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An ISAR-SAR based Method for Indoor Localization 

using Passive UHF RFID System with Mobile Robotic 

Platform 

Zheng Liu, Zhe Fu, Tongyun Li, Ian H. White, Richard V. Penty, and Michael Crisp

Abstract—A novel RFID inverse synthetic aperture radar 

(ISAR)-synthetic aperture radar (SAR) localization method is 

proposed and demonstrated which exploits reference tags with 

known locations to estimate the trajectory of a mobile platform 

and locate target tags with unknown locations. A system that 

integrates a mobile robot with an integrated RFID reader and 

antenna is used to obtain phase measurements of both reference 

and target tags when the robot is moving along its trajectory. The 

ISAR algorithm estimates the antenna trajectory and a novel 

ISAR-SAR loop then adjusts the estimated trajectory. The 

estimated trajectory is combined with phase measurements of the 

target tags to determine their location. The performance is 

compared to SAR using a LiDAR measured antenna trajectory. 

Similar localization accuracy (15 cm MAE) is achieved using 

LiDAR-SAR or ISAR-SAR method with a straight-line trajectory 

and higher accuracy (6 cm) is achieved using ISAR-SAR method 

than LiDAR-SAR method (8 cm) with an L-shape trajectory. 

Keywords—RFID; SAR; ISAR; Localization; reference tags 

I. INTRODUCTION 

Over the past decade, passive Ultra High Frequency-Radio 
Frequency Identification (UHF-RFID) technology has attracted 
increasing interest due to its advantages such as contactless 
communication, multi-object recognition, and low-cost [1, 2] 
and has become widely used in various scenarios such as 
inventory interrogation in warehouses, factories and stores [2, 3]. 
Recently, there is an increasing requirement for accurate 
positional information of materials and products in an indoor 
environment where the Global Positioning System (GPS) is 
unable to reach and is too expensive [4, 5]. By integrating 
passive RFID technology with a mobile robotic platform, it 
could provide high localization accuracy at a low cost [6-8]. 

Various methods have been proposed for indoor localization 
using passive RFID tags, e.g. phase-based, received signal 
strength indicator (RSSI)-based, angle of arrival (AoA)-based, 
time of arrival (ToA)-based real-time localization systems 
(RTLS) [9]. Among these methods, phase-based localization is 
more robust and stable in complex indoor environments. There 
are also many different phase-based methods to locate target 
objects [10-23]. Synthetic Aperture Radar (SAR), which 
exploits the mobility of a mobile platform, is a promising and 

popular algorithm to estimate the location of targets with 
minimal radio hardware [11, 12]. 

The mobile platform to which the reader and the antenna are 
attached could be a robotic arm [15], an unmanned ground 
vehicle (UGV) [10-13, 23, 24] or an unmanned aerial vehicle 
(UAV) [16, 17, 22]. The trajectory of the moving antenna is 
required to perform SAR and locate target tags. To estimate the 
antenna trajectory, previous studies have exploit optical systems 
including motion capture system [11, 12], cameras and light 
detection and ranging (LiDAR) based hybrid system [13, 23-25], 
and GPS [16, 17, 22]. DiGiampaolo and Martinelli proposed a 
tracking algorithm, which is based on Kalman filtering and 
exploiting the SAR method, using tags with known locations on 
the ceiling to estimate the trajectory of a robot [26, 27]. The SAR 
algorithm for outdoor RFID localization based on GPS is 
demonstrated in [16] which achieves a tag localization error of 
2.3 cm along the x-axis and -4.4 cm along the y-axis. In [24], the 
phase relock method proposed another localization method 
focusing on unwrapping and reconstructing the phase 
measurements which achieves a mean error of around 17 cm in 
x and y planes using a combination of sensors to perform 
simultaneous localization and mapping (SLAM). A phase 
fingerprinting localization method is proposed in [25] of which 
the mean error is 15-22 cm and the trajectory is also estimated 
by SLAM with various sensors. Most localization solutions 
require complicated infrastructure and sensors including LiDAR 
to track the mobile platform. Although the LiDAR sensor is able 
to  estimate the relative position of the robot from a reference 
plane using the line-of-sight (LOS) and time-of-flight (TOF) 
operations, the localization accuracy is limited by several 
environmental factors, e.g. obstructions, lighting and 
discontinuity of the reference plane. High performance LIDAR 
systems required for high measurement accuracy are also 
expensive.  Thus, alternative or complementary solutions are 
required to fulfil the aim of an efficient robotic trajectory 
estimation in a complicated and dynamic environment.  

