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B cmamve npedcmasnensvl pe3yivmamsl MOOEIUPOBAHUS CXEMbl OBYXCHYNEHYAMO20 KOMNIEKCHO20 Oelumenst Ha-
NPSICEHUst ¢ NOCAeOVIOWUM AHATUZOM €20 AMNIUMYOHO-YACMOMHOU XaAPAKMEPUCUKY 8 YCI0BUAX UCXOOHO20 OMm-
Cymcmaust 0OnycKO8 Ha HOMUHANLL U C YYEMOM YCIMAHOGIEHHbIX OONYCKO8 HA HOMUHALbI NACCUBHBIX KOMNOHEHMOS
yenu ¢ yenvio onpedenenus pazopoca 3HaveHull Kod3pduyuenma yCcuieHus u Wupunsl ROJI0CL NPONYCKAHUA NO MemOo-
0y Moume-Kapno, nauxyouwezo ciyuas u maxcumyma-wunumyma. OcHosHOe HA3HAYEeHUEe MOOeNUPOBANUSL MAKOU CXe-
Mbl — IPAKMUYECKdasi OeMOHCIMPAYUsi MeMO008 OYEHKU PA30poca dINeKMPUtecKux napamempos 6 cpede agnmomamusu-
posannozo npoexmupoganuss OrCAD 011 OanvHeliuie2o ananocuyHo20 Mo0eauposanuss OAHHbIMU Memodamu boaee
CILOJCHBIX CXeM INEKMPUYECKUX NPUHYURUATIbHBIX U UX COCMABHLIX YACMel, HAX00Auux npaKmuieckoe npumMeHeHue
6 PAOUOMEXHUYECKOU annapamype u paouocucmemax ¢ yeivbio COKPAUeHUss MAmepUuaibHblX U 6PeMEHHbIX 3ampam
npu ux paspabomke u npeosapumMenbHoll OYEHKU NOMEHYUATbHO20 pa3dpoca Kodp@uyuenma ycuieHuss u noaocsl
NPONYCKAHUSL MAKUX CXeM euje Ha dmane Mamemamuiecko2o MoOeiupo8anus 00 HenocpeoCmeeHHol Pu3uveckot
peanuzayuu 0annvix cxem. Ilompebnocms 8 HOOOOHOM NPedBAPUMENLHOM AHANU3e Pa3dpOca IeKMPUYECKUX napa-
MEmpOo8 ¢ KAAHCObIM 2000M MOIbKO YBeAUUUBaemcs. AKmyanibHocms OaHHOU MeMbl NPOSAGIAEnICs NpU aHau3e yenet,
K020a YCMAHOBNIEHbl JcecmKue mpebosanus K pazbpocy napamempos OaHHblX d1eMeHmos. B xode npaxmuyeckoti
peanuzayu npooemMoHCmpUpoOsaHbl OCHOBHbIE MEMOObl AHANU3A PA3OPOCA NAPAMEMPOs cXem INeKMPUYECKUX NPUH-
YUNUATILHBIX, CPEOU KOMOPBIX NPUCYMCIMBYIOM KAK Memoobl, NPedyCMOMPEHHble K aA8MOMAMUYecKkOMy MOOeIUposa-
Huto cxem npoepammoti OrCAD, makue kax memod Monme-Kapno u memoo Hauxyowezo ciyuas, maxk u memoo, He
npedycMampugaemMulii NPOSPAMMOL K A8MomMamusayuu  u mpebyiowui 6ojiee KOHMpOIUPYemMo20 YNpagieHus u pac-
yema co CMopoHbl paspabomuUKad, Pemarnuezo 8blule0DO3HAYEHHYIO 3a0aiy AHANU3A CXeMbl MEMOOOM MAKCUMYMA-
munumyma. Ilocneonuii memoo makaice npeocmasisem ocoobill UHmMepec 6 CULY 3HAYUMENbHO MeHbUell U3V YeHHOCTNU
€O CMopoHbl 60Iee PAHHUX HAYYHO-MEXHUYECKUX UCCLe008aHUll U NYOIUKAYULL, 6 MOM YUCTe 8 PAMKAX ONUCAHUSL €20
peanuzayuu 8 pasiuiHbIX Cpeoax ademoMamu3upo8aHHo20 NPOEKMUPOBAHUSL.

KaioueBnle ciioBa: cxema 3jeKTpUiecKas IPUHIMITNAIBHAS, JIOITyCKHM Ha HOMUHAIBL, lepefaTouHas GyHkuus, koad-
(unyeHT ycuiieHus, 1oJIoca MPOIyCKaHus, MOJICIUPOBaHUE cXeMbl, MeToll MoHTe-Kapio, MeTox Hauxyamero ciy-
Yasi, METOJ] MaKCHMyMa-MHHUMYMa, CCTEMa aBTOMaTH3MpoBaHHOTO npoektupoBanust OrCAD.

