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ABSTRACT

The paper presents prototypes of ultrasonic sensors for fingerprint pattern recognition. Their principle of operation is
based on the amplitude measurements taken in selected points of acoustic field of ultrasonic wave diffracted from subsurface
finger structure. Examples of sensor construction and measured data are presented. Fingerprint structure recognition from

rpulse echo shows the possible use of the sensor as a synthetic aperture microscope.

1. INTRODUCTION

Wherever it is necessary to check if a person is authorized to use a service, open a compartment or a car, start a machine
or device, to get access to confidential data bank, there is obvious the need for a system enabling identification of the person.
How indispensable are these systems is evidenced in the fact that only in 1993 banks lost more than three billions dollars
due to credit cards forgery!. : :

It is widely known that fingerprints of different people are different and from some age on remain unchanged®. Therefore,
due to achievements of dactyloscopy, criminologists are able to uniquely ascertain a culprit basing on fingerprints left on the
place of crime. So far, optical sensors for recognition of fingers® and palm of the hand (as well as the eyeground)* have been
exploited in practice. However, they have not been used widely. Their basic drawbacks are: high cost of production and
operation, great amount of data to analyse and store, as well as high degree of deceptiveness (they can react to a dummy),
and, in case of a finger or the palm of a hand, this method is not dirtproof 5.

Diffraction picture of a finger surface, due to locally periodic structure of fingerprint lines, is simpler to analyse than that
obtained in direct representation. An analysis of optical diffraction picture of a finger surface is practically impossible
because of insignificant diffraction angle of a light wave since its wavelength is very small if compared to the distance
between particular fingerprint ridges. On the other hand, acoustic waves of ultrasonic range propagating in a solid or liquid
may have length comparable with dimensions of the fingerprint lines structure. The angle of diffraction of this wave may be
greater and distribution analysis of the diffraction acoustic field becomes possible. Acoustic waves are subjected to
diffraction not only on the subsurface finger structure but also on deeper skin layers®. It may be expected that due to
uniqueness of skin structure and its specific physical features”® preparation of an artificial finger would be very complicated

and expensive.

It appears that replacing light waves by acoustic waves and analyzing the diffraction picture instead of the direct one
seems to be reasonable on the ground of presented above reasons.

2. THEORETICAL BASIS

The description of phenomena associated with diffraction of ultrasonic waves is analogous to that applied to the theory of
optical holography. The description to follow is simplified but sufficient to understand how an acoustic sensor for fingerprint

recognition works.



A planar acoustic wave propagating in a homogeneous, elastic medium is described by the function:

¥(x,y,z,t) = ad ™" )
where ¥ means the disturbance of the medium in the point 7 = [x,y,z] in the moment ¢, @ is the (circular) frequency, k is
the wave vector of a wave with length A and amplitude a:
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The vector k is perpendicular to the front of wave (1). This wave splits into a series of plane waves when it falls on a two-
dimensional diffraction grating placed in the plane xy described by:

T(x,y)=Acos(f-r_)=Acos(K,x+Kyy) 3)

% is the wave vector of the diffraction grating of the constant /1 and amplitude A4:
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The coordinates of the wave vectors of splitted series plane waves are as follows:

k, =k, +nk,

ky = ky +nk, n = =1 (order of diffraction) )

k,=mk* -k} k] m = =1 (“=” for reflected wave)

The amplitudes of diffracted waves are proportional to grating amplitude. In a case of objects more complicated than
described by f(x,y) (e.g. fingerprint lines) it is possible to treat them as a superposition of many diffraction gratings with
different vectors K. The amplitude A(Ky , Ky) of each component can be obtained using two-dimensional Fourier transform:
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From equations (5) and (6) we see
that the amplitude distribution of
diffraction field for an object f{x.p) is
described by its Fourier transform.
The correspondence between the
object and its Fourier transform is
one to one (Fig. 1). Hence, it may be
concluded that the distribution of x
diffracted acoustic field represent
unequivocally the pattern of finger @ ®
surface on which the diffraction

occurred.

Fig.1. Correspondence between the object (a) and its Fourier transform (b).