In this paper, which is an extended version of the conference 
paper [28], a novel low-cost ISAR-SAR localization method is 
proposed and demonstrated for the first time. Passive RFID 
reference tags with known locations are used to find the robot 
trajectory. Reference tags can be placed on physically 
meaningful positions (e.g. shelf bays, loading areas) to allow 
simple registration of the coordinate system with the physical 
world. After estimation of the trajectory by ISAR-SAR system, 
unknown locations of target tags could be computed with the 
estimated trajectory and SAR algorithm. More details of a novel 
ISAR-SAR loop, which is the core part of this ISAR-SAR 
localization method, will be explained in the following sections. 
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Since the tag locations are found relative to the location of the 
reference tags, the system has a degree of robustness to errors in 
the reference tag placement in some cases. For example, if the 
reference tags are on the 4 sides of a container and one wants to 
know if the tag is in the container or not, a relative location 
should give the correct answer even if the reference locations are 
inaccurate. 

LiDAR is used in some applications for its SLAM potential 
to allow automated exploring of an environment while avoiding 
obstacles. Our approach will be of more use in structured 
environments where few obstacles exist, and a pre-existing map 
of the environment and reference locations can be provided to 
the robot for autonomous navigation.   

In order to analyse the performance, results of ISAR-SAR 
based method are compared with a LiDAR-based system. Both 
the LiDAR measured trajectory and the estimated ISAR 
trajectory are used to locate target unknown tags as an evaluation 
of the system performance. 

The remainder of the paper is organized as follows. In 
Section II, the RFID robotic system is introduced. The ISAR-
SAR localization algorithm is explained in Section III which is 
followed by experimental setup and results in Section IV and 
Section V. Section IV shows results of a 1D straight-line 
trajectory and Section V shows results of a 2D L-shape 
trajectory.  The conclusion and future work are presented in 
Section VI and VII respectively. 

II. SYSTEM DESIGN AND IMPLEMENTATION 

Figure 2.1 shows the full structure of the RFID robot 
platform. It mainly consists of an Impinj Speedway RFID reader 
[29] with a linearly polarised antenna mounted on a wooden pole 
attached to the robot, a Turtlebot3 Waffle Pi robot [30], and two 
Raspberry Pi controller boards [31]. Those devices are installed 
in different layers and connected by USB cables and power lines. 
The RFID reader and the Turtlebot3 Waffle Pi are remotely 
controlled, and their timestamps are synchronised by using a 
WLAN (See Fig. 2.2). The RFID reader interrogates the passive 
tags and records the EPC, phase information and timestamps 
offline processing. The speed of the robot is approximately 5 
cm/s. LiDAR data can be simultaneously collected and 
timestamped to the RFID data for performance comparison 
studies. 

For experimental purposes the processing is carried out 
offline in Matlab. The time required to process the data depends 
on the length of the trajectory and the performance of the 
processor. Currently, the duration of the processing of the 
trajectory and unknown tag locations is around three minutes for 
the linear trajectory and about five minutes for the L-shape 
trajectory described later in Section V.    

  

 

 

III. LOCALIZATION ALGORITHM 

Fig. 3.1 shows the diagram of the main steps for ISAR-SAR 

processing. The ISAR algorithm is applied to measurements of 

the reference tag phase to estimate the best fit trajectory of the 

moving RFID antenna. After the estimation of the best fit 

trajectory, target tag locations are calculated by the SAR 

algorithm based on this trajectory. Since the algorithm for 

antenna trajectory tracking originates from the idea of SAR, the 

SAR method will be explained first in Section A. Section B 

describes the ISAR algorithm for estimating antenna trajectory. 

The ISAR-SAR algorithm is shown in Section C. The core part 

of the ISAR-SAR processing is the novel ISAR-SAR loop 

consisting of two main steps. Firstly, an estimated trajectory is 

calculated by ISAR algorithm. The second step is using the 

SAR algorithm to calculate the location of the reference tag 

based on the estimated trajectory from the previous ISAR step. 

The mean absolute location error between the real locations and 

estimated locations of reference tags is used as an index of 

accuracy of the trajectory. Accordingly, the loop could adjust 

the settings or parameters to obtain a better fitting trajectory of 

the moving antenna. Any unintended variation in speed and 

bearing will also be partially eliminated by the ISAR-SAR loop.   

