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Abstract—Energy efficiency is crucial in wireless communi- for the SUs system with heterogeneous QoS requirements in
cation systems, especially in cognitive radio (CR) system® interference-limited CR systems.
which thg d.et?(c'“Tive functionality o{_spe?rutﬂq sensing indtatbully With the proliferation of intelligent devices (e.g. smart
incurs additional energy consumption. In this paper, we s . .
energy-efficient link a?j)ellptation ch))r the secondpz)ar;) users (Ssy) phones) with r.nlore powerful gapabllltles, energy co_n_sumptl
with heterogeneous quality of service (QoS) requirementsni becomes a critical issue, which makes energy-efficienstran
an interference-limited CR system. Two classes of SUs with mission in wireless communication system an eye-catching
different QoS are considered: delay-sensitive SUs (DS-SPand  topic [7]. In [8], an energy-efficient power allocation safe
de'aY't.("etr.am tSLkJS (DT?US)- Wetf?ﬁusg%n er;]e;gy eﬁidemf% for OFDM-based CR network is investigated, and the energy
maximization taking into account the SUs’ heterogeneous - . . L
and PU interferencgconstraint. The problem of EE r%aximizaton eﬁ'C'en_Cy (EE) is mgxmlzed taking '”t‘? account the total
is formulated as a nonlinear fractional programming problem, transmit power and interference constraints. The problém o
which is transformed into an equivalent parametric programming EE in heterogeneous CR networks with femtocells is studied
problem. Moreover, optimal solution to joint subcarrier assign- in [9], where the energy-efficient resource allocation isrfo-
ment and power allocation is derived with the bisection metbd |5ted as a Stackelberg game and the Stackelberg equilibrium

and dual decomposition method (DDM) in convex optimization Lo . . . . .
theory. Simulation results illustrate the significant performance solution is obtained by a gradient-based iteration algonit

improvement of our scheme over an existing one which aims at /N [10], the non-cooperative spectrum sharing problems are

maximizing system throughput rather than EE. considered in cognitive wireless mesh networks formed by a
number of clusters, where the stochastic learning process i
. INTRODUCTION employed to model the competition behaviors of SUs in a

dynamic environment and the average amount of bits received
Cognitive radio (CR) technology, which is regarded as aorrectly per unit of energy consumption is considered as th
effective way to combat the shortage of spectrum resoureeward function.
has drawn increasing attention in recent years [1], [2]. GRa There have been volumes of existing literatures on CR
system, secondary users (SUs) are able to sense the licemssdiorks with heterogeneous QoS requirements or energy-
channels of primary users (PUs) and opportunisticallyzgtil efficient link adaptation, however, most of previous works a
the idle channels unused by PUs, which significantly impsoveeparately focus on either throughput maximization for CR
the efficiency of spectrum utilization. networks considering the heterogeneous QoS requirements o
As an efficient modulation technique, orthogonal frequendsE maximization for CR networks without heterogeneous QoS
division multiplexing (OFDM) has aroused great interestequirements. In other words, few of existing works jointly
with extensive applications of high speed multimedia smwi considered both heterogeneous QoS requirements and energy
due to its strong anti-multipath fading and high spectruefficient link adaptation in CR networks.
efficiency. In a OFDM-based CR system, the inevitable out- In this paper, we study the energy-efficient link adaptation
of-band (OOB) emission causes side-lobe interference)(Sfer an OFDM-based CR system with heterogeneous QoS
while PUs and SUs are operating in adjacent subcarriefgguirements. The contribution of our work is summarized as
which degrades performance of the whole network. In addpllows.
tion, imperfect channel sensing which incurs miss detactio « We investigate link adaptation aiming at EE maximization
and false alarm of active PUs’ transmission also degrades th in a CR network with heterogeneous QoS requirements
performance. In [3] and [4], SUs’ channel is divided into a  (e.g. transmission delay).
number of frequency-flat subcarriers, and system throughpue By transforming a nonlinear fractional programming
based on the sensing information is maximized taking into problem into an equivalent parametric programming, we
account SLI. In [5], throughput of a CR system is maximized maximize the EE of a CR network constrained by total
by jointly optimizing both power allocation and detection  power consumption, interference and heterogeneous QoS
operation considering the influence of miss detection and requirements of delay-sensitive SUs (DT-SUs).
false alarm. The author of [6] studied the cross-layer desig The rest of this paper is organized as follows. In Section



I, the system model and problem formulation are presented,
where the SLI and the DS-SUs’ delay requirements are de-
scribed. Mathematical analysis is given in section Ill. The

DDM and bisection method are then elaborated to solve the 112 i N
energy-efficient link adaptation problem in section IV. &t PU band
V presents the numerical results and we conclude the whole CR band
paper in section VI.

