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ABSTRACT We consider the problem of spectrum sharing in a cognitive radio system consisting of a primary
user and a secondary user. The primary user and the secondary user work in a non-cooperative manner.
Specifically, the primary user is assumed to update its transmitted power based on a pre-defined power control
policy. The secondary user does not have any knowledge about the primary user’s transmit power, or its
power control strategy. The objective of this paper is to develop a learning-based power control method for
the secondary user in order to share the common spectrum with the primary user. To assist the secondary user,
a set of sensor nodes are spatially deployed to collect the received signal strength information at different
locations in the wireless environment. We develop a deep reinforcement learning-based method, which the
secondary user can use to intelligently adjust its transmit power such that after a few rounds of interaction
with the primary user, both users can transmit their own data successfully with required qualities of service.
Our experimental results show that the secondary user can interact with the primary user efficiently to reach
a goal state (defined as a state in which both users can successfully transmit their data) from any initial states

within a few number of steps.

INDEX TERMS Spectrum sharing, power control, cognitive radio, deep reinforcement learning.

I. INTRODUCTION

The dramatically increasing demand for spectrum resources
requires new intelligent methods to enhance the spectrum
efficiency. Per the Federal Communications Commission
(FCC) [1], the spectrum in general is severely underutilized
with the utilization rate of some bands as low as 15%.
In order to improve the spectrum efficiency, the notion of
spectrum sharing with secondary users through cognitive
radios is highly motivated [2]. Specifically, users from a
secondary network are allowed to access the spectrum owned
by licensed users (also called primary users) without causing
harmful interference.

According to the roles of the primary user, the operation
of spectrum sharing or dynamic spectrum access can be
classified into a passive primary user model and an active
primary user model [3]. In many spectrum sharing studies,
e.g. [4]-[7], it is assumed that the operations of secondary

users are transparent to the primary user so that the primary
user does not need to adapt its transmission parameters. The
transparency of secondary to primary can be accomplished
by letting the secondary user to perform spectrum sensing
to explore idle spectrum [4] or to strictly control its transmit
power such that the interference to the primary networks is
under a desired threshold [5]-[7]. However, some works in
literature, e.g. [3], [8]-[10], also considered an active model
in which some (cooperative or non-cooperative) interaction
between the primary user and the secondary user are allowed
to obtain improved transmission performance or economic
compensations. For example, in [3], the spectrum sharing
task is formulated as a Nash bargaining game which requires
interaction between the primary user and the secondary user
to reach a desired equilibrium. Also, in [10], to achieve
spectrum sharing, the primary user and the secondary user are
allowed to interact with each other to update their respective
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transmit powers. For the active model, a dynamic power
control strategy is necessary for all users in the network
such that a minimum quality of service (QoS) for successful
data transmission is satisfied for both the primary and the
secondary users.

Most existing works address this dynamic power con-
trol problem from an optimization perspective. In [11],
a distributed constrained power control (DCPC) algo-
rithm was proposed. Given the signal-to-interference-plus-
noise ratio (SINR) and the required SINR threshold,
the DCPC algorithm iteratively adjusts the transmit power
of each transmitter such that all receivers are provided
with their desired QoS requirements. Based on [11], modi-
fied approaches with different constraints or scenarios were
developed [10], [12]-[16]. Other optimization-based meth-
ods were also proposed [17]-[19] in recent years. Besides
optimization-based methods, power allocation from the game
theory’s point of view was also studied [20]—-[23]. In [21],
the power allocation problem was formulated as a noncoop-
erative game with selfish users, where a sufficient condition
for the existence of a Nash equilibrium was provided, and a
stochastic power adaption with conjecture-based multiagent
Q-learning approach was developed. However, the proposed
approach requires that each user has the knowledge of the
channel state information of every transmitter-receiver pair
in the network, which may be infeasible in practice.

Reinforcement learning [24], also known as Q-learning,
has been explored for cognitive radio applications such as
dynamic spectrum access [25]-[31]. Using the experience
and reward from the environment, users iteratively optimize
their strategy to achieve their goals. Recently, deep rein-
forcement learning was introduced and proves its competence
for challenging tasks, say Go and Atari games [32]-[34].
Unlike conventional reinforcement learning which is limited
to domains with handcrafted features or low-dimensional
observations, agents trained with deep reinforcement learning
are able to learn their action-value policies directly from
high-dimensional raw data such as images or videos [34].
Also, as to be shown by our experimental results, deep rein-
forcement learning can help learn an effective action-value
policy even when the state observations are corrupted by
random noise or measurement errors, while the conventional
Q-learning approach is impractical for such problems due
to the infinite number of states in the presence of random
noise. This characteristic makes deep reinforcement learning
suitable for wireless communication applications whose state
measurements are generally random in nature.

In this paper, we consider a simple cognitive radio sce-
nario consisting of a primary user and a secondary user.
The primary user and the secondary user work in a non-
cooperative manner, where the primary user adjusts its trans-
mit power based on its own pre-defined power control policy.
The objective is to let the secondary user learn an intelligent
power control policy through its interaction with the primary
user. We assume that the secondary user does not have any
knowledge about the primary user’s transmit power, as well as
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TABLE 1. Table of symbols.

p1 transmit power of primary user
p2 transmit power of secondary user
hij channel gain from transmitter Tx; to receiver Rx;

noise power of receiver Rx;

1
SINR; signal to interference plus noise ratio at receiver Rx;
u minimum SINR requirement for receiver Rx;
N number of sensor nodes
Sn sensor node n
Py receive power at sensor node n
Gin path loss between transmitter Tx; and sensor n
o; variance of the Gaussian random variable w,
s state of the Markov decision process
a action of the Markov decision process
r reward of the Markov decision process

its power control strategy. To assist the secondary user, a num-
ber of sensors are spatially deployed to collect the received
signal strength (RSS) information at different locations in
the wireless environment. We develop an intelligent power
control policy for the secondary user by resorting to the deep
reinforcement learning approach. Specifically, the use of deep
reinforcement learning, instead of the conventional reinforce-
ment learning, is to overcome the difficulty caused by random
variations in the RSS measurements. Our experimental results
show that, with the aid of the learned power control policy,
the secondary user can intelligently adjust its transmit power
such that a goal state can be reached from any initial state
within a few number of transition steps.

