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Abstract: A photonic integrated interference imaging system (PIIIS) is a computational imager based
on Michelson interference and photonic integrated circuits (PICs). In this paper, a PIIIS based on a
compact sampling lenslet array that can sample the zero spatial frequency through a single lenslet,
densely sample the frequency in the azimuth direction through the configuration of a hierarchical
multistage lenslet array, and continuously sample the frequency in the radial direction through a
Langford sequence is proposed. We introduce the design process of the compact sampling lenslet
array in detail and simulate the imaging of the system. The simulation results demonstrate that
the lenslet array can effectively improve the imaging quality of a PIIIS. In addition, we design a
silicon PIC and a silicon nitride transition PIC that match the compact sampling lenslet array and
simulate the imaging of the system under the influence of the on-chip optical loss of PICs (the average
interference baseline loss is 15.4 dB at 1550 nm). The results show that on-chip optical loss mainly
affects the brightness and contrast of the reconstructed image but has little effect on the structure.

Keywords: lenslet array; interference imaging; photonic integrated circuits; spatial frequency coverage;
baseline optimization

1. Introduction

Due to diffraction, the aperture of a traditional optical remote sensing imaging system
limits the angular resolution of the system, which cannot be indefinitely increased due to
the limitations of material, technology, weight, and payload volume [1]. The Segmented
Planar Imaging Detector for Electro-optical Reconnaissance (SPIDER) is a novel imager
based on Michelson interference and photonic integrated circuits (PICs), proposed by
Lockheed Martin [2–4]. A lenslet array instead of a small aperture telescope array is used
to simultaneously form multiple interference baselines in multiple directions, and a PIC is
used to miniaturize the beam combination hardware [5]. Compared with a conventional
telescope and a long baseline interferometric array with the same angular resolution, a
photonic integrated interference imaging system (PIIIS) such as SPIDER can reduce the
size, weight, power, and manufacturing cycle of the system and simultaneously sample all
spatial frequencies with fast and high-resolution imaging [5,6]. Therefore, a PIIIS is very
suitable for space-based remote sensing imaging systems.

Much research has been completed on SPIDER. S. T. Thurman et al. studied the
system structure and performed a conceptual verification experiment [2,7]. S. J. B. Yoo et al.
designed, fabricated, and demonstrated a silicon PIC and a silicon nitride PIC and carried
out imaging experiments with the silicon nitride PIC, proving the feasibility of this technol-
ogy [4–6]. Moreover, many researchers have completed further research on this technology
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in recent years, and the results show that increasing the coverage of the spatial frequency is
the key factor in improving the imaging quality of a PIIIS [8–10].

Generally, the structure of the image is determined via the medium and low fre-
quencies, the details are determined via the high frequency, and the average brightness
distribution is determined via the zero frequency. In order to further improve the imaging
quality of a PIIIS, Weiping Gao et al. proposed a hierarchical multistage sampling lenslet
array, which can increase the coverage of the medium and low frequencies [11]. However,
the lenslet array can neither continuously sample the high frequency nor sample the zero
frequency. Huiling Hu et al. proposed a dense azimuth lenslet array and realized the
continuous sampling of all integer multiples’ fundamental frequencies, including the zero
frequency, by using the discrete spectral matrix reconstruction method [12]. However, since
the difference between the adjacent baseline lengths of this system is four times the lenslet
diameter, the lenslet array cannot really achieve the continuous sampling of a frequency.
Kang Cao et al. proposed a pseudo two-layer parity configuration, which can realize
the continuous coverage of the baseline length from 1 to n− 1 [13]. However, since the
beam behind each lenslet is divided into two parts, this configuration would increase the
PIC complexity and reduce the signal-to-noise ratio of the system due to the decrease in
optical power.

