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computational algorithms for implementing fast subcarrier as-
signment. Power and subcarrier allocation for maximizing er-
godic capacity of the secondary service was the subject of the
study in [24] under the assumption of unavailability of CSI at
the secondary service. The authors of [25] focused on chance-
constrained techniques to deal with CSI uncertainty. BeneÞts
of cooperative communications for boosting the performance
of RRA in cognitive radio systems were investigated in [26]Ð
[29]. High performance can be advertised as a compelling
incentive for the secondary services to cooperate with the
primary service in relaying parts of the primary serviceÕs trafÞc.
Spectral efÞciency is improved by setting up the cooperative
protocols among the secondary users [27]. Energy-efÞciency
was scrutinized in [30], helping the recent industrial and aca-
demic researchers reduce energy expenditure of the informa-
tion and communication technology sector. The energy-utility
tradeoff for optimal power control and scheduling was also
the focus in [26]. Utility maximization in multi-cell cognitive
radio networks was studied in [31], and efÞcient scheduling and
power allocation schemes were proposed.

Nevertheless, a number of fundamental issues of RRA
in multi-carrier spectrum-sharing systems have not yet been
studied thoroughly. For instance, despite the popularity
of OFDMA, its optimality still remains questionable. The
OFDMA-based RRA problems seen in the literature are inher-
ently non-convex [32], so the solutions have nonzeroÑin many
cases unknownÑduality gaps, i.e., the difference between the
optimal and sub-optimal solutions (which is 0 for convex
problems). Note that a nonzero duality gap will inevitably result
in resource misuse. Increasing the number of sub-channels has
been recognized as a popular mechanism in mitigating the non-
zero duality gap. Assuminginstantaneousspectral efÞciency
as the objective function, evaluation of the duality gap with
respect to the number of sub-channels was carried out in
[33]Ð[37]. Their primary conclusion is that the growth of
the number of sub-channels speeds the decaying rate of the
duality gap, at least by1/

√
N , whereN is the number of sub-

channels [33], [35]. Unfortunately, it may not always be possi-
ble to increase the number of sub-channels because of inherent
spectrum shortage, especially in the case of spectrum-sharing.
On the other hand, simulations and asymptotic evaluations in
[38], [39] reveal that for the case ofergodic capacity, the
duality gap is virtually 0, even with a moderate number of sub-
channels. This Þnding is promising as it indicates a practical
alternative for reducing the duality gap in spectrum-sharing
systems. Nonetheless, achieving the ergodic capacity comes
with large decoding delay and high system complexity. More-
over, there is no theoretic/numeric indication for how fast the
duality gap dies out. Such information can allow a compromise
between the tolerable complexity and the desirable duality gap.
To shed lights on the nature of the duality gap versus time,
we introduce atime window, denoted byT , for adjustable
averaging of the objective and resource constraints, where
T = 1 ( T → ∞) is equivalent to the instantaneous (expected)
value of the performance metric. The main questions to be
addressed are then:Is time windowT beneÞcial in resource
allocation?; how does the duality gap behave with respect to the
time windowT ?; when and under what condition is OFDMA

the optimal solution?; how robust are the proposed resource
allocation algorithms against practical scenarios?

Analysis of the duality gap behavior as a function ofT is of
practical importance. One may decide to vary the size of time
window, T , instead of increasing the number of sub-channels
[33], to Þnd an approximation to the optimal solution. This is
more pragmatic as it is easier and cheaper to adjust the time
window than the number of subcarriers. First, it is a matter
of the protocol design, not the system construction, and is
inexpensive to implement. Second, according to the analysis in
this paper, asT increases, the duality gap gets narrower more
quickly than when the number of subcarriers grows. Third, in
the case of dynamic spectrum sharing, the available spectrum
for the secondary transmissions is probably limited, and hence
increasingT is a practical solution to reach the optimal re-
source usage. In such a case, increasingT will compensate for
losses due to small available bandwidth. Finally, in wireless
environments, the coherence bandwidth may restrict the gain
achievable by increasing the number of subcarriers.

This paper makes the following main contributions:
Analytical evaluation of duality gap behavior as a function

of T : We estimate the duality gap for the system under consid-
eration and investigate the impact of time scale of operation on
the duality gap. The duality gap is shown to vanish asymptoti-
cally with an exponential rate ofT . Our simulation results also
conÞrm this analytical result.

Optimality of exclusive subcarrier assignment: We prove
that with probability 1, the optimal subcarrier assignment is
OFDMA, i.e., each subcarrier can be allocated to at most one
user. Since the duality gap is asymptotically 0, this indicates
that OFDMA is the optimal, albeit asymptotically, subcarrier
assignment.

Practically deployable resource-allocation algorithms: The
RRA algorithms developed in this paper require the availability
of all channel realizations in the entire time span of the window
for off-line solutions of the RRA problems and the optimal
Lagrangian multipliers. Besides, the resource-allocation prob-
lems should be solved over a period ofT time slots, which
may exacerbate computational complexity. Nevertheless, by
employing sophisticated online mechanisms, we are able to
alleviate the scarcity of non-causal CSI. Thus, the algorithms
work efÞciently based only on the availability of on-the-ßy CSI
measurements in the corresponding time slots. Additionally,
the complexity of the online method is almost as high as the
case in which the resource allocation is solved individually for
each time slot. These attributes simplify the implementation and
broaden the applicability of the algorithms.

The rest of this paper is organized as follows. Section II
presents the system model while Section III investigates RRA
with the long-term interference threshold constraint. The prob-
lem including the short-term interference threshold constraint
is investigated in Section IV. We present the simulation results
in Section V and conclude the paper in Section VI.

II. SYSTEM MODEL

Fig. 1 shows a schematic of the system model under consid-
eration. We consider a spectrum-sharing network between the
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Fig. 1. Schematic diagram of the considered system model in this paper.

primaryandsecondaryservices. The primary service is a direct
sequence code division multiple access (DS-CDMA)-based
cellular network while the secondary service is an OFDM-
based cellular network.

Remark 1:Although the analysis in this paper is for DS-
CDMA/OFDM, our results can be extended to other system
settings. For such an extension, optimization problems similar
to that in this paper can be formulated and analyzed using the
appropriate system model.

We consider aB-Hz spectrum band that is licensed to the
primary service, and the secondary service uses it with an
underlay spectrum-sharing mechanism. It is assumed that on
this spectrum the primary service communication is uplink
while the secondary service communication is downlink.1 The
secondary service has to keep the imposed interference at the
primary service below ana priori assigned interference level
referred to as theinterference threshold constraint, Q. We call
this spectrum-sharing scenario DS-CDMA/OFDM [40]. The
spectrum is shared over the uplink channel of the primary
service only.2

For the secondary service, the available spectrum is divided
into N Bc Hz sub-channels, indexed byi = 1 , 2, . . . , N , where
Bc is assumed equal to the channel coherence bandwidth,
so that each sub-channel experiences ßat fading. Interference
at the secondary service receivers is caused by the primary
usersÕ communications. This interference is represented as
Īi,s|p which is the aggregated average interference at the sec-
ondary service receiver due to the primary service communi-

1We assume that a Þxed portion of the spectrum is allocated to the primary
service in the uplink, which will be shared with the secondary service; i.e., the
primary network is frequency domain duplexed (FDD), and so is the secondary
network.

