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This paper considers a multi-cell relay-aided orthogonal frequency division multiple access (OFDMA) downlink
system, in which all stations are coordinated by a central controller for resource allocation (RA). The
decode-and-forward (DF) protocol with opportunistic relaying (OR) and high spectrum efficiency (HSE) is applied. The
problem of maximizing the weighted sum of per cell min-rate (WSMR) with per-cell total power constraints is
formulated, and its per-cell maximum fairness property is proven. An iterative RA algorithm is proposed to optimize
mode selection (decision whether the relay should help or not), subcarrier assignment (MSSA) and power allocation
(PA) alternatively. Each iteration is composed of the MSSA stage and the PA stage. During the MSSA stage, the original
problem is decoupled into mixed integer linear programs (MILPs) with the tentative PA results, which can be solved
by typical MILP solvers. To solve the MILPs more efficiently in polynomial time, a randomized rounding-based MSSA
(RR-MSSA) algorithm and a direct rounding-based MSSA (DR-MSSA) algorithm are further proposed. During the PA
stage, an algorithm based on single condensation and geometric programming (SCGP) PA is designed to optimize PA
with the tentative MSSA results. The convergence and the per-cell user fairness of the proposed RA algorithm are
proven. Finally, the performance of the RA algorithm and the benefits of using OR and the HSE protocol are illustrated
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1 Introduction

In next-generation wireless communication networks,
ubiquitous coverage and high data rate are strongly
required. To achieve this goal, incorporating orthogonal
frequency division multiple access (OFDMA) technology
with emerging relaying technologies is highly investigated
by both academia and industry. Specifically, OFDMA is
able to combat the frequency-selective multi-path fading
and flexible in applying dynamic radio resource alloca-
tion (RA) for performance improvement. On the other
hand, the relaying technology has an attractive feature of
coverage extension and data rate improvement [1].
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For relay-aided OFDM(A) systems, the authors in [2]
and [3] have proposed two efficient types of relaying,
namely amplify and forward (AF) and decode and forward
(DF). Recently, the DF relaying is receiving a lot of interest
due to its simple processing at the relay. With DF relaying,
symbols are transmitted in two time slots (TSs). During
the first TS, the source broadcasts symbols on all sub-
carriers with the relay keeping quiet. During the second
TS, except from the relay, the source might also broad-
cast symbols on subcarriers not used by the relay, as will
be elaborated later. Adopting DF relaying, the authors in
[4-23] have studied the RA problems for downlink
OFDMA intensively.

In particular, the works in [4-7] have considered RA in
OFDM systems with fixed relaying (FR) when the destina-
tion cannot or hardly hear from the source, meaning the
source-to-destination (S-D) link is unavailable. Consider-
ing the case where the S-D link is available, the authors
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in [8-23] have studied RA in systems with opportunistic
relaying (OR), sometimes termed as selection relaying. To
start with, a low spectrum efficiency (LSE) protocol was
studied in [8-13], when only the relay broadcasts symbols
during the second TS. Specifically, each transmission is
carried out in two TSs using either the relay-aided mode
or the direct mode. As for a relay-aided transmission, dur-
ing the first TS, a symbol is first broadcast by the base
station (BS) at a subcarrier k. Both the relay station (RS)
and the targeted mobile station (MS) receive this symbol.
Then, during the second TS, the RS decodes the received
symbol and retransmits it to the targeted MS at a sub-
carrier /. Note that subcarrier / might not be the same as
subcarrier k, which means subcarrier pairing (SP) can be
implemented [17,24]. Finally, the MS chooses to decode
the source symbol from either the received symbols dur-
ing both TSs using some combination methods or the
received symbol during the second TS only. For a direct
mode transmission, the MS only uses what is received
from the BS. Note that adopting this LSE protocol, the
BS keeps quiet with unpaired subcarriers unused dur-
ing the second TS, which causes a waste of the limited
spectrum resource. To address this issue, the authors in
[14-22] have proposed and studied improved high spec-
trum efficiency (HSE) protocols, which allow new sym-
bols to be transmitted on the unpaired subcarriers during
the second TS. In this paper, the HSE protocol will be
considered.

Note that all these papers model the cochannel inter-
ference (CCI) as additive background noise and only
consider RA in single-cell situations. This is reasonable
only when the frequency reuse factor 1/W is low, where
W denotes the number of cell clusters that cannot use
the same frequencies for transmission. However, in next-
generation cellular systems, aggressive frequency reuse is
recommended due to its ability to achieve higher sys-
tem capacity [25]. Here, the CCI becomes a key factor
affecting the system performance and thus cannot be
ignored [26].

Considering the CCI in multi-cell DF relay-aided
OFDMA systems, RA algorithms have been proposed in
[27] and [28] when powers are uniformly allocated to
all stations. Considering subcarrier allocation and power
allocation jointly, the papers [26] and [29] have recently
formulated and solved the sum rate maximized RA prob-
lem in multi-cell OFDMA downlink systems aided by DF
RSs in each cell. However, fairness was not considered
there. Recently in [30], the maximization of the weighted
sum of per cell min-rate (WSMR) was considered for
multi-cell OFDMA systems without relaying. The corre-
sponding optimum RA leads to per-cell maximum fair-
ness and different priorities in different cells. The authors
only illustrate the per-cell fairness by experiments without
mathematical proof.
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Compared with the above existing works, the contribu-
tions of the current paper are listed below:

e We formulate the WSMR maximized joint RA
problem in multi-cell OFDMA downlink systems
aided by a RS in each cell. To start with, the DF
protocol with OR and HSE is considered without
signal combining. It will be shown that the system
performance can be enhanced largely by using OR
and the HSE protocol. Note that when modeling the
inter-cell CCI of a subcarrier in a selected cell,
instead of using an additional integer variable to
indicate whether a node in an interfering cell
transmits data on this subcarrier or not, we use the
corresponding power value to do it. This choice is
motivated to simplify the system sum rate expression
and facilitate the algorithm design.

