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A high accuracy ultrasonic distance measurement system using binary
frequency shift-keyed signal and phase detection
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A highly accurate binary frequency shift-keyed~BFSK! ultrasonic distance measurement system
~UDMS! for use in isothermal air is described. This article presents an efficient algorithm which
combines both the time-of-flight~TOF! method and the phase-shift method. The proposed method
can obtain larger range measurement than the phase-shift method and also get higher accuracy
compared with the TOF method. A single-chip microcomputer-based BFSK signal generator and
phase detector was designed to record and compute the TOF, two phase shifts, and the resulting
distance, which were then sent to either an LCD to display or a PC to calibrate. Experiments were
done in air using BFSK with the frequencies of 40 and 41 kHz. Distance resolution of 0.05% of the
wavelength corresponding to the frequency of 40 kHz was obtained. The range accuracy was found
to be within60.05 mm at a range of over 6000 mm. The main advantages of this UDMS system
are high resolution, low cost, narrow bandwidth requirement, and ease of implementation. ©2002
American Institute of Physics.@DOI: 10.1063/1.1502017#
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I. INTRODUCTION

The techniques of distance measurement using u
sound in air include the time-of-flight~TOF! technique,1–3

single-frequency continuous wave phase shift,4 two-
frequency continuous wave method,5 combining methods of
TOF and phase-shift,6 multifrequency continuous wav
phase shifts,7,8 and a multifrequency AM-based ultrason
system.9 The TOF method has been extensively discusse
recent literature. The pulse propagates through the trans
sion medium and is reflected by a suitable reflector. The t
taken for the pulse to propagate from transmitter to rece
is proportional to the reflector’s range. The distance betw
the reflector and transducer site isd5(c* TOF)/2, wherec is
the sound velocity. Using TOF to measure the distance,
system errors are primarily due to amplitude degradation
the received signal, and uncertainty in the speed of sou
The method is more efficient when the energy transfer
between emission and reception is high, but it is stron
limited by the ultrasonic transducers, which must be of rat
high quality factor, high power, and high cost. Increasing
frequency of the pulse transmitted can improve the accur
and the resolution, but the higher frequency of the pu
transmitted, the greater the attenuation per unit dista
Therefore the maximum measurable distance will also
reduced. Normally, if distances in air of a few meters are

a!Author to whom correspondence should be addressed; electronic
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be measured, frequencies in the range 20–100 kHz mus
used in order to maintain suitable receiver signal levels.10 So
the TOF method of range measurement is subject to h
levels of errors~about 1 cm! when used in an air medium
thus limiting its applications.

In order to obtain accurate distance estimations, a su
rior system choice is the phase data of a steady-state
quency received signal with reference to its transmitted s
nal. This is because the distance information is derived fr
the phase difference of a repeating signal which is samp
for a statistically significant number of wave periods. Thu
the random variations in phase shift~from turbulence, envi-
ronmental noise, electronic noise, etc.! tend to cancel them-
selves out in an averaging process. Most applications
range measurement in air using ultrasound apply a ph
shift analysis of single-frequency continuous-wa
transmission.4,10,11If the transmitter is energized with a con
tinuous sinusoidal signal, the signal corresponding to the
ceived acoustic wave can be written asVr(t)5Ar sin(vt
1u). HereAr is the peak value of the received signal,v is
the resonant angular frequency of the transducer, andu is the
phase shift, which is linearly proportional to the measur
target distance. The range or distanceL can be determined by
the phase shiftu of a single frequency if the maximum rang
ing distance does not exceed one full wavelength; otherw
phase ambiguity will occur. Obviously, the maximu
achievable range for transducer with a resonant frequenc
40 kHz is about 4.25 mm~corresponding to an ultrasoun
il:
1 © 2002 American Institute of Physics
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velocity of 340 m/s! which is usually too short for mos
ranging applications. Although this disadvantage can be
proved by a multiple-frequency continuous wave techniqu7

which calculates the target distance at ranges much gre
than one wavelength, the range of measurement is still
short ~only 1500 mm!.

