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YeTHIPEXMOTIOCHUK — HeTMHEHMHASI YaCTh»

A.A. T'onosxos

BoeHHBIN y4e6GHO-HayUHBIH LeHTPp BoeHHO-BO3MYIIHBIX CHJT «BOeHHO-BO3[yIIHAsK aKaleMHs»
394064, Poccus, r. BopoHex,
yn. Ctapeix Boneimesukos, 54a

Annomayua - O6ocHoBaHue. Hanuyue BO3MOKHOCTH aHAJIUTHYECKOTO OIpELETEHUS YaCTH NapaMeTpPOB pPasUYHBIX
PanroyCTPOMCTB, ONTHUMAIBHBIX 10 KPUTEPHUIO ObecredeH s 3aJaHHBIX 3HAYeHUH Moayiel U $pa3 mepenaTodyHbIX GpyHKLHI Ha
HeOOXOAMMOM KOJIMYECTBE YACTOT, 3HAYUTENBHO YMEHbIIAET BpPeMsl YUCIEHHOH ONTHMHU3ALUK OCTAIBHOW YacTH MapamMeTpoB
no kpurepuio popmuposanus Tpebyembix AYX u @YX B nonoce 4acToT. [0 HACTOSIETO BPEMEHH TaKWe 3a[a4Y peliajnuch B
OTHOILEHUH PaJUOyCTPONCTB TOJIBKO C OIHUM KacKaZloM THUIIa «HeJIMHEeHasl 4acTh — COTIACYIOLee yCTPOMCTBO» UJTH «COTIacylolee
YCTPOWCTBO - HeJIMHeHHas 4acTh». B KadecTBe cCOIJIacylollero yCTpPOMCTBA HCIIOJIb30BaINCh peaKTHUBHBbIE, PEe3UCTHBHBIE,
KOMIUIEKCHBIE /TN CMeLIaHHbIe YeThIPEXIOTIOCHUKHY. PellleHa TakXe 3afiaya MHOTOKaCKagHbIX PafiHOYCTPOMCTB C peaKTUBHBIMHU
4eThIPEXMOTIOCHUKAaMU. V3MeHeHHe 6a3uca [/Is1 COTIACYIOIIMX YeThIPEXMOTIOCHUKOB U MeCTa BK/IIOYEHHs HEeTMHEWHOM 4acTH
IPUBOAWT K M3MEHEHHI0 061acTu ¢pusndeckoil peanusyemocty. Llens. PaspaGoTka aJropuTMOB NapaMeTpUYeCKOTO CHHTE3a
PafiuoyCTPOUCTB C NMPOU3BOIBHBIM KOTHYECTBOM OMHAKOBBIX M HEONMHAKOBBIX KaCKafOB THIA «COIVIACYIOIIUH CMeILIaHHBIH
4eThIPEXIOTIOCHUK — HeJIMHeHHasl YacTb» 10 KPUTEPHIO obecieyeHus 3aJaHHbIX YaCTOTHBIX XapaKTepUCTUK. HennHelHbIe yacTH
[IpefCTaBIeHbl B B HEJIMHEWHOTO 3JIEMEHTA U MapalyIe/IbHOW MM MOCJIeJOBATENBHON 110 TOKY M/IM HAIPSDKEHHIO 06paTHOM
cBsi3u. MeTonbl. TeopHsi YeTHIPEXIOMIOCHUKOB, MATpU4Hasl anre6pa, METOA [EKOMIIO3ULMN, METOM CHHTE3a YIpPAaB/IsIOLUX
ycrpoiicts CBY, 4rcieHHble METOABI ONTUMH3ALMH. Pe3ynbraTel. B HHTepecax JOCTHXEHHsI YKa3aHHOH Lenu cGOpMHUPOBAHEI
Y pellieHbl CUCTEMBI anrebpanyeckrx ypaBHeHHH. [1oy4eHbl MOJEN ONTUMAIBHBIX CMELIAHHBIX YE€ThIPEXIOIIOCHIUKOB B BULE
MaTeMaTHYeCKUX BbIPasKEHUH [JIst ONpe/ie/ieH s B3aUMOCBsI3el MeK/ly a/IeMeHTaMH UX KJIACCHYeCKOHM MaTPULbI IIepefayy U AJist
OTBICKAHHS 3aBUCUMOCTEH CONPOTHUBIEHUN [IBYXIIOJIOCHHUKOB OT YacTOTHI. [loKa3aHO, 4TO NMpH ONpefeleHHbIX COOTHOLIEHUSX
Me3Ky KOJTMYeCTBOM OAMHAKOBBIX KAaCKafOB U 3HAYEHHUSIMH CONPOTHBIEHUN UCTOYHUKA CUTHAIA U HATPY3KHU OJHOKACKaJHOTO
pPafiuoyCTPONCTBA YACTOTHBIE XapaKTEPUCTHKM OFHOKACKaJHOIO ¥ MHOIOKACKajHOTO pajUOyCTPOHCTB OKa3bIBAKTCS
WAEHTUYHBIMU MU MOJ06HBIMHU. Takue cxeMbl Ha3BaHbl 9KBUBAJIEHTHBIMU. VIcIIONb30BaHMe HEOJMHAKOBBIX KACKaf0B IPUBOAUT
K 3HAYUTEIIbHOMY YBeIMYeHHI0 pabodel MOI0Ckl 9acToT. 3akiaodyeHre. CpaBHUTENbHBIN aHAIN3 TEOPETHYECKHUX PE3yIbTaTOB
(AYX u ®YX paguoycTpOMCTB, 3HAYEHHUS] MAPAMETPOB), MOIYYEHHBIX MYTEM MATEMATHYECKOTO MOMETUPOBAHHUS B CHUCTEME
MathCad, 1 axcniepMeHTaNbHBIX Pe3yJIbTATOB, MIOJYYEHHBIX [IyTEM CXEMOTEXHHYECKOr0 MopenrnpoBanus B cucremax OrCad u

MicroCap, TIOKa3bIBa€T UX YOOBJIETBOPUTEJIBHOE COBIIAlEHUE.

Kniouesvle cnosa — r[apameTqueCKm‘/'I CHUHTE3 CMELIaHHbIX YE€TBIPEXMOJIIOCHUKOB; 3aJaHHble YaCTOTHbIE XapaKTEPHUCTUKHU

MHOTOKacKa/iHbIX paluOyCTPONUCTB.

