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UCCJEJOBAHUE OCHOBHBIX XAPAKTEPUCTHUK YMHOXHUTEJIEM YACTOTHI
B IUAITA30HE 120-220 I'T'LY

M.A. BOPOBCKAJ, B.I1. JIMITATHUKOB, M.M. KACIIEPOBIY,
A.M. KOCTPUKHH, A.B. 'YCUHCKIU

FBenopycckuii eocyoapcmeennulii ynusepcumem ungopmamuxu u paouosnekmponuxu, Pecnybnuxa benapyco

Hocmynuna 6 peoakyuro 9 aunsapa 2018

AnHotanusi. PaccMoTpeHbl 0COOCHHOCTH KOHCTPYKLMH M IIPHHIMIIA PadOTHl yJBOUTEIECH YacTOTHI B JUana3oHe
gactoT 120-220 I'Tn. IlpuBeneHs! pe3yabTaThl U3MEPEHUI BXOAHOM U BBIXOAHOM MOIIHOCTH yJBOMUTENEH 4aCTOTHI,
paccunTaHbl 3HAYCHUS MX KOA(PPHUIUESHTOB Nepeiady Mo MouHocTH. Pa3paboTana MeToarka U3MEPEHU 1 OLICHKU
pe3ynbTaTOB OTKIIOHEHHS KO3(HUIMEHTa Mmepenadr Mo MOIIHOCTH YIABOWTENEH 9acTOTHI. VcciemoBaHsl
3aBUCHMOCTH KO3((GHUINEHTOB NIepejady [0 MOIIHOCTH OT 3HaYE€HHsI BBIXOJHOW MOIITHOCTH Y/IBOUTEIEH.

Kntouegvie crosa: ynBonTenb 4acTOThI, KOHCTPYKIHS, KOIUTAHAPHBIH, IIEJIEBOH, MOLIHOCTh, KOG (QHUILUEHT epeadn
M0 MOIIHOCTH, HEOTPEeIEHHOCTh U3MEPEHU.

Abstract. The features of the design and the operation principle of frequency doublers in range 120-220 GHz are
considered. The results of input and output power measurements of frequency doublers are given, the values of them
efficiency factors are calculated. A technique for measuring and estimating the results of the deviation of the efficiency
is developed. The dependence of the transmission coefficients from the value of the output power of the frequency
doublers is investigated.

Keywords: frequency doubler, design, coplanar, crevice, power, power transmission coefficients, uncertainty
of measurement.
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BBenenne

B nmnocnemnume TOABI AKTUBHO MPOBOJSTCS HCCIEAOBAaHUS U Pa3pabOTKH, CBS3aHHBIC
C KOPOTKOBOJHOBOM YacThi0 MIJUIMMETPOBOIO JAMANa3oHa BOJH. JTO OOYyCJIOBIEHO NPUMEHEHHUEM
MUJUTHMETPOBBIX H CYOMUJZTMMETPOBBIX BOJIH B HAYYHBIX UCCIIEIOBAHUSX, VI 30HANPOBAHMS aTMOC(hepbl
B METEOpOJIOTMH, B MEIWIWHE, B paJAWOACTPOHOMUHM, OHOJNOTHM M JAPYrHX  OONacTsIX.
Bo Bcex 3THX wuccieqoBaHUWSIX IS PEHICHUS W3MEPUTENBHON 3ajadd HE0OXOJWMO HCHONIb30BaTh
TeHepaTophl CUTHAJIOB, BEKTOPHBIE M CKAJSIPHBIE AaHANIM3aTOPBI LIENIEH, B COCTaBE€ KOTOPBIX IIMPOKO
MPUMEHSIOTCS. YMHOKHUTEJM YacTOTHI JJIsl KPaTHOTO MpeoOpa3oBaHus (YMHOXKEHHUsSI) YaCTOTHI BXOJHOTO
CUTHAJIa.

Ha oreuecTBeHHOM pBIHKE IO HEKOTOPOrO BPEMEHH OTCYTCTBOBAJIM YCTPOWCTBA YMHOXEHHS
yactoTtel, B cBsi3u ¢ uemM B llentpe 1.9 HUY BI'YUP Obuta mocraBieHa 3agada pa3paboTKu
Y UCCIIJIOBaHNsI OCHOBHBIX XapaKTEPUCTHK yIIBOUTEINEH 4acTOThI, pabOTaIOMINX B qUana3oHe 4actoT 120—
220 I'Tu.