2This is due mainly to the fact that most conventional services are asym-
metric, with a lower trafÞc demand over the uplink than over the downlink.
The secondary system should therefore evaluate the interference threshold
constraint only at the primary base stations. In practice, this is much simpler
than the case of spectrum sharing over the downlink of the primary service, in
which the interference threshold constraint should be evaluated ateach(mobile)
primary users.

cations over sub-channeli. For subcarrieri, hk
i denotes the

channel power gain between the secondary BS and thek-th
primary BS, wherek = 1 , . . . , K, as it is also shown in Fig. 1.
In this model,gm,i indicates the instantaneous channel power
gain of subcarrieri between the secondary base station (BS)
and the secondary service receiverm, m = 1 , . . . , M . Both�

hk
i and√

gm,i are assumed to be independent and identical
Rayleigh random variables. Variablet is used as the time index
throughout this paper.

At each time instant, we assume that the full knowledge of
the channel power gains, i.e.,hk

i and gm,i, and their relative
distributions are made available to the secondary BS,∀ k, m, i,
k = 1 , . . . , K, m = 1 , . . . , M , andi = 1 , . . . , N . This assump-
tion is justiÞable as in [9], [41]. In practice,gm,i can be
estimated by the secondary BS adopting appropriate training se-
quences and/or through a feedback or reciprocity-based mech-
anism [42], [43]. Further, the primary service may share its
knowledge ofhk

i ∀ k, i with the secondary service, for example,
by transmitting a training sequence in the same frequency band.
Such an approach has been considered before, e.g., [42].3

III. O PTIMAL RRA WITH LONG-TERM INTERFERENCE

THRESHOLDCONSTRAINT

Let p[t] = [ p′
1[t], . . . , p′

M [t]]′ be an MN × 1 secondary
users power allocation vector at time instantt, wherepi[t] =
[p1,i[t], . . . , pM,i[t]]′ is anM -tuple power-allocation vector for
all secondary users on subcarrieri. Here,pm,i[t] denotes the
power assigned to userm on subcarrieri. Letγm,i[t] denote the
instantaneous signal to interference-plus-noise ratio (SINR) at
the receiver of secondary userm on subcarrieri at time instant
t. Then,4

γm,i[t] =
gm,i[t]pm,i[t]�

m̂ �=m
gm,i[t]pm̂,i[t] + Īi,sm |p[t] + σ2

m
, (1)

where σ2
m is the power spectral density of Additive White

Gaussian Noise (AWGN). For a large enoughM , adopting
Central Limit Theorem indicates that the secondary service co-
channel interference imposed at them-th secondary user by
other secondary transmissions over subcarrieri (i.e., the Þrst
term in the denominator in (1)) can be modeled as a Gaussian
random process. In (1),Īi,sm |p[t] denotes the interference at the

3Note that the accurate CSI might not be available in practice. However,
since 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
the availability of accurate CSI is valid. In reality, the inaccuracy of the CSI
between the BS and the secondary users degrades the measured signal-to-noise
ratio (SNR) due to the self-noise. Besides, when the CSI is inaccurate, the BS
may schedule users with a higher data rate than the actual affordable channel
capacity causing outages. Moreover, the knowledge ofhk

i ∀ k, i is practically
limited to the perturbed CSI values or only the channel distributions. Robust
and/or probabilistic constraints could thus be considered for incorporating the
spectrum-sharing constraints. In general, it is possible to interpret both cases via
long- and/or short-term interference threshold constraints. We leave the impact
of inaccuracy of the CSI on the results of this paper as future work.

4In such a degraded broadcast channel, the BS implies superposition coding
that is optimal, but receivers need to adopt accurate interference cancellation
which may not be applicable in practice. Instead of canceling the interference,
we assume that the receivers consider the co-channel interference as an additive
noise which is a Òworst caseÓ scenario.
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secondary userm imposed by the primary communications on
subcarrieri at time t (see Fig. 1).Time-averaged Achievable
Rate(TAR) of the secondary service,R (symbol per second per

Hertz), is deÞned asR = 1
T

T�

t=1

M�

m=1
ωm

N�

i=1

1
2 log(1 + γm,i[t]),

whereT � 1 is the length of averaging time window. Under
system ergodicity, for large enoughT , TAR provides a rea-
sonable approximation of the sum weighted achievable ergodic
capacity of the secondary service. The optimal RRA problem
is then

ProblemOT IC :

R = max
{p[t]}∈{P[t]}

1
T

T�

t=1

M�

m=1

ωm

N�

i=1

1
2

log (1 + γm,i[t]) ,

s.t. (T P C), (T IC) (2)

in which Time-averaged transmission Power Constraint(TPC)

at the secondary BS is1T
T�

t=1

M�

m=1

N�

i=1

pm,i[t] ≤ PT , wherePT

(Watts) is the maximum secondary BS average power. The
interference threshold constraint at thek-th primary BS is
managed here throughTime-averaged Interference threshold

Constraint (TIC) as 1
T

T�

t=1

M�

m=1

N�

i=1

hk
i [t]pm,i[t] ≤ QLT

k , ∀ k,

whereQLT
k (Watts) is thek-th TIC at the primary service re-

ceiver. InOT IC , the feasible power allocation set on subcarrier
i at time instantt is deÞned as

P i[t] = {pi[t]|pm,i[t] ≥ 0, ∀ m} . (3)

Consequently, the feasible power-allocation set at timet is
P [t] = P1[t] × . . . × PN [t]. Note thatOT IC is a non-convex
optimization problem. To solve non-convex optimization prob-
lems, the dual decomposition method (e.g., [33]) is utilized
to obtain suboptimal solutions. This method is widely used
for RRA due to its simplicity as well as the availability of
the corresponding effective and quickly converging numerical
algorithms.

A. Evaluation of the Duality Gap

The difference between the obtained solution using dual
decomposition and the optimal solution is referred to as the
duality gapasinf(D(λ, μ)) − sup(OT IC ), whereD(λ, μ) is
the dual function corresponding toOT IC , and λ and μ =
[μ1, . . . , μK ]T are the Lagrangian multipliers corresponding to
the constraints inOT IC . Estimating the duality gap indicates
how accurately the dual decomposition method solve the re-
source allocation problem. Hence, several attempts have been
made to evaluate the duality gap. For instance, for the special
case ofOT IC , whereT → ∞, and the power constraint is dom-
inant, i.e.,QLT

k = ∞, for k = 1 , . . . , K, the simulation result
in [38] indicates that the dual decomposition method yields a
solution while satisfying TPC with probability 0.999999. For a
system without spectrum-sharing constraints and whenT = 1 ,
it is shown that for a system with a large number of subcarriers,
i.e., N → ∞, the corresponding duality gap decays to 0 with
rateO( 1√

N
) [33]Ð[35].

For problemOT IC in the following, we show that for almost
all practical situations including a Þnite number of available
subcarriers, the duality gap asymptotically approaches 0 with
an exponential rate ofT . As a direct result of this observation,
one may decide to increase the time window,T , instead of
increasing the number of subcarriers to achieve a better approx-
imation to the optimal solution, or even a combination thereof.
We Þrst provide the following deÞnition:

DeÞnition:ε-duality gapis deÞned asD(ε)= P{inf(D(λ, μ)) −
sup(OT IC ) > ε}, whereε > 0 is a bounded real number.

The following theorem states our main result.
Theorem 1:ε-duality gap corresponding toOT IC is upper-

bounded asD(ε) ≤ 1 − (1 − e−cε2 T )MNT . Thus, D(ε) ap-
proaches 0 by increasingT � 1 with a decaying rate larger

than, or equal to(1 − e−cε2 T )
MNT

, where c is a constant
depending on the system parameters.