Gueuninget al. present an algorithm for range measu
ment, which combines both the pulse TOF method and
phase-shift method,6 and can obtain accurate distance me
surement~better than 1 mm!. The technique is based on
particular signal processing method which determines the
proximate TOF by computing the crosscorrelation betwe
the envelope of the transmitted and received signals.
carrier phase shift between emission and reception is
computed in order to refine the final result. But the accur
of this computed the phase shift is limited by the amplitu
accuracy of the samples and the resolution of the analo
digital ~A/D! converter, and the refined range does not
ceed a wavelength of the transmitted signals. Webster
sents a method that is based upon the binary frequency s
keyed ~BFSK! signal ~with two frequencies off 1 and f 2!
followed by data acquisition and signal processing of pha
digitized information from the received signal.10 The method
can reduce many of the problems that arise when dea
with the nonideal behavior of ultrasonic transducers. But
TOF is estimated by the time at which the transition betwe
f 1 and f 2 occurs and is determined from the phase da
which are easily influenced by noise, and errors arise.

This article also uses combined methods to achieve
ter, more accurate distance measurement, but the appr
adopted in this article is a new one. The new algorithm
measure the distance has two independent parts. One
estimates the TOF, and the other part calculates the ph
shift difference between the transmitted and received sig
The proposed method is based upon the transmission
BFSK signal.10 Upon reception of the pulse, the TOF is com
puted by the time at which the change between each disc
frequency occurs and two phase shifts between the trans
sion and reception signals are detected in order to enh
the accuracy of the time measurement. The phase shifts
computed by a counter technique to avoid the limitat
caused by the amplitude of the signal and the finite bits
the A/D converter. A new algorithm in this article is deve
oped to calculate the target distance, and the proposed r
measurement system can obtain accuracy and resolution
is higher than previous methods.6,7,10

II. THE MEASUREMENT ALGORITHM

The principle of the ranging system is similar to th
operation of using a ruler. At first a coarse measuremen
done, and then a fine measurement is adopted to refine
final result. Thus the high accuracy is achieved.

A. Transmitted signals and received signals

The transmitted signals and the received signals
shown in Fig. 1. TheST is the transmission signal of a BFS
which has two frequenciesf 1 andf 2 shown in Fig. 1~a!. The
Tr is the period ofST . TheSR is the received signals corre
Downloaded 15 Sep 2008 to 140.116.208.51. Redistribution subject to A
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sponding to the transmitted signals as shown in Fig. 1~b!.

B. Signal processing of received signals

There are two steps to processing of the received sig

1. Calculation of the TOF

The method to calculate the TOF is as follows. In Fig
the elapsed timeDt, which is the round-trip travel time o
the transmitted signal from the transmitter to the reflect
target and back to the receiver, can be calculated by recei
transmitted signals and written asDt5t22t1. Heret1 is the
time whenf 1 changes tof 2 of the transmitted signal,t2 is
the time whenf 1 changes tof 2 of the received signals cor
responding to the transmitted signals. The ranging dista
can be expressed asd5(c* Dt)/2, wherec is the sound ve-
locity.

2. Detection of the phase shift

The detection of the phase shift is based on the tw
frequency continuous wave method of ultrasonic dista
measurement.5 The phase shift ofu1 andu2 can be detected
by the received signals corresponding to the transmit sign
A continuous wave with frequencyf 1, and a received signa
(SR) with frequency f 1 and f 2 are shown in Fig. 2. The
phase shiftu1 is the difference in phase between the contin
ous wave and the received signal atf 1. The phaseu1 can be
written asu152p(t22t1)/T1, whereT1 is the period of
the received signal off 1. Similarly, the phaseu2 is the dif-

FIG. 1. Transmitted signals and received signals.

FIG. 2. Illustration of the phase shiftu1, u2.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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3673Rev. Sci. Instrum., Vol. 73, No. 10, October 2002 Ultrasonic distance measurement system
ference in phases regarding the received signal atf 2. Com-
parison of the two phase shifts allows calculation of tar
range. The formulas can be written as

L5
1

2
* S n11

u1

2p D *
l1 ~1!

and

L5
1

2
* S n21

u2

2p D *
l2, ~2!

where L is the distance between the target and transdu
site,l1, l2 are the wavelengths of the ultrasound,n1, n2 are
integers, andu1, u2 are phase shifts.

Due to the different wavelengths, the expression for
difference of the phase shift may be derived from Eqs.~1!
and ~2! as follows:

Du5p* L* S 1

l2
2

1

l1D . ~3!

