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Abstract— Interaural Intensity Difference (IID) in binaural 

sonar systems is used for echolocation and obstacle sensing. In 

this article, we show by simulation the optimized system’s 

parameters in terms of frequency, sensor separation distance 

and the working range for an IID based binaural sonar sensing 

system. Our result shows that the best performances with a 

frequency range between 100 to 300 kHz and a separation 

distance, depending on the size of the microphone, in our case 

between 2 cm to 5 cm within the working range of 1 m. The 

approach developed in this paper could be useful for mobile 

localization and mapping, particularly in compact size mobile 

devices.  

Keywords-component; acoustic sensor, binaural system, 

Interaural Intensity Difference. 

I.  INTRODUCTION  

Ultrasonic sensors are robust and low-cost, well suited for 
identifying objects/obstacles within a few meters, typically 
configured with an array of emitters and receivers to achieve an 
accurate mapping of the surrounding environment. Binaural 
ultrasonic sensors are inspired by natural hearing systems 
where two ultrasonic receivers flank an ultrasonic emitter. In a 
binaural ultrasonic the object’s distance and bearing angle can 
be estimated from the differences in interaural time [1]–[5], 
amplitude [6], intensity [7]–[9] and/or phase [10], [11]. It is 
known that interaural time and phase difference are appreciable 
with low-frequency sounds. With high-frequency sounds, the 
interaural difference in amplitude or intensity is more 
convenient. For instance, bat’s echolocation system uses 
Interaural Intensity Difference (IID) at two different 
frequencies as the cue to the direction of a prey [12].   

In a binaural system, the degree of accuracy depends on the 
separation distance between the two receivers for interaural 
time difference cue. The sonar separation must be much larger 
than the wavelength of the sonic wave in use. The separation 
distance is usually 10’s of centimeters to 10’s of meters [13]. 
When the separation between the receiver microphones is large 
compared to the object’s distance, there is a risk that one of the 
receivers does not pick up the signal. If the microphones are 

too close to each other (similar to miniature animals with little 
separation between the two ears), both microphones record 
essentially the same acoustic signal. This results in very small 
interaural amplitude and time cues, posing substantial 
challenges to directional sensitivity of the auditory system [14]. 
To amplify the interaural difference, fly-ear inspired acoustic 
sensors consisting of two wings mechanically coupled at the 
middle have been recently developed [15].  

In this article, we will show by simulation that the approach 
using IID makes it possible to place the receivers as close 
together as their size permits and thus making small size sonar 
system where interaural time difference measurement is not 
convenient. Our binaural system consists of a single emitter 
scanning across the range of incident angle flanked by two 
receivers (Figure 1). In this paper, we develop a mathematical 
model relating systems parameters in an IID based binaural 
sonar sensing system. We later utilized the model to 
demonstrate that the sensor performance for object 
identification using IID is enhanced under certain frequency 
and separation range. In the next sections, we will establish the 
concept from a theoretical perspective, and subsequently, 
simulate results to evaluate the model.  

II. MATHEMATICAL FORMULATION 

The geometry of our binaural sonar system is depicted in 
Error! Reference source not found., which consists of a 
transmitter flanked by two fixed receivers. In the model, the 
transmitter and receivers are assumed to be of piston shape, 
with the transmitter located at the origin, and the two receivers 
at distance d to its left and right sides. As illustrated in Fig. 1, 
the object coordinate with respect to the emitter placed at the 
center of the polar coordinate system is (r,β), where r is the 
radial distance and β is the azimuth angle. The angular 
deviation is measured with respect to the normal line through 
the emitter, and it takes positive values in the clockwise 
direction. Likewise, the object coordinate with respect to the 

receiver is ( , )
r r

r β . Note that 
r
β   is measured with respect to 

the line that passes through the center of the object. It is parallel 
to the emitter’s normal and is positive in the clockwise 
direction.  
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Figure 1.  The geometry of the binaural sonar system with rotating emitter. 

If a small object is ensonified by the emitter, it re-emits a 
spherical field that can be detected by a receiver. For piston-
shaped emitter and receiver, the pressure field identified by the 
receiver can be described by [16], [17] 
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where 
e

a   and 
r

a   are, respectively, the radius of the 

circular emitter and of the receiver surface, k is the 
wavenumber relates to the frequency via 2πf/c, c is the speed of 

sound, ρ is the air density, 
1

J  is the Bessel function of the first 

kind, and σ is the scattering coefficient, the ratio of the 
scattering and the incident fields. As depicted in  Figure 1. , the 
position of the object to the left or right of the receivers is 
obtained from 

, 2 2 2 cos( / 2 ),L R

rr d r dr π β= + − ±  
(2) 
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(3) 

where the superscriptions L and R denote the left and the right 
receivers also are shown in  Figure 1. Once the echo is detected 
by both receivers on the two sides of the emitter, the Interaural 
Intensity Difference (IID) is measured from absolute difference 
of the detected intensities that is the squared of amplitudes 
defined by Eq(1).      

