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Abstract: As a ranging sensog continuous transmission frequeneydulation(CTFM)
sonarwith its ability for range finding and range profile formatmnorks effectively under
stationary conditions/NVhen a relativevelocity exists between the target and the sonar, the
echo signal is Doppleshifted. Thissituation causethe output of the sensto deviate
from the actuakargetrange thus limiting its applicationsto stationaryconditionsonly.
This work presents an approafthn correcing sucha deviation.By analyzing the Doppler
effect during the propagation proceslse sensor output can be corrected boppler
factor. To obtain this factora conventional CTFM system is slightly modified by adding a
single tone signalith a frequencythat locates oubf-sweep range of the transmitted
signal. The Doppler factoran beextracted fronthe echoBoth verification @perimens

and performance tests are carried deésults indicate the validity of thproposed
approachMoreover,ranging precision under different processing setsqliscussedror
adjacentmultiple targets, the discrimination ability is influenced by displacement and
velocity. A discrimination boundary [ovidedthrough an analysis.

Keywords: CTFM; ultrasonic ranging sens@r Doppler shift; deviation; correction;
range profile
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1. Introduction

Ultrasonic ranging sensors have been widely usedollision avoidancgl], navigation[2,3],
mapping [4,5], target classification §,11, and in travel aid devices fo visually impaired
individuals[7,8]. The ultrasonic ranging sensavhich is low cost, accurate in positioning, and easy to
operate,is consideredas a competitive choicdor implemening target detection and recognition.
Sensors that work in pulsscho mode, which is the most common mode, have &ggliedin various
forms [9,10]. However, most pulsechosensos only retain thereturnof the nearest targand neglect
the rest of the echo sigsal

A more sophisticated ultrasonic sensa, continuous transmission frequency modulation
(CTEM) sonar has beemxtensivelydeveloped in the past several decades. Wéthdvantages of high
precision, broadband, higignatto-noise ratioand highquantity ofinformation,the CTFM sonar is
capable ofdetecing multiple targets, classifigg primitive indoor target§11], and &en recogning
complex targets such as rough surfddel, leafy plants[13], and human faceld4]. However, most
of theapplications ofa CTFM sonar are carried outhderstationaryconditions. When one or both of
the sonar and the target are moving, the echo signal is Degtypiterd. After demodulationthe output
of the systenis deviated from the actual target range. T8iigationlimits the application o& CTFM
sonarto statimary platforms andhotionlesstarget sensing.

An early studyof a CTFM sonarprovidedan analysis of how the system output changes with a
moving targe{15]. In amore recentvork, a CTFM sonarwasmounted on a mobile agent to clagsif
different rough surfacgd.6]. The spectrum of the demodulation output sigmasaveraged to reduce
the influence of Doppler shift to the range profile. Howettee output range value deviation was not
considered. Until now, no effective solution hasm@rovided to eliminate theaforementioned
deviation. This work presenemn approach for correcting CTFM output under-stationary conditions
with a slight modificationto the system. With this approach, the sysstithworks with high precision,
and B now capable of generag the range profile of complex targets. The modified system can be
further applied to nostationary scenarios suchrad®ot navigation and moviagarget detection.

In the following section, a description ovidedon howa conventional CTFM sonar system
works A dualsweep demodulation approach is introduced to eliminatéktived timed in the output
signal ofa conventional CTFM sonar systemoise and interference that may affect the system are
discussedIn Section 3, ageneral condition of the@ropagation procedure of the ultrasonic signal
between a moving sonar and a moving target is analyzed. A Ddagler is introduced to correttte
systemoutput Section 4presentexperimental studies farerification and performance testfor the
proposed approacth detailed discussion of the experiment resaltsl the system performance
given in Section 5. Finally, conclusions and future research considerations are summarized in.Section 6

2.CTFM System Description
2.1.BasicCTFM System

A basic CTFM systertransmitsa cyclic linear sweep sign&Ht). In one sweep period(t) can be
described as
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Si(t) sweeps frondy down tof, during a period offsy. The sweep bandwidth B= fy 1 f., and the
sweep rate isn = B/Tsw A is the signal amplitude. The echo signal is a replic&rofith a time

delayof:

t=2R/c (2)
whereR is the range to the target, ands thesoundspeed The echo signal can be described as
S:(9=A0( LR Jgs( t-) 3)

whereb(a;R,d) is an attenuation factor related to the wavelemgthe rangdR, and the incident angle

d. The amplitude of the echo also depends on the surface characteristic of the ré&f[€2iomd focus

on the range finding function of the system, it is assuthatthe targets are strong reflectors and are
within the observable area.

