International Journal of Information

a (

Communication Technology Research ITRC

IJICTR

I Acting Manager: Professor

University of Tehran

Dr. Mahmoud Kamarei

Dr. Mohammad Khansari

Assistant Professor Dr. Manouchehr Kamyab

ICT Research Institute Associate Professor
K. N. Toosi University of Technology
BN Editor - In - Chlef: Dr. Ghasem Mirjalil
Associate Professor
Dr. Kambiz Badie Yazd University
Associate Professor Dr. Kamal Mohamed-pour
ICT Research Institute Professor
K.N. Toosi University of Technology
BN  Executive Manager: Dr. Ali Moini
Associate Professor
Prof.Ahmad Khadem-Zadeh University of Tehran
Associate Professor Dr. Ali Movaghar Rahimabadi
ICT Research Institute Professor
Sharif University of Technology
B  Assoclate Editor {CT Section): Dr Keyvan Navi
Associate Professor
Dr. Reza Faraji-Dana Shahid Beheshti University
Professor .
University of Tehran Dr. Jalil Rashed Mohasel
Professor
University of Tehran
B  Associate Editor {Network Section): Y .
Dr. Babak Sadeghian
Dr. S. Majid Noorhoseini Associate Professor
Assistant Professor Amirkabir University of Technology
Amirkabir University of Technology Dr. S. Mostafa Safavi Hemami
Associate Professor
[ ] Editorlal Board: Amirkabir University of Technology
_ _ Dr. Ahmad Salahi
DrProf. Abdolali Abd|p0ur Associate Professor
Professor ICT Research Institute

Amirkabir University of Technology

Dr. Hassan Aghaeinia
Associate Professor

Amirkabir University of Technology
Dr. Vahid Ahmadi

Professor

Tarbiat Modares University

Dr. Abbas Asosheh

Assistant Professer

Tarbiat Modares University

Dr. Karim Faez

Professor

Amirkabir University of Technology
Dr. Hossein Gharaie

Assistant Professor
ICT Research Institute

Dr. Hamid Soltanian-Zadeh
Professor
University of Tehran

Dr. Fattaneh Teghiyareh
Assistant Professor

University of Tehran

Dr. Mohammad Teshnehlab
Associate Professor

K. N. Toosi University of Technology

Dr. Mohammad Hossein Yaghmaee Moghaddam
Associate Professor
Ferdowsi University of Mashhad

Dr. Alireza Yari
Assistant Professor
ICT Research Institute

Dr. Farrokh Hodjat Kashani _ Secretariat Organizer:
Professor .

Iran University of Science & Technology Tl Senrieng

Dr. Ehsanollah Kabir — Executive Assistants:
Professor

Valiollah Ghorbani

Tarbiat Modaress University
Nayereh Parsa-Shirin Mirzaie Ghazi

[ Downloaded from ijict.itrc.ac.ir on 2025-11-18 ]

International Journal of Information & Communication Technology Research


http://ijict.itrc.ac.ir/article-1-50-en.html

[ Downloaded from ijict.itrc.ac.ir on 2025-11-18 ]

International Journal of Information
. f [
Communication Technology Research ITRC

Volume 8 - Number 4- Autmun 2016-Special Issue of IST2016

I Topics of Interest

Information Technology

Information Systems

IT Applications & Services

IT Platforms: Software & Hardware Technology
IT Strategies & Frameworks

Communication Technology
Communication Devices
Communication Theory

Mobile Communications

Optical Communications
Satellite Communications

Signal / Image / Video Processing

Network Technology

Computer & Communication Networks
Wireless Networks

Network Management

Network Security

NGN Technology

Security Management

International Journal of Information & Communication Technology Research I\/\/\@


http://ijict.itrc.ac.ir/article-1-50-en.html

[ Downloaded from ijict.itrc.ac.ir on 2025-11-18 ]

International Journal of Information
&
Communication Technology Research

Volume 8 - Number 4- Autmun 2016-Special Issue of IST2016

(1

ITRC

@/\/\/:nternational Joumnal of Information & Communication Technology Research



http://ijict.itrc.ac.ir/article-1-50-en.html

[ Downloaded from ijict.itrc.ac.ir on 2025-11-18 ]

I J I CTR International Journal of Information & (f
Communication Technology Research r‘

ITRC

Volume 8 - Number 4- Autmun 2016-Special Issue of IST2016(1-10)

Spatial Interference Alignment in Relay-Assisted
Multi-Cell Multi-User Networks

Ali H. Bastami
Department of Electrical Engineering
K.N. Toosi University of Technology

