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Abstract

In this paper, the authors present a multiband time-of-arrival (TOA) positioning model and
validate the performance in a practical dynamic spectrum access scenario according to results
obtained from an ultra-high frequency (UHF) spectrum occupancy measurement campaign.
The statistical analysis of the measured data shows a distinguishable difference between the
unoccupied and occupied portion of the UHF band. The bandwidth availability for the UHF band
is shown to follow a Gaussian distribution according to the measurement results. The positioning
model is verified using the non-linear least squares, linear least squares and two-step maximum-
likelihood location estimation algorithms. The root mean square error (RMSE) performance
evaluation of the proposed model revealed the advantage of utilising five discrete bands to
perform TOA estimation, especially in poor signal-to-noise ratio (SNR) conditions ranging from
-10 dB to 0 dB. At a fixed SNR of 0 dB, an average RMSE improvement of 74% and 82% was
observed for a double and triple band system when compared to a conventional single-band
TOA system. This particular positioning technique can enable improved location estimation in a

dynamic spectrum access environment.
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. INTRODUCTION

Cognitive radio has been regarded as the next evolution in wireless communications in
anticipation of the spectrum shortage and lack of efficient usage by telecommunication
operators (also referred to as primary users). It has been shown through various measurement
campaigns conducted by regulatory bodies and research institutes that significant portions of
the radio frequency spectrum are under-utilised while other portions of the spectrum, such as
the Global System for Communication (GSM) band, are highly congested [1], [2]. Currently
there is no provision for secondary users (SUs)(or unlicensed users) to utilise the unused
portions (white spaces) of the spectrum in a non-interfering manner with primary users (PUs) in
the current fixed spectrum allocation. One of cognitive radio’s capabilities includes the dynamic
utilisation of these white spaces through artificial intelligence, adaptation and awareness.
There are a number of enabling technologies for cognitive radio. One such technology is the
ability to gather and maintain accurate location awareness of the surroundings, as well as
the current state of the spectrum. Currently, there are a variety of localisation technologies
such as Global Positioning Satellites (GPS), cellular-aided positioning as well as cooperative
techniques. The missing feature in each of these current positioning technologies is the ability
to adapt, especially according to bandwidth availability. Applications which can be improved
and optimised through location-aided data include dynamic spectrum management, dynamic
channel allocation algorithms, autonomous network expansion procedures, handover algorithms
and adaptive coverage systems [3]. Receiver location information has become an integral part
of the IEEE 802.22 working standard for Wireless Regional Area Networks (WRAN) [4]. A key
feature of this standard includes dynamic spectrum access, which is performed by using energy
detection and the geo-location information of the base station and user, to perform dynamic
channel allocation in the very high frequency (VHF) and ultra-high frequency (UHF) bands. In
addition, knowledge of a cognitive radio user’s location data also plays an important role in

setting up transmission protocols for spectrum-efficient communications [5].



The Cognitive Positioning System (CPS) proposed in [6] uses a combination of adaptive
bandwidth selection as well as dynamic spectrum allocation techniques to address the location
awareness requirements of cognitive radio. Time-based ranging schemes such as time-of-arrival
(TOA) or time-difference-of-arrival (TDOA) are particularly suited for localisation systems
employing ultra-wideband (UWB) or orthogonal frequency division multiplexing (OFDM) in
cognitive radio, since the bandwidth and signal-to-noise ratio (SNR) of the ranging signal affect
the positional accuracy (location estimate) of the receiver [7]. Previous works [8], [9] have shown
that conventional TOA ranging is a suitable technique for single-band positioning systems. It has
also been shown that optimal two-step time-delay estimation can be conducted simultaneously
on dispersed bands for cognitive radio systems using a variety of combining schemes, each
with different degrees of performance under various modulation schemes [10], [11]. To the best
of the authors’ knowledge, there has been no previous work that has investigated the positional
accuracy of multiband TOA location estimation in the context of a dynamic bandwidth availability

model based on empirical results.