Proof: See Appendix A. �
Remark 2:The impact of the number of subcarriers on

the duality gap is also a matter of interest. As mentioned
in Section II, we assume that the bandwidth of each subcarrier
is set to be equal to the corresponding channel coherence
bandwidth. Therefore, for userm, the subchannel power gains,
gm,i, ∀ i, are independent. Increasing the number of subcarriers
results in highly correlated subchannels, thus requiring a more
complex approach to estimatingD(ε). For the simple case of
T = 1 , the authors of [35] proposed an approach to estimating
the duality gap as a function of the number of subcarriers.

Remark 3:Although Theorem 1 holds for the case when
channel power gains are Rayleigh, a similar behavior is also
expected in other fading environments. In such a case, the only
modiÞcation is the rate at which the duality gap vanishes; more
speciÞcally, in the proof of Theorem 1 we need to modify

P
�

sup
�

r|P̃
�

>
T ε

K + 2

�

≤ 1−
	

1 − F̄gm,i

	
e

T �
NM ( K +2) − 1

pmax
min
m,i

{μm,iĪi,sm |p}


MN

,

where F̄gm,i (.) is the complementary probability distribution
function of random variablegm,i. Note that depending on the
tail of the random variablegm,i, the rate of reduction might be
either faster or slower than exponential.

B. Dual Solution

The dual problem corresponding to ProblemOT IC is deÞned
as D∗ = min λ≥0,μ≥0 D(λ, μ). The corresponding dual func-
tion for OT IC is

D(λ, μ) = max
{p[t]}∈{P[t]}

1
T

�

t,m,i

ωm

2
log (1 + γm,i[t])

+ λ

⎛

⎝PT −
�

t,m,i

pm,i[t]
T

⎞

⎠+
K�

k=1

μk

⎛

⎝QLT
k −

�

t,m,i

hk
i [t]pm,i[t]

T

⎞

⎠

= λPT +
K�

k=1

μkQLT
k +

1
T

T�

t=1

D(λ, μ)[t]. (4)
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This decomposes the problem intoT decoupled optimization
problems, where for time instantt,

D(λ, μ)[t] =
N�

i=1

max
pi [t]∈P i [t]

M�

m=1

	
ωm

2
log (1 + γm,i[t])

−
	

λ +
K�

k=1

μkhk
i [t]




pm,i[t]




. (5)

Therefore, the primal problem is decomposed further intoNT
decoupled optimization problems. For subcarrieri, at time
instantt, the corresponding optimization problem is

ProblemOi:

max
pm,i [t]≥0, ∀m

M�

m=1

−
	

λ +
K�

k=1

μkhk
i [t]




pm,i[t]

× ωm

2
log

⎛

⎜⎝1 +
gm,i[t]pm,i[t]�

m̂ �=m
gm,i[t]pm̂,i[t] + Īi,sm |p[t] + σ2

m

⎞

⎟⎠ .

Proposition 1: In the optimal solution ofOi, for each timet
and speciÞc subcarrieri, at most one user is active. The active
user on subcarrieri is

m∗
i [t] = arg max

m=1,...,M
ωm

gm,i[t]
Īi,sm |p[t] + σ2

m
. (6)

Proof: We Þrst rewrite the objective function ofOi as

M�

m=1

ωm

2
log

	
M�

m̂=1

gm,i[t]pm̂,i[t]+ Īi,sm |p[t]+ σ2
m




−
M�

m=1

	

λ+
K�

k=1

μkhk
i [t]




pm,i[t]

−
M�

m=1

ωm

2
log

⎛

⎝
�

m̂ �=m

gm,i[t]pm̂,i[t]+ Īi,sm |p[t]+ σ2
m

⎞

⎠. (7)

For userm1, the Karush-Kuhn-Tucker (KKT) conditions [32],
which provide sufÞcient conditions for the optimal solution of
Oi, are

M�

m=1

ωm
2 ln 2

Īi,s m |p [t]+σ2
m

gm,i [t] +
M�

m̂=1

p∗
m̂,i[t]

−
	

λ +
K�

k=1

μkhk
i [t]




=
�

m �=m1

ωm
2 ln 2

Īi,s m |p [t]+σ2
m

gm,i [t] +
�

m̂ �=m
p∗

m̂,i[t]
− δ∗

m1 ,i[t], (8)

δ∗
m1 ,i[t]p

∗
m1 ,i[t] = 0 , δ∗

m1 ,i[t] ≥ 0, and p∗
m1 ,i[t] ≥ 0 where

p∗
m1 ,i[t] is the optimal power allocated to userm1 on subcarrier

i at time instantt. Furthermore,δ∗
m,i[t] are Lagrange multipliers

corresponding to the constraints inOi. Now, we assume that
two users, saym1 = 1 andm2 = 2 , are active at time instant
t, i.e., p∗

1,i[t] > 0, andp∗
2,i[t] > 0. Thus, we haveδ∗

1,i[t] = 0 ,
δ∗

2,i[t] = 0 . Let us denote

� =
M�

m=1

ωm
2 ln 2

Īi,s m |p [t]+σ2
m

gm,i [t] + p∗
1,i[t] + p∗

2,i[t]
. (9)

We write (8) for both users,m1 andm2, respectively, as:

ω2
2 ln 2

Īi,s 2 |p [t]+σ2
2

g2,i [t] + p∗
1,i[t]

+
M�

m=3

ωm
2 ln 2

Īi,s m |p [t]+σ2
m

gm,i [t] + p∗
1,i[t] + p∗

2,i[t]

= � −
	

λ +
K�

k=1

μkhk
i [t]




, (10)

ω1
2 ln 2

Īi,s 1 |p [t]+σ2
1

g1,i [t] + p∗
2,i[t]

+
M�

m=3

ωm
2 ln 2

Īi,s m |p [t]+σ2
m

gm,i [t] + p∗
1,i[t] + p∗

2,i[t]

= � −
	

λ +
K�

k=1

μkhk
i [t]




. (11)

After some straightforward manipulations, (10) and (11), re-
spectively, reduce to

ω1
2 ln 2

Īi,s 1 |p [t]+σ2
1

g1,i [t] + p∗
1,i[t]+ p∗

2,i[t]
+

ω2
2 ln 2

Īi,s 2 |p [t]+σ2
2

g2,i [t] + p∗
1,i[t] + p∗

2,i[t]

−
ω2

2 ln 2
Īi,s 2 |p [t]+σ2

2

g2,i [t] + p∗
1,i[t]

=

	

λ +
K�

k=1

μkhk
i [t]




, (12)

ω1
2 ln 2

Īi,s 1 |p [t]+σ2
1

g1,i [t] + p∗
1,i[t]+ p∗

2,i[t]
+

ω2
2 ln 2

Īi,s 2 |p [t]+σ2
2

g2,i [t] + p∗
1,i[t] + p∗

2,i[t]

−
ω1

2 ln 2
Īi,s 1 |p [t]+σ2

1

g1,i [t] + p∗
2,i[t]

=

	

λ +
K�

k=1

μkhk
i [t]




. (13)

These two equations Þnally imply that

ω2
2 ln 2

Īi,s 2 |p [t]+σ2
2

g2,i [t] + p∗
1,i[t]

=
ω1

2 ln 2
Īi,s 1 |p [t]+σ2

1

g1,i [t] + p∗
2,i[t]

. (14)

Note that all involved channel power gains includinggm,is
are independent across different users on each subcarrieri.
Further, fading distributions are continuous, so (14) holds with
probability 0, i.e.,

P

⎧
⎨

⎩

ω2
2 ln 2

Īi,s 2 |p [t]+σ2
2

g2,i [t] + p∗
1,i[t]

=
ω1

2 ln 2
Īi,s 1 |p [t]+σ2

1

g1,i [t] + p∗
2,i[t]

⎫
⎬

⎭
= 0 .