BBenenue

B paGote [1] mpemioXeHBl alrOpUTMBI Mapame-
TPUYIECKOTO CHHTE3a IIOCKO-CIoucThix cpen (IICC),
cofepsKalluxX 3aflaHHOe KOJIUYECTBO YIPaBIsieMBbIX U
HeynpaB/sieMbIX CJIO€B, 10 KPUTEPHUIO 0OecIiedeHust
3a0aHHON aMIUIUTYAHO-(PAa30BOM MOAYIALUU pacce-
SIHHOT'O CUT'Hasa. YIpaBisieMble CIOU — 3TO JByMep-
HO-TIepHOINYeCKHe PelIeTKH MPOBOASIIHUX CTeP>KHEN
WM TIO0JIOCOK, B Pa3pbIBbl KOTOPBIX BKJIIOYEHBI He-
JTUHeNHble 5JIEMEHTHI, yIpaBiisieMble HHU3KOYaCTOT-
HeIM curiainoM. Heympasnsiemsle cion (HC) - aro
OHOPOAHBIE [M3TEKTPUYECKHUE CIOM 0e3 MOoTepb
WM OBYMEpPHO-NIePUOAUYECKHEe PpEeLIeTKH CTepXK-
Hel WK Mmosocok. B obuiem cinyuae [ICC dyHKIMO-
HUPYeT B CMEIIAaHHOM peXXHMe — IPHUCYTCTBYeT Kak
OoTpakeHHas, TaK U IpoxopHas BoyHa. Eciau ogun
n3 HC, pacnonoskeHHBIM NOCIeAHUM IIO Hampasile-

valgol2595@gmail.com (Fonoskos Anexcandp Apanacvesuu)

HUIO HaﬂaIOH.[eI‘/JI BO)'[HBI, BBIIIOJIHEH B BUOE HpOBO-
nsiero askpaHa, To I[ICC siBisieTcsl OTpakalollei.
B arom ciayuae [ICC Moxer 6BITH HCIOIB30BaHA B
Ka4yeCcTBe OCHOBBI [Jis TIOCTPOEHUS MePCHEKTUBHON
Kypco-TauccafgHol cucrtemsl [2]. CyTh aniropuTmoB
COCTOUT B pOPMHUPOBAHUU CUCTEM aNrebpandecKux
YpaBHEHHH, OTBEYAKIIUX TPEOGOBAHUAM K CHCTEM-
HBIM omeparopaM (K0apdHUIHEHTAM OTPAKEHHUS U
nepefaTouyHbIM GYHKLUAM) B 3aAaHHOM KOJUYECTBE
COCTOSIHUH, YIOBIETBOPSOLINX 3a[laHHBIM yYPOBHSIM
HM3KOYAaCTOTHOI'O CHUTHaia. Pe3dynpraTom pemieHus
9THUX YpaBHEHUHU SIBIISIETCS CHCTeMa B3aHMOCBsi3el
MEXIy 3JeMeHTaMH KJIACCUYeCKOW MaTpHLBI Nepe-
navyu HeKoTopblx HC, OTHECEHHBIX K HEYIpaBIsieMOU
yacTu. OcraBmascs yacte HC oTHeceHa K ympaBms-
emoi yactu [ICC. CucTemMa B3aMMOCBS3EH — 3TO UC-
XO[Hasi CUCTeMa YpaBHEHUH ISl OTBICKAHUSI NTapaMe-
Tpos HC.

© TonoBKoB A.A., 2024
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Puc. 1. CTpyKTypHbBle CXeMbl MHOIOKACKA[HBIX PaJHOyCTPOUCTB
C HapajyIeNbHOM IO HAINpsKEHHIO (1) U [OCIeNOBATETBHOU IO
ToKy (6) LIOC, BrnoyeHHbiMU Mexxay CY U Harpyskou

Fig. 1. Block diagrams of multi-stage radio devices with voltage-
parallel (a) and current-series (b) DSPs connected between the mid-
range and the load
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Puc. 2. CTpyKTypHBIe CXeMbl MHOIOKACKa[HBIX PaJHOyCTPOHUCTB C
[OCJIE0BATENIBHOM 110 HANPSIKEHHIO (a) ¥ apasyieNIbHOM MO TOKY (6)
LIOC, BxmoueHHbIME MexXay CY u Harpyskoun

Fig. 2. Block diagrams of multistage radio devices with voltage-
sequential (a) and current-parallel (b) feedback circuits connected
between the midrange and the load

PazpaboTaHHble aITOPUTMBI MOTYT OBITH KCIIOJb-
30BaHbl MPAKTHYECKU B JIOOOM OHUANA30HE PafHO-
yacToT. OTJIUYNE COCTOUT JIUIIb B pean3anuu Je-
MEHTOB KJIaCCMYeCKOM MaTpuubl mnepepmayu HC.
B COOTBETCTBYWOLIMX AHANA30HAX YaCTOT 3TO MOTYT
OBITH 3JIEMEHTHI TUOO C paCIpefe/IeHHBIMHU MapaMe-
Tpamu [1; 2], 1u60 ¢ cocpefOTOYEHHBIMU apaMeTpa-
mu [3-7]. st peanuzauuy reoOMeTPpUIECKUX pasMe-
pOB HeylpaBseMbIX U yrnpasiasieMblx pemeTok [ICC
[1; 2] Heo6XOOUMO TIpUBIIEYEHHE PE3YIBTATOB pelle-
HUsl 3afa4 JUPPAKIIUU 3JIEKTPOMATHUTHBIX BOJIH Ha
Pa3NUYHBIX TPOBOASIIUX Teax [8].

Hawn6osnee monHO MeTOR peLIeHHs 3amad mapame-
TPUYECKOTO CUHTE3a PA3IMIHBIX PALHOYCTPOMCTB (32
HCKJIIOYEHHEM MHOTOKACKALHBIX) C 060MMH TUIIAMU
3JIEMEHTOB U3JIOXKeH B paboTe [9].

B mauHO#M pa6oTe npeiaraeTcsi pACCMOTPETh 0CO-
GEHHOCTH 9THX AJITOPUTMOB C YY€TOM HAJIUYMs Ka-
CKa[ OB TUIA «CMELIAHHBINA 4eThIpexnonocHuk (CH) -
HenuHelHasa 4dactb (HY)». DTu Kackagbl BKIIOYEHBI
MeXy HCTOYHHKOM CHTHajJad C CONPOTHUBIEHHUEM
2y =1, + jX, ¥ HarpysKkou z, =r, +jx, (puc.1,2). Ilpu
9TOM Y4YMUTBIBanOCh, 4To HY cocTouT U3 Tpexmoinioc-
HOTO HeJlIMHeHHoro 3neMeHTa (HD) 1 oxBaThIBaOILEeH
ero ey obparHoi ceasu (LOC - mapamienbHON Win
[OCJIeIOBATEIBHOM [0 TOKY WM HamnpspkeHuo). Ot-
TUMU3ALKA TAPAMETPOB ABYXIIOIIOCHUKOB, HE BXO/IS-
mux B CY, ocymiecTBaseTCsl ¢ MOMOUIBI0O U3BECTHBIX
YHCcIeHHbIX MeTomoB [10] mo kpuTepuio obecrnedeHus
3a[AHHOM pab0o4el MOIOCH YaCTOT.

Bce 0603HaueHUsI He OMUCAHHBIX BEJUYUH B [JaH-
HOM CTaTbe COOTBETCTBYIOT IPUHSTHIM B [9].

AJITOpUTM CHHTE€3a MHOTIOKACKALHBIX Paguo-
YCTPOUCTB C y4€TOM HaJIW4YUs KackamoB tuma «CY -
HY» npusenesn B pa6ore [11].

