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Wide-spectrum optical synthetic aperture
imaging via spatial intensity interferometry

Chunyan Chu'?, Zhentao Liu3#*, Mingliang Chen3#*, Xuehui Shao®,
Guohai Situ34, Yuejin Zhao'? and Shensheng Han3®

High resolution imaging is achieved using increasingly larger apertures and successively shorter wavelengths. Optical
aperture synthesis is an important high-resolution imaging technology used in astronomy. Conventional long baseline
amplitude interferometry is susceptible to uncontrollable phase fluctuations, and the technical difficulty increases rapidly
as the wavelength decreases. The intensity interferometry inspired by HBT experiment is essentially insensitive to phase
fluctuations, but suffers from a narrow spectral bandwidth which results in a lack of effective photons. In this study, we
propose optical synthetic aperture imaging based on spatial intensity interferometry. This not only realizes diffraction-lim-
ited optical aperture synthesis in a single shot, but also enables imaging with a wide spectral bandwidth, which greatly
improves the optical energy efficiency of intensity interferometry. And this method is insensitive to the optical path differ-
ence between the sub-apertures. Simulations and experiments present optical aperture synthesis diffraction-limited ima-
ging through spatial intensity interferometry in a 100 nm spectral width of visible light, whose maximum optical path differ-
ence between the sub-apertures reaches 69A. This technique is expected to provide a solution for optical aperture syn-
thesis over kilometer-long baselines at optical wavelengths.
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Introduction metry, intensity interferometry is essentially insensitive

Intensity interferometry’ performed by Robert Hanbury to phase fluctuations, therefore, it enables very long

Brown and Richard Twiss in 1956 not only ushered in
the era of quantum optics, but also provided a new ap-
proach for long baseline imaging?. Because conventional
long baseline amplitude interferometry is susceptible to
phase fluctuations, its phase error must be corrected, and
the technical difficulty increases rapidly as the

wavelength decreases. In contrast to amplitude interfero-

baselines to be observed at shorter optical wavelengths
with higher resolution. From 1964 to 1972, the Narrabri
Stellar Intensity Interferometer (NSII) first measured the
angular diameters of 32 stars using two 6.5 m reflectors
on a circular track with a diameter of 188 m®. In HBT in-
tensity interferometry, the intensity interferometer ob-

serves the second-order coherence of light by measuring
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the temporal correlations of the light intensity with dif-
ferent arrival times between photons recorded by differ-
ent telescopes. Because the temporal coherence of light is
determined by its bandwidth, the imaging bandwidth of
this method is severely limited when recording the tem-
poral intensity fluctuations of light. Owing to the lack of
sensitivity’, stellar intensity interferometry was almost
abandoned in the 1970s. With the significant develop-
ment of light detectors (such as single photon avalanche
diodes, SPADs) and signal processing, stellar intensity
interferometry has attracted the interest of researchers’
again®”. S. Le Bohec et al. used ground-based Very High
Energy gamma-ray observatories consist of arrays of up
to four large (>12 m diameter) light collectors realized
stellar intensity interferometry'®. The major internation-
al project CTA!" and Advanced Gamma-ray Imaging
System AGIS'? plan use 50-100 Cherenkov telescope ar-
rays with aperture between 5 m and 25 m, distributed in
the range of 1 to 2 square kilometers, to realize the meas-
urement accuracy of sub-milliarcseconds stellar intens-
ity interferometry. However, the lack of wide-spectrum
optical synthetic aperture imaging has not been funda-
mentally solved.

Recent exciting advances in computational imaging
have provided a new approach to far-field high-resolu-
tion imaging'®>"'. Novel research reported by Bulbul et
al." realized synthetic aperture-based imaging using
coded phase reflectors distributed only along the bound-
aries of synthetic apertures. The image is obtained using
cross-correlation between the detected system response
to the object and system impulse response. However, this
approach, which requiring a system impulse response, is
limited to scenarios in which a guide-star is unobtain-
able. Inspired by ghost imaging using thermal light based
on spatial intensity multi-correlation®*?!, Liu et al.'” pro-
posed a lensless Wiener-Khinchin telescope based on
spatial intensity autocorrelation, which can acquire an
image via a spatial random phase modulator in a snap-
shot. However, the requirement for a large aperture
monolithic spatial random phase modulator with a stat-
istical distribution restricts this approach to up to aper-
ture imaging ten or even hundred meters.

