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Abstract—Accurate ranging using narrow-band ultrasonic
transducers in small-scale environments can be used for indoor
localization, human motion capture and robotic navigation. One
of the main problems faced by the ultrasonic localization systems
is the ranging error due to the Doppler shift. Existing methods
for Doppler correction employ a bank of matched filters at
the receiver end which is computationally intense and complex.
On the other hand, enabling multiple access for the ultrasonic
localization systems is a challenging task due to multiple access
interference. We propose a method to measure range between
multiple ultrasonic mobile nodes and static anchors in which we
track the Doppler-velocity and correct the errors between the
transmitted and the received signals due to the Doppler effect. We
utilize range-Doppler coupling to estimate the Doppler shift and
adjust the range values calculated by correlation. In our method,
a unique set of two chirp signals are used for each transmitter
to get one sample reading. The simulation results show high
ranging accuracy and robustness using the proposed method
as the Doppler-velocity increases. A pendulum experiment was
conducted to validate the method using narrowband ultrasonic
sensors. The multiple access interference problem was tackled
by orthogonal coding the chirp signals and Doppler-correction.
An improvement in the ranging accuracy was observed over tra-
ditional methods using chirp signals without Doppler correction.

Index Terms—Ultrasonic multiple access, Ultrasonic ranging,
Doppler shift compensation.

I. INTRODUCTION

OTION tracking using cost-effective narrowband ul-

trasonic transducers has potential applications in re-
habilitation [1] and indoor robot navigation [2], [3]. These
applications demand high accuracy and data update rate along
with simultaneous tracking of multiple mobile nodes. For
tracking multiple moving ultrasonic nodes, multiple ultrasonic
nodes need to emit signals simultaneously in the presence
of the Doppler effect which requires a careful utilization of
the available bandwidth. We present two ranging methods
using chirp signals for Doppler correction. Current systems
for indoor motion capture are based on optical sensors and
reflective markers which need dedicated laboratories with con-
trolled lighting conditions and are costly. The motion tracking
systems using micro-electromechanical (MEMS) systems such
as accelerometers and gyroscopes are affected by fluctuations
in the offset values and error accumulation while performing
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integration of acceleration and angular velocity values to ob-
tain position [4]. Multiple sensor fusion needs to be done using
inertial sensors to get satisfactory tracking performance [5],
[6], which increases the cost and complexity of the system.
Magnetic sensors can be used along with inertial measurement
units to obtain sub-centimeter accuracy [7]; however, the
magnetic sensors are affected by the ferromagnetic materials
present in typical indoor environments.

Time of Flight (ToF)- based sensors such as ultrasonic and
ultrawideband (UWB) sensors can be exploited for getting
three-dimensional (3D) coordinates of moving targets in a
fixed coordinate system from the distances between the mobile
and anchor nodes using some localization algorithms [8], [9].
Precise calculation of ToF requires accurate clock synchro-
nization between the transmitter node and the receiver node.
Wireless localization systems are prone to errors in clock
synchronization which leads to errors in ToF. The error in
the estimation of range can be given by, dd = v x dt, where
0t is the error in the time of flight and v is the velocity.
Here, as the velocity of the wave increases, the error in the
estimated range also increases. Hence slower waves such as
ultrasound can withstand much more errors in ToF compared
to electromagnetic waves. Cross-correlation of the received
signal with the initially transmitted signal is considered a stan-
dard method for calculation of range. Frequency modulated
linear chirps give better cross-correlation performance in time-
varying fading channels compared to single-tone signals [10].
Polyvinylidene Fluoride (PVDF) [11], Electromechanical Film
(EMFi) [12] and capacitive/piezoelectric Micromachined Ul-
trasonic Transducers (cMUTs/pMUTs) [13] can be used to
design ultrasonic sensors with higher bandwidth which can
provide better noise tolerance, data update rate and wireless
channel multiple access using various signal processing meth-
ods such as Direct Sequence Spread Spectrum (DSSS) [14],
[15], Frequency Hopping Spread Spectrum (FHSS) [16], [15],
Code Division Multiple Access (CDMA) [17] etc. However,
the cost of the system increases significantly and higher oper-
ating voltages make the system unfit for mobile and wearable
applications. Spread spectrum signals were used along with
narrowband ultrasonic sensors in [18]; however, the use of 1
kHz clock for the pseudo-random code increases the length
of the transmitted signal which leads to limited data update
rate for tracking. Narrowband ultrasonic sensors were used for
tracking two moving mobile nodes attached to the feet of a
walking human subject in [1]. However, the method to track
more than two mobile nodes requires some chirp diversity
coding so that all transmitters can transmit simultaneously.
Orthogonal Frequency Division Multiplexing (OFDM) was



