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Introduction

Attempts to register space gravitational waves have been
made in 3 number of countries for more than a quarter of a century. Different
modifications of Weber’s massive mechanical oscillators have been used for this
purpose [1 - 3]. The importance of these studies consist in the attempt to con-
firm, first of all, one of the most essential corollaries of the General relativity
theory and, secondly, to provide new channels for gaining information on the
Universe. It is thus necessary to design a highly sensitive receiver for the registra-
tion of weak gravitational waves which are transmitted by a hypothetical space
sources and reach the Earth. The radio-physical foundations of this problem are
laid down by the school of V.B. Braginsky [4,5].

The present paper tackles the problem of further improvement of gravita-
tional wave receivers by increasing their band range along with keeping of in-
creasing their sensitivity. A resonance gravitational waves receiver is considered.
A mechanical oscillator with a quality factor @, = 107 —10'® is used as an aerial
sensor, which provides a high level of the eigen fluctuation noises. The expected
frequency range of the basis types of space gravitational sourcesis f < 10’ —10°
Hz. The information on the shape of the expected signal is of special interest for
Astrophysics. Hence, parallgl to the receiver sensitivity, the problem of realizing
a wide band range recording is of special importance.

Diagram of the gravitational waves receiver
The diagram of the gravitational wave receiver is shown in

Fig. 1, consisting of: HQMO (GS) - high quality mechanical oscillator (gravita-
tional sensor}); 4-FEMPS - 4-frequency electro-mechanical parametric system,
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4-FPA - 4-frequency parametric amplifier; PG - high frequency pumping generator:
DPA - degenerate parametric amplifier; FC (x2) - frequency converter (doubler);
SRO - system for oscillations regjistration.
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Fig.1. Diagram of the gravitational wave receiver

4-FEMPS is to compensate the elasticity of the gravitational sensor
HQMO (GS), which provides practically an frequency independence of the im-
pedance and of the transmission coefficient in the input circuit of the gravita-
tional wave receiver within its working frequency band range. 4-FPA provides a
low noise amplification of the received signal in a regime, optimal with respect
to noise. DPA is a second parametric amplifier which, together with performing
a low-noise amplification, damps down the noise from the lateral frequency bands
of 4-FPA. PG provides a direct high frequency supply of 4-FEMPS and 4-FPA.
it supplies DPA, too, through FC (x2). The frequency of the PG voltage is much
higher than the frequency range of the expected gravitational waves. The con-
cluding unit SOR of the gravitational wave receiver performs an adaptive damp-
ing of the HQMO (GS) eigen free oscillations, and the signal sought is to be
identified on such a background. Parallel to the basic problem, SOR is a system
for damping down seismic, efectromagnetic and other noise effects, disturbing
the receiver functioning.
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Fig.2. An idea of the design of a gravitational wave receiver
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To state things more clear, the idea of the design of a gravitational wave
receiver is given in Fig.2. A mechanical oscillator with mass m and differential
coefficient of elasticity K stands for HQMO (GS). The transformation of the
mechanical oscillations into electrical ones is performed by a capacitive sensor
C, directly switched to HQMO (GS). The capacitive sensor Clis an element of
the oscillating system CLR which, together with the pumping generator PG and
on line with HQMO (GS) realizes negative elasticity and low-noise parametric
amplification, combining the functions of 4-FEMPS and 4-FPA. For a definite
set-up of 4-FEMPS, its reaction to the mechanica! modulation of C is expressed
by an introduction of an equivalent negative elasticity and an equivalent friction
in the mechanical oscillator HQMO (GS) [4,6-9]. In this case 4-FPA lacks a
definite parametric element, whose parameter should vary with the high pump-
ing frequency, as is assumed in the theory of parametric systems. However, the
modulating effect of HQMO (GS) through the capacitive sensor € causes the
generation of summary and difference combination frequencies, which deter-
mine the CLR system character as a 4-frequency parametric amplifier (4-FPA).
DPA can be designed by employing a bridge-balance circuit with high positive
input impedance and low eigen fluctuation noises [9-11]. One of the SOR pos-
sible configurations is given in [3].

