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Abstract

In this paper, an uplink cross-layer resource
allocation problem based on imperfect channel
state information (CSI) is modeled as min-max
fractional stochastic programming for
heterogeneous wireless access. The resource
allocation is subject to constraints in delay, service
outage probability, system radio bandwidth, and
total power consumption. The joint bandwidth and
power allocations are based on CSI at the physical
layer and queue state information (QSI) at the link
layer. In order to determine the transmission rate of
each mobile terminal (MT) according to the queue
buffer occupancy, a probability upper bound of
exceeding the maximum packet delay in terms of a
required transmission rate is presented based on
M/D/1 model. Then, the bandwidth and power
allocation problem is transformed into biconvex
programming, and an optimal distributed
bandwidth and power allocation (ODBPA)
algorithm is proposed. To reduce computational
complexity, a suboptimal distributed bandwidth
and power allocation (SDBPA) algorithm is
presented. Simulation results demonstrate that the
proposed algorithms improve the energy efficiency
greatly.

l. INTRODUCTION

A future wireless communication system is
expected to integrate different radio access
technologies, leading to a heterogeneous wireless
access [1]. For example, a cellular network will
include macrocells to support low-to-medium rate
services with a large coverage area, and femtocells
to support high rate services in hotspots. Integrating
macrocells and femtocells can help to provide
various classes of service to MTs and to support
seamless user roaming [2]. In order to maximize
user experience in a heterogeneous wireless access,
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extensive research works have been carried out to
take advantage of multi-homing capability, where
the data stream from an MT is split into multiple
sub-streams and transmitted over multiple wireless
media by different radio interfaces simultaneously
in the uplink [3]. Existing studies in resource
allocation for a heterogeneous wireless access can
be divided into three categories [2], [4]-[13]. The
first category is bandwidth allocation at the
network layer, which aims to provide call-level
quality-of-service (QoS) guarantee [2], [4], [5]. The
available radio resources from multiple wireless
access media can be aggregated to support services
requiring a high transmission rate and to reduce call
blocking probability [2]. The second category is
packet scheduling of video traffic at the link layer,
which provides packetlevelQoS guarantee [6], [7].
The packet scheduler determines which packet
should be assigned to which radio interface of an
MT based on CSI, available radio resources, and
video traffic characteristics [6]. The third category
is joint bandwidth and power allocation at the
physical layer, to meet bit-level QoS requirements
[8]-[13]. Compared with the call-level and
packetlevel resource allocation, the bit-level
resource allocation needs to jointly allocate the
radio  bandwidth and  energy  resources
simultaneously. It not only exploits the multiuser
diversity in wireless transmission among different
MTs, but also takes advantage of the disparity of
available resources among different wireless access
media [13]. In [4], a bandwidth allocation
algorithm with fairness consideration is proposed.
In [5], a bandwidth allocation problem of video
traffic is solved by convex optimization theory and
the Karush-Kuhn-Tucher (KKT) condition. Further,
a distributed prediction-based resource allocation
algorithm for video traffic is presented to achieve
an acceptable call blocking probability [2]. For
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packet scheduling, an energy management
algorithm is proposed in [6], to support a
sustainable video transmission over the call
duration and to guarantee a target video quality
lower bound. Also, a novel scheduling framework
with delay-constrained high definition video
transmission  featured by frame-level data
protection is proposed [7]. For joint bandwidth and
power allocation at the physical layer, there exist
energy-efficient and spectral-efficient resource
allocation algorithms. In [8], a joint link selection
and resource allocation algorithm using the branch
and bound method is proposed. In [9], an energy-
perbit minimized joint power, subchannel, and time
allocation scheme for heterogeneous wireless
networks is proposed with a double-loop iteration
method. On the other hand, joint bandwidth and
power allocation algorithms are proposed to
maximize the spectral efficiency [10], [12], or to
achieve max-min fairness and proportional fairness
in resource allocation [11], [13]. The existing
resource allocation mechanisms mainly limit to a
particular networking protocol layer. However,
cross-layer resource allocation has been shown to
be beneficial in homogeneous wireless access [14],
[15]. Extending cross-layer design to a
heterogeneous wireless access requires further
studies. In this paper, we investigate cross-layer
resource allocationl based on CSI and QSI for
uplink energy-efficient video transmission in a
heterogeneous wireless access. Specially, we
summarize our contributions as follows: (i) An
uplink  energy-efficient  cross-layer  resource
allocation problem is formulated as min-max
fractional stochastic programming, and the
probability upper bound of exceeding the
maximum packet delay at the link layer is
transformed to a required transmission rate based
on an M/D/1 queue system; (ii) Using the
Dinkelbach-type method, the min-max fractional
stochastic programming problem is transformed
into a bi-convex optimization problem, and an
optimal distributed energy-efficient bandwidth and
power allocation algorithm based on the dual
decomposition method is proposed; (iii) In order to
reduce the computational complexity, a suboptimal
distributed algorithm is developed. Simulation
results demonstrate that the proposed algorithms
greatly improve the energy efficiency of video
packet transmission in a heterogeneous wireless
access.
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The rest of this paper is organized as follows. The
system model and problem formulation are
described in Sections Il. Optimal and suboptimal
bandwidth and power allocation algorithms are
presented in Section Ill. The computational
complexity and signaling overhead analysis is
given in Section V. Finally, performance
evaluation and conclusions are given in Sections V
and VI, respectively.

