Tpyner MacTuryTa npukiianuoi acrporomun PAH, Beim. 52, 2020

MeToa CHHKEHUA «IIyMOBOTO I10JIA»
(P POBLIX AHAJIU3ATOPOB (pa30BEIX (PIIYKTY AU

© B. A. Kapenun, A. C. CmenbruakoB
AO «PUPBp, r. Cauxkr-Ilerepbypr, Poccust

Pedepar

ITess paGoThl — masbHEHIIEe pa3BUTHE TIPEJIOKEHHOI0 paHee MeTo1a I poBoi 06pabOTKY CUTHAJIOB IPEITU3HOH-
HBIX CTAHJAPTOB YACTOTHI ¥ BPEMEHU JJIs M3MepeHus (pasoBhIX IIyMOB. PellleHue psjaa 3a/1a4 co3qaHUS BHICOKOTOUHBIX
330X KBAHTOBBIX I'€HEPATOPOB HEBO3MOKHO 0€3 WCIIOJIb30BAHWS ABTOMATH3WPOBAHHBIX WH(MOPMAIIMOHHO-U3Me-
PUTEJIBHBIX CUCTEM ITPEIIM3NOHHOT0 U3MEPEHUs CIIEKTPAJIBHON IIJIOTHOCTH MOLITHOCTH (hA30BBIX PJIYKTYaIlnii CUTHAJIOB,
Tak Kak (pasoBBIN ITyM ABJISETCS, IT0 MHEHUIO aBTOPOB, BAYKHEHUIINM KPUTEPHUEM CTAOMIBHOCTH YaCTOTHI T€HEPATOPOB U
CHUHTE3aTOPOB. [IpHU MOCTPOEHUN TAKUX CHCTEM COBPEMEHHOE COCTOSHUE MUKPOIJIEKTPOHUKH TIO3BOJIAET PEAIM30BBIBATD
ONTUMAJIBHBIE METOIbI U3MEPEeHUN (Pa30BOro CIBUTra PAJHUOCUTHAJIOB (B YACTHOCTH OPTOTOHAJILHBIE) B IIU(POBOM BUJIE.
OcobeHHOCThI0 PACCMATPUBAEMOr0 AJITOPUTMA SBJIETCS MCIIOJIH30BAHNE CHHTE3aTOPA YACTOTH KBAHTYIOIINX UMIIYJIHCOB,
CUHXPOHU3UPYEMOT'0 9TAJIOHHBIM CUTHAJIOM.

TIpensaraeMbIii METOT OIIEHKH METPOJIOTMYECKUX IIapaMeTpoB hasbl U YaCTOTHI 0COOEHHO yI00eH P aHAJIU3E CIIeK-
Tpa uyKTyanuii (passl BOJM3U HeCyInel 4acTOThl CUrHaJIa, Te TpedyeTes BBICOKAA padpelraninas crrocooHocTs. Kpome
TOr0, METOJT OCHOBAH HA JIBYXKAHAJIHHOM aJITOPUTME OIEHKH (Pa3bl, KOTOPHIN, B OTJIUYNE OT U3BECTHBIX aJITOPUTMOB, II03BO-
JISIET CYIECTBEHHO O0CIA0UTh TAapa3UTHOE BIUSHUE (PA30BOM MOTPENTHOCTH OTIOPHOTO curHasia. OTHOCHUTEILHO HEBBICOKAS
BBIYUCJIMTEJIHHAS CJIOIKHOCTH METOA JOCTUTAETCS CIIEIINAaIbHBIM BEIOOPOM YacTOTEI KBAHTYIONIETo curHasia. B padore 060-
CHOBAHA OCHOBHAS WJIes IPeIaraeMoro MeToJa W JTaeTcs JeTaJIbHOe MAaTeMaTUYeCKoe OMUCAHNE U3MEPUTEBHOIO MPo-
mecca. [Torkazano, 9T0 BBEICOKAs 4YyBCTBATEIBHOCTD METO/A JJOCTUTAETCS 38 CYeT CTPODOCKOITMYIeCKoro adeKrTa IIpu BpeMeH-
HOM KBAHTOBAHUHU KCCJIEyEMOTr0 CUTHANA. Peansanysa CHHTEe3NPOBAHHOTO aJITOPUTMA [TOKA3aHa Ha puMepe udpoBoi
CTPYKTYPBI BEICOKOTOYHOM OIIEHKH PA3HOCTH (ha3 HA OCHOBE OPTOTOHAIHLHOIO METO/a. PacCMOTPEHHBIN aJITOPUTM TTOJIOKEH
B OCHOBY pa3paboTKHU IPEIU3NOHHOr0 ITr(POBOTo IPUGOpAa JIJIs OIEHKN XapPaKTEPUCTHE CTAOUIBHOCTH ha3bl ¥ YACTOTHI.
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Abstract

