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ABSTRACT

Cognitive Radio (CR) is of great interest to technologists because of significantly increasing the spectrum
efficiency. The Secondary user (SU) which is the unlicensed user must constantly study the actions of
Primary user (PU), which is the licensed user. The location information of PU can enable several key
functions of CR networks, such as aiding spectrum policy enforcement, intelligent location aware routing,
and better spatial temporal sensing. Time of Arrival, Directions of Arrival and Received Signal Strength are
three categories of research that is being done previously in the field of passive localization. These
categories are done based on how the sensors obtain location estimation and on the type of measurements
shared between the sensors. Cramer-rao bound establishes the lower limit on how much information about
an unknown probability distribution parameter can a set of measurement carries. In this paper we obtain the
Cramer-rao bounds for a novel hybrid Direction of arrival (DOA)/Time of arrival (TOA) based algorithm
in cognitive radios networks and the performance is analyzed and compared for various primary user
location estimation techniques such as RSS-CRB, Joint-CRB optimal, and Joint-CRB music.
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1. INTRODUCTION

A communication system needs sufficient
operational environment information, like
propagation characteristics and spectral resources.
The Cognitive radio (CR) networks have unique
abilities such as location, environment, spectrum
awareness to obtain accurate information regarding
environment, location and spectrum [1]. This paper
provides a comprehensive review of implementing
these concepts. In addition to this, other
characteristics of CR technology such as
propagating channel, transmission, reception and
dynamic spectrum utilization are discussed. The
cognitive radio capabilities for accurate operating
environment characterization are discussed. This
emphasis is crucial to efficient radar systems,
communications and localization.

In this paper the accuracy that is
achievable by primary user localization algorithms
that utilize Direction of Arrival (DOA) and Time of
Arrival (TOA) jointly is analyzed, by calculating
Cramer Rao Bounds to obtain the variance. The
works that are done previously in this field assume

that DOA estimation error variance is independent
of Received Signal Strength or as a fixed constant
and evaluate the CramerRao-Bounds for DOA only,
RSS only and RSS/DoA localization techniques.
The CRB-bounds for Hybrid-TOA/DOA based
licensed user localization techniques are derived
based on DOA-estimation error variance
mathematical model, as a function of TOA to the
given CR placements. The bounds derived are
compared with other localization algorithms and
analyzed few key components like number of
samples and antennas, number of nodes, achievable
accuracy, correlation distance and channel
shadowing variance.

The paper focuses mainly on characterization of
performance achievable by the proposed hybrid
TOA/DOA based localization, using either or both
DOA and TOA for any unbiased estimator, by
obtaining the CRB-lower bound on estimation
accuracy. The localization method based on RSS
only is discussed in [2]-[4] and the CRB is
calculated assuming a shadowing channel that is
correlated and independent. The CRB bounds for
the DOA only based localization is discussed in
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several papers [5]–[10] .CRB for RSS/DOA based
localization is discussed in [11].

2. COGNITIVE RADIO

The concept of Cognitive-radio is built
upon software defined radio technology, currently
spectrum sensing is the most focused area of
research in the cognitive radio field, especially the
TV band white spaces. Achieving higher
throughput in WLAN, extension of transmission
distance and emergency are the important cognitive
radio spectrum sensing applications.
The cognitive radios have four important functions
which are given below

2.1 Spectrum Sensing

This is the ability of CR for detecting spectrum
that is unused and allow sharing it with other users
preventing any harmful interference to other
primary users.
Sensing of whitespaces is an important requirement
in CR network, detection of primary user is an
effective method for detecting white spaces. In
Spectrum sensing three types of techniques are
available.
2.1.1 Cooperative Detection

In these methods the information is
incorporated from multiple cognitive radios for
detecting the primary user jointly and performs
spectrum sensing.

2.1.2 Transmitter Detection
CR should have the ability to detect in a certain
spectrum whether signal of the PU transmitter
is available locally or not. Some of the
proposed approaches for this are
i. Energy Detection

ii. Matched Filter Detection
iii. Interference based detection

2.2 Spectrum Management

The cognitive radios must meet the
requirements of communicating users by
selecting the best spectrum available.[12] The
Cognitive radios need the following
management functions to satisfy the required
quality-of-service over all the spectrum bands
available.
i. spectrum analysis

ii. spectrum decision

2.3 Spectrum Sharing
In open spectrum usage spectrum sharing is

one of the major challenges. It is the task of
offering a fair spectrum scheduling method for the
users.

