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Effective Capacity of Multisource Multidestination
Cooperative Systems Under Cochannel Interference

Georgia P. Karatza
and Nikos C. Sagias

Abstract—We introduce a novel analytical framework for the
end-to-end (e2e) maximum throughput under delay constraints,
namely effective capacity (EC), for multisource and multidesti-
nation amplify-and-forward cooperative networks. The network
operates in the presence of Rayleigh fading and employs frequency-
division duplex nodes having the ability to simultaneously transmit
as sources and receive as relays. Cochannel interference and
noise are present at the relay nodes, whereas the destination
nodes are noise limited. A linear precoding technique is applied
during reception to combine the input signals. As precoding, zero
forcing (ZF), maximal-ratio combining (MRC), and minimum
mean-squared error (MMSE) are studied. Each relay forwards the
received signal to the destination by employing the maximum-ratio
transmission (MRT) scheme. Both exact analytical expressions and
tight high signal-to-noise ratio bounds of e2e EC are obtained for
the ZF/MRT scheme while the optimal power allocation problem
maximizing the e2e EC is also addressed. For the MRC/MRT
and MMSE/MRT schemes, we derive approximate, yet highly
accurate EC analytical expressions, as well as asymptotically
tight closed-form expressions. Selected numerical and simulation
results show that MMSE/MRT always yields the best performance
followed by the ZF/MRT and MRC/MRT schemes. Moreover, it is
shown that as the number of relay nodes increases, the ZF/MRT
and MMSE/MRT schemes achieve almost identical and always
better e2e EC performance than the MRC/MRT one.

Index Terms—Amplify-and-forward, co-channel interference,
cooperative networks, delay constraints, effective capacity, pre-
coding, relays, throughput.

1. INTRODUCTION

UTURE generation wireless networks must be able to sup-

port sophisticated applications with stringent quality-of-
service (QoS) requirements, such as voice over internet protocol,
device-to-device communication, mobile TV and computing,
interactive and multimedia streaming. However, such applica-
tions are delay sensitive, and therefore, an appropriate metric to
assess system performance under delay constraints is required.
To this end, the so-called effective capacity (EC) has been in-
troduced [1] as the maximum throughput that can be achieved
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under delay QoS constraints. EC is an appealing performance
metric since it reveals fundamental tradeoffs between physical
layer performance and QoS requirements [2]. Moreover, it can
be efficiently used to evaluate useful link layer performance,
including buffer overflow and delay-bound violation probabil-
ity [3]. Because of these reasons, EC is a powerful metric for
cross-layer system analysis and design.

Towards the deployment of future wireless networks, coop-
erative transmission techniques are an efficient approach to im-
prove the reliability, coverage and throughput [4]. Therefore, in
past, several research works have assessed the EC of relaying
systems, including [5]—[8]. In [5], upper bounds for the EC of a
relaying system employing the amplify-and-forward (AF) pro-
tocol have been derived, based on which, a cross-layer scheme
has been further proposed. In [6], analytical expressions for the
EC of a two-way AF system have been deduced, while in [7], a
unified approach for the EC analysis of multi-hop AF systems
has been presented. Also in [8], the EC of AF systems with relay
selection has been addressed with and without buffering at the
relay.

Further to cooperative techniques, future wireless networks
are also envisaged to extensively employ frequency reuse strate-
gies [9]. However, the presence of co-channel interference (CCI)
from neighboring cells may result in significant performance
degradation. The impact of CCI has been addressed in numer-
ous works, e.g. [10]. To the best of the authors’ knowledge,
however, the EC of AF relaying networks in the presence of
CCI has not been addressed in the open technical literature yet.

In this work, the end-to-end (e2e) EC of a multi-source multi-
destination cooperative AF network under a maximum delay
QoS constraint is studied [11]. During the first phase, source
nodes transmit (as sources) and receive (as relays) at the same
time in different frequencies, i.e. they are frequency-division du-
plex (FDD). Note that a similar system configuration has been
studied in [12], [13]. All nodes are employed with a single-
antenna and operate in the presence of additive white Gaussian
noise (AWGN) and CCI. As it is pointed out in [12], [13], such
a system configuration seems to be an appealing transmission
technology for vehicular networks that exploit the intelligent
transportation systems (ITS) paradigm. An advantage of such
systems is that they are able to provide sufficient connectivity
and coverage with reduced power consumption. During the sec-
ond phase, the relay nodes use a linear precoding technique, such
as maximal-ratio combining (MRC)/maximum-ratio transmis-
sion (MRT), zero forcing (ZF)/MRT or minimum mean-squared
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TABLE I
MATHEMATICAL OPERATORS AND FUNCTIONS DEFINITIONS

Notation | Explanation

fx () probability density function of the random variable (RV) X
Fx (+) cumulative distribution function (CDF) of the RV X
Fx () complementary CDF of the RV X
x (-) | moments-generating function of the RV X
E(-) expectation operator
[H square Frobenius norm
()t matrix inverse operator
(-)* complex conjugate operator
()f conjugate transpose operator
In N X N eye matrix
() gamma function [14, eq. (8.310/1)]
Ei(+) exponential integral function [14, eq. (8.211)]
Kq (+) modified Bessel function of the second kind [14, eq. (8.407/1)]
pFq () generalized hypergeometric function [14, eq. (9.14/1)]
U(+) Kummer hypergeometric function [14, eq. (9.210/2)]
G'pg[] | Meijer’s G-function [14, eq. (9.301)]
Us (+) confluent hypergeometric function of the second kind [15]
H [ bivariate Fox’s H-function [16], [17]

error (MMSE)/MRT for the cooperation of the information sig-
nals at the destination nodes. Finally, it is assumed that the
source nodes are subject to statistical QoS constraints, whereas
at the relay nodes, no buffering is taking place.