The rest of the paper is organized as follows. Table 1
specifies the frequently-used symbols in this paper. The sys-
tem model and the problem formulation are discussed in
Section II. In Section III, we develop a deep reinforcement
learning algorithm for power control for the secondary user.
Experimental results are provided in Section IV, followed by
concluding remarks in Section V.

Il. SYSTEM MODEL

Consider a cognitive radio network consisting of a primary
user and a secondary user, where the secondary user aims
to share a common spectrum resource with the primary user,
without causing harmful interference to the primary user. The
primary user consists of a primary transmitter (Tx;) and a
primary receiver (Rx1), and the secondary user consists of a
secondary transmitter (Tx;) and a secondary receiver (Rx»),
see Fig. 1. In our setup, we assume that the primary user and
the secondary user are working in a non-cooperative way,
in which the primary user is unaware of the existence of the
secondary user, and adjusts its transmit power based on its
own power control policy. Nevertheless, it should be noted
that since the power control policy for the primary user is
dependent on the environment (cf. (2) and (4)), the action
taken by the secondary user at the current time will affect
the primary user’s next move in an implicit way. There is
also no communication between the primary network and the
secondary network. Thus the secondary user has no knowl-
edge about the primary user’s transmit power and its power
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FIGURE 1. A schematic for spectrum sharing in cognitive radio networks.

control policy. For simplicity, we, at this point, assume
that the primary user and the secondary user synchronously
update their respective transmit power and the transmit power
is adjusted on a time framed basis. We will show later our pro-
posed scheme also works when the synchronous assumption
does not hold.

The objective here is to help the secondary user learn an
efficient power control policy such that, after a few rounds of
power adjustment, both the primary user and the secondary
user are able to transmit their data successfully with required
QoSs. Clearly, this task cannot be accomplished if the sec-
ondary user only knows its own transmit power. To assist the
secondary user, a set of sensor nodes are employed to measure
the received signal strength (RSS) at different locations in
the wireless environment. The RSS measurements are related
to both users’ transmit power, thus revealing the state infor-
mation of the system. We assume that the RSS information
is accessible to the secondary user. Note that collecting the
RSS information from spatially distributed sensor nodes is a
basic requirement for many applications, e.g. source localiza-
tion [35]. For our problem, each node only needs to report the
RSS information once per time frame, which involves a low
data rate. Therefore some conventional technologies such as
the Zigbee [36] can be employed to provide timely feedback
of the RSS information from sensor nodes to a centralized
node whose data can be easily accessed by the secondary user
via a wired connection. Since the Zigbee and the cognitive
radio network usually operate at different frequencies, the
transmissions among sensor nodes cause no interference to
users in the cognitive radio network.

For both the primary user and the secondary user, the
QoS is measured in terms of the SINR. Let p; and p, denote
the transmit power of the primary user and the secondary user,
respectively. The SINR for the ith receiver is given as

|hiil*pi
Zj;ﬁi |hji|2Pj + N;

where h;; denotes the channel gain from the transmitter Tx; to
the receiver Rx;, and NV, is the noise power at the receiver Rx;.

SINR; = =1,2 (1
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We assume that the primary receiver and the secondary
receiver have to satisfy a minimum SINR requirement for
successful reception, i.e. SINR; > n;,i =1, 2.

To meet the QoS requirement, the primary user is supposed
to adaptively adjust its transmit power based on its own power
control policy. In this paper, two different power control
strategies are considered for the primary user. Note that our
proposed method also works if the primary user adopts other
power control policies. For the first strategy, the transmit
power of the primary user is updated according to the classical
power control algorithm [11]

(@)

pl(k+1):D< mpi(k) )

SINR; (k)

where SINR| (k) denotes the SINR measured at the primary
receiver at the kth time frame, pi(k) denotes the transmit
power at the kth time frame, here we assume that the transmit
power is adjusted on a time framed basis. D(-) is a discretiza-
tion operation which maps continuous-valued levels into a set
of discrete values

PrEL L) 3)

where pff < ... < p‘zl . More precisely, we let D(x) equal the
nearest discrete level that is no less than x and let D(x) = p’li]
ifx > p’L’I. For the second power control strategy, suppose
the transmit power at the kth time frame is p1(k) = pf , where
pf € P1. The transmit power of the primary user is updated

according to

pfﬂ ifpffrfpf+landj+1§L1
pik+1)=1p7, ifr<p} andj—121 )
pj-’ otherwise

where T £ 5y p1(k)/SINR (k). We see that compared
to (2), the power control policy (4) has a more conservative
behavior: it updates its transmit power in a stepwise man-
ner. Specifically, it increases its power (by one step) when
SINR; (k) < 11 and 7 > 51, and decreases its power (by one
step) when SINR (k) > n; and § > ny; otherwise it will
stay on the current power level. Here 7 £ SINR; (k)p1(k +
1)/p1(k) is the ‘predicted” SINR at the (k + 1)th time
frame.

