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The paper comprehensively investigates the proposed topology of a hybrid-integrated circuit of a balanced
subharmonic mixer, effective when used in the millimeter wavelength range. The principle of operation of the
mixer is covered in detail, its model is proposed in terms of the theory of long lines, on the basis of which the
dimensions of the elements of the topology of the integrated circuit are calculated in the first approximation.
The dimensions are refined in the electrodynamic analysis program CST Microwave Studio. According to the
results of the calculations, mixer samples were manufactured and their experimental study was conducted. The
process of generating idle frequencies in the mixer circuit is separately considered in detail. It is theoretically
proven that, unlike balanced mixer circuits that operate on the fundamental harmonic of the local oscillator,
in the proposed mixer circuit, oscillations at the image frequency and the sum combination frequency arise as
waves with the same field polarization, which propagate in the direction of the signal input of the mixer. In
order to use the energy of these waves, a mixer circuit was developed and manufactured, which contained an
image rejection filter. Experimental study of this hybrid integrated circuit demonstrated a significant reduction
in conversion losses (by approximately 1.5 dB) compared to the circuit without a filter. The parameters of the
mixer obtained as a result of the work — conversion losses at the level of 6 dB with the required local oscillator
power of the order of 2.5 mW — allow the successful use of the developed hybrid integrated circuit of the mixer
as part of millimeter-wave transceivers.
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Introduction

Subharmonic mixers represent a special (in a se-
ries of such as single-diode, balanced, double-balanced,
harmonic, image reject mixers) group, since their use
in transceiver’s frequency converters involves the use
of Local Oscillator (LO) with half (or four times)
lower frequency. The attractiveness of such a techni-
cal solution is due to the significantly lower (several
times) cost of low-frequency generators/synthesizers,
as well as the significant advantage of the latter in
phase noise level. Although these devices have been
proposed and implemented in various designs for a
long time, and the industry has ensured their mass
production including in the form of separate bulk de-
vices and monolithic integrated circuits [1,2], interest
in their development and improvement of operati-
onal characteristics and parameters are still being
developed [3,4]. An important reason for this is the rapid
advancement of many technologies in the millimeter and
submillimeter wavelength ranges, where the relevance

of using low-frequency local oscillators in converters
becomes absolute. In addition, the advancement to high
frequencies necessitates changes to the implementation
of subharmonic mixers, which, as a rule, were built
according to a scheme that used two diodes connected
in antiparallel (the so-called antiparallel diode pair), so
that the mixer was essentially a single-diode and requi-
red the use of filters in the signal and LO ports. And
given that the mixers used a Microstrip Line (MSL)
as the electrodynamic basis, the losses in the specified
filters at high frequencies became significant, which si-
gnificantly increased the conversion losses of such mixers.
So, the best of them had this parameter at the level
of 10 dB [5, 6]. This negatively affects the sensitivity of
millimeter-wave receivers in cases where the use of low-
noise amplifiers at the input is limited either by their cost
or their absence on the market. In this case the input
device of the receiver is a mixer, and the noise figure
of receiver equals mixer’s conversion losses. In several
works, systems with significantly lower losses in the mi-
llimeter range were used as the electrodynamics system
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of subharmonic mixers — a suspended microstrip line, an
antipodal fin-line. In these cases the best results were
obtained regarding conversion losses at the level of 5-
6 dB. The results obtained here, however, concern single-
diode (in the above-mentioned sense) mixers with filters,
i.e. those that involve changes in topology for operation
at changed frequencies. The use of a balanced mixer
with two diode pairs can provide frequency-independent
separation of its heterodyne and signal ports without
the use of filters. Hybrid Integrated Circuits (HICs) of
balanced mixers operating on the fundamental harmonic
of the heterodyne have been successfully used in the milli-
meter range; the mixers have significant and frequency-
independent port separation, and the conversion losses
reach theoretical limits (of the order of 3 dB) [7]. At
the same time, the number of works devoted to the
development of balanced subharmonic mixers is insigni-
ficant, and the authors are not aware of any publications
describing the HICs of such mixers.

