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computational algorithms for implementing fast subcarrier adie optimal solution?how robust are the proposed resource
signment. Power and subcarrier allocation for maximizing eallocation algorithms against practical scenarios?
godic capacity of the secondary service was the subject of theAnalysis of the duality gap behavior as a functionlofs of
study in [24] under the assumption of unavailability of CSI gtractical importance. One may decide to vary the size of time
the secondary service. The authors of [25] focused on chanegadow, T, instead of increasing the number of sub-channels
constrained techniques to deal with CSI uncertainty. Benelf38], to bPnd an approximation to the optimal solution. This is
of cooperative communications for boosting the performanceore pragmatic as it is easier and cheaper to adjust the time
of RRA in cognitive radio systems were investigated in [26]@®indow than the number of subcarriers. First, it is a matter
[29]. High performance can be advertised as a compelling the protocol design, not the system construction, and is
incentive for the secondary services to cooperate with theexpensive to implement. Second, according to the analysis in
primary service in relaying parts of the primary serviceOs trafitis paper, ag increases, the duality gap gets narrower more
Spectral efbciency is improved by setting up the cooperatigeickly than when the number of subcarriers grows. Third, in
protocols among the secondary users [27]. Energy-efbcierthg case of dynamic spectrum sharing, the available spectrum
was scrutinized in [30], helping the recent industrial and acoer the secondary transmissions is probably limited, and hence
demic researchers reduce energy expenditure of the infornrecreasingT is a practical solution to reach the optimal re-
tion and communication technology sector. The energy-utilisource usage. In such a case, increagimvgll compensate for
tradeoff for optimal power control and scheduling was aldosses due to small available bandwidth. Finally, in wireless
the focus in [26]. Utility maximization in multi-cell cognitive environments, the coherence bandwidth may restrict the gain
radio networks was studied in [31], and efpcient scheduling aadhievable by increasing the number of subcarriers.
power allocation schemes were proposed. This paper makes the following main contributions:
Nevertheless, a number of fundamental issues of RRAAnalytical evaluation of duality gap behavior as a function
in multi-carrier spectrum-sharing systems have not yet beehT: We estimate the duality gap for the system under consid-
studied thoroughly. For instance, despite the popularigration and investigate the impact of time scale of operation on
of OFDMA, its optimality still remains questionable. Thethe duality gap. The duality gap is shown to vanish asymptoti-
OFDMA-based RRA problems seen in the literature are inherally with an exponential rate df. Our simulation results also
ently non-convex [32], so the solutions have nonzeroNin mangonbrm this analytical result.
cases unknownMuality gaps i.e., the difference between the Optimality of exclusive subcarrier assignment: We prove
optimal and sub-optimal solutions (which is 0 for convexhat with probability 1, the optimal subcarrier assignment is
problems). Note that a nonzero duality gap will inevitably resuFDMA, i.e., each subcarrier can be allocated to at most one
in resource misuse. Increasing the number of sub-channels issr. Since the duality gap is asymptotically 0, this indicates
been recognized as a popular mechanism in mitigating the ndimat OFDMA is the optimal, albeit asymptotically, subcarrier
zero duality gap. Assuminfstantaneousspectral efbciency assignment.
as the objective function, evaluation of the duality gap with Practically deployable resource-allocation algorithms: The
respect to the number of sub-channels was carried out RRA algorithms developed in this paper require the availability
[331P[37]. Their primary conclusion is that the growth obf all channel realizations in the entire time span of the window
the number of sub-channels speeds the decaying rate of fieoff-line solutions of the RRA problems and the optimal
duality gap, at least b§/+/N, whereN is the number of sub- Lagrangian multipliers. Besides, the resource-allocation prob-
channels [33], [35]. Unfortunately, it may not always be possiems should be solved over a period Dftime slots, which
ble to increase the number of sub-channels because of inheraay exacerbate computational complexity. Nevertheless, by
spectrum shortage, especially in the case of spectrum-sharimploying sophisticated online mechanisms, we are able to
On the other hand, simulations and asymptotic evaluationsaheviate the scarcity of non-causal CSI. Thus, the algorithms
[38], [39] reveal that for the case dadrgodic capacity the work efbciently based only on the availability of on-the-Ry CSI
duality gap is virtually 0, even with a moderate number of sulpreasurements in the corresponding time slots. Additionally,
channels. This bPnding is promising as it indicates a practidhe complexity of the online method is almost as high as the
alternative for reducing the duality gap in spectrum-sharirgase in which the resource allocation is solved individually for
systems. Nonetheless, achieving the ergodic capacity coneash time slot. These attributes simplify the implementation and
with large decoding delay and high system complexity. Moréroaden the applicability of the algorithms.
over, there is no theoretic/numeric indication for how fast the The rest of this paper is organized as follows. Section I
duality gap dies out. Such information can allow a compromiggesents the system model while Section Il investigates RRA
between the tolerable complexity and the desirable duality gapth the long-term interference threshold constraint. The prob-
To shed lights on the nature of the duality gap versus timem including the short-term interference threshold constraint
we introduce atime window denoted byT, for adjustable is investigated in Section IV. We present the simulation results
averaging of the objective and resource constraints, wheéneSection V and conclude the paper in Section VI.
T =1(T — o) is equivalent to the instantaneous (expected)
value of the performance metric. The main questions to be
addressed are thets time windowT benebpcial in resource
allocation? how does the duality gap behave with respect to the Fig. 1 shows a schematic of the system model under consid-
time windowT ?; when and under what condition is OFDMAeration. We consider a spectrum-sharing network between the

Il. SYSTEM MODEL
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cations over sub-channél For subcarrieri, hk denotes the
channel power gain between the secondary BS andkitie
primary BS, wher&k = 1,...,K, asitis also shown in Fig. 1.

In this model,gm i indicates the instantaneous channel power
gain of subcarriei between the secondary base station (BS)
and the secondary service receivaf m=1,...,M. Both

hi and,/Gm,i are assumed to be independent and identical
Rayleigh random variables. Varialiiés used as the time index
throughout this paper.

At each time instant, we assume that the full knowledge of
the channel power gains, i.hk andgm i, and their relative
distributions are made available to the secondarysB&m, i,
k=1,....,K,m=1,...,M,andi=1,...,N. Thisassump-
tion is justipable as in [9], [41]. In practicgym i can be
estimated by the secondary BS adopting appropriate training se-
guences and/or through a feedback or reciprocity-based mech-
anism [42], [43]. Further, the primary service may share its
knowledge ohk V k, i with the secondary service, for example,
by transmitting a training sequence in the same frequency band.
Fig. 1. Schematic diagram of the considered system model in this paper. Sych an approach has been considered before, e.g?, [42].
primary andsecondanservices. The primary service is a direct
sequence code division multiple access (DS-CDMA)-based|; opTiMAL RRA WITH LONG-TERM INTERFERENCE
cellular network while the secondary service is an OFDM- THRESHOLD CONSTRAINT
based cellular network.

Remark 1:Although the analysis in this paper is for DS- Let plt] = [pi[t],...,p [t be an MN x 1 secondary
CDMA/OFDM, our results can be extended to other systeHFers power allocation vector at time instanwherep;[t] =
settings. For such an extension, optimization problems simife.ilt] - -, Pm.i[t]]" is anM-tuple power-allocation vector for
to that in this paper can be formulated and analyzed using i Secondary users on subcarrietHere, pm i[t] denotes the
appropriate system model. power assigned to usar on subcarriei. Letyn, j[t] denote the

We consider @8-Hz spectrum band that is licensed to théhstantaneous signal to interference-plus-noise ratio (SINR) at
primary service, and the secondary service uses it with e receiver of secondary ugeron subcarriei at time instant
underlay spectrum-sharing mechanism. It is assumed thatterfhen?
this_ spectrum the prima_ry service c_omr_nun_ication ?s uplink ~ gm.i[t]Pm.i[t]
while the secondary service communication is downfifithe Ym,ilt] = T : >

