Matrix form of linear spectral
parameters of the highest
splitting method

Pavlov O.

This paper considers the speech signal spectral envelope shape coding
theory using a method of linear spectral parameters of the highest splitting
(LSP-HS). Advantages of LSP-HS parameter application comparing to
classic LSP parameters are specified. It is demonstrated that the direct
and inverse transforms of LSP-HS method can be regarded as a certain
matrices transform from the LPC coefficients. A formula of synthesized
speech signal spectral envelope estimations in space of LSP-HS is derived.

* Encoding shape of the spectral envelope e linear spectral parameters
(LSP) e linear spectral pairs (projection LSPr) e linear spectral frequencies
(LSF) e linear prediction coefficients (LPC).

B cTtatbe paccmaTpuBaeTcs TEOpPUS KOOMPOBaHUA CnekTpanbHoW ormba-
lOLLEeN peyeBOro curHana ¢ UCMosib30BaHMEM MeTOofa JSIMHENHbIX CheK-
TpasnbHbIX NapaMeTpoB HauBbicLlero pacLiennexus (JICM-HP). NMoka3aHsbl
npeumyLlectsa JICI-HP no cpaBHeHMIO € Knaccuyeckummn napameTpamm
MeTo4a KOOMPOBaHUA C IMHENHbIM NpeackasaHneMm. okasaHo, 4To nps-
Moe 1 obpaTHoe npeobpasoBaHue metogom JICIM-HP moxHO paccmaTtpu-
BaTb Kak HEKOTOpPOE MaTpuyHoe npeobpasoBaHne C MaTpULEN, COCTaB-
NEHHOM 13 KO3 PULIMEHTOB JIMHENHOrO NpefckasaHus. MNpueeneHa dop-
Mysfia OUEHKM CreKTpasibHOW ornbarollen CUHTE3UPOBAHHOIMO PEYeBOro
curHana HenocpencTeeHHo B npoctpaHcTee JICTI-HP.

° KogupoBaHune OpPMbl CrEKTpasibHOM ornbaroLyeri e JIMHeViHbIe
criekTpasbHbie napameTpbl (JICI) e fmHeviHble crekTpasibHbie napbi
(npoekuymn  JIClp) e nuHerHble criekTpasnbHble 4Yactotel (JICH)
* KOIHPULIMEHTHI JIMHEVHOIrO rnpenckasdanus (KJl)

INTRODUCTION

A new original method of speech signal spectral envelope encoding (named as LSP-
HS: Linear Spectral Parameter of the Highest Splitting) has been described in
previous works [1 — 7]. This method is recommended to use in speech transfor-
mation devices of the receiving and transmitting equipments, which are based on
the linear prediction (LP) algorithms. The main idea of the method is in that that
a characteristic polynomial A(z) of prediction filter of M-order, which represented
as one stable polynomial of M-order,

M . M )

A(2) =1—2alfz" =1+Zaiz_’, (1)
is proposed to be represented a§:IM elementalr:)i stable normalized polynomials
of 1th order

A™(z2)=1+a™z" @)

which are the results of step-by-step splitting of the original polynomial A(2), fig. 1. 37
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The roots of elementary polynomials (2), 4™ (z) =1+a"z™" are the linear spectral
projections of the highest splitting (LSP-HS).

vy _ -1

Arccosine from roots of elementary polynomials (2), 4™ (z) =1+a""z", are linear
spectral frequencies of the highest splitting (LSF-HS).

| Q%(z2) Hquq(Z) Hquq(Z) quqq(z) HA qqq(z)|

|
| 022 H a2 Do) [y 5992 [ %) |
1

T
|Peac2) Haerco) s s iz [ asw(2)|
1

| 02 H 692 Do) | s | 492 |

|02 H Gram|ypmAs s Ham2)|

T
| Pec2) H G2 |y Dpwco) H s H avz) |
L

[Poco) HGwn )| Aper ) H s o) H aw )|

(7]