Beenenne

pobiiema ompeneneHusi JOMyCKOB Ha HO-

MHHAJIBI 3JIEMEHTOB CXEM 3JIEKTPUUECKUX

MPUHIMAIHAIGHBIX BO3HUKAET TPU KECT-

KUX TpeOOBaHMAX K pa3dpocy mapamer-
POB JNaHHBIX 3JEMEHTOB. OTa 3a/ada aKTyajbHa
U npu aHanuse napamerpos nemeit [1-3]. Cpenu
MHOXKECTBa INPHYMH pazdpoca IapamMeTpoB CXeM
AIIEKTPUYECKUX MPHHIUIHANBGHBIX OJHA W3 Haubo-
Jiee CYLIECTBEHHBIX 3aKIIOYAeTCs B TOM, UTO IPH
IIPOMU3BOJICTBE LIETEH HCIONb3YIOTCS KOMIOHEHTHI,
3HAUEHUs] MapaMeTPOB KOTOPBIX OTIMYAIOTCS OT
HOMUHAJIBHBIX, B TOM YHCJIE U3-3a IPOU3BOACTBEH-
HBIX (pakTopoB. JlaHHBIE (PAKTOPBI MOYKHO TpOaHa-
JM3UPOBATh, B YACTHOCTH, C TIOMOIIBIO PAa3IHYHBIX
CPEACTB aBTOMATU3UPOBAHHOI'O IPOCKTHPOBAHMUS,
B TOM YHCJIE€ C HCIONb30BAaHHEM YHCIICHHO-aHAJIH-
THUYECKUX METO0B [4—6].

Henws crathu — peanuzanus MeTomgoB MoHTe-
Kapno, nauxynmero cioyyas ¥ MakCUMyMa-MHHH-
MyMa JAJsl OLIEHKH pa30dpoca 3aJaHHOrO Mapamerpa
3JIEKTPOHHOM CXEMBI B 3aBUCHMOCTH OT JIOITyCKOB
Ha [aCCHUBHBIE KOMIIOHEHTHI B Cpelle aBTOMAaTH3H-
poBanHoro npoexktuposanus OrCAD.

3ajauu ¥ MeTOJbI HCCJIEIOBAHUS

Jlist  TOCTWOKEHWsI UEeNd HCCIEOBaHUs ObLIH
pEIIeHBI CIIEYIONINE 3a/Ia9H.

1. Pa3paborana snekTpudeckas MPUHIINITHATH-
Has CXeMa JBYXCTYyNEHYATOrO KOMIUIEKCHOTO Jie-
JUTENs] HANPSDKCHHsI, MPOU3BEACH pacueT ee Te-
penaTtoyHo (QYHKIWHU, yCTAaHOBJICHBI HOMUHAIIBI
MACCHBHBIX KOMIIOHEHTOB (PE3MCTOPOB M KOHJICH-
CaToOpPOB) ISl TIPOBEJCHUS aMILIUTYTHO-4aCTOTHO-
ro aHaJIKM3a IEMH B YCIOBUSAX UCXOIHOTO OTCYTCT-
BHUs JOMYCKOB HA HOMUHAJTBI.
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2. YcTaHOBIIEHBI AO0NyCKM Ha HOMHWHAJIBI Mac-
CUBHBIX KOMIIOHEHTOB ]IS HCCIIEIOBaHMS paz0dpoca
3HaYeHUH Kod((PuIMEeHTa YCWICHHS W IIHPUHBI
IIOJIOCHI MponyckaHus no Mmerony Monte-Kapio,
HaUXyAIIETO cay4as ¥ MAaKCUMyMa-MUHIUMYMa.

3. [IpoBeneHo cpaBHEHHE 3HAYEHUH KOIPDUITH-
C€HTa YCWJICHUA W HIMPHUHBI ITOJIOCHI ITPOITY CKaHUA
M0 KaXJAOMY W3 METOJIOB Ha IMPEJMET CONOCTaBHU-
MOCTH JIPYT C IPYTOM.

B pabote ncmonp30BaHbl 00IIEHAYTHBIE METOIBI
TEOPETUYECKOTO HCCIICAOBaHUs (aHaJIW3, CHUHTE3,
YHUCIIEHHBIE METOJIbl), MH()OPMAIMOHHBIE TEXHOJIO-
THH CHCTEM aBTOMATH3MPOBAHHOTO IPOEKTHPOBA-
HUA, MCETOABLI KOMIIBIOTCPHOI'O MOACINPOBAHUA
" SKCTICPUMCHTAJILHOI'O0 HCCJICA0BAHUA 3aBUCHUMO-
CTel MmapaMeTpoB.

