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Abstract—In this paper, we investigate a joint resource al-
location problem based on cognitive radio (CR) techniques for
user equipment (UE) with multi-homing capabilities. We consider
a heterogeneous wireless medium where users in overlapping
coverage areas simultaneously communicate with different base
stations (BSs) and access points (APs). Currently, existing works
assume that the working frequency bands of different networks
are separated. Unlike these works, this paper focuses on the
multi-homing networks which can share spectrum resources
of each other to enhance the resource utilization efficiency.
Based on spectrum sensing and spectrum sharing techniques
in CR, we propose and then formulate an uplink joint origi-
nal bandwidth, detected hole bandwidth and power allocation
method. Specifically, the formulated optimization problem is a
mixed integer nonlinear optimization problem. We adopt the
continuity relaxation method to further transform it into a
convex optimization problem and then solve it by Lagrange
dual solution. A suboptimal method is further proposed with
a reduced system overhead. Simulation results demonstrate the
significantly improved performance of our proposed methods
(both optimal and suboptimal) in terms of system throughput
and energy efficiency over a joint resource allocation benchmark.
Our results also indicate that the suboptimal strategy can indeed
reduce the system overhead remarkably.

Index Terms—Multi-homing heterogeneous network, cognitive
radio, joint resource allocation, continuity relaxation method,
spectrum sensing.

I. INTRODUCTION

URING the last decades, the wireless industry is pur-
suing for an astounding 1000-fold increase in terms
of media applications [1]. Many conventional single-network
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technologies such as non-orthogonal multiple access [2] and
dynamic spectrum management [3] have been proposed to
increase the resource utilization efficiency to help enable such
applications. In the meanwhile, the multi-homing framework
[4] is considered as a promising technology to help achieve
such target.

User equipments (UEs) with multi-homing capabilities
maintain multiple connections with different base stations
(BSs) and access points (APs) in a heterogeneous wireless
network simultaneously and increase the data transmission
rate by aggregating the bandwidth of these BSs/APs. The fifth
generation (5G) wireless network [5-7] desires to create better
user experience with limited resources for each individual
user. As techniques constantly develop, the development space
of single-network is getting smaller and smaller. Then the
interworking among multiple networks is more promising to
cater for users’ increasing requirements for the high quality
of service. Therefore, research works about multi-homing
networks have attracted more and more attention recently.
For instance, the cooperation between cellular networks and
dedicated short-range communications (DSRC) networks was
investigated in [8]. Authors of [9] integrated two kinds of
networks, i.e., the vehicular ad-hoc network (VANET) and
the third generation (3G) heterogeneous wireless network.
Other examples for multi-homing heterogeneous networks
include cellular/world interoperability for microwave access
(WiMAX)/wireless local area network network (WLAN) [10-
11], cellular/vehicle to everything (V2X) networks [8], long
term evolution (LTE)/wireless fidelity (WiFi) [12], cellu-
lary/WLAN [13] and so on.

In the multi-homing medium, we regard resources of various
networks as a whole and assign them to the most appropriate
users. Compared with single networks, UEs with multi-homing
capabilities have more options and thus they are likely to
find more effective allocation results. Besides, femto-cells
which are located near the bounds of macro-cells help avoid
the frequent handovers between mobile UEs with BSs. That
is to say multi-homing networks are capable of providing
considerable benefits to the system performance.

However, compared with resource allocation in single net-
works, allocation methods for multi-homing networks are
challenged by the following facts. First, the multi-homing
feature leads to more resource parameters pending to be
allocated. Also, the relationships among system variables
are more complicated and so are the constraints. Therefore,
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the formulated resource allocation problem gets much more
difficult to solve. Second, UEs need to spend additional power
to activate multiple radio interfaces. So how to allocate the
system resources for high utilization efficiency to make full use
of the constrained resources such as the limited total available
power at UEs and the limited bandwidth at BSs/APs is a
significantly challenging task.

In the considered multi-homing heterogeneous network as
shown in Fig. 1, user A and user B both have multi-homing
access capabilities. However, user A is located only in the
coverage area of the BS and thus it only sends data to the
BS. In the meanwhile, user B communicates with both of the
BS and the AP. Currently, all of the other researchers focus
on the conventional scenario that the spectrum resources of
different networks are separated and cannot be shared with
each other. Such scheme makes these systems fail to further
adequately utilize their radio resources. This paper smashes
such constraint by enabling users to share the same spectrum
bands at the same time. We define the inherent radio resources
of each individual network as its original resources, and we
regard the additional hole resources obtained from spectrum
sensing [14-17] as detected hole resources which can be shared
and reused. In this paper, we plan to jointly allocate these two
kinds of resources to maximize the system throughput with the
assistance of spectrum sensing and spectrum sharing which are
both key techniques of cognitive radio (CR).

The four main contributions of our paper are outlined as
follows.

o The uplink joint resource allocation problem based on
CR is formulated into mathematical expressions to assign
original resources and detected resources to UEs with
multi-homing capabilities. This paper is the first to study
the joint original and detected hole resource allocation
problem in a multi-homing heterogeneous system where
networks can share spectrum resources with each other.

o« We find that the proposed CR-based joint resource al-
location problem is formulated as a mixed integer non-
linear optimization problem. By the continuity relaxation
method, it is then converted into a convex optimization
problem which can be solved by the Lagrange dual so-
lution. Based on the obtained solutions to the formulated
problem, we propose an optimal method for original
bandwidth, detected hole bandwidth and transmission
power resource allocation.

o We further develop a suboptimal joint resource allocation
method, which effectively reduces the system overhead.

« The performance of our proposed optimal and suboptimal
methods is evaluated by comparing with a joint resource
allocation benchmark. According to the simulation re-
sults, the performance of our two proposed methods is
significantly superior in terms of the achieved throughput
and energy efficiency. Moreover, simulation results also
demonstrate that the suboptimal method indeed effective-
ly reduces the system overhead.

The rest of this paper is organized as follows. The related
work is reviewed in Section II. In Section III, we present
the system model. In Section IV, the uplink joint resource

Fig. 1. The multi-homing heterogeneous network coverage areas.

allocation problem based on CR is formulated. Then the con-
tinuity relaxation method and the Lagrange dual solution are
successively adopted to work out the optimal allocation results
of original subcarriers, detected hole subcarriers and power
resources regarding the formulated problem. In Section V, we
further propose a suboptimal method to reduce the system
overhead. The benchmark is then introduced for simulation
comparison. Simulation results and discussions are presented
in Section VI. Finally, conclusions are made in Section VII.
Table I summarizes the important mathematical symbols in
this paper.