The integersn1 andn2 in Eqs.~1! and ~2! have only
two possible values:n15n2 andn25n111. So the differ-
ence of the phase shifts can be defined by the follow
algorithm:

~1! If u2.u1, thenDu5u22u1 and
~2! If u2,u1, thenDu5u22u11p.

If the velocity of ultrasound is constant, sayc, the wave-
length l can be determined as:l15c/ f 1, l25c/ f 2. Here,
f 1 and f 2 are the frequencies of the ultrasonic wave. Fr
Eq. ~3!, the ranging distance can be expressed as

L5
Du

p
*

c

D f
~D f 5 f 22 f 1!. ~4!

The ranging distanceL can be uniquely determined b
the difference of the phase shiftsDu (Du5u22u1), if the
maximum ranging distance does not exceed the half of wa
length of D f . Otherwise a phase ambiguity will occur. Th
maximum achievable detecting range with Eq.~1! is about
4.375 mm and with Eq.~4! is about 175 mm~taking c
5350 m/s, f 1540 kHz, f 2541 kHz!.

C. Computation of the distance

The algorithm derived for computing distanced is ex-
plained as follows. The ranging distanced can be obtained
by d5(c* Dt)/2, where theDt is TOF. The ranged is di-
vided into regions@(k21)Lr ,kLr# (k51,2,3,...) in Fig.
3~a!. TheLr is the wavelength ofD f . The ranging distanced
can be expressed asd51/2* @(k21)1(Du/2p)#* c/D f ,
where k is an integer. The region defined by@(k
21)Lr ,kLr# is referred to as the No.k region. Thek21
integer can be obtained by Int(Dt* D f ), where Int@ # is the
integer operation. So the estimate of target distance ca
expressed by the following algorithm:

d5
1

2
* F Int~Dt* D f !1

Du

2pG* c

D f
. ~5!
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In order to increase the accuracy, the No.k region can be
divided by l, wherel 5l15c/ f 1 in Figs. 4~b! and 4~c!, and
the fine scale measurement of (Du/2p)* (c/D f ) can be re-
placed as (m1u1/2p)* c/ f 1, where the integerm can be
gotten by Int@(Du/2p)* ( f 1/D f )#. The final estimate of tar-
get distance can be expressed as

d5
1

2
* Int~Dt* D f !*

c

D f
1

1

2
* F IntS Du

2p
*

f 1

D f D1
u1

2pG* c

f 1
.

~6!

The algorithm ford can be easily developed into th
digital microprocessor’s system to detect target distance w
the benefits of high accuracy and low cost.

III. SYSTEM IMPLEMENTATION

A block diagram of the ultrasonic distance measurem
system~UDMS! is shown in Fig. 5. This system consists
two acoustic transducers with matching exponential horn
signal generation system, power amplifier, preamplifier a
gain-controlled system, frequencies detected system, di

FIG. 3. Relation betweend5c* Dt andd5(k21)* Lr 1(Du/2p)* Lr .

FIG. 4. Relation ofd, Lr, and l.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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phase meter, and calibration system. A microprocessor-b
controller governs the operation of the entire system.

A. Hardware of the system

Analysis of the operation of the system can be con
niently divided into six parts. The operation of each mod
is described as follows.

1. Transmitted signal source

The transmitted pulse is made up of two sinusoids~40
and 41 kHz! of approximately 60 cycles at each frequenc
The block diagram of the transmitted signals’ generation s
tem is shown in Fig. 6. A crystal oscillator circuit is used
generate a stable signal with a base frequency of 80 M
The 50% duty cycle can be obtained by two dividers. T
output frequency of the divider No. 1 is 40 kHz and t
output of divider No. 2 output is 41 kHz. Both outputs a
sent to the multiplexer~MUX !. The MUX is controlled by an
89c51 microprocessor. The output of the MUX is a BFS

FIG. 5. Block diagram of the UDMS.

FIG. 6. Block diagram of the transmitted signals’ source.
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signal which is similar to the transmitted signal shown
Fig. 1~a!. The BFSK signal is generated in digital form an
delivered to the power amplifier, and then to the transmitt
transducer.