In a typical dynamic spectrum access scenario, it is envisioned that multiple white spaces
(spectrum holes) can be opportunistically accessed by SUs (using cognitive radio devices) to
perform TOA location estimation in addition to performing voice and data communications. This
paper addresses an analytical approach for performing improved two-dimensional (2D) location
estimation using multiple TOA signals. The derivation of a generalised Cramer-Rao lower
bound (CRLB) time delay and channel coefficient estimate is presented in order to develop
an effective combining estimation technique for the multiband TOA system, which serves to
improve the positional accuracy performance over a single-band TOA system. This derivation
also achieves adaptivity using the bandwidth and positional accuracy relationship. In a practical
dynamic spectrum access environment, multiple signal bandwidths may not always be available
to perform TOA location estimation, since these signals might be utilised by PUs. Therefore
using results from a UHF measurement campaign a probabilistic model was created in order to
describe the availability of these multiple bandwidths. An SU would then exploit these available

bandwidths using cognitive radio to perform more accurate TOA location estimation as opposed



to an SU that would only utilise a single available bandwidth to perform TOA location estimation.
The performance of the multiband TOA system was analysed using the non-linear least squares
estimation (NLS), linear least squares (LLS) and two-step maximume-likelihood (TSML) location
estimation algorithms, as each of these algorithms has its own tradeoff in terms of complexity
and estimation accuracy. This proposed positioning technique has been developed in the
context of future application in various multicarrier communication standards, most of which,
are fundamentally based on OFDM such as LTE, DVB-T2 and WiMax etc.[12].

The rest of the paper is organised as follows: In Section Il an overview of the system signal
model is provided. Section Il provides the generalised CRLB estimate of the time delay and
channel coefficient for each signal of the multiband system in order to develop a suitable
combining estimation technique. Thereafter, in Section IV, the CRLB is derived for a special
case where a single time delay estimate is to be computed across multiple signals in order
to show that the adaptivity feature is necessary for multiband TOA systems. In Section V, the
spectrum occupancy measurement results are discussed where a model for dynamic bandwidth
availability is developed by determining the probability density function (PDF) of the unoccupied
and occupied portions of the UHF band. The simulated results of the multiband TOA system

are provided in Section VI, while Section VII draws the main conclusions of this study.

1. MULTIBAND SIGNAL MODEL

The mathematical signal model for deriving the CRLB and required estimates forms the initial
basis of this study. This model tackles the case of a line-of-sight single-path scenario, where there
is a direct path between the anchor nodes (base stations) and the target node (mobile terminal).
As a result, the delay of the strongest path is considered. Analysis of multiple signals each
with multipath components can drastically increase the complexity of the problem at hand and
therefore can be considered for future work. Let the baseband representation of each received

signal (r(t)) within the multiband model be represented as:

Tz'(t) :aisi(t—n)—i—ni(t), 0<t<T, i€ [1..N], (1)



where «; represents the complex channel fading coefficient of each signal identified by i for a
total of IV signals, s;(t — ;) is the delayed transmitted signal occupying a specific bandwidth
(B:) and n,(t) represents a zero mean additive white Gaussian noise (AWGN) process with
variance, 7. The assumption is made that over the interval between 0 and 7. (symbol time),
the transmitted pulse given by s(t) is non-zero and band-limited to a frequency of B Hz. As a
result the observation interval encompasses the symbol time and maximum time delay, which
can also be shown as follows: T' = T + 7,4.- The equivalent frequency domain representation

of (1) is provided:

Ri(w) = Si(w)a;el 9% 4 Ny(w), (2)

where S;(w) and N;(w) are the Fourier transform representations of the transmitted and AWGN

signals respectively:

1T 4
Si(w) = Fisi(t)} = /O si(B)eF D, 3)

1/T .
Nz(w) = ]-"{n,(t)} = /0 77,1»(1‘/)6(*%125)61757 (4)

where F is the Fourier transform operator. The Fourier transform parameter is given by w = 27 f,
where f represents frequency. Fig. 1 displays the proposed receiver model for the multiband TOA
positioning system where B, ..., By represents the bandwidth of each received signal. The time
delay and channel coefficients are evaluated separately and then utilised to perform 2D location
estimation of an SU (also referred to as the target node).

The time delay and channel coefficient estimate from each ranging signal is simultaneously
extracted through parallel signal processing at the receiver front-end. The main advantage is that
the varying bandwidths of multiple ranging signals are exploited to obtain an improved location
estimate by combining all the time delays. The combining technique utilises the CRLB estimate
of each band to enable adaptivity and yield an overall improved time delay estimate for enhanced

TOA ranging.



