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A High Spatiotemporal Resolution Ultrasonic
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Abstract—1In this article, a high-performance water-coupled
ultrasonic ranging technique is presented. We improved the
conventional time-of-flight (ToF) ranging technique based on
digital correlation of pseudorandom noise (PRN) waveforms by
introducing signal carrier phase shift detection with an I/Q
coherent reception method. In this way, the spatial resolution is
dominated mainly by the digitization resolution of the analog-to-
digital converter (ADC) used in the receiver circuit. Submicrom-
eter resolution is achieved in the entire full-scale-range (FSR)
while keeping the ADC sampling rate at the Nyquist sampling
limit of the carrier frequency of ranging signal. In this study,
we use quadrature amplitude modulation (QAM) waveforms
of a set of 1023-bit GPS Gold codes with 8 MHz carrier as
a ranging signal. Experiments carried out in a water vessel
reveal micrometer-level accuracy and precision for quasi-static
and dynamic cases. It is experimentally illustrated that the
proposed method is capable of multiplexing. The optimal ranging
performance is approached by selecting an appropriate set of
systemic technical parameters and ranging signals. This allows
to define the figure of merit (FOM) indicating the performance
upper bound of such a ranging system.

Index Terms— Correlation, high spatial resolution, phase
detection, pseudorandom noise (PRN) waveforms, time of flight
(ToF), ultrasonic ranging.

I. INTRODUCTION
IGH-PERFORMANCE ranging techniques operating
in intermediate (1072-10' m) full-scale range (FSR)

are essential for next generation human machine inter-
faces [1]-[3], Internet of Things (IoT) services [4], navigation
of autonomous systems [5], [6], and medical tools [7] to name
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a few. Among them there are modern application scenarios
such as tracking of microrobots [8], [9] or minimally invasive
medical catheters [10] and endoscopes [11], [12]. Ranging
systems for these applications need to be capable of pro-
viding positions of multiple objects moving at submillimeter
velocities with micrometer-level (~10 xm) spatial resolution,
accuracy, and precision at high ranging speed, i.e., frame
rate over 100 Hz in liquid coupled environment where low
signal-to-noise ratio (SNR) is usually addressed [9]. However,
conventional systems relying on contact or near-field position
sensors [13] operate at too small FSR (107*~10~2 m) com-
pared with the dimension of the human body and the near
inhabited environment. And the FSR of radio frequency (RF)
electromagnetic (EM) ranging systems is too large to be able
to obtain sufficiently high spatial resolution, accuracy, and
precision, mainly due to the high propagating speed of EM
waves [14]. Optical sensing technologies, instead, are strongly
dependent on optical properties of the environment limiting
the FSR (penetration depth) due to scattering, absorption, and
reflection [15], [16]. Sophisticated optical ranging systems are
usually complex and expensive too [17], [18]. In contrast
to EM waves, ultrasonic waves propagate at much slower
speed with low attenuation coefficients in air and water. This
provides an excellent opportunity to accurately and precisely
resolve wave propagation time delay with high resolution
within the intermediate distance using relatively simple elec-
tronics [19]. Meanwhile, modern piezoelectric materials and
MEMS technologies have led to cheap ultrasonic transducers
with high energy conversion efficiency, high frequency carriers
and bandwidth, as well as small footprint. These transducers
have become mass products on the market [20] and are key
components for high-performance low-cost ultrasonic ranging.

Nowadays ultrasonic ranging systems commonly rely on
digital correlation-based time-of-flight (ToF) techniques that
arguably provide optimal SNR levels with simple transduc-
ers and electronics. Ranging with these techniques is com-
monly performed digitally using nowadays data converters and
processing units [21]. Briefly about these techniques, a ranging
signal is transmitted first, and after propagation time delay,
the received passband signal is directly sampled and digitized
by an analog-to-digital converter (ADC). A correlation of
the received signal and the transmitted signal is performed
digitally to resolve ToF that is then transformed to distance
with a proper knowledge of sound speed. Previous studies

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0003-1816-8146
https://orcid.org/0000-0002-6818-4809
https://orcid.org/0000-0001-9503-8367
https://orcid.org/0000-0003-3127-1527

6505012

reveal that the spatial resolution, accuracy, and precision of
an ultrasonic ranging system relaying on the direct digitization
method are proportional to the ADC’s sampling rate [22]-[25],
and the reason is twofold. On the one hand, a digital system
is only capable of resolving time intervals equivalent to the
sampling period [22]. On the other hand, the ToF estimation
error caused by digitization error of the received passband
signal due to asynchronous sampling spectrum leakage can
be improved by increasing the ADC sampling rate [25], [26].
Therefore, to obtain ranging results with high spatial resolu-
tion, accuracy, and precision performing a direct digitization
method, ADC sampling rates of about ten times higher than
a carrier frequency are necessary, especially in low SNR
circumstances [23], [24], [26]-[28]. Such direct digitization
correlation-based ToF ranging systems are usually employed
in air coupled applications operating at low frequency,
e.g., 20-40 kHz ultrasonic waves. Usually, regular electron-
ics is used for these applications, which is able to process
datapoints of acquired signals at rates of 100 kHz—1 MHz
in real time [29]-[33]. Generally, these systems are capa-
ble of ranging with millimeter-level spatial resolution and
accuracy [29]-[33].