In order to enable a PIIIS to sample the zero frequency and to increase the coverage
of the spatial frequency in the azimuth and the radial direction, a compact sampling
lenslet array is proposed. The lenslet array adopts the basic structure of a hierarchical
multistage lenslet array, determines the lenslet pairing method using a Langford sequence,
and configures a single lenslet on each long interference arm. In this paper, the design
process of the compact sampling lenslet array is introduced in detail, and the imaging
of a PIIIS based on the lenslet array is simulated. Meanwhile, through the optimization
of key photonic components, we design a silicon PIC and a silicon nitride transition PIC
that match the lenslet array and simulate the imaging of the system under the influence of
on-chip optical loss and random phase noise.

2. Imaging Principles
2.1. Propagation of Light Field from Source to Lenslet Array

A PIIIS is suitable for imaging remote targets. The light emitted by distant objects
can spread to the lenslet array through Fraunhofer diffraction. As shown in Figure 1, if
the complex amplitude of the light field on the object plane is U0(ξ, η), then the complex
amplitude of the light field on the incident plane of the lenslet array, U1(x, y), is as follows:

U1(x, y) =
ejkz

jλz
· e
[

j
k

2z

(
x2 + y2

)]
· F{U0(ξ, η)} fx=

x
λz , fy=

y
λz

. (1)

where λ is the wavelength of the incident light, z is the distance between the object plane
and the lenslet array plane, k = 2π/λ is the wave number, and

(
fx, fy

)
is the spatial

frequency coordinate on the incident plane of the lenslet array.
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The lenslet array would modulate the phase and size of the incident wavefront, and
the complex amplitude transmittance of any lenslet is as follows:

τj(x, y) = e−j k
2 f [(x−xj)

2+(y−yj)
2] · circ


√(

x− xj
)2

+
(
y− yj

)2

d/2

, j = 1, 2, · · · , n (2)

where d is the lenslet diameter, f is the focal length of the lenslet,
(

xj, yj
)

is the center
coordinate of the jth lenslet in the lenslet array, and n is the total number of lenslet in
the system. After passing through the lenslet, the complex amplitude of the light field is
as follows:

U2(x, y) = U1(x, y) · τj(x, y), j = 1, 2, · · · , n. (3)

Finally, the light field is focused on the focal plane of the lenslet array through Fresnel
diffraction, where the complex amplitude of the light field is as follows:

U3(u, v) =
ejkl

jλl
· ejk (u2+v2)

2l · F
{

U2(x, y) · ejk x2+y2
2l

}
fu=

u
λz , fv=

v
λz

(4)

where l is the image distance, which can be expressed by the object distance z and the
focal length f according to Gaussian formula 1/l + 1/z = 1/ f , and ( fu, fv) is the spatial
frequency coordinate on the focal plane of the lenslet array.

2.2. Detection of Mutual Coherent Intensity

The light field on the focal plane of the lenslet array is coupled into the input waveg-
uide on the PIC. For a single waveguide, the coupling efficiency between the light field on
the focal plane and the input waveguide is defined as follows [14]:

ρ =

∣∣∣∫A∞ E f ocusE∗waveguidedA
∣∣∣2∫

A∞

∣∣∣E f ocus

∣∣∣2dA
∫

A∞

∣∣∣Ewaveguide

∣∣∣2dA
. (5)

where E f ocus is the electric field on the focal plane, Ewaveguide is the fundamental mode
electric field of the waveguide, and ∗ denotes complex conjugation.

Therefore, the distribution of the light field at the input waveguide on the PIC is
as follows:

U4(u, v) = ρ ·U3(u, v). (6)

Meanwhile, with the increase in field-of-view (FOV), the coupling efficiency between
spatial light and waveguide decreases rapidly. When the FOV reaches ±λ/d, the coupling
efficiency is about one-tenth of that at the central optical axis [15], which means that the
FOV of a single waveguide should be limited to ±λ/d. However, the FOV of the system
can be increased by the waveguide array behind the lenslet array. When the waveguide
array is M×M, the FOV is as follows:

FOV = 2M
λ

d
. (7)

