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Pedepar - B pabote mpexncraBieH MeTo[ aHAIHM3a XapaKTEPHCTUK HACTPOHKU KOPPEKTOpa KaHala MO CHTHAIY, IIPEeJCTaBISIOIEMY
co00if TCeBOCTyUalHY O ITOCIIEA0BATENBPHOCT MH(MOPMALMOHHBIX CHMBOJOB. JIf WUIFOCTpanMM MeToAa JUIs aJanTallid KOppeKTopa
HCTIONB30BaH OBICTpEIN anroput™ Kanmana. [IpuBenen npuMep pacuera KOppeKTopa KaHaua [0 pacCMOTPEHHON METOIUKE.

Kak wun3BecTHO, HCKaXeHHs aMIUIMTYIHOW W (a30BOM XapaKTEpPUCTUK KaHajla CBS3M BBI3BIBAIOT
MEXCHUMBOIbHYI0 nHTephepeHnuto (MCU), koTtopas BeAeT K pOCTy YHCIa OMIMOOYHO NPHHATHIX CHMBOJOB. Jlys
KOMITCHCAIIUM ITUX HCKaKEHUH MCIOJIB3YIOTCS KOPPEKTOpHl KaHajoB (9KBanmaitzepsl) [1], mepenmarounas ¢(yHKIMs
KOTOpPBIX B HACAIFHOM Cilydae sIBJsIeTCsl oOpaTHOW mepemaTouHod ¢QyHkimed kaHama. Hactpoiika koppexTopa
MIPOUCXOIUT TIO OTKJIMKY KaHala Ha HACTPOEUHBIH CHTHAJ, MEPEIaHHBIN MepelaTYuKoM. B kagecTBe Takoro curHaia
MOJKET BBICTYIATh CIIEIHAJIbHAS MOCIEe0BATEIFHOCTh WIIM HETIOCPEACTBEHHO caM paboumii curHai. Llens aHammsa —
OTIPENICNIUTh TPUTOTHOCTh B JAHHOW CHUTYallMH TOTO FUIM HMHOTO METOJA HACTPOHKH W IMONYYHTH XapaKTEPHCTHUKU
mporiecca HaCTPOMKH KOPPEKTOpa.

AHanmmu3 mporecca HaCTPOHKH KOPPeKTopa KaHaxa COCTOUT U3 HECKOJBKHUX IIAroB:
[IpenBapuTenbHBIN pacueT XapaKTepUCTUK HACTPOHKH KOPPEKTOPa B 3aJaHHBIX YCIOBHSX;
ITocTpoeHue Moaenu HaCTPOUKU KOPPEKTOPA;
COop ONBITHBIX JAHHBIX HA OCHOBE NOCTPOCHHON MOJIEIH;
CpaBHEHHE ONBITHBIX JaHHBIX C IPeJBApUTEIbHBIMY pacUeTaMy;
CocTaBieHue 3aKIIOYUTENBHBIX BEIBOJOB.
Paccmotpum aTH maru Gosee moapooOHo.
IIpexBapuTesabHblil pacuer
PaccmoTpumM ciydaid, Korja HacTpoilka KOPpPEeKTOpa KaHajla OCYIIECTBIAETCS 10 M3BECTHOM Ha MPHEMHOM

CTOpOHe NceBocTydaiinoii mocnenosarensHoctu cumsonos d(n), n =0,1,2,....

TouHoCTH HaCTpOﬁKH KOPPEKTOpa 6y;[eM XapaKTepru3oBaThb OJIM30CTHIO CPCAHCKBAAPATUYCCKOI'O
2

2
orkinonenus (CKO) ommOku Ha BBIXOJE KOPpPEKTOpa C (n) x ontumansHOMy 3Hauenutro CKO C opt?

