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ABSTRACT This paper presents the design and comprehensive analysis of an anisotropic electrically conductive transformer
developed as an innovative component for modern infocommunication systems. The transformer is based on the use of
materials with anisotropic electrical conductivity, opening new possibilities for improving device efficiency and integration.
A detailed study of thermal losses is carried out under three main operating modes: no-load operation, short-circuit
conditions, and optimal load performance, using numerical calculation methods without simplifications or assumptions.
Special attention is paid to the influence of electrical conductivity anisotropy and the orientation of crystallographic axes on
the overall efficiency and thermal behavior of the transformer. Unlike conventional transformers with magnetic cores, the
proposed design eliminates hysteresis losses, significantly enhancing energy efficiency and minimizing unwanted heat
generation. Equivalent electrical circuit models are developed for each operating mode, and analytical expressions for
resistance and current are derived, allowing for precise evaluation of performance characteristics. Thermal losses due to
Joule heating are quantitatively analyzed for different types of materials. Cadmium antimonide (CdSb), zinc antimonide
(ZnSb), single-crystal bismuth (Bi), and single-crystal tellurium (Te) are proposed as promising materials for anisotropic
electrically conductive transformers. Numerical modeling results demonstrate a significant potential for minimizing energy
losses and optimizing transformer design. The presented results confirm the suitability of the proposed transformer for use
in microelectronic and telecommunication applications, where compactness, high efficiency, and thermal stability are
critical. The relevance of this study is driven by the growing global demand for compact and energy-efficient components in
infocommunication systems. The obtained results provide a foundation for further development of anisotropic electrically
conductive transformers as effective matching elements and functional modules within modern telecommunication

equipment.
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I. INTRODUCTION

odern infocommunication systems demand
IVl compact, energy-efficient, and multifunctional

components capable of stable operation under
high frequencies, variable loads, and constrained spatial
conditions. Traditional electromagnetic transformers,
while effective in high-power systems, face significant
limitations due to the presence of a magnetic core, which
introduces hysteresis losses and hinders miniaturization.
In this context, anisotropic electrically conductive
transformers (AECTs) present new opportunities,
leveraging the unique properties of materials with
anisotropic electrical conductivity, particularly in high-
frequency (HF) and microwave (MW) applications.
However, the challenge lies in the insufficient
investigation of thermal losses in these devices, which
directly affects their efficiency and longevity, thereby
complicating  their practical implementation in
infocommunication systems.

The relevance of this study stems from the rapid
advancement of telecommunication technologies, which
increasingly require structural matching elements with
high efficiency and low energy losses. AECTs, which
eliminate the need for a magnetic core, have the potential

to serve as the basis for compact transformers integrated
into microelectronic circuits. Investigating thermal losses
and optimizing the operating conditions of such devices
are critical to enhancing their competitiveness compared
to traditional counterparts. Furthermore, the use of
anisotropic materials opens prospects for adaptive
component design with tailored characteristics, aligning
with the contemporary demands of electronic
communications and radio engineering.

The objective of this paper is to analyze thermal
losses in AECTs under various operating conditions and
evaluate  strategies for their —minimization in
infocommunication applications. The AECT design and
its features were first introduced in [1-3], demonstrating
the feasibility of electrodynamic transformation and its
potential for novel energy conversion devices. However,
the issue of thermal losses in such transformers has
remained underexplored. The anisotropy of electrical
conductivity and its impact on material properties have
been actively studied in recent literature: for instance, [4]
examines the anisotropic conductivity of thin films with
aligned conductive rods, [5] analyzes the -electrical
properties of composites with aligned nanotubes, and [6]
investigates the influence of anisotropy on the thermal
and electrical  characteristics of nanomaterials.
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Contemporary research on materials for
infocommunication system components, such as [7, 8],
focuses on magnetics and conductors but does not address
their application in the context of AECTs. Thus, the
existing gaps in the analysis of AECT thermal
characteristics necessitate a detailed study of their
behavior under different operating conditions.

