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 Impulse Radio Ultra-Wideband (IR-UWB) radar is a type of radar 
functioning based on UWB transmission technology that uses an exceedingly 
wide bandwidth low power impulse signal to continuously transmitting and 
receiving the impulse signal for object detection within a range. To date, 
most of the proposed Ultra-Wideband (UWB) transmission technology based 
object positioning estimation systems for indoor environment depends on 
objects to be attached with an active UWB devices. In certain circumstances, 
it is ideal to track objects in passive manner without the requirement of any 

attached tracking devices or device-free object positioning estimation. IR-
UWB radar has shown promising utilization in realizing device-free object 
positioning estimation for indoor environment. With this motivation, in this 
paper a work on weighted least squares consideration for IR-UWB radar 
based device-free object positioning estimation for indoor environment  
is presented. 
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1. INTRODUCTION 

Object positioning estimation can be defined as a process of locating an object or multiple objects 

and estimate its position on a known area. Subject on the environment in general there are two types of 

classification for object positioning estimation namely indoor and outdoor environment object positioning 

estimation. For outdoor environment, one common example is Global Positioning System (GPS), which has 

been used in various tracking scenarios. A GPS receiver establishes its distance from satellites by calculating 

signal arrival time from satellites. By performing complex positioning method, its location on earth’s surface 

can be calculated. GPS based systems are used by military, government agencies and commercial institutions 

to locate object, people, vehicles and etc. [1-6]. However, since GPS is a system which line of sight between 

GPS receiver and satellites is required to function effectively, it is tough to provide object positioning 

estimation in the complicated indoor environment such as inside a building. Thus, object positioning 
estimation for indoor environment is needed where GPS or other outdoor based object positioning estimation 

systems are not available. 

At present, there are numerous studies currently focusing on the usage of existing wireless 

technologies such as wireless local area network (WLAN), Bluetooth, ZigBee and Radio Frequency 

Identification (RFID) to enable object positioning estimation in indoor environment. This is especially true 

with the rapid adoption of Internet-of-Things (IoT) technology, which has become an important feature in 
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several applications [7-11]. Ultra-Wideband (UWB) transmission technology is one of the emerging and 

promising wireless technologies for object positioning estimation in an indoor environment. However to date, 

most of the proposed UWB transmission technology based object positioning estimation systems for indoor 

environment depends on objects to be attached with active UWB devices. In certain circumstances, it is ideal 

to track objects in passive manner without the requirement of any attached tracking devices or device-free 

object positioning estimation [12-20]. Such capability has emerge as an area of interest with wide range of 

applications [21].  

Among the applications that can be implemented by leveraging such circumstances are such as 

security monitoring, emergency rescue and intelligent monitoring. In security monitoring such as within a 

building, any motion of intrusion in evening or night time can be effectively monitored since device-free 
object positioning estimation system can cover a significant larger area compare to other systems such as 

vision based system and works well in smoky and dark conditions. In emergency rescue such as during 

hostage or fire rescue situation where military or law enforcement officers can employ device-free object 

positioning estimation system to facilitate in accessing possible threats inside a building or room prior 

launching counter measurement action or rescue operation. Consequently minimizing the risk of loss of life 

and increase operation success rate. In intelligent monitoring, senior citizens in home health care or patients 

in a hospital can be monitored without violating their privacy and interfering in their daily life. A state-of-

the-art device-free object positioning estimation system can not only estimate position and activity 

information, but also estimate the respiratory rate and detect the occurrence of falls, both, which are equally 

important for elderly and patients monitoring.  

Impulse Radio Ultra-Wide Band (IR-UWB) radar is one of the recent radar technology that leverage 
on UWB transmission technology. It uses an exceedingly wide bandwidth low power impulse signal to 

continuously transmitting and receiving the impulse signal for object detection within a range [22-23]. IR-

UWB radar has shown promising utilization in realizing device-free object positioning estimation method for 

indoor environment [24-29]. The exceedingly wide bandwidth and short pulses waveforms can facilitate in 

minimizing the effect of multipath interference, good signal penetration through obstacles such as walls and 

objects as UWB pulses are operating in low power and simple hardware configuration, which can be easily 

used as an embedded type sensor [30].  