2. The preamplifier and the gain-controlled amplifier

The bandwidth of the ultrasonic transducer that we
considering is narrow. To avoid error from acoustic atten
tion, the gain of the amplifier must adjust automatica
when the frequency of the ultrasound changes. Therefore
error related to acoustic attenuation is minimized in the ga
controlled amplifier by keeping the received signal amplitu
dynamically constant. Another function at this stage is
detect the zero crossing point of the received signal, an
translate it into a TTL compatible square wave whose d
cycle is 50%.

3. Frequency detector

The block diagram of the frequency detector is shown
Fig. 7. The frequency detector detects the time whenf 1 ~40
kHz! change tof 2 ~41 kHz! of the received signal. The
detected time is then computed by the microprocesso
obtained TOF. Two counters are designed to distinguish
f 1 or f 2 frequency. The clock of counter No. 1 is the outp
of an AND Gate with the input of 80 MHz clock and the TT
compatible square wave received signal. If the counted va
of counter No. 1 is about 1000, then the frequency of
received signal is determined as 40 kHz, and the value ab
976 corresponds to 41 kHz. Counter No. 2 is used to la
and reset counter No. 1, and interrupt the 89c51 microp
cessor.

4. The digital phase meter

The block diagram of the digital phase meter is shown
Fig. 8. The main function of the phase-shift converter~PSC!
is to convert the phase shift data into the pulse width w
two dividers~42! and one XOR gate. The procedure of th
PSC can be simply described as follows and shown a
Fig. 9.

FIG. 7. Block diagram of the frequency detector.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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~a! Step 1: The 40 or 41 kHz signals@shown as Fig. 9~a!#
are divided into 20 or 20.5 kHz signals as shown
Fig. 9~b!.

~b! Step 2: The received signals@shown as Fig. 9~c!# are
divided by 2 as shown in Fig. 9~d!.

~c! Step 3: The result of the XOR gate shown in Fig. 9~e!
is obtained with the input signals of 20 kHz/20.5 kH
gotten from step 1 and the signals gotten from step

The result obtained from step 3 is the pulse width.
counter~in Fig. 8! based on 80 MHz oscillator is used
count the pulse width. The phase shiftu can be expressed a
u5360* ww /wT , whereww is the counted value of the puls
width by the counter, andwT is the counted value of a cycle
The range-equivalent resolution of the phase meter is 0.0
of the wavelength for a 40 kHz. Finally, the counter
cleared by the microprocessor and ready for counting
next phase shift.

5. 89c51 single-chip microprocessor

The UDMS system is governed by an 89c51 single-c
microprocessor. The main function of the microprocesso
to control the BFSK of the ultrasound, get the digital pha
shift, evaluate the TOF, calculate the target distance,
display it.

FIG. 8. Block diagram of the digital phase meter.

FIG. 9. Charts of the operations of the PSC.~a! 40 kHz/41 kHz signal.~b!
20 kHz/20.5 kHz signal.~c! The received signal.~d! The divided signal of
the received signal.~e! The output signal of the XOR gate.
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6. Calibration system

The UDMS system must be calibrated with a know
distance. The following procedure assumes constant so
speed over the entire range. The experimental embodim
of the distance measurement system is shown in Fig.
which consists of a constant temperature box, a brass p
~which is used as a reflector and mounted on a step mot
arm!, an optical linear scale, and a Pentium III. The referen
scale of an optical linear measuring device~Pulscale model
SJH5515AAR, Futaba, Japan! is mounted on the steppin
motor. An optical sensor and its reflector are attached to e
other and fixed in the stepping motor’s arm. The stepp
motor’s arm changes the position of the reflector. Thus,
any given position, the PC is provided the elapsed time
Dt, phase data, and optically measured distance, allow
the PC to calculate and display the error of distance that
be used for calibration.

B. Software of the system

The software program of the microcomputer is describ
by the flowchart in Fig. 11. The 89c51 microprocessor w
assign the transmitted signal, adjust the gain-controlled
plifier, and wait to be interrupted by the frequency detec
or digital phase meter to evaluate the TOF, getu1, u2, and
calculate the distance. The 89c51 will assign the transmi
signal again if the waiting time is more than 50 ms. Duri
the calibration phase, the TOF,u1, andu2, are sent to the PC
via the 89c51’s RS232 interface. After calibration, the data
measurement distance is displayed on the LCD.