II. RELATED WORK

Researchers have achieved some progress about resource
allocation for multi-homing heterogeneous wireless networks.
For example, authors of [18] investigated the resource opti-
mization problem for such networks with orthogonal frequency
division multiple access (OFDMA). A resource allocation
method for heterogeneous wireless medium where both of the
single-network and the multi-homing services simultaneously
existed was investigated in [19]. Furthermore, a suboptimal
decentralized resource allocation method was presented in a
dynamic environment as an efficient manner [20]. A joint
bandwidth and power allocation method was proposed in
[21] for users with multi-homing capabilities in a battery-
constrained uplink network. Afterwards, [21] presented a
suboptimal method to reduce the system overhead.

However, all of the existing works about resource allocation
in multi-homing heterogeneous networks assume that different
networks must only work in their own separated frequency
bands. In order to utilize the available network resources more
adequately, we focus on how to execute the joint bandwidth
and power resource allocation in multi-homing heterogeneous
networks where the frequency bands of different networks
can be reused and shared with each other. Furthermore, CR
is able to further improve the spectrum efficiency and it is
known as a key technology in 5G [22-23]. For the realization
of our resource sharing scheme, CR techniques [24-27] such
as the spectrum sensing and spectrum sharing techniques are
introduced in this paper. Spectrum sensing technique identifies
the spectrum holes which can be shared and reused in the
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TABLE I
SUMMARY OF IMPORTANT SYMBOLS
Symbol Definition
N Set of wireless networks in the considered geographical region
Sn Set of BSs/APs of network n
M Set of UEs in the considered geographical region
Mons Subset of UEs in the coverage area of network n BS/AP s
Kns Set of original subcarriers of network n BS/AP s
Kns Total number of original subcarriers of network n BS/AP s
Bo Bandwidth of each subcarrier
Ny One-sided noise power spectral density
Tpnsmk Binary original resource assignment variable regarding the subcarrier k£ at UE m to transmit messages to network n BS/AP s
Prsmk Transmission power allocated by UE m to the radio interface during communicating with network n BS/AP s by original subcarrier k
Pensmk Circuit power consumption of the transmission process between network n BS/AP s and UE m on the original subcarrier k
nsmk Channel power gain between UE m and network n BS/AP s on subcarrier k
ns, k! n's! Spectrum detection result by network n BS/AP s regarding subcarrier k', which is an original subcarrier of network n’ BS/AP s’
Ko Set of detected hole subcarriers which originally belong to network n’ BS/AP s’
T smk! Binary detected hole resource assignment variable regarding the hole subcarrier &’ at UE m to transmit messages to network n BS/AP s
Pnsm K Transmission power allocated by UE m to the radio interface during communicating with network n BS/AP s by the hole subcarrier &’
Ryusmk Data transmission rate achieved by UE m during communicating via original subcarrier k& with network n BS/AP s
Rnsm K Data transmission rate obtained by UE m during communicating via hole subcarrier k' with network n BS/AP s
ime K Channel power gain on the hole subcarrier k’ between network n BS/AP s and UE m
P Total power consumed by UE m
Jscyn smk! Circuit power consumption of the transmission process between network n BS/AP s and UE m on hole subcarrier k'
Prax Maximum boundary of available power at UE m
Rm Achieved transmission rate of UE m
Rumin Required minimum data rate of each UE
iy msm/ k! Channel power gain between network n BS/AP s and UE m’ on subcarrier &’
Iin, Spectrum detection threshold
Tih, Preset threshold of interference during spectrum sharing
Ry m's'mk || Channel power gain between network n’ BS/AP s’ and UE m via subcarrier k'
Um Lagrangian multiplier for the total power consumption constraint
©m Lagrangian multiplier for the required data rate constraint
Ynsmk’ Lagrangian multiplier for the maximum interference during spectrum sharing constraint
Lagrangian function

proposed scheme. Spectrum sharing technique guarantees our
resource sharing scheme will not cause harmful interference.

Research about cognitive heterogeneous multi-homing net-
works has attracted more and more attention where primary
heterogeneous networks share the licensed band with cognitive
heterogeneous networks as long as the interference at prima-
ry networks is within a proper interference level [28]. For
instance, a spectrum allocation problem with multi-homing
technology subject to constraints in the required transmission
rate for heterogeneous constant bit rate and variable bit rate
services was studied for cognitive heterogeneous networks
in [29]. A spectrum pricing and allocation problem based
on hierarchical game theory framework was further studied
for cognitive multi-homing networks in [30]. Authors of [31]
investigated the resource allocation problem to maximize the
system capacity in heterogeneous cognitive radio networks
with the coexistence of two types of users, i.e., multi-homing
and single-network users. Reference [28] proposed an uplink
power and bandwidth allocation problem for multiple services
with multi-homing technology for cognitive heterogeneous
networks. Constraints include system available bandwidth,
interference power for primary base station, total power con-
sumption for each secondary user and so on.

However, all of the above works about cognitive hetero-
geneous multi-homing networks only focus on the resource
allocation process of the cognitive networks. They just inves-
tigate how the cognitive networks utilize the detected spectrum
resources after spectrum sensing. These works cannot be

counted as the same “spectrum sharing schemes” with ours
since only the cognitive networks utilize the licensed resources
of the primary networks. The reverse is not applicable. In
fact, the above cognitive system model can be easily extended
to the traditional heterogeneous wireless networks when the
interference constraint is set to be infinite. There are no
essential differences between cognitive heterogeneous multi-
homing networks [28-31] and conventional ones [18-21]. The
optimization problem of the former networks only has one
more constraint about the interference on the primary networks
than conventional heterogeneous wireless network resource
optimization problem. They also fail to consider the resource
sharing scheme among different networks and thus they lose
the opportunity to further increase the utilization efficiency.

Our proposed joint method considers the entire process of
original resource allocation, spectrum sensing and detected
hole resource allocation. There exists a feedback link in
our proposed strategy. Every time the resource allocation
iteration procedure is completed, the BSs/APs will provide the
allocation results and their associated Lagrange multipliers as
feedback information for the original resource allocation stage.
Then they will accordingly make appropriate adjustments on
original resource allocation results and also allocate the detect-
ed hole resources again. This process proceeds circularly until
the allocation results satisfy the iteration-stopping condition.
The feedback information indicates the adjustment direction
for the next iteration. In this way, limited resources can
be adequately reused and shared among different networks,
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increasing the system throughput greatly. To the best of our
knowledge, the CR-based joint original and detected hole
resource allocation in multi-homing heterogeneous networks
where spectrum resources are shared among them has never
been investigated in other works.

