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A Novel Sensor Cell Architecture and Sensing Circuit
Scheme for Capacitive Fingerprint Sensors

Hiroki Morimura, Member, IEEESatoshi Shigematsiember, IEEEand Katsuyuki MachidaMember, IEEE

Abstract—Novel capacitive fingerprint sensor techniques are  Fingerprint Sensor Chip
described. We propose a novel sensor cell architecture to ob- -
tain high sensitivity, wide output dynamic range, and contrast
adjustment. For the architecture, three circuit techniques were RN |-
developed. A sensing circuit with a differential charge-transfer [
amplifier enhances sensitivity while it suppresses the influence i HH
of the parasitic capacitance of the sensor plate. A wide output .
dynamic range, which is needed for high-resolution analog-to-dig- HH
ital (A/D) conversion, is achieved by transforming the sensed
voltage to a time-variant signal. Finally, the sensing circuit Sensor cell
includes an automatic contrast enhancement scheme that uses a Sensor array
variable-threshold Schmitt trigger circuit to distinguish the ridges
and valleys of a fingerprint well. The characteristics of a test
chip using the 0.5:m CMOS process show a high sensitivity to
less than 80 fF as the detected signal, while the variation of the
output signal is suppressed to less than 3% at-20% variation of

signal is 70 pus, which is wide enough for A/D conversion. The ) L . C . o
automatic contrast enhancement scheme widens the time-variant plate’s parasitic capacitan@,, which is formed with the in

signal 10045 more. A single-chip fingerprint sensor/identifier LS|~ terlayer under the sensor plate. The parasitic capacitance is a
using the proposed sensing circuit scheme confirms the scheme’scritical parameter in conventional sensing circuits becaltise
effectiveness. is larger thanC'; when a standard dielectric film process is
Index Terms—Charge-transfer technique, contrast adjustment, US€d. One conventional technique [2] provides two materials
fingerprint sensor, high sensitivity, sensing circuit, sensor cell, with different dielectric constants and thickness to enlarge the
time-variant signal, variable threshold, wide dynamic range. sensed capacitance and reduce the parasitic capacitance. How-
ever, for low-cost production, circuit techniques that are inde-
pendent of the parasitic capacitance should be developed. An-
other approach is a sensing circuit technique that reduces the
APACITIVE fingerprint sensors using the CMOS procesg(fluence of the parasitic capacitance by incorporating a shield
have been developed for low-power, low-cost, anglate under the sensor plate and controlling the voltage poten-
small-size fingerprint identification systems [1]-[4]. Fig. kial of the shield plate [4]. However, the shield plate area is large.
shows a top view of a fingerprint sensor chip and a schemaigcause it is made of the second metal layer in the sensor cell,
cross section of one sensor cell. The chip has a sensor aifaglementation of high-density circuits is prevented. For this
that captures a fingerprint image when a finger is placed ptoblem too, a sensing circuit scheme that is independent of the
direct contact with the surface. The array is composed of seng@fasitic capacitance is essentially needed.
cells. Each sensor cell consists of a sensor plate and a sensinginother issue is the need for a wide output dynamic range.
circuit covered with passivation film. The principle of finger-To obtain a clear fingerprint image, the analog signals from the
print sensing is based on the detection of the capacitéhce sensor should be converted to high-resolution digital signals.
formed between a finger and the sensor plate. The capacitapgfvever, the output dynamic range of conventional sensing cir-
varies with the pattern of ridges and valleys because they hayfts is not wide enough because it is restricted in a linear region
different distances from the plates. The sensing circuit convegisthe analog amplifier [1] or the small sensing signal is directly
the capacitance to a voltage signal and outputs an analog sigitthpared with the reference volta§e.s [2]-[4]. Hence, the
that reflects the fingerprint pattern. However, conventiongésolution analog-to-digital (A/D) conversion has been limited,
sensors have some problems to be solved. and this degrades a captured fingerprint image.
A third issue is contrast adjustment. Contrast adjustment is
. . _ effective for distinguishing ridges and valleys, but, in conven-
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Fig. 1. Capacitive fingerprint sensor.
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Fig. 2. Sensor cell architecture. Finger

is used to adjust the reference voltage for image binarization, not Cf
for contrast adjustment of the whole image. Another problem AVi —~
with this approach is that it reduces the effective sensing signal sada [N1 N2 AQ
voltage, which is the difference between the sensed voltage and "°I IC"°
the reference voltage. AQJ Q|;'><'Q'2 Lor
This paper describes novel capacitive fingerprint sensor tech-