| QPi(z) HGP‘]‘I(Z) HD!"]‘I{Z) HSP‘IO(Z) HAP‘]‘I(Z) |

T
| 072) H Grac2) |y proco) H sraco) H arz) |
1

|Preco) HGro ) | 4pre ) Hsrwco) H are )|

| P2 H 67 | Do) H s70) [ a7 |

| QPP(z) HGPP‘I(Z) HD!’P‘I(Z) HSPP‘](Z) HAPP‘](Z) |

T
| Prc2) H G2 |y Do) H s Hars) |
L

| PrP(z) HGPPI’(Z) HDFPP{Z) HSPPP(Z) HAPPP(Z)|

Figure 1 — Structure of LSP-HS inverse transform for stages 1to 3

1. GOALS OF LSPR-HS AND LSF-HS COMPARED WITH CLASSIC LSP

It was shown that the classical method of linear spectral parameters (frequencies and
pairs — LSF, LSPr) are to be only the first stage of regression of the method of
linear spectral parameters (projection and frequencies) of the highest splitting —
LSF-HS, LSPr-HS.

Transition from classical (first stage of splitting) LSP to the LSP-HS allows for retaining
the advantage of the classical method and simultaneously obtaining a number
of goals:

M M
1. The process of representing of prediction filter (1), 4(z) =1-) az" =1+ a,z”,
i=1 i=1

by LSP-HS is simplified and acquires strict and logically finished form. Roots of

vy

elementary polynomials (2), 4™ (z) =1+a,""z"", are calculated trivially without
using the iterative estimation method since they are equal to the coefficients of
a.™" with respect to the sign. Elementary polynomials, in case they are obtained at
38 early stages of splitting, remain invariant with respect to the further stages of split-
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M M
ting and do not depend from the value of Min (1), 4(z) =1- Za[z’i =1+ Zaiz’i,
[1! 2! 7]' =1 i=
2. Elimination of methodological estimation error of the linear spectral parameters,

which is proper to the classical method as a result of iteration search of the real in-
terleaving roots of polynomials pair D”(x) and D4(x) that, in case of the 10" order

linear prediction, have the form of D" (x)=x" +d/x* +d)x’ +dix* +d}x+d.
(here the v means any p or ¢ symbol) [1, 2].

3. The algorithm of linear prediction coefficients (LPC) representing in terms of LSP is
accelerated [3, 4].

4. The required computational power is distributed between the analyzer of the trans-

mitting side and synthesizer on the receiver side of the speech transformation
device more uniformly [5, 6].

5. There exists a simple encoding rule for the chain of upper symbol indexes of coef-
ficients s (where s ™" = a™"), that reflexes a history of coefficient forming in

the process stage-wise splitting from (1), A(z) =1- Za z” —1+Za z7, 10 (2

A™ (z)=1+a""z"", which allows for making transmon to the numerlcal indexes
of coefficients s ,...,s,, and back to the chain of the upper symbol indexes [7].
Numerical indexes allow for plotting a graph of coefficients of LSP-HS, fig. 2,
and determining the appearance of elementary invariant normalized stable first-

degree polynomials (2), 4™ (z) =1+a""z"", at early stages of splitting for an

N

M=16 M=8 M=4 M=2 =

H B
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q " T " T
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q s
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Figure 2 — Graph of formation of LSP-HS coefficients for M = 16
(it is shown how the degree M value is being changed for each stages)

M M

arbitrary value of M in (1), A(z)=1-Y a/z" =1+ a.z", [7], additionally re-
i=1 i=1

ducing a number of performed operations.
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6. There is a simple stability criterion for the synthesized filter in terms of LSP-HS with
numerical indexes in coefficients s ,...,s, , which is invariant for any M, [7]:
-l<s <s,<s,<..<s, <1l

7. LSP-HS provides a smaller error when executing inter-frame interpolation compared
to other equivalent parameters, including classical (first stage splitting) LSP, [8].

8. LSP-HS provides a smaller vector quantization error compared to other equivalent
parameters, including classical (first stage splitting) LSP, [9].

9. LSP-HS provides lower prediction error of the spectral envelope shape for the
speech signal on the basis of known values at the previous frame, [10].

2. LSP-HS INVERSE TRANSFORM

All operations in the inverse transformation of LSP-HS method are linear and LP
coefficients, which are recovered from LSP-HS coefficients as a result of the
inverse transformation, can be determined by using a generalized linear func-
tion of 10 variables: a; = fi(s,,8,5,80) = fio + fiaS) + [i28 Tt firoSi00
where s, =5/, s, =5/ 5, =", ..., 5, =" are ordered LSP-HS coef-
ficients with index numbers corresponding to the enumeration that is started from
the one. These coefficients satisfy the rule:

Sl <y <5, <8, <§, <5 <85 <5, <5 <5y <s, <+l (3)

Digital indexation of LSP-HS coefficients are clearly related to their symbolic index-
ing, which reflects the history of the step-by-step splitting of polynomials in the
direct transform of LSP-HS method. This relationship can be defined by the
rules:

Each character index ¢ and p is associated with a logical zero and a logical one
(g=0,p=1).