1. Pe3ynpTaThl NapaMeTPHIECKOTO
CMHTE3a

3mech B KayecTBe NMpUMepa MPUBOASATCS HEKOTO-
pble M3 pelleHHUH, MOJyYEeHHBIX MJISI TUIOBBIX CXeM
CY npu KCIONb30BAHUM MapaylyiIeIbHOM MO HAmpsi-
keHHI0 o6paTHOU cBsiau (puc. 1, a). Ecnu pns opu-
HaKoOBBIX KackamoB Tumna «CY - HY» B kauectBe CY
HCIONB3YIOTCsI ABa [-00pa3HBIX 3BeHA M3 YEThIPex
COTMPOTUBIEHUN R]’g, X2,4 (puc. 3, a), TO 3aBUCHUMO-
CTH 9THX COIPOTHUBJIEHUH OT YaCTOTHI ONPEAesIOTCS
CIIeAyIOLUIUM 06pa3oM (ApryMeHThI OMYLLEHbI):
R, :{[dX(X2+X4)—cr]R3+X2(cX+X4dr)}/ (1)

[4ld, +e, ~1=b (X, + X IRy +c, — X, (d, +X,b )k

B, +,/B2 —4A,C
X2= 2 2 22

24,

rge

A, =(R}+R})(bd ~bd )+c, +

+Ry(d, —b.c, +b.c.)+X,(d +b.c, +bc);

By =—(c? +¢*) (R} +RI)(d* +d%) +

+{d - X, [2(bd ~bd)+bc +bc, —

~de —de IR; +[2¢,d —2c d -

-Rs(d.e, —d e )X, —Rq(2c.d, +2c,d +c.e +ce )
C, =[X,(b.c, +b,c,)~-

—(c, +X,d )(d +e —1)+CyIR3;

Co=(c, —X,d ), +e)-X35(bd ~bd).

Ry ={ld (X, +X,)—c, IRy + X, (c +X,d )}/ 2
J4ld +e, —1-b (Xy + X, )IRy +c, — X, (d_+X,b)};
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Fig. 3. Synthesized midranges in the form of two L-shaped units

+c.d, +c.d +R(d +Rb)d, +e, —1);

2
_B. +/B2 —4A.C By =X, [(2b, +b.e, —b e )R] +By]+
R3 3~ 3 3™3

2A, ’ +R]2(brcr +bc +1-d —e,)+

rne +R[(2d, +e, —2)c, +c (2d, +e, )]+
Ay=[bc +bc —d (d +e )-
3 =lbe vhe,—d,d, e t2 1+ X2 +Rb )P +(d, +Rb, 2]
—d.(d -DI(X, +X
Ld e D)Xy + X, )+ By =Ry[2(d, +hc, —bc)+
2
+(byd, —bd, )(X; +X,)" + +d.e, —de. |-2cd +2cd,;
o ldre)=eld e, —1) Cy =[X2(b,d. +b,d ) +(d +be, —bc)X, —c JR2+
B,=X,[X,(d.e —d -
3= XXy (e —drey) i, - X,d )2 +(c, + X,d, IR,.
—c.(2d, +e.)—c (2d, +e, )]+ X, = {lc, — X,d (R, +Ry)+
r X

+ X3(d, ~be, +b,c,); YRRy +e, —1-X,b )}/

Cy =—X,llc, = X yd ) +(c, +X,d ) + [ {Ry(d, +Rb,)+c, +X,(d, +R;D,)};
2 2

+ X5|(b,d ~b.d )X5+(d +bc, +bc )X, +c,l. X, = ~B, +4B2-4A,C, ,

Ry ={ld (X, +X,)—c, IRy + X, (c, +X,d )}/ 3 244

roe
[{ld +e.—1-b (X, +X )[Ry +c. —X,(d, +X,b. )}
T TR TS e A, =Id, +Rb )2 +(d,+Rpb IR, +

—B, +./B%2—4A,C
5 s \/ﬁ +(brdr+bXdX)R12+(d,2+df)Rl;

4 — ’

24,

rae B, =(R? +2R,Ry)(d, +b,c, —b.c,)-

A, =(bd —bd )R:+Xx%)-X,(d*+d?); —2(c,d, —c\d,)(Ry +Rg)+

B, =[2R%(b.d, ~b d )+ + Ryl(2b, +b.e, ~be, R} +(d,e, ~d,e, )R, ;
+(de —de )Ry +2(c,d —c.d )X, + Cy =1Rslc, (2d, +e, ~2)+¢,(2d, +e )+ Co IR, +
+ (R§ + X%)(dr +b.c, +bc,)- + Rg[Rl(brcr +bec ) +c.d, +c.d |-

2 2, 2y,
—R§(dr2 +df ved ted) — Rilc, —=Rg(b.c, +b,c )+ (Ry +Rq)(cy +ci);

_p2
C, =[Cy - X2(b,d, b d )IR? + Co =Ry(d, +Ryb,)d, +e,)+
+Ry(Ryd, —R; +R{R3b,)(d, +e, —1).

+ X2 -X, (2 +c)+[X23d, ~bc, +bc.)-
26 Xale e HIXpd —he, b, X,[Xo(d, +Rb,)+Rid |-Ryc, + Xpc,

R, =
- X2(20rdr +2dex Tce +cey )]R?;; 3 c, _<dx +R]bx)(X2 + X4)+Rl(dr +e, —])’
Co = Xylbe, +b,c,)=(c, + X,d,)(d, +e, ~1)+ B, 1/ 44,
e, ~X,yd )d, +e,). Xy = 24, ’
X, =1(c, X, d, )R, +Ry)+ (4) rne
+RRy(d, +e, —1-X,b I/ {Ry(d +R;b )+ Ay =1(d, +Rib,)* +(d, +R;b, )X, +

+¢, +X,(d +Rb); +(bd, —b.d )R?;

6)
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B, = X,{[(2d_+e )b —b (2d +e, —2)IR? + By} +
+R¥[d (d +e ~1)+d (d +e)-bc —bc ]+
+ X2[(d, +R;b,)* +(d, +Rb, )],
By =[2(d, +b.c,~bc,)+d.e, —
—-de. IR -2(c,d, —cd);
C,= [cr2 +cf +Ry(ce, +ce, —2¢,)1X, +
+ X3[Ry(d, +bc, ~bc)—cd +cd]-
~R[X,(b.c, +b.c )~ X2b, +
+c,(d, +e )+(X,—c )d +e —1)].
IBa I'-00pa3HBIX 3BeHa U3 YeTHIPEX CONPOTHUBIIE-
HUU Rigy X34 (puc. 3, 6):
R, ={lc, —d (X5 +X,)IR, - 7)
= Xg(c, + X, d )} A(d, +Ryb ) (X3 + X, )+
+Ry —c, + X5le, + X b, I};

2
o B +|B% —4A,C,

, =
24,

roe

Ay =(Xg+X,)*(b,d ~bd)—c, ~
—(X3+X,)d, +b.c, +b,c,);

By =(b,c, ~d, ~byc,)X3 -

- X3[Crer +ce, +(d.e, —dxer)(X3 +X,)l;
Cy =1(Xyd, —c,)(d, +e)+CylX5 +

+1(e, +X,d Y +(c, — X, d )*1Xa;
Co=lc, +X,d)d +e —1)-

~X,(bc +bc )+ X3(bd ~bd)

Ry ={lc, —d (X3 +X,)IR, — ®)
- Xs(c, +X,d )t/ {(d, +R2bx)(X3 +X,)+
+R,—c, +X5le, + X,b I}

—B, ++/B2 —4A,C
X, =3 3 3L3

y =
24,

b

raoe
Ay =(X,d —c)d, +e)+(X,d +c )d +e —1)-

~ X, (b +bc )+(bd, —bd )RS +X2)-
—Ry(d,~b,c, +bec, +de —de,);
By =[2X,(bd ~bd)-d —bc —bc IR+

+ X3(d*+d*) +[X,(de ~de)-ce —ce IRy~

~2X,(c,d —c d)+c?+c%

Cy =R3[(b,d, ~bd )X%~(d +bc, +bc )X, —c,].