Analysis of the noise characteristics

The wetl known electro-mechanical analogies {12] can be
used to perform the analysis. They allow for the reduction of the problem to a
pure ‘electrical’ problem [3]. Such analogies are: the electro-motive force «
mechanical force, inductance «»> mass, capacitance «» elasticity, resistance «»
friction, etc.

An equivalent circuit of the gravitational wave receiver, together with the
noise sources, is given in Fig. 3. The equivalent gravitational impact (IA) on the
oscillator mass is expressed by the equivalent conductance of the irradiation
resistance G, . The gravitational sensor HQMO (GS) is presented by the reac-
tive parameters L,,C, and by the conductance of friction losses G, . 4-FEMPS
is represented by the equivalent conductance G, , and by the equivalent nega-
tive capacitance C_introduced in the input circuit of the gravitational wave re-
ceiver. The presence of 4-FPA is outlined by the general complex admittance
Y p and by the complex admittance ¥ .u , added due to the reversibility of the
modulation - parametric interactions in 4-FPA[11, [3]. Since a large coefficient
of amplification of 4-FPA, as well as of DPA, is expected to be attained, DPA is
presented, together with SOR, as an amplifying two-port unit (load) ATP (L),
with an input general complex admittance ¥,

The noise-generating properties of 1A, HQMO (GS), 4-FPA and ATP
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(L) are characterized by equivalent effective values of noise electric current genera-

T [T [T E '
tors § {nas > Inp s T by a noise voltage . /U 2 and by a noise correlation admit-

tance ¥ «or, which are determined by the fo[]owmg cxprcssmns [14,15] :
INGS =GN, Gy =G +Gsa='NP =ReY, N "NL —GM. NL =R, N,

=(V Ty v _,E_r;) |UNLI’ where N = 4k TAf,x is the Boltzmann constant, T

is the absolute temperature (for HOMO (GS), 7' =7 for 4-FPA -T = T,, for ATP
(Ly- T =T, Af isthe frequency band, GNL and RNL are, respectively, the equiva-
lent noise conductance and the equivalent noise resistance of the amplifying two-port
unit (load) ATP (L})). The mark “*” denotes a complex-conjugate quantity. The pos-
sibility of introducing additional noise in HQMO (GS) under the performance of 4-
FEMPS is taken into account by including the noise generator of electric current

\/; The additional noise, due to the reversibility of the interactions in 4-FPA (i.e.
due to the mutual combinational noise transformation in the 4 working frequency
bands {11,13]) is expressed by means of the current source ;E.— g - The flicker noise
{noise of type “I/£") can be neglected and their relative weight is considered to be
negligible, since, in 4-frequency parametric systems, they .‘ilrc present as a rule in the
infra-low frequency region only, till units Hz [3,9].

It is not difficult to show that the use of 4-FEMPS expands significantly the
receiver frequency band as a result of the capacitance CL full compensation (i.e.

compcnsatlon of the elasticity of the gravitational scnsor) For a positive detuning

¢= -_Q of the oscillating system CLR , where @, |is the system resonance
s _

frequency and Q is its quality factor, an equivalent dlfferentlal elasticity is in-
U,Q,8
troduced in HQMO (GS) [4], with a coefficient AJ{ 1 6 d . Here U, is

the amplitude of the supplying voltage, produced by the pumplng generator PG,
S and d, are the area of the capacitor plates (the ca?acztwe sensor} and the

initial distance between them, respectively. It is obvioug that increasing the am-

plitude I/, for other intact conditions, a full compersation of HQMO (GS)