To address these gaps, this paper pursues the
following objectives: to describe the AECT design and
evaluate the impact of anisotropic electrical conductivity
on its characteristics; to develop equivalent circuits and
perform numerical calculations of thermal losses under
idle, short-circuit, and optimal load conditions; to assess
the use of promising materials for AECT fabrication; and
to formulate practical recommendations for the design
and application of AECTs.

Il. DESIGN AND OPERATING PRINCIPLES OF
ANISOTROPIC ELECTROCONDUCTIVE TRANSFORMERS

The design and operational features of AECTs have
been discussed in [1-3]. The structure of such a
transformer consists of a rectangular plate (denoted as
component 1) with dimensions length a, height b, and
width ¢, fabricated from a material characterized by
anisotropic electrical conductivity, represented by the
conductivity tensor & (see Fig. 1). The top and bottom
surfaces of the plate, each with an area of axc, are coated
with dielectric layers (component 2) of thickness d;. On
the opposite side of these dielectric layers, conductive
layers (component 3) of thickness d; are applied. Input
electrical contacts (components 4 and 5) are fixed on the
top and bottom conductive layers, while output electrical
contacts (components 6 and 7) are placed on the opposite

lateral faces of the plate, each with an area of b x c.
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FIG. 1. Schematic design of the AECT (1 - anisotropic
conductive plate, 2 — dielectric layers, 3 — conductive layers,
4, 5 — input electrical contacts, 6, 7 — output electrical contacts).
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As is known, in the general case, the electrical
conductivity tensor & of the material of plate 1 is
represented by a second-rank tensor, which, in the
principal crystallographic axes Ox, Oy, Oz, takes the

following form [9]

o, O 0
6=[0 oyp 0] (1)
0 0 o33

If the chosen crystallographic axes OX and OY, with
conductivity values o11 and o2, respectively, are located in
the plane of the lateral face axb of plate 1 such that the
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OX axis is oriented at a selected angle y with respect to
the Ox axis (see Fig. 2), then the conductivity tensor &
(1) takes the following form [10]

o1 cos? y+09 sin? y (011 -0y )sin ycosy 0

o' = (allfazz)sin;/cosy allsin27+0'22c0s27 ol. (2

FIG. 2. Anisotropic conductive plate (the crystallographic axis
OZ coincides with the laboratory axis Oz, both oriented
perpendicular to the plane of the figure).

This results in the appearance of both longitudinal (o)
and transverse (o.) components of the electrical
conductivity tensor [11], as given by (3) and (4)

o =0y cos? y+05 sin2 7, 3)
oy =(o11—0p)sinycosy . 4)

The transformation coefficient m of such a device is
determined by the expression [1], as shown in (5)

m=

(Ullfazz)sin;/cosy a (5)
o, cos? in2y b
11 y+opsmty

The maximum transformation coefficient is observed

at an optimal angle yo,x = 45° and takes the following
form [3], as given by (6)

91 ~"9%» & (6)
o) +oy b

m=

The anisotropy of electrical conductivity (o) affects
the resistance in different operating modes of the AECT,
which determines the thermal losses. Specifically, the
values of o) and o, influence the resistance of the plate
depending on the orientation of the crystallographic axes,
directly impacting the current and, consequently, the
Joule losses in idle, short-circuit, and optimal load
conditions. As is known, in the case of conventional
classical transformers, their thermal losses are determined
by the operating modes [12, 13]. These thermal losses are
typically established experimentally for each mode. The
thermal losses of the AECT under consideration can be
expressed through analytical expressions and evaluated
using numerical calculations, taking into account the
specific features of their operation.

I1l. IDLE MODE OF THE ANISOTROPIC CONDUCTIVE
TRANSFORMER

Let us connect the AECT to a power source without
transferring energy to a load. The equivalent electrical
circuit model of the AECT in idle mode is presented in
Fig. 3.