1. SYSTEM MODEL AND
PROBLEM FORMULATION

In this section, the system and video traffic models
are described. Then, the transmission rate based on
imperfect CSI, and power consumption models are
presented. Finally, an uplink energy-efficient cross-
layer resource allocation problem is formulated.

A. System Description
Consider a geographical region coered by heerogencous wireks access. The coverige s
of BSS/AR can verkip & shown i Fig. 1. n P, . the exist V' = {12+ V) wirles

acces retuorks, .2, Maceoel, Femiooel, and Wi-Fi, bsed on differat acoess techmolozies

and opensed by dferent service peoiders”. Theress st §, = {12~ S, of buse tations
(BSs aocess pounts (APS) for metwork . There s 2 set, M= {12+ X), of MTs in the
geogriphical region, and My, = {12+ 3.} € M a subet of MTs whach resde in the

conerage area of nebwark n BS/AP s, g suuli-homasg fuoctins and maliple rado nterfaces,
t T can commuicat with maufiple BSSAPS withinits trassmissive range simultanenesfy. For
evample. @ MT in the overtapped area wi coe macrocell and oo femiooe] can commumeate
with cee macrocel] BS and one emboel] BS smultncoesly. In the beterogeneous wirekes
access, oooperton of differeat nepwerks s a posental to impene servie guality for MTs and
enhance netwoek perfomance. Hence, differea networks cooperste 1 resource allocation via

signaling exchanges over 2 wirelne hackbone. Time is partiioned o tme i, T = {1.2..--}

of equal duradoa 7. The rescurce aocation is perfoomed af the begmming of each time sk,
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remains constant within one time slot and varies
from one time slot to another time slot. Consider
video applications [17], [18]. In order to improve
the coding efficiency of multiview video coding,
variable block-size motion estimation, disparity
estimation, and multiple reference frames selection
are adopted [19]-[21]. Each MT has a video packet
flow to transmit via nearby BSs/APs, which are the
BSs/APs within MT’s transmission range. For
video applications, each packet should be
transmitted before a deadline. If the transmission
delay exceeds the bound, the packet is dropped
from its queue at the source. At heterogeneous
wireless access, we have considered the co-
existence of LTE and WiFi. In Fig. 1, there are
Macrocell, Femtocell, and Wi-Fi, based on
different access technologies and operated by
different service providers. Additionally, we follow
the previous literatures of heterogeneous wireless
access in the system model, i.e., the co-existence of
LTE and WiFi e.g., [2], [10], [11], [13]. They study
the bandwidth and power allocation for
heterogeneous wireless access. On the other hand,
the video traffic transmission for heterogeneous
wireless access has been studied in [6] for
heterogeneous wireless access.

There are some assumptions in this work, i.e.,
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1) In the same network, different BSs/APs reuse
the same spectral bands, and interference
mitigation is achieved by interference management
schemes [22]. Consequently, we do not consider
the co-channel interference. On the other hand, at
the different networks, the cross-tier interference is
also not considered for bandwidth allocation at
heterogeneous wireless access, e.g., [2], [13].
Therefore, we follow the interference assumptions
for the heterogeneous wireless access in the
previous literatures [2], [13].

2) Each MT has a packet queueing buffer and the
buffer size is infinite.

3) The channel power gains remain constant within
one time slot, and vary from one time slot to
another time slot and from one link to another link,
independently.

4) The video packet arrivals at the transmission
buffer of MT m follow a Poisson process with an
average arrival rate Am [23] with a constant packet
length of L bits [6].

The cross-layer resource allocation design is
considered in this work. We consider the queueing
buffer for each MT at the link layer, and joint
bandwidth and power allocation at the physical
layer. For each MT, the packet delay requirement
for video traffic3 and the occupancy at the
thequeueing buffer influence the required minimum
transmission rate at the physical layer. On the other
hand, the joint bandwidth and power allocation
determines the practical physical transmission rate,
and influences the performance of the packet delay
at the link layer. Consequently, it is necessary to
design the joint bandwidth and power allocation at
the physical layer incorporating the delay
requirement information at the link layer.