e We unveil and prove the per-cell maximum fairness
feature of the formulated RA problem. Specifically,
with any feasible mode selection and subcarrier
assignment (MSSA) result, the optimum power
allocation results in the same transmission rates for
all users in the same cell.

e We propose an iterative RA algorithm to optimize
the MSSA and the power allocation (PA) alternatively
with the WSMR keeping increasing. Each iteration is
composed of the MSSA stage and the PA stage.
During the MSSA stage, the original problem is
decoupled into mixed integer linear programs
(MILPs), which can be solved by typical MILP
solvers. To solve the MILPs more efficiently in
polynomial time, we further propose the randomized
rounding-based MSSA (RR-MSSA) algorithm and the
direct rounding-based MSSA (DR-MSSA) algorithm
at this stage. During the PA stage, an algorithm based
on single condensation and geometric programming
PA (SCGP) is used to optimize PA with the tentative
MSSA results. The convergence and the per-cell user
fairness of the proposed RA algorithm are proven.

The rest of this paper is organized as follows: First,
the considered system model is presented in the next
section. Then, the RA problem is formulated and its fair-
ness property is discussed in Section 3. After that, the
proposed algorithms are described in Section 4. Further-
more, the effectiveness and convergence of the proposed
RA algorithms as well as the benefits of using OR and
the HSE protocol are illustrated by numerical experi-
ments in Section 5. Finally, some conclusions are drawn in
Section 6.

2 System description

Let us consider a cellular downlink OFDMA system with
N cells coordinated by a central controller for RA. In
each cell, the data is transmitted from a source to U



Jin et al. EURASIP Journal on Wireless Communications and Networking 2014, 2014:71

http://jwcn.eurasipjournals.com/content/2014/1/71

destinations with the help of a DF relay. For each link, the
frequency-selective channel is transformed into K parallel
subchannels by using OFDM with sufficiently long cyclic
prefix. The data transmission is carried out in two TSs
choosing either relay-aided mode or direct mode. During
the first TS, a symbol is first broadcast by the BS at a sub-
carrier and received by the RS and the MS. In relay-aided
mode, the RS decodes the received symbol and relays it to
the targeted MS over this subcarrier with the BS keeping
quiet at the subcarrier during the second TS. The destina-
tion only decodes the symbol received during the second
TS. If direct transmission is used, the targeted destina-
tion decodes the symbol received during the first TS. Also,
another symbol is broadcast by the source at this subcar-
rier during the second TS, which is received and decoded
by this destination.

With OFDMA, each subcarrier can be allocated to
only one destination in each cell. In this paper, we first
assume that the coherence time of each link is suf-
ficiently long for implementing the RA in the central
controller, which has perfect knowledge of the system
channel state information. Moreover, we assume that
the optimized RA can be correctly distributed to all
nodes. Lastly, perfect timing and carrier synchroniza-
tion is assumed. Note that an upper bound on the sys-
tem performances is obtained by assuming the above
idealities.

2.1 Transmission procedure
Let us describe the data transmission procedure inside
one selected cell #, which is impaired by cochannel inter-
ference from the other cells. The transmission procedures
in other cells are the same. Specifically in cell #, symbols
are transmitted in either relay-aided mode or direct mode,
as will be elaborated in the following.

We first consider the relay-aided data transmission. The

k

source s, first produces a symbol X, 1, at subcarrier

Sn 151
k during the first TS, while the transmitter of the relay r,
remains idle. Here, x " denotes the normalized symbol

| 2

S

(meaning E { |xsn f } = 1) transmitted by s, at subcarrier

k during the first TS, and P 1, denotes the corresponding
transmit power. Simultaneously in an interfering cell #/, a

symbol xk . is also produced from the interfer-

S /8178, t1
ing source s, at the same subcarrier. Note that instead of

using an additional integer variable to indicate whether s,,

transmits data on subcarrier k or not, we use ,/PX , todo

S,/5t1

> 0 means that s,/ uses subcarrier

k for data transmission during the first TS, and P s =0
means that s,; does not transmit at the subcarrier k dur-
ing the first TS. This choice is motivated to simplify the
system sum rate expression and facilitate the algorithm

So. Speaﬁcally,

S,/ k1
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design. At the end of the first TS, the signal received by r,
for subcarrier k can be expressed as

k [ pk
yrn Ps tlhsn,rn Siytl + V
| pk k k
+ Z PSn/,tl hsn/,rnxsn/,tl (1)

n'=1n'#n

where Vk denotes the additive white Gaussian noise

(AWGN) at subcarrier k and r, during the first TS. hs o
denotes the channel frequency response (CFR) for subcar-
rier k from s,/ to r,,.

During the second TS, the relay r, reencodes the

Pk kn at a subcarrier k.

decoded symbol and forwards X

Here, x’r( The source s, transmits nothing on this

subcarrier, meaning that P, = 0. Here, Pf and P’g "
denote the transmit power allocated to r, and s, respec-
tively, at subcarrier k during the second TS. At the same

time, in an interfering cell #, r,y and s,/ also transmit
k k . .
/Py %, and \/Pg ;X s 1, at subcarrier k. Remembering

that at most only one power value out of Pk and Pf/ "
can be non-zero. More specifically, when subcarrier k of

cell #’ is assigned, the relay mode for data transmission

Stl

Pf ., = 0. Otherwise, Plr‘n, = 0. Here again E { |xlr‘n, |2} =1
and E { |xs ot |2} = 1. At the end of the second TS, the sig-

nal received by the targeted destination d,;, at subcarrier
k can be expressed as

k | pk k k
ydun:tZ - Prnhrmdunxrn + Vdun:t2

| pk k k
+ Z Psn/,tzhsn/,dunxsn/,tz

n'=1,n"#n
N
I pk 1.k k
+ Z Prn/ hrn”dw’l xrn/ (2)
n'=1,n"#n

denotes the AWGN corrupting d,,, at subcar-
denotes the CFR for

subcarrier k from r,; to d,;,, and hls( s denotes the CFR

here VK
where dun,tZ

rier k during the second TS, hf s

of subcarrier k from s, to d,,.
Let us now describe the direct data transmission in cell

n. During the first TS, s, broadcasts ,/ PX

A ti at subcar-
rier k. The targeted destination d,,;, receives signals from
all sources. The signal received by d,,;, at subcarrier k can

be expressed as

k _ k k k
Zdun:tl - Psnvtl hsmdunxsnvtl + lem:tl
N
k k k
+ Z v PSn/ytl hsnx,du,,xsnnti ®)
n'=1,n'#n
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where vﬁ denotes the AWGN corrupting d,,;, at sub-

