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ABSTRACT NOVEL INVERSE FILTER TECHNIQUE FOR DIRECTION

Ultrasonic pulsedvave rangeDoppler sensors provide pEPENDENT COMPENSATION OF THE TRANSFER FUNCTION
application in various fields, e.g. intrudafarm systems

or autonomous vehicle steering, [1], [2], [J]he time-
frequency methodgl, 5] commonly used in these sensors,
however,inhere theproblemthat, due to the transducer's gt) = rect?@cos@mot) of frequency fy and du-
non constant andirection-dependent transfer functions, T

the Dopplerfrequencycannot be determined withigh ~ rationT. An acoustic wave is emitted into the medium and
accuracy needed for such applicatiofise easiestvay to reflected tathe receiver fronobjects infront of the trans-
improve the Doppler resolution is to reduce the signafiucer. In frequencylomain, thereceivedsignal can be
bandwidth, but only athe expense of worseangeresolu- described aghe time-delayed replica ofhe transmitted
tion. In this paper a direction-dependent inverse filtepulse multiplied with the overall system's transfer function
technique is presented, which compensates erroneOLh'é(w.llJ ,f)-

effects of the transfer function in th@me-frequency For a target in directionp and distancer H(w.y )
analysis. An ultrasonic intrudatarmsystemdetermining  can be expressed as:

location and velocity of persons in rooms serves as an

examplethat thenovel approach gives evidently better H(w, W, r)=B(0.w)Aw,r) R w), @
performancehanconventional methods, resulting both
high velocity and range resolution.

In a typical ultrasonic pulse-echo measurensstem
the transducer is stimulated with the burst signal

where B(w,p) is the radiation pattern function
resulting from the radiation patteregw,p) and
INTRODUCTION B (w,y) of the transmitter andreceiver for the

interestingfrequencyrange, resp.A(w,r) describes the
To localizeN objects in a multi-objecdtcene, a theoreti-

cal number ofN+1 independent wide-angle receivers is s (f) *
needed. The targets are detected by threshold evaluation of ] |
the signalenvelope of each receiver. A time-frequency

f

analysis is performed separately for each echois
includes echo time measuring to obtain the range informa-
tion aswell as short time FFT forthe specific echo
window to determinghe Doppler shifand by this the
target'svelocity. This simple methodhowever,inherits
large errorsespecially forthe velocity measurement: If i
the transfer function is not constaowver the entire f
evaluated frequenaynge, areffect of frequencyhifting
is observed, cf. Fig. 1, which is added ttee Doppler Se(f)
frequency shift. A possibleray tominimize thiseffect is i
to choose amall frequency band with a roughlinear '
transfer function, whathowever, causes a reduceshge e A E f
resolution. Hence to enabkegh precision measurements
of range andelocity for objectsvith unknown location in
a room, a compensation ftdne transfer function in each
direction to the receiver is needed.

H (f)

Fig.1: Frequency shift due to a nonlinear transfer
function
S(f) - signal spectrum, H(f) -transfer function,
S(f) - shifted spectrumi)\f - frequency shift



0.8

0.6

0.4

0.2

20°

10°

frequency

[kHz] angle [degree]

70 -20°

Fig.2: Direction-dependent directivi§g(w,J ) pattern
of a RU ultrasonic transducer

transmission loss fotarget ranger and R(w,\) the
characteristic of theefledor. For the reflection ohir-
borne ultrasound at largmjects, R(w, Jcan beassumed
to be constant [3@nd A(w,r) is determined numerically
with an absorptiorcoefficienta (a can beexpressed by
the approximatioro = f[ Hz] 215010 11s2n7 1, [3)):

exy-ar)

Hence, to determineH(w,y,r), the radiation pattern
B(w,y) has to be measurdar the interestindrequency
range. An example of the radiation pattern of a ultrasoni
transducer suitable fquulsed-wave measurents inair,
measured in free-field conditions, is given in Fig. 2 [7].
Another approach is to determing (w,y,r)form the
ratio of the spectra of theeceivedand the transmitted
pulse:

1

Aw,r)= >

)

E(wy.r)

H(wp.r)= S0

3)

A common tool for compensatirtge transfer function of
the measuringystem is tdilter the receivedsignal with
the inverse of the transfer function. For optinmalise

reduction, the inverse filter is combined with a noise filter.

This combination, whicloffers minimal signal distortion
and maximakeduction of noise, is the Wiener filter. The
noise filter is given by the ratio of th@ower spectrum of
the signal and theum of thepower spectra ahe signal
and thenoise. With the signgbower spectrum estimated

by the amplitude spectrum of the direction-dependent

transfer functionH(w,y,r) and itscomplex conjugate

HD((o,qJ ), the time-frequency characteristic of the
Wiener filter 1(w,p,r), selected forthe interesting
frequencyrange by thewindow function W(w), can be
calculated from [6,7]:

H %0,y ,1) W ()
H(,W,r)H oy r)+es/¢,

H(w,g.r)= (4)

@ andq, are thepower spectrum density tife signal and
the noiserespectively. Ithe signal-to-noise ratio lEgh,
the filter tends to a purdeconvolution filter, in case the
signal-to-noise ratio ifow, it represents a matched filter.
Here, it is assumedhat for the selected frequenayange
the ratiopg /@, is constant for all directiorsndfrequen-
cies.

