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Purpose. To describe the properties of the frequency optically transducer consists of oscillator, based on DUAL-
GATE MOSFET (metal-oxide-semiconductor field-effect transistors), and photoresistor as a photosensible sensor is
necessary to develop a mathematical model by which are depending, active and reactive components of the impedance
structure, sensitivity, generation frequency from optical power as information parameter, perform experimental studies
confirming the validity theoretical positions. The goal is to determine the transform function and equation of sensitivity,
describing the operation of the transducer. Methodology. We have determined impedance of the transistor structure by
solving equations Kirchhoff, composed for equivalent circuit of frequency optically transducer. Characteristics, which
describe dependences of reactive and active component of the impedance converter oscillator, on optical power has
been obtained by computer simulation using the MATLAB numerical computing environment. Results. We have de-
veloped the mathematical model for description properties of frequency optically transducer. The transducer has a high
sensitivity in the range of low values of optical power. It makes possible to measure even low optical signals. The pro-
posed model describes the dependence of the impedance transistor structure, basing the transducer, on optical power.
Also the analytical equations of the transform function and relative sensitivity was estimated to describe the action of
transducer. The values of relative sensitivity are equal to 0,5 — 4 kHz/ microwatt/sm?. A comparison of simulation re-
sults with experimental data shows excellent agreement. Accuracy of developed mathematical model is +5% . Origi-
nality. The mathematical model of frequency optical transducer was improved. Such model considers the impact of
illumination on the elements of nonlinear equivalent circuits of transducer based on transistor's structure with negative
resistance. Practical value. As a result of mathematical modeling, the analytical expressions for the transform function
and sensitivity of optical transducer was designed. It can be used for engineering calculation of the primary optical
transducers. References 16, figures 7.

Key words: optical transducers, frequency transducers, negative resistance, photoresistor.

YACTOTHUI ONITUYHU MEPETBOPIOBAU HA OCHOBI JIBO3ATBOPHUX
MOH-TPAH3UCTOPIB TA ®OTOPE3UCTOPA

B. C. Ocapuyk, O. B. Ocaguyk, O. O. Ceneusbka, JI. B. Kpuiauk, O. M. Karnoscbka

BinHMIEKUI HalllOHAEHAH TEXHIYHUA YHIBEPCHTET

By XMeNbHHIIbKE 110ce, 95, M. Binauiis, 21021, Ykpaina. E-mail: seletska84@gmail.com

HagenieHo Mozienb 4aCTOTHOTO ONTHYHOTO IepeTBopioBada Ha ocHOBI MOH-TpaH3ucTOpiB Ta OTOpE3NCTOpa B SAKOCTI
¢orouymmBoro enementy. IleperBopioBad BoJIO/li€ BHCOKOO YyTJIMBICTIO B J[iaNa30HI HU3bKHX 3HAUYEHb MOTYKHOCTI OITH-
YHOTO BHIIPOMIHFOBaHHSI, 10 Ja€ MOMJIMBICTb JOCTOBIPHO BHMIPIOBaTH HaBiTh Cla0OKi ONTHYHI CUTHAIH. 3alpONOHOBAHO
MO/Ielb, 1110 OMHUCYE 3aJIEKHICTh IOBHOTO OIOPY TPAaH3UCTOPHOI CTPYKTYPH, SIKa JISKUTh B OCHOBI IIEPETBOPIOBAYA BiJ| MO-
TY)>KHOCTI ONTHYHOTO BUITPOMIHIOBaHHS. HaBe/ieHO 3aJIe)KHOCTI peakTHBHOI Ta aKTHBHOI CKJIAJIOBOT IIOBHOTO OTIOpPY aBTOre-
HepaTopa IepeTBOPIoBaya, OTPUMAHI 3a JIOIOMOTIOF0 KOMIT FOTEPHOTO MO/JICIIOBAHHS 3 BUKOPHCTAHHSIM IIPOrPAMHOTO MAKETY
MatLab. OtpuMano aHaIiTUYHI BUpa3y Juist QYHKIIT IEpeTBOPEHHS Ta Yy TIMBOCTI. Pe3ynbraTi MO/IENFOBaHHSI MTiITBEpIKeE-
HO eKCIIepUMEHTaIbHUMH JaHUMH. [Toxnbka po3po0IieHoT MaTeMaTHIHOT MOJIETi CTAaHOBUTE 5% .

