

whereje{l M-1}, m € {1,---,M}, n €
{1,---, M}, and m ;é n. Then the post-processing e2e SNR
of the kth data subchannel of y s) in (10) can be derived
as given in (11) (see Appendix A “for the proof). In (11),

k € {1, ,NR}, 7R,m = PR/Jm, ’}%R = P]/JR, and
An.r = Pn/c%. Furthermore, 7;s are defined in (3) and given
by 7; = Nr/(N; — Nr), T;H = Ngr/(Nj+1 — Ng), and
Tn = Nr/(Nn — Ng).

Remark 11.2: The e2e SNR of the kth symbol of the
signal vector pertinent to the nth node, received at the mth
node in the jth time-slot of the BC phase®, [VSS?J , for
ke{l,---,Ngr}in (11) are statistically correlated for a%iven
set of j, m, and n values as noise term in (10) is colored due
to V(J) However, the set of {VSU) } belonging to different
j,» m and n values are statistically independent.

B. Sgnal model of MIMO AF MWRNs with non-pairwise
transmissions

In the MIMO AF MWRNSs with non-pairwise ZF transmis-
sions', all M nodes exchange their information-bearing signal
vectors in M time-slots among one another. The MAC phase
congists of only one time-slot, whereas the BC phase contains
M —1 time-dots. Note that M — 1 time-lots are required in the
BC phase to achieve full mutual data exchange, i.e., .S, should
receive all symbols belonging to S,, for m € {1,--- , M},
ne{l,---, M}, andm # n. Specifically, M (M —1) symbol
vectors are transmitted to M nodes by the relay in M — 1
time-dots of the BC phase.

%It is worth noticing that the index pair (j, ) in (10) and (11) is used only
to differentiate the sequence of symbol vectors received by a particular node
in each time-slot of the BC phase from the remaining set of nodes. Thus, each
pair of (j,n) has a one-to-one correspondence, and hence, without loss of
generality, the index n is removed herein for the sake of notational simplicity.

10In the MIMO AF MWRNSs with non-pairwise transmissions, the con-
straint Ng > M [ming,eqq,... ary(Nm)] is imposed to employ joint
receiver and transmit ZF at the relay. Consequently, the maximum number
of end-to-end data subchannels from all nodes to the relay is constrained to
M Npin, Where Ny, = minme{l,m ,]\/[}(Nm)'

Fig. 4. The schematic timing diagram of the MIMO AF MWRN with non-
pairwise ZF transmissions depicting the MAC phase and BC phase time-slots
and transmission/reception sequence.

1) MAC phase of non-pairwise transmission strategy: Dur-
ing the MAC phase, al nodes transmit simultaneously their
signals to R without employing any transmit precoding strat-
egy (see Fig. 3 and Fig. 4). The pre-processed superimposed-
signal vector received at R is given by

M
= Z \/ P—mHnL,RHanL + npg,
m=1 Nm

where np is a noise vector at R satisfying & [ngnf| =
In,0%. Moreover, IT,, for m € {1,---, M} is the permu-
tation matrix'* at S,, and used to ensure that only N, =
min,,eq1,...,ary N data subchannels are transmitted by any
S in order to eliminate any lost of data subchannels in the
BC phase at the nodes'. Next, the pre-processed signal at R
given in (12) can dternatively be rewritten as

(12)

yr = Hgs rXs +ng, (13)

where Hs p € C NexXi—1Nm s the effective channel
matrix formed by horizontally concatenating individual

channel matrices as Hgrp = [Higr Hor, - ,Hu gl
Furthermore, xg is the effective transmit signal
vector obtained by verticaly concatenating the

weighted individual node transmit vectors x; as xg =

v/ P1/NiILix1; \/Po/Nolloxa; - - - 5/ PM/NMHMXM]
he relay then employs the receive-ZF reconstruction matrix,
'W.., to receive this superimposed-signal vector as follows:

Yr = W,yr = x5 + W,ng. (14)

where W, = (HZ ;Hs ) HY .

2) BC phase of non-pairwise transmission strategy: Dur-
ing the BC phase, R employs the transmit-ZF precoding to
broadcast an amplified-and-permuted version of y r back to
al nodesin M — 1 subseguent time-dlots (see Fig. 3 and Fig.
4). For the sake of exposition of the BC phase transmissions,
an intermediate jth time-slot of the BC phase is considered.

UMoreover, the permutation matrix, IL,, for m € {1,---,M}
is congtructed by first horizontally concatenating an Iy, .~ and
ON i X (N — Npin) Matrices, and then vertically concatenating this
r&suitlng matrix with another O(Ny, — Nonin) X Ny MaLTIX.

125ee Section V-B for the optimal antenna subset selection strategy.



To this end, the transmitted signal by R in the jth time-dot
of the BC phase can be written as
77 = W GUTIOW, yp, (15)
-1
where W(j) = (Hg)S)H (Hg)s (Hg)S)H> is the trans-
mit precoding matrix at R. Here, H(’S € C T NixNr
is the effective channel matrix from R to al nodes and
constructed by vertically concatenating individual channel
matrices as HR,S = [HRJ;HRJ; ve ;HR,M]- In (15), the
amplification gain, G¥), is designed to constraint long-term
relay transmit power as given in (16). Moreover, in (15), I1 ()
is the permutation matrix at the jth time-sot of the BC phase,
and designed to ensure that the signal belonging to S,,,+1 IS
transmitted to S,,, for al m € {1,---, M} with Spr41 = 5.
To this end, TIY) for j € {1,---M — 1} is constructed as
1Y) = (I1p)7, where Hp is the primary permutation matrix
with >~ Ny, x Z 1N, dimension and given by (17).
The concatenated rece|ved signal vector at nodes in the jth
time-dot of the BC phase can then be written as
vy =HY W GOTIOW,yr +ns,  (18)
wherej € {1,--- , M —1} and ng isthe concatenated-AWGN
vector at all nodeﬁ satisfying € [nsn'd] = ofIsa . The
BC phase continues until the completion of all M1 relay
transmissions in M — 1 consecutive time-gots.

3) Sgnal decoding process of non-pairwise transmission
strategy: Upon the completion of the MAC and BC phases,
each node has now received the M — 1 noise perturbed
signal vectors belonging to other M — 1 nodes. This full data
signal exchange is achieved due to the fact that the relay has
enough degrees of freedom which can readily be exploited
for spatial beamforming to eliminate inter-node/intra-stream
interferences by virtue of successive M — 1 transmit ZF
transmissions of the carefully permuted signal vector in the
BC phase. This permutation ensures every node receives M —1
signal vectors corresponding to the remaining M — 1 nodes
within the M — 1 BC phase transmit ZF transmissions. The
each of M — 1 signals received by any particular node can
readily be decoded by employing standard MIMO signal
detection techniques developed for MIMO ZF systems [18].

4) End-to-end SNR: By employing similar techniques to
those in Appendix A, the e2e SNR of the kth subchannel
of y¥) in (18) is derived as given in (19). In (19),

A 7’ A Pgr
V'R = D VRK = G Nuin = ming 1. ary (Nm),
and k' = 71'(], k), whichis determined by the permutation

matrix TIU). Moreover, in (19), %R = 7’2 . YR = g,
Q = T(EWW]) = Tr(E[(HpsHY )
and Q' = Tr(E[(WW)(WW)T]) =

Tr (5 {(Hg,st;{RHS,RHR,S) !

