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Abstract: Interferometric imagers based on integrated optics have the advantages of miniaturization
and low cost compared with traditional telescope imaging systems and are expected to be applied
in the field of space target detection. Phase measurement of the complex coherence factor is crucial
for the image reconstruction of interferometric imaging technology. This study discovers the effect
of the phase of the complex coherence factor on the extrema of the interference fringes in the
interferometric imager and proposes a method for calculating the phase difference of the complex
coherence factor of two interference signals by comparing the extrema of the interferometric fringes
in the area of approximate linear change in the envelope shape to obtain the phase information
required for imaging. Experiments using two interferometric signals with a phase difference of
were conducted to verify the validity and feasibility of the phase difference measurement method.
Compared with the existing phase measurement methods, this method does not need to calibrate the
position of the zero optical path difference and can be applied to the integrated optical interferometric
imager using a single-mode fiber, which also allows the imager to work in a more flexible way. The
theoretical phase measurement accuracy of this method is higher than 0.05 7r, which meets the image

reconstruction requirements.

Keywords: integrated optics; interferometric imaging; interference fringes; phase difference measurement

1. Introduction

High-resolution planet detection missions require the support of large-aperture tele-
scopes, such as the Very Large Telescope, which obtained images of the newborn exoplanet
PDS 70b [1,2], and optical infrared interferometers such as the Very Large Telescope Inter-
ferometer and the Center for High Angular Resolution Array for observing the formation
of planetary systems [3]. However, for satellite payloads, both large-aperture conventional
telescopes and long-baseline optical infrared space interferometers are much more expen-
sive and technically difficult to manufacture [4,5]. In 2013, in order to achieve the goal of
high-resolution exploration of Jupiter, Lockheed Martin introduced the concept of the seg-
mented planar imaging detector for electro-optical reconnaissance (SPIDER) [6]. This new
imaging detector, based on the principle of interferometric imaging, takes full advantage of
the integration and miniaturization of integrated optical devices, which can greatly reduce
the volume, quality, and power consumption of the imaging system. Because freedom
from atmospheric turbulence [7] in space will reduce the difficulty of phase measurement
of interferometric imagers, the integrated optical interferometric imager represented by
SPIDER is suitable as a payload for planetary detection. Currently, the imager is still under
continuous development and is moving towards practical applications.

Current simulation studies on integrated optical interferometric imagers focus on how
to improve the imaging performance of imagers, such as changing the sampling frequency
by changing the form of lens array arrangement to improve the imaging performance of
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imagers, including a hierarchical multistage sampling lenslet array arrangement [8,9], a
checkerboard arrangement [10], a hexagonal arrangement [11], etc. There are also studies
to optimize the imager design using compressive sensing algorithms [12,13] and to im-
prove the reconstructed image quality by investigating improved image reconstruction
algorithms for the problem of insufficient sampling frequency [14,15]. As for experiments,
SPIDER has proposed a total of four generations of PIC designs [16-19], among which
the third-generation design reconstructed images in the laboratory to verify the principle
and feasibility of the integrated optical interferometric imager [18]. The fourth-generation
design enables on-chip integration of detectors, CMOS (Complementary Metal Oxide Semi-
conductor) trans-impedance-amplifiers, and related imager devices on photonic integrated
circuits (PICs), enabling on-chip detection of 0.1 uW optical signals and a 0-7t phase shift
range, greatly enhancing imager integration [19]. However, limited by the size of silicon
wafers, the baseline length of current integrated optical interferometric imagers can only
reach a maximum of about 40 cm, limiting the resolution of the imager [20]. This limitation
can be easily broken through the connection of single-mode fibers [21-25]. However, the
fiber optical path difference (OPD) drift caused by vibration and thermal environment will
make the phase of the complex coherence factor difficult to measure [26].