In this paper, we propose a joint resource allocation method
based on CR in a heterogeneous multi-homing wireless system
where networks mutually share spectrum resources. Like [10]
and [18], we also adopt OFDMA as the wireless access
technology. That is the reason why bandwidth allocation in
this paper is actually subcarrier assignment. Then we formulate
the entire allocation problem. Through analysis, we find out
that the established optimization problem is actually a mixed
integer nonlinear optimization problem. So we employ the
continuity relaxation method to transform it into a convex
optimization problem and further solve it by Lagrange dual
solution. Considering the high system overhead of loop iter-
ation in the proposed optimal strategy, a suboptimal method
is then proposed with a reduced system overhead. According
to the simulation results, our proposed allocation method and
its suboptimal strategy significantly improve the system perfor-
mance in terms of throughput and energy efficiency, compared
to the benchmark. Also, we verify that the suboptimal strategy
can indeed greatly reduce the system overhead compared with
the optimal strategy.

III. SYSTEM MODEL

In this paper, we consider a geographical region where a
set of wireless networks ' = {1,2,---, N}! is available,
as shown in Fig. 1. Specifically, there exist cellular networks
with different cell sizes (e.g., macro, pico and femto-cells) in
the set NV and exist overlapped coverage areas by those cells.
Each network n (n € N) has a set of macro-cell BSs or femto-
cell APs in the geographical region. We describe such set as
Sp={1,2,---,5.} M ={1,2,--- | M} is the set of UEs
and they execute uplink multi-homing data transmission in
the considered region. Let M, s C M be the subset of those
UEs which are located in the coverage areas of network n
BS/AP s. Each UE is capable of communicating with multiple
BSs/APs simultaneously. According to OFDMA terminology,
the resources in networks include subcarriers and transmission
power. IC,,s refers to the set of original subcarriers of network
n BS/AP s before spectrum sensing process, and their total
number is K. k denotes one of the original subcarriers of
network n BS/AP s, namely £ € K,s. By represents the
bandwidth of each subcarrier.

During the stage of original resource allocation, P, smk
denotes the transmission power allocation result at UE m
to the corresponding radio interface via subcarrier £ when
the UE is communicating with network n BS/AP s. Power
consumption at each UE is made up of two components,
namely the transmission power consumption and the circuit
power consumption [21, 32-33]. Assume that the circuit power
consumption of the transmission process between network

In this work, N is used for the set, N is used as the total count, and n
is used as an index for the parameter. Such definition is applicable to other
variables as well.

n BS/AP s and UE m on original subcarrier k is P ,smpk.
Then the total power consumption by each UE at each radio
interface is Pt,nsmk = Pnsmk + Pc,nsmk [32]

hnsmi is the channel power gain between UE m and net-
work n BS/AP s on subcarrier k. d,, s, represents the distance
between UE m and network n BS/AP s. The corresponding
path loss is denoted by d.” ., where /3 refers to the path
loss exponent. We assume that k,sm,% 1S a Rayleigh random
variable associated to the transmission link between UE m and
network n BS/AP s. So the channel power gain can be written
as hpsmik = /—@nsmkd;ﬁn. Ny is used to represent the one-sided

noise power spectral density.

IV. JOINT RESOURCE ALLOCATION FOR MULTI-HOMING
HETEROGENEOUS NETWORKS BASED ON CR

A. General Procedure of Joint CR-Based Allocation Method

The general procedure of our proposed CR-based joint
resource allocation method for multi-homing heterogeneous
networks is described as follows.

First, the original resource allocation stage. The original
subcarriers of BSs/APs are assigned to each UE and in the
meanwhile the transmission power at each UE is assigned to
corresponding original subcarriers. Assume that the subcarrier
and transmission power allocation results are respectively
Tpsmi and Ppgpi. Binary variable x,,4,,x is the indicator
function and x,s,r = 1 means that original subcarrier k
of network n BS/AP s is assigned to UE m. Or otherwise,
ZTnsmk = 0.

Second, the spectrum sensing stage. In order to accurately
identify spectrum holes which can be shared, spectrum sensing
is indispensable. Spectrum sensing process is not our topic
in this paper and here we adopt a common method, i.e.,
energy detection [34]. The threshold of energy detection is
preset according to the threshold to noise power ratio in [35-
38]. According to [39], the interference which is brought by
spectrum resource sharing among networks can be regarded
as noise and thus can be measured by the receivers of multi-
homing users. Denote the spectrum detection result by network
n BS/AP s regarding the subcarrier k&’ which originally belongs
to network n’ BS/AP s’ as D5 k7 /s’ Dis k' .n7sr = 0 means
that according to the spectrum sensing result, the subcarrier
k' is a spectrum hole subcarrier at the location of network
n BS/AP s and thus can be reused by it. Or otherwise,
Dys s = 1. Let K, (K" € K/,,,) be the set of these

hole subcarriers with the element number of K/, ,.

Third, the detected spectrum hole resource allocation stage.
We need to assign the detected hole subcarriers to UEs, and
in the meanwhile assign corresponding transmission power to
these subcarriers. A binary variable &5,k is used to denote
the indicator function of hole subcarrier assignment result and
the corresponding power allocation result is Pnsmk/. If Z,5mk
or Tnsmi 18 equal to 0, the corresponding power allocation
results and Lagrange multipliers will be equal to 0 as well.
The above three steps loop in turns until the iteration-stopping
condition is satisfied.
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B. CR-Based Joint Resource Allocation Method

1) Problem Formulation: The data transmission rate
achieved by UE m (m € M,,,) during communicating through
original subcarrier £ with network n BS/AP s is

nsmkRnsm
R = s Bologs (1+ Posgitusns )

VneN, seS,, me My, k€ Kps
based on Shannon formula. The detection result D, s 1/ nrg is

obtained from spectrum sensing. Afterwards, the transmission
rate achieved by UE m on hole subcarrier £’ is

D

Rnsmk' = -f;1’bs1ﬂl<:’Dns,k:’7 ’BOIOgQ (1 + %}W) )
YneN, seS,, me Mys, K € Ky

A 2)
where h,smi is the channel power gain on the reused hole
subcarrier &' by UE m when communicating with network
n BS/AP s. Dns,k’,n’s/ is the logical ‘NOT’ of Dns,k/,n’s’-
Hence, the total obtained data transmission rate of the system
is given by

n s mn'#ns'#s k'
3)

Since subcarriers of each BS/AP in each network are limited
and they are allocated orthogonally, we have
Z Tnsmk S 1; Tpsmk € {O; 1}a

meMps (4)
VneN, seS,, kK.

Zzziﬁsmk’ S ]-7 ‘%nsmk’ S {07 1}7
YneN, seS8,, keK,s.