MoaenupoBaHue U aHAJIU3 IBYXCTYNIEHYATOI 0

KOMILJIEKCHOTO JeJINTeJIsl HANIPAKEHUS

B cpene nmporpammbl OrCAD

Jns peanu3anuu BhINIEOOO3HAYCHHBIX aJToO-
PUTMOB HEOOXOJMMO MPOU3BECTH aHAIU3 HUCXOJI-
HBIX JaHHBIX (HA TpUMepe HCXOTHOM CXEMBI
3JIEKTPUYECKON MNPUHLUMIHWAIBHONW, HOMHUHAJIOB
Y JIOITyCKOB HA HOMHUHAJIBI €¢ KOMIIOHEHTOB, pHC. 1),
MPOU3BECTH pacyeT NMepeaaTOTHON (PYHKIIMH JTaH-
HOH CXEMBI W 3aT€M OCYIIECTBHUTH MOJEIHUPOBA-
HUe 1enu (Kak 0e3 ydera JOMyCKOB Ha HOMHHa-
JBI, TAK U C MX y4YE€TOM) B NPOTPaMMHOU cpeie
OrCAD ananorugHo MeTOAWKaM, IPEIACTaBIICH-
HbIM B psge pabor [7-9]. Takxke cpaBHUTH KO-
HEYHBIE PE3YyJbTaThl U3MEPEHUN HA MPEIMET CO-
MOCTaBUMOCTH JIPYT C JPYrOM M, KakK CJIeJCTBHE,
MPaBIIBHOCTH MPOU3BEICHHBIX PAcYeTOB U MO-

JEJIUPOBAaHUS MCXOOHOW CXEMBbl 3JIEKTPUUYECKOU
NPUHLUIUAIBHOHU.

—F

C1 c2 — 5
A
R1 —

1

Puc. 1. Ucxonnas cxema
3neKTp1/1quKa51 HpHHHHHHaﬂbHaﬂ

Fig. 1. Initial electrical schematic diagram

HomuHanb! 351eMeHTOB 1enH:

R1=1MOwm; R2 =0,2 MOwm; R3 = 0,8 MOwm;

Cl1=0,3 Mmx®; C2 =5 mx®; C3 = 1,2 mxD.

JlomyCcku Ha HOMUHAJIBI PE3UCTOPOB 5 Yo.

Jomycku Ha HOMUHANB! KoHAeHCATOpOoB 10 %.

Pacuer nepenarounoii GyHKIMY POU3BOAUTCS TI0
METOJIMKE, TIPEICTABIICHHOM B psifie padoT [10—13]:

w(p)

Ha ocHOBaHMM MOJy4EHHBIX PacyeTOB MIPOU3BO-
JIUTCA MPOEKTUPOBAHUE MOETH MCXOIHOW CXEMBbI
3IEKTPUYECKON MPUHIUIIMAIBHON B Cpelle aBTOMa-
TU3upoBaHHOTO MpoekTupoBanus OrCAD, BBOOSAT-
Csl JaHHbIE B OKHO OOIIMX ITapaMeTpOB aHaIn3a
CXEMBI, CTPOUTCS IpadUK €€ aMIUIMTYIHO-4acTOT-
HOM XapaKTEpHUCTUKU M MPOU3BOAUTCS €€ aHAIU3
(puc. 2, 3).

B 1,5p%+0,3p
0,288p° +8,532p> +6,74p +1

R2
AN /.
0.2MEG
c1 c2 R3
FW—‘%A V—
0.3u 5u 0.8MEG
V1 ]
VOFF =0 —~ c3
VAMPL = 1 < R1 1.2u
FREQ=1 | 1MEG
AC =1 J

s

Puc. 2. VicxonHas cxema dJeKTpudecKas IPUHIATHATbHAS
(6e3 yueTa nOIyCcKOB HA HOMUHAJIBI PE3UCTOPOB U KOHJEHCATOPOB)

Fig. 2. The initial electrical schematic diagram
(without taking into account the tolerances for the nominal values of resistors and capacitors)
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#2 Simulation Settings - 1

General Analysis  Corfiguration Files Options Data Collection ~ Probe Window

Analysis type: AC Sweep Type

|AC Sweep/Noise LI C Linear Start Frequency: |1 00y

Options: * Logarithmic End Frequency: |1 1]
[Decade =] Points/Decade:  [1000

[]Morte Caro/Worst Case

[] Parametric Sweep Moise Analysis

[] Temperature (Sweep)

[]Save Bias Point I Enabled |

[]Load Bias Point Ii

Output File Dptions

I Include detailed bias point information for nonlinear
controlled sources and semiconductors [.OF)

Ommera MNpvmerTs Crpaexa

Puc. 3. OxHO 00IINX MapaMEeTPOB aHATN3a CXEMBI

Fig. 3. The window of general parameters of the circuit analysis

Kak BumHo u3 pucyHka 4 (3mech W janee Ha
rpagpukax B CKOOKaxX YyKa3blBarOTCs [BA YHCIHA:
MEPBOE OMPEACsAeT 3HAUCHNUE YaCTOTHI, IPU KOTO-
POM JIOCTUTAETCsl ONpPEACICHHBI YPOBEHb KO3(}-
¢$UIMeHTa YCHUJICHHS, BTOPOC ONpEICIsSeT Camo
3HaYeHHE AAHHOTO Kod((dulreHTa ycuineHus (I
[IEHTPaTbHONH KOMOWHAIIMA — MakCUMyM Kodhdu-

200my

[IMEHTA YCUJICHHUS, JJis1 OOKOBBIX — YPOBCHb, pPaB-
Heiii 0,707 OoT JaHHOTO MakcuMyMma KO3 QuIueH-
Ta YCHJICHUS), HHICKC M BO3JIC YKCIa ONMPEaCisieT
ero ThicsuHyl0 gomo 107, Takum  oGpasowm,
176,993m = 0,177)):