The steps in Wiener filterinfpr acertain directiony

are shown in Fig. 3. The timend frequency response of
the reflector signahre shown in Fig. 3 @nd b)resp.
Fig. 3 c) showghe transfer function of the Wiener filter.
In Fig. 3 d) the filterec@cho spectrum is presented. For an
ideal match, the output signal equals the window function.
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Fig.3:Wiener filter echo evaluation



a) positions 1 2 provided according to (2), resulting from tliferent
1 distance (r —r,) of the realobject and thereference
Zifjiince Tro reflector to the transducer. Each targ=tho is then
Try " Ly Co filtered separately with the appropriate filtéfw,y ;.1 ),
' Y ;being the nearest of the preset directions to the
W . . L .
estimatedobjectdirection (=1.k) and the targetelocity
transducer T . . .
- is determined by short time FFT.
D)  fixea targets 4 EXPERIMENTAL RESULTS
FaVa In Fig. 5 an echo sequence is presented, which was
3 Vv, oving targets obtained using 80 kHz ultrasound pulses in a roomly
Fa:Va one targetvas a movingbject (slowlywalking person),
\ all othersobjects were fixedqroom wallsand equipment).
T2 Ve For each of theletected 4 targets a FFT analysesbeen
performed. Thefrequency shiftsand thecorresponding
T, transducers velocitiesare given in Table I. The resuftsr a measure-

- ment without correction algorithmshow considerable
Fig. 4: Signal evaluation in two steps

a) setup: determination of direction-dependent inverse Table I:
filters with reference reflector _ Performance of the proposed inverse filter
b) measurement: multi-object scene with n transducers for a received echo signal
MEASUREMENTS uncorrected corrected
. o target r f f
In order to verify the ability to compensate the g [ rTT1 s]| [mi [I-?z] [rr://s] [I-?z] [rr://s]
erroneous frequency shift foigh precision measurement 1 36| 06 =60 12 270 0.5
of range andelocity of objects, tests weoarried out in a i i i .
closed roomwith a ultrasonic pulse echo system. The| 2 7.5 125| 395 | 0.84] 30| 0.06
principle of measurement using transmitter/ receiver 3 11.8| 1.95 75 0.18 15| 0.03
pairs (inour casen=3) placed in thebservation room, 4 145| 24| 3001 062 -60| -009
is sketched in Fig. 4. Thproposed solution requires a : : : :
signal evaluation in two steps: uncorrected v=12 084 0.18 -0.62 m/s

1. the gathering ofeference signals to calculate the Corr?cted v=059 -0.06 -0.03 -0.09 m/s
inverse filters and ; ; ; ; 3 ;
2. the real measurement.

Y St o (U [ SOU: S s e

The first step needs to be perfornmady once for each / :
receiver before angneasurements are done.réflector is S — o . S - T o] ]
placed ink chosen directions) =[y 1,y 2,..p¢| and in : : : ‘ :
known distances to the receivéri¢ chosen in accordance IS S | SRR /0 T SO /R SO

to the desired lateral resolutiamd thecomplexity of the ; :
system). For each directiorthe transfer function P A— 50 8 UUROE SORURNRS ORRUOOR SOOI
H(w,y,r) and the inverse filter characteristibgo,y,r ) : : : :
are calculated from (3nd (4). Thevindow function is
selected as narrow asssible tdimit the noise influence,
but as wide enough to covall possible frequency shifts.
For the real measurement the targets are obtdnoeal
each receiver by threshold detection at each receiver. The Fig.5: Echo envelope for 4 targets

target's location is calculated by triangulation from the (1- moving, 2,3,4 -fixed) and their detected velocity
delays betweethe echoesarrival times at thaeceivers. before and after applying the correction algorithm
Additionally, a correction forthe transmissiofoss is

0.5 1 1.5 2 25 3 35
range [m]



speed forall targets. The reasdar this behaviour is the
additional erroneoudrequency shift. When the same
situation is evaluated with theovel inverse filter tech-
nique, only target 3 appears tmove. All other targets
have velocities being nearly 0. (Due ttee of the FFT
analysis, thefrequency results show quantizationAf,

which rises forhighersamples rateandless FFT points.
For a 8192 FFBnd a250kHz sampleate,Af=15Hz The

resulting velocity uncertainty is Av=0.03m/s, which, A novel concept of a flexible inverse filter technique for
however, can be neglected for the regarded application.) 5 high precision pulsed wave ultrasonic raagdvelocity

~ The novel technique was appliestccessfully 10 an  sensphasbeen developedvith theuse of Wiener filters,
intruder alarmsystem, detecting locatioand motion of adapted to specific direction of perception, precise
objects in the observed room. Its performance guarantees ation andvelocity information ofobjects in aoom are
contrastbetween movingand fixed object sufficient 0 gptained. This simple techniqgives significantly better
measure locatio@and motion of persons correctgnd 0 aguits  than  conventional pulse-echo  Doppler
distinguish even small velocities from fixedobject as easurementand essential especially fdhe detection
furnishing or wallsHence the detectioprobability could ¢ small velocities. Furthermorethe  filter algorithm

be improved significantly. allows to use simple, short transmitting pulses and enables

In Table Il results from a second examplee given 5 flexible transducer configuration due to its robustness in
which show howthe performance of the compensatiory \yide angle of observation.

algaithm depends on the chosen direction-sensitive

corrupted mainly by the transducer's transient vibration
modes and less for diffeent angles of soundave
transmission. Hence, for most technical recognizing
systemswith relatively wide-angle transducers, to setup a
few reference filter functions will be sufficient for a
successful application of the compensation algorithm.

CONCLUSIONS

inverse filter. A measurement situation with one
transmitter/receiver pair having 8-dB-width of the

radiation pattern ofbout 30°.was evaluated. For one
target in two different directions to the sensor the
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