KoaiouoBi ciioBa: onTuyHi NepeTBOPIOBaYi, YaCTOTHI IIEPETBOPIOBaYI, BiJl’eMHHH o1ip, (HOTOPE3UCTOD.

PROBLEM STATEMENT. Optical transducers are data processing circuit and the primary device on a single
widely employed to automate any industrial processes, in chip [8, 9].
the robotics, systems of the control, processing and mount- The practically simultaneous processing, filtering,
ing. The transducers are installed in the systems of auto- compression and updating of the measured data takes place
matic lighting control, remote control devices, applied in in addition to obtaining one. The advantages of using a
security systems [1-5]. At present, the level of develop- frequency informative signal of primary transducers com-
ment and research of transducers of optical radiation re- pared with the analog voltage or current form are based on
quires new approaches to create primary transducesr of simplicity and accuracy of the frequency transformation to
optical radiation. It can be achieved by converting electric a digital code, its high noise immunity during transmission,
signals into informative frequency signals, especially in the and switching efficiency in multichannel measurement
extremely high frequency range [6, 7]. systems [10, 11].

A promising research area is to develop and create the The optical frequency transducers have a high suscep-
transducers based on reactive properties of semiconductor tibility to measure parameters, low weight and dimensions,
structures with negative resistance. Such transducers im- information, technological and structural compatibility
plement the principle of transformation «optical power — with microelectronic information processing devices [12].
frequency». The application of frequency transducers al- Application of negative resistance and reactive proper-
lows to exclude the analog-to-digital transducers from its ties of semiconductor devices is capable of improving the
designs, reduce the cost of management systems, and cre- sensitivity and accuracy of measuring optical radiation by
ate a «smarty transducers as a result of the combination converting optical signal into frequency [13, 14].
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This transformation can be carried out using semicon- The equivalent circuit (Fig. 2) uses the following

ductor structure comprising auto generating device. The symbols: R, B photoresistor resistance R ; R., R,
auto generating device was implemented as a circuit con- W .
sisting of a dual gate MOS-transistors. The photoresistor is R;: B bulk resistances of gates of VT1, VT2 and VT3
employed as a photosensible element in the frequency transistors  respectively; Ry Rgar Ry, Ta
transducers. | " " ;

. . R ,,R" ., R bulk resistances of gate-source MOS

To study the properties of the optical frequency trans- 9227 Tgzez T "oz . g \ .

ducer is necessary to develop a mathematical model, which transistors VT1, VT2 and VT3; R.., Ri., R,
enables obtain the dependence of active and reactive com- Rl R, Ri,, Ri,,, Ri,, R, B resistances of

ponents of the impedance of the structure, the sensitivity,
the generation frequency on power of optical radiation ) o
[15, 16]. Also experimental studies are needed to confirm R . R, @ bulkresistances of source of MOS transistors
the validity of theoretical propositions. VT1,VT2and VT3; R;,, R,, Ry, @ bulk resistances of
T_he aim of th? study is to gjetermme the transform drain of MOS transistors VT1, VT2 ta VT3; R!,
function and equation of sensitivity for transducer, based ot
on equivalent circuit composed by solving Kirchhoff’s Ry Rys Ry, Ry,
equations.

drain-source MOS transistors VT1, VT2 and VT3; R!

R,, @ bulk resistances of first and

EXPERIMENTAL PART AND RESULTS OB-

TAINED. The circuit of frequency optical transducer on
the basis of dual gate field-effect transistors with
photoresistor as the sensing element is shown in Fig. 1.

Output
f L

a2

second gates of MOS transistors VT1, VT2 ta VT3; R;
, Ry, R" @ resistances of bodies of MOS transistors
VT1, VT2 1a VT3; C, @ capacity of photoresistor R, ;
Cgllsl’ Ct_:ljllsl’ Ct_:ljlllsl’ Cg‘ZsZ’ Cg“ZsZ’ C;;ﬂ CapaCIty Of
gate-source of MOS transistors VT1, VT2 Ta VT3;
Ciwir Cha» Cii [ capacity of gate - drain of MOS

CII CII

transistors VT1, VT2 and VT3; C,'a'sl: wo Coy B ca-

SIEN |;|[é‘m

pacity body- source of MOS transistors VT1, VT2 and

%ﬁEm C2== VT3; C.,.» Couv Chys Clpv ConChi, @ capacity
D |- body-drain of MOS transistors VT1, VT2 and VT3;

+ouUl| ==C1 U2+ c.,,c' ,cn" capacity between first and second
VT3
ﬁ
X

glg2 ! glg2 ! glg2

gates MOS transistors VT1, VT2 and VT3; C, and C,
capacity of capacitors C, and C, respectively.