B. Transmission Rate Based on Imperfect CSI

In wireless communications, the transmission rate
should be determined based on CSI. BSs/APs
estimate CSI for uplink transmission, and send it to
MTs. Channel estimation algorithms can be used
for heterogeneous radio networks based on
machine learning techniques, e.g., support vector
machine [26]-[29]. Because there exist channel
estimation errors and feedback delays,
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the CS1 avaitable ot the wransmitter of a MT s usaally mmperkect {30 Using mperfect CS
can result m & schedulod transmissicn e greater then what e system cas support (o2,
Shommae capecity for smphicay), resubing i cotagz eveats. The outage peobabiliey, F,_, for
MT me M,, hesed on impefect €3, s

Pz

s,,>s,,hg,(1f’“g::)‘ ()

whez B, s the dlocad bendwidh fom setwoek n BSIAP < MT m, P 5 the aocaed
power of MT m foe transmision 1o setuoek 1 BSIAP s, B i the sl assission
rte for the MT m aplnk. , s the omeide] e pover spectnl densty ad o, s e
compe uplink chemmel g 4], Snce, m e same neowurk. diferent BSYAPS reve e same
spetral b s trmce i i chived by nererece massgement chemes (21,
o interferens s oomsikeed m Ei. (1L & in some evising shufes, ez, (8] [12] b each cell.
frequescy divsion duplxing (FDD) i adoted fr uplin and dowlik.

Dee 1 chamn) et amus, e etimale compen eplnk chamsel g i, 2., sig 2
minimim ez g e MMSE) chasne simaor 31, & 0ot el 10 1. L6l 0 =
o + M0, wher i stination emor, Ao, 5 25umed to be 2 zem-mean compen
(asian rasdon variahie wih vaizce o, ad s inpendentfo et terfoes
Thereloe, | follows 2 Rie disriuticn wilh the cumuitive divrbted fincine (CDF)

gty 1
B (1 e P} =11 (%!&)

Whete Q) (1 en] T 2/} 1 the Marcum Q-function.
Acoonding t (1, the cuage probaliltyis reguied 1 sty

where <, 1s an upper bound of the outage probabilsty.
In a practical wireless communscation system, rate R, is 2 discrete vabie. However, |
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existing studies oa esource alocation at the physical kayer, R, s assumed to be a continuous
valie in bandwidth and power allocatioes, e, (2], (9] [13]. Under this assumption, from (3),
the schedaled tramsmission rate to satisfy the required catage probabulity for MT m wplink to
wtwork n BSIAP s is

R = Bocnlogy 1+ SN R

(4

where F! i the imese CDF of 0gue), 00 SN Ruse s the signal mois atio for MT
mE.MM.

C. Power Consumption Wode!

The power coasumption af each MT consists of two componeats, The find compoent is @
fixed power consemption £, which captures the power consumption of hardware o transmitter.
The sevond componzat is a transmission power consumption. Consegaently, the fotal power
consumption, F,, for MT m

P.=R+ZZP... 3)

el =S,

i 51 ifan MT does not om0 ll sy BSAPS some P s 1 1 Py
are equal 10 7m0, o
D. Frobiem Formuiation
The total allocated bemdwidth by setwork » BY/AP < should oot be lerger tam it total
availibie beaduidth. iz,
Y BB, )
M

utiere B, is the total avaksbe bandwidh 1t setweek n BYAP <,
The total power consumptice at MT m should satisfy it maximum power comsiraint, 2.,

PP 0
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where P is the tota avaihable power ot MT m and is ssumed 1o be 2 constant

The packet defay for MT m should probabilisacally satisfy the macmem packet dela

straint’, gives by

Pr(Dy > DT} < 7

where [, is the time of 2 packet from s gemeration 1o s transmission, D™ s the ma

packet dely afe which the packe willhe dropped af te it and i the pot

upper bound of exceeding the mavimal packet delay,

Define the consumed esergy per bit of MT m, sy, 25 the ratio of the total power coesu

to the total ackieved tnnemison nte, ie, 1, =B, /R, By =Y ¥ R isthex

el 8,

ransmission rfe for MT m. To guarantce the consumed energy fairness for all MTS we mi

the maximum consumed energy per bit, 7, for all MT<. Consequently. the resoarce all

problem i formulted

OP] min {maxy.)

Bue

st. (3, (6) - 8)

Biw 20. P 21

Problem (9) is a min-max fractional stochastic
programming, where (8) is a stochastic constraint.
Additionally, constraint (8) on the delay
requirement is not directly related to the bandwidth
and power allocations at the physical layer. In order
to solve problem (9), we first analyze the
relationship between the packet delay at the link
layer and then the transmission rate at the physical
layer, and transform the stochastic programming
problem (9) into a min-max fractional deterministic
programming problem.