Chain of g and p indices, reflecting the history of the formation of the coefficients
resulting from the step-by-step splitting of polynomials in the direct transform
of LSP-HS method, is seen as a binary code with the weight of each bit: the
weight of the first stage is 2°, the weight of the second stage is 2', and so on.

For convenience, each digital index, which is calculated by the definite binary
code, is increased by one that leads to the enumeration of the coefficients
that starts from one (as opposed to indexing that starts with zero).

An example of the specified value for the first 16 numbers of coefficients is given
in Table 1.

M/l
The considered function can be rewritten in a more compact form: g, = Zf,. S
e
where s, =1 is a formal parameter, which is introduced for convenience,

M,
M , =10 is an order of LP and a degree of the polynomial A4(z) =1+ Za[z_i.

i=1

40
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Table 1
Relationship of character and numeric indices for Mp = 16
(] (7]
S = = L) =) -
58, 6E88 |_s2| 58 |58, | 5S8R | _a2| g8
c c @ 2> AN T D n o » cc @ s> A c D » 2 »
Esg| EE£5 |o85| 55 | Ss€|EE2£5| 285 | EE
CGCE|CSER |0E®B| =26 COGE|OCS=ER | 0EB =%
qqqq 0000 0 1 paqq 1000 1 2
qqap 0001 8 9 pagp 1001 9 10
qqpq 0010 4 5 papq 1010 5 6
qapp 0011 12 13 papp 1011 13 14
qpqq 0100 2 3 ppaq 1100 3 4
qpap 0101 10 11 ppap 1101 11 12
qppq 0110 6 7 pppg 1110 7 8
qppp 0111 14 15 pppp 1111 15 16
The coefficients a; of the polynomial
M, .
A =1+ az" (4)
i=1
can be combined into a vector A= [1 a a, .. alO]T, and the value
of the complex variable z-i, 0 < i < 10, can be combined into a vector
7= [l z' 22 . 2" Then
A(z2)=A"Z=7"A. (5)
By analogy, the result of direct transformation of LPC in LSP-HS space can be
combined into a LSP-HS vector, S=[1 5, s, .. s,]".

By the linear relationshi a, = f(s,8,,...,8,0) = fio+ fii8 + fi08, + oot fi16810,
0 < i < 10, we can write the system of ten equations
a, = f1(8)5855055)9) Jrotfiusi + fiaSy + et flieSo =a

ay = f1(8),850551) in the form of ) /oo T /oS + fos8y +ot fr10810 = a4,

Ay = f10(81585500058) flo,o +flo,lsl + J10,252 +~~~+f10,10S10 =

The 11th trivial equation can be added to this system to bring the system to
a quadratic form:

1+0-5, +0-5, +...+0-5, =1

Jio+ Siasi + a8y ot flioSi0 =4

Joo + SoaSi + oSy ot fr1080 =4

Jioo F Fos$i + fro28: +eoF fig10810 = o

_fo,o Jor Joz o oo IRR! 1
fl,o fl,l fl,z f1,10 Sy a,
Soo Sar Soz o Jano S, | =] a, |Or

.in,O f;O,I f;O,Z ﬁO,lO_ SlO_ alO_
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f0,0 f;),l J(O,Z f‘O,IO
.fi,O ./i,l fi,Z ./i,lO
FS=A,rpeF= fos  for fas Foro ,fm=l,f0,,‘:0,1§l.310'f0,0:1' (6)
.in,O in,l in,Z .in,lO
Abstracting from the stability criteria in terms of synthesizer filter LSP-HP and
o
0
rule (3) and acting more formal we can set 11 test vectors LSP-HS: S, =| 0 |,
_1_ 1] 1] .
1 0 0 0]
S, =0} S,=[1} - S,,=|0} which are the columns of the matrix
10] 10| 1]
e _
01 0
E={0 0
10 0 0 .. 1

By using the algorithm of inverse transform from LSP-HS into LPC, A = rpt(S), for
each testing vectors Sy, Sq, S,, ..., S19 we can find 11 corresponding result