. . . . . AQr
niques for fingerprint sensors. First, a new sensor cell architec-

Precharge AVo=—=—
. . . . . . . N3 circuit N4 Cpt
ture is proposed in Section II. Section Il describes sensing cir- CmI ICp1

cuit techniques for high sensitivity, wide output dynamic range,

and contrast adjustment. The characteristics of a test chip fab-

ricated with the 0.5:m CMOS process and application to a Charge-transfer amp.
single-chip fingerprint sensor/identifier LSI (FIL) [6] are pre-

sented in Section V. Fig. 4. Sensing circuit with charge-transfer amplifier.

Il. SENSORCELL ARCHITECTURE the sensor plate and finger surface. The sensor plate has para-

. . N sitic capacitancé€’,, in a practical device. AccordinghAV; is
The proposed sensor cell architecture is shown in Fig. 2. E ) resged as 70 P ghp

sensor cell is composed of a sensor plate, a sense amplifier, and

a voltage-time transform unit, and incorporates a threshold con- AV; = AQ/(Cy + Cyo). 1)

trol scheme. The sense amplifier eliminates the influence of the

parasitic capacitance of the sensor plate. The voltage-time trahBis means that detectingV; becomes difficult because its

form unit widens the output dynamic range, and the thresholglue is reduced whefi,, becomes larger thafi;. The sensing

control enhances the signal contrast. The circuit techniques us#@uit with the charge-transfer technique can enhance the sen-

to create this architecture are described in the next section. sitivity even if the parasitic capacitance of the sensor plate is
The sensing operation is shown in Fig. 3. First, input signkirge. High sensitivity is achieved because only the amount of

AV;, which is correlative to the capacitance associated witf@nsferred charge is sensed. The sensing circuit features the

the sensor plate, is generated after the precharge operatfass-coupling of differential charge-transfer amplifi@sand

AV is sensed and amplified tAV, without dependence on Q2.

the parasitic capacitance. After thakV, is transformed to  Fig. 5(a) shows the whole waveform of the sensing circuit.

time-variant signall, to enlarge the output dynamic rangeAfter the precharge operation, the sensing circuit has three op-

Finally, T, is varied by controlling threshold voltagé in the —eration modes: transient regionth (< ¢ < #,), transient region

voltage-time transform circuit to enhance the contrast betwekft1 < ¢t < ¢2), and dc regiont; < ¢ < ¢3). These operations

signals at ridges and valleys. are qualitatively explained as follows.
The proposed architecture enables us to get high-sensitivityl) Precharge Operation:V; and N, are precharged at
wide output dynamic-range and contrast adjustment. Vbn — Vin through@: and Q. Vip, is the supply voltage and

Viw is the threshold voltage @P; and@)-. After precharge, the

sensing operation starts.
[ll. SENSING CIRCUIT SCHEME 2) Sensing Operation—Transient RegionWhen AQ is
discharged fromV; and NV, at g, the sensing operation starts
and input signalAV; is generated. After that, chargas) ; and
AQ), begin to be transferred fromV; and N, to N; and N,

The capacitive fingerprint sensing scheme with the chargitrough@, andQ.. AQ; and AQ),. are not the same because

transfer technique is shown in Fig. 4. Input sigidl; is gener- the voltage ofV, is different from that ofiV, due toC;. This
ated by dischargingh@ from capacitanc€’s formed between causes a voltage difference betwe®pn and V,. The voltage

A. High-Sensitivity Sensing Scheme on Large Parasitic
Capacitance
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V°"‘f9e In the sensing circuit, these expressions consist of:
Voo Precharge Sensing (r '
KA ¥ )~ | AVi(1)/dt = 1(8)/(Cy + Cyo) 2
. AVo :
5 Vi i dVa(t)/dt = I (t)/Cpo 3)
: (N4
avi 7 i dVa()/dt = ~L,(1)/Cpa @)
| N2
Voo-Vth %
N —_— . AVi(t)/dt = ~L2(8)/Cpn (5)
tof —cte RS n—
Transient region Il o
Transient region | I (t) =Ke (Vﬁi(t) - Vl(t) - Vth) (6)
(a) a
Vol‘tilge Waveform due to y11(0) IQ (t) =Ke (Vg(t) - VQ(t) - Vth) (7)
VoD Y AVb N3
Vi(to) = Vop — Vin — AQ/(Cy + Chpo) (8)
Va(to) = Vop — Vi, — AQ/Cho 9
VOD-Vth-AVi ; — Va(to) = Vbp (10)
’ N2
: Vi(to) = Vbp 11)
VDO-Vith égo ! -
to —Transient region I—— t1—Transient region il— whereV; (t), Va(t), Va(t), andVy(t) are the voltages aW, Na,
N3, and Ny, respectivelyl; (t) andI,(t) obey then-power law
(b) of the saturation current af; and(,. K is a constant. The