[1. SYSTEM MODEL AND PROBLEM FORMULATION B

Af

Consider an OFDM-based CR system, where there are
K CR transmitter-receiver pairs andl subcarriers that are
available for SUs. In order for PU protection, we assume that
the SUs will access the licensed band only if the PUs are
detected to be absent on that channel, which is referred to ags s mentioned in [12], due to the coexistence of PUs
the listen-before-talk (LBT) scheme [11]. It is also assdme&yng Syus on side-by-side bands, the inherent SLI of OFDM-
that the channel state information (CSI) at the CR baseostathased CR system is inevitably incurred. In what follows, we
is accurate and no false alarm and miss detection are iturigyovide brief description and mathematical models for the S

In downlink transmission scenario shown in Fig. 1, genefentioned above. We have neglected the interference taat th
ally, there are three types of channel power gain with réspgf) may cause to the SU, as well as the effect of inter-carrier

to SUs: (1) the one between the transmitter and receiver igferference (ICI) by assuming that the primary system and
SU k on subcarriem, denoted bygy ,.; (2) the one between cR system perform transmission synchronously.
the transmitter of SUk and PU’s receiver on subcarrier,

denoted byhy ,,; (3) the one between the PU's transmittef. Side-lobe Interference (SLI)

Fig. 2. Distribution of PUs and SUs in the frequency domain

and the receiver of SW on subcarriem, denoted byh;m. The SLI is caused by OOB emissions of OFDM technique,
We assume thaty ., hi.» andh;m can be known beforehandwhich makes PUs and SUs interfere with each other. In this
through SU’s channel estimation. paper, the OOB emissions of SUs on aggregate interference

We consider a side-by-side CR radio access model simiter PUs are considered. The power density spectrum (PSD)
with that in [15], with B denoting the PUs’ bandwidth.of the SU k& on subcarriern is denoted by¢y . (f) =
The unoccupied channels available for SUs’ transmissien afk,»Ts(sint T, /7 fT,) [13], where P, is the transmit
located aside the PUs’ band, as shown in Fig. 2. The availapewer of SU% on subcarriern. T is the OFDM symbol
bandwidth for SUs’ transmission is divided indd subcarriers duration andf denotes the center frequency of the subcarrier
(also referred to as channel in this paper) with spadifgHz. 7. Let Ispsk,,, denote the SLI power caused by $iUo the
According to the Shannon’s channel capacity, in the case /s’ band on subcarriet. According to [14],/spsk,, Can
be mathematically expressed as the integration of the PSD of
SU k on subcarrien across the PUs’ band, which is:

PU CR o
transmitter transmitter B dn+ =5t sinm T
ISPSk,n - hknpknTs(i) df

« dn—Bpu mfT, 2)

h' A h g - Pk,ncpk,n
N where d,, is the spectral distance between the subcartier
v x 2 v and the center of PUs’ spectrum with bandwiddpr. ¢ »
PU receiver CR receiver is named the interference factor of Ston subcarriem for
expression simplicity.

B. SU Traffic Model

Two types of SU are considered, in this paper, namely,
perfect channel sensing, the transmission rate at the sidrca DT-SUs and DS-SUs, respectively. The former is non-delay-

Fig. 1. Spectrum Sharing between PUs and SUs

n on the SUk, denoted byR. ., is given by sensitive, e.g. emails, while the latter have stringent aleis
' on the transmission delay, e.g. video streaming or voice
Rin = Afloga(1+ gk,nPk,n) (1) Services. We assumed that the data buffers of DT-SUs are
m 2

extremely large in CR base station where the data packets
where P ,, and g;, ,, denote the transmit power and channelre always waiting to transmit while data buffers of DS-SUs
power gain of SUk on subcarrien, o2 denotes the varianceare limited and the arrival process of packets can be modeled
of additive white Gaussian noise (AWGN) on the link betweeas a Poisson process. To guarantee the QoS of DS-SUs, a
a CR transmitter-receiver pair. Notice that the interfeemnto constraint condition for average transmission delay shbel
SUs caused by PUs are ignored. satisfied.



