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[DC-02-039] Time-of-Arrival (TOA) Localization for
Indoor GIS
Abstract

Indoor geographic information system (GIS) opens up a new frontier for identifying,
analyzing and solving complex problems. In many indoor GIS-driven applications such as
indoor wayfinding and logistics planning and management, determination of location
information deserves special attention because global positioning system (GPS) may be
inaccessible. Alternative methods and systems have emerged to overcome this hurdle. The
time-of-arrival (TOA) measurement is one of the most adopted metrics in numerous modern
systems such as radar, acoustic/ultra-sound-based tracking, ultra-wide band (UWB) indoor
localization, wireless sensor networks (WSN) and Internet of things (IoT) localization. This
topic presents the TOA technique and methods to solve the localization and synchronization
problem. We also introduce variants of the TOA system schemes, which are adopted by
real-world applications. As a use case of the TOA technique realized in practice, a UWB
localization system is introduced. Examples are given to demonstrate that indoor
localization and GIS are tightly interconnected.
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1. Overview

Nowadays, location-based services (LBS) have become an integral part of our everyday life
and increasing demand for LBS is driving rapid development of localization techniques for a
wide spectrum of applications. In a typical outdoor environment, signals transmitted from
global navigation satellite systems (GNSS) enable users to determine their real-time
location and speed. However, in indoor environments such as an enclosed parking garage
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of a big shopping mall where we may easily get lost, GNSS signals are subject to significant
attenuation or even complete blockage. To address this issue, alternative techniques have
emerged as promising indoor localization solutions.

Microelectromechanical systems (MEMS) based inertial measurement units (IMU) are
usually used as low-cost localization sensors. They can output high-frequency location,
speed and attitude results by continuously measuring angular rates and linear
accelerations. Despite their independence to the ambient environment, the cumulative
errors are inevitable and grow large over time. To restrain the error accumulation in the
indoor environments, MEMS-based IMU sensors usually work with light detection and
ranging (Lidar) and/or visual sensors to achieve simultaneous localization and mapping
(SLAM) (Vidal et al., 2018; Su et al., 2021). Although this sensor integration strategy helps
slow down the cumulative position and attitude errors, the user cost of the sensors is
prohibitive for most LBS users and the ambient environment is required to be highly
textured for robust localization (Debeunne & Vivet, 2020).

Recent studies have also extensively investigated the potential of indoor localization by
leveraging radio frequency (RF) or ultrasonic signals in various wireless communication
systems such as radio-frequency identification (RFID) (El-Absi et al., 2018), radar (Zhu et
al., 2018), acoustic/ultra-sound-based tracking (Zhang et al., 2017), ultra-wide band (UWB)
(You et al., 2020), and wireless sensor networks (WSN) (Cheng et al., 2020). Common
properties collected between signal transmitters and receivers for localization involve
received signal strength (Koike-Akino et al., 2020), arrival time (He & So, 2020) or
directional measurements (Hou et al., 2018).

In this topic, we aim to offer an introduction to the time-of-arrival (TOA)-based localization
technique including the concept, problem formulation, solution, and implementation.
Firstly, a TOA measurement model for a generalized RF signal-based indoor localization
system is introduced. The optimal formulation for the TOA localization problem is then
presented in the form of a weighted least squares (WLS) minimizer. After theoretical lower
bound for TOA localization is explained, several methods are put forward, followed by three
variants of the TOA structure that are adopted by real-world applications. Then, a UWB
localization system, as an exemplary TOA technique study case, is introduced and
discussed. The conclusion summarizes tight relationship between indoor localization and
geographic information system (GIS).

 

2. TOA Measurement Model

Equipped with a number of anchor nodes (ANs) with known positions, we aim to localize a
user device (UD) using RF signal communications between the UD and ANs. In our context,
the TOA measurement between the UD and AN #i is obtained by recording the signal
transmission and reception time stamps, which are based on the local clock sources of the
transmitter and the receiver. Figure 1 shows the components of such a TOA localization
system.
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Figure 1. A TOA localization system. Source: authors.