As shown in Figure 2, when the light field is coupled into the PIC, the phase shifter
modulates its phase, and the AWG divides the incident broad-spectrum light into mul-
tiple narrow-spectrum lights. Then, two narrow-spectrum lights with the same central
wavelength from the same pair of lenslets are coupled into a 90

◦
optical hybrid, and four
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interference signals are generated after splitting, phase shifting, and combining. The optical
powers of the four output ports of the 90

◦
optical hybrid are as follows [16]:

P1 = 1
4
[
PS + PR − 2

√
PSPR × cos(ϕS − ϕR)

]
P2 = 1

4
[
PS + PR + 2

√
PSPR × cos(ϕS − ϕR)

]
P3 = 1

4
[
PS + PR + 2

√
PSPR × sin(ϕS − ϕR)

]
P4 = 1

4
[
PS + PR − 2

√
PSPR × sin(ϕS − ϕR)

] . (8)

where, PS and PR are the optical powers of the two input lights, respectively, and ϕS and
ϕR are the initial phases of the two input lights, respectively.
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The output of the four interference signals are then received by two balanced photode-
tectors. After photoelectric conversion and differential amplification, the in-phase current I
and the quadrature current Q are obtained as follows:

I = P2 − P1 = κ
√

PSPR cos(ϕS − ϕR), (9)

Q = P3 − P4 = κ
√

PSPR sin(ϕS − ϕR). (10)

where κ is the responsivity of the balanced photodetector.
Therefore, the interference fringe information of two narrow spectrum lights with the

same central wavelength passing through the same pair of lenslets can be obtained, that
is, the phase and amplitude of the mutual coherence intensity of two coherent lights are
as follows:

ϕS − ϕR = arc tan
(

Q
I

)
, (11)

√
PSPR =

Q
sin(ϕS − ϕR) · κ

. (12)

2.3. Image Reconstruction

Since the whole transmission process of light fields on PIC can only produce a phase
delay and cannot change the distribution of light fields, the coordinate system of light fields
on PIC remains unchanged [17]. According to the distribution of light fields at the input
waveguide on PIC, the mutual coherent intensity between two interfering narrow-spectrum
lights on the detection plane is as follows:
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J
(
xi, yi; xj, yj

)
=

(
1

λz

)2( 1
λl

)2
[

dJ1
(
πd
√

fxi + fyi

)
2
√

fxi + fyi

]dJ1

(
πd
√

fxj + fyj

)
2
√

fxj + fyj

x
I(ξ, η) · e−jk[

(xi−xj)
z ξ+

(yi−yj)
z η]dξdη. (13)

where λ is the central wavelength of the narrow-spectrum light; (xi, yi) and
(
xj, yj

)
are the

center coordinates of the two lenslets, respectively; fxi = ξ/
(
λz
)
− xi/

(
λ f
)
+ u/

(
λl
)
; and

fyj = η/
(
λz
)
− yj/

(
λ f
)
+ v/

(
λl
)
.

Equation (13) is the Van Cittert–Zernike Theorem, which shows that on the detection
plane of the imaging system, the mutual coherent intensity of the two coherent lights from a
pair of lenslets is proportional to the Fourier transform of the light intensity of the observed
object. Meanwhile, the spatial frequency corresponding to the interference baseline (Bij)
formed by the pair of lenslets is as follows:

( fu, fv) =

(Bxij

λz
,

Byij

λz

)
=

( xi − xj

λz
,

yi − yj

λz

)
. (14)

Therefore, according to the Van Cittert–Zernike Theorem, the system can reconstruct
the image of the observed target by sampling the mutual coherent intensity information
with enough spatial frequencies and performing an inverse Fourier transform on the
Equation (13). Obviously, the imaging quality of the system directly depends on the cover-
age of spatial frequency. According to Equation (14), the spatial frequency is determined by
the relative position of a pair of lenslets, wavelength λ, and object distance z. Due to the
limited ability of the spectrum division and wavelength range of AWG, the configuration
of the sampling lenslet array directly determines the imaging quality of the system.