However, in order to realize micrometer-level spatial resolu-
tion, accuracy, and precision using a direct digital correlation
approach in water-coupled environments with the sound speed
of about four times higher than in air, one needs to sample
the received signal at higher rates, and then digitally process
the acquired massive set of datapoints with high-performance
field programmable gate arrays (FPGAs) or digital signal
processing (DSP) circuits. For instance, one would need to
sample the passband signal with 1 GHz or even higher rate
for an extended period of time to reach 1 xm resolution
within the intermediate FSR for ultrasound propagating in
water, where the speed of sound in water is assumed to be
approximately 1500 m/s at room temperature. Long acquisition
period with a high sampling rate not only increases system
costs but also create additional signal processing complexity
that potentially decreases the ranging speed, i.e., the temporal
resolution [34].

Besides the correlation ToF ranging scheme, high spa-
tial resolution is achievable with phase shift detection of
mono-frequency ultrasonic waves. This approach is capable
of resolving subwavelength distances between a transmitter
and receiver at relatively low sampling rates [35]. For an
ideal case, phase of a mono-frequency signal can be accu-
rately recovered by sampling the signal at its Nyquist limit,
i.e., twice the signal’s fundamental frequency. To further elim-
inate the periodical ambiguity and obtain knowledge of the
distance in a desired FSR, combinations of the carrier phase
shift detection with correlation-based ToF estimation were pro-
posed and implemented [35], [36]. Briefly, such combinations
utilize multifrequency ranging signals where subwavelength
range is refined by phase shift detection at only the carrier
frequency, and a correlation ToF ranging result obtained at low
sampling rates is then used to determine the integer number
of wavelengths within the FSR [35], [36]. In such a way, the
sampling rate (F;) to carrier frequency (F;) ratio (F/F.) can
be held at a relevantly low value. Unfortunately, when affected

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

DFT &
Spectrum
product

Received signal

ADC

)]
Fast sampling |

S (t+At) - cas(a;t + Ap)

ANALOG Original passband signal S, (t) DIGITAL

(@)

SQ(,H_M)M\ W \[‘u ”M \h

Received signal "
| Analog

—1 I/Q down
converter | ;

S1(t + At) - cos(wt + Ap)

SI(t +AD) W MWMW”T MH\

Full
‘ range

aNSEOL Recovered baseband IQ signals  Original baseband signal L
(b)
Fig. 1. Schematic comparison between the conventional approach and the

improved method. (a) Schematic of the direct passband digitization approach
where high F/F; is required. (b) Schematic of the improved ranging method
with zero-IF baseband and direct carrier phase shift detection at an effective
F/F, value of 2.

by noise, the ToF estimation carried out at low sampling rates
unavoidably leads to ranging error corresponding to multiple
sampling intervals due to asynchronous sampling spectrum
leakage digitization error. Therefore, with regard to high-
performance ranging with low ADC F/F. value, baseband
signal processing is more attractive, since the baseband signal
contains all the necessary information required by the cor-
relation ToF ranging scheme, and meanwhile it varies much
slower in time due to the high-frequency carrier components
being eliminated. This means that performing correlation ToF
ranging on a baseband signal with the same F;/F, value is
more accurate and precise than on its passband signal.

Therefore, the basic idea of our method is to perform a com-
bination of correlation ToF ranging and carrier phase detection
using baseband signal recovered from passband signal by
applying an analog synchronous down conversion at the carrier
frequency. In this way, the correlation ToF ranging technique
can be performed on the recovered baseband signal sampled
at the carrier frequency to accurately and precisely obtain
a distance of multiple wavelengths. Meanwhile, the carrier
phase can be recovered from the in-phase and quadrature
channels of the down converter to obtain a subwavelength
range refinement [37]. In this article, the proposed combination
of correlation ToF and carrier shift detection with low Fg/F;
value is realized by introducing an analog quadrature 1/Q
(in phase/quadrature) down-conversion scheme. That scheme
allows for a zero-intermediate frequency (IF) baseband signal
operation and a direct carrier phase shift detection. In this
way, the spatial resolution is mainly determined by the ADC
digitization resolution, and an effective Fy/F. value of 2,
i.e., one sample per carrier period on both I and Q channels,
highly reduces the cost of systemic infrastructure that could be
caused by a signal processing complexity using conventional
direct digitization approach of passband signals. The two
different ranging schemes are illustrated in Fig. 1.
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Fig. 2. Dual-transducer through transmission configuration. The accuracy
and precision are defined as the average value and the standard deviation of
ranging error, respectively.

