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The systems for stabilizing the frequency and phase of optical radiations in the laser system resonators of the gravitational-
wave detector 'Dulkyn’ are considered. Algorithms for processing the optical signal-response of the detector to gravitational
radiation effect are proposed, providing the possibility to observe the detected signal with signal-to-noise ratio 50 when signal-
to-noise ratio at the scheme optical part output does not exceed 1077 .

1. Introduction

At present theoretical backgrounds are developed for
the formation of elastodynamical response of Weber-
type solid state gravitational-wave (GW) antennas-
detectors [1, 2], of electrodynamical response of Mi-
chelson-type long-baseline laser-interferometric sys-
tems [1, 2] and of the compact laser-interferometric
antennas [3, 4] to the effect of gravitational radia-
tion (GR) field. The Weber and Michelson-type GW-
antennas are intended for the detection of short pulse
GW-signals from burst sources. As Thorn emphasizes
[5], our knowledge of these sources are too relative
and uncertain. The lack of a priori information on
spatial-time characteristics of GW-signals from these
sources decreases the probability of their correct de-
tection and reliability of their unambiguous identifica-
tion. The required instant signal-to-noise ratio should
be greater than unit to detect reliably the GW-signal
from a burst source of GR by means of solid state and
long-baseline detectors.

As itshown in [2], within the framework of gravitation-

al-wave astronomy the following problems are being
solved:
o detection of GW-signal, its gravitational-wave
origin being reliably proven;

!e-mail: dulkyn@mail.ru

e identification of the source by its radiation char-
acteristics;

e restoration of astrophysical processes in radiator
based on the received signal structure.

The detection of GR from the burst type sources
by Weber and Michelson-type antennas requires a
far separated global net of land-based detectors to
be arranged. The basic underlying principle of GW-
antennas net functioning is realized by means of the
coincidence scheme, the net orientation being opti-
mized.

In Scientific Center for Gravitational-Wave Re-
search 'Dulkyn’ (Kazan) the compact gravitational-
wave detector for detecting the periodic low-frequency
gravitational-wave signals from binary relativistic ast-
rophysical objects is developed. GW detector ’Dulkyn’
presents a compact ring two-resonator laser system
with common active medium and elastically coupled
reflecting elements in spatially inequivalent contours
[6-12]. The response of GW detector to the GW signal
effect consists in phase incursion of optical radiations
in laser system resonators at the cost of refraction fac-
tors variation along optical paths due to anisotropic
change of dielectric constant and magnetic permeabil-
ity of vacuum between the reflective elements. Geo-
metrical or spatial nonequivalence of contours relative
to the GW signal effect results in different phase incur-
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sions in resonators optical radiations, what provides
non-vanishing phase difference of optical radiations in
resonators, changing by the law of the detected GW
signal variation. When developing the GW detector
they took into account that predicted by the theory
spatial-frequency characteristics of GW signal from
periodic sources and their long-term existence allow
to provide (e.g., by methods of long-term coherent
intra- and interperiodic accumulation) the consequent
filtration of the signal from noise with the required
signal-to-noise ratio not less than 10 at the GW detec-
tor output [11-15].

Methods of constructing the measuring system
with GW detector for solving the problem of GW sig-
nal characteristics identification are considered below
by the example of the source PSR 1537+1155.

2. The GW detector signal-response to
GW signal effect

Gravitational-wave detector *Dulkyn’ contains (see
the Fig. 1): ring pentagonal spatially nonequivalent
two-resonator laser interferometer with common ac-
tive medium and fixed on a single basement mirrors,
common for the resonators [9,11]; system of frequen-
cies difference stabilization, providing the regime of
synchronization of radiations (w; = wy) in the first
and the second resonators (first stabilization stage
(1SS)); system of automated stabilization of phase
difference of resonators output radiations, providing
this difference stabilization at the level exceeding that
of the friendly signal not less than by two orders of
value (the second stabilization stage (2SS)); system
of phase difference disturbance component compensa-
tion below the friendly signal level; optimal threshold
detector [13]; intraperiodic comb accumulation filter
(CAF) [11,14].