- - ) Im.,iltlpm,i[t] + i sm p[t] + OF,
secondary service has to keep the imposed interference at the mzm
primary service below aa priori assigned interference level
referred to as thinterference threshold constrajn®. We call Where o7, is the power spectral density of Additive White
this spectrum-sharing scenario DS-CDMA/OFDM [40]. Thé&aussian Noise (AWGN). For a large enoulyh, adopting
spectrum is shared over the uplink channel of the prima@ﬁﬂtf&' Limit Theorem indicates that the Secondary service co-
service only? channel interference imposed at tiveth secondary user by

For the secondary service, the available spectrum is dividefher secondary transmissions over subcairigre., the prst
into N B, Hz sub-channels, indexed by 1,2, ..., N, where term in the denominator in (1)) can be modeled as a Gaussian

B. is assumed equal to the channel coherence bandwid@)dom process. In (1); s» p[t] denotes the interference at the
so that each sub-channel experiences Rat fading. Interference
at the secondary service receivers is caused by the primar§Note that the accurate CSI might not be available in practice. However,

users® communications. This interference is representedn4§ the prime scope of this paper is the evaluation of the duality gap and
= the Investigation of the optimality of OFDMA policy, such an assumption on

lisp which is the aggregated average interference at the Sgg-availability of accurate CSl is valid. In reality, the inaccuracy of the CSI
ondary service receiver due to the primary service commuigtween the BS and the secondary users degrades the measured signal-to-noise
ratio (SNR) due to the self-noise. Besides, when the CSl is inaccurate, the BS
may schedule users with a higher data rate than the actual affordable channel
1We assume that a bxed portion of the spectrum is allocated to the primaapacity causing outages. Moreover, the knowledgb:ikof k,1 is practically
service in the uplink, which will be shared with the secondary service; i.e., thimited to the perturbed CSI values or only the channel distributions. Robust
primary network is frequency domain duplexed (FDD), and so is the secondaryd/or probabilistic constraints could thus be considered for incorporating the
network. spectrum-sharing constraints. In general, it is possible to interpret both cases via
2This is due mainly to the fact that most conventional services are asytng- and/or short-term interference threshold constraints. We leave the impact
metric, with a lower trafbc demand over the uplink than over the downlinkf inaccuracy of the CSl on the results of this paper as future work.
The secondary system should therefore evaluate the interference threshofdn such a degraded broadcast channel, the BS implies superposition coding
constraint only at the primary base stations. In practice, this is much simpthat is optimal, but receivers need to adopt accurate interference cancellation
than the case of spectrum sharing over the downlink of the primary service which may not be applicable in practice. Instead of canceling the interference,
which the interference threshold constraint should be evaluagathimobile) we assume that the receivers consider the co-channel interference as an additive
primary users. noise which is a Oworst caseO scenario.

Secondary Service
Base Station

Base station &

rimary Service User

1)
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secondary usen imposed by the primary communications on For problem®T '€ in the following, we show that for almost
subcarrieri at timet (see Fig. 1).Time-averaged Achievableall practical situations including a Pnite number of available
Rate(TAR) of the secondary servicR, (symbol per second per subcarriers, the duality gap asymptotically approaches 0 with

. _, M N an exponential rate of . As a direct result of this observation,
Hertz), is depned &8 = T M2 1og(L+ Ymilth: e may decide to increase the time winddw, instead of
whereT > 1 is the length of averaging time window. Undeiincreasing the number of subcarriers to achieve a better approx-
system ergodicity, for large enough, TAR provides a rea- imation to the optimal solution, or even a combination thereof.
sonable approximation of the sum weighted achievable ergo#li@ prst provide the following debnition:

capacity of the secondary service. The optimal RRA problem DePnition:e-duality gapis dePned aB (€)= P{inf(DA, 1) —

is then sup(OT'€) > ¢}, wheree > 0is a bounded real number.
ProblemOT'C: The following theorem states our main result.
LT oM N Theorem 1:e-duality gap correzsponding ©O7'C is upper-
R= max = Wm = log (1 + ym.ilt]), bounded asD(g) <1— (1 —e ¢ "T)MNT_ Thus, D(g) ap-
plhetPey T 2, 2 proaches 0 by increasing > 1 with a decaying rate larger
st. (TPC),(TIC) (2) than, or equal to(l —e™° 2T)MNT, wherec is a constant
depending on the system parameters.
in which Time-averaged transmission Power Constrgir®C) Proof: See Appendix A.

L, T M N Remark 2:The impact of the number of subcarriers on
atthe secondary BS |$t:1 m=1i=1 Pm.ilt] < Pr, wherePr the duality gap is also a matter of interest. As mentioned
(Watts) is the maximum secondary BS average power. TheSection Il, we assume that the bandwidth of each subcarrier
interference threshold constraint at tketh primary BS is is set to be equal to the corresponding channel coherence
managed here throughime-averaged Interference thresholcbandwidth. Therefore, for usen, the subchannel power gains,
Constraint (TIC) as & T M N M8 [tlpmalt] < QLT, vk, Om,i» Vi_,arfa independent. Increasing the numberof_s_ubcarriers

t=1m=1i=1 results in highly correlated subchannels, thus requiring a more
whereQLT (Watts) is thek-th TIC at the primary service re- complex approach to estimatir(g). For the simple case of
ceiver. InOT'€, the feasible power allocation set on subcarrier = 1, the authors of [35] proposed an approach to estimating

i at time instant is debned as the duality gap as a function of the number of subcarriers.
Remark 3:Although Theorem 1 holds for the case when
Pilt] = {piltl|pm,i[t] > 0, Ym}. (3) channel power gains are Rayleigh, a similar behavior is also

c . the feasibl I , i expected in other fading environments. In such a case, the only
onsequently, the feasible power-allocation set at time i, cation is the rate at which the duality gap vanishes; more

= TIC ;
Pt = Put] x ... x Pnlt]. Note thatO" ™™ is a non-CoNVex gy qcincally. in the proof of Theorem 1 we need to modify
optimization problem. To solve non-convex optimization prob-

lems, the dual decomposition method (e.g., [33]) is utilizelg sup r|73 - Te

to obtain suboptimal solutions. This method is widely used K+2

for RRA due to its simplicity as well as the availability of . MN
the corresponding effective and quickly converging numeric@ 1- 1-F e (K2 — 1 min{ 1 }
algorithms. = Gmi Prmax g tHm.ifi.smp ’

where F_gmi (.) is the complementary probability distribution
function of random variablgn, ;. Note that depending on the

The difference between the obtained solution using duglil of the random variablgn, ;, the rate of reduction might be
decomposition and the optimal solution is referred to as tRgher faster or slower than exponential.

duality gapasinf(D(A, ) — sup(OT'€), whereD(A, W) is

the dual function corresponding t©7'¢, and A and u= B. Dual Solution
[U1,...,uk]" are the Lagrangian multipliers corresponding to
the constraints irOT'. Estimating the duality gap indicates
how accurately the dual decomposition method solve the
source allocation problem. Hence, several attempts have bgg
made to evaluate the duality gap. For instance, for the speci _ Wm

case o0 !¢ whereT — oo, and the power constraint is dom—ﬁgg)\' H) = {p[g-l}gé?[t]} T 2 109 (1 + Ym.ilth
inant, i.e.,Qk" = oo, fork=1,...,K, the simulation result bt

in [38] indicates that the dual decomposition method yields a bm.ilt] K

solution while satisfying TPC with probability 0.999999. For a+ A Pt — e e
system without spectrum-sharing constraints and whenl, t,m,i k=1 t,m,i
it is shown that for a system with a large number of subcarriers, K -

i.e., N — oo, the corresponding duality gap decays to 0 with = AP+ QLT + 1 DO\, W[t &)

rateO(-&;) [33]D[35]. k=1 T

A. Evaluation of the Duality Gap

The dual problem corresponding to Problémh' € is debned
sD*=min >o >0 D(A, H). The corresponding dual func-
HforOT'C is

h¥[t]pm,i[t]
T
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This decomposes the problem infodecoupled optimization We write (8) for both usersn; andms,, respectively, as:
problems, where for time instatt