IV. TESTING THE SYSTEM

A prototype range measurement system was tested in
laboratory by comparing the calculated distance obtai
from UDMS and the distance measured by the optical sc
The center frequency of the transmitted/received transdu
was 40 kHz and the bandwidth was 2 kHz. The testing
vice is described in Sec. III A 6. The temperature in the co
stant temperature box was set to 28 °C. We know the te

FIG. 10. Block diagram of the calibrating system.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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perature is 2860.1 °C along the path. The accuracy of t
phase shifts were verified by the standard instrument~HP
Universal Counter!.

There were approximately ten cycles~approximately 250
mS! of the received signal while the frequency was tran
tionally varied from 40 to 41 kHz as shown in Fig. 12. Th
frequency of the transition wave was sequentially change
40, 40.1, 40.2, 40.3,... to 41 kHz. Owing to this phenomen

FIG. 11. The flowchart of the software.
Downloaded 15 Sep 2008 to 140.116.208.51. Redistribution subject to A
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the system had to wait for approximately 250mS until the
frequency of the received signal settled to its steady s
value of 41 kHz, and detected the phase shiftu2. The system
also had to decrease the error induced when TOF was
mated. The error can be reduced by the following algorith

~a! Step 1: Given a distanceL, the estimated elapsed tim
t1, can be written ast15Dt1te , hereDt was the ac-
tual elapsed time,te was the error.

~b! Step 2: Given a distance 2L, the estimated elapse
time t2 can be written ast252Dt1te .

~c! Step 3: From step 1 and step 2, thete can written as
te52t12t2.

The final resultte will be saved and used as calibratio
data.

V. EXPERIMENTAL RESULTS

A logged data graph of the elapsed time versus dista
ranging from approximately 1000 to 6000 mm was shown
Fig. 13~a!. The error data in the error plots in Fig. 13~b! were
the difference between the theoretical TOF and the meas
TOF. The theoretical TOF value was calculated byDt
5L/c and c5ARTg/M .12 Here L is distance~meter!, c is
the speed of sound~m/s!, R is the universal gas constan
~8314.48 J/kmol K!, T is the absolute temperature~in K!, g is
the ratio of specific heats (g5Cp/Cn51.4005), andM is
the molar mass~28.95 kg/kmol!. The standard errors~SE! of
the TOF were calculated by the following equation:
FIG. 12. The frequency of the transition wave was varied from 40, 40.1, 40.2, 40.3,... to 41 kHz.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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SE5A(
i

n
@RP~ i !2PP#2

n
, ~7!

whereRP is the TOF measured by the UDMS system,PP is
the theoretical value of the TOF, andn is the number of
measured data points. The average error of the TOF was
mS and then the error in measured distance was 2.87
The error in measured distance by the TOF method could
refined by a phase shift method in the UDMS system.

A logged data graph of the actual distance versus m
sured distance from approximately 1000 to 6000 mm
shown in Fig. 14~a!. The error plot is shown in Fig. 14~b!.
The standard errors of the measured results were calcu
by Eq. ~7!, where RP is the distance calculated by th
UDMS, PP is the distance measured by the optical scale,
n is the number of measured data. The average error
0.0216 mm. Through the repeated experiments, the ave
SE was consistently kept within60.05 mm over 6000 mm.

VI. DISCUSSION

A new highly accurate binary frequency shift-keye
UDMS system for use in isothermal air has been presen
This system successfully combines both the TOF method
the phase-shift method. The technique is based on the B
transmitted signal. Upon reception of the pulse, the appr
mate TOF is computed by the time at which the chan
between each discrete frequency occurs. Two phase s

FIG. 13. ~a! A logged data graph of the elapsed of time vs distance.~b! The
error plot of the TOF.
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between the transmission and reception signals are comp
in order to enhance the accuracy of the result. The ph
shifts are computed by a counter technique to avoid the li
tation caused by the amplitude of the signal and the finite
of the A/D converter.

The phase shifts will be influenced by the speed
sound. If the measured distance is within 6 m, and the er
of measured phase shift vary within one degree, the velo
error of sound can be kept within60.003 m/s. A resolution
of 0.05% of the wavelength corresponding to the frequen
of 40 kHz was obtained and the range accuracy was foun
be within 60.05 mm over 6000 mm.
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