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Abstract: This paper investigates the feasibility of using a Li-Baker detector based on a modulated Gaussian beam
to detect gravitational waves in the GHz band. The first-order perturbation photon fluxes (PPF, signal of the detect-

or) and the background photon fluxes (BPF, main noise of the detector), which vary with time, and the transverse

distance are calculated. The results show that their propagation directions and energy densities are much different in
some areas. Apart from BPF, we also consider two other important noises: diffraction noise and shot noise. In the
simulation, it is found that the diffraction noise and shot noise are both lower than the signal level. Meanwhile, the
main noise (BPF) can be eliminated when the receiving screen is located in certain special transverse areas where the

BPF direction is opposite to that of PPF. Thus, the signal to noise ratio (SNR) obtained using our detection method

can reach up to 320 in some transverse areas. These results are beneficial for the design of the Li-Baker detector.

Keywords: high-frequency gravitational waves (HFGWs), transverse perturbative photon flux (PPF),

background photons flux (BPF), shot noise, diffraction noise

DOI: 10.1088/1674-1137/ace9c3

I. INTRODUCTION

Gravitational waves, which in physics refer to the
ripples in the curvature of space-time, travel outward
from a source of radiation in the form of waves that trans-
mit energy through gravitational radiation. In other
words, a gravitational wave is a kind of wave produced
by the violent movement and change in matter and en-
ergy. Einstein predicted the existence of gravitational
waves in general relativity, which is a consequence of the
Lorentz invariance of general relativity [1—6]. To date,
except for the GW detectors in low and middle fre-
quency bands (such as: BICEP3 [7], Ali [8, 9], PTA [10],
LISA [11-13], Taiji [14, 15], TIANQIN [16, 17],
DECIGO [12, 18], LIGO [19-23]), several instruments
have been built to detect high-frequency gravitational
waves (HFGW). However, the abovementioned sensors
do not have sufficient sensitivity for the detection of
high-frequency gravitational waves [24]. In this paper, we
will discuss another type of detector for the detection of
very high frequency GWs of about 1 GHz. The goal is to
supplement the detection of GW signals in all frequency
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bands.

There have been many researches on the calculation
of Li-Baker detector. Li et al. [25—31] studied the re-
sponse of electro-magnetic field to high-frequency relic
gravitational waves (HFRGWs) by using a Gaussian
beam propagating through a static magnetic field . Based
on this, Li et al. [32, 33] further researched the calcula-
tion of signal (i.e. PPF) and noise (i.e. BPF) in the sycro-
resonance electromagnetic system, which consists of a
standard Gaussian beam (GB), a static magnetic field,
and fractal membranes . In particular, Wen et al. [34, 35]
found that the Li-Baker detector can observe polariza-
tions other than those predicted by general relativity.

Following the above studies, Wei et al. proposed
some improvements. Their main innovation was repla-
cing the standard GB by a modulated GB with band-
width. In addition, they used deep learning for data pro-
cessing [36]. Their results showed that in random thermal
noise, the signal (PPFs) can be recongnized correctly by
convolutional neural networks (CNN), and the paramet-
ers estimation was also accurate. However, in an actual
experiment, the noise is more complicated than just

* Supported in part by the National Natural Science Foundation of China (12147102) and the Youth Science and Technology Innovation Research Team of Sichuan

Province, China (21CXTD0038)
" B-mail: cqujinli1983@cqu.edu.cn
* E-mail: qqjiangphys@yeah.net

©2023 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

105104-1


http://orcid.org/0000-0001-8538-3714
http://orcid.org/0000-0002-0042-9208

Mingjun Wu, Jin Li, Qingquan Jiang

Chin. Phys. C 47, 105104 (2023)

thermal noise. Therefore, in this study, we investigated
the detectability of PPFs in the noise composed of BPFs
(main noise), diffraction noise, and shot noise. Further-
more, we used traditional data processing to analyze the
signal to noise ratio (SNR) and detectable areas.

The paper is structured as follows: (1) In Sec. II, we
briefly introduce the principle of the detector. (2) The ac-
curate expression and physical behavior of the first-order
transverse perturbative photon fluxes, background photon
fluxes, and other system noise are discussed in Secs. III,
IV, and V, respectively. (3) The processing of the signal
and noise data to obtain the SNR by using matched filter
and other methods is discussed in Sec. VI. Finally, the
discussion and conclusion are presented, including some
meaningful remarks and some suggestions for further re-
search.