The circuit (Fig. 2), transformed into more conven-
ient for calculations is presented in Fig. 3

Figure 1 — Circuit of frequency optical transducer
based on MOSFET: U1- control voltage;
U2 —supply voltage

The equivalent capacity of oscillator circuit is
formed by the capacitive component of the impedance
on such electrodes as drain and source of MOS field-
effect transistors VT1 and VT3.

To determine the impedance of the oscillator equiva-
lent circuit for alternating current have been made

(Fig. 2).

gelled
£

=C1

Figure 3 — Transformed equivalent circuit for AC
of frequency optical transducer

The following symbols are used to convert the
equivalent circuit (Fig. 3):

Figure 2 — Equivalent circuit for AC of frequency
optical transducer
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R, _ RlaC, . The Kirchhoff system of equation for AC has been
LT 1+ w’R:C? - 1+ w’RC?’ Z, =Ry obtained for the equivalent circuit shown in Fig. 3 (1):

Z,=Ry, I(1+o* (R}, )’ (Co. )" ) - Lo+l ==0(Y, +Y, + Y, +Y, )+ 0,Y, + .Y, +

— J(RE Y @Ch, 11+ @ (RY, Y (Cha Y)); +o,,

Z,=—jllec!y); Z, =Rl L=l =1a =0, 0, (Y, +Y, +Y,) +0,Y,,

2, R K1+ 0 (RY J(C", ) Lo = la = 0Ys + 0, =, (Y, + Yo + Y, +Y,, ) +

(R Y el 1+ 0 (RYY(CL) ) F 00k 0%
0=0Y,+0.Y, —0,(Y, +Y, +Y, +Y,)+ oY, +0,Y,,

Z,=R!; z,=—jleCl,,); =l =0, — 0, (Y + Yy + Y + Y, ) + .Y, +
+o.Y, +oY,,

Z, = R; 1(1+ wZ(R; )Z(CL',S1 ) )-
—i((R! Y @C!, I(1+@*(R) Y(CLL)));

psl

Id252 = (psYls + (05Y14 - ¢5(Y14 + Y13 )v
0= (04Y11 + ¢5Y - (07(Y11 +Y15 + Y17 )+ (peYu’

15
Zy=jol; Z,==jla(C,,); Z,, =R, 0=0Y,+0Y, —0,(Y+Y, +Y, + Y, )+ oY, + 0V,

_ ) _ . - o =Lz =01 = P (Yig + Yy + Yy + Y, ) +
Z,=—jlleC!,); Z,=—jl(eCl,); Z,=R),; oYt oYt
Z=Rlui Z=Rl,; Zy=—j/(eCl); Zy=Rl; 0=0.Y,s + @Yy =0 Yig + Yy, + Y3 ) + 0,

liper = Yo — (Yoo + Y, )+ 0,Y,0,
Zyo = Rizes oo =l = 0o = P Vos + Yoo + Y, )+ Y, +
Z, =R, [(1+@*(R!,, ) (Cl,, )" ) - + 00+ PV
_ j(( Rg'm )za)cg;zsz J(1+ w¥( R;m )z(Cg.m % )); 0=0,Y, +0,Y, @Y, +Y,, + Y, + Y, )+ 0., )]
Z, =R, I(1+@*(R!,, '(CL, V) - oy =L+ L =0 + 0,50 —
— (R, e, 11+ o’ (RY, Y(CL, ) 0, (Y, +Y, +Y, )+ 0.y,
Z,=—jl(aCl,); Z,,=R%; Z,,=R!; Z,, =R\, o Lpu = Pl + Bl + Y~
8 qun/r S24 = Tgar Cos T Tazr So6 = Tz — 0 (Y Y+ Y, + Y, )+ 0,0,
Z, =—jlleCl,); Z,=—jl(eC,) 0=0,Y,0 = Pis( Yoo + Yoo + Yo )+ 0 Y50 + 0¥,
o = Loy = 0¥ =0 (Yyg + Y5 + Y +Y, ) +
22? — R, [(1+@* (R, (CL, ) - co oY,
-l Rota)"@Cysq M1+ @ (Rpsy )(Cria ) )) 0=V, + 0.V = 0 (Yo + Yo Y, )+ 0,V
Zu==1HaC,); Zoy =Ry} Zy =Ry Z=R;; s =0V = (Vo Yo 4V )+ 0¥+ 0, Yo
Z,, =R", I(1+@*(R",)*(Ch, ) )~ L = Vs = @ioYas = @o(Yag + Vg + Yy + Y0 ) +
~i(Rp. e, (14 @' (R, V'(Clh )) + 0,50 + 00 + 0V,
2R 7R 7o /( . ); Loge = Vos = Lo = @Yo + 0 Yas = 0 (Yap + Yy + Y50 ) +
% 7 Tazer Cor T R + 0.V,