The main part of the scheme is the ring two-reso-
nator laser system [9,11] with active medium (AM),
providing generation of linearly and orthogonally po-
larized optical radiations. The reflective elements
forming two spatially nonequivalent ring resonators (1
is the mirror with piezoelectric cell, 2 is semitranspar-
ent mirror with a thin phase grating on the back side,
providing simultaneous propagation of radiations in
the resonators over two loops, 3, 4, 5 are hologram
diffraction reflective elements, PTE and PTM are po-
larization prisms), are rigidly fixed on a single base-
ment. Optical radiation with TE-polarization passes
over the contour 1-2-3-4-5-1 (the first resonator), and
radiation with TM-polarization passes over the con-
tour 1-5-4-1-3-2-1 (the second resonator).

Gravitational-wave signal changes the vacuum di-

electric constant tensor and, by virtue of the resona-
tors spatial nonequivalency, causes different shifts of
longitudinal eigenfrequencies in them. So, addition
appears in the difference frequency A15(t) of opti-
cal radiations in the first and second resonators, condi-
tioned by the signal-response AQ (), caused by the
GW signal effect on GW detector, presented in the fol-
lowing general form

AQy(t) = woH (t)sin|wgt + (t)] (1)

where w, is the GW signal carrier frequency; wo is
the optical radiation frequency. Functions H(t) and
©(t) correspondingly allow for the possible amplitude
and phase modulations of GW signal due to the Earth
rotation, to the precession of orbit plane of binary sys-
tem, which is the GW signal source, to the gravita-
tional wave polarization components rotation etc.

Amplitude and phase modulations [16] of periodic
signal, which is the GW signal from the binary rela-
tivistic astrophysical object, result in the signal spec-
trum spreading, the appeared side frequencies being
symmetrically arranged relative to the carrier (central)
frequency w,. In this case the formula (1), according
to [16], can be presented as follows:

AQy(t) = woHosin(wgt + @o) + AQgn(t) , (2)

where woH) is spectral component of signal-response
at the carrier frequency 2, with initial phase ¢o;
AQyg, (t) is a function describing the influence of the
side frequencies spectral components of the GW sig-
nal spread spectrum. At that the case, when the com-
ponent woHy is very small or equal to zero, can be
realized. The value Hy can be presented as Hy =
hkewp, where kgwp is coefficient characterizing
the GW detector response to the effect of GW signal
spectrum component at the carrier frequency depen-
ding on the GW signal source celestial coordinates;
h is a non-dimensional quantity characterizing the
gravitational wave amplitude.

The GW detector under consideration is developed
for the case h ~ 10722 and 0,1 < kgwp < 1, when
the GW signal spectral component at the carrier fre-
quency wy is apparently manifested. Accounting for
(2), let’s write the resonators eigenfrequencies differ-
ence as follows:

Ale(t) = onosin(wgt + 4,00) a5 AQ(t) :
where AQ(t) = AQ,(t)+ AQgn(t) is the noise, con-

ditioned by technical and natural fluctuations of the
difference frequency.
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3. Systems of the difference frequency
and phase stabilization

Under synchronization conditions, when the genera-
tion frequencies of the first and the second resonators
w1 = wg = wo, the phase difference at the laser sys-
tem output can be presented in the form [9]

Apra(t) = Apragsin(wgt + po — ¢1) + Apraa(t)
®3)
where Apizg = Howo/ |/ Aw? + w? is phase modula-

tion amplitude; Aypi2,(t) is phase noise, caused by
the difference frequency fluctuations AQ(t); @1 =
arctg(fu-‘j:) is the signal-response phase shift in the
laser system; Aw, is the locking zone width. At Aw,
=1 Hz, Ho = 10722, wy <1 mHz and wy = 10'®
Hz we obtain Apjo, = 1077 rad.