In this study, we present a technique that enables
wide-spectrum optical synthetic aperture imaging via
spatial intensity interferometry in a single shot by com-
bining light from Wiener-Khinchin telescopes separated
by baselines. We verified that it can achieve a coherent
synthetic aperture diffraction-limited resolution determ-

https://doi.org/10.29026/0ea.2023.230017

ined by the baseline length. Specifically, the energy spec-
tral density of an object’s image can be estimated using
the intensity autocorrelation of the detected light, and
the object’s image can be reconstructed using phase re-
trieval algorithms?>-%%. As a proof of concept, we simu-
lated and experimentally demonstrated wide-spectrum
optical synthetic aperture imaging using a sub-aperture

spatial random phase modulators (SRPMs) array.

Principle

A schematic of optical synthetic aperture imaging via
spatial intensity interferometry is presented in Fig. 1. An
object is placed at distance z; before the sub-aperture
SRPMs array. The object is illuminated by spatially inco-
herent, narrowband thermal light, and a planar array
light intensity detector (such as CCD and CMOS) that is
placed at a distance z; behind the sub-aperture SRPMs
array records the spatial intensity distribution of light
that diffuses through the sub-aperture SRPMs array.

SRPMs array

7ﬂ\%
>,/

u

[ z, [ Z,

Fig. 1| Schematic of wide-spectrum optical synthetic aperture

imaging via spatial intensity interferometry.

In the field of view (FOV) within the memory-effect
range (i.e., space translation invariance)”!, the detec-
ted intensity distribution is

L) = [ Ty (s — my)duty = Io(w) @ hy(u) , (1)
where ® is the convolution operation, I, is the distribu-
tion of the object, A is the incoherent intensity impulse

response function,

w) = he(u) = |7 wihe (e ak| L @)

where hg (u) is the point-spread function (PSF), kg (u, k)
is the PSF for the wave number k=1/1 (A is the
lambda), W (k) is the detected spectral distribution of the
wide spectrum.

According to the autocorrelation theorem and the
convolution theorem™, the spatial intensity autocorrela-
tion of the detected light is
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G (Au) = (I ()L, (u + Au)),
- f" L(w)I,(u + Au)du
=G (Au) ® G (Au) 3)

where (), is the spatial ensemble average over the co-
ordinate u, G§02 Jand G;(:) are the spatial intensity autocor-
relation of object I, and the incoherent intensity impulse
response function Ay, respectively.

We design the sub-aperture SRPMs obeys the follow-
ing conditions (see Supplementary information for more
details):

8(n—1)z0
Condition1: D < 8(n — Va0 , (4)
Te
where D, n, 0, and r. are the synthetic aperture, the re-
fractive index, the height variance and the transverse
correlation length of the sub-aperture SRPMs, respect-
ively. Meanwhile, the spectral width A, of the detected

spectral distribution W obeys

1
Condition2: A, K€ ——
V2n(n —1)a,
Condition 3: A, < —2 (5)
ondition 3: A, € — ,
DD,

where D, is the detected width of CCD. Then, G’ in Eq.
(3) is given by
. ( koAu) g
2

where k, is the detected center wave number, §, is the

G (Au) ~ 1+ , (6)

Fourier transform function of the aperture function A, T
is the normalized factor.
Taking Eq. (6) into Eq. (3) yields

3, (—k°A"> } )
2z

According to the Wiener-Khinchin theorem for de-

G (Au) = G (Au) ® {1 -

terministic signals (also known as the autocorrelation
theorem)***, we obtain S’{Gl(z) (Au)} = [3{I(Au)}
Now applying the Fourier transform to Eq. (7) yields

s{a (aw)} =

where C = {‘S{IO(Au)}rIZH is a constant, and
r=0

|5 {L(auw)}, [

n+C, ®

Hir), = [ Alm)A (ro+k°’) dr, O

2,
is the autocorrelation of the synthetic aperture A, and the
fact of A is an even function has been used to replace

Specially, the pupil function of synthetic aperture of
the sub-aperture SRPMs array is expressed as
P(r) = A(r)S(r), where S(r) is the modulation phase
transfer function of the sub-aperture SRPMs array,

Z A (n)

