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Abstract— This paper addresses the pair selection problem of 

the unilateral time difference of arrival (TDoA) localization 
method. Two common concepts of pair selection are star form 
which uses a unique reference node for pairing all nodes and the 
chain form which links each node to its next available node. The 
problem of the star form is the possibility of occurring non-line of 
sight (NLOS) conditions between some anchors. The chain form 
has an issue with increasing variance of the noise as the number of 
anchors increases. A new hybrid form is proposed which avoids 
NLOS conditions and at the same time pertains the amount of 
noise at its minimum possible. Practical results confirm the 
superior performance of the proposed approach.  
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I. INTRODUCTION  
Among the localization approaches proposed so far, the 

time-based methods promise better accuracy and reliability in 
noisy and challenging conditions of the indoor environment. 
This is especially the case, when the ultra-wideband (UWB) 
localization systems are applied. UWB offers higher accuracy 
compared to other radio-based technologies due to its less 
sensitivity to multipath effect as a result of their large utilized 
bandwidth [1]. Possible connection topologies of time-based 
approaches are time of arrival (ToA) which extracts the range 
information from communications between only two nodes and 
time difference of arrival (TDoA) which performs the ranging 
between two anchors and one node. The TDoA approach is the 
main choice of designers when large number of nodes are 
involved in the network [2]. This is mainly due to the several 
features of this technique which are less signal interference, 
simplicity of the implementation, lower radio traffic, lower 
power consumption of the nodes and higher location update rate 
even though larger number of the nodes compared to ToA 
approach are involved [3]. 

The TDoA technique can be implemented in two different 
constellations [4, p. 192]. The first one is called unilateral in that 
the anchor nodes are transmitter and the mobile nodes are 
receiver. This constellation is useful for navigation and self-
localization applications where the location data is required in 
the mobile node itself. The other constellation is multi-lateral in 
that the anchors are receiver and the mobile nodes are 
transmitter. This technique is more suitable for tracking and 
monitoring applications where the location data is collected in a 
central server [3]. The unilateral technique needs to manage a 
time delay between the transmission times of the anchors to 

avoid signal interference. This is achieved by defining a 
reference node which triggers the transmission and dictates the 
timing in the network. The unilateral approach does not require 
clock synchronization between the nodes, however, a clock drift 
management algorithm is required to equalize the clock paces of 
all the nodes [5].   

One major issue in the design process of the unilateral TDoA 
method is the criteria used for anchor pair selection. In terms of 
location of the anchors, many solutions are proposed in the 
literature [6, p. 61] but the pair selection criteria has not been 
addressed so far. This paper, introduces two common methods 
of pair selection in unilateral TDoA approach as star form and 
chain form based on UWB devices. The details and properties 
of each form are discussed and a new pairing style is proposed 
as hybrid form which combines the two previously introduced 
options for the sake of improving the localization performance.    

II. UNILATERAL TDOA TOPOLOGY  
The TDoA localization technique estimates the location of a 

node using trilateration method. In this case, the time difference 
of signal arrival in the mobile node is measured which can be 
represented as a hyperbola line between the two nodes. The 
location of the mobile node is estimated by calculating the 
intersection point of the hyperbolas for all involved anchor 
nodes. This concept is shown in Fig. 1. 

  
Fig. 1. Location estimation in the TDoA topology based on the intersection 
point of all hyperbolas 

As mentioned before, anchor transmissions are performed 
sequentially with a certain time delay between transmissions.     
The transmission time of each anchor is calculated as: 

 𝑡𝐴𝑖𝑡𝑥
= 𝑡𝑟𝑒𝑓 + (𝑖 − 1)𝑡𝑖𝑛𝑡 ,     𝑖 = 2,… , 𝑛  

where 𝑡𝑟𝑒𝑓 is the time that the reference node has transmitted a 
signal, 𝑡𝑖𝑛𝑡  is a fixed time interval between two sequential 
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transmissions and i indicates the index of the transmitting 
anchor. The differential time of arrival in the mobile node is the 
interval delay subtracted from the difference of the received time 
from the two anchors. This can be presented in general form as: 

 𝑇𝑖,𝑗 = 𝑡𝐴𝑗𝑟𝑥 − 𝑡𝐴𝑖𝑟𝑥 − (𝑖 − 𝑗)𝑡𝑖𝑛𝑡   , 𝑖 ≠ 𝑗  

where 𝑇𝑖,𝑗 is the differential time between the node i and j where 
𝑖 > 𝑗, parameter 𝑡𝐴𝑗𝑟𝑥 is the signal arrival time of the anchor j at 
the mobile node and 𝑡𝑖𝑛𝑡 is the interval delay.  