Below, the authors present the results of the study
of the proposed design of the subharmonic balanced
mixer HIC: the topology of the mixer, the physical

foundations of its operation, approximate calculations
of diode matching schemes in terms of circuit theory,
the results of specifying the dimensions of the elements
of the mixer topology in the package of programs
for electrodynamic analysis and a comparison of the
calculated return loss characteristics with those obtained
experimentally. According to the proposed methodology,
an analysis of the generation of waves at image and
sum frequencies of the mixer was carried out. Based
on these results the image enhanced mixer topology
was developed. The measurements of the conversion
losses and the port’s isolation of the sample of mixer
demonstrate the advantages of the proposed design.

1 Proposed Topology of the
Hybrid Integrated Circuit Mi-
Xer

The proposed topology of the HIC mixer is shown in
Fig. 1.
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Fig. 1. Hybrid integrated circuit mixer topology; Pro — heterodyne power, Ps — signal power, Prr — intermediate
frequency power

As can be seen, the topology is based on a bridge
based on a section of a Waveguide-Coplanar Line (WCL),
which has been repeatedly used in the designs of balanced
mixers on the heterodyne fundamental harmonic. The
fundamental difference in this case is that oscillations at
the heterodyne frequency are supplied from the side of
the WCL, which excites an even-type wave in the WCL,
while oscillations at the signal frequency are supplied
from the side of the MSL, which excites an odd-type
wave in the WCL. The need for this order of excitation is

explained by Fig. 2, which depicts the time dependences
of the voltages on diodes pairs at the frequencies of the
heterodyne (wro) and the signal (wg), Fig. 2 a,b,c,d. In
this case, it is assumed that ws=2w o, and the voltage
values are calculated relative to the grounded metalliza-
tion layer connecting the ground electrodes of the MSL,
WCL and the fins of the fin-line. Fig. 2 e,f show the time
dependences of the conductivities of the diode pairs, and
Fig. 2 g — the value of the voltage, that appears on the
central conductor of the WCL. The dashed line shows the
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value of this voltage at the output of the intermediate
frequency filter. It is obvious that when reversing the
mixer ports to the opposite, there will be no voltage
at the output of the intermediate frequency filter since
the values of the voltages on the diodes at the signal
frequency will be opposite.
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Fig. 2. Time dependences of voltages on diode pairs

The mixer HIC contains additional elements:
elements 1 form a longitudinal probe transition from a
rectangular waveguide to the MSL; elements 2 form a
Low-Pass Filter (LPF) on the MSL segments; elements
3 form a transition from the input MSL in the mixer LO
port to the fin-line.

2 Preliminary Calculation of the
Mixer Topology Elements in
Terms of the Long Lines Theory

The specified features of the topology, in particular,
the excitation of the WCL from the fin-line side under
the condition of an excitation frequency that is half the
signal frequency, force us to pay special attention to the
topology of the fin-line and WCL, in particular, to the
widths of the slots of these lines. Fig. 3-5 shows the
frequency dependences of the slowing factor and line
impedance of the fin-line (Fig. 3) and WCL (Fig. 4,5)
for different values of the slot width w and several values
of the distance between the slots in the WCL, calculated
in accordance with [13]. The calculations were made for
lines made on a dielectric substrate with a thickness
of d = 254 u with a dielectric constant ¢ = 2.2. It
should also be noted that the width of the WCL slots
is chosen to be fixed (w = 150 w), which meets the
technological requirements for the design of the selected
diodes with beam terminals. The cross-section of the
waveguide is a x b = 11 x 5.5 mm, with a cutoff frequency
fe = 13.63 GHz. A subharmonic mixer operating in
this operating frequency range of such a waveguide (18-
26 GHz) should have a WCL cutoff frequency on an
even-type wave no higher than approximately 8 GHz
(for the necessary deviation from the critical frequency of
1 GHz). From Fig. 4, however, it is clear that for the used
parameters of the WCL topology, its operating range
begins with frequencies only slightly below 9 GHz (the
exact value of the cutoff frequency at dpr = 1.3 mm is
8.69 GHz), which limits the operating range of this mixer
to the minimum frequency fiin ~ 19.5 GHz. A simplified
calculation of the main elements of the topology will
be demonstrated on the example of developing a mixer
with an operating frequency range for the input signal
Sfmin = 21.7 GHz, f4: = 22.3 GHz, and a LO frequency
fro = 10.5 GHz. We use diode pairs of the MA4FE2039
type (MACOM).
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Fig. 3. Frequency dependences of fin-line slowing factor
and line impedance
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Fig. 4. Frequency dependences of WCL slowing factor
and line impedance; even type. Here and below dpr is
the distance between the slots of WCL
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Fig. 5. Frequency dependences of WCL slowing factor
and line impedance; odd type

