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Abstract—The ultrasonic technology is a tool for indoor
positioning systems (IPSs) and has been extensively used
in many applications. In ultrasonic IPSs (UIPSs), the use of
a chirp signal (in which the frequency varies with time) is
widespread due to its capability to obtain high-range resolu-
tion through its time-frequency characteristic. It also provides
an opportunity to design effective waveform diversity which
has always been the key to mitigating multiple-access inter-
ference (MAI) in multi-user UIPSs. To explore this, we analyze
the chirp signal from the signal design perspective, with the
goal of developing a precise and efficient UIPS for multi-
user environments. To achieve this, three waveform diversity
design schemes are proposed in which all the benefits of the
classical chirp, such as high-range resolution, are retained
while all the transmitters can transmit chirp signals simulta-
neously. In each scheme, a linear chirp is divided into two
linear sub-chirps with diverse durations and/or bandwidths.
This process is optimized by selecting the concatenated sub-
chirps that generate a waveform which has a high-range
resolution and relatively low interference in the same scheme.
Initially, the effectiveness of the proposed schemes is evaluated for five simultaneous excitation signals using several
metrics and experimental results are then presented for the ultrasonic indoor positioning.
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I. INTRODUCTION

RECENTLY, a large number of stimulating new
location-dependent applications, in which accurate infor-

mation of the locations of the targets is a prerequisite, has
appeared. Although a user’s location can be obtained outdoors
through a global positioning system (GPS), due to signal
attenuation caused by a building’s materials, it is unavailable in
indoor environments where there is a large amount of human
activity [1]. Therefore, during the last decade, significant
efforts have been made towards designing a capable yet
precise and low-cost indoor positioning system (IPS), with
different types of indoor positioning technologies developed.
IPSs are commonly divided into five categories: optical;
mechanical; magnetic; radio frequency (RF); and ultrasound
[2], [3]. Of them, ultrasonic IPSs (UIPSs) have been widely
used since they are cost-effective yet precise and robust [4].
However, one of their fundamental problems is that they
suffer from multiple-access interference (MAI) when multiple
transmitters transmit ultrasonic signals simultaneously [5].
A common strategy for avoiding MAI in a UIPS is to transmit
signals from an individual transmitter at different times with
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proper intervals using a time-division multiple access (TDMA)
technique which reduces a system’s update rate [6]. One of
the strategies for minimizing MAI in a UIPS is to assign
each transmitter a unique waveform in such a way that, at the
receiving end, they can be effectively separated after pulse
compression. Attempts to mitigate MAI have generally relied
on modulation schemes, such as the direct sequence spread
spectrum (DSSS) [7], [8], frequency hopping spread spec-
trum (FHSS) [7], [8], code division multiple-access (CDMA)
[3], [9], [10], orthogonal frequency division multiple-access
(OFDMA) [11], [12], discrete multi-tone modulation [13], car-
rier sense multiple-access (CSMA) [14] and filter bank-based
multi-carrier modulation [15]. In recent years, in the field of
multiple-access UIPS, a chirp-based modulation scheme has
gained popularity and attracted a great deal of attention not
only for its capability to enhance range resolution through
pulse compression (i.e., cross-correlation) but also its effective
waveform diversity provided by its time-frequency characteris-
tic [16]. As this paper focuses on chirp-based multiple-access
ultrasonic positioning, here we only describe those which are
related to the proposed scheme and a comprehensive review
can be found in [3]. In [17], to minimize MAI in a chirp-based
UIPS, four orthogonal sets of chirps, each of which contains
three waveforms, are presented. The first set is generated
by interconnecting two linear sub-chirps that change at the
halfway point of the signal’s duration. In this set, the first
and second waveforms are generated in such a way that when
the sub-chirps are concatenated, they respectively form linear
up-chirp and linear down-chirps. In this scheme, to generate
the third waveform, respectively, the first and second wave-
forms (i.e., the linear up- and down-chirps) are used as sub-
chirps for the first half and second half of the signal duration.
Within this scheme, a fourth waveform can be generated
by interchanging the sub-chirps of the third waveform (i.e.,
by taking the time-reversal of the third waveform). Therefore,
in this set, only four unique waveforms can be generated.
The second set of [17] also decomposes each chirp into two
interconnected sub-chirps but with different frequency rates
that change at the halfway point of the signal’s duration.
Thus, in this scheme, it is possible to generate a large number
of unique chirp waveforms, as shown in [18]. The detailed
description of this set is given at the end of this section,
as well as in Section II. The third set of [17] uses chirp
rates of a nonlinear chirp, particularly, trigonometric (sine
and cosine) chirps, as a mechanism for assigning uniquely
modulated chirp signals to transmitters. In set 4, the OFDM
principle is combined with a chirp waveform, i.e, it interleaves
zeros between the discrete frequency components of a chirp
waveform and the data sequence is then shifted to generate
multiple orthogonal chirp signals. The major problem of sets
3 and 4 is that they suffer from ambiguities. It is important
to note that, of these sets, set 2 (also used in [16], which
was adopted from wireless data communication [19]), can
be considered the most promising multiple-access technique
since it enables the generation of a large number of unique
chirp waveforms. For ease of discussion and representation,
we call this set as a conventional technique throughout this
paper. The time-frequency diagram of this technique is shown

