Check for
updates

B\ Research Article
R) |

Vol. 28, No. 9/27 April 2020/ Optics Express 12518 |

Optics EXPRESS ‘ ‘

Research on the new detection method of

suppressing the skylight background based on
the shearing interference and the phase
modulation

LEl DoNG ® AND BIN WANG’

Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun

130033, China
*175969722@qq.com

Abstract: In order to effectively suppress the effect of the skylight background on the detection
performance of the optical telescope and make it have the advantages of the all-time operation
and the high star-magnitude detection, a new detection method based on the shearing interference
and the phase modulation is proposed in this paper. This method utilizes the discrepancy of the
spatial coherence between the target (smaller size) and the skylight background (larger size).
By adjusting the shearing amount reasonably, the target light can form the interference fringes,
while the skylight background cannot. Then, the phase modulation technique is used to form
the moving interference fringes over the detector. Afterward, the periodical electrical signal
is formed by the photoelectrical conversion of the detector. Finally, the weak signal detection
equipment can be used to extract the target signal from the skylight background noise. This paper
introduces the scheme design and the theoretical analysis of the new detection method and also
presents the detection performance simulation of this new method.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The optical searching and tracking telescope is a general-purpose equipment which is widely used
for the precise pointing of laser beams, the positioning and attitude keeping of flight platforms
and the high precise tracking and aiming of large aperture telescopes. The existing optical
searching and tracking systems are more or less affected by the sun and the skylight background,
so their detection time, detection performance and measurement accuracy are seriously restricted.
There are several methods to suppress the skylight background noise, while the existing methods
(mainly including: the field of view (FOV) control method [1], the spectral filtering method
[2-4] and the polarization filtering method [5,6]) have their own limitations. For the FOV control
method, the drawbacks are that the FOV is too little and that the suppression of the strong
skylight background is poor. For the spectral filtering method, the drawback is that when the
spectral distribution of the target is similar to that of the skylight background, it is difficult to
distinguish the peaks of the spectral energy between the target and the skylight background. For
the polarization filtering method, it is generally necessary to estimate in advance the discrepancy
of the polarization states between the target and the skylight background, while the specific
implementation is more complex because of the changes of the polarization states according to
the orbital motion and the attitude change of the target as well as the change of the sun altitude
angle, etc..

In order to circumvent the above problems, Daniel N. Held proposed a star tracker based on
the optical interference and the phase modulation [7], which is used to suppress the influence of
strong skylight background in the daytime to improve the detection performance for finding the
dark stars. This new device ingeniously utilizes the discrepancy of the spatial coherence of distant
light fields between the target and the skylight background [8], introduces the periodical change
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of the target light by the phase modulation and then uses the weak signal detection technique
[9,10] to evidently improve the signal-to-noise ratio (SNR) of the target light, so as to realize the
detection of the dark target in the strong skylight background.

However, Daniel N. Held’s device has some deficiencies in the real applications. The main
problems are that it is difficult to achieve the high contrast optical interference and that it only
has low aperture utilization. The aperture of the electro-optical modulator is limited (generally
less than 1 cm) and the outline dimension of the electro-optical modulator (about 1 ~ 3 cm) is
generally larger than its aperture. The above limits result in a larger center distance (possibly
greater than 3 cm) between the two light paths. In general, the far-field coherent region of a
short-range (about 100 km) target (the size about 1 m) is about 5 cm (the central wavelength
is 532 nm). If the center distance between the two light paths is more than 3 cm, the contrast
of the interference fringes is very low and it is easy to be submerged by the background noise.
In addition, the above device belongs to the wavefront-splitting interference. The drawback of
this interference is that the center distance between the two light paths cannot be less than the
diameter of each light path. As the diameter of each light path is at most equal to half of the size
of the coherent region, this device only has low aperture utilization (less than 50%).

In this paper, a new detection method based on the shearing interference and the phase
modulation is proposed. The working principle of the new method is basically the same as
that of the device proposed by Daniel N. Held. The difference is that the new method replaces
the wavefront-splitting interference with the amplitude-splitting interference (the shearing
interference), which overcomes the above deficiencies of the device proposed by Daniel N. Held.
In our new method, the original two electro-optical modulators are replaced by the shearing
interferometer (composed of two Ronchi phase gratings) and the center distance (the shearing
amount) between the two shearing beams can be properly adjusted (generally from zero to several
centimeters), which can realize the interference of the lights from targets with different altitudes
and sizes. In addition, because the center distance between the two beams is very close to
zero, the aera in the far-field coherent region of the target can be fully utilized and the aperture
utilization may be close to 100%.

