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Abstract

In this paper we introduce a novel hybrid cooperative localisation scheme when both distance and angle measurements are
available. Two linear least squares (LLS) hybrid cooperative schemes based on angle of arrival-time of arrival (AoA-ToA) and
AoA-received signal strength (AoA-RSS) signals are proposed. The proposed algorithms are modified to accommodate cooperative
localisation in resource constrained networks where only distance measurements are available between target sensors (TSs) while
both distance and angle measurements are available between reference sensors (RSs) and TSs. Furthermore an optimised version
of the LLS estimator is proposed to further enhance the localisation performance. Moreover, localisation of sensor nodes in
networks with limited connectivity (partially connected networks) is also investigated. Finally, computational complexity analysis
of the proposed algorithms is presented. Through simulation, the superior performance of the proposed algorithms over its non
cooperative counterpart and the hybrid signal based iterative non linear least squares (NLLS) algorithms is demonstrated.

I. INTRODUCTION

OCALISATION of wireless devices has become exceedingly important in many applications. In recent years, a lot of

research has been focused on location based services (LBS) that may include wildlife tracking, assisted health care and
interactive gaming [1], [2]. Location information of objects (or humans) will be an integral part of the internet of things (IoT)
paradigm. Localisation can be achieved using a variety of techniques e.g. time of arrival (ToA) [3], received signal strength
(RSS) [4] and angle of arrival (AoA) [5]. These techniques have their own advantages and disadvantages. Hence depending
upon the network scale, density and the environment, any of these techniques may be preferred. For example in large networks,
RSS is not preferred because the the error in the estimated coordinates is distance dependant. ToA is not preferred if low cost
networks are required, because every sensor node has to be equipped with a synchronized high frequency clock which adds
to the cost of the network. The same can be said for the AoA technique as angle estimation requires an array of antennas [6]
or some mechanical system to rotate a beam of radiation [7].

As the demand for more accurate location estimation with minimum complexity increases, researchers are looking for new
ways to refine the estimation accuracy. One strategy to aid superior performance is the utilization of all the information (if
available) in an optimum fashion. Cooperative localisation is one of these techniques. Cooperation between target sensors (TSs)
has become an essential tool for enhanced system performance [8], [9]. A highly celebrated technique used for cooperative
localisation is the multidimensional scaling (MDS). MDS has its origins in psychometric testing [10] and has been recently
introduced in node localisation. It uses the spectral decomposition of a doubly centred distance matrix. A relative configuration
i.e. rotated, translated and shifted version of the true configuration is obtained, which can be brought back to its original position
by methods like procrustes analysis [11], subject to the availability of 3 or 4 reference sensors (RSs) for 2D or 3D positioning,
respectively. [12] and [13] use classical MDS for localisation, using spectral decomposition. Performing spectral decomposition
on the doubly centred distance matrix is computationally not efficient, thus an iterative technique like SMACOF (Scaling by
MAjorizing a COmplicated Function) is used in [14]. Cooperative localisation is also studied for hybrid signals. In [15] the
arrival angle and time delay are used simultaneously in a non line of sight (NLOS) environment with both angle and range
measurements between RS-TS link and only delay measurements between TS-TS links. Similarly a cooperative RSS-AoA
based algorithm is proposed in [16], where the authors use a least squares (LS) approach to obtain initial coordinates of the
TSs and then refine the locations by minimizing the cost function derived for the hybrid signal. In [17] Fratassi et al. presents
a RSS aided hybrid AoA-ToA localisation scheme based on non linear least squares minimisation technique. These hybrid
signal based cooperative schemes are highly complex due to their iterative nature. To the best of our knowledge, no close form
solution for cooperative positioning using hybrid AoA-ToA or hybrid AoA-RSS signal is available in literature. In this paper,
we propose a linear least squares (LLS) solution, when range estimates and angle estimates are both available and propose a
new hybrid localisation scheme (some initial results were presented by the authors in [18]). The proposed technique can be
applied to two types of networks; one in which all RSs and TSs are capable of range and angle estimates and the other in
which only the RSs (which usually have abundant resources) are capable of angle estimation while the TSs can only estimate
range between each other. Distance estimation can be done via ToA or RSS methods, hence both AoA-ToA and AoA-RSS
cooperative location schemes are discussed. The algorithm is further explored for the scenario of partial connectivity between
the sensor nodes. Furthermore, an optimisation to the LLS technique is also presented which enhances the performance of the
system. The main contributions of this study are summarised below:

e A new unbiased cooperative LLS scheme for AoA-ToA and AoA-RSS signals is proposed.

o Performance of the proposed cooperative schemes is improved by presenting optimised versions of the schemes.

o An algorithm for resource constrained networks, where only the RSs are capable of angle estimation is presented.