Tehran, Iran
bastami@kntu.ac.ir

Ali Golestani

Department of Electrical Engineering
K.N. Toosi University of Technology
Tehran, Iran
agolestani@ee.kntu.ac.ir

Kamal Mohamed-pour
Department of Electrical Engineering
K.N. Toosi University of Technology

Tehran, Iran
kmpour@kntu.ac.ir

Received: October 16, 2016- Accepted: December 27, 2016

Abstract—In this paper, the spatial interference alignment (l1A) is investigated in the downlink (DL) of a relay-assisted
multi-cell multi-user network. The transmission from the base station (BS) to the mobile station (MS) takes place in
two phases with the help of the selected relay station (RS). The closed-form 1A algorithms are employed in both the
BS to RS and RS to MS links. The performance of this cooperative scheme is analyzed in terms of the sum rate and
the sum degrees of freedom (DoF) for the amplify-and-forward (AF) and decode-and-forward (DF) relaying schemes.
The simulation results of the sum rate show that the DF scheme significantly outperforms the noncooperative min-
leakage and max-SINR iterative algorithms over the entire range of SNR, and the AF scheme performs very close to
the min-leakage algorithm. Moreover, the DF scheme outperforms the noncooperative closed-form 1A algorithm in
the low and medium-SNR regimes.

Keywords- Cellular network, degrees of freedom, interference alignment, relay, sum rate.

Interference alignment (IA) is a cooperative

I INTRODUCTION transmission and/or reception technique that can

The co-channel interference has become the key  establish a high multiplexing gain by effectively
challenge in the new generations of cellular  decreasing the interference level in a multi-user
communication networks that employ the frequency  System [2]. With the help of the IA technique, the
reuse factor (FRF) of unity. Especially, the inter-cell multi-user interference channel can achieve its
interference coming from the adjacent cells ~ maximum degrees of freedom [3]. Therefore, in the

significantly diminishes the spectral efficiency of the
cell-edge users. Implementing a smart interference
management technique is a good solution to increase
the spectral efficiency of the cell-edge users [1].

high-SNR regime, the IA technique can make the sum-
rate of the cellular system close to the sum-capacity of
the system [4]. In a dense cellular network, some user
terminals may be located in the coverage holes of the
base station (BS). This situation is more probable for
the cell-edge users. In these situations, utilizing the
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relay nodes can be very helpful to improve the
coverage area of the BS. The relay nodes can be
selected among the idle nodes that are located in the
coverage area of the BS, and the communications can
be indirectly performed with the help of these
intermediate nodes.

The  combination of  the  cooperative
communication schemes and the IA techniques is an
appropriate way to simultaneously overcome the
interference and fading impairments of the channel
[5]-[10]. The problem of energy spectral efficiency
maximization in the downlink (DL) of a multi-user
multi-relay multi-cell time-division-duplex (TDD)-
based network has been investigated in [5]. In [6], for
a two-cell two-user relay-aided network, an 1A scheme
has been proposed in which the degrees of freedom
can reach to its upper bound. The duality of the IA in
the uplink (UL) and DL transmissions of a multi-cell
multi-user relay-aided network with single-antenna
users has been investigated in [7]. In [8], an enhanced
relay-aided interference alignment (eRIA) scheme has
been proposed in which a super relay is employed for
the IA purposes between the BSs of a cellular network
and their corresponding users. In [9] and [10], two 1A-
based two-hop protocols have been designed for the
one-user-per-cell and two-user-per-cell  scenarios,
respectively, where the relay node and the cell-edge
users are located at around the junction of the cells.

In this paper, the spatial 1A is investigated in the
DL of a relay-assisted multi-cell multi-user network.
The transmission from the BS to the mobile station
(MS) takes place in two hops with the help of the
selected relay station (RS) which is chosen among the
set of potential relay nodes. All the terminals of the
network are equipped with multiple antennas.
Accordingly, the first phase of transmission from the
BSs to the selected RSs is modeled as a multiple-input
multiple-output (MIMO) interfering broadcast channel
(IFBC) and the second phase of transmission from the
selected RSs to the MSs is modeled as a MIMO K x
C-user interference channel, where C is the number of
cells and K is the number of MSs per cell. In both
phases of transmission, the closed-form 1A algorithms
are employed. The performance of this cooperative
scheme is analyzed in terms of the sum rate and the
sum degrees of freedom (DoF) for the amplify-and-
forward (AF) and decode-and-forward (DF) relaying
strategies. The simulation results of the sum rate show
that the DF scheme significantly outperforms the
noncooperative min-leakage and max-SINR iterative
algorithms over the entire range of SNR, and the AF
scheme performs very close to the min-leakage
algorithm. Moreover, the DF scheme outperforms the
noncooperative closed-form 1A algorithm in the low
and medium-SNR regimes. Also, the DoF analysis
shows that the sum degrees of freedom in the first and
second phases of the proposed schemes can achieve
the optimal value under some special configurations.

