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Abstract—This paper gives a comparison of a low 
bandwidth, long range ultrasonic indoor communication 
system for room-level localization and a wide bandwidth 
coded system. The comparison is done using the link budget 
and focuses on range. Robustness, reliability and a range 
greater than 10 meters can be accomplished by coding 8 
kHz bandwidth ultrasonic signals. Pseudo-random 
properties of the codes permit to manage simultaneous 
emissions by using CDMA while processing gain permits to 
obtain a large range with the capability of accurate 
positioning.  
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I. INTRODUCTION 
In a previous work [1] a room-level accuracy ultrasonic 

local positioning system was developed with robust 
performance over range more than 10 meters. The system 
is based on a set of transmitters (tags) to be worn by 
humans or attached to objects and a set of receivers that 
can be mounted in the ceiling or on the walls. The 
transmitters send their identity when triggered by a 
movement sensor or a timer. The handling of multiple 
users is made using a Carrier Sense Multiple Access 
(CSMA) protocol. This implies that each user has to listen 
for a clear channel before attempting to transmit. The low 
propagation speed of ultrasonic signals implies a real 
chance of signal collision. Moreover, due to the lack of a 
protocol for prioritizing transmissions, in crowded 
environments some transmitters will seldom get through 
and others will get through much more often. In order to 
avoid collisions and permit a near-equal priority, the 
system had to have a large repeat interval per user. This 
affects the maximum throughput of the system, which 
may easily fall to less than 0.5 locations per second per 
room [2]. With this low throughput, there is a chance of 
losing some positions if people wearing the tags move 
from one room to another quickly. Despite these 
limitations, the system is used commercially [3]. 

One way to cope with this problem is to use the 
proposed RF-US system from [2], where there is only one 
stationary ultrasound transmitter and multiple portable 
receivers attached to objects or worn by humans. Once the 
receivers identify the signal from the transmitter, all the 
IDs are transferred to the infrastructure by means of an 
RF-system.  

Another problem that is dealt with in [1][2] is the 
importance of long range and robustness of the ultrasonic 
positioning system. This is achieved by reducing the 
processing bandwidth to 25 Hz, which is enough for a 
room-level positioning system.   

Another approach to multiuser environments is to use 
Direct Sequence Code Division Multiple Access (DS-
CDMA). There exists previous work where encoding of 
ultrasonic signals to improve performance has used 
Kasami codes [4], Golay [5], Barker codes [6] Gold 
[7][8], LS codes [9] or M-Complementary Sets of 
Sequences [10].  

In this work we want to address the problems of 
multiuser environments and increased robustness by using 
codes. The proposed solution to address those problems is 
another alternative to those of [1][2]. Moreover, the 
performance of the coded system is analyzed by using the 
same methodology as [1][2].  

This paper is organized as follows: in section II there is 
a review of previous work for range estimation; in section 
III the proposed system is explained; later, in section IV 
the effects of errors to the coded system is analyzed. In 
section V there is an overview of safety during exposure 
to ultrasound signals and there is a check that the system 
is within accepted safety limits.  
 

II. BACKGROUND 

A. Range estimation 
One advantage of the non coded system in [1] over 

those commented previously is the large range. The range 
can be predicted from the passive sonar equation in a 
similar way as in [1]: 

SL−PL−NL>DT      (1) 
Where SL is the source level in dB at range R0, which 

typically is at 1 meter, PL is the propagation loss due to 
spherical spreading, 20log10 (R/R0), and attenuation αR, 
NL is the noise level and DT  is the detection threshold.  

The attenuation increases with relative humidity (RH) 
from α=0.27 dB/m (0% RH) to a maximum of α=1.33 
dB/m (55% RH) at 20ºC, 1 atmosphere pressure and a 
frequency of 40 kHz [11]. 