Lenpto wucciaenoBaHusi ABJSIETCS IMOJIyYEHHE 3aBUCHMOCTEH Kod(duUMeHTa mepenaqyu
IO MOIIIHOCTH yJIBOMTENEH 1] OT YaCTOTHI BBIXOJHOTO CUTHAMA Fyyix.

IIpuHIun padoTsl 1 3J1eMeHTHas1 0a3a HcceAyeMbIX yABOUTeIe 4acTOThI

Brenrnmii Bua paccMaTpuBaeMBbIX YABOWUTENEH YacTOTHI MPEACTaBIeH Ha puc. 1.
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Puc. 1. Yasourenu yacToThl: a — B Auana3one 4actor 120—160 I'T1; 6 — B quama3one yactoT 150—-180 I'T';
6 — B quamna3one yactot 140-220 I'T'g

B nmwmanazone CBY (MuwuimMeTpoBble M CyOMIJUTUMETPOBBIC [UIMHBI BOJIH) HauOolnbliee
npuMeHeHne HaxoaaT yMHoxuTenn Ha CBY nmnomax ¢ 6apeepom LI0TTKH, KOTOpBIE HMEIOT MaJIOE IIPSIMOE
NajgeHue HaNpsHKeHHs, YTO TII03BOJIIET TIOaBaTh HA BXOJX JOCTaTOYHO cJa0ble CHTHAIIBL,
a ecnu ucnonb3oBath Auoasl CBY, To u paboumil auama3oH ycTpoWcTBa cMelaercss B 00JacTh
CBEepXBBICOKUX yacToT [1]. PaboTa rcciemyeMbix YMHOKUTENEH 4acTOThI OCHOBaHa Ha 3 dexTe yaBoeHus
YacTOTBl IO CXEMe JABYXIOJYIEPUOAHOro BhIpsimieHUs [2, 3]. DKBHBaJeHTHas cXema JaHHbBIX
YIBOWTENEH YaCTOTHI IPECTaBICHA HA PUC. 2.
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Puc. 2. DxBUBaNIEHTHAs CXeMa UCCIIEyeMbIX YABOUTENEH YaCTOTHI

KOHCprKTI/IBHO YABOUTECIb YaCTOTHI BBIIIOJHECH B BU/C KOM6I/IH3HI/II/I ABYX JIMHUN nepeaadyun (CM.
puc. 3): BXOJHOM — KOILJIaHAPHOT'O BOJIHOBOMAA (3) M BBIXOJIHOW — IIEJCBOM JIUHUH (5), MEXIY KOTOPHIMH
yCTaHOBJIEHHI aBa muona ¢ O6apeepom Illortkm 3A-147-A (4). BxomHoil cWrHam mocTymaeT co BXOja
BomHOBona (1) ceuenmem 24x1,2 MM Ha KOIUIAHAPHYI0 JIMHHIO 4Yepe3  HHAYKTHBHBIHA
30H1 (2) ¥ jajee IPOXOAUT Ha MOl yIBOUTENs. BRIXOAHON CUTHAT BO30YKAAaeTCs B IICICBOM JIMHUH,
PacroyIoKeHHOW B BOJHOBOJE ceyeHueM 1,6%0,8 MM. BXOIHOI M BBIXOIHOH BOJHOBOIBI Pa3ACiICHBI
Mexay coboil  MeTaimnmmueckod  mepembrukor  (6), oOecmedwBaromieid  pas3BsA3KYy — BXOJHOTO
N BBIXOJHOI'O BOJIHOBOJOB. DJ1eMEHTEI KOHCTPYKIMMU YABOMUTCIISA BBIIIOJIHCHBI Ha )Z[PIC-)J'IeKTpH‘-IeCKOfI
nomioxke «RT DUROIDy Tommmuoit 0,127 MM, pa3MeIIeHHOH B pa3pese M0 MEHTPY MIUPOKOH CTEHKH
BOJIHOBOJI.