C. Problem Formulation process, and represents the packet size [6] which is a random

In this part, we present the basic idea of energy-efficieh@riable.
link adaptation for CRs with heterogeneous QoS requiresnent I1l. M ATHEMATICAL ANALYSIS

and formulate this problem as an optimization problem. To |, s hart, we present the basic idea to solve the problem of
formulate the energy-efficient resource allocation proble oor0y efficient link adaptation. Considering the probiera
some system constraints should be considered: (1) TOt&#IPOW hjinear fractional programming problem, thus it is entedy
constraint: wheré, Py, denote the maximum transmissiotyiicy it to solve directly. However, refer to a prior workdl,

power of CR base station, and the transmit power on subcarkigs ,onjinear fractional programming problem can be sbive

n for SU k. (2) Interference threshold constraint of PUs_ 'nby transforming it into an equivalent parametric programgni
troduced by SLI, denoted bi,,. (3) Average delay constraint  ohiem and the mathematical representation of the theory
for each DS-SU, denoted 18}, ( k¥ € Kps and K pg denotes can be written as follows.

the set of the DS-SUs). o o Let E" be the Euclidean space of dimensiorand S be

For energy-efficient transmission, our objective is to MaX; -onnected and compact subset/f. And let N(z) and
imize the throughput per Joule, calculated as the ratio @‘(x) be real-valued and continuous functionszofz € S).
sum-rate of the SUs to total power consumption while satispy,ithermore. it is assumed tha(z) > 0 for all z € S.
constraints aforementioned. Mathematically, the resmatio- There are two types of problems mentioned above, and one

cation for the CR system can be formulated as the following \yhich is the nonlinear fractional programming problem:
optimization problem:

N(z)
= 6
max Zszl Znesk Rk,n I;leaéiq D(l‘) ( )
{Pr.n,Sk} 5Zszlznesk Py + FPo And the other is the parametric programming problem,
K which can be written as follows:
st D, Y Pen < Pt max N (x) — ¢D(z), g € E' )
k=1n€eSy fAS]
K Both the problems have solutions indeed, siscés com-
Z Z Pinplon < It 3) pact, N (x) and D(z) are continuous, and the singular points
k=1neSy defined byD(z) = 0 are excluded.
E[W;] < Ti,Vk € Kpg Let F(¢) = max{N(x)— qD.(a:)} (x € S), wheregq is
S,NS; =, Vi# j treated as a parameter, thi$q) is a continuous, convex and

strictly decreasing function aof.
And let z* be the solution of (6), namelyg* =
= N(x’(‘))/D(a:*), ;c}he necesaary ak?d sufficient cfonditti)?ws ({)
. is F'(q) = 0. Thus searching the optimum of problem (6) is
Pin 20,7 kandVn equal to find the solution of the nonlinear parametric equnati
where S; denotes the set of subcarriers assigned to Sq) = 0.
i (¢ € {1,2,---,N}), and W}, denotes the time that the In our case, the nonlinear fractional programming problem
packets of the SU: (k € Kpg) wait in the queue plus the is (3), and the corresponding transformed nonlinear paréme
service time whose expectation can be denotedEh};]. programming problem can be deduced as follows:
¢ is ratio of the peak-to-average ratio (PAR) of the power

K
USkg{la277N}

K K
amplifier (PA) to the drain efficiency of the PA, aid: is the max Rin — qle Pin+ P
power consumed by other transceiving circuis.denotes the (P, Sk} ; n% ol ; n% o g
delay constraint in terms of time. Since the delay constrain K
condition is intractable, we transform the delay constrgito s.t. Z Z Pin < Py
a transmission rate constraint of the $Uk € Kpg) [6] by k—1neS
modeling the data buffer of SU as an M/G/1 queue [15], which K
is given by [6]: Z Z Py nprn < Iin 8)
Ry = p(Ty, vy, Z) (4) k=1nes)
where R, denotes the transmission rate of the $Uk € Rie 2 (T, M, Z),Vk € Kps
Kps) and (T, vi, Z) is given by: SiNS; =, Vi#j
K
w(Tka’UIWZ) Uskg{1’2”N}
- (Tkvk + 1) + \/(Tkvk + 1)2 — 2T v iz %) k=1
N 2T} 2] Py, > 0,VkandVn

where vy, denotes the independent packet arrival rate of theThen the optimum of problem (3) can be transformed to the
delay-sensitive services, which can be modeled as a Poisgero root of problem (8).



IV. ENERGY-EFFICIENT RESOURCEALLOCATION subcarriem and SUk. Applying Karush-Kuhn-Tucker (KKT)

In this part, we propose the method to solve the EE ma%ndition [18], by taking the derivation of ({Pyn}, A, p, )
imization problem in detail. According to the mathematicadith respect toF;. ,,, we have:
theory mentioned above, the nonlinear fractional programgm

problem transforms into a nonlinear parametric prograngmin Af o?