eigen differential elasticity can be attained. The problem is now to estimate the
effective use of 4-FEMPS, regarding the possibility of keeping the sensitivity of
the gravitational wave receiver within the significantly expanded frequency band.
The necessity of equalizing HQMO (GS) frequency characteristic, including a
reactive parametric compensation, can be shown by considering the equivalent elec-
tric parameters - see Fig.3. The high-quality mechanical oscillator has a
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strongly expressed resonance characteristic. The response of a system with such an
input selectivity to an arbitrary signal is always a sinusoid with a frequency, equal to
the resonance frequency of HQMO (GS) and radically different from the form of the
acting gravitational wave. The processing of the signal at the receiver output by using
such a frequency filter at the input is a difficult task. Really, the output signal is
practically determined by the free oscillations of HQMO (GS), which are oscillations
of frequency w_ and with random amplitude and phase. The difference between the
real record and the expected one, corresponding to undisturbed free oscillations, is
used in order to isolate the signal, carrying information about the acting gravitational
force. During the receive of a wide-band signal, the damping of the non-resonance
part of its spectrum is of order Q, {Q, is the HQMO (GS) quality factor). However,
too high and practically unattainable accuracy of the record is needed in order to
isolate the whole spectrum. For instance, a record with 107 amplitude gradiations is
needed to receive the whole signal spectrum, for J,=10°. This corresponds to a 23-
digit binary code. Modesn gravitational sensors have as a rule @, ~10'°. Hence, an
equalization of the amplitude-frequency characteristic is to be performed in order to
receive and process a wide-band range signal. The canonical approach to the solution
of this problem, in accordance with the detection theory, states to use an optimal
filter. If the character of the expected signal is that of white noise, the optimal filter is
to posses an amplitude-frequency characteristic opposite to that of HQMO (GS).

Such is rejecting filter with the same quality factor (J, and its design is practically

difficuit, due to the impossibility of satisfying the requirements for parameter stability,
We consider a simpler technical solution. HQMO (GS) frequency characteris-
tics of transmission can be given in the following form:
@

£0,
kus(8)= s
9 J1+Q1-¢)

a;s_, @, is the signal frequency of the range of gravitational waves
Livd

where &=
expected. The frequency transfer characteristic, out of the HQMO (GS) band of
transmission (for frequencies & 2 liul— for example), can be a%proximately
expressed as km{.{,") = I—i (e.g., the g‘f‘mular error for & =1 ig is 0,5%).

Thus, the problem of equalizing the frequency characteristic can be solved by
using g«o independent operations: (i) a removal of the peak in the transition

band Z’& of HQMO (GS), and (ii} a correction of the frequency characteristic. The

first operation supposes damping of the HQMO (GS) eigen free oscillations
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and this is the most often performed in SOR by the use of a self-adapting system
which compensates oscillations with frequency @, in the output units of the gravi-
tational wave receiver. The compensation is realized on the basis of a generated os-
cillation with the same frequency and amplitude and opposite phase (see [3]). The
second operation is supposed to be performed at input of the gravitational wave re-
ceiver. Here we mean the compensatipn of the capacitance of the gravitational wave
sensor (see Fig.3), when o{C, - C g_j= 0. Then transmission coefficient of HQMO
(GS) is close to 1 and it can be specified as follows:

1

\(1 " [mL_T(GG +G, +G, )]

since the following condition is fulfilled: coLs(Gc +G ~|-_.Gg)<<l, which is re-
lated to the extremely weak interaction between the gravitational wave and matter
(@LG;<<1)and to the high quality factor of the gravitationalisensors (LG <<1),
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Fig.3. Equivalent impedance - noise circuit of gravitational wave receiyer

Since the system lacks impedance matching, the noise coefficient of the
circuit in Fig.3 can be determined as ‘

T

) Fel+2,
InGs
where
!TNF'Z=;3 'f')‘i +]ﬁ@+:ﬁ£+b§£ YL(YGS+Y.&‘+Y.\D+YMJ)}
By uie ] Y+ Y+ Y. 4¥, +¥
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Y, "+ is the total complex admittance of 1A and HQMO (GS), Yg is the total complex

admittance-introduced by 4-FEMPS into HQMO (GS). The expression (1) can be
rewritten as
(2) y ] . o w
F—1+G“"’+F G, +5_§P|YGS+Yg+YP+YM,|
GGS 4— FERMPS GGS GGS N

R . . ! .
0 [IYGS +Y,+Y,+Y,,
GGS !