« Behaviour of the proposed schemes in case of a partially connected network is presented.

o Complexity analysis is done for the proposed algorithms.

The rest of the paper is organized as follows, section II reviews the hybrid AoA-ToA and hybrid AoA-RSS signal models,
their respective cooperative versions are proposed in section III. Section IV presents optimisation to the LLS technique. Partial
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network connectivity is discussed in section V while section VI presents the complexity analysis of the proposed algorithms.
Simulation results are given in section VII which is followed by the conclusion in section VIIIL.

II. THE HYBRID MODELS

For future use, the following notations are defined: R™ is the set of n dimensional real numbers. (.)7' represents the transpose
operator. (T);; refers to the element at the i*" row and j*" column of matrix T. N(u,0?) denotes the normal distribution
with mean z and variance o2.

This section presents hybrid location estimation schemes when range (ToA or RSS) and angle (AoA) measurements are
available. We consider a 2-D network with M RSs, where (Z;, 7;) are the coordinates of 7*” RS. Then the 2 and y coordinates

of the TS can be estimated by minimising the cost function [15].

M
Fluy) =) f2 () + g7 (uy), (1)
i=1
where uy, = [ x Yy ]T and
filwn) = di =/ @—2) 2+ (B—)*, @)
gi(uy) = 0; — arctan <y — yi) , 3)
Xr —x;

where czl is the noisy distance that is estimated via RSS or ToA and 0; is the angle estimates between TS and i*" RS. Minimising
(1) is computationally inefficient specially in dense networks. Moreover the algorithm fails to converge when TSs are situated
outside the convex hull. In [19] and [20] a close form solution for hybrid signals, based on LLS approach is obtained. For the
LLS solution the x and y coordinates of the TS are obtained as
&= Z; + d; cos 0;6; for i=1,...M ()]
gj:gl—l—azsmél&l for = 1,,M (5)
where §; is the unbiasing constant associated with i" RS. (4) and (5) can be written in matrix form as
Ay, =P,
where A}, = diag (e, e), where e is a column matrix of M ones. Vector p is given by
R . . 1T
p=[P. Py | ,

. . . . T . . . . T
whete B, = [71+d1 cos 0181, -+ @ar+dag cosOudn | and by = [1 + drsindi81, -+ Gas + dugsin o |
The LLS solution for this system is given by

lAlh = Alf)a
where Ajl is the Moore—Penrose pseudo inverse of matrix Ay, and is given by
—1
Al = (AfAL) " AT

A. Hybrid AoA-ToA
For hybrid AoA-ToA, d; and &; are represented by JT,i and 67 ;, respectively and are given by

. o2,
dT,i:\/(fi—I)2+(§i—y)2+ i, 5T,i—eXP< 21> :

The angle measurement between TS and " RS is given by

éi = arctan (y — Z{Z ) + m;, (6)
—
where n; and m; represents the zero mean Gaussian error in distance and angle estimates, respectively i.e. n; ~ N (O, crf“)
and m; ~ N (O, ani) while ér; is the bias reducing constant for AoA-ToA signal model.
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B. Hybrid AoA-RSS
For hybrid AoA-RSS, cZZ- and d; are represented by d r,i and dp ; respectively, where

5 - 2 _ 2 wi
dr,i = \/(Iv — )"+ (¥ —y)” exp <,m>

L T
T 2000

The angle measurement for AoA-RSS is the same as AoA-ToA model given by (6). w; is the the zero mean Gaussian variable
representing the shadowing effect i.e w; ~ N (0705)1,) , a; is the path-loss exponent (PLE) associated with i*" RS. Joint
PLE-coordinate estimation is presented in [21], [22], and is beyond the scope of this paper. In this paper we assume «; to be
known and same for all RSs i.e., a; = aVi. v = ﬁ and 6 ; is the bias reducing constant for for AoA-RSS signal model.