LPC vectors Ay, Ay, Ay, ..., Ajp, which must satisfy the matrix equation (6),
FS = A. Then we can write:
1] _fo,o fo,l fo,z fo,w_ (1] F 1]
Ao fl,o fl,l fl,z fl,lo 0 ap,
Ay =|ay, |= fz,o fz,l fz,z f2,10 0 A1L=|ap,
| %o,10 | _flo,o S Sz flo,lo_ 10] L %110
_fo,o oo Joz fo,lo_ (1] 1]
Soo S Sz Jio || 1 ay,
= fz,o fz,] f2,2 fz,lo 0} Az = a,, |=
_flo,o Jioa Sz flo,lo_ 10] | %210 |
_fo,o o Joz fo,lo_ (1] (1]
So S Sz Jio |0 o1
= fz,o f2,1 fz,z f2,10 Leees A10 =Gy, | =
_flo,o Jioa Sz flo,lo_ 10] L 40,10 |

42
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—fo,o fo,l fo,z fo,lo 1
fl,O f1,1 fl,z f1,10 0
= fz,o f2.1 fz,z fz,lo 0l

_flo,o f10,1 f10,2 f10,10_ 1

that can be combined into a single matrix equation

oo Jor for o S |1 11
Jo S Sz o S |]O 1 0 .0
fz,o f2,1 fz,z f2,10 0 01 .. 0|

_fw,o flo,l flo,z flO,lO_ 0 0 0 .. 1

1 1 1 .. 1
Aoy Gy Gy - g
Sl G, G, Gy e Gy, |- (7)
[ Q10 o 9210 - G000

11 1 .. 1

0o .. 0
Matrix E=|0 0 1 .. 0 |in the resulting matrix equation can be reduced to

0 0 0 .. 1}

a single form. To do this, each of the columns, except the first, should be
subtracted with the first column. In order the matrix equation be not disrupted,
similar operations must be executed with columns of the matrix as well, which
is the right side of the matrix equation (7). Then we can get:

oo Soo Soo o Sow |[1 00 0]
Joo S fiao o S ||0 10 0
Soo Sor Son o Sfan [[O 01 0=

_f10,0 flo,l flo,z flO,lO_ 0 0 0 ... 1

1 0 0 0
Qo ay —4dy, Ay —doy - Gy~ 4y
S| Aony A=Ay, Gyy =0y, e Gyg, =g,
| 9010 9110 " %10 9200 " %0 -+ Giogo ~ o0 |

Finally, the matrix inverse transform LSP-HS F is defined through the components
of the resulting LPC vector in form:

_f0,0 fO,l fO,Z fO,lO ]
fi,O fi,l f‘1,2 f‘l,IO
F = f2,0 f2,] f2,2 f2,]0 =

_f‘l0,0 .f‘]O,] f;O,Z ﬁO,]O_
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1 0 0 0
aO,I al,] - ao,] az,] - ao,] a]O,] - aO,I
Sl Gy GGy, Gy, =0y, ... Gy, g,
| %00 G110 900 Di0 ~9og0 -+ Giog0 ~ 9o,10 |

Values of the matrix of inverse transform LSP-HS F, which have been obtained
from calculations for the above technique for M, = 10, are as follows:

1 Jo|lo|]of[o]o|Jo[o[o|o0o] O
o [+ [+ [ 1 111 ]1[1] 1
45 | 9 | 7[5 |3|1[1]|38]5]7] -9
0 |3 |20] 8 [o]|4][-4[0] 8 |2] 36
210 84 [ 28 | 0 | 8|44 |8 [ 0 |-28]| -84
F=| o0 |126| 14 ]|-14[6]|6|6[-6]-14] 14 [ 126 (8)
210 [126 [ 14 |14 | 6 | 6 [ -6 | -6 | 14 | 14 | -126
0 |84 |28| 0 [8|4]-4][8] 0 ]|-28] 84
45 [ 36 [20] 8 [o|-4[4|0] -8]2 | -36
o |9 | 7|5 [8]1]1][8]5 7]
1t 1 a1t [l a1 a1 ]