Suppose N sensors are deployed to spatially sample the
RSS information. Let S,, denote node n, and P,(k) denote
the receive power at sensor n at the kth frame. In our paper,
the following model is used to simulate the state (i.e. RSS)
observations

Pl (k) = p1(k)gin + p2(k)gan + wn(k) Q)

where pi(k) and py(k) represent the transmit power of the
primary user and the secondary user, respectively, g1, denotes
the path loss between the primary transmitter and sensor n,
gon denotes the path loss between the secondary transmitter
and sensor n, and wy(k), a zero mean Gaussian random

variable with variance o, is used to account for the random
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variation caused by shadowing effect and estimation errors.
For free-space propagation, according to the Friis law [37],
g1, and gy, are respectively given by

_Az_k2(6)
S0 =\ 4z, ) 577 \4ndy,

where A is the signal wavelength, dy, (d>,) denotes the dis-
tance between the primary (secondary) transmitter and node
n.

We also assume that the transmit power of the secondary
user is chosen from a finite set

Pr2iph. .. pi,) ™

where p] < < pp,- The objective of the secondary
user is to learn how to adjust its transmit power based on
the collected RSS information {P},(k)}, at each time frame
such that after a few rounds of power adjustment, both the
primary user and the secondary user can meet their respective
QoS requirements for successful data transmissions. Note
that we suppose there exists at least a pair of transmit power
{pf1 , pfz} such that the primary receiver and the secondary
receiver satisfy their respective QoS (SINR) requirements,
i.e. SINR; > Ni, i=1,2.

lil. A DEEP REINFORCEMENT LEARNING APPROACH FOR
POWER CONTROL

We see that the secondary user, at each time frame, has to take
an action (i.e. choose a transmit power from a pre-specified
power set P,) based on its current state

Pr)]” ®)

This power control process is essentially a Markov decision
process (MDP) because after the decision maker (i.e. the
secondary user) chooses any action a(k) = p2(k + 1) in
state s(k), the process will move into a new state s(k + 1)
which depends on the current state s(k) and the decision
maker’s action a(k), and given s(k) and a(k), the next state is
conditionally independent of all previous states and actions.
Also, after moving into a new state, the decision maker will
receive a corresponding reward r(k) £ r(s(k), a(k)) which
can be defined as

¢ if SINRi(k + 1) > n; and SINRy(k + 1) > np
0 otherwise

sk) £ [Pl(k) ...

rk) =

where the parameter ¢ is chosen to be ¢ = 10 in our
experiments. Our simulation results suggest that ¢ can be
any other values as long as it is not too small to harm the
learning. The interaction between the secondary user and the
environment is shown in Fig. 2. Note that here the decision
maker (secondary user) is assumed to know whether the
transmission between the primary transmitter and the primary
receiver is successful or not. In practice, such knowledge may
be obtained by monitoring an acknowledgment signal sent
by the primary receiver to indicate successful receipt of a
transmission from the primary transmitter.
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FIGURE 2. Interaction between the secondary user and the environment
(i.e. the primary user).

The core problem of MDPs is to learn a “policy” for the
decision maker: a function 7 that specifies the action m(s)
that the decision maker will choose when in state s. More
precisely, the goal of the secondary user is to learn a policy
for selecting its action a(k) based on the current state s(k) in
a way that maximizes a discounted cumulative reward which
is defined as [24]

T/
VT (s(k) £y R ©)
i=k
where y is the discount factor and 7’ denotes the time frame
at which the goal state is reached. For our problem, the goal
state is defined as a state in which SINR;(k) > n;,i = 1, 2.
Thus, the task becomes learning an optimal policy 7 * that
maximizes V7, i.e.

7% = argmax V' (s) Vs (10)
b

Directly learning s* is difficult. In reinforcement learning,
Q-learning provides an alternative approach to
solve (10) [38]. Instead of learning 7 *, an action-value (also
known as Q) function is introduced to evaluate the expected
discounted cumulative reward after taking some action a in a
given state s. When such an action-value function is learned,
the optimal policy can be constructed by simply selecting the
action with the highest value in each state. The basic idea
behind the Q-learning and many other reinforcement learning
algorithms is to iteratively update the action-value function
according to a simple value iteration update rule

Os, a) = r(s, a) + y max o', d) (11)

The above update rule is also known as the Bellman equa-
tion [39], in which §" is the state resulting from applying
action a to the current state s. It has been proved that the
value iteration algorithm (11) converges to the optimal action-
value function, which is defined as the maximum expected
discounted cumulative reward by following any policy, after
taking some action a in a given state s. For the Q-learning,
the number of states is finite and the action-value func-
tion is estimated separately for each state, thus leading to a
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Q-table or a Q-matrix, with its rows representing the states
and its columns representing the possible actions. After the
Q-table converges, one can select an action a which has the
largest value of Q(s, a) as the optimal action in state s.

Unfortunately, due to the random variation in the RSS
measurement, the value of s is continuous. As a result, the
Q-learning approach is impractical for our problem since
we could have an infinite number of states. To overcome
this issue, we resort to the deep Q-network (DQN) proposed
in [33]. Unlike the conventional Q-learning method that gen-
erates a finite action-value table, for the DQN, the table is
replaced by a deep neural network Q(s, a; @) to approxi-
mate the action-value function, where 6 denotes the weights
of the Q-network. Specifically, given an input s, the deep
neural network yields an Lp-dimensional vector, with its ith
entry representing the estimated value for choosing the action
a = p; from P,.

