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Abstract—To efficiently trade off system sum-rate and link
fairness, this paper is dedicated to maximizing the sum of «-fair
utility in spectrum-sharing networks, where multiple interfering
links share one channel. Whereas three special cases including
a = 0 (sum-rate maximization), « = 1 (proportional fairness)
and o = oo (max-min fairness) have been investigated in the
literature, the complexity for cases 1 < o < ocoand 0 < a < 1
is still unknown. In this paper, we prove that the problem is
convex when 1 < a < oo and is NP-hard when 0 < o < 1.
To deal with the latter case, we transform the objective function
into a D.C. (difference of two concave functions) function. Then,
a power allocation algorithm is proposed with fast convergence to
a local optimal point. Simulation results show that the proposed
algorithm can obtain global optimality in two-link cases when
0 < a < 1. In addition, we can get a flexible tradeoff between
sum-rate and fairness in terms of Jain’s index by adjusting o.

Index Terms—Power allocation, sum-rate, o-fair, tradeoff,
Jain’s index

I. INTRODUCTION

HE broadcast nature of wireless communications brings

about serious co-channel interference and limits the
system performance [1]. In such kind of spectrum-sharing
systems, power allocation (PA) is a crucial issue for co-channel
interference management, which can further be applied to
improve system sum-rate, enhance link fairness and simul-
taneously prolong battery life of mobile terminals [2].

The sum-rate and the fairness of all links are two crucial
performance indexes which need to be improved or maxi-
mized. Towards these two ends, the sum-rate and min-rate
maximization problems have been well studied. Here, min-
rate maximization, usually referred to as max-min fairness, can
lead to the fairest rates of all links. For a network with multiple
links and only one tone (frequency band), it has been shown
in [3] by Luo that the sum-rate maximization problem is NP-
hard, while max-min fairness can be achieved through linear
programming (LP). Moreover, for the sum-rate maximization
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problem, many other works focused on designing algorithms
either to find local optimality with low complexity or global
optimality with high complexity [1], [2], [4]-[8].

The sum-rate and the degree of fairness are just like the two
ends of a seesaw: improving one will often decrease the other
[9]. In other words, maximizing sum-rate usually leads to the
most unfair case, while min-rate maximization often results in
low sum-rate. Therefore, an efficient tradeoff between sum-
rate and fairness is also needed. In the literature, proportional
fairness has been achieved by maximizing the sum-utility of
all links, where each link’s utility is the logarithm of its
received rate. Also in [3], Luo has shown that this is a convex
optimization problem when there are multiple links and only
one tone.

Nevertheless, as a special tradeoff point, proportional fair-
ness can not offer a smooth tradeoff between sum-rate and
fairness. For this purpose, a-fair (¢ > 0) power allocation
may be a candidate, which can be achieved by maximizing
the sum of «-fair utilities of all links [9]. As a larger «
corresponds to a more fair case, varying o from zero to oo
can smoothly control the tradeoff from the most unfair case to
the most fair one. What should be emphasized is that o = 0,
o =1 and a = oo just correspond to sum-rate maximization,
proportional fairness and max-min fairness, respectively. As a
result, in this paper, we focus on two intervals 1 < o < oo and
0 < a < 1 in spectrum-sharing networks, where multiple links
utilize the same one frequency band. For power allocation with
other utility functions and other network models, one can refer
to [3], [5], [10]-[12] and references therein.

Although the objective function of the considered problem
in this paper is not concave, it is still of great importance for us
to figure out the complexity of the problem. This importance
comes from the fact that a nonconvex problem at the first
glance can be convex by appropriate reformulation [3], [8],
[12]. Actually, we show that it is a convex problem when
1 < o < oo and NP-hard when 0 < @ < 1. For the case 0 <
a < 1, we first transform the objective into a D.C. function,
and then propose an iterative algorithm with fast convergence
to a local optimal point, where a convex optimization is carried
out in each iteration.

The contributions of this paper are threefold. First, for
1 < a < 0o, we prove that the a-fair PA problem is convex.
Second, for 0 < a < 1, we prove that the a-fair PA problem
is NP-hard. Third, for the NP-hard case 0 < a < 1, we
propose an efficient algorithm with fast convergence to a local
optimal point. In particular, the algorithm can lead to the
global optimality in two-link cases.
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The rest of this paper is organized as follows. In Section II,
the system model is characterized and the considered problem
is formulated. Section III discusses the complexity of the
problem for cases 1 < o < oo and 0 < a < 1. Section
IV presents an efficient algorithm for the case 0 < a < 1. In
Section V, some simulation results are given. Finally, Section
VI concludes this paper.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we first characterize the system model. Then,
the a-fair PA problem is formulated.