The purpose of the paper is to further develop the previously proposed method of digital signal processing of
precision frequency and time standards for measuring phase noise. The solution to a number of problems of creating
high-current setting quantum generators is impossible without the use of automated information and measurement
systems for precision measurement of the spectral power density of phase fluctuations of signals, since phase noise is
probably the most important criterion for frequency stability of generators and synthesizers. The current state of micro-
electronics allows us to implement optimal methods of measuring the phase shift of radio signals (in particular, ortho-
gonal ones) in digital form when constructing such systems. A special feature of this algorithm is the use of a quantum
pulse frequency synthesizer that is synchronized with a reference signal.

The method proposed for evaluating metrological parameters of phase and frequency is particularly useful when
analyzing the spectrum of phase fluctuations near the carrier frequency of the signal, where high resolution is required.
In addition, the method is based on a two-channel phase estimation algorithm, which, in contrast to the known algo-
rithms, significantly reduces the parasitic influence of the phase error of the reference signal. The relatively low compu-
tational complexity of the method is achieved by a special selection of the frequency of the quantizing signal. The paper
substantiates the main idea of the method proposed and provides a detailed mathematical description of the measure-
ment process. It is shown that the high sensitivity of the method is achieved due to the stroboscopic effect during time
quantization of the signal studied. The implementation of the synthesized algorithm is shown by the example of the digi-
tal structure of a high-precision estimation of the phase difference based on the orthogonal method. This algorithm is the
basis for the development of a precision digital device for evaluating the characteristics of phase and frequency stability.
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Brenenue

Bompocer orenok crabuiibHOCTH (Passl (YacTOTHI)
CHUT'HAJIOB 3aJa0IINX T€HePaTOPOB YPE3BEIYANHO BasK-
HBI [JIS1 JOCTHKEHUS IIPEeIesIbHO JTOILyCTUMBIX TeXHI-
YECKHX XaPaKTEePUCTUK PA3JINMYHBIX PASUOCHUCTEM IIO
TOYHOCTH ¥ IIOMEXOYCTOMYMBOCTH. PellreHne aTux BO-
IPOCOB IIPUBJIEKAET BHUMAHNE MHOIUX HCCJIEI0BaTE-
neit [1-3]. BpeMst u oIbIT BHISIBUJIN ITOTEHIIUAIBHBIE
OrpaHUYEeHUsI METOI0OB M3MepPeHUsI (PA30BBIX IIIYMOB.
BosbimraCTBO M3 HUX CBSI3AHO ¢ HAJIUYHEM (Pa30BBIX
pIIyKTyalMii OIIOPHOTO CUI'HAJIA U ¢ YPOBHEM COOCTBEH-
HBIX IIIyMOB aHaJm3aropa. VICKimodeHme COCTaBJISA-
eT MEeTOJI IBYXKAHAJIbHON B3aNMHOM Koppessun [3],
MO3BOJISIOIINI JOCTUYD BHICOKOM YYBCTBUTEIBHOCTH
0e3 MCKJIIUUTEIHFHO BBICOKMX XapPaAKTEPHUCTHK OIIOP-
HbIX curHasoB. Ho ¢ pocrom umciia koppessaiuii yse-
JIMYUBAETCS BPEMS U3MEPEHUI, KOTOPOe OKA3bIBAETCS
HEJIOIIYCTUMO OOJIBIIIM IIPH OIleHKEe (Pa30BBIX IIIyMOB,
CIHeKTpaJIbHAS IJIOTHOCTH MOIIHOCTH KOTOPBIX pac-
OJIOYKEeHA BOJIM3M HeCyIeil MCC/IeIyeMOoro CUrHaa.
CyIlecTBEHHO CHU3UTh YYBCTBUTEJILHOCTH M3MEPUTE-
JISI 110 OTHOIIEHUIO K (pa30BBIM IIIyMaM OIOPHOTO CHI-
HaJIa MOJKHO C IOMOIIBIO JBYXKAHAJIBHBIX IIUQPOBBIX
AHAJIM3aTOPOB ¢ KBAApPaTypHOU 00paboTkoii [4], B KO-
TOPHIX CIIEIU(PUIESCKIM BEIOOPOM YACTOTHL BPEMEHHOTO
KBAHTOBAHUS OCYIIIECTBJISETCS IIEPEHOC CIIEKTPA IIHIp-
POBOr0 CUTHAJIA B 00J1aCTh HU3KUX YACTOT.