According to Section III, the total power consumed by UE
m can be expressed as

Pm — Zzzxnsmk ( nsmk + Pc nsmk)+
Z Z Z Z ansmk’ ( nsmk! T Pc nsmk’)Dns,k’,n/s’-

n s n'#ns'#s k'
(6)

is constrained

(&)

Considering practical hardware limitations, P,
by its maximum level Py, i.e.,

P < Prax, Ym € M. )

Moreover, considering the requirement of quality of services
[13, 18, 40], transmission rate R,, of UE m is constrained by
the minimum data rate R,,;,. Therefore, we have

Rm Z Rmina Ym e M (8)

n s n’;ﬁns’;és K’
Our joint allocatlon purpose is to maximize the system

throughput. Then the optimization problem can be formulated
as follows.

where R,,

max_ R 9
x,P.% P’

subject to (4), (5), (7) and (8),

(2Dns,k’,n’s’ - 1) (mn’s’m’k’Pn’s’m’k’hll,nsm'k’ - Ithl) Z 0
(10)
Dns,k’,n’s/ S {Oa 1} (11)

:i'nsmk’Pnsmk:’h[g,n’s’mk’Dns,k’,n’s’ S Ithg (12)

Pnsmk’ > 07 Pnsmk > 0 (13)

where x, P, %' and P’ are respectively matrices made up
of allocation results T, smk> Pnsmks Tnsmk and Pnsmk/. We
assume that the subcarrier &’ belongs to network n’ BS/AP s’
and it is assigned to UE m/ in the first stage. Assume that the
channel power gain between network n BS/AP s and UE m/
on subcarrier k" is hy, nsm/k . Moreover, when the subcarrier
k' is reused by UE m during the third stage, the channel power
gain between network n’ BS/AP s’ and UE m is written as
h1yn's'mk’- Itn, represents the spectrum detection threshold.
When UE m is reusing the subcarrier k' which originally
belongs to network n’ BS/AP ', it must ensure that the caused
interference on network n’ BS/AP s’ won’t exceed the preset
threshold I;p,, as expressed in (12). Such idea comes from
the spectrum sharing technique in cognitive radio [35-38].
Constrains (10) and (11) are used to describe the spectrum
sensing process and the detection result is Dy x/ nrs. (13)
refers to the transmission power constraints.

The formulated problem (4)-(13) is a mixed integer non-
linear programming problem. This problem can be converted
into a convex optimization problem through the continuity
relaxation method, which can be further solved by Lagrange
dual solution.

2) Continuity Relaxation Method: Binary variables x,smk
and Z,,smk can only be equal to 0 or 1. We first relax them to
the continuous interval [0, 1], and then introduce the following
two variables z,smi and Zpnsmk’ -

(14)

Znsmk = xnsmkpnsmk‘

Znsmk! = xnsmk:’Pnsmk“

15)

Afterwards, we rewrite the problem (4)-(13) as

max_ Z Z Z Z Znsmik Bolog, (1 + Aznc:n;kk};\'floigg ) +

ZZZ Z Z anemk’ ns,k’, n's' Bo
s n'#ns'#s k'
7LbVYL ,hVLb'IL 4
‘log, (1 + Z,, n’:k/NOBIS )
(16)
subject to
Z Tnsmk S ]-7 Tpsmk € [07 ]-] (17)
mEMups

[0,1] (18)

Z Z Zjnsmk/ S ]-7 ‘%nsmk/ S
n s m
E Z Z (Znsmk + xnsmkpc,nsmk)"'_
n s k

ZZ Z Z Z (énsmk’ + ‘%nsmk/fjc,nsmk’)Dns,k’,’n/s/

n s n'#ns'#s k!
< Prax
(19)
S5 S wname Bology (1+ Sniegt )+
ZZ Z Z Zznemk’ ns,k’ n/s’BO
s n'#ns'#s k'

/h /
10g2 (1 + nsm,k, nsmk ) 2 Rmin

T s 7nk’NoBO
(20)
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(2Dns,k:’,n’s’ - 1) (zn’s’m’k’hh,nsm’k’ - Ithl) 2 0 (21)
Dns,k’7n’s’ € {Oa 1} (22)
_ 1
Ensmi D o sy < 72— (23)
i hlg n’s’'mk’
énsmk’ Z O; Znsmk Z 0. (24)

where z = [2nsmk] K, x 0 and 2’ = [Zpsmrr] K7 -

Proposition 1. After the continuity relaxation process de-
scribed in (16)-(24), the problem is converted into a convex
optimization problem.

Proof. See Appendix A. O

3) CR-Based Joint Resource Allocation Method: From
Proposition 1, the optimization problem (16)-(24) can be
solved based on Lagrange dual solution after the continuity
relaxation process. We respectively relax the constraints (19),
(20) and (23) by introducing Lagrange multiplier variables
Ums ©m and Jpsmir and then obtain the Lagrange function
(25), where matrices v = [Um]lxjw, ’Y, = [’/}\/nsmk/][{/nsxj\/[
and ¢ = [@m]; .. According to Lagrange dual solution,
the following theorem presents the allocation results of our
proposed joint resource allocation method.

Theorem 1. The allocation results of the original subcarriers
and their corresponding transmission power are given by

1, m = arg max {Ansmk}
m:lsmk — meMs 5 (26)
0, otherwise
" (1 + @m) BO NOBO
_ _ 27
nsmk { (In 2) vy, Pnsmi | @7
where [z]T = max{0, =} and
_ nsm Sinsmk

- Um (P;smk + Pc,nsmk) .

The allocation results of the detected hole subcarriers and
their corresponding transmission power are given by

. 1, m = argmax {Ansmk/}
xfwmk, = meM, mgM, ;. (29)
0, otherwise
. 1+ o0m) B NoBo 17
P’rtsmk:’:|: ( +s0 )A 0 _AO O:| ) (30)
(hl 2) (Um + ’Ynsmk’) hnsmk’
where
Ansmk’
= h ’
= (1 + @) Dysr.mrs Bolog (1+7mk’ i)
( 2 ) 0 2 Ny By (31)

—Um, (Pngmk/ + Pc nsmk’) Dns k',n's’
_ﬁ/nsmk’Pnsmk/ Dns k'n's"-

The optimal values of Lagrange multiplier matrices v', v and
@, namely v'*, v* and @*, are obtained by the following
iteration equations.

’AYnsmk’ (l + ]-) =

+
« . A A Itp,
|:,Ynsmk’ (Z) + €1 (Pnsmk’xnsmk’Dns k',n's" — hy 1,2, o ):|
2,m/ s’ m
(32)

- Pmax)]+
Rp)]*

U (P4 1) = [v
Pm (i +1) = [pm

where the positive step sizes €1, €5 and €3 are sufficiently small
and i is the iteration index.

m (1) + €2 (Pm
(Z) + &3 (Rmin_

(33)
(34)

Proof. The dual function of the optimization problem (16)-
(24) is

max L (x,z,%,%
x,z,%X’ 2’

h(v,y',p) = VY ) (35)

subject to (17), (18) and (24). And then the dual problem of
(16)-(24) can be written as

min

/7
v>0,7/>0,p>0 hvy'se).