The training data used to train the Q-network are generated
as follows. Given s(k), at iteration k, we either explore a
randomly selected action with probability &, or select an
action a(k) which has the largest output Q(s(k), a(k); 6y),
where 0y denotes the parameters for the current iteration.
After taking the action a(k), the secondary user receives a
reward r(k) and observes a new state s(k + 1). This tran-
sition d(k) £ {s(k), a(k), r(k), stk + 1)} is stored in the
replay memory D. The training of the Q-network begins
when D has collected a sufficient number of transitions,
say O = 300 transitions. Specifically, we randomly select
a minibatch of transitions {d(i)|i € €4} from D, and the
Q-network can be trained by adjusting the parameters 6 such
that the following loss function is minimized

. . . 2
L) = — (Q'() — O(s(i), a(i); 0)) (12)
s
k
in which €2y is the index set of the random minibatch used at
the kth iteration, and Q'(i) is a value estimated via the Bell-
man equation by using parameters from the current iteration,

ie.
OW)=ri+y max O@s(i+1),d:00) VieQr (13)

Note that unlike traditional supervised learning, the targets
for DQN learning is updated as the weights 6 are refined. For
clarity, we summarize our proposed DQN training algorithm
in Algorithm 1.

After training, the secondary user can choose the action
which yields the largest estimated value Q(s, a, ™). For clar-
ity, the proposed DQN-based power control scheme for the
secondary user is summarized in Algorithm 2. We would
like to point out that during the DQN training process,
the secondary user requires the knowledge of whether the
QoS requirements for the primary user and the secondary
user are satisfied. Nevertheless, after the DQN is trained,
the secondary user only needs the feedback from sensors to
decide its next transmit power.

We discuss the convergence issue of the proposed power
control policy. Suppose s is a goal state. If the transmit power
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Algorithm 1 DQN Training for Power Control
Initialize replay memory D with buffer capacity O
Initialize network Q(s, a, #) with random weights 6 =
Initialize p1(1) and p>(1), then obtain s(1)
fork =1,K do
Update pi(k + 1) via the primary user’s power control
strategy (2) or (4)
With probability ¢4 select a random action a(k), other-
wise select a(k) = max, Q(s(k), a; 0¢)
Obtain s(k + 1) via the random observation model (5)
and observe reward r(k)
Store transition d(k) = {s(k), a(k), r(k), s(k + 1)} in D
if k > O then
Sample a random minibatch of transitions {d(i)|i €
Qi } from D, where the indexes in i are uniformly
chosen at random
Update 6 by minimizing the loss function (12), where
targets Q'(i) are given by (13)
Set ¢ = argminy L(0)
end if
if s(k) is a goal state then
Initialize p1(k + 1) and pa(k + 1), then obtain s(k + 1)
end if
end for

of the secondary user remains unchanged, then it is easy to
show that the next state s’ is also a goal state, whichever
of (2) and (4) is chosen for the primary user to update its
transmit power. On the other hand, the secondary user will
eventually learn to choose a transmit power such that the next
state s’ remains a goal state. Therefore we can conclude that
once s reaches a goal state, it will stay at the goal state until the
data transmission is over. Suppose the goal state is lost due to
the discontinuity of data transmission, and the secondary user
wants to restart a new transmission. In this case, learning is
no longer required. The secondary user can select its transmit
power according to the learned power control policy.

In our previous discussion, we assume that the primary user
and the secondary user synchronously update their respective
transmit power. Nevertheless, we would like to point out
that the synchronous assumption is not necessarily required
by our proposed scheme. Suppose the time frames between
the primary user and the secondary user are not strictly
synchronized (see Fig. 3). Both the primary user and the
secondary user update their transmit power at the beginning
of their respective time frames, that is, the primary user
adjusts its transmit power at time f,, 7, + 7,1, + 2T, ...,
and the secondary user updates its transmit power at time
ts,ts + T,ty + 2T, ..., where T denotes the duration of
each frame. Without loss of generality, we assume 7 >
t, — ty > 0. Clearly, our intelligent power control scheme
would function the same as in the synchronous case if both
the primary user and the secondary user perform their respec-
tive tasks, i.e. gather necessary information (i.e. SINR; (k)
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FIGURE 3. Asynchronous update of the transmit power for the primary user and the secondary user.

Algorithm 2 DQN-Based Power Control Strategy
Initialize p»(1), then obtain s(1)
fork =1,K do
Select a(k) = max, Q(s(k), a; 0™)
Obtain s(k + 1)
end for

for the primary user, SINR;(k), SINR>(k), and s(k) for the
secondary user) and make decisions during the time window
[tp + (k — DT, t;, + kT1].

IV. EXPERIMENTAL RESULTS

We now carry out experiments to illustrate the performance
of our proposed DQN-based power control algorithm.! In
our experiments, the transmit power (in Watt) of both the
primary user and the secondary user is chosen from a pre-
defined set P; = P>, = {0.05,0.1, ..., 0.4}, and the noise
power at Rx; and Rx; is set to Ny = N, = 0.01W. For
simplicity, the channel gains from the primary/secondary
transmitter to the primary/secondary receivers are assumed
to be h;j = 1,Vi,j. The minimum SINR requirements for
successful reception for the primary user and the secondary
user are set to n; = 1.2, n» = 0.7, respectively. It can
be easily checked that there exists a pair of transmit power
{p1, p2} which ensures that the QoSs of the primary user
and the secondary user are satisfied. Also, a total number
of N sensors are employed to collect the RSS information
to assist the secondary user to learn a power control policy.
The distance d;; between the transmitter Tx; and the sensor
node S; is uniformly distributed in the interval [100, 300]
(in meters).