_—
carrier k durmg the first TS.
During the second TS, another symbol ,/P¢ tles‘m is

broadcast by s, at subcarrier k and received by the desti-
nation d,;,. The received signal can be expressed as

k

k
Zdun:fZ Psn chSn:d n Sn 15} + Vdun:tZ

| pk k k
+ Z Psn/,tzhsn/,dunxsn/,tz

n'=1n"#n
N
[ pk 1.k k
+ Z Prn/ hrn/,dm,xrn/ * (4)
n'=1n"#n

2.2 Weighted sum of per cell minimum rate

In order to formulate the WSMR, we now introduce
binary variables X, and b%, to describe the mode selec-
tion and subcarrier assignment in both TSs. To be more
specific, af = 1 indicates that subcarrier k is allocated
for data transmission to d,, in direct mode during the first
TS, and so is subcarrier k to d,;, during the second TS.
bX, = 1 indicates that subcarrier k is allocated for data
transmission to d,, aided by r,,.

We assume { v’r‘n,vﬁumtz,vﬁmtl} are independent zero-
mean circular Gaussian random variables with the same
variance o2. After some mathematical calculations, the
sum rate achievable for the direct mode subcarrier k is
given by

Ry =tn (140§, ) +In (1475 ) 5)
in nats/two-TSs, where
k k
k _ Psﬂ’tl Gsmdun (6)
dunti. — k
' fdun:tl
denotes the SINR associated with the decoding of xs "
from yd 4 at dy, during the first TS.fdmt1 = o2 +
Z Ps,t1 i denotes the sum power of the
n'=1n"#n

AWGN and the interference received by dy, at subcar-
rier k during the first TS. GIS‘ o = |k 5./ dun |2 denotes the

channel gain of subcarrier k from s, to d,m

k k
k PSVI’Q Gsnvdun (7)

- k
fduth

dumsta —
denotes the SINR associated with the decoding of x
at d,;, during the second TS. fd,m,rz

Stz

from yd =o0% +

b2

N
k
Z PS /562 5 /,dun + Z an’ Grn”dun
n'=1,n"#n n'=1,n'#n
sum power of the AWGN and the interference received

denotes the
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by d,, at subcarrier k during the second TS. Gk =

Ty dyn

| ’r( |> denotes the channel gain of subcarrier k from r,,
VII un
to dy.

Also, the maximum achievable rate for subcarrier k

when allocated to d,, in relay-aided mode is given
by [3]

R,m2 = min (ln <1 + Fi;) ,In (1 + Fgunat2)> (8)

in nats/two-TSs, where

Fk _ Pé(mtl G]S(n:rn (9)

ry frl:,

denotes the signal-to- interference-plus—noise ratio (SINR)

associated with decodlng xs t1 from J’]r(,, at r,, during the

first TS,fr]; = o2 + Z s 1 s,r denotes the sum
n',n'#n

power of the AWGN and the interference received by

r, at subcarrier k during the first TS, and Gls‘mrn =

|h’s‘mrn |2 denotes the channel gain of subcarrier k from s,

to ry.

k ok
k Prn Grnvdun
qun:tZ = k (10)
fdunvtz

denotes the SINR associated with decoding x]r‘ , which

equals xs 1, from yd at d,, during the second TS.
Thus, the WSMR of the considered system is denoted as

R(P,A,B) =

éwmb? (Zaun ot (P)
+zb B, (P )),

(11)

] = [r
L] > L'n

Spst1? = Spst2?

where PK = [[Pll‘]T

Plr‘n]T, A= { .}, and B = {b »}- @n denotes the weight

of the minimal rate in cell n, and U,, denotes the MS set in
cell n.

3 Problem formulation and its property

3.1 Problem formulation

We consider maximizing the WSMR under per-cell total
power constraints. The optimization variables are the
transmission mode for each subcarrier, the subcarrier
assignments, and the power allocations at the sources and
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the relays. According to the system model, the considered
RA problem can be formulated as

max R (P, A, B)
P,AB

s.t.

u u
c1: (Z a, + bem) <1,k
u=1 u=1

C2: df, €{0,1},b5, €{0,1}, Yu,nk,

K K K
C3: Y Ph .+ P, +> P <Py, In,
k=1 k=1 k=1
C4: Pt , >0,Pt >0,P >0, Vnk, (12)

u u
C5: P% (1 =Y ay, - bem) =0, Vn,k,
u=1 u=1
u
C6: Pt . (1 - Zafm> =0, Vn,k,

u=1

u
C7: Pt (1 - Zb’;n) =0, Vn, k.
u=1

Here, C1 and C2 ensure that each subcarrier k during
the first TS can select only one mode (direct/relay-aided)
to transmit data towards only one destination d,,;,. More-
over, C3 and C4 ensure that the consumed sum power for
each cell is less than its available sum power. This type of
power constraints give an upper bound of the system per-
formance. In practice, each node (source, relay) in each
cell will have an individual power constraint. Finally, C5,
C6, and C7 guarantee that no data is transmitted on an
unused subcarrier, and subcarrier k is used by only one
node (either the source or the relay) in each cell during the
second TS.