Anropurm ounenku ¢assl

Jlost mosicHeHus1 MpUHIMIA PAGOTHI AJITOPHUT-
Ma, aHAJOTHUYHO [4], BBeIeM MOOeIN M3MEpPSIEeMOT0
¥ OIIOPHOTO CUTHAJIOB COOTBETCTBEHHO B BHJIE:
u(t) = A sin (2znft + A(t)), (1
u,(t) = A, sin 2nft + A(t)), 2)
re: f — HoMUHAIbHOEe 3HAUYEeHWEe YACTOTH N3MepPsIeMO-
TO ¥ OTIOPHOTO CUTHAJIOB; D(1), O (t) — byHKIMHU dassl
M3MepsIeMOT0 ¥ OTIOPHOT0 CUTHAJIOB COOTBETCTBEHHO,
cojiepsRaIye IeTePMUHUPOBAHHYI U PIIYKTYaI[HOH-
HBIe yacTu. To ecThb

O(t) = () + B(1), O, (1) = O, (1) + By (1).

O6e cocrapmrsonme Q(t), Q(t) moIIeRAT H3Me-
peHu orHocuTesnbHO O (t). IloaTomy MosKHO 110I0-
sKHATD @, (t) =0, a Hammune @ (t) IPUBOOUT K IOTPeI-
HocTH maMmepeHus o, C y4eToM aTWX 3aMedyaHWUit
IIpaBoOe COOTHOIIIEHVE B BBIPAIKEHUN MOYKET OBITDH IIe-
pelnncaHo B BHJIE:

u(t) = A, sin 2nft + O,(1)).
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YuursiBast y3KOMOJIOCHOCTE UCCIIETyEeMbIX CUTHA-
JoB (1) u (2), koTopas Bcerjia UMeeT MeCTO TP OIeH-
Ke XapakTepUucTukK (Pasbl (4acTOTHI) MIPEITU3UOHHBIX
3a/1at0IIUX TeHEePATOPOB, YaCTOTY CUTHAJIA KBAHTOBA-
HHA 11eJIeCO000pa3Ho BEHIOPATEH B BUIE:

f=4if /@m+1),mei=2,3,4..um=1,2,3. (3

Taxroit TeM BpeMeHHOM JUCKPETUIAIINN TTO3BOJISET:
— TIepeHeCTH CIIEKTp CUTrHaja Ha Jacrory f,. =
=f/(2m+ 1), TO eCTb UCKJIIOYNTH HCIIOJIHE30BAHUE Te-
TEepPOJINHA;
— IIPOBECTHU OIIePAaITHio JeJIeHUs YacTOTHI OIIOp-
HOTO CUTHaJIa Ha KoaddunuenT k, =2m + 1:

u, ()= A, sin 2nft/ (2m+1)+ @, (1) / (2m +1)).

Jliist mepexoia K IMPPOBOMY CUTHAJLY 3AIIUIIIEM
BEIPA:KeHHe JIJIA MOMEHTOB t_(bHKCAImu BEIOOPOK
CHUTHAJIOB B U3MePSAEeMOM U OIIOPHOM KaHAaJIAX:

t =kt +A(k),k=0,1,2,3,.., roe: t =(2m+ 1)/ 4if,

A (k, m, i) — «I3KHTTEpP» MOMEHTOB BBIOOPOK H3-
MepSEeMOro M OIIOPOHOTO CUTHAJIOB M3-3a (Pa30BBIX
dbayrryanuit O (k) curnansa KBaHTOBAHUA:

A, (k,m, i) =-0_(k)(2m+1)/8mif.

[MudpoBwie curHaIBI BEIPAKAIOTCS B BUJIE:

u(k)=Asin (gk +2nfA, (k,m, i) + O(K)), (4)
1

u, (k) = A, sin (£ +2nfA (k,m,1)/(2m+1)+
2 ()
+0,(k)/(2m+1)).