 

A TOA measurement can be formed in two ways, i.e., an AN transmits signal and the UD
receives, or vise-versa. We denote the two types of TOA measurements formed by the
signal from an AN to the UD by ρ and formed by the reverse direction by τ, respectively.
They are expressed as

Where  represents the local time,  and  are the local time instants at the UD and the
AN, respectively;  is the reference or true time, the subscripts  and  represent
reception and transmission, respectively; the superscripts  and  denote the UD and

the AN, respectively. Thus,  and  are the respective reference reception and

transmission time instants at the UD, and  and  are the respective reference
reception and transmission time instants at the UD. In addition,  and  are the
measurement noises that are usually independently Gaussian distributed, i.e., 

 and .

In order to obtain the position and/or clock offset of the UD, we need to connect the TOA
measurements given by and with the UD position and/or clock offset with respect to the
reference time. We note that the measurements contain the true distance along with the
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clock offset between the UD and AN. Therefore, it is further written by

where  and  are the K-dimensional (K = 2 or 3) coordinates of the AN and UD,
respectively,  is the Euclidean norm,  and  are the respective clock offsets of the
AN and UD with respect to the reference time, and  is the signal propagation speed. 

In fact, in the models of (3) and (4), we have an implicit assumption that the coordinates
and the clock offsets are constant during signal propagation. This assumption holds in most
cases. For example, we assume RF signal is used for communication between the UD and
AN, and they have a distance of 300 m. Then the propagation time for one-time
communication is only 1e-6 s. A typical oscillator that acts as the clock source for a device
usually has a frequency drift at the level of ±20 parts per million (ppm) (IEEE Computer
Society, 2016), which will only cause ±0.6 mm error. This is usually safe to be ignored. In
addition, the clock offset of the AN is usually known by synchronization such as using
round-trip communication (Shi et al., 2020).

Now, the localization (and synchronization) problem becomes finding the value of   (and
) given sufficient number of TOA measurements. Figure 2 illustrates the principle of TOA

localization (and synchronization) with a two-dimensional (2D) example. In this figure, R1,
R2 and R3 are the true distances between the ANs and the UD, and b is the clock offset of
the UD with respect to the synchronous ANs. The correct UD position is at the red spot, the
intersection of the three solid line circles with the ANs as their centers. The dashed circles
are generated by the TOA measurements, which include the true distances and the clock
offset. Those gray intersection points of the dashed circles are caused by the common clock
offset between the UD and the ANs. We have to find out the common clock offset to
determine the real intersection point, which represents the actual location of the UD.
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Figure 2. TOA Localication Princple.  Source: authors. 

 

3. Weighted Least Squares Minimizer

We assume that there are M AN-to-UD measurements and N UD-to-AN measurements, and
write the TOA measurements into the collective form as

The localization (and synchronization) problem is to find the UD position of  (and the
clock offset ) given the TOA measurement vector .

We denote the parameters to be estimated by . Our aim is to minimize the
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residuals, which are the difference of the TOA measurements  and the estimated TOA
values generated from the estimated parameter , in a least squares sense. The
localization (and synchronization) problem can be formulated as a WLS minimizer:

 is  in a least squares sense, and  is the inverse of the measurement noise covariance,
and  is the i-th element of a vector. 

While the WLS minimizer is one of the most adopted formulations (Yan et al., 2013), there
are also other ways to formulate the localization problem such as linearizing the problem by
squaring the TOA equation and ignoring the higher order noise terms (Bancroft, 1985; Chan
& Ho, 1994). In this way, some closed-form methods can be derived. However, usually far
field and small noise conditions are needed, constraining the application of such methods.
The minimizer given by is equivalent to a maximum likelihood (ML) estimator, which is the
optimal formulation for this problem.

 

4. Theoretical Lower Bound

When we design an estimator, we are always curious about how good performance it can
achieve. For the WLS minimizer described in the previous section, we also need to know its
theoretical performance. The Cramér-Rao lower bound (CRLB) is a theoretical lower bound
on the covariance of an unbiased estimator of a deterministic parameter. CRLB is the
covariance of the parameter θ  to be estimated and is equal to the inverse of the Fisher
information matrix (FIM) denoted by F.

The FIM is related to the derivative of the likelihood function , i.e.,

where  is the entry of a matrix at the i-th row and the j-th column, and  is the
expectation operator. 

When the measurement noise is Gaussian distributed, the likelihood function  is
expressed as
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where  and   is the matrix determinant. 