                

 
Fig. 2.1.   RFID Robot [30] 

 
Fig. 2.2.   ISAR-SAR system [30] 

 

     
Fig. 3.1.  The diagram of ISAR-SAR method 

 



A. SAR Algorithm 

After obtaining phase values of backscattered signals from 

RFID tags using a mobile RFID reader with a known trajectory, 

a spatial ambiguity function is used to generate a probability 

that the tag is located at each point given the observed phase 

information, this can be represented as a heatmap or a pixelated 

holograph. 

At time 𝑡, the location of the reader antenna is expressed as 

𝒒𝒕 = [𝑥𝑡 , 𝑦𝑡] (1) 

The trajectory can be expressed as a vector of locations 

𝐐 = [𝑞1, … , 𝑞𝑡 , … , 𝑞𝑇1
]

𝑇
(2) 

Where T is the transpose operator and each element represents 

a location at which information of the phase for tags is recorded. 

The potential locations of the target tags can be expressed as a 

vector by applying a grid to the area or pixelating the potential 

area. The k-th potential position of the n-th tag can be written 

as 

𝐛𝒏𝒌
′ = [𝑥𝑛𝑘

′ , 𝑦𝑛𝑘
′ ] (3) 

The distance between each potential position and the location 

of the reader antenna can be calculated by  
𝑑𝑡,𝑛𝑘 = ‖𝒒𝒕 − 𝐛𝒏𝒌

′ ‖ (4) 

Where ‖∙‖ is the norm operator of the distance vector.  

The expected phase for a tag at each potential location can be 

calculated by the following equation 

𝜙𝑡,𝑛𝑘
′ = (𝜙0 +

4𝜋𝑑𝑡,𝑛𝑘

𝜆
) 𝑚𝑜𝑑 2𝜋 (5) 

Where 𝜙0  represents the fixed phase shift caused by the 

measurement equipment such as the antenna and cable. 

The relative received phase which is measured by the reader for 

the n-th target tag is 
Δ𝜙𝑡,𝑛 = 𝜙𝑡,𝑛 − 𝜙1,𝑛 (6) 

The sequence of relative received phases over time T could be 

expressed as  

𝚫𝚽𝒏 = [0, Δ𝜙2,𝑛, … , Δ𝜙𝑡,𝑛 , … , Δ𝜙𝑇1,𝑛]
𝑻

(7) 

The expected relative phase of each potential tag position 

could also be written as 
Δ𝜙𝑡,𝑛𝑘

′ = 𝜙𝑡,𝑛𝑘
′ − 𝜙1,𝑛𝑘

′ (8) 

The sequence of expected relative phases can be written as 

𝚫𝚽𝒏𝒌
′ = [0, Δ𝜙2,𝑛𝑘

′ , … , Δ𝜙𝑡,𝑛𝑘
′ , … , Δ𝜙𝑇1,𝑛𝑘

′ ]
𝑻

(9) 

The matching function is defined as  

𝐂𝒏 = 𝒆𝒙𝒑(−𝒋(𝚫𝚽𝒏𝒌
′ − 𝚫𝚽𝒏)) (10) 

Which is a measure of the difference between the expected and 

measured phase for each time step. The use of the complex field 

resolves the wrapping problem with the phase angles 

recognizing that the phase shift between Δ𝜙 and 2𝜋 − Δ𝜙, is 

2Δ𝜙 rather than 2𝜋 − 2Δ𝜙. 

The probability that the tag is at a particular location can be 

calculated as the sum of the matching function over a number 

of phase measurements taken at different antenna locations  

P𝑛 = |∑ 𝐂𝒏

𝑇

𝑡=1

| (11) 

The final probability with multiple straight-line trajectories 

will be 

P𝑓𝑖𝑛𝑎𝑙 = ∏ P𝑖
𝑀
𝑖=1 (12) 

The estimated position of the n-th tag would be the location 

with the largest probability 
𝒃𝒏 = argmax

b𝑛𝑘
′

P𝑓𝑖𝑛𝑎𝑙  (13)
 

B. ISAR Algorithm for Antenna Trajectory Tracking 

The ISAR algorithm is initially designed for the 1D-

trajectory because the robot is more stable when it moves along 

1D-trajectory than along an arbitrary trajectory. As a result, 

when the trajectory extends to an L-shape, the turning point 

would lead to a larger error in direction by ISAR due to the limit 

of the dynamic model in the ISAR process. So, the L-shape 

trajectory is divided into two 1D segmentation.  

The inverse-SAR (ISAR) algorithm originates from the SAR 

method. Instead of finding the locations of static tags at 

unknown locations exploiting a moving platform with a known 

trajectory, a number of passive RFID tags with known locations 

are used to estimate the moving antenna trajectory. The initial 

location of the antenna is assumed to be known and accurate. 

