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AHoTamis. VY crarTi pO3MISIHYTO OCHOBHI XapaKTEPHCTHKH IapaMeTPUIHHX
aBTOTCHEPATOPHHUX TOBIIMHOMIPHHX IEPETBOPIOBAYiB 3 YACTOTHUM BHUXIAHHM
curHanoM. KOHCTpyKIlisi 3anmponoOHOBaHMX aBTOTCHEPATOPHHX IEPETBOPIOBAUiB
BHKOHaHA HA OCHOBI TPAH3UCTOPHUX CTPYKTYp 3 HETaTHBHUM Au(epeHIialbHUM
omopoM. B sKocTi mapaMeTpHYHHX MEPEeTBOPIOBAYIB AJs BHUMIPIOBAHHS TOBLIMHH
MaTepianiB BUKOPUCTOBYIOTBCSA  KOHJACHCATOPU 3  KPYIJIOKO i NPAMOKYTHOIO
KpHUIIKaMHu, SKI € MaCHMBHUMHU eJIEMEHTAMHU HepeTBOp}OBa‘{iB aBToreHepaTopiB, 1o
3HAYHO CIPOIIy€ KOHCTPYKIIIO MPHIAB JUIl BUMIPIOBaHHS TOBIIMHM MarepiaiiB.
Po3pobneno mareMaTH4HI MOJeNi aBTOr€HEpPAaTOPHUX II€PETBOPIOBAYIB HAa OCHOBI
MPUHIMITY TEePETBOPEHHS €Heprii MOCTIHHOrO eNeKTPUYHOrO TMOJIi B EHEPriio
3MIHHOTO €JIEKTPUYHOTO IOJIS, IO J03BOJIMIO OTpUMAaTH (yHKUIi mepeTBOPEHHS Ta
YYTJIMBOCTI aBTOTCHEPATOPHHX IEPETBOPIOBAYiB 0e3 BHKOPHCTAHHS JIOCUTHh
CKJIaJHOTO METOXy OTpUMaHHs piBHAHD Kipxroga 3 HeliHIHNX eKBIBaJICHTHUX CXEM
napaMeTpUYHUX IepeTBoproBayiB. [loka3aHo, [0 OCHOBHHUIT BHECOK y 3MiHY (QDYHKIIIH
NEPETBOPCHHS Ta piBHHHHS{ I{yTJ'H/IBOCTi BHOCHUTL 3MiHa TOBIIWHHU BI/IMipIOBaHOFO
MaTepially, sKa BHKIMKA€ 3MiHy CKBIBaJCHTHOI €MHOCTI Ta BiJ’€MHOTO
nmdepeHiaTbHOrO ONOpy B KOJNHMBAJIBHIH CHCTEMI aBTOTE€HEpaToOpiB, KU 3MiHIOE
BUXIJIHYy YacTOTy IEepeTBOPIOBAUiB aBTOTeHepaTopa. UyTJIMBICTH TOBIIMHOMIPHUX
MepeTBOproBaviB 3MiHIOeThCA Bix 5,31 k['/MKM g0 7,5 k['/MKM B JTiama3oHi TOBIIUH
Big 0 mo 500 MKM. ABTOTEHEpaTOPHI MEPETBOPIOBAaYl TOBIIMHHU 3 YACTOTHUM BHXOIOM
HE TOTpeOyIOTh aHAJOTO-IHM(POBUX NEPETBOPIOBAYIB 1 MiACHIIOBAYIB JUTA MOJATBIIOT
00poOku  iHGOpPMALiHUX CHTHANIB, IIO 3HAYHO 3JEIICBIOE iH(OpMamiiHO-
BUMIPIOBAIIbHY amlaparypy, a HpH poOOTi Ha HaJBHCOKMX YacTOTax MOXKIIMBA
nepenava indopmarii. Ha 3HAUHI BiACTaHI.