M. JOINT BANDWIDTH AND POWER
RESOURCE ALLOCATION

In this section, we first analyze the packet delay.
Then, we propose an optimal distributed bandwidth
and power allocation algorithm based on the dual
decomposition method. Finally, a suboptimal
distributed bandwidth and power allocation
algorithm is presented to reduce the computational
complexity.
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A Packet delay Analysiy

Although advanced vadeo codecs are developed. the resource at each wirckss network is
limuted and vadeo packet will be dropped at the transmitter when exceading 2 defay threshold,
e [34]. Given the service rate”, the service fime for each packet at each MT is deterministic.
Hence, the packet buffer is modeled as an MDV1 queseing system”. For the stability of the
quee, g, = A L/R, < L1et 7= (7.5 -) deoote the stationary distribation of the
mmber of packets at the queseing system. By the Poltaczek-Khinchin formala [35], we have
the prohahility generating function = (). Le.

(1= ) (1 =2) et
72 = —
iz

(10

-1

efati=ll o 2

Utilizing the Tavlor expansion of 7(z) [36], the stationary probability, 7, is givea by

- D ! . pn

mi=(1=ps)le=1)
(11)

g=ll-p) (€™ + 3022
-1

r . i
P i T | {1\ i P
=), e (=) = EE

'
J=¢

Since the senvice time for all packets in the MDV] queneing system is the same given the
packet kength and service rate. the upper bound for the number of packets i the quese buffer to
meet the maximam delay requirement is (2™ = | DRy, /L, where [r/ is the flooe function.
For each pew packet amival. the packet delay is the ratio of the number of packets at the queveing
system to the service rate . Therefore, we have the following relationshép for the queeing
system.

Pr(Qn > @5} =Pr(Dy > DE¥). (12)
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where (), % the mmber of packets af the queseing system foe MT me
On the otber hnd we hase

o
Qo ET=1-Y 18]

=

From (121134, cosstraint (8) cam e rewriten

1-) 5% (1)

L1

Froa (1) ad {14}, ve cen cbeam the siimame trmemision e, v (D%, A, L] 538
oo of the ey reirement, e packt averge vl ke, and e ke g, by he
biary serch mebod e e [, 2, here FS* amd B2 e the seachlower
dapper e o MT . e, = A, amd = K0, . Te tomsmisic ke for
MT m shood be ot ket the required minmmem tranmessane e in cnder tn safey the pecket
lely ezt 2.

Re2 0l e A L) (15

8. Opsimaf Distributed Bandidth and Power Allocanion

Wih the delay requirement & (8) equivaently representad by the minimum transmit
rae ooastraint (15), problem (9) 1 transformed into the min-may fractions! determinstic
grammag, Solving the peoblem mean frst solving the fractivnal programmizy problem
then sobving the min-max programming problem. Foe the first subprobkem, the Dinkelbach-
method 15 adopted [37), and ¢ = max y is defined. For a given panmeter, § = maxn,

M ncM

obyective fmction n (9) is rewniien as

Fm:&.’ﬂ.. {:!g!‘l_& -{R..l}.

Tn cder o obtsnthe optimal esource aBocation scbetion, we find a oot of equation F
This 1 the oommon procedare to solve the fractional programming problem [37]. For the se
sbpobien, = max 7, ~ A, and add e vt P, ~ (R, < 010 o
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miz-at programmug problem 1o minimize the programmusg probkm. Addtoally, probiem
{9315 rewniten as

0P mm
B ?,

st B -fR, <4,
(an
fi. (7). (551,

B >0P,. 20i>0

I bl (17, we sche he varibls . P, ad B, separely. i, the varcles
Py, 208 B 2 s v te ol decomposiion mehod with the e v o, Then,
4 s cbned ia By search methed wih e gen vrabes P 200 By

Ppasitin I Probem (17 i b comes opimizaton problem with e varibles . and
B
P See Appendic A

Probem (17 s 2 hi<veve cptmizaton roblem, ad e opimal s fo the ol
i0d dhal grblems e eyl [39). The Lagangin fiction foxe (1)

L0, 1t g, B B Parn) =8 = T 010 [P P,)

nzM

_E'grw(gﬁ- T Bm)-l);“u..(a-P.qR.) (8

el S, uM,

= ¥ BalBa- (05" fn e L))

neEM
where v, 15 2 Lagrangian multipler for the fint constraint condition i {161 #,,, ., and 3,

are the Lagrangan multipliers for (6, (7), and (15), respactively.
The dual fimction } (. v the. 0, 3} 8