Puc. 3. DcKku3 KOHCTPYKIUU YABOUTEIS YaCTOTHI

PaboTa yMHOKUTENEW 4aCTOTHI XapaKTEPU3yeTCsl PSIOM MapaMeTpOB:

— K03 PHUIHEHTOM YMHOKEHUS;

— BXOIHOH (Psx) 1 BBIXOJHOM (Pyiix) MOIIHOCTBIO;

— KO3 UIMEHTOM TMepefadd MO MOIIHOCTH (1)), MHOTAA €ro Ha3blBaloT 3((HEKTUBHOCTHIO

P. .
yMHOXUTENS: 1 =—->-100 %;
2

— mosocoit pabounx gactot Fu t. 7.



Metoauka usMmepenns ko3 (pduumnenta nepegaun
110 MOLIIHOCTH HMCCJIeyeMbIX YABOUTE/Iel 4acTOThI

Jnst mpoBeaieHus uccineoBaHus Obula coOpaHa U3MepHUTENbHAs YCTaHOBKa Ha 0ase mpruOopoB,
Haxozasmuxcs B Beaenuu Lentpa 1.9 HUY BI'YUP, ctpykTypHas cxema KOTOpOii IpeicTaBiIeHa Ha
puc. 4.
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Puc. 4. Cxema HU3MEPCHUA XapAKTECPUCTUK yMHO)KPITeJ'Ieﬁ YaCTOTHI

B xadecTBe HWCTOYHHMKA BXOJHOTO CHTHAajda HCIOJIB30BAIHCH TeHepaTtopsl CBY curmanos
'4-186 (mms jgwamazoma wacror 53,57-78,33 ITm) wm PI'4-14 (gms auamasoHa  9acToT
78,33-118,10 I'T'y). s m3MepeHuss MOIIHOCTH BXOAHOTO M BbIxoaHOro CBY curHAmoB mpuUMEHsSIICS
BaTTMETpP MOTJIOIIaeMoii MorHocTH M3-75 ¢ mpeobpazoBarensmu [111-14 (B guamazone wyacror 53,57—
78,33 I'Tm), IIII-15 (B mmamazome wacror 78,33-118,10 I'Tm), II1-16 (B mmamasome uwactor 118,10-
220 T'Tm).

OO0OpaboTka pe3yabTaTOB H3MEPEHHH COCTOSUIa B  ONPEICIICHUU 3HAYCHHUS HM3MEPSEMOM
bu3HYecKOll BETMIMHBI M HEONIPEISICHHOCTH pe3yibTaTa usMepenus [4].

Jlns  OLIGHKW pEe3yNIbTATOB OTKJIOHEHHS pacyeTHOro 3HavyeHus Koddduimenta mepenaqn
0 MOIIHOCTH (1)) YIBOMTENCH YacTOTHI ObllIa COCTaBJICHa ClieAyromas pyHKius usmepenui (1):

_P@+85) (1+85) (1+52)
R@+8g)  (1+05y)

rae P, P, —u3MepeHnble BXOHAsA U BBIXOHAS MOIIHOCTh, MBT; ,,0,, — HEONPEAEIEHHOCTh U3MEPEHUS

.100%, 1)

BXOJIHOH M BBIXOJHOH MOIIHOCTH MCCIEIyeMOro HpeoOpa3oBaTelsl 4acTOThI, OTH. €1.; Osy,Ossip
HEOIIPEJICIICHHOCTh U3MEPEHHs], 00YCIOBICHHAS PACCOITIACOBAHUEM B U3MEPUTEIEHOM TPAKTE, OTH. €11.;
8 x — HEONpeJIETIEHHOCTh U3MEPEHH s, 00yCIIOBIEHHAs HECTAOMIBHOCTBIO F'eHEPAaTOPa BXOIHOTO CUTHATIA,

OTH. €e]1.

B Ta6n. 1 npuBeneH aHamu3 BEIHMYWH, BXOASIIMNX B (YHKITHIO U3MEPEHUS KOdGQUIHCHTA ITepe1avun
0 MOIITHOCTH yABouTenel yactoTel CBY nuamnasoHa.