* _ +
problem in the first place. Similar to [17] and [18], the duali Pin =g 2(ge + A+ [1Pk.m) g,w] » k& Kpr
gap of the optimization problem (8) is nearly zero when the (vk + 1)Af o2
number of subcarrier is large. Thus, using DDM, the primal | P, = I - —I*, keKps
s . . In2(ge + A+ pokn)  Gion
optimization can be solved. The Lagrangian dual function (13)
corresponding to (8) can be formulated as: Here, [z]* = max(0,2) and K ps denotes the set of the DT-
g\, 7) = maX LU{ Py}, M, D) SUs. Substituting Eq.(13) into Eqg.(12), we obtain:
{Pr,n} . K K
Hy,(\ p, V) =ma Ry, —(A+gqe Py,
~ e {ZZRWL_q(EZZka"JFPC) (A, ) {k}x{z; kn — (A tq )]; on
Pend 5 020 k=1n=1 P - (14)
K N
_ —H Z P]:,n‘pk,n + Z VkR;;,n}
+ A(Ptot kzl — Pk,n) =1 keKps
K N Here Rj, ,, is obtained using Eq.(1) for optimui; .
+ p(Len — Z Z Pinpkn) Note that there are several LDMs in our case, sub-gradient
k=1n=1 method [18] supplied to update these LDMs can guarantee
N to converge to the global optimal solution. These LDMs are
+ > (D Ren — )} updated as follows:
k€eKps n=1 K N
(9) >\l+1 - P\l - el)\(Ptot - Z Z PI:,u)]Jr
where), ; and# are introduced Lagrange Dual Multipliers k=1 =t
(LDMs), and v, denotes the multiplier of SW (k € Kps) pt = [t — 0L (I, — Zk ) > Pinera)lt (15)
= n= ’

in 7. Let ¢ denotesy Ty, \i, Z), in other words,, = . ) l N N
¥(Tk, \i, Z). Then the dual optimization problem can be | ¥ = [Vk —9uk(zn:1 Ry, — )"k € Kps

formulated as: . o
where! deotes the iteration index art, ¢!, 6., are the

infj, 9\, ) (10) proper positive step-size sequences. After the conveegehc
st AZ0,u>0,7>0 these LDMs, the optimal solutio®;,, can be obtained by
substituting\*, p* andv; into Eq. (13) And combining with
Notice that the Lagrangian functio({ P}, A, 1, V) IS Eq.(14), the optimal subcarrier allocation is derived g
linear in A, and v for fixed {Py,} and g(A, u, V) is the N independent optimization sub-problems mentioned above.
maximum of these linear functions, so the problem (10) is The optimal power and subcarrier allocation are solved via
convex. the DDM above, which is based on the assumption that the
In order to facilitate the solving process, we decompogframetery is a constant. However, our ultimate goal is to
the problem (9) intaV optimization sub-problems, which arefind the solution of F(¢q) = 0 which represents the optimal

solved on each subcarrier independently, which is: EE value in this paper. Furthermore, because H{@) is
strictly monotonic decreasing with respecttand the optimal
g\ p, v Z Hy(\, 1, U) + APiot + plip, solution is obtained if and only if wheR'(¢) = 0, a bisection
n=1 (11) method can be used to search the optimal solution. With given
_ Z vy — qPo A, ;1 and 7, the bisection method is given in Algorithm 1.
ke Kps Notice that the Algorithm 1 is based on that the valua of

and? is given in advance. However, the value of these LDMs

where, is unknown originally. In this paper, the DDM is proposed to
- K obtain the optimal value of, x and. Sub-gradient methods
Ho(A 1, 7) = T {Z Rip — (A +¢e) Z Pin can guarantee these LDMs to converge to the global optimal
k=1 (12) solution, and the DDM is detailed in Algorithm 2.
_szk nPkn + Z Vi Rpn } V. NUMERICAL RESULTS
k€Kps In this section, we present some numerical results. For

Eq.(12) indicates a rule for allocating subcarrier which isimplicity, we consider a scenario with 10 subcarriers and 2
to search the SU:* for a specific subcarrien that maxi- SUs (in which SU 1 is the DS-SU and SU 2 is the DT-SU).
mizes Eq.(12). Let’;,, denote the optimal solution for givens?, Af and B are assumed to be 0.1, 0.15 kHz and 1.5 kHz,



Algorithm 1 Bisection method scheme outperforms the SE-max scheme where 0.9 bit/s.