The e2e SNR of the kth data subchannel of S, belonging to
S; for (m,j) € {1,---,M} and m # j can then be written
by using (19) as given in (20). Moreover, in (20), k., ; €
{1,-++, M Ny} and the relaionship between &k and k,,
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strictly depends!® on the permutation matrix, IT1(),

Remark 11.2: It is worth noting that the e2e SNR random
variables of data subchannels of S, {VSS,{”} , for j €
{1,---,M}, m # jand k € {1,---,Nyin} Iin (20) are
statistically correlated due to the colored noise at R resulted
from W,.. Moreover, [ysg)h for m € {1,---,M} and

[’sti)} form’ € {1, -,
variable, {((HS,R)HHS,R)_T

as the relay broadcasts a permuted version of the same noise
perturbed signal, which is received in the MAC phase, M — 1
times in the BC phase.

Remark 11.3: The e2e SNR expressions corresponding to
MIMO AF MWRNs with both pairwise and non-pairwise
transmissions in (11) and (20), respectively, possess the same
form of v = 7/(¢ + pX), where n, ¢ and p are system
dependent parameters and X is the random variable. Thus,
the statistical characterization of both (11) and (20) follow
the same techniques.

M} can share the same random

Jfork’ e {1,---

’ k!

7MNmin}

C. Alternative node-grouping strategies

The pairwise and non-pairwise transmission strategies
discussed in Subsections I1-A and 11-B, respectively, fol-
low pairwise node-grouping and all-simultaneous node-
grouping, which are indeed the two extreme cases of node-
grouping schemes. Besides, there exists arbitrary node-
grouping schemesin which each group may consist of an arbi-
trary number of nodes, and hence, they lie in between the two
extreme node-grouping schemes. To be more specific, L node
groups can be first formed from the available M nodes. The
Ith group consists of M; nodes and the mth node belonging
to the [th group, S ,,, is equipped with N, ,,, antennas, where
le{l,---,L} andm € {1,---,M;}. The total number of
antennas of the /th group’s nodes can be therefore quantified
as N; = Y M Ny,. Further, the total number of all node
antennas is Ng = >, N; = S0, 5™ Ny 4. In particular,
these groups are formed to satisfy specific antenna constraints
to ensure that each group possesses adequate amount of
degrees of freedom to eliminate inter-group, inter-user, and
inter-stream interferences.

The performance of these alternative node-grouping
schemes would indeed lie in between those of the two ex-
treme cases treated in this paper. For example, as shown
in Sections Il and 1V, the all-simultaneous node-grouping
scheme achieves the maximum spatial multiplexing gain of
Tmax = Milyeqr,... m3{Nm} Whereas the pairwise node-
grouping scheme achieves the minimum multiplexing gain of
Tmin = M Ng/(2(M — 1)). The spatial multiplexing gain of
any alternative grouping strategy will therefore lies in between
these two extremes values, 7y and ry,;,. Providing a com-
prehensive performance analysis of other grouping strategiesis
out of the scope of this paper, and hence, will be considered in

13Random variable {((HSR)HHS,R)A] for kpy,; €
k

m,j:km,j
{1, -+, MNpuin} ae in fact identically distributed, and hence, the exact
relationship between k and k,, ; does not affect the performance analysis.
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M —1
. P , NH , ,
G0 = | Pn <Z F>Tr <5{W£])(W§’)) ]>+Tr(5[(W§J>WTnR)(W,E”WTnR)H])] . (16)
i=1 "
[ Onyxn, In, ONyxNs --- ONyx Ny ONgxny |
ONSXNl ON3><N2 IN'; e ONZXN]\/[71 ON;;XN]\/[
IIp = : : : : 17
ONMleNl ONJVI—IXNZ INMfl ONJ\/I—IXNJ\/I
ONMXNl ONM><N2 ON]VIXNJ\/I—I INM
INl ON1><N2"' ON1XNN171 ONIXN]\/[ i
[’Yy(j):| - M TRE Tk\R ) for ke {17 e aMNmin}a (19)
s 1k = % —1
N Qi+ N Q Z YR, k' |:((HS,R) HS,R)
i=1 k' k'
|:’YS7(YJL):| k: M VRmjR i ) for ke {17 e >Nmin}7 (20)
N;Q+N;Q; ) }“R +NjVRm {((HS,R)HHS,R) ]
m=1"_"T" Km.jskm,j

future research. Moreover, aternative node-grouping schemes
are an important open research problem.

I1l. PERFORMANCE ANALYSIS OF MWRNS WITH

PAIRWISE TX/RX ZF TRANSMISSIONS

In this section, the basic performance metrics of the MIMO
AF MWRN with pairwise Tx/Rx ZF transmissions are derived.
In this context, the lower and upper bounds of the outage
probability of an arbitrary node are first derived in closed-
form, and then, used to derive the corresponding bounds of
the overall outage probability. Moreover, the high SNR outage
probability approximations and the DMT are derived to obtain
valuable insights into practical MIMO MWRN designs.

A. The outage probability of an arbitrary node of MWRNSs
with pairwise ZF transmissions

In this subsection, the outage probability of the mth node
form e {1,---, M} is derived. In the MWRN with pairwise
Tx/Rx ZF transmissions, the mth node receives M —1 symbol
vectors pertaining to the remaining M — 1 nodes in the BC
phase. In this context, the outage probability of a multi-
subchannel system is governed by the performance of the
weakest subchannel [19]. Thus, the outage probability of the
mth node is defined as

FPout,m =Pr min
ke{1l,---,NRp}
JE{1, ,M—1}

] <o |, @

where v, is the threshold SNR*. The direct computation of
(21) is mathematically intractable due to the correlation of
[’ysm] for k € {1---Ng} for agiven j. Thus, simple lower
andupper bounds of the outage probability are derived in
closed-form.

This threshold SNR, ~;5, is set to satisfy the minimum service-rate
constraint; v, = 2™tr — 1, where Ry, is the target rate [19].

1) Lower bound of P,y m: The lower bound of the outage
probability of the mth node can be derived as (see Appendix
B for the proof)

M—-1

—1- H

Jj=1

Plb

out,m

(1 - F (SJ) ,ub (’yth)> (22)

where F_;),.w () is the CDF of ~y ])’“b , and is given by

S.

m,min

L),
Npym—Npr+1, 7) ’( 3
7]771 C7n i

€]

n
, O<z< —Cg)
G

Mon”
x Z C(‘]’)’

F(])ub (l’):

VS ,min

(23)

) =

where ,u(j) = YirTi+1 + Yj+1.rT; + T;Tit1, 7]m
Yr,mYn 2T Ti+1 7, L, and Cm) = YrR,mT; Tj+1, Wwhere m €
{1,---,M},and j € {1 —1}.