In this case, the resistance of plate 1 with respect to
contacts 4 and 5 is represented by the expression (7)

1 b 1 b
By = = 2 7 )
O ac oy cos” y+0oy sy ac
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FIG. 3. Equivalent electrical circuit of the AECT in idle mode.
The resistance of plate 1 with respect to contacts 6 and

7 is given by the following expression (8)

1 a 1 a (8)

R = =
+ o, be (all—ozz)sinycosybc

The AECT under consideration operates as follows:
applying an electromotive force (EMF) ¢(¢)=Eo sin(wt) to
contacts 4 and 5 results in an electric current /;, the
magnitude of which is expressed as (9)

I = E/J(ro R P +1/(C) )

where /i and E are the effective values of the current and
EMF, respectively; ro is the internal resistance of the
EMF source; and C is the capacitance of the transformer

between contacts 4 and 5, determined by the
expression (10)
C=¢p&y % s (10)

where ¢o is the absolute dielectric permittivity, and &g is
the dielectric permittivity coefficient of the dielectric
material layer.

It should be noted that the load resistance R, is
disconnected. In this case, the thermal losses P: of the
AECT are determined by the expression (11)
12 b

oy cos? y+0y sin? y ac

P =I{R = (11)
IV. SHORT-CIRCUIT MODE OF THE ANISOTROPIC
ELECTROCONDUCTIVE TRANSFORMER

Let us describe the operating parameters of the AECT
in short-circuit mode. The equivalent electrical circuit of
the AECT in this case is shown in Fig. 4. It should be
noted that the resistances R; and R, are connected in
parallel.
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FIG. 4. Equivalent electrical circuit of the AECT in short-circuit
mode (electrical contacts 6 and 7 are shorted together).

The parameters of the AECT in this mode are
characterized by the following expressions: (12), (13),
and (14)

Ry =R R, [(R +R,),

(12)
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12:E/\/(’NRHRL/(RM+R¢))2+1/(wc)2, (13)

P E2R R, (R, +R, Jo*C?
P Ry R P + bR+ R )+ RR P2

(14)

V. OPTIMAL LOAD MODE OF THE ANISOTROPIC
ELECTROCONDUCTIVE TRANSFORMER

Let us consider the operating mode of the AECT in
which an optimal balance is achieved between the useful
power transferred to the load and the losses. The
equivalent electrical circuit of the AECT for the optimal
load mode is shown in Fig. 5. It should be noted that the
resistances R, and R, are connected in series.

=
Rn
k D Ry
Ew R

FIG. 5. Equivalent electrical circuit of the ACT in load mode.

Ry=2R R, /(R +2R,), (15)
I :E/ (ro + Ry) 2+ 1/(0C) * , (16)
2E°R, Ry (R +2R,) a7

2
b= (olR, +2R, )+ 2R R, P +1/0?C?
where Xc=1/wC is the capacitive reactance of the
capacitor C.

Thus, the presented formulas for calculating the thermal
losses of the AECT demonstrate the feasibility of
performing numerical evaluations of heat dissipation
under various transformer operating modes, which
significantly simplifies their design and application.

VI. MATERIALS

As materials for the fabrication of the proposed AECT
intended for operation at room temperature, both
diamagnetic and paramagnetic anisotropic -electrically
conductive materials can be employed. These include
cadmium antimonide doped with silver (CdSh:Ag), zinc
antimonide (ZnSh), cadmium arsenide (CdAs:z), zinc
arsenide (ZnAs:), bismuth (Bi), tellurium (7e), and needle-
like eutectics based on them.

The obtained Egs. (11), (14), and (17) are used to
perform numerical calculations of thermal losses for
various AECT operating modes, based on two anisotropic
electrically  conductive  structures:  bismuth  (Bi:
011=9x10° S/m,  02=4.5x10°S/m) and  cadmium
antimonide doped with silver (CdSb:Ag: ¢11=0.8 S/m,
02,=0.3 S/m) [14-16].

For the calculations, the following parameters are
used:

a=0.1m,b=c=0.02m,d;=0.2mm, d»=1 mm,
g0=8.854x10712 F/m, 4= 2.23 (polyethylene),
ro=>5€Q, y=45°,

E={12V,48V, 120V, 220 V},

o = {50rad/s, 50x103 rad/s, 50 x10° rad/s}.
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The calculation results are presented in Table 1. Here,
P1, P2 and P3 represent the thermal losses of the AECT
under idle, short-circuit, and optimal load conditions,
respectively.