A(”)( r) and r,, are the aperture function and the position

sub

) ® 8(r —r,) is the aperture function,

coordinates of sub-aperture SRPM n, respectively. N is
the number of sub-aperture SRPMs, and &(-) is the Dirac
function. To simplify the theoretical analysis, the aper-
ture function of each sub-aperture SPRM is a circular
aperture with the same diameter d, i.e., A" (r) = Ay (1),

and

Alr) =) Aw(r) @8(r—r,). (10)

Substituting this into Eq. (9) yields

ZZ’Hwb( A""”), (11)

n=1 m=1

where Ar,,, = r,, — 1,, and

Hsub j Asub rO)Asub <r0 + /1 ) drO ) (12)

is the sub-aperture’s optical transfer function (OTE).
Thus, the diffraction-limited effects of the optical syn-
thetic aperture imaging expressed in the frequency do-
main. Equation (8) shows the frequency spectra’s modu-
lus §{I,(Au)}, of object’s diffraction-limited image in-
tensity I, can be estimated by the intensity autocorrela-
tion Gf) of detected light intensity I, and then I, is re-
constructed by phase retrieval algorithms*>?’. As shown
in Eq. (9), the frequency response of the optical synthet-
ic aperture imaging is similar to that of the incoherent
imaging case, and H is similar to the OTF of the incoher-
ent imaging system. Therefore, the resolution of the ob-
ject’ is primarily determined by the baseline length D of
the synthetic aperture. And according to the Rayleigh
criterion of resolution, the angular resolution is limited
to 1.22A/D with a circular synthetic aperture*’. Equation
(11) represents the relationship between H and H,
which is consistent with conventional synthetic aperture
imaging®’. Finally, note that the phase error ¢ _of the
sub-aperture can be placed in the modulation phase
transfer function S(r), and its effect is primarily reflected
in its influence on the statistical characteristics of S(r).
Therefore, the wide-spectrum optical synthetic aperture

imaging via spatial intensity interferometry is insensitive
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to the phase error and turbulence-free in the case of the
statistical conditions in Eqs. (4, 5) satisfied with phase er-
ror or turbulence.

For traditional optical synthetic aperture systems, ac-
cording to the illumination source, it can be classified to
two categories: traditional active optical synthetic aper-
ture methods such as Fourier ptychography imaging?
method or synthetic aperture lidar®, and traditional
passive optical synthetic aperture systems. In traditional
passive optical synthetic aperture systems, if we seek to
achieve the imaging resolution by synthetic aperture®,
not only the optical path difference AL between different
lights L, and L,, of a single aperture must be less than
A/ 4, but also the optical path difference between sub-
apertures M, M, M3 must be less than 1/ 4, as shown in
Fig. 2. To achieve the imaging resolution limit of a very
large telescope interferometer (VLTI) system?¥, the optic-
al path difference between sub-apertures is controlled
below 1/20 using delay lines. But in the method presen-
ted in this study, the optical path difference between sub-
apertures Sj, Sy, and S can also be included in S(r). The
theoretical analysis shows that the imaging resolution is
limited by the baseline length of the synthetic aperture.

Compared with stellar intensity interferometry using
temporal intensity correlations, which severely limits the
imaging bandwidth and sensitivity, a major advantage of
the presented approach is that it does not require meas-
uring temporal correlations of light intensity with differ-
ent arrival times between photons recorded in different
telescopes, and the imaging bandwidth is limited by
chromatic dispersion, which required to satisfy the con-
ditions in Eq. (5), not by recording the temporal intens-
ity fluctuations of light. The optical energy efficiency of
wide-spectrum optical synthetic aperture imaging is sig-
nificantly improved with this approach.

The imaging structure of this approach is reminiscent
of a synthetic marginal aperture with revolving tele-
scopes (SMART)", however, unlike SMART, it does not
require a long invasive calibration procedure involving a

L — M
Ly /J !

La
Ls,

guide-star to measure the system impulse response and is
insensitive to atmospheric turbulence. Similar to stellar
speckle interferometry, single-shot imaging through
scattering media and the Wiener-Khinchin telescope, the
object’s image is recovered from spatial intensity auto-
correlation. However, in the present approach the auto-
correlation of an object’s image is obtained from a single
image via spatial ensemble averaging, where a stellar
speckle interferometry obtains the autocorrelation of an
object’s image from multiple images via temporal en-
semble averaging. Compared with single-shot imaging
through scattering media and the Wiener-Khinchin tele-
scope through a monolithic spatial random phase modu-
lator, this technique is modulated by the sub-aperture
SRPMs array and its diffraction is limited by the length
of the baseline of the sub-aperture SRPMs array. The an-
gular FOV of this approach is limited by the memory ef-
fect range through the sub-aperture SRPMs array, which
is inversely proportional to the SPRMs’ height standard
deviation of the sub-aperture array*®.