The rest of this paper is organized as follows.
Section 1l presents the system model and the protocol
description. Section Il analyzes the performance of
the system in terms of the sum rate and the sum DoF.
Section IV presents some simulation results and

numerical examples. Finally, Section V summarizes
the main results of the paper.

Notation: We use boldface lowercase letters for
vectors and boldface uppercase for matrices. (.)T and
(.) denote the transpose and the conjugate transpose,
respectively. For the matrix A, tr(A) denotes the trace
of A, rank(A) denotes the rank of A, det(A) denotes
the determinant of A and 4;(A) denotes the ith largest
eigenvalue of A. [a]* = max(a, 0), [a] denotes the
smallest integer greater than or equal to a and |a]
denotes the largest integer less than or equal to a. C
represents the set of complex numbers. a = b is the
remainder of the division of a by b.

Il.  SYSTEM MODEL AND PROTOCOL DESCRIPTION

In this section, we present the system model under
investigation and the 1A-based cooperative protocol.
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Fig. 1. System model

A. System Model

We consider a cellular network with C cells and
the FRF of 1. Each cell consists of one BS located at
the center of the cell, K MSs and K X L half-duplex
RSs, as shown in Fig. 1. All the terminals operate over
the same frequency band. The DL transmission from
the BS to the MS is under investigation. It is assumed
that there is no direct link between the BS and the MS,
and hence, each MS receives the BS signal with the
help of the selected RS which is chosen among L
potential relay nodes. It is assumed that the BS and the
MS are equipped with M, and N, antennas,
respectively, and each RS is equipped with M,
transmit and N,. receive antennas.

In Fig. 1, RS[™<l and MS[™¢! denote the the rth RS
and MS of cell ¢, respectively. G is an N, x M,
matrix that characterizes the MIMO channel from the
BS of cell b to RSI"]. Similarly, Flf) is an N, X
M,. matrix that characterizes the MIMO channel from
RS[™1 to MSleel,

—.—. Intra-Cell Interference Channel
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It is assumed that the wireless channels suffer from
the frequency non-selective quasi-static fading plus
shadowing [11] and additive white Gaussian noise
(AWGN). Under Rayleigh fading assumption, each
entry of the matrices G} and F(\; is a zero-mean
circularly symmetric complex Gaussian random
variable and the additive noise is distributed as
CN(0,02).

B. Protocol Description

1) Relay Selection: In the proposed scheme, the
BS sends its message to the MS with the help of a
single relay node. As described in the previous
subsection, corresponding to each MS, there are L
potential relay nodes. Thus, we should first select the
best relay node based on an appropriate criterion. In
this paper, we select the best relay node such that the
minimum SNR of the BS-RS and RS-MS links is
maximized [12]. This criterion can be formulated as

rs®¢l = argmax min(tr(GEr'C]GET'C]H),
1+L(k—1)<r<kL
kel [k, clH 1)
tr( PR ))

Vkex2{1,- K ceca{l--,C}

where rsl®<l is the selected RS corresponding to
MS!k<l - Considering all the interfering signals, we
conclude that the first hop channel is a MIMO IFBC
and the second hop channel is a MIMO K X C-user
interference channel.

2) First Phase: In the first phase of the protocol,
all the BSs transmit and the selected RSs listen. Let us
focus on the signal transmitted by the BS of cell c.
During the first hop, this BS transmits dl"cl
independent data streams to rs™¢l, where d"<l <
min{M,, N}, and for simplicity, we assume that
d<l = d,vr € K; c € €. Under these circumstances,
the configuration of the cellular network
corresponding to the first hop of transmission can be

described in a compact form as (M, X (N,, d)¥)¢. Let
s, s denote the symbols transmitted by the
BS to rsl™<l. By stacking the transmitted symbols in a
d x 1 vector, the transmitted signal can be described

as stmel = [sI7 sIreh | sPNT it s assumed that

sl satisfies the power constraint E{|l sl |2} <
Pd. As shown in Fig. 2, after applying the normalized

and orthogonalized matrices of precoding Vg‘c] €
CMbp*d and postcoding U[G”"] € CNVrxd | the effective
received signal at rs™<! can be written as [13].
S;([;r,c] — Ug,c]Hy([;r,c]