The frequency o&r(t) is:
_ 1 dFR(1)

f(t)=
wherel (t) = 2" (fy T mt/2)t is the instantaneous phaseSgft). Similarly, the frequency dik(t) is:
fo(t)=f (t +) & m{t } (5)

The demodulation procedure includes mixing and filtering operatiigen Sr(t) is mixed with
XK(t), a sum frequency and a difference frequency component are includedprodiet signalThe
sum is filtered ouby a lowpass filter (LPF) the difference frequency compondgts left as the
demodulation output signal

=f, mt (0 t<T,¥ (4

2Rm
f,=m S (6)

Thereforethe measuredangevaluecan be written as
R= cf,
2m

(7)

A spectrogram explanation is shown in FigureThe componenty is obviously proportional to
rangeR. A reflector can be seen as a peak in the spectrum of the demodulation output signal. If the
echo comes from multiple reflectors, corresponding peaks can be found in the speca@i.FM
sonar system, signal frequency is concerned with target.rahgedore, all the analyss in this paper
focusonly on the frequency domain.
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Figure 1. The signal spectrogram tifedemodulation procedure
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2.2. Dual SweeDemodulation

—

AY

The output ofa basic CTFM systenncludesa blankin every sweep periodhe blank appears at
the start of a sweep periedth a length ofU Suchblanks are calledblind time, they make the output
discontinuous and decrease output sigma&rgy A dual demodulation methdths beerought out to
eliminate blind timg17]. An additional sweep signakith a sweep rate equal lmand a band next to
the band ofSi(t) is introduced in the demodulation procedure. The additional sweep signal is
described as ’

NI m, 09O
SA(t):AsméZogefL —2t 8u (0 & T) 8)
€ ¢ + U
Similar toEquation(4), the frequency o(t) is:
1 dF ,(t
fA(t):%T’*t() =f, mt (0 t<Tig (9)

wherel A(t) = 2" (fLT mt2)tis the instantaneous phaseSaft).
The echo signal mixes witthe sumsignak of Si(t) and Si(t) instead ofSi(t) only. Output signal
frequency can be written:as

g o (t)- fa(t) 04 K

"0 e “

Si(t) can be considered as an extensio®@) in the spectrogram. In suehmannersy(t) forms a
sweep signal with a period long enough to cover the echo sthaetfore,blind time gaps are filled.
In pradice, T'syiS setto beequal to Ty, thusSa(t) shares the same trigger signal wWai(t) to reduce
the complexity of signal generation (Figure 2).
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Figure 2. Signal spectrogranof a dual demodulation system
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Note that the maximum value of the difference frequency betdggnand f(t) is B/2, which
corresponds to a range valuecdt,/4. A reflector farther than this value will makgt) demodulated
with fr(t) in the next sweep period. Targets arowiig/4 cause range ambiguity or phantom targets.
To avoid this situation, firstly the stop band of the LPF is usually set loweB{Rda eliminate range
ambiguity. Furthermore, the intensity of the transmitted signal can be adjusted to an appropriate value,
so that the echo reflected from farther tlkedg/4 dies out before it reaches back to the sonar. Actually,
in most airborne ultrasam uses, phantom target seldom appears due to the rapid attenuation of the
ultrasonic signal. Therefore only the first step is needed to be done in the system design, and only
targets found within the region of Oc¥s/4 are meaningful.

2.3. Noise andnterference

Different from the pulsecho sonar, the CTFM sonar operates in a continuous manner, which
provides a much higher power output. Meanwhile, the dual sweep demodulation operation fills the
blind time of the output signal, which further enhanttes energy of the output. The demodulation
procedure transfers the echo signal in time domain to frequency domain for indication. The target can
be seen in the spectrum of the output signal generated using Fourier Transform. The Fourier Transform
also prowdes an averaging process that reduces the noise. Agaasdilter (BPF) applied to the echo
signal can eliminate the noise out of the sweep band. The pass band of the BPF should be designe
wider than the sweep band of the transmitted signal. The rsangiboth sides of the pass band are
left for the Doppler shifted echo signal.