II. THE ELECTROMAGNETIC RESONANT
RESPONSE TO THE HFGWs

When a gravitational wave and electromagnetic field
exist together, it is equivalent to the electromagnetic field
in curved space-time, so we need to consider the electro-
dynamic equation of curved space-time, which can be ex-
plained by the electro-dynamical equations in curved
space-time [25, 26, 28, 29, 34],

-1 0

L (Zo M "PE ) = 0 JH 1
\/——gaxv(‘/ 888" Fap) = HoJ", M
V(prv + VVF(m + Vvaa =0, (2)

where J# indicates the four-dimensional electric current
density. We consider the detector in vacuum, so J* =0.
Also, g is the contra-variant metric. All of Fog, Fu,
Fou, and F,, are co-variant tensors. Because the source
of the gravitational wave is so far away from the observa-
tion point that the metric of HFGWs can be written as a

small perturbation 7, to the flat space-time 7,,,

&uv = hyy + 1. (3)

Supposing an ideal condition, the HFGWs are along
the z axis in our coordinate system, and considering the
TT-gauge [25, 30, 31, 35], the HFGWs can be expressed
in two polarizations as k= —hy = Agexpli(kyz—
wet)], hip = hy =iAgexpli(k,z—w,t)]. Here, Ag and Ag
denote the amplitude of the & and ® polarizations in the
laboratory frame, respectively. Moreover, in a curved
space-time, if there is a static magnetic field that is per-
pendicular to the direction of gravitational wave propaga-
tion, then an electromagnetic response will be generated.

If the high-level minima is ignored, we could get the
components of first-order disturbed electromagnetic field
as follows [25, 29]

Elz.twg) :%A@ggkgc(z + 1) expli(kez — wgh)]

| N .
+ ZAe;Bgcexp[l(ng + wgt)], C))

~ i~ )
By(2,1,w¢) =5 Ao Bykge(z + 1) explilkyz - weh)]

1. = .
- ZA®B(y) expli(kyz + wgn)], (5)

. 1 ~ )
E)(z.t,wg) =— 5,Lx@nggc(z +11)expli(kyz — w,t)]

1~ .
+ ZA@Bgcexp[l(kgz + wgl)],

(6)
- 1, .
B (z,t,wg) = §A®Bykgc(z + 1) expli(kyz — wgt)]
+ iA@E? eXp[i(ng + wgt)]9 (7)
Elz,t,wy) = Bl(z,t,w) = 0. ®)

In this expression, /; = 0.3m, the superscripts 0 and 1
denote the quantity of the background field and disturb-
ance field, respectively, and the notations ~ and A de-
note the time-dependent evolution field and static field,
respectively.

In order to increase the energy of the perturbed elec-
tromagnetic field, we add a Gaussian beam to provide a
zero-order perturbed electromagnetic field, which was
proposed by Li-Baker [31]. Typically, a Gaussian beam
resonance scheme, called as the Li-Baker detector, is
used to detect HFGWs in the GHz band [25, 31]. The ba-
sic structure of the detector is shown in Fig. 1.

In Fig. 1, the static magnetic field E(y) on the y axis
would interact with the incoming HFGWs and generate a
first order perturbative EM signal [25, 26, 28, 32], which
will be discussed in the next section.

III. GENERATION OF SIGNAL DATA

Without loss of the generality, we assume a standard
Gaussian beam (GB) [25] as
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In the above equation, ¥ is the maximum amplitude
of the electric field component of the Gaussian beam
along the direction. Here, W = Wy /(1 +(z/z0)?), with W,
being the waist radius of the Gaussian beam, and
r*=x>+y*; k,=2r/Ad, is the wave number; and
R =z+7}/z is the curvature radius of the wave fronts of
the GB at z=0. Also, w, = k.c, zo = 7Wy/A,, and 0 is the
initial phase of the Gaussian beam. In this paper, we set
wo = 1260 (the corresponding power of the laser is about
10 W), 6=1.32, and Wy, =0.06 m. The static magnetic
field is assumed to be distributed in the following region:
(ll <z< 12, ll =03 m, lz =5.7 m)