KnrouoBi cioBa: meperBoproBad, 4acTtoTa, aBTOI€HEPAaTop, TOBIIMHOMIPp,
BUMIPIOBAILHUI KOHJCHCATOP, HETATUBHUHN TU(EPCHIIATbHUN OIIip.

Abstract. The article examines the main characteristics of parametric autogenerator
thickness measurement transducers with a frequency output signal. The design of the
proposed autogenerator transducers is based on transistor structures with negative
differential resistance. Capacitors with round and rectangular covers are used as
parametric transducers for measuring the thickness of materials, which are passive
elements of autogenerator transducers, which greatly simplifies the design of devices
for measuring the thickness of materials. Mathematical models of autogenerator
transducers were developed based on the principle of converting the energy of a
constant electric field into the energy of an alternating electric field, which made it
possible to obtain the conversion and sensitivity functions of autogenerator
transducers without using a rather complicated method of obtaining Kirchhoff
equations from nonlinear equivalent circuits of parametric transducers.
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It is shown that the main contribution to the change in the conversion functions and
the sensitivity equation is made by the change in the thickness of the measured
material, which causes a change in the equivalent capacitance and negative
differential resistance in the oscillating system of autogenerators, which changes the
output frequency of the autogenerator transducers. The sensitivity of thickness
measurement transducers varies from 5.31 kHz/um to 7.5 kHz/pum in the thickness
range from 0 to 500 pm. Autogenerator transducers for thickness measurement with
frequency output do not require analog-digital transducers and amplifiers for further
processing of informative signals, which significantly reduces the cost of information-
measuring equipment, and when working at ultra-high frequencies, it is possible to
transmit information over considerable distances.

Keywords: transducer, frequency, autogenerator, thickness measurement, measuring
capacitor, negative differential resistance.
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INTRODUCTION

The modern stage of science and technology requires further development of accurate and instrumental
instrumentation for various systems of direct and indirect measurement, conversion, coding, transmission and
protection of metrological information. The use of new physical phenomena and principles of implementation
allows the development of instruments for measuring thickness for various industries, such as the chemical
industry, microelectronics and nanoelectronics technology [1, 2, 3, 4, 5].

Currently, there are various types of transducers for determining the thickness of materials used both in
science and in production. However, most of them have low resolution, high sensitivity threshold and significant
errors when measuring small material thicknesses [6, 7].

Devices created specifically for determining small and ultra-small sizes of films, such as radiation, X-
ray, although they have high metrological parameters, are complex and dangerous for the health of the person
who works with them [8, 9].

It is possible to eliminate the above-mentioned shortcomings on the basis of microelectronics
autogenerator transducers operating in the "thickness-frequency" conversion mode, which significantly improves
their metrological performance [10, 11].

ANALYSIS OF RECENT RESEARCH AND PUBLICATIONS

One of the promising directions in the creation of transducers for determining the thickness is research
based on the reactive properties of transistor structures with negative differential resistance, which allows
creating devices with a frequency output signal. Microelectronic autogenerator devices for determining the
thickness combine the simplicity and versatility of analog devices with the accuracy and immunity that
characterize devices with a coded output. The application of the principle of "thickness-frequency" conversion
based on microelectronic autogenerator transducers significantly reduces the cost of information-measuring
systems, allows you to significantly reduce mass-size indicators, and increase the accuracy and sensitivity of
information signal-to-frequency conversion [12-15].

FORMULATION OF THE PROBLEM

The purpose of the work is the creation and research of transducers for measuring the thickness of
materials based on microelectronic transistor structures, in which the primary transducers are capacitive
structures sensitive to changes in thickness with rectangular and round metal covers, which are also elements of
autogenerators. Energy losses in the oscillating system of autogenerators are compensated by the energy of
negative differential resistance, which allows converting the information signal about thickness into frequency.
To achieve the set goal in the work, the following tasks must be solved:

1) conduct an analysis of existing scientific sources and justify the use of microelectronic
transistor structures with negative differential resistance for the construction of transducers for determining
the thickness of materials;

2) to develop mathematical models of thickness-sensitive transducers, which take into account the
dependence of parameters of autogenerators and thickness-sensitive elements on changes in the thickness of
materials and their influence on the output frequency of devices;
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3) obtain analytical expressions of the parametric dependence of the transformation function and
sensitivity on the thickness of the material;
4)  develop conclusions from the conducted research.