There exist background noise level measurements at 
ultrasonic frequencies [12]. These measurements give a 
level of 70-80 dB SPL in the range 20-60 kHz in an 
industrial environment at a 3 kHz measurement 
bandwidth.  

In a similar way as [2], a level of 70 dB SPL in 
background noise level has been used for link simulations, 
so the equivalent spectral noise density is 70 dB – 10·log10 
(3000) = 35.2 dB/Hz. Moreover a relative humidity of 
55%, a constant temperature of 20ºC and a frequency of 
40 kHz (α=1.33 dB/m) has been considered for 
simulations. 
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Nevertheless, it is important to notice that there may be 
a variation in the noise level up to ±30 dB. The large 
variation in the ultrasonic noise level is different from 
other communication systems especially in RF, and 
implies an extra effort to make a robust system. In optimal 
detection theory is assumed a range of threshold values 
from 15 dB·Hz to 20 dB·Hz [13]. As in [2] a detection 
threshold of DT=20 dB·Hz is assumed. 

First a wideband time-delay estimator system is 
analyzed by using Murata MA40S4S sensors. This sensor 
has a central frequency of 40 kHz and is capable of a 
nominal output of 120 dB SPL at 0.3 m or SL=110 dB 
SPL at 1 meter at 40 kHz. It is assumed that the bandwidth 
is 20% of the center frequency, that is to say, BW=8 kHz.  

In this way, for the worst case (55% RH), and working 
with a bandwidth of 8 kHz, the range can be found from 

 
110െ20log10Rെ1.33Rെ(35.2 + 10·log(8000) ) > 20  (2) 
 
This equation is depicted in Fig. 1 
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Figure 1.  Received level vs. range for 40 kHz high accuracy 

positioning system in industrial noise. Predicted range is about 3.5 m.  

The solution to equation (2) can be found when the 
power curve crosses the detection threshold. In this way, 
the minimum range is about 3.5 meters, but with the 
variation of the background noise level of ±30 dB the 
system will not work for a noise level of 100 dB, and will 
have a maximum range of 16 meters for a noise level of 
40 dB.  

So it is impossible to guarantee that the system works 
well under all conditions. In previous works [1][2] this 
problem was solved by reducing the bandwidth to 25 Hz. 
This removes the possibility to estimate arrival time.  The 
system was designed for applications where only the 
detection of the presence of a portable receiver (tag) was 
needed. In such a way the noise level is reduced by 22 dB, 
and one obtains a range between 2.3 and 30.6 meters. In 
Fig. 2 is depicted the range prediction for a room-level 
positioning system with a processing bandwidth of 25 Hz, 
noise level of 70 dB SPL and a relative humidity of 55% 
giving a range of about 13.5 meters. 

Another way to increase the range of the positioning 
system and robustness is to use codes; instead of reducing 
the processing bandwidth. This is the solution analyzed in 
this work.  
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Figure 2.  Received level vs. range for 40 kHz, bandwidth of 25Hz, 
positioning system in industrial noise. Predicted range is about 13.5 

meters. 

B. Coding  
As was commented in the previous section, coding of 

ultrasonic signals has been used in several works to 
improve the robustness of the system. 

Pseudo-random codes have very similar properties to 
Additive White Gaussian noise (AWGN). The codes are 
detected in the receiver by means of correlation 
techniques.  

If the cross-correlation of the codes is low, then it is 
possible to reduce the interferences and do simultaneous 
emissions. Nevertheless, it is impossible to find a code 
with ideal properties at the same time in their 
autocorrelation function and in their cross-correlation 
function [14]. The interference caused by side lobes of the 
cross-correlation function is called Multiple Access 
Interference (MAI) while the interference caused by side 
lobes in the autocorrelation function is known as Inter-
Symbol Interference (ISI). In order to minimize both ISI 
and MAI it is necessary to find codes with good 
correlation properties. 