By means of polarizers 10 and 11, which light
transmission plane forms the angle 45° with that of
the laser system, the orthogonal radiations of the first
and the second resonators form correspondingly the
interference patterns at the inputs of photodetectors
PDI and PD2.

Fixed on the mirror 1 piezoelectric cell provides
controlling the shifts of longitudinal eigenfrequencies
to make the deviations from the equality w; = ws not
greater than 1 Hz. The signal-to-noise ratio at the pho-
todetector PD2 output g,y = 10~7 will correspond
to this stabilization level.

To control the piezoelectric cell (1SS) functioning
the error signal (ES) is formed in the frequency auto-
tuning (FAT) unit, operating by the output voltage of
photodetector PD1. After passing through the Wollas-
ton prism 6 optical radiations of both resonators are
splitted in TE and TM components correspondingly.
Then they form the interference field at the photode-
tector PD2 input by means of the mirrors 7 and 8, of
the Wollaston prism 9 and of the polarizer 10. Phase
modulator PM, placed in the optical path of the first
resonator, is intended to stabilize the phase difference
of output radiations of the first and the second res-
onators at the level exceeding that of the friendly sig-
nal not less than by two orders of magnitude. To con-
trol the phase modulator (PM) (2SS) functioning the
ES is formed in the phase autotuning (PAT) unit by the
input voltage of photodetector PD2.

Further processing of the laser system output sig-
nal, implying the information on the GW signal pa-
rameters, can be performed in analog or digital form.
However the specific character of measurement prob-
lem under consideration consists in the necessity of
long-term accumulation of extremely weak signal-
responses to GW signal to provide its parameters re-

liable identification. In this connection the used pro-
cessing algorithms imply representation of the signal-
response in the form of a sequence of readings for a
subsequent processing of the signal by computer.

4. Maximization of signal-to-noise ratio
in the GW detector *Dulkyn’

To compensate the disturbance signals the channel
*disturbance+signal” (photodetector PD2 output being
one of the inputs of subtraction circuit SC) and the
channel ’disturbance’ (photodetector PD2 output, be-
ing the disturbance channel adder ¥ pc, presents an-
other subtraction circuit SC input) are formed. The
subtracted from ¥ pc friendly signal is formed in
the system of correlative auto-compensation of the
extracted GW signal (SCACS). This system (see the
figure) contains the quadrature correlative auto-com-
pensator (AC) of the signal and simulator of signal-
response of GW detector to the detected GW signal.
After setting the regime of synchronization of radia-
tions in the resonators using the FAT unit the photode-
tector PD2 output voltage is described by expression

Via(t) = Vigg(t) + Vazn(2) , (4)

where Vigg(t) = 1077 is the GW detector signal-

response component, conditioned by the phase differen-
ce Apiaq(t); Vizn(t) = 1 is a component, condi-

tioned by the total effect of all the disturbances. Here-

after the photodetector transmission coefficient is sup-

posed to be equal to unit (for the sake of simplicity)

and its output signal to be non-dimensional.

As experimental study has demonstrated [11], in
the presence of friendly signal component in the ES,
the system 2SS stabilization threshold should exceed,
at least, by two orders of magnitude the phase differ-
ence value, conditioned by the friendly signal effect,
ie. Vian(t) = 10~° . This condition violation re-
sults in Aj94(t) distortion up to its complete com-
pensation. gou: = 1072 will correspond to the level
Vi2n(t) = 10~° at the output of photodetector PD2.

The output signals of the auxiliary quadrature
channels of correlative AC of the extracted GW sig-
nal are applied to the other inputs of GW detector to
extract the friendly signal from the adder ¥ p¢ .