K =0,177; BW,,, =4,696 T,

MAaKC.-HOM

)
(666.807m,176.993m) __-——

1560mU

(92.843m,125.000m)

4.7878,125.000m)

166mU

50mU

0U- - |

i ; }
100uHz 1.0mHz 16mHz
u(c3:2)

108mHz

1
1.6Hz 16Hz 100Hz

Frequency

Puc. 4. UcxonHas aMIUTHTY THO-9acTOTHasI XapakTepuctuka (AUX)

Fig. 4. Initial amplitude-frequency response

AJITOPUTM OLIEHKHU pa30poca napamMeTpoB

3JIEKTPOHHOM cxeMbl MeTo10M MonTte-Kapio

YcraHaBIuBaroTCs JO0MYCKM Ha HOMHMHAJIbI pe-
3ucTopoB (5 %) M Ha HOMHHAJIBl KOHJEHCATOPOB
(10 %), BBOZIATCS MaHHBIE B OKHO MTapaMeTPOB aHa-
mu3a cxembl o merony Monte-Kapno [14, 15],
MOCIie Yero 3aHOBO CTPOUTCS IpadUK aMILTUTYTHO-
YAaCTOTHOM XapaKTEPUCTUKU CIPOEKTUPOBAHHOU
CXEMBI U TIPOU3BOUTCA €€ aHanu3 (puc. 5-9).

Hccnenyercst pazdpoc 3HaUCHHUA KO3 hUITIEHTA
YCHJICHUSI W INUPUHBI MOJOCHI Mpormyckanus. J{is
3TOTO CTPOUTCA THCTOTpaMMa [0 IOJYYEHHOH
AUX mocne BeIOOpa B Ka4ecTBE (PYHKITHH:

o st KodhdumenTa ycunenus — Max(), a B ka-
4yecTBe apryMenTa qanHou pynkuun — V(C3:2).

e I TOJOCH Tponyckanus — Bandwidth
Bandpass 3dB(), a B kadecTBe apryMeHTa JaHHOM
¢bynkuun — V(C3:2).
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R2
AN /
0.2MEG 5%
c1 c2 R3
I——m {} W—"
0.3u 10% 5u 0.8MEG
V1 10% 5%
VOFF =0 @ = 63
VAMPL =1 \_ R1 1.2u 10%
FREQ =1 1IMEG 5%
AC =1
1
-0

Puc. 5. Cxema QJICKTPUYCCKAsA NpUHIUIINAIbHAA €¢ YUYETOM JOIIYCKOB Ha HOMHHAJIBI PE3UCTOPOB U KOHACHCATOPOB

Fig. 5. Electrical schematic diagram, taking into account the tolerances for the nominal values of resistors and capacitors

2 Simulation Settings - 1

General Analysis Configuration Files Options Data Collection ~ Probe Window

Analysi type:  Monte Carlo | Enable PSpice A& support for legacy
I'q': Sweep/Noise = " Worstcase/Sensitivity  Dutput variable:  |V(C3)
Options: Monte Carlo options

MNumber of runs: |1UD
Use distribution: |I3wssian - Distributions... |

Random number seed I [1..32767]

[] Temperature (Sweep)

[]Save Bias Poirt Save data from IAII - I rungs

[]Load Bias Point

y optio

it have |both DEV and LOT vI tolerances
Lirnit devices to typefs): |RC

I_ EJ".' data from each sensitivity run
MCLoad/Save.. | More Setlings...

Omvena MpyreraTe Cnpasxa

Puc. 6. OkHO mapaMeTpoB aHAJIN3a CXeMBI 110 MeToxy MonTe-Kapio

Fig. 6. Monte-Carlo scheme analysis parameters window

e
SAOE ?Wi@‘*““m’g%&é

QU -0 e e e £ L U L

t i
100uHz 1.06mHz 10mHz 100mHz 1.06Hz 10Hz 100Hz
007 A&0+XAY & ... UC3:2)

Frequency

Puc. 7. AUX o metoxy Monre-Kapio

Fig. 7. Frequency response using the Monte-Carlo method
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T T
220m 240m 260m

180m 200m
Max(U(C3:2))

0
126m 140m 160m

= 0.24072
= 0.0645825

maximun
3xsigna

= 0.177802
= 0.206931

median
90th %ile

= 0.136042
= 0.148731

minimum
10th %ile

= 0.177238
= 0.0215275

n samples = 100
n divisions = 10

nean
signa

: o

e TR T
v i e e e e O ‘ B amn s
100uHz 1.6mHz 10mHz 100mHz 1.0Hz 16Hz 100Hz
O6 a0+ XAY .. u(C3:2)
Freauencu
Puc. 8. 'ncrorpamma AUX mnst koadunmenrta ycusnenus no merogy Monre-Kapio
Fig. 8. Frequency response histogram for the Monte-Carlo gain
3.5 4.0 4.5 . 5.5 6‘.0 6.5
Bandwidth_Bandpass_3dB(U(C3:2))
n samples = 100 mean = 4.72836 minimum = 3.83827 median = 4.68105 maximum = 5.8749
n divisions = 10 sigma 3 0.447046 10th %ile = 4.16989 90th %ile = 5.40834 3xsigma = 1.34114
R
e
\ h R
_,%§§§§§i > = 5
\@‘L@g&ﬁ 5
S RS i e
VI e e B e L S e KON (BGOSR e AT v 50