TABLE 1. Thermal Losses of the AECT in Different Operating
Modes.

o E() P1 (W) P> (W) P3; (W)
Bismuth (B7)
12 2.050x10710 2.030x10710 2.040x10710
é 48 3.280x107° 3.250x107° 3.260x107°
é 120 2.050x1078 2.030x1078 2.040x1078
220 6.890x1078 6.820x1078 6.860x1078
12 2.047x1074 2.020x107* 2.032x1074
% EV 48 3.275%1073 3.232x1073 3.251x1073
4 £ 120 2.047x1072 2.020x1072 2.032x1072
220 6.880x1072 6.789x1072 6.830x1072
12 8.520x1073 8.410x1073 8.462x1073
% % 48 1.363x107! 1.346x107! 1.354x107!
2 £ 120 8.520x107! 8.410x107! 8.462x107!
220 2.8637 2.8267 2.843

Cadmium antimonide doped with silver (CdSh:A4g)

12 2.518%1077 2.473x1077 2.496x1077
§ 48 4.029x10°¢ 3.957x10°° 3.994x1076
é: 120 2.518x1073 2.473%107° 2.496x107

220 8.462x107° 8.312x107 8.391x107°

12 2.404x107! 2.365%x107! 2.384x107!
% R 48 3.846 3.784 3.814
4 £ 120 2.404x10! 2.365%10! 2.384x10!

220 8.080x10! 7.949x10! 8.009x10!

12 5.631 5.587 5.607
% g 48 9.010x10! 8.939x10! 8.971x10!
2 £ 120 5.631x10% 5.587x102 5.607x10%

220 1.892x103 1.878x103 1.885x103

Analysis of the data presented in Table 1 reveals that
bismuth (Bi), due to its high electrical conductivity,
results in significantly lower thermal losses compared to
silver-doped cadmium antimonide (CdSb:Ag). For
instance, at w =50rad/s and E=12V, the losses for
bismuth are approximately P; = 2.050x1071° W, whereas
for CdSh:Ag they reach Py=2.518x107"W, which is
three orders of magnitude higher. At a high frequency of
50x10° rad/s and E =220V, the difference is even more
pronounced: P;~=2.864 W for bismuth versus
1.892x103 W for CdSh:Ag. The primary reason lies in the
lower resistance of bismuth, which significantly reduces
its contribution to thermal losses.

The conducted calculations highlight the necessity for
further analysis and additional numerical studies
involving other anisotropic structures to achieve an
optimal balance between thermal efficiency and material
cost. AECTs based on the proposed anisotropic
electroconductive  materials are expected to Dbe
implemented as structural matching elements in a wide
range of modern telecommunication devices, with
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particular promise for coupling components such as
amplifiers, oscillators, and antennas in HF and MW
wavelength bands.

V. CONCLUSION

The proposed AECT enables both the increase and
decrease of electric power in the low-frequency and MW
wavelength ranges. Unlike conventional transformers that
include a magnetic core —leading to hysteresis-related
losses — the AECT eliminates this element, significantly
reducing such losses. This work investigates the thermal
losses of AECTs under various operating modes: no-load,
short-circuit, and optimal load conditions. Numerical
calculations reveal that the magnitude of thermal losses
depends on the geometric dimensions of the conductive
plate and the anisotropy of its electrical conductivity.

Practical conclusions are provided based on frequency
ranges:

— Low frequencies (50rad/s): both materials exhibit
negligible losses, making them suitable for low-frequency
applications with minimal heating;

— Medium frequencies (50x10° rad/s): losses increase
but remain manageable (within 1072—-107° W), and
anisotropic electroconductive materials with higher
conductivity are preferable to minimize losses;

— High frequencies (50x10° rad/s): thermal losses rise
significantly for materials with lower conductivity,
potentially requiring cooling in certain operating
conditions.