A. System Model

As in many literatures, we consider a standard spectrum-
sharing wireless network, where there are M distinc-
t transmitter-receiver pairs (links) [3], [13]. All of the M links
utilize the same system frequency band for achieving high
spectrum efficiency. For simplicity, we normalize the system
bandwidth as 1(Hz).

The channel fading coefficient from the transmitter of link
i to the receiver of link j is denoted by h; ;. All the channel
fading coefficients are independent and identically distributed
(i.i.d.) with CN(0,1). We consider a static snapshot of the
network, i.e., h;; remains constant during the observation
time. Denote by p = (p1,p2,--+ ,pan)? the transmit power
vector, in which p; represents the transmit power of link 3.
Then, utilizing Shannon rate expression, we get the received
rate of link ¢ as

G p;
R;(p) = log, <1 + T AP ) bps,
n; + Z] 1,j7#1¢ GJﬂfp]
1*1727"’an (1)
where G ; = |hj71-|2 and n; is the receiving noise power at

the receiver of link 7.

B. Problem Formulation

We denote by U, (z)(a > 0) the a-fair utility function,
which was firstly given in [14] as

Ua(z) = {1H1($) 1-a

ot

fa=1

otherwise.

2

Assume that link ¢ receives utility U, (R;(p)) when its received
rate is R;(p). Then, maximizing the sum-utility of all links
results in a-fair PA. As has been pointed out in Section I, cases
a =0, «a =1 and o = oo have been addressed. Therefore,
we focus on the following a-fair PA problem for cases 1 <
a<ooand 0 < a < 1:

Moo G e
i,iPi
max Zi log2<1+ a >>
P ol < ni+ 32521z Giali
(3)
st. Cl:0<p, <p"**i=12---,M, (3-a)
Gii 7 re
C2:10g2<1—|— b )zRiQ,
i+ 351 i GiiPi
i:1727"'7M7 (3'b)

max

where p** and R;“’ denote the maximum allowed trans-
mit power and the minimum required data rate of link
i, respectively For simplicity, we denote by p™2*

(plinax’ p12nax B 7pmax)T

III. COMPLEXITY DISCUSSIONS

In this section, we present the complexity analysis for cases
1 <a<ooand 0 < a <1 individually.

A. Case 1 < a < 00

The following theorem clarifies the complexity for this case.

Theorem 1. The problem given in Eq.(3) is convex when 1 <
a < 00,

Proof: We first replace the optimization variable p; by
exp(y;). In addition, as a-fair utility function and exp(x) are
monotonically increasing, we can introduce variables t; (1 =

1,2,---, M) and transform the «-fair problem as
Mo
N 1—«o
max Z; T a(exp(tl)) 4)
st exp(y;) <pi**,i=1,2,--- , M, (4-a)
Gi,iexp(yi) re
log, | 1+ : > R,
2 ( ni + 52 G exp(y;)
i=1,2,--- , M, (4-b)
Giiexp(y:)
logy | 1+ : > exp(ti),
2 ( i+ 3252 G exp(y;) )
i:1727"'7M7 (4'0)
where y and ¢ are given by y = (y1,92, -+ ,yar)’ and t =

(t1,t2,+ - ,tar) T, respectively.

It can be easily checked that the objective function is
concave when 1 < a < oo and the constraints in Eq.(4-a)
and Eq.(4-b) are linear. As for Eq.(4-c), we can transform it
nto

In G )+ Z exp — )
j;él (5)
+1n<2exp(“>—1) <0, i=1,2- M.

Because the log-sum-exp function and In (2¢%P(*) — 1) are
convex [3], the constraint in Eq.(4-c) is also convex. As a
result, the problem given in Eq.(3) is convex. [ ]

According to Theorem 1, the problem given in Eq.(3) can
be efficiently solved when 1 < o < oo by standard solvers
such as inter-point method [15].

B. Case 0 < a<1

For this case, we present a theorem given as follows.