Fig. 1. Time-frequency diagram of 38–44 kHz/12 ms chirp for
(a) conventional method [16], [19] (i.e, without optimization) and pro-
posed (b) bandwidth optimization, (c) time optimization and (d) joint
optimization techniques.

in Fig. 1(a) in which it is clear that, when the number of
transmitters in the system is increased, not only does the
similarity between successive chirps increase (which degrades
the cross-correlation’s performance) but also the chirp rate
of either the first or second interconnected chirp decreases
which causes the auto-correlation’s performance to deteriorate
(details are provided in Section IV). Therefore, to enhance
the target detection performance achieved in [16], [19] in a
multiple-access environment, its auto- and cross-correlation
performances should be further improved.

In this paper, initially, the reason for the low correlation per-
formance of the conventional design [16], [19] is investigated
and then three waveform diversity design schemes proposed
to improve this situation. In each scheme, the duration and/or
bandwidth is assumed to be diverse and designed specially
to generate a waveform with impulse-like auto-correlation
and relatively flat cross-correlations to the other waveforms
available in the scheme.

The remaining sections of this paper are organized as fol-
lows. Section II illustrates the signal model of a conventional
design scheme and the new waveform design schemes are
presented in Section III. In Section IV, for the conventional
and proposed methods, firstly, examples of their designs
are discussed and then correlation analyses conducted. The
experimental procedure for determining the accuracy of each
of the proposed design schemes for a UIPS is discussed in
Section V and the results obtained presented in Section VI.
Finally, the conclusions of this work are drawn in Section VII.

II. SIGNAL MODEL OF CHIRP-BASED

MULTIPLE-ACCESS SCHEME

In the proposed ultrasonic multiple-access scheme, each
transmitted chirp is constructed from two linear sub-chirps,
each with characteristics of a non-overlapping frequency and
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full bandwidth usage. It is considered that a UIPS has M trans-
mitters which simultaneously transmit a signal (sm(t), m =
1, 2, · · · , M) with a duration of T and bandwidth of B =
fmax − fmin (where fmin and fmax, respectively, represent
the minimum/initial and maximum/final frequencies of the
signal). As each waveform consists of two sub-chirps, let tm1
& tm2, fm1 & fm2, and km1 & km2, respectively, represent
the durations, starting frequencies and chirp rates of the first
and second sub-chirps of the mth signal. Now, the transmitted
pulse of the mth transmitter is defined as:

sm(t) =

⎧⎪⎪⎨
⎪⎪⎩

exp

{
j2π

(
fm1t + 1

2
km1t2

)}
for 0 ≤ t < tm1

exp

{
j2π

(
fm2t + 1

2
km2t2

)}
for tm1 ≤ t ≤ T

(1)

The corresponding durations, starting frequencies and chirp
rates are defined, respectively, as:

tm1 = α(m)T

tm2 = T − tm1

fm1 = fmin

fm2 = fmax

km1 = B1

tm1

km2 = B2

T − tm1
(2)

where B1 and B2 represent the bandwidths of the first and sec-
ond sub-chirps, respectively, which can be defined as:

B1 = ξ(m)B

B2 = B − B1 (3)

In equations (2) and (3), 0 ≤ α(m) ≤ 1 and 0 ≤ ξ(m) ≤ 1
are the parameters for controlling the various durations and
bandwidths of the waveforms, respectively. If α(m) and ξ(m)
are equal to 0 or 1, the corresponding waveform only contains
a single segment.