However, in practice, the Gaussian beam cannot be
strictly monochromatic, but has a frequency band with
the set frequency as the center frequency. As a result, the
background Gaussian beam in a certain frequency range
near the center frequency can resonate with the gravita-
tional wave in the corresponding frequency band and
generate a first-order transverse PPF, which also has the
corresponding bandwidth. Therefore, the results of previ-
ous related work can be further modified to be more con-
sistent with reality. Therefore, we added an additional

(=477

item exp[— ] to the expression of the monochro-

matic GB [36]{eso that the expression of GB is as follows:

Yo P (=57
7(1 E exp (_W> exp [— 1%

k 2
X exp {i {kez—wet—tan‘1 % + ( EIFQ ) +6}}
(10)

\Preal(x’y’ Z,We) =

(color online) Schematic diagram of the detector structure [37]. Here, the receivers are used to receive the photon fluxes along
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Fig. 2. (color online) Distribution of amplitude with fre-

quency for the modulated GB and standard GB; the amplitude
is normalized.
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Fig. 3.  (color online) The amplitude of the modulated GB

and standard GB with time.

Through parameter test, in order to achieve the desired
modulation effect, we set @ = -2.0 and 8 =0.5 through a
parameter test. We compare the difference between the
standard GB and the modulated GB in frequency domain
(Figs. 2 and 3).

We can find that the spectrum of the modulated GB is
consistent with our expection, and the band width is ap-
proximately 0.32 GHz. The part of the frequency band
where the corresponding energy reaches more than half
of the central frequency energy is selected as the effect-
ive bandwidth, which is set to be the frequency band in
our simulation. For simplifying our calculation and main-
taining the physics mechanism, we suppose that the elec-
tric field in the z direction is zero. Then, using the condi-
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tion of non-divergence, V-E =0y,/dx+0y,/dy=0 and
B = ——VxEO Without loss of generality, we choose
each cornponent of the background electromagnetic field
as E = Yreat, EY = 0 [25, 33]. Then, the other electromag-
netic field components can be obtained by solving Max-
well's equations in flat space-time [25, 25, 28]:

~ 1 ik, ~
0 _ e 0
Ey(x3y’zstaw6)_2x(m_ﬁ>/Exdy’ (11)
aEO
BY(x,y,2,1,w,) = (12)
6z
i OE°
B° 3 (X,Y,2, 1, w,) = s (13)
we 0z
0 _ i (9E) OE] ”
z(x7yazatawe) - Jg ay ax ( )

Here, we only list the computational components in-
volved in the simulation experiment. Since these two for-
mulas involve special functions that cannot be solved
analytically, we only performed numerical calculations
for the relevant formulas in our work. For the Gaussian
beam, it will generate the Poynting vectors, which are the
BPFs. The physical behavior of the longitudinal photon
fluxes can hardly be distinguished before and after the ex-
istence of gravitational waves [32, 35]; therefore, in the
following content, we focus on the transverse (x direc-
tion) photon fluxes. When there is no gravitational wave,
the transverse photon fluxes as follows:

1 .
~0 ~0 30 0., 70
ny(X,y,2,t,we) = <M—(E B;) >= e 0Re[nyBZ].

(15)

e

Here, <> means the average over a period of time, and
E)O,,E(Z’ are the y component of the background electric
field and the z component of the magnetic field, respect-
ively; both of them can be solved using Maxwell's equa-
tions of electrodynamics in curved space-time [25, 25,
33]. The specific calculation ofn? will be discussed in de-
tail in Sec. IV.

When there are gravitational waves, E? of the back-
ground field will be coupled with the first-order trans-
verse perturbed electrical component (see Eq. (6)) men-
tioned above (w.=w,), thus forming the perturbed
photon fluxes as follows:

Re[E, x BY].
(16)

N 1
(XY, 2,1, w) = -

< —(E 1B%) >=
we  Ho

2hwug

Set t =1, (; indicates the beginning of signal accumula-
tion), and after the accumulation for a period of time ¢,
the number of signal photons received by the receivers,
which is parallel to the yoz plane and is placed on the x
axis, can be obtained by integration:

t,+ty
/ f f nl(x,y,zt,w)dydzde | . (17)
1, a,

Here, N!(x,1,) represents the PPF. In the simulation,
the area of the receiving plane was set as a, = AyAz =
0.01 m?. The dimensionless amplitude of the gravitation-
al wave is 1.0x 1073 [25, 36], and the frequency of the
gravitational wave and the center frequency of the back-
ground electromagnetic wave are chosen to be
f. = f; =10° Hz. The signal accumulation time is set as
to = 1.3x107'% 5. The spatial and temporal distribution of
the PPF ﬁ;(x, ty) with x (the transverse coordinate posi-
tion of the receiving plane) and 7, (the initial time of de-
tection) are shown in Fig. 4.