Interferometric imagers require the modulus and phase of the complex coherence fac-
tor corresponding to the spatial spectrum of the imaged object to reconstruct the image. The
spatial spectrum depends on the spacing between the subapertures and the distance from
the light source, while the modulus and phase information are contained in the visibility
and position information of the interference fringes generated by the corresponding base-
lines, respectively [27,28]. The common methods of fringe detection and measurement are
divided into two categories [29]—one involves obtaining the complete coherence envelope
by means of delay line scanning [30,31], while the other involves measuring at or near the
apex of the coherence envelope, such as phase tracking and group delay tracking [32,33].
The modulus of the complex coherence factor can be easily measured by combining the
above two methods, while the phase information is usually determined from the position
of the fringes at zero OPD. In an astronomical interferometer, the channeled spectrum
is commonly used, i.e., the broadband optical signal is dispersed and recorded with an
imaging detector, and the location of zero OPD is determined by observing the number
of fringes at different OPD [7,29]. However, this approach increases the complexity of
integration of the integrated optical interferometric imager. In contrast, delay lines and
phase shifters are easier to integrate in PIC, so it will be more convenient for the integrated
optical interferometric imager to obtain phase information by scanning the interference
fringes. However, it is difficult to directly obtain the exact position of the zero OPD us-
ing the scanned interference fringe alone. For example, the position of the center of the
interference fringe can be estimated using the envelope fitting method [30,31], but the
result is affected by the measurement accuracy of the extreme of the interference fringe
and the shape of the envelope, making it difficult to accurately identify the position of the
zero OPD. Reference [18] demonstrated in the laboratory the results of an integrated optical
interferometric imager in obtaining the modulus and phase information of the complex
coherence factor by scanning the interference fringes and reconstructing the image, but
the experiment used a pre-calibrated zero OPD method. For an imager with an integrated
90° optical hybrid [6,34], when the zero OPD of the instrument is pre-calibrated, the phase
of the complex coherence factor can be directly obtained by the balanced detectors and
the readout circuit. However, when the external OPD of the instrument changes, such
as changing the orientation of the entire imaging system, the actual zero OPD position
will deviate from the pre-calibrated zero OPD, leading to errors in phase measurement,
thus limiting the flexible use of the integrated optical interferometric imager [16]. If a
single-mode fiber is used to extend the baseline length of the imager, the resulting drift
in the OPD of the fiber will also lead to a change in the current zero OPD, which also
leads to an error in the measured phase. Therefore, it is necessary to develop a method for
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measuring the phase of the complex coherence factor without pre-calibration of zero OPD
for integrated optical interferometric imagers.

In this paper, a method is proposed to calculate the phase difference of the complex
coherence factor of two interference signals by comparing the extrema of the interference
fringes in the area of approximate linear change in the envelope shape without calibrating
the position of zero OPD in order to obtain the phase information required for imaging.
This manuscript is organized as follows. In Section 2, based on the extended expression
of the Van Cittert-Zernike theorem, the equation description of the complete interference
fringes produced by the overlay of two narrow-band optical signals from an incoherent
extended light source is derived, whereby the relationship between the corresponding
adjacent extrema of the interference fringe with different phases and the phase difference
of the interference signal is analyzed, and the method of calculating the phase difference
by comparing the extrema of the normalized interference signal in the region of approxi-
mately linear variation of the envelope shape is proposed in combination with simulations.
Section 3 presents the phase difference measurement results of two interferometric signals
with theoretical phase difference 7r under two experimental schemes—amplitude-division
interference and wavefront-division interference. The experimental results verify the valid-
ity and feasibility of the phase difference measurement method, and the maximum error of
the measured phase difference is 0.157t. The phase measurement method not only provides
new ideas for phase measurement for integrated optical interferometric imager but also
has some reference significance for astronomical optical interferometry phase measure-
ment. At the same time, since the experiments in this paper use a polarization-maintaining
(PM) single-mode fiber, the experimental results can also provide a certain reference when
extending the baseline length of the imager through the fiber and help to promote the
application of integrated optical interferometric imagers.

2. Materials and Methods
2.1. Complete Representation of Interference Fringes

The schematic diagram of the integrated optical interference imaging system is shown
in Figure 1. Light from the incoherent light source distributed in region D is received by the
lenslet array after propagation through air and other media. The optical signal is coupled by
the lenslet into the PIC, and after beam splitting by the array waveguide grating and phase
modulation by the phase shifter, the optical signal belonging to the same spectral channel
interferes in the 2 x 2 coupler, and the interference signal will be recorded by the balanced
detectors. The phase shifter changes the OPD to produce interference fringes, which contain
information about the complex coherence factor of the spatial frequency corresponding to
the baseline. Under quasi-monochromatic conditions, the luminance distribution of the
light source I(«, B) [27] can be obtained from the inverse Fourier transform by measuring
the complex coherence factor |ji|e? corresponding to different baselines according to the
Van Cittert—Zernike theorem, where || is the modulus of the complex coherence factor
and ¢ is the phase of the complex coherence factor.

Based on the extension of the Van Cittert—Zernike theorem, the mutual coherence
function of the optical signals received by the two endpoints P; and P, of the baseline on
the surface of the lenslet array can be described by the following Equation [35]:

eik(R1—Ry)
Pl,Pz, \/Tl P2 Y Pl/ Pz, ) —/0 72mv‘rd0fj‘ o, ‘B 'U dOCdlB (1)
where
1P =P, PL0) = [ do [ 1B D gogp, @
0 D R12
I(P,) =T(Py, P,,0) = /Ooo dvff I(D;’{fz’v)dadﬁ. €)

D
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Figure 1. Schematic diagram of the integrated optical interferometric imaging system.