[11. TIME DELAY AND CHANNEL COEFFICIENTS COMBINING ESTIMATION TECHNIQUE

The general CRLB of the time delay and channel coefficient estimates can be derived according
to the multiband signal model represented in (1). The vector representation of the required

parameters to be estimated can therefore be given as [13]:

@i = [Ti Oéi] s (5)

where 7; is the signal time delay and «; represents the complex channel coefficients correspond-
ing to a single-band, which describes the fading of each received signal. The CRLB is given by

the first row and first column of an inverse matrix as shown by the following relationship [14]:

var(©;) > [1'(O)] ., (6)

where I(©) is a ¢ x g Fisher Information Matrix (FIM) and ¢ is defined by the number of unknown
parameters to estimate. In this case, ©; = r; and ©; = «;. The elements of the 2 x 2 FIM have

been determined for a general Gaussian case for a discrete received signal using:

1 sl /-c O] 0silk; O]
=2 >

g; k=0 89]
where i =1,2,..,qand j =1,2,....q.
This results in a 2 x 2 FIM given by:
ITiT'i ITiai
I[(©;) = : (8)
IOCiTi IOéiOéi

The following FIM elements can be derived using (7)[13]:




&
ooy — i7 i
o= 2 (11)
where &; and &; are respectively given as:
T 2
& :/ ’A‘ dt, (12)
0
T ~
&; :/ |A||A]dt. (13)
0

The first derivative of the signal energy X is given by X = si(t — 1), while the energy (¢;) of the

signal A = s;(t — 7) is shown as:

& = /OT |si(t — 7)[?dt. (14)

The CRLB of the time delay estimate can be obtained using the following matrix algebraic

manipulation:

-1

[ITq‘,TJ_l = (IquTf, - ITiaq‘,Io?iinazﬂ) (15)
Therefore, the CRLB of the time delay estimate for an individual band is given as:
1 |Oé7;|2éi |Oé7,|£~‘l 012 |Oé7;|€i
[Iﬂﬁ] - 022 - O,Zg X 571 X 01'2
_ il & — ﬁ
= &
= war ()"t = AP(d). (16)

Using (16), it is possible to derive a relationship between the CRLB time-delay estimate and the

positional accuracy of the target node (TN) [6]:

N
var(1) = 2P(d) (17)

where ¢ is the speed of light and P(d) is the positional accuracy of the TN. The bandwidth



representation using the Fourier transform can be expressed as:
& =eif?, (18)

where the bandwidth of the signal (s;(¢)) in the frequency domain (S;(w)) is given by [15]:

vy ST WPISi(w)Pdw
2 0
Bi = (O (19)

Using (16) and (18), one can obtain a bandwidth determination equation based on the required
positional accuracy of the TN, which can be adapted based on the availability of the required

number of bands:

It can be noted that the derivative of the signal energy is zero, which results in £ = 0. The

estimated required bandwidth for a specified positional accuracy is given as:

. [P(d)
Bi= \/—m% , (21)

where (; is the SNR of the received signal. The CRLB of the channel coefficient estimate for an

individual band is calculated using:

— _ -1
[Iaiai} b= (Iaiai - IaiTiITj’Tl',,', Tiai) : (22)

This leads to the following CRLB for the channel coefficient estimate:



= war (&) . (23)

Two combining estimation techniques were investigated. The first method involved the averaging
of the delay estimates over the total number of bands and the second method involved
determining the minimum estimate over all the discrete bandwidths. An improved estimate
between the two combining techniques was shown to be given by the latter method. It can
therefore be noted that the channel coefficient and SNR of the received signal, together with the
total number of bands, are important parameters which affect the accuracy of the TOA location

estimate.