With his motivation, a work on IR-UWB radar based device-free object positioning estimation for 

indoor environment has been carried out whereby in this particular work, the weighted least squares method 

has been considered and employed. The reason for using weighted least squares method in this work is to 

attempt to tackle the occurrence of ranging errors associated with IR-UWB radar which in this case might 

affect the performance of the device-free object positioning estimation system model.  
 

 

2. SYSTEM MODEL 

Referring to Figure 1, an IR-UWB radar first generates an impulse signal 𝑆(𝑥) that has an 

exceedingly wide bandwidth and very low transmission power. Should the transmitted signal hit a target or 

object, a 𝐿 delayed and scaled signals is reflected back to the IR-UWB radar [31-32] . By using an analog-to-

digital converter, the reflected delayed and scaled received impulse signals are transformed into digital 

signals. These digital signals are then being fed into a bandpass filter to filter out unwanted signals prior 

being output for further processing. The digitized received signal can be expressed as follows: 

 
 

 
 

Figure 1. IR-UWB target object detection 
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𝑟(𝑥) =  ∑ 𝛼𝑛
𝐿
𝑛=1 𝑆(𝑥 − 𝜏𝑛) + 𝑁(𝑥) (1) 

 

Where 𝜏𝑛 is the delay and 𝛼𝑛 is the amplitude of 𝑛-th received signal, 𝑥 is the digitized sample 

index while 𝐿 and 𝑁(𝑥) represent the number of impulse signals reflected back from the surroundings and 

associated noise respectively. The next step is to perform object positioning estimation by employing suitable 

object positioning estimation technique. Commonly UWB transmission technology based object positioning 

estimation can be achieved by using either Angle of Arrival (AOA), Received Signal Strength (RSS), Time 

Difference of Arrival (TDOA) or Time-On-Arrival (TOA) techniques. However in the case of IR-UWB 

radar, only TOA technique can be used [32].  

Referring to Figure 2, the TOA technique fundamentally leverage on the target object’s signal TOA 

when arriving at three different IR-UWB radars. Since the wireless signals travels at the speed of light 𝑐 =
3 × 108m/s, the target object distance 𝑟 can be calculated using (2).  

 

𝑟 = 𝑐 × 𝑇𝑂𝐴 (2) 
 

 

 
 

Figure 2. TOA technique using three IR-UWB radars for 2-D space 

 

 

Object positioning estimation is achieved when the target object lies at the intersection of circles at 

center (𝑥𝑡 , 𝑦𝑡) and measured distance 𝑟𝑛. For object positioning estimation perform in two-dimensional (2-D) 

space, a minimum of three IR-UWB radars are required while three-dimensional (3-D) space requires a 

minimum of four IR-UWB radars [33]. This study will focus on operating in 3-D space. Assuming there are 

𝑛-th IR-UWB radars being employed to perform object positioning estimation, the coordinates of the 𝑛-th 

IR-UWB radar and target object are expressed by (𝑥𝑛  , 𝑦𝑛  , 𝑧𝑛) and (𝑥𝑡  , 𝑦𝑡  , 𝑧𝑡) respectively. Once there is 

one target object entered within a defined space in this system model, the measured distance 𝑟𝑛 from the 𝑛-th 

IR-UWB radar to the target object is represented by (3).  

 

 (3) 
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Then, based on (2), the corresponding weights are then assigned to each calculated 𝑟𝑛 by using (4) 

and then sorted in an ascending order.  