It is well known that the minimum value of (36) is equal to
the maximum value of (16)-(24). First, we derive the original
resource allocation results. That is to say we will solve (17),
(18), (24), (35) and (36) for finding the optimum x and z first.

By using the Karush-Kuhn-Tucker (KKT) conditions on
(16), we get

(36)

(1+om)Bo  NoBy
(In2) vy,

hnsmk
According to (14) and (37), the power allocation result (27)
is obtained.

Substitute (28) and (37) into (35), and then the optimization
problem (35) can be written as (38). The equation (38) actually
describes a linear assignment problem. Therefore, the optimal
result x,s,% can only be chosen among the extreme points
of its constraint set, i.e., 0 or 1. So the optimal subcarrier
allocation result is written as (26). It is noted that if A,k
has more than one maximum values during computing x,, s;mx
based on (26), we will assign the considered subcarrier & to the
UE which owns the least allocated subcarriers for user fairness.
Also, if all of the A,4mnis corresponding to one particular
subcarrier k are negative, that user must have terrible channel
condition. Blindly accessing this channel will waste power
resource. So we decide to abandon such subcarriers and save
the transmission power for other better subcarriers.

As to the detected hole spectrum resource allocation results,
we obtain (39) according to KKT conditions on (16).

~ NoBy

hnsmk’

Znsmk = nsmk- (37)

(14 ¢m) Bo
(hl 2) (Um + 'A)/nsmk’)
According to (15) and (39), the power allocation result (30)
is obtained.

Substitute (31) and (39) into (38), and (38) can be written
as

h(v.y @) =max3 35 3 3 3 AnamirEnami

m n s n/;éns’;és k'

+ Z Z Z Z ApsmkTnsmk — Z (pm min
+va max YD O Z 3 Zoemirfony

Py on/ s mi!

+
jnsmk’ . (39)

Znsmk! =

m n s n'#ns'#s k’
(40)
So the optimal allocation result £ _ ., can also only be among
the extreme points in the constraint set, i.e., 0 or 1. The

optimal hole subcarrier allocation result is written as (29). As
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VY ) =
nsm,kBOlOgQ (]— +

ZnsmkPnsmi
ZTnsmkNoBo

2

n'#n s

)RR

Z Um Pmax - <Z Z Z (Znsmk + xnsmkpc,nsmk) + Z Z
m n s k n s

nsmk’hnsmkl

2y, smu NoBo

Z Zinsmk’Dns Kk’ n’s’BOIOgQ (]— +
'#£s k'

)

Z (Znsmk/ + xnsmk’Pc ns7nk’> Dns,k’m/s’) ) +

s k'’

> 2
n'#n s'#
A

N Iin R _
220200 00 2 D Ansmk (hz ’:/’jmw — Znsm,k/Dns,k/’n/s/) max ZZZznskaologQ (1 + %)
m n s n'#ns'F#s Kk 2 x,z,%’ 2’ k
FES S5 S bt D Bology (14 mizhnse ) — Rmhl)
n s n'#ns'#s k' nsm
(25)
h (V’ 7,’ (P) = maxz Z Z Z AnsmbTnsmk
x m n s k
+ Z ((1 + Spm) Z Z Z Z Zi'nsmk/ ns,k’ n/s/BologQ (]_ =+ %)) _ @mRmin>
m n s n'#ns'#s k' nsm
(38)
+ va ( max Z Z Z Z Z (énsmk’ + 'i‘nSmk’Pc,nSmk:’)Dns,k',n’s’)
n s n'#ns'#s k'
. I ~ _
+ZZZ Z Z Z’Yn(sm.k’ (}712:/7:2""19/ — Znsmk/Dns,k/,n’s’)

m n

s n'#n s'#s k!

to responses to the situations that Ansmk/ has more than one
maximum values when computing (29), and that all calculated
Ansmk/s of one particular subcarrier k' are negative, please
refer to the first allocation stage above. And these responses
also apply to the following suboptimal method.

Based on the gradient descent method, the optimal values
of Lagrange multiplier matrices v/, v and ¢, namely v’*, v*
and ¢*, are determined as shown in (32)—(34) by solving (36).
Now the proof is completed. O

In conclusion, the proposed joint allocation method is
presented in Algorithms 1 and 2 where F, F’ and f re-
fer to the loop-stopping indicators. j, j' and J denote the
iteration indexes. 7, 7’ and ¢ are the maximum iteration
times of corresponding loop iterations. The proposed method
determines whether the current calculation results sk (j'),
Prsmk (') Znsmir (4') and J - (j) satisfy the iteration-
stopping condition given in Algorithm 1 or not every time
the entire allocation process is completed. If so, stop iteration.
Or otherwise, update Lagrange multipliers v,, (j') and ¢y, (§)
based on current allocation results. These Lagrange multipli-
ers and current allocation results are the so-called feedback
information which are then provided for the first allocation
stage. Our proposed method will determine the next iteration
direction according to the feedback information and make
appropriate adjustments on original and detected resource
allocation results, and the associated Lagrange multipliers. For
example, if current allocation results make the total power
consumption of UE m larger than the upper boundary of
available power P .x, the gradient descent method in our
algorithm will increase the corresponding Lagrange multiplier
U (§7) during iteration. Furthermore, larger v,, (j') results in
smaller computed power values during the next iteration based
on (27) and (30). Then the iteration loop is proceeding in the
direction of decreasing the computed power values so they

will not exceed P ax. Such process proceeds circularly until

the iteration-stopping condition in Algorithm 1 is satisfied.

V. JOINT SUBOPTIMAL RESOURCE ALLOCATION METHOD
BASED ON CR

Considering the complicated computation process of our
proposed optimal strategy in Section IV, a suboptimal frame-
work is further proposed to reduce the system overhead. Af-
terwards, a benchmark is introduced for comparison purpose.