KOTOpOE

JOCTHTaeTCs TMPH ONTHUMAIbHOM BEKTOPE BECOBBIX KOA(D(UIMEHTOB TPaHCBEPCAIbHOTO (UIBTpPa Copt.
Munumuzaiust CKO  sgBiseTcss XOpoImMM KpUTEpHEeM JUIA TNPOeKTHpoBaHHMA Koppekropa [1]. ITom Bpemenem

aganTalurud KOPppEKTopa 6yZ[CM IIOHUMATh YUCIIO I/ITepaIII/Iﬁ no , IOCJIC KOTOPOT'O CTAHOBUTCA CIIPABCAJIMBLIM YCJIOBUC
2 2
-4,

3Hauenue mopora O 3aBUCHT OT TpeGyemoit Bemmuuupl CKO Ha BBIXOE KOPpeKTOpa. ONTHMANBHBINA BEKTOP

<O nnsiBeex n > n,. (®. 1)

C opt MOXKCT OBITH Haii/IcH 13 ypaBHeHus Bunepa-Xonga, 3anucanHoro B MaTpuaHoi popme [2]

_ p-l
C,=R"-P, (@.2)

rac R - KOppesiHUOHHAs MaTpuia BXOJAHOI'0 CUrHaja é(n) , a P - MHOXKE€CTBO 3HAUCHHUI B3aI/IMOKOppeHHHI/IOHHOI71

2

d)yHKI_II/II/I OTCYCTOB ITOJIC3HOT'O OTKJIMKA M OTCYCTOB BXOJHOI'O CHUTIHAJA. OnruMainbHas oImnoKa Copt

CBs3aHA C Copt
BBIPAXKEHHEM

2 2 T

o = EE"(m]-P -C,,. (®@.3)
rae E[] - 3HaK MaTeMaTHYeCKOTo OXKHAAHMUSL.

[peanonaoxum, 4To BpeMs afanTaui KOPPEeKTopa TO0HKHO ObITh MUHUMH3UPOBAHO. J{iis qocTrkeHus 3Toi
[eM HCIoJIb3yeM ObIcTphIii anroputMm Kammana [3]. Kak mokaszano B [4] 3aBucumocth CKO oT ymcna uteparuit

2
C (n) JJIA alroputMa Kanmana HpI/I6J'II/I3I/ITe.HLHO OIMIUCBIBACTCSA BbIPA’KCHUEM

C*my=E2, -(1+N-n). (@. 4)
OT1cioga MOXKHO OLICHHTHh KOJIMYECTBO HWTEpaluid, TpeOyeMbIX ISl HAaCTPOMKHM KOppEeKTopa KaHaja Mo
kpurepuro (P. 1).
IIpu MonmenupoBaHWHM HACTPOWKH Koppektopa Tteoperndeckoe moBeneHne CKO ompenensemoe (. 4)
0JIE3HO CPABHUTh C ICHCTBUTEBHBIM, BBIYUCICHHBIM 110 (hOopMyJie

{2y =, +V () R-V(n). (@.5)
rie V(n)=C(n)—C,, - orkionenne Bekropa BecoBbix Kodhdummentos ¢umptpa C(n) or

BHHEPOBCKOTO ONTHUMAILHOTO BEKTOPa BECOBBIX KOd(h(PpHIImeHTOB Copt Ha 7 -i urepanuu [2].
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U3 (®. 2) u (P. 3) crenyer, uto ans pacuera C  u C 02[” tpebyercs 3Hanue matpul P u R . ITockonbky

opt
AHAJINTHYECKHUHI pacdeT STHUX MAaTpull CJIO0XKCH, Jy4YlI€ MNOCTYHNUTb MO APYromy. HCHOJ’IIﬂyH, HannpuMmep, CUCTEMY

MATLAB MOXHO MOCTPOUTH MOJIE/b TPaKTa Mepeaun (CM. HHXKE), CMOJIEIPOBaTh TIpoxoxkaeHue curnana d (1)
gepe3 KaHaJl, IOTYIHTh OTKIHK Kanana &(71) u no vemy onernts P u R[5, 6].

JUis noydeHus IPABHIBHBIX DPE3yIbTAaTOB HYXKHO 3amaTbes umrensHoctsro curHana d(n) L, n

KOJIMYECTBOM MCIIBITAaHUM Ntl . BI)I60p 3HAYCHHUH Ld u Ntl CJIeAYyCeT NPOU3BOANUTHL UCXOAS U3 SaﬂaHHOﬁ TOYHOCTH

OXXHIaeMbIX olleHOK. CoryiacHo [7] IMEIOT MECTO COOTHOIIECHHS

1 1

Ld :—27 Nt1:_2’ (¢).6)
B-e £

rae B - criekrpanbHas mumpHHa cIydaiiHoOro cranmonaproro mpomecca & (1),

€ - oxujaeMas HOPMUPOBAHHAS CPEIHEKBAIPATHYECKAS OIIMOKA OLICHKH.