Let’s consider the operation of AC of the extracted
signal-response (see the fig. 1) preface. The additive
mixture of signal-response V72,(t) and disturbance
signal Vi2,(t) comes from the photodetector PD2
output to the main input of adder ¥ AC'. To exclude
the uncertainty factor of initial phase ¢ the AC con-
tains two auxiliary quadrature channels.

From the simulator output the signal-response
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Fig. 1. Optical arrangement and block diagram of GW - detector "Dulkyn.”
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Vug(t) = Ucoswgt at the frequency wy, = % Ty
is the detected GW signal period) with unit amplitude
U, after being multiplied by the coefficient Bk(t) in
the multiplier x, comes to the auxiliary input of the
AC adder ¥. The same signal comes to another auxil-
iary input of the adder ¥ after its phase being shifted
by T Viug = Usin(wgt) (i.e. the quadrature (L)
component) and after being multiplied by the quadra-
ture coefficient 5,k (¢) in the multiplier x ;. The
adder output voltage [17] is

Ve(t) = Vizn(t) + Vizg(t) + Bk(t) Vug (t)+

+,BJ_kJ_ (t)V_Lu.g(t) ) (5)
_ Vi + Vi, (01Vag
i L
__ [V12n(t) + Vazg(1)]Ving
ﬁLkl(t) = vm

where (k(t) and [,k (t) are the control voltages
(the transmission coefficients) formed in the corre-
lators X and X ; correspondingly (overline denotes
time averaging in the interval T, = NAt); g > 1,
B1L > 1 are the amplification factors in the correla-
tive negative feedback circuit; At is the reading step
(its value being not less than the phase noise correla-
tion time, determining the value Via,(t)); N is the
number of readings for a period T, ; is the periods
number.

Since the PAT provides the spectral density of
phase noise amplitude being less than 10 ~*rad/v/Hz
in the frequency band 0 + 10Hz [9] (the broad-
band disturbance amplitude being equal to Vi, =
Api2a ~ 3 - 10~%rad at the signal level Vipy =
Ap124 = 10~ "rad), then in (3) and (4) at the values
At ~0.025 s, N = 1.157-105 for T, = 2.8927-10°
(the source of GW signal of PSR 1537+1155 type
[18]) and = 900 we obtain the root-mean-square
deviation

Vion
VeNM
ov = {Vizn(t) - Viu, ()} =2-1078,

Vian(®  VeolD) = 5

Oy = {1/1271(1:) Y Vug(t)} = =32 10_8 )

Vigg =5-108,

— 1
VlZn(t) < VJ-ug(t) = ‘2‘Vl2g =5.1072 ) (6)

= 1 i
Vz?g(t) = V_Eug(t) = EUzg = EU.ZLug =0.5.

Let’s note that the use of intraperiodic CAF only
does not allow to achieve immediately the required

signal-to-noise ratio. This result could be achieved
only by means of SCACS.

Actually Vx(t) = Vign(t) + An + A, where
A, =~ 4-1078 is the disturbance signal component,
conditioned by the finite averaging time in the corre-
lator; A, are the uncompensated remainders of the
friendly signal at the AC adder output ¥. At that the
coefficient of suppression v = (1 — p2)~! of corre-
lated components in the output signal Vx(t) is deter-
mined by their correlation coefficient p.

The exact information of the detected GW signal
period T, (accurate to the fourth decimal place and
higher) will allow one to simulate the signal-response
of GW detector to GW signal with correlation coeffi-
cient p = 0,999 and more. Then v = 500, and the
noncompensated remainder at the adder output ¥ p¢o
will amount A, &~ Vige(t)/y = 10~"rad/500 =
210 %qd.

The voltage Vs, (t) at the adder output Xpc,
taking into account of (4), is expressed as

Vepo () = Viza(t) + Vizg(t) + Bk(t) Vg (£)+

+,BJ_kJ. (t)V.Lug (t) 3
or, taking into account of (6),

Vepe (t) = Viga(t) + Ag + As.