Furthermore, we analyze and provide relations between
technical parameters of the hardware and ranging signals
deriving the overall systemic performance. We verified the
performance with a dual-transducer-through-water ultrasound
transmission system (Fig. 2) in a vessel with a maximum FSR
of 200 mm. We used QAM waveforms of 1023-bits Gold codes
with 8 MHz carrier signal (A = 187.5 um). The passband
ultrasound signal was down converted to a baseband signal
with a radio receiver and sampled at 8 MHz sampling rate
applying two 10-bit ADCs in an I/Q scheme. This allowed us
to reach a submicrometer-level spatial resolution of 45.7 nm
[187.5 um/(4 x 1024)], an accuracy of 2.31 um, and a
precision of 0.82 um.

Following the introduction, this article is divided into
four sections. Section II theoretically illustrates the proposed
improvement of correlation-based ToF ranging with carrier
phase shift detection and the modulation scheme of binary
pseudorandom noise (PRN) sequences to obtain appropriate
ranging signals. Section III experimentally investigates the
performance of the improved ranging method using two piezo-
electric transducers as emitter and receiver. The results of these
measurements are analyzed, and the relations between sys-
temic technical parameters and ranging performance metrics
are discussed as well. Finally, the conclusion and outlook are
given in Section IV.

II. RANGING METHOD

A. Working Principle of the Improved Ranging Scheme
Introducing an Analog I/Q Down Converter

In this work, all discussions are based on the through-
transmission configuration (Fig. 2). The working principle
of the correlation-based ToF ranging technique is briefly
described for such a configuration. The ranging signal is
continuously transmitted and received between an object
and an ultrasonic transducer. Due to the propagation time
delay, the received signal possesses a time offset compared
with the originally transmitted signal, which is illustrated in
Fig. 3(a), where a mono-frequency harmonic signal is used
only for a clear perception (the real signal is described in
Sections II-B and II-C). In order to get rid of the massive
data processing burden caused by the high ADC sampling
rate, required when using the conventional digitization and
correlation approach [Fig. 1(a)], an analog I/Q down converter
is used allowing to remove carrier frequency from the signal.

6505012

@ ()

Fig. 3. Working principle of the ToF ranging and carrier phase shift detection
using the scheme with an analog I/Q down converter. (a) Phase shift and time
offset between of a transmitted and received mono-frequency signals due to
wave propagation. The down converted 1/Q data of each received signal is
represented by dots at any single sampled point in time. (b) Four-quadrant
inverse tangent function eliminating phase detection ambiguity in [—7z, 7],
where the phase angles of the four received signals are indicated by arrows
with corresponding colors.

These two I and Q signals are then used for a direct carrier
phase detection and correlation [Fig. 1(b)]. In this way, it
is possible to resolve distance below one wavelength while
keeping an equivalent Fy/F, value of 2 [Fig. 1(b)]. More
precisely, the received passband signal is firstly down con-
verted to zero-IF, and then the baseband signal is digitized
by the ADC at a sampling rate same as the carrier frequency
for both I and Q channels. The carrier phase shift is then
calculated from values of the I and Q channels by using the
four-quadrant inverse tangent function [Fig. 3(b)] effectively
resolving the ambiguity in [—z, 7] at each sampling point.
In this scheme, the spatial resolution is directly dependent
on the ADC digitization resolution. Due to the nonlinearity
of the inverse tangent function, the spatial resolution from
phase shift of a mono-frequency signal is only evaluated as an
average value that is written in (1) where A is the wavelength
of ultrasound, and Napc is the ADC resolution in bit [36], [37]

) A

Tfine = 2™ Naoc - f. 4 2Nac

(1

Formula (1) indicates that the phase shift detection tech-
nique can easily achieve submicrometer-level spatial resolution
using RF ultrasound (~MHz) and a regular 10-bit ADC.
Therefore, we term the spatial resolution obtained from carrier
phase shift as the “fine resolution.” For instance, a fine reso-
lution of 45.7 nm (mean value) can be theoretically achieved
using a carrier frequency of 8 MHz, where the sound speed
in water is assumed to be 1500 m/s at room temperature,
i.e., the wavelength is 1 = 187.5 um.

In order to further resolve a range of multiple wavelengths
to obtain a full knowledge of the distance within a desired
FSR, a digital correlation of complex numbers assembled
from I and Q channels of digitized baseband signal and the
originally transmitted one is performed. More specifically, the
integral of the product of the two signals is calculated at all
offsets with intervals corresponding to the ADC sampling rate.
When the received signal and the transmitted signal perfectly
overlap, the maximum correlation value peak is obtained.
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Afterward, the total offset between the reference signal and
the received signal is converted into the wave propagation
time delay. In other words, the ToF is counted as a number
of ADC sample clocks when using the digital correlation
approach. In this way, the distance between an object and
an ultrasonic transducer can be obtained with the knowledge
of the wave propagating speed in the medium. Therefore, the
spatial resolution of correlation ToF is given in (2) [21], where
v is the sound speed in the medium, and F; is the ADC
sampling rate. In our approach, the spatial resolution from
ToF ranging technique is equal to the carrier wavelength and,
therefore, it is termed the “coarse resolution”
i

s (2)

In short, the improved combination of the carrier phase
shift detection and correlation-based ToF ranging technique
with an analog I/Q down converter allows for submicrometer
resolution in ranging systems without any ambiguities in
the entire FSR using simplified electronics while keeping an
equivalent ADC sampling rate of received baseband signal as
the Nyquist sampling limit of carrier frequency. Meanwhile,
such a sampling rate should be capable of accurately and
precisely digitizing the baseband signal and providing reliable
ToF ranging results even in noisy environments.

