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Annomayua — TlpemjioskeH MeTol  CHHXPOHH3AIMH
AKTHBHOI0 MMHMTATOpPAa pajuOMHUILEHell, I03BOJISIOLEr0
MO/IeJIMPOBATh CJI0KHbIE (DOHO-LIeIeBbIe 00CTAHOBKH MyTéM
BOCIPOM3BEICHUS] HMUTHPYEMOTr0 OTPa:KEHHOI0 CHTHAJIA M3
NpeJBAPUTENLHO NOJAr0TOBJICHHBIX JAHHBIX, c
Paau0JI0KAIIHOHHOM cTaHIMeil npu ucnbiTanuax PCA.

Kniouesvie cnosa — pagunonokaTop ¢ CHHTE3MPOBAHHOM
anepTypoii, aAKTUBHbINA HMHTATOP, CHHXPOHU3ALUSI.

l. BBEJIEHUE

Pacmmpenue cdepbl IpUMEHEHHsT PaJHOJIOKATOPOB C
CUHTe3UpoBaHHOM aneptypoii (PCA) 1yt qrcTaHIHOHHOTO
30HIUPOBaHMSA 3eMIM, WX 3aJad M (QYHKIUHA Tpedyer
pa3pabOTKK HOBBIX METOJMK U CPEACTB MX HCHBITAHUN U

KaTHOpOBKM C  NPUMCHEHHEM  NPUPONHBIX WA
HUCKYCCTBEHHBIX 00BEKTOB TECTOBOM CBEMKH
(pagromurieHei), 00magarommx 3a/laHHBIMU
XapaKTepUCTUKAMHU, COOTBETCTBYIOUIMMHU IPOBEPSAEMOM

xapaktepuctuke PCA. B ciydasx, xorga HaxoXAECHUE

OPUPOAHOTO  O0BEKTa MM  IIOCTpOMKa  IOJMIoHa
TpeOyeMbiXx  pa3MepoB ©  GOpPMBI € 3aJl@aHHBIM
pacripenencHiueM KO3 GHUIMEHTa  PaTHOJIOKAIIMOHHOTO

paccesHHA, CTaOMIFHOTO U JIOCTYITHOTO JUIS KaTHOpPOBKH,
3aTPyHEHO WM HEBO3MOXKHO, I1€7IECO00Pa3HBIM SIBJISETCS
MpUMEHEHUE anmnapaTHO-IPOrpaMMHBIX CpelcTB
MMUTAllUA OTPaKEHHBIX cUrHaioB. Ha a3rame HazeMHbIX
WCOBITAHUN  NPUMEHSIOTCS  CTEHABl  IMOJYHATYpPHOTO
MoJenupoBaHus. s NETHBIX UCHBITAaHUN W BaJMJALUU
npejiaraloTess  Metoguku  [6] ¢ Wcnosb3oBaHHEM
aKTUBHOT'O UMMTATOpa paguoMuuleHel. Takoe ycTpoiicTBo
OCYIIECTBIISIET MPUEM OT PATUOJOKALMOHHONW CTaHLUU
(PJIC) sonmupytoriero curhana (3C), mpeacTaBisiomEero
co00l cepHi0 MOIYJIHPOBAaHHEIX HMITYIBCOB, U H3Iy4aeT
CEepPHUI0 HMITYJILCOB, UMUTHPYIOIUX CYMEPHO3UINI0 HX
OTpPaXEHHH OT DJIEMEHTOB MOICIHPYEMO# (hOHO-TIENEBON
00CTaHOBKH C y4ETOM 3aJIepKEeK, aMIUIUTYJ] ¥ HadallbHBIX
¢a3. B ommume oT wuMerommxcs QpopMupoBaTenei
aKTUBHBIX TIOMEX — HMUTATOPOB JIOKHBIX IIeJieH, TJe
npeobpazoBanre 3C B CYNEPIIO3UIHIO €T0 OTPAXKCHUH OT
HEOOJNBIIOTO  YMcia (0  HECKOJbKHUX  JIECATKOB)
OJIMHOYHBIX TOYEYHBIX LIEJIEH OCYIIECTBISIETCS B PEKUME
pPEATbHOTO BPEMEHHU, HO Ka)IIbI M3 TaKUX MaplraTbHBIX

CUTHAJOB  (GOpMHUpPYETCS  OTHCNIBHBIM  amlapaTHBIM
KaHajJoM, TNpeJlaraeMblii HMMHUTAaTOp IMocie npuéma
KaKI0ro 30HAMPYIOILErO HMITyJIbCa JIOJDKEH

BOCIPOW3BOJIUTH UIMUTHPOBAHHBIH OTPaKEHHBIA MMITYJIBC
W3 3apaHee MOJTOTOBJICHHOTO MacCHBa MH(OPMANWH, IPU

pacdeTe KOTOPOro Oblj1a MCIOJIb30BaHA MOICIIb NBHXKCHUA
HOCHUTCIIA.