In our experiments, the deep neural network (DNN) used
to approximate the action-value function consists of three
fully-connected feedforward hidden layers, and the number
of neurons in the three hidden layers are 256, 256, and 512,
respectively. Rectified linear units (ReLUs) are employed as
the activation function for the first and the second hidden
layers. A ReLU has output 0 if the input is less than 0, and raw
output otherwise. For the last hidden layer, the tanh function

ICodes are available at http://www.junfang-uestc.net/codes/DQN-power-
control.rar
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is used as the activation function. The Adam algorithm [40]
is adopted for updating the weights @, where the size of a
minibatch is set to 256. We assume that the replay memory
D contains Np = 400 most recent transitions, and in each
iteration, the training of @ begins only when D stores more
than O = 300 transitions. The total number of iterations is
set to K = 10°. The probability of exploring new actions
linearly decreases with the number of iterations from 0.8 to
0. Specifically, at iteration k, we let

er = 0.8(1 — k/K) (14)

We use Algorithm 1 to train the network, and use Algorithm 2
to check its performance.

The performance is evaluated via two metrics, namely,
the success rate and the average number of transition steps.
The success rate is computed as the ratio of the num-
ber of successful trials to the total number of indepen-
dent runs. A trial is considered successful if s moves to
a goal state within 20 time frames. The average number
of transition steps is defined as the average number of
time frames required to reach a goal state if a trial is
successful.

We now study the performance of the deep reinforcement
learning approach. Specifically, we examine the loss func-
tion, the success rate, and the average number of transi-
tion steps as a function of the number of iterations £ used
for training. During training, the loss function is calculated
according to (12). After k iterations of training, the secondary
user can use the trained network to interact with the primary
user. The success rate and the average number of transition
steps are used to evaluate how well the network is trained.
Results are averaged over 103 independent runs, in which a
random initial state is selected for each run. Fig. 4 plots the
loss function, the success rate, and the average number of
transition steps vs. the number of iterations k, where we set
N = 10, the standard deviation of the random variable used to
account for the shadowing effect and measurement errors is
settoo, = (p’l’ g1n+p|&21)/10, and the primary user employs
(2) to update its transmit power. We see that the secondary
user, after only 103 iterations of training, can learn an efficient
power control policy which ensures that a goal state can be
reached quickly (with 1.5 average number of transition steps)
from any initial states with probability one. Fig. 5 and Fig. 6
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FIGURE 6. Loss function, success rate, and average number of transition steps vs. the number of iterations k used for training, where N = 3,
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transition steps vs. the number of iterations.

depict the loss function, the success rate, and the average
number of transition steps vs. k for different choices of N
and o, where we set N = 10, 5, = (pfgm + pigan)/3 for
Fig. 5and N = 3, 0, = (pgin + pjg2n)/10 for Fig. 6.
We see that the value of the loss function becomes larger
when we increase the variance o, or decrease the number
of sensors. Nevertheless, the learned policy is still very effi-
cient and effective, attaining a success rate and an average
number of transition steps similar to those in Fig. 4. This
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(pp gdin+ p“]‘ g2n)/10. (a) Loss function vs. the number of iterations. (b) Success rate vs. the number of iterations. (c) Average number of

result demonstrates the robustness of the deep reinforcement
learning approach.

Next, we examine the performance of the DQN-based
power control method when the primary user employs
the second power control policy (4) to update its transmit
power. Since the policy (4) is more conservative, the task of
learning an optimal power control strategy is more challeng-
ing. Fig. 7 depicts the loss function, the success rate, and the
average number of transition step as a function of k, where
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we set N = 10 and 0, = (p'fgl,, + p‘igz,,)/10. We observe
that for this example, more iterations (about 1.5 x 10%) are
required for training to reach a success rate of one. Moreover,
the learned policy requires an average number of transition
steps of 2.5 to reach a goal state. The increased number of
transition steps is because the second policy used by the pri-
mary user only allow its transmit power to increase/decrease
by a single level at each step. Thus more steps are needed
to reach the goal state. Fig. 8 and Fig. 9 plot the loss func-
tion, the success rate, and the average number of transition
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(p’: gin+ p“; g2n)/10. (a) Loss function vs. the number of iterations. (b) Success rate vs. the number of iterations. (c) Average number of

steps vs. k for different choices of N and o,, where we
set N = 10, 0, = (p’fgln + pjgon)/3 for Fig. 8 and
N = 3,0, = (gin + P5g2)/10 for Fig. 9. For this
example, we see that a large variance in the state observations
and an insufficient number of sensors lead to performance
degradation. In particular, the proposed method incurs a con-
siderable performance loss when fewer sensors are deployed.
This is because the random variation in the state observations
makes different states less distinguishable from each other
and prevents the agent from learning an effective policy, but
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FIGURE 10. SINRs of the primary and secondary users vs. the number of
transition steps.

using more sensors helps neutralize the effect of random
variations.