The main contributions of this work are as follows:

® (Closed-form analytical expressions are obtained for the

EC of the ZF/MRT scheme, assuming a finite number of
co-channel interferers at the relay node. A closed-form up-
per bound for the EC is also presented that is tight at high
values of the signal-to-noise ratio (SNR). Based on bound,
the optimal power allocation problem is also investigated.
In order to provide further insights, simple asymptotic ex-
pressions for the EC at high SNR values are also derived;

e For the MRC/MRT and MMSE/MRT schemes, approxi-

mate yet highly accurate analytical expressions of the EC
of the considered system, assuming a finite number of co-
channel interferers at the relays, are deduced, while corre-
sponding closed-form expressions that are asymptotically
tight are also extracted;

® AnEC closed-form expression in the large- /N regime is de-

rived, where it is proved that the MMSE/MRT and ZF/MRT
schemes achieve the EC.

The remainder of this paper is organized as follows:
Section II presents the system model. Analytical expressions
for the EC of the three linear processing schemes are presented
in Section III. Numerical and computer simulation results are
presented in Section IV, while Section V concludes the paper.
Mathematical Notations: A list of the mathematical operators
and functions is available in Table I.

II. SYSTEM MODEL

A multi-source multi-destination relaying system is consid-
ered, consisted of N + 1 single-antenna source nodes, which
can also serve as relays, and N + 1 destination nodes. The
source nodes operate in the presence of fading and AWGN as
well as of M independent, but not necessarily identically dis-
tributed, co-channel interferers, whereas the destination nodes
operate in the presence of fading and AWGN only. Such an
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Fig. 1. Transmission phases for each source and frequency band.

interference pattern is typical to frequency division systems,
where the relay and destination nodes experience different in-
terference conditions [18], [19]. Moreover, this scenario can be
also encountered in the uplink, when the destination node com-
municates with a source node via a relay node, assuming that
the relay node is located closely to the cell edge [20]. It is also
assumed that channel gains follow the Rayleigh distribution. As
it has been pointed out by several recent theoretical and experi-
mental works, e.g. [21], [22], the Rayleigh distribution can effi-
ciently model wireless propagation in vehicle-to-infrastructure
(V2I) networks.

Hereafter, half-duplex relaying is considered, since it is easier
to be implemented in practice. In order to ensure half-duplex
operation, it is further assumed that multiple access for multiple
source transmissions has been implemented according to or-
thogonal frequency-division multiplexing (OFDM) [12]. With
ODEFM, the total channel bandwidth is divided into N + 1 or-
thogonal sub-channels. In general, N varies with time because
of the fact that users may randomly leave and enter the area
of coverage. However, under the assumption of a quasi-static
channel, i.e. channel is constant for a block of transmission and
changes independently within blocks, /N can be assumed time
invariant. Nevertheless, each sub-channel still experiences flat
fading. As it has been pointed out in [12], [13], such a sys-
tem assumption is popular in the open technical literature as it
characterizes ITS applications.

Fig. 1 depicts an example of the cooperation protocol for
three different frequencies, F;, F; and Fj.. As it can be ob-
served, signal transmission takes place in two phases. During
the first phase and for a given frequency band, Fy, ¢ € {i, j, k},
the source nodes, Sy, broadcast their information signals, z,
with P, = E{|z¢|?), to each other. In this case, node S, acts as
the source node (“Tx”) whereas nodes Sfyjlfn 4y Serve as re-
lays (“Rx”). During the second phase, the relay nodes cooperate
and forward their signals to the destination nodes. Hereafter, a
detailed description of the cooperative protocol under consider-
ation is given.

In the first phase, the received signals at the N relay nodes,

N+1 . ;
S, 1 n£¢> can be expressed in matrix form as

M
yr =hiz + Y hy, s, 4, (1

m=1

where
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® h; and h;, are N x1 complex random vectors of
the source-relay, and mth interference-relay, Vm &
{1,2,..., M} links respectively. The elements of each
vector are independent and identically distributed (iid)
CN(0,1) RVs.
® n is the N x 1 noise vector at the relay nodes with
E<n1n1> NoIy, where Ny is the single-side power
spectral density.
® sy, is the mth interfering 51gnal with E(|s;, [*) = P;
During the second phase, nodes S, +1n 4p actas relays, sup-
press CCI by employing linear precodmg techniques and trans-
mit their information signals to the destination node D, using the
AF protocol. This phase requires N time slots. The information
signal received by Dy can be expressed as