The cross-correlation function (CCF) between the uth and
vth transmitted waveforms is defined as [20]:

Cu,v (τ ) = 1

T
·

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

n=−T +tu1+tv2∑
n=−T

su1[n] · sv2[n − τ ]

−T ≤ τ ≤ −T + tu1 + tv2
n=tv2∑

n=−T +tu1

su2[n] · sv2[n − τ ]

−T + tu1 ≤ τ ≤ tv2
n=tu1∑

n=−T +tv2

su1[n] · sv1[n − τ ]

−T + tv2 ≤ τ ≤ tu1
n=T∑

n=T −tu2−tv1

su2[n] · sv1[n − τ ]

T − tu2 − tv1 ≤ τ ≤ T

(4)

where su(v)1 and su(v)2 represent the first and second segments
of the uth and vth waveform, respectively. The basic concept
of equation (4) is to perform cross-correlation between su(v)1
and su(v)2 of the uth and vth waveform in each time step.
In this equation, one of the segments remains stationary, while
the other one slide across over the stationary one, updating the
information contained within the time frame. This equation
will generate a maximum cross-correlation coefficient if there
is a match between the sub-chirps in a specific time step
and in the case of a mismatch, it will result in low cross-
correlation coefficients. This technique has extensively been
used in simultaneous excitation systems to analyze the MAI.

If we set u = v in equation (4), the auto-correlation
function (ACF) of each transmitted waveform can be obtained
as [20]:

Cm(τ ) = 1

T
·

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

n=0∑
n=−T

sm1[n] · sm2[n − τ ] −T ≤ τ ≤ 0

n=tm1∑
n=−tm1

sm1[n] · sm1[n − τ ] −tm1 ≤ τ ≤ tm1

n=−tm2∑
n=−tm2

sm2[n] · sm2[n − τ ] −tm2 ≤ τ ≤ tm2

n=T∑
n=0

sm2[n] · sm1[n − τ ] 0 ≤ τ ≤ T

(5)

where the second and third terms are the ACFs of segments
sm1 and sm2, respectively, which are the same as that of a
single linear chirp, with the first and last terms the CCFs
between sm1 & sm2 and sm2 & sm1, respectively.

As, in [16], [17], [19], it is proposed to set α(m) = 0.5 and
ξ(m) = m

M+1 , equations (3) and (2) can be rewritten as:

B1 =
(

m

M + 1

)
B

B2 =
(

m − M − 1

M + 1

)
B (6)

and

tm1 = 0.5T

tm1 = tm2 = 0.5T

fm1 = fmin

fm2 = fmax

km1 = m B

0.5T (M + 1
)

km2 = (m − M − 1)B

0.5T (M + 1
) (7)

Therefore, in this conventional method (which is set 2 of
[17]), when the number of transmitters (M) in the system is
increased, as per equation (7): firstly, the chirp rate of either the
first (km1) or second (km2) interconnected chirp decreases and
one of the interconnected sub-chirps acts as an approximate
single-tone signal for half the total duration; and secondly,
the difference in chirp rates between the waveforms decreases.
Equations (4) and (5) show that, in the time domain, two
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sub-chirps effectively slide across each other and generate
a product vector comprising the sum of the products of the
values currently aligned in each time step. Therefore, if a
sub-chirp acts as an approximate single-tone signal and the
difference in chirp rates between the waveforms decreases
while sliding across during the correlation, the auto-correlation
width (as per equation (5)) and cross-correlation value (as per
equation (4)), respectively, will increase. Therefore, although
the conventional method [16], [19] simplifies the chirp design
procedure, this does not guarantee an optimum suppression
of cross-correlation or the optimum width of auto-correlation.
However, as the control parameters α and ξ clearly provide
an opportunity to improve the correlation properties of the
waveforms, in the following section, three new design schemes
are proposed.

III. PROPOSED STRUCTURES OF WAVEFORMS

FOR MULTIPLE ACCESS

Before designing the chirp waveforms which should pro-
vide better correlation properties, we first set the designs’
objectives. For M waveforms, a natural optimization is
to respectively select a chirp waveform that produces an
impulse-like auto-correlation (i.e., low side lobes and auto-
correlation width) and relatively flat cross-correlation (i.e., low
cross-correlation peak). Therefore, an objective function (E)
for an excitation signal which minimizes the side lobes of the
auto-correlation and peaks of the cross-correlations from the
minimum distance formula is defined as:
E = min

u,v=1,2,··· ,M,u �=v

−T<τ ′<1
B or 1

B<τ ′<T
−T <τ<T

(
(max(|Cu,u(τ ′)|))2+(max(|Cu,v (τ )|))2

)

(8)

where Cu,u(τ ′) and Cu,v (τ ) are the ACF of the uth waveform
and CCF of the uth and vth waveforms, respectively. We set
the condition −T < τ ′ < 1

B or 1
B < τ ′ < T because the

side lobes of the auto-correlation always lie within this range
whereas the main lobe is in the range of − 1

B < τ ′ < 1
B .

