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Abstract 
 
        This paper discusses the use of ultrasound in mobile robot navigation.  Two methods employing an array of 
transducers are described, namely the Phased-Array (PA) method and the Maximum-Likelihood-Estimation 
(MLE) method. These two methods are compared with the conventional Time-of-Flight (ToF) method.  The 
paper shows that the PA method has advantages such as giving focused beams and allowing efficient beam 
steering.  Limitations of the method are discussed, including the need to assume a far field and the unavailability 
of suitably-sized transmitters. The MLE method has the advantage of only involving one transmitter.  
Experimental results show that the locations of the reflectors employed with this method can be represented in a 
probability map and reliability can be improved through the use of multiple receivers.  
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1. Introduction 
 

Ultrasound has been widely applied to distance 
measurement for mobile robots and in many other 
applications. Its advantages, including low cost, 
reasonably good accuracy and robustness, over other 
techniques are significant. Despite these advantages 
and its popularity, its importance has declined, as 
alternative techniques, such as laser rangers and 
vision techniques, have started playing a major role 
in mobile robot navigation tasks.  
 In recent years, laser range-finders have been 
considered as standard navigation sensors that are 
equipped on many mobile robots for accurate sensing. 
However, the technology is limited to non-
transparent objects, such as walls, because materials 
such as glass will allow light to pass through. The 
performance will also be influenced in environments 
where the laser range-finder is exposed to strong 
direct light. Vision-based techniques have been 
actively researched in the past few decades and 

applied to mobile robots, either entirely relying on 
mono-camera or stereo-cameras, or working together 
with other methods, such as sonar or infrared. 
However, due to their immaturity and the complexity 
of the operating environments, there is still a long 
way before they are usable in the real world.  
 From a practical point of view, ultrasound is not 
replaceable by any other of the available 
technologies at present. There are a number of 
reasons why it has not been utilised as extensively as 
other techniques in the past. One main reason is that 
to implement an advanced signal processing 
algorithm, there is an associated high cost and 
complexity of hardware which has become a major 
barrier. This kind of hardware will normally require a 
high sampling rate and multiple channel data 
acquisition system with a high speed computation 
unit. Nowadays, the decreasing cost and fast growth 
of such devices has made it feasible to improve the 
performance of ultrasound sensing with more 
advanced techniques.  



 This paper will first review the Time-of-Flight 
(ToF) method and its improvement, and then will 
discuss two approaches using ultrasound transducer 
arrays. The first one is an active phased array, which 
is similar to the techniques that have been widely 
used in medical human body scanning. The other one 
is a novel passive technique based on the statistical 
Maximum-Likelihood-Estimation (MLE) method. 
 
 
2. Time of Flight (ToF) and its improvement 
  
 The most commonly used method of ultrasound 
range-finding for robot navigation is the ToF 
method, which simply emits a short period of pulses 
and receives the first reflected signal by a threshold 
detection criterion. As the time of emission is known 
and the time of arrival can be measured by taking the 
first threshold crossing, the distance can be then 
calculated by the following equation: 
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where l  is the distance, c  is the sound speed in air, 

rt  and 0t  represent the times of arrival and emission 

respectively. 
 Some researchers have attempted to improve the 
performance of the ToF method. By observing the 
actual sonar waveforms, a parametric model of such 
waveforms can be estimated. Barshan improved the 
ToF method by employing a parabolic fitting 
method, which used a pre-defined wave-front model 
to numerically fit the received signal [1]. Barshan has 
also compared four different ToF methods [2], and 
concluded that a more sophisticated method of 
applying cross-correlation to localise the wave 
arrival outperformed the other three methods.  
 Instead of only measuring the distance, many 
researchers have also tried to use the ToF method to 
identify the geometrical features of objects, such as 
walls, edges, and corners. These capabilities will be 
very useful for navigation algorithms that are based 
on geometric features. Binaural structures with one 
transmitter and two receivers have been studied for 
this purpose [1]. In [3], a wide beamwidth ultrasound 
transducer arrangement was used to measure the 
geometric position of plane reflectors. Similarly, tri-
aural systems have also been of interest to distinguish 
corners or walls from ambiguous measurements [4].  
 Moreover, some work has been undertaken on 

the recognition of object geometric features by only 
using the conventional ToF method [5]. Instead, to 
identify the features, multiple measurements must be 
performed from various positions and angles. The 
shape of an object will be identified with a spatial 
consistency consideration.  
 Although the ToF method has received a great 
deal of interest from researchers due to its simplicity 
and reasonably good accuracy, there are obviously 
some deficiencies, including  vulnerability to the 
effects of external noise, interference when multiple 
channels are used and low consistency of timing 
threshold crossing.  
 