So, the disturbance component Viy4(t) (at the
level 3 - 10~%rad), the disturbance component con-
ditioned by the finite averaging time in the correlator
(at the level 4 - 10~8rad) and the friendly signal non-
compensated remainders (at the level 2 - 10 ~1%7rad)
come to the SC input by the ’disturbance’ channel.

The voltage at the SC output is equal to

Vsc(t) = Vlz(t) = V):;Dc (t) = Vlgg(t) = Ad = As ;

Since Vig4(t) = 10~ "rad >> A, ~ 10~ rad,
then Vo (t) = Vigg(t) — Ag, what is equivalent to the
attainment of signal-to-noise ratio gou:r = gin, equal to
the (detected GWS)/(GWS from other sources) ratio at
the measuring facilities input. As it has already been
mentioned in [10], the g¢;,, ratio is close to unit. Then
the signal with gou: = gin = 1 from comes from the
SC output to the CAF input. Its operation provides in
T,/2 [12-15]:

(Iout=Qin'VAt'N%53.

Thus, the signal-to-noise ratio of the order of unit
at the measuring device input will increase at the CAF
output up to the value of the order of 50 in 9007,
(averaging time in AC correlators) plus 7'y /2 (time of
semiperiodic accumulation in CAF) for the source of
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GW signal of PSR 1537+1155 type, the CAF output
signal being that of the GW detector.

To take a decision on the detected GW signal
presence the output signals Z = Bk(t)Vy4(t) and
Z; = B1ki(t)Viyg(t) of the quadrature channels
of the disturbances autocompensator are used, form-
ing together with the unit of computing /Z2 + Z2 ,
with the threshold scheme and with the data recorder
the optimum threshold detector, operating by the crite-
rion ’yes’-’no’ (see the details in [13]). The threshold
detector output signal comes to the controlling input
of the key circuit to connect the outputs of the auxil-
iary channels of the signal-response autocompensator
to the adder ¥ pc inputs only in the presence of the
friendly signal (criterion ’yes’).

The multichannel variant of developing the scheme
is evident: the functional scheme is repeated by the
number of the detected GW signals starting from the
photodetector PD2 output.

So the consequent systems of stabilization of the
resonators optical radiations frequencies and phases
differences and the system of signal-response process-
ing provide:

e stabilization of the frequencies difference of
the resonators optical radiations to the level
w1 = ws, what guarantees the operation within
the locking zone (the first stage);

e stabilization of the phases difference of the res-
onators optical radiations to the level, exceeding
that of the phase difference by the expected GW
signal not less than by two orders of value (the
second stage);

e compensation of the phase difference distur-
bance component under the friendly signal level.

This provides the multichannel extraction of the
detected GW signals all over the low-frequency range
of gravitational radiation using the intraperiodic CAF.

5. The GW signal detection as the
measurement problem of
identification

Although the GW signal wavelength is considered to
be known, the problem of its detection (structural-
parametrical identification) should be treated as the
initial problem of mathematical statistics. The com-
pactness maximum method (CMM) [19] presents the
body of mathematics for solving the measuring prob-
lems of this type.

Let’s present the data of GW detector measure-

ments u(t,) = Un, n = 1, N, in terms of interpretive

model of maximal complexity

M
Uy(t) = Ao(t) + Z Ap, - Sin(27 fnt + Om)

m=1
+Z(t) +E(@),

where Ag(t) is the position characteristic; A, fm
and ¢,, are the amplitudes, frequencies and initial
phases of harmonic components; Z(t) is the error of
discrepancy of interpretation model; Z(t) is the mea-
surements €rror.

It should be noted that a standard problem of a ran-
dom process expansion in Fourier series is regarded as
an ill-conditioned by the following reasons:

e this expansion presents just the procedure of

parametric identification;

o determination of expansion coefficients in terms
of integral relationships yields substantially by
accuracy to the algorithms based on the orthogo-
nality property [20];

e parametric identification algorithms, based on
orthogonality property, are not designed for ap-
plication in the scheme of the errors cross obser-
vation, aimed at structural identification.