KoadduimenTs! 4yBCTBUTETBHOCTH, IPUHSTHIE PH PacyeTax:

c(Pz)%-loo%,

1

c(a)z—%.m%,

1

C(sz) = C(Saaﬁz) = C(Bi A) = % -100%,

1

P

c(dp)=——-2—-100%,
" R (6Pl +1)2

C(Bsem) =~ i 7 -100%

R (g +1)
[MpuHKrMasi BXOJHBIE BEJMYMHBI KaK HEKOPPEIUPOBAHHBIE, MOXHO 3alMCaTh PACIIMPEHHYIO

HEOTPEeIeICHHOCTD pe3yibrara m3mepenus (Uy,) kak

U, =k-u;(m)=k- @

rae K — koadduiment oxsata. [Ipy HOpMaNTEHOM 3aKOHE pacHpeaesIeHus i ypoBHs qoBepus P = 95 %
ko3 duruent oxpara k = 2.

Tabmuua 1. AHAIM3 BXOAHBIX BeJIHYUH

Bxonanas

XapaKTepUCTHKH
BEJIMUMHA




Tumn HeonpeneneHHOCTH: A
Bun pacnipenenenus: HOpManbHOE

_ 1 .
Orenka BelMYuHbl P = 72 P, MBT, rne Pi — pe3ynbTar i-ro HabmoeHus,

Pl ! Pz Nz
N — KOJHUYECTBO HAOJIOAEHUI
CraHzapTHas HEONPEIEICHHOCTh: u(}5) = 1 Z(Pi — |5)2
n(n-1) =

Tum Heonpenenennoctu: B

Bun pacnipeneneHus: mpsiMOYTOJIbHOE

Ouenka BenuunHEL: 0

WurepBai, B KOTOPOM HaXOAUTCS 3HAUCHUE BXOTHOMH BETHIUHBI:

+g1 — ompezpenseTcs NpeAeTaMH OCHOBHOW IIOTPENIHOCTH H3MEPEHHs IPUMEHSEMOro BaTTMETpa

Spy2p, norsiomaemMoi Momuocta M3-75:

B AMamna3oHe u3MepeHus MomHocT oT 1 MkBT o 10 MxBt —

+[15+0,25-(Pu/Px— 1)] %;

B JMana3oHe uaMepeHus MomHoctr oT 10 MkBT 10 10 MBT — 10 %
/100 %

CraHJapTHast HEOIPEAEICHHOCTh: U( 8, ) = aiT

Tum Heonpenenennoctu: B

Bup pacripesieneHust: apkKCHHYCOUIATBHOE

OrieHka BeTUUuHbL: 0

WurepBai, B KOTOPOM HAXOAUTCS 3HAUYCHUE BXOJHOW BETHINHBIL:

Sgan, 1 Oaare + a,=%2-T,-T,, rne T'1 — Moxy”s K03 PHUIMEHTA OTPAKEHUS BBIXO/IA TEHEPATOPA/YMHOKHTEIIS,

I'2 — Moayis k03¢ uienTa oTpaxkeHus Bxoaa usmepurelst MorgHoctu (TOCT 20271.1-91)
a

CTaHzapTHas HEONPEIENeHHOCTh: U( Sy ) = f;

Tun Heonpenenennoctu: B

Bun pacnipeneneHus: mpsiMOYTroJIbHOE

OreHka BenmuuuHbL: 0

8 x HuTepBan, B KOTOPOM HAXOJUTCS 3HAUCHHUE BXOTHOM BEITMYMHBI:

+ g3— onpezersieTcs npeenaMi HecTaOHIIbHOCTH YPOBHS BBIXOJIHOTO CHI'HaJIa reHepartopa — 1 %
a, /100 %

B

CraHgapTHast HEOIPEACICHHOCTh: U(§; 5 ) =

Pe3yabTaThl 3KCIEPUMEHTAJBHBIX HCCJIEI0BAHMI U UX 00CYKIEHUE

B pesynbrare wu3MepeHHid OBUTM TOJNyYEHBI XapaKTEPUCTUKH YMHOXKHTENEH YacTOTHI,

TIpeJICTaBIeHHbIE B Ta0I. 2—4.