3. ULTRASONIC DETECTION METHODS OF FINGERPRINT DIFFRACTION SPECTRUM

The finger surface with a pattern of fingerprint lines may be treated as a complicated reflecting diffraction grating.
Complexity of this grating results from:

— curvature of fingerprint lines

— variation of direction and density of these lines

— natural ability of elastic structure distortion

— multilayer structure (besides the echo from surface a reflection from deeper layers is observed)



In all of the experimental systems built by the authors till now, the finger tip was applied to a solid window (plexiglass,
glass) mounted on a vessel filled with water, in which sending and receiving ultrasonic transducer are placed.

3.1. Relationships between basic physical parameters

(a) K(n=-1,m=-1) (b)

The distance between fingerprint lines vary within the
range 0.25 - 0.75 mm. For further considerations we will »
take an average value of d = 0.5 mm, hence [K| = 27/0.5 (n=1,m=-1)
~12.5 mm™'. A wave with length A falling on the \
diffraction gratfor ing deflects with the angle described —_—T k }\\
by equation (5). Considering diffraction in the plane N e e R e
perpendicular to the fingerprint lines (Fig. 2) we obtain: Kin=0, m=-1)§ (=0, m=-1

o
— for transmitter located on axis (ky = 0) (Fig. 2a)
. \ —_ X
k.=K_, sina =k, /|k| = 2/d

— for sending-receiving transducer located at one side K - " -

(Fig. 2b) kx’ = -kx ; substituting into (5) we get (n=1,m=-1) z Kn=-1,m=-1)
-k, =k, + K., sing=k, Ik | =Al2d Fig. 2. Schematic picture of diffraction in two interesting cases.

Further in this paper, the systems with the central sending transducer will be referred to as the systems of type A, while
the systems with movable sending-receiving transducer will be referred to as type B.The detection of diffraction maxima for
various grating constants d is obtained by changing of the location of receiver or changing the ultrasonic waves frequency.
For type A systems the following values are accepted: average angle of receiver inclination &= 30, A=0.25 mm what
corresponds to the frequency v = 6 MHz. For type B systems P~15 A=0.25mm, and v =6 MHz.

3.2. System for scanning over sphere (type B)

Figure 4 shows a scheme of the system for scanning over sphere. It is a successor of a system scanning over plane, created
carlier. A small plexiglass window O, to which finger is applied, is located at the origin of coordinate system X7Y. Sending-
receiving piezoelectric transducer moves over sphere with radius R, which centre of curvature agree with the coordinate
system origin. The transducer has two degrees of freedom. It may be deflected angularly relative to the axes @] , @7 , which
coincide with the axes x.y, respectively. The angular range of transducer deflections is +45° and the angulér resolving
power is 0.036°. The whole distribution of acoustic field is measured at one frequency V. Correct diffraction pictures of
fingerprint structure were obtained for planar transducers with large diameter and plane finger window, as well as for point
transducers and spherical finger window (with radius of curvature R'=-R). In the last case the finger was applied to the
convex surface of window. In spite of obtained good quality of diffraction picture it is hard to expect that this system would
find wide application because of long time of acoustic field scanning and complicated mechanics. Additionally, this system
is sensitive to the orientation of fingertip application since the system does not assure rotational symmetry. Fig. 4(a) and 5(b)
show examples of diffraction field distribution measured by this system.



Fig. 3. System for scanning over sphere.
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Fig. 4. Measured diffraction patterns of: (a) grid with line distans of 1mm, (b) fingerprint.

3.3. Scanning over circle system (type B)

From the analysis of diffraction pictures of different fingerprints taken with the previous (Fig.4b) system it appears that
most information about the subsurface finger structure is comprised in relatively small area of ring shape with width Ar,
surrounding a circle with radius » (Fig. 5a). Since the diameter of this circle depends on the geometry of measurement
system and on frequency v, an aperture coefficient g was introduced, normalizing this dimensions to the size of diffraction
picture in space of vector K.



0 ‘ T - ] 2 @

(b)

© @

Fig.8. Some representations of a fingerprint structure, a) optical picture , b) Fourier transform,
¢) reconstruction from acoustic pulse response matrix (Fig.7); d) the same as (c) but after image processing.




Fig. 5a. Comments in text. Fig. 5b. Scanning over circle system.