Theorem 2. The problem given in Eq.(3) is NP-hard when
O<a<l

0018-9545 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TVT.2015.2436068, | EEE Transactions on Vehicular Technology

Proof: Considering R.“/ = 0, pi*** = 1 and
for all links, we rewrite the a-fair PA problem as

1 M 11—«
Pi

max -—— logo (1 + —=——F—

p lai_zl( ( AJFZj;eiﬂjﬂ'pj))

L2 —

(6)

st. 0<pi<l,i=1,2--,M, (6-a)

where ﬁj,i = g::

On the other hand, suppose there is a connected undirected
graph G = (V, €) with M vertices, where V is the vertex set
(|V| = M) and € is the edge set. We define 3; ; as

if (vl,z.)J) eé, 7
otherwise.

It is known that finding the maximum independent set of a
graph is NP-hard. In the following, we show that solving the
problem given in Eq.(6) is equivalent to finding the maximum
independent set of G.

Consider all the B = (IKI) + (l‘fl) + (lg‘) + -+ (M)
subsets of V, denoted by Bi,Bs,---,Bp, form a set B.
Here, (‘Z‘) represents the combination operation, denoting
the number of different ways of selecting k vertexes out of
|V| vertexes. Then, according to set B, the feasible region (2
of the problem in Eq.(6) can be partitioned into B disjoint
subregions. Particularly, the kth subregion €, is

Qi ={p|0 < p; <1, if v; € Bg;p; =0, otherwise }. (8)

Obviously, we have Q (\Q, = ¢ (k # m) and UkB:1 Q=
Q). Then, we can solve the problem in two steps:

Step 1: First, in each feasible subregion, we find a candidate
point that maximizes the objective function;

Step 2: Second, among B candidate points, the one who has
the largest objective function value is the optimal
solution.

In the following, we discuss Step 1 and Step 2 in detail.

e Step 1
In feasible subregion (2, the candidate point is the
solution to the problem given by

1 M 11—«
pi

max —— logy |1+ ——=—F5—

» 1—%;( 2( A+Zj;£iﬁjﬂ'pj>>

9
s.t. 0<p; <1,Vu; € By, (9-a)
pi = 0,Vv; & Bg. (9-b)

Now, assume that there are two links v; and v; in By
such that (v;,v;) € £. In this case, both of link 7 and
link j get zero rate. This is because link 7 produces
infinite interference to link j according to 3; ; = oo and
vice versa. Therefore, only the isolated nodes in graph
(B, &) have nonzero rate. Let F(By) be the subset of
Bj, composed of all the isolated nodes. Now, problem in

Eq.(9) becomes

1 pi\\' ™
m;%x o Z (log2 (1 + Z)) (10)
1€F(By)
s.t. 0 < p; <1,Vu; € By, (10-a)
Di = O,Vvi ¢ Bk. (10—b)

Obviously, the optimal value of the problem in Eq.(10)

1S
F@EI0 -0 (1o, (14 ;)) |

o Step 2
Among B candidate points obtained in Step 1, we need
to find the one who leads to the highest objective function
value. This is to solve the problem given by

IF(Bi)|(1— )~ (logy (1+ 4))' " (12)

(1)

max
k=1,2,---,B

which is further equivalent to

|F(Bk)|-

max

13
k=1,2,---,B (13)

It can be easily checked that solving the problem in Eq.(13)
is equivalent to determining the size of the maximum indepen-
dent set in graph G = (V, £). Hence, the proof ends.

|

As the problem in Eq.(3) is NP-hard when 0 < o < 1,
we can not find the global optimality with polynomial-time
complexity. In the next section, we shall focus on designing
an efficient algorithm to find a local optimal point.

IV. «-FAIR POWER ALLOCATION FORO < v < 1

In this section, we focus on «-Fair PA for 0 < o < 1. At
the beginning, let us present two important remarks about the
optimal solution of the problem in Eq.(3).

Remark 1. In the optimal power allocation vector, there is at

least one link utilizes the maximum allowed power, i.e., p;*®*.

Remark 1 can be explained as follows. Given any power
allocation p = (p1,p2,- -+ ,par)?’, by increasing all the com-
ponents of p by a factor n (n > 1), the rate of link ¢ becomes

G.ipi
R;(np) = log, (1 S T ) .4
o T > jm1,jzi Giibj
which is obviously greater than R;(p) [2]. Because «-utility is
increasing in rate, we can always increase the sum-utility by
increasing all components of p until one component achieves

max

bi
Remark 2. Even if R;“ = 0 for all links, the optimal rate
of each link is always grater than zero for 0 < o < 1. This is
because the derivative of U, (x) is infinite at x = 0 and finite
at x > 0.