Simulation and experiment

A schematic diagram of the simulation is shown in Fig.
3(a). The distance z; from the target to the SRPMs array
was 2.00 m. The distance z; from the SRPMs to CCD was
0.34 m. The structure of the SRPMs array is shown in
Fig. 3(b). The diameter d of the sub-aperture was 1 mm.
The length of the baseline of the synthetic aperture D
was 10 mm. Independent spatial random phase modulat-
ors were used for each sub-aperture. In the simulation,
the number of CCD pixels was 512x512, and the pixel
size was 4.4 um.

The optical path structure of the experiment is shown
in Fig. 3(c). The main parameters of the experiment were
consistent with those of the simulation, except those two
mirrors were inserted into the optical path, where
L, + L, + L; = z. To produce a light source with good
directionality, light was generated using a super-continu-
ous laser through rotating glass in the experiment. The

[B],.

Ly
Lys
Lss
Ls,
Lss
Le
Le,
Les

Fig. 2 | (a) Traditional optical synthetic aperture system. (b) Schematic of wide-spectrum optical synthetic aperture imaging via spatial intensity

interferometry.
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Fig. 3 | (a) Schematic diagram of the simulation structure. (b) Structure of sub-aperture SRPMs array. (c) Optical path structure of the experiment.

pseudothermal light generated by this method has the
same characteristics as real thermal light'>. The spectral
width of the supercontinuum laser ranged from 430 nm
to 2400 nm. The size of the laser spot on the ground glass
surface was approximately 4 mm. The speed of the rotat-
ing ground glass was approximately 120-180 r/min. The
number of pixels for the sampling CCD were 1600x1200,
512x512 pixels in the central area are selected for recon-
struction calculation.

To test the imaging resolution, we selected double slits
as the target in the simulation and experiment. The cen-
ter distances Ax of the double-slit were 130 pum, 195 pm
and 260 pm, respectively; they were 1.0, 1.5 and 2.0 times
the diffraction limit (1.22Az,/D) of the synthetic aper-
ture, respectively (Fig. 4(al-cl)). Figure 4(a4) and 4(a7)
show the one-dimensional normalized date of double
slits reconstruction images, the results show that the res-
olution limit of simulation and experiment both consist-
ent with the theory. When the distances of the double-
slits were wider than the diffraction limit, they could be
clearly distinguished, as shown in Fig. 4(b4, c4, b7, ¢7).
Therefore, the optical synthetic aperture using a sub-
aperture SRPMs array has the same imaging resolution

as the full aperture system.

Optical synthetic aperture imaging via spatial intens-
ity interferometry has another advantage: it can realize
wideband spectrum optical intensity interference ima-
ging. The simulation and experimental results are shown
in Fig.5. We used spectral filters to select the
wavelengths of the light source. The spectral ranges of
the filters were 53245 nm, +10 nm, +15 nm, +25 nm,
+50 nm, respectively. The target was a double-slit whose
center distance Ax of slits is 130 pm. The single-shot
imaging detected using the CCD is shown in Fig. 5(1, 4);
the contrast of images decreased with the increase in
spectral width. However, the resolution of the image in-
creased with the spectral width, as shown in Fig. 5(3, 6).
This may have been due to the shorter-wavelength com-
ponents with a wider spectral width. For example, when
the spectral width was 532450 nm, the shortest
wavelength was 482 nm. When 2;=2.00 m, the imaging
resolution of the system was 118 pm, which was shorter
than 130 um. Both the simulation and experimental res-
ults verified that optical synthetic aperture imaging via
spatial intensity interferometry can be used for imaging
with a wide spectral width. Compared with traditional
coherent synthetic aperture optical intensity interfer-