R, ={lc, —d, (X3 + X )Ry — ©)
— Xglc, + X, d ) {(d, +Ryb (X5 +X,)+

+Ry —c, +Xsle, + X, b 1}

-B, ++/B? —4A,C
X =4 4 4“4

Y=
24,

rge

A, =R+ X2)(b.d, ~bd )+ X,(d* +d*);

B, = Xsl(de ~de )R, +2R3(b,d ~b.d )-
~2(c,d, —c,d)|—(R2+X3)(d, +b.c, +b.c, )+
+(d*+d*ved +ed)X3;
C,=Ilbd,~bd)R:+(bc, ~bec —d ~de +
+d e )R, +C0]X§ +[cr2 +cf —Ry(c,e, +ce,)—
- R%(dr +b.c. +b,c )Xy —R%cx;

Cy=d, +e ~1)c, —c.(d, +e).

Ry ={c, - X,d )R, — Xs[c +X,d + (10)
+Ry(d, +e, +X,b )}/ {R —c, +(d, +Rb)(X5+ X, )}

~B, ++/B2 —4A.C
X3: 3 3 3+3

24,

roe

Ay =R2[(d +e )b ~b (d +e —1)]+

+ X,[(d +Rb ) +(d +Rb )1-cd +cd +
+R(d, +b.c, ~b.c, +de —de.);

By =c”+c?+X,[(2d +e )b —b (2d +e —2)RZ -
~2(c,d, —c,d)+Byl+X5[(d, +R;b,)* +

+(d, +Rb )*1+R,(ce, —2c, +c e )—

- Rlz(dr +e,—1+b.c, +b,c,);

B, =[2(d +b,c, ~b.c,)+de —~d e )R;;

Cy =[(b,d, ~bd )X%—(d +bc, +bc )X, —c IR
R, ={(c, - X,d )R, — X;3lc, + X,d, + (11)
+R(d, +e, +X,b )}/ {R; —c, +

+(d, +R;b (X5 + X,k

—B, ++/B? —4A,C
PO 4 444

, =
24,

b

rue
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A, =[(d +Rb)*+(d +Rb )1X,5 +
+R3(b,d, ~b.d )

B, =I(d, +R;b)* +(d +R;b, V1X3 +

+ X4 {Ry[2(d, +b,c, —b,c,)+d.e, —d e |-
~2(c,d, —c d }-RHd +X,[(2d +e —2)b —
-b.(2d, +e )]+b.c, +b.c, b

C,=1{ld, +e )b —b (d +e —DIR? +Cy} X2 +

X

+[c3 +cf —Rlz(dr +e,—1+b.c. +b.c )+

2.
+Cp11X3 —Rjcy;
Cy=d, +bc,~bc, +de —de )R ~c.d, +cd,
Co1 =Rylc,e, —2¢, +c e ).
Xq ={c, =X,d )R, +Ry)—
—RRy(X,b, +1}/{(d, +e, +
+Ryb, +X,b )R, +c, +Ryd +X,d };
2
v B +/B2 —4A,C,
4 — bl
24,
roe

A, =I(d +Rb)*+(d +Rb )R, +
+Ry(d* +d*)+(b.d +b d )R?;
B, =[R,(d e, ~de)-2(c,d —cd )R, +Ry)+

(12)

+Ry(R; +2Ry)(d, +b.c ~bc)+RIRy(2b +be ~be);

C,=(c,d +cd )R +Ry)? -

- Rf[erZ2 +Ry(e, 1)+ {cz +c)2( +Ry[c,e, +c e, +

+Ry(b.c, —d, +b,c, )K(R; +Ry)+ Ry, (R +2R,).

[IycTh Temepb [Jisi HEOLUHAKOBBIX KacKaioB [2; 3]

tumna «CY - HY» B kauecTBe ogHoro u3 CY ucmnosnb-

3yeTcst COefUHEHUE, U306 pakeHHOE Ha puc. 3, a. Tor-

Oa 3aBUCHUMOCTHU COHpOTI/IBHeHI/Iﬁ OT 94aCTOThI MO>KHO

3amucaTh CIeAyoIIuM 06pasom:

R, ={X,(Rqd;, + X,d;, )~

= Ry(cy, — Xpdy, )+ Xycy, b ey, + Xod, +
+R3(C; —X,b, ) - X, (d), +Rgb, +X,b.)};

B, +,/B2 —4A,C
X2= 2 2 22

24,

roe
A2 = (R?2) +RZ)(brdlx _bxdlr)+
+ R3(brc2x _bxc2r _drdlx +dxdlr)_

(13)

- X4(b.cy, +b,cy +d.dy. +d d; )+cyd, —cy d
B, =[(cy, —X,d )Cy +d,)+

+ (o, + X,4dy (D, +d,)+cy.dy, +cy,dy IR +
+R2[2X,(b.d,, b d, )+Cyd, +D.d;, —
—b.cy, —b.cy 1+ (co, + Xydy ) +(cy, — X, dy )%
C, =R3[Cy +(Cyd,, + D dy, ~b.c,. —

~b,cy )X, +Cycy, —D,Cy. ]

Cp =(b.dy, _bxdn)XZ;

Cyj=c,—cy,—d, +d;;

D,=c,~cy, —d, +d;,.

R, ={X(Rqd;, + X,d,,) -

—Rs(cy, — Xody )+ Xy0o, b ey, + Xod, +
+R3(Cy - X,b, )~ X,(d;, +R3bX +X,b )}

~B, ++/B2 —4A,C
X3 3 3 3~3

24,

roe

Az =(X, +X,)(Cyd;, +D.d;, —b.cy. —b,cy )+
+(bdy, —bydy, (X, + X, 7+ CaCox —Dcop;

By =(b.c,, ~b.c, —dd; +d d, )X2+[BylX,;
By =(cy, = X,d, )(Cy +d,)+

+(cyy + Xyd MDD +d )+ 0o dy, +0o.d; 5
Cy = Xpl(cqy + Xyddy, P (e, = Xy, )P 1=

~ X2[(b,d,, ~b,d; ) X2 —cyd +cyd +Cyl;
Cy =(b,cy, —b,cy, +d.d;, +d . d; ) X,.