B peanpHBIX YCIIOBHAX TpPAcKTOpUS HOCUTENS, B
0COOCHHOCTH caMojéTa, OTIMYaeTcss OT pacyérHoil. B
cllyqae, KOTAa HECTaOWIPHOCTH TPAaCKTOPHUH HOCHUTEI
OTCIIS)KUBAIOTCS OOPTOBOW CHUCTEMOM MUKPOHABHTalUKM M
YUHUTBIBAIOTCS TIPH CHHTE3€ M300paKCHHUS, YTO BXOJWT B
yucno (YHKUMA M XapaKTEepUCTHK, INPOBEPSEMBIX Ha
JNETHBIX MCOBITAHUAX, HEYUET JONOTHUTENBHBIX 3aJEPIKEK
IIpY TE€HEPALUU MMUTUPOBAHHOIO OTPaXEHHOI'O CUTHaja

MIPUBEIET K pachoKycHpoBKe pu COKaTHH
PanuoroIorpaMmsl.
[Tpumenenune CHELUATBHBIX CpenCTB UL

CTa0MIM3AIMK 3aJ€PKKH  BOCIIPOU3BOIUMOTO HMITYIIbCA
OTHOCHUTEIIBHO TIPUHATOTO M COTJIACOBAHHUS MX HAYAIBHBIX
(a3 HEOOXOAMMO MPH HEBO3MOXKHOCTH TOYHOTO 3aJaHUS
MOMEHTa BOCIPOHM3BEICHHUS, COBIANAOIIETO C (GPOHTOM

TaKTOBOTO HMIIyJbca, a HWMEHHO, B  CIEAYIOIIHNX
CUTYalUsIX:
a) 30oHIUpYyIOIMA curHan npoBepsemoro PCA

TCHEPUPYETC € IEPUOJOM WIHM HENEPUONUYECKUMU
UHTEpBaJIaMU, HE KPAaTHBIMU [IEPUOAY TAaKTOBOI'O CHIHAJIA,
HCIOJNB3YEMOT0 B MIMUTATOPE. DTO BO3MOXKHO, HalpHUMED,
IIPY UCIIOJI30BAHUU OIOPHBIX KBapLIEBBIX I€HEPATOPOB C
COOTHOLICHHEM YaCTOT, HE PABHBIM LIEJIOMY YHUCILY.

0) TpH OTKIOHCHUSX TPACKTOPHUH HOCHUTEIS OT
pacu€THoil.

Il.  TIPUHLIUII PABOTHI U CTPYKTYPA UMUTATOPA

Ecnu orpaHuunTh OTHOCHUTEJBHBII YPOBEHb ILIYMOB,
BHOCHMBIX HMMHUTAaTOPOM B MOJENUPYEMBIH OTPaKEHHBIN
curHaj, BenuunHoW muHyc 40 nb, HeoOXxomumo, 4TOOBI
GuykTyalMss  pa3HOCTH  HayalbHbIX (a3  MPUHSATHIX
30HAMPYIOIMX M MMUTHPOBAaHHBIX  OTPa)KEHHBIX
UMITyJIbCOB HAa HECyIled 4acToTe COCTaBisula He Oosee
14°. na oatoro pasdpoc  3aJepKeKk  3amycka
BOCTIPOU3BEICHUS UMHUTHUPOBAHHOTO OTPaKEHHOTO
HMITYJIbCa OTHOCHTENIBHO NMPHEMA 30HIUPYIOLIETO JOJDKEH
ObITh Ha 2...3 TopsAKa MEHbBIIE IepHoia AUCKPETU3AINN

aHanoro-nuppoBoro u 1 po-aHaTOroBOro
npeoOpasosareneit  (AL[T, IIAIT), wu4ro Tpedyer
MPUMEHEHUSI  CIEHHUAIBHBIX  CXEMOTEXHHYECKUX U

MPOTPaMMHBIX PEIIEHUu# i o0ecredeHusl YTOUHEHHON
CHUHXPOHHU3ALUU OT 30HAMPYIOLLErO CUrHalla U KOPPEKLUU
HadJaJgbHOW  (paspl.  YuWThIBas, 4UYTO MpeAsaraeMas
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CTPYKTypa AakTHBHOTO WMHTAaTOpa OpHWEHTHPOBaHA Ha
NPEJBAPUTEIBHYI0  MOITOTOBKY  OOJBIIOr0  00BEMa
MCXOIHBIX JAHHBIX W3-3a TEXHUYECKOW HEBO3MOXXHOCTH MIX

¢dopMupoBaHHs B PEXHME  PEAIBHOTO  BPEMEHH,
paccMaTpUBAIOTCA  CIIOCOOBI  KOPPEKIMH — MapaMeTpoB
UMHUTHPYEMOTO OTPaXEHHOTO HMITyJbca, TPEOYroIHe

BBITIOJIHCHHUS B PEaIbHOM BPEMEHH MHHUMAaJIBHOTO 00bEMa
BBIYHMCIIUTENBHBIX Onepanuid. FIcxos n3 aToro, B KauecTse
JOCTYITHOTO CHOCO0a KOPPEKIHH MOKET OBITh IPUMEHEHO
COYETaHHUE YNPaBIIIEMOH JIMHUM 3aJIEPIKKHU JUI KOPPEKIUH

¢a3pl  TaKTOBOTO  CHTHAJIA,  CHHXPOHU3HPYIOIIETO
reiepatop Buaeocurtana (LJAII), u ynpaBmsgemoro
(dazoBpamaTens I KOppeKuWH (a3pl  TeTepOIrHA
nepeaaT4yrKa.