2 e, 1. BAER
oY, (Yo +¥, +Y; +Ym)”’

where F, ... .o is the noise coefficient of 4-FEMPS, which can be expressed

here as £, Cemes 1% G isthe equivalent noise con
~FEMPS - sy remps qui -
G, W&IAG, .
20 !Np + g

ductance of 4-FEMPS, U

N = 5 is the noise voltage, in-

Yos +Y, +Y, +Y,4
troduced by 4-FPA.
Upon a condition that 4-FEMPS realizes a total compensation of the

capacitance C; in HQMO (GS) and considering the negligible effect of the in-

ductance L in a wide frequency band @ > @ 1+ 20.) the noise coefficient

5

of the considered gravitational wave receiver takes the form

= U (G G, +G,+GC )2
G G o O, +0O, +
F=1+ M4 B s =5+ e
AL G Ax T ALG,,

+ zNL [(Gas +G,+G, - Gm)i b 2'}?;,,,(1"6‘g +G, +G, —Gadd)” .

GS
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Fig.4. Equivalent impedance - noise circuit of the 4-frequency parar?":etric amplifier (4-FPA)

To determine Ui, we use the impedance-noise equivalent circuit of 4-
FPA, given in Fig.4, where G is the referred active conductance to the resistance
R (see Fig.2). Considering that the capacitance C (Fig.2) is modulated by the
gravitational sensor HQMO (GS) with an amplitude 2AC and frequency @, of
the band of the expected gravitational waves, the electric current flowing through
C'can be linked with voltage onto it through the followirg complex matrix equa-
tion: '

Ll Ve  jaCw, JACw,U,
al Ll=jpco, g, 0 o
I| |JACw. 0 Y. U
Here 7 » and U p are the complex amplitudes of the cufrent and the voltage at
the pumping frequency @ ,, under which PG is functioning, I, U and ] U
are the complex amplitudes of the currents and the voltages at the summary
(0, =0, +0,)and difference (0. =®, - 0,) combination frequency, respec-
tively. i
The admittance ¥ ,;..Y,, and ¥, are in fact the total admittance of the
circuit in Fig.4 at the frequencies ® @, and @_, respectively.
If we express the currents /,,/, and [__and the voltage in the matrix
equation (4) as noise currents (see Fig.4) fp =il 1> L0 > \{;z,__
and a noise voltage I/, — Ui,p , we obtain

() | I

where D is the determinant of the matrix in (4), and qp,D,, and [ are the
1
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respective algebraic complements.
Considering that the generalized input admittance of {I-FPA is expressed
from the matrix equation (4) as
Bl D
©) Voo i
Up D 3
we obtain the following expression for the total input noise current 1 naegea OF
4-FPA:

2 b
=3 S L P 7} R =Dy
) LIPY T A REF Y R = BE Y =
D “|\D
2 P
i.e., the additional noise current, introduced by 4-FPA, is
2 2
Ve = D — | D
3 2 2 L
(8) IMrdd=1N+ 3 +IN—
D, D,

It is obvious that the sum of the admittance ¥, and Y, given in Fig3,

are determined as: Y"p + Ym. =Y, - (Yas 5 Yg + YL)

Estimations and conclusions

The paper discusses the idea for eliminating the radical de-
fect of the gravitational wave receiver, that is, the receiver extremely narrow
band, imposed by the requirement for an extremely high sensitivity. The study
proposes to eliminate this defect by performing a compensation of the capaci-
tance (the differential elasticity) of the gravitational sensor through a negative
capacitance (a negative differential elastisity). The latter is to be created and
introduced in the gravitational sensor by a 4-frequency electro-magnetic para-
metric system.