2.4 Spectrum Mobility

This is the process performed when the CR
exchanges its operating frequency. When the
channel that the CR is previously using is
being reoccupied by the PU then the best
frequency available must be chosen in a
dynamic manner, for transition to a better
spectrum, providing the communication
requirements seamlessly during this transition.

3.PASSIVE LOCALIZATION METHODS

3.1 Received Signal Strength

RSS is most capable for measurements
because of low cost and implementation is simple
in hardware. It is one of the best propagation
models in passive localization methods and to
measure distance between the transmitter and the
receiver.  At the receiver the magnitude of the
signal power is measured by using RSS.

3.2 Time Of Arrival

In Time of Arrival method the distance
between two devices is derived, when signal
propagation speed is known priori, by measuring
time taken for one way propagation between the
devices. When the signal propagation speed is
given by S, time of signal sent at sender is given
by , time of signal received at receiver is given
by and the distance d between the devices is
given by = ( − ). The mobile units can be
localized by knowing the absolute position of
reference units along with calculated distance
between the devices. The PU localization estimate
can be seen ideally as point of interception of
circumferences centered on radius of estimated
distance to mobile unit and reference units. In
reality, due to the presence of shadowing and
multipath fading, instead of one exact localization
point an area of uncertainty is found.

In TOA based techniques the estimation of
correct position we need all the network devices
(reference units and mobile) to be synchronized and
also the timestamp information of the packet
transmitted. TOA techniques have high hardware
complexity and yet offer high accuracy.
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Fig. 1. system model

3.3 Direction Of Arrival

The array based direction of arrival PU
localization algorithms are classified into four
types; they are subspace based technique,
conventional techniques, integrated techniques and
maximum likelihood techniques. The subspace
based techniques exploit Eigen structure of input
data matrix and these are high resolution
suboptimal methods. The conventional technique
requires huge number of elements to obtain high
resolution and they are based on classical beam
forming methods. Maximum likelihood methods
are computationally very intensive and can perform
well even in the conditions where SNR is low. The
integrated techniques are combination of subspace
based techniques with property restoral techniques.
Hardware complexity is high to accommodate
antenna arrays and hence suitable for
implementation at base station. It avoids multipath
effect and shadowing occurs in RSS algorithm.

4. SYSTEM MODEL:

Fig.1.System model for CR placements

We expect the Cognitive Radios that can
hear the primary user form a circle with radius R
and are consistently set in the range, as
demonstrated in Fig.1. The Cognitive Radios are set
freely inside range, which shows independency
among sets of and , all ′ , and all ′ .
Let is the radius of forbidden region and primary
user located at the center of circle.

5. HYBRID-TOA/DOA ESTIMATION FOR
CRB

A far-field target source is considered for
the transmission of plane wave along with a sensor

which contains the uniform linear array with an N-
element to receive. AWGN channel with line of
sight is considered as transmitted channel. The
transmitted signal with unit energy ∫| ( )| = 1
is represented by ( ) .

The baseband EM wave received at the antenna of
N element is stacked into a vector( ) = [ ( ) , ( ) , … . . . , ( )] (1)

This considers equation( ) = ( ) ( − ) + ( ) (2)

Where, A represents distance dependent channel
gain, represents the time delay from the target to
the primary user location and ( ) represents the
independent noise elements the AWGN vector
mean zero, each of 2⁄ power spectral density
and zero mean. The array signature vector can be
narrated by,( ) =[ 1, ⁄ , … . , ( ) ⁄ ] (3)

Here, d represents the antenna element distance, λ
represents plane wave signal wavelength and θ is
directional of arrival.