A. Suboptimal Framework

The allocation results of our proposed optimal strategy in
Section IV-B should be updated every time the channel state
information (CSI) changes, leading to a large amount of data
transmission and spectrum detection operation and thus high
system overhead. In order to reduce the system overhead, we
propose a three-step suboptimal allocation strategy which also
jointly considers original subcarriers, detected hole subcarriers
and transmission power. The first step is to allocate original
resources and it is executed only once at the beginning of
the entire allocation process. The allocation here is not based
on instantaneous channel power gain, but on its expectation
E [Ansmi] which can generally reflect the long-term channel
conditions of each UE. E [x] represents the expectation of
x. The second step is spectrum sensing. And the third step
is to allocate the detected hole resources, which should be
executed every time CSI changes. Generally speaking, the
difference between our optimal and suboptimal strategies is
that the latter one allocates original resources based on long-
term channel conditions instead of instantaneous conditions. In
this way, although sometimes the allocation results may not
be the optimal results to the current channel conditions, they
are still reasonable in most of the time. Moreover, since the
overall channel conditions are considered, the first step only
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Algorithm 1 Joint Original Subcarriers, Detected Hole Sub-
carriers and Power Allocation Strategy in Multi-Homing Het-
erogeneous Networks Based on Cognitive Radio
Input: Preset thresholds I, and Iip,; minimum value of
transmission rate R,i,; total power available at UE Ppx;
the number of original subcarriers in network n BS/AP s
Ky
Initialization: ¢, (1) > 0, Vm, j=1, F =1,
while /' =1 and j <7 do
Generate initial value v, (1) > 0, ¥m. Let j/ = 1 and
F'=1;
while F/ =1 and 5/ < T’ do
BSs/APs assign original resources to each UE accord-
ing to the allocation results shown in (26) and (27).
The allocation results are 2,k (') and Ppomk (57);
BSs/APs detect spectrum bands with the results of
Dns,k/,n’s’;
According to the detected results, BSs/APs calculate
hole subcarriers and corresponding power resource al-
location results Z,smi (j') and - (j') according
to Algorithm 2;
if P, < Ppax and v, (3') = 0 then

F' =0
else if P, = Ppax and v, (5°) > 0 then
F'=0;

else if P,, < Pyax and v, (j') > 0 then
Decrease v, (j'), according to (33);
else
Increase v, (j'), according to (33);
end if
Je g+
end while
if R,, > Ruin and @, (j) = 0 then
F =0
else if R,
F=0;
else if R,, > Rumin and ¢, (j) > 0 then
Decrease ., (7), according to (34);

= Rumin and ¢, (j) > 0 then

else
Increase ¢, (j), according to (34);
end if
JJi+L
end while
OUtPUt ‘rnsmk’ P:;smk’ ‘%;smk” Ansmk” vn s, m, k K.

needs to be executed once. So the first step execution expens-
es are greatly saved through slightly sacrificing the system
performance. Accordingly, the second step is executed only
once as well, further reducing the system overhead. Moreover,
although the hole resource allocation results of our suboptimal
method keep updating as CSI changes, they are not required
to be sent back to the first step as feedback information. That
is to say the outermost loop of the optimal method is not
needed in the suboptimal strategy, further reducing the system
overhead.

We first present the step of original resource allocation.

Algorithm 2 Joint Allocation Method For Detected Hole
Subcarriers and Transmission Power
Input: Spectrum detection result D, x/ /s and the thresh-
old Iip,;
Initialization: ,5mp (1) >0, J=1, f=1;
while f =1 and J <t do
Calculate f\nsmk’ based on (31);
Obtain the hole subcarrier allocation result &% _ .. (J)
according to (29) and the computed Ammk/ above. And
then work out the corresponding power allocation result
P (J) based on (30);

nsmk’
if Prams (J) < 22— and e (J) = 0 then
f=0; B
else if Ppgmp (J) = . it/hjmk/ and Ansmp (J) > 0
then
f=0;
else if Ppopi (J) < h’i and Fpamir (J) > 0
then
Decrease Ypsmi (J), according to (32);
else
Increase Ypsmi (J), according to (32);
end if
J+— J+1;
end while
Output: &*_ ., P* ., Vn, s, m, k.

As above explained, the expectation of channel power gain
E [Ansmik] is adopted and correspondingly when it comes to the
optimization objective function, the expectation of throughput
should be considered. According to Section VI-B in [21] and
Lemma 2.1 in [41], the optimization problem can be written
as

SN BN T

subject to (4),

Pnsmk 2E [hnsmk]
NoBo
(41

Z Z Z Tnsmk (Pnsmk + Pc,nsmk) < Pl,max; Ym e M
n s k
(42)

Prsmk >0, Vn €N, s € Sy, m € Mg, k€ Ky (43)

where Pi max < Pmax and Pj max denotes the upper boundary
of available transmission power during the first step. Promex
is set to be the ratio of the number of subcarriers that the
considered UE can possibly access during the first step to the
number during the first and the third allocation steps in total.
In this way, we assign more transmission power to the stage
with more potential access opportunities. We work out the
power allocation results of the optimization problem (41)-(43)
according to a similar method as (14)-(40) in Section IV-B.
The power allocation result is

By No By -
2 (ln 2) Vim 2E [hnsmk]

; (44)

nsmk
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where v, is the Lagrange multiplier associated with the
constraint (42). The subcarrier allocation result is

* —
Lnsmk = {

Ansmk =
%log2 (1 +

1, m = argmax {Apsmk }
meMy;
0, otherwise

; (45)

where

QE[hnmlgUP,wmk) — Uim (P;smk + Pqnsmk) .

(46)
According to the gradient descent method, the optimal values
of Lagrange multiplier vi,, is obtained from the following
iteration process.

Vim (14 1) = [vim (1) +

+
((Z E Z Tnsmk ( nsmk + Pc nsmk)) - Pl,rrlax>:|
(47)
where €4 is a sufficiently small positive step size.

In the second step, BSs/APs execute the spectrum sensing
operation to identify existing hole subcarriers.

Then during the third step, the allocation results of detected
hole subcarriers and corresponding transmission power are
calculated based on the instantaneous channel power gain.
Therefore, this step should be executed every time CSI
changes. The optimization objective is to maximize the system
throughput. The optimization problem can be written as

m@XZZZ Z Z Z‘%nsmk/Dns,k/,n’s’BO

X'\P' n s m n'#ns'#s k’

nsmk’ P s

xlog, ( + D
(48)

subject to (5),

ZZ Z Z ansmk/ ( nsmk’ +Pc nsmk/)Dns,k’,n’s’

n s n'#ns'#s k'
S Pmax - Pl,maxy Ym e M

_ (49)
ZZ Z Z E-insmk/Dns,k/,n’s’BO

n s n'#ns'#s k'
X10g2 (]_ + M) > len Rl,ma Ym e M

NoBo
(50)
:Z'nsmk’Pnsmk’ hIg,n’s’mk’Dns,k’m’s’ S Ith2 (51)
Prsmpr >0 (52)

where Rl m= Z Z anskaologQ <]. —+ %ZZ““) and

it refers to the achleved data transmission rate after the first
step. After similar derivation process in Section IV, we get the
power allocation result:

P _ (1 + ¢m) Bo NoBy ]+

(53)

nsmk/ — -

(IH 2) (/UQm + &nsmk’)

where vy, is the Lagrange multiplier associated with the
constraint (49). The detected hole subcarrier allocation result

is
{fuons}

hnsmk}’

. 1, m = argmax
Tpsmk! — meM, mgM, ;s
0, otherwise

(54)

where

Ansmk’
=1+ ¢m) Dnch’, s Bolog, (1 +
—U2m (P;smk’ + pc,nsmk’) Dns,k/,n’s’

_,A}/nsmk:’ P;;smk’ Dnsj@’ n's’

'nsmk'h‘" smk’

NoBo

) (55)

According to the gradient descent method, the optimal val-
ues of Lagrange multiplier matrices v/, vo (Vo = [Vom]1xar)
and ¢, ie. v/ * v;, and ¢*, are obtained from the iteration
processes as shown in (56), (57) and (58), where €5, € and
e7 are sufficiently small positive step sizes. Now we have
presented our proposed optimal and suboptimal strategies for
jointly allocating both the original resources and the detected
hole resources.