Yd, = hTz w Yr + na, (2)

m*

where

® h, is N x1 complex random vector of the relay-
destination link respectively, with elements being inde-
pendent and identically distributed (iid) CA/(0, 1) RVs;

* W =w(hy/|hy||p wi) is a rank-1 matrix, with w being
a suitably selected constant so that a transmit power con-
straint at the relay is satisfied, h, /||y || is the MRT pre-
coder and w; is a 1 X N linear combining vector, which
depends on the linear combining scheme employed by the

relay;
® 1, is noise vector at the destination node D,, with
E([naf*) = No;

Using (1) and (2), the e2e signal-to-interference-plus-noise
ratio (SINR) of the Sy — Dy link can be expressed as
lhl W h, 2P,
SM Ik Why, 2P, + bl W2 No+ Ny

m m

3)

Yend =
Hereafter, we define p; = P, /No, p» = P, /No, where P, is the
average power at the relay node and p;, = P;, /Np.

The considered system also utilizes a first-input first-output
(FIFO) buffer having constant arrival rate at the data link layer
of the source node. The buffer stores the arrival packets and
operates under delay QoS constraints, specified by the delay ex-
ponent 0, defined as § £ — lim, ., In(Pr{Q > q})/q, where Q
denotes the buffer length. The probability that the buffer’s length
exceeds a maximum buffer length, ¢,,.x, can be approximated
as

PI‘{Q > Qmax} ~ GXp(*e Qmax) . 4)

It is noted that services with demanding QoS requirements are
characterized by large values for 6, i.e. by fast decaying rates,
whereas services with looser QoS requirements by smaller val-
ues for 0, i.e. by slower decaying rates [5]. The service rate at
the source node can be mathematically described by a stochastic
process {S[k], k = 1,2,...}, which is assumed to be stationary
and ergodic. The EC is then defined as [1]

)l

<eXp <—a > S[k]

k=1
Throughout this work, it is assumed that packets arriving at
the relay node are just amplified and forwarded to the destination

1
B0) = - Jim 1
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node without taking into account any delay requirements. This
assumption has been utilized in several past research works,
including [5]-[7].

Under the assumption of system operation in a block-fading
propagation environment, as well as of ideal modulation and
coding at the physical layer of the source node, the service rate
of the buffer, S[k], will be equal to the instantaneous channel
capacity[S]. The EC can thus be expressed as [5, (9)]

1 Frens ()
0T, B " [/o (17+x>”’dl]’

where 5 = 6Ty B/[2 In(2)], T is the fading block length and
B the system bandwidth.

R(0) = (6)

III. EFFECTIVE CAPACITY ANALYSIS

In this section, analytical expressions for the EC of the
ZF/MRT, MRC/MRT, and MMSE/MRT schemes are presented.
In order to facilitate mathematical analysis, the following useful
lemma is first proved.

Lemma 1: The EC in (6) can be expressed in terms of the
CDF of the e2e SINR ~enq as

~1 -
GTfBln{ 5/

Proof: By integrating (6) by parts and then performing some
straightforward algebraic manipulations, (7) is readily obtained.

Next, the EC for the three precoding schemes under consid-
eration is extracted.

Fd ()

f+l

R(0) =

dz|. (1)

A. ZF/MRT Scheme

For the ZF/MRT scheme, the power constraint factor can be
computed as [23], [24]
2 _ P2

=, 8)
[wihy[2p; + 1 (

where w; is the optimal ZF combining vector given by [23,
Proposition 1]. Using (8), the e2e SINR can be obtained from
(3) as

,YIZF ,}/ZF ~ ,YIZF ,YZF

VEE 44T 41 A 4 A2

Yend = (9)
where v2F = |hl Phy|p, with P = Iy — H;(H} H;) 'H],
H; = [hy,,hy, ..., hy, ], and 44F = ||hy||% pa. Note that the
approximation in (9) is very tight, even for low SINR values.
Note also that for the ZE/MRT scheme, channel state infor-
mation for the quantities h;, h, and H; is required. Estimation
techniques for the co-channel interference matrix, H;, are avail-
able in [25]. Using (7), an analytical expression for the EC is
established in the following proposition:

Proposition 1: The EC with ZF/MRT and for arbitrary val-
ues of p; and p; can be deduced in closed form as (10), shown
at the bottom of the next page, where

nomil N omencl =n - s

P P2
C(n,k 11
(n, k,m) = m!n! (k—m)! (N —n— 1)’ (an
with Ny = N — M.
Proof: See Appendix A. |
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Note that the bivariate H-function can be efficiently evalu-
ated by using the Matlab algorithm presented in [26]. It can
be observed that the EC with ZF/MRT does not depend on the
interference powers py, . This is expected since the combining
vector, w, should satisfy the condition wH; = 0, i.e. w is the
null space of Hj.