At time t-1, the position of the reader antenna can be written 

as 

𝒂𝒕−𝟏 = [𝑥𝑡−1, 𝑦𝑡−1] (14) 

The antenna then moves according to the j-th hypothetical step 
𝒗𝒕,𝒋 = [𝑙 cos 𝜃 , 𝑙 sin 𝜃] (15) 

Where 𝑙 is the displacement of the antenna which belongs to the 

range 𝑳 = [𝑙𝑚𝑖𝑛 , 𝑙𝑚𝑎𝑥] hence 𝑙 ∈ (𝑙𝑚𝑖𝑛 , 𝑙𝑚𝑎𝑥), 𝜃 is the angle of 

direction which belongs to the range 𝝑 = [𝜃𝑚𝑖𝑛 , 𝜃𝑚𝑎𝑥] hence 

𝜃 ∈ (𝜃𝑚𝑖𝑛 , 𝜃𝑚𝑎𝑥). The parameter range for the displacement 

and the angle are be defined at the beginning of the ISAR 

process. The process will split the range into grids. Each grid 

will be evaluated by the process and the best one will be chosen. 

The hypothetical location at time t can be calculated by 

𝒂𝒕,𝒋
′ = 𝒂𝒕−𝟏 + 𝒗𝒕,𝒋 (16) 

The known location of m-th reference tag can be expressed as  

𝒃𝒎 = [𝑥𝑚, 𝑦
𝑚

] (17) 

The distance between the hypothetical position of the antenna 

and the known location of the reference tag at time t is  

𝑑𝑡,𝑗,𝑚 = ‖𝒂𝒕,𝒋
′ − 𝒃𝒎‖ (18) 

Where ‖∙‖ is the norm operator of the distance vector. 

At time t, the relative received phase which is measured by the 

reader from the m-th reference tag is 
Δ𝜙

𝑡,𝑚
= 𝜙

𝑡,𝑚
− 𝜙

1,𝑚
(19) 

The relative received phase of M reference tags can be 

expressed as 

𝚫𝚽𝒕 = [Δ𝜙𝑡,1, … , Δ𝜙𝑡,𝑚, … , Δ𝜙𝑡,𝑀]
𝑻

(20) 



For each hypothetical position of the moving antenna, the 

expected calculated phase can be calculated by 

𝜙𝑡,𝑗,𝑚
′ = (𝜙0 +

4𝜋𝑑𝑡,𝑗,𝑚

𝜆
) 𝑚𝑜𝑑 2𝜋 (21) 

The relative expected phase can be written as 
Δ𝜙𝑡,𝑗,𝑚

′ = 𝜙𝑡,𝑗,𝑚
′ − 𝜙1,𝑗,𝑚

′ (22) 

The sequence of relative expected phase can be written in 

vector form as 

𝚫𝚽𝒕,𝒋
′ = [Δ𝜙𝑡,𝑗,1

′ , … , Δ𝜙𝑡,𝑗,𝑚
′ , … , Δ𝜙𝑡,𝑗,𝑀

′ ]
𝑻

(23) 

The matching function defined as 

𝐂𝒕,𝒋 = 𝒆𝒙𝒑 (−𝒋(𝚫𝚽𝒕,𝒋
′ − 𝚫𝚽𝒕)) (24) 

is a measure of the difference between the expected and 

measured phase for each hypothetical position of the moving 

antenna.  

The probability for each hypothetical position of the moving 

antenna can be calculated as the sum of the result of the 

matching function 

P𝑡,𝑗 = |∑ 𝐂𝒕,𝒋

𝑀

𝑚=1

| (25) 

The estimated position of the moving antenna at time t would 

be the position with the largest probability 
𝒂𝒕 = 𝑎𝑟𝑔max

𝒂𝒕,𝒋
′

P𝑡,𝑗 (26)
 

After obtaining the estimated position at time t, the process 

described above will repeat to estimate the position at time 

t+1. And finally, an estimated trajectory of the moving 

antenna can be express as 

𝑨 = [𝒂𝟏, … , 𝒂𝒕, … , 𝒂𝑻] (27) 

C. ISAR-SAR 

After obtaining one estimated trajectory of the moving 
antenna, the location of the reference tags is estimated by 
applying the SAR algorithm to the recorded phases of the 
reference tags using the estimated trajectory. The error between 
the real location and estimated location of all reference tags 
provides an accuracy check. By changing the ISAR algorithm 
parameters; the range of the length of the displacement L and the 
range of the angle of direction ϑ, a new trajectory can be 
calculated.  After applying SAR based on this new estimated 
trajectory, a different error in the know tag locations would be 
obtained. The localization error is compared with the expected 
localization error E. If it is larger than E, the previous trajectory 
would be abandoned, and a new trajectory will be estimated with 
different parameters. This process corresponds to the loop part 
as described in the flowchart as shown in Fig. 3.2. If no result 
smaller than E is found for a long-running time, the E could be 
increased to get a trajectory. The final trajectory would be the 
best fitting trajectory based on which the localization error of 
reference tags reaches the smallest value. This best-fitting 
trajectory will be used to locate target tags using the SAR 
method described in Section III-A. 