Lastly, we compare the DQN-based power control method
with the DCPC algorithm [11] which was developed for
power control in an optimization framework. For the DCPC
algorithm, the primary user and secondary user use the fol-
lowing power control policy to update their respective trans-
mit power:

k

ik + 1) = min {p{], %} (15)
k

pak + 1) = min {piz, %} (16)

For the DQN-based method, the primary user uses the
policy (2) to update its transmit power, the number of sensor
nodes and the state observation noise variance are set to
N =10ando, = (p’fgl,,+p§g2n)/10, respectively. In Fig. 10,
we examine the QoSs (i.e. SINRs) of the primary and sec-
ondary users as the iterative process evolves. We see that
although both schemes can converge from an initial point,
our proposed DQN-based method requires only a few tran-
sition steps to reach a goal state, while the DCPC algorithm
takes tens of steps to converge. We also observe that the
DQN-based scheme converges to a solution that is close
to the optimal solution obtained by the DCPC algorithm,
which further corroborates the effectiveness of the proposed
DQN-based scheme. Note that optimization-based tech-
niques such as the DCPC algorithm require global coordi-
nation among all users in the cognitive networks so that the
primary user and the secondary user can interact in a coop-
erative way. In contrast, for our proposed scheme, the pri-
mary user follows its own rule to react to the environment.
In other words, the interaction between the primary user and
the secondary user is not planned out in advance and needs
to be learned in real time. Although the training of the DQN
involves a high computational complexity, after the training
is completed, the operation of the power control has a very

VOLUME 6, 2018

low computational complexity: given an input state s, the sec-
ondary user can make a decision using simple calculations.

V. CONCLUSIONS

We studied the problem of spectrum sharing in a cognitive
radio system consisting of a primary user and a secondary
user. We assume that the primary user and the secondary user
work in a non-cooperative way. The primary user adjusts its
transmit power based on its own pre-defined power control
policy. We developed a deep reinforcement learning-based
method for the secondary user to learn how to adjust its
transmit power such that eventually both the primary user and
the secondary user are able to transmit their respective data
successfully with required qualities of service. Experimental
results show that the proposed learning method is robust
against the random variation in the state observations, and a
goal state can be reached from any initial states within only a
few number of steps.

REFERENCES

[1] P. Kolodzy and I. Avoidance, “Spectrum policy task force,” Federal
Commun. Commission, Washington, DC, USA, Tech. Rep. 02-135,
2002.

[2] S. Haykin, “Cognitive radio: Brain-empowered wireless communica-
tions,” IEEE J. Sel. Areas Commun., vol. 23, no. 2, pp. 201-220,
Feb. 2005.

[3] Y. Wu, Q. Zhu, J. Huang, and D. H. K. Tsang, “Revenue sharing based
resource allocation for dynamic spectrum access networks,” IEEE J. Sel.
Areas Commun., vol. 32, no. 11, pp. 2280-2296, Nov. 2014.

[4] P. Wang, J. Fang, N. Han, and H. Li, “Multiantenna-assisted spectrum

sensing for cognitive radio,” IEEE Trans. Veh. Technol., vol. 59, no. 4,

pp. 1791-1800, May 2010.

1. Mitliagkas, N. D. Sidiropoulos, and A. Swami, ‘““Joint power and admis-

sion control for ad-hoc and cognitive underlay networks: Convex approxi-

mation and distributed implementation,” IEEE Trans. Wireless Commun.,

vol. 10, no. 12, pp. 4110-4121, Dec. 2011.

D. I. Kim, L. B. Le, and E. Hossain, “Joint rate and power allocation for

cognitive radios in dynamic spectrum access environment,” IEEE Trans.

Wireless Commun., vol. 7, no. 12, pp. 5517-5527, Dec. 2008.

[7] J. Tadrous, A. Sultan, and M. Nafie, “Admission and power control

for spectrum sharing cognitive radio networks,” IEEE Trans. Wireless

Commun., vol. 10, no. 6, pp. 1945-1955, Jun. 2011.

W. Su, J. D. Matyjas, and S. Batalama, ‘““Active cooperation between

primary users and cognitive radio users in heterogeneous ad-hoc net-

works,” IEEE Trans. Signal Process., vol. 60, no. 4, pp. 1796-1805,

Apr. 2012.

[9]1 Q. Zhu, Y. Wu, D. H. K. Tsang, and H. Peng, “Cooperative spectrum
sharing in cognitive radio networks with proactive primary system,”
in Proc. IEEE/CIC Int. Conf. Commun. China-Workshops (CIC/ICCC),
Xi’an, China, Aug. 2013, pp. 82-87.

[10] M. H. Islam, Y.-C. Liang, and A. T. Hoang, “Distributed power and
admission control for cognitive radio networks using antenna arrays,”
in Proc. 2nd IEEE Int. Symp. New Frontiers Dyn. Spectr. Access Netw.,
Dublin, Ireland, Apr. 2007, pp. 250-253.

[11] S. A. Grandhi, J. Zander, and R. Yates, “Constrained power control,”
Wireless Pers. Commun., vol. 1, no. 4, pp. 257-270, Dec. 1994.

[12] M. Xiao, N. B. Shroff, and E. K. P. Chong, “A utility-based power-control
scheme in wireless cellular systems,” IEEE/ACM Trans. Netw., vol. 11,
no. 2, pp. 210-221, Apr. 2003.

[13] T. ElBatt and A. Ephremides, “Joint scheduling and power control for
wireless ad hoc networks,” IEEE Trans. Wireless Commun., vol. 3, no. 1,
pp. 74-85, Jan. 2004.

[14] J. Tadrous, A. Sultan, M. Nafie, and A. El-Keyi, “Power control for
constrained throughput maximization in spectrum shared networks,” in
Proc. IEEE Global Telecommun. Conf. (GLOBECOM), Miami, FL, USA,
Dec. 2010, pp. 1-6.