3.2 Fairness property

To investigate the fairness property of the formulated
problem, let us denote by R,,;, the sum rate of each user u
in each cell n, U, the set of users in cell n, U, C U, the
set of users with the minimum rate in cell #, \NJ,, the set of
other users (the complimentary set of U,), and Sz, (Ssn)
the set of subcarriers allocated to MS dj,, (d;,), where
it € U, (¥ € V,). Note that V,, # () means that

minRy, > minR;,, = minRy,.
VeV, ey, u€ly

(13)

Then, for each subcarrier k, there exists three states con-
sidering which one of the two user sets does the allocated
user belong to in each cell. Specifically, state 1 corresponds
to k € &;,,VYn, meaning that in each cell, subcarrier k
is allocated to a user with the minimum rate of that cell.
State 2 corresponds to k € Sy, Vi, meaning that in each
cell, subcarrier k is allocated to a user with a rate larger
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than the minimum rate of that cell. State 3 corresponds
to 3 ny,my such that k € Sy, and k € Sj,,, meaning
other possible allocation results for subcarrier k in all cells.
Note that when all subcarriers are in state 1, per-cell user
fairness is reached, meaning all users inside the same cell
obtain the same rate.

We first consider the following lemma, which will be
used later in this section.
Lemma 1. Given any feasible values of variables A, B and
P, if there exists n and k where Y, # Bandk € Sy, (mean-
ing that there exists subcarrier k in state 2 or state 3), then
part of the feasible powers at this subcarrier k in each cell

Pk = {metl,metz,Prn} and PK,¥ 1’ # n) can be saved
while keeping the WSMR of the system non-decreased.

Proof. Considering the subcarrier k in cell # where f)n *
¢ and k € S;,, we now introduce two sets of cells le =
{nlk € S;,} and Nzk = {(nV, # 0,k € S;,}. Note that
when k is in state 2, le = ) and Nzk # (. Also, when k is
in state 3, N # ( and N¥ # 0.

Let us consider the case when & is in state 3. We define

k k k
N * P e N;
Pi(sh) = {S n MELT (14)

k k
pk neN;

where s¢ e (0,1], Rk, (f’k (sk)) = a R\ (f’k (sk))
0, R (B (), and P (5) = [[13’; ] e

- 17T
[Pllij (sk)] ] . Please note that s¥ is the same for all cells.

Ve Nk Té(_ ; can be denoted as
vn
k pk k
§ Psn;tl s,y
2 k k k pk k
0"+ Z Psnr,tl Gsn/,d;,n + Z S PS,,,/,tl S,/ iy
n’eN{‘ n’;én,n’e/\/zk
(15)
which can be further written as
k k
Psn'tl Gsmdﬁn
2 Pk Gk '
o S5t sy, dyy, k
ST + Z Sk + Z Pé(n”tl Gsn’ ’d\_/n
n’eNf n/;ﬁn,n’eN'zk
(16)

It is obvious that T(Iii is an increasing function of sk,
Vi)

3]

o k k k . .
Similarly, Y, 1 Trp and I" dy, to AT€ also increasing func-

)
tions of sX. Thus, f?lgn (f’k (Sk)) is an increasing function

of sk.
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Ve NK, Té{ ; Can be denoted as
un»
k k
Swt1 7 sp,dy,
2 k k pk ’
0"+ Z Pkn/tl Srdim+ ZSPS/tl L Ain
' #nn eNF n' eNk
(17)
Itis obvious that T(]iﬂ ;, s adecreasing function of sk, Sim-
un»
ilarly, Yg_ fn, and X 1, are also decreasing functions
un»

of sX. Thus, R],;n (f’k (sk)> is a decreasing function of s.

Note that Pk (Sk) < PK1) = Pk where the
inequality should be understood as elementwise. Thus,
3 515 € (0,1),65 > O,nﬁ, > 0, such that V n €

NERS, (B (sh)) = B, (Bf) — e = RY, (PF) -

ek Ry = minR,, and V # €

ueldy,
N RE (Pk( )) =R (f’k(l)) 4ok, = RE (PK) +
nn,,RW, = Ry —H} > mbllnR,m/ Note that the WSMR of

Rf,,, — 65 >

the system is non-decreased, while the power (1 - So) pk

is saved from subcarrier k in cell # € J\/'Zk .

Let us introduce Rﬁﬂn = minR,y,, Yn. After substituting
uely,

P with PX(sk), we now have Vn € N¥,k € S; Ry >
R and Vi € NK k € SipRiy > R™™. Let us define

PX (cX) = X % P} where ¢* € (0,1). Thus, Y%  canbe
denoted as
P k
Spyt1 Sn,d,m . (18)
7+Z S/t S/dm,
n'#n

It is obvious that Tim ;, is an increasing function of k.

o k k k ; ;
Similarly, Yy Ty ,andI'y  are also increasing func-

nst2
tions of cX. Thus, f?’;n (I3k (ck)> is an increasing function
of k. There exists a clé e (O, 1),aﬁ > 0 such that
v on R, (f’k (c’é)) = Rk, (f’k(l)) —ak = RE, (PF) -
of = R, (B () — @b Run = Run — b

The power (1 — c’é) f’],‘, (sé) can be saved from subcarrier

min
> R

k in each cell n while keeping the WSMR of the system
non-decreased.

We now consider the case when £ is in state 2, meaning
n € NX,Vn. By using the previous derivations, we can still

find s/f € (0,1), such that the power (1 — sll() Pﬁ can be
saved from subcarrier k in each cell n while keeping the

WSMR of the system non-decreased. This concludes the
proof of Lemma 1. O
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We now state the main result of this section. Based on
Lemma 1, the following theorem is proposed, which sheds
light on the fairness property of the formulated problem.

Theorem 1. With any feasible values A = Ay and B =
Bo, the optimum power allocation Popt of the formulated
problem results in the same transmission rates for all users
in the same cell.

Proof When A = Ap and B = By, we assume at the
optimum, 3 ny where f/no # ¢ and a subcarrier kg € S;,
in state 2 or state 3. Then, V n,k € Sy, where it € U,,
subcarrier k can be in either state 3 or state 1.

When subcarrier k is in state 3, as discussed in the proof
of Lemma 1, we can still improve Rgn by decreasing the
interfering powers of subcarrier k in cell n’ while keeping
the minimum user rate of cell #’ non-decreased.