Therefore, we have

The measurement noise, expressed by , is zero-mean. Therefore, 

. Then, we have

5. Iterative Method for the ML TOA Localization Problem

Our goal is to minimize the object function (6) to determine the UD position and clock
offset. One straightforward idea is to find the solution by updating the estimated
parameters iteratively. Let us denote the estimated parameter by  . Following (Foy, 1976),
we conduct the Taylor series expansion on the measurements, ignore the higher order
terms, and come to
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where  is the collective form of all the measurement noise.

We denote the design matrix by , which has a similar form to (8) in such a
localization problem, the incremental parameter by , and the residual by 

. Then, we rewrite (9) to .

The estimate of  in the sense of weighted least squares is given by 

. The estimated parameter is updated iteratively by 
. 

The above iterative method is also referred to as Gauss-Newton method. There are also
some variations such as the Levenberg-Marquardt method, which has improved robustness
but requires higher computational complexity. Although the iterative method is
straightforward and simple to implement, it suffers from some problems. One of the
drawbacks of the iterative method is that it requires a good initial guess, otherwise, it will
cost more iteration times or even result in local minima. Generally, it is easier to obtain a
correct solution if the initial guess is closer to the true value. However, obtaining a good
initial guess is not a trivial task. Besides, the objective function (6) is nonlinear in nature
due to the absolute operator and it usually has some local “valleys” or minima that can trap
the iterative method.

 

6. Approximate Solutions for the ML TOA Localization Problem

There are extensive studies on alternative solutions for the ML-based localization (and
synchronization) problem. We introduce two categories of them, i.e., the closed form
method and convex optimization method.

6.1 Closed-form Method

Closed-form methods have been extensively investigated (Bancroft, 1985; Zhu & Ding,
2010; Zhao et al., 2020). A basic principle of this type of method is to convert the nonlinear
problem to a linear one based on some reasonable assumptions. Here, we present a close-
form method inspired by the study of Bancroft (1985) as an example. The basic idea is to
employ intermediate variables, which can be linearly expressed by the processed
measurements and the unknown parameters.

We denote the distance between the UD and AN #i by  . For simplicity, we
only consider the case that all ANs are synchronized and only one-way TOA measurements
ρ are used. We ignore the propagation speed c  (equivalent to converting all the unit from
second to meter). The TOA measurement (3) is re-written by

.
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The square of  is 

We re-arrange the order of the terms on both sides of the equation and come to 

We denote the following symbols

Matrix , matrix , scalar , vector , and noise vector , where  is the
identity matrix of size K. 

Then, (10) becomes ,

where  is an M-element vector with all elements being 1.

We note that . Therefore, the WLS solution for  is 

By observing (11), we know that D is related to the UD-AN distance which is not known at
this stage yet. We thereby ignore D first and obtain

,

where  and .

We come to .  Based on the definition of , we have 
. Thus, we have the following equation

The scalar variable  can be obtained by solving this quadratic equation. Then the
parameter vector can be estimated by the solution denoted by . The estimation parameter

is given by .

This is the rough estimate of the parameter and it needs further refinement by the WLS
equation (11). We need to know the matrix D. Luckily, at this stage, we have a rough
estimate of . When the measurement noise is small, its square term can be ignored. We
then have
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, where the distance term  can be estimated using . 

The root mean square error (RMSE) of this closed-form method is equal to the CRLB under
the condition of small measurement noise and far field. It is not exactly equivalent to the
original ML problem due to ignoring high order terms of the measurement noise. But as we
can see, all the steps can be solved analytically without iteration and we do not need an
initial guess as required by the iterative method. These features make the closed-form
method more appealing for the size and power constrained devices such as IoT systems
and WSNs.

 

6.2 Convex Optimization

The non-convexity of the ML objective function (6) will result in more than one local minima.
In many cases, it is not easy to find the global minimum as the correct position and clock
offset solution. Convex optimization is to convert the original non-convex problem to a
convex one through “relaxation”. However, converted convex problem is an approximation
of the original problem. Therefore, compromise on performance degradation, i.e., lower
accuracy, has to be made.

In this subsection, we present a convex optimization technique for a simplified case
(Cheung et al., 2004), i.e., the UD is synchronized with the AN, i.e., , and only
one-way TOA measurements are adopted. We first rewrite the original ML
problem to a constrained minimization one as 

subject to 

where .

We note that for an arbitrary vector x, there is an equation that .
Therefore, the objective function becomes

where .

We can see that the diagonal entries of  is 

, where 
.