Tabnuua 2. Pe3yabTaThl H3MepPEeHUil YIBOUTES YACTOTHI B Anana3one 4actoT 140-220 I'T'y

Fs, T Fis, IT P, MBr P, , nbm P, , MBt P, , nbm M, %
70 140 7,902 8,977 0,046 —13,372 0,6
715 143 11,229 10,503 0,132 8,794 1,2
72,5 145 12,31 10,903 0,358 —4,461 2,9
75 150 14,556 11,63 0,751 1,244 5,2
77,5 155 13,724 11,375 0,573 -2,418 4,2
78,33 156,6 8,643 9,367 0,596 —2,248 6,9
80 160 9,417 9,739 0,362 —4,413 3,8
82,5 165 10,249 10,107 0,414 -3,83 4,0
85 170 11,318 10,538 0,227 —6,44 2,0
87,5 175 12,21 10,867 0,266 5,751 2,2
89,3 178,6 13,338 11,251 0,195 7,1 15
92,5 185 13,814 11,403 0,107 —9,706 0,8
95 190 14,387 11,58 0,203 —6,925 14
97,5 195 13,993 11,459 0,138 8,601 1,0
100 200 13,614 11,34 0,272 5,654 2,0
102,5 205 13,636 11,347 0,433 —3,635 3,2
105 210 13,74 11,38 0,687 -1,63 5,0
107,5 215 13,369 11,261 0,734 —1,343 55
110 220 13,245 11,22 1,535 1,861 11,6
Tabmuma 3. Pe3yabpTaTsl H3MepeHUid yABOUTES YaCTOTHI B Anana3one yactot 150-180 'y
Fo,ITn Fis, T P, MBr P, , nbm P, , MBT P, , nbm M, %
78,33 156,6 8,644 9,367 0,619 —2,083 7,2
80 160 9,417 9,739 0,47 -3,279 5,0
82,5 165 10,249 10,107 0,701 -1,543 6,8




85 170 11,319 10,538 0,462 -3,354 41
87,5 175 12,21 10,867 0,38 —4,202 3,1
89,3 178,6 13,338 11,251 0,208 —6,819 1,6

Tabmuna 4. Pe3yJbTaThl H3MepeHHii yABOUTE/IsS YacTOTHI B Auana3one yactor 120-160 I'T'n

Fs,ITn Fis, IT P, MBt P, , nbm P, , MBt P, , nbm M, %
60,0 120 12,809 11,075 0,909 —0,414 7,1
62,5 125 12,311 10,903 0,892 0,496 7,3
64,6 129,2 12,642 11,018 0,86 —0,655 6,8
67,5 135 10,397 10,169 0,806 —0,937 7,8
70,0 140 7,901 8,977 0,813 —0,899 10,3
71,5 143 11,228 10,503 1,003 0,013 8,9
72,5 145 12,311 10,903 0,765 -1,163 6,2
75,0 150 14,555 11,63 0,589 —2,299 4,1
77,5 155 13,725 11,375 0,529 —2,765 39
78,33 156,6 8,644 9,367 0,149 —8,268 1,7

80 160 9,417 9,739 0,217 —6,635 2,3

Js HaTJISIMHOCTH BIUSHUS BXOTHBIX BEJIMYWH HA TOYHOCTh M3MEpPEHUs B Ta0l. 5 IpHBEICH
OIO/PKET HEONPEJCIICHHOCTH TIONYYCHHBIX pPEe3yJbTaToB Kod(duimeHTa mepesayd MO0 MOIIHOCTH
YABOUTEIS YaCTOTHI B Anama3one yactot 140-220 I'Tm.

TaGurma 5. BloqkeT Heonpe/eJIeHHOCTH

Koadpdu- | Brumag B
ST — EHS:H_ 3uauenie | YIHTED- HEﬁE- Pa;:}; I::e_ CTE:gEI;I_{M . H:Cﬁ;};;_ Heompe- HpvoueHT-
X H3Mepe- X; T}J_I Ileei[{e_- BeposT- | ACNEHHOCTH Te?n,Hocm i?:g’ HBIH ;:Héill,
HUSE HoCTH HoCTeit u(x;) c u; ()
P, MBT 10,2 - A HOpM. - - - -
P, MBT 0,41 - A HOPM. 0,001 9,757 0,010 0,02
Spy OTH. €11 - 0,100 B pPSIM. 0,058 -4,039 -0,233 10,1
dp, OTH. €] - 0,100 B TIPSIM. 0,058 4,039 0,233 10,1
Saaﬁl OTH. €11 - 0,056 B ApPKCHH. 0,039 -4,039 -0,158 4,62
- OTH. €]] - 0,056 B ApKCHH. 0,157 4,039 0,634 74,8
S & OTH. €I - 0,010 B psIM. 0,006 4,039 0,023 0,09
CyMMmapHas cTaHaapTHas 0,733 _ _ B
HEOTIPEIENIEHHOCTh

[locne 00pabOTKM pe3yibTaTOB HM3MEPEHHH 10 BBHIMICIPUBEICHHON METOAMKE TOTYYHIN
crnenyrolnue rpaduKy 3aBUCUMOCTH KO3 (UITUSHTA MIEPeIadr 110 MOILTHOCTH (1)) YIBOUTEJEH 4acTOThI OT
YaCTOTHI BEIXOAHOTO curHama (Fpx).