ITII. COOPERATIVE HYBRID MODELS AND LINEAR LEAST SQUARES SOLUTION

Now consider a network of M RSs and NV TSs. Let éij and ciij be the measured angle and distance between ith RS and 4th
TS, respectively. On the other hand, let Djk, be the measured distance between ;" and k** TS, and fiDjk is the AoA impinging
at j%* TS from k' TS. Furthermore, we use the notation of Z; and 7; for the = and y coordinates of i*"* RS while x; and
y; for the x and y coordinates of 4" TS. Incorporating the readings from k*" TS together with readings from the RSs, the =
and y coordinates of j** TS is estimated as

T;=x; + szk COSéik(Sik — Djk COS(i)jk(Sjk fori=1,...,.M
k=1,...,N (7)

Qj =1y; + Czik sin ézkézk — ﬁjk sin (i)jk(Sjk fori=1,...,M
k=1.. . N ®)

where §;; and J;; are the bias reducing constants whose values are given in the following subsections for AoA-ToA and
A0A-RSS signal models. It should be noted that for j = k, the terms (ﬁjk cos éjkéjk) and (Djk sin Cﬁjkéjk> are equal to
zero. Hence (7) and (8) reduces to

Z; :fl—FCiZj COSéij(Sij fori = 1,...,M (9)

:l)j :gl—i—dAU sinéijéij fori = 1,...,M (10)

Equ. (9) and (10) are the same as (4) and (5) which is the estimated location of the TS using the readings of the RS only
while (7) and (8) represents the estimated locatiqn from the readings of RSs and TSs simultaneously. In (7) and (8) the terms
dik cos 6, and d; sin 0, are the projections of d;; on the x and y—axis, respectively from which the projections Djk cos (ﬁjk
and ﬁjk sin éjk are subtracted, respectively, constituting the cooperation step. These operations can be understood from Fig.
1 in which the geometry of the it" RS and that of J th and k'™ TS is illustrated. To write (7) and (8) in matrix form we first
define the vectors in table I:

Equ. (7) and (8) can then be represented in matrix form as

At = Db, (11)

B: [bmla [X3) bﬁ?vayu ey byN]Ta

where
A, +dicos0:6; — Eljl cos <I>j16j1 Ay +d;sin@;6; — Eljl sin <I)j16j1
b A, +dycos0:05 — djg cos <I>j26j2 b Ay + dysin 8205 — djg sin (I)j26j2
ZTj = . i Yj = .
Aa; + dN cos0N6N - ajN COS ‘I’jN(st Ay + dN SiIlgN(SN - ajN sinfi’jNéjN

The LLS solution for the linear system is given by
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Table 1
NOTATIONS.
Vector Description Mathematical form Dimension (RX)
E. Vector of k ones. E. = [11,12,...,1,€}T RrX1
A Averaging matrix composed 2N E;n vectors on the diagonal. A=diag[Eyn, ..., Emn] R2MN2 X2N
u Unknown vector composed of x and y coordinates of N TSs. u=[21,...258,91,.--9n5]7 R2NVx1
A, Vector composed of the x coordinates of M RSs A, =[z1,... ,iM]T RMx1
Ay Vector composed of the y coordinates of M RSs Ay =1[71,..., gM]T RMx1
dg Range vector composed of noisy distance estimates between M RSs and kt" TS dg = {dAl Ky evrs d Mk] ’ RMx1
d; Range vector composed of noisy distance between jt* TS to k" TSs djp = ﬁjkEM RMx1
h Gradient vector composed of noisy angle estimates from j** TS to M RSs 6; = [él Greves éM]-] T RMx1
Dy Gradient vector composed of noisy angle estimates from kt" TS to jt" TSs Dy = i’jkEM RMx1
é; Unbiasing vector composed of unbiasing constants associated with j** TS and M RSs 6; = [51 IR Mj} T RMx1
Ok Unbiasing vector composed of unbiasing constants associated with j** TS and k** TSs 6 =0;kEN RMx1
Ya
(T yr)
5
z |
3 |2
Ele
(TZ-UZ) (/,-jo()sf),-j D_/-/‘.('().\‘(l)j,‘,
d;j. cos ;.
'X
Figure 1. RS and TS geometry.
i= A, (12)

where AT is the Moore-Penrose pseudo inverse of A and is given by AT = (ATA)_1 AT Matrix A" can be calculated
directly without taking the pseudo inverse if the number of TSs and RSs are known i.e.