R, ={X,(Rqd;, +X,d,.)—-

— Ry(cy, = Xody )+ Xycy, b ey, + Xod, +
+Rq(Cy — Xyb, )= X, (d;, +Rgb, + X,b,)};

-B, +4/B? —4A,C
X4= 4 4 4~4

24,

rae

A, =(R3 +X3)(b.d,, —b.dy )+ X,(d2 +d2);
B, =[2X,(b.d,, ~b.d, )+Cyd; +D,d; IR; -
—[2X;(cp,dy, _szdn)_xg(drdn +dyd;,) -
= (b, gy +byca, (RS +X3) -

—RyX,d, (Cy+d,)~d, (D, +d,)];

C4- = X2 (Cgr +C§x)+ XZZ(CZrdx _C2xdr)+

T
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+Ryllb.cy, —b cy, —d.d, +d d )X2+ + (Ry + Ry)[Ry ey, dyy + oy, ) =

+[(D, +d,, +d;, )cy, +¢9,(Cy+d, +d;, )X} + —R,(cy,d, +cy.d, )+ c%r + c%x +Cp s

+R3[(b,d,, —b,d;, ) X5 +(Cyd,, + D dy, — Cy = Dlcy, —Ryd, +Ry(dy, +Ryb,);

- brCZr - bXCZX )XZ + CdCZX - DcCZr )] CO] - RlRB(brCZr * bXCZX).

Xy = {(Cgr - X4d]X )(R] + R3)+ (16) Ry = {[CZX - Rldx + X4(d‘lr + R‘lbr )]XZ N (18)

+ RiR3(Cy = Xyb, )} 1cy, —Ryd, + — Ryleg, = Xydy b e, +CyRy -

+Ry(d;, +Rb )+ X, (dy, +Rb )k = (dyy + Ry )Xy + X}

~B, £|B% —4A,C, _ -B, *B} —4A,C,
R3 = 5 X4 - b
24, 244

roe roe

Ag =(Cyb, +D.b )R} +(Cyd,, +D.dy, + A, = X,[(d;, +R;b,)* +(dy, +R;b, )1+

+ brCZr +bxc2x )Rl + CZrd]r +02xd1x; + R12 (brdlx _bxdlr);

By = X2[(dy, +Rb,* +(d;, +R;b )1+ B, =[(D. ~d )(d,, +R;b,)~

+{(Cy —d, ey, — X, (dy, +Rb)]+ —(Cy—d)d, +R;b, IR X, +

+ (D, —d, ey, +X4(dy, +Ryb, )+ ByiR, — + X% [(d,, +R;D, )2 +(d;, +Ryb, 21+

2
- X, [R{(b,d;, —b,dy,)- + Rlz(Cdd1r +D,d;, —b,cy. —b.cy )+
- 2R, (b -b +2(cy.d,, —cy.di )] —
l( Cox XCZr) <CZr 1x ~ Cox%r )] " X2 [(brd1x _bxd‘lr)R]Z T
2 .
- Rl (Cddr i DCdX - br62, - bxch )’ + 2R1 (brCZX - beZr ) + 2(C2xdlr - C2rd1x )]’
2 2
BO =0Cop T 0oy +62rd1r +02xdlx; C4 = [CdCZX _DCCZr _XZ(Cddr + Dcdx +
2 2

Cy =llegy +Xydy,)”" +(eg, = Xydy ) IRy + +b,cy, +b cy JIRZ + X, {2 +c2 —

+ [(brdlr + bxdlx )XZ + (brCZX - beZr + - Rl[CQr (dr _Cd + dlr )+ CZX(dX - Dc + dlx )+

+ drdlx _dxdlr )X4 _CO ]R%; + Xg [(bxdr _brdx )R12 +<brc2x _beZr +

C0 = CZrdr +02xdx' + drdlx _dxdlr)Rl _CZrdlx + C2><dlr]‘

Xy ={(cy, —X4d; (R +Rg) + (17) CoenuHeHMe, IpefiCTaBIEHHOE Ha pHC. 3, 6
R, =1lcy, —d;, (X3 +X,)IR, — (19)

+RyR3(Cy — X, b )t/ {cy, —Ryd, +
+Rs(dy, +Ryb, )+ X, (d), +Ryb,)};

-B, ++/B? —4A,C
X4= 4 4 44

24,

rge
A, =R, (d? +d? 2

4 = Ry(dj, +di )+ Rs[(dy, + R;b, )" +
+(d,, +Rb )*1+R3b d;, +b d, );
B, =R,(R; +2R3)(b,c,, —b,cy.)+
+ R12 (drdlx _dxdlr>_R3 [Rlz(brdlx _bxdlr)+
+R,(Cy—d,)d,, +Rb,)-

(D, ~d, )y, + Ryb, )~ 2ey,dy, —cp dy R, + Ry
C, =1{Cylcy, —Ryd, +Rs(dy, +R;b. )|+ CyIR{Rg +

— Xg(cy, +Xydy N/ {ld, +b, (Xq +X,)IR, +
+ X4(d1x +X3br)_02r +D X3}
2
o B +/B2 —4A,C,
, =
24,

rue

bJ

A, =(b.cy, +b.cy +d.d;, +d d; N(Xs+X,)+

+ CZXdr - CZrdx - (brdlx - bxdlr )(XB +Xy )2;

By = [CZr(Cd +dr _dlr)+CZX(Dc +dx _d‘lx)]XS -

- Xg(brCZX _beZr)_XS(Cddlx _Dcdlr)(X?) +X4)_

- X3X4<drd1x - dxdlr);

CZ = [(bxdlr _brdlx)XZ +C0]X?2> -
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(g + X,y dy, P (cg, = Xydy P 1X 55

Cy =(b.cy, +b,cy — D d;, ~

—-Cyd;, )X, —Cycy, +D.cy,.

Ry =Hleg, —dyy (X3 + X, )IR, —

— Xyley, + X ydy NI, +b (X4 + X,)IR, +
+ X (dy, +X3b)—cy, +D X3}

B, ++/B2 —4A,C
X, = 3 3 3L3

24,

rze

Ag = (R% + XZ)<brd1x —byd;,)+Cyeyy =Dy +
+Ry(C4d;, —D_d;, +b.cy, —b,c, )+
+X,(Cydy, +D.d;, —b.cy. —b,c,,);

By =(cyy + X4dlr)2 +(cy — X4dlx)2 +

+ X, {2(b,d, ~b.d, )R +[d, (C, +d,)~

—d,. (D, +d, )Ry} —Ry[c,y, (Cy+d. —d, )+

+¢y, (D, +d, —d; )]-R3(b,cy, +

+b.cy +dd, +dd, );

Cy =(bd;, _bxdn)R%Xsz +(cgpdy —Co\d, )R% -
—(b,cy, +b.cy, +d.d, +d d JREX,.