A simple closed-form upper bound for the EC that becomes
tight at high SNR values can be deduced from the following
proposition:

Proposition 2: The EC of the ZF/MRT scheme is upper
bounded by

Ni—1 N,— 1

up _ . n1+n2
RZF(e)_ GT Bln 1 ﬂz Z nl|n2
n1=0n,=0
Ull+n +ng, 1 —B+n+ny, -+ L
X ( ! o s ! Pl ﬂz) , (12)
P Pr
with N, = N,

Proof: The e2e SNR can be lower bounded as [27] Yeng <
min{y*¥ ~%F}. Thus, the CCDF of 7.,,q can be lower bounded
as

FZF

Yend

13)

Moreover, v2F, V¢ € {1,2}, follows a gamma distribution with
parameters N, and p,, and therefore, its CCDF is

B 2 Ne—1 oy
F,,I,/ZF (.T) = exp (_) Z 771[ .

On/ Py

(z) < F,V?F (:L‘)F v ().

72

(14)

By substituting (14) into (7) and by employing [14, (9.210/2)],
yields (12), thus, completing the proof.

Assuming equal power allocation at the source and the relay
nodes, i.e. p; = p» = p, Rzr () can be expressed in terms of
the Meijer G-functions as shown in the following proposition:

Proposition 3: The EC with ZF/MRT and for p; = p, = p
can be deduced in closed form as

1 21—N17N2
Rye(6) = — ln{ v
0Ty B [T(N)T'(N2) T'(B)
A 15)
41 (4 1+\1+\2’\,+\2
X G3’4 (p ’ Nl,Nz B, N1+ N, >:| ’
Proof: See Appendix A. |

In order to obtain further insights to the parameters affecting
the system performance, a high-SNR EC analysis will be carried
out next. Specifically, it is shown that the high-SNR EC can be
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Proposition 4: For high SNR values, the EC of the ZF/MRT
scheme can be approximated as

Rzr (0) = Swc(In(pr) — Loo) + o(1), (16a)
where
Lyt lf tmin < ﬂ
Sw = { e (16b)
m 1f tmin > ﬁ
and
L BB )y g
. e
—1In o if tmin > ﬁ

ﬂ F (tmin )

with ¢, = min{ Ny, N, } being the diversity order and py
the SINR of the first hop having Nj, = tyin, VK € {1,2}.

Proof: If ty,in < 3, then by employing a Taylor series ap-
proximation for the PDFs of the SINR of each hop at x — 0%
and [29, (A-3)], the PDF of ~.,q at high SNR values can be
expressed as

ZF

o (.13) = ay, xtmin71 + O(xtmnwﬂ)7 (17)

where € > 0, k € {1,2} is the hop having number of antennas
tmin = min{Ny, N} and aj = p,j’“”“/(Nk, — 1)!. By substi-
tuting (17) into (6) and by employing the definition of the gamma
function, the upper branches of (16b) and (16¢) are readily ob-
tained. If ¢,,;, < ([ then the integral in (6) can be approximated
as [, a7 [, (z) dz, where Yeynq follows a gamma distribu-
tion with parameters p; and t.,;,. This integral can be easily
evaluated by employing the definition of the gamma function,
yielding the lower branches of (16b) and (16¢), thus completing
the proof.

Note that the diversity order of the considered system is af-
fected by the strongest link. This result is in agreement with
several published works that addressed the asymptotic perfor-
mance of dual-hop AF systems, e.g. [29].

B. MRC/MRT Scheme

For the MRC/MRT scheme, the power constraint factor can
be computed as [23], [24]
W= P2 . (18)

_i by Porm
hThlpl + Zmilthl‘llz ‘ bl + 1

Using (18), the e2e SINR can be obtained from (3) as

expressed in terms of the so-called high-SNR slope, S, and the MRC _ VVRC AMRC (19)
high SNR power offset, L [28]. Jend = JMRC | MRC | [’
1 Ni—1N>—1 k 1 p2 1+k+N;
R 9 = — In 1 — C ’I’L7k/’ m
) 0Ty B { = = mz::O pi +pz) ( )
« F 20:1.1:0.1 P12 prp2 | ‘(7,8,1) (—k—N1:2,1) (10)
0.2:1,1:1,0 oL+ 022 o1 + (=), () | 0,1) | o




KARATZA et al.: EFFECTIVE CAPACITY OF MULTISOURCE MULTIDESTINATION COOPERATIVE SYSTEMS

where YMRC = [y |2 py /(U1 + 1), Uy = 2 (] by, [2/
Ihi|3) pr, and HRC = ||hy||% pa. Note also that for the
MRC/MRT scheme, channel state information for the quantities
h; and h; is required. The exact evaluation of EC is in general
mathematically intractable, since the statistics of yrc cannot
be expressed in closed form. Thus, accurate approximations for
the EC will be presented next.

Proposition 5: An accurate closed-form approximation for
the EC with MRC/MRT can be deduced as (20), shown at bottom

of this page, where
FMRC FMRC
(FMRC L MRC 1) min{7RC FMRCY

MRC _ ool L, exp (Pf )E (LPT)
i p1 N1 H — Z m 1 1

CMRC = (21a)

e f;} (E — I)
(21b)
and
PR = N, ps. (2lc)
Proof: See Appendix B. |

C. MMSE/MRT Scheme

For the MMSE/MRT scheme, the power constraint factor can
be computed as [23], [24]

2 _ P2
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H; and the noise variance at the relay nodes, Ny, is required.
Again, the exact evaluation of EC is in general mathematically
intractable, since the statistics of yyysg cannot be expressed in
closed form. In the following proposition, an accurate analytical
expression for the evaluation of the EC is deduced.