In addition, to eliminate any ambiguities and improve FSR,
accuracy, resolution, and precision, the ranging signal must be
suitable for the I/Q down-conversion carrier phase detection
scheme, and it should possess excellent correlation property
with a clearly distinguishable autocorrelation peak within a
longer period. Ranging signals with such properties are avail-
able using binary PRN codes and various digital modulation
schemes.

T'coarse =

B. Pseudorandom Codes: Gold Codes

Binary PRN sequences are a set of special ascer-
tained vectors with outstanding autocorrelation and cross
correlation properties, i.e., orthogonality, such as Barker
codes [38], Zadoff-Chu sequences [39], Gold codes [29],
Kasami codes [30], maximum length sequences [40], and
Golay codes [41] to name a few. The excellent autocorrelation
properties of these sequences provide an opportunity to accu-
rately and precisely distinguish the positions of correlation
peaks. In addition, the low cross correlation among differ-
ent codes reduces interference when simultaneously tracking
numerous objects with individual PRN identifications. Among
commonly used PRN sequences of defined length, Gold codes
provide a large set of orthogonal sequences allowing for a
large number of objects to be tracked at the same time. In this
article, 1023-bit Gold codes are used for demonstration pur-
poses, and they are generated according to the official global
positioning system (GPS) interface control document [42].
This set of Gold codes contains 32 different sequences, and
their highest periodical autocorrelation and cross correlation
values are 1023 and 65, respectively (Fig. 4). The ratio of
15.07 of the two values is defined as the dynamic range of the
set of PRN codes.
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Fig. 4. Periodical autocorrelation and cross correlation of 1023-bit GPS Gold
codes.

C. From Gold Codes to Ranging Signals

For an efficient transmission of Gold codes with a piezo-
electric transducer, the signal should be generated at a specific
frequency achieved by a certain modulation scheme, such
as amplitude shift keying (ASK) [43], frequency shift key
(FSK) [36], binary phase shift keying (BPSK) [44], quadrature
phase shift keying (QPSK) [45], and quadrature amplitude
modulation (QAM) [46]. The bandwidth of a passband signal
modulated with a single carrier frequency is directly related
to the PRN code symbol rate as BW = 2 - fin [44], where
fsym 1s the symbol rate, which must fit the bandwidth of
the transducer. For a specified code length and the limited
bandwidth of the acoustic system, the ranging frame rate
at CW working mode, as a significant performance metric,
is defined as the reciprocal of the ranging signal’s period 7,
as written in (3), where BW is the bandwidth and Ngyp, is the
total amount of symbols

1 BW
FPS = — = .
T 2. Nﬂym
For 1023-bit Gold code sequences, an odd length, only a

few modulation schemes are realistically available, namely
binary modulation techniques including BASK and BPSK

3)
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with 1023 symbols, 8-QAM and 8-PSK with 341 symbols,
as well as 2048-QAM with 93 symbols. Other higher order
modulation schemes are not physically feasible being lim-
ited by the digitization resolution of digital-to-analog con-
verter (DAC) used in the transceiver circuit. According to (3),
the ranging frame rates are 23 and 586 Hz when using ranging
signals based on binary modulation and 8-QAM (or 8-PSK)
schemes, respectively. In order to maintain a high ranging
speed over 1000 Hz, high-order 2048-QAM scheme is nec-
essary allowing to reduce the total amount of symbols to be
transmitted. In this scheme, each 1023-bit Gold code sequence
is disassembled into 93 symbols. Each 11 bits symbol encodes
amplitude and phase as shown in the I/Q constellation diagram
[Fig. 5(a)]. The ranging signal of a Gold code sequence after
modulation is plotted in Fig. 5(b) as an example. Furthermore,
the bandwidths of QAM waveforms are two times the symbol
rate as indicated in Fig. 5(c). Practically, when using such
a modulation scheme, a frame rate of 2.15 kHz can be
reached with a bandwidth of 400 kHz, which is sufficient
for, e.g., tracking of autonomous robotic systems. Moreover,
using these parameters, the FSR is 697 mm calculated as (4),
in which o is the sound speed in the medium. The resulted
FSR is in the desired intermediate range
FSR = v M 4)
FPS BW
In summary, the signal processing flow of our proposed
ranging scheme is demonstrated in Fig. 6, where we use
2048-QAM Gold code sequences as ranging signal. Briefly,
the ranging signal is transmitted and received in a continuous
mode [Fig. 6(a)]. Each frame of received ranging signal is
down converted to zero-IF baseband signal, and then sampled
and digitized at the carrier frequency. The integer number of
wavelengths is obtained from ToF ranging technique using
the recovered baseband signal [Fig. 6(b) and (c)], while the
subwavelength range is then calculated from I and Q data at
each sampling point [Fig. 6(a)]. Finally, the ranging values are
obtained by combining the correlation ToF technique and the
carrier phase shift performed on the digitized baseband signal.
This results in high spatiotemporal resolution, accuracy, and
precision.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS ON THE
PROPOSED RANGING SCHEME