III. SIMULATION 

 The theoretical model developed in the previous 
section is simulated by sweeping the parameters of the system 

to evaluate the performance of the model in detecting an 
obstacle. A typical example of the detected intensities and the 
IID is presented in  Figure 2. . In this example plot, we set 

4.25
e r

a a= =   mm, U0=1000, r = 30 cm, d=5 cm at 50 kHz 

frequency.   
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Figure 2.  The detected intensities by the left and the right microphones and 

the IID. 

In  Figure 2.  a point object is scanned for a range of 
azimuth angle from –π/2 to +π/2. It is observed that the 
intensity captured by each microphone is largest when the 
object is just above the microphone. The quantity of our 
interest is the IID that is zero when the object is aligned with 
the sonar axis as the sensor scans the environment. We use this 
property of the IID to scan the environment searching for 
obstacles for various system’s parameters as frequency, the 
separation distance between the emitter and the receiver and 
working range.  

The crucial condition here is that the zero point of the IID 
must be differentiable from other parts of the signal. In other 
words, the contrast between the zero and the maximum of the 
IID signal and the slope of the curve from the maximum 
towards the zero point defines the performance of such system 
to identify the obstacle effectively. In the next section, we will 
evaluate necessary conditions for best performance including 
the system’s parameters of frequency (f), separation distance 
(d) and working range (r). 

A. Tuning system’s parameters 

In this section, we identify optimal parameters for the 
emitter frequency (f), the separation between the microphones 
and the emitter (d), and the working range (r). To realize this, 
various combinations of f, d, and r were simultaneously 
explored while looking for systematic variations in the IID 
contrast.  
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Figure 3.  Color map of IID for a range of separation distance (A), frequency 

(B) and working range (C) respectively. 

 

The simulation test results for the IID variation with 
system’s parameters are plotted in  Figure 3.  where the 
horizontal axis corresponds to the scanning angle β. In  Figure 
3. , red signifies low contrast, and blue denotes higher contrast 
desirable for better performance.  

 Figure 3. corresponds to the IID map with respect to 
varying separation distance between the emitter and the 
microphone (d) that is swept from 2 cm to 20 cm. From  Figure 
2.  Figure 3. (A) it is observed that the best performance of the 
sonar system corresponds to the small separation between the 
emitter and microphones i.e. up to 6 cm. The large separation 
will degrade the performance of the system especially with 
high-frequency ultrasonic waves where they are highly 
directive and therefore the IID contrast gradually fades away 
with increasing the separation distance. In other words, large 
separation is permissible with low-frequency source but will be 
impractical with high frequencies. This fact is shown in  Figure 
4.  where the IID contour is plotted for a range of frequency 
versus separation distance. As the figure shows, with increasing 
the frequency, the separation distance that gives appreciable 
IID contrast would be limited to small distances. 

 In  Figure 3. (B), the IID map is provided with respect 
to varying frequency from 1 kHz up to 500 kHz. In this figure,  
the suitable frequency range is observed to be between 100 to 
300 kHz with the best performance around 200 kHz. The 
system is impractical for frequencies lower than 20 kHz since 
the acoustic wave loses its directivity and the microphones 
record almost similar pressure field regardless of the separation 
distance. The system also works with frequencies higher than 
300 kHz; however, side lobes appear in the recorded fields as 
well as the IID, which may make it difficult to distinguish the 
main IID zero from the side lobes. One possible approach with 
high-frequency emitter source is to reduce the separation 
distance as suggested in  Figure 2.  Figure 3. (A). 

 Regarding the working range of the system in  Figure 
2.  Figure 3. (C), the radial distance from the emitter is swept 
from 10 cm up to 100 cm. It is observed that the performance 
degrades with distance with the best performance correspond to 
distances lower than 50 cm. This is also due to the ultrasonic 
natural degradation with distance. This limitation, however, can 
be easily overcome by increasing the emitter’s power to 
generate stronger pressure fields.  
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Figure 4.  The IID contour for a range of frequency versus separation 

distance. 

With respect to the above-findings, a suitable sonar system 
for working range within 1m would consist of a transducer that 
emits ultrasonic pulses of 100 kHz ≤ f ≤ 300 kHz, flanked by 
two microphones separated by d <5 cm. 

IV. CONCLUSION 

In this paper, we presented the optimization of binaural 
sonar systems for object detection using IID measurement. This 
system as showed in this article is suitable for sonar systems 
where time of flight measurement is not practical. The 
simulation result showed that the performance of such system 
is enhanced with a frequency range between 100 to 300 kHz 
with the best performance around 200 kHz and the separation 
distance between the emitter and receiver up to maximum 6 cm 
within the working range of 1 m. 
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