The parameters of the simplified equivalent circuit of
diodes were measured experimentally in the fin-line using
the method proposed by the authors, which provides
automatic setting of the position of the reference plane
[8]. It was found that the diode is a parallel connection of
the active resistance Ry = 55 Ohm and the capacitance
Cq = 0.055 pF. The equivalent circuit of the mixer unit
at the LO frequency is shown in Fig. 6
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Fig. 6. Equivalent circuit of a mixer unit at the LO
frequency

Using the data in Fig. 4, we find the length of the
WCL section from the relation:

1 1
leop = 1— t —— | =07 .
or Be arctan (27TfLOCdZOe) e

Since the effective short-circuit plane of the WCL
slots is located on the longitudinal axis of the mixer
topology (Fig. 1), and the diodes are installed with
their electrodes at the edges of the WCL slot (Fig. 1),
we correct the found size lcop by the width of the
central conductor of the WCL, which in this case is
dpr = 1.3 mm. Therefore, for further use, we use the
value l.op = 5.7 mm. We choose the width of the
WCL slot equal to wyi, = 100 p — a value that is the
technological limit for obtaining this parameter with the
required accuracy in production. In this case (Fig. 3)
Zotin = 132 Ohm. The calculated frequency dependence
of the VSWR of the considered node is shown in Fig. 7.
The equivalent circuit of the node with diodes at the
signal frequency is shown in Fig. 8. When constructing
the circuit, an equivalent representation of the excitation
node of the WCL on an odd-type wave by a microstrip
line from the side of the signal port was used. Obviously,
we have:

Zin = jZomsritan Bayrspilyvscy + o

oY, (1)

where

Yd + jYOe tan ﬂelcop

Y., =Y,
. 0 Ybe + JYd tan ﬁelcop '

Y, — conductivity of the diode pair; Zoarsr1, Bavrsp1 —
line impedance and phase constant of the MSL section
with length lp;511 (Fig. 1).
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Fig. 7. Calculated frequency dependence of the VSWR
from the LO node (dashed curve — the result of the
analysis in CST)
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Fig. 8. Equivalent circuit of a mixer unit at the signal
frequency; B, — phase constant of the odd-type wave in
WCL

The first term in (1) is the input impedance of a short-
circuited microstrip loop, which compensates for the
reactive component of the input impedance of the WCL
at the point of its connection. In this case, this reactance
turned out to be capacitive. Therefore, a short short-
circuited loop was required for compensation, which, by
the way, simultaneously ensures the connection of the
intermediate frequency current of the I F mixer (Fig. 1).
Calculations according to (1) give the value of the length
Ipmsp1 = 0.8 mm; while the active component of the input
impedance is as low as Re(Z;,) = 25 Ohm. And since
with such a wave impedance of the MSL, its width turns
out to be greater than the width of the central section
of the WCL, the resistance of the microstrip loop line
was taken larger in magnitude, Zpyrsr1 = 50 Ohm. In
this case, the width of the loop line is 0.77 mm, and its
length is 0.84 mm. Fig. 9 shows the calculated frequency
dependence of the VSWR from the signal input side.
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Fig. 9. Calculated frequency dependence of the VSWR
from signal node (dashed curve — the result of the
analysis in CST)

It should be noted that in the case of inductive nature
of the input resistance at the point of connection of the
WCL, reactance compensation is achieved by connecting
a short open loop. In this case, the output of the IF
voltage can be implemented using a wire half-turn, which

is connected to the central conductor of the WCL, and
the other end to the second capacitive element of the
LPF path of the intermediate frequency.

3 Results of Optimization of Di-
mensions in the Electrodynamic
Analysis Software Package

The obtained results were used for their refinement in
the electrodynamics analysis software package CST Mi-
crowave Studio. The calculated frequency dependences
of the VSWR for the mixer with the dimensions found
above are shown in Fig. 7 for the LO, and Fig. 9 —
for the signal ports by dashed lines. Comparison of the
results shown demonstrates the usefulness of approxi-
mate calculations of dimensions, which now only require
optimization. As a result of optimization of dimensions,
the minimum value of the VSWR at the central frequency
of the operating frequency range of the input signal was
obtained when the length [, of the central conductor of
the WCL was reduced: lop = 3.8 mm; ljrg71 = 1.8 mm.
The frequency dependences of the VSWR from the mixer
inputs are shown in Fig. 10.
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Fig. 10. Frequency dependences of the VSWR from the
mixer inputs, optimization results: a) signal input, b) LO
input