2) Upper bound of Poumm: The upper bound of the outage
probability of the mth node can be derived as (see Appendix
C for the proof)

M—-1

ST

j=1

Pub

out,m

F @) (’Yth)) ; (24

Sm,min

where F NORS (z) is the cumulative distribution function
S

m,min

(CDF) of ~ (7 lnb and is given by
()
et [ (ke )]
. 1_ ~ 77‘11 C?YJL , 0 < .’I:< Nm
F MO (z)= MRID(N;—I+1) T (Ng—1+1)] (25)
V84 min e
1, x> ng

The (u,v)th element of Np x Nr matrix, Q,,,(z) in (25) is
given by [20, Eq. (2.73)]
[Qm(i)}u,v

=T(Npm — Ngp+u+v—1,2). (26)



B. Overall outage probability of MWRNs with pairwise ZF
transmissions

The outage probability of a multi-node/multi-subchannel
system is governed by the performance of the smallest
subchannel of the weakest node. Thus, the overall outage
probability of the MIMO AF MWRN with pairwise ZF
transmissions is defined as the probability that the smallest
subchannel of the weakest node falls bellow a preset threshold
as follows:

Pout:Pr( |:’YS(J'):| < ’7th> . (27)
ke{1,--- ,M—1} m |k

Again, the closed-form evaluation of (27) appears mathemat-
ically intractable, and hence, tight lower and upper bounds of
the overall outage probability are derived.

1) Lower bound of the overall outage probability: The
lower bound of the overall outage probability can be defined
by using (81) as follows:

min
JNp}Y.je{l, -
me{l,--- ,M}

min

Pow > P2, = Pr<
me{l,--- ,M}

Ve o < m) . (28)

where 7% = min ey (ygg :fn) is defined in
(81). Next, ngt can be derived in closed-form by using (22)
as

(29)

m=1 j=1
where F7<j>,ub (x) is defined in (23).

sm,,min
2) Upper bound of the overall outage probability: The
upper bound of the overall outage probability is defined by
using (88) as follows:

—F, @ (%h)) ,

Sm,min

FPous < Pélut = Pr( ’y»lsbm,,xnin < %h> (30

min
me{l,--- ,M}
where 7% = min jeqi, a1y (750, ) is defined in
(88). Then, P1b is derived in closed-form by using (24) as
M M-1
Pag=1- H H <1 —Fow (%h)) ; (31)

m=1 j=1

where FW),lb (z) is defined in (25).

m,min

C. High SNR asymptotic outage probability of MWRNs with
pairwise ZF transmissions

In this subsection, the asymptotically exact high SNR
approximations for the lower and upper bound of the overall
outage probability are derived.

1) High SNR approximation of the lower bound of Pg:
The high SNR approximation for the lower bound of the out-
age probability of mth node can be derived as (see Appendix
D for the proof)

- Yo\ (G 1)
j th ’ _ m
> o (22 ) o355 ). e

Jj=1

Plb,oo o

out,m —
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where the lower bound of the diversity order is given by
Gy =Nm— Ng+1. (33)

In (32), the system dependent constant, le)m, is given by

( %))Nm_NRJFl

MO 34
1b,m I"‘(Nm_NR+2)6Nm_NR+1’ (34)
V7\{he7|:e7’7_mR—'YSR: ’)’Rn%—T7§S, Yr,s = BYs,R, %):
w and ¢4 :%forme{l , M},
je{l,-- . M—1}adne{l,--- ,M—1}.

Now, the high SNR apprOX|mat|on for the lower bound of
the overall outage probability is derived as

1b

Gq
{Z Z lbm’]< %h) Yo (7 (g +1)) (35)

lboo

Out
S,R

where m’e {m/|G',,, =min(N1,- -+, Npys, -+ ,Npr)— Npt+1}.
Moreover, the lower bound of the overall diversity order is
given by

G = min
me{l,-

(Nom) =

Np+1.
M}

(36)
2) High S\R approximation of the upper bound of P,;:
First, the high SNR approximation for the upper bound of
the outage probability of mth node is derived by employing
similar techniques to those in Appendix D and by using
the high SNR approximation of the CDF of the minimum

eigenvalue of the Wishart matrix in [20] as follows:

= o6 e\ —(G3o+1)
P = | X 0| (2 ) o (i) e
j=1 ’

where the upper bound of the diversity order is given by

GdnL_Nm_NR+1- (38)
In (37), the system dependent constant, Qub . 1S given by
. N,,—Ngr+1
w ()
Q) = (39)

(N — Np + 1)BNn—Nat1’
where qSS,Z) and 3 are defined in (34). Moreover, in (39), v,,
is given by

det(¥,,)
vy = THA L (Na—l+ DT (N —1+1)]
1
(V)

Nrp#1

40
Np—1, (40)

where ¥, form € {1,--- ,M}isan (Ng — 1) x (Ng — 1)
matrix, where the (u,v)th element is given by [¥
I'(Nm — Np+u+v+1).

Next, the high SNR approximation for the upper bound of
the overall outage probability can be derived as

GyP
{ZZ ubmk”") +o(7si V), @y

m]u,v -

ub ')
out

VSR

Again, the index m/’
min(N17"'7Nm’a"'aN]VI)

is given by m’ ¢ {w/|G? , =

d,m/’

Npg+1}. Furthermore, in (41),
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GUP is the upper bound of the overall diversity order, and is
given by

ub __
Gd -

min

(Ny) — Np + 1.
me{l,--- ,M}

(42)
Remark 111.1: The lower and upper bounds of the diversity
orders in (42) and (36), respectively, are the same, and
consequently, the overal diversity order of the MIMO AF
MWRN is given by G4 = min,,eq1.... ary (Nm) — Nr + 1.

D. Diversity-multiplexing trade-off of MWRNs with pairwise
ZF transmissions

In this subsection, the fundamental DMT [19] of MIMO
AF MWRNSs with pairwise transmit/receive ZF is derived to
obtain valuable insightsinto practical system designing. In this
system set-up, M independent symbol vectors each having N
independent symbols are exchanged among M usersin 2(M—
1) time-slots. In this context, the effective mutual information
can be upper bounded as

Tur < %bg (1 + _min vé‘;,mm> .4
Consequently, the information rate outage probability can be
lower bounded as

Pout S Pr (Icﬁ' S Rth)

2(M—1)Ryy,
MNg

- 1) * (a4)
where R, isthe overall target information rate, and is defined
a Ry = rlog (14 7s,r) [19]. By employing (35), Poy: can
be lower bounded when 45 r — oo as

=Pr min ub 9
7716{1,---,]\4} ’stlymln =

s R0 . (me{??-r-l,M}(NM) _NRH)(I_ i)

out Z7s,R -(45)

Next, the effective mutual information can be lower bounded
as

MNg .
Tt 2 sor—pyioe | ! ). @6
o1 %® ( t e Vsm,mm> (46)

Now, by using similar steps to those in (44), (45), and then
employing (41), P,y can be upper bounded 75 r — oo as
i ( &
~ o _ meql,---,
Pt 7 <A R

(M) =Nt 1)(1-25572)
.(47)

In particular, the lower and upper bounds of P, in (45)
and (47), respectively, coincide each other and hence the
achievable DMT can be derived as [19]

. 2r(M —1)

Gy(r)= Np)—Np+1|)(1— ———=].(48

a(r) (me{I{l-l-I-l,M}( )—Nr+ )( NN ) (48)
It is worth noticing that the achievable diversity order reduces
as the number of antennas at therelay (IV r) increase; however,
the achievable multiplexing gain increases. The maximum
achievable diversity order and multiplexing gain are given
by Gd.: minme{ly:..7M}(]\{m)—]\./'R.—|—1, and r = 2{5\14]\331),
respectively. Interestingly, » is maximized when M = 2, i.e,,
Pmax = liMas_o % = Ng. However, for large M, r
approaches N /2, i.€., rmin = limps_s00 2{”]{}\1’1) = Nr_ This

result leads us to an important insight into practical system-
design and implementation of MWRNSs with pairwise trans-
missions; i.e., the multiplexing gain of MIMO AF MWRNs
gradually reducesto 1/2 as the number of nodes increases, and
consequently, the multiplexing gain asymptotically approaches
that of AF OWRNSs.