MATHEMATICAL MODELS OF TRANSDUCERS FOR THICKNESS
MEASUREMENT

Device for measuring the thickness of materials with a frequency output signal is built on the basis of a
microelectronic transistor structure with a negative differential resistance, in which a capacitor with rectangular
electrodes C1 acts as the primary element sensitive to thickness changes. In fig. 1 shows a diagram of a
microelectronic autogenerator transducer for thickness measurement.
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Figure 1 — Electric circuit of the autogenerator transducer for thickness measurement

It consists of two bipolar transistors VT1 and VT2 with different types of conductivity of the base
region, which forms a descending section on the current-voltage characteristic at the output terminals of the
transducer. The negative differential resistance corresponds to the falling section. The transducer is powered by a
constant voltage source U1 through resistors R1-R2 and R4-R5. Capacitance C3 serves to block alternating
voltage and prevents it from reaching the source of constant springs U1. Capacitor C2 serves to match the load
(50 Ohms) to the antenna or power amplifier. The RC circuit, formed by the parallel connection of capacitor C1
and resistor R3, is placed between the emitter of the first bipolar transistor VT1 and the emitter of the second
bipolar transistor VT2 and serves to thermally stabilize the operation of the microelectronic transducer for
measuring the thickness of materials. The oscillating circuit of the device is formed by the passive inductance L1
and the total resistance capacitance that exists on the collector-collector electrodes of transistors VT1 and VT2.
When the thickness of the material film located in the interelectrode space of the capacitor C1 changes, the
active and reactive components of the total resistance on the collector-collector electrodes of the transistors VT1
and VT2 change, which leads to a change in the output frequency of the transducer [13, 15]. Sensitivity to
changes in the thickness of materials is represented by a planar capacitor with rectangular metal electrodes,
between which the measured material is located. The size of the capacitor's capacity is affected by the thickness
of the dielectric, its dielectric constant and the area of the metal contacts. Taking edge effects into account
empirically, the formula for the capacitance of a capacitor with rectangular electrodes is described by the
expression [16]

Cn=ggog|n ﬂ+£) ng, (1)
7 b 2d 2
6
C,=¢5,a R+1,21—m+0,5(1—ij : bzg, @)
d b 2b 2
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where ¢ is the relative dielectric constant of the measured material when it completely fills the space
between the electrodes, &, dielectric constant of vacuum, & - length, b — width of rectangular covers, d is the

distance between them. Since in the interelectrode space, in addition to the measured material, there is a layer of
air, the influence of this layer on the overall relative dielectric constant of the transducer can be obtained taking
into account Lichtenecker's formula [18]. Taking this into account, the general relative dielectric constant of the
primary transducer takes the form [17, 18]

de.&,

“eh,+d(d=h,)’

3)

where g, is the relative dielectric constant of air, &, is the relative dielectric constant of the measured

material, hm is the thickness of the measured material. By substituting formula (3) into formula (1) and (2), we

obtain the dependence of the total capacity of the primary transducer with rectangular electrodes on the
measured thickness of the material [11, 19, 23]

de,&, a 4d b d
C (h)= D[22 bl 4
(M) Lenhm+g (d- h)] n(b+2dj 2 ®
6
C,(h,)=— éufnfod D 450 011, 05(1—1J b9 (5)
g, +é,(d-h,)l d d 2b 2

According to formula (4), we determine the change in the total capacity of the primary measuring
transducer from the change in the thickness of the measuring material.
In general, it is described by expressions

oC (h)