Proposition 6: An accurate closed-form approximation for
the EC with MMSE/MRT can be deduced as (24), shown at the
bottom of this page, where

~MMSE =MMSE
71 72

(WII\IMSE + WIZ\'IMSE _|_ mln{’yMMSE ,YMMSE} ?
(25a)

CMMSE =

N M .
—MMS M\ piT'(j +m)
A - > > (V)

m=m) j=N-m+1 J pyl F(m) (25b)

XU(.7+m>]+m+1_Mal/pI)7

712\IMSE (ZSC)

=Ny s,

and m; = max{0, N, } + 1.

Proof: In order to obtain the statistics of y\rvsE, the distri-
butions of fyMMSE and ’yMMbE are required. By employing [23,
(69) and (71)], the CCDF of fﬁ“MSE is given by

p N—1 Zk o1 —-M
F,MMSE (Z) = exp (—) 1 (1 + — Z)
R P, kzjopllkl Pi

) (22) N M j j+m—1
ity Sy lwili, Por + | will; <> > (V)
| e e G ) T (m
where w; = hi(h,h{ + H;H} + (No/P;)Iy)~" [25]. Using —mg=N-metl ! (m)
(22), the e2e SINR can be obtained from (3) as (26)
MMSE  MMSE Moreover, 15™5E follows a gamma distribution with parame-
MMSE _ __ N 2 (23) . S
end = MMSE MMSE | ] ters NV, and p,, and therefore, its CCDF is given by
M +7 +
. No=1
where ’YMMSE (P/Pf)hi Rilh]’ R =H; HII +(N0/PI) FA/MMSE (Z) = exp <Z> Z Zinz 27
Iy and Y™BE = ||h,||% p,. Note also that for the MMSE/MRT 2 p2) =y el e
scheme, channel state information for the quantities hy, h;,
1 M Ni—1 N,—1 n, c,nl, )
~ _ MRC
RMRC(H) ~ GTf B In |1 <H ) Z Z ZZ | S AYPRIRNE M -1 -1
I n1=0n,=0k=0 ;=1 12" (TL] ) 123 f;l p]f pIJ (20)
J

xT(1+n1 +na) pj ' &, (1—|—n1—|—n2,k+1 ny4ny+1—

3: Pr; P11+ P2 )}
PICMRC P1 P2 CMRC

k! k!

ki+ko

N-1N-1 _p, _
1 ln{l—ﬁ[ Py Tk + ko 4 1)
B CMMSE

4
U(/ﬂ-‘rkg-‘rl,/ﬂ-f—kz-f—l—ﬁ,p]pz)
P1 P2 CMMSE
rG+m+k)  o1(Y)

é2<j+m+klaMa_ﬂ+J+m+kl7 )
P1CMMSE  P1 P2 CMMSE

P1 p1+p2 )
Ci;rl\'rlnsgklfll—\( )k' j+m— lpkl

(24)
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By following a similar line of arguments as in the proof of
Proposition 5, the CCDF of yyysg can be approximated as

MMSE (28)

Yend

where cyysg is given by (25a) and used to adjust the
accuracy of the proposed approximation. In order to evalu-
ate cyise, analytical expressions for 7 IMSE and FMSE
are required. A closed-form expression for 7% *MMSE can be
evaluated as 'yMMSE f FI\IMSE( )dz, ylelding (25b),

while F™SE = N, p,. Thus, an accurate approximation
for the CCDF of the e2e SNR can be deduced as (29),
shown at the bottom of this page. Then, the EC of the
considered MRC/MRT scheme can be finally computed
using (7). By employing the integral representation of the

confluent hypergeometric function of the second kind, i.e.

T ¢ 00 eVt —l(14¢)z—a-1

[15], an accurate closed-form expression for the EC can be
deduced as (24), thus, completing the proof. |

MMSE

MMSE
~ CMMSE mln{v » V2 }

D. Large N Analysis

Hereafter, an asymptotic expression for the EC of ZF/MRT
and MMSE/MRT schemes is derived assuming large values of
N and fixed M, as well as equal power allocation at the source
and relay nodes. Based on the law of large numbers, the e2e
SINRs of both schemes can be expressed as [23]

Y172 Y172
end — ~ ) (30)
Jend NM+r+l v+,
where 41 = ||h;||% p; and 42 = ||ha||% p2. Based on (30), the

EC is obtained by using the following proposition:

Proposition 7: The EC the ZF/MRT and MMSE/MRT
schemes can be approximated for N — oo and p; = p =p
as

Roo(o) = =

1 1 2172]\‘" \/7?
0T, B [PZ(N)F(ﬁ)

4 |
4,1 LN, N
<O (Glh )|

Proof: Noticing that -y, follows a gamma distribution V¢ €
{1,2}, (31) can be readily obtained by following a similar line
of arguments as in the proof of Proposition 3. |

3D

IV. NUMERICAL RESULTS

In this section, numerical results are presented to demon-
strate the analysis presented in Section III. Similarly to [5] and
for the three precoding schemes, we have considered the fol-
lowing set of parameters, i.e. Ty = 2ms, B = 100 kHz and
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Fig.2. EC of ZF/MRT as a function of P; for N =5, M =3,B =
Ty =2ms, 6 = 0.01 bits~! and various values of A.