I(Py) and I(P,) are the light intensities of the light signals received at P; and P,
respectively, v(Py, P, T) is the complex coherence of the light signals at P; and P, at time
delay 7, I(«, B, v) is the light intensity per unit area of the extended light source in the
frequency band (vy — 52, vy + %), and R; and R; are the distances from the light source
to P; and P,, respectively.

From Equation (1), when T =0,

Jo dvjjla/s e dudp fo dvﬂluc/%v) ek (Ri—Ra) o B
I(P)\/I(P,) B fo do|[ I(«, B, v)dadp
D

’Y(PerZIO) (4)

Assuming that the intensity of the light source I(«, B, v) is the same for all frequencies
in the same face of the light source region D in the narrow band (vy — %, v + %), then
I(a, B,v) can be considered as a constant independent of v. At this time,

v(P1, P2, 0) = u(Py, Po) = |ule'?. (5)

Substituting Equation (5) into Equation (1) and taking into account the frequency
response of the imaging system T(v), the complex coherence degree of the optical signal at
the coupler is obtained as

fO 27'cwrdv | |f0 14) vardv

fo fo

Assuming that the total dispersion of the light signal transimitted in all media
is 0, then

v(P1, Py, T) = p(Py, o) (6)

EF(T)|eile—2mooT+f(7)]

where F(7) is the Fourier transform of T(v) and F(t) = |F(1)|e//(7); (1) is the phase term
associated with the shape of the spectrum. In particular, when F(7) is symmetric about the
central frequency vy, F(7) is a real function, f(7)=0or 7. Fy = [;° T(v)dv, and Fy can be
considered as a constant.

Thus, the interference fringes generated at the coupler can be expressed as

/ 2\/ Pl \/ Pz |V||F

Itot(T) = I(Pl) —|— I

)| cos(p —2mvoT + f(T)), (8)

where I(P;)" and I(P,)’ represent the light intensity of the light signal at P; and P, after
passing through the spectral channel of the imaging system, respectively.
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2.2. Principle of Phase Difference Measurement
— Lot(m—I(P)' —I(P)" _ |p| — i inter-
Note that I5(7) = WAL |F(T)|cos(@ — 2ot + f(7)) is the inter
ference term, where ‘” | is a constant, and let ‘” =1, |F(T)| can be regarded as the envelope

= (p+2n7‘[+f(r)
2o

function of the interference fringe. When , In(T) is a maximum value (n is

an integer), and when 7 = %, Io(T) is a minimum value.

To simplify the analysis of the problem, assume that T(v) is symmetric about the
central frequency vy, then f(7) = 0 or 7r. Further, assume that f(7) = 0 at two adjacent max-
imum positions of the interference fringe. For two interference signals with phases m1 and

m2 (0 < ml <2, 0 < m2 < 27m), take the two adjacent maxima of I for the ¢ = m1 in-

‘F m1+2 (n+1)m )

terference signal to be a}/! = ’F (mli2nm) ‘ and a” , and the first-order

n+1 - 21
L 142(n41 .
derivative |F(7)|" = k is approximately constant when TE [mlztrzvm, i +2(”+ n 7). The maxi-
mum of the interference signal of ¢ = m2 between a”! and ™} ' is ayy = |F( ’"2+2"” ‘ . Then,
2+2 1+2
Rmaxm B ’1112_‘1;:11 |F m nn | |F m nn)|
n gl _gml F m1+2nn F ml+2(n+1) )
T e | 270 , )
- km2 ml T
k 227:2 = " 2m 21

where m is the phase difference of the two interferometric signals. Similarly, Rmin)} = 7~

can be calculated according to the minimum values of I5. Therefore, the phase difference of

two interferometric signals with the phase difference m satisfies m = 2mRmax,! = 2rRmin];,
i.e., the phase difference of two interferometric signals can be calculated based on the corre-
sponding two adjacent maxima or minima of the interferometric signals. The interference

term can be calculated from the interference fringe scanned by the integrated optical in-
terferometric imager and the direct-current (DC) light intensity of the optical signal. After

normalizing I, a series of extrema of interference terms can be extracted, and the phase

difference between different interference signals can be calculated.