When subcarrier k is in state 1, as at the optimum 3 ky #
k that is in state 2 or state 3, we can save power from Pln<0
in each cell # while keeping the WSMR of the system non-
decreased. Let us denote the saved power in each cell n
as AP, and define PX(tX) = ¢* « PX where tf > 1. Thus,
Tk Ly can be denoted as

k k
Sst1 " sp,diy,

+ Z Ps,th

n'#nn ENk

i

It is obvious that Tk
dunvtl

k k
,» I't,» and LTS
functions of tk. Thus, for the subcarrier k in state 1,

f?gn (13]‘ (tk )) is an increasing function of ¢X. Thus, there
exists a tg > 1 such that RII;” (f’k (té)) > Rén and

D okef (tlg — 1) ||Plx(1|| < AP,. Here, K denotes the set of
subcarriers in state 1.

Therefore, V k € &;, in cell n, Rgn can still be
improved. Thus, the minimum user rate of each cell can
still be improved by adjusting power allocation. Specifi-
cally, we can find matrices S, C, T, P; = SCTP,p, accord-
ing to the previous discussions, such that R(P;, Ag, Bg) >
R(Popt, Ag, Bg). Here, each element of S,C, and T takes
value from (0,1],(0,1], and [1,00), respectively. This
obviously contradicts the optimum assumption and con-
cludes the proof of Theorem 1. O

is an increasing function of

k. Similarly, Y are also increasing

4 Algorithm development

In this section, we will propose an iterative RA algorithm,
which obtains a local optimum of the formulated problem
after convergence. The proposed algorithm is based on the
coordinate ascent (CA) approach, which divides the whole
set of optimization variables into several sets of variables
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and iteratively optimizes each set of variables with other
sets of variables fixed.

Specifically, variables {P, A, B} are divided into two sets:
the integral variable set {A, B} and the continuous variable
set {P}. During each iteration, the MSSA stage is first car-
ried out followed by the PA stage. Let us introduce integer
m to indicate the iteration number. At the MSSA stage
of iteration 1, the integral variables {A, B} are optimized
with P = P”~1, While at the PA stage of iteration 1,
the continuous variables {P} are optimized with A = A™
and B = B". Here, a variable with the superscript m
denotes the value obtained at the end of iteration m. In
the following, we first design algorithms for both stages,
based on which the iterative RA algorithm will then be
stated. Finally, several characteristics of the proposed RA
algorithm will be discussed.

4.1 MSSA optimization

In this subsection, the MSSA stage for iteration m is con-
sidered. After setting P to P”"~1, the formulated problem
can be rewritten as

max R (P, A, B)
AB

s.t. C1,C2,C5,C6,C7. (20)

Note that each cell has independent constraints for its
local integral variables. Therefore problem (20) can be
decoupled into N subproblems. As for subproblem 7y, the
minimum rate of all users in the cell 7( is maximized sub-
ject to the local constraints. Specifically, subproblem ry is
formulated as

max Rno (Pm—l’ Anox Bno)

Ano »Pngy

s.t.
C1l: Z“uno + Zbuno <1, Vk
c2': dk, (01}, hm) € 0,1}, Vi, k,

’ 1
Ccs': Py (1 ~ Zaun Zbuno> =0, Vk,
u=1

(21)

u
ce : Pyt (1 - Z“ﬁno) =0, Vk,

u=1

C7': Pg- 1( me)) =0, Vk.

where A, = {a];mln =no}, Byy = {b’;nln =np}, and
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K
Rno = min (Z unoRunol (Pm_l)

k=1

+Zbuno ungp,2 Pm_l))'

By introducing a slack variable &,,, problem (21) can be
reformulated as
ma
Avg B S
s.t. C1',C2/,C5,C6/,C7" and
K
k k k
c3: Y ( ak, RE. L+ bE, RE 2) > Euor Vit € U
k=1
(22)

Note that (22) is actually a mixed integer linear program
(MILP). Hence, it can be solved by means of typical MILP
solvers, like MOSEK and TOMLAB. In order to solve it
much faster in polynomial time, we now propose a RR-
MSSA algorithm and a DR-MSSA algorithm. Specifically,
both algorithms consist of three steps: the relaxation step,
the rounding step, and the decision step.

During the relaxation step, we first relax constraint C2’
as C2" : ak, €[0,1],b5, €[0,1], Vu, k. Then, the MILP
is relaxed as a linear program (LP), which can easily be
solved by any standard LP algorithm in polynomial time
(time that is bounded by a fixed polynomial of the length
of the input). Note that as the feasible set of the LP is larger
than that of the MILP, the optimal objective function value
of the LP is an upper bound of that of the MILP.

During the rounding step, we round the fractional opti-
mal solution ({A} ,Bj; }) of the LP into an integer solu-
tion ({A,, B, }). Specifically, each value of the fractional
solution is viewed as the probability that this value should
be rounded to 1. Then, a direct rounding (DR) algorithm
is Vk,

[ et = max et )
uno = 1 uno # m X{“l;;o’bl;;lko}’
b];};o _ 1 b%;o = max {a/;;fo,b/;jo}
0 bl £ max (als, bz ]
After this rounding, the R,, calculated with { no, B, } i
decreased, compared to that calculated with {A% , B }

In order to make R, (P"1A],
Ry, (P"~1, A% B} ), we now use the randomized round-
ing (RR) algorithm, where N; samples of binary values are
generated for variables {A,,O, B,,} by a randomized pro-

cess with probability ({ o> B }) Each sample is denoted

B, ) closer to

as {Aﬁfo) ,BY) ] Finally, the feasible sample with the maxi-

mum Ry, is assigned to {A], ,B;, }.
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During the decision step, we assign {qu’g, B } with

m—1 A/
» Ay

argmax (R,,O (
Ag:Brg

B,
Ry (P71 AL B

4.2 PA optimization

In this subsection, the PA stage for iteration m is consid-
ered. After setting the indicators to {A”, B}, the trans-
mission modes are fixed in all cells. Let us denote by
Sun(d) (S, (1)) the set of subcarriers allocated to MS d,,
in direct (relay-aided) mode. Then, the objective function
of problem (12) can be rewritten as R (P, A”, B"), given
by

. k k
Z @ min Z <ln (1 + Tdun,h) +In (1 + Tdunth))
n

keSun(d)

n

. k k
+ Z In min (1 + an’ 1+ qun»tz)
k€Sun(r)

(23)

Note that R is a non-convex function due to the

presence of interfering power terms in the denomina-

tors of Té‘ Tk b I, and Fg . To solve problem
nit 2 n un,ty

(12), we flrst replace it with an equivalent com-
plementary geometric program (CGP; see Additional
file 1) that is then addressed by means of the algo-
rithm based on SCGP. Note that this methodology has
also been used in [26] to tackle another optimization
problem.