The power of PPF is

N!(x,14) =Re

Prpr = hve N (x,14). (18)

It is obvious that if we fix the position of the detector (x)

of N el
0.5
0.05 -8
m 01 0 ts <10

Fig. 4. (color online) The number of PPF varying x and #,;
the detection area is in the region of ye[-0.05,0.05]m,
z€[-0.05,0.05] m.

and accumulate the signal at z; = 0.5x 1073 s from the be-
ginning of the generation of the PPF, the number of PPFs
will reach the maximum. Then, if we fix the initial time
of signal accumulation (#;) and place the detector at the
position (x=0), the signal photon fluxes will reach the
maximum, and the number of photons decays with the in-
crease in the transverse distance (|x[). The number of
PPFs reaches the maximum, which is 2700 at (0 m,0.5%
1078 5), while the Pppr can reach up to 1.789x 107! W

IV. BACKGROUND NOISE

In the above mentioned, GB will generate BPF, which
will seriously interfere the detection of the PPF. There-
fore, we will discuss BPF on the x axis as the main noise
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of the system in this section. According to the literature
[25—27], the density of the BPF in the Li-Baker detector
can be described as Eq. (15). The analytic formulas of
Evg(x, v,2,¢) and Eg(x, y,2,1) are given below:

2 (1 _ik)
,/1+%

~0 _
Ey(xnyaz’t’we)_ W2 2R
k 2
X exp {i (kez—wet—arctan£+ Gl +6)}

7T 2R
1 ik, 1 ik
xewp| -2 (- 25| /‘”‘P (- 35| &
(19)
o Wo exp —(t_%)z
‘ (ug,/1+j€—2Z 1&

k 2
X exp {i <kgz—wgt—arctan;+ 26;; +6>}
ik, 1k s
XP(W%)”“" (W*ﬁ”
-1 ik \?
+4x2<— ! )

w2 T 2R

S gy (1)

/eXpKWZJ’zR)r &=2{y2 "2
1 i

X/exp KWJF%) rz} dy}.

X

(20)

Therefore, the number of BPF photons received by the re-

ceiver should be
1+t
/ f f 'ﬁg(x,y,z,t,w)dydzdt} (21)
1y a,

Then, the power of BPF is

NY(x,14) =Re

x10%"
24

'xB : L
e 0.05 0 - 0.5
0.05
x/m 04~ 0 ty/s %1078
Fig. 5. (color online) The number of BPF varying x and #,;

the detection area is in the region of ye[-0.05,0.05] m,
z7€[-0.05,0.05] m, and the negative part indicates that the
photon flux is in the negative x direction.

Pgpr = hveNO(x, 14). (22)

As shown in Fig. 5, the intensity of BPF at the optical
waist is zero, and it increases first and then decays rap-
idly with the increase in the transverse distance x. The
number of PPFs reaches the maximum, which is
1.57%x10%7 at (0.341 m, 0.5x 10~8s) while Pppp can reach
up to 1.04x10° W. The direction of BPF will be dis-
cussed in Sec. VL.

V. OTHER NOISES - DIFFRACTION NOISE AND
SHOT NOISE

In addition to BPF, we discuss diffraction noise and
shot noise. When the Gaussian beam propagates along the
z direction, the structure of the Gaussian beam generator
causes the GB to diffract in the x direction, and it is called
diffraction photon flux. This is a potential problem for the
design of Li-Baker detectors because the diffraction sig-
nal could overwhelm the microwave receiver or repres-
ent an important external source of granular noise.

