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CuHTe3supoBaH LMGPPOBOM KBA3MONTUMAIbHbLIA anropuTM OLEHKW CABWra Hecyllen 4acToTbl
(CHY) dpasomanHunnynupoBaHHbix (M) nepepay BY-gmanasoHa, no3BoOnuBLUMIA, NPU HEBBICOKON
BbIYNCIIUTENBHON CMOXHOCTWM, MWHUMU3UPOBATb MNOrpellHocTb oueHkn CHY go senuumHbl 1,06
MorpeLuHoCcTn, onpeaensemon HmkHen rpaHulen Kpamepa-Pao.

OpHom 13 3agad, KoTopyro Heobxoanmo pellatb Npu paspaboTke LMgPOBbIX KOrepeHTHbIX 6NoYHbIX
aemogynuvpyowmx yctponcts (OMY) ®M nepepad, aBnsieTcs 3agadya obecneyeHus GbICTPOW HACTPONKM
uenen cnHxpoHusauum IMY Ha HecyLyto YacToTy BXOAHOrO curHana.

Ecnn Hecyllas 4yactoTa MOOEMHbIX CEaHCOB, NepedaBaeMbiX MO KaHamam CrhyTHMKOBOW CBSA3W,
M3BECTHA, KaK NpaBuro, OCTaTO4HO ToYHO (£1Ih), To Hecywasa vyactota ®M curHanos, nepegaBaemMbix Mo
pagnokaHanam BY-gmanasoHa, MoXeT M3MeHATbCA B ropa3go 0Oonee  wvpokux npegenax. 3To
06yCcnoBneHo cregylLwnmMmn akTopamm:

1. MMorpewHoCcTblo U TeMnepaTypHOA HECTabUITbHOCTBIO OMOPHbIX YacTOT paguvonepenaroLllero u
paguonpuemMHoro ycTponcts. Kak nokasanu akcnepuMmeHTanbHble WCCMNeAoBaHUd, CyMMapHas
MOrpeLUHoOCTb B AaHHOM Cnyvae MOXeT cocTaBnaTh £(20-50)u;

2. [onnepoBcknum cABUIOM 4acTOTbl. B 3ToM criyyae, norpeLlHocTb CoCTaBNsaeT eauHubl M.

B ycnoBusx anpuopHoOM HeomnpeaerneHHOCTW Hecyllen 4actoTbl 6noyHoro ®M  curHana,
nepegasaemMoro no paguokaHanam BY pguanasona, ToyHoe 3HaHme CHY BxogHoro ®M curHana,
OTHOCUTENBLHO oOnopHoW 4actoTbl [OMY, ABngeTcs OOHUM U3 OCHOBHbLIX (PakTOpOB, CMNOCOOCTBYHOLLUX
MOBbLILLEHUIO Ka4eCcTBa AEMOAYNSAUMM curHana.

PaannyHble  anroputmbl OLIEHKM CHY pgnsa CUrHaNoB  cogepxawux  HaCTPOeYHyo
nocrnegoBaTenbHOCTb paccMoTpeHbl B [1,2] (oNs kaHama € 4acTOTHO-CENEKTUBHbIMU 3aMUpaHUsaMU) W,
Hanpumep, B [3-5] (ans kaHana ¢ agauTMBHBIM rayccoBckuM wymom (AlLL)). Ncnonb3oBaHne anroputma [1]
TpebyeT 3HaHWNS CTaTUCTUYECKUX XapaKTEPUCTUK KaHara, KOTopble anpuopHO Hem3BecTHbl. K HegocTaTkam
anroputma [2] cnegyeTt OTHECTM Hanuume noporoBoro adpdekra (npy oTHoweHun curHan — wym (OCLU) 5-10
ab), a Takke Trpomo3dKOCTb anropuTMma (ABYyXCTyneHdaTas npouenypa Tpebywuwas 3HauuTeNbHbIX
BbIYNCIIUTENBHbIX 3aTpaT), YTO CYLLECTBEHHO 3aTpyAHSIeT ero npakTnyeckylo peanusauumio. Anroputmel [4,5]
obecneunBatoT, Anga kaHana ¢ AlLU, TouyHocTb oueHkn CHY, npakTnyecku coBnafatollytd C TOYHOCThIO,
onpegensemon HwxHen rpaHuuen Kpamepa-Pao, ogHako TpebyloT BbICOKMX BbIMMCAUTEMbHbLIX 3aTpar,
UMEKLNX KBaApaTUYHYHO 3aBUCUMOCTb OT [ANUHbI NOocnefoBaTenbHOCTU. AnroputMm [3] HecnoxeH B
peanusauMu, HO TOYHOCTb €ro HeBenvKa M yXydwaeTcs Npu YBENUYEHUW ONUHbBI MOCHeLoBaTENbHOCTH.
Kpome atoro, anropuTtmbl [3-5] B yCNoBMAX MHOTMOTy4€BOCTU HEPAbOTOCMOCOOHbI.