The equivalent CGP is obtained by formulating
problem (12) as a minimization problem. Problem
(12) is first converted into an equivalent one given
by

min e RE®A™B™)
P
s.t. C3 — C7, (24)
where e RPA"B") is given by
1 1
Hmax l_[
k k
1 U\ eSm@ P Taunts 1T Tt
Wy
1 1
l_[ max 1 + Fk ] 1 Fk ) (25)
keSyn(r) v, 1+ dun,ty
and
k
1 fdumtl
kT 7k K (26)
1 + Tdumtl fdunvtl + PSW’ Gsn dun
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k
1 _ fdunvtz (27)
k T gk k
1+ Tdunth f;lumtz + PSVH Gsnxdun
k
1 fdun:fZ (28)
k k ’
1 + qun,[ fdun 15 Grmdun
k
1
R r fr” (29)
I+ Fr f sn, sn,rn

Second, another equivalent formulation is obtained
by introducing slack variables {R;q} and ¥, =
{\I/;”‘k,‘v’u, n,keS,m(r)}. Then, problem (24) can be
formulated as

/
min ||Rn
/
PR}V,

s.t. C3 = C7,
Wy

k k
1 St /
Cc8: — | | dunsta f;{unytl | | \I-’;Mk

3
1\ keSun(d) Sduntt 8dunts keSum(r)

<1, VYu,n,

foy
C9: gk ik <1, Yu,nk € S,,(r),
fk
C10: ——Cwwl2 <1, Vu,n, k € S,(r), (30)
k \punk
gdun;tZ r
where
k k k
gdun:tl :f;lunvtl PS(n 5] Gsn:dun (31)
'k k k
gdunrtZ :fdunth + St Smdun’ (32)
k k .
gdumtz :f;:lunrtz + P< Gr,,,d,m (33)
&, =fon + Py, 0 Go (34)

Problem (30) consists of an objective function and bound-
ing constraints which all are ratios of two posynomials,
making the problem belong to the class of CGP [31].
Problem (30) cannot be made convex and is NP-hard
[32]. In order to solve it, the SCGP algorithm is now
proposed. The proposed SCGP algorithm approximates
the non-convex problem (30) into a series of standard
GPs. Therefore, it belongs to the class of successive con-
vex approximation methods [33]. The SCGP is described
in Algorithm 1. Integer m' indicates the current itera-
tion number, and a variable with superscripts m and m/’
denotes the value obtained at the end of inner iteration m’
in outer iteration m.
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Algorithm 1 SCGP algorithm

1: Input: feasible power variables Pj,; of problem (30)

2. Initialize: set »’ = 0 and initialize P"*° with Pj,;;

3: repeat

4 m =m +1;

5 The SC stage: Apply a condensation rule and
condense all denominator posynomials in problem

k 'k k Gk . .
(30) {gdm,l,gdmtz,grn,gdmtz} into monomials

[ grgmtl, g(’i’; oty g{;, §§um} using P ~1 a5 the initial
power values;

6: The SGP stage: Solve the condensed problem
using a standard GP solver and assign the results to
Pm,m ;

7. until [|[P7" — P L < e, m = M

8: Output: prm

Specifically in the proposed SCGP algorithm, we first set
m’ = 0 and initialize the PA vector P with P;,;. Each
iteration m’ contains an SC stage followed by a standard
geometric programming (SGP) stage.

During the SC stage, a GP approximation of prob-
lem (30) is constructed by using the method of
Lemma 1 in [31] to condense all denominator posyn-

: k 'k k sk : :
omials { 8aotr? 8oty &b &yt } into  monomials

{ggw " g;’;n 1y gﬁ;, ggw t2]' Specifically, the exact expres-

sions of the monomials are given in Additional file 2.
k
fr]:, hl’l,k _ fdun to nd hn,k _
T gk ? = ok gk 3 =
&r, W o, tz\l,un
Wy

Functions /Y K —

1 —fd S0 -fd b l_[ k
- " Qunrtl Uun» \Ijun

R are approxi-
T \keSun(d) gdun 131 gdun 1 keSun(r)

k
frn 7k fdun o

gk lytmk’ 2
and ilgl,k — i/ fdun 3l ff/iun 3 l_[ \p;,mk
" \K€Suu(d) gdun f gdun £ keSun(r)

According to proposition 3 in [31], all the approxima-
tions satisfy the three conditions proposed in [33] for the
convergence of the successive approximation method. By
denoting ® = {P, {R/n} , W, 1, the three conditions are
listed as follows:

. ,k
mated by, respectively, h;’ = o
gd,m to
Wy

1. Bounding condition: VO,
H(©) < B (©), Vi=1,2,3.
2. Tightness condition: At the beginning of iteration 7/,

ek (@mm =) = ik (e 1), vi=1,2,3,
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3. Differential condition: At the beginning of iteration

m', V0 € ©,
,k /_ fod 3 /_
oyt (emm=1) ik (@1
= ,Vi=1,2,3.
96 96

After the SC stage, problem (30) is formulated by a stan-
dard GP. The SGP stage amounts to solving the GP by
means of a standard GP solver, e.g., the software provided
in [34}]. The output provided by this stage corresponds to
pmrr,

Thanks to the three conditions fulfilled during the SC
stage, our proposed SCGP algorithm is a general inner
approximation algorithm [33], which will converge to a
local optimum satisfying the KKT conditions of problem
(30) according to corollary 1 of [33]. In practice, the
iterations of the SCGP algorithm will be stopped when
||P’"'”’/ - P”"”’/_IH < €1 or when m’ exceeds a prescribed
value M'.