characteristics of the sensing circuit are estimated analytically,
Fig. 5. Waveform of sensing circuit: (a) in the whole operation and (b) arouras follows.
transient region |. Fig. 5(b) shows the waveform of the sensing circuit around
transient region I. When the voltage changeMaf, AV, (¢) =
Va(to) — Vu(t), becomes almost equal bV att;, the voltage
change ofiV; stops att; because the gate-source voltdggs change ofV; stops becaus&qg of Q) is equal toV;y,. The
of Q; becomed/,,, and@; is cut off. The voltage chang&V;,  voltage of N} is assumed to be constant fragito ¢; because
of N3 is fixed asAQ,/Cy1, whereCy, is the capacitance of the voltage change d¥ is small andC,, is much larger than
N3. After that, the operation mode moves to transient region ;. The currentl»(¢) betweert, and¢; is almost constant and
3) Sensing Operation—Transient Region IV}, fixed in  equal tals(#¢) because of; < t». For ease of explanatioty, is
transient region |, acts as bias voltage for the gate nodg;of equal to zero in this discussion. ThexV, (¢, ) is approximated
in transient region Il. This controls the amount&f?,.. The from (5) as
voltage change a4 continues untik,. The voltage change of

N, stops att; becausd/gs of Q> becomed’y,, and(@, is cut AVi(t1) = Vi(to) — Va(ty)
off. The final voltage changAV,, of Ny becomeAQ,./C, at ty
t2. The mode then moves to the dc region. = / L(t)dt/Cp
4) Sensing Operation—DC Regiofthe dc region is main- to
tained fromt, to ¢5. In this operation, the voltages of;, N, ~15(0) @t /Chpy. (12)

N3, andN, are not changed, and voltage-time transformation is
performed as explained in Section IlI-B. The sensing operatidxVs(¢;) is almost equal t&\V;, and from (1) and (12)
is completed at3.

ansequently, the sensing operation is as follows. The L,(0) o t1/Cp1 = AQ/(C + Cpo). (13)
sensing operation starts#@t The voltage change df; and .V,
stops at; andt,, respectively. The sensing operation is aImosA is exoressed by introducing the weight narametstich
completely performed in the dc region untj. C,,; becomes tthf 'S eXp yi ucing welgnt p ?
small in the practical layout design, so the voltage changes 0? .
N3 and NV, are enhanced. The differential scheme also reduces _

e : AQy Li(t) dt

the variation ofAV, due to the noise on the supply voltage and to
the subthreshold leakage currentaf and@s. =vyel1(0)et; 0<y<). (14)
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The condition ofy is obtained becaus&(} ; does not become
zero and/, (t) becomes smaller thah (0) at¢ > 0. The wave-
form of N3 due to this assumption of (14) is also plotted ir
Fig. 5(b). This waveform shows that the conditibr: v < 1 is
appropriate. From (14)

AV, =AQs/Cp

Normalized AVo
o
»

=vyeIi(0)et1/Cp. (15) 0
From (13) and (15)
AVy = o I1(0)/1:(0)  AQ/(Cs + Cpo).  (16) T
When the difference of the voltages&§ and N, becomed/, 8'01 0_'1 1 10
at t2, as shown in Fig. 5(a), the voltage changeof stops CH/Cpo

because), is cut off. ThenV,(¢) att, is expressed as
Fig. 6. Estimated relationship betwe€l /C,, andAV,,.