A. Experimental Setup

The schematic representation of the experimental ranging
setup is shown in Fig. 7. The mechanical part includes a
holder platform, a programmable motorized stage with a
200 mm FSR and 15 nm step resolution (X-LSM200A-EO03,
Zaber Technologies Inc.), and a vessel. Two piezoelectric
disks [model 53020, PI Ceramic GmbH Fig. 7(b)] with
8 MHz resonance frequency and 2 MHz bandwidth are used
as ultrasonic transducers for both the object and receiver.
They are aligned and placed under water in the vessel. One
ultrasonic transducer is fixed at a certain position on the
holder platform and another one is attached to the motorized
stage controlling the distance between these two transducers
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[Fig. 7(a)]. A Keysight 33626A arbitrary function generator is
used to excite the emitter producing ultrasonic ranging signals.
The receiver transducer is connected to the software defined
radio (SDR) receiver (rsp2pro, SDRplay Ltd.) relying on I/Q
coherent down conversion and reception with 2 x 10-bit ADCs
digitizing the baseband signals. The digital signal is transferred
to a PC, where the ToF ranging technique and phase shift
detection are realized by MATLAB programs with results
displayed in real time. The local oscillation frequency of the
SDR I and Q channels is locked to the carrier frequency using
a phase locked loop (PLL) to omit ranging errors occurring
due to a slight frequency mismatch between local oscillators
of transmitter and receiver.
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Fig. 6. Combined ranging scheme. (a) Combined ranging scheme including
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circle in I/Q complex plane. (b) Schematic representation of correlation-based
ToF ranging technique with baseband signals. (c) Condition of the recovered
baseband signal with offset to the originally transmitted one (yellow surface
in b).

B. Ranging Performance

The distance between the two ultrasonic transducers was
precisely controlled by a motorized stage defining a reference
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Fig. 7. Schematics of experimental setup to prove the proposed ultrasonic
ranging scheme. (a) Schematic sketch of the setup. (b) Piezoelectric transduc-
ers used in experiments.

range value. The relative displacement between two transduc-
ers, computed by the MATLAB program, was then compared
with this reference value. In our experiments, the ranging sig-
nal was chosen as discussed in Section II, with the 2048-QAM
waveform of a 1023-bit Gold code with 400 kHz bandwidth
carried by an 8 MHz ultrasonic wave, i.e., the QAM symbol
rate was 200 kHz. The signal was continuously transmitted
and received between two transducers without time interval
at a frame rate of 2.15 kHz as illustrated in Fig. 6. The
measurements were carried out at room temperature, where the
sound speed in water is assumed to be 1500 m/s and, therefore,
the FSR using above parameters is 697.7 mm. At the receiver
side, the ADC sampling rates of both I and Q channels were
set to be 8 MHz and the ADC resolution is 10-bit defined by
the SDR. These settings correspond to an average value of the
spatial resolution of 45.7 nm.

1) Spatiotemporal Resolution: First, the aforementioned
fine spatial resolution is studied. For this purpose, a relative
displacement between two ultrasonic transducers was set to
be 1, 2, and 10 um, respectively, to verify the theoretical
spatial resolution. The measured relative displacement in real
time is plotted in Fig. 8 indicating the control values as
well. The theoretical 45.7 nm average spatial resolution is
not reached due to ranging errors caused by external noise.
We determine the best feasible spatial resolution by evaluating
the smallest distinguishable displacement from the noise floor.
The value is derived from the standard deviation of the static
state ranging error [28], [35], as written in (5) where d; and
d are the real time and mean value of measured displacement
values at static states, and 7 is total amount of frames acquired.
Formula (5) is too known as the precision of ranging. Specif-
ically, the precision and the fine spatial resolution share the
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Static state ranging results over the first 2500 frames are
shown in Fig. 8, indicating that the standard deviation of the
ranging error is less than 2 ¢m, which means any displacement
larger than 2 um can be clearly resolved.

2) FSR of the System: The ability of the ToF ranging
technique to eliminate any ranging ambiguity within the FSR
is experimentally validated. The initial distance between two
transducers was set to be 200 mm, and the relative dis-
placement was set to be greater than one wavelength. The
emitter—transducer was fixed on the holder platform and the
receiver was attached to the motorized stage. The receiver was
moved by the motorized stage from its initial position toward
the transmitter (left) and away from it (right) 100 mm with
10 mm/s velocity. It is worth to note that the approximate
sound speed of 1500 m/s in the previous measurements is,
however, a bit different from the real value, and the deviation
leads to small offsets in ranging results, especially when the
distance between the two transducers is enlarged. Thus, the
sound speed is precalibrated in this measurement.