According to Remark 2, there always exists a positive value
C; such that the optimal rate of link 7 is not less than C;. In the
remainder of this paper, we replace constraint C2 of problem
Eq.(3) by C2’ given by

C2 :Ri(p) > Cii=1,2,-- , M, (15)
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where the value of C; is carefully assigned as discussed as
follows.

e When R;“? > 0, we let C; equal to R;“. In this case,
constraint C2’ is the same as C2 and thus the optimality
does not change.

e When R;“Y = 0, according to Remark 2, we can let C;
equal to a very small positive value and the optimality
also does not change !.

It should also be pointed out that we only consider the feasible
problem given in Eq.(3) 2.

In the following, we first transform the objective function
of the problem in Eq.(3) into a D.C. function. Then, an
algorithm is designed, followed by the discussion of the
validity, optimality, convergence, parameters setting and the
expansion of the proposed algorithm.

A. D.C. Formulation of the Objective Function

We note that the rate expression in Eq.(1) can be expressed
as a D.C. function over power vector p [4]. This is because
R;(p) can be rewritten as

Ri(p) = ui(p) —vi(p), (16)
where both u;(p) and v;(p) are concave as given by
M
u;(p) = logy | n; + Z Gjipj (17)
j=1
and
M
vi(p) =logy [ i+ Y Gyipj |, (18)
J=1,j7#i
respectively.

Then, the following theorem transforms U, (R;(p)) into a
D.C. function over p.

Theorem 3. U,(R;(p)) can be written in a D.C. form.
Particularly, Uy (R;(p)) can be expressed as

Ua(Ri(p)) = Ua(ui(p) — vi(p)) = 9i(p) — hi(p),

where g;(p) and h;(p) given respectively by Eq. (20) and Eq.
(21) are concave functions.

9i(p) = Ua(Ri(p)) + Zivi(p)
hi(p) = Z;vi(p)

Here, in Eq.(20) and Eq.(21), Z; is a constant that is greater
than or equal to ie, Z; > %

19)

(20)

2y

1
(S i

Proof: Tt can be easily derived that Uy, (R;(p)) = g:(p) —
h;(p), where g;(p) and h,(p) are given in Eq. (20) and Eq.
(21), respectively. Since v;(p) is concave and Z; is positive,
h;(p) is a concave function. In the following, we show that
gi(p) is also concave.

!Actually, in practical systems, link i should be given a positive minimum
required rate R} “? for data transmission. Otherwise, link i can be deleted.

2If the required rates of links are too high, the problem given in Eq.(3)
may be infeasible. We do not consider this case in this paper.

First, we note that U (t) is concave in (C;, +00) and the
derivative of Uy (t) is 7. Then, we have

1
Uan(t) <UL (0) + %(t -
for all 6 € [C;, 00). Here, equality holds if and only if 6 = ¢.
Therefore, it can be deduced that

Ualt) =, int {0a(0)+ o= 0)]

0),t > Cj, (22)

" (23)
= 1 _ pl—«a v
ee[gfm){Ua(9) 0 + ea}'
Replacing ¢ by u;(p) — v;(p), we have
Ua(ui(p) — vi(p))
— it v —gmo 4 P i) (24)
OG[C,;,oo) “ 904 .

Accordingly, it can be deduced that

9:(p)
=Uq(u;i(p) —vi(p)) + Zivi(p)
. l-a UZ(I’) Uz(P) e
_ _glea . Lo 1y
(25)
Then, due to Z; > &= > ea for all § € [C;,00) and the

concavity of u;(p) as well as v;(p), gi(p) can be regarded

as the infimum of an infinite set of concave functions and

is thus concave [15], [16]. As a result, U, (u;(p) — v;(p)) =

gi(p) — hi(p) is a D.C. function, which concludes the proof.

|

According to Theorem 3, the objective function of the a-fair
PA problem can be written as

M M
> Ua(Rip)) = > (9:(p) — hilp))

i;l o i=1 (26)
= , gz@)*zhi(ﬁ) =g(p) — h(p),

where both g(p) = 3%, g:(p) and hip) = 2.1, hi(p) are

concave functions. Hence, the objective function of the a-fair
PA problem can be presented by a D.C. function.