 

𝑤 =
1

𝑟2 (4) 

 

Where in principle, the shorter the distance 𝑟𝑛, the greater the weight is being assigned. The sorted weight, 

𝑊 =  {𝑤𝑟1 ,𝑤𝑟2 ⋯ 𝑤𝑟𝑛
} can also be represented in matrix form as in (5) 

 

 (5) 
 

Then, with {2 … 𝑛} equations subtract equation 𝑛 = 1 as found in (3), this resulted in the 

formulation of (6), 

 

 (6) 
 

Rearranging terms, (6) can be expressed in matrix form as can be found in (7) 

 

𝐴𝑋 = 𝑏 (7)  

 

Where 

 

 
 

From (5) and (7), target object coordinate 𝑋 can be obtained by solving (8) 

 

𝑋 = �̂� = (𝐴𝑇𝑊𝐴)−1𝐴𝑇𝑊𝑏 (8) 
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3. TEST SETUP 

In order to test the system model described in previous section, a three-dimensional cube space 

measuring 10m x 10m x 20m (m3) and an array of randomly positioned IR-UWB radars are defined for 

object positioning estimation to be executed. An example where 16 IR-UWB radars are positioned in 

randomly order within the defined cube space is shown in Figure 3. Two type of tests with simulated data and 

one target object within the defined cube space have been conducted in this work.  

 

 

 
Figure 3. Example generated map with n=16 randomly distributed IR-UWB radar 

 

 
The first test is to evaluate the system model positioning accuracy with respect to a range of 

randomly positioned IR-UWB radars starting from a minimum number of 𝑛 = 4 til 𝑛 = 16 IR-UWB radars. 

For each IR-UWB radar, its randomly generated position are then distorted by an unbiased Gaussian noise 𝑁 

with mean 𝜇𝑁 = 0 and a fixed standard deviation 𝜎𝑁 = 0.1𝑚. The second test is to evaluate the system 

model positioning accuracy with respect to varying magnitudes of noise added to a fixed 𝑛 = 4 randomly 

generated IR-UWB radar position. The position are then distorted by an unbiased Gaussian noise 𝑁 with 

mean 𝜇𝑁 = 0 with varying standard deviation 𝜎𝑁 = {0.1𝑚 ⋯ 1𝑚}.  
 

 

4. RESULT AND DISCUSSION 

Referring to the first test result as depicted in Figure 4, as can be observed the object positioning 

estimation error is in a descending order from 0.56m until 0.08m as the number of IR-UWB radars used 

increased from 𝑛 = 4 to 𝑛 = 16. As for the result for second test as depicted in Figure 5, the object 

positioning estimation error is in an ascending trend from 0.49m to 5.50m as the magnitude of noise is 

increased from 0.1m to 1.0m.  

Based on the two tests conducted, in principle by using the system model described in this work, the 

more IR-UWB radars being deployed the more accurate the system model calculate the estimated position of 

the target object. However, for the case when noise is being intentionally injected to the system model the 
capability of the system model to cope while performing object positioning estimation is gradually tarnished 

as the magnitude of noise is increased. Although generally the system model described in this work performs 

reasonably well, improvement from various aspect has to be introduced in future works. Among the 

improvements that will be considered are to employ suitable noise suppression and reduction techniques, 

which can be incorporated within the algorithm in the system model in this work. 
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Figure 4. Object positioning estimation error vs number of IR-UWB Radars plot, 𝑛 = {1 ⋯ 16},  𝜎𝑁 = 0.1𝑚 

 

 

 
 

Figure 5. Object positioning estimation error vs magnitude of noise plot, 𝑛 = 4,  𝜎𝑁 = {0.1𝑚 ⋯ 1𝑚} 

 

 

5. CONCLUSION 

In this paper, a work on weighted least squares consideration for IR-UWB radar based device-free 

object positioning estimation for indoor environment is presented. Generally, the system model performed 

well if the magnitude of noises are kept low. However, such case is not viable when operating in real indoor 

environment as noises will always present in varying magnitude. Therefore, further improvement and other 

consideration to suppress and reduce noises will be implemented on the system model in future works. 
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