AC,(h,) = Z2 02 Ad(h, ) +

5(38('“ w) pc (h,). ©

m

After performing the differentiation in formula (6), we obtain the expression

8d? +b? , [ 8d?%+b?
PPN RN PP R
a 2od ) 2d_) |

AC. (h,))=¢,— 2
T 8nhm+8m(d—hm) (gnhm+gm(d—hm))

(2d _J8d? +b? )gngm
J8d? +b7 (s,h, +2,(d—h,))

{ &,d d? EnEim :|Agm(hm)}'
gh,+¢,(d-h,) gh+g(d h,)

+

4d b
Ad(hm)+ln(T+ij @

We will carry out a similar operation according to formula (5), thus obtaining the formula
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Let's move on to the definition of the parametric dependence of the output frequency of the transducer
on the parameters of sensitivity to the change in the thickness of the material of the container and the parameters
of the autogenerator. When solving this problem, it is necessary to consider the transformation of the change in
the energy of the constant electric field in the primary measuring capacity when the thickness of the material
changes into the energy of the variable electric field at the output of the device. To do this, we will determine the
efficiency of the device. First, the change in the thickness of the material is converted into the energy of the
constant electric field in the measuring capacitor, which is the input energy for the autogenerator. In the future,
the energy of the constant electric field of the capacitor is transformed into the energy of the alternating electric
field, which is connected with the equivalent capacity of the oscillating circuit of the autogenerator. The
efficiency factor of the autogenerator transducer has the form

P
n=—. (9)
B,
The output power is described by the expression
C, U2
Pout = e;/tl ) (10)

where C,,, is the equivalent capacity of the oscillating circuit of the autogenerator,U_- output

alternating voltage, t; is the period of oscillations of the variable output voltage. The input power is described by
the formula
C, (h,)U?
F)in — n( m) = ) (11)
2t,
whereU_is the constant voltage on the measuring capacitor, t, — the time of change in the thickness of
the measuring material. Therefore, the efficiency factor of the device takes the form
C, Uk,

=_—sv=-2 12
77 thn (hm )U:Z ( )

It is determined from formula (12). Cekv , which is described by the expression

) 13
ekv U ~2t2 ( )
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On the other hand, the equivalent capacity can be determined from the formula of the resonance
frequency of the autogenerator, which has the form [13, 15]

F, = g 1, 14
° 2zRC 1)

g ~“ekv

where Rg— negative differential resistance in the oscillating circuit, L — circuit inductance. From

expression (14), we obtain a quadratic equation from which we determine C,,,

(47°F/RIL)CS, —RIC,, +L=0. (15)
Let's enter the notation
n, =47°F/RIL, (16)
n,=R¢, 17
n,=L, (18)
nt,C, (hy)U?
n4 = Cekv = : U~2t2 ’ (19)

then Cekv from equation (15) is equal to

c M +./nZ —4nn, 0

ekv

2n,
Equating expression (20) to expression (13), we obtain the equation for determination F,, which looks
like
n n
n=-—+%--—= (21)
n, n,

By substituting the values of expressions (16)-(19) into formula (21), we obtain the equation

RIU, Ut;L

47°RPLE? = _ _
T G (B U nPCE(h, U

(22)

From equation (22), we determine the parametric dependence of the output frequency of the device on
the parameters of the primary transducer and the autogenerator parameters, where the value F there is a device

conversion function, so
1/2

E (h )_L Ui, Uty
S 2m | Gy (h UL P CE(hy, U R?

(23)

The obtained formula (23) shows a simple way of calculating the device transformation function in
comparison with the calculation method based on the equivalent circuit, which is significantly complicated and
requires the solution of the Kirchhoff equations by a numerical method on a computer.