3. Compact Sampling Lenslet Array

Compared with the traditional wheel-type sampling lenslet array, the hierarchical
multistage sampling lenslet array can increase the coverage of medium and low spatial
frequencies [11], while the Langford sequence can be used to determine the matching
method of lenslets to realize the continuous coverage of spatial frequencies in the radial
direction [18]. In order to increase the spatial frequency coverage of a PIIIS in both the
azimuth and radial directions, the hierarchical multistage sampling lenslet array and the
Langford sequence should be combined in the design of the sampling lenslet array.

3.1. Design Process of Compact Sampling Lenslet Array

The traditional wheel-type sampling lenslet array, which uses 37 equal-length inter-
ference arms and determines the baseline length via the first-to-tail pairing method and
with lenslets closely adjacent in the radial direction, is shown in Figure 3a. As shown
in Figure 3b, the hierarchical multistage sampling lenslet array adopts three lengths of
interference arms. It takes the interference arm of the wheel-type sampling lenslet array as
the long interference arm and adds the medium interference arm on both sides of the long
arm and the short interference arm on both sides of the medium interference arm.

3.1.1. Basic Structure of Compact Sampling Lenslet Array

In order to sample zero frequency, we have added a single lenslet that is not paired
with other lenslets on each long interference arm based on the structure of the hierarchical
multi-stage sampling lenslet array. As shown in Figure 4, assuming that the lenslet diameter
is d, the number of long interference arms, medium interference arms, and short interference
arms is N1, N2, and N3, respectively. Meanwhile, we define the innermost lenslet on each
interference arm as the first lenslet. When there is no gap between the first lenslets of
adjacent long interference arms, the angle α1 formed by the adjacent long interference arms
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and the radius R1 of the circle formed by the first lenslets of all long interference arms are
as follows:

α1 =
2π

N1
, (15)

R1 =
d

2 tan(α1/2)
. (16)
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sampling lenslet array.

To approximate the tangent value with the radian value within an acceptable error
range, we require α1/2 6 5◦; thus, N1 > 36. For effectively improving the imaging
quality without increasing the cost, we take N1 = 37 and, then, N2 = 2N1 = 74 and
N3 = 4N1 = 148.

When there is no gap between the first lenslets on the medium interference arm and the
short interference arm or their adjacent interference arms, the angle formed by the medium
interference arm and its adjacent interference arm is α2 = 2π/3N1, and the angle formed
by the short interference arm and its adjacent interference arm is α3 = 2π/7N1. Thus, the



Photonics 2023, 10, 797 7 of 24

radii of the three circles formed by all the first lenslets on three lengths of interference arms
are as follows:

R1 =
d

2 tan(α1/2)
≈ d

2π
N1, (17)

R2 =
d

2 tan(α2/2)
≈ d

2π
(3N1), (18)

R3 =
d

2 tan(α3/2)
≈ d

2π
(7N1). (19)

Therefore, to make the first lenslet of each interference arm closely contact with the
adjacent interference arm, the radial distance between the medium interference arm and
the long interference arm should satisfy Equation (20), while the radial distance between
the short interference arm and the long interference arm should satisfy Equation (21).

R2 − R1 >
d

2π
(2N1) ≈ 12d, (20)

R3 − R1 >
d

2π
(6N1) ≈ 36d. (21)

In other words, if the number of lenslets forming the long interference arm, the
medium interference arm, and the short interference arm are n1, n2, and n3, respectively
(n1 is odd, and n2 and n3 are even), then the position of the first lenslet of the medium
interference arm should be at least equivalent to the 14th lenslet of the long interference
arm, while the position of the first lenslet of the short interference arm should be at least
equivalent to the 38th lenslet of the long interference arm. As a result, the relationships
between the number of lenslets on the three kinds of interference arms can be expressed by
Equations (22) and (23).