implemented for multiple access using narrowband ultrasonic
sensors in [8]; however, OFDM signals suffer from high peak
to average power ratios. Also, the Doppler effect can disturb
the orthogonality of the signals involved. Leaving guard bands
between different orthogonal carrier frequencies to avoid inter-
ference demands more bandwidth. In [10], a chirp waveform
diversity design for static transducers is explained. The signal
transmitted by each transmitter was made up of sub-chirps and
was optimized for maximum orthogonality. However, moving
ultrasonic transducers introduces Doppler shift in the received
signals and this affects not only the orthogonality of individual
waveform but also the range measurements extracted. A bank
of correlation receivers is used in many systems to estimate
and correct the Doppler shift [19], [20] where the frequency of
the transmitted signal is shifted in steps to find the maximum
amplitude of the correlation of the transmitted signal with the
received signal. These systems are not computationally effi-
cient as a lot of correlation operations need to be performed.
A system which uses pilot carriers with a higher transmission
power was explained in [21]. Even though this avoids the need
for a bank of matched filters, altering a particular frequency
component decreases the correlation performance and we also
need higher resolution in the frequency domain to achieve high
accuracy tracking.

We propose a method for estimation and correction of
Doppler effect which does not use a bank of matched filters, in-
stead requires only two correlations for estimating one sample
point. The contribution of this paper is two folds; initially, we
propose a method in which more than two ultrasonic signals
can be transmitted simultaneously in the presence of Doppler
effect. In the second method, a Doppler-velocity estimation
algorithm is proposed which successively tracks and adjusts
the errors due to the Doppler effect. We exploit the range-
Doppler coupling [22] to estimate the Doppler shift and correct
the range using the estimated velocity in each step.

The rest of the paper is organized as follows: Section II ex-
plains the basic ranging and correlation of signal for the coher-
ent reception. In Section III, the generation of orthogonal chirp
signals and the chirp signal modulation is explained. Section
IV describes the proposed methods for Doppler corrections.
Section V explains the simulation experiments conducted and
the results. Section VI explains the experimental procedures
with ultrasonic sensors. Section VII explains the results from
experiments and Section VIII concludes the work with some
ideas for future work.

II. RANGING BETWEEN MOBILE AND STATIC NODES

An ultrasonic localization system can be designed with
an active or passive mobile node architecture. In the active
mobile node architecture, the mobile nodes send signals which
will be captured by anchor nodes and analyzed for range
estimation. For systems with the number of mobile nodes less
than or equal to the number of anchor nodes, the active mobile
node architecture is desired as the number of simultaneously
transmitted signals and thus the multiple access interference
and the power consumption is lower compared to passive
mobile node architecture. Also, the data collection in a central
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Fig. 1. A representation of the setup to measure range from one anchor node
to four mobile nodes on a pendulum swinging in X-Y plane.

server will be easier with active mobile node architecture if
wired connections are to be employed. This paper represents
the ranging between four mobile nodes and one receiver (see
the setup shown in Fig. 1 in which multiple mobile transmitters
are attached on a moving pendulum and the static receiver
acquires the signal). The velocity of the moving transmitters
with respect to the receivers introduces a Doppler shift in the
frequency of the received signals. Let S, (t) be the frequency
shifted transmitted signal in time domain corresponding to the
originally transmitted signal S,,(¢). The received signal at one
receiver can be represented by:

N
R(t) =" Su(t) * L(t) + n(t) (1)
n=1

Where, S, (t) represents the Doppler shifted signal transmitted
by n'" transmitter, I,,(t) represents the impulse response
of the ultrasonic channel which accounts for the multi-path
components as well and n(t) represents the additive white
gaussian noise. For coherent reception and ToF calculation at
the anchor nodes, we take the correlation of the transmitted
wave with the received signal. The correlation of R(t) with
the k*" transmitted waveform yields:

N
Cilt) = [ D Sult) * In(t) + n(t)] * Sk(t)
n=1
= [SkA(t) * Sk(*t)} * [k(t) (2)
| 2 Sult) * Su(=8)] * Ln(®) + () * Si(1)

n#k
Where, * represents correlation operation and * represents
convolution operation. The ToF information is embedded in

the first term of Equation 2, [Sk (t) = Sk(—t)} * I (t). In the
absence of Doppler effect that is when the velocity of the mo-
bile node is zero, this term becomes LSk (t) * Sk(—t)} x I (t).
As velocity increases, the peak amplitude decreases and the
time at which the peak happens also changes if linearly
varying signal frequency is used for ranging. The second term
in Equation 2 accounts for the multiple access interference.
The ToF is estimated from the peak value of Cj(t) and we
convert the ToF to distance by multiplying with the velocity



of the wave. The velocity of the ultrasound is given by
v = 331.5 + 0.6 x T, where T is the ambient temperature
in degree Celsius. We conduct the experiments at 23°C' room
temperature. The temperature correction can be automated by
introducing a temperature sensor in the system, and in that
case, we do not require any re-calibration once the system is
set up. The dependence of sound velocity on humidity and
altitude is negligible.

III. SIGNAL DESIGN

Linear chirp sequences are used in the proposed rang-
ing system to obtain good correlation characteristics. Unlike
broadband sensors such as EMFi and PVDF narrowband
piezoelectric ceramic sensors are cheaper (<USD $50), lighter
and works with low voltage (<20v). However, these sen-
sors have a narrow bandwidth of around 2-4 kHz centered
at its resonance frequency. Hence, we selected the narrow
bandwidth of 38-42 kHz for our experiments. Sensors with
higher bandwidth can provide better results with increased
complexity and cost. The narrow bandwidth is more critical
for the transmitters as there are commercially available MEMS
microphones which can receive broadband signals using low-
power; however, transmitters need high DC-bias voltage. Two
sets of chirp sequences were created by concatenating linear
sub-chirps with same chirp lengths and bandwidths and hav-
ing different starting and stopping frequencies. The first set
contains only sub-chirps with linearly increasing frequencies
while the second set contained only sub-chirps with linearly
decreasing frequencies. An optimization method was used for
selection of the sequence of sub-chirps. The steps for signal
design are briefly explained here [10].

1) Step-1: Linear up and down chirps were generated using
the Equation 3.

Su(t)cos{27r(fst+(k2xj;fjt2)} 0<t<T, N
Sd(t)cos{%(fetW)} 0<t<T,

Where, fs and f. are starting and ending frequencies and 7T
represents the total signal duration.

2) Step-2: Divide the up and down chirps into N sub-chirps
using Equation 4.

Y., (t) = cos{Zw(fsnt + W)} 0<t<T,
Yy (t) = cos{27r(fent - %)} 0<t<T,
4

Where, f,, = fs + ("—1)5\{6—&)’ fo. = fo + (fe;[fs)’ n =
1,2,..N and T, = TW We considered two scenarios: (1) fs =
38 kHz, f. = 42 kHz, T; = 12 ms and N = 4 so that each
chirp-let stretches 1 kHz in 3 ms time. (2) fs = 37 kHz,
fe =43 kHz, T, = 12 ms and N = 6 so that each chirp-let

stretches 1 kHz in 2 ms time.
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Fig. 2. Representation of (a) up chirp basis and (b) down chirp basis signals
for the first scenario.