— U‘[;T,C]H GET,C]V(Er,c]S[r,C]

K
[r,clH [r.clys[Fcl o[,
+Ug (Z G, v slrel

r=1,7#r (2)
C K
L3 3 e
b=1,b#c =1

~[r.cl

+n; Vre¥X;, cecC

[rc]

where y."“ is the received signal at rsi™<!, gl e
¢t and fg = Ul nll ) where n“! is the
received noise vector at rs™< and il *“! is distributed
as CN(044,,021,). The precoding and postcoding
matrices are obtained based on the 1A solution in [13].
In this case, in order to meet the feasibility condition
of the IA, M, and N,. must satisfy

M, =[K(C-1)+1]d @)
N, =[(K-1(C -1 +1]d.

Similar to the conventional MIMO IFBC scenario,
we can define the signal and interference matrices,

denoted by SI*! and JI"), as

so & VPOV vrexscee ()

Desired Signal ——— Inter-Cell Interference Channel

Fig. 2. System model corresponding to the first phase of the
protocol. The precoding and postcoding matrices are applied
to the (M,, X (N,,d)*)¢ network.
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Fig. 3. System model corresponding to the second phase of
the protocol. The precoding and postcoding matrices are

applied to the (M, X Ny, d)KXC network.

[re]l a [r.c]lH [r,clys[7c]
Je“ = VPUg [{GC Ve }7‘=1,1‘¢r

{{G[r,c]v[r',b]}K }C (5)
b G 7=1)p=1bxc

VreX;cecC

where S[Gr'c] is a dxd matrix representing the

received desired signal by rsl and e
caxKe-1d js the interference subspace matrix for this

K
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relay node and is generated by putting d X d matrices
of intra and inter-cell interference spaces together. In
this case, the perfect 1A conditions for rsI™¢! can be
written as

[Gr'c] = 04x(kc-1)a (6)
rank(Sg'C]) =d. (7

3) Second Phase: As mentioned earlier, in the second
phase of the protocol, we have a MIMO K x C-user
interference channel structure. The configuration of
this network can be compactly described in its
standard form as (M, X Ny,p,d)" . In the second
phase, all the selected relay nodes transmit and the
MSs listen. In this paper, we consider the AF and DF
relaying schemes.

In the case of AF relaying, the transmitted signal
by rs!™l can be described as
S,[ATFC] wEFC y([;r < (8)

gl el is the

where y. ' is given in (2) and w,
amplification gain at rs™¢ given by wl =
PLhzy) yg'c] I, where P denotes the

transmitted power by rs(l.

In the case of DF relaying, the effective received

signal at rsI<l, i.e. yI"I, is first decoded and then re-

encoded to form the transmitted signal sJ:. It is

assumed that S][)ch satisfies the power constraint E{]|

Spr 17 < Por”.
As shown in Fig. 3, after applying the normalized
and orthogonalized precoding and postcoding

matrices, the effective received signal at MS!*<I can be
written as

?ékc U[kc Hylgkc

[k,c]H glk.clyrlk.c] _[k.c]
=Ug F[kc Ve Syp

[kc [kc [r.c]
( Z F[rc (9)

r= 1r¢k

PR stF)

b=1,b#c r=1
+hl v kexcec

where y*“! is the received signal at Mslk<], vi™l e

cMrxd and Ul e cVmrxd gre the precoding and
postcoding matrices, respectlvely, sXF ! denotes either

st or sl7:el and ) is given by
ﬁgk,c] — U[E‘k,c]HnEk,c] (10)
where n[" “I'is the received noise vector at MS!<] and

we have n[’” ~CN(0,444,021,). The precoding and
postcodmg matrices for the second phase of the
protocol are obtained based on the closed-form IA

algorithm [14] for the network (M, X Np,p, d)KXC.