E. Average sum rate of MIMO AF MWRNs with pairwise ZF
transmissions

In this subsection, the achievable average sum rate of the
pairwise ZF transmission strategy with symmetric traffic is de-
rived. In multi-node and multi-stream wireless transmissions,
each node needs to ensure that its data subchannels can be
decoded correctly by the remaining terminals. In this context,
the information rate of the kth data subchannel of the mth
node in the jth time-dot of the BC phase is governed by the
weakest subchannel strength from the mth node to all other
M —1 nodes in the network set-up, and can be therefore given

by
_ : (4)
Rmin = min (Rm 5>
me{l,--- ,M},ke{l,--- ,NR} ’
JE{1, ,M—1}

(49)

where Rﬁfl) . is the information rate pertinent to the kth data
subchannel of the mth node received in the jth time-dlot of
the BC phase, and is defined as R7), = log, Q + [ysmaJ >
Thus, al the data subchannels pertinent to all the termin: sk in
the network is assumed to communicate with the same data
rate defined by (49). The achievable sum rate of MIMO AF
MWRNSs with pairwise transmissions and symmetric traffic is
then given by

Ng(M —1)M
7?'SUIH = T a7 s a1~
2(M —1)

The scaling factors in the numerator of (50), i.e., Ng, M —1
and M are due to the availability of Ny data subchannels per
node, each node receives data signals from the other M — 1
nodes, and all together A/ nodes engage in full data exchange,
respectively. Furthermore, the scaling factor, 2(M — 1), in the
denominator of (50) is due to the M — 1 MAC phase and
M —1 BC phase transmissions. Next, the average information
rate of the kth data subchannel of the mth node received in
the jth time-slot of the BC phase is defined as

e{Rnf = ellome (1 1], ) )

wherem € {1,--- M}, je{l,---M—-1}, ke {l,---Ngr},
and the e2e SNR [ys(j)h is defined in (11). By averaging

_ NgM

min — Rmin- 50
- (50

(51)

over the PDF of [ys(j)}k given in (89), R,, can be derived
in closed-form as follows!®:

(RO} = g [P (8 = Ve ) + )

— 3(Nm = Nr, 9, ¢2)]

(52)

151t is worth noticing that (52) is indeed independent of the subchannel
index k. Thisisresulted due to fact that the e2e SNRs of subchannels pertinent
to a particular node are identically distributed.
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where the function J(-, -, -) in (52) is defined as

J(a, b, ¢)=In(b +exp( )ZZ () (=0)" "L (n,

lcm n
m=0n=0

) -(53)

Moreover, u,(%), 77m and ( are defined in (23). The achiev-
able average sum rate of the overall system can then be written
as

NrM
S{Rsum}:R—Rmin
NrM
< min E{R%)k} .(54)
2 me{1,--- ,M},ke{l,-- ,Ng}
je{1,--- ,M—-1}

IV. PERFORMANCE ANALYSIS OF MWRNS WITH
NON-PAIRWISE TX/RX ZF TRANSMISSIONS

In this section, the performance metrics of MIMO AF
MWRNSs with non-pairwise Tx/Rx ZF transmissions are de-
rived. To this end, the outage probability lower and upper
bounds pertaining to an arbitrary node is derived and thereby
the overall outage probability is deduced.

A. The outage probability of the jth BC phase of MWRNs
with non-pairwise ZF transmissions

By following a similar argument to that of (21), the outage
probability of the ith node for MWRNs with non-pairwise ZF
transmissions is defined as

Pout,i=Pr min
KE{1l, Npin}
je{1, ,M—1}

{’Ysiuﬂk < ’Yth) : (55)

wherei € {1,--- , M} and Vs is defined in (20). Again,
the exact derivation of (55) Is matﬁematlcally intractable due
to the statistical correlation of [7S<]>] for k € {1 -+ Nmin}
for a given j. Thus, similar to case in Section I1I-A smple
lower and upper bounds of the outage probability are derived
in closed-form.

1) Lower bound of P, ;: The lower bound of the outage
probability of the ith node can be derived as'®

NNR—MNumin+1, 7=+
_ ) O<z< i
= I'(Nr— MNmerl) ’
> i
1, =

PP < (56)

out,i

where len £ minrne{l M}(N )1 Mi = N'szr n =

VRV, re ad ;= NQ'+NQZ“’fome{1 ,M}.

Moreover, O = (MNmm)/(NR — MNmm) and Q' is given
by [21]
e S det(M.)

M [D(Ng—14+1)T (M Nigig— 1+ 1D (N — 14+1)]
(57)

)T(Nrp— M Nyinti+j—2)
— I'(Np—M Nyyin+) D (Ng—M Nopin +

where M{y"'=T'(Ng — M Nypiti—1

for j = m and M,

i+j—1) for j # m.
18As per Remark 1.3, the proof of (56) and (58) follows the similar

techniques to those in Appendix B, and hence, is omitted for the sake of
brevity.
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2) Upper bound of P,y i: Similarly, the upper bound of
the outage probability of the ith node can be derived as

b 1— det [Q(’V —Giw )] O<r<li
P = [T, (M Nain— 41T (N—1+1)] ¢i(58)
L, > &

where the (u,v)th element of M Ny, X M Ny, matrix,
Q;(x), in (25) is given by [20, Eq. (2.73)]

[Q(x)}u,v = I—‘(‘2\41\/71‘1111‘1 -
In (58), wi, n;, ¢; and Ny, are defined under (56).

Nrp4+u+v—1,z). (59)

B. Overall outage probability of MWRNs with non-pairwise
ZF transmissions

By employing a similar argument to that of Section I11-B,
the overall outage probability of the non-pairwise ZF transmis-
sion strategy can be defined as the probability that the smallest
subchannel of the weakest node falls bellow a preset threshold
as follows:

min

Pout:Pr i
ke{l,--- mm} JE{l
ze{ M}

I [VSE]‘)L < %h) . (60)
As per Remark 1.2, the derivation of (60) appears mathemat-
icaly intractable as {vsm} and {75(0} are functions of the

same random variables for (z m) € {l,---, M} and i # m.