The density of diffraction noise photon fluxes along x
axis is expressed as [25, 26, 37]:

1
ngir = k2(W5/32d*) exp (—Ekﬁw(%) angs.  (23)

In Eq. (23), k. = i—ﬂ, ngg 1s the photon flux of the Gaussi-

an beam, i.c., BPFf and d represents the distance from the
waist of the Gaussian beam to the receiver. Then, the
number of diffracted noise photons that eventually hit the
receiving plane could be expressed as:

N, git = ngitlar/(Ind)leqp. (24)

Here, [ represents the length of the GB (0.3 m for the
nominal case), and &,, represents the wall absorption
coefficient (the wall absorption coefficient has been dis-

-15¢
207
£
o
S 257
_30 L L L L L I}
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
x/m
Fig. 6. (color online) The distribution of diffraction noise

with x, N,g¢ is converted to logarithm. Here g, =107%2,
-0.6m<d<0.6m.
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cussed and calculated in the literature [25, 29, 30]).

According to the literature [30], we set the wall ab-
sorption coefficient g, = 10722,

Figure 6 shows the relationship between the received
photon number of diffraction noise (N,q¢) and the posi-
tion of the receiver (x); here, d is within 10 radii of the
optical waist (-0.6 m<d <0.6m). It is found that the
number of diffraction photons is very small, which de-
cays symmetrically to both sides of the optical waist. The
corresponding power is

Pgit = hve Nyt (25)

In terms of Fig. 6, the maximum number of the dif-
fraction photon fluxes can only be 107'¢. This is obvi-
ously less than the PPFs and the other noises that we con-
sidered. Meanwhile, the maximum of Pg can only be
10740 W,

Shot noise is a kind of statistical fluctuation that is
generated from a sufficiently small number of particles in
the output. In this study, we mainly explore two parts of
shot noise: the shot noise P,; caused by BPF and the shot
noise P, caused by PPF. Shot noise is proportional to the
square root of the number of photons from the source;
therefore, the noise energy can be expressed as [25, 26,
28, 37],

Py = hve \/NY, (26)
Pns = hVe V Ni, (27)

Pror = Ppg + Ppp. (28)

In our simulation, we set the position of the receiver
as x =—0.08 m, Om, 0.06m. In Fig. 7, P,, is much weak-
er than P. This is because P, < P, as N! <« N° at the
receiver positions. The maximum power of total shot
noise is about 7.5x 10715 W, which is larger than the sig-
nal (in the same condition, power of PPF is about

X 102

0.4 0.6
td/s

%1078
Fig. 7.

1.789x 102! W). Fortunately, due to the different
propagation directions of BPF and PPF in some areas, we
can neglect P,;, in those areas; then, Py ~ P,s ~ 10723 W.
This will be discussed in the following section.

VI. DETECTION OF SIGNAL

In signal detection, SNR is critical. In order to obtain
a greater SNR, we need to design an optimal linear filter.
When the input signal of a linear time-invariant filter is a
definite signal and the noise is additive stationary, the fil-
ter that can maximize the SNR is the matched filter,
which matches the input signal.

Our signal (i.e, PPF) is a kind of determinate signal,
and the noises are additive stationary; hence, according to
the data processing theory, we just design a matched fil-
ter to enhance the SNR. In the matched filtering thory,
the SNR of output is determined as

ISP
o< df. 2
SNR </_00 By (29)

When the response function H(f)

HF) = aS*(f) e-2mift,

Pu(f) G0

S(f)=FT[S®)], (31

the SNR, will reach the maximum. Here, S(¢) is the in-
put signal of the filter in the time domain, and S (f) is the
Fourier transform of the signal. In our work, S(¢)=
Pppp|x:xu. x indicates a complex conjugate and P,(f) is
the noise power spectrum. Here,

Po= \/Popi? + Poi® + Pa (32)

Figure 8 shows the BPF in the time domain and fre-
quency domain, respectively. The position of the receiv-
ing screen is x = 0.08 m. In this location, the maximum

—--0.08
6 -x=0

0 0.2 0.4 0.6 0.8 1
t/s %108

(color online) The power of shot noise generated by PPF (left subplot) and total transverse photon fluxes (right subplots) at

x=-0.08m, x=0m, x=0.06 m, with As = AyAz (y € [-0.05,0.05] m,z € [-0.05,0.05] m).
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Fig. 8.
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z 4 Y: 3 2e+24
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fe/ Hz «10°

(color online) ﬁ? in the time domain and frequency domain. Here, xy = 0.08 m. In the left plot, f, =1 GHz. The dashed lines

represent the photons along the -x direction, which will not be recorded by the receiver. In the right plot, z; =5x 107 s.