Ry ={lcy, —dy, (X5 + X IR, -

— X3(coy + X d WA, +b, (Xq+ X, )R, +
+X,(d;, +X3b,)—cy, +D X3}

_B, ++/B? —4A,C
X4= 4 4 44

24,

rge

A, =(bdy, ~bd )R5+X3)+(d> +d7)Xy;

B, = Xa[2(b.d,, —b d; )RS +2(cy, dy, —cy d; )+ Byl +
+ X3(Cydy, +D,d;, ~b,cy b cy )-

~R:(b.cy, +bc, +dd +dd, );

By =Id,,(C; +d,)~d,, (D, +d )IRy;

C, = X2[(b,d,, ~b d; )RS +(Cyd,, —D.dy, +

+b.cy, —bcy. )Ry +Cycy, —D,Cy. |+

+R2(cy,d, —cy )+ X5 [R3(b,cy, +
+bycy, +d.d, +dd;,)-Cyl;

Co =Rylcy, (Cy+d, —dy )+

+ CZX(DC +dx _dlx)]_cgr _ng‘

Ry ={[X,(d, + X3b,)~c,, + D .X5]R; +
+ X3(cq, + X,4di )} {cy, —Ryd, -
- (dlx +R]bx )(X3 + X4 )},

~B, +4/B2 —4A.C
X3 3 3 3¥3

24,

roe

A =X, [(d, +Rb,) +(d;, +Rb )1~
~R3(Cyb, ~D_b,)~R,(Cyd;, ~D.dy, —

=~ by +bycy,) =y dyy 0oy

By ={(Cy —d )y, — X, (dy, +Ryb )]+

+(D, —d )lcy, + X, (d;, +Rb,)]+ By}R; +

+ X2[(dy, +Ryb,)* +(dy, +Rb ) 1+c2 +c2 —
~R}(Cyd +D.d +bcy +bcy )+

+ X,[(bdy, ~bd, )R* +2(cy dy —cody);

By =2X4 (b, oy —byoy,) = cypdy, —cg0dyy

CS = (brdlx _bxdlr)RlZXZ +(62rdx _CZXd )RIZ -

\
—(b,cy, +b.cy +d.d; +d d JRIX,.
Ry =1X4(dy, + X3b,)=cy +D X3 IRy +

+ X3(coy + Xydy ey, —Ryd, —

—(dy, +Ryb (X5 + X )k
2
~B, +\B2 —4A,C,
X, = ,
24,
roe

A, = X5l(d;, +R;b, )% +

+(d,, +Rb )1+ R2(bdy, ~bd, );

B, =[(D, —d )(d,, +R;b,)~
—(Cy—d.)d;, +Rb,)IR; X4 +

+ X3[2R,(b,c, ~b.c, )+ RE(b.d,, —
—bydy, ) +2cydy, —cppdyy ) -
~R¥(b.c, +boc, +dd, +dd )+

+ X3[(dy, +Ryb,)* +(dy, +Ryb)*;

C, = X2[D.b,R} +(D,d;, +b.c,, —
—b,cy )R~y dy, +0y dy 1+

+ X3{C§r +c§X —Rylcy, (d, =D, +d;,)+
+ ¢y, (d, +d;, )] -Cyt —CyR; X5[X5(dy, +Ryb, ) -

—Cor T Rldr] +<02rdx _CZXdr )RIZ;
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Puc. 4. [IpyuHOMNINaNbHAast CXeMa ONHOKACKagHOIO YCHUIUTENs (a), COOTBETCTBYIOMASI CTPYKTYPHOU cxeMe (puc. 1, a), IpH HaIps>KeHUH

U = 34,8 B, AUX u ®UX (6), uccnenyemsie B cucreme MicroCap
Fig. 4. Schematic diagram of a single-stage amplifier (a), corresponding to the block diagram (Fig. 1, a), at a voltage U = 34,8 V, frequency

response and phase response (b), studied in the MicroCap system
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Puc. 5. [[puHIUNHaTbHAS CXeMA YCUITUTENS U3 IBYX OfIMHAKOBBIX KACKA/I0B, COOTBETCTBYIOIAs CTPYKTYPHOU cxeMe (puc. 1, a), 9acTOTHBIe
XapaKTepUCTUKH (pHC. 4, 6) KOTOPOTO UAEHTUYHBI COOTBETCTBYIOLIUM XapaKTePUCTUKAM (pHcC. 4, 6) OMHOKACKAMHOTO ycunuTens (puc. 4, a)
Fig. 5. Schematic diagram of an amplifier consisting of two identical stages, corresponding to the block diagram (Fig. 1, a), the frequency
characteristics (Fig. 4, b) of which are identical to the corresponding characteristics (Fig. 4, b) of a single-stage amplifier (Fig. 4, a)
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Puc. 6. DKBUBaJeHTHAsl CXeMa OJHOKACKA[HOIO YCHIUTENS (pUC. 4, a), COOTBETCTBYIOLIAsi CTPYKTYPHOH cxeMe (puc. 1, a), uccienyemas

B cucreme OrCad
Fig. 6. Equivalent circuit of a single-stage amplifier (Fig. 4, a), corresponding to the structural diagram (Fig. 1, a), studied in the OrCad

system
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Puc. 7. Yacroruble xapakrepuctuku (AUX n ®UX) skBruBaneHTHOM cxeMbl (puc. 7), monyuennsle B cucteme MathCad (a) u OrCad (6)
Fig. 7. Frequency characteristics (frequency response and phase response) of the equivalent circuit (Fig. 7), obtained in the MathCad (a)

and OrCad (b) systems

Co =R2(D,d, +b,cy, +bc,).
X3 =1(cg, = X4d; )Ry +Ry) -
—RRy(d, + X,b )}/ {(D, +R,b, +
+X4b, )R, + ¢y, +Ryd; +X,d 4

-B, ++/B? —4A,C
X, = 4 4 444

24,

roe
A, =Ryl(d,, +Rb,)* +(d;, +R;b, )1+
+R,(d* +d2 )+ R(b,d,, +b d,);
B, =R(R; +2R,)(b.c,, —b cy )~
- Ry|By-R,(d,d;, —d d;, )]+
+[2(cyydy, —copdiy ) = Byy IRy + Ry);
By =R?[(d,~D, +d; )b, ~b (d —C,+d,,)];
Byy = Ry(Cydy, =D dy,);
C, =fc3 +c3 +CyHR, +Ry)—
~Ry[(Cyd, +D,.d )R +(cy,d, +cy d )R]+
+R2[(b.d, +bd )R> +R,(dd, +dd )]
Cy =[R,(d;, +R;b,)+CyRIcy, +
+¢y,[Ry(d;, +Rb,)+D.R].
OHTI/IMI/ISaLII/IF[ napaMeTpoB ABYXIIOJIOCHUKOB, CBO-
600HBIX OT orpannyenu Tumna (1)-(24) (To ectp Haxo-

OSILIUXCST B TPABOM YaCTH 3THUX BBIPaXKeHUH), TPOU3BO-
IIATCS C IOMOIIBIO U3BECTHBIX YHUCIEHHBIX MeTonoB [10].

