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ABSTRACT
When the capability of a Cognitive Radio (CR) to sense the spectrum is limited, control and resource allocation schemes should optimize not

only transmitting resources, but also sensing resources. In this paper, the cost of such sensing resources is incorporated into the optimization,

with the aim of dynamically adapting the power (energy) devoted to sense each channel. More precisely, the tradeoff among: throughput, power

devoted to sense, power devoted to transmit, and probability of interference is optimized. A soft-decision Bayesian sequential sensing scheme

is used to exploit the time-correlation of the primary occupancy. The joint design leverages tools of Dynamic Programming (DP) to solve the

sequential sensing problem and relies on reinforcement learning to develop a stochastic solution.

NOTATION
k,m channel index, user index
gk SNR from kth PU
hmk [n] kth channel,mth SU fading coefficient
ak[n] primary presence on channel k
bk[n] pre-decision belief (on ak[n])
Bk[n] post-decision belief (on ak[n])
zk[n] measure from sensing channel k
C(·) power-throughput (capacity) function

pmk [n] nominal power of SUm on channel k
wmk [n] scheduling coefficients
sk[n] energy spent in sensing channel k
θk price of intefering PU k
πm price of transmitting userm
ξk price of sensing power on channel k
βk (benefit) price of throughput
γ exponential discount factor (< 1)

SYSTEM MODEL
• M Secondary Users (SUs), orthogonal access

• K channels, 1 Primary User (PU) per channel

• Long-term constraints on: QoS, probability of in-
terference (Lagrange multipliers, [5])

• Perfect Secondary CSI (fast fading)

• Primary CSI imperfect, costly to acquire [2]

• PU behavior is modeled by a Markov chain [1]:
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• Analog measurements used to update the belief
on PU presence. EXAMPLE - energy detection:
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Bk[n] =
bk[n]fz(z|H1, g, s)

bk[n]fz(z|H1, g, s) + (1− bk[n])fz(z|H0, g, s)

Note: the proposed technique works independently
of the class of spectrum sensor used
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Abstract

Successful deployment of cognitive radios requires efficient sensing of the spectrum and dynamic

adaptation of the available resources according to the sensed (imperfect) information. While most works

design these two tasks separately, in this paper we address them jointly. In particular, we investigate an

overlay cognitive radio with multiple secondary users that access orthogonally a set of frequency bands

originally devoted to primary users. The schemes are designed to minimize the cost of sensing, maximize the

performance of the secondary users (weighted sum rate), and limit the probability of interfering the primary

users. The joint design is addressed using dynamic programming and nonlinear optimization techniques.

A two-step strategy is implemented: it first finds the optimal resource allocation for any sensing scheme

and then uses that solution as input to solve for the optimal sensing policy. is implemented. The two-step

strategy is optimal, gives rise to intuitive optimal policies, and entails a computational complexity much

lower than that required to solve the original formulation.

Index Terms

Cognitive radios, sequential decision making, dual decomposition, partially observable Markov decision

processes

I. INTRODUCTION

bk[n]

Cognitive radios (CRs) are viewed as the next-generation solution to alleviate the perceived

spectrum scarcity. When CRs are deployed, the secondary users (SUs) have to sense their radio

environment to optimize their communication performance while avoiding (limiting) the interference

to the primary users (PUs). As a result, effective operation of CRs requires the implementation of two

critical tasks: i) sensing the spectrum seeking for transmit opportunities and ii) dynamic adaptation
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Cognitive radios (CRs) are viewed as the next-generation solution to alleviate the perceived

spectrum scarcity. When CRs are deployed, the secondary users (SUs) have to sense their radio

environment to optimize their communication performance while avoiding (limiting) the interference

to the primary users (PUs). As a result, effective operation of CRs requires the implementation of two

critical tasks: i) sensing the spectrum seeking for transmit opportunities and ii) dynamic adaptation

of the available resources according to the sensed information [10]. To carry out the sensing task

two important challenges are: C1) the presence of errors in the measurements that lead to errors in

on the channel occupancy detection and thus render harmless SU transmissions impossible; and C2)

the inability to sense the totality of the time-frequency lattice due to scarcity of resources (time,

energy, or sensing devices). Two additional challenges that arise to carry out the resource allocation

(RA) task are: C3) the need of the RA algorithms to deal with channel imperfections such as noise

or quantization; and C4) the selection of metrics that properly quantify the reward for the SUs and

the damage for the PUsin case of interference.