According to [14], the feasibility condition for the
closed-form 1A solution is given by

(11)

d< min{ N'%I‘F N + MT}

NpgKC—M," KC+1
In the proposed AF and DF schemes, given that KC >

3and M, > Ny, g, N, r and M, that satisfy (11) can be
calculated as

Npp = E ke +1) - ke +DEC - 3)”

r— m,F - d (12)
M
N2
+l1-|—2E _=¢
Ny e KC — M

and for the case that KC = 3 and N,y > M,., M, and
N, Can be obtained as

Nppp = ;[(KC +1) +/(KC+ DEKC - 3)]
= [d(KC + 1) — N| (13)

M

NZ
+1-[—2E—=4l].
Ny eKC — M

Assuming P = plnel = pd | the signal and
interference matrices correspondlng to the second hop
transmission can be defined as

sted = VPUl v vkeaccee  (14)

kc] [k,c]H [k,clyylr.cl
\/—U [{ rc]v }r 1,r#k
¢ (15)
ch]vrb] } ]
{{ [r.P] } b=1,b#c
VkKEkeEXK ;cecC

Based on the above matrices, the perfect IA conditions
for the second phase of the protocol can be described
as

]l[;k'C] = OdX(KC—l)d V k E g(, C E C (16)

rank( kc])zd vV keX; ceC. 17

Ill.  PERFORMANCE ANALYSIS
In this section, we analyze the performance of the
system in terms of the sum rate and the sum DoF.
A. AF Scheme

For the case of the AF scheme, the achievable rate
at MS®<1 can be calculated as

Rl = —log2 (det[ld +pliel ) (18)
where E‘FC] is the d x d matrix of the received
signal-to-interference-plus-noise ratio (SINR) at
Ms!kcl and is given by

-1
wi) = wlple(1, 4wl pglee) o (19)
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where W and w}) are the d x d matrices of the
SINR corresponding to the first and second phases of
the protocol, respectively. These two matrices can be
calculated as

1
q,ékc _S[kcs[kc ( 21d+] ]kc] ) (20)

1
q’,[kc _S[kcsl[:kc ( 21d+] ]kc] ) (21)

In (18), the factor 1/2 reflects the half-duplex
limitation of the relay nodes. By summing the
achievable rates over all users and cells, the achievable
sum-rate for the IA-based cellular system with AF
relaying can be obtained as

RE\F—ZZ RS

c=1 k= (22)
1 c K
— [k.c]
= EZ Z log, (det[ld + W, ) :
c=1 k=1

Appendix A calculates (22) in detail.

The sum DoF, denoted by dip, can be easily
calculated in terms of the sum rate as

Z

die = Jim, long (P)
log, det[ld + ‘PE‘"F'C]D @3)
=§11‘l?o;kz log,(P) '
B. DF Scheme

Similar to the AF case, for the DF scheme, the
achievable rate at MS!*<I can be expressed as

Rl = %logz (det[1, + i) (24)

where wg‘;] is the matrix of the received SINR at
MS <l which can be calculated as
1
Wik = (o21, + ][’” o) speclspeeln (25)
By summing RDF over k and c, the achievable

sum rate for the 1A-based cellular system with DF
relaying can be computed as

REF—ZZR“‘C

c=1 k=

1 ShN
— EZ Z log, (det[ld + ‘P[[)I;C]])'

c=1 k=1

Appendix B calculates (26) in detail.

(26)

Using R3p, the sum DoF can be calculated as

)

R
G5 DF 27
Ior = . fog, (Y &7

Substituting  (26) into (27), after some
manipulations, the sum DoF can be obtained as

Fig. 4. Position of the nodes in a two-cell network. In each
cell, there are two co-located cell-edge MSs, and
corresponding to each MS, there are three co-located RSs.

%
—O— Closed-Form 1A Algorithm [13], (6x(4,2)%)2 />
80| —fl— Cellylar Min-Leakage Algo., Iter. = 10, (6x(6,2)2)?
=@ Cellular Or. Max-SINR Algo., Iter. = 102, (6x(6,2)2)?
_4_ Proposed AF Scheme, (6x(4,2)%)%+(8x3,2)>*? /r

- Proposed DF Scheme, (6x(4,2)%)2+(8x3,2)%

70

60

50

40

Sum-rate (bps/Hz)

30

20

SNR (dB)
Fig. 5. Comparison of the sum rate in a two-cell network
with K =2, L =3,d =2 and for the first scenario. The
path-loss exponent equals 3.5.

(28)
= Z Z %[rank(sgk‘c]) - rank(]%k‘c])r.

The proof is given in Appendix C.

IV. SIMULATION RESULTS

In this section, some numerical examples on the
performance of the proposed schemes are presented.
We also compare the proposed schemes with the 1A-
based noncooperative schemes in terms of the sum-
rate and the sum DoF. In the noncooperative schemes,
for the IA purposes, we consider the cellular min-
leakage algorithm [16], the cellular orthogonalized
max-SINR algorithm [16], and the closed-form IA
solution [13].