CTpyKkTypHast cxeMa aKTHUBHOTO UMHTATOPa MPUBEICHA
Ha puc. 1. [lng crabunmsanuu 3aJepKKd M ITI0OBOPOTA
HavyambHOW (ha3bl IMHUTHPYEMOTO OTPaKEHHOTO MMITYIIbCA
OTHOCUTEIIBHO HOPUHSITOTO 30HIUPYIOILETO
HPELyCMOTPEHBI CIICAYIOIIME SIeMEHTH: 1) ammapaTHo-
MPOTrpaMMHBIN  aHANMU3aTOP 30HAMPYIOILEr0 HMITYJIbCa,
TIO3BOJIIFOIIMN B PEXXHUME PEabHOTO BPEMEHH ([0 Hadana
BOCTIPDOM3BEICHUSI OUCPEAHOr0 HMIIYJIbCa) OIpPEIeIHTh
CMEIIEeHHE ero orubaromed M OTKJIOHCHHWE HAYaIbHOH
(ha3bl OT pacu€THBIX M CHOPMHUPOBATE YIPABISIONINE KOIBI

st BHECECHUS COOTBETCTBYIOIINX KOPPEKLUH;
2) HCIHOJIHUTCIIBHBIC JJICMCHTBI — YIIpaBJIACMast JIMHUA
3aJIePKKH U (pa30BpaIiaTeb.
[aHHble umumupyemozo Cuznan Y CueHar Ha
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Puc. 1. CTtpykTypHas cxeMa akTHBHOI0 HMHTaTOpa
NPON3BOJILHBIX PAIHOMHUILECH el

IpuBeaeHHast CTPYKTypHast cxema SIBJISIETCS
0000IIEHHOIT: B 3aBUCHMOCTH OT JAHAamna3oHa pabodmx
YacTOT, IIUPUHBI CIIEKTPa CHTHAJIOB W IPUMEHIEMBIX
anementoB AL, LIAIl, Bo3MOXHO mpeoOpa3oBaHKe
MapHBIX BHJIEOCUTHAJIOB WA CHTHAJIOB Ha
MPOMEKYTOYHOH YacToTe, a TAKIKE HCIOJIh30BaHUE OJTHOTO
WK HECKOJBKHX TETePOAMHOB B TPAaKTaX MEpeiaddl U
npuéma.

PaccmaTpuBas NpHHLIMIBL ITIOCTPOCHUS aKTUBHOTO
HMHTATOpa, CIEAYeT OOpaTUTh BHUMAaHHE HA TO, YTO €ro
Ha3HaYCHHUEM SIBIIAIOTCS JIETHBIC UCIIBITAaHUS U KAIMOPOBKa
PCA cobctBeHHOW pa3pabOTKM WM HPUHAIIEKAIIETO
olepaTopy-3aka3uuky. [Ipn MoaennpoBaHuK OTPakEHHOTO
CHUTHaJIa JIOJDKHBI HCIIOJIb30BaThCS JIaHHbIE,
npenocTaBieHHbIe onepaTtopoM PCA: B 30HAMPYIOIIETO
CHT'Hala, PeXUM ChEMKH, IMKIOTpaMMa 30HJUPOBAHUS H
nmapaMeTpsl TPAacKTOPUHM HOCHTENs. Bce 3TH naHHBIC
YUYHUTBIBAIOTCS npu (opmupoBanun MaccuBa,
NpeIBAPHUTENBHO 3aIIMCHIBAEMOT0 Ha HAKOIIUTEINb.

I1l.  TIPUHIUII CHHXPOHU3ALIMA UIMUTATOPA OT
30H/IUPYIOIETO CUTHAJIA

L{uknorpamMma (OpMUpPOBaHMSI OOPAaTHOTO CHTHANIA C
CHHXPOHH3AIMEH 0T 30HANPYIOLIETO UMITyJIbCa IIPUBEICHA
Ha puc. 2. 3a HayaJo IUKIA NMPUHUMAETCs Pacu&THBIN
MOMEHT {; Hauama 30HAMPYIOIIET0 HMITYJIbCA a(r) , He
00s3aTeTPHO  COBMAfaOMMii ¢ (QpoHTOM orubaromien
aMIUIMTYbl HMMIIYJIbCAa, HO TIPHUBS3aHHBIH K (POHTY
takToBoro ummynsca ALl npuémuoro kanama clr
[IporpamMHas 3azmepkka T, Hadajga TeHEpaluy HUMITyIbCa
Ha Tepeaadyy OTHOCHUTENsHO MoMeHTa (fi+A) ycroBHOrO
Haydajla TPUHATOTO 30HIMPYIOIIETO HMMITYJbca 3amaércest
PaBHOM LIETIOMY YHCITy TAKTOB M JIOJDKHA MOANECPIKUBATHCS
B TeueHHWe Bcero ceanca. Jis BOCHpPOM3BENCHUS
MMHUTHPOBAHHOTO HMMITyJIbCAa C TPUBS3KOH K NPUHATOMY
30HIUPYIOLIEMY HMITYJIbCY a(r—/l , TIOCTYIIHBLIEMY C
3aJIep)KKOH A, HE paBHOM
HEO0XOTUMO obecrieunTh (dbopmupoBaHue
MOCJIEOBAaTeIbHOCTH ~ TaKTOBBIX ~ MMIynbcoB  LIAII
Nepeafomero  KaHaia c(r—),) ,  3aJeprkaHHOU
otHocuTenbHO TakToB ALIIl Ha A (mpm A>0) mwim Ha T\
(mpu  A<0). Kpome »3TOro, mnpH BOCIPOU3BEICHHU
panuocHrHaa Ha HeCyIIel 4acToTe JHOJDKHA BBITTOIHATHCS
KOppeKIus (a3sl Ha BENMUUHY Y, = 0/,