Am << |E(H)|, (7)

Let’s preliminary identify the situation characte-
ristics taking into account the above-mentioned rea-
sons. Thereto one may use the system of metrologi-
cal tracking the metering problems "CMM-stat” [21].
Then the GW signal harmonic component is to be
subjected to identification, the system of metrological
tracking the statistical metering problems “spectrum-
CMM?” [21] may be used with that end in view.

The distinctive feature of solving the problem by
means of CMM-identification is substantially higher
reproducibility of the problem solution results compa-
red to the quadrature citeria and to standard represen-
tation of the required signal in terms of a discrete
Fourier series. It’s particularly important in the cases,
when the disturbances level exceeds substantially the
friendly signal level or the signal-response splashes
take place. The possibility to solve more properly the
problem of GW signal structural identification in the
time domain, but not in the frequency domain, should
be emphasized as well, since both solutions variants
are customarily considered to be equivalent for a stan-
dard Fourier series.

6. Conclusions

The consequent systems for stabilizing the frequency
and phase of optical radiations in the resonators and
the correlative processing of the signal-response of
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gravitational-wave detector to the expected effect of
the source of PSR 1537+1155 type radiation pro-
vide the possibility to observe the detected signal
with signal-to-noise ratio ~ 50 when signal-to-noise
ratio at the scheme optical part output does not
exceed 1077,

The proposed algorithm of processing the results
of the repeated consequent measurements, based on
the compactness maximum method, makes provision
for both positive and negative solutions of the GW sig-
nal detection problem.
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OBPABOTKA CUTHAJIA-OTKJIMKA B
KA3AHCKOM ITPOEKTE
TPABUTAIIMOHHO-BOJIHOBOI'O
JETEKTOPA ”IVJIKbIH”

P. A. lanmes, 3. I. Myp3axanos, C. ®. JleBuH,
A. ©. CxouyuioB

PaccmatpuBaeTcs cucTemMa Ui CTabuin3aunH ya-
CcToThl ¥ ()a3bl ONTHYECKOrO H3IYYEHHS B PE30OHATO-
pax s1a3epHOi CHCTeMbl TPAaBHTALIHOHHO-BOJIHOBOTO JETEK-
Topa “AVIIKbIH”. TIpemnoxensl anroputmbl 006paboTku
ONTHYECKOIO CHIrHAJIA-OTKJIMKA JETEKTOpa Ha BO3JEHCTBHE
IPaBHTALHOHHO-BOJHOBOTO H3JIy4YEHHs, Jal0Ias BO3MOK-
HOCTb HaBJIIOAaTh CHIHAJ C OTHOLIEHHEM CHTHAJI-IIYyM PaB-
HbIM 50.

OBPOBKA CUTHAJIY-BIATYKY ¥
KA3AHCBKOMY ITPOEKTI
TPABITAIIMHO-XBHUJILOBOTI'O JIETEKTOPA
?AYIKHAH”

P. A. Jaimeg, 3. I. Myp3axaunos, C. ®. JleBiH,
A. @. CkouinoB

Po3misnaerbes cuctema ais crabinmisamii vactoru i pasu
ONTHYHOTO BHIPOMIHIOBAHHS Yy PE30HATOPAX JIa3epHOI CH-
CTeMH rpaBiTauiiiHO-XBHIBOBOTO aetextopa “JIYIIKHUH”.
3anponoHOBaHi anrOPUTMH OOPOOKH ONTHYHOIO CHTHAIY-
BIATYKYy NETEKTOpa Ha Jil0 rpaBiTalliiHO-XBHIILOBOTO BH-
NPOMIHIOBAHHS, KA 1a€ MOJKJIMBICTH CIIOCTEPIraTH CHIHA
3 BIZIHOLIEHHSM CHTHAN-LIYM, 110 10piBHIOE S0.
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