We ignore the term since it is a constant and does not affect the minimizer. The
original minimization problem becomes 
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We note that the objective function (13) and equation (14) are now convex, but the
quadratic equations (15) and (16) are not convex. They are equal to 

We use the semidefinite relaxation technique, i.e., drop the rank 1 constraints. Therefore,
the problem is relaxed to 

This is a convex problem and can be solved with established solvers such as CVX (Grant &
Boyd, 2014).

We should note that the above-mentioned semidefinite programming method is an
approximation to the original localization problem, and thus the solution is not optimal
(Beck et al., 2008). In addition, the convex relaxation process is usually tricky and relies on
one’s insights, understanding, and some luck to find a good relaxation approach.

 

7. Variants of System Structure

TOA-based localization systems have a number of variants. The adoption of a particular
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scheme is dependent upon the requirements of the application scenario. We introduce
some of the variants in this section.

7.1 One-way TOA

A popular scheme which is widely adopted in real-world applications such as the global
navigation satellite systems (GNSSs) is one-way TOA (Kaplan & Hegarty, 2006). There is
only one-way communication between a UD and an AN. From the measurement point of
view, only ρ  or τ  is available in (5).

Figure 3 shows the two schemes for one-way TOA. The left figure is what GNSSs adopt. The
UD is a receiver only to receive the broadcast signals from ANs. This makes the system
support unlimited number of UDs. In addition, the UD does not need to emit any signals and
thus is “silent”. This feature enables better security and privacy for the UDs. It is worth
noting that in GNSS applications, the signals from ANs are simultaneously broadcast. This
requires code division or frequency division to avoid air collision. Time division signal
broadcast is also investigated in recent years and for low-cost devices, the clock drift during
different signal transmit slots must be estimated and compensated to reduce errors (Shi et
al., 2020).

The right diagram of Figure 3 has a reverse communication link compared with the left one.
The UD actively transmits signals that are received by the ANs. The localization process is
completed in somewhere else than the UD. Therefore, it is suitable for tracking applications
such as drone navigation. Besides, it has better scalability since all the ANs are passively
listening and thus hav eno limitation on numbers.

 

Figure 3 One-way TOA scheme. Left: The ANs transmit and the UD receives. Right: The UD
transmits and the ANs receive. Source: authors.

One-way TOA scheme requires synchronization between ANs. There are generally three
ways to achieve such synchronization including high accuracy clocks and control stations,
cable connection in regional applications, and pair-wise wireless communications between
ANs. High accuracy clock sources are usually atomic clocks such as cesium and rubidium
clocks, which are usually expensive and large. Cable connection is reliable but not flexible
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and is difficult to maintain. Pair-wise wireless communications between ANs have better
flexibility but require more temporal and/or spectral expenses.

 

7.2 Two-way TOA

In such a scheme, there is at least one round-trip communication between each pair of UD
and AN as shown in Figure 4 (Gholami et al., 2016). An advantage of the two-way TOA
scheme is that ANs are not necessarily synchronous. As an example, we assume a system
in which the UD transmits first, and the ANs receive and then respond. The clock offset
between the UD and each AN can be ignored if the internal turn-around time in the AN is
short enough. In this case, we do not have to estimate the clock offset/drift between the UD
and the ANs and we have more available TOA measurements compared with the one-way
scheme. Therefore, the two-way TOA scheme has higher localization accuracy than the one-
way counterpart.

Let us see the drawbacks of the two-way scheme. It requires all UD and ANs to be
transceivers. This leads to added costs to the whole system and is less power efficient.
Furthermore, two-way communication requires heavier air traffic, limiting the scalability of
the system.

Figure 4. Two-way TOA Scheme. Source: authors. 

 

7.3 Combination of One-way and Two-way

Another variation is to combine the one-way and two-way TOA into one scheme. Figure 5
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shows such a scheme in which only one AN and the UD transmit and receive signals and
other ANs only receive signals passively (Zhou et al., 2010; Zhao et al., 2021). Due to the
different behaviors for different ANs, this scheme is also named as “asymmetric ranging
network”. The transmitted signal from AN #1 can be used to synchronize the whole
network wirelessly as well as contribute to the localization for the UD. Compared with one-
way TOA, this combined scheme does not require expensive clock synchronization. Neither
does it have dense communication as in two-way TOA.

 

Figure 5. One-way and two-way combined TOA localization system diagram. Source:
authors. 