The real-time ranging results of the proposed ranging
scheme are plotted in Fig. 9. It clearly indicates that the
periodical ambiguity of the carrier phase detection can be
compensated by the correlation ToF ranging technique when
the displacement is greater than one wavelength, and the
combination of these two ranging approaches allows to achieve
the intermediate FSR while keeping high spatial resolution
between an object and a receiver. The ranging result also veri-
fies that the proposed ranging scheme is capable of accurately
tracking moving objects at a reasonable velocity. Specifically,
the 10 mm/s relative velocity of emitter and receiver leads to
53.34 Hz Doppler when using 8 MHz carrier frequency, which
is calculated in (6) [47]. In this case, a 53.34 Hz harmonic
component remains in the down converted baseband signal.
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Fig. 9. Real-time ranging results indicating the FSR and the ability of tracking
dynamic moving objects.

TABLE I

RANGING ACCURACIES AND PRECISIONS OF A SINGLE OBJECT
AT DIFFERENT SNR LEVELS

SNR (dB) Accuracy p (um) Precision ¢ (pm)
-8 38.99 87.47
-3 37.04 84.39
11 2.31 0.82

However, comparing with the 2.15 kHz ranging frame rate
and 8 MHz carrier frequency, the 53.34 Hz Doppler shift has
ignorable influence on both correlation and carrier phase shift
detection

Af—f—i—sxloﬁ—gxiwé—ﬁmm
N (1 - %5w)
(6)

3) Accuracy and Precision: In our laboratory environment,
the ranging results are affected by various kinds of noise
that are experimentally acquired. The noise resembles that
of additive white Gaussian noise (AWGN) with a Gaussian
normal distribution of the amplitude and a constant power
spectral density as depicted in Fig. 10. For high accuracy
and precision, the SNR must be enhanced by, for instance,
increasing the amplitude of the ranging signal. The relation
between the ranging accuracy, precision, and SNR in the lab-
oratory environment was further experimentally studied under
static conditions. The distance between the two transducers
was fixed at 200 mm, and the SNR was tuned by the electrical
excitation amplitude of the piezoelectric transducer to -8,
-3, and 11 dB. The mean value and the standard deviation
of the measured relative displacements over time represent
the ranging accuracy and precision. The ranging accuracies
and precisions over 10 000 frames are summarized for three
electrical excitation amplitudes shown in Table I, indicat-
ing that the ranging accuracy and precision are significantly
improved with increasing electrical excitation. Affected by
the AWGN, the position of a correlation peak at lower SNR



6505012

0.15 T T

0.10

0.05

Amplitude (mV)
(e

-0.05

-0.10

-0.15 | | |
0 0.5 1 1.5 2 25 3 3.5
Time (ms)

@)

i I | 1

0.035

0.030 | -@-Real distribution | |

—Normal fitting

0.025 |-

0.020 -
0.015 |

Probability density

0.010 |

0.005 |

0

-0.05 0 0.05
Amplitude (mV)
(b)

-0.15  -0.01

Power spectral density (dBm)

4 5 6 7 8 9 10 11 12 13
Frequency (MHz)
©)

Fig. 10. AWGN collected from the passband of receiver circuit. (a) Noise in
time scale. (b) Probability density function of noise amplitude shows a good
agreement with Gaussian normal distribution. (c) Power spectral density of
the background signal.

levels (-8 and -3 dB) was shifted by one or several sampling
clock position(s) in some ranging frames, which leads to
poor ranging accuracies and precisions. With an elevated but
realistic SNR level of 11 dB, the correlation peak position was
correctly determined and the ranging accuracy and precision
were 2.31 £ 0.82 um. In other words, the accuracy and
precision depend on the correlation peak width and height
(i.e., sharpness) as well as the noise level. Since the cross
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correlation of the originally transmitted (reference) and the
recovered baseband signals is performed, the correlation peak
width is the reciprocal of the symbol rate fom, in time scale.
Further discussions are simplified by normalizing the ampli-
tude of reference signal. Thus, the peak height is known as the
amplitude period product of the received signal, and the peak
sharpness, i.e., height to width ratio is written as (7), in which
A is the averaged amplitude of received signal, and 7 is the
period of ranging signal [48]. The amplitude of noise level,
i.e., the correlation of AWGN and unit amplitude baseband
signal leading to ranging errors is given in (8), where 2 - N
is the double side power spectral density of AWGN [48].
According to the relation of symbol rate, ranging frame rate
and PRN code length given in (3), the accuracy (p) and
precision (o) are derived in (9) following SNR = A?/N,-BW,
where BW is the bandwidth.