Although CTFM sonar has the ability of noise suppression, crosstalk between the transmission and
the reception channel still exists. The transmitted signal may mix into thee@@zho signal, which
appears as a large reflector very close to the sonar. The impact of this interference can also be
eliminated by filtering. Instead of a LPF, another BPF can be applied following the mixing operation
in the demodulation procedureftiber out the interference and the sum frequency.

The filters guarantee a high quality of the output signal in most practical uses. However, under
harsh signal conditions, the system might be disturbed by unknown noise that cannot be ignored.
Figure 3 shws the spectrum of the output signal when the echo signal is affected by additive white
Gaussian noise. These results are obtained under assumptions that the reflett@miaylfrom the
sonar, and the echo signal is amplified to the same magnitudeafrthsignal®f Sr(t) andSa(t). The
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peak corresponding to the target still can be seen clearly, even when the echo signal has
signatto-noiseratio (SNR) of 0 dB. In the system described below, the BPFs are also applied, and the
signal condition ionsidered to be good enough to generate a clear indication of the target.

Figure 3. Output signal spectrum under echo SNR(af O dB; (b) 3 dB; (c) 10 dB;
and(d) 20dB.

0.8 0.8

0.6 0.6

0.4r 04

Normalized Amplitude
Normalized Amplitude

0.2

0 1 2 3 4 5 0 1 2 3 4 5

Frequency (kHz) Frequency (kHz)
@ k L (b)

1 1
[ [
5 0.8 5 0.8[
s s
g 06 g 06
© ©
) )
% 0.4F % 0.4F
£ £
: O.Z\N\-WV*/‘J W =" L,«.A.,V\Mm..m,m ]

oR Y 0:\”\-‘-'\\;-""-/J ,

0 1 2 3 4 5 0 1 2 3 4 5

Frequency (kHz) Frequency (kHz)
(©) (d)

3. Detection underNon-Stationary Conditions

Rangedetection can be quite accuratben the sonar and the target are both statiohbowever,
whena relative movemertdccursbetween the target and the sonar, the echo is Deglpited. As a
result,the frequency othe demodulation output signéj deviagesfrom the actualtarget rangevalue.
The deviationincreasesalong with relative velocity.In this case,detection resultmay easily
becomeaunacceptable

3.1. Analysisof Ultrasonic Propagation

In general, the sonar and the target are both moving at different velocities and toward different
directions. When the target is within the beam of the stim@Doppler effect occurs at three moments
in the entire procedure of ultrasonic signal propagatamely (a) at transmission(b) at reflection,
and(c) atreception, as shown Figure4.

-

C
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Figure 4. The propagation of the ultrasonic signal

Supposng that an arbitary signal with an instantaneous frequencyf(of is transmitted by the
sonar then,only the ultrasonic beam that hits the targetiamdflected back to the sonar is considered.
The sonar is moving at a velocity vectorr\g(t) at the moment of transmissiohhe angle betweévg(t)
and the beam ;. After transmissiori(t) is shifted td?(t) because of thBoppler effec(a)[18]:

Et =f(t ;
1( ) ( )C— Vs(t)COSC]l (11

After traveling for aime offlight (TOF) of U(t), the signahits the targetThe target is moving at a

velocity vector ofv; (t) with an angle off, from the beamat the moment of reflectioBecause of the
Doppler effecib), the frequency of the echo becomes

=\ F c+y, (t)cosg,
E(t)= £t 41(t))m (12
After travelingonce moreor UJ(t), the signafeturnsto the sonar. At the moment of reception, the
total TOF of the signal is the sum@tt)and(t): W) = Y(t) + G(t). Assuning that({t) is short enough
to neglect the displacement and the velocity change of the sbeathe angle betweel (t) and the
echo beam is stilth. As a result ofthe Doppler effect(c), the received signdrequencycan be
described as