&Eg_uiudaar%JLmﬂ.L (19
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The dual problem s
0P8 max A, ug. g, B
Yo o de
stoug 20, 200, 20,7, >0
For exch MT, the Lagrangian fusctica in (18) can be smplified to

Ln('m l'|u~0u~ith-Pm} =l {gkn = Pn’
-a.P, +.‘l,,z YRu-Y ¥ eBie

=N 8, AEN =8,

Canseguently, each MT solves it own utility ménimization poblem
; " )
0P4B__mgl_ Lol gt O ey B P

st B 0P 20

Problem (22} bas the bendwidth alloction varbke (5e,) and the power allocation variable
Pyl 20d s 8 bi-comes opemizaticn problem |35]. f we wask to obean the optinal solution
of bandwidth dlocaticn vanabke B...,, we seed to fx the power alocation varike ..., :0d
vice versy. By iteratively updating the Lagprangn multpliers, we can desgm the optimal ds-
trituked bandwicth and power allocation algorithm i 2 recursive marne. The optimal bendwidth
tllocsing B, 58 Py, . T 0 2 o, 8 cakuitod by applying the KKT ccndtion

@ (1),
Lot ot e B P i

B @

o1l
Usng the Netons method cn (24 e il bt sk B, e by
By = 01 e B Ty eyl ()

where (" is 2 projectin of 7 an the posiive ccant.
The cptimal power scatin e, 2908 B S, o 1 04 . 5 clcbsed with ()
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From (26}, we obéain

) Bulfua t 3} - By

P -
- F2 e fiaal 2]

)

The optimum vabies of v, i, 0 @ 3, are cakulated by solvisg e deal probem (1)
and 2 gradfent descest method can be applied o caloulite v, 1. 0, 20d 3, 3], f2n

afi+ 1) = fuafi) + Ay (9 - Py 4 €Ro ) 28)
rali#1)= frfi)+ Ay (3.,- ¥ B...,)] )
neM
ali+1)= [aafi) + Ay [P - B 30
ad
Buli+1)= [} + Ay (R = 0 (05" e M L)) (31

where i is the ileration index, and Aw, j=1.-- .4, is the step size.

Girven parameter €, the optinzal distributed bandwidth and power allocations are presented in
Algorithm 1. Although B,,,, ad P, are calculated in the first line, they may not satisfy the
constraints in problem (17). Conseguently, the proposed algonithm i designed in 2 recursive
maneer converging to the optimum sobation by epdating the Lagrangian multipliers with (28)-
(31) {38]. Additionally, the remaining steps are to determine the resourve allocation solutioa to
satisfy the coastraints. Then, (f is sofved via the binary search method. Finally, the Dinkelbach-
type method can be applied to find the root of equation FI{) = () in an ferative manner according
to the output, F{¢} [37]. Note that F, () is a parameter of the Dinkethach-type method for MT
m, 2, is & small positive sumber; 97 - 1) and 1} are the variable vaboes af the (1 - 1)th and
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Algorithm 1 Optinal Distiued Basdvid and Power Allocation (0DBPA).
Tnpat: 1, -h,.\,_l‘.Lf.Bm“Pi
Outpat: B,.., P i0f FIf).

e 0, ol o, P B =

+ Eack MT calcuttes oo, B, 20d P, 20000ding 10 (41 (25) and (27).

4 Each BYAP caloubates 1+ 1] with (29), and each MT calendates (1 4 1), 0,1+ 1|
ad 1,01+ 1 based o (28), {3} ad (31).

s HR el 0 L then

b [ali) - pelr- 1<z, then

1 thmdmhbf.v;fl:?,-{ﬂ,ndzllBS&JAPsindF§9=ngqfalt?.

Gamsp 12 =

¢ edil

¢ edd

e Sgi=i+l

11wl

2 Output By, P 20 FIE).

8 itrdicns, respeciely; 1|1~ 1) 20d .1} e the conumed emergy per bt for MT m 2
the (¢ - 1¢h and i eraticen, respectively, a1, S, ) 2 1) are he Lagrmngian
maltipliers & the h ezadon, and o, 1+ 1 &1+ 1L u 1+ Vand e, [i+41) arethe updited
Lagmangim muliphies 2 the () + 1th ikemabion