C. High SNR asymptotic outage probability of MWRNSs with
non-pairwise ZF transmissions

In this subsection, the asymptotically exact high SNR
approximations for the lower and upper bound of the outage
probability at an arbitrary node are derived?’.

1) High SN\R approximation of the lower bound of Poy ;i:
The high SNR approximation for the lower bound of the
outage probability of mth node can be derived by employing
similar techniques to those in Appendix D as

1b
NNR=MNwint1 g0 NGas g )
- F(NR_MNmin+2) ’7571% e FYS’R ’(61)

where the lower bound of the diversity order is given by

1b, 00
out,i

min

GY =Np—-M
dyi R Le{l,---,M}

]+ 62
where ¥, g = ¥s,r, Yr,i = Yr,s» ad Yr s = Bys,r for
ie{l,--,M}andjc{l,---, M —1}.

2) High SN\R approximation of the upper bound of Py i:
First, the high SNR approximation for the upper bound of the

outage probability of ith node is derived as follows:

/-Yth G;bl (Gub +1)
- Qub,i < ) + o0 (’-YS R @ )7 (63)
YS,R

where the upper bound of the diversity order is given by

ub, 00
Pout,i

min

64
me{l, M} (64)

Gi% = Nr— M { (Nm)} +1.

17The proofs of high SNR approximations of both lower and upper outage
probability bounds follow similar techniques to those in Appendix D, and
hence are omitted.
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In (63), the system dependent constant, €21, ;, iS given by

det (\Ill) NZNR_MNmm—i_l(NR—MNmin+1)_1
Qub,i = ——7— , (65)
[F(MNmm_l“rl)F(NR_l‘Fl)}
1=1
where ¥, for ¢« € {l,---, M} is an (M Npim — 1) X

(M Npin — 1) matrix with the (u,v)th element given by
[‘I’l}uv = F(NR — M Npin +u +v+ 1).

Remark 1V.1: An explicit high SNR approximation for lower
and upper bounds of the overall outage probability appears
mathematically intractable as the exact evaluation of (60) is
not plausible. However, the overall diversity order of MIMO
AF MWRNs with non-pairwise transmissions can readily be
deduced by employing similar argumentsto those in Appendix
D as the minimum operation over i € {1,---, M} of (60)
does not ater the achievable diversity order. Thus, the high
SNR approximation of the overall outage probability of the
MIMO AF MWRNSs with non-pairwise transmissions is given

Ga — (Gd"!‘l .
by Pty = Q (55 +0( , where Q) is a system
dependent parameter and the overaII diversity order of is given

by G4 = Ng — M Nyin + 1.

D. Diversity-multiplexing trade-off of MWRNs with non-
pairwise ZF transmissions

In this subsection, the achievable DMT of MIMO AF
MWRNSs with non-pairwise ZF transmissions is derived. In
this subclass of MWRNS, M independent symbol vectors each
having Nyin = min;egq,... a3 Vs independent symbols are
exchanged among M nodes in M time-dots. In this context,
the effective mutual information of the overall system can be

written as
S, M—1} |}ys'i(j)j| k) (66)

The information rate outage probability is then given by

min
mm} JE{l
ze{ M}

kef{l,---

Ieﬁ - Nminl()g (1 +

Pout =Pr (Ieff < Rth)

Rip
=Pr min |:'ys(j):| S2Nlnin -1 ,(67)
Niin b €{1,:-+,M—1} ik
ie{l,--- ,M}

ke{l,--,

where R, isthe overall target information rate, and is defined
as R, = rlog (1 +7s.r) [19]. Next, by employing Remark
IV.1, P,y can be approximated when g p — oo as

P’YS R—00 (NR—Mijn-'rl)(l— Nx:in)

out 'Ys R (68)

From (68), the achievable DMT of MIMO MWRNSs with non-
pairwise transmissions can be derived as [19]

Ga(r) :<NR - M { }(Nm)} +1>< - N;ﬂ) .(69)

Interestingly, the achievable spatial multiplexing gain of
MWRNSs with non-pairwise ZF transmissions does not depend
on the number of available nodes, M, actively participating
in the network. In fact, the maximum achievable multiplexing
gain can be readily quantified by using (69) to be r = N

min
me{l,--- .M

mins

and hence, directly determines by the minimum antenna count
at S; fori e {1,---,M}. Moreover, the achievable diversity
order reduces as the total number of antennas at the nodes
increases for a fixed relay antenna array size.

E. Average sumrate of MIMO AF MWRNSs with non-pairwise
ZF transmissions

The achievable sum rate of MIMO AF MWRNSs with non-
pairwise transmissions and symmetric traffic can be defined by
using similar arguments to those in Section I11-E as follows:

Npin(M — 1)M

Rsum =
M

7zmin - Nmin(M - 1),7—\>/min7 (70)
where R i, is the minimum information rate corresponding
any data subchannel, which ensures that each data subchannel
is decodable at any node. Moreover, this minimum transmis-
sion rate, Ruin, IS utilized by al nodes and is defined by

(R%).

where R(J) log, (1 + [vsm} ) is the information rate
pertinent to the kth subchannel of the i¢th node in the jth
time-dot of the BC phase and V) is the corresponding

the e2e SNR defined in (20). Further, the scaling factors in
the numerator of (70), i.e., Ny, M — 1 and M are due
to the fact that the availability of N,;, data subchannels
per node, each node receives data signals from the other
M — 1 nodes, and all together M nodes engage in full data
exchange, respectively. Besides, the scaling factor, M, in the
denominator of (50) is dueto the single MAC phase and M —1
BC phase transmissions.

The average sum rate of MIMO AF MWRNs with non-
pairwise transmissions and symmetric traffic can then be
defined as

Rmin =

ie{1,-

min (71)
S M},ke{1,

Je{l - M—1)

Nmin}

5{Rsum}: Nmin(M - 1)5{Rm1n}
gNmm(M_n( min 5{72(] }) (72)
i€{l,--M}, ke{l Niin}
76{1 M—l}
where £ {REQ is the average information rate of the kth data

subchannel pertinent to the ith node in the jth time-slot of
the BC phase. Again, by averaging over the PDF of {75@} e

the expected value of RE’,Q can be derived in closed-form as
follows:

(R} =

M-1

i 2 (i M N 71 467)

— 3(Ng = MNuin, 1, ¢ |,

(73)

where Nyin = ming,eq1,... a3 (Vo) and thefunctlon J( : ,-)
in (73) is defined in (53). Moreover, 1), n$) and ¢
defined in (56).
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V. EFFECT OF ANTENNA SUBSET SELECTION

In this section, the effect of the optimal antenna subset
selection on the performance of pairwise and non-pairwise
transmission strategies is investigated. To this end, the optimal
antenna subset selections at the relay and at the user nodes
are developed for the pairwise and non-pairwise transmission
strategies, respectively.