3. LSP-HS DIRECT TRANSFORM

Similarly, all operations of the direct transform of LPC into LSP-HS can be
analyzed and can be shown that the direct transformation S = dpt(A)
is also linear. Then, by analogy, the coefficients of LSP-HS can be
determined using a generalized linear function of 10 variables,
s, =0,(a;,a,,.,a,0) =, +b,,a, +0,,a, +...+ ¢, ,a,, that produce a matrix

equation
¢o,o ¢0,1 ¢0,2 ¢o,10 1] (1]
¢1,0 ¢1,1 d)l,z ¢1,10 a S,
¢2,0 ¢z,1 ¢2,2 ¢2,10 a, |=|s, |Or
_¢10,o ¢10,1 ¢10,2 ¢10,1o_ L%0 ] S0

Goo  Pos Doz o Do |
Go O P o Dy
DA =Swhere ®=| 920 P21 P2n o g0 |, doo=1,0,,=0,1<i<10.(9)

_¢10,0 ¢10,l ¢10,2 (I)IO,IO_

1 0 0 0 0 0 0 0 0 0 0
-0.998046875| 0.001953125 | 0.001953125 | 0.001953125 | 0.001953125 | 0.001953125 | 0.001953125 | 0.001953125 | 0.001953125 | 0.001953125 | 0.001953125

-0.978515625 | 0.017578125 | 0.013671875 | 0.009765625 | 0.005859375 | 0.001953125 |-0.001953125 [ -0.005859375 (-0.009765625 (-0.013671875|-0.017578125
-0.890625000 | 0.070312500 | 0.039062500 | 0.015625000 | 0.000000000 |-0.007812500|-0.007812500 | 0.000000000 | 0.015625000 | 0.039062500 | 0.070312500
-0.656250000 | 0.164062500 | 0.054687500 | 0.000000000 |-0.015625000|-0.007812500 | 0.007812500 | 0.015625000 | 0.000000000 (-0.054687500|-0.164062500
-0.246093750 | 0.246093750 | 0.027343750 |-0.027343750|-0.011718750| 0.011718750 | 0.011718750 (-0.011718750 [ -0.027343750 | 0.027343750 | 0.246093750 (1 0)

0.246093750 | 0.246093750 (-0.027343750|-0.027343750| 0.011718750 | 0.011718750 |-0.011718750-0.011718750 | 0.027343750 | 0.027343750 |-0.246093750
0.656250000 | 0.164062500 (-0.054687500| 0.000000000 | 0.015625000 |-0.007812500 | -0.007812500 0.015625000 | 0.000000000 |-0.054687500 | 0.164062500
0.890625000 | 0.070312500 (-0.039062500| 0.015625000 | 0.000000000 |-0.007812500 | 0.007812500 | 0.000000000 (-0.015625000 | 0.039062500 |-0.070312500
0.978515625 | 0.017578125 |-0.013671875| 0.009765625 |-0.005859375 | 0.001953125 | 0.001953125 |-0.005859375 | 0.009765625 |-0.013671875| 0.017578125
0.998046875 | 0.001953125 (-0.001953125| 0.001953125 |-0.001953125| 0.001953125 |-0.001953125 0.001953125 (-0.001953125 | 0.001953125 |-0.001953125
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Solving the equation in a manner similar to the way described above, we can get
the matrix of LSP-HS direct conversion, @, defined through the components

of the resulting LSP-HS vector, which is:

¢o,o ¢o,1 ¢o,2 ¢0,10 1 0 0 0
¢1,0 ¢1,1 ¢1,2 ¢1,10 S0, S11 7501 S2,1 =801 -+ S10,1 =501
D = ¢2,0 ¢2’1 (I)z,z ¢2’10 =52 S1,2752 $22750,2 - 5102752 |,
S0,00  S1,10 =S0,00  S2,00 ~So,10 -+ S$10,10 ~ 50,10
_¢1o,o ¢1o,1 ¢1o,z ¢1o,10_

The values of the matrix elements of direct transform of LSP-HS @®, which were
obtained by computing the above calculations for M, = 10, are as following:

4. BASIS VECTORS OF THE LSP-HS METHOD MATRIX

Matrix of direct (10) and inverse (8) transform of LSP-HS method can be evaluated
for any order of M. Direct and inverse matrix LSP-HS transformation can be
considered as an expansion in the corresponding basis vectors.

The appearance of basic functions of direct and inverse matrix LSP-HS
transformation for M, = 10 is shown in Figure 3 and Figure 4.