The ODBPA  ingiemeniad in the dutrbuted masmer by coopession amcay BSYAR of
different neeworks and MTS. This 1 becae diffeent networks are opeesid by different serve
provaders and each MT uflies the meli-homing techacingy to obtin the aggegated hndwidth
from difereat networks, I we design 2 cestralined algenthm 1o sobve the cross-byer resorce
alowion probiem, 2 centra) cnatrofer from 2 hird party cofkcts the CS] and QR for ll MTs,
s the alporifis and foods e resalts bak o all MTS However, the proposad dstibeted
st allocation duathm 2., the ODBPA) spdaes the Lagrmngsan muliphes 1, 8, 1)
ad i) o cach MT. ind 13} and v, 1+ 1) ot each BSAP. Theewgh he wirches broadk,
cach MT can ecene the updating varihies from it serving BSSAR, and the hendwiith and
powar allocatioes are celelated f each MT. Heace, & 1 desiable 1o dnign e distributed
e i dgrifim for 2 beteogeoones wirkes mofim
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. Suboptimal Algordim

The ODBPA gives an pper bousd of etvork pecformance bt s compuitional conglexty
i high dae 0 s bandwikh and pover allocatonsin the revusive o, This motives s
to develop 2 soboptimal disrbuted bandidth and pover llocation lgeihm (SDBPA) i
Jowercomputational comgleiy’, ad s bandvidh allocation and power allcation s designed
seprael. Beoce, the SDBPA ncles a bandwidth allcaion slgorit and a pover aloaton
dlorithn’ In the bandwith llocasion algoithn, the power across iffernt rafo nerfaces
each MT is allocated egually’, and the bandwidth is allocated, based on the greedy method. to
ifferent MTs and diffrent o ntrfcesat each MT. In the power allocaion lgoithm, the
bandwidth allocation 5 fived, and the power is allocated across differcat radio interfaces 2t each
MT, by the reedy method to maimize th caergy eficiency.

The bandwidth allocaion alsorithm in SDBPA s given in Algoritm 2, where B, and
R,,., are the temporary handwidth aflocation and transmission rate variables for MT m € M.,
resectively; AR s the handwidh allcaion ncrement, B, i the remining bandwidth for
netwark o BS/AP s 7, and R, aethe temporary eergy-ffcient and transmision e variables
for T i, rspecivel, I Alsocten 2, the MT with i rmsisin e i selcted,and
the selected MT allocates its bandwidth increment to the radio interface with highést transmission
rate. The iterative procedure 16 repeated until the minimum transmission rate for each MT &

satisfied. If there 1s any unallocated bandwidth, the remainimg bandwidth is allocated to improve
the energy efficiency. The power allocation algorithm can be obtained via modifying Algorithm
2, by replacing the handwidth allocation update and the remaining bandwidth check with the
power allocation update and the remaiming power check.
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Algorithm 2 Bandwih Alocaten Alpveé = SDBPA. 7w = 001, The vaniance of the complex Ganssizn random variabke, Aai,, .. for MT m € M,,
l(;:uﬂ: o b L Bl B, is 02, = 003 and the packe lengh i L = 1024 bits 24] *. The estimate comple uplink
I Initialize By, B0 B e Pro 0 B chamnel gain, iy, 15 generated by the complex uplink channel gain, 0, = 472 By, minS
i repeal BB the complex Gassian random variable, Ao, where d,,., is calculated by the distance between

All BSS/APs fad " = rr%;!n‘.,. and MT m" cakoutaies B¢
(n"8]= m H«_mnﬂsv;‘.'::‘- e 0 A

eV S
iR, 200, ) L) hen
s Al BSs‘:\Psﬁndm'zmgﬁa,.m.\ﬂm' calculstes B = Bpe + A8, B,

'
a5 = max K.
(S

& Netwok ' BSAP ¢ clloulites . ad B, =B - ¥ B

r W B..>ABady, <n the
i MT ' apdites B, and o 1o sep 5.

MT m and network n BSVAP s, the path loss expanent y s 4, and the fast fading process [f,.. |
follows the Rayleigh distribation with the scale parameter |. The other simulation parameters
are d = (0L F. = X dBm, and ny = -174 dBm/Hz [13}. Simulation results present the
confidence interval for a 0.95 confidence level. We aim to evaluate the performance of the
(ODBPA and SDBPA compared with Benchmark algorithen and sum rate maxmization (SRM)
algonthm [41), Benchmark algorithen i fixed handwidth and power allocation, which allocates

v e

n Golostp M. the equal bandwidth amoag different MTS and the equal power across different radio imterfaces
i endif

o alil for each MT. The simulation results are averaged over 500 runs, ad each run is operated based
‘ ::UIB on 2 snapshot of the smulation scenario to capture the position change of each MT. The position

of ach MT is generated randomly 2t the beginning of each time shot. which is ke the existing
resource allocation algorithms (8], (9], [11).
e Fig. 2 shows the impact of the maximum packet
delay on the maximum consumed energy per bit for
different algorithms. The simulation parameters are
listed in Table I. With a lower maximum packet
delay, more energy per bit is consumed for both
ODBPA and SDBPA due to the higher required
transmission rate for each MT. As shown in Fig. 2,
the proposed ODBPA and SDBPA outperform the
Benchmark and SRM. This is mainly due to the