N M 2 M _m
DW= max ™ 0g (1+ Yimalt) PETACEE e vy T S
) - e ) is + « is m +h * *
o PRI 2 m' St PLl m=s g+ Pl Pl
K K
- A+ hk[t it . 6
1 Mk |[ ] pm,l[] ( ) - N ukhII([t] , (10)
k=1
Therefore, the primal problem is decomposed further M M
decoupled optimization problems. For subcardgerat time 22 + 22
instantt, the corresponding optimization problem is ls 10+ " o L mpltl+ & - -
ProblemO!: g TPl m=s T g ¥ Pl Pt
K
M K
= _ A+ k .
max = A+ il pmald Av il )
Pm,i [t]>0,Vm m=1 k=1 k=1
After some straightforward manipulations, (10) and (11), re-
Wm Im,i[t]pm.i[t] ;
x —log 1+ = spectively, reduce to
gm,i[t]prﬁ,i[t] + Ii,sm |p[t] + Om
mem 2I l2 21 22
n
Proposition 1: In the optimal solution o®)', for each timet 1, 1, [+ N lig 2y, [t+ 3 . .
7+ + L fleo 24 px Tt] 4+ pd s
and specibc subcarrigrat most one user is active. The active 9. [t] PLilt* P [t] 92, [t] Pl + P2l
user on subcarridris o, K
2In2 — k
* Om.i[t] T, [+ 2 = A+ Hkchilt] (12)
T _ - is ¢| 2 *
m;[t = arg moloom &M lism plt] + 03, ©) o+ PLilt] k=1
Proof: We brst rewrite the objective function 6 as e Zinz | T Zinz
1,S t 1,S t + * *
M M 3 %+ Pt p3, |[t] el Pt + pslt]
7m log Im,i[tIPm,i[t]+ 1i sm p[t]+ 07, K
m=1 " r'ﬁ;l _ 2In2 = A+ p—khlf[t] ) (13)
K lis 1lp[t] 1 + p [t] k=1
- A+ pchilt] pmilt] 91 [ 2.0 -
m=1 k=1
MG _ These two equations bPnally imply that
m
- — log Om,iltIpm,i[t]+ lign p[tl+ 07, . (7)
m=1 m#m — [t]zrnz : mﬁ ) (14)
For usemy, the Karush-Kuhn-Tucker (KKT) conditions [32], W + PLi [t] % +p3lt]
which provide sufpcient conditions for the optimal solution of
0!, are Note that all involved channel power gains including s
M . K are independent across different users on each subcarrier
2in2 A+ whk[ Further, fading distributions are continuous, so (14) holds with
sy hemptr g o M _ robability 0, i.e.,
et _ Pr.ilt] k=t P y
m 2 1
— 2In2 — [t] (8) P 2In2 = 2In2 =0.
L mp[tl+ . my,ilt lig 2, [t]+ 2 B Lo 1 ltl+ 2
i m mill Sgm e PLltl g * P2t

(15)

[ [t]pml ilt] =0, 04, i[t1 >0, and py,, ;[t] >0 where It is also straightforward to prove that the above statement is
prn I[t] is the optimal power allocated to us®i on subcarrier valid if more than 2 users are assumed to be active. Therefore
i at time instant. Furthermored,, ;[t] are Lagrange multipliers the feasible power seP[t] debned asP[t] = Pit] x .
corresponding to the constraints @ Now, we assume that Pnlt], where
two users, sayn; =1 andm;, = 2, are active at time instant

t, i.e, p1[t] > 0, andp3;[t] > 0. Thus, we have; ;[t] =0, 75i[t] = p;ltl € RY |pm.iltlpm.i[t] =0, Ym# m ,
95 i[t] = 0. Let us denote
M o forms the feasible power-allocation set of the dual optimization
= 2in2 (9) problem. As shown above, the feasible power set meets the

lis mpplt m . . . .
m=1 grff’i[[]t? + Pyt + psilt] OFDMA constraint, i.e., at each time instdrdt most one user,



KHOSHKHOLGH et al: RRA FOR OFDM-BASED SPECTRUM SHARING: DUALITY GAP AND TIME AVERAGING

853

saym; = 1, is active and the others are silent. In this case, (&ssume; 91'[£]t]+ 3 — < 1. Thus, (22) is equiv-
is simplibed to alent to s t1p +  chk[g
k=1
M M
7inz 7inz 91i[t] Im,.,ilt]
m m 17— . 3 m . vmy, #1. (23)
g SRR o g Bl R iy Lspld+ 02 " Tigns plt] + 02
K On the other hand, if
- K
- A+ khi [t] ’ (16) gl,i[t] w1
jsl
. R N
or equivalently, k=1
K 1 is valid, then (22) reduces to
A+ chit] = - [t]flnz :
k=1 Isgl+[t] pi,l[t] gmz,i[t] 5 + w1
Ii,SmZ\p[t]-" o7 A+ K hk[t]
which results in the following well known water-plling power k=1 Hich
allocation ® 0uilt]
> Mg LY ym,#1. (25
_ " w1 li st plt] + 0% 27 ()
¥ ] — W1 lisiplt] + 0F _ _ . . .
p1ilt] = < T Taking this and (24) into account, it is then straightforward
2In2 A+ pkchk[t] ! to show that (23) is again valid. This Pnally proves the result
k=1 (18) in (6).
o Remark 4:For the case off =1 and Qf' = oo, k =
For usersm, 7 mgy, on the other hand, (8) indicates 1,..., K and Quadratic Amplitude Modulation (QAM) in [44],
M M the optimal subcarrier assignment is shown to be OFDMA. For
2inz _ 2z the general case of Shannon capacity formula and wher
Lemp[tl+ 2 ., Lemp[tl+ 2 . is i i imizati
1 grlnpil[]t“]“J, Piiltl ez mem, g:ii[[]t“]“J, P ;lt] 1, this is a!so shown based on the quasi-convex optimization
: : properties in [45]. The result of Proposition 1 is more general
. K . . and based on dual solution.
R m T A+ uhiltl =0, [t (19)  Remark 5:1f OFDMA was part of the formulation of RRA,
T oL k=1 one could establish th& (A, p)[t] in (5) is
which simplipes to N K K
DA, W[t] = max — A+ pchi[t] pmilt]
1 1 m i=1 7 k=1
2In2 2In2 2In2 [t]p [t]
Ii,s 1 [t]+ :% * |s 1) [t]+ Ils m2| [t] m m gm,i m,i
6 +p1,i[t] 5. 10 Gy 1 PLl < max, 2 08 g pltl + 07, 29
K
= A+ uchk[t] 8, it (20) which admits the water-plling power allocation
k=1 +
Substituting from (17), we then solve the above equation f%p 1] = Wm lism p[t] + O
8y alt] @S i ) Ormilt] ’
2In2 A+ Mk hiC[t]
k=1
. _ 1 m2 27
= 2 e >0 @) - | (27)
T ot PLilt] and subcarrier assignmemt[t] is
Substitutingps ;[t] from (18), (21) reduces to arg max ®m In ®m ) 1- wA ) (28)
PLi & IMP 22" 2in2An, om
ilt li gmop[t] + 02
Vim, 71 01,i[t] . i,s Z\p[] 1 )
Iivsl‘p[t] + 01 gmg,i[t] + khi<[t]
+ where .Am = o [.t].(l::lmjp[t]-'l- =1 Compared to this,
Tt Proposition 1 explicitly highlights the role of,, and channel
9uilt] 3 le -1 > Om, (22) power gains in subcarrier assignment that is implicit and
listp[t] + 0F A+ L] W1 difpcult to grasp in (28). These attributes can shed lights on the

k=1

fairness in resource allocation.
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Remark 6:1t is worth pointing out the fundamental distinc-arithmetic average over the entire time winddwUsing large
tion betweer®' and the counterpart problem in thgerference enough channel realizations, RRA calculates the Lagrangian
Channel According to (1), the system model here comprisenultipliers before the start of time window by many artibcially
one sender ani receivers. The link, sagm i, that is used for generated channel realizations according to the given pdfs. In
conveying information to usen carries the interfering data to each time slot (within the window), the resources are allocated
this user as well. On the contrary, there Bfetransmitters and by substituting the available CSI of the upcoming time slot in
M receivers in the interference channel, so each transmittetttie derived formulations for subcarrier assignment and transmit
essence hdgl — 1 cross-talk links to the others, which may nopower allocation.
be the same as the link to the intended receiver. Thus, the linkAnother way to tackle the non-causality issue is to adopt
between a transmitter and its intended receiver only conveys the stochastic gradient decent method (online update) in [48],
information, not the interfering data. In this regards, Propositida9]. To utilize this method, however, we need to check whether
1 does not depend on any assumptions commonly seen in ltieenma 3 and Theorem 2 in [49] hold for the system under
literature of interference channel on the particular relationshipgidy. If they do, then the updated Lagrangian multipliers using
between direct and cross-talk gains for deriving the capacityis method are the same as those in a non-causal system where
bound and/or power allocation [46], [47]. a priori knowledge within the entire window is available. The