B. An Iterative Algorithm

Because of the D.C. objective function of the a-Fair PA
problem, we can design an iterative power allocation algorith-
m. In particular, given the power allocation vector p¢ in the
(th iteration, we approximate h(p) by its first-order Taylor
expansion, i.e., h (pC) +7hT (pC) (p —pc), and optimize p in
the (¢ + 1)th iteration. Specifically, p¢*! is derived by solving
problem P1 given below.

(h (@) +vh" (@) (p —p°)) @7)

(28)

Pl: max g(p) —
P
st. Cl1,C2
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Obviously, P1 is a convex optimization problem which can
be efficiently solved by off-the-shelf solvers. The detailed al-
gorithm is presented in Algorithm 1, in which some parameters
are defined as: ¢ is the iteration index, p¢ is the power vector
after the (th iteration and ¢ is the maximum tolerance for the
termination of the algorithm.

Algorithm 1 An iterative algorithm
1: Initialization

o Setp°, e;
e Set ( =0;
2: repeat
3:  Solve Problem P1 and derive p*;
4 (=C+1;
52 pt=pn;

6: until [p¢ —pS~1| <e

C. Discussion of the Proposed Algorithm

We now discuss the validity, convergence, optimality of the
proposed algorithm as well as the choice of Z;.

1) Validity: In each iteration in the proposed algorithm, we
approximate the second concave function of the objective, i.e.,
h(p), by its first-order Taylor expansion. Note that h(p) is
actually the sum of M log functions of an affine combination
of p. Therefore, this approximation is very close to h(p) in
a relatively large neighbourhood of a given p¢. The good
performance of this kind of approximation is also explained
in [4] and [13].

2) Convergence and Optimality: Similar to [13] and [17],
we can easily prove that the proposed algorithm always
converges to a local optimal point of the primal a-Fair PA
problem. Comparing with high computation complexity to get
the global optimality, we obtain a local optimal (or global
optimal in a two-link case) point with low complexity as
shown in Section V 3.

3) The Choice of Z;: The value of Z; needs to be carefully
determined in the proposed algorithm.

First, as illustrated in the proof of Theorem 3, Z; should
be large enough to guarantee the concavity of g;(p) given in
Eq.(20).

Second, too large Z; is also not a good choice for the
following reasons. In the (¢ + 1)th iteration, the objective
function is

()£ )6
:i {UQ(R'L(P)) + Z; (vl(p) — (%) — vl (%) (p 7p<)) }
i=1 I

Note that Z; (v;(p) — v;(p©) — 7of (p°)(p — p°)) is the dom-
inant part of the objective function when Z; is sufficiently
large. Because v;(p) is concave over p, we have v;(p) —

3The proposed algorithm may also achieve the global optimality, although
we can not verify it [13].

v;i(p®) — vul (%) (p — p¢) < 0, where equality holds if and
only if p = p¢. Therefore, maximizing Eq.(29) will result in
the p¢*1 that is very close to p. In other words, the algorithm
will converge very slowly.
As a result, in practice, we set Z; = ﬁ
4) Expansion: The core method of the proposed algorithm
can also be applied to a general concave and non-decreasing
utility function U(x) only by properly setting Z;. In the
following, we discuss the choice of Z; in two cases.
« U /(0) = 0
In this case, Remark 2 is still valid and there always exists
a positive C; such that the optimal rate of link 4 is not
less than it. Then, similar to the proof of Theorem 3, we
can set Z; = U'(C;) and the sum-utility given by

M M
ZU(Ri(P)) = ZU(W(P) —vi(p))  (30)

can be expressed in a D.C. form, where the first and the
second concave functions are given respectively by

M M
glp) = ZU(W(P) —vi(p)) + ZZivi(P) (31

and

M
h(p) = Zwip). (32)
i=1
° U/(O) < 0
In this case, by setting C; = max{R;“, 0} and Z; =
U’ (C;), we can make sure that the expression in Eq.(30)
is a D.C. function, where the first and the second concave
functions are given by Eq.(31) and Eq.(32), respectively.
As a result, the proposed algorithm in Algorithm 1 can be
utilized to carry out power allocation for the corresponding
sum-utility maximization.