This sectica presents simlation resuls for the peoposed energy-efficient cross-Laver resowr
allocaton lgonthms. The simatation tool is Migkab 3.0, The simebation soemano is 2 bexag
geopraphical regioe, which is covered by 2 macro BS and two femto AP and i divided m
three service areas. In the first service area, MTs can obeain senvice cely from the macm B

In the seoond and third service areas. MTs can obtaiz service from both the macro BS and 0

femto AP. The esamate complex splink chasme] gain, ..., 5 genzrated by the complex upli
chante] B Qqgq =4} Ry, MRS the complex Gavssian ondom vamable, M, whe
e, 1 Calculited by the distance between MT m and network = BS/AP 5, and the fust fai
POOGRSS |fium| follows the Raybeigh distribution with the scale parameter . The macro BS
deployed ot e ceater of the hevagom ooverage aea vith the circumradios of 500 m. Exch fem
AP peovides a circle service ares wigh 2 rafius 20 m. The number of MTs &t each wnice o

5 1, = 5. The probabifity upper bound of exceeding the mavimum packet delay for MT m

fact that the proposed ODBPA and SDBPA
allocate different bandwidth among different MTs,
and different power across different radio interfaces
at each MT, to minimize the maximum consumed
energy per bit. Benchmark allocates the bandwidth
and power equally among different MTs and
different radio interfaces, and SRM allocates the
bandwidth and power to maximize the throughput.
The optimization objective for ODBPA and
SDBPA minimizes the maximal energy efficiency
among different MTs, while that for SRM
maximizes the total network throughput. Since
increasing
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TABLE [
SIMULATION PARAMETERS

Simulation Parameter Value
Simulation Tool Matlab 9.0
Confidence interval 0.95
Circumradius of macrocell 500
Circumradius of femtocell 20
Number of macrocell MTs 10
Numbers of femtocell MTs 3
Macrocell available bandwidth 30 MHz
Femtocell available bandwidth 5 MHz
Maximum power of femtocell MT 05 W
Maximum power of macrocell MT IW

Y 0.01
o 0.03
Enem 0.1

\ 1

L 1024 bit
P. 20 dBm
Ny -174 dBm/Hz
Asi 1.5 x 10" packets/s

the maximum packet delay reduces the require
bandwidth and power resources are allocated tc
improve energy efficiency among different MT
for SRM is at the cost of energy efficiency. :
SRM increases with the required maximum pa
0.2 ms, the maximum consumed energy per bit
for ODBPA.

Fig. 3 depicts how the maximum consumed
with the average packet arrival rate. The maxim
other simulation parameters in Fig. 3 are the sar
increases, the maximum energy efficiency amo
to the fact that more power is needed to guaran

the Benchmark and SRM, the maximum consu
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is reduced. In Benchmark, the radio bandwidth and
transmission  power are allocated without
considering the QSI at the buffer. This results in the
unchanged maximum energy efficiency when
increasing the average packet arrival rate. The
ODBPA has an improved performance over the
SDBPA due to the fact that the ODBPA jointly
allocates the bandwidth and power, whereas the
bandwidth and power allocations in the SDBPA are
designed separately. For SDBPA, increasing the
minimum transmission rate for each MT can make
the bandwidth and power resources to be allocated
fairly among different MTs for SDBPA. This leads
to the maximization energy efficiency among
different MTs for SDBPA to be improved firstly.
When the average packet arrival rate exceeds a
threshold, the maximization energy -efficiency
among different MTs for SDBPA decreases.
Consequently, the maximum consumed energy per
bit for SDBPA increases. It is also observed that
the minimum energy efficiency for SRM increases
with the average packet arrival rate, because the
fact that increasing the average packet arrival rate
means increasing the required minimum



Journal of Management & Entrepreneurship
ISSN 2229-5348

transmission rate and improves the minimum
energy efficiency. When the
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avenge packet amnal rate is 1.3 10° packetss, e maimems consamed energy per hit for
SRM exceeds 477257 compared with that for ODBRA.

Fig. 4 evabuses the impact of the tota avaifable bendwidh a the macw BS om the metimum
consumed energy per bit for the differest alporitms. The average packet amval rate for MT m
15 Ay = 1 10" packetss. The macimm packet deay foe MT m is D2 = 1 ms. The other
smlation parameters  Fig. 4 @ the same with Toble 1. The mavimum cossumed evergy
er it decreases with the increased total avslable bundwidth @t macro BS, ind the eneryy
eficency for dfferemt sioorithms improes. This is becanse macrocell MTS and femtocell MTs
e the bendwidh ot macro BS, increasing totel availsble bendwidth resource f macro BS can
redice the power coasumption for macrocel] MTs and femiocell MTS When the wtal svailable
andwidth af the macro BS s 20 MHz, the mavimum ocnstmed energy per bt for SRM excesds
6,775 compared with tht foc SDBPA.