0.012

3) Step-3: Chirp basis signals are created for set-1 (up
chirp) and set-2 (down chirp) using Equation 5.

N
Gnu(t) = Z Yo, (t — (n = 1)T,)
" (5)
¢n,d(t) = Z de (t - (TL - l)TC)
n=1

Fig. 2 shows the up chirp basis and down chirp basis.

4) Step-4: Generate N orthogonal unity height pulses.
Construct a randomly circular shifted N unity height pulses
which will be optimized using a trial and error method for
maximum orthogonality.

Tni(t) = U(¢)shi ft((in _ l)TC) (6)

Where, i, € 1,2...N, shift (t) represents circular shift by ¢

and
Ut) = {(1)

5) Step-5: Create orthogonal sets of IV signals for the up
sub-chirps. From the i sets of signals generated, j sets of NV
orthogonal signals are formed. An optimization algorithm was
carried out to find the set of signals with minimum cross-
correlation peak as well as minimum side-lobe peaks for auto-
correlation. The maximum peak in the auto-correlation of a
signal other than the main peak together with the maximum
peak of cross-correlation with other signals in the set was min-
imized. Here we used an exhaustive search method with 10000
iterations to find the best candidate signal set which gives least
multiple access interference when transmitted simultaneously.
However, this is only a one-time search and once the set of
signals are obtained, the same signals can be used for all the
experiments.

0<t<T,
T.<t<T;

N
Sj,u(t) = Z ¢n,u(t)nn,j (t) @)
n=1



The value of 7, ;(t) which provides maximum orthogonality
was identified as 7y ;,,,(t). The corresponding down sub-
chirp signals are generated by Equation 8. Since the sweep
directions of the chirp signals do not affect the correlation
performance [23], we can use the same optimized set of
unity height pulses to generate the set-2 signals using down
sub-chirps. The set-1 signals optimized using the iterative
optimization algorithm and the corresponding set-2 signals for
four ultrasonic transducers are shown in Fig. 3.

N
$7a(t) = bn.alt)n oy, (1) ®)
n=1

IV. PROPOSED METHOD

Once two set of signals are ready, each transmitter transmits
their corresponding signal from each set to calculate the
range independently one after the other in each cycle of data
acquisition. The total duration of one data acquisition cycle
was set to 40 ms, out of which first 20 ms for ranging with
the signal from set-1 and next 20 ms for ranging with the
corresponding signal from set-2. The timeline for one ranging
cycle is shown in Fig. 4. Two methods to obtain the accurate
range measurements are explained here. From Equation 2, it
can be seen that the Doppler shift introduces errors in both the
first (ToF value) and second terms (multiple access error). The
Doppler-effect shifts the frequency of the different transmitted
signals in different amounts and this also increases the multiple
access error. In the proposed methods, first method corrects
only errors in ToF value while the second method estimates the
Doppler-velocity and corrects both the errors. The proposed
methods are explained here:

1) Mean-measurement method: In this method, we take
the average value of the range measurements to remove the
range-Doppler coupling effect. A similar method with only
two mobile nodes were explained in [1] where the mean value
of up- and down-chirp signal measurements are taken as an
estimate of actual reading. However, the chirp signals were not
coded and which limits the number of mobile nodes to two.
In our method, we use coded chirp signals and mean value
of signals from set-1 and set-2 are taken as the estimate of
actual measurement. The actual range measurements can be
estimated by Equation 9.

r, (t) = ro, () + m(t})ngTs
ra, (t) = ro, (1) - Tn<tj>9foTs o

(r1, () + 72, (1)
2

Where, 71, (t), r2,(t) and ro_ (t) represents the range esti-
mated using signals from set-1, set-2 and the actual range
value respectively for the n'" mobile node. The Doppler-
velocity which is the velocity of mobile node along the line
connecting the mobile node and the anchor node is represented
by 7, (t). Centre frequency, fo = (fs + f.)/2 and bandwidth,