Now, a minimum E can be achieved by optimizing the
duration (tm1) and bandwidth (B1) of the first sub-chirp using
the control parameter α and ξ , respectively. To obtain the
optimum α and ξ for each waveform, in the following sub-
sections, three optimization procedures are discussed.

A. Bandwidth Optimization
Let for M excitation signals the control parame-

ter is the bandwidth of the first sub-chirp (ξ =
[ξ(0), ξ(1), · · · , ξ(M − 1)]ᵀ) and the duration of each sub-
chirp is constant as per equation (7) (i.e, α = 0.5). Now,
the optimum value of ξ(m), based on the objective function
E , is established as:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

min
u,v=1,2,··· ,M,u �=v

−T <τ ′< 1
B or 1

B <τ ′<T
−T <τ<T

(
(max(|Cu,u(τ

′)|))2+(max(|Cu,v (τ )|))2
)

such that

0 < ξ(m) < 1, m = 1, 2, · · · , M

(9)

where the range of bandwidths of the first sub-chirp is confined
by the constraint. The optimal bandwidth of the first sub-
chirp of M waveforms can be found by solving equation (9)
and, based on these values, M excitation signals with good
correlation properties can be obtained. An example of this
proposed bandwidth optimization scheme is executed for five
excitation signals, with the results presented in the time-
frequency diagram in Fig. 1(b).

B. Time Optimization
As, apart from the various ξ that control the bandwidth of

the first sub-chirp, different α that control its duration can also
minimize E , this is our second strategy. Let for M excitation
signals the control parameter is the duration of the first sub-
chirp (α = [α(0), α(1), · · · , α(M − 1)]ᵀ) and bandwidth of
the first sub-chirp maintained as per equation (6) (i.e, ξ(m) =

m
M+1 ). Now, the optimum α(m) is established as follows based
on the objective function E :⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

min
u,v=1,2,··· ,M,u �=v

−T <τ ′< 1
B or 1

B <τ ′<T
−T <τ<T

(
(max(|Cu,u(τ ′)|))2+(max(|Cu,v (τ )|))2

)

such that

0 < α(m) < 1, m = 1, 2, · · · , M

(10)

where the range of duration values of the first sub-chirp
is confined by the constraint. The optimal durations of the
first sub-chirps of M waveforms can be found by solving
equation (10) and, based on these values, M excitation signals
with good correlation properties can be obtained. An example
of this proposed time optimization scheme is executed for
five excitation signals, with the results presented in the time-
frequency diagram in Fig. 1(c).

C. Joint Optimization
The idea behind this approach is to optimize both para-

meters (α and ξ ) jointly as follows, instead of separately
optimizing them:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

min
u,v=1,2,··· ,M,u �=v

−T <τ ′< 1
B or 1

B <τ ′<T
−T <τ<T

(
max

(|Cu,u(τ ′)|))2+
(

max
(|Cu,v (τ )|))2

such that

0 < α(m) < 1, m = 1, 2, · · · , M

0 < ξ(m) < 1, m = 1, 2, · · · , M

(11)

where the range of duration values and bandwidths of the first
sub-chirp first sub-chirp are confined by the constraints. The
optimal durations and bandwidths of the first sub-chirp of M
waveforms can be found by solving equations (11) and, based
on these values, M excitation signals with good correlation
properties can be obtained. n example of this proposed joint
optimization scheme is executed for five excitation signals,
with the results presented in the time-frequency diagram in
Fig. 1(d). Please note that all the optimization models in equa-
tions (9) to (11) are constrained nonlinear problems [21] which
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can be solved by the sequential quadratic programming (SQP)
solver available in Matlab.