B. Benchmark

In this paper, we compare our optimal and suboptimal
methods with the allocation method presented in [21] which
is mentioned as benchmark. The reason why we choose
this benchmark is that its system framework is the most
similar with ours. Both are cellular networks with hetero-
geneous cell sizes (e.g., macro, pico, and femto-cells). Both
are constrained by limited bandwidth, limited transmission
power and minimum boundary of data transmission rate. To
enhance the comparability of these methods, we assume that
the objective function of the benchmark is the same with
our paper and both papers adopt OFDMA scheme. However,
just like other existing strategies, [21] also fails to share and
reuse spectrum resources among networks which is the main
difference between our methods and the benchmark. Then the
comparison results, i.e., superior performance of our proposed
methods, can verify the effectiveness of introducing cognitive
radio techniques into our methods for realizing the resource
sharing scheme.

VI. SIMULATION RESULTS

This section compares the simulation results of the proposed
optimal and the suboptimal methods for uplink joint bandwidth
and power allocation based on CR with the benchmark [21]
to illustrate the effectiveness of our methods, in a multi-
homing heterogeneous wireless system. Simulation results also
verify that the suboptimal method greatly reduces the system
overhead compared with the optimal method in the premise
that it still significantly improves the resource utilization
efficiency compared to the benchmark. The simulation setting
is shown in Fig. 2. It is noted that even if we add more
BSs/APs, the principle of our proposed methods will still
be applicable and effective. The BS in the macro-cell has a
coverage area radius of 1000 m, and the AP in the femto-
cell has a coverage area radius of 300 m. We assume that
By = 1 MHz, Ny = —174 dBm/Hz, Ry, = 5 Mbps and
B =5.

Figure 3 presents the comparison result of the proposed
CR-based joint optimal allocation strategy (using Algorithm 1-
2), the proposed suboptimal strategy and the benchmark with
different circuit consumption power values, in terms of the
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V2m (Z + 1) = [V2m (Z) + €6 Z Z Z Z Z ﬁnsmk/ (Pnsmk’ + pc,nsmk/>Dns,k/,n’s’

s n'#ns'#s k'

©m (’L + ].) = [¥m (Z) + &7 Rmin - Rl,m - Z Z Z Z Zinsmk’Dns,k’,n’s’BOIng (1 +

) _ I +
&nsmk’ (Z + 1) = |:’$/nsmk’ (Z) + €5 (Pnsmk’fnsmk’Dns,k’,n’s’ - hth2>:| (56)
Iz,n's'mk’
19+

- (Pmax - Pl,max)
“(57)
. R +

Pnsmk’hnsmk’>

n s n'#ns'#s Kk’ NoBo

(58)
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Fig. 2. The simulation setting.

achieved system throughput for different available transmis-
sion power at UE. We assume that the circuit consumption
power at each UE on each subcarrier of each BS/AP in each
network is the same for simplicity and it can be denoted
as P.. Furthermore, we assume that the circuit consumption
power P nomk = ]-C’C’nsmk/ = P, is respectively 60 mW and
120 mW in Fig. 3. We vary the maximum available power
at UEs on the x-axis. Assume that the number of original
subcarriers in the macro-cell BS and that of the femto-cell
AP are respectively K13 = 16 and Koy = 8. M = 6.
Iip, = Itp, = 0.1. Under such simulation parameter assump-
tions, it is observed that the proposed optimal method always
obtains the largest throughput, followed by our suboptimal
method. Such simulation result benefits from the utilization of
feedback information in the optimal method. Moreover, both
of them achieve much larger throughput than the benchmark.
This is because both of our methods utilize system resources
more adequately and efficiently by sharing these resources.
The results also illustrate that introducing the cognitive radio
technique into our allocation process can indeed help achieve
superior performance. For example, when P, = 120 mW
and Pp,x = 5 watt, the obtained system throughput of our
optimal and suboptimal strategies is respectively larger than
the benchmark by 1.76 dB and 1.46 dB. Additionally, all of
the three allocation methods provide larger system throughput
as the x-axis variable P,,,x increases. Finally, we compare
the performance of the three algorithms with different circuit
power consumption. More circuit consumption makes less
power be utilized for transmit data so correspondingly the
system throughput will be less.

Figure 4 presents the system throughput of our proposed
CR-based methods and the benchmark for different number

1

0 - & .Optimal PC=60 mw
140 Suboptimal PC=60 mw
130 Benchmark P =60 mwW

120 —e— Optima P(=120 mw

7 Suboptimal P =120 mW

g 110 Benchmark P =120 mwW -
= ¢ 2
= 100F

=2

£ ool

[=2]

=

O 80r

e

=

3 35 4 45 5 55 6 6.5 7
Total available power at UE (watt)

Fig. 3. The achieved system throughput by three allocation methods versus
total available transmission power at each UE in systems with different circuit
consumption power.

of original subcarriers of the macro-cell BS Kj1, when the
UE number (M) is respectively equal to 6 and 8. We assume
Prax = 6 watt. From Fig. 4, the proposed optimal strategy
obtains the largest throughput under the above simulation
assumptions, followed by the suboptimal method. They are
both significantly superior to the benchmark. Also, larger K1
brings larger system throughput for all of the three methods
since larger K7, obviously means more spectrum resources.
Finally, we compare the throughput performance of the three
methods with different Ms and find that larger M leads to
larger system throughput since the system total available power
gets larger.

Figure 5 presents the energy efficiency of the proposed two
CR-based strategies and the benchmark for different Kj;s
when the circuit consumption power is respectively equal to
60 mW and 120 mW. In this experiment, we assume that
M=6 and P, ,x = 6 watt. It is observed in Fig. 5 that the
proposed optimal method is able to achieve the largest energy
efficiency under the above simulation assumptions, followed
by the suboptimal method. Their energy efficiency values are
both much larger than that of the benchmark. Moreover, as
the x-axis variable K7; increases, energy efficiency values of
the three methods get larger since there are more spectrum
resources and thus larger throughput. According to the defi-
nition of energy efficiency, given the same transmission pow-
er consumption, larger achieved throughput results in larger
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Fig. 4. The achieved system throughput by three allocation methods versus
the number of original subcarriers of the macro-cell BS with different M.
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Fig. 5. The achieved energy efficiency by three allocation methods versus
the number of original subcarriers in the macro-cell BS with different Ps.

energy efficiency value. Finally, when comparing the energy
efficiency performance in systems with different P,s, we find
that if P, is larger, the transmission consumption power will
be less since the total available power is limited. Thus, the
system achieves less throughput and energy efficiency.