Ha xaxznom i-m (i =0,L,...N,; —1) ucnerrannu cnenyer sbravcisits matpuny R, , Bextopst P, u Copz,- u

2
opt

omnoKy C . Ilocme 3TOTO ClIEAyeT MPOM3BECTH MX CTATHCTUYECKYIO 00pabOTKY, BEIYNCIHMB CPEIHUE 3HAYCHUS U

JUCIICPCHUH OLCHOK, a TAKXKE ITOCTPOMB JJIA HUX COOTBETCTBYIOMINE TOBECPUTCIIBHBIC MHTCPBAJIbI.

HOCTpOCHPle MOJe/IN
bazosas MOACIb HaCTpOﬁKPI KOPPEKTOpa KaHalla IIOKa3aHa Ha pucC. 1.B O6HI€M CJly4a€ OHa MOXKCT OBITH

d(n) &) y(n)

T'eneparop HuzkouacTorHbIi KoppexTo
HAaCTPOCYHOT'O P SKBUBAIECHTHBIN [P > PP PlL—p
CUTHAJIa KaHaj KaHflﬂa
Benbrnii mym
» —A
|

Puc. 1 Hactpolika koppekTopa kaHana

6osiee ciiokHOM. [ToMHMO Pr1eMeHTOB, M300paKeHHBIX HA pUC. | B Hee MOTYT OBbITh BKIIIOUEHBI U JPYrHe 3JIEMEHTHI,

crieuduUHbIe U1t KOHKPETHOW cuTyauuu. OCHOBHBIMH 3JIEMEHTAMH MOJEIH Ha puc. | SBISIOTCS:

e ['eHepaTop HaCTPOEYHOTO CUTHAJA, 10 KOTOPOMY OCYIIECTBIIETCS HACTPOHKA KOPPEKTOpa KaHaJa.

e Husko4acTOTHBIN SKBMBAIEHTHBIN KaHal. Mosenupyetcs nepenarounoit pynkuueit H (Z), kotopas yuautsiBaet
YaCTOTHBIC XapPaKTEPUCTHKH BCEX AJIEMEHTOB TPAKTa IEepPeIadH.

e T'eneparop Genoro nryma.

e 3agepxka Ha A 0oTcueTOB, HCNONB30BaHHE KOTOPOil OOBIYHO TIPH MOAETMPOBAHUK 0OpPATHBIX cucTeM [2].

e KoppekTop KaHana, pealu3OBAHHBIA B BUIE TpaHCBepcalbHOro ¢uubtpa mopsaka N . Ha Bxon koppekropa
noCTymaeT OTKINK Kamama &(71) u obyuarommmii curnan d(71) . AfanTamus KOPpeKTopa KaHama MpOH3BOTHTCS
o 66icTpoMy anropurmy Kammana [3].

Cﬁﬂp ONBITHBIX TAHHBIX U CPAaBHECHHE C IIPECABAPUTECJIBbHBIMUA pacueTaMu
OcHoBHas OCjib J3TOro mara — IMpPOBEPUTH CXOAMMOCTHL aJiropurMa B TECTOBOI CUTyallUl W CHATb

. . 2
XapaKTEPUCTHKH NPOIIECCa HACTPOHKH KoppekTopa. [l 3Toro cieyeT moiyduts Hagop peanmsauuii CKO {7 (n),
: 2
i=0,1,2,...N,, —1, paccunraunpix no (®. 5), a 3aTem nocie ycpennenns Beex G, (1) MOTYUHTH yCpeTHEHHYIO

2 N o
KpPHUBYIO C o () . KomuuectBo peannsaumii IV, 3aBHCHT OT Xapakrepa ajalTHBHOIO IPOLECCA M OT JKEIAeMON

2 2

avr o (M) ¥ npexBapuTENbHBIX

TOYHOCTH HM3MEPEHUH, MPOU3BOJAUMBIX IIO C (n). Ha ocnoBe aHanusa KpHBOM C

pacdyeToB MOXHO CHEJTATh BBIBOA O COOTBETCTBHH OKMIAEMBIX U MOJYYEHHBIX XapaKTEPUCTHK IPOIEcca HACTPOHKH
KOPpEKTOpA.