2.3. Phase Difference Measurement Simulation

Assuming that |y| = 1, T(v) is a ideal rectangular window function, i.e.,

1,[v—1vg| < 4o
T(v) = ¢ z . 10
() {O,|U—Uo|>A2U (10)
Then, |F(7)| = % , F(7) is a real function, f(7)=0or 71, and I(T) = %

cos(2tvgT — ¢). Figure 2 shows the numerical calculation of the interference term I
as well as f(7) for an interferometric signal with a central wavelength of 1550 nm, a
bandwidth of 25 nm, and ¢ = 0 in the OPD of [—150 pum, 150 um)]. It can be found that
within the main lobe or each side lobe, the corresponding f(7) of two adjacent extreme
points is 0 or 7.
When ¢ = 0, the series of maxima of the interference term normalized by the
0 -0

maximum value of its absolute value |I5|,,,, are recorded as a{,a3...a) (n is a positive

integer) in order of OPD; when ¢ = m, the maxima of the interference term are
m_ 0
recorded as a’,a}’ ...a} in order of OPD. A series of ratios Rmax; = (EZ”*H’J))
nt+1- "1
calculated from the above extreme values. Figure 3 shows all the maxima 49,43 ... a3
of the interference term extracted in the OPD [—-150 um, 150 um] at ¢ = 0 (i.e., the
maxima extracted from Figure 2), and the absolute value of the difference between
adjacent maxima Aa’) ’”n+1 a3)|. The larger Aa) in the figure indicates the higher
rate of change of |F(7)|. Aa) = 0 indicates that the first-order derivative of |F(7)] is
0, while the intermittent points in the figure near |F(7)| = 0 indicate a break in f(7),

i.e., ajump in f(7) from O to 7, and |F(7)| transitions between the two envelopes.

can be
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Figure 4 shows the individual Rmax]} calculated from the extremum of interference
terms with OPD of [-150 um, 150 um] for m = 0.27, 0.47r, 1.07t, 1.47r, 1.871, respectively
(the points of Rmax]! > 1 are omitted in the figure), and the results show that the
value of [Rmax)' — JL| is larger when the first-order derivative of |F(7)| approaches
0 or when there is a jump in f(7). Combining Figures 3 and 4, it can be seen that the
relationship between the phase difference m and the ratio Rmax;’ is most consistent
with m = 27rRmax]! in the region where the second derivative of |F(7)| in the main lobe
or each side lobe is 0—that is, in the region where the envelope shape approximates
a linear change—and the light intensity difference between adjacent extrema is the
largest at this time. Therefore, the phase difference calculated from the extrema in the
region where |F(7)| varies approximately linearly is the most accurate.

1 1

0.8 0.8

0.6

0.4

0.2

Y fio/m

—0.2

—-0.4

—0.6

-0.8

1 1 1

=1 —1
—150 —100 —50 0 50 100 150

Optical path difference/um

Figure 2. Simulated interference term I and phase f(7) associated with the spectral shape for a
range of optical path difference [-150 um, 150 pm].

For the same target, under the same experimental conditions of frequency response,
dispersion, detector response, etc., the interference terms measured from different baselines
have the same envelope shape. The difference is that the extrema will be enlarged or
reduced by the same proportion when the modulus of the complex coherence factor is
different; the extrema will be different when the phase of the complex coherence factor is
different. Therefore, the phase difference between the interferometric signals corresponding
to different baselines can be determined from the Rmax] or Rmin}' of the normalized
interference terms in the region of approximately linear variation of the envelope shape.
From Figure 4, it can be seen that the difference between phase m and 27tRmax;]; is less than
0.057, i.e., the phase difference measurement accuracy of the method is less than 0.057t.
Citing the simulation results of the influence of phase measurement error on reconstruction
image quality in reference [36], when the mean value of the phase measurement error is 0,
the standard deviation of the phase measurement error must be less than 0.187 to ensure
the high quality of the reconstructed image. Therefore, the phase measurement accuracy of
the proposed method is sufficient to ensure a high enough reconstruction image quality to
meet the application requirements.
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Figure 3. All maximum values a9, 43 ... a) of the interference term of ¢ = 0 in the range of optical

path difference [-150 pm,150 um], and the absolute value of the difference between adjacent
maxima Aay,.

* 027
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(1)' ag ...aY of different phase interference signals in

the range of optical range difference [-150 um, 150 pm].