RPT

XX T Z
4.5&#".‘" \
=i

A7
t—7

Figure 4 — Basic vectors of the direct matrix LSP-HS transformation for My = 10
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5. ESTIMATION OF THE SPECTRAL ENVELOPE IN THE LSP-HS SPACE

Substituting (6) into (5) we can get an expression for computing the polynomial (4)
through the coefficients of direct LSP-HS transformation:
A(z)=A"Z=Z"A=(FS)'Z=S"(F'Z) = (Z"F)S, (11)

which can be rewritten as

A(z)=S"Z=7"S (12)
h - T -
where foo Sor Sor o fuo|[ 1
fl,O fl,l fl,z f1,10 z”

Z:(FTZ): f2,0 fz,l f2,2 fz,lo 22 (13)

_flo,o f10,1 flo,z flo,lo_ z"
is a vector rotated by directions of basis vectors of the matrix LSP-HS inverse
transform F. Using the substitution, z = e!* = ¢/*™’®, where oy is a circular
sampling rate, we can obtain a spectral envelope of the synthesized speech

signal for a given frequency o:

-1
- T

1 Joo  Jor Joz o Joxo 1
_j2ne/
S fl,o f1,1 fl,z fl,lo e e

. 1 —j4no/ o,
KU(D)ZTZ) =192 Soo  Sur Sfan o ano e rele:

. (14)

S1o _f]o,o g Sz flo,lo_ _e—jZOnm/mS_

6. RESULTS

It is shown that direct and inverse transforms of LSP-HS method can be regarded
as a certain matrix transformation of coefficients of the polynomial (4).

The method for determining the matrix of direct and inverse LSP-HS matrix
transformations is described.

Matrix of direct and inverse LSP-HS transforms can be calculated for any degree
M of the polynomial (4).

Matrixes for direct (10) and inverse (8) LSP-HS transformations for M, = 10 are
defined.

The shape of the basis vectors of direct and inverse LSP-HS matrix transforma-
tions is shown on fig. 3 and fig. 4.

Formula (14) to estimate the spectral envelope of the synthesized speech signal in
LSP-HS space is obtained.

CONCLUSIONS

The method of LSP-HS can be used in matrix form. The matrix form of LSP-HS
method makes it possible to employ standard mathematical tools to describe
the shape of the spectral envelope of speech signal not only in LPC space,
but in the LSP-HS space, which can not be done in the space of classical
(first stage splitting) LSP. The matrix form of LSP-HS method allows drawing
an alternative structure of the speech synthesis analysis filter, parameters

46 of which are not classic LPC, but the coefficients of LSP-HS space, which
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reveals the physical meaning of the transition from LPC to LSP in speech
coding algorithms.
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CsepeHusa 06 aBTope

Masnos Oner Uropesudy,

cTapLumii npernogasaresib kKadenpbl TEOPETUHECKMX OCHOB PaaNOTEXHUKN paamoTeX-
HMYecKoro gpakynstetTa HaunMoHanbHOro TeXHNYECKoro yHnsepcuteTta YkpavHbl «Ku-
€BCKUIA NONUTEXHUYECKMIA MHCTUTYT» (HTYY «KIMW»).

O6nacTb Hay4HbIX MHTEPECOB: afanTuBHas 06paboTka CUrHANOB M NOAABNEHME LLIYMa,
KOAMPOBaHWE MUCTOYHMKA U 06paboTKa peyeBbIX CUrHAsoB, BbIGOP NPU3HAKOB U pac-
no3HaBaHWe 06pa30B, KNacTepPHbIM aHaIM3 U BEKTOPHOE KBaHTOBaHWe, Lmndposas 06-
paboTka MEAULIMHCKMX CUrHANoB 1 MUKPOOUONOrMYECKUX N300PaxXeHU, peannsaums
anropuTMOB LUMPOBOI 06paboTKM CMTHANOB HA CUMHASIbHLIX MPOLECCOpax B peasnibHOM
BpPEMEHM, BbICTPbIE KpMNTorpacuyeckmne anroputmsl, CneumannampoBaHHble onepaum-
OHHbIE CMCTEMbI PEaNbHOr0 BPEMEHMW, MOPTATUBHBIE BbICOKOTEXHOOMUYHbIE UHTENNEK-
TyarnbHble MUKPO3MNEKTPOHHbIE YCTPOMCTBA Ha 6a3€e CUrHasbHbIX MPOLIECCOPOB.
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