Al = diag[n,n,--- ,n] € RANX2MN? (13)

where 77 is a row matrix of M N elements, the value of each element is given by ﬁ This cooperative LLS estimator (12)
shall be referred to as LLS-Coop in the rest of the paper.

A. Distributed Approach

If only one or a subset of all the TSs is desired to be localised while capitalizing on the cooperation with all TSs but
avoiding the complexity of the centralized algorithm as in the previous case, a distributed approach can be employed. The
distributed cooperative localisation, localises a single TS (this can be easily extended to estimate the location of a subset of

all TSs) and reduces the complexity of the system without affecting the accuracy of localisation.
The location estimate of the j** TS is given by
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where

A; = diag [E,E] € R?MNx2
W = [z,y,]" € RPY,

1"

b; = [sz’byj
The LLS solution is then given by
i, = Alb;

for A; = diag[n,n] € R¥2MN,

B. Cooperative Hybrid AoA-ToA
From here onwards, for cooperative hybrid AoA-ToA, ciij, ﬁij and 6;; will be represented by JT,ij, ﬁT’ij and o7 ;;

respectively, and are given by

dr,ij = dij+nij,

Dr jie=Djr+nju,

2
Oy, .
5T,ij =€xp ( T;”> )

where d;; = \/(:EZ —2;)° + (5 —y;)* and Djj, = \/(xj —21)” + (y; — yi)°, ni; and njj, represent the zero mean Gaussian

errors in distance estimates i.e. n;; ~ N (O,a%”> and nji ~ N (O, GZWJ . The angle measurement éij from the jth TS to

it" RS is given by

éij = arctan {(yj_yl)] + myj, (14)
Tj — a:i)

where m;; represents the zero mean Gaussian error in angle estimates i.e. m;; ~ N (0, O'?nij) . On the other hand, the angle

measurement between from k" to j** TS i.e. Cﬁjk can be obtained in one of the following ways.
Case 1. If all TSs are capable of estimating their relative angles then ®;; can be modelled as
5 { )

® ;) = arctan } + mjg, (15)
Tk — Tj)

where m , represents the zero mean Gaussian noise in angle estimate i.e. mj; ~ N (0, afnjk).
Case 2. In many cases, only the RSs are capable of AoA measurements while the TSs are low in resources and hence can
only estimate their relative distances, in other words the TSs are not hybrid, then for the formulation in (11), ®;; can be

estimated as follows

@jk — arctan {M} , (16)
(Zr — &)
where the (g — ¢;) and (& — &;) in (16) are estimated using (9) and (10) respectively. The performance of the system
decreases in this case as the number of observations decreases. These systems where the TSs are not hybrid will be referred
to as LLS-Coop-X.
IET Review Copy Only
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; a2, on ) d?, or ) 9
Gx =\ + T exp (omm) + 7 cos (20,;%) + 2‘ cos (26;) | exp (*Umik.) — (dig cos b;1) (19)
. o2 d?, o2 .
C;tg,k = (5’“ + 2’?> exp (afnik) - (2 cos (260;1) + 2“ cos (291k)) exp (—Ufmk) — (dix sin Hik)2 (20)
d? . d? .
cf_k = é’c exp <(Uw;2 Jrafnik) +%k cos (20,1) exp ((Uw";Q fafnm — (d; cos Gik)Q 21
' Yo Yo
d? 2 d 2
ch = exp Jw““Q —&-031, — & cos (20;1) exp Ow "2 —ng_ — (d;g sin Hik)2 (22)
2 (ya)* ") 2 (ya)®

C. Cooperative Hybrid AoA-RSS

For hybrid AoA-RSS, a@] ﬁjk and J;; are represented by d R.ij> D R,i; and 0p ;; respectively and are estimated from the
RSS measurements as in [23].

R Wis
dR,ij = dij €xXp ( ”) )
Yo
N Wik
Dpg jkx = Djrexp <J) ;
Yo

2 2
T oo,
e ( 2 - 2(%5)2) |

where w;; is the zero mean Gaussian random variable representing the shadowing effects i.e. w;; ~ N (O7 T, ) 9” and <I>J k
are the same for both models given by (14), (15) and (16).