B:feffs

ro, (t) =

2) Doppler-velocity correction method: In this method, the
Doppler-velocity is estimated from range calculated using
signals from set-1 and set-2 in each sampling instance and
the template waveform for correlation at the receiver side
is corrected for mismatch of received signals and originally
transmitted signals. As the peak value of correlation at the
receiver decreases due to the mismatch introduced by the
Doppler effect, peaks due to multiple access interference can
have higher values when compared to the main peak which
leads to large errors in the measured range. Fig. 5 shows the
flow chart for the method we used to compensate these errors
during the coherent reception. In each step, the differential
Doppler-velocity, Ar,(¢) can be calculated from Equation 9
by subtracting rq, (t) from 71, ().

B
2f0Ts

At any point, if the estimated Doppler-velocity is above the
maximum set Doppler-velocity, V4, Or below the minimum
set Doppler-velocity, Vgmin, The Doppler-velocity used for
correction in the next step is reset to zero. The template
signals for correlation at the receiver are corrected to account
for the Doppler effect with the Doppler velocities obtained
in previous step. The new chirp signals are generated using
Equation 11 [24].

AT (t) = [r1, () — 72, (1)]

(10)

by (8)2(fe — fo)t? )}

Su(t) = cos{27r(bn(t) fot+ e

(11
5 bn(t)Q(fe - fs>t2
Sq(t) = cos 2m( b, (1) fet —
a(t) = cos{2m (b (1), ST
Where, bn(t) = m and 0 S t S Z;: The

velocity of sound waves given by v = 331.54+ 0.6 x T, T
is the temperature and vg(n — 1) is the estimated Doppler-
velocity at the (n — 1)*" instance given by Equation 12.

t—Ts
va, (t=To) = > Ar(i) (12)

i=0/rg

Please note that when v,, is reset to zero at any point, the
sum will be taken from that point, ¢ = rs. After correction,
new basis signals are generated and new template signals for
correlation are obtained from the already optimized symbols as
explained in Section III. Finally, correlation is performed with
new signals with both signals from set-1 and set-2 generated
from the new chirp waves S, (¢) and Sy(t). The average value
of range estimated from both of them is taken as the final
range measurement.

As an example, consider the scenario-1 explained earlier
with four transmitters. Let vg, (t — 275)=1 m/s. At time, ¢,
let the range obtained using signal from set-1, 71, (¢)=1.05
m and from set-2, rp_ (t)=1 m. Then using Equation 10,
Ar, (t)=0.208 m/s and vy, (t —Ts)=1.208 m/s. The correction
factor for chirp signals, b, (¢)= 0.996.

V. SIMULATION RESULTS

A customized ranging environment with four transmitters
and one receiver was simulated in Matlab. The transmitters
were made to move towards and away from the receiver
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Fig. 3. (a) Four signals in set-1 after optimization and (b) the corresponding signals in the set-2
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periodically with velocities increasing linearly from 0 m/s to
+Vmaee M/s and then decreasing to —v,,q, m/s. We started
the movement of different transmitters at different times with
random starting points. The plot of the velocities of four
mobile nodes when v,,,,=1 m/s are shown in Fig. 6. The
Doppler shifts in the received signals were simulated according
to the velocities of the transmitters. The Doppler velocities are
approximately the same as the velocities in Fig. 6 as the move-
ment was simulated in the propagation direction of the wave.
The simulated wireless channel was subjected to one multipath
at random positions with a reflection coefficient of 0.4. The
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Fig. 6. Simulated Doppler-velocity of each mobile node