V. SIMULATION RESULTS

This section first shows that the proposed algorithm can
achieve the global optimal point in a two-link case. Then,
some results are presented in 10-link cases. Note that in the
following simulation, the noise power is n; = 0.1yW and
the maximum allowed transmit power is p;"** = 1mW for
all links. The initial point of the proposed algorithm is set as

pO — prnax.

A. Optimality in a Two-Link Case

We consider two links in the network and the channel gain
is
_ | 0.4310 0.0605

G= 0.0002 0.3018 |-

(33)
The minimum required rates of the two links are R}“? =
R = 0.5bps.

According to Remark 1, in the optimal power allocation,
either link 1 or link 2 transmits with the maximum allowed
power. Therefore, we observe the optimal power allocation
by two one-dimensional searchings as shown in Fig.1. First,

by letting p; = p"**, we plot the sum-utility by varying ps
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26 :
p,=0.0623, p,=1
24+ ’.-___.--D-..,_ il
22f ttas ,
20 1
. H — ~max i H
E 18 —Givenp, =p;"*", varying p,
716 ===Given p, = p;"ax, varying p,
£ 1
E Proposed Algorithm
@ 14t p 9
p,=1,p,=1
12¢ a=0.1 ’._‘--y[]
o\ aznt” =
10-----\-) ------- R .,‘---- -y ]
a=05 "’_.’p‘l—0.0659. p,=1
i fatiii |
UV
6 ‘_5 \_4 \_2 o
10 10 10 10
p,, for solid line ( p, for dash line ) (mw)
Fig. 1. Optimality illustration with 2 links existing in the network.

max

(solid line in Fig.1). Second, by setting p» = p5'?*, we plot
the sum-utility by varying p; (dash line in Fig.1). Then, the
highest point of the two curves indicates the optimal power
allocation and the optimal sum-utility.

We also simulate our proposed algorithm by letting Z; =
0.5~ for all links, where the achieved power allocation is
marked by green squares in Fig.1. Based on this figure, we
can see that the proposed algorithm achieves the global optimal
power allocation.

B. Performance in 10-Link Cases

Consider there are M = 10 links in the network. We
randomly pick 20 network realizations and simulate the a-
fair PA algorithm by varying o from zero to infinity, where
e is set as € = 0.5 x 1073, Assume each link has the same
minimum required rate R;“Y = 0.1bps. For a given « and a
given network setting, we utilize Jain’s index to evaluate the
degree of fairness. Here, the Jain’s index is defined as

(Zi\il Ri)2

Jain’s Index = ~————"—,
M35, R}

(34)

which is bounded in [, 1] [18]. Because its value can be
interpreted as the fraction of favored links, a larger Jain’s index
is more fair [9], [19].

Figure 2 presents the tradeoff curve between the averaged
sum-rate and the averaged Jain’s index across the 20 network
instances. The results in Fig.2 are derived in many ways
according to the value of a:

e a = (: by the algorithm in [4];

e « = 1: by the convex optimization modeled in [3];

e « = 00: by the linear programming modeled in [3];

¢ 1 < a < oo0: by the convex optimization modeled in

Eq.(4) in this paper;

e 0 < o < 1: by the proposed algorithm in Algorithm 1 in

this paper.
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The tradeoff between sum-rate and Jain’s index by a-fair power

These results in Fig.2 can be illustrated as follows. 1) We
string the three special cases & = 0, @« = 1 and @ = oo and
obtain a smooth tradeoff between sum-rate and Jain’s index.
In particular, if we increase «, a more fair power allocation
can be obtained; otherwise, a larger sum-rate can be got. 2) In
the interval 1 < a < oo, the achieved curve is already global
optimal. 3) In the interval 0 < v < 1, it is credible that good
performance is achieved because it has a smooth transition
from the global optimal interval o > 1 to the case a = 0.

In Fig.3, we also present the averaged iteration times of
the proposed algorithm for 0 < a < 1. It can be seen that
the proposed algorithm converges to a local optimal point by
hundreds of iterations. This complexity is comparable with
(more exactly, 2-4 times) the complexity of the algorithm for
the case o = 0 in [4]. This a little increase of complexity
comes from the fact that, the case 0 < o < 1 corresponds to
maximizing the sum of concave utility of rate while the case
a = 0 represents the sum-rate maximization. Obviously, the
problem for the case 0 < a < 1 is more complex than the
case o = 0, although both of them are NP-hard.