Proposition 1 shows that OFDMA is the optimal subcasimulation results presented in Section V indicate that even for a
rier allocation for TPC/TIC. The optimal power allocation isnoderate value of , e.g.,T = 300, online updated Lagrangian
then obtained asy,, ;[t] = pﬁn‘ [t],i[t]1m=mi - We also need multipliers quickly converge to their optimal values obtained
to obtain the optimal Lagrangian multipliers, which can b&om off-line updates, thereby making the developed algorithms
done by adopting known convex optimization algorithms, sudmplementable in practice. Note that this does not require the
as Ellipsoid method [32]. The thus-obtained power allocgrgodicity assumption as in [48], [49].
tion is then upgraded by substitutilg and pu* in py, ;[t] =
p’;ni [t],i[t]1m=mi - A sub-gradient required for such an up-

_ IV. OPTIMAL RRA WITH SHORT-TERM INTERFERENCE
grade is

THRESHOLD CONSTRAINT

Pm.ilt] hil[t]pfn'i[t] In the previous section we have investigated the scenario
p, ™t LT _ tm.i , with TIC. We have proved that OFDMA is an asymptotically
T T optimal subcarrier policy. However, the primary service might,
in practice, be sensitive to peak interference imposed by the
hﬁ[t]p;fn’i[t] ! secondary service. In this section we conbrm that the theory
QLT — tmii - . (29) developed in the previous section is also valid for this case.

A. Problem Formulation and Duality Gap
Note that KKT conditions in (8) are only sufbcient since

Problem®' is non-convex. As to Theorem 1, we already know Let us consider the following RRA problem:

that for a sufpciently largd, the duality gap is almost O, ProblemO"®:

implying that OFDMA is asymptotically the optimal subcarrier 1T M N

assignment. R= max = Wm —log(1+ ym.i[t]), (30)

When the primary service uses multi-carrier technology, PSP Ty iy 2

we get the same Lagrangian function, perhaps with greaterg ¢ (TPC),(1C) (31)

Lagrangian multipliers. The results of Theorem 1 and

Proposition 1 remain valid. where IC is the interference threshold constraint and ensures
that the allocated power at the secondary BS must satisfy:
M N

C. System Causality hE[tlpm,it] < QFT, Vk, Vt, where QFT (Watts)

m=1i=1
In the above dual decomposition discussed, to update i6elC. Following the same line of argument discussed in
Lagrangian multipliers, at the beginning of a time window, w&ection 1, we prove the main result of this section in the
need all channel realizations within the entire time windo#llowing theorem.
(i.e., off-line update). This is impractical in a causal system. Theorem 2:The e-duality gap corresponding t®'c is
Theoretically, one can assume that a genie agent provides t@er-bounded by

required knowledge. In practice, however, we need a very small 1 1 T ANZT
duality gap, thus requiring a large as shown in Theorem 1. D) <1- 1-d 1 _ 1
If T is large enough, then this issue can be handled by using - ec T+a e T+b

the ergodicity of wireless channels. Due to the ergodicity

in such a case, with a very high level of accuracy, channi[eré¢’, & b>a, andd depend on the system parameters.
realizations required for updating the Lagrangian multipliers®nD(€) approaches 0 by increasifig> 1 with a decaying

2
can be achieved by using the expected values instead of tht larger than, or equal (@ — ec’ ZTZ)NIN T.
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Proof: See Appendix C.

Furthermore, the secondary user selected for transmission on

Remark 7: Comparison of Theorem 1 and Theorem 3 reveatsibcarrieli at time instant, m;[t], is
that the rate of vanishing the duality gap with TPC/IC combi-

nation is higher than that in TPC/TIC combination.

B. Dual Solution

mi[]=arg max = wm Omm.i[t]

_ 34
..... |i13m |p[t] + O',gn ( )

For identical wms, user mi[t] is chosen such that

In this section, we obtain the optimal power and subcarrier 9, [t gmi [t]

allocation forO'€. The dual problem is formulated &* =

SN = TN The optimal power allocation

min -9 D(A), whereD(A) is the dual function obtained by|n case of OFDMA is then obtained agy,;[t]=

relaxing the TPC constraint as:

1 ®m
DN = max =  —"log(l+ ym,ilt
) {plthe{ort} T i 2 9( Ym,i[t])

#A Prox  pmill =APr+ I DOV

t,m,i t=1

—|

pmi [t],|[t]1m—mi [t]-

The optimal Lagrangian vectgun*[t] is then obtained for
each time instartt by utilizing standard solution algorithms for
the convex optimization problem, such as the Ellipsoid method.
Given the optimal power allocation and subcarrier assignment,
the rest is to minimize the dual functidb(A) and obtain the
optimal Lagrangian multiplieN*.

Remark 8:The computational complexity of the optimiza-

The dual function is then decomposed for different timgon problems?T'C and®'C, respectively, ar&®(TMN (K +

instantst as
ProblemOt:
# $

Wm
soeliae o P9EHYmilD - Aomill] (32

The dual function corresponding t®' is then formulated
as L*[t] = min g0 L(A, p[t])[t], where p[t] represents the

1)?) and O(TMN(TK +1)?). Compared to a resource al-
location policy whereby the optimization proble@''<, for
example, has to be solved individually in each time slot, which
requires the computational complexilyO(MN (K + 1) ?),

the computational complexity remains almost the same. How-
ever, TPC/IC combination will impose much higher computa-
tional complexity than this approach.

Lagrangian vector corresponding to the IC constraint. The

dual function L(A, p[t])[t] is S|m|larly debned for each
tas L(A pth[t] = uk[t]QLT +  Li(A pltDt], where

k= i=1
the dual function for given subcarrier and time instant

Li(A, ptD[t], is
_ Wm .
Li(A, ptDIt] = o max - — 109 (1 + ymiilt)

K

— A+ u[tIhE[E] pmilt]
k=1

By applying the KKT optimality conditions and following

V. SIMULATIONS RESULTS

In this section numerical results are provided to corrobo-
rate the analysis. In our numerical study we mainly focus on
evaluation of the duality gap, the impact of system parameters
on the duality gap and TAR, and Pnally, causality. While the
choices of system parameters do not necessarily adhere to a
specibc standard, the ranges are wide enough to cover different
scenarios. We set noise power 1 Watt for all users across
all subcarriers. In the simulations the value considered for
interference threshold (both IC and TIC) is scaled with respect
to the background noise power. We set coherence bandwidth
such that the total available bandwidth is divided ihto= 16

the same line of argument for TPC/TIC as in the proof ddat fading sub-channels.
Proposition 1, we can show thatin TPC/IC, OFDMA is also the
optimal subcarrier assignment. Therefore, the feasible power

allocation set on subcarriéiis P;[t]. Consequently,

LMD = max max = log(L+ Yomlt)

K
— At WD pmalt]
k=1
where the optimal powegy,, ;[t] for the inner optimization is
Wm E,S”‘ |p[t] + 0

n
- gm,i[t] . (33)

K
2In2 A+ wJhk[
k=1

A. Evaluation of Duality Gap

Thus far, we have provided upper-bounds on the optimal
value of TAR with TPC/TIC and TPC/IC combinations adopt-
ing dual decomposition techniques, and proved that these
upper-bounds exponentially converge to the globally optimal
values. Since for both TPC/TIC and TPC/IC combinations, the
exact duality gap value might be impossible to evaluate, for
each scenario we provide an upper-bound by subtracting the
dual solution and a lower-bound. We obtain a very close lower-
bound on TAR for both TPC/TIC and TPC/IC combinations
using the methodology developed in [50]. For brevity, we only
describe the procedure for the case of TPC/TIC combination,
and the same can be applied for the IC problem. Consider the
problem OT'€. Applying some mathematical manipulation,
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Fig. 2. Upper-bound on the duality gap with TPC/TIC constraustsl’, for ~ Fig. 3. Upper-bound on the duality gap with TPC/IC constrairgsT’, for
Pr =10W,M =2, K =3, N = 16. Pr =10W,M =2, K =3, N =16.
OT!C can be transformed to the following optimization prob-
lem assumingy, =1, Vm:
ProblemOT'¢:

% tzm ImiltIPm,ilt] + ligm p[t] + 02,

— min
2T {p[t] . M T ,
Pl Im,iltlpm,ilt] + Tism p[t] + O3,
=1
st. (TPC),(TIC). (35)

We now obtain a solution of this optimization problem by

utilizing Geometric Programming (GP) [32]. We Prst use

a tight lower-bound on the objective function a@d''C

based on the arithmg_ic-geometric mean (AGM) inequality as:
o Kmiltlam ift] > o (@m,ilt]) ™ [, in which

Im,iltlomilt],  _ m ¥ m,

Omi[t] =
M= g mlt] + Tin plt] + 02, m=m,
Fig. 4. Upperl:Qound on the duality gap with TPC/TIC constraustsl’, for
and Ki[t] = [Kuilt] Kft] - Kkmiltl] and Vit =1, Fr =10W.Qm =25 m =2 K23
Therefore, m,i[tl= 4 Om,i[t] can be app[oxima&ed by its . . .

_ . @ Pgure shows a nonzero duality gap due mainly to the inaccuracy
lower-bound_, j[tlvia milt]>_qiltE 5 E} , of the thus-obtained optimal solution f61"'<. We repeat the
where km i[t] = — [ \We now rewrite the IoWer-bound of above for the case when the RRA includes TPC/IC combination

m! mi [t constraints and plotted the results in Fig. 3. Again, increasing

the objective function as is found to reduce the duality gap. However, compared to Fig. 2,

the reduction rate is much faster, as our analysis predicted.
What Fig. 4 illustrates is the behavior of the thus-provided

upper-bound on the duality gap with TPC/TIC combination

versusT for different values ofN. IncreasingN is also

Since the dominator is a posynomial function (product afbserved to reduce the duality gap, as predicted in [33]. The

posynomial functions is also a posynomial function), (36) istate of decrement versus, on the other hand, indicates that

posynomial function. Thus, based on this approximaii@h!© increasingN is not as effective as increasifig Note that in

is transformed to a standard GP problem and can be solveddoy simulation we set the coherence bandwidth such that the

CVX[32]. total available bandwidth is divided inthl = 16 Rat fading
Figs. 2 and 3 show the impact of length of time windowsub-channels. Thus, increasihgbeyond 16 produces highly

T, on the duality gap with TPC/TIC and TPC/IC combinatiorcorrelated subcarriers on each sub-channel.

constraints, respectively. Here, we Px the total number ofFig. 5 also represents the impact of the number of subcarriers

available subcarriers at 16. Fig. 2 shows that for the caseNfon the duality gap with TPC/IC combination. Increasig

1 < T <600 the duality gap reduces by increasifigwhich inclines the duality gap, but the decrement rate is slower than

is in line with our results. Note that for large enoughthis that of time windowT .

Fo % Po .. G, i[tPmi[t] + Tism plt] + 04

(36)
t=1m=1i=1 _miilt]
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Fig. 9. Lagrangian multipliers for TPC/TIC constraints versus iteration count in off-line and online updates, *¢thexes W, M = 4, andQ'T = 1.
(left) The y-axis shows values of two different Lagrangian multiplier@nd w; for both off-line and online updates. (middle) Sum rate of the secondary service
TAR. (right) Imposed interference on the primary service.
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Fig. 10. Lagrangian multipliers for TPC/IC constraints versus iteration count in off-line and online updates, Ryheré&s W, M = 4, and QST = 1.
(left) The y-axis shows values of two different Lagrangian multipliemnd.; for both off-line and online updates. (middle) Sum rate of the secondary service
TAR. (right) Imposed interference on the primary service.
TAR. By increasingK, IC constraints restrict the transmissioras the right-hand-side bgure shows, the imposed interference
power of the secondary service. However, note that in compat-the primary service is the same in both off-line and on-line
ison with Fig. 7, even for large values of interference thresholghdates after sufpcient iterations. Note that in the case of online
the effect of increasingl on TAR is negative. First, in the caseupdate, the primary service may receive an unacceptable level
of TPC/TIC combination in Fig. 8, the impact of interferingof interference at the start of the window, e.g., when the number
channel power gain is actually averaged out by summing up ofiterations is less that 50 in this example. But, the online
time window T, and hence onlK different TICs have to be update can eventually guarantee the average TIC constraint to
fulblled in the optimization that does not limit the transmissiohe met.
power as in the case of TPC/IC combination. Second, for a large~or the TPC/IC combination, Fig. 10 illustrates the results of
TIC, increasind does not reduce TAR since TPC is dominanthe online and off-line updates of the Lagrangian multipliers.
On the contrary, with TPC/IC combination, in aggregit&, Lagrangian multipliers as a function of the iteration count for
interference constraints have to be met. Increasinfurther off-line and online updates are shown in the left-hand-side
adds up to the number of ICs, which dramatically limits thegure. In the both online and off-line updates, the Lagrangian
transmission power. multipliers converge to the optimal values very quickly. The
middle bgure illustrates the obtained achievable sum rate. As
it is seen for large enough iterations both online and off-line
updates have the same TAR performance. Thus, the online
We also investigate the implementation of our resource allmaplementation does not degrade the secondary service perfor-
cation algorithms via online update of Lagrangian multipliers imance. Finally, the right-hand-side bPgure shows the imposed
Fig. 9 for the TPC/TIC combination. The left-hand side showisterference at the primary service is the same in both off-line
Lagrangian multipliers as a function of the iteration courdnd on-line updates after sufbcient iterations.
for off-line and online updates. As observed in both online
and off-line updates, the Lagrangian multipliers converge to
the optimal values very quickly. This indicates the possibility
of the causal implementation of the proposed algorithm in In this paper, we have studied the downlink RRA problem
Section lll. We also plotted the obtained achievable sum rdte a spectrum-sharing environment by introducing the time
in the middle. Both online and off-line updates have the sam&eraging windowT . Specibcally, we have considered DS-
TAR performance. Thus, the online implementation does nGDMA/OFDM systems but the results are extendable to other
degrade the secondary service performance. More importansigenarios. To achieve optimal RRA, we have utilized the dual

C. Impact of Causality

VI. CONCLUSION
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decomposition method. We have proved that the duality gap B&roposition 5.26 in [51] (see Appendix B), we know that

tween the solution obtained by adopting the dual decompositiparameterd in (37) is equal to(K +2) E, whereK is the

and the optimal solution vanishes at least by an exponentmimber of primary receiver& = maxi=1,  1{pt} andp; at

rate of T, which is the time scale of RRA operation. Thisach time instaritis also upper-bounded as

result assures that for a large enodghhe dual decomposition

method provides solutions very close to the optimal solution. pe <sup rlt]|P[t] —inf r[t]|P[t]