minimum separation between the LOS and NLOS was always
kept greater than 1/B seconds which is the maximum range
resolution for chirp signals [25]. To evaluate the performance
of the ranging methods explained in Section IV, we considered
two scenarios with four and six number of mobile nodes as
mentioned in Section-III. In each case, the simulation was run
for 1000 times and the mean value of error was calculated.
All transmitters were made to send the signal assigned to it
simultaneously while they are moving. The sampling rate of
the system was set to 500000 samples per second. Two SNR
levels were considered during simulations: (1) Additive White
Gaussian Noise (AWGN) channel with SNR 0 dB, (2) AWGN
channel with SNR -5 dB. We studied the ranging accuracy
using four different methods where ranging was conducted
using (1) only signals with linearly increasing sub-chirps (set-
1), (2) only signals with linearly decreasing sub-chirps (set-2),
(3) mean-measurement method and (4) with Doppler-velocity
correction method. The attenuation of the ultrasonic signal in
the air was modeled as A = Age %%, where A, Ay and d
are the amplitude after attenuation, the originally transmitted
amplitude and the distance from transmitter respectively. The
attenuation constant v was set to 0.17 Np/m. The mean values
of the standard deviation of range errors for simulations with
maximum Doppler-velocity of 1 m/s and four mobile nodes are



TABLE I
MEAN OF STANDARD DEVIATION OF RANGING ERRORS (IN MM) WITH
ONLY SIGNALS FROM SET-1, SET-2, MEAN-MEASUREMENT METHOD
(M-1) AND DOPPLER-VELOCITY CORRECTION METHOD (M-2) USING
FOUR MOBILE NODES.

Type Method Nodel | Node2 | Node3 | Node4
Set-1 82.74 83.88 75.13 80.94
Simulation with | Set-2 83.21 76.20 80.99 80.70
0 dB SNR M-1 28.36 25.39 22.87 27.72
M-2 15.43 13.21 12.22 14.34
Set-1 88.02 88.44 77.60 85.53
Simulation with | Set-2 87.31 78.99 84.83 83.98
-5 dB SNR M-1 35.01 30.82 27.90 33.03
M-2 18.92 17.31 15.63 17.27
TABLE II

MEAN OF STANDARD DEVIATION OF RANGING ERRORS (IN MM) WITH
ONLY SIGNALS FROM SET-1, SET-2, MEAN-MEASUREMENT METHOD
(M-1) AND DOPPLER-VELOCITY CORRECTION METHOD (M-2) USING SIX
MOBILE NODES.

Type Method | Nodel| Node2| Node3| Node4| Node5| Node6
[ Setl | 11495 105.74] 87.8 | 82.29 | 94 8827
Simulation —g 10771 94.72 | 87.83 [ 90.49 | 8638 | 69.95
with 0 —grg 7153 | 6293 | 52.12 | 5131 | 544 | 4594
dB SNR 13 7938 [ 3867 | 28.79 | 29.66 | 26.94 | 25.95
. | Setl | 131.19] 119.91] 98.66 | 94.60 | 106.07] 99.19
Simulation [—5>—1"777 641 106.77] 99.39 | 103.5 | 100.64] 79.05
with -5 g 8422 [ 738 | 6235 [ 6228 | 65.63 | 55.1
dB SNR 13 6050 | 46.89 | 3657 | 38.68 | 3532 | 3234