In the last years, the number of QS-CDMA systems 
(Quasi-Synchronous CDMA systems) has increased. 
These systems have Generalized Orthogonality (GO) 
properties. The sequences with GO properties, such as 
Loosely Synchronized (LS) codes, exhibit an Interference 
Free Window (IFW) in the zero displacement of the 
correlation functions. 

For systems loosely synchronized, with a tolerance of 
IFW samples, it is possible to minimize ISI and MAI due 
to their zero correlation window in the vicinity of zero 
shift. Moreover, their robustness to multipath and the 
near-far effect compared to other codes such as Kasami or 
CSS [15] has been demonstrated. The only restriction is 
that the codes are received within the IFW. Also, in [15] 
one has developed an efficient correlator for LS codes, in 
order to permit their use in real time systems and permit to 
work with longer sequences. 

III. CODED SYSTEM 
Assuring that the codes are received within a temporal 

window, we have chosen LS codes of length L=1151 as a 
candidate to code the proposed system in order to benefit 
from the advantages of the previous section. 

By using one cycle of a square carrier as a symbol 
centered at 40 kHz, avoid increase the signal length and 
the effects of Doppler shifts. In [15] it has been checked 
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that one cycle per symbol is enough to assure the signal 
fits well into the transducer bandwidth. 

By applying LS codes of length 1151 to the system, one 
obtains a processing gain of 10·log10 (1151) ؆ 31 dB. 

This processing gain (PG), which comes from the effect 
of broadening the signal spectrum, can be added to 
equation (1) to determine the system range 

SL+PG−PL−NL>DT    (3) 
 

By using the same constraints than in the previous link 
budgets, the range can be obtained from 

110+10·log10 (1151) െ 20log10R െ 1.33R െ 
(35.2+10·log10 (8000)) > 20     (4) 

 
In Fig. 3 the performance of the link by using codes can 

be seen. In this case, for the same source level as previous 
links, the system has an estimated range of 16.5 meters. 
So there is an improvement of 13 meters compared to the 
link depicted in Fig. 1, where one used a bandwidth of 8 
kHz too. It is important to notice that by applying codes it 
is necessary with a broader bandwidth than 25 Hz in order 
to avoid a very long emission time. Therefore, the noise 
level is increased by 

10·log10 (8000)-10·log10 (25) = 25 dB  (5) 
 

It should be noted that the increase in noise level due to 
wider bandwidth, 25 dB, almost cancels all the processing 
gain due to the use of a code, 31 dB. Therefore the 
predicted range for this system is only slightly longer than 
that analyzed in Fig. 2 
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Figure 3.  Received level vs. range for 40 kHz positioning system in 

industrial noise using codes. Predicted range is about 16.5 meters. 

The processing gain can be used alternatively to reduce 
the source level, maintaining the same range. In this case, 
for the estimated range obtained in the link of Fig. 2, one 
needs a source level of 104 dB, lowering the source level 
by 6 dB.  

IV. SYSTEM  ERRORS 
The coded system of the previous section has been 

analyzed in the ideal situation. In real scenarios with 
multiple transmitters, the near-far effect has to be 
considered. It occurs when the signal of an emitter reaches 
the receiver close to it with a large energy. As a 
consequence, weaker signals from emitters further away 
cannot be detected because their autocorrelation functions 

will be masked by the side lobe peaks caused by the signal 
received with the larger energy. In practice PN codes are 
not completely orthogonal. So if the emitters are not 
located in such a way that the power received in the 
coverage area is constant one will experience near-far 
effect. In CDMA satellite communication systems one 
commonly uses power control for the transmitted signals 
in order that the receiver shall receive a constant energy 
from all the emitters. This power control usually has an 
error with a standard deviation between 2 dB and 4 dB 
[16][17]. On the receiver side, there are several techniques 
to cope with the near-far effect, such as the use of 
Successive Interference Cancellation (SIC) [18]. The SIC 
method consists in subtracting from the received signals 
the emitted ones as they are being detected, improving the 
detection of the other emitters. In [7] this method is used 
to cancel near-far effects. Here it is assumed the use of 
power control to avoid near-far effect with an error of 4 
dB [16][17]. 