IV. EXAMPLES OF DESIGNS AND

CORRELATION ANALYSES

In this section, we present some examples of the designs
of the proposed methods and a correlation analysis of each
of them which is considered an effective tool for evaluating
the MAI to UIPSs in a multiple-access environment. The
simulation results obtained are compared with the conventional
technique [16], [19]. For the performance evaluations, we use
five (i.e., m = 1, 2, · · · , M with M = 5) 38-44 kHz/12 ms
chirp signals (i.e., fmin = 38 kHz, fmax = 44 kHz, B =
fmax − fmin= 6 kHz and T =12 ms) sampled at 1 MHz.

Now, based on the above parameters, we implement the
conventional as well as our proposed schemes, with their time-
frequency diagrams shown in Fig. 1. It can be seen that, unlike
in Fig. 1(a), (the conventional scheme), for the proposed: (i)
bandwidth optimization technique, in Fig. 1(b), the bandwidth
of each sub-chirp is optimized as per equation (9) while the
duration of the sub-carriers remains constant (the same as
the conventional technique); (ii) time optimization technique,
in Fig. 1(c), the duration of each sub-chirp is optimized as
per equation (10) while the bandwidth of the sub-carriers
remains the same as the conventional technique; and (iii)
joint optimization technique, in Fig. 1(d), the duration and
bandwidth of each sub-chirp is optimized as per equation (11).
The numerical values of the control parameters (ξ and α) of
the conventional and proposed design schemes are given in
Table-I (i.e., the corresponding value of Fig. 1).

The complexity of the proposed methods lies on the signal
design which is a pre-processing step of any UIPS. Therefore,
the complexity of the proposed method is the amount of time
required to generate M number of waveforms with impulse-
like auto-correlations and relatively flat cross-correlations.
In the proposed scheme, if M is increased, the computational
complexity is also increased. It is important to note that the
time required for the joint optimization technique to generate
M number of waveforms is high when compared to the
bandwidth and time optimization techniques. This is because
the joint optimization technique requires to optimize two
parameters (bandwidth and time), whereas the bandwidth and
time optimization techniques need to optimize one parameter
(either bandwidth or time).

To validate the effectiveness of the proposed methods,
the correlation properties of the designed waveforms are ana-
lyzed and compared with the conventional method in Fig. 2.
It is clear that the ACFs of the proposed time and joint
optimization methods provide much narrower peaks than the
conventional one (i.e., better range resolutions) while those
of the proposed bandwidth optimization are almost the same.
This is because, for the conventional and proposed bandwidth
optimization methods, except of the one waveform (the third
and fourth waveforms of the conventional and bandwidth
optimization methods, respectively), as the chirp rate of either
the first or second sub-chirp decreases (Fig. 1(a)), this sub-
chirp acts as an approximate single-tone signal for half the
total duration. Therefore, when the sub-chirps slide across

Fig. 2. Comparisons of (a) auto-correlation’s width and (b) maximum
cross-correlation’s value (between waveforms) of conventional and pro-
posed designed schemes for five waveforms.

each other during the auto-correlation operation, a larger auto-
correlation width is generated. On the other hand, for the
proposed time and joint optimization techniques, as none
of the sub-chirps acts like a single-tone signal (at least for
a longer period of time), the widths of the ACFs remain
consistent for all the waveforms and are almost the same as
that of the ACF of a linear chirp.

It is observed that the auto-correlation performance of the
joint optimization method is better than that of the frequency
and time optimization techniques as, in the former, both the
time and bandwidth are optimized. Note that the widths of
the ACFs (Fig. 2(a)) are found using a threshold-based search
mechanism. The threshold is set to 22% of the height of the
ACF as this value guarantees a fair comparison of the ACFs
between the linear chirp, conventional technique and proposed
schemes. To further illustrate this phenomenon, for the worst-
case scenario (i.e., when the width of the ACF in Fig. 2(a)
is the maximum), the ACFs of the conventional and proposed
methods are compared with that of a linear chirp in Fig. 3.
Figs. 2(a) and 3 imply that the ACFs of the proposed methods
(notably, the time and joint optimization ones) are comparable
with that of a linear chirp (for the case of a single emission).
In Fig. 2(b), it can be seen that the cross-correlation perfor-
mances of the proposed methods and conventional waveforms
are almost the same as, in all cases, the similarity between the
waveforms in each scheme is the same but significantly low for
a multiple-access environment. Please note that the transmit-
ters are used as a pattern for the correlation results (shown in
Figs. 2 and 3). Although Fig. 2(b) shows the cross-correlation
results between pairs of transmitters, which can be useful
to know the pair that presents the worst cross-correlation,
it does not correspond to a simultaneous emission of the five
transmitters. Therefore, in Fig. 4, an analysis that includes the
variation of the mainlobe to sidelobe ratio (MLSLR) with the
number of emitters is presented. This figure shows that in a
multiple-access environment when the number of transmitters
is increased, the MLSLR is also increased for both conven-
tional and proposed schemes. However, it is clear that the
MLSLRs of the proposed time and joint optimization methods
are lower than the conventional one, while those of the pro-
posed bandwidth optimization is almost the same. The reason
behind this phenomenon is that the width of the ACFs. When
the widths of the ACFs are increased in a multiple-access
environment, the MLSLRs are also increased (e.g., see Fig. 3).
For the ease of clarity, the cross-correlation of the received
signal (received by the central receiver, considering all five
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TABLE I
NUMERICAL VALUES OF THE CONTROL PARAMETERS OF THE CONVENTIONAL AND PROPOSED DESIGN SCHEMES