U X |
100uHz 1. 10mHz 100mHz 1.0Hz 16Hz 100Hz

Do v ao+xAY+... UC3:2)
Frequency

Puc. 9. T'uctorpamma AUX 11 mosiocs! mpomnyckanust mo metoay Monre-Kapiio

Fig. 9. Frequency response histogram for Monte-Carlo band width

Hcxons u3 rucrorpaMmbl pacripeesieHus Mupu-
HbI MOJIOCHL Ipomyckanusd AUX 3akOH UMeEeT Hop-
MaJbHBIN (rayccoB) xapakrep pacupeaencHus. Cie-
JIOBaTENIbHO, MPUMEHUMO MPaBUJIIO Tpex curMm [16]:

K, =K, £30(K,, ) = mean + 3sigma =
=0,177%£0,064 =0,113...6,069;

BW = BW +3c(BW)=mean + 3sigma =
=4,728£1,341 I'y=3,387...6,069 I'11.

AJITOPUTM OLIeHKH pa30poca mapaMeTpoB
3JIEKTPOHHOI CXeMbI METOI0M HAHXY/IIIEr0
cay4as

Worst Case Direction-High

(6epxHee OmKIOHEHUE OM HOMUHAIA)

BBojisiTCSl 1aHHBIE B OKHO MapaMeTpOB aHaJH-
3a CXEMbI 110 METOJY HaWXYJIIETo CiIy4as BBEPX
[17, 18], mocie yero 3aHOBO CTpoHTCs TIpaduk
aMIUIATYTHO-YACTOTHOW XapaKTEePHUCTUKH CIIPO-
CKTUPOBAHHOW CXEMBI U TIPOU3BOAMTCS €€ aHaIH3
(puc. 10, 11):

Kaxcnon = 0,177; Kyaxenic+ = 0,21;
BWoon = 4,696 Tii; BWac: = 4,654 Tt

Worst Case Direction-Low

(HUdICHee OMKIOHeHUe OM HOMUHAAA)

BBonsTcst maHHBIE B OKHO IMapaMeTpPOB aHAJH-
3a CXEeMBl 10 METOJy HauXyJIUIeTro ciydas BHU3
[19, 20], mocne wero 3aHOBO CTPOUTCS TpapuK am-
TUTMTYIHO-YaCTOTHON XapaKTePUCTHKH CIPOCKTHU-
POBaHHOW CXeMBl W TIPOM3BOJAWTCS €€ aHalIu3
(puc. 12, 13):

Kyaxenom = 0,177; Kyjaxenc- = 0,148;
BWyou =4,696 T'n; BWyc-=4,811T1T1
PaccuuThiBatoTCsl 3HaUEHUS MOJIEH paCcCEsTHUS:
Kyaxe = Kyaxerc- - Kyaxeric+ = 0,148...0,21;
A yaxer = Kyarenics — Kyaxeow = 0,21 = 0,177 = 0,033;
AK e = Kyaxe iow — Kyaxetic-= 0,177 — 0,148 = 0,029;

+AK ageHc+ +0,033 ,
MAaKc.HOM AKMM - 0’ 177 0,029°

K

Makc
wakeHC



108 ISSN 1813-7903. Bectuuk M:kI'TY umenu M. T. Kanamuukoa. 2025. T. 28, Ne 2

BW=BWycs ... BWyc-=4,654...4,811 I'; ABW_=BWyc. — BWyou = 4,811 4,696 = 0,115 I'n;
ABW.,= BWyon — BWhcs= 4,696 — 4,654 = 0,042 I'ny; BW = BW. - = 4,696"5 Ty
HOM — ABW;, ? -0,042 '
& simulation Settings - 1 Sl Monte Carlo/Worst-Case Output File Options
Genersl Analysis Configuration Fles Options Data Collection  Probe Wind pEEChg R
i nFlos | Optiors = =L e The CDI:dl'IJ% fm_lqt;nn is Tlfo;m:dd on ;n output varij_ll?le (for ILI
2 . L A is i i t. fil :
e " Monte Calo [~ Enable PSpice A4 support for legacy s i e Lt ot Cancel
AC S Noi - o s ;
weep/Noise @ ‘Worst-case/Sensitivity Output variable: |V(C3) Find: [lhe greatest diference from the nominal run (YMAX) E]
Options: Monte Carlo optior B
. Number of rur 100 et
- & cistibution m Netibutiors Evaluate only when the sweep variable is in the range:
Fierdom rumber saed 32767] I =] =

ave data fro All - I— Tur | ‘Worst-Case direction ‘

® Hi  Low

[Load Bias Point

~Worst-case/S ivity options
Vary devices that have |both DEV and LOT =] tolerances
Limit devices to type(s): |RC