We have also observed that the rate of vanishing the duality

gap in TPC/IC is much higher than that in TPC/TIC. We have M N

proved that OFDMA is asymptotically the optimal subcarriewvherer[t] = Om % 5log(1 + ym,i[t]). It is easy to ob-

assignment in resource allocation problems for both TPC/TIC m=1 _ i=1’

and TPC/IC constraints. Under each of these two constrairgrVe thatnf {r[t]| P[t]} = 0. Noting (37), an upper-bound for

the optimal power allocation has also been derived. Extensitk fi74€) can be suggested as

simulations have been conducted to study the impact of various _ Te

system parameters, especially on the secondary service D) <P max_ sup rl[t]|Plt] =
. . t=1,...,T K+2

performance. Our simulation results have conbrmed that the

proposed RRA algorithms are practical and possible to run on- -1 _ EC P sup r[t]|73[t] <

line without harming the convergence and optimality. These =1 T K+2
Pndings are of practical signibcance for two reasons. First, - _ e T

when the number of available sub-channels is limited, which =1- P sup r[P < K132 (38)

is usually the case in spectrum-sharing systems, it is possible to
reduce the duality gap associated with using OFDMA as much M N
as possible by increasing the time winddw\We have shown where sup{r|P} is max, Wm  3log(l+ ym,i). We
that OFDMA is the asymptotically optimal subcarrier assign- m=1 =1

ment. Second, the resource-allocation algorithms develope e

this paper are robust in practical situations, particularly when Wm

the transmitter has only on-the-RBy CSI knowledge. Our sim- m;';‘x 2 log (1+ Ym,i)
ulation results have conbrmed that the Lagrangian multipliers

converge quickly to the theoretical values. < Om log 1+ _Pmax@m.i
2 lj gmp + G2
m,i s Ip m
w Pmaxdm,i
APPENDIXA < 7”] log 1+ )Taxmﬁ
PROOF OFTHEOREM 1 m,i LT e
In its general form, the convex feasible power $Bff], is Therefore,
not in closed-form and not bounded, so it is not a compact set.
Therefore, there is no upper-bound of the duality gap. In what N M
follows, we show that considering the actual system results in a sup r|P < 7"1 log 1+ . (39)
compactP|t], where an upper-bound can be obtained. i=1m=1 ﬁ
Assume that the transmission power of each subcarrier is lim-
ited by imposing a large enough positive cutoff power denotd@ obtain the upper-bound, we note in (38),
by pmax- We then debPne a new power S Pl[t] X . N Te
Pult], where Pift] = {p;[t] | 0 < pm.ilt] < Pmax. Vm} If P sup r|P >
K+2
we consider a new optimization problem by substituti]
. . . . M N
with P[t] and considering a very high value fprax, the <p oo 1+ Pmax Te
solutions of the new problem are the same @8'C. For = _ 9 lis ™ 1p K+2
TIC . . . . m=1i=1 Om.i
@) existence of at least one feasible solution is guaranteed ) T
for both power setsP[t] and P][t]. For instance, OFDMA <P NMlog 1+ pmax maxmax Im.i > €
subcarrier assignment can be considered as a feasible solution. ) ' 'lgm Ip K+2
Therefore, since TPC and TIC are continuous and convex, _ P Om,i - e (k2 — 1
and due to the fact that feasible power set is also convex, the ~ m= max ._T‘_",‘_),(N lism p Pmax
assumptions A1(A3 of Proposition 5.26 in [51] are satisbed (see T *
Appendix B). Consequently, the following holds: “1-P  max max J9mi e&m®® -1
5 m=1,...)M i=1L..N ljgmpp — Pmax
inf (D(A\, W) —sup(©™'¢) < =, (37) . % % b Omi _ e o w1
i . - m=1i=1 Iivsslp Pmax x>
for a bounded and positivd. Equation (37) indicates that W Do ) omIE _ 1
for T — oo, the duality gap between the solutions of the =1 — 1-p Imi . (40)

primal and dual problems approaches 0. Based on the result of m=1i=1 Fismip Pmax
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The channel power gaigy, ; is exponentially distributed with the following three assumptiongi1: There is at least one

mean value ol/pn, ;. Therefore,

~ Te
P >
sup r|P K42
%% b R —
S 1_ 1—67W m,i Ii,s mp
m=1i=1
NM-(F7K+2) 3 MN
< 1— 1_e,$ Minmi { mi lis mpp} (41)
Using (41) in (38) yields,
MNT

T
cNM (K+2) _q

P max minm; { mi lig m Ip}

DE)<1- 1-—e

We then show that there existsTd§), where forT > T (g),
P sup{r/P} >y <& thusD(e) <1-(1-§T.T(E)
is then obtained from the bound in (41) as:

T
eNM (K+2) _ . -
o T MiMmi { mi his mpp} <1-(1- E)ﬁ,
or equivalently

1 + pmax In L

7> NMK*2) - 7 CuCDLLIS 163
- € mlnm'i{um,ih’sm \p}
] (42)
This implies that iff — oo, ="~ >> 1 holds, and thus

T
WM (K% 4
P max

1_e Minmi { mi lism I} — 1.

Finally,

T
NM (K +2) _q . —
e
T T Pmax MiNgp; { m,i ||,s m|p}
122

+
NZM Z(K +2) Zpmax

1-e

—( T
Zlfe NM (K +2) pmax

)minm,i { m,i I—i,s m Ip}

T 2 i R
Zl_e_(NM w2 trew ey 2) MiMmi { mi lis mop}
Zmin mi Mmi Tis ™ pt

N2ZM 2(K +2) 2

>1-—e

Mitm; L mi Vs m 1o}t is then conbrmed thab(e) <

Letc= NZMZ (K +2)2

feasible solution tdP; A2: For eacht, the subset oR% *!+1,
{(Xt, he(Xt), Fe(Xt)) [Xt € X}, is compact;A3: For eacht,
given any vectoly € conv(X';) there existx € X'y such that
he(X¢) < he(yy), wherehe(Xy¢) : conv(X¢) — R™. Note that
A2 is satisbed ifX¢ is a compact set and botf(x¢) and
h¢(X¢) are continuous functions oiX’;. A3 is guaranteed
wheneverX'; is convex and each component of functlogfx:)
is convex.
Now, dePne the dual problem correspondingtas

Problem D :
.
inf [Fe(xe) + Vi he(x¢)] — vFb.

maxD(v) =
{wdefre}

v=0

Proposition 2 [Proposition 5.26 in [51]]:Under
assumptions A1EA3, inf(P) —sup(D) < (I+1)E holds,
whereE =max=1,... 1 Pt, andpe <sup(fe(Xt)) —inf(Fe(Xy)).

Corollary 2: If E andl are not functions of, Proposition 1
implies that the optimization problem

T T
fe(X), St
=1 t=1

min

P roblem P1:
{wefx ) T t

he(Xxt) < b,
(44)

has a duality gap estimate @if(P1) — sup(D1) < =D&,
which approaches 0 by — oc.

APPENDIXC
PROOF OFTHEOREM 2

Here we also utilize the dual decomposition method and
introduce se©Q[t], where for given time instartt it comprises
the intersection between the feasible power allocatiori2g,
and the set corresponding to the IC constraint. Prolid¥in is
then reduced to

T M N 1
R= max = 6} —log (1 + ym,ilt]),
plelelee T ) o, 2 m
1 T M N
S.t. ? pm,i[t] <Pr.
t=1 m=1i=1

1-1-¢°¢ 2T)MNT, which implies the decrement rate isAccording to the IC constrainty t the following inequality

(1—ec zT)MNT.

APPENDIXB

Consider the following generic optimization problem

T T
ft(Xt), S.t.
1 t=1

min
{e e}

P roblem P : he(X¢) < b,

(43)

whereT is a positive integelh) € R™ for given positive integer

m, Xt € R% for given positive integerg;. Denoting conyX’¢)
as the convex hull ofX¢, fi(x¢) and h¢(x¢)are functions
debned af(x¢) : conyX¢) — R andh(X¢) : con( X¢) —
R™, where con¢x) is the convex haul of set. Now, consider

holds:

N M N M
il pmaltl < maxhi(t]

i=1 m=1 i=1

pm,i[t]

m=1

Pm.ilt] <QRT,

M
< N maxmax hK[t]
! m=1

Vk. (45)

Consequently,

maxk QR "
axi k maxe hk[t]’

it <
Pm,ilt] < Nm

Therefore, Vt, QJt], is a compact set. Thus, we have
inf(D(A)) — sup(O'C) < =, (see the Appendix B) wherk
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is the Lagrangian multiplier corresponding to the TPC con- + max QT ] +
straint, o is a Pnite positive number, and(A) is the dual _p MmN log 1+max max N max; by Te
function. In what follows, we derive an upper-bound foge). — + moi lis m 1p K+2+
Based on the result of Proposition 5.26 in [51], we know that . o O, N

k

parameterx in (37) is equal to(K +2) E whereE is E = MaXk max HF T
) S ek 1L

max=1, . T {pt}, andp; at each time instaritis upper-bounded = P_'_mrgx max e +
aspe < sup{r[t]| Q[t]} — inf{r[t]| Q[t]}. It is easy to see that o " $
nf {111/ Qff]} =0, so ) Wop * o N ewlem 1 +
! Te T =1— EP+ m! < o Ik, vj, k+ .
DE) <1-— P sup{r|Q} < K+32 (46) m=1i=1 lism o~ maxg min; hkT