ence imaging, the detection sensitivity of this system is
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Fig. 4 | Simulation and experimental results. The spectral widths of the filters were 532 + 0.5 nm. (a1—c1) Targets. (2—4) Simulation results.
(5-7) Experimental results. In the experiment, the exposure times of CCD were 1.2 s, 0.75 s, 0.5 s, and the gains of CCD were 30 dB, 30 dB, 28
dB, respectively. (2, 5) Spatial intensity autocorrelation of CCD. (3, 6) Reconstruction of target image using phase retrieval algorithms. (4, 7) One-
dimensional normalized date of double slits reconstruction image. The blue lines indicate half of the maximum value.
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Fig. 5 | Simulation and experimental results of wide-spectrum optical synthetic aperture imaging via spatial intensity interferometry.
(a—e) The spectral ranges of the filters were 532 +5 nm, £10 nm, £15 nm, +25 nm, +50 nm, respectively. (1-3) Simulation results. (4—-6) Experi-
mental results. The sampling exposure times of CCD were 250 ms, and the gains of CCD were 9 dB, 16 dB, 23 dB, 25 dB, 30 dB, respectively.
(1, 4) The detected image by CCD. (2, 5) Reconstruction of target image using phase retrieval algorithms. (3, 6) One-dimensional normalized
date of double slits reconstruction image. The blue lines indicate half of the maximum value.
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significantly improved owing to the increase in spectral
width.

A special sub-aperture structure was designed for sim-
ulation and experiment, as shown in Fig. 3(b). To test the
imaging effect of different sparse array structures, we de-
signed a full aperture and other structures designed for
comparative experiments, as shown in Fig. 6(a). The ex-
perimental results show that the imaging resolution of
the synthetic aperture system was maintained, but the
imaging quality of sparse array structures was not as high
as that of a full aperture structure, because synthetic
apertures are sparse array structures, which have the
problem of frequency spectrum loss. The Fourier trans-
form of the full circular aperture structure is the 1th
Bessel function®, but the Fourier transform of sparse ar-
ray structures are accompanied by strong sidelobes®, as
shown in Fig. 6(b). Therefore, using a sparse array struc-
ture synthetic aperture to sample has the problems of
missing information and sidelobe disturbance. Then, the
sparse array structure should be optimized according to
specific objectives and application scenarios.

Discussion and conclusion

In this paper, we propose a wide-spectrum optical syn-

®)

Fig. 6 | Experimental results of different sub-aperture SRPMS arrays. (a) Different sparse array structures. (b) Spatial intensity autocorrela-

thetic aperture imaging via spatial intensity interfero-
metry. Different sub-aperture spatial random phase
modulators arrays and the imaging spectrum widths are
analyzed. Optical synthetic aperture imaging via spatial
intensity interferometry can overcome the high time co-
herence and narrow-band spectral width required by the
traditional intensity interference imaging. When the dia-
meter D of the synthetic aperture is 10 mm and z; is 0.34
m, the optical path difference between the center light
Ls; and the edge light Ly; is 37 um, which is equivalent to
691 when the central wavelength is 532 nm and much
larger than A/4, as shown in Fig. 2. Therefore, the optical
synthetic aperture imaging mentioned in this study is in-
sensitive to the optical path difference between the sub-
apertures, which significantly reduces the difficulty of
synthetic aperture construction.

In addition, in the experiment and simulation, the
spectral width of the system reached 100 nm, which sig-
nificantly improved the detection sensitivity of the sys-
tem. In principle, this method is not limited to the width
of the spectrum, but a spectrum that is too wide will sig-
nificantly reduce the contrast of the detected image us-
ing CCD. If we want to realize the effective detection of
wide-band intensity interferometry, the dynamic range

tion of different sparse array structures. (c1-c4) Reconstruction of 's’ image using phase retrieval algorithms by different sparse array structures.

(d1-d4) Reconstruction of double-slit image using phase retrieval algorithms by different sparse array structures. (5) Target letter 's’ and double-

slit, whose sizes were 2.0 mm and 0.98 mm, respectively.
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of the detector CCD must be sufficiently high to satisfy
the requirements of data acquisition.

This study provided a possible solution to reducing
the construction difficulty of optical synthetic aperture
telescopes and increasing the baseline length of optical
telescope to 100 m or even kilometers. Wide-spectrum
optical synthetic aperture imaging via spatial intensity
interferometry has potential application value in astro-
nomical observation and space target high-resolution
imaging. Recently, astronomers have shown the first pic-
ture of a supermassive black hole in the center of the
Milky Way galaxy, which is an important proof of the
resolution advantage of the synthetic aperture telescope
in astronomical observation®.
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