2. MareMaTH4eCKO€E M CXEMOTEXHHYIECKOE
MOJE/IUPOBaAHHUE

Ha puc. 4-10 pns npuMepa nokasaHbl IPUHLUIIU-
anbHBle U 9KBUBAJIEHTHBIE CXeMbI OJHOKACKagHBIX U
OBYXKACKaJHBIX YCUIUTENEH, COOTBETCTBYOLINE HC-
CllefyeMOU CTPYKTYPHOM CXeMe C MapasleIbHOU IO
HaINpsKeHUIO CBSI3bIO, PeNCTaBIeHHON Ha puc. 1, a,
a TakKe HUX TeOpeTHYeCKHe U IKCIepUMeHTaIbHbIe
XapaKTepUCTUKU. VcrIonbp3oBaH TPaH3UCTOP THIIA
BFQ17PH (puc. 4, a, 5. Cxema HY BeIMONHEHA B
BHJle Iapa/UleJIbHO COeQWHEHHBIX TpaH3UCTOpa U
LIOC ([T-06pasHOro COeNUHEHUS] TPEX 3JIEMEHTOB
C;s, Ryps, Ryqo) Ha omHOKacKajHOM cxeMme (puc. 4, a)
u Czg, Rypss Ryjpr Cgsr Ryger Rygz HA ABYXKackan-
HOU cxeMe (puc. 5). Harpyska u conpoTHBIeHHE HC-
TOYHMKA CHT'HAJIa BBITIOJIHEHBI HA 37IeMEHTaxX Ry, H
R]17 cootBeTcTBeHHO. CxeMbl CY co6paHbl B BHAE
[-06pa3HBIX YETBIPEXMONIIOCHUKOB Ha 3JIEMEHTaX
Ri19, Rizgr Cr9, Ly (puc. 4, ), Ryzg, Rygg, Crgy Ly,
Risy, Rysys Cgy, Ly (puc. 5), mapameTpsl KOTOPBIX
onpepensiuch no popmynam (5).

DKBHUBajeHTHAasi CXeMa HEeJIHMHEHMHOro 3JleMeHTa
BBIIIOJIHEHA B BHUME IEPEKPBITOro T-o6pasHoro de-
TBIPEXTONIOCHUKA Ha anemeHTax Ry, Cy, Ry3, Ly,
Rii, Ly, Ry, Lg (puc. 6). [TapameTpbl SKBUBAIEHT-
HOU cxembl HD BBIOpaHBI U3 YCIOBHUsS COBIAAEHUS
BBIXOAHOTO conpoTtuBieHus HY ¢ BBIXOOHBIM CO-
npotusneHueM HY ¢ ucnonp3oBaHHEM peasbHO-
ro tpaunsucropa [9]. Cxema HY peanusoBaHa B BH[e
NapasuieIbHO COeNMHEHHBIX 3KBHBaJE€HTHOU CXEMBI



2024. T. 27, N* 1. C. 48-60
2024, vol. 27, no. 1, pp. 48-60

®u3MKa BOTHOBBIX [IPOLIECCOB M PAAMOTEXHUYECKHE CHCTEMBbI
Physics of Wave Processes and Radio Systems 57

L1

. R122

42 10
"_ﬁhuuﬁ‘ e

R110 2180

L3 © 110n 00001k

R123 T
e R125 T

(=1
(==
=

=l

R124

10.0u

D]
R131
1
fi.2 1
'_ﬁhnuﬁg :
R127 822

A

Aty

Puc. 8. [lpuHUUNKanbHAsA cCXeMa [ABYXKaCKaJHOTO YCHUJIUTeNs C HEONMHAKOBBIMM KacKaqaMH, COOTBETCTBYWOIUIas CTPYKTypHOU cxeme
(puc. 1, a), uccnenyemas B cucteme MicroCap, 4acTOTHBIE XapaKTePUCTHKU KOTOPOU MoKasaHbl Ha puc. 10, a

Fig. 8. Schematic diagram of a two-stage amplifier with unequal stages, corresponding to the structural diagram (Fig. 1, a), studied in the
MicroCap system, the frequency characteristics of which are shown in Fig. 10, a

200
100
0 T Aot
810 8.75x10° £ 05x10° 8OOM 875M f
106 = =
-m\
~200 1200 I e e e
800M 875.3M f 810 87310 £ o35x10° 8OOM 875M f
a 6 8

Puc. 9. YactorHble xapakrepuctuku (AYX n ®YX) npuHunnuanbHoi (puc. 8) u okBUBaNeHTHOM cxeM (puc. 10), monydyeHHble B CHCTEME

MicroCap (a), MathCad (6) u OrCad (s)

Fig. 9. Frequency characteristics (frequency response and phase response) of the principle (Fig. 8) and equivalent circuit (Fig. 10), obtained

in the MicroCap (a), MathCad (b) and OrCad (c) system

HEJIMHEHHOrO 3JIeMEeHTA U Lell 0OPAaTHOU CBSI3U U3
[1-o6pasHoro coenuHeHus Tpex anemenTos Cg, Rjq,
Ry,. Mapamerper LLOC 3apanbl npousBosibHO. CxeMa
CY cobpaHa Ha OCHOBe ABYX 06paTHbIX [-06pa3HbIX
3BEHbEB U3 YeThIpex aneMeHToB Ry, Ryo, Ly, Cif-

YacToTHBIE XapaKTePUCTUKH NPUHUUNHAIBHBIX
cXeM, MOKa3aHHble HA PUC. 4, 6 (COMPOTUBIIEHUS HC-
TOYHMKA CHUrHasia U Harpysku paBHbel 100 Om) u 5
(CONpOTUBIEHUST MCTOYHHKA CUTHAIA M HATPY3KU
paBubl 50 OM), UEEHTUYHBI. DTO COOTBETCTBYET BBI-
BOZAM, C/IeJIaHHBIM Ha OCHOBe aHalIM3a MOJIy4eHHBIX
paHee [3] BeIpaskeHUU [UIsl MePeNATOYHBIX PYHKIUU
HcCllelyeMbIX MHOI'OKAaCKaJHBIX CTPYKTYPHBIX CXeM
(puc. 1, a).

TakuMm o6pasom, npu ucnonbzoBanuu CY Takske
HAGJI0JAETCS HOBOE sIBJIEHUE, COCTOSIIEE B TOM, YTO
IIpU OIpefeseHHbIX COOTHOIIEHUSX MEXAy KOJIU-
YeCTBOM KacKaJoB M 3HAaYE€HUSIMH CONPOTUBIECHUU
HCTOYHMKA CHUTHAJIA M Harpy3kd OFHOKACKagHOTIO
PagUOyCTPOUCTBA YACTOTHBIE XaPaKTEPUCTHUKU Ofi-
HOKAaCKafHOT'0 U MHOTOKAaCKagHOT'O pagHuoyCTPOUCTB
OKa3bIBAIOTCA HAEHTHMYHBIMU WK MORO6HBIMU [3].
Takve cxeMbl Ha3BaHbI 3KBUBaJIeHTHBIMU. Heobxo-
OUMO OTMETHTB, YTO 3TO sIBIEHHE HAGII0[aeTCs IpH
710601 CIOXHOCTU KacKkamos Tuna «CY - HY», a Tak-
ke npu orcyrcTBur HY unu CY. YkazaHHoOe siBleHUe
He 3aBHUCHUT OT CTPYKTYPBI CXeMBbI, BKIIIOUEHHON MeX-
Oy UCTOYHHUKOM CHTHaJla U HArpy3KoW, U 3HaYeHUH
MapaMeTPOB 3TOU CXEMBI.
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Puc. 10. DxBruBaIeHTHAsI CXeMa YCUIUTENSI U3 JBYX HEOJMHAKOBBIX KaCKanoB (puc. 8), COOTBETCTBYyIOLIAs! CTPYKTypHOU cxeMe (puc. 1, a),

uccnenyemas B cucteme MathCad (puc. 9, 6) u OrCad (puc. 9, 6)