IV. LLS OPTIMISATION

In this section, we improve the performance of the LLS by proposing an optimisation step. In order to localise TS j with
coordinates (z;,y;), the cooperation steps with TS k with coordinates (xy, yx) are represented by (7) and (8), where a@k cos élk
is the projection of dzk on the z—axis and dir sin 0y, is the projection on y—axis. In the formulation (7) and (8), the projection
of D]k ie. D]k cos <I>jk and D]k sin ‘ka are subtracted from dzk Cos 91k and dzk sin 6 i, respectively for all M RSs. Since the
combined error in hybrid distance and angle measurements is inherently distance dependent, step (7) and (8) may introduce
large error if some RSs are positioned far away from the TS. Thus, instead of using all RSs, a pair of optimal RSs could be
selected that guarantees minimum error or the RSs with the least error in the projection dzk cos le and dZ k sin sz is selected. In
this section, we propose an optimisation scheme that will select such a pair of RSs. Let the total number of RSs be represented
by the set RS = {RS1,RSs, -+ ,RS),}, then the number of 2-subsets RSq,, C RS is given by the permutation with repetition
i.e. M2. Then to localise the j*" TS in cooperation with the k*" TS, the first optimal RS RSqpe(1) of RSsup is selected as the
one that minimises the approximate variance of the projection d;j; cos 0y, such that

RSope(1y = arg min_ {czx} - 17
RSERS
and the second RS RS, (2) is selected as the one that minimises the projection d}k sin éik such that
RSope(2) = arg min_ {c,x} . (18)
RSERS

¢z,k and c, j represent the approximate variance of the respective projections of dik. They are represented by cm & and
ct »., and are given by (19) and (20) for AoA-ToA respectively [20]. On the other hand, they are represented by R % and c g
and given by (21) and (22) for AoA-RSS respectively [19]. Since the actual value of the distance in (19)-(22) is unknown 1ts
estimated value is used. It should be noted that the same RS could serve as the optimal RS to minimise both (17) and (18).
The LLS estimator with this optimisation shall be referred to as LLS-Opt-Coop.
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Table II
COMPUTATION COMPLEXITY.
. MUL ADD CPU cycles (M =3,N =5
Operation A0A-ToA A0A-RSS A0A-ToA A0A-RSS CMP AoA-%oA ( A0A-RSS )
LLS-NoCoop
Af 1 1 0 0 NA 3 3
b 22M N 26M N 10M N 12MN 1140 1350
A'b 4MN 4AMN (4MN — 2N) (4MN —2N) 230 230
LLS-Coop
Af 2 2 0 0 NA 6 6
b 22N(M+N—-1) | 26N(M+N—-1)| 10N (M + N —1) 12N (M + N —1) 2660 3150
A'b 4MN*® 4MN*® (4MN3 — 2N) (4MN3 —2N) 5990 5990
LLS-Opt-Coop
Af 1 1 2 2 5 5
b 22N(M+N—-1) | 26N(M+N—-1)| 10N (M + N —1) RN(M+N-1) | 9N 2660 3150
Afb AN?(M+N—1) | AN?2(M+N—1) | 4AN?>(M + N —1)—2N | AN?(M+N—1)—2N 2790 2790
App. Var TAMN 62M N 36 M N 24MN 3870 3150
Cycle count for CMP - - - - 30 30

Figure 2. Network topology for localisation of TSy with a communication range of 30m.

V. PARTIAL CONNECTIVITY

Full connectivity can not always be achieved in large networks due to limited communication range of resource constraint
sensor nodes. Hence the assumption of full connectivity becomes unrealistic in large networks. In this section, we explore
the issue of partial connectivity in cooperative hybrid networks. A TSa (TS that is to be localised) first broadcasts a location
request message (LOC request), which is picked up by other TSs, RSs or in most cases both. In the second step is, if an RS
receives the LOC request it measures the range and the angle of the impinging signal and send the measurements back to
TSa. On the other hand, if another TS receives the LOC request it has to check for the availability of RSs in its own range. If
no RSs are available, the LOC request is discarded by the TS. In case of availability of one or more RSs, the measurements
(RS-TSs and TS-TSp observations) are passed to TSy . If the LOC request is not picked by any sensor node, then TS, is out
of communication range of the network and cannot be localised. The network topology for the localisation of TSy with a
communication range of 30 meters is shown in Fig. 2. It should be noted that with this communication range, TSs can not
establish a communication link directly with any RS. The scenario presented in Fig. 2 is taken from the network deployment
used in the simulation section given in Fig. 4. In Fig. 2 three types of communication links are shown, dashed, bold and
zigzag. Zigzag lines represents a direct communication link with the RSs. Bold lines represents a links between two TSs that
are utilized in a cooperative manner for localisation as explained in section III. It should be noted that TS4 is directly connected
TS, however the link between them is represented by a dashed line showing that the angle and range measurement between
TSa and TS¢ cannot be utilized for localisation of TSa. This is because TS is not in range of any RSs. These steps can be
understood from Fig. 3. A pseudocode for the localisation of TSy is given in Algorithm 1.