Fig. 3. Comparisons of envelopes of auto-correlation between linear-
chirp and (a) conventional method, (b) proposed bandwidth optimization,
(c) proposed time optimization and (d) proposed joint optimization tech-
niques (for worst-case scenario).

Fig. 4. MLSLR (from simulation results) when all transmitters operating
simultaneously.

emitters operating simultaneously) with the code pattern of
each transmitter is also shown in Fig. 5. Therefore, the effec-
tiveness of the proposed design schemes is confirmed through
correlation analyses which is then validated experimentally for
a multiple-access UIPS, as discussed in the following section.

V. SYSTEM ARCHITECTURE

The experimental arrangement of the proposed UIPS is
shown in Fig. 6 and the illustration of the connection diagram
between transmission and reception architectures of UIPS is
shown in Fig. 7. In an active mobile architecture, nine ultra-
sonic Piezotite MA40S4R devices were placed as receivers
(reference points) on a plane inside a room where, as the
distance between the receivers was 30 cm, the dimension of
the receiver plane was 60 cm × 60 cm. On the other hand,
approximately 120 cm away from the receiver plane, as five

Fig. 5. Cross-correlation of the received signal considering all emit-
ters operating simultaneously (from simulation results): (a) conventional
method, (b) proposed bandwidth optimization, (c) proposed time opti-
mization, and (d) proposed joint optimization techniques.

Fig. 6. Experimental setup: (a) configuration of receiver plane; and
(b) transmitter plane.

Fig. 7. Illustration of connection diagram between transmission and
reception architectures of UIPS.

ultrasonic Piezotite MA40S4S devices were placed on a single
plane as transmitters, with the distance between them 15 cm,
the dimension of the transmitter plane was 30 cm × 30 cm.
Note that although these transducers allow detection of the
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signal at a maximum distance of 400 cm, our analysis is
limited to a maximum of 120 cm for the proposed multiple-
access system to ensure a better signal reception. In [17], it has
been shown that when the distance between the transmitter
and receiver is reached to approximately 400 cm, the signal
reception becomes poor (for the same transducers). The trans-
mitter plane was attached to a Vernier scale (the precision of
which was 0.05 mm) and moved 10 cm in the z direction
with the aim of localizing the transmitters. To compare the
quality parameters such as MLSLR between the simulation
and experimental results, another experiment was conducted
using the same setup where it was ensured that there was
no multi-path in the environment and five transmitters were
introduced sequentially (i.e, one at a time). Please note that in
Fig. 6 (b) although nine holes (where the transmitters were
placed) are visible, the side ones in the middle row and
middle column have not been used. The center frequency of
the transmitters and receivers approximately 40 kHz. From
a 38-44 kHz/12 ms chirp signal, according to the procedure
described in Sections II, III-A, III-B and III-C, five unique
excitation signals were created on a laptop using Matlab for
transmission for the conventional, and proposed bandwidth,
time and joint optimization methods, respectively. Then, from
the laptop, the excitation signals were fed to a measurement-
computing USB-1604 data acquisition (DAQ) module [22]
connected to a digital-to-analog converter module [22] and
finally carried into the transmitters which were programmed
to excite simultaneously. The sampling rate of the DAQ was
1 Msample/s and it was also connected to the receivers in
order to capture the received signals. In this configuration,
the transmitters and receivers were synchronized as they
shared a common clock.