Fig. 10. Equivalent circuit of an amplifier consisting of two unequal stages (Fig. 8), corresponding to the structural diagram (Fig. 1, a),

studied in the MathCad (Fig. 9, b) and OrCad (Fig. 9, ¢) systems

AHanua TakXe MOKA3bIBAET, YTO IKCIEPUMEHTAIb-
Hble (puc. 4, 6) 9YACTOTHBbIE XapaKTEPUCTUKU IPUH-
LUIIAATBbHOW CXeMbl ycunurens (puc. 4, a, 5) ynos-
JIETBOPUTEIPHO COBMNALAIOT C XapaKTepPUCTHKAMHU
9KBUBAJIEHTHOU CXeMBI (PUC. 6) YCUIUTENSA, IOTyYEH-
HBIMH PAaCYeTHBIM IyTeM (puc. 7, a) U dKCIIEpUMEH-
TanabpHoO (puc. 7, 6).

CpenHss 4acTOTa 9KBUBAJIEHTHOU cxeMbl f ~ 836 MIy
(puc. 7, a v 6) HE3HAYUTENIBHO OT/INYAETCS OT CPeLHEN
YacTOTHl NMPUHLHUIHAIBHOW cxeMbl f =836,3 ML
(puc. 4, 6).

[Ipy HCHONB30BAHWM HEOLMHAKOBBIX KACKALOB
BO3HUKAET BO3MOXHOCTb 3HAYUTEIBHO YBEJIHYUTH
pabodyo MOI0CY YacToT.

Hampumep, [misi OBYXKaCKagHOW cxeMbl (puc. 8)
npousBefeHre Kod$PUIMEHTa YCHIIEHUST HA MOIOCY
4acToT cocrapisieT mpuMepHo 2600 (puc. 9). Dro moy-
™1 B 12 pa3 Gosblile, 4yeM MPOU3BeeHHE KOdbUIIH-
€HTA YCWIEHHUsI Ha MOJIOCY YaCTOT OLHOKACKALHOIO
ycunuTens. [lapaMeTpbl U XapaKTePUCTUKH ITPUHIU-
nuanbHOU (puc. 8) u skBUBaNeHTHOU (puc. 10) cxeMm
COBMANAIOT YAOBIETBOPHUTENBHO.

B pabore [12] mokasaHo, YTO pe3yIbTATHI CXEMO-
TEXHUYECKOTO MOLEIUPOBAHUS YOOBIETBOPHUTENBHO

COBIIAJAIOT C pe3yJibTaTaMH OKCIIEPUMEHTAJIBHBIX HC-

crlefoBaHUM GU3UYECKUX MAKETOB PagHOYCTPOMHCTB.

3akinouyeHue

Takum 06pa3oMm, MONy4eHHble MaTeMATHYeCKUe
mopnenu CY tuna (1)-(12) Moryr 65T HCIIOIB30BAHBI
IJIsl TEXHUYECKOTO IPOEKTHPOBAHUS YCUIIUTENEH C
3a[AHHBIMH YAaCTOTHBIMHU XapaKTePUCTHKaMH. Bo3-
MOKHOCTb U3MEHEHHUS BEJMYUHBI 3KBUBAJEHTHOI'O
COMPOTHUBJIEHHS UCTOYHHUKA CUTHAIA ¥ HATPY3KH IIy-
TeM BKJIIOYEHHUs MPOU3BOJIBHOIO KOJIHUYECTBA ONU-
HakoBBIX KackamoB Tuma «CY - HY» 3HayuTeNbHO
YIPOIAET pELIeHHe MHOTHUX 3a[a4y PafgHOdIEKTPO-
HukH [13], HampuMmep 3amay obecrnevyeHUs] OLHOHA-
MPaBJI€HHOCTH PACIPOCTPAHEHUS CUTHAIA U HE3ABH-
CHMOCTH IPOLECCOB, IPOUCKOMSIINX B IIPEbIAYILEM
U TOC/eNyoLleM AUHAMUYECKUX 3BEHBSIX CHCTEM
ABTOMATHUYECKOrO peryiupoBanus. [IpuMeHeHne He-
OIMHAKOBBIX KACKANOB C ONMTHUMH3UPOBAHHBIMH Ia-
pamerpamu omHOoro w3 CY ¢ MOMOIIBI0 BbIpaXKeHUH
(13)-(24) mo3BoNsIET 3HAYMUTENBHO YBEIUYUTH pabo-

9YyI0 IIOJIOCY 9acCTOT.
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Abstract - Background. Presence of possibility of analytical definition of a part of parametres of various radio devices,
optimum by criterion of maintenance of preset values of modules and phases of transfer functions on necessary quantity of
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frequencies, considerably reduces time of numerical optimisation of other part of parametres by criterion of formation demanded
PFC and FFC in a strip of frequencies. Till now such problems dared concerning radio devices only with one cascade of type «a
nonlinear part - the coordination the device» or «the coordination the device - a nonlinear part». In quality coordination devices
were used the jet, resistive, complex or mixed two-port networks. The problem of multicascade radio devices with jet two-port
networks is solved also. Change of basis for the coordination two-port networks and a place of inclusion of a nonlinear part
leads to change of area of a physical realizability. Aim. Working out of algorithms of parametrical synthesis of radio devices
with any quantity of identical and unequal cascades of type «the coordination the mixed two-port network - a nonlinear part» by
criterion of maintenance of the set frequency characteristics. Nonlinear parts are presented in the form of a nonlinear element
and parallel either consecutive on a current or pressure of a feedback. Methods. The theory of two-port networks, matrix algebra,
a decomposition method, a method of synthesis of actuation microwave devices, numerical methods of optimisation. Results.
In interests of achievement of the specified purpose systems of the algebraic equations are generated and solved. Models of
optimum two-port networks in the form of mathematical expressions for definition of interrelations between elements of their
classical matrix of transfer and for search of dependences of mixed of two-poles from frequency are received. It is shown, that
at certain parities between quantity of identical cascades and values of resistance of a source of a signal and loading of the
one-cascade radio device frequency characteristics of one-cascade and multicascade radio devices appear identical or similar.
Such schemes are named by equivalent. Use of unequal cascades leads to substantial growth of a working strip of frequencies.
Conclusion. The comparative analysis of theoretical results (PFC and FFC radio devices, value of parametres), received by
mathematical modelling in system «MathCad», and the experimental results received by scheme modelling in systems «OrCad»
and «MicroCap», shows their satisfactory coincidence.

Keywords — parametrical synthesis of the mixed two-port networks; the set frequency characteristics of multicascade radio
devices.
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