4.3 The proposed RA algorithm and its characteristics
Based on the algorithms proposed at both the MSSA
stage and the PA stage, we now propose the overall RA
algorithm as follows:

Algorithm 2 Overall RA optimization algorithm

1. Initialize: set m = 0 and initialize P° by the UPA
algorithm;

2: repeat

3: m=m-+1;

4 The MSSA stage: Compute the optimal MSSA
result {A”,B"} for (11) with P = P! using the
method proposed in Section 4.1;

5 The PA stage: Compute the optimized PA result
P for (11) using the SCGP algorithm proposed in
Section 4.2 when A = A” and B = B”;

6 untilR” — R" 1 < coorm=M

7. Output: A”, B” and P".

Specifically in the proposed RA algorithm, we first set
m = 0 and initialize the power P° by uniform power allo-
cation (UPA). Each iteration consists of the MSSA stage
and the PA stage. During the MSSA stage of iteration
m, we set P = P”~! and decouple problem (12) into #n
MILPs, which can be solved by either typical MILP solvers
(named the MSSA algorithm) or the RR-MSSA algorithm
and the DR-MSSA algorithm proposed in Section 4.1.
Note that both the RR-MSSA algorithm and the DR-
MSSA algorithm can be solved in polynomial time. The
output delivered is denoted as A” and B”. Finally, we have
R (mel’Amfl,Bmfl) < R (mel’Am, Bm)
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During the PA stage of iteration m, we set A = A",
B = B™ and solve problem (12) using the SCGP algo-
rithm proposed in Section 4.1. The output delivered is
denoted as P™. As shown in Section 4.2, the solutions
of the approximated GP problems converge to a local
optimum satisfying the Karush-Kuhn-Tucker (KKT) con-
ditions of the non-convex problem. Note that as each stan-
dard GP can be solved in polynomial time [32], P will
be obtained in polynomial time after the convergence of
the SCGP algorithm. Finally, we have R (P’"‘l, A", B") <
R (P™, A™ B™).

Considering the proposed RA algorithm, we now have

R(Pm—l Am—l Bm—l)
El: <R(P"™ 1, A" B")
E2: <R(P",A™,B"),

where E1 and E2 are due to effects of the MSSA stage and
the PA stage, respectively. This means that Algorithm 2
yields non-decreasing sum rates with iterations. More-
over, the optimum sum rate is upper bounded due to the
total power constraint in each cell. Thus, the sum rate val-
ues will not increase indefinitely with iterations, meaning
that the iterations will eventually converge. Algorithm 2
will stop when the sum rate increase is below a prescribed
value €; or when m reaches a prescribed value M.

At the end of iteration m, a local optimum of the formu-
lated problem is obtained at the SCGP stage, which is then
improved at the MSSA stage of the next iteration. After
that, a better local optimum can be calculated at the SCGP
stage of iteration m + 1. Finally, a good local optimum
can be obtained after convergence. As both problems at
two stages can be solved by the proposed algorithms in
polynomial time, the formulated problem can be solved by
Algorithm 2 in polynomial time.

We now propose Theorem 2 as follows:

Theorem 2. After the convergence of Algorithm 2, per-cell
user fairness is reached, meaning that every user in the
same cell obtains the same transmission rate.

Proof. As mentioned before, after the convergence of
Algorithm 2, a local optimum of problem (12) is obtained.
Let us denote the optimal solutions as A*, B*, and P*.
Thus, for the local optimum, there exists r > 0, such
that YP € B,(P*),R(P,A* B*) < R(P*,A*,B*). Here,
B,(P*) = {P | d(P,P*) < r} is the open ball with cen-
ter P* and radius r, where d(P, P*) denotes the Euclidean
distance between P and P*. Let us assume JIn where
V, # {. Following the methodology similar to the
proof of Theorem 1, there exists matrices S,C, T and
P, = SCTP* e B,(P*), such that R(P;,A*,B*) >
R(P*,A*, B*). Here, each element of S,C, and T takes
the value from (0, 1], (0, 1], and [1, o), respectively. This
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obviously contradicts the previous optimality statement,
and V,, = ¥, which concludes the proof of Theorem 2. [

5 Numerical experiments

In this section, the performance of our proposed RA
algorithm as well as the benefits of using OR and the
HSE protocol will be discussed. To illustrate the conver-
gence and effectiveness of the algorithm, the rates of all
users and the WSMRs are first presented for one partic-
ular channel realization. Then, the results are provided
and discussed for the performance of the algorithms aver-
aged over many channel realizations. Note that we intro-
duce the MSSA-based algorithm, the RR-MSSA-based
algorithm, and the DR-MSSA-based algorithm to denote
the proposed iterative RA algorithms which adopt the
MSSA algorithm, the RR-MSSA algorithm, and the DR-
MSSA algorithm, respectively, at the MSSA stage.