To demonstrate the performances of the proposed
approaches, using the same signal parameters and setup,
the positions of the targets (transmitters) were also calculated
by the TDM technique and other three chirp-based multiple-
access techniques (set 1, set 2, and set 3) proposed in [17]. The
techniques proposed in [17] are considered as state of the art
in a chirp-based multiple-access UIPS, as illustrated in [18].
A brief description of these sets is given in Section I. In the
experimental setup, to avoid the near-far effect, we ensured
that all the receivers received signals of approximately equal
strength from the transmitter by confirming that the transmitter
and receiver planes were facing each other and the heights of
the central receiver and transmitter were approximately the
same. The transmitted and received signals were processed on
a laptop to determine their TOFs using cross-correlation and,
finally, the positions of the transmitters were computed using
spherical multilateration. Note that the setup was the same for
every method and each location measurement was repeated
100 times. Detailed descriptions of the distance and position
calculations are provided in the following sub-sections.

A. Distance Estimation
The signal received by a receiver is:

r(t) =
M∑

m=1

Am · (hm ∗ sm)(t − τm) + n(t) (12)

where M = 5 is the number of transmitters, sm(t) the trans-
mitted signals (which are unique), Am and τm the amplitude
and TOFs, respectively, of the signal to be estimated and ∗
the convolution operator that denotes the filtering response
generated by an unknown impulse response (hm(t)) of the
ultrasonic channel.

The process for finding the distance information was begun
by calculating the TOF between the transmitted and received
signals through cross-correlation. The correlation between the
kth transmitted signal (sk(t)) and received signal r(t) is:
ck(τ ) = (Ak · (hk ∗ sk)(t − τk)) � sk(t)

+ (
∑
m �=k

Ai (hm ∗si )(t−τm))�sk(t)+n(t)�sk(t) (13)

The TOF information is embedded in the first term on the right
hand-side of equation (13) (where � implies a correlation),
which can be found from the peak value of ck(t), whereas the
second and third terms represente the MAI and system noise,
respectively. Once all the TOF information was available,
it was converted into distances (dm) using the common,
straightforward law:

dm = v · τm (14)

where v is the speed of the ultrasound which depends on the
air temperature (ϑ) and the relationship between them:

v = 331.3 + 0.6ϑ m/s (15)

In our system, the measured temperature (ϑ) obtained via a
digital thermometer was 23oC. The speed of ultrasound also
depends on the humidity which is negligible.

B. Position Estimation
Using the distance information between the transmitters and

receivers, spherical multilateration was used to determine the
3D positions of the targets (transmitters). Multilateration is
the process for determining the location coordinates of an
unlocalized target (x, y, z) based on knowledge of the N
receivers’ (i.e., reference points) positions ((xn, yn, 0), where
n = 1, 2, · · · , 9) and the corresponding measured distances
(dn) between the target and receivers. Using the principles of
basic geometry, the system of equations can be written as:

d2
n = (xn − x)2 + (yn − y)2 + z2 (16)

This set of quadratic equations is solved by subtracting the
last equation from the other ones which gives a set of linear
equations. Subsequently, the least squares estimation is used
for solving the set.

VI. EXPERIMENTAL RESULTS

The location of each transmitter was computed for both
locations of the transmitter plane with respect to the locations
of the reference points using equation (16) (shown in Fig. 8).
The mean absolute 3D location errors and x , y and z direction
errors obtained from the experiments for each transmitter for
the TDM, sets 1, 2 (the conventional technique), & 3 of [17]
and proposed bandwidth, time, and joint optimization methods
are shown in Fig. 9 and Table II with their standard deviations.
From the results, it is clear that, for the same environment,
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TABLE II
MEANS AND STANDARD DEVIATIONS OF 3D LOCATION ERRORS AND x, y, z DIRECTION ERRORS (IN mm) OF CONVENTIONAL TECHNIQUE

(i.e, SET 2 OF [17]), SET 1 OF [17], SET 3 OF [17] AND PROPOSED FREQUENCY, TIME AND JOINT OPTIMIZATION METHODS

Fig. 8. Diagram of locations of (a) reference points (receivers) and
targets (transmitters) and (b) zoom version of targets (transmitters).