Vo(t2) = Vop — AV, — Vin. (17)
From (3), (9), (16), and (17) Sensorplate O age-current
» (9), , ensor plate ;
y SRR conversion
AQ, = / Iy (t)dt AV
to Sense | AVO
= Cpo(Va(tz) — Va(to)) amplifier > I
=AQ - Cproe AV, s
=AQ{l —~vel I . CL
Q{1 — v 11(0)/12(0) ® Cpo/(Cs + Cpo)}- (18) T senmittvigger
From (6) to (11) Threshold voltage : Vt
I (()) =Ke {AQ/(Cf + Cpo)}‘l (19) Fig. 7. Voltage-time transform circuit.
Input voltage of N
and Schmitt trigger & o A v\
1>(0) = K o (AQ/Cpo)”. (20) Vi

Therefore AV, is obtained from (18)—(20) as

»Ti
AV, =AQ,/Cp Output -
=AQ/Cpr o {1 = 7/(1+Cy/Cpo)**'} . ;
\
(0 < AQ/Cr1 < Via)- (21) Ts | Ridge Valley
The maximum output voltage change of the charge-transfer am- Z » Time
plifier Qs is Vi, Hence,AQ/C,; must be designed so that Short k Long

0 < AQ/Cp £ Viyue
Fig. 6 shows the relationship betweé]‘y/Opo and AV, Fig. 8. Waveform of voltage-time transform circuit.
which is normalized byAQ/C,,;, obtained from (21) forv of
1.5 and~ of 0.5. The result of numeric calculation by using€nsing circuit is enhanced even though the parasitic capaci-
(2)—(11) is also plotted. The figure shows that (21) explaif@nceCyo is larger than the sensed capacitafige Therefore,
the essential operation of the sensing circuit and is availabletf¢ sensing circuit with a differential charge-transfer amplifier
design the capacitive fingerprint sensor. Below 0]::’9701)0, has hlgh sensitivity on the Iarge parasitic Capacitance of the
the results of (21) and the numeric calculation do not mat&gnsor plate.
well. This is because the approximation in (12) is not suitable . o
whenC; < G, i.e., whent; is close tot;. However, (21) B- Dynamic-Range Widening Method
becomes useful also in the case(®f < C, by treatingy as The dynamic range oAV, is equal to or smaller than the
a variable parameter. This is becausie dependent o’y and threshold voltage af)», so we make the dynamic range wide by
can include the treatment of the integration/eft) in (12) as transformingAV,, to time-variant signal’;. The voltage-time
in (14). In this considerationy increases whe'; becomes transform circuit is shown in Fig. 7. It is composed of a current
small, andAV,, is close toAQ/C,1 o (1 — v). WhenC} is  source, a load capacitd¥y,, and a Schmitt trigger circuit as a
zero, 0.91 ofy is obtained from the numeric calculation. threshold circuit. Fig. 8 shows the operation of the voltage-time
In Fig. 6, the change of the normalizeéxlV, is large when transform circuit. First,AV, is converted to currenfcny
C;/Cho is less than one. This means the sensitivity of the=g,,AV;), which chargesC;. The transconductance of the
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Fig. 12. Variable-threshold Schmitt trigger.

Ts Isyp isthe leakage current whéfys is equal tdV;,. From (21),
Fig. 10. Concept of contrast enhancement scheme. (22), and (24)

ideal current source is expressed gs. When the charged Lo =0 e VifIsup e xp {—{(AV, = Va)/(n o KT/ )} }
i u urce is ex : B B B adtl
voltage ofC;, exceeds threshold voltadé, the Schmitt trigger =T e exp{—AQ/Cpr & {1 —7/(1+Cr/Cpo)*""}/
circuit outputs high-level signdl,, which is time variantZ,, is (nekT/q)} (25)
expressed as d

an

T, = Cp oV, /Icny 22
o Vi/lexy (22) Ty = Cr o Vy/Isup ® exp{Vin/(n e kT/q)}.  (26)

In practice, the voltage-time transform circuit is activatethat
but the (25) is available becausgis much larger than,, as

For large detected capacitance, the input signal of the Schrdft@Wn in Fig. 5(a). Fig. 9 shows the relationship betwesfi 1
trigger has a steep slope due to lafyfg,, as shown in Fig. 6, so andZy, which is normalized by, as estimated from (25) with
T, is short. For small’;, the slope is gradual due to small,, 2@/Cp1 = 0.2V, Cpo = 30 fF, andn = 2. From the results
and 7, becomes longer. Because the slope of the input sigiffi9- 6, we use a parametewalue of 0.5, becaus€; /Cio is
of the threshold circuit is gradual, the Schmitt trigger is usd@"9er than 0.1 in this estimation. _ o
to prevent miss-operation due to voltage fluctuation caused by!s IS @pproximated to be inversely proportionakip in this
noise. region. This means thdt, is proportional to the distance from