Figure 4. Calculated from all the maxima values 4

3. Results

To verify the validity and feasibility of the method described above in calculating the
phase difference, two optical test benches were built, and their experimental setups and
experimental results are described below.
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Collimator

3.1. Amplitude-Division Interference Experiment
3.1.1. Experimental Setup

Figure 5 shows the layout of the experimental setup using the amplitude-division
interference scheme, which can be viewed as a Mach—Zehnder interferometer [37]. Figure 6
provides a photograph of part of the experimental setup. As shown in Figure 6a, a 150 W
high-output halogen lamp (Thorlabs OSL2IR) was placed on the focal plane of an off-axis
three-mirror collimator with 2.27 m focal length. The spectrum of the light source was
modulated using a filter with a transmission spectrum as shown in Figure 7. As shown in
Figure 6b, a fiber collimator (Thorlabs F280APC-1550) was used to couple the optical signal
into the PM single-mode fibers. The 1 x 2 PM fiber coupler (splitting ratio 1:1, fast axis
blocked) divided the optical signal into two paths—one was connected to the motorized
fiber delay line and fiber stretcher, the other was only connected to the PM fiber, and the
length of the two paths was similar. Finally, the 2 x 2 PM fiber coupler (splitting ratio 1:1,
fast axis blocked) was used to combine the two signals, and a detector (Thorlabs PM101A,
5154C) was used to record the intensity of the output optical signal. The motorized delay
line with a delay range of up to 18 cm was used to compensate for a wide range of OPD,
while the PM fiber stretcher with a delay range of 140 pm was used to scan interference
fringes. The amplitude-division interference scheme can be viewed as the case where P; and
P, overlap in Figure 1, i.e., the baseline length is 0. From Equations (4) and (5), we obtain
|i(Py, P)| = v(Py, P2,0) =1, i.e., the theoretical maximum visibility of the interference
fringe is 1.

Detector 1

Fiber collimator Fiber stretcher
[ ]
| g
—

Motorized delay line
—
4]] Detector 2

J | M _ PM fiber

Light source

s fiber coupler
Fllter Coupler

Oscilloscope

Figure 5. Layout of the experimental setup for amplitude-division interference.

During the output of the experiment, the analog signal from the detector is recorded
with an oscilloscope (Tektronix MSO3034), and the effective value (root mean square,
RMS) of the detector noise is measured to be 3.5 pW. After the interferometric signal to be
measured with a phase ¢ of the complex coherence factor passes through the 2 x 2 PM
fiber coupler, there will be a phase shift of 7 due to the mode coupling, resulting in the
phase of the interferometric signals of the two outputs of coupler becoming ¢, = ¢ + 7
and ¢ = ¢ — 7, respectively [38,39]. That is, the phase of the two outputs will differ by
7t. The validity and feasibility of the above method of measuring phase difference will be
verified using these two interferometric signals with phase difference 7.
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(b)

Figure 6. Photographs of the experimental setup: (a) light source, collimator with 2.27 m focal length;
(b) filter, fiber patch cable, fiber stretcher, motorized delay line, coupler, detectors.
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Figure 7. Transmission spectrum of the filter.

Figure 8 shows the interference term I scanned with the motorized delay line, and
the appearance of multiple larger gaps in the figure is caused by the stagnation of the motor
during the delay line operation. The blue and red curves in Figure 9 show the I, calculated
from the transmission spectrum and the phase f(7) associated with the spectral shape,
and it can be seen that the spacing between the two nearest zero points of the near zero
OPD are spaced about 170 pm apart, and inside the main lobe, there is little variation at the
two adjacent extrema. However, the OPD between the two zeros of the fringe envelope
was found to be much larger than the coherence length corresponding to the transmission
spectrum of the filter. This is because the experimental single-mode PM about 11 m in
length introduces a certain degree of differential chromatic dispersion. Combined with
Equation (7), the interference term I, with dispersion is simulated after considering a
certain dispersion in the phase term [40,41], as shown in the orange curve in Figure 9. It can
be seen that the dispersion causes a significant change in the envelope of the interference
term, the first zero point on both sides of the zero OPD disappears, and the maximum
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visibility decreases. It is obvious that the simulated interference term after considering the
dispersion is close to the measured interference term.

0.8}
0.6 F
04l
02l
oy
02}

0.4+

—0.6 -

—0.8 F

—1 1 1 1 1 1 1 1 1 1 1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Scanning time/ms x10*

Figure 8. Measured interference term I,.

1.5

dispersionless
dipersive

f(7)

0.8

—0.4

—0.6

-0.8

—150 —100 —50 0 50 100 150
Relative optical path difference/pm

Figure 9. The simulated interference term I,, the phase f(7) associated with the spectral shape in the
absence of dispersion, and the interference term I, in the presence of dispersion.