[5

—

[6

—

[8

25471



IEEE Access

X. Li et al.: Intelligent Power Control for Spectrum Sharing in Cognitive Radios

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]
[34]

[35]

[36]
[37]
[38]
[39]

[40]

Y. Xing, C. N. Mathur, M. A. Haleem, R. Chandramouli, and
K. P. Subbalakshmi, ‘‘Dynamic spectrum access with QoS and interference
temperature constraints,” IEEE Trans. Mobile Comput., vol. 6, no. 4,
pp. 423-433, Apr. 2007.

S. Lee, Y. Zeng, and R. Zhang, “Retrodirective multi-user wireless power
transfer with massive MIMO,” IEEE Wireless Commun. Lett., vol. 7,no. 1,
pp. 54-57, Feb. 2018.

Y.-F. Liu, Y.-H. Dai, and S. Ma, “Joint power and admission control:
Non-convex L, approximation and an effective polynomial time deflation
approach,” IEEE Trans. Signal Process., vol. 63, no. 14, pp. 3641-3656,
Jul. 2015.

K. Senel and S. Tekinay, “Optimal power allocation in NOMA systems
with imperfect channel estimation,” in Proc. IEEE Global Commun.
Conf. (GLOBECOM), Singapore, Dec. 2017, pp. 1-7.

Y.-F. Liu, M. Hong, and E. Song, “Sample approximation-based defla-
tion approaches for chance SINR-constrained joint power and admission
control,” IEEE Trans. Wireless Commun., vol. 15, no. 7, pp. 45354547,
Jul. 2016.

T. Heikkinen, ““A potential game approach to distributed power control and
scheduling,” Comput. Netw., vol. 50, no. 13, pp. 2295-2311, 2006.

X. Chen, Z. Zhao, and H. Zhang, “‘Stochastic power adaptation with
multiagent reinforcement learning for cognitive wireless mesh net-
works,” IEEE Trans. Mobile Comput., vol. 12, no. 11, pp. 2155-2166,
Nov. 2013.

G. Yang, B. Li, X. Tan, and X. Wang, “Adaptive power control algorithm
in cognitive radio based on game theory,” IET Commun., vol. 9, no. 15,
pp. 1807-1811, Oct. 2015.

L. Gao, L. Duan, and J. Huang, “Two-sided matching based cooper-
ative spectrum sharing,” IEEE Trans. Mobile Comput., vol. 16, no. 2,
pp. 538-551, Feb. 2017.

R. S. Sutton and A. G. Barto, Reinforcement Learning—An Introduction.
Cambridge, MA, USA: MIT Press, 1998.

M. Bennis and D. Niyato, “A Q-learning based approach to interference
avoidance in self-organized femtocell networks,” in Proc. IEEE Globecom
Workshops, Miami, FL, USA, Dec. 2010, pp. 706-710.

H. Li, “Multiagent Q-learning for aloha-like spectrum access in cogni-
tive radio systems,” EURASIP J. Wireless Commun. Netw., vol. 2010,
Apr. 2010.

O. Naparstek and K. Cohen. (Nov. 2017). “Deep multi-user reinforcement
learning for distributed dynamic spectrum access.” [Online]. Available:
https://arxiv.org/abs/1704.02613

F. Fu and M. V. D. Schaar, “Learning to compete for resources in
wireless stochastic games,” IEEE Trans. Veh. Technol., vol. 58, no. 4,
pp. 1904-1919, May 2009.

J. Lundén, V. Koivunen, S. R. Kulkarni, and H. V. Poor, “Reinforcement
learning based distributed multiagent sensing policy for cognitive radio
networks,” in Proc. IEEE Int. Symp. Dyn. Spectr. Access Netw. (DySPAN),
Aachen, Germany, May 2011, pp. 642-646.

A. Alsarhan and A. Agarwal, ““Spectrum sharing in multi-service cognitive
network using reinforcement learning,” in Proc. 1st UK-India Int. Work-
shop Cognit. Wireless Syst. (UKIWCWS), New Delhi, India, Dec. 2009,
pp. 1-5.

T. Wang, C.-K. Wen, H. Wang, F. Gao, T. Jiang, and S. Jin, “Deep
learning for wireless physical layer: Opportunities and challenges,” China
Commun., vol. 14, no. 11, pp. 92-111, 2017.

V. Mnih et al. (Dec. 2013). “Playing Atari with deep reinforcement learn-
ing.” [Online]. Available: https://arxiv.org/abs/1312.5602

V. Mnih et al., “Human-level control through deep reinforcement learn-
ing,” Nature, vol. 518, pp. 529-533, 2015.

D. Silver et al., ““Mastering the game of Go with deep neural networks and
tree search,” Nature, vol. 529, no. 7587, pp. 484489, 2016.

S. Tomic et al., “RSS-based localization in wireless sensor networks
using convex relaxation: Noncooperative and cooperative schemes,” IEEE
Trans. Veh. Technol., vol. 64, no. 5, pp. 2037-2050, May 2015.

J. Yick, B. Mukherjee, and D. Ghosal, “Wireless sensor network survey,”
Comput. Netw., vol. 52, no. 12, pp. 2292-2330, Aug. 2008.

T. S. Rappaport, Wireless Communications: Principles and Practice.
Englewood Cliffs, NJ, USA: Prentice-Hall, 2002.

C. J. C. H. Watkins and P. Dayan, “Q-learning,” Mach. Learn., vol. 8,
nos. 3—4, pp. 279-292, 1992.

R. Bellman, Dynamic Programming. Princeton, NJ, USA: Princeton Univ.
Press, 2003.

D. P. Kingma and J. Ba. (Dec. 2014). “Adam: A method for stochastic
optimization.” [Online]. Available: https://arxiv.org/abs/1412.6980

25472

XINGJIAN LI received the B.Sc. degree from the
University of Electronic Science and Technology
of China in 2015, where he is currently pursuing
the Ph.D. degree. His current research interests
include compressed sensing, millimeter Wave, and
massive MIMO communications.