In addition to power control errors, quasi-synchronous 
detection of the emitted signals by thresholding of the 
correlation functions can contribute errors. One can 
assume an error of 3 dB if the threshold is set to 50% of 
the ideal correlation peak. Therefore trade-offs between 
processing gain, noise level, the maximum range to obtain 
and source level needs to be done.   

Fig. 4 depicts the analysis of the positioning system 
assuming errors of 7 dB due to power control errors and 
thresholding detection. As can be seen the estimated range 
obtained is 12.75 meters, compared to 13.5 meters for the 
narrowband system of Fig. 2 and 3.5 meters obtained with 
the non coded link of 8 kHz bandwidth of Fig. 1.  
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Figure 4.  Received level vs. range for 40 kHz positioning system in 
industrial noise using codes with realistic errors assumed. Predicted 

range is about 12.75 meters. 

Despite the fact that the range obtained is similar to that 
in [1][2] due to a processing gain of 31 dB which is lost 
by the increase of the noise level of 25 dB and the errors 
of 7dB, coding has several advantages; First, it can cope 
with crowded environments due to its better multiple 
access method, CDMA instead of CSMA. Moreover the 
number of tags can be increased without any modification 
to the system. Second, the system is more immune to 
noise and multipath giving more robustness to the link. 
Third the system also has the ability to find time delay 
with the possibility for fine positioning with an accuracy 
in the cm range. 
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V. SAFETY 
Following the discussion of [2] we will now give a brief 

discussion of safety issues. There is no international 
consensus on safety of airborne ultrasound [19] and there 
are several guidelines for exposure limits [20][21][22]. 
The 1984 [20] and the Canadian 1991 [21] 
recommendations give 110 dB SPL as the maximum level 
for occupational exposure in a 1/3 octave band centered 
on 40 kHz. In [20], if ear protection is worn by workers, 
and the exposure is less than 1 hour per day, an increase 
up to 119 dB SPL is allowed. The guideline [21] is the 
most restrictive one for public exposure, lowering the 
limit to 100 dB SPL. 

Taking into account this uncertainty in the value of 
ultrasound exposure limits, the proposed system is in the 
line of ALARA (As Low As Reasonably Achievable) 
principle. Taking into account that people will wear the 
receivers and the transmitters will be mounted in the 
ceiling, it is easy to ensure that the minimum distance 
from the ultrasonic source will be 1 meter. So the 
maximum human exposure to the ultrasonic source will be 
110 dB. This source level is the maximum accepted by the 
occupational exposure limits. In real situations the 
exposure level is lower than 110 dB. If a distance of 3.5 
meters between emitters and tags is considered, the 
ultrasonic level received can be lowered by 20·log10 
(1/3.5) = 11 dB, due to the spherical spreading law. So the 
exposure level is 99 dB, which is lower than all the public 
limits.  

VI. CONCLUSIONS 
We compared two ultrasound positioning systems. The 

first one was a robust positioning system with a large 
range, which is achieved by means of reducing the 
processing bandwidth to 25 Hz. Multiuser access was 
managed with the CSMA protocol. The second system 
was a coded ultrasound positioning system with a wide 
bandwidth. This increases the noise level by 25 dB 
compared to the first system, but the processing gain of 
31 dB compensates for the increase in the noise level, 
maintaining a range greater than 10 meters. Moreover it 
permits to manage multiuser scenarios simultaneously 
and endows a robust and reliable system. Also, the 
system has the capability of accurate positioning by time 
delay estimation. The appeal of the low bandwidth 
system is its simplicity as it does not have the high 
complexity and large processing requirement of the coded 
system. Another disadvantage of the coded system is that 
it requires power control in order to handle the near/far-
problem. Such control can be hard to implement in 
practice. 
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