™ Save data from each sensitivity run

[ List model parameter values in the output file for each un

MC Load/Save | More Settings...
OK Ommena MpymernTs Cnpasxa
v
Puc. 10. OxHO MapaMeTpoB aHAIN3a CXEMBI II0 METOYy HAaUXyIIIETO CIIydasi BBEPX
Fig. 10. The window of scheme analysis parameters using the worst case high method
) /‘ ’o_—é\o
>
’IO
/ N
Joons o AN
/ >,
P N
- \
g
s — -
100uHz 1.0mHz lBl‘nHz 100mHz 1.0Hz 10Hz 100Hz
o U(C3:2)
Frequency
Puc. 11. AUX 1o MeTony HauXyAIIero Ciydasi BBEpX
Fig. 11. Frequency response using the worst-case high method
8 Simulation Settings - 1 ISl Monte Carlo/Worst-Case Output File Options
Genersl Analyss  Configuration Fies Options Data Collection  Probe Wind [EE L A
z guretion Fles | Options = L o The collating function is pe|.F0(med9nan oulnurvariable‘[lnr ILI
Analysis type: £ MonteCate | Enable PSpice AA support for legacy example, ¥(1]). The result is listed in the output ([OUT) file only. S

AC Sweep/Noise :Iv * ‘Worst-case/Sensitivity Output variable: |V[C3)

Find: Ilhe areatest difference from the nominal run [YMAX) E]

Number of rur 100 e
e W Yistibutions Evaluate only when the sweep variable is in the range:
Random number seed 1.32767] [ =l e =
ave data from All - T Worst-Case direction
[]Load Bias Point | O Hi * Low ‘
—Worst-case/! ivity options
Vary devices that have |both DEV and LOT :I' tolerances [~ List model parameter values in the output file for each un

Limit devices to type(s): |RC

™ Save data from each sensitivity run

MC Load/Save | More Settings...

0K Ommvena MNpuMeHnTs Cnpasxa

Puc. 12. OkHO apaMeTpoB aHAIN3a CXEMBI IO METOY HaUXyALIETo CIydasi BHU3

Fig. 12. The window of scheme analysis parameters using the worst-case low method
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Puc. 13. AUX 1o meTony HauxyAUIero ciydast BHU3

Fig. 13. Frequency response using the worst-case low method

A.Hl"OpPlTM OLICHKH pa36p0ca napamMeTpoB PaccunrthiBaroTcs 3HaUCHUS TOJICH pacceaHuA:

3J1eKTp0HH0“ cxeMbI MeTO}IOM KMB.KC = KMaKC.MI/IHI/IMaKC— . KMaKC.Ml/IHI/IMaKC+ = 0)148' . '0,21;
MaKCUMyMa-MUHUMYMa
CocraBisieTcs cBoJaHas TaOIUIa Ha 00Iee KOJIH- AK vaxer = Kyaxe sommmaxe+ — Kvaxe o =
YECTBO HEMOBTOPSIONUXCS KOMOWHAIIMKA HOMHHA- =0,21-0,177=0,033;
JIOB (TaK KaK BCEro KOJIMYECTBO DJIEMEHTOB B CXEME AR e = Koo — Ko smmmace. =
paBHO 6, a KOJMYECTBO BapUAHTOB HOMUHAJIOB IS =0.177 —'O 148 = 0'029,
KaKIOT0 AJIEMEHTa PaBHO 2, TO 00Iee KOJUIECTBO ’ ’ T
KoMOuHaImit B Tabmume 2°= 64), 3ateM momepe- K = *8hncs = (), 17740053 -
MEHHO YCTaHABIMBACTCA JOMYCKHM HAa HOMMHAJIBI e HAKEON ZAR, - 0,029

pesuctopoB (5 %) 1 Ha HOMHHAJIBI KOHJIEHCATOPOB

(10 %), mocte 4ero 3aHOBO CTPOUTCS rpaduK aMILIH- BW = BW e - BW smansae-= 4,063...5,493 T

TYyAHO-YaCTOTHOM XapaKTEPUCTUKU CIPOCKTHPOBAH- ABW. = BW o BWumaxe+= 4,696 — 4,063 =
HOW CXEeMBbI U MPOU3BOAMTCS ee aHanmu3 (puc. 14-19): =0,633 I';
KMaKC.HOM: 0:1777 KMaKc.MHHMMaKc+ = 03217 ABW = BWMI/IHI/IM&KC— — BWHOM = 5,493 — 4,696 =
KMaKc.MuHumaKc— = 09148: = 0,797 FH,
BWHOM = 45696 FH, BWMaKc.MnHHMaKc+ = 45063 Fua + ABWyiva +0,797
BW ae smumare- = 3,493 T'1y. BW = BVVHOM’ABW\WMWH - 4’696’0s633 T
R2
>
W\
0.21MEG ‘/
c1 c2 R3

T m AW~
0.33u 5.5u 0.84MEG ‘
V1 |

VOFF =0 2% 3
VAMPL = 1 < R1 | 1.32u
FREQ =1 > 1.05MEG

AC=1 ‘

: el
=g
Puc. 14. Cxema sneKkTpudeckas IpUHIMIHAIbHAS (CiTydal Ui KOMOMHAIIMY MaKCUMaJIbHBIX HOMHHAJIOB PE3UCTOPOB

u xkoueHcatopoB): C1 = 0,33 mx®d; C2 = 5,5 mx®; C3 = 1,32 mx®; R1 = 1,05 MOwMm; R2 = 0,21 MOwm; R3 = 0,84 MOwM