VI. CONCLUSION

In multi-link one-tone spectrum-sharing networks, we
proved that the a-fair PA problem is convex when 1 < o < oo,
which indicates that a standard convex solver can find the
global optimality with polynomial complexity. We also showed
that the problem is NP-hard when 0 < o < 1. To deal
with this difficult case, based on the D.C. formulation of the
objective function, we designed an iterative algorithm which
can efficiently converge to a local optimal point. Simulation
results showed that the global optimality is achieved in two-
link cases. In addition, a smooth tradeoff between sum-rate and
Jain’s index is obtained by varying « from zero to infinity.

REFERENCES

[11 L. P. Qian, Y. J. Zhang, and J. Huang, “MAPEL: Achieving global
optimality for a non-convex wireless power control problem,” [EEE
Trans. Wireless Commun., vol. 8, no. 3, pp. 1553-1563, Mar. 2009.

0018-9545 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

Fig.

[2]

[3]

[4]

[8]

[9

—

[10]

(11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

Average lteration Times

N
o
o
T
i

10.1109/TVT.2015.2436068, | EEE Transactions on Vehicular Technology

700 T T T T .

600 8

(&)
o
o
T
i

4001 1

300r g

0 01 02 03 04 05 06 07 08 09
The value of a

3. The average iteration times of the proposed algorithm.

A. Gjendemsjg, D. Gesbert, G. @ien, and S. Kiani, “Binary power
control for sum rate maximization over multiple interfering links,” IEEE
Trans. Wireless Commun., vol. 7, no. 8, pp. 3164-3173, Aug. 2008.
Z.-Q. Luo and S. Zhang, “Dynamic spectrum management: Complexity
and duality,” IEEE J. Sel. Topics Signal Process., vol. 2, no. 1, pp. 57—
73, Feb. 2008.

H. Kha, H. Tuan, and H. Nguyen, “Fast global optimal power allocation
in wireless networks by local D.C. programming,” IEEE Trans. Wireless
Commun., vol. 11, no. 2, pp. 510-515, Feb. 2012.

J. Huang, R. Berry, and M. Honig, “Distributed interference compensa-
tion for wireless networks,” IEEE J. Sel. Areas Commun., vol. 24, no. 5,
pp. 1074-1084, May 2006.

M. Chiang, C.-W. Tan, D. Palomar, D. O’Neill, and D. Julian, “Power
control by geometric programming,” IEEE Trans. Wireless Commun.,
vol. 6, no. 7, pp. 2640-2651, Jul. 2007.

K. Eriksson, S. Shi, N. Vucic, M. Schubert, and E. Larsson, “Globally
optimal resource allocation for achieving maximum weighted sum rate,”
in Proc. IEEE GLOBECOM, Dec. 2010, pp. 1-6.

Y.-F. Liu and Y.-H. Dai, “On the complexity of joint subcarrier and
power allocation for multi-user OFDMA systems,” IEEE Trans. Signal
Process., vol. 62, no. 3, pp. 583-596, Feb. 2014.

C. Guo, M. Sheng, X. Wang, and Y. Zhang, “Throughput maximization
with short-term and long-term Jain’s index constraints in downlink
OFDMA systems,” IEEE Trans. Commun., vol. 62, no. 5, pp. 1503—
1517, May 2014.

A. Stolyar and H. Viswanathan, “Self-organizing dynamic fractional
frequency reuse for best-effort traffic through distributed inter-cell
coordination,” in Proc. IEEE INFOCOM, Apr. 2009, pp. 1287-1295.
J. Huang, R. Berry, and M. Honig, “Spectrum sharing with distributed
interference compensation,” in New Frontiers in Dynamic Spectrum
Access Networks, 2005. DySPAN 2005. 2005 First IEEE International
Symposium on, Nov. 2005, pp. 88-93.

Y.-F. Liu, “Complexity analysis of joint subcarrier and power allocation
for the cellular downlink OFDMA system,” IEEE Wireless Commun.
Lett., vol. 3, no. 6, pp. 661-664, Dec. 2014.

Y. Li, M. Sheng, C. Yang, and X. Wang, “Energy efficiency and
spectral efficiency tradeoff in interference-limited wireless networks,”
IEEE Commun. Lett., vol. 17, no. 10, pp. 1924-1927, Oct. 2013.