100 kHz,

6 = 0.01 bits~!. It is assumed that the available transmitting
power, P; is allocated to the source and the relays so that
P, = P, + P, with P, =1 P, P. = (1 — 1) P, where A is
the power allocation factor, with 0 < A < 1, and Ny = 1. All
obtained performance evaluation results are substantiated by
employing semi-analytical Monte-Carlo simulations, obtained
by employing 10° random samples. Fig. 2, depicts the EC of
the ZF/MRT scheme as a function of P, for N = 5, M = 3 and
A of 0.2, 0.4 and 0.6. As it is evident, analytical results are in
excellent agreement with the Monte Carlo simulation results,
thus verifying the correctness of the mathematical analysis. It is
easily seen that the upper bound for the exact rate is quite tight
for all the considered values of P, while its tightness is slightly
improved for larger P, values. Specifically, for low values of A,
e.g. for A = 0.2, these bounds are very tight at the entire SNR
range, however they become less tight as XA increases. In the
same figure, high-SNR approximate results based on Proposi-
tion 4 are also plotted. Clearly, the high-SNR approximations
predict well the high SNR slope and the high SNR power offset,
although for large values of P,, the asymptotic behaviour of the
EC curve shows up at relatively high P,.

Fig. 3, illustrates the effect of power allocation on the EC of
the ZF/MRT scheme assuming P, = 20 dB and various values
of N and M. As is evident, an optimal value of A exists for
which EC is maximized. The optimal power allocation can be

’I\II\ISE p1+ p2

N—-1N-1
) XY e (-

C 1
oy — P1 P2 CMIMSE

P1 CMMSE

T k1+k2 1
—F —exp| —x
) (Q\IMSE) plf‘ péz <

X(H”) > 2 2 (&

m=mj j=N-m+1k;=0

p1+ p2 )
P1 P2 CMIMSE

j+m+k;—1
) (29)

CMMSE
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Fig. 3. EC of ZF/MRT as a function of A for P, = 20 dB, B = 100 kHz,
Ty =2ms, § = 0.01 bits~' and various values of (N, M).

formulated as

maxi)\mize R,% (M)

subjectto 0 <A <1

where R;}.(1) is given by (12). This optimization problem
can be solved numerically by employing quadratic interpola-
tion techniques. For all considered test cases, the optimal value
of A, denoted as A", as well as the maximum EC, denoted as
R*, are depicted in the same figure. As it can be observed, in
order to attain the optimal EC more power should be allocated to
the source-to-relays links. This is expected since interference is
present at the relay nodes only. Note that an example of optimal
power allocation scheme where more power should be allocated
to the first hop has been reported in [30].

Fig. 4, depicts the EC of the MRC/MRT scheme as a function
of P,for N =6, M =3,p; =3dBand A 0f0.2,0.4and 0.7. As
it is evident, the proposed approximation based on Proposition 5
is very close to the EC, obtained via Monte Carlo simulations,
especially for A equal to 0.2 and 0.4. On the other hand, the
lower bound obtained for cyirc = 1 has noticeable difference
from the exact EC for all values of P; and .

For the same values of A and p;, Fig. 5 depicts the EC of
the MMSE/MRT scheme as a function of P,. As far as the
accuracy of the approximation in Proposition 6 is concerned,
similar findings to those extracted in the MRC/MRT case can
be also found.

Fig. 6, compares the EC of the three precoding schemes as
a function of P, for N =4, M =2, py =3 dB and A = 0.5.
As it is evident the MMSE/MRT always yields the best perfor-
mance, followed by the ZF/MRT scheme, while the MRC/MRT
scheme is always the worst one. The difference between the
performance of the three considered precoding schemes is due
to their different channel state information (CSI) requirements.
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Fig. 5. EC of MMSE/MRT as a function of P; for N =5, M =3, p; =3
dB, B = 100 kHz, Ty = 2ms, § = 0.01 bits~! and various values of A.

Specifically, ZF requires estimates of the channel vectors hy, h,
and the interference matrix H;. MRC/MRT requires only the
estimation of h; and h,. Finally, MMSE/MRT requires the esti-
mation of h;, h,, H; and the noise variance Ny. Therefore, it is
expected that MMSE/MRT should yield the best performance,
followed by ZF/MRT and MRC/MRT. Note that for a conven-
tional diversity receiver operating in the presence of fading and
noise, the MRC scheme is optimal as it maximizes the e2e SNR.
When co-channel interference is also present, MRC is a subop-
timal scheme, because it does not require the estimation of the
interference matrix, H;, and therefore, it handles interference
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as noise. This results in a worse performance than that of ZF or
MMSE.