CpaBHeHUe 9TUX BHIPpAMKEHUN IOKA3LIBAET, UTO
(P POBEIE BEIOOPKU M3MEPSAEMOr0 M OIIOPHOI'O CHI-
HaJIOB UMET OJWHAKOBBIE OTHOCUTEJIbHBIE IIeH-

T . o
TpaJbHbI€e 9aCTOTBL Oy =—— =T /21 ¢ TOHM JIUIID pas-

HHUILIEH, 9TO B N3MEPUTEIHHOM KAHAJIE 9TO Pe3ysIbTaT
crpobockormueckoro apderra (puc. 1), a B OIIOPHOM
KaHaJle — pe3yJIbTaT HeIloCPeICTBEeHHOI0 KBAHTOBA-
HUS OIIOPHOTO CUTHAJIA C JeJIEHHON Ha K0 UIIMEHT
(2m + 1) gyacToTOIi.

[Ipu sTom mmpuHa ceKTpa U3MepsIeMOT0 CHUT-
HaJIa He W3MeHsIeTCs HpH ITUPPOBOM Ipeodpaso-
BaHUU HA YaCTOTY O, & CIEKTP OIOPHOTO CUTHAJIA
cy:xaercd B (2m + 1) pa3, Tak Kak OTHOCUTEeJIbHASA
MIUPUHA CHEeKTPa MPHU JeJIEHUU YacTOTHI CUTHAJIA
He M3MEHSIeTCSI. OTO 3HAYMT, YTO OIleHKA Pas3HOC-
T a3 OIMOPHOTO U M3MEPSIEMOTr0 CUTHAJIOB MOKET
OBITH TIPOBEJIEHA IIPU CYIIECTBEHHOM OCJIA0JIEHUH —
B (2m + 1) pa3 — BirusHUSA QIIYKTyaIuii dhassl OTIOPHO-
r0 CHTHAJIa HA pe3yJbTaT uaMepeHus (puc. 2).



Jli1st ocabiieHnsa BIMAHNUSA «IKUTTEPA» KBAHTYIO-
IIIAX UMITYJIBCOB AJITOPUTM IIPEII0IaraeT Iapasliesb-
Hoe hOpMHUPOBAHUE TTaPhl JTeITUMHUPOBAHHBIX ITH(PO-
BBIX CHTHAJIOB M3MEPSIEMOT0 M OIIOPHOTO KAHAJIOB:
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2mfA Fk, m, 1) . 0,(k) ' @
2j+1 2m+1
[Tporeaypa mertmmatiuu ompegesaseTcs Kak Iud-

poBast 00paboTKA BXOIHOIO CUTHAJIA C IIOMOIIBIO JIH-

HeWHOU (puiabTpaiuu, B pe3yjabTaTe KOTopoi dop-

u, (k) = A, sin (gk +

. T . L.
u, (k) = Asin (=k +2nfA (k, m, 1) + O(k)), (6) MwumpyeTcsa BBIXOJHOM CHUTHAJ C TTOHUIKEHHOU B 1 pa3
2 YaCTOTOM AUCKpeTU3aun [5].
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S
. AF
/[
Y5 ! a
2m+1
S(w/f;)
:/— AF :/—AF :/—AF
| | i | i .
/2 T 21 o/f
S(o/f)
AF AF AF
/> 2m +1 /> 2m +1 /> 2m +1
i | i | i .
/2 T 21 o/f, 0

Puc. 2. [IpeobpasoBanue crekrpa CurHaaa OCHOBHON 4acToThI (0) ¥ moesieHHOH (B) IIPU JUCKPETUSAIINT
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Hcroarmk Amnaoro- IIporecco
H3MepseMOoro 1udpoBoit —> Haxomurens uﬁ(bu osoi&p
CHTHAIA mpeobpasoBaTesb 06paIéOTKH
l 1 >
—>
Ucrounur ®opmupoBaresb
OIIOPHOI'0 KBaHTYIIOIIIEro
CUr”HaJJa CHUTHaJIa
l ] II9BM
Amnasoro-
Aemaress > 1uppoBoit > Haxonuresns
“acTOThI mpeobpa3oBaTesb
l 1
Puc. 3. CrpyrrypHas cxema aHasimsaTopa (pasoBbIX DIYKTYAITHHR
MeTon MakcMMAaILHOIO IPAaBIOION00M, KaK Me- " Ao, (k) —iAp(k) ~
P ’ 0" (k) = ‘M—(P( =0(k)-0,(k)/(2m+1).