In the system shown in Fig. 5b, the acoustic field scanning is performed for 2048 points laying on the circle with radius
r = const. The positions of measurement points are specified by rotary-impulse transducer coupled with the movement of
sending-receiving transducer P. The transducer axis is directed towards the middle of the window O with angle & from the
main axis of symmetry. In this system, the radial scanning effect is obtained by changing wave frequency (g is changed).
Assuming that scanning of field over circle with radius » is performed with frequency v, and after frequency change to
v] > v the diffraction angle will decrease, which realizes the situation that on circle r there would be located external
boundary of new ring of the diffraction field (Fig. 5a). (The situation will be opposite when we change frequency to v2 <v).
Also the system have been constructed, in which sending-receiving transducer set was divided into two separate transducers.
One of them P' (fixed) was placed centrally at the distance R from the window O (Fig. 5b). In this system version, in purpose
of avoiding of the change of angle ¢, the wave frequency was increased twofold. While not scanning the whole diffraction
field, this system does not have drawbacks of the system described in section 3.2. An additional advantage is in simpler

measurement control.

3.3.2. Pulse measurements

The scanning-over-circle system enables carrying pulse measurements, that means sending short pulses and recording the
reflected signal with an oscilloscope board.

The laboratory system for fingerprint reconstruction
comprises three main functional blocks.

: 5 . . PULSE GENERATOR
Mechanic-acoustic head (Fig. 6) consists of: meour e pose
- composite 6 MHz trgnsducer ' — o o |

-water-filled vessel with measurement window at [\ ]
oo —(< Hl
- mechanical system with step motor
- step motor controller e U
- position sensor SENSOR ‘
11
N ] .
In the sending-receiving block there are: [gﬁ: MoToR } STEP
- pulse generator T
- signal switch
- preamplifier ==
. o CONNECTIONS:
Computer 486/33 Mhz with additional cards: —<— ELECTRICAL
B SIGNAL

TRANSDUCER

- 40 MHz scope board
- digital processing (DSP) card

MECHANICAL

Fig. 6. Block diagram of the measurement sctup.



The transducer sends acoustic pulses and receives as the echo a wave diffracted on fingerprint lines for every one position

during rotation. These transient responses are sampled by scope board and stored in measurement matrix of 256 X 256
elements. Basing on such measurements the reconstruction of fingerprint lines becomes possible. The reconstruction
procedures® wese presented on the conference in Wista!®. The reconstruction algorithm is accomplished by computer and
DSP card, but in fact the DSP card mainly performs FFT or back projection calculations. The measurement cycle with object
reconstruction lasts about 8 seconds. We can treat our setup as an acoustic syntetic aperture acoustic microscope.

3.4. Fixed system (type A)

The experience gathered during work with the system described in section 3.3 was exploited in construction of a head with
electronical, instead of mechanical, scanning. Scheme of this head is presented in Fig. 9. It contains 256 receiving
transducers P, each with area of 1 mm?, arranged on the circle with radius » = 50 mm and at angle o = 30° to the system
axis. The focus of a spherical transmitting transducer P is positioned at the same distance R = 100 as the receivers P. The
active diameter of the transmitter is equal 16 mm. The spherical window made of plexiglass has the diameter 50 mm and the
radius of curvature R' = -R. As in the previous system, the head ensures scanning of diffraction field from a ring area, which
contains essential information about subsurface fingerprint structure. The head, along with a multiplexer and a controller, is
a part of a measurement system for fingerprint recognition. '
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Fig. 9. Ultrasonic head without moving elements: (a) scheme, (b) realization.

The gathered in measurement information about the acoustic field distribution is compared with data stored in a
microcomputer memory or saved on a card supplied with magnetic data carrier (e.g. chip card). Comparison is conducted by
a microcomputer equipped with with specialized software.

4. FINAL REMARKS

The measurements and reconstruction of fingertips pictures showed that diffraction of acoustic field occurs on structures
identical with fingerprint lines. Reconstruction of different structures, giving weaker diffraction echo, for example: rubber
stamp, diffraction grating, were also obtained. The analysis of reconstruction errors of this structures enabled to determine
an apparatus function of the measurement system. Owing to this, considerable analyse quality improvement of
reconstruction pictures was achieved. We can treat our pulse system as an synthetic aperture acoustic microscope, the system
separates lines 0.3 mm apart with 20 mm field of view. The replacement of moving transducer by ring matrix of point
transducers switched by a multiplexer will convert the described system into a fast ultrasonic Fourier microscope. At present,
besides the basic research on ultrasonic wave propagation in different media, studies are continued on optimization of
mechanical and electronic construction as well as on improving technology of ultrasonic head for mass production. In the
nearest future statistical studies are planned. Their purpose is improvement of the procedures for fingerprint diffraction
picture recognition.
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