In practice, a PMOSFET that is operated in the subthreshditf SEnsor plate to the finger surface. Theref@tes short for
region is used for the current soura@s(in Fig. 14) because 'ar9€ C; (at the ridge) and long for smafl; (at the valley),

the subthreshold leakage current is small, and it enlafges which yields a wide dynamic range. In this circuit, the output
shown in (22). Sdonvy is expressed as dynamic range is wide enough to obtain an accurate fingerprint

image with an A/D converter.

= C(L L4 Vvt/grnAV:)- (23)

Ienv =Isus exp((Vas — Vin)/(n @ KT’/ q)) C. Automatic Contrast Enhancement Scheme

=Isun exp((AV, — Vi) /(n e kT/q))  (24) Cy is presumed to be localized near two values in response to
the ridges and valleys in a fingerprint. Fig. 10 shows the distri-

where bution of sensor cell count agairist responding to ridges and
k Boltzmann’s constant; valleys. To obtain a high-contrast fingerprint image, the output
T  temperature; signals at ridges and valleys should be distinguished well. When
q electronic charge; the values of these signals are close, it is hard to distinguish be-
n parameter of the subthreshold swing. tween ridges and valleys. However, if the difference between
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Voov
N\ 7/ \ / This raisesV;, to V4, and this action is repeated automati-
Sense amplifier Voltage-time transform circuit cally. Therefore, thel, of sensor cells at a valley (small;)

is enlarged more than that of cells at a ridge (lafg9. Con-
sequently, the contrast of the signals at the ridge and valley is

o _ _enhanced automatically.
the values is widened, the ridges and valleys can be easily dis-

Fig. 14. Sensing circuit configuration.

tinguished. The ba_sic idea of contrast enhancement is that Fhe IV. EXPERIMENTAL RESULTS
contrast between ridges and valleys is strengthened by making o ) o
the T, of valleys larger. A.” Characteristics of the Sensing Circuit

Fig. 11 shows the principle of the automatic contrast en- The characteristics of the sensing circuit were evaluated using
hancement scheme. The key point is that any sensor cell thaest chip fabricated with the 0/4n CMOS process. Fig. 14
has done sensing can assist other cells that are still workisgows the sensing circuit configuration based on the proposed
That is, a sensor cell that has sensed a ridge outputs a feedlsatieme. Sensing begins when thg capacitors discharge by
signal to sensor cells working on valleys. In practical desiglowering the sense-enable signal. Capacitafices used to
the output signal at a ridge increases theof the Schmitt generate the precise amount Af with simple control.C
trigger, which, from (26), automatically makéds larger. The is added to imitate the capacitance associated with the sensor
variable-threshold Schmitt trigger circuit is shown in Fig. 12late.C,. is used for offset adjustment. PMOSFEJ; is used
V, becomes large when the voltage of #ig»y node increases, for voltage—current conversio@puny, Which is made from
as shown in Fig. 13(a). This node is connected to otfigsy  the dummy circuit of?;, compensates the parasitic capacitance
nodes of neighboring sensor cells. When a sensor cell outpotslifferential nodes@s and(}; are added to reduce the power
a high-level signal, the current fro®; is supplied to other dissipation of the Schmitt trigger. The voltage 8§ is GND
sensor cells becausg, is cut off. This causes the voltage of theuntil the voltage ofV; exceeds the threshold voltage@f, and
Vhpv node to become high and enlarges eof the sensor is set to the supply voltage when OUT is changed to “high.”
cells that are still sensing (outputting a low-level signal). This reduces the total sink current of the Schmitt trigger.

Fig. 13(b) shows the threshold control operatifhis output The test chip is shown in Fig. 15. The chip size is
first, then this raised;, to V;, of other Schmitt trigger cir- 2 mmx 3 mm.Cy, C,., andC, are made of MOS capacitances.
cuits. After that, 7> is enlarged and output by increaséd. ' andC; are designed to be adjustable at measurement. This
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Fig. 17. Dependence df, on C,,, variation.

chip can emulate the automatic contrast enhancement scheme.
Fig. 16 shows the relationship betweéf and 1. The hori-
zontal axis is 1Cy and the parameter &.iqge, Which is the
number of sensors sensing ridges (to be exact, output “high”).
T, becomes large as/T; increases; decreases). This is

in accordance with Fig. 9. This confirms that the estimation parasitic capacitance
model introduced for the parameterof the sensing circuit

is adequate, and (21), (25), and (26) are very useful for thig- 19. FIB cross-section of pixel array.
capacitive fingerprint sensor design.