                            

IV. RESULTS WITH A STRAIGHT-LINE TRAJECTORY 

The first experiment was carried out in an indoor 

environment as shown in Fig. 4.1(b). As shown in Fig. 4.1(a), 

two rows of reference tags (black circles) and one row of target 

tags (blue crosses) were used. The antenna is moved along a 

straight-line trajectory which is shown by the blue line in Fig. 

4.1(1). The LiDAR trajectory is estimated from fixed boards 

which are placed at the edges of the area at a known location. 

Using the shortest distance measured to each board, a 2D 

position estimate can be found. The trajectory is assumed to be 

the sequence of position estimates. The initial position of the 

robot is measured before tests and is at (0.09, 0.17). The first 

row of reference tags was placed 1.2 m away from the intended 

trajectory of the antenna while the second row of reference tags 

was placed 2 m away. In the middle of two rows of reference 

tags, there is one row of target tags. Both the distance between 

the rows and the distance between tags within rows is 0.4 m. As 

shown in Fig. 4.1(a), the first tag of the first row was placed at 

(0.2, 1.2) and the first tag of the third row was  placed at (0.4, 

2.0) while the first tag of the target tags was at (0.3, 1.6).  

          

Fig. 3.2.  The flow chart of ISAR-SAR method           



  
Table I shows the results of the mean absolute error (MAE) 

of localization for reference tags during the ISAR process. 

When 𝒍𝒎𝒊𝒏/𝒍𝒎𝒂𝒙 is varied, a new trajectory is estimated. As a 

result, the localization error of reference tags also varies. Table 

I shows that when the parameter is 3.5/5.0, the MAE of 

reference tags reaches a minimum (17.49 cm). 

TABLE I.  EFFECT OF PARAMETERS ON ISAR PROCESS 

The MAE of localization of reference tags (cm) 

𝒍𝒎𝒊𝒏 𝒍𝒎𝒂𝒙 MAE 𝒍𝒎𝒊𝒏 𝒍𝒎𝒂𝒙 MAE 𝒍𝒎𝒊𝒏 𝒍𝒎𝒂𝒙 MAE 

1.5 5.0 45.17 1.5 5.5 26.07 1.5 6.0 38.22 

2.0 5.0 38.03 2.0 5.5 19.94 2.0 6.0 53.17 

2.5 5.0 27.36 2.5 5.5 24.56 2.5 6.0 71.23 

3.0 5.0 22.48 3.0 5.5 33.92 3.0 6.0 86.17 

3.5 5.0 17.49 3.5 5.5 48.04 3.5 6.0 97.49 

4.0 5.0 23.06 4.0 5.5 63.17 4.0 6.0 107.78 

Fig. 4.2 shows measured and ISAR calculated trajectories 

that are very close to each other. Fig. 4.3 is a zoomed-in view 

of Fig. 4.2 and shows more details of measured and estimated 

trajectories. The black lines represent the error vectors and 

show the corresponding relationship between two trajectories 

lining points corresponding to the same time step. The 

difference between the trajectories is of the order of a 

centimetre. 

 
Table II shows the error between the measured trajectory and 

estimated trajectory along the x-axis and y-axis of ten tests. The 

mean of MAE of ten tests along the x-axis and y-axis is around 

3 cm and 2 cm respectively. As shown in Table II, except for 

Test 2, the MAE along the x-axis of other tests are smaller than 

5 cm and the MAE along the y-axis of ten tests as well as the 

MAE of total error are within 5 cm which is similar to the 

datasheet accuracy of the LiDAR sensor. (±15 mm within 500 

mm and ±5.0% when the distance is 500~3500 mm [32]), so 

the recorded differences are within the error bounds of the 

LiDAR itself. 

It could be expected that the ISAR would provide a greater 

accuracy in the x-direction due to the large aperature of the 

reference array in this direction. However, it is also likely that 

deviations from the straight-line track will be greatest in the x-

direction as well which would account for the larger MAE seen. 