In fig. 2 shows the graphical dependence of the calculated and experimental curves of the device
transformation functions.
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Figure 2 — Dependence of the transformation function on the thickness of the measured material

As can be seen from fig. 2, when changing the thickness of the material from 0 to 400 um, the output

frequency of the device varied from 1440.0 MHz to 1438.0 MHz.
The sensitivity of the device is determined by the derivative function (23) according to the thickness

parameter hm. As experimental studies show, the constant voltage U _, as well as the output voltage, also
depends on the thickness hm, which must be taken into account when determining the sensitivity. Taking into
account these remarks, the function (23) takes the form

F, (h, )——[u (h)C; (YU (g U () Co (YU () | (24)
where
n, = b : (25)
ntL
nsz%’ (26)
4R,

then, taking into account (24)-(26), the sensitivity function of the device is described by the formula

Sg, (h,) = i[u—z(hm)cnl(hm)U-z ()5 = U~ () C, () %

dU (h)

m

( 2, )dcrfh w) g2 ()20 (h, )dUh(” )cl(hm)ﬂns— @

m m

U | {w (h)—=l 2 (h )+ U?(h, )%

dcrfh )y (h )-4U-5(h )

—{Uf(hm)( —2C2(h,)
L4U_(h,)

du_(h.)
dh, dh

m

an(hm)j 4U (h ) C z(hm)U—4(hm):|n6}'

The graph of sensitivity to changes in thickness is shown in Fig. 3.
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Figure 3 — Dependence of the sensitivity function on the thickness of the measured material

As can be seen from the graph (Fig. 3), the sensitivity of the device varied from 5.31 kHz/um to 6.5
kHz/pm in the thickness range from 0 to 400 um.

Let's move on to consider the parameters of the device for determining the thickness of the material
based on a microelectronic autogenerator structure using a capacitor with round covers as the primary
transducer. The electrical diagram of the device is shown in Fig. 4.

T+ U1l

Fig. 4. Electric circuit of the autogenerator transducer for thickness measurement

The principle of operation of the autogenerator transducer presented in Fig. 4 is the same as the
scheme in Fig. 1, except that bipolar and field-effect transistors are used in which the temperature coefficients
have opposite signs, which reduces the influence of external temperature on the change in the output frequency
of the transducer . This schematic solution simplifies the circuit of the autogenerator transducer. The capacity of
a capacitor with round covers is described by the expression [20]

C,(h)=¢,R dénsy ”—R+(Inl6”R —1) , 29)
eh vz (d—h) |l d d

where R is the radius of the round covers. The change in capacity when the thickness of the measured
material changes is generally described by the formula

229



OIITUYHI TA OIITUKO-EJIEKTPOHHI CEHCOPU I IEPETBOPIOBAYI B
CUCTEMAX KEPYBAHHS TA EKOJIOITTYHOI'O MOHITOPHUHI'Y

oc, (h) acC, (h )
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Em

AC (h,) =

After differentiation in formula (29), we obtain the expression

X .
AC, () = k| e Gl |,
&hn +&,(d=hy)  (gh, +¢,(d=h,)) |

7R ( 167R ) ( 7R 1) de.e |
x| —+| In 1|+ =+ nm X
d d d® d/{gh,+e,(d-h,) ) (30)

<Ad(h )+ de, _ &e,d(d-hy) :
‘9nhm+gm(d_hm) (gnhm+€m(d_hm))

x[”_R+(|n 167R —1mAgm(hm)}.
d d

The conversion function for the device that is submitted to Fig. 4, is determined analytically as for the
previous case considered above. Its formula is described by an expression

2 442 2
U2, Ut } | a

Fo(hn) = { 2 iz
nC (h UL 17°C2(h )U*#’R?

Figure 5 shows the graphical dependence of the calculated and experimental curves of the device's
transformation function.