c(?) ﬁ ﬁ e
a@) | T

nejioMy 4YUCIYy TaKTOB,

c(z-A)

e -7, - A)expl- jyr}

\ 4

A T3

Puc. 2. lluknorpaMmma (popMupoBaHusi 00PaTHOIO CUTHAJIA C
CHHXPOHU3AaIUel 0T 30HIMPYIOLIEro HMINYJIbca



Jlos onpeniennieHus 3aepiKKK (OTIEPEXKEHNS) PUHITOTO
30HIUPYIOILET0 HUMITyJbca OTHOCHUTEIBHO pPacu&THOrO
MOMEHTa IpuéMa y00HO HCI0JIb30BaTh KOPPEIISIIMOHHO-
9KCTPEMaJIbHBIE ~ AJITOPUTMBI, M3BECTHBIE M3 TEOPHHU
aBromarudeckoro ympasienus [3]. Ilpu stoM Momynb

(YHKIMH  OTKIIMKA K(z’) , TIONY4eHHOH TIpU CXKATUH
NPUHATOTO WMITyJdbCa IO JAlbHOCTH, IOABEPraeTcs
CBEPTKE C AUCKPUMUHALMOHHON XapakTepuctukoi (JIX) —
HEu€THON  (yHKIMEH W(r) [4], orpamuuenHoit Ha
YIBOSHHOW IIMPHHE TJIABHOTO JICTIECTKA (DYHKIIUH OTKINKA
(puc. 3). Ouenka A MCcKOMOit 3aJEPKKH A TOIrydaeTcs

pelieHreM YpaBHCHUS D (/i) =0 , rae

D)= W(c)+|K (s 5)

IMPUHATOTO0 UMITYJIbCA ONPEACIIACTCA KaK (1)&33 MaKCuMyMa

3ateM HavanpHas  (asa

KOMILIEKCHOM dyHKimu otkmika: w = arg(K |4

K(7)

A\ 4

W(1)

Puc. 3. OnpenesneHue 3aiep:KK1 H HAYAAbHOU (pa3bl
NPUHATOr0 HMIYJIbCA M0 AMCKPHMHHALMOHHOT
XapaKTepHCTHKE

OOpaboTka NPUHATOTO 3OHAUPYIOUIEI0 HUMITYJIbCA
HPOU3BOIUTCS CICAYIOIIUM 00pa3oM.

IIpuHATBIE  30HAUPYIOLIUI OBITH

NIPE/ICTABIIEH B BUJIE
s(0)=a(

T =Tyt A4

CHUTHAJI MOXKCT

T )'eXp{_ jwri}’

rue ai(t) — pacyéTHBI BUJl KOMILIEKCHOM orubaromei

S3O0HAUPYIOUIETO UMITYJIbCA, T — BPEMS, OTCUHUTHIBAEMOEC OT
YCJIOBHOI'0O Haydajla 0OHUKJIa 30HAUPOBAaHUA — MOMCEHTA
BKIIFOUCHMUA l'IpI/IéMHI/IKa Ha 3a1ncCh, @ — HECyllas 4acToTa
CUIrHala, 7, — paC‘IéTHa?[ 3aJICPKKA Havajla IMPHUHATOTO

muKma, A —
COCTaBILAIOIIAs 3a/IePKKH IPUEMA 1-TO UMITYJIbCa B CEaHCE.
Iocme JIEMOTYJISILIAN u aHaJIoro-1u(ppoBOro
npeoOpa3oBaHus 3TOT CHTHaN 3amuchiBaeTcsi B OydepHoe
3allOMUHAIOIIEe YCTpOMCTBO 3Y) CUTHAJIbHOTO

mpoIieccopa B IUCKPETHOH KOMIUIEKCHOH (opme:
Sk =G (kTs): S; (kTs — T

rae 7, — MEepuoJ JMCKpeTH3aluu, A, — OTKIOHEHHE

uMIlygbca OT Hayaia CiIy4aiiHas

A )-expi= jw, }"' (k. ),

3aJiep>KKM IPUHSATOTO CUTHalma oOT pacdyéTHOH, n —
AJIUTUBHBINA LIyM.