E(t é(t-f )c+vs(t)cosql 13

c

By substitutng Equation(11) into Equation (12), and then intdequation(13), Rt) can be described
by f(t), that is

O

Examining Equation(14) showsthat after the entire propagation in a period{o), the signal is
shifted from the transmitted sigrf@-({t)) to the received sign&ft) by a Doppler factob(t), which is
the total shift ratipthat is

Ht)=f(t +(t)D(t) (15
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According toEquatiors (14) and(15), D(t) is:

D(t)_c+vs(t)cosql c #(1) cosg
" c- v, (t)cosg, ¢ -y(1) cosg

(16)

If a single tone signal with a known frequerigyis transmittedD(t) can be easily acquired by

fST

(17)
WhereET(t) is the received signal frequency of the single tone signal.

3.2. Correctionof the CTFM Output

The received signdrequencyfr is a replica of the transmitted signal frequency shiftedDigy,
that is

E(t)=1(t +(t)D(t) (18)
According toEquation(10), the frequency of the demodulation output sigsial

FEO- L o< A
Vet 0« w “

m-n'lt

Obviously, EJ no longer follove Equation (6). Figure 5 demonstrateswo moving conditions,
deviationsoccurbetweenthe CTFM output and the actual target range. The CTFM owdphibitsan
obligug sawtooth shape because higher velocity makes the Doppler fagfotarger, thus its
contribution to the deviatiois also greateraccording tcEquatiors (18) and(19). At the same timea
higher transmitted frequency also contrilsutere to the deviation.

Figure 5. The CTFM outputvs. the actual target distancé) A target approaching the

sonar at 1 n$ ! (b) A target accelerating away from the sonar at 1-$°m
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To obtain a correct output, a single tone compofetft) with a frequency ofst is added to the
transmitted sweep sign&t(t). A blankfrequencygap should be left betweégrand the sweep range
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of Sr. This gap should be wide enough thatfsr and f+(t) will not interfere with each otheafter
Dopplershifting. The actual transrtied signabecomes

Si(9=s:() +s(} (20)

BecauseET, which is the frequency of Dopplshifted Sst in the received signatan be easily
obtained, the Doppler fact@(t) is alsoobtained byusingEquation(17). To acquire the actual range
of the target, the aim is to determine the valu&fof thatfollows Equation(6). Thus, Equatiors (5),
(18), and(19) are combined

()=F &% ()+fa(t) B() fa(t) O & ()
16l ()+ (1) B(Y) - () £(t) =Ts

s T
~

(21)

WhenEquation(21) is reorganizedi(t) can be written as
¢ E(t)+(1 -D(t))f
HORICIRIO) LN R
D(t)

AON P -
PO e s

Thetarget range can be solvading an equation similar tquation(7):

r(t-¢(t)) LAY (23)

2m

—_ =)

_—) =) —

Note that h Equation(22), all the components are available exdepthetotal TOF({t), whichacts
as a dividing point of the equatiodt) can be calculated usingr 2r/c. The ange valuat the end of a
sweep periodcan be calculated usinghe second stage oEquatiors (22) and (23). In
low-velocity conditions,§t) can be approximately calculatddy U& 2r(0)/c. In highervelocity
conditions velocity or even acceleration can be introduiceestimatig ({t). Velocity and acceleration
can be estimated using tpeeviously acquirechearby range valuefn this manney all components
that describe(t) are available By integratingEquation(22) with Equation(23), the range value
r(t1 (b)) can be acquired.

4. Experiment

The approach describéuthe previous sectiois verified and tested through experimertaalysis
First, the equipment and the setup of the experiments are introduced below.

4.1. ExperimentSetup

Thepieces okequipmenused in the experimenbnsised of:

1. The sonar heaid composed of a SensCorp0 instrumental transducer as the transmitter and a
G.R.A.S. 46BE microphone as the receivEne SensComp 600 is an electrostatic transducer

with a beam angle df5°at dB.6



Sensor2013 13 3558

2. The targetis made up of boxes. One box only for a simple target, or moredha box put
together to create a complex target with multiple reflectors.