As can be seen, the required shift of the minimum
reflection from the side of the signal port of the mixer
is achieved by some reduction in the length [.,,. This
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contributes to a reduction in the linear dimensions of
the mixer, as well as a reduction in the capacitance
of the first element of the low-pass filter path of the
IF, which determines the cutoff frequency of this fi-
Iter. Fig. 11,12 present the results of calculations of
the parameters of the auxiliary elements of the mixer:
Fig. 11 — longitudinal-probe transition to the MSL from
the side of the rectangular waveguide to the signal port
(position 1 in Fig. 1); Fig. 12 — transition to the fin-line
from the MSL to the LO port (position 3 in Fig. 1).
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Fig. 11. Characteristics of the longitudinal-probe transi-
tion to the MSL
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Fig. 12. Characteristics of the transition to the fin-line
from the MSL in the LO port

The results of the experimental study of the
manufactured mixer sample (photo in Fig. 13, the LO
input and intermediate frequency output are made via
standard SMA connectors) are presented in Fig. 14-17.
The frequency dependences of the VSWR from all three
ports are shown in Fig. 14.

The measured isolation between the LO and IF
ports is shown in Fig. 15. Fig. 16 shows the frequency
dependence of the conversion losses, and Fig. 17 shows
the dependence of the conversion losses on the LO power.

Fig. 13. Mixer sample
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Fig. 14. Frequency dependence of the VSWR from the
mixer inputs

The obtained results regarding the conversion losses
correspond to the level considered high for similar devi-
ces. We especially note the ultra-low required level of LO
power (about 3 mW), which is much lower than the values
for the samples known from the literature, as well as for
those produced by the industry (for example, 30 mW
for MAMX-011009, MACOM, HMC-MDB 218, Analog
Devices [14]).
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15. Frequency dependence of the isolation between
LO and IF ports

Fig.
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Fig. 17. Dependence of conversion losses on LO power;
fs =22.5 GHz; fro = 10.6 GHz

Thus, the developed mixer meets the high requi-
rements for conversion losses, the level of isolation
between the ports, and the required level of LO power.
The specified characteristics were provided by a topology
that does not require the use of filters at the signal
and LO inputs of the mixer. The mixer, designed as a
hybrid integrated circuit, provides flexibility in its appli-
cation as part of complex millimeter-wave devices made
on one substrate. This advantageously distinguishes it
from similar connectorized devices produced by industry
[11,12].

4 Using Idle Conversion Frequen-
cies to Reduce Conversion
Losses

It is well known that the use of idle mixer frequencies
allows to significantly reduce conversion losses [9, 10].
Theoretical analysis of their influence on the parameters
has been performed in numerous works. For analysis,
current flow circuits are selected for each of the frequen-
cies under consideration, and the interaction between
them occurs in the selected nonlinear part of the mixer
circuit. This approach allows us to calculate the value
of the conversion losses, the equivalent resistance of the
intermediate frequency source, the influence of loads on

the idle frequencies of the mixer, etc. Since such an
analysis is very laborious, we limit ourselves here to
questions of a qualitative nature, namely: in which ports
of the considered subharmonic balanced mixer and at
which frequencies do idle frequencies of the conversion
occur, which take away part of the power of the input
signal. So, their return to the conversion process can
reduce the conversion losses of the mixer. With this
formulation of the question, the mixer circuit can be
simplified to the form shown in Fig. 18, and its analysis is
carried out by the method of successive approximations.

Il
L1

Fig. 18. Simplified diagram of the mixer

The essence of the method is to isolate some small
parameter, and the solution to the problem is sought in
the form of an expansion into a series of its powers. From
the well-known expression for the I — V characteristic of
an antiparallel diode pair, we have:

aUd aUd
Ii=I ekl —1| -I,[e kKT —1]| =
aUd
=2I,sh(—2), (2
n(55). @

where Uy — voltage across a diode pair.