VI. COMPLEXITY ANALYSIS
In this section, we present the complexity analysis of the proposed algorithms. Following [24], the CPU cycle count is
used to compare the computational complexities by considering the individual cycle counts for addition (ADD), multiplication
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Algorithm 1 Pseudocode for localisation of TS4.
PROGRAM : Partial connectivity

1) TSa broadcasts LOC

2) Pause(time)

3) IF TSa receive measurements from RSs or TSs.
4) identify transmitter

5) IF transmitters are only RSs

6) Localise via (9) and (10) only.

7) ELSE IF transmitters are TSs

8) Localise via (7) and (8) only.

9) ELSE IF transmitters are RSs and TSs.
10) Localise via (7), (8), (9) and (10).
11) ENDIF
12) ELSE
13) TS, is outside the networks range.

14) END

'Tl Measurement passed to TS,

L 1
& 2
z H
k51 &
g 2
| g
p =2
< z
4 RS -
° RS/TS RS/TS, observation taken
=
=
2
5 TS
g
5 No RSs available
2
<
§ TS/TS, observation taken. TS LOC request
sends beacon signal discarded
@
=
=
s
>
«
«
7
-1
—l TS/RS observation taken

Figure 3. Flowchart for localisation of TSa in case of full and partial connectivity.

(MUL), and comparison (CMP) operations. Thus using cycle count 1, 3 and 1 for ADD, MUL and CMP respectively, the
complexities of LLS-NoCoop, LLS-Coop and LLS-Opt-Coop are given in table II. For LLS-NoCoop the complexity shown
in table II is for all NV TSs localised individually without cooperation. The CMP operator is only used in LLS-Opt-Coop to
compare the approximate variances given by (19), (20) and (21), (22) for AoA-ToA and AoA-RSS signal models respectively.
The number of comparison required for each model is 2M N. Number of cycles counts for calculating approximate variance
is given by App. Var in table II. For complexity analysis given in table II, we consider 4 RSs and 5 TSs. Table II shows that
the CPU cycle count for LLS-NoCoop is the lowest, followed by LLS-Coop and then LLS-Opt-Coop.

VII. SIMULATION RESULTS

We consider a 120mx120m network with two sets of RSs; RSs set 1 and RSs set 2 with locations
(20,20),(20,100), (100,20)(100,100) and (0,0),(0,120),(120,0)(120,120), respectively. Also 30 TSs are deployed at
random locations. All the simulations are run independently v number of times. For simplicity, the same noise variance in
distance and angle measurements is used for all RS-TS and TS-TS links i.e. o}, =07 =07 and 0}, =05, = oy, The

i Nk mij
network deployment is shown in Fig. 4.

In Fig. 5 the proposed LLS-Coop, LLS-Coop-X and LLS-Opt-Coop are compared with the iterative NLLS algorithm
presented by (1). The MatLab function fminsearch, which is based on Nelder-Mead simplex algorithm [25], is used
for the minimisation of (1). For this simulation, it was noted that the cost function failed to converge when RSs set 1 was
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Figure 5. Performance comparison of the proposed algorithms with NLLS iterative hybrid algorithm.

used. This is because a number of TSs lies in a region outside the convex hull defined by the RSs set 1. In order to guarantee
convergence RSs set 2 was used for this simulation. As evident from Fig. 5a and Fig. 5b that our proposed cooperative
algorithms are more reliable than the NLLS iterative hybrid algorithm [15].