A. Optimal antenna subset selection for pairwise transmission
strategy

In pairwise transmission strategy, the number of active
antennas at the relay, Ng, should be less than the minimum
number of antennas at any user nodes, i.e, Ng < Nupin,
where Niin = ming,eqi.... .my (V). However, in practice,
the relay can be equipped with any arbitrary number of
antennas (N > Nz) and hence, an optimal antenna subset
(Tr) with cardindity |Tgz| = Nmin — 1 can be selected at
the relay to further improve the system performance. Thus,
the optimal relay antenna subset selection strategy can be
formulated to minimize the overall outage probability as given
in (74). In particular, in (74), AS r represents all antenna set
at the relay, and its cardinality is | AS z| = Ng. Further, Tz
is the optimal antenna subset at the relay having cardinality 8
|TrR| = Nmin — 1, Where Nyin = min,,eqq,... ary (Np). Un-
fortunately, the derivation of P°P* (74) in closed-form appears
mathematically intractable, and hence, only the Monte-Carlo
simulation results are provided in Section VI.

B. Optimal antenna subset selection for non-pairwise trans-
mission strategy

The key objective of our MIMO MWRN design is to
achieve full mutual data exchange among all nodes via arelay.
To be more specific, S, should receive all symbols belonging
toS, forme{l,--- , M}, ne{l,---,M},and m # n. In
designing non-pairwise transmission strategy, in order to avoid
any data loss, a permutation matrix has been used to ensure
that only Nmin = ming,cq1,... ay (V) data subchannels are
transmitted by each node. Thus, an optimal transmit antenna
subset can be selected at each node based on minimizing the
overall outage probability as given in (75). Again in (75),
AS,,, represents all antenna set of S,,, and its cardindlity is
|AS.,| = Ny, for m € {1,---,M}. Similarly, T,, is the
optimal antenna subset a S,, for m € {1,---, M} with car-
dinality |7,,| = Nmin, Where Nyin = ming,eqq,... a3 (Nom).
The derivation of P°P' (75) in closed-form again appears
mathematically intractable. Thus, the corresponding Monte-
Carlo simulation results are presented in Section VI.

VI. NUMERICAL RESULTS

In this section, numerical results are presented to study the
outage probability, the fundamental DMT and the achievable
sum rate performance of MIMO AF MWRNs with both
pairwise and non-pairwise ZF transmissions. To capture the
effect of the network geometry, the average SNR of S; — R

18The cardinality of the optimal antenna subset is chosen to maximize the
spatial multiplexing gain.
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Fig. 5. The overall outage probability of MIMO four-way AF relay network
with pairwise ZF transmissions for the SNR threshold ~; = 5.00dB. The
hop distances are modeled as dy, g = 0.5do, do,r = 1.25do, d3,rp =
0.75dp and dy4, g = do. Moreover, the path-loss exponent is assumed to be
w = 3.5.

channel is modeled by 7; r = 7 (dfoﬁ)w forie {1,---, M},
where 7 is the average transmit SNR, d, is the reference
distance, and w is the path-loss exponent. The hop distance
between S; and R is denoted by d; i fori € {1,---,M}.

In Fig. 5, the overall outage probability of the pairwise ZF
transmission strategy is plotted for several antenna configura-
tions. Specifically, the exact outage probability is plotted by
using Monte-Carlo simulation results, and the lower and upper
bounds are plotted by employing (29), and (31), respectively.
Moreover, asymptotic outage bounds are also plotted by using
(35), and (41) to compare the achievable diversity orders.
Fig. 5 clearly reveals that the outage probability improves
significantly as the number of antennas at the relay decreases.
For instance, at 10~ outage probability, single-antenna relay
results in a 6dB SNR gain over the dual-antenna relay. Note
that this conclusion is valid only for the case where al nodes
have the same average transmit SNR. However, the single-
antenna set-up achieves this outage gain over the latter at the
expense of a significant spatial multiplexing loss as quantified
in (48). In particular, for single-antenna relays, our outage
bounds reduce to exact outage as Nr = 1 case results in a
unit-rank Wishart matrix, HZ .Hpg ;.

Fig. 6 shows the outage probability bounds pertaining to
the first node of MIMO AF MWRNSs with non-pairwise ZF
transmissions. Several antenna configurations are considered
to study the effect of relay and node antenna counts on the
outage probability performance. The outage probability curves
of three-way relay network pertaining to the single-antenna
and dual-antenna nodes clearly revea that the achievable
diversity gain reduces as the node antenna array size increases.
For example, whenever al the node have the same average
transmit SNR, at an outage probability of 10—, the three-
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opt .
Pout =Pr max min |:’YS(J'):| < Yth (74)
TRCASR ke{1l,-- ,NRp},j€{1, - ,M—1} m 1k
| Tr|=Nmin—1 me{l,--- ,M}
opt __ . ( )
P =Pr max min [’ys.(”} < Mh 75
Tm CASm ,me{l,--- , M} | ke{l,- ,Npyint,d€{1,-- ,M—1} i k
[T |=Nmin i€{l,--,M}
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Fig. 6. The outage probability of the first node of MIMO
MWRNs with non-pairwise ZF transmissons for the SNR
threshold ~;, = 6.00dB. The hop distances are modeled as

(d1,r = 0.75do, d2, g = do,d3,gr = 1.25dg) for the threeway relay net-
work and as (dl,R = 0.756[0,(127]3 = do,dgyR = 1.25(10,(147]3 = 0.8d0)

for the four-way relay network. Moreover, the path-loss exponent is assumed
to be @ = 3.5.

way relay network with single-antenna nodes achieves a SNR
gain of 3dB over the dua-antenna counterpart. However, as
per Eq. (69), the single-antenna nodes in fact reduce the
achievable maximum spatial multiplexing gain over the dual-
antenna nodes. This observation is a complete opposite to that
we observed in outage performance study of pairwise MWRNs
in Fig. 6, where the achievable diversity order increases with
the number of antennas equipped at the nodes for afixed relay
antenna array. Our outage bounds are thus useful to verify the
important system-design parameters such as the diversity order
and array gain.

In Fig. 7, the effect of antenna subset selection is in-
vestigated for both pairwise and non-pairwise transmission
strategies. To this end, the overall outage probability curves
for both optimal and arbitrary antenna subset selection are
plotted by using Monte-Carlo simulations for the three-way
relay network consisting of three sources each having three,
five and three antennas, respectively. The number of relay
antennas is fixed at twelve'® for both pairwise and non-
pairwise transmission strategies. For pairwise strategy, the op-

191t is worth noticing that the number of antennas at the relay exceeds by
ten than the minimum requirement for pairwise strategy.