Irrespective of whether $A$ is known or unknown,
the model of the signal in the CRB for − can be
demonstrated the same. So, joint estimation of− is to be concentrated. In AWGN prospective,
the received signal’s probability   density function
(pdf) dependent on time delay and direction of
arrivals.( ; , ) =− ∫‖ ( ) − ( ) ( − )‖ (4)

Here, Q represents a constant. In like manner, joint-
ToA/DoA maximum-likely-hood (ML) evaluations
can be estimated by mutually seeking over (τ-θ) to
maximize p(r; θ, τ). The exploration gets reduced to
2D sliding connection aŝ − = max , {∫ ( ) ( ) ( −) } (5)

This combined ML estimation is fair, and
asymptotically touch the bounds of cramer-rao for− specified in , = [6] , here F
represents the FIM defined as

CR

RRo

PU
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: = {[∇τ,θlnp( ; , )][∇ , ( ; , )] }= (6)

After defining some algebraic derivations : =⁄ as SNR (signal to noise ratio), we derive= 8 ∫| ( ) | (7)= ( ) ( )
(8)

= − ( )∫ | ( )| (9)

Let the mean square effective band-width of the
unit energy signal s (t) is denoted by =∫4 | ( )| .zero for real valued s (t) is
denoted by .The evaluation of TOA and DOA
with CRB gives the result as= [ ]( , ) = (10)= [ ]( , ) (11)= ( ) ( ) (12)

Evidently, the Cramerrao-bounds of ToA are
predominantly resolved by the signal bandwidth W,
in this DoA is influenced by array arrangement
specifications N and d.

5.1 CRB for RSS

To determine fisher information matrix
(F.I.M) ∅ for the RSS only, then first
unequivocally express the logarithm of the
probability distribution function aslog p (∅ ℓ ) = − log [(2 ) ⁄ ( Ω ) ⁄ ] −(∅ − ∅) Ω (∅ − ∅) (13)

Then the given RSS-only FIM is
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Here = 100 / ( log 10) , matrices and vector are
represented as≜ ( , , . . . , ) (14)∆ = [ ∆ , ∆ , ……. , ∆ ] ,∆ = [ ∆ , ∆ , … . . . . . , ∆ ] ,∆ = − And ∆ = − .
Itemized determinations are given in Appendix A.
To get a minimal outflow of ∅, how about we

characterize = [∆ , ∆ ] and ʌ =
γ
D Ω D . In

this way, it is direct to confirm that the RSS only
primary user localization for FIM and RMSE are
represented by ∅ = ʌ

, ≥ ∅ + ∅ (15)

Here R, F represents the RSS only limit for fixed
placements.

5.2 MUSIC ALGORITHM FOR JOINT-CRB

In this area by utilizing error variance
from , , we infer the joint-CRB with DoA
estimation considered by MUSIC calculation,
considered one of the efficient methods of DoA
estimation.

∅⁄ Is determined by supplanting (∅ ) (12)

with (∅ ) given by ( ). Applying the outcomes
in equation, can obtain ∅⁄ = ∆ , Here∆= ( , , … . . , ) and

= ( ) − +
∅ + 2 (16)

Since Fisher Information Matrix for the RSS-only
is autonomous of DoA calculation, the joint FIM
and the comparing RMSE utilizing MUSIC
calculation are considered by

, , ≥ , , + , , (17)

1
, ,

T T
J F MF P P L L    (18)
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Here R, F represents the RSS only limit for fixed
placements.

6. SIMULATION RESULTS:

6.1 Results of RMSE for RSS –CRB comp, RSS-
CRB asymptotic, Joint CRB MUSIC, Joint CRB
comp, ToA/DoA with varying Ro/R ratio. We
represent the numerical results to study the
performance of localization and also to verify the
derived CRB’s for channel conditions, array
parameters and different node density. We observe
that the variation of RMSE is an accurate function
of various parameters of channel and array.

Fig. 2a. Variation Of Number Of Nodes  Vs. RMSE For
Ro/R=0.1

Fig. 2b. Variation Of Number Of Nodes Vs. RMSE For
Ro/R=0.2

Fig. 2c.Variation Of RMSE Vs Number Of Node  For
Ro/R=0.3

Among all we observe that the values of Ro/R play
an important role .RMSE increases as we increase
Ro due to excluding the nodes that are closer to the
primary user. As the value of Ro/R changes the
RMSE of  RSS CRB asymptotic varies largely as
shown in the figures 2a,2b,2c.Fig 2a represents the
RMSE for nodes ranging upto 10 to 100 for
Ro/R=0.1, Fig 2b represents the RMSE for nodes
ranging upto 10 to 100 for Ro/R=0.2, Fig 2c
represents the RMSE for nodes ranging upto 10 to
100 for Ro/R=0.3 when the shadowing variable is
considered to be 6.