The device based on the new shearing interference detection method can be placed on the
ground-based, sea-based, or space-based platforms. It can realize the all-time detection and
tracking of large telescopes, the all-time accurate pointing of laser beams, the all-time attitude
control of aircrafts, etc.

2. Scheme design and working principle

The structural diagram of the new shearing interference detection system is shown in Fig. 1,
including the shearing interferometer composed of two Ronchi phase gratings, the piezoelectric
ceramics actuator (PZT), the beam shrinking system (also know as telescope), the detector and
the weak signal detection equipment.

The working principle of the detection system is described as follows. The lights from the
target and the skylight background (the mixed light) are incident on a shearing interferometer
[11-14] composed of two same Ronchi phase gratings [15]. Grating 1 is parallel to grating 2
and there is a small angle of the grating lines between gratings 1 and 2. When the mixed light
is normally incident on grating 1, the directions of the+1 order diffraction from grating 1 are
symmetrically distributed on both sides of the optical axis. After the + 1 order diffraction lights
pass through grating 2, they become two parallel beams, forming two lateral-shearing beams.
The center distance between the two parallel beams is equal to the shearing amount. These two
beams are the copies of the mixed light, that is, the wavefront distributions of the two beams are
exactly the same as that of the mixed light. Based on the Van Cittert - Zernike theorem [8], the
target light can form interference fringes by reasonably selecting the shearing amount (which
can be achieved by changing the distance between two gratings), while the skylight background
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Fig. 1. Structural diagram of a new shearing interference detection system.

can’t. The PZT actuator under grating 2 can achieve the periodical stretching movement, so that
grating 2 moves back and forth along the beam shearing direction. This back-and-forth motion of
grating 2 can cause the lateral (perpendicular to the optical axis) back-and-forth motion of the
interference fringes. The function of the beam shrinking system is to compress the coverage area
of the interference fringes, so that the energy of the interference fringes is more concentrated to
improve the contrast of the fringes. In addition, it can also match the width of the fringe with the
size of the pixel of the detector. When the width of the fringe is comparable to the size of the
pixel, the periodical electrical signal will be generated after the fringes scanning across the pixel.
When the SNR is low, the above electrical signal is submerged in the random electrical signals
generated by the skylight background and other noises. Fortunately, the above periodical signal
can be detected by the weak signal detection method.

3. Mathematical modeling

By the introduction of section 2, we know that the core of the new shearing interference detection
method is to convert the target light into the periodical signal, so that it can be extracted from
the random noises by the mature weak signal detection technique. For the convenience of the
analysis and the simulation, we make the following assumptions.

(D Itis assumed that the target light is a monochromatic plane wave and that its propagation
in the free space and the optical elements can be described by the scalar wave optics.

(II) It is assumed that the size of grating 2 is large enough, so the back-and-forth motion of
grating 2 can be replaced by one-way motion. It can cause the continuous movement of
interference fringes in one direction. The one-way scanning of interference fringes across
the detector can produce a periodical signal, which is generally similar to the sinusoidal
structure.

(II) It is assumed that the optimized shearing amount is used in the simulation, that is, the
skylight background can’t form the interference fringes, while the target can form the high
contrast fringes. As the grating shearing interferometer can realize the continuous change
of the shearing amount from zero to several centimeters, the optimized shearing amount
can always be found by experiments.

(IV) TItis assumed that the interference fringe formed by the shearing interferometer can match
perfectly with the pixel of the detector, so there is no need to add the beam shrinking
system.

(V) Itis assumed that the detector signal generated by the illumination of skylight background
is the Gaussian white noise and that this noise is far greater than other noises such as the
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thermal noise, the low-frequency noise, etc. So there are only this noise and the photon
fluctuation noise in the detection system. When the skylight background noise is larger
than the amplitude of the target signal, the target signal will be submerged by the skylight
background noise.

(VD) It is assumed that the weak signal detection method used in our simulation consists of
the Fourier transform in the time domain and the narrow-band filtering in the frequency
domain.