Many alternatives have been proposed in the CR literature to deal with these challenges. Different

forms models of imperfect channel state information (CSI), such as quantized or noisy CSI, have

been used to deal with C1 [20]. However, in the context of CR, fewer works have considered the fact

that the CSI may be not only noisy but also outdated, or have incorporated those imperfections into

the design of RA algorithms [6]. The inherent trade-off between sensing cost and throughput gains

in C2 has been investigated [14], and designs that account for it ; designs that account for such a

tradeoff based on convex optimization [25] and dynamic programming (DP) [6] for specific system

setups have been proposed. Regarding C3, many works consider that the CSI is imperfect, but only

a few exploit the statistical model of these imperfections (especially for the time correlation) to

mitigate them; see, e.g., [6], [17]. Finally, different alternatives have been considered to deal with

C4 and limit the harm that the SUs cause to the PUs [9]. The most widely used is to set limits

on the peak (instantaneous) and average interfering power. Some works also have imposed limits

on the rate loss that PUs experience [18], [15], while others look at limiting the instantaneous or

average probability of interfering the PU (bounds on the short-term or long-term outage probability)

[23], [17].

Regardless of the challenges addressed and the formulation chosen, the sensing and RA policies

have been traditionally designed separately. Each of the tasks has been investigated thoroughly
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PROBLEM FORMULATION
Short-term utility for user m at channel k:

ϕm
k (hm

k [n], Bk[n], pmk [n]) := βmCm
k (hm

k [n]pmk [n])

− πmpmk [n]− θkBk[n]

Long-term (average) system utlity:

Ū :=
∑∞

n=0 γ
nE
[∑

k

(
− ξksk[n]

+
∑

mw
m
k [n]ϕm

k (hm
k [n], Bk[n], pmk [n])

)]
Optimal joint design:

P∗ := max
{wm
k

[n],pm
k

[n],sk[n]}∀n
Ū

s. to : wm
k [n] ∈ {0, 1},

∑
m wm

k [n] ≤ 1,

pmk [n] ≥ 0 and sk[n] ≥ 0.

This is an infinite-horizon POMDP because sk[n] has
(through Bk[n] and bk[n+ 1]) an impact on Bk[n+ 1].

ALGORITHMIC APPROACH
The problem can be separated channel-wise. In

addition, we split the original problem into 2 sub-
problems without loss of optimality.

OPTIMAL POWER AND ACCESS
1. Optimize power for each user separately

2. Choose the "best" user to access the channel

3. If no user has utility > 0, leave the channel silent

Instantaneous per-channel expected utility (as a function
of Bk[n] and thus valid for any sensing scheme) [6]:

Rk(hk[n], Bk[n]) =
[

maxm,p

{
ϕm

k (hm
k [n], Bk[n], p)

}]
+

OPTIMAL SENSING
Leveraging the optimal RA, the joint optimization

can be rewritten as an unconstrained POMDP [3]:

P∗DP:= max
{sk[n]≥0}

∞∑
n=0

γn
∑
k

E
[
Rk(hk[n], Bk[n])−ξksk[n]

]
Myopic Policy (ignore impact of sk[n] on the future):

sMk [n] = arg max
s≥0

R̄k(bk[n],hk[n], s), where

R̄k(bk[n],h, s) := Ez

[
Rk(h, Bk[n])

∣∣bk[n],h, gk, s
]
−ξks

Optimal Policy:

s
∗
k[n] = arg max

s≥0
R̄k(bk[n],hk[n], s) +

∞∑
n′=n+1

γ
n′E
[
R̄k[n

′
]
∣∣s]

s∗k[n] = arg max
s≥0

Q∗k(bk[n],hk[n], s)

OPTIMAL Q-FUNCTION

2 methods are proposed to estimate Q∗k(·):

• Off-line (model-based)Q-iteration. Converges to
Q∗k(·). Requires knowledge about fh(hm

k [n]).

• Online (variant of Q-learning). Converges to
a neighbourhood of Q∗k(·). Does not require
knowledge about fh(hm

k [n]). Robust to non-
stationarities.

We develop a technique to reduce the dimensionality
of the Q-function and reduce computational load.
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RESULTS
(Model parameters change suddenly at 50% of simulation time)
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