 
3. Active phased array 
 
3.1. Theory 
 
 One main property of an ultrasound transmitter 
is its radiation directivity, which can be considered as 
a cone shape at its corresponding angle. For 
navigation applications, a narrower beam of radiation 
will be better in determining the location of a 
detected obstacle. In contrast, a wider beam will 
cover more area and will be able to detect more 
objects, but with the disadvantage of a lower 
resolution. For a low-cost ultrasonic transmitter, the 
bearing angle is usually wide, and consequently it 
will be difficult to provide a high resolution of object 
detection. This will make navigation difficult for a 
robot. An ultrasound phased array can be used to 
overcome this problem by narrowing the beam width 
to some extent. On the other hand, the phased array 
will allow the radiation beam to be steered 
electronically. This is an important feature that will 
help a robot scan its surrounding environment 
efficiently. 
 The principle of the ultrasound phased array is 
similar to the radar theory, and it has been used in 
some medical and industrial inspection applications, 
such as Non-Destructive Testing (NDT). In-air 
applications have not been investigated and 
researched as extensively as have those for liquid or 
solid mediums. In [6], a phased array has been 
introduced for the mobile robot navigation 
application.  
 Fig. 1 depicts the structure of a phased array. 
The ultrasound transmitters in the array are placed at 
an equal aperture d  in a line, and will be driven in 
sequence with specific time-delays.  
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Fig. 1. Linear array of equally spaced elements 

 
 For an excitation to all transmitters with an 
initial phase and unit amplitude, the transmitted 
signals in the far-field area can considered as a planar 
wave, and can be formulated as [6][7]: 
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where q  is the angle of the observing point, N  is 
the number of elements, and k  is the wave number. 
The intensity pattern can be derived from the above 
equation and simplified into the form:  
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 In this equation, each element is assumed to be 
isotropic. When the direction radiation profile )(jf  

and the normalisation are taken into consideration, 
the intensity pattern can be expressed as:  
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 To steer the main beam electronically, the array 
elements can be driven at varying times, which can 
be determined by the phase difference. For a steering 

angle 0q , the phase difference between two adjacent 

elements will be )sin( 0qkd . Then, the normalised 

radiation pattern can be expressed as:  
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 In order to obtain the distance of an object, the 
conventional ToF method will not be suitable 
anymore. Instead, it is suggested that one receiver be 
mounted at the centre of the array and the peak value 
of the received signal used to estimate the distance 

[6]. The relationship between the peak time pt  and 

the time of threshold crossing TOFt  is derived, as: 

 

       1/2 att TOFp +=  (6) 

 

where 1a  is a parameter associated with the assumed 

model of the received signals. Details of these 
derivations can be found from [6], where a simple 
experiment has also been introduced.  
 
3.2. Discussion 
 
 To verify the feasibility of using the ultrasound 
phased array in air, the quality of the steered 
radiation pattern is essential. It can be seen, from Eq. 
5, that the pattern is related to the selection of the 
following two factors: the number of elements N and 
the aperture between two adjacent elements d. In 
addition, it should be noted that the phased array can 
be only held with the far-field assumption, which 
also relates to the value of Nd.  
 Eliminating the effect of the non-isotropic 
properties of the transmitters, the radiation pattern 
can be calculated. Fig. 2 shows an example of such 
an array of 8 elements and 16 elements respectively. 
The pattern is symmetric because it is only dependent 
on the value of qsin . It can be seen that the main 
beam is concentrating at the angle 0. More elements 
will narrow the beam width.  
 The aperture d  between the two elements will 
also affect the result. Fig. 3 shows two radiation 
patterns with a steering angle of 20°, where d  is set 
to one wavelength and a half wavelength 
respectively. It can be seen that the first one has a 
slightly narrower beam, but with a very strong side 
lobe, which will cause uncertainties in measurement. 
By contrast, the second one has a distinct main lobe 
at the desired angle.  
 



 
Fig. 2. Normalised intensity patterns of 8 and 16 element 

phased arrays 
 

 

 
Fig. 3. Radiation patterns of two 8 element phased arrays, 

steering at the angle of 20°. 
 
 However, the ultrasound transducers in this 
range are not produced in as small a size as required 
in the above theory. Therefore, the most miniature 
ones that are commonly available in the market will 
be evaluated. The diameter of the transmitter chosen 
for evaluation is 9mm, which is similar to the 
wavelength of its resonant frequency at 40KHz. To 
optimise the configuration, all eight elements are 
placed with no gap in a line, so that d  will be in 
effect 9mm.  
 In this case, strong side lobes will be 
unavoidable. However, taking into account the 
directivity properties of the transmitters, careful 
engineering selection of the scanning area will help 
minimise the uncertainty. This will need to be further 
verified with experiments. 
 In addition, as this is based on the far-field 
assumption, it is necessary to evaluate the 
configuration and validate the effective area that 

satisfies the far-field requirement. Therefore, the size 
of the whole array aperture Nd  needs to be much 
smaller than the effective distance. Rigorous 
derivations can been found in several places in the 
literature. 
 In this configuration, the array size Nd is 

mm7298 =´ . For example, if the restriction is set to 
8 times more than Nd, then the minimum reliable 
distance would be mm576 . In this case, it is slightly 
bigger than that used in the conventional ToF 
method, which normally allows closer measurement 
of at least mm150 . However, it is still acceptable in 
most indoor or outdoor environments.   
 