Figure 6 shows the system throughput of the three allocation
methods for different preset thresholds when P,y is equal
to 6 watt and 4 watt. In this experiment, we assume that
Kyy =16, M = 6 and P, = 120 mW. It is observed that
the optimal method always obtain the largest throughput under
the above simulation assumptions, followed by the suboptimal
method and the benchmark successively. In addition, larger
threshold brings more hole spectrum resources which can
be shared and reused. Our two proposed CR-based methods
will therefore tend to achieve larger throughput. But the
benchmark dose not reuse the spectrum holes and thus its
achieved throughput remains unchanged. At last, similar with
the previous simulation result in Fig. 3, larger P, leads to
larger throughput.

Figure 7 is a comparison bar diagram about the three
allocation methods, presenting the relationship between their
total numbers of iteration calculations and the available power

130

120f _.4---%---&ooT
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=
=
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o
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Fig. 6. The achieved system throughput by three allocation methods versus
the ratio of the preset threshold to the noise power with different P axs.
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Fig. 7. The comparison bar diagram among the three allocation methods
about their total iteration calculation times versus Pmax.

Prax. We assume that K11 = 16, K91 = 8 and P, = 60 mW.
The number of iteration calculations in our paper includes the
total required calculation times during the iteration process for
all Lagrange multipliers and allocation results. It is observed
from Fig. 7 that the number of iteration calculations in our
proposed optimal method is much bigger than our suboptimal
method under the above simulation assumptions, and the latter
value is bigger than that of the benchmark. So it is verified
that our proposed suboptimal strategy is able to greatly reduce
the system overhead of the optimal method. In the meanwhile,
the performance loss is quite slight according to the previous
simulation results, which makes the suboptimal method more
practicable.

VII. CONCLUSION

In this paper, we proposed an uplink joint resource alloca-
tion method for both the original and the detected resources
to increase the resource utilization efficiency by adopting
CR techniques in a multi-homing heterogeneous wireless
medium. The proposed method allows various networks to
share spectrum bands. According to the spectrum detection
results, our proposed allocation method jointly assigned the
limited transmission power, the original subcarriers and the
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detected hole subcarriers for each user to maximize the system
throughput. To the best of our knowledge, this paper is the first
to study the joint original and detected hole resource allocation
problem in a heterogeneous system where networks share
spectrum resources with each other. We first formulated this
allocation problem as a mixed integer nonlinear optimization
problem. Therefore, we employed the continuity relaxation
method to convert it into a convex optimization problem and
then obtained the optimal allocation results. A suboptimal
method was also proposed to reduce the system overhead.
Simulation results illustrated the improved performance of our
proposed optimal and suboptimal methods over the benchmark
in terms of system throughput and energy efficiency. We also
verified that the suboptimal method significantly reduced the
system overhead to address the practical challenge of real-time
communication.

In the future, we will continue to focus on the resource
allocation problem in multi-homing heterogeneous networks
where spectrum resources can be shared and reused. We will
focus on more practical but complicated optimization problems
in multi-homing heterogeneous wireless networks based on
cognitive radio with the consideration of realistic requirements
of users and the objective features of networks. For example,
in the integration heterogeneous network consisting of VANET
and cellular networks, the safety message is transmitted among
vehicles and the high-speed data stream is transmitted between
vehicles and the macro base station. These services require
distinct constraints and optimization objectives. The former
service requires high reliability and thus the corresponding
outage probability has an upper boundary. The latter service
desires large data rate and thus the optimization objective
should be to maximize the data transmission rate. Moreover,
we plan to address other practical issues such as the resource
allocation with the consideration of user fairness and the
allocation problem with the coexistence of single-network
and multi-homing services in heterogeneous wireless access
medium.

APPENDIX A
PROOF OF PROPOSITION 1

The objective function (16) is made up of two parts. Let the
first part and the second part respectively be

Znsmk:hnsmk:
= E E E E Byl 1
Rl Fnemk Z07082 < * xnsmkNOBO)
(59)
B=YYY Y T Y iwme
m n s n'#ns'#s k'

_ (60)
X Dns,k’,n’s’BOIOgZ (]— +

n:.mk/hnsmk’
« NoBo

Lnsm

First, we need to prove that the Hessian matrix H =
[ Hyy Hip

Hy  Hy
are two resource allocation variables in R; in total, namely
Tnsmk and zZ,smi. We work out each element in the Hessian
matrix as follows.

] of R; is a negative semidefinite matrix. There

BO _(Znsmkhnsmk)2

Hy = ,
(h’l 2) Lnsmk (:CnsmkNOBO + znsmkhnsmk)2

(61)

B nsm hnsm 2
Hiy=Hy = “nomk nomk 5 (62)
1112 (xnsmkNOBO + znsmkhnsmk)
nsm B - hnsm 2
Hyy = Lnsmh20 (nsrr) 5. (63)
In2 (xnsmkNOBO + Znsmkhnsmk)

Accordingly, the diagonal elements of H are negative and
the second principal minor of H is 0. So H is negative
semidefinite [42]. Thus, R; is actually a concave function
regarding variables =, sk and z,smi. Similarly, it can be also

. . . H{, H;
proved that the Hessian matrix of Ry is 2712 where
H21 H22
_ 2
H/ _ BUDns,k’ n's’ _( 7L577Lk/h7LS7YLk/) (64)
U W2)é e (2 NoBo+2 h )
nsm Lpsmk!/ NODPOTZnsmi! Mnsmi!
BoD A, z il
! ! _ P0Pns k! n’'s Znsmk!Mnsmk’
H12 - H21 - In2 (,~. NoBp+-2 7 2y
Zpsmr’ No 0+Znsmk/hnsmk/)
(65)
- 2
H _ nwnk’BoDnc k' ,n’s! 7(hnsmk')
22 — In2 ( No B h 2
2 smi! NoBo+2y, s/ Lnsmk/)
(66)

According to such derivation results, Ry is a concave func-
tion regarding variables Z,spmg and Z,gmi as well. So the
objective function (16) is the sum of two concave functions
and thus it is a concave function [42]. It is also noted that the
feasible sets of constraints (17)-(24) are linear or concave sets.
That is to say the problem (16)-(24) is already converted into
a convex optimization problem after the continuity relaxation
process and can be solved by Lagrange dual solution.
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