In Fig. 6, the hybrid AoA-ToA algorithms are compared in terms of Avg. RMSE while the variance in distance and angle
estimates is increased. It is seen that the performance of the LLS estimator with no cooperation (LLS-NoCoop) is worst of
all. Considerable performance improvement is observed with cooperation between the TSs; with the LLS-Opt-Coop estimator
showing the lowest RMSE. Next is the LLS-Coop when both TSs and RSs are hybrid. While performance degradation is
observed for LLS-Coop-X i.e. when the TSs are not hybrid.

Fig. 7 presents the performance of AoA-RSS hybrid systems, the RMSE in location estimates is compared when the
shadowing variance and the angle error variance is incremented in the links. Shadowing variance is kept the same for all links
ie. afuij = J,E)J,k = 02 . Altogether the performance is worst than the AoA-ToA case, this is due to the fact that the RSS
distance estimates are more erroneous then the ToA distance estimates, especially at longer inter-node distance. The PLE value
considered is 2.5, and is the same for all links. A similar trend as in Fig. 6 is observed in this case, with LLS-Opt-Coop

performing the best followed by LLS-Coop and then LLS-Coop-X while the LLS-NoCoop performs the worst.

Fig. 8 shows the performance of LLS-Coop AoA-ToA model when the network is not fully connected. It is noted that the
full connectivity does not give the best performance. This is because the angle noise variance is distance dependent, hence in
case of full connectivity the noisy links with far away sensor nodes are also utilized which degrades the overall performance
of the system.

A similar trend is seen in Fig. 9 where the performance of LLS-Coop for AoA-RSS model is compared for different
connectivity ranges. In this case both angle and range noise variance are distance dependent. A full connectivity does not show
the best performance in this case either.
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VIII. CONCLUSION

In this paper two hybrid localisation models were analysed. These hybrid signal models were extended to their respective
cooperative forms and TS-TS links were utilized. Hence a LLS cooperative location scheme for the hybrid AoA-ToA and
A0A-RSS signals were proposed. A distributed version was also presented to estimate the location of a subset of the total
number of TSs. A modified approach was proposed when the TSs are not hybrid and can only estimate distance from other
sensors. Moreover an optimisation technique based on the selection of a pair of optimal RSs was proposed. Furthermore both
models were studied for partial connectivity between sensor nodes. Finally complexity of the algorithms was analysed and it
was proved via simulation that the cooperative technique performs considerably better than its non-cooperative counterpart,
while its performance is further improved using the optimisation technique.