800
600
400
P4
200

0

0 0.2 0.4 0.6 0.8

Fig. 9.
t=5x%107"7s.

29
4. x10
LI- 2
o X:0.03904
Qo /\ AY 1827e+28
Iﬁ_L X:0.08108
o ok Y: -1.286e+28
-4 I I I )
-0.2 -0.1 0 0.1 0.2
x/m
Fig. 10. (color online) The directions of PPF and BPF vary-

ing with the receiver position x. Here, 7, =5x 1078 5. A negat-
ive value (red areas) indicates that the directions of PPF and
BPF are opposite, and a positive value (blue areas) indicates
they are in the same direction.

number of noise photons is 6.8 x 10>,

Figure 9 shows the time and frequency domain dia-
grams of the PPF. When the receiver is fixed at x = 0.08
m, the maximum number of signal photons is 700.

It can be found that the BPF and PPF have different
frequency spectrums. Based on the above equations, we
derive the SNR to be only 10732, which is too weak to be
detected. That is mainly because the Pgpp far exceeds the
signal and plays a dominant role in the noise (see Figs. 4,
5 and 7). In order to improve the SNR as much as pos-
sible, we must minimize the impact of BPF. Fortunately,
we found an interesting result that the direction of the
BPF changes with time, while the direction of PPF re-
mains unchanged and always propagates along the posit-
ive direction of x axis. Because of this property, we pro-
pose a method to eliminate BPF, which is to locate the re-

150
X: 1e+09
Y: 108
1001
v—t)(
pz4
50
0 . L L L L )
1 2 3 4 5 6

9
fe/Hz %10

(color online) N! in the time domain and frequency domain. Here, xo =0.08 m. In the left plot, f. =1 GHz. In the right plot,

Table 1. Comparison of PPF, N4, Ny = \/ﬁ} and SNR
with the receiver located at xo = —0.04, 0.064, 0.08 m.

Xo/m PPF/s™! N,git/s! Nys/s™! SNR
0.040 453.6 10-10 21 44
0.064 622 10-14 25 320
0.080 197 10-15 14 259
0 —
X1 —signal
Y: -33.31
N
=
[an)]
z
[a)
%)
o

-150 1 1 1 i
0

0.5 1 1.5 2
f IGHz
e
Fig. 11.  (color online) The power spectral density of signal

and noise.

ceiver at the transverse areas where the direction of BPF
is opposite to that of PPF.

By calculating the product of BPF and PPF with the
location of the receiver (see Fig. 10), it is found that when
the receiving plane is located within the transverse area
(0.04 m, 0.082 m), we can remove the influence of the
BPF. Therefore, we can also neglect the shot noise gener-
ated from the BPFs. Then, we analyze the SNR with the
remaining noises. The result is shown in Table 1.

With the same receiver location (x = 0.08 m) where
the receiver is beyond the GB waist, we calculate the sig-
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nal power spectrum after matched filtering (Fig. 11). As
shown in this figure, it is obvious that the power spectral
density difference between the signal and noise is big
enough to capture the signal in our target frequency range
(GHz band). It can be seen that the SNR of the output
after matched fitering has been improved to 259 (see Ta-
ble 1), which is expected to be detected.

VII. DISCUSSION AND CONCLUSION

In this study, considering the actual GB and all the
possible noises, we compared the signal with all types of
noise, and discussed how they differ in physical behavi-
ors. The results are as follows: (1) in the time and space
domains, the BPF and the PPF have different physical be-
haviors — the direction of PPFs remains unchanged, but
the direction of BPF changes; (2) the amplitude of BPF is

much more than that of PPF, but with the increase in x,
the amplitude of BPF decreases faster than that of PPF.
Therefore, we propose that the receiving screen can be
placed at a specific location where the screen can only re-
ceive PPF and the other two noises. Under this condition,
the SNR can be enhanced to 259 at x = 0.08 m, where the
receiver will not interfere with the background electro-
magnetic field. This indicates that the detection of HFGW
in the Li-Baker detector is feasible and the transverse size
is maintained within 0.1 m.

It should be noted that in order to perform detection,
the required continuous scanning time should only be
about 5x 107" s (cf. Fig. 8). This can be realized using
the current exposure technology. Nevertheless, in the ac-
tual experiment, the noise will be more complicated, but
the total noise strength can be controlled once the BPF is
eliminated.
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