Zy,=—jllech.); Z,,=—jl(eC™,,); Lo+ i =V, Yoy = 0,00 + 0,5 —

_ —0,(Yis + Yo + Yo + Y0 )+ 0,.Y .0,
Zo =11 &Cy.)i Ziy =Ry 0=0Y, ~U_ (Y, +Y, +Y, )+ 0, Y,.,
Z,=R" I(1+@*(R" P(C" )?)- 0=0,Yo + @V + 020 = 0o (Y + Yo + Y, +Y,,),
~ (R Y (14 @' (R Y(CLY));

The conductivity of the circuit branches are deter-

mined by the equations:
244 — RIII . 246 — RIII .

dlsl? sl !
Yl:1/246; Y2:1/(21+Zz+229); Y3=1/(232+233);
Y4:1/(Z10+Zs4); Yo =2, Yezllzu; Y, =2,

Y, =1/Z,; Y, =1/Z,;  Y,=1/Z,:Y,=1/Z,;

Z, =Rl ML+ 0" (R, (C )

glsl glsl

— (R ) @C™, [(1+ (R, Y(CM)7)).
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Y,=1/2,; Y,=1/Z,; Y,=Z.. Y.=1/Z,;
Y,=1/Z,; Y,=lZ,; Yy=Z,; Y,=1/Z,;
Vo =1/Z,0;  Yu=1Z,; Y,=1/Z,:Y,,=1/Z,;
Y,=112,; Y,=12Z; Y,=1/Z; Y,=1Z;
Y, =1/Z,; Yo=1/Z,; Yy,=1/Z.; Y,=1/Z,;
Y, =1/Zy; Yu,=1/Z,; Y,=1/Z,; Y,=1/Z,;
Y =1/Zy; Y, =112, Y,=1/Z;; Y,=1/Z,;

Yy =1/Zy. Yy =1/2,,.Y,, =1/ Z,,. Y,, =1/ Z,,

The system of equations (1) has been solved using
Gauss’s method in the software package MATLAB 8.1.

Calculated and experimental dependences of active
and reactive component of the impedance on the optical
power are shown in Fig. 4 and Fig. 5, respectively.
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Figure 4 — Theoretical and experimental dependences
of active component of the impedance
on optical power
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Figure 5 — Theoretical and experimental dependences
of imaginary component of the impedance
on optical power

The reactive component of the impedance has a
maximum value for voltage 3 V and decreases with de-
creasing optical power.

In order to determine the transform functions, the
dependence of generation frequency on optical power
has been obtained by means of solution of the Kirchhoff
system of equations (1) [14]. The estimated transform
functions is described by formula

o V2JLC(-LCL, +RI(PIC] +RI(P)C,Cpis + A)
2LC,C! ,R,(P)

pd2

where

A =JU(CL, Y +2LCICL,RI(P)=2L(Cl,, ' C,RI(P)+ A,

pd2

A, =Ri(P)C; +2R{(P)C/C,

pd2

+R{(P)CI(C,, )"

p

Dependence of generation frequency on optical
power calculated by the formula (3) and determined
experimentally for transducer (for transistors BF998 and
photoresistor GL5528 ) is shown in Fig. 6.
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Figure 6 — Theoretical and experimental dependences
of the oscillation frequency on the optical power
for different operating points of the oscillator

The plots (Fig. 6) show frequency generation in-
creasing with radiation power. The theoretic values
agree to within better than + 5% with experimental
data.