TABLE II.  DIFFERENCE BETWEEN  TRAJECTORY MEASURED BY LIDAR 

AND ESTIMATED BY ISAR 

MAE (cm)  

Test x-axis y-axis Total 

1 3.21 4.85 5.83 

2 10.67 2.90 10.88 

3 2.44 1.18 3.33 

4 3.00 0.81 3.77 

5 1.11 4.01 4.63 

6 3.56 1.36 3.66 

7 2.14 1.26 3.03 

8 1.14 3.67 4.03 

9 1.67 0.62 3.08 

10 4.60 0.93 5.09 

Mean 3.35 2.16 4.73 

After obtaining the estimated best-fitting trajectory, SAR is 

carried out to calculate the location of target tags. Both the 

trajectory measured by LiDAR and the trajectory estimated by 

ISAR are used to perform the SAR localization of target tags. 

The results are shown in Fig. 4.4 

 
Black circles represent the actual location of target tags, blue 

crosses show the estimated location using the LiDAR trajectory 

while red stars show the estimated location using the best-

fitting trajectory estimated by the ISAR method. It can be seen 

that two trajectories derived from different methods provide 

similar localization accuracy. The mean error of localization by 

using LiDAR trajectory is about 16 cm while that of the ISAR 

trajectory is around 13 cm. 10 tests have been carried out and 

mean localization error value as well as the mean localization 

error in percentage with respect to the minimum reader to tag 

range(1.6 m), have been summarized in Table III. The mean 

localization error of 10 tests by using LiDAR and ISAR 

methods is the same (15 cm). It is interesting to note that the 

error vectors are generally consistent between the LiDAR and 

 
(a) Configuration of tags              (b) Picture of the environment 

Fig. 4.1. Experiment setup   

 
Fig. 4.2.   Trajectory results of 

one of the experiments 

 

 
Fig. 4.3.   Comparison of sample 

points between LiDAR trajectory 

and ISAR trajectory 

 

 
Fig. 4.4   Localization results of target tags of one of experiments 

 



ISAR, we believe this indicates that multipath propagation, 

which is the same in both cases, is one of the main sources of 

error. Many other factors, such as non-ideal phase offset [33], 

errors on locations of reference tags, configuration of reference 

tags, the error of the trajectory estimation, may also affect the 

accuracy of localization. 

 
As shown in Fig.4.5, 10 tests have been carried out in a 

controlled environment with anechoic materials to reduce the 

largest reflections. The arrangement of the tags is as and 

intended antenna trajectory are both as shown in Fig.4.2 to 

allow the effect of the environment to be evaluated. The 

localization results are comparatively better than those 

achieved without the use of anechoic materials. The mean error 

of localization for target tags by LiDAR-SAR is 13.71 cm while 

the mean error by ISAR-SAR is 14.76 cm. This might indicate 

that anechoic materials slightly reduce the multipath effect 

which results in higher accuracy. However, for localization 

error, the improvement is not significant compared with the 

results in Table III. Because anechoic materials only reduce 

reflections from surrounding objects and the ground reflection 

remains unaffected as previous tests, the ground reflection 

might be the main source of error for localization of target tags. 

For ISAR-SAR method, since the trajectory is estimated based 

on reference tags, the configuration of reference tags and the 

error of the trajectory estimation may also affect the accuracy 

of localization for target tags. 

TABLE III.  MEAN LOCALIZATION ERROR VALUE OF 10 TESTS BY SAR 

WITH A STRAIGHT LINE TRAJECTORIES  

 
Uncontrolled environment 

(Fig. 4.1(b)) 

Semi-anechoic environment 

(Fig. 4.5) 

Test LiDAR (cm) ISAR (cm) LiDAR (cm) ISAR (cm) 

1 16.83 19.05 11.86 13.07 

2 14.21 13.24 13.37 12.11 

3 14.63 15.89 14.47 16.00 

4 15.69 15.02 14.40 15.26 

5 13.96 14.46 12.60 14.55 

6 16.57 21.41 11.86 14.82 

7 12.72 12.70 15.17 11.71 

8 13.39 11.42 15.17 15.70 

9 16.30 13.34 14.40 14.76 

10 16.57 14.59 13.78 19.64 

Mean 15.09 15.11 13.71 14.76 

V. RESULTS WITH AN L-SHAPE TRAJECTORY 

It can be seen in Fig. 4.4, that the error is mainly along the y-

axis, perpendicular to the straight-line trajectory. When the 

trajectory is a straight line, SAR algorithm lacks depth 

perception perpendicular to the antenna track, as there will be 

little change in the observed phase difference. As a result, the 

localization error is mainly from the error along the y-axis. To 

address this problem, an L-shape trajectory can be used. 