Jns 3anmcaHHOTO OIM(POBAHHOTO BHACOCHUTHANA
NPUHATOTO  HUMIIyJIbca M alpUOpPHO  HM3BECTHOM
KOMITJICKCHOH MOJYJIUPYIOMIeH (QYHKIIUU 30HAUPYIOMIETO
CHUTHAJIA BRIYMCIIACTCS UX KOPPEISAIUOHHAS (QYHKITUS:

Zg.k *((k=m)-z,),

SIBISTFOLIASACS. UCKPETHBIM BBIPAKCHUEM HETIPEPHIBHON
KOppEISHOHHON QyHKIMH

J-f z' Toi — l)dr

Brmonnasercs rpydoe (C TOYHOCTBIO [0 IIETI0T0 YUciia
OTCYETOB)  OMNpeJeNIeHHEe  IOJIOKCHHS  MaKCHUMyMa
KoppensuoHHo# ¢yHKIwH (K®D), auckpeTH3upoBaHHON ¢
TOM K€ YacTOTOM, 4TO MU BXOAHOM curHain. dparmeHT
KOPPENSIMOHHON (YHKIIMM C KpPaHUMH OTCUETaAMU
+8...16 OT MaKCHManbHOTO  HWHTEPIIONUPYETCS C
koadummertom 16...32 mis yTOUHEHHOTO OIpeIeTICHUS
OTHOCHUTEIIbHOM 3aJICPIKKU IPUHATOI'O UMITYJIbCA.

HauanpHas (aza NpUHATOTO MMITYJIbCA OIPEAENAETCS
Kak (¢a3a KoMmIUieKcHoro 3HaueHns K@ B Touxke,
COOTBETCTBYIOLICH YTOYHEHHOMY 3HAUCHHUIO 3aJCPHKKU.
IIpn ompeneneHny  yTOYHEHHOTO  3HA4YCHUS (a3l
npumensiercst uaTepnosus KO.

JIMCKpUMHMHALMOHHAs XapaKTEPUCTHKA CTPOUTCS B
BUJIE

raie K,(4) — pacuéTHbii BHA ITaBHOrO JiemecTKa

aBTOKOppessauuonHol ¢ynkuun (AK®D) 3onaupyromero
CUTHaa WM (YHKIUS, SBISIOMAsCA €ro MPHOIIKEHUEM.
Haubonee pacrnpocTpaHEHHBIMH BUIIAMH  MOAYJISILIUH
SIBITIOTCST NTUHeHHast gactotHas (JIYM) u ¢a3okomoBas
(®KM), pacuétaple AK®D KOTOpBIX HMEIOT BHJI
COOTBETCTBEHHO (DYHKIMH Sin X/X ©  TPEYroibHHUKA.

VYuureBas otiuuue Gopmel AK®D peansHOro curxama or
pacu€THOW, OOYCIIOBIIEHHOE OTPAHUYCHHOH ITOIOCOM
NpOMyCKaHus Tepenaroniero u npuémuoro tpakrta PJIC,
1enecooO0pa3Ho NMPUMEHUTh B Ka4eCTBE YHHUBEPCAIHLHOTO

MIPUOIIVMKEHUSI TayCCOUTY K(l)= exp{— 2[268 2}, rme 6 —
pacuétHas mmpuHa AK® kak QyHKIUHM OT 3amepxku. B
3TOM cirydae AX NIPUHUMAET BUJ
D(4)=—4/57 -expl-22/25° .

IV. CPEICTBA KOPPEKIIU

B pexmmax BBICOKOTO pa3pemieHHs IEHCTBYIOIIHX H
nepcriekTuBHBIX PCA (0,25...1 M), a5 B3aUMOAEHCTBHSA C
KOTOpBIMM  MpeJlHAa3HAUYeH [MpejjiaraeMblii  aKTUBHBIN
WMUTATOp, IIHPHHA CIEKTpa 30HAMPYIONUX CHUTHAIOB
MoxeT coctaBiaTh 150 ... 600 MI'n. Jlns oOecnieueHus
JIOCTaTOYHOW TIOJIOCH TMPOIMYCKAHUS HWMHTATOP JOJDKEH
uMets mnepuon auckperuzauuu LIAIl coOTBETCTBEHHO
T, = 5,33 ... 1,33 HCc, ecnu npeoOpa3zoBaHUEe BBIMOITHIETCS
B JBYX KBaJpaTypHbIX BuaeokaHanax. Koppekuus



3aJePIKKU BOCIIPOHU3BOMMOTO CHUTHAIa JIOJDKHA
OCYIIECTBISITECSL MTyTEM BBEJICHUS B TAKTOBBIM CHUTHAT
3a0ep)KKd B TIpeleaax Ty € JUCKPETHOCTBIO
AT :(0,05...0,1)-1S . YUUTBIBasl, 9TO UMHTATOP SBIIACTCS

Ha3eMHOM anr[apaTypoﬁ U K HEMY HC MPCAbABIACTCA

KECTKUX TpeGoBaHMIA o Macco-rabapruTHBIM
XapaKTepUCTUKaM u cpeacTBam HoJAepKaHUs
TEMIIEpaTypHOTO  PEXMMa,  JOCTYNHBIM  CIIOCOOOM
annapaTHOW pealu3aluyd  YIPaBJIIEMOM JHUCKPETHOHR

JVHUK 3aJIep>KKN TIPEICTaBIsIeTCss HabOp KOAKCHAIBHBIX
JAuHAR  Bo3pacTtaromiei muHBI ¢ marom Al =c-Ar
NOAKIIOUYEHHBIX ~ MEXAY  BBIXOJAMH M BXOAAMH
MYJBTHIUIEKCOPOB JIOTHYECKNX CHTHaNOB. Hampumep, mms
Ts = 5,33 HC U 4-pa3psAHOTO YIIPABJSAIOIIET0 KOAa T0JIKHO
OBITH TIPEIYCMOTpPEHO 16 JMHHUIT ¢ MIaroM 3JIEKTPUUECKON
nimuab 0,1 M.