k =A'T'fiym @)
n=-+2-No-1 (8)
11 &k
—, — & — = +/SNR-Nyyp ? - FPS. )
p o n

4) Multiple Objects Capacity: The proposed ranging
scheme is capable of tracking multiple objects simultaneously
by assigning each object an individual modulated PRN wave-
form as ranging signal. We added up modulated waveforms of
Gold codes with numbers 1 to 6 defined in the GPS standard
with an offset of two symbols to each other. The combined
waveform was transmitted through a piezoelectric transducer
effectively mimicking the tracking condition of six objects
with different distances to a receiver. In this experiment, the
SNR level for each individual code was set to be -8, -3, and 11
dB. The distance between the emitter and receiver was set to
be 200 mm using DI water as medium. The mean values of
ranging accuracies and precisions of a particular object (code)
over 10000 frames are summarized in Table II. We observe
that the accuracy of tracking six objects is worse than tracking
a single object but the precisions of these two cases are
comparable. The accuracy is degraded by interferences caused
by the nonideal orthogonality of the PRN codes. Moreover, the
multiplexing capacity of modulating Gold codes with 2048-
QAM is reduced because the Gold codes lose their original
cross correlation properties after modulation. In fact, the
dynamic range of the modulated codes decreased from 15.07
to 6.05. In order to increase the multiplexing capacity without
degrading the ranging accuracy and precision, PRN codes with
ideal orthogonality should be explored in the future [49].

C. Discussions

1) Ranging Performance of the Experiments: First of all, the
highest frame rate in the above experiments is 2.15 kHz apply-
ing QAM ranging signals with 400 kHz bandwidth. Moreover,
the experiments verified that the full range between an object
and an ultrasound receiver with submicrometer resolution
is available by combining both the ultrasound propagation
phase shift detection and the correlation-based TOF ranging
technique. However, affected by AWGN, the theoretical fine
spatial resolution from the carrier phase shift detection is not
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TABLE II

RANGING ACCURACIES AND PRECISIONS OF S1X OBJECTS
AT DIFFERENT SNR LEVELS

SNR 11dB -3dB -8 dB
» No.l 10.38 +4.21 157.87 £ 84.01 248.25+109.09
<
_Eb No. 2 22.13+10.78 90.58 +31.87 164.06 = 80.14
‘E No. 3 38.77 + 18.35 120.70 + 97.69 287.25+210.32
o
€ No.4 32.19+12.13 81.47 £59.49 183.55+70.87
3
% No.5 21.38 +18.06 92.06 + 63.24 147.28 £103.69
1
S No.6 36.94 +2.65 190.75 + 59.49 291.18 +136.89
TABLE III
PERFORMANCE COMPARISON
Techniques Signals Fs/Fc Precision
Direct correlation Mono-frequency o cm level in
[52] pulse water @ 500 mm
Direct correlation 31 bits Gold codes 26 cm level in air
[30] DQPSK @3dB
Direct correlation Mono-frequency 1000 5.64 pm in
interpolated [51] pulse water @ 300 mm
. 1023 bits Gold 0.82 pm in
This work codes 2048-QAM 2 water @200 mm

obtained experimentally, and the standard deviation of the
ranging error, i.e., the precision is used to evaluate the minimal
resolvable displacement of an object. Ranging accuracy and
precision are verified to be proportional to the SNR according
to statistics of ranging results at three different excitation levels
over 10000 frames at three different SNR levels. These exper-
iments reveal that submicrometer precision can be reached
using an acceptable electrical excitation voltage of the piezo-
electric transducer that does not cause power consumption
or safety issues in real applications [50]. We experimentally
validated that it is possible to track six signals (objects)
simultaneously within a 200 mm FSR using PRN waveforms
with reduced orthogonality but with acceptable accuracy and
precision.

Table III compares ranging performances of this work and
conventional direct acquisition and correlation approaches.
The comparison reveals that the sampling rate to carrier
frequency ratio (Fy/F.) is a key factor affecting the precision in
conventional direct digital correlation approaches with a direct
proportion relation. Specifically, as reported by Jia et al. [51],
a 1 GHz ADC was used to sample 1 MHz passband ultrasonic
signals to realize micrometer-level precision, which unavoid-
ably requires high-speed processing units and memory devices
in order to realize real-time ranging system. In contrast, taking
the advantage of zero-IF baseband signal processing and direct
carrier phase shift detection using analog I/Q down convertor,
our method reduces the equivalent Fy/F. value 500 times
realizing a comparable precision level.