Fig. 7 depicts the EC of the three considered schemes as a
function of 6, for A = 0.5 and P, = 20 dB. For all considered
cases a N of 6 and M of 2, 3 and 4 has been assumed. As it
can be observed, for a given range of values of ¢, EC remains
approximately constant and decreases when 6 exceeds a specific
value, 6*. For all considered schemes 8* approximately equals to
0.02 bits~!. This is because of the fact that as theta grows larger
than 6™, the considered system cannot support larger arrival rates
with a given QoS constraint and thus EC decreases.
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Finally, Fig. 8, compares the EC of the three precoding
schemes as a function of N for P, of 10 dB, p; of 0 dB and
A = 0.5. As expected, the EC of all three schemes increases as
N grows large. Furthermore, as IV increases, the ZF/MRT and
MMSE/MRT schemes perform almost identically and always
better than the MRC/MRT schemes. This is because of the fact
that for large values of IV, by employing the law of large num-
bers, it holds that +hih;, = 0and LH}H; = I);. As it can
be observed, fading and interference average out when a large
number of relay nodes is employed. Thus, it is expected that the
e2e SINRs of both schemes will become identical for large val-
ues of N. A detailed mathematical proof supporting this trend
can be found in [23, Appendix D]. From the same figure, it can
be observed that for N > 20, the EC of both schemes is always
1 bit/s/Hz higher that achieved by the MRC/MRT schemes, and
for all values of V.

V. CONCLUSION

In this paper, a multi-source multi-destination cooperative
AF relaying system with CCI at the relays with linear precod-
ing schemes were considered. The source nodes communicates
with the destination node under a delay QoS constraint. Assum-
ing no buffering at the relays, the throughput of the considered
system was investigated, by evaluating the effective capacity
of the channel. To this end, novel, computationally efficient
analytical expressions for the EC were derived which demon-
strate the impact of various parameters, such as the number of
antennas and/or the interferers at the relay, on system perfor-
mance. Extensive numerical results have demonstrated that the
MMSE/MRT scheme always attains the highest EC followed
by the ZF/MRT scheme. A large N analysis was carried out for
the ZF/MRT and MMSE/MRT schemes, demonstrating their in-
terference cancelation capability comparing to the MRC/MRT
scheme.
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APPENDIX A
PROOFS FOR THE ZF/MRC SCHEME

A. Proof of Proposition 1: Since v*F and v4¥ follow the
gamma distribution with parameters Ny, p; and N,, p,, respec-
tively, the complementary CDF of v2F,, is given by [31, (2)]

Ni—1Nx—1 k&
R @ =20 (57873 37 5 clakom
n=0 k=0 m=0
2 ;
X Kn—m+l ( ° > IJ\]+k7 (A'l)
VP1P2

where C(n, k,m) is given by (11). By employing (7), the eval-
uation of the EC involves the computation of the following
integral

]\]+k 1

00
) 2z
1= 0/ l-l-(E 511 € ( ! 2) Kymt1 ( o1 s dz.

(A-2)
To the best of the authors’ knowledge, a closed-form expression
for (A-2) is not available in any of the well-known books with
tables of integrals such as [14]. Nevertheless, as it will be shown
next, 7 can be evaluated in terms of the bivariate Fox’s H-
function. By expressing the (1 4 2)™7~! term and the Bessel
function as inverse Mellin integrals, one obtains [32, (8.4.2/5)

and (8.4.23/1)]
1 1 INOINCES

1) / xt dt,
Ci

(14 x)8+1 - 2ma (B +

(A-3)
where C; is the Mellin-Barnes contour that separates the poles
of I'(t) from those of T'(G + 1 — ), 0 < ®{t} < S+ 1 and

2 1 —n—1
Kn—nl,+1 < ° ) 1 r (M + 5>
VP1 P2 47 / 2
2
— 1 s
x I nomtl + s (pnpz) ds,
2 x2

where C, is the Mellin-Barnes contour that begins and ends
at —oo and encircles the poles of I'[(—n +m — 1)/2 + s] and

(A-4)
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Tl(n—m+1)/2 + s], with R{s} > |n +m — 1]|/2. By sub-
stituting (A-3) and (A-4) into (A-2) yields (A-5), shown at the
bottom of this page. After first performing the integration in
(A-5) with respect to x and using [14, (3.381/3)] yields (A-6),
shown at the bottom of this page. Using the definition of the
bivariate Fox’s function in (A-6), yields (10), thus, completing
the proof.

B. Proof of Proposition 3: By employing [7, (3)], the EC
of the considered dual-hop system can be obtained as

- | 1 00 . | 8M,§,ZF1 (u) d
w®) =G5 In ‘0/1 103 15 —w) —o— du
(A-7)
where 728, = A28 4 32V with 27 & I/WZF. Since 7ZF are

independent RVs, Mzr (u) = [T, Maze (u).