The obtained results demonstrate the potential of
AECTs for improving energy efficiency. Implementing
such transformers opens Dbroad prospects for
miniaturization and integration into microelectronic
devices, thereby enhancing the practical capabilities of
structural elements wused in modern switching,
measurement, and other equipment within
infocommunication systems.
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Tennosi BTpaTtu aHI3OTPOMNHOro eNeKTPonpPoBiAHOro

TpaHchopmaTopa

AHaToniii Aweynos’, Mukona flepes’aHuyk®”, Amutpo JlaBpeHiok®, Maprapura PoxaecTseHcbKa>

HHCTUTYT TepMmoenekTprKM HauioHanbHOI akagemii Hayk YKpaiHv Ta MiHicTepcTBa OCBiTH | HayKu YKpaiHu, YepHisui, YKpaiHa
2Kadeapa pagioTexHiku Ta iHpopmauiiHoi 6e3nekun, YepHiBeLbKUid HalioHanbHKI yHiBepcuTeT iMeHi KOpia deabkosuya, YepHisui, YkpaiHa
3Kadeapa maTemaTUYHOrO MOAE/IOBaHHSA, YepHiBeLbKMiA HaLioHaNbHUIA YHiBepcuTeT iMeHi HOpia deabkosuya, YepHisui, YKpaiHa

* ABTOp-KopecnoHAeHT (EnekTpoHHa agpeca: m.derevianchuk@chnu.edu.ua)