the errors of the proposed time and joint optimization methods
were much lower than those of the schemes proposed in [17].
Also, the results of the proposed time and joint optimization
methods are comparable with those of the TDM technique
while the results of the proposed bandwidth optimization
were almost the same as those of the conventional scheme
(i.e, set 2 of [17]). It has also been noticed that using set
1 of [17], only a maximum of four transmitters was able to
localize as it can generate only a maximum of four unique
chirp waveforms. Moreover, it can also be observed that the
errors in each scheme varied according to the transmitter’s
index. Comparing Figs. 9(a) and 2(a), it can be seen that the
errors are proportional to the width of the auto-correlation.
In addition, to compare the quality parameter between the
simulation and experimental results, MLSLRs are presented
in Fig. 10 which were obtained from the second experiment.
It has been noticed that when the number of transmitters is
increased, the MLSLRs are also increased for all techniques.
Experimentally, it has been found that when the number of
transmitters exceeds five, the results deteriorate more and
it was not possible to localize a few of the transmitters.
Therefore, the maximum number of emitters that can operate
simultaneously was limited to five. For the ease of clarity,
the cross-correlation of the received signal (received by the
central receiver, considering all five emitters operating simul-
taneously) with the code pattern of each transmitter is also
shown in Fig. 11. Comparing Figs. 4 & 5 and 10 & 11, it can
be seen that the MLSLRs and correlation widths obtained
from the experiment are slightly higher when compared to
the simulation ones. This is because, during the experiment,
although it was ensured that there was no multi-path in
the environment, this may not happen in a real scenario.

Fig. 9. Means and standard deviations of absolute (a) 3D location
errors and (b)-(d) x, y, z direction errors for conventional and proposed
frequency, time and joint optimization methods, respectively.

Nevertheless, since the experimental results captured those of
the correlation analyses, our proposed multiple-access schemes
were accurate. Figs. 9(b) to (d) and Table II illustrate that
the errors in the x & y directions (i.e., lateral ones) were
greater than those in the z direction because we placed all
the receivers (i.e., the reference points) on a single plane (i.e.,
the z plane) which was more accurate and straightforward to
instal, particularly in an indoor environment. However, this
layout meant that, for positioning, when multilateration was
used, the surfaces of the spheres centered at the receivers
were approximately parallel when the distances between the
reference points and the target was larger than the distance
between reference points which is likely to happen. Therefore,
more errors were generated in the locations of the intersecting
points of the spheres for directions tangential to the surfaces
of the spheres (i.e., the x and y directions) than for those
perpendicular to the surfaces (i.e., the z direction) [12], a fact
known as the dilution of precision (DOP). This kind of
error can not only be reduced by using advanced positioning
algorithms (e.g., the optimization approach proposed in [12])
but also by installing the reference points at different planes,
as described in [1].
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Fig. 10. MLSLR (from experimental results) when all transmitters
operating simultaneously.

Fig. 11. Cross-correlation of the received signal considering all emitters
operating simultaneously (from experimental results): (a) conventional
method, (b) proposed bandwidth optimization, (c) proposed time opti-
mization and (d) proposed joint optimization techniques.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, to enable a multiple-access transmission
in a chirp-based UIPS, we proposed three design schemes
for waveform diversity, namely, frequency, time and joint
optimization ones. Their main advantage was their capability
to mitigate the effects of MAI through the design of a
unique waveform for each transmitter with an impulse-like
auto-correlation and relatively flat cross-correlations to the
waveforms transmitted by other transmitters. Their effective-
ness was validated through correlation analyses, experiments
and comparisons with the conventional scheme. The results
showed that the proposed time and joint optimization methods
outperformed the proposed bandwidth optimization and con-
ventional methods in terms of range resolution and positioning
accuracy. Although the accuracy of the joint optimization
technique was slightly higher than that of the time optimization
one, its computational complexity was high. Overall, the main
disadvantage of the proposed methods is that they are compu-
tationally expensive. Nevertheless, as their degrees of freedom
are high, they provide an opportunity to increase the number
of transmitters in a multiple-access UIPS although some other
optimization techniques may be required to search for the
optimal parameter set.

It is anticipated that the proposed system can be used for
different applications, such as indoor navigation. However,
to achieve this, various factors, including the near-far
effect, clock synchronization between transmitters and

receivers, and the Doppler effect, need to be considered.
Although the near-far effect and clock synchronization can be
solved by respectively employing the successive interference
cancellation algorithm proposed in [6] and timing lock method
proposed in [23], the Doppler effect will be considered in the
proposed optimization techniques in our future work.
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