(15)

It is also straightforward to prove that the above statement is
valid if more than 2 users are assumed to be active. Therefore,
the feasible power seṫP [t] deÞned asṖ [t] = Ṗ1[t] × . . . ×
ṖN [t], where

Ṗ i[t] =
�

pi[t] ∈ RM
+ |pm,i[t]pm̂,i[t] = 0 , ∀ m �= �m

�
,

forms the feasible power-allocation set of the dual optimization
problem. As shown above, the feasible power set meets the
OFDMA constraint, i.e., at each time instantt at most one user,
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saym1 = 1 , is active and the others are silent. In this case, (8)
is simpliÞed to

M�

m=1

ωm
2 ln 2

Īi,s m |p [t]+σ2
m

gm,i [t] + p∗
1,i[t]

−
M�

m=2

ωm
2 ln 2

Īi,s m |p [t]+σ2
m

gm,i [t] + p∗
1,i[t]

=

	

λ +
K�

k=1

μkhk
i [t]




, (16)

or equivalently,
	

λ +
K�

k=1

μkhk
i [t]




=
ω1

2 ln 2
Īi,s 1 |p [t]+σ2

1

g1,i [t] + p∗
1,i[t]

, (17)

which results in the following well known water-Þlling power
allocation

p∗
1,i[t] =

⎛

⎜⎜⎜⎝
ω1

2 ln 2
�

λ +
K�

k=1

μkhk
i [t]

� −
Īi,s1 |p[t] + σ2

1

g1,i[t]

⎞

⎟⎟⎟⎠

+

.

(18)

For usersm2 �= m1, on the other hand, (8) indicates

M�

m=1

ωm
2 ln 2

Īi,s m |p [t]+σ2
m

gm,i [t] + p∗
1,i[t]

−
M�

m=2,m �=m2

ωm
2 ln 2

Īi,s m |p [t]+σ2
m

gm,i [t] + p∗
1,i[t]

−
ω1

2 ln 2
Īi,s 1 |p [t]+σ2

1

g1,i [t]

=

	

λ+
K�

k=1

μkhk
i [t]




−δ∗
m2 ,i[t], (19)

which simpliÞes to

ω1
2 ln 2

Īi,s 1 |p [t]+σ2
1

g1,i [t] + p∗
1,i[t]

−
ω1

2 ln 2
Īi,s 1 |p [t]+σ2

1

g1,i [t]

+
ωm 2
2 ln 2

Īi,s m 2 |p [t]+σ2
m 2

gm 2 ,i [t] + p∗
1,i[t]

=

	

λ +
K�

k=1

μkhk
i [t]




− δ∗
m2 ,i[t]. (20)

Substituting from (17), we then solve the above equation for
δ∗

m2 ,i[t] as

δ∗
m2 ,i[t]=

ω1
2 ln 2

Īi,s 1 |p [t]+σ2
1

g1,i [t]

−
ωm 2
2 ln 2

Īi,s m 2 |p [t]+σ2
m 2

gm 2 ,i [t] + p∗
1,i[t]

>0. (21)

Substitutingp∗
1,i[t] from (18), (21) reduces to

∀ m2 �= 1 :
g1,i[t]

Īi,s1 |p[t] + σ2
1

Īi,sm 2 |p[t] + σ2
1

gm2 ,i[t]

+

⎛

⎜⎜⎜⎝
g1,i[t]

Īi,s1 |p[t] + σ2
1

ω1�
λ +

K�

k=1

μkhk
i [t]

� − 1

⎞

⎟⎟⎟⎠

+

>
ωm2

ω1
. (22)

Assume g1,i [t]

Īi,s 1 |p [t]+σ2
1

ω1�
λ+

K�
k =1

μk hk
i [t]

� ≤ 1. Thus, (22) is equiv-
alent to

ω1
g1,i[t]

Īi,s1 |p[t] + σ2
1

> ωm2

gm2 ,i[t]
Īi,sm 2 |p[t] + σ2

1

∀ m2 �= 1 . (23)

On the other hand, if

g1,i[t]
Īi,s1 |p[t] + σ2

1

ω1�
λ +

K�

k=1

μkhk
i [t]

� > 1, (24)

is valid, then (22) reduces to

gm2 ,i[t]
Īi,sm 2 |p[t] + σ2

1

+
ω1�

λ +
K�

k=1

μkhk
i [t]

�

>

�
ωm2

ω1
+ 1

�
g1,i[t]

Īi,s1 |p[t] + σ2
1

∀ m2 �= 1 . (25)

Taking this and (24) into account, it is then straightforward
to show that (23) is again valid. This Þnally proves the result
in (6). �

Remark 4:For the case ofT = 1 and QLT
k = ∞, k =

1, . . . , K and Quadratic Amplitude Modulation (QAM) in [44],
the optimal subcarrier assignment is shown to be OFDMA. For
the general case of Shannon capacity formula and whenωm =
1, this is also shown based on the quasi-convex optimization
properties in [45]. The result of Proposition 1 is more general
and based on dual solution.

Remark 5: If OFDMA was part of the formulation of RRA,
one could establish thatD(λ, μ)[t] in (5) is

D(λ, μ)[t] =
N�

i=1

max
m=1,...,M

−
	

λ +
K�

k=1

μkhk
i [t]




pm,i[t]




× max
p �m,i [t]≥0

�
ωm

2
log

�
1 +

gm,i[t]pm,i[t]
Īi,sm |p[t] + σ2

m

�
, (26)

which admits the water-Þlling power allocation

p∗
m,i[t] =

⎛

⎜⎜⎜⎝
ωm

2 ln 2
�

λ +
K�

k=1

μkhk
i [t]

� −
Īi,sm |p[t] + σ2

m

gm,i[t]

⎞

⎟⎟⎟⎠

+

,

(27)

and subcarrier assignmentm∗
i [t] is

arg max
m

ωm

2 ln 2
ln

�
ωm

2 ln 2Am

�+

−
�

1 − 2 ln 2
ωm

Am

�+

(28)

where Am =
λ+

K�
k =1

μk hk
i [t]

gm,i [t](Īi,s m |p [t]+σ2
m )−1 . Compared to this,

Proposition 1 explicitly highlights the role ofωm and channel
power gains in subcarrier assignment that is implicit and
difÞcult to grasp in (28). These attributes can shed lights on the
fairness in resource allocation.
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Remark 6: It is worth pointing out the fundamental distinc-
tion betweenOi and the counterpart problem in theInterference
Channel. According to (1), the system model here comprises
one sender andM receivers. The link, saygm,i, that is used for
conveying information to userm carries the interfering data to
this user as well. On the contrary, there areM transmitters and
M receivers in the interference channel, so each transmitter in
essence hasM − 1 cross-talk links to the others, which may not
be the same as the link to the intended receiver. Thus, the link
between a transmitter and its intended receiver only conveys the
information, not the interfering data. In this regards, Proposition
1 does not depend on any assumptions commonly seen in the
literature of interference channel on the particular relationships
between direct and cross-talk gains for deriving the capacity
bound and/or power allocation [46], [47].

Proposition 1 shows that OFDMA is the optimal subcar-
rier allocation for TPC/TIC. The optimal power allocation is
then obtained asp∗

m,i[t] = p∗
m∗

i [t],i[t]1m=m∗
i [t]. We also need

to obtain the optimal Lagrangian multipliers, which can be
done by adopting known convex optimization algorithms, such
as Ellipsoid method [32]. The thus-obtained power alloca-
tion is then upgraded by substitutingλ∗ and μ∗ in p∗

m,i[t] =
p∗

m∗
i [t],i[t]1m=m∗

i [t]. A sub-gradient required for such an up-
grade is
⎡

⎢⎣PT −

�

t,m,i
p∗

m,i[t]

T
, QLT

1 −

�

t,m,i
h1

i [t]p∗
m,i[t]

T
,

. . . , QLT
K −

�

t,m,i
hK

i [t]p∗
m,i[t]

T

⎤

⎥⎦

′

. (29)

Note that KKT conditions in (8) are only sufÞcient since
ProblemOi is non-convex. As to Theorem 1, we already know
that for a sufÞciently largeT , the duality gap is almost 0,
implying that OFDMA is asymptotically the optimal subcarrier
assignment.