Fig. 5 shows the effect of mumber of miceocell BSYAPS on the mavimum consamed energy
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per bt for the algorithms. In the geographical region, there are one macrocell, two femtocells,
and several microcells, The average packet arrival rate at MTs is A, = 15 % 10° packets's. The
maximum packet delay for MT m is D = 1 ms. Since each microcell has limited resources
and can not satisfy the QoS requirement of MTS, each microcell needs 2 MHz bandwidth resource
from the macrocell. The maximum consumed energy per bit for four algorithms increases with
the number of microcel] BSYAPs. This is due to the fact that increasing the mumber of microcell
BS</APs means more heavy traffic i heterogeneous wireless networks. This can leads to the
decreasing energy efficiency.

Fig. 6 shows the effect of namber of femtocell MTS oa the maximam coasumed energy per bit
for the algorithms. The average packet armival rate for MT m is A, = 125 x 10° packetshs, and
the maximum power of each MT at the macrocell and femtocell are both 5 W. The maximum
packet delay for MT m is D™ = 1 ms. The other simulation perameters in Fig. § are the
same with Table L The maximum consumed energy per bit for SDBPA, Benchmark, and SRM
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increases with the number of femtocellMTs. The
maximum consumed energy per bit for ODBPA
decreases first, and then increases with the number
of femtocellMTs. When the number of femtocell
MTs is small, the bandwidth and power resource is
sufficient, and multiuser diversity can improve the
energy efficiency slightly. However, the QoS
requirement becomes more strict with the
increasing number of MTs, which dominates the
multiuser diversity effect. From Fig. 2 to Fig. 6, it
can be concluded that the proposed algorithms
improve the energy efficiency as compared with
the Benchmark and SRM. Although the SDBPA
has some energy efficiency loss compared with the
ODBPA, it achieves a tradeoff between system
performance and complexity.

V. CONCLUSIONS

In this paper, we study the uplink energy-efficient
cross-layer resource allocation problem for a
heterogeneous wireless access. Each MT adjusts
radio bandwidth and power based on the

=
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channel condition and the queue buffer occupancy,
S0 as to minimize the maximum consumed energy
per bit under the QoS constraints. In order to solve
the above resource allocation problem, we model
the energy-efficient bandwidth and power
allocation problem as min-max fractional stochastic
programming, and analyze the packet delay. Then,
the Dinkelbach-type and dual decomposition
methods are utilized to design the ODBPA, and the
SDBPA is proposed to reduce the computational
complexity.  Simulation results demonstrate
proposed algorithms can improve the energy
efficiency significantly.

APPENDIX A PROGF OF PROPOSITION |

I oeder to prove that 17) is a bi-comex optimizition problem, we prove the comexity of the

comstraints and the objective function m terms of decicaon varisbles B, ad P, respectively,

Defing the obsective function and the constraints ia (17) as the functons ¢y, f), fr. fr @4 f,,
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P, . Consequently, problem {17) i a bi-convex optimization problem.

APPENDIX B SIGNALING OVERHEAD ANALYSIS
In the ODBPA, each MT beadcasts s F, (€], (i, 28d B, 1o all servng BSYAP. The
BSS/APs broadeast their (i + 1) 10 all MTs, and exchange the information regading F, (¢
ad i) The signaling overbead is o(o,s,o, (g' LU+ T84 u:)). where
Dy is the pumber of iferaions famemagmof%n\:mpemms,m
number of terations for the convergeace of binary search method, and O s the mumber of
iertions for the convergence of the ODBPA. In the SDBPA. exch BS/AP broadcass to notce

e selected MT, cach MT broadkass i e, Par Buen 200 R 10 all seving BSSAPS,
and the BSYAPS exchunge the information reanding 1, The overal simaling e i
0((31 +P) (&\u ) _\fm)).me By and Py e the mumber of eations for the

nzX a58,
bandwidth and power allocation. respectively.

APFENDIX C CoMPUTATIONAL COMPLEXITY AXALYSIS
e ODBPA, he computioal ity deemined by sclving e i pobe 13,
i e compustionl cmpleit of B ODBPA i e by o(u,s,of.v’ E[\].h e
smmwnpmmxm-nmmmmmm;am
mmmmmmfummmmmnmo(& Y 11,;)

Vel
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