Iy
. (21) |

From (2), (3) we can find the differential conductivity

From here we find

kT

Ug = —ars (3)

_ Ol _2La (ol
94= B0, = kT KT

(4)
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and the differential resistance of the diode pair

OUs _ KT

oI,  2La 2
s I
1+< d)

Rg =

The coefficient a/kT in (1) is of the order of 0.8 V71,
and the value of I, for diodes with a Schottky barrier is
less than 107% A. Therefore the expansion in a series of
powers of the conductivity voltage U according to (3)
will lead to its rapid convergence:

2la0
kT’

1 (e}
- 11 1 = = I——
B — small value, S 5 Go T

ga = Go + BUS; Gy =

On the contrary, the expansion of (4) in powers
I \?

i
© <2IS>
Accordingly, the analysis of the circuit in Fig. 19 will be

carried out by the method of nodal potentials, according
to which we have:

does not lead to convergence of the series.

Zro erLo
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15 +Uq =+ 5
Zro _ eLo
I > +Ud2—_§0+72 ; (7)
I =Ug - g, I> = U2 - gaz,
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Hence, using (6), we obtain:
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where p1 = Ug1 + Ua2; 02 = Ug1 — Uqgo.

The nonlinear system of equations (8) is solved by
the method of successive approximations, setting 12 =
90:([?% + @51% + 4,0% + ..., where successive values of 4,0%2)2
are proportional to the increasing power of the small
parameter (3. Substituting successively the solution in
the general form into (8) and equating terms of the same

order of smallness on both sides of the equations, we

obtain:
0 erLo
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From (9) it is clear that successive values of gp(ll)Q

contain factors proportional to the values of the power
B: for example, <p§2) ~ B(pgoﬂ, apél) ~ 529050)29050) etc.

Analyzing the circuit in Fig. 18, we note that the
variable ¢, is responsible for the voltage at which the
diode pairs are connected in series, i.e. in the directi-
on of the field of the even-type wave in the WCL
(Fig. 1), while @9 is responsible for the field of the
odd-type in this line. Let us now assume that the
fields in these waves are proportional to cos(wrot)
and cos (wgt). In the first approximation, we have the
generation of the third harmonic of the LO frequency on
the even-type wave, as well as the excitation of oscilla-
tions at the intermediate frequency (wrr = 2wro — ws)
and the sum combination frequency (2wro + wg) on
the odd-type wave. In the second approximation, waves
at frequencies 3wpp, bwro are excited by an even-
type WCL wave, in particular, a wave at frequency
l[dwro — ws| = [2wro + 2wro —ws)| = 2wro + wiF —
the image frequency of conversion into waves of odd-type
WCL.

Thus, it was established that, unlike a conventional
balanced mixer, in which waves at the frequencies of the
image channel of conversion and the sum combination
frequencies are excited by the mixer on waves of different
types, in the mixer under consideration, waves at both
frequencies are generated as waves of odd-type of WCL —
waves with the same field polarization.

Fig. 19 shows the results of measurements of the
dependence of the mixer conversion losses on the relative
phase angle of the reflection coefficient from a specially
made band-pass filter (BPF) of the image channel placed
at the signal input of the mixer. The BPF had losses
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of the order of 0.15 dB, while the attenuation at the
image channel frequency f = 19.9 GHz was 16 dB. A
significant reduction in conversion losses (up to 4.85 dB
versus 6.00 dB at a matched load at the image channel
frequency) indicates the feasibility of including such BPF
in the mixer’s HIC.
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Fig. 19. Dependence of conversion losses on the relative
phase angle

The used BPF with a quarter-wave coupling had
losses in the signal frequency band of less than 0.8 dB.
The measured frequency dependence of the attenuation
of this BPF is shown in Fig. 20; here the solid curve shows
this dependence, calculated in CST Microwave Studio.
The optimal distance of the filter to the WCL section of
the mixer was found experimentally. Fig. 21 shows the
results of measurements of conversion losses in the signal
frequency band.
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Fig. 20. Frequency dependence of the attenuation of the
manufactured BPF

It can be seen that the obtained results are
comparable to those typical for HIC of balanced mi-
xers operating on the fundamental harmonic of a LO.
According to this parameter, the developed HIC meet the
requirements for modern input devices of the millimeter
wavelength range.
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Fig. 21. Measured conversion losses of a mixer with a
BPF

Conclusion

The proposed and investigated in the work new
topological solution for the HIC of the balanced
subharmonic mixer revealed a number of features that
make it promising for inclusion it in budget and, at
the same time, high-quality transceivers of the milli-
meter wavelength range. Among them — a low level of
conversion losses and a very low level of the required
LO power. These parameters are often considered critical
when designing these devices.
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I'ibpuamo-ianrerpanpuunii GasgaucHHii cy6-
rapMoOHIYHUIi 3MillyBa4 MijJliMeTPOBOTO
Jiama3zoHy 3 MaJIMMHI BTPATAMH MEPETBO-
peHHg

Owmenanenko M. IO., Pomanenxo T. B., Typeesa O. B.