(49)
By considering the debnition of and dropping the time index

t for brevity,sup{r|Q} is _ _
Here,E[x] is the expectation of random valMeChannel power

M N 4 gaingm i has an exponential distribution with mean value of
r&agx Om 5 log (1 + Ym,i) . 1/Um,i. Therefore,
m=1 i=1
Instead of solving the above optimization problem, we propospe Te
an upper-bound for the solution. Note that sup{r(Q} > K+ 2
N M M NV ( -{K 2)
e *2) —1 T
hli( Pm,i <N m.aXhIi( Pm,i < QETy vk. -N QST mi lis mp
N ! 1 ! % % max . min i hkk
=1 m=1 m=1 <1- E 1-—e i . (50)
Furthermore, it can be seen that m=1i=1
M ET A
Pm,i < max = Pmax- (47)

hK
k™ N max; hj Channel power gairhk for Vk,i are exponentially dis-
tributed random variables with corresponding mean value

1/yx. i. Therefore, (49) is further reduced to

m=1

Consequently, to obtain an upper-bound fp{r|Q}, we
require to solve the following optimization problem

M N 1 Te
max  Om  =log(1l+ Ym.i). P sup{r|Q} >
Pmi <Pmax ,¥M,i N 2 ’
m=1 i=1
_— . 7 N K
From the above optimization problem, we can conclude % % o ST
<1- 1- Mk j Qk
w i ioq 1 ke
max = —2log(1+ ym.i) m=1i=1 i=11# k=1
Pmi <Pmax ,¥M,i 2
m D) # o $ K
< wﬂlog 1+ _Pmaxgm.i TN R ety QF
T 2 lismip + O x € - do
< wjlog 1+ Pmaxdm,i 0
- 2 Ii sm # T $ K E
m.i S™ [p -0 S S — -
’ = N eV (K% —1 i ligmp+ (kg + « QYT
Therefore, - ¢ - do
N M maxy 2% i
) KN hK s
sup{r|Q} < Mg 1+ (48) %% N K o
R 2 I\,smlp :1 — 1_ l"lkak
i=1l m=1 Om.i - A - ’
! m=1i=1 J=11#] k=1
We utilize (48) to derive an upper-bound for ’ 1
P sup(r|Q} > g as: N S K
Te N e &2 —1 Hm,ilisnp+ ’ M j QR
P sup{r > =1
Pire} > 5 _
+ o + 1
<P o lo 1+man'\“~n;xjhjk > _T€ 7 $ K
J S -
>~ +m:1 - g h;& K+2+ N eWw (K+2) —1 IJm,i Ii,sm \p+ ’ (Hk,j + p«k,I)QET
m,i =1
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’ N o K s
<1- P T Gt
m=1i=1 =11 rpn”;] Mm,ili gm Ip
’ 1
X K
# $ ki QT

k=1 _
min m; Ii,s m |p
m,i

T
N eNM (K +2) _1 +

1

K

# $ Ckj + ki )QPT

.
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REFERENCES

(1]

(2]

(3]

[4

[l

(5]

(6]

(7]
(8]

El

(10]

(11]

(12]

(23]

(14]

(15]

(16]

(17]

(18]

B. Wang and K. J. R. Liu, OAdvances in cognitive radio networks: A
survey,OEEE J. Sel. Topics Signal Processol. 5, no. 1, pp. 5923,
Feb. 2011.

S. Haykin, OCognitive radio: Brain-empowered wireless communica-
tions,OIEEE J. Sel. Areas Communvol. 23, no. 2, pp. 2019220,
Feb. 2005.

M. G. Khoshkholgh, K. Navaie, and H. Yanikomeroglu, OAccess strate-
gies for spectrum sharing in fading environmendEGE Trans. Mobile
Comput, vol. 9, no. 12, pp. 1780D1793, Dec. 2010.

G. Bansal, M. J. Hossain, V. K. Bhargava, and T. Le-Ngoc, OSubcarrier
and power allocation for OFDMA-based cognitive radio systems with
joint overlay and underlay spectrum access mechanigEBTrans. Veh.
Technol, vol. 62, no. 3, pp. 111191122, Mar. 2013.

R. Zhang, Y-C. Liang, and S. Cui, ODynamic resource allocation in cog-
nitive radio networks: A convex optimization perspectiviEGE Signal
Process. Mag.vol. 27, no. 3, pp. 102D114, May 2010.

B. Kaufman, J. Lilleberg, and B. Aazhang, OSpectrum sharing scheme
between cellular users and ad-hoc device-to-device us&EP Trans.
Wireless Communvol. 12, no. 3, pp. 103801049, Mar. 2013.

V. Chandrasekhar, J. G. Andrews, and A. Gatherer, OFemtocell networks:
A survey,OEEE Commun. Magyvol. 46, no. 9, pp. 59967, Sep. 2008.

L. Li, C. Xu, and M. Tao, OResource allocation in open access OFDMA
femtocell networks,OEEE Wireless Commun. Lettvol. 1, no. 6,

pp. 6250628, Dec. 2012.

R. Zhang, S. Cui, and Y-C. Liang, OOn ergodic sum capacity of fad-
ing cognitive multiple-access and broadcast chann#&E@ Trans. Inf.
Theory vol. 55, no. 11, pp. 516155178, Nov. 2009.

X. Kang, Y-C. Kiang, and H. K. Garg, OFading cognitive multiple access
channels: Outage capacity regions and optimal power allocatiBED
Trans. Wireless Commurvol. 9, no. 7, pp. 2382D2391, Jul. 2010.

V. Asghari and S. Aissa, OResource management in spectrum-sharing
cognitive radio broadcast channels: Adaptive time and power allocation,O
IEEE Trans. Commurvol. 59, no. 5, pp. 144601457, May 2011.

D. T. Ngo, C. Tellambura, and H. H. Nguyen, OResource allocation for
OFDMA-based cognitive radio multicast networks with primary user
activity consideration,OEEE Trans. Veh. Technolvol. 59, no. 4,

pp. 16681679, May 2010.

M. Naeem, A. S. Khwaja, A. Anpalagan, and M. Jaseemuddin, OGreen
cooperative cognitive radio: A multiobjective optimization paradigm,O
IEEE Syst. J.to be published.

R. Devarajan, S. C. Jha, U. Phuyal, and V. K. Bhargava, OEnergy-aware
resource allocation for cooperative cellular network using multi-objective
optimization approach,[EEE Trans. Wireless Communol. 11, no. 5,

pp. 17971807, May 2014.

E. Bedeer, O. Dobre, M. Ahmed, and K. Baddour, OA multiobjective opti-
mization approach for optimal link adaptation of OFDM based cognitive
radio systems with imperfect spectrum sensin@EE Trans. Wireless
Commun.vol. 13, no. 4, pp. 233992351, Apr. 2014.

S. Rangan and R. Madan, OBelief propagation methods for intercell inter-
ference coordination in femtocell network$RBE J. Sel. Areas Commuyn.

vol. 30, no. 3, pp. 631D640, Apr. 2014.

M. Shamaiah, S. H. Lee, S. Vishwanath, and H. Vikalo, ODis-
tributed algorithms for spectrum access in cognitive radio relay net-
works,OIEEE J. Sel. Areas Communol. 30, no. 10, pp. 1947D1957,
Nov. 2012.

X. Gong, S. A. Vorobyov, and C. Tellambura, OOptimal bandwidth and
power allocation for sum ergodic capacity under fading channels in



KHOSHKHOLGH et al: RRA FOR OFDM-BASED SPECTRUM SHARING: DUALITY GAP AND TIME AVERAGING 863

cognitive radio networks,@EEE Trans. Signal Processvol. 59, no. 4, [43] R. Etkin, A. Parekh, and D. N. C. Tse, OSpectrum sharing in unlicensed

pp. 18141826, Apr. 2011. bands,OEEE J. Sel. Areas Commuyrvol. 25, no. 3, pp. 517D528,
[19] S. Ekin, M. M. Abdallah, K. A. Qaraqe, and E. Serpedin, ORandom  Apr. 2007.

subcarrier allocation in OFDM-based cognitive radio networkEEE  [44] J. Jang and K. B. Lee, OTransmit power adaptation for multiuser OFDM

Trans. Signal Processvol. 60, no. 9, pp. 4758D4774, Sep. 2012. systems,QEEE J. Sel. Areas Communvol. 21, no. 2, pp. 1719178,
[20] Y. Zhang and C. Leung, OAn efbcient power-loading scheme for OFDM-  Feh. 2003.

based cognitive radio system$EEE Trans. Veh. Technokol. 59, no. 4, [45] H. Liu and G. Li, OFDM-Based Broadband Wireless Networks: Design

pp. 185801864, May 2010. and Optimization Hoboken, NJ, USA: Wiley.