IV. CRLB OF OVERALL TIME DELAY AND CHANNEL COEFFICIENT ESTIMATES

Section Il provided the CRLB of the time delay estimate and channel coefficient estimate
of each individual signal in order to derive an appropriate combination estimation technique.
The overall multiband system is investigated for the special case where a single time delay is
estimated and this analysis ascertains whether adaptation of bandwidth and positional accuracy
is possible. In this particular case, the signal delay (r) has also been assumed to be constant
for all transmitted signals. Accordingly the following vector of unbiased signal parameters have

to be estimated:

®=[r qf, (24)

where 7 is the signal time delay and a = [«;...an] represents the vector of complex channel
coefficients corresponding to N bands.The FIM is therefore represented as:

1(©) = . (25)

In a similar fashion to Section Ill, each FIM element is computed using:
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K-1

1 Osilk; ®] 0s;[k; O]
OEDY o? 00, 00, (26)
i=1 ' k=0

As a result, the FIM elements for this particular 2 x 2 case are as follows:

Y a2

ITT = Z 0_2 5 (27)
i=1 i
T lar|€1 lan|En
I’T'a - IaT - |: 0_2 LRRAS] 0_2 :| Y (28)
1 N
Ioa = diag [612, ceny 6]2\[} (29)
01 N

The CRLB of the time delay estimate can be computed in a similar way to (15), bearing in mind

that in this case, vector elements are involved:

L)' = (I — LaIghlar) (30)

and similarly the channel coefficients can be computed as follows:

[Iaa]_l = (Iaa - IaTIq—_TllTa)il . (31)

The time delay estimate of the signal is determined using (30) and is given by:
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It can be noted that the overall estimated time-delay is dependent on the channel coefficient for

each band. Using similar methods in Section lll, the positional accuracy is shown to be:

N ~
A 1 (67} 2 612
P<d>:czz|a2’ > Y
i=1 ?

52
<5i5i -
&

It can be also shown that the CRLB estimate of the channel coefficient for all dispersed bands

can be computed using (31):

lai]é
~ ~ N 2 _1 01
. &1 EN ]a1|51 ’OzN|EN “ |Oél| .
[Iaa] == dzag Ty o | T RS 3 X Zgi72 X :
o1 oN o1 IN =1 7 i
low |
o
i o[22
2
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The channel coefficient vector ([Ioo]~!) can be represented in condensed form:

Si_i=t VT if i=j

= if i3

Location accuracy adaptation is dependent on the available bandwidth in the spectrum. According
to (34), it is inherently impossible to extract the required bandwidth for a specific positional
accuracy. Therefore the combining estimation technique in Section Il has been proposed,
which allows the extraction of the estimated required bandwidth and thus enables the positional

accuracy adaptation feature for cognitive radio.

V. UHF SPECTRUM OCCUPANCY PROBABILITY DENSITY FUNCTION

According to [13], predefined discrete multiple bandwidths were utilised to perform 2D location
estimation. Although an improved accuracy was observed, the study was limited in relation to
a hypothetical fixed bandwidth availability model, which does not take into account of dynamic
spectrum access. A realistic case would involve the cognitive radio device dynamically selecting
multiple bandwidths based on availability to perform TOA positioning. Owing to the unpredictable
nature of spectrum occupancy, the bandwidth availability would have to be modelled according
to a particular type of PDF. As an initial starting point a PDF model would be derived based
on the results obtained from a UHF spectrum occupancy measurement campaign conducted

at the University of Pretoria campus. The objective is to determine the likelihood of available



13

(unoccupied spectrum holes) or unavailable (occupied spectrum holes) bandwidths and thereafter
apply the PDF model to the multiband TOA positioning system. In the case of other frequency
bands such as GSM, ISM, etc. the dynamic bandwidth availability model would surely differ
and this would in turn affect the multiband TOA results. The UHF bands consist primarily of
TV bands, which according to the IEEE 802.22 WRAN standard aims to provide broadband
access to rural areas through the use of certain cognitive radio functionality. Although the
empirical measurements are limited to one area, the results provide a reasonable validation

to the performance of the proposed multiband TOA positioning model.