J. Mo and J. Walrand, “Fair end-to-end window-based congestion
control,” IEEE/ACM Trans. Networking, vol. 8, no. 5, pp. 556-567, Oct.
2000.

S. Boyd and L. Vandenberghe, Convex Optimization. ~ Cambridge
University Press, 2004.

H. Tuy, Convex analysis and global optimization. Boston, MA: Kluwer,
1998.

N. Vucic, S. Shi, and M. Schubert, “DC programming approach for
resource allocation in wireless networks,” in Proc. WiOpt, May 2010,
pp. 380-386.

R. Jain, D. Chiu, and W. Hawe, “A quantitative measure of fairness

and discrimination for resource allocation in shared systems,” Digital
Equipment Corporation, Tech. Rep. DEC-TR-301, Sep. 1984.

[19] T. Lan, D. Kao, M. Chiang, and A. Sabharwal, “An axiomatic theory
of fairness in network resource allocation,” in Proc. IEEE INFOCOM,
San Diego, CA, Mar. 2010, pp. 1-9.

Chongtao Guo (S’13-M’14) received the B.S. de-
gree in Electronic and Information Engineering in
2009 and the Ph.D. degree in Communication and
Information Systems in 2014, both from Xidian
University, Xi’an, China. Since 2014, he has been
with the College of Information Engineering, Shen-
zhen University, where he is currently an Assistant
Professor.

His currently research interests include load bal-
ancing, power allocation, interference coordination
and beamforming design for fairness-aware and
energy-efficient communications in macro-only cellular and small cell net-
works.

Yan Zhang (M’12) received the B.S. and the Ph.D.
degrees in 2005 and 2010, respectively, both from
Xidian University, Xi’an, China, where he is cur-
rently an Associate Professor.

His research interests include cooperative cogni-
tive networks, self-organizing networks, media ac-
cess protocol design, energy-efficient transmission
and dynamic radio resource management (RRM) in
wireless communications.

Min Sheng (M’03) received the M. Eng and Ph.D.
degrees in Communication and Information Systems
from Xidian University, Shaanxi, China, in 1997 and
2000, respectively. She is currently a Full Professor
at the Broadband Wireless Communications Labora-
tory, the School of Telecommunication Engineering,
Xidian University.

Her general research interests include mobile ad
hoc networks, wireless sensor networks, wireless
mesh networks, third generation (3G)/4th generation
(4G) mobile communication systems, dynamic radio
resource management (RRM) for integrated services, cross-layer algorithm
design and performance evaluation, cognitive radio and networks, cooperative
communications, and medium access control (MAC) protocols. She is a
member of the IEEE. She has published 2 books and over 50 papers in refereed
journals and conference proceedings. She was the New Century Excellent
Talents in University by the Ministry of Education of China, and obtained the
Young Teachers Award by the Fok Ying-Tong Education Foundation, China,
in 2008.

0018-9545 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TVT.2015.2436068, | EEE Transactions on Vehicular Technology

Xijun Wang (M’12) received his B.S. degree with
distinction in Telecommunications Engineering from
Xidian University in 2005, Xi’an, Shaanxi, China.
He received the Ph.D. degree in Electronic Engi-
neering from Tsinghua University, in January 2012,
Beijing, China. Since 2012, he has been with School
of Telecommunications Engineering, Xidian Univer-
sity, where he is currently an Assistant Professor.

His research interests include wireless commu-
nications, cognitive radios and interference man-
agement. He has served as a Publicity Chair of
IEEE/CIC ICCC 2013. He was a recipient of the 2005 “Outstanding Graduate
of Shaanxi Province” Award, the Excellent Paper Award at 6th International
Student Conference on Advanced Science and Technology in 2011, the Best
Paper Award at IEEE/CIC ICCC 2013.

Yuzhou Li received his B. Eng degree in Electronic
and Information Engineering from the College of
Electronic Science & Engineering at Jilin University,
Changchun, China, in 2009. He is currently working
towards the Ph. D. degree with the State Key Labo-
ratory of ISN and the School of Telecommunications
Engineering, Xidian University, Shaanxi, China.

His research interests include green communica-
tions, wireless resource allocation, and convex op-
timization and stochastic network optimization and
their applications in wireless communications.

0018-9545 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