The experiment setup is shown in Fig. 5.1(a). Some boards 

with known locations are placed at the edges of the area as 

references for LiDAR to estimate the location of the robot and 

the initial position of the robot is measured which is at (0.1, 

2.08). The L-shape trajectory shown by the black line consists 

of two-part. The first trajectory parallel to the x-axis is 3 m 

followed by a 2 m long trajectory parallel to the y-axis. Target 

tags shown by the green crosses are placed in the middle of 

reference tags shown by the blue circles. Due to the fact that 

there are many objects such as equipment and metal objects in 

the lab, anechoic materials were used to partially reduce the 

influence of the objects in the lab. 

 

The results of the trajectory estimation are shown in Fig. 5.2. 

The trajectory measured by LiDAR is shown by the blue line 

while the red line shows the trajectory estimated by the ISAR 

method. It can be seen that as the trajectory gets longer the error 

between the measured (LiDAR) and estimated (ISAR) 

trajectory also increases due to the cumulative error 

representing a random walk.   

 
Fig. 5.3 shows the error in a trajectory estimated by ISAR 

along the x-direction and y-directions for the portion of the 

track parallel to the x axis. The MAE along the x-axis is 3.07 

cm and the MAE along the y-axis is 1.43 cm. Fig. 5.3(a) shows 

 
Fig. 4.5. Experiment setup 

 
(a) Configuration of tags          (b) Picture of the environment 

Fig. 5.1. Experiment setup  

 
Fig. 5.2.  Trajectory results of one of the experiments 

 



a clear trend that the error rises and reaches around 8 cm which 

is due to the cumulative error and will have a negative effect on 

the estimation for trajectory along the y-direction 

 
The error for the portion of the trajectory parallel to the y-

axis is shown in Fig. 5.4. Fig. 5.4(a) shows the error in the x-

direction while Fig. 5.4(b) shows the error in the y-direction. 

The MAE along the x-axis is 1.59 cm and the MAE along the 

y-axis is 7.77 cm. As mentioned above, the large error along y-

axis which could reach around 16 cm is partially due to the 

cumulative error. Another reason for larger trajectory error is 

that fewer reference tags locations are used along the y-

direction (four) compared with six along the x-direction 

resulting in a smaller effective aperture.  

 
Five tests were carried out and the results of the trajectory 

estimation are summarized in Table IV.  

TABLE IV.  DIFFERENCE BETWEEN  TRAJECTORY MEASURED BY LIDAR 

AND ESTIMATED BY ISAR 

MAE (cm) 

 Trajectory along x-direction Trajectory along y-direction 

Test x-axis y-axis Total x-axis y-axis Total 

1 1.53 8.30 9.45 8.30 9.40 12.68 
2 8.00 6.23 8.01 0.68 7.50 10.36 
3 7.05 2.00 7.22 1.38 4.20 4.80 
4 3.07 1.43 3.63 1.59 7.77 8.03 
5 4.16 2.43 4.79 2.17 5.26 5.93 

Mean 5.76 4.08 6.62 2.82 6.83 8.36 

Fig. 5.5 shows an example ambiguity function for 

localization of a tag by SAR in order to show the difference 

between the straight-line and L-shape trajectory. As mentioned 

in Section III, the L-shape trajectory could be divided into two 

straight-line trajectories separated by the indifferentiable 

turning point. Accordingly, two probability maps are calculated. 

Fig. 5.5(a) shows the probability map with a straight-line 

trajectory along x-direction while Fig. 5.5(b) is the result when 

the trajectory is along the y-direction. As explained above, the 

ambiguity area which is shown by the yellow area in Fig 5.5(a) 

is extended along the y-axis while in Fig 5.5(b) it is more 

extended along the x-axis. If the trajectory is only a straight line 

as shown in Fig. 5.5(a), the lack of depth resolution along with 

influences from the environment such as multipath, results in a 

relatively large error in the y position as shown by the red cross.  

 
Fig. 5.6 shows the result of localization using an L-shape. By 

combining both results along x-direction and y-direction (the 

product of 5.5(a) and 5.5(b)), the localization error is reduced 

as shown by the red cross which is much closer to the actual 

location shown by the green circle.  