A. Measurement Campaign

A measurement campaign with the objective of assessing the spectrum occupancy of the UHF
band in a South African context was conducted over a six-week period. The overall measurement
system was based on the energy detection spectrum sensing scheme. Due to its low complexity
and simplistic hardware implementation, it has been the preferred sensing technique in various
spectral occupancy measurement campaigns [1], [2], [16], [17]. The measurement readings were
obtained over the whole UHF frequency band, i.e. 470-854 MHz. The spectrum occupancy
measurements were conducted on the rooftop of the 15-storey Engineering | building, University
of Pretoria, Hatfield campus, which is regarded as a typical suburban area of Pretoria. The key
spectrum occupancy measurement system components comprised of a UWB antenna (ranging
from 25 MHz and 6 GHz), Agilent spectrum analyser, which was then connected to a workstation
computer where sample data was remotely stored in a server accessible over the university’s
local area network. In order to quantify the occupancy of the band in question, a measurement
scheduler was designed to analyse the data over a 24-hour period for several days. Each
measurement reading consisted of 1500 samples and a sample comprised of an entire sweep
of the band (384 points). The measurements were conducted at every two-hour intervals with a
resolution of 1 MHz. Over the whole course of the measurement campaign approximately 170

million samples were collected.
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B. PDF of the UHF Spectrum Occupancy

The raw measurements taken from the UHF measurement campaign were pre-processed and
equalised in order to remove any outliers that can cause statistical inaccuracies. The basis of
this method is to infer the spectral occupancy based on the noise statistics of the measurement
readings. One problem that may arise, is that the received signal strength can be less than
that of the noise floor, implying that an unoccupied channel is detected when in fact a signal
is present. A histogram of all the sampled data over the whole measurement period for the
UHF band was obtained and the probability density function of the received signal strength was
plotted, as shown in Fig. 2.

According to the measurement results from Fig. 2, the occupied and unoccupied (noisy) portions
of the UHF band are clearly distinguishable. The analysis of the unoccupied spectrum for the UHF
band reveals that the probability distribution is Gaussian with a mean (., = —90.2 dBm) and a
standard deviation given by o,y = 1.0139. The mean falls within the measured average system
sensitivity, which was determined to be —104.5 d Bm for the UHF band. The resulting probability
distribution is utilised to model unoccupied channel bandwidth availability for performing TOA
location estimation over multiple bands. Therefore, in this particular study, the PDF shown in
Fig. 2 regarding UHF bandwidth availability applies to all multiple bands (sub-bands) and is

characteristic of the environment in which the measurement campaign was undertaken.
VI. SIMULATION RESULTS

A. Location estimation algorithms

The multiband positioning model was evaluated using three types of location estimation
algorithms, viz. NLS, LLS and TSML. The NLS estimate (m) of the 2D position estimate

corresponds to the minimum value of the cost function (®x1s):

th = arg min @ y.s(h), (37)

where m = { z vy } is the estimated 2D location coordinates of the target node (e.g. mobile
cognitive radio device). The NLS cost function to be minimised for N anchor nodes (ANSs) is

given as:
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N

Oyps(m) =) <7°z' - \/(96 —2) 4 (y - yi)2>2 7 (38)

=1

where r; = d; + n; is the corrupted TOA measurement from each AN, b, = [ T Ui }(e.g.
cognitive radio base station) identified by i. The true distance between the AN and target node
(TN) is given by d; = ct; where t; time delay of the signal while n; represents AWGN. Faster
convergence of the NLS estimation algorithm was achieved with the Newton-Raphson numerical
method.

A global solution is achieved using the LLS and TSML linear methods in order to solve the
location estimation problem, which results in lower complexity of the algorithms when compared

to the NLS method. The LLS estimate is given by the expression [18]:

0,05 = (ATA) " ATb, (39)
where: _ -
r1r W —%
1
xr xr —35
A= | 2 T T2 (40)
TN YN~ |
and:

2, .2 .2
ity —ry

2, .2 .2
1| 23+yy =15

(41)

2 2 .2
Iy +YN — TN

The LLS vector estimate is given by:

éLLS:[l‘ Y Rz}, (42)

where x and y represent the estimated 2D coordinates of the TN while R = /22 + 32 is an

added dummy variable. Similarly, the TSML vector estimate is given by the following equation
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[19]:

Orsnr = (ATAT D) ATHE (43)
where ¥ = diag {407d3,403d3, ..., 40%.d3, } represents the noise covariance matrix.