When the primary service uses multi-carrier technology,
we get the same Lagrangian function, perhaps with greater
Lagrangian multipliers. The results of Theorem 1 and
Proposition 1 remain valid.

C. System Causality

In the above dual decomposition discussed, to update the
Lagrangian multipliers, at the beginning of a time window, we
need all channel realizations within the entire time window
(i.e., off-line update). This is impractical in a causal system.
Theoretically, one can assume that a genie agent provides the
required knowledge. In practice, however, we need a very small
duality gap, thus requiring a largeT as shown in Theorem 1.
If T is large enough, then this issue can be handled by using
the ergodicity of wireless channels. Due to the ergodicity
in such a case, with a very high level of accuracy, channel
realizations required for updating the Lagrangian multipliers
can be achieved by using the expected values instead of the

arithmetic average over the entire time windowT . Using large
enough channel realizations, RRA calculates the Lagrangian
multipliers before the start of time window by many artiÞcially
generated channel realizations according to the given pdfs. In
each time slot (within the window), the resources are allocated
by substituting the available CSI of the upcoming time slot in
the derived formulations for subcarrier assignment and transmit
power allocation.

Another way to tackle the non-causality issue is to adopt
the stochastic gradient decent method (online update) in [48],
[49]. To utilize this method, however, we need to check whether
Lemma 3 and Theorem 2 in [49] hold for the system under
study. If they do, then the updated Lagrangian multipliers using
this method are the same as those in a non-causal system where
a priori knowledge within the entire window is available. The
simulation results presented in Section V indicate that even for a
moderate value ofT , e.g.,T = 300, online updated Lagrangian
multipliers quickly converge to their optimal values obtained
from off-line updates, thereby making the developed algorithms
implementable in practice. Note that this does not require the
ergodicity assumption as in [48], [49].

IV. OPTIMAL RRA WITH SHORT-TERM INTERFERENCE

THRESHOLDCONSTRAINT

In the previous section we have investigated the scenario
with TIC. We have proved that OFDMA is an asymptotically
optimal subcarrier policy. However, the primary service might,
in practice, be sensitive to peak interference imposed by the
secondary service. In this section we conÞrm that the theory
developed in the previous section is also valid for this case.

A. Problem Formulation and Duality Gap

Let us consider the following RRA problem:
ProblemOIC :

R = max
{p[t]}∈{P[t]}

1
T

T�

t=1

M�

m=1

ωm

N�

i=1

1
2

log (1 + γm,i[t]) , (30)

s.t. (T P C), (IC) (31)

where IC is the interference threshold constraint and ensures
that the allocated power at the secondary BS must satisfy:

M�

m=1

N�

i=1

hk
i [t]pm,i[t] ≤ QST

k , ∀ k, ∀ t, where QST
k (Watts)

is IC. Following the same line of argument discussed in
Section III, we prove the main result of this section in the
following theorem.

Theorem 2:The ε-duality gap corresponding toOIC is
upper-bounded by

D(ε) ≤ 1 −
!
1 − d

!
1

ec′εT + a
− 1

ec′εT + b

""MN2 T

,

wherec′, a, b > a, and d depend on the system parameters.
Then,D(ε) approaches 0 by increasingT � 1 with a decaying

rate larger than, or equal to(1 − ec′2 ε2 T 2
)
MN2 T

.
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Proof: See Appendix C. �
Remark 7:Comparison of Theorem 1 and Theorem 3 reveals

that the rate of vanishing the duality gap with TPC/IC combi-
nation is higher than that in TPC/TIC combination.

B. Dual Solution

In this section, we obtain the optimal power and subcarrier
allocation forOIC . The dual problem is formulated asD∗ =
minλ≥0 D(λ), whereD(λ) is the dual function obtained by
relaxing the TPC constraint as:

D(λ) = max
{p[t]}∈{Q[t]}

1
T

�

t,m,i

ωm

2
log (1 + γm,i[t])

+ λ

⎛

⎝PT − 1
T

�

t,m,i

pm,i[t]

⎞

⎠ = λPT +
1
T

T�

t=1

D(λ)[t].

The dual function is then decomposed for different time
instantst as

ProblemOt:

max
p[t]∈P[t], s.t.(IC)

�

m,i

#ωm

2
log (1+ γm,i[t])−λpm,i[t]

$
. (32)

The dual function corresponding toOt is then formulated
as L∗[t] = min μ[t]≥0 L(λ, μ[t])[t], where μ[t] represents the
Lagrangian vector corresponding to the IC constraint. The
dual function L(λ, μ[t])[t] is similarly deÞned for each

t as L(λ, μ[t])[t] =
K�

k=1

μk[t]QLT
k +

N�

i=1

Li(λ, μ[t])[t], where

the dual function for given subcarrier and time instantt,
Li(λ, μ[t])[t], is

Li(λ, μ[t])[t] = max
pi [t]∈P i [t]

M�

m=1

	
ωm

2
log (1 + γm,i[t])

−
	

λ +
K�

k=1

μk[t]hk
i [t]




pm,i[t]




.

By applying the KKT optimality conditions and following
the same line of argument for TPC/TIC as in the proof of
Proposition 1, we can show that in TPC/IC, OFDMA is also the
optimal subcarrier assignment. Therefore, the feasible power
allocation set on subcarrieri is Ṗ i[t]. Consequently,

Li (λ, μ[t]) [t] = max
m=1,...,M

max
pm,i ≥0

	
ωm

2
log (1 + γm,i[t])

−
	

λ +
K�

k=1

μk[t]hk
i [t]




pm,i[t]




,

where the optimal powerp∗
m,i[t] for the inner optimization is

⎛

⎜⎜⎜⎝
ωm

2 ln 2
�

λ +
K�

k=1

μk[t]hk
i [t]

� −
Īi,sm |p[t] + σ2

m

gm,i[t]

⎞

⎟⎟⎟⎠

+

. (33)

Furthermore, the secondary user selected for transmission on
subcarrieri at time instantt, m∗

i [t], is

m∗
i [t] = arg max

m=1,...,M
ωm

gm,i[t]
Īi,sm |p[t] + σ2

m
. (34)

For identical ωms, user m∗
i [t] is chosen such that

gm ∗
i

,i [t]

Ī
i,s

m ∗
i |p

[t]+σ2
m ∗

i

≥ gm,i [t]

Īi,s m |p [t]+σ2
m

. The optimal power allocation

in case of OFDMA is then obtained asp∗
m,i[t] =

p∗
m∗

i [t],i[t]1m=m∗
i [t].

The optimal Lagrangian vectorμ∗[t] is then obtained for
each time instantt 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 functionD(λ) and obtain the
optimal Lagrangian multiplierλ∗.

Remark 8:The computational complexity of the optimiza-
tion problemsOT IC andOIC , respectively, areO(T MN (K +
1)2) and O(T MN (T K + 1) 2). Compared to a resource al-
location policy whereby the optimization problemOT IC , for
example, has to be solved individually in each time slot, which
requires the computational complexityTO(MN (K + 1) 2),
the computational complexity remains almost the same. How-
ever, TPC/IC combination will impose much higher computa-
tional complexity than this approach.