Fig. 14. Electrical schematic diagram (case for a combination of maximum values of resistors and capacitors):
C1=0.33uF; C2 =5.5uF; C3 =1.32uF; R1 =1.05 MOhm; R2 =0.21 MOhm; R3 = 0.84 MOhm
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Puc. 15. AUX 1o metony MakcumyMa-MHUHAMYMa (CIy4ai Juiss KOMOWHAIMK MaKCUMaJIbHBIX HOMUHAJIOB PE3UCTOPOB
u kouzpeHcatopo): C1 = 0,33 mx®; C2=5,5 mx®; C3 = 1,32 mx®; R1 = 1,05 MOwm; R2 = 0,21 MOwm; R3 = 0,84 MOm

Fig. 15. Frequency response using the maximum-minimum method (case for a combination of maximum values of
resistors and capacitors): C1 = 0.33 uF; C2 = 5.5 uF; C3 = 1.32 uF; R1 = 1.05 MOhm; R2 = 0.21 MOhm; 3 = 0.84 MOhm
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Puc. 16. AUX no mMeroxy MakcuMyMa-MHHUMYyMa (CiTydai JuIs BEpXHEH I'paHUIbl MaKCHUMaJIbHOIO KO3(QHUIHEeHTa
niepenadd Kyae vmmmaxe+ = 0,21): C1 = 0,33 Mmx®; C2 = 4,5 Mmx®; C3 = 1,08 mx®; R1 = 1,05 MOwm; R2 = 0,19 MOwm;
R3 =0,84 MOm

Fig. 16. Frequency response using the maximum-minimum method (the case for the upper limit of the maximum
transmission coefficient K ax minimax+ = 0,21): 1 = 0.33 uF; C2 = 4.5 uF; C3 = 1.08 uF; R1 = 1.05 MOhm; R2 = 0.19
MOhm; R3 = 0.84 MOhm

156my
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Puc. 17. AUX no merony MakCUMyMa-MHHHUMYyMa (Cilydail JUisd HW)KHEH TpaHUIBl MaKCHUMaJIbHOTO KO3(pQHIMEeHTa
nepenadd Kyaevmmmaxe— 0,148): C1 = 0,27 Mmx®; C2 = 4,5 Mmx®; C3 = 1,32 mx®; R1 = 0,95 MOwm; R2 = 0,21 MOwm;
R3 =0,84 MOwm

Fig. 17. Frequency response using the maximum-minimum method (the case for the lower limit of the maximum
transmission coefficient Ky minimax. = 0,148): C1 = 0.27 uF; C2 = 4.5 uF; C3 = 1.32 uF; Rl = 0.95 MOhm;
R2=0.21 MOhm; R3 = 0.84 MOhm



PaauorexHuka u cBs3b 111

(578.096m,176.921m) — ——— i

(80.591m,125.000m)

" 7(4.1440,125.000m)

oU- — ! | : |
100uHz 1.0mHz 16mHz 100mHz 1.0Hz 10Hz 100Hz
u(c3:2)
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=4,063 I'n): C1 =0,33 Mmxd; C2 =4,5 mx®d; C3 = 1,32 mx®P; R1 =1,05 MOm; R2 =0,21 MOwm; R3 = 0,84 MOM

Fig. 18. Frequency response using the maximum-minimum method (the case for the lower limit of the band width
BW sinimax+ = 4,063 Hz): C1 = 0,33uF; C2 = 4,5uF; C3 = 1,32 uF; R1 = 1,05 MOhm; R2 = 0,21 MOhm; R3 = 0,84 MOhm
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Puc. 19. AUX o MeTrony MakCuMyMa-MUHUMYyMa (CIy4ail IJ1sl BepXHe# rpaHullbl MOJI0Ckl NponycKauus BW, uumare =
=5,493 T'm): C1 = 0,27 mx®; C2 = 5,5 mx®; C3 = 1,08 Mmx®; R1 = 0,95 MOwMm; R2 = 0,19 MOwm; R3 = 0,76MOm

Fig. 19. Frequency response using the maximum-minimum method (the case for the upper limit of the bandwidth
BW inimax_= 5,493 Hz): C1 =0.27 uF; C2 = 5.5 uF; C3 = 1.08 uF; R1 =0.95 MOhm; R2 = 0.19 MOhm; R3 = 0.76 MOhm