B. Results and Analysis

In order to realise the benefit of the proposed positioning technique for a cognitive radio
device in a dynamic spectrum access scenario, a comparison is drawn between performing TOA
estimation over a single-band and multiband system. In order to simulate dynamic bandwidth
availability, 5 different bandwidths were randomly generated between 1 MHz and 10 MHz over a
large enough sample according to a Gaussian distribution as determined for an unoccupied UHF
spectrum in Fig. 2. The root mean square error (RMSE) of the positional accuracy was utilised
to quantify the performance of the model at various SNRs. Therefore the RMSE was expressed

as:

J > [(i'n — )"+ (fn — y)Q}
RMSE = i , (44)

where M represents the number of samples and [ En Un }Tis the iterative position estimate
each sample and = and y represent the actual coordinates of the TN. A priori information
regarding the channel coefficients were assumed to be Rician distributed with K-factor of 2 dB.
Figs. 3, 4 and 5 display the performance of the proposed technique in relation to the NLS, LLS
and TSML algorithms respectively.

An improvement in location accuracy can be observed when performing multiband TOA esti-
mation for all three different types of estimation algorithms. This is due to the fact that each
band is characterised by a different time delay and channel fading coefficient and therefore all
signal bandwidths can be exploited to yield an improved estimate. Table | shows the different
percentages in RMSE improvement for the multiple discrete bandwidths at an SNR of 0 dB.
According to Fig. 3, 4 and 5, there is a significant RMSE positional accuracy improvement at

lower SNRs. The proposed multiband TOA positioning technique can therefore be exploited
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Table |
PERCENTAGE RMSE IMPROVEMENT OVER SINGLE-BAND SYSTEMS AT SNR =0 dB

] | NLS (%) | LLS (%) | TSML (%) |

Two bands 72 76 74
Three bands 88 81 77
Four bands 89 83 81
Five bands 90 84 82

in low SNR conditions to achieve an improved localisation accuracy. Table | also shows that
there is a 1% performance improvement between utilising four and five discrete bandwidths for
TOA positioning, which is a minimal improvement. Table Il shows the comparative performance
between the three location estimation algorithms at three different SNRs for the double band

case.

Table I
COMPARATIVE ALGORITHMIC PERFORMANCE IN TERMS OF RMSE FOR TWO BANDS

| [NLS (m) [ LLS (m) | TSML (m) |
10dB | 1155 | 5259 4276
5dB | 2530 | 23.82 20.15
20dB | 0.97 1.14 11

The TSML algorithm displays the best performance at lower SNRs. It can be observed that the
more complex NLS algorithm performs slightly better than the LLS and TSML algorithm at higher
SNRs. Table Ill shows the differential change in the RMSE of the positional accuracy between
the single and double band case in order to quantify the improvement in accuracy. According to
Table I, there is a significant decrease in RMSE for the double band case, especially between
-10 dB and 0 dB, indicating a large improvement in positional accuracy. In the case of the NLS
algorithm, there is a reduction in positioning error of three orders of magnitude between the -10
dB and 10 dB case owing to the accuracy of the initial estimate. Although the LLS and TSML
algorithms display similar performances in terms of estimation accuracy, it can be noted that
the TSML technique was slightly more complex to implement because of the addition of noise
statistics. Therefore according to the results shown in Fig. 4 and 5, the LLS algorithm would

be the most suitable choice of implementation. The proposed multiband positioning technique
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is suitable for performing cognitive radio localisation of a SU in scenarios where high SNRs

of the signal are limited by the inherent constraint imposed by the surrounding environmental

conditions.

DIFFERENTIAL CHANGE OF THE RMSE FOR THE DOUBLE BAND CASE

Table Il

|

[NLS (m) [ LLS (m) | TSML (m) |

-10dB | 7309.5 | 367.41 283.44
-5dB | 11242 | 122.18 99.75
0dB 49.63 37.75 41.15
10 dB 6.47 4.29 5.41
20 dB 1.52 1.76 1.59

VII. CONCLUSION

This study has considered a typical cognitive radio scenario where data from an energy-

detection based measurement campaign provided a realistic view on the PDF of multiple

bands which can be then exploited to perform TOA localisation. Derivations of the parameter

estimates (time delay and channel coefficients) and combining estimation technique have also

been provided. It has been shown through a statistical analysis of the UHF measurement data

that the unoccupied portion of the spectrum adheres to a Gaussian distribution. The simulation

results highlight the advantage of exploiting varying bandwidths in a dispersed and opportunistic

manner at the cognitive radio receiver for improving positional accuracy. The LLS and TSML

techniques have been shown to offer good performance with low complexity in terms of algorithm

implementation.
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