From the simulation analysis of Section 2.3, it can be seen that the phase difference
between the two interferometric signals can be determined from the values of Rmax]; and
Rmin;} calculated from the adjacent extrema in the region of approximately linear variation
of the envelope shape. After normalizing the simulated interference terms in Figure 9, the
interval in which the envelope shape varies approximately linearly is [0.5, 0.62]. Therefore,
the phase difference of the two interference signals can be calculated using the extrema
measured within [0.5, 0.62] of the normalized interference term in the experiment.
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3.1.2. Experimental Results

Since the phase difference represented by Rmax;’ and Rmin!! calculated at the extrema
on both sides of the interferogram is the same, only one side of the interference fringe and
the central region of the interference fringe need to be scanned using delay lines. Let the
light intensities of the light signals involved in the interference be I} and I}, and let the total
light intensity of the interferometric signal be I ,. First, the raw data of the interferometric
signal are preprocessed as follows: filtering, calculating the interference term I5, normaliz-
ing I using the absolute maximum value |I5|,,,,, obtaining the normalized interference

term ﬁ, and extracting the extrema within [0.5, 0.62]. Figure 10 shows the original

signal Iiot acquired by the oscilloscope and the signal I, filtered and subtracted from the
DC light intensity.

2 T T T T T T T

original signal

filtered signal

11'\\/W\{WW

Voltage/V
(=]
ot

_1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4

Time/ms x10°

Figure 10. Original signal, and filtered signal with the direct-current light intensity subtracted.

The phase difference measurement method requires the measured extrema to be ac-
curate enough, and the measurement results are affected by noise. To reduce accidental
error during the extremum measurement, at least five measurements are made for each
output, and the two outputs are measured asynchronously. In the experiment, the DC
light intensity of each output of the 1 x 2 beam splitter in the two outputs of the 2 x 2
coupler is approximately equal. According to the simulation results, the difference between

the adjacent maximum or minimum of the normalized interference term | IA‘A is about
max

a9 = 0.023, and the light intensity difference between the adjacent maximum or minimum
pointsis A = 2\/I{TéAa9[ [TA| When the light intensity difference A between the extrema
is greater relative to the detector noise, the measurement results are obviously more accu-
rate. Let the signal-to-noise ratio (SNR) be A divided by the detector noise (3.5 pW). The
experimental results of two groups with different SNRs are shown below. Table 1 shows
the estimated SNR for the two sets of measured data, and |I4|,,,, in the table does not reach
1, which is mainly caused by dispersion.

max*
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Table 1. SNR estimation for two sets of measured data.

Data Type I I A o A SNR
I/
1
High SNR 0.316 nW 0.326 nW 0.91 13.4 pW 3.8
Low SNR 0.135 nW 0.138 nW 0.91 57 pW 1.6

The results of the measurement at high SNR are shown in Figure 11. Figure 11a,b

shows the absolute of normalized interference terms ﬁ in the interval [0.5,0.62] for
max

multiple measurements in the two outputs of the coupler, respectively, with the symbols
a for the extreme value, b for the extreme small value, n for the serial number of the
extremum, and m1 and m?2 for the different phases. It can be seen that the differentiation
of different extrema is obvious. Figure 11c shows the results of averaging the measured

normalized interference term ﬁ at each corresponding location of the extrema, and
max

Figure 11d shows the Rmax] and Rmin]} calculated using these extrema. The mean
value of all Rmax}! is 0.54, the mean value of Rmin]! is 0.52, and the standard deviation
Rmax}} +Rmin}}

of all data is 0.034. According to ¢ = —5——=27, the phase difference between
these two outputs is calculated to be 1.067t, which is 0.067t above the theoretical value.
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(a) . (b)
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Figure 11. Measurement results of amplitude-division interference experiments at high signal-to-
noise ratios. (a) extrema of the normalized interference term ﬁ of the coupler output 1; (b) extrema

of the normalized interference term # of the coupler output 2; (c) average of the corresponding

extrema of the normalized interference terms I of the two outputs; (d) Rmax]; and Rmin}} calculated

from the extrema.
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Figure 12 shows the measurement results at low SNR. Figure 12a,b shows the ex-
trema of the normalized absolute interference terms I, measured multiple times for
the two outputs of the coupler, respectively, and it can be seen that there are still sig-
nificant differences between the measured values at adjacent extrema, but the dispersion
of all measured values at the same location of the extremum becomes larger compared to
the data with high SNR. Figure 12c shows the average of all measurements of the corre-
sponding extrema, and Figure 12d shows the Rmax]} and Rmin]; calculated using these
extrema. The mean value of all Rmax} in the figure is 0.42, the mean value of Rmin;]; is
0.43, and the standard deviation of all ratios is 0.04, with an increase in the dispersion of
the measured extrema. The phase difference between these two outputs is 0.857r according

m

to @ = Rmaxy FRmin 57 \which differs from the theoretical value by 0.157.
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Figure 12. Measurement results of amplitude-division interference experiments at low signal-to-noise
ratios. (a) extrema of the normalized interference term # of the coupler output 1; (b) extrema

max

In of the coupler output 2; (c) average of the corresponding

|IA max
extrema of the normalized interference terms ‘ IAI‘A of the two outputs; (d) Rmax] and Rmin}}

of the normalized interference term

calculated from the extrema.