III. ANCHOR PAIR SELECTION CONCEPTS 
In a localization system with many anchors, a concept is 

required to define which anchors should be paired in order to 
extract the differential time. A very common concept is to define 
the first anchor as reference and pair all the anchors with this 
anchor node. We call this pairing concept as star form. The 
connection structure of the star form for four anchors is 
demonstrated in Fig. 2.a.  

 
Fig. 2. a) Star form pairing concept of the anchors with anchor 1 as reference, 
b) Chain form of anchor pairing with linking anchors on the perimeter 

The advantage of the star form is that, in all the anchors, 
same level of measurement noise can be observed as they are 
compared to a unique reference node. The next transmission 
time of the anchor n in the star form including the noise term 𝑤 
can be calculated using: 

 𝑡𝐴𝑛𝑡𝑥 = 𝑡𝑟𝑒𝑓 + (𝑛 − 1)𝑡𝑖𝑛𝑡 + 𝑤𝑛 

Applying this equation in (2), we can deduct the new term: 

 
𝑇𝑖,1 = 𝑡𝐴1𝑟𝑥 − 𝑡𝐴𝑖𝑟𝑥 − (𝑖 − 1)𝑡𝑖𝑛𝑡 + 𝑤𝑖

′ − 𝑤1
′  ,   

 𝑖 = 2, … , 𝑛


where parameter 𝑤𝑖
′  is the sum of the transmission noise in 

anchor i and the measurement noise in mobile node. In order to 
define a metric for the variance, the expectation value of the 
noise term should be calculated according to: 

   
𝑄 = 𝐸 [(𝑇𝑖,1 − 𝐸(𝑇𝑖,1)) (𝑇𝑖,1 − 𝐸(𝑇𝑖,1))

𝑇

]    

,   𝑖 = 2, … , 𝑛 


 The solution of this equation leads to development of a 
covariance matrix with diagonal elements defined as: 

 
𝑄 = 𝐸[(𝑤𝑖

′ − 𝑤1
′)2] = 𝐸[𝑤𝑖

′2] + 𝐸[𝑤1
′2] −

2𝐸[𝑤𝑖
′𝑤1

′] ,   𝑖 = 2, … , 𝑛   

 Assuming that the noise of the anchors are uncorrelated, the 
term 𝐸[𝑤𝑖

′𝑤1
′] will be zero. Defining 𝜎2 as the variance of the 

anchors, the final covariance matrix can be summarized as: 
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 As it can be seen, the non-diagonal terms are only correlated 
to the reference anchor. However, the variance of the diagonal 
terms are correlated to both anchors. If the noise characteristics 
in all the anchors are similar, it can be stated that the variance of 
differential time in star form is two times larger than the variance 
of noise observed from each anchor. 

 One major problem of the star form is that, some of the 
anchors are diagonally linked which means the line of sight of 
these anchors passes through the area where the mobile nodes 
are moving. This can cause a non-line of sight (NLOS) case 
which results in large error in the measurements. It is very hard 
to determine and compensate this problem in mobile node when 
the NLOS condition happens between the anchors. The chain 
form is another anchor pairing style which addresses this 
problem by linking the nodes that are located on the perimeter 
of the area. This is demonstrated in Fig. 2.b.  

In the chain form, every anchor is paired with its next anchor. 
Therefore, the next transmission time of each anchor is 
dependent on the previous anchor. This can be defined for 
anchors 1 to n according to the following procedure: 

    𝑡𝐴2𝑡𝑥 = 𝑡𝑟𝑒𝑓 + 𝑡𝑖𝑛𝑡 + 𝑤1 

 
𝑡𝐴3𝑡𝑥 = 𝑡𝐴2𝑡𝑥 + 𝑡𝑖𝑛𝑡 + 𝑤2 

= 𝑡𝑟𝑒𝑓 + 2𝑡𝑖𝑛𝑡 + (𝑤1 + 𝑤2) 

 
𝑡𝐴𝑛𝑡𝑥 = 𝑡𝐴𝑛−1𝑡𝑥 + 𝑡𝑖𝑛𝑡 + 𝑤𝑛 

= 𝑡𝑟𝑒𝑓 + (𝑛 − 1)𝑡𝑖𝑛𝑡 + (𝑤1 + 𝑤2 + ⋯+ 𝑤𝑛) 