 
Fig. 5.7 shows the result of localization for all target tags 

using an L-shape trajectory. Black circles are the real locations 

of target tags. Locations estimated by LiDAR-SAR are shown 

by green crosses while red crosses represent locations estimated 

by ISAR-SAR. The mean error for LiDAR-SAR is 7.95 cm and 

for ISAR-SAR is 4.38 cm.  

 

 
(a) Errors along x-axis                 (b) Errors along y-axis 

Fig. 5.3. Errors between ISAR trajectory and LiDAR trajectory 

along x-direction   

 
(a) Errors along x-axis                 (b) Errors along y-axis 

Fig. 5.4. Errors between ISAR trajectory and LiDAR trajectory 

along y-direction   

 
(a) Trajectory along x-direction        (b) Trajectory along y-direction 

Fig. 5.5. Probability heatmap with a straight-line trajectory   

 
Fig. 5.6. Probability heatmap with an L-shape trajectory 

 

 
Fig. 5.7.  Localization results of target tags of one of experiments 

 



The results of five tests are summarized in Table V. With an 

L-shape trajectory, LiDAR-SAR could reduce localization 

error to less than 10 cm. In some tests, ISAR-SAR with an L-

shape trajectory leads to a larger localization error than the 

straight trajectory. Since the straight-line trajectory is a subset 

of the L-shaped data, it can be concluded that in this case the 

2nd half of the L-shaped trajectory is contributing to increased 

error. This may be due to the different aperture of the reference 

tags in the y direction. As shown in Fig. 5.1(a), there are only 

four different locations of reference tags along the y-direction 

while there are six different locations of reference tags along 

the x-direction this will reduce the accuracy of trajectory 

estimation along the y-direction and reduce the accuracy for 

localization using the L-shape trajectory. The initial location of 

the 2nd half of the trajectory is also dependent on the error at the 

end of the 1st trajectory. This also indicates that both number 

and configuration of reference tags have an influence on the 

accuracy of localization by the ISAR-SAR method. Sometimes 

ISAR-SAR could provide higher localization accuracy than 

LiDAR-SAR since the trajectory estimated by the ISAR-SAR 

method is based on reference tags. The process of estimating 

the best-fitting trajectory includes the effect of multipath so the 

best-fitting trajectory could mitigate the influence of multipath 

for localization by SAR. 

TABLE V.  MEAN LOCALIZATION ERROR VALUE OF 10 TESTS BY SAR 

WITH TWO TRAJECTORIES  

Localization error (cm) 

 LiDAR ISAR 

Test 
Straight 

line 

L shape Straight 

line 

L shape 

1 17.86 10.15 14.10 7.47 

2 11.91 7.95 1.25 4.38 

3 8.09 7.18 2.5 3.75 

4 8.61 7.58 6.03 5.77 

5 15.33 6.29 6.29 7.68 

Mean 12.36 7.83 6.03 5.79 

VI. CONCLUSION 

This paper proposes a novel ISAR-SAR localization method 
with an ISAR based trajectory estimation algorithm by 
deploying reference tags. Low-cost passive RFID tags with 
known locations are used instead of additional sensors and 
infrastructures to estimate the trajectory of the mobile platform. 
An ISAR-SAR loop exploits the known location of reference 
tags to adjust the estimated trajectory in order to improve 
localization accuracy. Experimental results with a straight-line 
trajectory show that the MAE between the ISAR estimated and 
LIDAR measured trajectory is less than 5 cm. When the 
estimated trajectory is used to find the location of target tags 
with unknown locations, the straight-line trajectory provides a 
15 cm localization accuracy for targets tags; similar to the 
accuracy achieved using LiDAR-based antenna trajectory 
measurement. Experiments using an L-shape trajectory 
demonstrate more accurate localization. LiDAR-SAR with 
using only a straight-line segment of the trajectory could provide 
12 cm accuracy (an improvement on earlier straight trajectory 

measurements owing to changes in the measurement 
environment), while the full L-shape trajectory could reach 8 cm 
accuracy. The proposed ISAR-SAR method performs much 
better still with a 6cm accuracy. 

VII. FUTURE WORK 

    Since the ISAR-SAR method depends on reference tags, 

future work may focus on the effect of the number and 

configuration of reference tags and the influence of the location 

variance of reference tags. Moreover, since the ISAR-SAR 

method is designed for trajectory estimation and the fact that 

the performance of LiDAR sensor may degrade in a 

complicated environment, future research may also include 

combination of the ISAR-SAR method, which can be used as a 

complementary method, and multiple sensors from the robot 

such as the LiDAR sensor to further improve the performance 

of the system in both tracking of the moving platform and 

localization of targets.  
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