Koppekmmsa HadanpHOW (pa3bl CHTHanma Ha mepenady
JIOJDKHA BBITOJHATBCS I KOMIEHCALMH CYMMBI JBYX
(a30BBIX OMMOOK, OOYCIOBIEHHBIX HEOIPEAeNEHHOCTHIO
MOMeHTa mnpuéma 3oHIupyoomero ummyinsca or PCA u
cBUTOM (ha3bl CUTHAJIA Ha HECYIEH 4acTOTe B pE3yJIbTaTe
3aJIep’)KKH €ro BOCHPOU3BeJeHUs. JlMama3oH KOPPEKIHUU
¢daser gomken coctaBmath 0...360°, paspsmHOCTH Koza
ompenenseTcs ~ TPeOOBaHUAMH K OTHOCHUTEIBHOMY
(a3oBOMy IIyMy, BHOCHMOMY HMHTATOPOM B TECTOBYIO
paauorosnorpammy PCA. MoIIHOCTB 3TO# cocTaBisitomien
IIyMa ompezersieTcs 1o Gopmyie

Py = (72/3)-27%"

rme n — paspsgHOCTh Koma, wim (5, 2-6xn) 1b.
COOTBETCTBEHHO, [UI1 JOCTIDKEHHS ~ OTHOCHTEIBHOTO
ypoBHs 1myma muHyc 40 nb TpeOyercst 8-paspsaHbiid
(azoBpamarens ¢ 1eHoil auckpera 1,4°. B 1o ke Bpems

CepUIHO BBINNyCKaeMble JTUCKPETHBIC (ha3oBparaTesiu
UMEIOT  pa3psgHOCT, He Oomee mectd. B3amen
HpeAIoNaracTcs HCIIOJIB30BATh MPEU3UOHHBII

(dazoBpamarens [9, 10], ympaBiseMblii ITOCTOSHHBIM
HampspkeHWeM ¢ BbIxoga  12-paspsyinoro  LAIL
[Nepexiouennst 3aiepKku U (a3bl OCYIIECTBISIOTCS B
may3ax MeXIy W3Ty4€HHEM HMIIYyJIbCOB, YTO YIPOIIAeT
3ajady CcTaOWIM3aluM YHPABISIONMMX HANPSHDKCHUH BO
BpeMs U3ITy4CHHUS.

V. KAJIHNBPOBKA

VYnpasnenue JMHWEH 3alepkKKH U (hazoBparuaTeneMm
OCYIIECTBIISIETCS KOJ1aMH, BBIOMPaeMbIMU o
KaTHOpOBOYHOW Tabmmie. Jlns KamuOpoOBKH B cXeMe
umuTaTopa (puc. 1) mpemycMOTpeH HacCHUBHBIN IIIeH(
MEK/Ty BBIXOJIOM IIepeflaTdiKa M BXOJOM INPHEMHHKA Ha
Hecymied  dactore. KammubOpoBka  3akmouaeTcss B
(hopMupoBaHUM U Iiepesade 00pa3OBOr0O 30HIUPYIOIIETO
UMIIyllbCa C  TIOCTEIOBAaTeNIbHON  YCTaHOBKOH  BCeX
YIPaBJISIOMINX KOJOB JIMHUH 33/I€PKKH M HYJIEBOTO CABHTa
¢a3pr, mpum 3TOM ONM(MPOBAHHBIA CHUTHAT C BBIXOJA
NpUEMHOTO TpakTa 0O0pabaThIBacTCsi KOPPEISLMOHHBIM
aQHAINM3aTOPOM IJIsl M3MEPEHUsS (haKTUUECKOH 3aJepPIKKU U
capura assl. IlomydeHHBIE 3HAYEHHSI COXPAHAIOTCS B
Ta0NuIe KOPPEKTUPYIOMUX KOAOB. AHAJOTUYHBIE IHKIIBI

KaHI/I6p0BKI/I BBITIOJIHAKOTCA Ha HECKOJIBKUX HECYHINX
qyacToTax B pa60qu Auaria3oHe.