 

8. Ultra-wide Band (UWB) Localization Systems

In recent years, UWB technology has been widely adopted for regional localization
applications. It uses very narrow impulse signal to provide high precision TOA
measurements. In this sub-section, we give a UWB localization system as an
implementation of the TOA-based localization principles and methods presented in the
previous sections.

In this UWB system, the UD broadcasts RF signal periodically, and the ANs receive the
signal and measure its TOA respectively. These TOA measurements are aggregated to a
center to be processed to generate the UD position. As shown in Figure 6, the localization
system is comprised of a UD, several ANs, a switcher and a central computer. When the
system is in operation, the UD transmits request signal through a UWB channel and the ANs
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receive this request to form TOA measurements which are sent to the central computer via
cable network. A network device such as a switcher or a Wi-Fi adapter is needed so that the
ANs can be connected to the host computer.

Figure 6. UWB Localicalization System. Source: authors.

 

We use the combined one-way and two-way TOA scheme presented in Section 7 to
synchronize the ANs in this system. Specifically, we assign one AN as the primary AN, which
periodically sends the sync signal with local transmission timestamp. The other ANs receive
this sync signal and form its own TOA measurements by recording the transmission and
reception timestamps. These timestamps are filtered to suppress measurement noise.
Given the positions of ANs, the clock offsets between the primary AN and other ANs can be
computed. With this clock offset information, all ANs are synchronized.

When the UD transmits request signal, all ANs receive it to form the TOA measurements by
subtracting the transmission time from the reception time. Another way is to form the time-
difference-of-arrival (TDOA) measurements by subtracting the designated reception
timestamp from all other reception timestamps. When using TDOA, the UD does not have to
send its transmission timestamp so the airtime of the request signal can be shortened. All
the TOA or TDOA measurements are sent to a central computer for localization computation
(Zhao et al., 2017).

Based on current available UWB technologies, the reception timestamp can be precise at
the level of sub-nanosecond, corresponding to about 10 cm noise on the TOA
measurements. With proper algorithm design and system implementation, the standard
deviation of the final location fix can be better than 5 cm (1-sigma). However, there are still
some other error sources that need to be compensated such as the hardware processing
delay, the antenna phase center error and the isotropy of the antenna pattern, which will all
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result in localization errors.

 

9. Indoor Localization and GIS

In the United States, people spend nearly 87% of time indoors on average (Klepeis et al.,
2001) and therefore extending GIS from outdoor space to indoor domains is considered a
matter of course. Indoor GIS leverages knowledge acquired from building information
modeling (BIM), floor plans, site scans and other data sources to create 2D or three-
dimensional (3D) digital indoor maps and perform geospatial analyses. Nowadays, indoor
localization has deeply connected with indoor GIS to support freight logistics, emergency
management, public health, and other types of applications. During an emergency
evacuation, accurate indoor localization is a crucial first step for safety and security,
particularly when an evacuee is in an unfamiliar facility. And indoor GIS may significantly
enhance the evacuee’s situational awareness by providing the nearest and fastest exit
route together with locations of potential safety risks along the route. As another example,
studies have demonstrated that social distancing and contact tracing are effective
measures in response to the spread of coronavirus disease 2019 (COVID-19) (Marcel et al.,
2020; Lewnard & Lo, 2020). Indoor localization can help remind people of maintaining social
distancing in large public facilities such as in grocery stores, fitness centers and museums.
Going one step further, if an individual has been determined exposed to COVID-19, GIS can
help create, analyze and visualize his/her spatio-temporal trajectory data and trace people
who has been in close contact with him/her. Indoor localization along with GIS will
significantly advance the current state of contact tracing, which is usually based on outdoor
spaces. They are also anticipated to be helpful for studying airborne transmission of
COVID-19 indoors. Leading companies such as Google, Apple and ESRI have realized the
importance of indoor maps and provide corresponding programs that enable analysis,
management and visualization of location data on indoor maps to support decision-making
processes. Moving forward, with the rapid evolution of positioning, mobile computing and
sensor technologies, indoor localization is anticipated to be more tightly coupled with GIS in
miniaturized mobile devices such as smartphones to serve the needs of general public. On
the other hand, as acquisition and sharing of location and map data are getting easier than
ever, location privacy and public safety concerns may escalate and push for ethical and
legal moves.
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