AHOTALLIA VY cTaTtTi po3rNfAHYTO KOHCTPYKLIO aHI30TPOMHOIO eNeKTPOMpOoBiAHOIO TpaHchopmaTopa AK iHHOBALMHOIO
KOMMOHEHTa iHGOKOMYHIKaLIMHUX MPUCTPOIB, WO (YHKLIOHYOTb Ha OCHOBI BMKOPWCTaHHA B/IAacCTMBOCTEM MaTepianis 3
aHIi30TPOMIEID e/1IeKTPONPOBIAHOCTI. 3anpoONOHOBAaHO TEOPETUYHY MOJAe/b Takoro TpaHcdopmaTopa, nobyaosaHy 3
ypaxyBaHHAM 0CO6/IMBOCTEN PO3NOAINY €1EKTPUYHOIO MO, HANPAMKIB CTPYMy Ta opieHTaLii KpucTanorpadiyHux ocel y
NpoBigHOMY aHi30TponHOMY cepefoBuuli. MPoBeAEHO KOMMJIEKCHE AOCNiAKEHHA TenjoBWUX BTPAT TpaHchopmaTopa B
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TPbOX XaPaKTEPHUX pPeXMMax pOGOTVIZ XOJIOCTOr0 XOAY, KOPOTKOrO 3aMWMKaHHA Ta ONTMMANbHOrO HaBaHTaXeHHA. [nA
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KiNIbKiICHOI OLiHKM BTPaT BUKOPUCTAHO YMCENbHI METOAM PO3PaxyHKY, L0 BPaXOBYIOTb B3AaEMOAIIO CTPYMIB 3 aHI30TPONHMM
cepegosuem. Ocobnusy yBary NpuAineHo BNAMBY OpiEHTaLii aHI30TpoNii eNeKTPOoNpPOoBIAHOCTI HAa PO3MOAin CTpymiB Ta
BE/IMYMHY TennoBMX BTpaT. peAcTaBNeHO eKBiBa/JIeHTHI €NeKTPUYHI CXEMU KOXKHOFO 3 peXMMiB poboTu Ta BMBEAEHO
Bi4NOBiAHI aHANITUYHI BUpA3KM 415 ONopy, CTPYMY M NOTYXKHOCTI, AKi BPaXx0OBYOTb AK FEOMETPUYHI NapameTpu NpUCTpoLo, Tak
i enekTpoodisnyHi XapaKkTepucTMkM obpaHoro matepiany. Ha BigMiHy Big KnacMuHux TpaHcdhopmaTtopis i3 MarHiTHUM
ocepaam, Yy AKUX BUHWKAIOTb BTPATW, MNOB’A3aHi 3 ricTepesnucom Ta BUXPOBUMM CTPyMamu B GpepoMarHiTHUX maTepianax,
aHi30TPOMNHWI eNeKTPonpoBiAHWUI TpaHcPopmaTop GYHKLUiOHYE 6e3 MarHiTHOro ocepps, WO A03BO/IAE YHUKHYTU BTPaT,
3yMOBJ/IEHMX MNepemarHiyyBaHHAM. Takui nNigxis BiAKPUBAE HOBI MNepCneKTMBM [A1A CTBOPEHHA BUCOKOYACTOTHMX,
eHeproedeKTUBHUX Ta KOMNAKTHUX KOMMOHEHTIB, NPUAATHUX ANA iHTerpalii B MiKPOENEeKTPOHIiKY, CEHCOpPHI cucTemmn Ta
Te/eKoMyHiKaLjiliHe obnagHaHHA. K NOTEeHLiMHO NPUAATHI MaTepiann AnA BUrOTOBAEHHA aHI3OTPONHUX e/1eKTPONPOBIAHMX
TpaHchopMaTopiB 3aNPOMNOHOBAHO HU3KY AiaMarHiTHUX i MapamMarHiTHUX KPWUCTaniB i3 BMPAXKEHOK €e/IeKTPONpPOoBiAHO
aHisoTponieto. Cepea HUX PO3rAAHYTO MOHOKpUCTann bicmyty (Bi), Tenypy (Te), cnoayku Tuny Kaamin-ctmbin (CdSh), umHK-
cTMBiN (ZnSb), a TaKoX LITYYHO-CTPYKTYpPOBaHi MaTepiasv 3 iHXXEeHepHO 3afaHol aHisoTponieto. MoKasaHo, WO Taki
maTepianu 3abe3neyyoTb ePpeKTUBHE ENEKTPUYHE MEepPeTBOPEHHS eHeprii 6e3 3acToCyBaHHA MArHiTHUX €/IeMEeHTIB, 3
BMCOKUM KoedilieHToM TpaHcdopmaLii Ta HU3bKMMKU BTpaTaMu. [IpoBeaeHO YncenbHi PO3paxyHKU TENNOBUX BTPAT B TaKUX
TpaHchopmaTopax Ans pisHUX yacToT (Big 50 paa/c oo 50x106 pap/c) i pisHux piBHiB Hanpyru (Big 12 B go 220 B) Ha
npuKknagi bicmyty (Bi) Ta cnonyku Kaamin-ctmbito, nerosaHoi cpibnom (CdSh:Ag). PesynbTati nokasanu 3Ha4YHe 3pOCTaHHSA
BTPAT 3i 36iNbLIEHHAM YacTOTH, WO HEObXiAHO BPaxOBYBaTH Mif, YaC NPOEKTYBAHHA BUCOKOYACTOTHUX NPUCTPOiB. OnmcaHo
di3NYHi MexaHi3MW BWHUKHEHHA BTPAT Yy PIi3HUX PeXuMmax Ta BMNAMB NapameTpiB maTepiany Ha iXHIO BeANYMHY.
3anponoHoBaHi MiAXoAM Ta OTPMMAaHI pPe3ynbTaTM MOXKYTb BYTWM BMKOPUCTAHI o5 ONTUMI3aLii reoMeTpUYHMX POo3MipiB i
napameTpiB aHI3OTPOMHUX MaTepianiB 3 MeTol MigBULWEHHA eQdEeKTUBHOCTI  aHI30TPOMHUX  EeNeKTPONpPOoBigHMX
TpaHcpopmaTopiB. Taki NPUCTPOi MatoTb NOTEHLiaN 3aCTOCYBaHHA AK Y3roAXKYyBa/ibHi €/1leMeHTH, NepeTBOPIOBaYi CUrHaNIB
ab0 eHepreTMYHi NaHKK Yy CKAadi cydacHOT TeneKomMyHiKaLiiHOi anapaTypu, 0cobavMBO B yMoBax MiHiaTiopum3aLiii.

K/IIDYOBI C/IOBA aHi3oTponia, eNeKkTponpoBigHicTb, TpaHcPopmaTop, TennoBi BTPaTM, KOMMNOHEHTU iHGOKOMYHIKaLiMHOT
cuctemu.
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