2) FOM of Correlation-Based Ranging Systems: In reality,
the modulation scheme and parameters of ranging signals as
well as the physical capabilities of systemic infrastructure,
such as the sampling rate and digitization resolution, are all
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factors affecting the ranging performance, as indicated by
Table III. Therefore, the figure of merit (FOM) is defined to
indicate the upper bound of a correlation-based ranging system
performance. The FOM is defined as the ratio of ranging
speed, i.e., frame rate and precision, which is written as

FPS BW?
FOM =—= & +/SNR - .
o

sym

(10)

In order to position several objects (fixed Ngy,) with high
accuracy and precision (smaller ¢ value) at high speed, the
highest FOM values are desired, which can be achieved by
increasing the SNR and bandwidth of the wireless channel.
However, the bandwidth of RF ultrasonic channels is physi-
cally limited, and the SNR value cannot be infinitely increased
in a real application due to various reasons, such as the
dynamic range of transducers and safety considerations to
name a few. Therefore, once the available SNR and bandwidth
of a particular ranging system are determined, the performance
upper bound, i.e., the highest FOM value of the system is then
fixed. The maximum FOM value stands for the highest ranging
speed, accuracy, and precision that can be simultaneously
realized by such a system with a specific set of PRN ranging
signals whose orthogonality ensures a certain multiplexing
capacity. For instance, the FOM of a particular ranging system
with maximum SNR of 11 dB and 400 kHz bandwidth is
plotted in Fig. 11 in log scale. Specifically, vertical sur-
faces indicate relation among accuracy, precision, multiplexing
capacity, and ranging frame rate for the corresponding SNR
value as given by (9). The other surfaces illustrate the relation
among ranging frame rate, multiplexing capacity, and given
bandwidth values which are written in (3). Moreover, intersec-
tion lines between these surfaces provide exact performance
metrics values obtained by the specific system working with
corresponding SNR and bandwidth values. Thus, the green line
in Fig. 11 indicates performance upper bound of a specific
system, i.e., the highest precision and ranging frame rate
simultaneously achieved for corresponding PRN signals. This
is illustrated by the performance metrics of the red, gold,
and purple dots realized for different bandwidths and SNR
values in Fig. 11. Nevertheless, the multiplexing capacity is
determined by the orthogonality of PRN codes, and the FSR
can be obtained with a proper knowledge of sound speed as
illustrated by (4). The performance upper bound also means
that the region out of the highest bandwidth and SNR surfaces
is not physically feasible with the system, and the feasible
region of our specific system is marked with hash line in
Fig. 11.

Nevertheless, the FOM intuitively instructs design of a
ranging system to exert its full capability toward real applica-
tions. Specifically, for applications desiring longer FSR values,
it is always preferred to introduce longer PRN signals rather
than narrowing down the bandwidth, i.e., moving the working
point toward higher Ny, direction along the maximum FOM
line. On the one hand, high precision is sustainable when
surfing from signal attenuation at distal positions, which is
demonstrated by the black and purple dots in Fig. 11. On the
other hand, longer PRN codes possess better capability against
multiplexing interference from other objects. At the end,
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in order to realize all desired performance metrics simulta-
neously, one would need to determine the maximum SNR
and bandwidth of the system. In this way, desired precision,
multiplexing capacity, and frame rate can be freely achieved
by selecting appropriate parameters within the feasible region,
which is addressed by the blue and green dots in Fig. 11.

IV. CONCLUSION AND OUTLOOK

In this article, we improved the combination of correlation
ToF and carrier shift detection ranging technique by intro-
ducing an analog I/Q down-conversion scheme that allows
for a zero-IF baseband signal operation and a direct carrier
phase shift detection. In this way, the spatial resolution is
dominated by the digitization resolution of the ADC in the
receiver circuit, and an effective F;/F. value of 2 allows
to reduce the complexity of the signal processing and the
cost of the systemic infrastructure. We analyze and provide
relations between technical parameters of the system hardware,
ranging signals, and the ranging performance. We verified
these performances in a dual-transducer-through-transmission
setup in water. We used QAM modulated waveforms of
1023-bit Gold codes with an 8 MHz carrier and 400 kHz
bandwidth as ranging signals. The received ranging signal
was first down converted and the recovered baseband signal
was sampled at an 8 MHz rate using 2 x 10-bit ADCs. The
combination of carrier phase detection and digital correla-
tion of PRN sequences allowed us to reach submicrometer
ranging resolution, an accuracy of 2.31 um, and a precision
of 0.82 um at 2.15 kHz frame rate within an intermediate
distance of 200 mm using simplified electronics. Using a high-
density QAM scheme, the multiplexing capacity of six simul-
taneous signals (objects) was experimentally demonstrated.
Such a ranging performance can serve various applications
where accurate and precise positions of objects are required
to be updated at a high speed with high resolution.
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Moreover, an FOM indicating the overall performance upper
bound of such ranging systems is defined, and the method
to approach the upper bound addressing an optimal set of
technical parameters is analyzed. For further improvements,
PRN codes with ideal orthogonality should be explored to
enhance the multiplexing capacity while keeping the accuracy
and precision at a high level [49], especially to overcome
the so-called near—far effect occurring when amplitudes of
different ranging signals are in huge contrast due to various
reasons in real applications. The high-performance ranging
technique should eventually be demonstrated in a real applica-
tion scenario such as tracking a single or multiple small-scale
autonomous object(s) using optimal parameters.
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