3.1.  Generation model of the interference fringes of the target light

The physical process of the target light forming the moving interference fringes on the detector is
as follows. The target light first passes through grating 1 and then diffracts between gratings 1
and 2. After that, this light passes through grating 2 and then diffracts between grating 2 and the
detector. Finally, this light forms interference fringes on the detector. Grating 2 is controlled
to move along the direction in the grating plane vertical to the grating lines, which causes the
interference fringe pattern to scan across the pixels of the detector in one direction.
According to the wave optics theory, the expression of the light field on the detector can be
obtained:
Efri = F;nlms(Fzmns(Ft;;ns(thns(Ein : Tl) : Hl) . TZ) : HZ), (D

In Eq. (1): Ej; is the light field on detector; Ej,is the incident light field on the front surface of
grating 1, which can be expressed as:

Ein — Awi(?.ﬂ%) — Alei(ky sin @+kz cos 9+¢0)’ (2)

In Eq. (2): A is the amplitude of the incident light; k is the wave vector; 7 is the position vector;
k = 27/ A is the size of the wave vector; A is the wavelength; y and z are the coordinate values,
respectively; 6 is the angle between the wave vector and the zaxis and is the initial phase.

T, is the amplitude transmittance of grating 1, which can be expressed as:

1 € [nd,nd + ¢
r-y Vel 2 3)
e ye[nd+§,nd+d]

In Eq. (3): the external dimensions of grating 1 are ignored and the phase difference between the
convex and concave structures of grating 1 is assumed to be 7; d is the grating period (or the
grating constant) and n € (—co, +00) is an integer.

T, is the amplitude transmittance of grating 2, which can be expressed as:

T, =T % 6(y —vt), “4)

In Eq. (4): = represents the convolution operator; §(y) is the unit impulse function (wheny =
0,6(y) = 1 and others 6(y) = 0); v is the one-way moving speed of grating 2 and ¢ represents the
time.

H, is the amplitude transfer function between gratings 1 and 2, which can be expressed as:

Hl — eikzle—iﬂ/lzl();z+f;.2)’ (5)

In Eq. (5): zi is the distance between gratings 1 and 2; f; = x/Az; and f, = y/Az; are the spatial
frequencies, respectively.
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H, is the amplitude transfer function between grating 2 and the detector, which can be expressed
as:

H, = & e—imlm(f;%]g@)’ (6)

In Eq. (6): z2 is the distance between grating 2 and the detector; f’ = x/Az; and f] = y/Az, are
the spatial frequencies, respectively.
Firans is the Fourier transform operator in space domain and F| ,’n‘ms
transform operator in space domain.
The light intensity of interference fringes can be expressed as follows:
Ifri = Efri ) E;yi’ @)

is the inverse Fourier

In Eq. (7): I, is the light intensity on the detector and Ef*”. is the complex conjugation of the light
field on the detector.

So far, we have obtained the mathematical model of the formation process of the interference
fringes on the detector. The one-way motion of grating 2 results in the periodical change of the
transmittance. By the later simulation, it can be shown that the above change will cause the
one-way motion of interference fringes.

3.2.  Signal detection model

The SNR of the traditional electro-optical detection system [16] can be expressed as:

S object
[ — 9
v Sobject +N sky

In Eq. (8): Sopject is the photoelectron number generated by the target light and Ny, is the
photoelectron number generated by the skylight background.

Next, the SNR of the new shearing interference detection system will be analyzed. By the
analysis in section 3.1, the intensity distribution of the interference fringes formed by the target
light on the detector can be obtained. When grating 2 moves along one direction vertical to the
grating lines, the interference fringes will also move in a certain direction. When the width of
the interference fringe is similar to the size of the pixel, the detector can convert the fluctuating
light intensity of the interference fringes into the periodical electrical signal. The light from
the skylight background can’t form the interference fringes, which is converted into the random
electrical signal by the detector.

According to the above working principle and the assumption of the weak signal detection
method given at the beginning of section 3, the output signal after the weak signal detection can
be obtained:

SNRiaa = (®

Sout—tor :ﬁlterf—mod(Ft(Sobj—mod + Nsky—n))» (9)

In Eq. (9): Sou—1or is the total output signal which is represented by the amplitude in the
temporal-frequency domain corresponding to the modulation frequency; Sopj—moq is the periodical
electrical signal generated by the target light; Ng,_, is the random electrical signal generated by
the skylight background; F;(-) represents the Fourier transform operator in the time domain and
filters_p0q(+) represents the narrow-band filtering operation in the frequency domain centered on
the modulation frequency.