A. General Assumptions

Throughout the simulations, it is assumed that
2=1and M, > N,g. In Figs. 5, 7, 9 and 12, the
path-loss exponent equals 3.5 and in Figs. 6, 8, 10 and
13, the path-loss exponent equals 5. In the figures,
SNR is defined as P /o2, where P, denotes the power
allocated to each BS. Thus, the power allocated to
each transmitted symbol is given as P(i) =

International Journal of Information & Communication Technology Research’\/\/\@
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10PT®/10 /K q It is also assumed that Pyp(i) =
Ppr(i) =P(@i)d,C=2,K=2and L =3. To have a
fair comparison with the noncooperative schemes, the
total transmitted power by the BS and the RS in the
relay-assisted schemes is assumed to be equal to the
transmitted power by the BS in the noncooperative
schemes.

70
—O— Closed-Form 1A Algorithm [13], (6x(4.2)2)? DoF_ =4

60| I Cellular Min-Leakage Algo., Iter. = 10%, (6x(6,2)%)’
=@ Cellular Or. Max-SINR Algo., Iter. = 10%, (6x(6,2)%)°
50| =< Proposed AF Scheme, (6x(4,.2)%)2+(8x3,2)2"

Dol =8
=P broposed DF Scheme, (6x(4,2)2)%+(8x3,2)>2 y"

/) /,
20 / 1

10

7

<

3
\4

\

Sum-rate (bps/Hz)

1 1 30

SNR (dB)
Fig. 6. Comparison of the sum rate in a two-cell network
with K =2, L =3,d =2 and for the first scenario. The
path-loss exponent equals 5.

36 48 54 60

B.First Scenario

Let h;; denote the channel coefficient from
terminal i to terminal j . It is assumed that
h; ;~CN'(0,07;), where 67, is given by

aZ; = (dis; ;/diso) (29)

where dis; ; denotes the distance between terminals i
and j, dis, is a fixed reference distance and y is the
path-loss exponent. Let dis}it . disp ks and disiey)
denote the distance between the BS of cell b and
MSMkel | the distance between the BS of cell b and
RS[Mel, and the distance between RS[™?! and MSI-<l |
respectively. It is assumed that

disle) = disyy, = 5dis, V k€XK; bceC

dislx) = dis,, V 1r€XK; bc€C (30)
dis[[f”lf]] =dis,, VYV 1,k€X; bceC

diSpm = diSy, + diSyp,.

Fig. 4 shows the network geometry under
investigation. In this figure, it is assumed that dis,, =
0.75dis, . Figs. 5 and 6 depict the sum rate
performance of the proposed schemes as a function of
SNR under the above assumptions and for the case
that d = 2. The sum DoF corresponding to each
scheme has been also shown in these figures. From
Figs. 5 and 6, we observe that the AF scheme
performs very close to the min-leakage algorithm over
the entire range of SNR. We also observe that the DF
scheme significantly outperforms both the min-
leakage and max-SINR algorithms over the entire
range of SNR. Also, the DF scheme outperforms the
closed-form algorithm for the low and medium values
of SNR. From Figs. 5 and 6, we also observe that the
sum rate versus SNR curves in the AF and DF
schemes and the iterative algorithms have the same
slope in the high-SNR regime. This observation

implies that these schemes achieve the same sum DoF.
This observation is in agreement with the DoF values
shown in the figures.
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Fig. 7. Sum rate of the proposed AF scheme for different
number of transmitted data streams d = 1,--+,4 in a two-cell
system with K =2 and L =3 . The path-loss exponent
equals 3.5.
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Fig. 8. Sum rate of the proposed AF scheme for different
number of transmitted data streams d = 1,---,4 in a two-cell
system with K =2 and L =3 . The path-loss exponent
equals 5.