6.2 Results of RMSE for RSS – CRB comp, RSS-
CRB asymptotic, Joint CRB MUSIC, Joint CRB
comp, ToA/DoA with varying number-of-CRs in an
un-correlated shadowing environment

Fig. 3a.Variation Of Number Of Nodes Vs. RMSE
Shadowing Variable Sigma=4
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Fig. 3b. Variation Of Number Of Nodes Vs.
RMSE For Shadowing Variable Sigma=6

The impact of shadowing on the RSS –CRB
comp, RSS-CRB asymptotic, Joint CRB MUSIC,
Joint CRB comp, ToA/DoA are presented in the fig
3a,3b,3c. We observe that as shadowing increases
,RMSE also increases. This is because the
Lognormal of a probability distribution function of
RSS spreads out when the shadowing increases. In
case of large shadowing cases to obtain a better
accuracy we need to assign higher weights to CR’s
with better DoA measurements.

Fig. 3c. Variation Of Number Of Nodes Vs.
RMSE For Shadowing Variable Sigma=8

Shadowing refers to the rapid fluctuations in
the power levels of signal due to presence of
obstacles between a Transmitter and a Receiver.
Fig 3a represents the RMSE for nodes ranging up to
10 to 100 when the shadowing variable is
considered to be 4. Fig 3b represents the RMSE for
nodes ranging up to 10 to 100 when the shadowing
variable is considered to be 6

Fig 3c represents the RMSE for nodes
ranging up to 10 to 100 when the shadowing

variable is considered to be 8.The performance loss
caused by the RSS-CRB comp is more than the
RSS-CRB asymptotic. In general the shadowing
variable range is taken from 2 to 10 db .here we
have considered the range of shadowing variable
from 4 to 8 db.

6.3 Results of RMSE for RSS –CRB comp ,RSS-
CRB asymptotic, Joint CRB MUSIC, Joint CRB
comp, ToA/DOA with varying  number of CRs ,for
different array orientation in an uncorrelated
shadowing environment (sigma=6). The effect of
array orientation on RSS -CRB comp ,RSS-CRB
asymptotic, Joint CRB MUSIC, Joint CRB comp,
ToA/DOA are presented in the fig 4a,4b,4c. we
observe that as the value of theta changes only the
RMSE of RSS/DoA and ToA/DoA changes leaving
the RSS-CRB undisturbed indicating RSS doesn’t
depend on the value of theta or the array
orientation. Fig 4a represents the RMSE for nodes
ranging up to 10 to 100 when the array orientation
theta is considered to be 30. Fig 4b represents the
RMSE for nodes ranging up to 10 to 100 when the
array orientation theta is considered to be 60.

Fig. 4a. Variation Of Number Of Nodes Vs. RMSE For
Θ=30

Fig. 4b. variation of number of nodes vs. RMSE for θ =6
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Fig. 4c. Variation Of Number Of Nodes Vs. RMSE
For Θ =90

Fig 4c represents the RMSE for nodes ranging upto
10 to 100 when the array orientation theta is
considered to be 90.we observe that the RMSE will
be less when the primary user or a transmitter and
secondary user or a receiver are facing toward each
other so RMSE for array orientation of 90 is more
when compared to 30, 60 degrees.

7. CONCLUSION

In this paper we introduce an analytical work
for the performance achievement of Joint ToA/DoA
for localization of PU’s in cognitive radio network.
Firstly we derive the CRB for a fixed CR
replacement for RSS,DoA,RSS/DoA,ToA/DoA
based primary user localization. Due to the effect of
shadowing and multipath RSS is less accurate when
compared to ToA and DoA. so we go for the
combined approach of RSS/DoA and ToA/DoA.
Hybrid approach of ToA/DoA gives less error when
compared to the RSS/DoA which can be clearly
observed from the obtained results.

It is observed that the achievable RMSE gets
decreased with the increase of shadowing. Also the
RMSE varies with the Array orientation. Maximum
performance can be yielded when the transmitter
and receiver are facing towards each other. so we
obtain low RMSE in case of array orientation of
30,60 than compared to 90 degrees. RMSE also
depends on the value R0 and R. Here we have
altered the Ro/R ratio by changing only Ro and R is
kept as constant. As Ro increases RMSE increases
due to excluding of the CR’s closer to the primary
user. Derivation of CRB for practical and more
complex channel variations, for different CR
placement will be considered as a future work.
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