[21] S. M. Aimalfouh and G. L. Stuber, Olnterference-aware radio resoufé$] R. Etkin and D. N. C. Tse, OGaussian interference channel capacity to
allocation in OFDMA-based cognitive radio networkiEGE Trans. Veh. within one bit, OEEE Trans. Inf. Theoryvol. 54, no. 12, pp. 5534D5562,
Technol, vol. 60, no. 4, pp. 16991713, May 2011. Dec. 2008.

[22] A. M-C. So and Y. J. Zhang, ODistributionally robust slow adaptivi#7] C. Suh and D. N. C. Tse, OFeedback capacity of the Gaussian interfer-
OFDMA with soft QoS via linear programmingJBEE J. Sel. Areas ence channel to within 2 bitsJBEE Trans. Inf. Theoryvol. 57, no. 5,
Commun.vol. 31, no. 5, pp. 947D958, May 2013. pp. 2667D2685, May 2011.

[23] M. Ge and S. Wang, OFast optimal resource allocation is possible 48] X. Wang and N. Gao, OStochastic resource allocation over fading multiple
multiuser OFDM-based cognitive radio networks with heterogeneous ser- access and broadcast channelEEE Trans. Inf. Theoryvol. 56, no. 5,
vices,OEEE Trans. Wireless Communvol. 11, no. 4, pp. 150001509, pp. 2382b2391, May 2010.

Apr. 2012. [49] X.Wang and G. B. Giannakis, OResource allocation for wireless multiuser

[24] A. G. Marques, L. M. Lopez-Ramos, G. B. Giannakis, and J. Ramos, OFDM networks,dEEE Trans. Inf. Theoryvol. 57, no. 7, pp. 435994372,
OResource allocation for interweave and underlay CRs under probability- Jul. 2011.
of-interference constraints|BEE J. Sel. Areas Commuynol. 30, no. 10, [50] D. T. Ngo, S. Khakurel, and T. L. Ngoc, OJoint subchannel assignment and
pp. 19221933, Nov. 2012. power allocation for OFDMA femtocell networkslEEE Trans. Wireless

[25] N. Y. Soltani, S-J. Kim, and G. B. Giannakis, OChance-constrained op- Commun.vol. 13, no. 1, pp. 342D355, Jul. 2013.
timization of OFDMA cognitive radio uplinks,EEE Trans. Wireless [51] D. P. BertsekasConstrained Optimization and Lagrange Multiplier
Commun.vol. 12, no. 3, pp. 109891107, Mar. 2013. Method New York, NY, USA: Academic, 1982.

[26] M. Karaca, K. Khalil, E. Ekici, and O. Ercetin, OOptimal schedul-
ing and power allocation in cooperate-to-join cognitive radio net-
works,O IEEE/ACM Trans. Netw.vol. 21, no. 6, pp. 170891721,
Dec. 2013.

[27] C-H. Chen, C-L. Wang, and C-T. Chen, OA resource allocation scheme
for cooperative multiuser OFDM-based cognitive radio systeni=RE
Trans. Communvyol. 59, no. 11, pp. 32043215, Nov. 2011.

[28] H. Xu and B. Li, OResource allocation with Rexible channel cooperation
in cognitive radio networks,lBEE Trans. Mobile Compuytvol. 12, no. 5,
pp. 957D970, May 2013.

[29] R. Urgaonkar and M. J. Neely, OOpportunistic cooperation in cogni-
tive femtocell networks,(EEE J. Sel. Areas Communvol. 30, no. 3,
pp. 607D616, Apr. 2012.

[30] S. Bayhan and F. Alagoz, OScheduling in centralized cognitive radio
networks for energy efbciencylEEE Trans. Veh. Technolol. 62, no. 2,
pp. 582D595, Feb. 2013.

[31] K. W. Choi, E. Hossain, and D. I. Kim, ODownlink subchannel and power
allocation in multi-cell OFDMA cognitive radio networks|BEE Trans.
Wireless Communvol. 10, no. 7, pp. 225992271, Jul. 2011.

[32] S. Boyd and L. Vandenbergh€pnvex optimization Cambridge, U.K.:
Cambridge Univ. Press, 2004.

[33] W. Yu and R. Lui, ODual methods for nonconvex spectrum optimiza-
tion of multicarrier systems,EEE Trans. Communyol. 54, no. 7,
pp. 131091322, Jul. 2006.

[34] Z. Q. Luo and S. Zhang, ODynamic spectrum management: Complexity

an duality, EEE J. Sel. Topics Signal Procesgol. 2, no. 1, pp. 57D73, |iic asearch interests are mainly in wireless communications, radio resource

Feb. 2008. . .
[35] Z. Q. Luo and S. Zhang, ODuality gap estimation and polynominal tin?(lelocatlons, and spectrum sharing.

approximation for optimal spectrum managemetEBE Trans. Signal
Process.vol. 57, no. 7, pp. 2675D2689, Jul. 2009.

[36] P. TsiaRakis, |. Necoara, J. A. K. Suykens, and M. Moonen, Olmproved
dual decomposition based optimization for DSL dynamic spectrum man-
agement,@EEE Trans. Signal Processvol. 58, no. 4, pp. 223002245,
Apr. 2010.

[37] K. Seong, M. Mohseni, and J. Ciofp, OOptimal resource allocation for
OFDMA downlink systems,O ifProc. IEEE Int. Symp. Inf. Theary
Jul. 9914, 2006, pp. 1394D1398.

[38] I. C. Wong and B. L. Evans, OOptimal downlink OFDMA resource allo-
cation with linear complexity to maximize ergodic capacitE&E Trans.
Wireless Communvol. 7, no. 3, pp. 962D971, Mar. 2008.

[39] B. G.Kimand J. W. Lee, OJoint opportunistic subchannel and power with
scheduling at relay stationslBEE Trans. Veh. Technolvol. 59, no. 5,

Mohammad G. Khoshkholgh received the B.Sc.
degree in electrical engineering from Isfahan Uni-
versity, Isfahan, Iran, in 2006 and the M.Sc. degree
in electrical engineering from Tarbiat Modares Uni-
versity, Tehran, Iran, in 2008. From 2008 until 2012,
he was with the Wireless Innovation Laboratory,
Tarbiat Modares University. From February 2012 to
February 2014, he was with Simula Research Lab-
oratory, Fornebu, Norway, working on developing
communication solutions for smart grid systems. He
is currently with the University of British Columbia.

Nader Mokari Yamchi is currently working to-
pp. 21382148, Jun. 2010. R . ] .
[40] M. G. Khoshkholgh, K. Navaie, and H. Yanikomeroglu, OAchievable Wardtth$ Eh'D' ldegre:_ with Tarbr;a_t t'\/IOd"’t"e.S l]'n('j'
capacity in hybrid DS-CDMA/OFDM spectrum-sharingEEE Trans. Versity, fenran, fran. His research Iintérests inciude
Mobile Comput.vol. 9, no. 6, pp. 7560777, Jun. 2010. wireless communications, radio resource alloca-

tions, cooperative, network planning, and spectrum

[41] A. Ghasemi and E. S. Sousa, OFundamental limits of spectrum-sharing sharing

in fading environments,EEE Trans. Wireless Commuyrvol. 6, no. 2,
pp. 649D658, Feb. 2007.

[42] R.Zhang, OOn peak versus average interference power constraints for pro-
tecting primary users in cognitive radio networklEs@E Trans. Wireless
Commun.vol. 8, no. 4, pp. 2112D2120, Apr. 2009.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