At N;igee = 0, which means that there is no threshold control,
T, changes from 130 to 20@s whenCy is 80 and 15 fF. A
high sensitivity with a wide output dynamic range is obtained.
Moreover,T; becomes larger overall @6 4, increases owing
to the automatic contrast enhancement scheme. Viheat a
valley is localized at around 15 f&; increases from 200 to
300 s asV;iqge goes from 0 to 60. This means that the contrast
is enhanced by enlarging the difference betw&gmt a ridge
and?’; at a valley.

Fig. 17 shows the dependence’ff on the percent change
in the parasitic capacitandg,, of the sensor plate. The varia-
tion of 7 is suppressed to less than 3%4e20% variation of
Cpo. This shows that the sensing circuit is hardly influenced by
the parasitic capacitance in practical use. From (25xhould
be shorter whert},; decreases, but this is not observed. This
is explained as follows. Whe€,,; reduces, the effectiviA@)
also reduces becaugk? is generated by’;. That is,AQ is
positive dependent o6, in the designed circuit as shown inFig. 20. Captured fingerprint image (124 166).
Fig. 14. From (25), this increas#$. Thus, generatingh@ by
C; compensates for the dependencé’pbn C,,o. As a result,

Sensor plate

.~ Third metal layer

the almost flat characteristic @f, on C, is obtained. The Vppy node in the sensing circuit is connected among the
L . 24 horizontal cells. A focused ion beam (FIB) cross-section of
These characteristics of the test chip ensure that the perf1 r- . . S . Lo
. R , ; the pixel array is shown in Fig. 19. The sensing circuit is accom-
mance of the sensing circuit is high enough for fingerprint sen- .
sors modated below a sensor plate without an area penalty. The plate
' has a large parasitic capacitance with respect to the interlayer.
However, the sensing circuit is not affected by it at all, as de-
scribed in Section IV-A. The fingerprint bitmap image obtained
The sensing circuit scheme has been applied to a single-chipthe FIL is shown in Fig. 20C; is sensed and binarized in
fingerprint sensor/identifier LSI (FIL) [6]. A microphotographeach cell, and the fingerprint image is captured as bitmap data.
of the FIL and the layout pattern of the sensing circuit in on€hough there may be an adverse effect on the sensitivity from
pixel are shown in Fig. 18. The size of the FIL isX135 mnT. the large parasitic capacitance predicted from Fig. 19, an ac-
The FIL is composed of a 124 166 pixel array, a controller, curate high-contrast image was obtained. Therefore, it can be
and a small program memory. Each pixel contains a sensor aahcluded that the proposed sensing scheme is very useful for
and an identifier cell. The size of one pixel is 8x@1.6xm?. integrated fingerprint sensors.

B. Application to Fingerprint Sensor/Identifier LSI
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V. CONCLUSION [5] —, “CMOS fingerprint sensor with automatic local contrast adjust-
. . . . . ment and pixel parallel encoding logic,” Bymp. VLSI Circuits Dig.
New capacitive fingerprint sensor techniques are described.  Tech. Papersiune 1999, pp. 161~164.

A new sensor cell architecture, which obtains high sensitivity, [6] S. Shigematsu, H. Morimura, Y. Tanabe, and K. Machida, I'"A x
wide output dynamic range, and contrast adjustment, has been ‘1)fggﬁ;':gll,?;ﬁggcﬂggggﬁégﬁ”;;g;g‘it'figtggl”'p‘:)sl'ggg’_"gg?ara"e'
proposed. To create the architecture, three circuit techniques

were developed.

A sensing circuit with a differential charge-transfer ampli-
fier, which enhances the sensitivity even though the parasitic ca-
pacitance of the sensor plate is large, detects slight capacita
differences according to the ridges and valleys in a fingerprir
For high-resolution A/D conversion, the dynamic range of tr
sensor output is widened by transforming sensed signglto
time-variant signall’; using a voltage—current conversion cir-
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