B pob6oTi BCeGIYHO AOC/IIIZKEHO 3aITPOIIOHOBAHY TOTIOJIO-
rifo Ti6pUIHO-IHTErpaIbHOI CXeMu 0AJTAHCHOTO CyOTapMOHIY-
HOro 3MimyBa4a, ebeKTUBHY DU BUKODHUCTAHHI y MiTiMe-
TPOBOMY [ialla30HI JOBXKHUH XBWJIb. JleTaJbHO BUCBITIEHO
MPUHITUTT POOOTH 3MiNIyBava, 3aIPOIOHOBAHO HOTO MOIEh
y TepMmiHax Teopil moBrux JiiHiil, Ha 0a3li AKOl y mepuio-
My HAOJIMKEHHI PO3PAX0BAHO PO3MIpH €JIEMEHTIB TOIOJIOTiT
iHTerpaJsibHOI CxeMu. Y TOUHEHHsI PO3MIipiB IPOBEIEHO B IIPO-
rpami esiekrpopunamivynoro anamizy CST MicrowaveStudio.
3a pe3yabraTaMu pO3paxXyHKIB 0yJI0 BUTOTOBJIEHO 3PA3KI 3Mi-
MIyBadYiB 1 MPOBEIEHO IX EKCIePUMEHTAJIbHE MOCIILIKEHHS.
OKpemMo J1eTaJIbHO PO3IVISHYTO IIPOLEC IeHeparii X0a0CTUx
YacTOT y 3MimyBadi. TeopeTWvHO MOBEJIEHO, IO, HA BiaMi-
Hy Bizg 6aIaHCHMX 3MINIyBadiB, #Ki MPAIOIOTh HA OCHOBHIM
TapMOHII IreTePOHHA, Y 3aIPOIIOHOBAHOMY 3MIIIyBadi KOJIH-
BaHHSA HA JaCTOTI A3ePKAIBLHOIO KaHAJLY IPHUIAOMY i CyMapHIiit
KOMOIHAIIMHIN 9acTOTI BUHMKAIOTH SIK XBHUJI 3 OJHAKOBOIO
TIONSIPU3AIIEIO TIOJIST, $IKI TMONMPIOIOTHCS B HAMPSMKY CH-
THAJIBHOTO BXO/y 3MINTyBata. 3 METOIO BUKODUCTAHHS eHepril
3a3HAYEHUX XBUJIb OyB PO3pOo0JieHwmit i BUrOTOBIEHUI 3Mirry-
BadY, KWl MicTuB biAbTp I3epKaJIHHOrO KaHaay. Ekcrepn-
MEHTaJIbHE TOC/IiKEeHHS €l TriOpUIHO-IHTErpaIbHOI CXEMU
IPOIEMOHCTPYBAJIO CYTTEBE 3MEHIITEHHS BTPAT II€PETBOPEHHS
(mpubamsno wa 1.5 aB) mopisHsHO 31 cxemow0 6e3 diabTpa.
Orpumani B pe3ynabrari poboTm mapaMerpu 3MmimyBada —
BTpaTH TepeTBOpeHHs Ha piBHI 6 aD mpm mHeobOximmiit mo-
TYXKHOCTI TeTepoawHa HOpAaky 2.5 MBT — 1m03BOISIOTH 3
yCHiXOM BHKOPHUCTATH PO3POOJIEHMIT riOpuIHO-IHTerpasIbHI
3MINIyBa4 B CKJIAJ] MPUIAOMOIIEPEIaBatiB MiJIiIMETPOBOTO Iia-
Ma30Hy JOBXKWH XBUJIb.

Karouosi caosa: OamamcHul CyOTapMOHIYHHN 3MimTy-
Bad; MIJIIMETPOBHI /ilalla30H JIOBXKUH XBWJIb; TIiOpPHIHO-

iHTerpaJibHa CXeMa; BTPATH IIePEeTBOPEHHSI
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