From the above equations, the output SNR of the new shearing interference detection system

[17] can be expressed as:
mean(Sous—tor)

Std(S()ut—t()t) ’
In Eq. (10): mean(-) indicates the average of multiple detected values of the total output electrical
signal and std(-) indicates the standard deviation of multiple detected values of the total output
electrical signal.

SNRshear = (10)
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So far, we have shown the mathematical models of two main parts of the new shearing
interference detection method. Next, based on the above models, the simulation of the performance
of the new detection method will be carried out. By the simulation, we will find that the new
detection method has a higher SNR than the traditional detection method, that is, the new
detection method has a better performance to suppress the skylight background noise.

4. Simulation and analysis

The purposes of the simulation are to verify the feasibility of the new detection method to
suppress the skylight background noise and to achieve a preliminary quantitative comparison
of the detection performance between the new detection method and the traditional one. The
simulation programming tool is MATLAB software. In order to facilitate the computer simulation,
we will show the main parameters used in the simulation, which are shown in Table 1.

Table 1. List of the selected parameters for the simulation.

Main parameter Value
Wavelength: 1 532nm
Amplitude: A 1

Initial phase: ¢q 0

Angle of incidence: 6 0°
Grating period: d 10um
Distance between gratings 1 and 2 0.38mm
Distance between grating 2 and the detector 0.076mm
Rotation angle of grating 2:& 3°
Moving step of grating 2 10um/30
Size of pixels of the detector Fringe period /2

According to the mathematical model in section 3 and the above main parameters, we have
carried out the numerical simulation for the new detection method. The distributions of the
interference fringes generated at different moments are shown in Fig. 2. It can be seen that when
grating 2 moves in one direction in the grating plane vertical to the grating lines, the Moire
fringes on the detector will also move in a certain direction.

(a) (b) (© (d) (e)

Fig. 2. Distributions of single period interference fringe at different time. (a), (b), (c), (d)
and (e) correspond to the distribution of a single period fringe when t = (1/5) period, (2/5)
period, (3/5) period, (4/5) period, 1 period, respectively. The above period is the temporal
period of the fringe motion.

The output electrical signal (no noise) generated by the Moire fringes scanning across the
detector is shown in Fig. 3. In this figure, the ordinate is the normalized signal amplitude and the
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abscissa is the time or the number of motion steps of grating 2. It can be seen that the electrical
signal generated by the one-way movement of Moire fringes is approximately sine wave.
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Fig. 3. Output electrical signal (without noises).

The SNR of the traditional electro-optical detection system (its basic structure is shown in
Fig. 4) to find the target is generally 3 [18], that is, the mean value (approximately constant
value) of the electrical signal generated by the target divided by the standard deviation of the
total electrical signal (the sum of the electrical signals generated by the target and the skylight
background) is equal to 3. Because the phase modulation is introduced into the target light by the
new detection method, the output electrical signal generated by the detector is approximately
sine wave. So the mean value of the signal should be replaced with the amplitude of the signal
(the amplitude of the sine wave) in the numerator of the above SNR expression, when calculating
the SNR of the new detection method. In the simulation, the Gaussian white noise generating
function in MATLAB (AWGN) is used to add the noise to the electrical signal generated by the
target, which represents the influence of skylight background on the detection performance.

W ' %
Target

Detector
Sky background Y Data processing

Telescope and display

Fig. 4. Basic structure of the traditional detection system.

Comparing Fig. 1 with Fig. 4, we can find that the main structural difference between the new
system and the traditional system is that the shearing interferometer composed of two gratings is
added to the new system. Assuming that the average transmittance of the shearing interferometer
for the target light and the skylight background is the same (about 32%), then according to Eq. (8),
the SNR of the new system (marked as SNRjeqr—in, Without the phase modulation) is about 57%
of that of the traditional system. That is to say, when the SNR of the traditional system (marked
as SNRy,4q) is equal to 1, the input SNR (without the phase modulation) of the new system is
about 0.57.