3.2. Wavefront-Division Interference Experiment
3.2.1. Experimental Setup

Figure 13 shows the layout of the experimental setup with a wavefront-division
interference scheme, which differs from the amplitude-division interference experiment in
that a target is placed on the focal plane of a collimator and two fiber collimators are used
to collect the optical signal. Figure 14 shows a centrosymmetric periodic grating target
used in the experiment, with the black region being transmissive and the white region
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being opaque, and each transmissive and opaque region being 50 um wide and 2 mm long.
This experimental setup layout is consistent with the principle of interferometric imaging,
where the baseline consisting of two collimators produces interference fringes that contain
both spatial and temporal coherence. If the complex coherence factor of a sufficient number
of non-redundant baselines is measured, the target can be reconstructed.

Collimator Fiber collimator 1 Fiber stretcher Detector 1

Filter Eﬂ] - - ﬂ

Motor delay line —
PM fiber Detector 2

) | =
coupler

Light source

1
Target

Fiber collimator 2 PM fiber

Oscilloscope

Figure 13. Layout of the experimental setup for wavefront-division interference.

Figure 14. A centrally symmetric periodic grating target.

3.2.2. Experimental Results

The baseline length was set to 3.5 cm, corresponding to the target eigenfrequency,
where the measured fringe visibility was highest, i.e., the modulus of the complex coherence
factor was maximum, thus maximizing the SNR. The DC output components of each
collimator on the two outputs of the 2 x 2 coupler are approximately equal during the
experiment. The following shows the experimental results for two sets of different SNRs.
Table 2 shows the SNR estimates for the two sets of measurements.

Table 2. Estimation of the SNR for two sets of measured data.

Data Type I I A ax A SNR
High SNR 0.276 nW 0.316 nW 0.46 6.2 pW 1.8
Low SNR 0.260 nW 0.280 nW 0.46 5.7 pW 1.6

Figure 15 shows the results of the measurement at high SNR. Figure 15a,b shows

the extrema of the normalized absolute interference term ﬁ for the two outputs of
max

the coupler, respectively, and it can be seen that there is some overlap in the distribution
of multi-measurement results for adjacent extrema. Figure 15c shows the average of all
measurements of the corresponding extrema. Figure 15d shows the Rmax]! and Rmin};
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calculated using these extrema. The mean value of all Rmax]; in the figure is 0.57, the mean
value of Rminj} is 0.52, and the standard deviation of all ratios is 0.12, with an increase in
the dispersion of the measured extrema. The phase difference between these two outputs is
1.097t based on ¢ = Rmazey T Rminy' 577, which differs from the theoretical value by 0.097t.

2
T T T T T T 0.65 T T T T T T
N (b)
w x
% | o06f i |
* ¥
P g ¥
* 1 8055- * b
¥
' :
g * 0 * ¥
i * | 05t i § x|
x o b
. 3 . . 3 . 0.45 . . . 3 . .
1 2 3 4 5 6 1 2 3 4 5 6
n n
T T T T T T 1 T T T T T
(d)
" —-*-—Rmaxnm
o 0.8 r m |
1 ——‘A-—Rmmn
¥ %=~ - mmm - *
* * ml|1 & Ry \\\ e .
* an 4 04l S L’ ‘\\ |
* * % p ' ¥ .
* * n2 N e
m2
§ * a 02k |
m2
* bn
1 1 1 1 1 1 O 1 1 1 1 1
1 2 3 4 5 6 1 2 3 4 5
n n

Figure 15. Measurement results of wavefront-division interference experiments at high signal-
to-noise ratios. (a) Extrema of the normalized interference term # of the coupler output 1;

(b) extrema of the normalized interference term ﬁ of the coupler output 2; (c) average of the

max

corresponding extrema of the normalized interference terms ﬁ of the two outputs; (d) Rmax]}

max

and Rmin]! calculated from the extrema.