3. Two identical fide railsaremarkedas A and BThe sonar head and the targetrespectively
fixed on the slider of slide rails and B The slider is driven by a stepper mateounted on the
end of the raithrough a conveyor belThe slider can reach a maximum speed of 15'nThe
maximum travel length of the slide rails ignlL

4. Two amplifiersareused Oneis for amplifying the echo signaéceived by the microphone; the
otheris for amplifying the transmitted signal afat driving the transducer.

5. An ADLINK MXC-6000 expandable computes used. The computer is embeddeith an
ADLINK DAQ -2010 data acquisition card.

Pictures of the movement mechanism and the sonar hemeéd in the experiments are

shown in Figures.

Figure 6. Pictures of the experimentapparatus.(a) The entire motion system
(b) The sonar head.

Sponge Cover
SlideRail B~

Microphone

\ Target Transducer >
Stepper Motor -~
Stepper Motor

(@ o (b)

The connections among the apparatuses are shown in Figure 7. The data acquisition card is
controlled by the computer through MATLAB software. Two of the analog output (AO) channels are
used to export pulse trains to the stepper motors through two motor drivers. Another AO channel is
used to export the transmitted signal to the sonar head. &ogamput channel collects the echo
signal from the sonar head. All the aforementioned signal operations are performed under a sample
rate of 1 MSs . Transmitted signal parameters are listed in Table 1.

Figure 7. Thecontroldiagram of the experimental apparatus.
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Table 1.Signal parameter setup of the experiments.
f, f, T m

sSw

fsr
80 kHz 40 kHz 0.1s 400 kHz/s 100 kHz

Transmission and receptiai the CTFM signal and the motor contgigjnalare performed at the
same time. All input and output signals are stored in the computer. The demodulation operation is
performed offlineafterwards First, signals ardiltered to eliminate noiséom the useful bandSignals
are processed in frames. The spectrum of each frame is obtainfedtifyourier transformFFT)
analysisThe parameter(t) andf(t) can be determinedytsearching the peak in the spectrum of the
echo signal and the demodulated sigi&us, the Doppler factoD(t) and fi(t) can be determined
usingEquationg(17) and(22), respectivelyThe target range can be obtairngdsubstituting(t) into
Equationq23). Theprocessing procedure can be described as a block diaggahown inFigure 8

Figure 8. A block diagram of the system.

. Transducer
Single Tone X Bt )))
Transmitted
. Sw
Conventional =
CTFM System Additional
Output R Peak —
L o TmelH() ((¢
A
Peak P
D(t) o ol FFT |

Doppler Correction

The instantaneoupositiors of the slides can be determined by the pulse number of rtiator
control signal. The initial geometric relationship between the two slide rails are measured manually.
Actual range to the target at any moment can be acquired by trigonometric calculation.

4.2. Verification Experiments

In the following experiments, a large frameh 16,384 samples and a short frame shiih 5,000
samples are setp. This setupproduces a high frame rate allow verification of the approach with
dense dataVerification experiments are performed inotwonditions:(1) the sonailis moving while
the targetremainsstill; the slide rail and the target are arrangegtasvn inFigure 4a); (2) both the
sonar and the targatemowving, the two slide rails are arrangedsi®wn inFigure gb).
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Figure 9. The setup for the two tested condigo(a) The sonar heas moving while the
targetremainsstill; (b) Both the sonar head and the targetmowving.
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In both conditions, the slider is controlled to speed up, fwsdl therto slow down. Thespeed of

the sonar head and the target follow different acceleration curves to create various motions. In
condition 1, the target is fixed close to the end of slide railt#e sonar moves toward or away from

the targetFigure10 show experiment results when thgeed of thsonar head follows a linear and an
exponential curverespectively.

Figure 10. Experiment results of condition 1, the speed of the sonar head changes

(a) linearly; and(b) exponentially.
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In condition 2, the two slide rails make the same movement at the sameé\siroan be seen in
Figure 4b), an anglas formedbetween ralil slide A and B.Therefore the target is vthin the sonar
beamonly for a short timeFigure 11shows two experimerdl resultsin which the sliders move at a
linear velocity curve and an exponential curve.

Figure 11. Experiment results of condition 2, the speeds of both the sonar head and the
target changéa) linearly; and(b) exponentially.
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4.3. Performancel ests

A series of constant speed experimasatgerformed to test the performance of the approach. The
experimendl setup is the same @#sat in condition 1 which isdescribed in th@revioussubsection.
The effect of correction is tested at differgatocities and frame sizes.