MpepgnaraeTca anropytM, KOTOPbIA MPU  HEBBLICOKOM BbIYUCITUTENBHOM CITOXHOCTU  (NUMHEHas
3aBMCUMOCTb KONMYECTBA Onepaumii YMHOXEHUS OT AMMHbI NocnenoBaTenbHOCTH), obecnevmBaeT BbICOKYHO
To4HOCTb oueHkn CHY gna kaHana ¢ Al (cpegHekBagpaTnyHas owmnbka oueHkn CHY Bcero nuwb Ha 6%
npesbiwaeT CKO oueHku, onpegensemMon HkHeln rpannuen Kpamepa-Pao). B 1o xe Bpems, Anst kaHana ¢
MHorony4yesocTblo, CKO oueHkn CHY npepnaraemoro anroputma cywiectseHHo Huxke CKO anroputmoB [3-
5].

PaccmoTpum oOCHOBHble pesynbTaTthl. Onpegenvm curHan Ha Bxoge ycTponctea oueHkn CHY.
Monaras, yto MCWU oTcyTcTBYeT M MOMEHT AMCKpeTM3auun BbibpaH nNpaBuibHO, BXOAHOW CUrHam MOXHO
3anucaTtb B BUAe:

z(nT )= x(nT Yexp( jo.nT +¢@,)+n(nT ),
rae x(nT) - KOMNNeKcHas NoCreAoBaTeNbHOCTL NepejaBaeMbix cumeonios, @, - CHY, n(nT)

- He3aBUCMMble OTcYeTbl kKomnnekcHoro AlLL, T - nepuopn crnenosaHuA CI/IMBOJ'IOB,(D o -~ Ha4danbHaAd

dasa.
Tak Kak nocnegoBaTtenbHOCTh x(nl ) W3BECTHA, TO ha30BYH0 MaHUMYMALMIO MOXHO UCKIIOUNTB:

y(nT )=exp( jo nT +¢@,)+v(nT).

OntumanbHas oueHka CHY cBoauTCA K HaXOXAeHUI0 MakcuMyMa dyHKUMM npasgonogodus F(wg).
N 2

F(wl) = EN‘ V(KT Yexp( —jw, kT) (1)

k=1
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N
B3sB nponssoaHyto B (1) oTHocuTenbHo (0. 1 MPUPaBHSB €e K HyMio, HageM MakcumMyM OyHKLMK
npaesgonogobus:

Im {Nz:lk(N — k)R (k) exp( —ja)AC kT )} =0

k=1

roe R(k)= m Zyn (iT)y, ((l k)T) - oueHka [OMCKPETHOM aBTOKOPPENALMOHHOMN
i=k+1

dyHKUmK (JAKP) moanvLmMpoBaHHOro BXOAHOIO cMrHana.

Becosasi oyHkums k(N — k) pocturaet makcumyma npy k = N /2, 1.e. oueHka JAK® R(N /2)
COLEPXNUT Hambonbllee konu4ecTBo MHdOpPMauuM o6 OTKIMOHEHMM Hecylleln YacToTbl. C Apyro CTOPOHBI,
TOYHOCTb oueHkn JAK® R(k) 3aBucut oT BenuumHbl k. Onpenenym KBasvonTUMAsbHbIA anroputM Kak
peLLeHne ypaBHeHus (2)

m{R(k)(l—ja;c kT)}zO, 2)

rae BenuunHa k noanexuT onpeaeneHunio.