Figure 16 shows the measurement results at low SNR, based on the experimental
conditions described above with the addition of a PM fiber patch cable of about 50 cm at
the back end of the two collimators. Figure 16a,b shows the extrema of the normalized

absolute interference term ﬁ for the two outputs of the coupler, respectively, and

Figure 16c shows the average of all the measurements of the corresponding extrema.
Figure 16d shows the Rmax]! and Rmin]} calculated using these extrema. The mean
value of all Rmax]! in the graph is 0.36, the mean value of Rmin]! is 0.49, and the
standard deviation of all ratios is 0.13, which is a high degree of dispersion. The phase

difference between these two outputs is calculated from ¢ = WM as 0.85m,
which is 0.157 below the theoretical value.
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Figure 16. Measurement results of wavefront-division interference experiments at low signal-to-noise
ratios. (a) extrema of the normalized interference term # of the coupler output 1; (b) extrema
max

of the normalized interference term ﬁ of the coupler output 2; (c) average of the corresponding

extrema of the normalized interference terms I IAI‘A of the two outputs; (d) Rmax] and Rmin}}

calculated from the extrema.

4. Discussion

Combining the results of the above two experiments with a total of four sets of experi-
mental data, it can be demonstrated that the phase difference between these two groups
of signals can be calculated based on the extrema of the two interferometric signals in the
region of approximately linear variation of the envelope shape. Due to the limitations of
SNR, only the phase difference measurement results of two interferometric signals with
phase difference 7t are shown above, and the measurement error does not exceed 0.157t.
When comparing the above measurement results, it can be found that the measurement
error of the phase difference is smaller when the SNR is higher. When comparing the
measurements of the individual extrema, it can be found that when the SNR is the same,
the extrema measured by the wavefront-division interference experiment are more discrete
than those measured by the amplitude-division interference experiment. This may be due
to the fact that the wavefront-division interference experiment contains two fiber collima-
tors and is therefore more affected by the vibrations of the path from the light source to the
fiber collimator (the two fiber collimators are placed on different platforms, and the light
source will generate vibrations) [42]. It is also true that the drift of OPD is faster and wider
in experiments of wavefront-division interference. In summary, the SNR of the optical
intensity difference between the extrema, the drift of OPD, the vibration of the experimental
environment, and the integration time of the detector all cause errors in the recorded inter-
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ferometric signal extrema, thus leading to the measurement error of this phase difference
measurement method. In addition, the results of the amplitude-division interferometric
experiments illustrate that only one scan of the interference fringe is required to obtain
sufficient information when the measurement error of the extrema is small.

Although the phase difference measurement method assumes that the frequency re-
sponse of the imaging system is symmetric to the center frequency and the total dispersion
of the transmission medium is zero, the experimental results show that the method is still
applicable under experimental conditions where the frequency response is approximately
centrosymmetric and the total dispersion of the transmission medium is small. The ex-
periments in this paper are based on fiber devices, but the principle is consistent with
the integrated optical interferometric imaging system. The measurement error caused by
the OPD drift when scanning the interferometric signal based on the PIC will be smaller,
and the dispersion corresponding to different baselines will also be smaller. For the same
target, under the same conditions of frequency response, dispersion, detector response,
etc., the interference fringes measured by the integrated optical interferometric imager at
different baselines will have the same envelope shape, so the phase difference measurement
method can be used to determine the phase difference between the interference signals
corresponding to different baselines. As the SNR increases, the accuracy of the phase
difference measurement method will be improved accordingly, and the phase difference
of the interferometric signals with a small modulus of the complex coherence factor can
be measured. The higher the accuracy of phase measurement, the higher the number of
baselines that can be measured, and the richer the spatial spectrum information, which is
conducive to reconstructing a better image.

5. Conclusions

In this paper, a method for calculating the phase difference of the complex coherence
factor by comparing the extrema of the normalized interference terms of the interferometric
signals in the region of approximately linear variation of the envelope shape is proposed.
The validity and feasibility of the method were verified by two experimental schemes of
amplitude-division interference and wavefront-division interference. The phase difference
measurement method provides a new idea for measuring the phase of the complex co-
herence factor in integrated optical interferometric imaging because the integrated optical
interferometric imager can more easily realize the scanning of the interferometric fringe.
Compared with the existing phase measurement methods, the method does not require
the calibration of zero OPD, which means that it can be applied to the integrated optical
interferometric imager when a single-mode fiber is used to extend the baseline and can also
make the imager work in a more flexible way, which can help to promote the application
of the imager. The theoretical phase measurement accuracy of this method is higher than
0.057t, which meets the image reconstruction requirements. Future work will focus on the
implementation and application of this method in PIC.
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