CocraBJjieHHe 3aK/JII0YUTETIbHBIX BHIBO10B

HasnaueHnue BBIBOJIOB - OOOOIICHHE pPE3YNTATOB BCCH MPOJCIAHHON pPaOOTHI M MPHUHATUE PEIICHUS O
MIPUTOJJHOCTH BHIOPAHHBIX METOJIOB HACTPONKHU KOPPEKTOpa KaHaia B JaHHOW cuTyaruu. OT 3TOTO PEIICHHS 3aBUCHT
JATBHEHIINNA X0J] pa3pabOTKH YCTPOWCTBA: B CIIy4Yae MOJIOKUTEIBHOTO PEIICHUS BRIOPAHHBIC METOMIBI YTBEPIKIAOTCS,
a B CIydJae OTPUIATEIBHOTO PEIICHHS TPEOYeTCsl OTHICKATh APYTHE METOIBI M TOBTOPUTH ONMCAaHHBIE BBIIIE IIary.
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IIpumep
JUts WuTIoCTpany  M3J0KEHHOW BBIIIE METOAWKH OBUT BBIOpaH HHU3KOYACTOTHBIA SKBHBAJICHT KaHAa,
KOTOPBIM MO HOpMaM Ha 3aTyXaHHWE W TPYIIOBYIO 3aJCepXKKy CHUTHaja ymoBieTrBopsier pexomenmarmuu M.1020 (cwm.

puc. 2). OrtHomenue curHan/mym B kaHate 25dB, mym Genbif rayccosckuii. IllupuHa chnekTpa cHrHaia
B =24007y . Bemuunna mopora O Obuta BeOpama pasHoii 3dB [3.4]. Illupuna cnextpa B BMmecte c

nopmuposantoii CKO € =0.01 6pum ucnombsosaner wis pacdera L, u N, . Becobie kodpduumeHTs!

HaWJIEHHOTO ONTHMAJIBHOTO (QHIBTPa Copt nokasanbl Ha puc. 3. Ilpu stom ontumansHoe CKO umeer cpennee
2
opt
JICKUT B UHTEpBaJe

-25.13344dB< (], <-25.00585dB .

HOBGPI/ITCHLHLIC HUHTEPBAJIbl PACCUUTBLIBAIUCH HUCXOASl U3 MNPCANOJIOKECHUI O HOPMaJIbHOM 3aKOHC
2
opt;

smaenne G- =—25.069dB (yposens curnana ma Bxoxe guistpa OdB) u ¢ 10BepHTENBHOI BEPOATHOCTEIO 95%

pacripesieieHus BETHIHH C . CripaBe[IMBOCTH 3TOTO TIPEINOIOKEHHUS TOATBEpXKAaeTCS puCyHKOM 4. Brmmsocts

o o o 2
TOYCK HAa 9TOM PUCYHKE K IPAMOU YKa3bIBACT Ha OM30CThH 3aKOHA pacrnpeaciicHis CiIy4YanHOU BCJIMYUHBI Capt- K
i
HOpMaJIbHOMY 3aKOHY.
2
avr

Tonyuennas o N,, = 20 peanusamusam kpusas § . (1) nokasana na puc 5. Cornmacro (®. 1) u (®. 4)

Frequency response Copt

—©— Real taps
—<— Imag taps

Attenuation, dB
o

= ] 0.5}
-10 ‘ ‘ : 3
0 1000 2000 3000 3
x 10° Envelope delay =
. \ \ \ g
o at ‘ 1 0
» 3+ - b
- .
I A
0 ; ‘ 0.5 : : ‘
0 1000 2000 3000 0 10 20 30 40
Frequency, Hz Taps
Puc. 2 Puc. 3

s unstpa mopsaka N =31 mnponecc ananTamuu MOXKHO CuuTaTh 3aBepiueHHBIM npu 1 > 31, ommako

MPAKTUYCCKU CXOAUMOCTD Ha6n10,uaeTc;1 TOJIBKO IIpU 1 > 58 .
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EQUALIZER TRAINING ANALYSIS
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Abstract — This article deals with a method of equalizer training characteristics analysis. It's assumed that equalizer training is
performed by a pseudo-random sequence of information symbols. A fast Kalman algorithm was used to illustrate th e method proposed.