A

Pewas ypasHeHue (2) otHocuTensHo . , NONy4nM

1
£, = o det RGO} (3)

Ons onpegeneHns ONTUMArnbHOrO 3HadYeHuss k, Haigem gucrnepcuio owmnbkn oueHkn CHY
anroputma (3):

D(q) =

1
Am*T?q*(N = k)’ k

Oucnepcus D(q) MUHMManbHa TOorga, Koraa BblpaXkeHue (N—k)zk makcumanbHo. [ns

(4)

2
HaxoXxaeHnAa MakCuMMyMa BblpaXXeHuA (N—k) k oTHocutenbHo k, BO3bMEM MNMpoun3BOAHYyKO MO k n

npupaBHsieM ee K Hyno: 3k* — 4Nk + N> =0 .

MonydyeHHoe KBadpaTHOE ypaBHEHWEe, C Y4eToM orpaHudeHnsa k < N, uMeeT eauHCTBEHHOe
peweHve npu k= N/3.

Harigem koabduumeHT npesbiwenns CKO oueHkn CHY X, paccunTbiBaemon no anroputmy (3),
CKO, onpepensiemon HuxHewn rpaHuuen Kpamepa-Pao:

/D(q \/N(Nz ~ 1)
D 6(N — k)*k

e D = - HWXHAA rpaHunua Kpamepa-Pao [5].
21 °T *q N(Nz—l)

Paccuntaem KkoapuumeHT X, ANS onTumanbHoro 3Havenus k= N/3 wu pns anroputma [3]

(k=1)

9(N —1)

/ N(N?* -1 N
Xnizs = =~ 1,06 , X1 = (7)

6(N —1)° 6
[na npoBepku NpaBUNBHOCTM MNOMNy4eHHoW dopmynbl (4), 6biNO NpoBegeHO MoaenupoBaHue,
pes3ynbTaTbl KOTOPOro NpeaAcTaBneHsbl Ha puc.1.
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Puc.1. 3aBucumoctb CKO oueHkn CHY ot OCLL ans nocnegoBaTtensHocTen aAnnHon N=64.
1 - CKO onpegensemas HwxHel rpanuuen Kpamepa-Pao;
2 - CKO npepnaraemoro anroputma k = N /3(V =8N /3 =168(N =64));

3 - CKO anroputma [5] npu M =18 (V =2N(M +2)=2560(N =64));
4 - CKO anroputma [3] (V =4N —2 =254(N =32)),
roe V — Kkonm4ecTBo Tpebyembix onepauuin yMHOXEHNS.

Takum o06pa3oM, CUHTE3MPOBaHHbIM anroputM oueHkn CHY noseBonsieT MUHUMU3NPOBaATb
norpewHocTb oueHkn CHY go Benuumtbl 1,06 oT norpelHocTH, onpeaensemon rpannuen Kpamepa-Pao.
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QUASIOPTIMAL DIGITAL ALGORITHM FOR CARRIER ESTIMATION OF BLOCK PM SIGNALS
TRANSMITTED VIA HF RADIO CHANNELS

Novikov Y.
E-mail: kK722@post.fssr.ru

Abstract: Quasioptimal algorithm for carrier frequency shift (CFS) estimation fos PSK
transmission was synthesized enabling, at low computing complexity, to minimize CFS estimation
error up to 1,06 of the error, defined by the lower bound of Cramer-Rao.

One of the problems to be resolved while developing digital coherent block demodulating devices
(DMD) for PSK transmissions is ensuring a fast tuning of DMD’s synchronization circuits in an input signal
carrier.

Carrier of modem sessions transmitted via satellite channels, as a rule is known precisely enough
(x1Hz), yet carrier of PSK signals transmitted via HF radio channels may vary within much wider limits. It is
stipulated by the factors as follows:

1. Fallibility and temperature instability of reference frequencies for radio-transmitting and radio-
receiving devices. As an experimental investigation has shown the aggregate error in this case may make +
20-50Hz;

2. Doppler frequency shift. In this case the error makes units of Hz

Carrier of a block PSK signal transmitted via HF radio channels being a priori ambiguous,
possession of exact information on input signal CFS relative to DMD’s reference frequency is one of the
pacing factors promoting the increase in quality of signal demodulation.