Fo, MHz
1473,250

1473,000 |

1472,750

1472,500 |

1472,250 }

1472,000 |

-«-a-a. gxperimental
——— theoretical

1471,750}

1471,500

1471,250

100 200 300 400 500 hy, HM
Figure 5 — Dependence of the transformation function on the thickness of the measured material

As can be seen from Fig. 5, when the thickness of the material changes from 0 to 600 pm, the output
frequency varied from 1473.185 MHz to 1471.750 MHz.

The sensitivity of the device is determined by the derivative of the parameter hm functions (31). At the
same time, it is necessary to take into account the dependence of the output voltage U~, the constant voltage on
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the capacitorU _from the parameter hm in addition to the main dependence of the capacitor capacity Ck. Thus,
the transformation function (31) takes the form

1
R(h,) = Z[uf (h)C (YU 2 (g U ()2 (YU (), | (32)
Then the sensitivity of the device according to the function (32) is described by the expression

Sr, () = [u ()G (B U2 (I Y1 = U~ (1) G2 ()

dU (h)

xUj(hm)n6:| {|:2U (h ) G 1(hm)_‘_ljf(hm)_

m

33)
R, )dc () 12y o0, )dlg-tf’“m)ckl(hm)ﬂns—

dc, (h,)
dh

{Uj‘(hm)[ -2C 3 (h,)—=>"2U*(h,)-4U_°(h)C.? (h,) %

m

du_(h,) s 1 3Y-(hy) o .
XWJ+4U~(hm)WCk (hm)U: (hm)j|n6}'

The graph of sensitivity to changes in thickness is shown in Fig. 6.
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Fig. 6. Dependence of the sensitivity function of the transducer on the thickness of the measured
material

As can be seen from the graph (Fig. 6), the sensitivity of the device was from 0 to 600 pm in the
thickness range from 6.35 kHz/um to 7.50 kHz/um.

Frequency range of autogenerator transducers for thickness measurement with the frequency output
signal selected from 1400 MHz to 1500 MHz. The L frequency range is used for equipment operating in the
frequency range from 1.0 GHz to 2.0 GHz (ground terminals, Inmarsat systems, wireless audio and video
equipment) [21, 22]. Experimental studies of the signal spectrum were carried out using the TinySA ULTRA
radio frequency spectrum analyzer. In fig. 7 presents the radio frequency spectrum of autogenerator transducers
for thickness measurement with a frequency output signal, the transmission frequency is 1438.5 MHz.
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Figure 7 — Spectrum of the output signal of the transducer for thickness measurement with a frequency
output signal

CONCLUSIONS

1. The main characteristics of devices for measuring the thickness of materials with a frequency
output signal, the design of which is built on the basis of transistor structures with negative differential
resistance, are proposed and investigated. The primary thickness measuring elements are capacitors with
rectangular and round covers, which are passive elements of the autogenerator, which simplifies the design of
materials thickness measuring devices.

2. Mathematical models of devices have been developed based on the principle of converting the
energy of a constant electric field into the energy of an alternating electric field, which made it possible to obtain
the conversion functions and sensitivity of the devices without using the complex method of obtaining Kirchhoff
equations from the equivalent circuits of transducers and their calculation by numerical methods on modern
computers. It is shown that the main contribution to the change in the conversion functions and sensitivity is
made by the change in the thickness of the measuring material, which causes a change in the equivalent capacity
and negative differential resistance of the oscillating system of autogenerators, which, in turn, leads to a change
in the output frequency of the devices. The sensitivity of thickness measuring devices varies from 5.31 kHz/pum
to 7.5 kHz/um in the thickness range from 0 to 500 pm.

3. The calculated analytical expressions of the conversion and sensitivity functions clearly
demonstrate the influence of each element of the primary transducers and autogenerator elements on the output
frequency of the devices. Thickness measuring devices with frequency output do not require analog-to-digital
transducers and amplifiers for further processing of information signals, which makes information-measuring
equipment cheaper. When the transducer works at ultra-high frequencies, it is possible to transmit information
over a distance.
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