Using the deﬁmtlon of the MGF, M zr( ), VL € {1,2}, is
given as

o0

1 x
M~ ) = ——— /:CN£71 ex <_—> dx
’Y[ZF( ) F(Nz)pf;\” p Py -

0
(A-8)
By employing [14, eq. (3.471/9)], Mz (u) can be deduced as

2
Mizr (u) = W(um)mﬂff}v[ (2\/u/pg). (A-9)

Assuming p; = p» = p, the product of Bessel functions can
be expressed in terms of the Meijer’s G-function as [32,
(8.4.23/31)]

o 9 5 ) o

X G (4 lez) . (A-lO)

0,1/2
7w1+;\52
=

\1+N2 N|—-N»
2 2

re (2m L(6+1) /// e

*a)er r@r (ﬁ+1—t)F(_n+2m_1+s>

2

0 C G
n—m+1 _t 22\ "¢
x|\ —F——+s)x dt ds da. (A-5)
2 P1 P2
! pip2 >1+k+N‘// (—n+m—l )
= F(1+k+N —-2s—t) T T(B+1-t) | ——— +
202m) (B +1) (m+pz ( 1 =25 =TT ) 5 s
C G
— 279 t
xF(” m+1+s) [(pﬁm)} <p1+”2) dt ds. (A-6)
P1 P2

P1P2
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By further employing [32, (8.2.2/32)], the partial derivative of
the products of the MGFs can be expressed as

OMizr (u) 2ﬁu“§‘2
u T(N))T(N,) p5
0,1/2

(s

Finally, by expressing the confluent hypergeometric func-
tion in (A-7) in terms of the Meijer’s G-function, i.e.
1P (B 1 —u) =T71B) G 1) (u]ly g ) 32, (8.4.45/1)] and em-
ploying [32, (2.24.1/1)], R?Y (0) is deduced in closed form as
(15), thus, completing the proof.

) . (A-1D)

N +Ny Nj-N,
s =

N+ Ny
2 2 ?

APPENDIX B
PROOF OF PROPOSITION 5

In order to obtain the statistics of ’yé\ggc, the distributions of
AMRC and )RC are required. As it is evident, the conditional
CCDF of the RV yMRC given U; is the CCDF of a gamma

distribution with parameters N, and py, i.e.

+ l n1 (u + 1)71,1

u N
X
P

7
n

F,y}\IRC U, (u) = exp (— . (B-l)
In [33], it has been shown that the RV U; is the sum of
uncorrelated exponential RVs with parameters A, = 1/py,

vm € {1,2,...,M}. Moreover, ||h;||% and U; are uncorre-
lated, because E(||h;[|%U,)

=E(_, Ihjhy, |}) = 0. The
PDF of U] is given as [34]

H . i exp(—Aju)

m=1 _1Hf7157é]()‘13_)L )

By employing the total probability theorem as well as the bino-
mial identity, the CCDF of 7}'RC is given by

foi( (B-2)

Fone (z) = /O Fone, () fo,(w)du,  (B3)
yielding
M Ni=1 n, 1
P = (1ot ) S 55 (1)
m=1 n1=0 k=0 j=1

exp (—z/p1)

ey |
Z:l(f—P )
% (v o

1 z\ !
(-+2)
pr;  pP1

(B-4)

Moreover, 13 RC follows a gamma distribution with parame-
ters IV, and p,, and therefore, its CCDF is given as

Nl
_ x z
Fome(z) =exp (=) S 2 B-5
,é\IRC( ) Xp ( /)2> nz_o nz!pgz ( )
L=
The RV /MR can be approximated as
AMEC o 1in {yMRC | AMRCY, (B-6)
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By employing this bound, the CCDF of the e2e SNR can be
lower bounded as
F MRC ( ) S Fﬂ\mc (Z) Fw%mc (Z‘) .

MR (B-7)
However, the bound in (B-7) is quite loose at medium- and
high-SNR values. An approximation for F'R¢ (z) is therefore
proposed, yielding good accuracy for a wide range of SNR
values. At first, 7}RC and /'RC are replaced with cyre 7MRC
and c\irC *yMRC respectively. cyire 1S a constant and its value
is selected so that the e2e SNR bound obtained from (B-6) to be
close to the exact e2e SNR obtained from (19). Therefore, the

following inequality should hold

MRC . MRC
71 72

,Y%\IRC _|_,>/MRC +1

In order to obtain the desired value of cyre, 7]
AMRC are replaced by their average values', i.e. 7}1*¢ and
WMRC yielding (21a). An analytlcal expression for 7MRC
can be deduced as Y)'8¢ = [* E(MRC|UY) fu, (u) du, where
E@MRCIU)Y = Nypy /(U + 1), while by employing [14,
(3.354/4)], yields (21b). By substituting (B-4) and (B-5) into
(B-7) and by replacing p; and p, with enxrre p1 and evre P2,
respectively, an accurate approximation for the CCDF of the e2e
SNR can be deduced as

n —1
e (z H P,

m=1

I\IRC772IRC} (B—S)

< eMRC mm{’y

MRC
~MRC

and

N[*l ni N7 1 M 71]+772

PIDIPIDI -

n1=0k=0n,=0j=1 MRC

—k—1
oxp (_x ﬂlﬁlztﬁzﬁc ) (PlL + quzc /)1)
X - . : . (B9)

mo! (ny — k)it py? T (pi' — p;1>
(#] ’

By substituting (B-9) in (7) and by employing the integral rep-
resentation of the confluent hypergeometric function of the sec-
ond kind [15], a closed-form expression for the EC for the
MRC/MRT scheme can be deduced as (20), thus, completing
the proof.
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