Initialization: With increasement of);, the gap of the two schemes will
A, 7, 6, a andb (error limitationd > 0, a, b satisfying gradually dwindle until the results of both schemes coiacid
F(a) >0andF(b) <0); ¢g=(a+b)/2; This is probably because more resource tends to be allocated

Iteration: to the DS-SU as the delay constraint increases. The extreme

1: while F(q) > ¢ do case, which makes results of the two schemes coincide, would
2. if F(a)- F(q) > 0 then be that the DS-SU has to “monopolize” all the resource while
3 a=gq; its rate (delay) requirement is extremely high (low). Anywa

4: else the energy-efficient scheme proposed in this paper achieve
5 b=gq; superior performance over the SE-max scheme in most cases.
6: end if

7 qg=(a+0b)/2;

8: end while

Algorithm 2 Dual Decomposition Method
1: subcarrier setN = {1,2,--- , N}; 0181
SU set: K = {1,2,-~~ ,K}, Kpr,Kps C K, Kpr U
Kps =K andKpr N Kps = ¢;

. Calculate optimal LDMs

- Use EqQ.(11), Eqg.(12) and Eq.(13), calculate the optimal
LDMs;

N

EE (in Kbits/Joule)
o
e
SN

w

0.12

01rF

4: Joint subcarrier assignment and power allocation
. —&— The Proposed Scheme
5. while N 7é (b do 0.087 —&— SE-max Scheme in [6]| |
6:  l)computePy,, using the Eq.(12)y ke K; 006 ‘ ‘ ‘ ‘ ‘ ‘ ‘
7. 2)find the optimal sef;; satisfying the Eq.(10); OO ot power constaimt (nwatts) ¢
8:  3)assign subcarriet* to userk* according theS;;
9:  4)update the optimal powe?; ; Fig. 3. Energy efficiency of the proposed and SE-max schersd s
10: 5N =N —{n*};
11: end while
0.22
respectively. The channel power gaing,., ., and by, 02f

are assumed to be Rayleigh distributed random variablds wit
mean -6 dB.

To evaluate the performance of the proposed scheme, w
present the simulation results of SUs’ EE with differenatot
power constraint £;,.;), interferene constraint of PUs caused
by SUs (;;,) and transmission rate requirement of the DS-SU

EE (in Kbits/Joule)
o
e
SN

(11), respectively. We first evaluate the impactigf, and Iy, 01l 1
on the SUs’ EE. Fig. 3 compares the EE of energy-efficien oost , o The Proposed Scheme}»
resource allocation scheme and spectral-efficient maxiioiz ' 5 SE-max Scheme in (6]
(SE-max) [19] scheme in the downlink transmission [6]. it ca 0% 02 05 o4 o5 05 07 o8
be seen that the energy-efficient scheme always outperforn PU's side-lobe interference constraint (in Watts)

the SE-max scheme, and the EE of the energy-efficient scheme

goes up When th@tl)t |ncreasesl Whereas the EE Of SE-max Flg 4. Energy efﬁCienCy of the proposed and SE-max SChemd$hV
scheme rises and falls as tlig,; increases. Similarly, as we

can see in Fig. 4, the EE of energy-efficient scheme and SE-

max scheme goes up when tHg, increases, and the EE VI. CONCLUSION

of energy-efficient scheme outperforms the SE-max schemén this paper, we propose a novel resource allocation scheme
significantly. for an interference-limited OFDM-based CR system aimed at
We also evaluate the performance of EE versysin Fig. EE maximization, which takes into account the heterogeseou
5, as); increases, the the EE of energy-efficient schen@@oS requirements of DS-SUs. Then we formulate the problem
decreases slightly and the the EE of SE-max scheme increaa®sa nonlinear fraction programming problem, which can
observably. It is notable that the gap of the two schemeshks transformed into an equivalent parametric programming
very large wheny; is small, and the EE of energy-efficientproblem, and it can be solved efficiently with the bisection
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EE (in Kbits/Joule)
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—=6— The Proposed Scheme

0.12 ——8&— SE-max Scheme in [6]
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The delay-sensitive SU’s rate constraint (in bit/s)

Fig. 5. Energy efficiency of the proposed and SE-max scherses, v

[10]

[11]

[12]

[13]
[14]
[15]

[16]

[17]

method and DDM. Different from conventional approacheg.8l
the proposed algorithm achieves optimal EE and signifiyanﬁg]
improve the system performance while protecting PUs from
intolerable interference. The simulation results vakdaur

proposed scheme which outperforms SE-max scheme observ-

ably. Further study may focus on the EE optimization with the
imperfect channel sensing and distributed resource ditota
while only local information is available for each SU.
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