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 Þnally, causality. While the
choices of system parameters do not necessarily adhere to a
speciÞc 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 intoN = 16
ßat fading sub-channels.

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 IC . Applying some mathematical manipulation,
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Fig. 2. Upper-bound on the duality gap with TPC/TIC constraintsvs. T , for
PT = 10 W, M = 2, K = 3, N = 16.

OT IC can be transformed to the following optimization prob-
lem assumingωm = 1 , ∀ m:

Problem �OT IC :

1
2T

min
{p[t]}

%

t,m,i

�

m̂ �=m
gm,i[t]pm̂,i[t] + Īi,sm |p[t] + σ2

m

M�

m̂=1

gm,i[t]pm̂,i[t] + Īi,sm |p[t] + σ2
m

,

s.t. (T P C), (T IC). (35)

We now obtain a solution of this optimization problem by
utilizing Geometric Programming (GP) [32]. We Þrst use
a tight lower-bound on the objective function of�OT IC

based on the arithmetic-geometric mean (AGM) inequality as:�
m̂ κm̂,i[t]αm̂,i[t] ≥

&
m̂(αm̂,i[t])κ �m,i [t], in which

αm̂,i[t] =
�

gm,i[t]pm̂,i[t], �m �= m,
gm,i[t]pm,i[t] + Īi,sm |p[t] + σ2

m, �m = m,

and κi[t] = [ κ1,i[t], κ2,i[t], · · · , κM,i[t]] and 1′κi[t] = 1 .
Therefore,
m,i[t] =

�
m̂ αm̂,i[t] can be approximated by its

lower-bound
m,i[t] via
m,i[t]≥
m,i[t]=
&

m̂

’
α �m,i [t]
κ �m,i [t]

(κ �m,i [t]

,

whereκm̂,i[t] = α �m,i [t]
� �m,i [t] . We now rewrite the lower-bound of

the objective function as

T%

t=1

M%

m=1

N%

i=1

�

m̂ �=m
gm,i[t]pm̂,i[t] + Īi,sm |p[t] + σ2

m


m,i[t]
. (36)

Since the dominator is a posynomial function (product of
posynomial functions is also a posynomial function), (36) is a
posynomial function. Thus, based on this approximation,�OT IC

is transformed to a standard GP problem and can be solved by
CVX [32].

Figs. 2 and 3 show the impact of length of time window,
T , on the duality gap with TPC/TIC and TPC/IC combination
constraints, respectively. Here, we Þx the total number of
available subcarriers at 16. Fig. 2 shows that for the case of
1 ≤ T ≤ 600, the duality gap reduces by increasingT , which
is in line with our results. Note that for large enoughT this

Fig. 3. Upper-bound on the duality gap with TPC/IC constraintsvs. T , for
PT = 10 W, M = 2, K = 3, N = 16.

Fig. 4. Upper-bound on the duality gap with TPC/TIC constraintsvs. T , for
PT = 10 W, QLT

m = 2.5 ∀ m, M = 2, K = 3.

Þgure shows a nonzero duality gap due mainly to the inaccuracy
of the thus-obtained optimal solution for�OT IC . We repeat the
above for the case when the RRA includes TPC/IC combination
constraints and plotted the results in Fig. 3. Again, increasingT
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
versus T for different values ofN . IncreasingN is also
observed to reduce the duality gap, as predicted in [33]. The
rate of decrement versusT , on the other hand, indicates that
increasingN is not as effective as increasingT . Note that in
our simulation we set the coherence bandwidth such that the
total available bandwidth is divided intoN = 16 ßat fading
sub-channels. Thus, increasingN beyond 16 produces highly
correlated subcarriers on each sub-channel.

Fig. 5 also represents the impact of the number of subcarriers
N on the duality gap with TPC/IC combination. IncreasingN
inclines the duality gap, but the decrement rate is slower than
that of time windowT .
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Fig. 9. Lagrangian multipliers for TPC/TIC constraints versus iteration count in off-line and online updates, wherePT = 5 W, M = 4, and QLT = 1.
(left) The y-axis shows values of two different Lagrangian multipliersλ andµ1 for both off-line and online updates. (middle) Sum rate of the secondary service
TAR. (right) Imposed interference on the primary service.

Fig. 10. Lagrangian multipliers for TPC/IC constraints versus iteration count in off-line and online updates, wherePT = 5 W, M = 4, and QST = 1.
(left) The y-axis shows values of two different Lagrangian multipliersλ andµ1 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 transmission
power of the secondary service. However, note that in compar-
ison with Fig. 7, even for large values of interference threshold
the effect of increasingK on TAR is negative. First, in the case
of TPC/TIC combination in Fig. 8, the impact of interfering
channel power gain is actually averaged out by summing up on
time windowT , and hence onlyK different TICs have to be
fulÞlled in the optimization that does not limit the transmission
power as in the case of TPC/IC combination. Second, for a large
TIC, increasingK does not reduce TAR since TPC is dominant.
On the contrary, with TPC/IC combination, in aggregateKT ,
interference constraints have to be met. IncreasingK further
adds up to the number of ICs, which dramatically limits the
transmission power.

C. Impact of Causality

We also investigate the implementation of our resource allo-
cation algorithms via online update of Lagrangian multipliers in
Fig. 9 for the TPC/TIC combination. The left-hand side shows
Lagrangian multipliers as a function of the iteration count
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
Section III. We also plotted the obtained achievable sum rate
in the middle. Both online and off-line updates have the same
TAR performance. Thus, the online implementation does not
degrade the secondary service performance. More importantly,

as the right-hand-side Þgure shows, the imposed interference
at the primary service is the same in both off-line and on-line
updates after sufÞcient iterations. Note that in the case of online
update, the primary service may receive an unacceptable level
of interference at the start of the window, e.g., when the number
of iterations is less that 50 in this example. But, the online
update can eventually guarantee the average TIC constraint to
be met.

For the TPC/IC combination, Fig. 10 illustrates the results of
the online and off-line updates of the Lagrangian multipliers.
Lagrangian multipliers as a function of the iteration count for
off-line and online updates are shown in the left-hand-side
Þgure. In the both online and off-line updates, the Lagrangian
multipliers converge to the optimal values very quickly. The
middle Þgure 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
implementation does not degrade the secondary service perfor-
mance. Finally, the right-hand-side Þgure shows the imposed
interference at the primary service is the same in both off-line
and on-line updates after sufÞcient iterations.

VI. CONCLUSION

In this paper, we have studied the downlink RRA problem
in a spectrum-sharing environment by introducing the time
averaging windowT . SpeciÞcally, we have considered DS-
CDMA/OFDM systems but the results are extendable to other
scenarios. To achieve optimal RRA, we have utilized the dual
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decomposition method. We have proved that the duality gap be-
tween the solution obtained by adopting the dual decomposition
and the optimal solution vanishes at least by an exponential
rate of T , which is the time scale of RRA operation. This
result assures that for a large enoughT , the dual decomposition
method provides solutions very close to the optimal solution.
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
proved that OFDMA is asymptotically the optimal subcarrier
assignment in resource allocation problems for both TPC/TIC
and TPC/IC constraints. Under each of these two constraints,
the optimal power allocation has also been derived. Extensive
simulations have been conducted to study the impact of various
system parameters, especiallyT , on the secondary service
performance. Our simulation results have conÞrmed that the
proposed RRA algorithms are practical and possible to run on-
line without harming the convergence and optimality. These
Þndings are of practical signiÞcance for two reasons. First,
when the number of available sub-channels is limited, which
is usually the case in spectrum-sharing systems, it is possible to
reduce the duality gap associated with using OFDMA as much
as possible by increasing the time windowT . We have shown
that OFDMA is the asymptotically optimal subcarrier assign-
ment. Second, the resource-allocation algorithms developed in
this paper are robust in practical situations, particularly when
the transmitter has only on-the-ßy CSI knowledge. Our sim-
ulation results have conÞrmed that the Lagrangian multipliers
converge quickly to the theoretical values.