TOJ CUHTE3a OITUMAJILHOM CTPYKTYPHI OIEHKHU IIa-
pameTpoB [6], mpeamosaraeT popMupoBaHme KBaJ-
pPATYPHBIX KOMIIOHEHT KOMIIJIEKCHOTO CHUTHAJIA.
N3BecTHO MHOKECTBO CIIOCOOOB TIOJIyUeHUsT CUTHAIIb-
HBIX KBagpatyp. Hampumep, cundasuas u kBaapa-
TYPHAs COCTABJISIOIINE MOTYT OBITE ITOJIyUEeHBI ITyTEeM

YMHOKEHUS Ha ITH(POBBIE KOIBI sin (gk) H COS (gk)
i i

BBIOOPOK (4), (5) m Ha sin (Ek) H COS (Ek) — BBIOOPOK
©), (7). 2 2
Jlamnee ompenesstrorest passr uamepsiemoro 0(k) u
omopaoro 0 (k) curaasos, a Takske a3kl H3MepaEMO-
ro 6,(k) u omoproro 6 ,(k) TeITMMHPOBAHHEIX CUTHA-
JIOB KaK apTryMeHThI KOMIIJIEKCHBIX ITU(POBHIX BEIOO-
POK:
0(k) = 2nfA (k, m, i) + O(k),
0,(k) = 2nfA (k, m, i) / 2m + 1) + @, (k) / 2m + 1),
0,(k) = 2nfA (k, m, 1) + O(k),
0,,(k) =2nfA (k, m, 1)/ 2m + 1) + @ (k) / 2m + 1),
U BBIYHUCJIAETCS pasHocThb (as Ag (k) namepsemoro

1 OTIOPHOT'O CUTHAJIOB U Pa3HOCThb das A (k) aTHuX e
JeIIMMUPOBAHHBIX CUTHAJIOB:

Ag(k) = 0,(k) — 0(k) = — 4mnfA (k, m, i)/ (2m + 1) +
+Q,(k) / 2m + 1) - O(k),

Ag (k) = 0, (k) - 0,(k) = — 4mnfA (k,m, 1)/ 2m + 1) +
+0,(k)/(2m + 1) - A(K).

OxonuarenbpHO orreHKa (daser 0°(k) mamepsaemoro
CHTHAJIA II0JIyYaeTcsa B Pe3yJIbTaTe PeIIeHUs CHCTe-
MBI 9TUX IBYX YPaBHEHUIM:
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i—1

Tarkum oO6pa3om, TIpU OCYIIECTBICHUU U3Mepe-
HUU (pa30BBIX QPIAYKTYAIIUi U3MepsSIeMOro CUTHAIA
paccMaTpuBaeMBIM CIIOCOO0M 00eCIIeurMBaAeTCs KOM-
IeHCAIINA OIINOKY N3MEPEeHN U3-3a PA30BBIX (PIYK-
Tyaluil CHHTe3aTopa YacTOThl CUTHAaJa KBAHTOBA-
HUS, TIPU 9TOM MAaCKUPYIOIee TefcTBue (Pa30BBIX
IIIyMOB OIIOPHOTO CHUTHAJIA CHHKeHO B (2m + 1) paasa.
Hanpumep, a5 peasibHOTO HA MPaAKTUKE CIIydas
m = 8 BEIUTPHINIT B TOYHOCTH paBeH 17 pas. OTo 3Ha-
YUT, YTO U3MEPEeHUsT BO3MOYKHEI JasKe TOT/a, KOTIa
dasoBas cTabMIBHOCTH OIIOPHOTO CUTHAJIA B HECKOJIb-
KO pa3 XyiKe, YeM Yy U3MepPsIeMOoro CUTHaJIa.

Ha puc. 3 n3obpaskena cCTpyKTypHAasa cxeMa Q-
poBoTO aHATU3aTOpa PA30BHIX PIYKTYAIIHUH, IT0 KOTO-
poii peasn30BaH MPEICTABIEHHBIN aJITOPUTM.

3akiouyeHue

Ha 6asze nByxrkanabHOM 00pabOTKH 1T POBEIX
KOMILJIEKCHBIX CUTHAJIOB MOYKHO PEaJIM30BaTh IPEITH-
3WOHHBIE aJITOPUTMBI U YCTPOMCTBA JIJIsT CPABHEHUS
(has u yacToT CUTHAJIOB BHICOKOCTAOMIBHBIX CTAHIAD-
TOB YaCTOTHI ¥ BpeMeHHU. [Ipu peanmsarmu ycTpoi-
CTBa Ha OCHOBE CBEPXOO0JIBIITON HHTETrPATbHOM MUKPO-
cxembl, Hanpumep, 1321XJ[1Y npoussoacrea ITKK
«Mmuasap», MOKHO 00ECIIEUNTE CIMYEHNE CUTHAJIOB
¢ HeHTpaJbHOI yacTtoroi mo 300 MI'm.
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