Average Transmit SNR (dB)

Fig. 7. The overall outage probability of the MIMO MWRNs with optimal
and arbitrary antenna subset selection. The SNR threshold is set to ) =
6.00 dB. The hop distances are modeled as d,,,, g = 0.5dg for m € {1, 2, 3}.
Moreover, the path-loss exponent is assumed to be @ = 3.5.

timal dual-antenna subset out of twelve available antennas are
selected to minimize the overall outage probability. Similarly,
for non-pairwise strategy, the optimal triple-antenna subset
out of five possible antennas are selected at the second user
node. Fig. 7 clearly reveals that optimal relay antenna subset
selection for pairwise transmission strategy indeed improves
the achievable diversity order significantly by exploiting the
degrees of freedom provided by the additional relay antennas.
Moreover, Fig. 7 shows that the optimal node antenna subset
selection for non-pairwise strategy yields array/coding gains
over the arbitrary antenna subset selection. For example, at
an outage probability of 10—, the optimal antenna subset
provides around 1dB SNR gain over the arbitrary antenna
subset. Counter-intuitively, the optimal node antenna subset
selection for non-pairwise strategy does not provide any
diversity order advantage over its arbitrary counterpart because
no selection gain is achieved at the node with minimum
number of antennas (i.e., the node with N ,,;,, antennas), where
al transmit antennas are utilized, and the overall achievable
diversity order is governed by the data subchannel with the
minimum diversity order. This result indeed agrees well with
the classical results for the optimal transmit antenna subset
selection for single-hop ZF MIMO systems [16], [22].
In Fig. 8, the achievable DMT curves for the pairwise ZF
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Fig. 8. The achievable DMT of MIMO AF MWRNs with pairwise ZF
transmissions.

transmission strategy are plotted for several system configura-
tions. Specifically, the DMT of the MIMO AF OWRN serves
as a benchmark to compare the performance of MWRNSs.
The achievable multiplexing gain gradually improves as the
number of relay antennas increases. However, at the same
time, higher number of relay antennas significantly reduces
the achievable diversity gains. Interestingly, TWRN provides
the highest multiplexing gain for a given N g. However, as the
number of nodesincreases, the achievable spatial multiplexing
gain gradually decreases to Ny/2, which is exactly the same
multiplexing gain achieved by the MIMO AF OWRN. Thus,
the MIMO AF MWRNSs with pairwise ZF transmission exhibit
diminishing multiplexing gains as the network size grows.
Thus, our DMT analysis suggests the performance limits
for practical MWRNSs with optimal achievable diversity and
multiplexing gains.

Fig. 9 shows the achievable DMT of the non-pairwise ZF
transmission strategy for two specific system configurations.
To this end, a three-way relay network and a two-way relay
network with three specific antenna configurations as shown in
the legend of Fig. 9 are treated. The DMT curves correspond-
ing to three-way and two-way relay networks with the same
antenna configuration at each terminal reveal that the achiev-
able maximum spatial multiplexing gain does not depend on
the number of nodes available in the network. However, it is
evident from Fig. 9 that the multiplexing gain in fact depends
on the minimum antenna account at the nodes. On the contrary,
the achievable maximum diversity gain directly depends on the
total number of antennas equipped at the nodes for a fixed
relay antenna array size. Our DMT analysis thus provides
valuable insights into practical implementation of MIMO AF
MWRNSs.

In Fig. 10, the overall sum rate of pairwise ZF transmission
strategy with symmetric traffic is plotted for several system
set-ups. To be more specific, sum rate curves of six-way and
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Fig. 10. The achievable average sum rate of MIMO AF MWRNs with
pairwise ZF transmissions and symmetric traffic. All nodes are assumed to
be located at the same distance from the relay, and hence, the average transmit
SNR for each node-to-relay channel is assumed to be the same. The path-loss
exponent is again assumed to be @ = 3.5.

two-way relay networks with quadruple-antenna nodes are
plotted to study the effect of nhumber of antennas at the relay
on the system sum rate. As expected, Fig. 10 clearly reveals
that the sum rate heavily depends on the relay antenna array
size. Interestingly, the MWRNs with single-antenna and dual-
antenna relays outperform the MWRNSs with triple-antenna
relays in terms of the sum rate performance in the low-to-
moderate SNR regime. On the contrary, the MWRNs with
triple-antenna relays outperform the rest in terms of sum
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Fig. 11. The achievable average sum rate of MIMO AF MWRNs with
non-pairwise ZF transmissions and symmetric traffic. Again, al nodes are
assumed to be located at the same distance from the relay, and hence, the
average transmit SNR for each node-to-relay channel is assumed to be the
same. The path-loss exponent is assumed to be w = 3.5.

rate in the moderate-to-high SNR regime. This behavior is
observed as the spatial multiplexing gain provided by the
relays with larger antenna arrays becomes more prominent
on the achievable sum rate in high SNR regime over that in
low SNR regime, where the higher diversity/array gains are the
more dominant factor. Again, al the conclusions are valid only
for the case where all node have the same average transmit
SNR.

Similarly, in Fig. 11, the effect of number of participating
nodes on the sum rate performance of the non-pairwise ZF
transmission strategy with symmetric traffic is studied. In
particular, all nodes are assumed to have the same average
transmit SNR. In this context, two sets of sum rate curves
pertaining to antenna set-ups, namely (i) N = 10, N; = 1
for i ¢ {1,---,M} and (i) Np = 10, N, = 2 for
ie{l,---, M} are plotted for two-way, three-way and four-
way relay networks. Specifically, the sum rate performance
improves as the number of nodes participating in the MWRN
increases in moderate-to-high SNR regime. For example, at
an average transmit SNR of 20dB, four-way relay networks
with single-antenna nodes achieve almost two-fold sum rate
gain over the two-way relay counterpart. Our sum rate analysis
thus provides useful insights on the impact of number of nodes
and their antenna count on the overall performance of practical
MIMO MWRNSs.

VII. CONCLUSION

The performance of (i) pairwise ZF transmission and (ii)
non-pairwise ZF transmission for the MIMO AF MWRNs
was studied over Rayleigh fading channels. In this context,
the lower and upper bounds of the overall outage proba-
bility were derived in closed-form. In particular, high SNR
outage probability approximations were derived, and thereby,

the achievable DMT, the maximum achievable diversity and
spatial multiplexing gains were quantified to obtain valu-
able insights into practical MIMO MWRN system-designing.
Moreover, the overall achievable sum rate expressions were
derived in closed form and used to obtain useful insights.
Interestingly, our outage probability bounds reduce to ex-
act outage probability for single-antenna relays, and hence,
they serve as benchmarks for practica MIMO AF MWRNs
with pairwise ZF transmissions. Furthermore, the pairwise
ZF transmission strategy requires each node to know only
its channel to the relay, and consequently, eliminates the
requirement of the global CSI for each node. Our DMT
analysis for this case reveals that increasing the number of
relay antennas reduces the diversity gains, however improves
the multiplexing gains. Counter intuitively, this multiplexing
gain gradually diminishes as the number of participating nodes
linearly grows. Interestingly, the multiplexing gain of MWRNs
with non-pairwise ZF transmissions does not depend on the
number of nodes in the network, and hence, are suitable for
large network deployments despite the inherent higher relay
processing complexity.

APPENDIX A
PROOF OF THE E2E SNR

To begin with, the signal vector belonging to the nth node,
received at the mth node in the jth time-slot of the BC phase
is re-written as

yg’") =G gnXn + Gjng) + V%) n%), (76)

m

where G; = \/PR/(gf- + 950+ 0%)s Gn = Pu/Tn, Tn =
Ngr/(N, — Ng), j € {1,--- ,M—1}, m € {1,---, M},
n € {l,---, M}, and m # n. The post-processing end-to-end
signal-to-noise ratio (e2e SNR) of the kth data subchannel of

ysjm") can then be derived as

Glan

. N H
G?O’% + 02, {V,(%) (V,(%)) ]

s ] = (™)

kk

By substituting G; and V' in (7) into (77), the e2e SNR of
the desired data subchannel can be re-written as

{’ys(jv"):| = PRg?L )’ (78)
"k Prod 4 02,(92 + g2 +0%) Xon
) ~NH . \L
where X = K(Hg)m) H%?m> 1 . Next, by substi-
k.k

tuting g; = Pn/Tn, g3 = P;/Tj and g7,y = Pit1/Tjna
into (78) and performing some mathematical manipulations,
the desired result can be derived as shown in (11).