U3 rpadukoB u TabnuI M3MEpeHHd BUIHO, YTO cpeiHee 3HaueHue KoddduimenTta nepeaayn mno
MOIIHOCTH YIBOUTENECH YaCTOThI JIGKHUT B obOmactd or 1 jmo 12 %, uMes JIOKaJbHbIE MHHHUMYMBI
U MaKCUMYMBI, 0OYCIIOBJICHHBIE Pa30pOCOM YPOBHS BXOJHOW MomrHocTH. OnHAKO Ha OOJbIIeHd YacTh
pabouero auana3oHa 4acTOT CpejHee 3HaueHue Kod3(h(UIMEeHTa Mepeaadd Mo MOIIHOCTH YABOUTEICH
YaCTOThl UMEET 3HauYeHHe Ha ypoBHE 3—7 %. 3HAauYCHHS BBIXOJHON MOIIHOCTH CUTHAJa HCCIETyEeMbIX
YJIBOWTENEH YacTOThI JISKAT B uana3oHe ot 0 10 —9 nbm, 4to 00ycI0BIeHO Masiol MOITHOCTHEO BXOIHOTO
curHana (ot 9 mo 12 nbm). Y 1BouTENN 4acTOTHI C TOTYYSHHBIMH XapaKTEPUCTHKAMH MOTYT MPUMEHSATHCS
nipu moctpoeHnd CBY n3MepHUTENbHBIX TPAKTOB CKAJIIPHBIX U BEKTOPHBIX aHATU3aTOPOB IIEMeH, KOTOPhIS
paboTarOT Ha MAJIbIX YPOBHSX MOIIHOCTH CUT'HAJIOB.
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Puc. 5. 3aBucumocts k03¢ GUIHEHTA ITepeadu 0 MOITHOCTH OT YAaCTOTHI BBIXOAHOTO CHTHAIA
YABOUTENS YacTOTHL: ¢ — B nuana3oHe yactot 140-220 I['T; 6 — B muamazone
gactoT 150-180 I'T'11; 6 — B qmanazone gactot 120-160 I'T'1x

3aka0ueHne

Hcnonb3ys Henoporyio u IOCTYITHYIO SJIEMEHTHYI0 023y M OTHOCUTEIBHO MPOCTYI0 KOHCTPYKIIHIO,
B Llentpe 1.9 HUY BI'YUP pazpabareiBatoTcsi YABOUTENH 4acTOTH B AuamazoHe dactor 120-220 I'Tm.
OCHOBBIBasICH Ha pe3yabTaTax HCCIIeI0BaHuS, MO>KHO YTBEPKAATh,
4T0 K03(p(PHUIIUECHT Mepesadn o MOIIHOCTH U YPOBEHb MOIIIHOCTH BBIXOJJHOTO CUTHAIIA pACCMaTPUBAEMBIX
YCTPOMCTB TO3BOJISIET MIMPOKO MpuMeHsTh nX B CBU mM3MepuTenbHbIX TpakTax mpuOOpoB, oOecrieunBas
HOPMaJIbHYIO pab0TOCTIOCOOHOCTE cpelcTB n3MepeHuid. Ha oreuecrBenHoM prinke CBY usnenuii Oomnbiue
HE TPEJCTABICHO MPOU3BOAMTEIICH yABOMTENeH 4acTOThl B jauamnazoHe dactor 120-220 I'T'u. Ananus
3apy0exHoro pbiHKa mpousBoauteneii CBY a1eMeHTOB MOKa3asl BBICOKYIO KOHKYPEHTOCIIOCOOHOCTh
paccMaTpUBaeMbIX yIBOHTEIIEH YacTOTEI o TEXHUYECKUM
Y SKOHOMHUYECKUM MapaMeTpaM.
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