VI. 3AK/IIOYEHUE

[IpemiaraeMelii IPUHIMIT CHHXPOHHU3ALUH AKTUBHOTO
UMHTATOpa IPOU3BOJIBHBIX PAJMOMHIIEHEH MO3BOJISIET
OpraHu30BaTh UCIIBITAaHUS paznosokaTopa c
CHHTE3MPOBAHHOI anepTypol B pexuMax, JiIs KOTOPBIX
TpedyeTcs (QOpMHUpPOBAHHE CIOXHBIX  (POHO-TICTEBBIX
00CTaHOBOK, HO  TPOU3BOAUTENBLHOCTb  MMEIOIIUXCS
BBIYHCIHTEIEHBIX CpeICTB HE obecrednBaeT
npeoOpa3oBaHue  MOJHOLEHHOTO  00béMa  JaHHBIX
30HAMPYIOLIETO CUTHAJA U MOJIEIN CHIMAaeMOro 00bEKTa B
PSKUME pEalbHOTO BpeMEHH. MeTox MOXKeT ObITh
NPUMEHEH U1 ONPEACNICHUS CKBO3HBIX XapaKTEPUCTHK
PCA kak mnpu nETHBIX MWCHBITAaHHUAX, TaK W IIpU
MOJYHaTYPHOM MOJCIMPOBAaHUM Ha STale Ha3eMHOM
0TpabOTKH, YTO TO3BOJSIET pEajn30BaTh CHUCTEMHBIH
MOAXOJ K CO3IaHUIO M DKCIUTyaTalllH KOMILIEKCA.
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ABSTRACT

Active radar target simulators are used for synthetic
aperture radar calibration and tests. In general, the
simulator should convert the received impulse of radar
sounding signal into a computed superposition of its
scatterings from a set of terrestrial scene bins considering
amplitudes, delays and phase shifts, the scene being
simulated before the test.

A simple active transponder is designed to simulate a
singular point target. Its principle of operation is based on
analog or digital recording of received radar signal and its
playing back after a stable delay. One-point active
transponders are used for SAR spatial resolution and
polarimetric tests, and for radiometric calibration [8].

A multiple point target can be simulated using a multi-
channel transceiver, each hardware or software channel
being responsible for a single virtual point. Signal
processing in real time provides a stable delay regardless
of exact knowledge of input signal receive moment, but the
simulated pattern can be composed of just a few discrete
pixels.

However, if SAR radiometric resolution or on-board
imaging performance in high resolution mode is to be
tested, a simulated test target should be composed of
millions of pixels, this exceeding available productivity of
signal processors for digital signal conversion to be
performed in real time. Instead, echo signal data array
based on test pattern model, trajectory and known
sounding signal envelope can be computed preliminarily
and stored, then played back synchronously with radar-
under-test sounding signal reception.

In flight tests, aircraft trajectory disturbances lead to
sounding pulse reception moment fluctuation. Once there
is a rigid constraint of return signal data sampling and its
generation timing with DAC clocking signal, the delay
stability cannot be obtained better than timing granularity.
If trajectory fluctuations are tracked by a micro-navigation
system and compensated in the imaging algorithm, this
function being verified in the flight tests, ignoring delay
errors would lead to image defocusing. Similar effect is
probably to be encountered if remote SAR sounding period
is not multiple of simulator integer clock period.

Once echo signal simulation instead of direct sounding
pulse transceiving is considered, the requirements of SAR
flight tests imply the effective relative noise added by the
transceiver to be less than minus 40 dB. It corresponds to

initial phase mismatch between the received pulse and the
transmitted echo simulation to be limited by 1.4°, or,
thereafter, delay variation to be of order minus 2...3 with
respect to the clock period. For this requirement to be
satisfied, special schematic should be applied.

A principle of fine delay and phase adjustment is
introduced below. Taking into account the approach of
preliminary output signal data simulation because of
limited real time signal processor throughput, delay and
phase correction methods are also oriented to minimize
real-time output data processing. An available correction
technique is based on combination of a switched delay line
in the circuit of DAC clock signal and a high-precision
controlled phase shifter to adjust up-converter LO signal
phase.

The proposed active simulator contains symmetrical
channels for wideband signal reception and generation,
digital conversions being executed at zero IF. Input data
flow is redirected to the RAID storage for future
processing. The same storage contains output signal data
array, the data being read in segmented mode and played
back by I, Q-channel DACs. In addition, every impulse is
processed by a computing module based on FPGA as
stated below.

The essential difference of the proposed active target
simulator from real-time active transponders is the
presence of the above final adjusting elements controlled
with proper codes generated by the signal processor on
base of input sounding signal processing results.

The possibility of input sounding signal analysis is
based on considered simulator destination for SAR flight
tests and calibration. Unlike warfare operation
circumstances, a radar-under-test is self-designed, or the
tests are ordered by SAR operator. Therefore, the data
array for simulation of echo signal according to the test
scenery can be simulated on base of known sounding
signal envelope, sounding time diagram and carrier
trajectory. The source data and the resultant array should
be stored in the database before the test.

The known sounding pulse modulation can be used for
its correlation processing executed immediately after input
signal reception to measure received pulse delay and initial
phase. The processing is based on correlation algorithms
known from automatic control and navigation theory [3].

Software module of correlation analysis executes two
convolutions of received sounding signal envelope with
appropriate reference functions downloaded preliminarily
from the database. The first one is the conjugated and



inverted complex envelope of the expected sounding pulse,
considering its initial phase, and the complex convolution
should look like the response function of pulse envelope
subject to the delay A and the phase shift y of the received
pulse. The second convolution is the discrimination
function vanishing at the argument of the first convolution
maximum. The delay is found as the equation root for the
discrimination function, and then the initial phase shift is
determined as the phase of the response function
interpolated in the neighborhood of maximum.