It's known, that amplitude and phase distortions of transmission channel can provoke intersymbol
interference (ISI), which results in the increase of errors in the received symbols. In this case channel equalizers can
be used to eliminate these distortions [1]. Theoretically an equalizer transfer function is an inverse channel transfer
function.

Equalizer training is performed by the channel response to the signal from the remote transmitter. Specific
sequence or data signal can be serve as an equalizer training sequence. The main goal of the analysis is to estimate the
convenience of this or that method of training and to obtain basic characteristics of the equalizer training process.
Equalizer training process analysis consists of the following steps:

Preliminary calculations of equalizer training process characteristics under given conditions.
Equalizer training model construction.

Empirical data collection from the model constructed.

Comparision between empirical data and preliminary calculated data.

Conclusions.

Let's consider some of steps in detail.

Preliminary calculations
Let's consider a case when an equalizer training is performed by a pseudo-random sequence d(n),

n =0,1,2,..., which is known at the receiving side. An acceptable characteristic of the equalizer training accuracy is

2 .
opt - The optimal MSE

proximity of the mean squre error (MSE) C 2 (n) at the equalizer output to the optimal MSE C
2 . . . . Y .

C opt 18 attained at the optimal vector of transversal filter's taps Capt . MSE minimization can be considered as a good

criterion for equalizer design [1]. By convergence period of adaptive equalizer we understand

(N

a number of iterations 71, after which the following condition becomes true
2 2
2m-¢2,

The threshold value O depends on MSE value, required at equalizer output. The optimum vector C opr AN

<6, forall nzmn,.

be found from the Winner-Hopf equation written in the matrix form [2] :
-1
Copp =R"-P ®)

where R - is a correlation matrix of input signal g(n) , P - is an ensemble of cross-correlation function values

2
opt

. =EE&*m]-P"-C,,. ©)

where E[:] - denotes a mean value.

between the learning and input signals. The optimum error C depends on C opt A8 shown below:

Suppose that convergence period should be minimized. To achieve this goal we use fast Kalman algorithm

[3]. As it is shown in [4] the fast Kalman algorithm dependence MSE from iteration number C : (n) is approximately
described by

{*my=¢o,-(1+N-n) (10)

By the last equation, according to
we can estimate iterations number required for equalizer training. In the process of modeling it is useful to compare

the theoretical MSE behaviour (®. 4) with the actual one, defined by

*my=§., +Vi(n)-R-V(n), (11)
where V(n)=C(n)—-C
(2].

is a variance of the filter's taps C(n) from the optimum set C,, at the n ™ iteration

opt t

In order to get C,, and 4 021” from (®. 2) and (®. 3) we have to know matrixes P and R. Pay attention to

t

difficulty of the analytical calculation it is better to follow another way. For example, we can use MATLAB to
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construct the model of transmission channel (see below), then simulate passing of d(n) signal through the channel,
get channel response é (n) and after that estimate P and R matrixes [5, 6].
To get a valid data we should assume signal length d(n) L, and tests number N, . L, and N, values

could be obtained from the required accuracy of estimations expected. According to [7] there are expressions
2 2
L,=1/B-&* N, =1/¢*, (12)
where B - is a spectral bandwidth of stationary random process & (n)
€ -1is an expected normilized mean square estimation error.
On each " (i=0,,..N, —1) step matrixes R, and P,

i°

2
vector Comi and error C ot should be

calculated. Then it should be done a statistical analysis, by means and variances calculation and confidence intervals
construction.

Empirical data collection
The main goal of this step is to test the algorithm convergence under the conditions specified and to get

equalizer training characteristics. For this purpose we should get ensemble of MSE i2 (n), i=012,..N,, -1
realizations by means equaltion (®. 5) then to average all { i2 (n) and finally to get the averaging curve { azvr (n).

. . . L 2
Realizations number N,, depends on adaptive process behaviour and expected estimation accuracy by C o ()

2

(1) curve analysis and preliminary calculations we can make a conclusion about correspondence

curve. By the C

between the expected and actual equalizer training characteristics.
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