APPENDIX B
PROOF OF THE OUTAGE PROBABILITY LOWER BOUND OF
Sy, FOR PAIRWISE ZF TRANSMISSION STRATEGY

In this Appendix, the lower bound of the outage probability
of the mth node is sketched. To this end, the maximum
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diagonal element of the inverse of a Wishart matrix can be
lower bounded by its arbitrary ath diagona element as

max  [(HY) )FHY )Y > [(HY ) THY)

ke{l---Ngr}

where a € {1,---, Nr}. Next, the smallest post-processing
subchannel SNR of S, received in the jth time-slot of the
BC phase can be upper bounded as

(j),ub __ 7]7(7]1)

min = ’ySm min ¥)+,u’l("}7l)|i((H(Fg) )HH(}%) )71:|

ke{l---Ngr}

[Ygale <

(80)

where uni), Tlm , and C are defined in (23). By substituting
(80) into (21), Pout,m can be lower bounded as

Pout,m > Plb =Pr ’7,(5‘j) = ’7th> . (81)

— + out,m m,min

m
je{l,- ,M—1}

in closed-form, the CDF of )"

S, min

In order to derive PP

out,m

is obtained as follows:

s mo— (])

e C Al
F i ()=1-Pr[ X0 <X 270 (82)
Hm T

m,min

where X0 = (B, )"HE), )Y . For @ > nil /¢l

E o (x) =1, andfor z < nm)/C , F mub( ) becomes
Vs
(J) c(”

o
E g (2 ):1—/ fxo (y)dy,
m,min 0 }

where fxm(w) can be obtained by substituting the PDF
of 1/x, which is given by fl/X(j)(x) _ gNm-Npe-e

) I'(Nm—Ngr+1)
[16] into the transformation f ) (z) = m%fl/xg)(l/x) as
follows:
efl/z

fxw(:v) = (N — Ng + D)gNm—Net2’

Next, by substituting (84) into (83), and by applying a change
of variable, y = 1/t, (83) can be rearranged as
e o] tNm—NRe—t

m,min m,min

(83)

(84)

B D=1 . TN, —Nat D

ngﬂ) *Cgr]z) z
By using [23, Eg. (8.350.2)], (85) can now be evaluated in
closed-form as in (23). By substituting (85) into the CDF of
minimum of M —1 independent random variables, the desired

results can be derived as in (22).

dt. (85)

APPENDIX C
PRrROOF OF THE OUTAGE PROBABILITY UPPER BOUND OF
S, FOR PAIRWISE ZF TRANSMISSION STRATEGY

In this Appendix, the outage upper bound of the mth node
is derived. To this context, the maximum diagonal element of
the inverse of a Wishart matrix is upper bounded as [16]

max

() \Hygp() y—1 (1) \H3(9)
comax [(ED)THE) ™ <l (#3)HE)) (9)

The smallest subchannel SNR of S,,, received in the jth time-
sot of the BC phase can then be lower bounded by substituting
(86) into (11) as follows:

<\t

min

kG{l---NR} Sm m,min )

,m.)_l]aya’

(79)

)
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D )
min - [yoo |k =75 =

(87)
where ,um), TIm , and ( are defined in (23). By substituting
(87) mto (21) Pout .m Can now be upper bounded for 0 <
Yen < 09/ C

Poutom < P2 =P i grb o
t,m = 4 out,m r je{lT-I-l-l,I}wfl} rYSm min — th
M—-1 ,U/(])’y N
m |t
Mg ()
j=1 G
(jym ORI
where AU =\, <(H1§ m) Hz%,m) and the CDF of

AU™) s given by [20, Eq. (2.73)]. By using similar steps

min

to those |n Appendlx B, we can show that Pyy;, = 1 for
Ve > 1% /C

APPENDIX D
PROOF OF THE HIGH SNR OUTAGE PROBABILITY
APPROXIMATION FOR PAIRWISE ZF TRANSMISSION
STRATEGY

In this Appendix, the proof of the lower bound for the
diversity order is sketched. To begin with, the PDF of v Sj )’Llf’m
for j € {1,---, M—1} is derived by differentiating (22) "with
respect to variable by using the Leibniz integral rule as

LG,

. Hm T X Nm—Npg X
e 2D D, M%)x Ri M%)x
['(Np—Ng+1) n%)_cfr{)m dx 7}%)— ) g

EON
nfq{)(u%))N’”*NR%NW*NR en_m—(”g)ic(”pz

= N (89)
[(Non—Nr+1) () - <£{>x)N’” .

[ (€)=

VS ,min

where 0 < z < "f;) By substituting »$, n$, and ¢,
defined in (23) into (89), and then by taking the Taylor
series expansion around x = 0, the first order expansion of
f e () when lim, o is derived as

VS ,min

. —Ngr+1
( (])) m R+ me,_NR

5 () =

Sy ,min

Nm=Nrt) (90)

NN e el

The first order expansion of the PDF? is indeed the smgle
term polynomial approximations of the exact PDF of ~ )™

S ,min

consisting with the lowest povver of z [24]. The first order
expansion of the CDF of 7(57 "rﬂfm when lim,_, is derived by
using (90) as [24]

@ [ oo (S,
Qll]),m(— ) +o (751%
VS,R

20K ullback—Leibler divergence (KLD) is a good measure to quantify the
difference between exact and the approximated probability distributions. In
order to define the KLD accurately, both the exact PDF and its approximation
need to be valid PDFs. However, in this case, the first order expansion (90)
is only the first term of the Taylor series expansion at the origin, and hence,
the corresponding KLD cannot be defined.

Fe50 (@) =

Som ,min

+1)>7 91)



AMARASURIYA et al.: MULTI-WAY MIMO AMPLIFY-AND-FORWARD RELAY NETWORKS WITH ZERO-FORCING TRANSMISSION 17

where G and Q) ae defined in (33) and

(34). Next, the first ‘order expansion of the CDF
of Y, = min je{l, ,M—1} (’Y‘(S{Y)L{Em can be
derived by using substituting (91) into Fy, (x) =

1 - [5 and by using the well-
known identity for dual-variable expansion ]/, (1 — ;) =

L L—lt1~L—1+2
14‘21:1(—1)12,\1;1r X

(1 — F,y(j),ub (x))

Sy ymin

L !
Mol 2=y et Yans @

(5),1b

M-1 @ N
Frie 0)=| 30 0 |(25) 7 4 ofa@" ). @2

= VS, R

Next, by using a similar technique, the first order expansion
of the CDF of Z = min je,... p—13 (Yin) can be derived
by substituting (92) into the expansion of F;(z) = 1 —
[IM_, (1-Fy=(x)) to obtain the desired result in (35).
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