Various algorithms of CFS estimation for signals containing training sequence are given in [1,2] (for a
channel with frequency selective fadings) and, for example, in [3-5] (for a channel with additive Gaussian
noise (AGN)). Algorithm [1] requires the knowledge of statistical characteristics of the channel, which a priori
are indeterminate. Among the shortages of algorithm [2] are the presence of a threshold effect (at a signal-
to-noise merit (STNM) of 5-10 dB) as well as the bulkiness of the algorithm (a two-phase procedure
demanding a significant computer power) that essentially hamper its practical realization. Algorithms [4,5]
ensure, for a channel with AGN, an accuracy of CFS estimation practically conterminous to the accuracy
defined by the low bound of Cramer-Rao, demanding, however, a high computer power having squared
relationship to the sequence length. Algorithm [3] is simple in realization but its accuracy is insignificant and
worsens with augmentation of the sequence length. Moreover, algorithms [3-5] in multipath conditions are
inoperative.

Here an algorithm is offered which at low computing complexity (a linear dependence between the
quantity of multiplication operations and the sequence length), ensures high accuracy of CFS estimation for
a channel with AGN (root-mean-square error of CFS estimation only by 6% exceeds RMS error of the
estimation defined by the low bound of Cramer-Rao). At the same time, for a channel with multipath effect,
RMS error of CFS estimation made according to the algorithm offered is much lower than RMS error of
algorithms [3-5].

Let's examine the fundamental results. First we define an input signal of the device whose CFS is to
be estimated. Supposing intersymbol interference to be absent and the moment of discretization is chosen
correctly, the input signal can be recorded as:

z(nT )= x(nT )exp( jo nT +¢@,)+ n(nT )

x(nT) n(nT)

Where - complex sequence of transmitted digits, .. CFS, independent samples

of complex AGN, T . digit following period, P initial phase.
The sequence x(nT) being known phase-shift keying can be excluded:
y(nT ) =-exp( jo nT +¢,)+v(nT)

Optimum CFS estimation is reduced to finding the maximum of likelihood function F(wc).
2

A N A
F(w,) =, y(kT Yexp( —jo, kT )
(1)

A

0]
Taking the derivative in (1) relatively to ~— ¢ and equating it to zero we discover the maximum of
likelihood function:
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Im {Nzlk(N —K)R(k)exp( - j @, kT )} =0

’

R(k) = k (lT)yn((l K)T')
Where i=k+l - estimation of discrete autocorrelation function
(DACF) of a modified input signal.
k(N -k

Weight function ) reaches the maximum at k:N/Z, i.e. the DACF estimation

R(N/2) contains the greatest amount of information on a carrier frequency error. On the other hand,

accuracy of DACF estimation R(k) depends on the value k. Let's define quasioptimal algorithm as a
solution of the equation (2)

m {R(k)(l _ o kT )} -
, (2)

Where value ¥ is subject to determination.

A

Solving the equation (2) relative to o, , we'll have

E = Tk arg{ R (k)j | .

To determine the best value k, we discover a variance of error for CFS estimation of the algorithm

1
4m°T?q*(N — k)’ k

D(q) =
4)

is maximum. To discover the

(N —k)’k

The variance D(q) is minimum when the expression

(N —k)*k

maximum of the expression relative to k, we take a derivative on X and equate it to zero:

3k* — 4 Nk +N2=0_
The obtained quadratic equation, taking into account the limiting k < N, has the unique decision at
k=N/3

Let's discover factor of excess of RMS error for CFS estimation Xk , considered according to the
algorithm (3), RMS error defined by the low bound of Cramer-Rao:

D(q N(N’-1)
£ by, MN—k)k_

CR - 2
Where 27 °T *q N(N - 1) - the low bound of Cramer-Rao [5].

Let's calculate factor i for the best value ¥ =N /3 and for algorithm [3] (k =1 ):

9(N*-1) 9 _ INWN:P-1) [N
TeN? s T L7 ev -t T s

To check up the regularity of the obtained formula (4), a simulation analysis was carried out whose
results are submitted in fig. 1.

ANz =
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Fig. 1. Dependence of RMS error of CFS estimation on STNM for a sequences with length N=64.
1 — RMS error defined by the low bound of Cramer-Rao;

2 — RMS error of the algorithm offered k=N/3 (V =8N/3=168(N = 64));
3 — RMS error of the algorithm [5] at M =18 (V =2N(M +2)=2560(N =64) );

4 — RMS error of the algorithm [3] (V =4N-2=254(N =32) ),

Where V - quantity of required multiplication operations.

e Thus a quasioptimal algorithm for CFS estimation was synthesized enabling, at low computing
complexity, to minimize CFS estimation error up to 1,06 of the error, defined by the lower bound of Cramer-
Rao.
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