The suggested simulator is designed to operate with
high-resolution SARs (0.25 — 1 m) with sounding signal
spectrum bandwidth 150 ... 600 MHz. Playback signal
delay correction should be implemented by means of
clocking signal delay in the range of sampling period with
the granularity of 0.05 — 0.1. An available hardware
solution of controlled discrete delay line can be based on a
set of coaxial lines with the corresponding length step
connected between two logical multiplexers. For example,
16 lines differing by 0.1 m step are required for sampling
period 5.33 ns and 4-bit delay code.

Transmit signal initial phase correction should
compensate the sum of two phase errors resulting from the
uncertainty of sounding signal reception moment and the
delay of transmitted signal at carrier frequency. The range
of phase correction is 0 ... 360°, and code length is
determined according to the specification of relative phase
noise added by the simulator in SAR test hologram. The
power of this noise component depends on code length n
as (5.2-6n) dB. Therefore, in order to obtain relative noise
level minus 40 dB, an 8-bit phase shifter with 1.4°
resolution is required. In consideration that standard phase
shifters are mostly 6-bit, a continuous voltage-controlled
phase shifter is to be implemented, the control voltage
being supplied from a 12-bit DAC.

An alternative schematic solution for fine phase
adjustment would be a vector modulator controlled by a
pair of DC signals.

Delay and phase switching in the pauses of transmit
pulses enables avoiding control voltage instability during
transmission.

Delay and phase control codes are chosen from
calibration table. Passive calibration loopback circuit
should be provided in the simulator to supply the transmit
signal at carrier frequency to the receiver input. The
calibration implies test sounding impulse generation and
transmission with zero phase shift and sequential setup of
all delay steps, the received signal being processed by the
correlation analyzer to measure the resultant delay and
initial phase of the response. A similar procedure should be
executed to obtain the code-to-phase characteristic, and a

set of calibrations is to be made for a number of carrier
frequencies in the operation range. The results are stored in
the calibration table.

The suggested principle of active arbitrary test target
simulator synchronization enables to provide SAR tests
including the modes requiring complex scenery analysis if
signal processor throughput is not sufficient for full-scale
data conversion in real time. The technique may be
implemented for SAR through experimental characteristic
estimation both in flight tests and in hardware-in-the-loop
simulation.

REFERENCES

[1] Radiolokacionnye stancii vozdushnoj razvedki,
deshifrovanie radiolokacionnyh izobrazhenij / Pod red. L.A.
Shkol'nogo. — M.: izd. VVIA im. prof. N.E. Zhukovskogo,
2008 (in Russian).

[2] Radiolokacionnye sistemy zemleobzora komicheskogo
bazirovanija / Verba V.S., Neronskij L.B., Osipov I.G.,
Turuk V.Je. Pod red. V.S. Verby — M.: Radiotehnika, 2010.
—680 s. (In Russian).

[3] Belolazov  L.N., Tarasenko V.P. Korreljacionno-
jekstremal'nye sistemy. — M.: Radio i svjaz', 1974 (in
Russian).

[4] Radioavtomatika: Ucheb. posobie / Besekerskij V.A.,
Eliseev A.A., Nebylov AV. i dr; Pod red. V.A
Besekerskogo. — M.: Vyssh. shk., 1985. — 271 s., il. (In
Russian).

[5] Lepjohina T.A., Nikolaev V.l. Apparatno-programmnoe
obespechenie stenda polunaturnogo modelirovanija dlja
nazemnyh ispytanij kosmicheskih radiolokatorov s
sintezirovannoj aperturoj // Informacionno-izmeritel'nye i
upravljajushhie sistemy. 2013, Nel. S. 53-60. (In Russian).

[6] Lepjohina T.A., Nikolaev V.I. Algoritm cifrovoj imitacii
traektornyh  signalov dlja ispytanij radiolokatorov s
sintezirovannoj aperturoj vysokogo razreshenija // 15-ja
Mezhdunarodnaja  konferencija  «Cifrovaja  obrabotka
signalov i ee primenenie — DSPA-2013». M.: RNTORJeS
im. A.S.Popova, 2013. S. 418-422. (In Russian).

[7] Jirousek M, Déring B.J, Looser P., Schwerdt M. Linearity
Measurements of an Accurate Transponder for Calibrating
Future Spaceborne SAR Systems // Proc. of 9th European
Conference on Synthetic Aperture Radar Conference
EUSAR 2012 (Nuremberg, Germany, 2012), pp. 67-70.

[8] Wen L., Tao Z. Design and Implementation of Real-time
SAR Echo Simulator for Natural Scene // Proc. of 8th
European Conference on Synthetic Aperture Radar
Conference EUSAR 2010 (Aachen, Germany, 2010). P.
657-660.

[9] Egorov E.N., Zhohov L.K., Lebedev Ju.V., Martynova V.P.,
Saprykin V.G. Mikropoloskovyj fazovrashhael' na osnove
MDP varaktorov // Special'naja jelektronika. 1979, serija
10, vyp. 2(6). (In Russian).

[10] Surin Ju.V., Petruchuk I.I., Spiridonov A.B., Martynova
V.P. Varikap. Patent na poleznuju model' Ne 114807,
prioritet ot 21.12.2011 g. (In Russian).