As it can be seen, the noise term of each anchor includes the 
noise term of previous anchors. For this case, the general form 
of differential time and its covariance matrix can be defined as: 

  
𝑇𝑖,(𝑖−1) = 𝑡𝐴(𝑖−1)𝑟𝑥 − 𝑡𝐴𝑖𝑟𝑥 − 𝑡𝑖𝑛𝑡 + 𝑤(𝑖−1)

′ − 𝑤𝑖
′  

,   𝑖 = 2, … , 𝑛 
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Fig. 3. Hybrid form of anchor pairing with 2 anchors connected according to 
the star form and one achor according to the chain form 

In this case, each non-diagonal term is negatively correlated 
to the previous anchor and the variance of the diagonal terms are 
a parameter of the variance of previous anchor. This means, the 

𝐴1 𝐴2 

𝐴4 𝐴3 

𝐴1 𝐴2 

𝐴3 𝐴4 

𝑎) 𝑏) 

𝐴1 𝐴2 

𝐴4 𝐴3 

https://doi.org/10.24355/dbbs.084-201807191327-0



variance of the last anchor is n times larger than the variance of 
the first anchor where n is the total number of the anchors in the 
system. We propose a hybrid pairing style by connecting the 
anchors according to the star form once they are located on the 
perimeter of the area, and connecting them according to the 
chain form when they are diagonally located. This way the 
NLOS condition is avoided and the variance is pertained at 
minimum. The hybrid form is depicted in Fig. 3. 

According to the hybrid form, the transmission time of the 
anchors can be defined for four anchors as follows: 

    𝑡𝐴2𝑡𝑥 = 𝑡𝑟𝑒𝑓 + 𝑡𝑖𝑛𝑡 + 𝑤1 

 𝑡𝐴3𝑡𝑥 = 𝑡𝑟𝑒𝑓 + 2𝑡𝑖𝑛𝑡 + 𝑤2 

 
𝑡𝐴4𝑡𝑥 = 𝑡𝐴3𝑡𝑥 + 𝑡𝑖𝑛𝑡 + 𝑤3 

= 𝑡𝑟𝑒𝑓 + 3𝑡𝑖𝑛𝑡 + 𝑤2 + 𝑤3 

As it can be seen, in this approach only the variance of the 
last anchor is increased while the variance of the third and 
second anchors are constant. 

IV. RESULTS AND DISSCUSSIONS 
In order to evaluate the amount of the noise variances in 

practice, a setup including 4 UWB anchors and one mobile node 
based on each form is developed and the noise range of the 
received time stamps of the anchors at the mobile node are 
measured. The transmission interval was 50ms and the area of 
the filed was 60×40cm². The results for the case of star, chain 
and hybrid form are provided in Fig. 4, 5 and 6 respectively in 
cumulative distribution form (CDF). As it is visible in Fig. 4, the 
distribution of the noise for anchor 2 to 4 are in the same range. 
This proves the fact that in the star form the variance stays 
constant as it was stated in the covariance matrix in (7) this is 
however not the case for chain form as distribution is increasing 
as the number of anchors increases. 

In the proposed hybrid form however, the anchor 4 has larger 
variance as this node is paired with the anchor 3. Anchor 2 and 
3 have similar variances as they are paired according to the star 
form. In the chain form, the variance of each anchor increases 
similar to what happened to the anchor 4 in the hybrid form. In 
the end, it can be concluded that, although the proposed hybrid 
method has higher variance in one anchor, it has a better 
performance compared to the chain form and avoids the NLOS 
problem of the star form. 

 
Fig. 4. The noise distribution of the received time stamps for the star form 

 
Fig. 5. The noise distribution in the received time stamps for the chain form 

 
Fig. 6. The noise distribution of the received time stamps for the hybrid form 

V. CONCLUSION  
In this paper, common methods of the anchor pair selection 

in the unilateral TDoA topologies are introduced. The star form 
is the most common one which uses a common reference for all 
the nodes. Although this form has constant noise variance for all 
the anchors, it is disadvantaged from the NLOS problem for 
some of the anchors. In the chain form, this problem is solved 
but with the cost of increasing the noise variance linearly with 
the number of added anchors. The proposed hybrid method has 
better performance compared to the chain form as only one 
anchor has higher noise variance. Also the NLOS problem 
between the anchors is avoided which is an advantage. In case 
of 3D area with eight anchors, only two of the anchors have 
higher variance and five of them are paired according to the star 
form which limits the variance to be constant for those anchors. 
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