REFERENCES

[1] J. Ko, T. Gao, R. Rothman, and A. Terzis, “Wireless sensing systems in clinical environments: Improving the efficiency of the patient monitoring
process,” IEEE Engineering in Medicine and Biology Magazine, vol. 29, no. 2, pp. 103-109, March 2010.
[2] P. Juang, H. Oki, Y. Wang, M. Martonosi, L. S. Peh, and D. Rubenstein, “Energy-efficient computing for wildlife tracking: Design tradeoffs and early
experiences with zebranet,” SIGARCH Comput. Archit. News, vol. 30, no. 5, pp. 96-107, Oct. 2002.
[3] I Guvenc and C.-C. Chong, “A survey on TOA based wireless localization and NLOS mitigation techniques,” IEEE Communications Surveys Tutorials,
vol. 11, no. 3, pp. 107-124, 2009.
[4] N. Salman, M. Ghogho, and A. H. Kemp, “On the joint estimation of the RSS-based location and path-loss exponent,” I[EEE Wireless Communications
Letters, vol. 1, no. 1, pp. 34-37, 2012.
[5] P. Kulakowski, J. Vales-Alonso, E. Egea-Lépez, W. Ludwin, and J. Garcia-Haro, “Angle-of-arrival localization based on antenna arrays for wireless
sensor networks,” Computers & Electrical Engineering, vol. 36, no. 6, pp. 1181 — 1186, 2010.
[6] H.-C. Chen, T.-H. Lin, H. Kung, C.-K. Lin, and Y. Gwon, “Determining RF angle of arrival using COTS antenna arrays: A field evaluation,” in Military
Communications Conference, pp. 1-6, 2012.
[7]1 A. Nasipuri and K. Li, “A directionality based location discovery scheme for wireless sensor networks,” in Proceedings of the 1st ACM International
Workshop on Wireless Sensor Networks and Applications. ACM, pp. 105-111, 2002.
[8] N. Patwari, J. Ash, S. Kyperountas, A. Hero, R. Moses, and N. Correal, “Locating the nodes: cooperative localization in wireless sensor networks,”
IEEE Signal Processing Magazine, vol. 22, no. 4, pp. 54-69, 2005.
[9] J. A. Costa, N. Patwari, and A. O. Hero, III, “Distributed weighted-multidimensional scaling for node localization in sensor networks,” ACM Trans. Sen.
Netw., vol. 2, no. 1, pp. 39-64, Feb. 2006.
[10] W. S. Torgerson, “Multidimensional scaling: 1. theory and method,” Psychometrika, vol. 17, pp. 401-419, 1952.
[11] B. Xia, L. Zhang, Q. Liu, and Z. Liu, “An improved mds algorithm for wireless sensor network,” in Biomedical Engineering and Computer Science
(ICBECS), 2010 International Conference on, April 2010, pp. 1-4.
[12] W. Shi and V. Wong, “MDS-based localization algorithm for RFID systems,” in IEEE International Conference on Communications (ICC), 2011, pp.
1-6.
[13] C.-H. Wu, W. Sheng, and Y. Zhang, “Mobile sensor networks self localization based on multi-dimensional scaling,” in Robotics and Automation, 2007
IEEE International Conference on, 2007, pp. 4038-4043.
[14] 1. Borg and P. Groenen, Modern Multidimensional Scaling: Theory and Applications. Springer, 2005.
[15] G. Ding, Z. Tan, L. Zhang, Z. Zhang, and J. Zhang, “Hybrid TOA/AoA cooperative localization in non-line-of-sight environments,” in IEEE 75th
Vehicular Technology Conference (VIC Spring), May 2012, pp. 1-5.
[16] L. Gazzah, L. Najjar, and H. Besbes, “Hybrid RSSD/AoA cooperative localization for 4g wireless networks with uncooperative emitters,” in In Proc.
International Wireless Communications and Mobile Computing Conference (IWCMC), Aug 2015, pp. 874-879.
[17] S. Frattasi and M. Monti, “On the use of cooperation to enhance the location estimation accuracy,” in 3rd International Symposium on Wireless
Communication Systems, 2006, Sept 2006, pp. 545-549.
[18] M. Khan, N. Salman, and A. H. Kemp, “Cooperative positioning using angle of arrival and time of arrival,” in Sensor Signal Processing for Defence
(SSPD), pp. 1-5, Sept 2014.
[19] N. Salman, M. W. Khan, and A. H. Kemp, “Enhanced hybrid positioning in wireless networks II: AoA-RSS,” in IEEE International Conference on
Telecommunications and Multimedia (TEMU), pp. 92-97, July 2014.
[20] M. Khan, N. Salman, and A. H. Kemp, “Enhanced hybrid positioning in wireless networks I: AoA-ToA,” in IEEE International Conference on
Telecommunications and Multimedia (TEMU), pp. 86-91, July 2014.

IET Review Copy Only
11



IET Signal Processing Page 12 of 12

Thisarticle has been accepted for publication in a futureissue of thisjournal, but has not been fully edited.

Content may change prior to final publication in an issue of thejournal. To cite the paper please usethe doi provided on the Digital Library page.

[21]
[22]
[23]
[24]

[25]

N. Salman, A. H. Kemp, and M. Ghogho, “Low complexity joint estimation of location and path-loss exponent,” IEEE Wireless Communications Letters,,
vol. 1, no. 4, pp. 364-367, 2012.

X. Li, “RSS-based location estimation with unknown pathloss model,” IEEE Transactions on Wireless Communications,, vol. 5, no. 12, pp. 3626-3633,
2006.

N. Salman, M. Ghogho, and A. Kemp, “Optimized low complexity sensor node positioning in wireless sensor networks,” Sensors Journal, IEEE, vol. 14,
no. 1, pp. 39-46, 2014.

I. Guvenc, S. Gezici, and Z. Sahinoglu, “Fundamental limits and improved algorithms for linear least-squares wireless position estimation.” Wireless
Communications and Mobile Computing, vol. 12, no. 12, pp. 1037-1052, 2012.

J. C. Lagarias, J. A. Reeds, M. H. Wright, and P. E. Wright, “Convergence properties of the nelder-mead simplex method in low dimensions,” SIAM
Journal of Optimization, vol. 9, pp. 112-147, 1998.

IET Review Copy Only
12