HTrorosblie pe3yabTaTbl BBIYHMCJICHTI

Final calculation results

MeTton Ky

BW, Tl

Meton Monte-Kapiio

Ky=10,177+0,064 =0,113 ... 0,241

BW=4,728 £ 1,341 = 3,387...6,069 I'y

Meron HauxyALero cirydas Make 0,029

K,.=0,177"%=0,148..0,21

BW =4,696"" = 4,654..4,811Tx

-0,042

MeTO,Z[ MaKCI/IMyMa-MI/IHI/IMyMa MaKc ~0.029

K. =0,177"% =0,148..0,21

BW =4,696"7" = 4,063...5,493 Ty

-0,633

BriBOABI

Ha ocHOBe comocTaBiieHHsI UTOTOBBIX PE3YIb-
TaToOB BBIYMCIEHUH MOXKHO CHIE€JIaTh BBIBOJ, YTO
KO3((UIUEHTHl YCUIICHHS U TOJIOCHl NPOIYyCKa-
HUS 1711 K@KIOT0 U3 TPeX METOAOB aHaiu3a 00-
JaJalT COM3MEPUMBIMH 3HA4CHUSIMHU, B J0OCTa-
TOYHOW CTENEHU CXOJHBIMH OTHOCHTEIBHO IPYT
Ipyra IpH peaJn3aluy JaHHBIX METOJOB B NpO-
rpamme OrCAD, 4TO NOATBEpP)KAAET MpPaBUIIb-
HOCTh NPOU3BEICHHBIX PAacue€TOB U MOJAEIUPOBa-
HHUSI UCXOJHOM CXEMBI 3JIEKTPUYECKON IIPUHIUIIN-
aJbHOM.

VCTaHOBICHO, YTO W3 BCEX METOJIOB aHaJM3a
pazbpoca OMyCKOB ONPENEeIUTh BIUSHUE U3MEHe-
HUSI HOMHHAJIAa OJAHOTO OT/AEIBHO B3STOTO IACCHB-
HOTO KOMITOHEHTa Ha M3MEHEHHE BBIXOJHBIX Iapa-
METpPOB LIETN TTO3BOJISCT JIMIIb METOA MaKCUMyMa-
MUHHMYMa, TaK KaK TpU €ro peajiu3aluu paspa-
0OTUMK BIpaBe caM W3MEHHUTH BHIOPAHHBIH HOMHU-
Hai. OJTHAaKO MO CPaBHEHMIO C APYTMMH METOJaMHU
JAHHBIA METOJ| ABJIAETCS MEHEee TOYHBIM, TaK Kak
OH OCHOBaH Ha MPHUHLUIIC aHAIM3a KpalHUX 3Ha4e-
HUH HOMHMHAJIOB 03 ydyeTra UX IMPOMEXKYTOYHBIX
3HAYCHUH, B IIPEeNax KOTOPHIX MOTYT HaXOIUTHCS
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peallbHbIe 3HAYEeHUS MaKCHMyMa W MHHUMYyMa KO-
¢ dunmeHTa yCHWICHHS W TOJOCH MPOIYCKaHHUS.
CrnenoBaTenbHO, A pEIICHUS 33Jadd OmIperere-
HUS BBIINIEOO03HAYCHHOTO BIIMSHUS MOXXHO UCXOJI-
HO BOCIIOJIb30BATbCS METOIOM MaKCUMyMa-MUHH-
MyMa, a 3aTeM OoJiee TOYHO ONpENeSUTh MaKCH-
MaJIbHbIC 1 MUHUMAJIbHBIC 3HAYCHUS IJICKTPHUCSCKIX
MapaMeTpoB C IOMOIIBI0 aBTOMATU3UPOBAHHBIX
meTos10B MonTte-Kapno u Hauxyamiero cimydas. ¥Yc-
TaHOBJICHWE JTOTO BIUSHUS OYyJEeT paccMOTPEHO
B CJISAYIOIIEH CTaThe.
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The article presents the circuit modeling results of a two-stage complex voltage divider with subsequent analysis of
its amplitude-frequency response both in the initial absence of nominal tolerances and taking into account the estab-
lished nominal tolerances of the circuit passive components in order to determine the spread of gain and bandwidth
values by means of the Monte Carlo, the worst case and the maximum-minimum methods. The main purpose of such
a scheme modeling is practical demonstration of evaluation methods of the electrical parameter spread within the
OrCAD computer-aided design environment for further similar more complex electrical circuit and component (parts /
nodes /cascades) modeling using these methods, finding (real) practical application in radio engineering equipment
and radio systems in order to reduce material and time costs during their development and preliminary assessment of
the potential circuit gain and bandwidth spread at the modeling stage (mathematical / circuit engineering / simula-
tion) before these circuits being directly implemented. The need for such a preliminary analysis of the electrical pa-
rameter spread is only increasing every year. The relevance of this topic is evident in the analysis of circuits, when
strict requirements are set on the variation of the parameters of these elements. In the course of practical implementa-
tion, the main methods for analyzing the spread of electrical circuit parameters are demonstrated, among which there
are both methods provided for automatic circuit modeling by the OrCAD program, such as the Monte Carlo method
and the worst-case method, as well as the method not provided by the automation program and requiring more pro-
found control and calculation by the developer involved in the above-mentioned problem of circuit analysis,
represented by the maximum-minimum method. The latter one is also of particular interest being less examined by
earlier scientific and technical studies and publications, including in the framework of the description of its implemen-
tation in various computer-aided design environments.

Keywords: electrical schematic diagram, nominal tolerances, transfer function, gain factor, bandwidth, circuit model-
ing, Monte-Carlo method, worst case method, maximum-minimum method, computer-aided design system OrCAD.
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