The sensitivity of the frequency transducer is given
by equation:

P_1 of O

S/ _4\/5(2Rf(P)cf(aP Rf(P)j-l—
(0

2Rf(P)Cprd2(a_PRf(P)j+

1 . oL@
+[E(4LRT(P)CWC{6—PRf(P)j—

Y 0
_4LRf(P)(de2) Cf(a_PRf(P)]"'

. 0 0
+4R?(P)Cf[a—PRAP)}SR?(P)C?CLM(a—PRf(P>j+

w50 )
/(\/_ LC;dz(Bz +\/B_1))j_;\/§><
x,/Lc,’miBz +JB—1i(ai Rf(P)j/(LCéMCfRf(P)),
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where
2 / 2 / 2p2 / 2 2
B, = ’(Cl,,f +2LC/,,C?R*(P)—2L(C!,fC,R}(P)+
+RI(P)Cf +2R!(P)CICl, +R{(P)C2(CL, ) ;
B, =—LC/,, +R*(P)C2 +R*(P)C/,C, .

The dependence of the sensitivity of the optical fre-
quency transducer on optical radiation power is present-
ed in Fig. 7.
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Figure 7 — The sensitivity of the optical frequency
transducer based on dual-gate MOS field-effect
transistors

CONCLUSIONS. The mathematical model of opti-
cal frequency transducer, based on oscillator with MOS
transistors, with photoresistor as the sensing element
was developed. The analytical expression for the trans-
form function and sensitivity equation has been ob-
tained using the mathematical model. The transducer
has a high sensitivity in the range of low values of opti-
cal power. It makes possible to measure even low opti-
cal signals. The proposed model describes the depend-
ence of the impedance transistor structure, basing the
transducer, on optical power. Theoretical and experi-
mental plots show that relative sensitivity is equal to
0,5 — 4 kHz/ microwatt/sm
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[pencraBnena MOAEIs YaCTOTHOTO ONTHYECKOTO TpeoOpazoBarest Ha ocHoBe MOII-Tpar3nucTopoB U poTopesrcTopa B
KadecTBe (DOTOUYBCTBUTEIBHOTO ieMeHTa. [IpeoOpa3oBares 00aa1acT BBICOKOH YyBCTBUTEILHOCTHIO B JUANA30HE HIU3KHUX
3HAYCHUI MOIIHOCTH ONTHYECKOTO W3IIyYCHHs, YTO TO3BOJIICT TOCTOBEPHO M3MEPATH JAXe CAOble ONTHYCCKUE CHUTHATIBL.
[IpennoxenHass Ha MOZENb OMUCHIBAET 3aBUCHMOCTh IIOJTHOTO COIPOTHUBIIEHHSI TPAH3UCTOPHOM CTPYKTYPBI, JIEXKaLIel B OC-
HOBE IPeoOPa30BaTesL, OT MOLTHOCTH ONTHIECKOTO M3ITy4eHHs. [IpuBeIcHBI 3aBICHMOCTH PEaKTUBHON M aKTHBHOI COCTaB-
JISTFOIIIEH MOJTHOTO COTPOTHBIICHHS aBTOTE€HepaTopa mpeobpa3oBaTesisl, MOIyYeHHbIE C TIOMOIIbIO KOMITBIOTEPHOTO MOJIENH-
POBaHHMS C MCIIOJIB30BaHKEM TIporpaMMHOro makera Matlab. [ToydyeHbl aHATUTHIECKHE BRIPAXKEHUS TSI IPE0OPa30BaHus 1
YyBCTBUTEIHHOCTH. Pe3ybTaTel MOJEIMPOBaHMS MOATBEPKACHO SKCIEPHUMEHTAIFHBIMA JaHHBEIMU. [lorpentHocTs paspabo-
TaHHOM MaTeMaTHYECKOI MOETH cocTaBsieT +5% .

KiroueBble ci1oBa: onTHYecKue Mpeodpa3oBaTeNd, YaCTOTHBIE MPeoOpa3oBaTeNn, OTPHLIATEIFHOE COTIPOTHBIICHHE,
(dorope3uctop.

Crarrs Hagiimia 29.11.2016.
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