CTFM output range dattke the shapeof a step because tlie discrete output of FFT analysis.
After correction,data take aminor sawtooth shape. Higher velocity catsger step difference,
which leads tdigher oscillatiorof the corrected range valugy contrastalarger frame size produse
smaller intervad between FFT outpsithus leading t@ higher range resolution. These inferences are
supported byhe experimendl results shown irFigure 12

Figure 12(a) indicateBow the mean square error (MSE) of corrected range value changes with the
velocity of the sonar movement. Thirteen velocity values from 0.3 m/s to 1.5 m/s are tested, with an
interval of 0.5 m/s. Figure 12(b) indicates the relationship between the MBE odrrected range and
data frame size, under the velocity of 1 m/s. Five frame sizes, 2,048, 4,096, 8,192, 16,384, and 32,768
are tested. Frame shift is equal to half the frame size. In the aforementioned test results, each valu
point is an average dfix tests at a corresponding velocity, with three approaching movements and
three backingaway movements.
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Figure 12. Results of performance tedis) variance of corrected range. velocity and
(b) variance of corrected rangs.frame size.
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4.4. ComplexXTargetTests

Multiple reflectors distributed in different ranges produce a more complex speSughmspectrum
can be seen as a range profile that represents the geometric information of thg#3hrget

In this subsection, several initiwomplex target experiments are performed to support the
discussion ifSubsection 5.2Two boxes are placed side by sidefront of the sonarwhich forms a
two-reflector targetThe sides facing the sonar are misaligned by 5 cm, thus creating twaorsflec
The setup of the test is the same as that in condition 1 in Subsectidind.2elocity of the sonar is
1 ms . Four frame sizes are chosen to be tesfue correction approach is applied to the whole
range profile.Correcton results areshown n Figure 13.The magnitude of the range profiles is
normalized. The shifted and corrected range profiles are plotted in dashed and solid lines, respectively
In a stationary condition, the two reflectors form two corresponding peaks with a dip between them. In
movingconditions, however, the two peaks may merge with each other or may become vague.

Figure 13 Results of range profile correction usinlifferent frame sizes (a) 8,192
(b) 16,384 (c) 32,768 and(d) 65,536.
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5. Discussion
5.1. ResultAnalysis

As discussedn Section 3 the deviation of the CTFM outpig caused by Doppler shiwhen
relative movemenbccursbetween the sonar and the target. Suimgohat the simultaneous motion
informationof the sonar and the target is availaliheenthe frequency shift of the echo signal can be
estimated through geometric calculatidsnfortunately, this information is unavailable in practice.
Even if the motion of the mobile agent that carries the saaar be obtainedising velocity
measurement devissuch as encoders, angle values of the ultrasonic beam during the propadgiation
remainunknown. In this case, Doppler shift information obtained from the echo signalgt$edfbest
matchfor the prgagation procedurddowever,in a CTFM system, signal frequency is changing all
the time,thus Doppler shift isalsohard to obtain. A ideathat inspired the proposed approach is to
combine the concepbf a CTFM sonar ané Doppler sonar. The sweep sigioh a CTFM sonar and
the single tone signal @ Doppler sonar go through the same frequency shift during the propagation.
Therefore they share the same Doppler factor. The factor can be easily acquired by the Doppler sonar,
and then usetb correct CTFMoutput.

As shownin the verification experiment results, the velocity of the movement kaepbkanging,
andthe Doppler factor value keeps following the speed curve. The correctedreamgasvery close
to the value obtained from the pulse count of skepper motqrthus provingthe validity of the
proposed approackample rate and frame size are set at high gafuthe verification experiments to
yield a dense data outpiBome ther sample rate and frame size values are set in the performance
tess. Results show that output precision decreases when veigditigher. Most mobile agents or
indoor targets move at a speed of 1 m/s or lowath an output range varianceeaching
6 x10" “m?. Thisvalueis acceptable in most practicgbplications As frame size goes larger, output
precision goes higher. However, frame size cannot be set too high because the spectrabpeak of
CTFM sonar output may become va@sea result ofhe movement.