 
4. A passive array technique based on MLE 
 
4.1. Theory 
 
 As mentioned before, the cross-correlation 
technique has been proved to be an accurate means 
of determining the time of arrival. The peak value of 
the correlation coefficients indicates the time lag of 
the main reflector, and other reflectors can be 
represented with some local corresponding 
maximums in the correlation coefficients. 
 However, performance of the ultrasound method 
can be prone to specular reflections, weak diffused 
reflections, and external noise. Moreover, multiple 
objects will result in multiple echoes in the received 
signals. All these will cause uncertainties in 
determining the locations of reflectors.  
 To reduce the ambiguities, the Maximum- 
Likelihood-Estimation (MLE) method can be applied 
to enhance the contrast between the real reflections 
and ambiguities. One very popular method of 
localising sound sources is using an array of sensors, 
such as the beam forming method or other similar 
schemes. However, due to the unsuitability of the 
high-end hardware requirement of acquiring signals 
from a large number of sensors at a high sampling 
rate, here the number of sensors is reduced to four.  
 In this configuration, four receivers with one 
transmitter are used, as shown in Fig. 4. When a 
series of pulses is emitted, the four sensors will 
receive signals reflected by objects from different 
directions. In the following experiments, a high 
speed data acquisition system is used to capture the 
signals at a sampling rate of 500 kHz.  
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Fig. 4. Array of four receivers and one transmitter. 
 
 The likelihood distribution can be described with 
the Bayesian rule that the posterior probability of a 
source at location L is expressed as [8]: 
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In the simplified condition, the signal model at 

the i th sensor is assumed as:  
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where ia  denotes the attenuation factor during the 

wave propagation and )( its t-  is the source signal. 

)(tni  and it represent the external noise and the 

time delay respectively.  Hence, the probability can 
be expressed with the Gaussian distribution as: 
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 The second term )(ts  is a constant and 

independent from the estimated location L. Similarly, 

)( itx t+  is the received signal with a shift of it , 

the integral of it over the whole acquired length will 
have little effect to the result. Therefore, these two 
terms can be ignored. The logarithmic likelihood 
function can thus be yielded as: 
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where A represents the value of the ignored terms, 

and is  is assumed the same for all four channels and 

is represented by s  here. To further simplify the 

equation, ia  is also assumed equal. Then, the 

likelihood will totally rely on the summation of the 
correlation coefficients between the source signal and 

the received signals from all channels �
=
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4.2. Experiments and discussion 
 

In order to evaluate the performance the 
proposed method, a good model of the source signal 
will be necessary. Here, a real received signal is used 
instead of directly employing an estimated model. 
Fig. 5 shows a typical source model and Fig. 6 shows 
an example of a received signal with multiple echoes, 
where the first object (a piece of paper of A4 size) 
was placed 1000mm away in front of the array.  
 

 
Fig. 5: A typical source signal model. 

 

 
Fig. 6. A received signal with multiple echoes. 



 
Fig. 7 illustrates the result from the MLE 

calculation. Higher amplitude indicates a higher 
probability of the target presence.  

 

 
Fig. 7. Result of the MLE method. 

 
This experiment has shown a higher probability 

at the distance of 1000mm, although ambiguities 
have also been introduced at some other locations. 
They will need to be filtered out by using some 
additional processes, such as choosing proper values 

for ia . A second lobe can be seen at the distance of 

about 2700mm, corresponding to the second echo in 
the received signal (Fig. 6). Moreover, this 
experiment can actually be considered as a multiple 
objects problem, because the reflections to different 
sensors were induced at different positions on the 
planar object. A smaller object will produce a higher 
intensity of the MLE at the corresponding position.  
With regard to the resolution, the widths of the lobes 
in the MLE highly depend on the length of the 
transmitted pulses. Another issue associated with 
resolution is the sampling rate and the signal 
frequency. However, it is not practical to use a very 
fast data acquisition system on a mobile robot. 
Despite these problems, the robustness of detection 
has been improved considerably.  
 
 
5. Conclusion 
 
 This paper has proposed and discussed two 
novel approaches using ultrasound for robot 
navigation. The feasibility of applying the phased 
array for in-air applications has been discussed. It has 
been shown that the number of transmitters and the 
transmitter diameter need to be carefully selected. 

The MLE method has been discussed with both 
theoretical and experimental analyses. The reliability 
and robustness can be enhanced considerably with 
this method. The potential of identifying multiple 
objects has also been discussed. 
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