As shown in Figs. 5 and 6, under perfect 1A
conditions, the sum DoFs in the closed-form IA
solution [13] and the iterative algorithms are equal to

dy = KCd = KCd =8 and dy = KCd = ZKCd = 4,
respectively. On the other hand, the maximum

achievable DoF for the (M, X (N, 5, d)*)¢ MIMO-
IFBC can be calculated as [4], [17]

ds = min{CM,, KCN,, ;;, max(M,, KN, )} (31)

Therefore, the algorithm in [13] and the iterative
algorithms must achieve dy = KN,y = 8 and dy =
KN,y = CM, = 12 under the configurations of (6 x
(4,2))% and (6 X (6,2)?)?, respectively. Also, under
perfect 1A conditions, the first and second phases of
the proposed schemes are able to achieve dy =
KCd =8 degrees of freedom. The maximum
achievable DoF for the first phase of the proposed
schemes under the configuration of (6 X (4,2)?)? can
be calculated as ds =
min{CM,, KCN,,max(M,,KN,)} = KN, = 8. On the

other hand, the maximum achievable DoF for the
(M, X Ny, d)KXC K x C -user MIMO interference

channel can be computed as [18]
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Fig. 9. Sum rate of the proposed DF scheme for different
number of transmitted data streams d = 1, ---,4 in a two-cell
system with K =2 and L =3. The path-loss exponent
equals 3.5.
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Fig. 10. Sum rate of the proposed DF scheme for different
number of transmitted data streams d = 1,---,4 in a two-cell
system with K =2 and L =3 . The path-loss exponent
equals 5.

min(M,, Ny, ¢)KC, KC<r
dy =19 . r (32)
min(M,, Ny, ¢) ] KC, KC>r

where r = |max(M,, N, ) /min(M,, N, )|
Accordingly, the maximum achievable DoF for the
second phase of the proposed schemes under the
configuration of (8 x3,2)2*?2 equals dy=
KCmin(M,, N,,¢)r/(r + 1) = 8. Based on the above
DoF analysis, among these schemes, the closed-form
IA algorithm [13] and also the first and second phases
of the AF and DF schemes can achieve the optimal
DoF.

Figs. 7-10 illustrate the performance of the AF and
DF schemes for different number of transmitted data
streams in terms of the sum rate and the sum DoF.
According to these figures, as the number of
transmitted data streams increases, the sum DoF in the
proposed schemes grows linearly. Thus, the sum rate
of the proposed schemes is expected to increase
linearly in the high-SNR regime.

1000
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400 — o
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s \ Py
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-400 \ /
-600
-500 0 500 1000 1500
Width (m)

Fig. 11. Wrap-around-cell layout in a distributed two-cell
network with radius 500m. In each cell, there are two cell-
edge MSs, and corresponding to each MS, there are three
RSs.
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Fig. 12. Comparison of the sum rate performance in a two-
cell system with K =2, L =3, d =2 and for the second
scenario. The path-loss exponent equals 3.5.

C. Second Scenario

In this scenario, afj is chosen as [11]

o?; = Ap(dis, ;/dis,) (33)

where 1 is a random variable with variance o2
representing the log-normal shadowing and A is an
appropriate constant. We assume that o = 8 dB, and
the wrap-around-cell layout shown in Fig. 11 is
considered for the network geometry. Figs. 12 and 13
compare the performance of the abovementioned
schemes in terms of the sum rate and the sum DoF for
the second scenario.

By comparing Figs. 5, 7, 9, 12 and Figs. 6, 8, 10,
13, we observe that as the path-loss exponent
increases, the performance of all the schemes
degrades. However, the proposed schemes exhibit a
more robust behavior comparing to the noncooperative
schemes.
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Fig. 13. Comparison of the sum rate performance in a
two-cell system with K =2, L =3, d =2 and for the
second scenario. The path-loss exponent equals 5.

V. CONCLUSION

In this paper, the spatial A was investigated in the
DL of a relay-assisted multi-cell multi-user network.
The performance of this system was analyzed in terms
of the sum rate and the sum DoF for the AF and DF
relaying schemes. The simulation results showed that
the DF scheme significantly outperforms the
noncooperative min-leakage and max-SINR iterative
algorithms over the entire range of SNR. Moreover,
the DF scheme outperforms the noncooperative
closed-form 1A algorithm in the low and medium-SNR
regimes. The DoF performance of the system also
showed that the relay-assisted schemes can effectively
eliminate the inter-cell and intra-cell types of
interference.

APPENDIX A
CALCULATION OF (22)

Assuming i.i.d. Gaussian signaling, the achievable
sum-rate for the AF scheme given in (22) can be
rewritten as

C K

RAF_ZZZZd:IOgZ 1+‘PEAF) (34)

c=1 k=1 i=1
where /%< is given by
[k,clyylk.c]
l‘IJl',G llJl',l:"
L Wi + vy

[kl _
LAF —

(35)

wle and Wik are the SINRs of the ith received
stream corresponding to the first and second phases of
the protocol, respectively. These two SINR values can
be calculated as

2
kel _ [kc]H [kl [kl
leel - P| G!