An approach to study the receiver noise characteristics is outlined. How-
ever, the following considerations are to be additionally laid down.
Paraliel to the negative differential elasticity, positive effective friction is

introduced in the meclitandical oscillator of the gravitational sensor (that is shown

in [4,16]): H, = ——2<P  hich determines the occurrence of an equivalent

16nd’o

. I P : .
‘cooling’ in the mechanical sensor. The essence of this effest, however, consists
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in the fact, that the effective noise temperature of the mechanical oscillator decreases

2 T, :
equivalently and becomes: T _,==r.In the terms of the ‘electrical [anguage’ the

o,
spectral density of the introduced additional noise current }f in the sensor equivalent
¥ s )
circuit (Fig3) is given by: 7, » x7.G, o For instance, for @, =2710"s" and
®; =2ns" the introduced noise current ?fwill be negligible. It can be shown, on the

basis of equations (4), (5) and (8), that the detuning of the 4-frequency electrome-

chanical parametric system, creating negative capacitance (negative elasticity), causes
a negligible increase of the eigen fluctuation noise, A separate problem is the design
of a super stable 4-frequency electro-mechanical parametric system for creating nega-
tive capacitance (negative differential elasticity). This can be done, for instance, by
using a super conducting resonator and self-adapting system for a frequency
autotuning,

The paper outlines only a way for exploring and analyzing such a perspec-
tive - the application of reactive compensation in the gravitational, high quality, me-
chanical sensor, in order to widen the receivin g frequency band without spoiling the
receiver sensitivity, It is obvious that a special attention is to be paid to the limit noise
characteristics, including a full specification of all active factors. Employing the out-
line approach, an opposite transition from electric to mechan ical values is to be per-
formed by using electro-mechanical analogies. Only then can the mechanical gravi-
tational sensor be entirely (and quantitatively) specified.
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ITpHeMHABK Ha IPaBUTALHOHHH BBJIHH

Brazumup Jlamros
(PeszomM e)

C 1es1 CUJIHO pa3UIMpABAHE HAa YECTOTHATZ JeHTa Ha
IpHEMHMKA HAa TPABHUTALLMOHHH BhAHU O€3 CHHIECTBEHO BAOLIABAHE HA HEFOBATA
YYBCTBHTENHOCT € HRPEANoXeHC Jfa C& KOMIIEHCHpa KaNauWTeThT
(mudepeHLHaNHaTa NaCTHYHOCT) Ha MPABHTAKMOHHHUA JATHHK C MOMOLITA Ha
OTpHLATENEH KanauWTeT (OoTpHUaTeNHa sudepeHuManiHa €NacTHHHOCT),
ApPOM3BEACHE OT 4-4eCTOTHA SACKTPOMEXaHHYHA NapaMETPUUHA CHCTEMA.
HaGendsan € noaxox 3a M3c/eABaHe HA LIYMOBMTE XapaKTEPUCTHKH Ha NPUEMHHK
Ha TpaBMTAUHOHHH BBJHM, CLCTABEH OT BHCOKOKAMECTBEH MEXaHHHYEH
OCLMAATOP, 4-4ECTOTHA SRAEKTPOMEXAHYUYHA NTApaMeTpHYHA CUCTEMA, 4-4eCTOTeH
napaMeTpuyed YCHJBATEN, U3POACH NApPAMETPHYEH YCHIBATE/l M CHCTEMA 34
perucrpauns Ha TpenrteHuaTa. HzicaenpanuirTa Ha OTASNHH CJAESMEHTH
(KOMOOHEHTH) ¥ peslaTHBRHK (pU3MuecKM edeKTH, NPOBENEHHU OT pasNvU4HU
aBTOpH, ca obeauHeHu B eaHa ofwa koHuenuus 3a paspaforTeaHe Ha
IWHPOKONSHTOR BUCOKOUYBCTBUTEISH [TPHOMHUK H& [PABHTALHOHHY BLJIHH.
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