provided in Table I. It can be observed that we are able to get
less than 20mm accuracy in all the cases using the Doppler-
velocity correction method in scenario-1. For scenario-2 with
six number of mobile nodes, we did the same experiments to
quantify the effect of increase in multiple access interference.
The results are provided in Table II. It can be observed that as
the number of transmitters increases, the error also increases.
The errors using the proposed methods are much lesser than
that of using only set-1 or set-2 signals even though the error
increased more in the proposed methods when multiple access
interference was increased. To find the dependence of error
on the maximum simulated Doppler-velocity, we changed the
maximum Doppler-velocity in scenario-1 with 0dB SNR. The
average number of error in the estimated range exceeding
+20 mm was plotted against the maximum simulated Doppler-
velocity in Fig. 7. As the velocity is increased, the error in the
range measurements using Doppler-velocity correction method
increases much slower compared to the mean-measurement
method. The velocity estimated from the Doppler-velocity
correction method for one mobile node is compared with the
actual velocity in Fig. 8. It shows that the proposed method
can track the Doppler-velocity quite accurately. The plots
of the range estimated from signals using set-1, set-2 and
Doppler-velocity correction method are shown in Fig. 9. It
can be observed that the range estimated using set-1 and
set-2 signals are shifted from the actual range due to the
range-Doppler coupling. To summarize, the Doppler-velocity
correction method performed better followed by the mean-
measurement method for ultrasonic ranging with four and six
number of transmitters using a narrow bandwidth of 4 kHz
and 6 kHz respectively.
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Fig. 7. Percentage of absolute ranging error greater than 20 mm as maximum
simulated Doppler-velocity is varied in a wireless channel with 0 dB Gaussian
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Fig. 8. Comparison of estimated Doppler-velocity from Doppler-velocity
correction method with the actual simulated velocity of one mobile node
with 0 dB Gaussian noise for scenario-1.

VI. EXPERIMENTAL PROCEDURE

A pendulum experiment was designed to test the proposed
method on hardware using narrowband ultrasonic sensors
with a centre frequency of 40 kHz. We selected MA40S4S
and MA40S4R from MURATA as transmitters and receiver
respectively. The transmitters and the receiver were connected
to NI-USB 6343 Data Acquisition (DAQ) board which was
connected to the PC through USB. DAQ board drives sensors
at 10v. Since the sensors used in this experiment works with
low voltages (<20v), wireless sensor nodes with ADCs, wire-
less clock synchronization and batteries can replace this setup
to reduce cost without considerable degradation in the ranging
performance in the future [1]. Four ultrasonic transmitters
were attached on a pendulum with about 120 mm distance
between adjacent sensors. The hinge of the pendulum was
kept about 1300 mm above the floor level. The first, second,
third and the fourth transmitters were placed at a distance

—set1 1
—Set-2
—Actual

|—Estimated

9 10 1" 12 13 14 15 16 17 18
Time (s)

Fig. 9. The range estimated from the simulation experiment using signals from
set-1, set-2 and Doppler-velocity correction method and the actual range at a
simulated Doppler-velocity of 1m/s.



Fig. 10. The pendulum setup with multiple ultrasonic transmitters attached
and one static receiver.

of 760, 640, 520 and 400 mm from the hinge. A set of
optimized signals from set-1 and set-2 are transmitted through
the transmitters attached on a pendulum as shown in Fig.
10 while the pendulum was made to swing. The ranging
was conducted with the receiver placed at eight different
positions so that the distance between the pendulum and the
receiver lies in between 500 to 1500m. The orientation of
the receiver was also changed a little bit each time without
affecting the LOS. The experiments were conducted at Mo-
tion Analysis Laboratory, Nanyang Technological University,
Singapore. Eagle motion capture system with six high-speed
infrared cameras was used as the reference system. Reflective
markers were placed adjacent to the ultrasonic transmitters
and the receiver. The motion capture system was calibrated
before the experiments and the accuracy of the system was
found to be 0.36 £ 0.17 after calibration. The pendulum was
released from about 45° from the vertical position after both
systems are started. The range measurements were recorded
for about 16 seconds. This experiment was repeated eight
times and the mean value of the standard deviation between the
range values extracted from ultrasonic sensors and the motion
capture system was found out. To filter out large errors which
lie outside our range, we used a pre-filtering step in which a
range measured was considered as a valid measurement only
if the range estimated from both set-1 and set-2 corresponding
to the sampling point lies in our range of interest.