APPENDIX A
PROOF OFTHEOREM 1

In its general form, the convex feasible power set,P [t], is
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
follows, we show that considering the actual system results in a
compactP [t], where an upper-bound can be obtained.

Assume that the transmission power of each subcarrier is lim-
ited by imposing a large enough positive cutoff power denoted

bypmax. We then deÞne a new power set,P̃ [t] Δ= P̃1[t] × . . . ×
P̃N [t], whereP̃ i[t] = {pi[t] | 0 ≤ pm,i[t] ≤ pmax, ∀ m}. If
we consider a new optimization problem by substitutingP̃ [t]
with P [t] and considering a very high value forpmax, the
solutions of the new problem are the same asOT IC . For
OT IC existence of at least one feasible solution is guaranteed
for both power setsP̃ [t] and P [t]. For instance, OFDMA
subcarrier assignment can be considered as a feasible solution.
Therefore, since TPC and TIC are continuous and convex,
and due to the fact that feasible power set is also convex, the
assumptions A1(A3 of Proposition 5.26 in [51] are satisÞed (see
Appendix B). Consequently, the following holds:

inf (D(λ, μ)) − sup(OT IC ) ≤ δ

T
, (37)

for a bounded and positiveδ. Equation (37) indicates that
for T → ∞, the duality gap between the solutions of the
primal and dual problems approaches 0. Based on the result of

Proposition 5.26 in [51] (see Appendix B), we know that
parameterδ in (37) is equal to(K + 2) E, where K is the
number of primary receivers,E = max t=1,...,T {ρt} andρt at
each time instantt is also upper-bounded as

ρt ≤ sup
�

r[t]|P̃ [t]
�

− inf
�

r[t]|P̃ [t]
�

wherer[t] =
M�

m=1
ωm

N�

i=1

1
2 log(1 + γm,i[t]). It is easy to ob-

serve thatinf {r[t]|P̃ [t]} = 0 . Noting (37), an upper-bound for
D(ε) can be suggested as

D(ε) ≤ P
�

max
t=1,...,T

�
sup

�
r[t]|P̃ [t]

��
>

T ε

K + 2

�

= 1 −
T%

t=1

�
P

�
sup

�
r[t]|P̃ [t]

�
≤ T ε

K + 2

��

= 1 −
!
P

�
sup

�
r|P̃

�
≤ T ε

K + 2

�"T

. (38)

where sup{r|P̃} is max �P
M�

m=1
ωm

N�

i=1

1
2 log(1 + γm,i). We

have

max
�P

�

m,i

ωm

2
log (1 + γm,i)

≤
�

m,i

ωm

2
log

�
1 +

pmaxgm,i

Īi,sm |p + σ2
m

�

≤
�

m,i

ωm

2
log

�
1 +

pmaxgm,i

Īi,sm |p

�
.

Therefore,

sup
�

r|P̃
�

≤
N�

i=1

M�

m=1

ωm

2
log

⎛

⎝1 +
1

Īi,s m |p

pmax gm,i

⎞

⎠ . (39)

To obtain the upper-bound, we note in (38),

P
�

sup
�

r|P̃
�

>
T ε

K + 2

�

≤ P

⎧
⎨

⎩

M�

m=1

N�

i=1

log

⎛

⎝1 +
pmax

Īi,s m |p

gm,i

⎞

⎠ >
T ε

K + 2

⎫
⎬

⎭

≤ P
�

NM log
�

1 + pmax max
m

max
i

gm,i

Īi,sm |p

�
>

T ε

K + 2

�

= P

)

max
m=1,...,M

max
i=1,...,N

gm,i

Īi,sm |p
>

e
T �

NM ( K +2) − 1
pmax

*

= 1 −P

)

max
m=1,...,M

max
i=1,...,N

gm,i

Īi,sm |p
≤ e

T �
NM ( K +2) − 1

pmax

*

= 1 −
M%

m=1

N%

i=1

P

)
gm,i

Īi,sm |p
≤ e

T �
NM ( K +2) − 1

pmax

*

= 1 −
M%

m=1

N%

i=1

	

1 − P

)
gm,i

Īi,sm |p
>

e
T �

NM ( K +2) − 1
pmax

*


. (40)
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The channel power gaingm,i is exponentially distributed with
mean value of1/μm,i. Therefore,

P
�

sup
�

r|P̃
�

>
T ε

K + 2

�

≤ 1−
M%

m=1

N%

i=1

	

1−e− e
T �

NM ( K +2) −1
p max

μm,i Īi,s m |p




≤ 1−
	

1−e− e
T �

NM ( K +2) −1
p max

minm,i {μm,i Īi,s m |p }

MN

. (41)

Using (41) in (38) yields,

D(ε) ≤ 1 −
	

1 − e− e
T �

NM ( K +2) −1
p max

minm,i {μm,i Īi,s m |p }

MNT

.

We then show that there exists aT (ξ), where forT > T (ξ),

P
�

sup{r|P̃} > T ε
K+2

�
≤ ξ, thusD(ε) ≤ 1 − (1 − ξ)T . T (ξ)

is then obtained from the bound in (41) as:

e− e
T �

NM ( K +2) −1
p max

minm,i {μm,i Īi,s m |p } ≤ 1 − (1 − ξ)
1

MN ,

or equivalently

T ≥ NM (K + 2)
ε

ln

⎛

⎝
1 + pmax ln 1

1−(1−ξ)
1

MN

minm,i{μm,iĪi,sm |p}

⎞

⎠ = T (ξ).

(42)

This implies that ifT → ∞, e
T �

NM ( K +2) −1
pmax

� 1 holds, and thus

1 − e− e
T �

NM ( K +2) −1
p max

minm,i {μm,i Īi,s m |p } → 1.

Finally,

1−e− e
T �

NM ( K +2) −1
p max

minm,i {μm,i Īi,s m |p }

≥1−e
−( T �

NM ( K +2) p max
+ T 2 � 2

N 2 M 2 ( K +2) 2 p max
)minm,i {μm,i Īi,s m |p }

≥1−e
−( �

NM ( K +2) + T � 2

N 2 M 2 ( K +2) 2 ) minm,i {μm,i Īi,s m |p }

≥1−e
−T

� 2 min m,i {µ m,i Ī i,s m |p }

N 2 M 2 ( K +2) 2 .

Let c = minm,i {μm,i Īi,s m |p }
N2 M2 (K+2)2 , it is then conÞrmed thatD(ε) ≤

1 − (1 − e−cε2 T )
MNT

, which implies the decrement rate is

(1 − e−cε2 T )
MNT

. �

APPENDIX B

Consider the following generic optimization problem

P roblem P : min
{xt }∈{X t }

T�

t=1

ft(xt), s.t.
T�

t=1

ht(xt) ≤ b,

(43)

whereT is a positive integer,b ∈ Rm for given positive integer
m,X t ∈ Rqt for given positive integersqt. Denoting conv(X t)
as the convex hull ofX t, ft(xt) and ht(xt)are functions
deÞned asft(xt) : conv(X t) → R andht(xt) : conv(X t) →
Rm, where conv(x) is the convex haul of setx. Now, consider

the following three assumptions:A1: There is at least one
feasible solution toP; A2: For eacht, the subset ofRqt +l+1,
{(xt, ht(xt), ft(xt)) |xt ∈ X t}, is compact;A3: For eacht,
given any vectory ∈ conv(X t) there existsx ∈ X t such that
ht(xt) 
 �ht(yt), where�ht(xt) : conv(X t) → Rm. Note that
A2 is satisÞed ifX t is a compact set and bothft(xt) and
ht(xt) are continuous functions onX t. A3 is guaranteed
wheneverX t is convex and each component of functionht(xt)
is convex.