JUN FANG (M’08) received the B.S. and M.S.
degrees from Xidian University, Xi’an, China,
in 1998 and 2001, respectively, and the Ph.D.
degree from the National University of Singapore,
Singapore, in 2006, all in electrical engineering. In
2006, he was a Post-Doctoral Research Associate
with the Department of Electrical and Computer
Engineering, Duke University. From 2007 to 2010,
he was a Research Associate with the Department
of Electrical and Computer Engineering, Stevens
Institute of Technology. Since 2011, he has been with the University of
Electronic of Science and Technology of China. His research interests
include compressed sensing and sparse theory, massive MIMO/mmWave
communications, and statistical inference.

Dr. Fang was a recipient of the IEEE Jack Neubauer Memorial Award
in 2013 for the best systems paper published in the IEEE TRANSACTIONS ON
VEHIcULAR TEcHNOLOGY. He serves as an Associate Technical Editor for the
IEEE Communications Magazine, and a Senior Associate Editor for the IEEE
SIGNAL PROCESSING LETTERS.

WEN CHENG received the B.Sc. degree from the
University of Electronic Science and Technology
of China in 2016, where she is currently pursuing
the master’s degree. Her current research interests
include deep learning, compressed sensing, and
massive MIMO communications.

HUIPING DUAN received the B.S. and M.S. degrees from Xidian University
in 1998 and 2001, respectively, and the Ph.D. degree from Nanyang Tech-
nological University (NTU) in 2008. She was an Associate and Research
Scientist with the Temasek Laboratory, NTU, Singapore and L. C. Pega-
sus Corporation, Basking Ridge, NJ, USA. Since 2011, she has been an
Associate Professor with the School of Electrical Engineering, University of
Electronic Science and Technology of China. Her research interests include
array signal processing, adaptive signal processing, and compressive sensing.

VOLUME 6, 2018



X. Li et al.: Intelligent Power Control for Spectrum Sharing in Cognitive Radios

IEEE Access

ZHI CHEN received B.Eng., M.Eng., and Ph.D.
degrees in electrical engineering from the Uni-
versity of Electronic Science and Technology of
China in 1997, 2000, 2006, respectively. He was a
Visiting Scholar with the University of California,
Riverside, from 2010 to 2011. In 2006, he joined
the National Key Laboratory on Communications,
UESTC, where he is currently a Professor. His
current research interests include relay and cooper-
ative communications, multi-user beamforming in
cellular networks, interference coordination and cancellation, and THz com-
munication. He served as a Reviewer for various international journals and
conferences, including the IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY
and the IEEE TRANSACTIONS ON SIGNAL PROCESSING.

VOLUME 6, 2018

HONGBIN LI (M’99-SM’08) received the B.S.
and ML.S. degrees from the University of Electronic
Science and Technology of China, in 1991 and
1994, respectively, and the Ph.D. degree from
the University of Florida, Gainesville, FL, USA,
in 1999, all in electrical engineering.

From 1996 to 1999, he was a Research Assistant
with the Department of Electrical and Computer
Engineering, University of Florida. Since 1999,
he has been with the Department of Electrical
and Computer Engineering, Stevens Institute of Technology, Hoboken, NJ,
USA, where he is currently a Professor. He was a Summer Visiting Faculty
Member with the Air Force Research Laboratory in 2003, 2004, and 2009.
His general research interests include statistical signal processing, wireless
communications, and radars.

Dr. Li has been a member of the IEEE SPS Signal Processing Theory and
Methods Technical Committee (TC) since 2011 and the IEEE SPS Sensor
Array and Multichannel TC from 2006 to 2012. He is a member of Tau
Beta Pi and Phi Kappa Phi. He was a recipient of the IEEE Jack Neubauer
Memorial Award in 2013 for the best systems paper published in the IEEE
TRANSACTIONS ON VEHICULAR TECHNOLOGY, the Outstanding Paper Award from
the IEEE AFICON Conference in 2011, the Harvey N. Davis Teaching
Award in 2003 and the Jess H. Davis Memorial Award for excellence in
research in 2001 from Stevens Institute of Technology, and the Sigma Xi
Graduate Research Award from the University of Florida in 1999. Since
2013, he has been an Associate Editor for the Signal Processing (Elsevier),
the IEEE TRANSACTIONS ON SIGNAL PrROCEssSING from 2006 to 2009 and since
2014, the IEEE SiGNAL ProcESSING LETTERS from 2005 to 2006, and the IEEE
TraNsAcCTIONS ON WIRELESS ComMUNICATIONS from 2003 to 2006, and a Guest
Editor for the IEEE JourNAL oF SELECTED Topics IN SIGNAL PrROCESSING and
the EURASIP Journal on Applied Signal Processing. He has been involved
in various conference organization activities, including serving as a General
Co-Chair for the 7th IEEE Sensor Array and Multichannel Signal Processing
‘Workshop, Hoboken, NJ, June 17-20, 2012.

25473



	INTRODUCTION
	SYSTEM MODEL
	A DEEP REINFORCEMENT LEARNING APPROACH FOR POWER CONTROL
	EXPERIMENTAL RESULTS
	CONCLUSIONS
	REFERENCES
	Biographies
	XINGJIAN LI
	JUN FANG
	WEN CHENG
	HUIPING DUAN
	ZHI CHEN
	HONGBIN LI