1G

2

j=1,j=i

(36)

2
[k,c]H ~[kc], [r,b]
Wc G,V

and the sum DoF for the AF and DF relaying

2
[k,c] _ [k,c]H g [k,c]_, [kc]
Wir = Plugg Fuqvip
2
. [k,c]H plk,c], [k.c]
+| oq + Z Pluie ™ By Vi
j=1,j#i
K a , (37)
kc]H k], [r.c]
£ ) Pl e
r=1r*k j=1
Cc K d 5
kC]H kc] [r,b]
" 2 2 2 PR
b=1,b#c r=1
[kC] [k.c]
where u; and Vi are the ith columns of the
matrices U Jlkel and V e , and also ul%! and v[k I are

the ith columns of the matrices UFk <! and VF[k'C],
respectively. In the case of perfect IA, each phase of
the relay-assisted multi-cell multi-user network is
equivalent to the set of K x C independent MIMO
links. In order to avoid inter-stream interference, it is
necessary that each effective MIMO channel to be
converted to parallel independent subchannels. Thus,
in (34) to (37), v}, ul, v and Ul must be
chosen as

[k.c] _ yylk.clyslkcl
VG VG 1A VG SVD

(38)
kel _ yylkclyylkcl
Ug ‘ UG lfx UG Si/D
[kl _ ylkclylkcl
Vr ‘ VF ui VF S\C/D (39)

[k,c] _ yylk.clyylk.cl
UF UF 1A UF SVD

where Ul € €2x¢ (Ul e €2¢) and VYo €

C4xa (Vel € €2%2) are the left and right singular

matrices for the effective MIMO channel matrix
[k.clH glkclylkel (ylkclH plkclylkel :

Ugia Ge“Vgra (Ugia kS]VFlX) which can be

obtained using the singular value decomposition

(SVD) as

U[k,c]HG [k, c]V [k,c]

el e _Ukc] 2.'kc]vkc]H (40)

G,SVD G,SVD

[k,c]H glk.clyslk.c] _ yylk.c] slk.clyrlk.clH
UF IA F [k,c] VF 1A — UF SVDz VF SVD (41)
where %) (sl¢ly s the singular value matrix for

the effectlve MIMO channel matrix.

APPENDIX B
CALCULATION OF (26)

Similar to the AF scheme, by assuming i.i.d.

Gaussian signaling, the achievable sum rate for the DF
scheme given in (26) can be rewritten as

R3: = ZZ Z Z log2 1 + LIJLIBE]) (42)

c=1 k=1 i=

where W; "C] is the SINR of the ith received stream

correspondmg to the second phase of the protocol.
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This parameter can be computed as Wiy in (37).

Similar to the AF case, for the DF scheme, the
precodig and postcoding matrices can be obtained as
(39) and (41).

APPENDIX C
DERIVATION OF THE DOF

Substituting (26) into (27), the DoF at MSI*<I can
be computed as [15]

[k.c]

— _ N 2
=3 Il_m{ ) log, det[1,; + (671,

1
+][kc [k,clH ) s}[Tk,C]sl[:k,c]H]}

1 lim { 1
21775 liog, (P)

-1 +
+][kc [k.c]H) sl[:k,c]sl[:k,c]H]}]

log, det[(c21,

1 log, det[Sék'C]Sék'c]H]
==|1i
2|roe log, (P)

log; det[o21, + IR
log,(P)

Z::rllk(sl[:k.c]) logs ( ( sfrelse C]H))

P—oo log,(P)

Z:ar;k(l[kd) log, (/1 ( [kC]]l[-" C]H) + o'ﬁ) '

log,(P)
rank S[kc]
af (T g (s
) P log, (P)

rank(][kc]) *
T o (W + o)

lng (P)
rank S[k'c]
21 lim Y, (5) logz(PCi,s)
2 [Poeo log, (P)
+

rank(]l[_-k'c])

Xy log,(Pc;y + 62)
log,(P)
rank S[kc]
_1 lim Yicq (5 log,(P)
C2|poe log,(P)

rank(][k C]) *

_Zl—l logZ(P)

log,(P)

= 1[rank(Sg"Cl) rank(] Lk, ”])]
[kic]

where S and J) are the ith rows of S{ and
1[!‘ 2 respectlvely. Also cis and ¢;y are two constant

values, where 0 < ¢;g < +ooand 0 < ¢;; K +oo.
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