The output electrical signal of the traditional system after adding the Gaussian white noise
(SNR/4q = 1) and its power spectrum are shown in Fig. 5 and Fig. 6, respectively. Figure 5 shows
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that the target signal has been submerged by the noise. Figure 6 shows that since the target light
is not modulated, it is difficult to find the difference between the target light and the skylight
background in the frequency domain. So it is difficult to extract the target signal by the traditional
electro-optical detection system.
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Fig. 5. Output electrical signal of the traditional system.
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Fig. 6. Power spectrum of the traditional system.

The output electrical signal of the new system (with the phase modulation) after adding the
Gaussian white noise (SNRpeqr—in = 0.57) and its power spectrum are shown in Fig. 7 and Fig. 8,
respectively. Figure 7 shows that the modulated target signal has been submerged by the noise
and that the periodical structure of the signal can’t be distinguished. Figure 8 shows that the
discrepancy in the frequency domain between the target light and the skylight background can
still be distinguished when the input SNR is very low. According to Eq. (12) given above, the
output SNR of the new shearing interference detection system can be calculated to be about 2.99.
It can be seen that compared with the input SNR, the output SNR is significantly improved (about
5 times of the input SNR).

The results with or without the target obtained by narrow-band filtering in the frequency
domain are shown in Fig. 9. According to Fig. 9, it can be seen that the combination of the optical
interference and the weak signal detection (narrow-band filtering in the frequency domain) can
effectively detect dim targets in the strong noises. In the practical case, the area array detector is
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Fig. 7. Output electrical signal of the new system.
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Fig. 8. Power spectrum of the new system.

used. Each pixel of the detector corresponds to a weak signal detection channel and all channels
are detected simultaneously. If the target appears in the field of view, the detection value of one
pixel of the detector will be far greater than that of other pixels, which indicates that the target
does appear in the corresponding position of the field of view.

By the above simulation, we can find that the output SNR of the new shearing interference
detection system is obviously better than that of the traditional detection system. When the input
SNR of the traditional system equals to 1, it is difficult for the traditional system to find the target,
but the new system can still find the target easily (the output SNR is about 3). The weak signal
detection method used in the simulation is only the simplest frequency domain filtering method.
If we choose a better detection method (such as the correlation detection method based on the
lock-in amplifier), the output SNR will be further improved. At this point, we can obtain that the
new shearing interference detection system is more suitable for searching and finding the small
and dim targets in the strong skylight background in the daytime (the input SNR is no more than
D).
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Fig. 9. Results by the narrow-band filtering. (a) and (b) correspond to the results with or
without the target, respectively.

5. Conclusion

In this paper, a new detection method based on the shearing interference and the phase modulation
has been analyzed and simulated. By analyzing the simulation results and comparing this new
detection method with the traditional one, we can obtain the following conclusions.

@

I

The new detection method based on the shearing interference and the phase modulation is
feasible in principle. Because the shearing amount of the grating shearing interferometer
can be continuously adjustable from zero to several centimeters and the spatial coherence
length of the skylight background in the far field is about several microns, only a few
tens of microns of the shearing amount may be enough to make the skylight background
unable to form interference fringes. The contrast of the interference fringes formed with
tens of microns of the shearing amount is much greater than that formed with several
millimeters of two-aperture separation. Therefore, the new detection method based on the
shearing interference and the phase modulation has a better detection performance than the
original interference detection method based on two electro-optical modulators. Because
the aperture of the beam is at least 1 cm and the two beams produced by the shearing
interferometer with only tens of microns of the shearing amount may almost overlap each
other, the aperture utilization (the ratio of the overlapping area of the shear beams to the
area of the single beam) of the new detection method is close to 100%, far greater than the
original interference detection method.

Compared with the input SNR, the output SNR of the new detection method is significantly
improved (about 5 times of the input SNR). If a better the weak signal detection method
(such as the correlation detection method based on the lock-in amplifier) can be used, the
output SNR can be further improved. At this time, the new detection method may still be
able to detect the target which can’t be detected by the traditional method (the input SNR
is no more than 1).

It can be seen that the new detection method has a better performance on suppressing the skylight
background and improving the detection probability of the dim target and also has space for
further performance improvement. Therefore, this new detection method will provide a powerful
technique for the detection of dim targets in the strong skylight background.
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