Now, deÞne the dual problem corresponding toP as

P roblem D :

max
ν�0

D(ν) = inf
{xt }∈{X t }

T�

t=1

[ft(xt) + νHht(xt)] − νHb.

Proposition 2 [Proposition 5.26 in [51]]:Under
assumptions A1ÐA3, inf(P ) − sup(D) ≤ (l + 1) E holds,
whereE =max t=1,...,T ρt, andρt ≤sup(ft(xt)) −inf(ft(xt)) .

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

P roblem P1 : min
{xt }∈{X t }

1
T

T�

t=1

ft(xt), s.t.
T�

t=1

ht(xt) ≤ b,

(44)

has a duality gap estimate ofinf(P 1) − sup(D1) ≤ (l+1)E
T ,

which approaches 0 byT → ∞.

APPENDIX C
PROOF OFTHEOREM 2

Here we also utilize the dual decomposition method and
introduce setQ[t], where for given time instantt, it comprises
the intersection between the feasible power allocation set,P [t],
and the set corresponding to the IC constraint. ProblemOIC is
then reduced to

R = max
{p[t]}∈{Q[t]}

1
T

T�

t=1

M�

m=1

ωm

N�

i=1

1
2

log (1 + γm,i[t]) ,

s.t.
1
T

T�

t=1

M�

m=1

N�

i=1

pm,i[t] ≤ PT .

According to the IC constraint,∀ t the following inequality
holds:

N�

i=1

hk
i [t]

M�

m=1

pm,i[t] ≤
N�

i=1

max
t

hk
i [t]

M�

m=1

pm,i[t]

≤ N max
i

max
t

hk
i [t]

M�

m=1

pm,i[t] ≤ QST
k , ∀ k. (45)

Consequently,

pm,i[t] ≤ maxk QST
k

N maxi,k maxt hk
i [t]

.

Therefore, ∀ t, Q[t], is a compact set. Thus, we have
inf(D(λ)) − sup(OIC ) ≤ α

T , (see the Appendix B) whereλ
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is the Lagrangian multiplier corresponding to the TPC con-
straint, α is a Þnite positive number, andD(λ) is the dual
function. In what follows, we derive an upper-bound forD(ε).
Based on the result of Proposition 5.26 in [51], we know that
parameterα in (37) is equal to(K + 2) E whereE is E =
maxt=1,...,T {ρt}, andρt at each time instantt is upper-bounded
asρt ≤ sup{r[t]|Q[t]} − inf {r[t]|Q[t]}. It is easy to see that
inf {r[t]|Q[t]} = 0 , so

D(ε) ≤ 1 −
!
P

�
sup{r|Q} ≤ T ε

K + 2

�"T

. (46)

By considering the deÞnition ofr, and dropping the time index
t for brevity,sup{r|Q} is

max
p∈Q

M�

m=1

ωm

N�

i=1

1
2

log (1 + γm,i) .

Instead of solving the above optimization problem, we propose
an upper-bound for the solution. Note that

N�

i=1

hk
i

M�

m=1

pm,i ≤ N max
i

hk
i

M�

m=1

pm,i ≤ QST
k , ∀ k.

Furthermore, it can be seen that

M�

m=1

pm,i ≤ max
k

QST
k

N maxi hk
i

Δ= pmax. (47)

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

max
pm,i ≤pmax ,∀ m,i

M�

m=1

ωm

N�

i=1

1
2

log (1 + γm,i) .

From the above optimization problem, we can conclude

max
pm,i ≤pmax ,∀ m,i

�

m,i

ωm

2
log(1 + γm,i)

≤
�

m,i

ωm

2
log

�
1 +

pmaxgm,i

Īi,sm |p + σ2
m

�

≤
�

m,i

ωm

2
log

�
1 +

pmaxgm,i

Īi,sm |p

�
.

Therefore,

sup{r|Q}≤
N�

i=1

M�

m=1

ωm

2
log

⎛

⎜⎝1+
maxk

QST
k

N maxj hk
j

Īi,s m |p

gm,i

⎞

⎟⎠ . (48)

We utilize (48) to derive an upper-bound for

P
�

sup{r|Q} > T ε
K+2

�
as:

P
�

sup{r|Q} >
T ε

K + 2

�

≤ P

⎧
⎪⎨

⎪⎩

M�

m=1

N�

i=1

log

⎛

⎜⎝1 +
maxk

QST
k

N maxj hk
j

Īi,s m |p

gm,i

⎞
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T ε

K + 2

⎫
⎪⎬

⎪⎭

≤P

⎧
⎪⎨
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MN log

⎛
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m
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i

maxk
QST

k
N maxj hk

j

Īi,s m |p

gm,i

⎞
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K + 2

⎫
⎪⎬

⎪⎭

= P
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⎪⎨
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i

maxk
QST
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N maxj hk
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gm,i

> e
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=1 −
M%

m=1

N%

i=1

EP

⎧
⎪⎨

⎪⎩

gm,i

Īi,sm |p
≤

N
#

e
T �

NM ( K +2) − 1
$

maxk minj
QST

k
hk

j

|hk
j , ∀ j, k

⎫
⎪⎬

⎪⎭
.

(49)

Here,E[x] is the expectation of random valuex. Channel power
gain gm,i has an exponential distribution with mean value of
1/μm,i. Therefore,

P
�

sup{r|Q} >
T ε

K + 2

�

≤ 1 −
M%

m=1

N%

i=1

E

⎡

⎢⎢⎢⎢⎣
1 − e

−N e
T �

NM ( K +2) −1

max k min j
Q ST

k
h k

j

μm,i Īi,s m |p

⎤

⎥⎥⎥⎥⎦
. (50)

Channel power gainhk
i for ∀ k, i are exponentially dis-

tributed random variables with corresponding mean value
1/μk,i. Therefore, (49) is further reduced to

P
�

sup{r|Q} >
T ε

K + 2

�

≤ 1 −
M%

m=1

N%

i=1

,

1 −
N�

j=1

%
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,

1 −
N�
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1
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#

e
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NM ( K +2) − 1
$

μm,iĪi,sm |p +
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k=1

μk,jQST
k

− 1

N
#

e
T �

NM ( K +2) −1
$

μm,iĪi,sm |p+
K�

k=1

(μk,j + μk,l)QST
k

..
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≤ 1 −
M%

m=1

N%

i=1

,

1 −
N�

j=1

%

l �=j

�K
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μm,i Īi,s m |p

− 1

N
#

e
T �

NM ( K +2) − 1
$

+

K�
k =1

(μk,j +μk,l )QST
k

max
m,i
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μm,i Īi,s m |p

− 1

N
#

e
T �

NM ( K +2) − 1
$

+
min

j,l

K�
k =1

(μk,j +μk,l )QST
k

max
m,i
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where c′ = 1
NM(K+2) . Further, parametersa, b, and d are

respectively deÞned as
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μk,jQST
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N min
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μm,iĪi,sm |p
− 1,

d =
N�

j=1

%

l �=j

�K
k=1 μk,jQST

k
min
m,i
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the duality gap approaches 0 as
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MN2 T,

or equivalently(1 − ec′2 ε2 T 2
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, for T → ∞. �
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