5.1 System setup
For the purpose of illustration, a multi-cell OFDMA sys-
tem with N = 3 coordinated cells and K = 32 available
subcarriers is considered. Each cell contains &/ = 4 MSs.
Figure 1 shows the positions of the BSs, the RSs, and
the MSs expressed in meters. Specifically, the coordinates
of BS 1, 2, and 3 are (~100v/3,~100), (1003, ~100),
and (0,200), respectively. Also, the coordinates of RS 1,
2,and 3are (~100/3, ~60), (100v/3, ~60), and (0, 160),
respectively. Each member of the MS group U, in cell n is
located randomly and uniformly inside a confined region
of that cell, which is depicted as a blue box in Figure 1.
The channel impulse response (CIR) of each link is

drawn randomly from an 8-tap delay line model, where

each tap has a circular complex Gaussian distribution with
2

. o’
zero mean and variance as aiz. We further assume 02’ =
i+1
System-setup
250 T T :
5 5 ; s3 5 5
200 RN e e Wt SR
: : : Is : :
180 g
: : Jle
5 5 ; S el
—~ 100f - R R g I SRR EERRERSRRRRRRRT
B s g
(%)) N N N N N N N
s S0p BB B RRERERE SRR
(F N N N N N
> ob o TSR PR
: dll d12 d21;d2_
of - L e 1 o g 2
504t AL ey e A S bk
¢ - Fo]/Mi dl'g : d23 j024 : ¢
S1: . - : - . : S92
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_150 i i i i i i i
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x—axis (m)

Figure 1 A random system setup.
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€%, meaning that the tap power decreases exponentially
with a coefficient 3. Moreover, Zi oiz = d—3, mean-
ing that the received power decreases exponentially with
distance d and the propagation exponent equals 3. Finally,
the CFR of each link is computed from its CIR using
the K-point FFT. Each cell is assumed to have the same
total power constraint, and we set w,, = 1,P;, = P, Vn,
02 = —70 dBm, €; = Rin;i/100, and €3 = Ri,i/100. Here,
Rini denotes the sum rate calculated with the initial RA
results at the beginning of each iteration.

5.2 Results for arandom realization of channels

In order to illustrate the convergence and effectiveness
of three RA algorithms, we set Py = 20 dBm and
U = 4. The positions of MSs and a set of channels
are randomly generated. Specifically, the coordinates of
di1, dia, di3, dia, dai, da, do3, doa, d3i, d3z, d33, and
das are (—110.9,—-29.6), (—57,—34.9), (—=76.9,—53.9),
(—122.9, —73.6), (72.5,—35), (121.4, —0.1), (66.9, —49.5),
(110.6, —73.4), (—3.2,130.8), (—32.6,78.9), (14.6,115.1),
and (15.2,72.2), respectively.

As shown in Figure 2, using the three proposed algo-
rithms, the WSMRs keep increasing continuously and
converge smoothly to the final rate. After convergence, the
WSMRs are increased by around 74%, 73%, and 55% using
the MSSA-based algorithm, the RR-MSSA-based algo-
rithm, and the DR-MSSA-based algorithm, respectively.
Compared to the MSSA-based algorithm, the RR-MSSA-
based algorithm has similar performance and less com-
plexity. Thus, it is preferred for practical implementation.

Figure 3 shows the optimized user rates in three cells
using three RA algorithms. After the convergence of
each RA algorithm, the minimal user rate in each cell
is enhanced and all users in the same cell obtain the
same rates. Therefore, the fairness of our algorithms is
illustrated.

105 1

100

95 |-

)
3 90} |
£
>
o &5t —
a2
5 sof :
€ st 1
2]
= 70t g
Sy —e— MSSA
60d —e— RR-MSSA||
i —8— DR-MSSA
55l ; ; ; ; ; : : ;
2 4 6 8 10 12 14 16 18

Iteration number

Figure 2 Convergence of the WSMR.
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Figure 3 Rate results for the random realization of channels.
Rates for users in (A) cell 1, (B) cell 2, and (C) cell 3.

5.3 Results averaged over channel distribution

In order to illustrate the average performance of our pro-
posed RA algorithms, 100 random realizations of channels
are generated with U/ = 8. We set up different total power
constraints ranging from 0 to 50 dBm. To show the benefit
of using OR and the HSE protocol, we now compare the
proposed protocol with a FR protocol and a LSE protocol.
Specifically, the FR protocol is the same as the proposed
protocol except that all subcarriers are forced to be in
relay-aided mode. The LSE protocol is also the same as
the proposed protocol except that all direct mode sub-
carriers are activated only during the first TS. We also
compare the performances of the MSSA-based algorithm,
the RR-MSSA-based algorithm, and the DR-MSSA-based
algorithm.

Figure 4 adopts the MSSA-based algorithm. It appears
that the average WSMR is increased significantly after
optimization, especially when P; takes high values. This
confirms the effectiveness of our proposed algorithm.
Figure 5 provides the average WSMRs for the FR proto-
col, the LSE protocol, and the proposed protocol. We can
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Figure 4 Average WSMRs over 100 random realizations of
channels.

see that the proposed protocol performs much better than
the other two protocols. Thus, the effectiveness of using
OR and the HSE protocol is illustrated. Figure 6 provides
the average WSMRs of using the MSSA-based algorithm,
the RR-MSSA-based algorithm, and the DR-MSSA-based
algorithm. We can see that the RR-MSSA-based algo-
rithm performs similarly as the MSSA-based algorithm
and better than the DR-MSSA-based algorithm. Note that
the RR-MSSA-based algorithm can be solved in polyno-
mial time. Thus, it offers a good trade-off between the
performance and the complexity.

6 Conclusion

We have considered a multi-cell OFDMA downlink sys-
tem where the BS transmissions are aided by a DF RS with
OR and the HSE protocol. Assuming a central controller,
we have formulated the WSMR maximization problem
with per-cell total power constraints. Three iterative RA
algorithms have been proposed, and their convergence
as well as fairness characteristics were proven. Through

I Proposed protocol
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I FR protocol

n
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o
o
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Figure 5 Comparison of average WSMRs for three protocols.
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Figure 6 Comparison of average WSMRs with three RA
algorithms.

numerical experiments, the convergence and effective-
ness of the proposed algorithms as well as the benefit
of using OR and the HSE protocol have been illustrated.
Future work will be devoted to considering signal com-
bining schemes at the destinations and AF/compress-and-
forward (CF) relaying protocols with subcarrier pairing.
Moreover, the case of multiple RSs and individual power
constraints will also be investigated.

Additional files

Additional file 1: Complementary GP [31,35]. In this file, the definition
and some properties of the complementary GP are given.

Additional file 2: Exact expressions of the condensed monomials in
Section 4.2. In this file, exact expressions of the condensed monomials in
Section 4.2 are given.
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