VII. RESULTS AND DISCUSSIONS

We aimed to test whether orthogonally coded chirp signals
can be used for accurate tracking and simultaneous Doppler
correction without using a bank of matched filters at the
receiver side for indoor tracking applications. The results from
the pendulum experiment are shown in Table III. As expected,
both the Doppler-velocity correction method and the mean-
measurement method resulted in an improvement in the stan-
dard deviation between the proposed ranging system and the
Motion capture system when compared to the results obtained
from only set-1 or only set-2. The improvement in tracking
performance is narrow as the Doppler-velocity experienced by
the ultrasonic sensors during the pendulum experiment is very
small, this is because the major part of movement happens
in a direction perpendicular to the transmission direction
of the ultrasonic wave. The range measurements obtained

TABLE 111
THE MEAN VALUE OF THE STANDARD DEVIATION OF RANGING ERRORS
(IN MM) WITH ONLY SIGNALS FROM SET-1, SET-2, MEAN-MEASUREMENT
METHOD (M-1) AND DOPPLER-VELOCITY CORRECTION METHOD (M-2)
DURING THE PENDULUM EXPERIMENT

Method Nodel Node2 Node3 Node4
Set-1 5.70 6.10 4.16 3.69
Set-2 6.19 6.09 3.83 3.69
M-1 5.68 5.08 374 3.39
M-2 5.69 5.04 3.74 3.39

—Camera
—Ultrasound

Time (s)

Fig. 11. Comparison of Range measurements from the camera system and the
ultrasonic system with the proposed method during the pendulum experiment.

from the ultrasonic system using the proposed method and
the motion capture system are compared in Fig. 11. The
proposed method can be used to offset the errors brought about
by the movement of mobile nodes in ultrasonic localization
systems. Unlike accelerometers and gyroscopes, we do not
need any integration to find the three-dimensional position for
localization using ultrasonic ranging and hence the localization
systems using this method can be exploited for long-duration
tracking of moving targets. From the simulation results, we
can find that the error does not increase much using Doppler-
velocity correction method as the maximum Doppler-velocity
was increased from 0.25 to 2 m/s. In both methods, two
number of correlations need to be conducted to estimate one
sample point. The second method also includes calculation
of Doppler-velocity which is not computationally intensive.
We compare the complexity with [20], [24] where a bank of
matched filters are needed and more than two correlations need
to be conducted to estimate one sample point. The maximum
Doppler-velocity and the capture volume have limitations in
this system. The range of ultrasonic sensors used was 0.2
to 4 m. In the simulation experiments, we subjected the
sensors to a maximum Doppler-velocity of 1 m/s and got
good tracking performance. However, the maximum Doppler-
velocity, the system can withstand, depends on the multi-path
effect, number of transmitters and the available bandwidth.
In our experiments with sensors, we subjected small Doppler
velocities less than 0.5 m/s as the movement was parallel to
the receivers for maintaining LOS. In our experiments, as the
distances between different ultrasonic transducers are not very
large, we did not face near-far effect ([26], [27]), as the nodes
were facing each other and the distance between them was
small. This problem, along with higher Doppler velocities,
needs to be tested in future experiments.

VIII. CONCLUSION AND FUTURE WORK

Two methods for ultrasonic ranging between multiple slow-
moving ultrasonic transducers with Doppler shift compen-



sation are proposed. Orthogonally coded linearly increas-
ing and decreasing chirp signals were employed for rang-
ing. Simulation results show that the proposed method can
enhance the performance of small-scale ultrasonic ranging.
The Doppler-velocity compensation method outperformed the
mean-measurement method in the simulation results as the
former accounts for the modification of linear chirp by the
Doppler effect. A pendulum experiment was conducted using
narrowband ultrasonic sensors and we obtained an improve-
ment in the ranging accuracy at lower moving velocities using
the proposed methods.

In the future, the system can be implemented for localization
and motion tracking applications such as gait analysis. We
plan to conduct experiments at higher Doppler velocities using
methods to increase the transmission angle of the transducers.
The effects of changes in multi-path conditions, the near-far
effect on the ranging performance and the correction methods
are also a potential area of study.
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