n2 = n3 + 24, (22)

n1 − 1 = n2 + 12. (23)

3.1.2. The Number and Paring Method of Lenslets

According to the conclusions in Ref. [18], for any interference arm, if the shortest
baseline length is Bmin (Bmin > 1) and the total number of paired lenslets is N, then the con-
dition for realizing baseline length distribution of {Bmin, Bmin + 1, · · · , Bmin + N/2− 1} is
as follows:

Bmin 6
[

N + 2
4

]
, Bmax

min , (24)

where 
N ≡ 0(mod8),

N ≡ 2(mod8), and Bmin is odd,

N ≡ 6(mod8), and Bmin is even.

. (25)

In order to ensure dense coverage of low frequencies and continuous coverage of
medium and high frequencies, we set the short interference arm to mainly sample low
frequencies. In addition, the overlap of frequency coverage of interference arms with
different lengths is required to be the least. Based on Equations (22)–(25), when the number
of lenslets on the short interference arm is n3 < 30 and its shortest baseline length is
BShort

min = 1d, the possible combinations of the number of lenslet in three kinds of interference
arms are listed in Table 1.
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Table 1. When n3 < 30 and BShort
min = 1d, the possible combinations of the lenslet number of three

kinds of interference arms.

Short Interference Arm Medium Interference Arm Long Interference Arm

n3 BShort
max

1 n2 max
(

BMedium
min

)
2 n1 − 1 max(BLong

min ) 3

2 1d 26 7d 38 10d
8 4d 32 8d 44 11d

10 5d 34 9d 46 12d
16 8d 40 10d 52 13d
18 9d 42 11d 54 14d
24 12d 48 12d 60 15d
26 13d 50 13d 62 16d

1 BShort
max : the longest baseline length of the short interference arm. 2 max(BMedium

min ): the maximum of the shortest

baseline length of the medium interference arm. 3 max
(

BLong
min

)
: the maximum of the shortest baseline length of

the long interference arm.

According to Table 1, to obtain a wide range of spatial frequency coverage with fewer
lenslets, we choose {n3 = 10, n2 = 34, n1 = 47}. Meanwhile, we take the shortest baseline
length of the medium interference arm as BMedium

min = 5d and the shortest baseline length

the long interference arm as BLong
min = 12d.

If the serial number of the first lenslet on the long interference arm is set to zero, and
the serial number of the first lenslet on both the medium interference arm and the short
interference arm is set to one, the lenslet pairing methods and baseline lengths on the three
kinds of interference arms are as follows. (1) Short interference arm: the lenslet paring
method is (7,8), (1,3), (2,5), (6,10), and (4,9), and the baseline lengths are 1d, 2d, 3d, 4d,
and 5d. (2) Medium interference arm: the lenslet paring method is (26,31), (8,14), (25,32),
(7,15), (11,20), (23,33), (5,16), (22,34), (4,17), (13,27), (3,18), (12,28), (2,19), (6,24), (10,29),
(1,21), and (9,30), and the baseline lengths are 5d, 6d, 7d, 8d, 9d, 10d, 11d, 12d, 13d, 14d, 15d,
16d, 17d, 18d, 19d, 20d, and 21d. (3) Long interference arm: the lenslet paring method is
(17,29), (23,36), (10,24), (22,37), (9,25), (21,38), (8,26), (20,39), (7,27), (19,40), (6,28), (18,41),
(11,35), (5,30), (16,42), (4,31), (15,43), (3,32), (14,44), (2,33), (13,45), (1,34), and (12,46), and
the baseline lengths are 12d, 13d, 14d, 15d, 16d, 17d, 18d, 19d, 20d, 21d, 23d, 24d, 25d, 26d,
27d, 28d, 29d, 30d, 31d, 32d, 33d, and 34d.

At this point, we have completed the design of the compact sampling lenslet array (as
shown in Figure 5a), and the overall structure of a PIIIS based on compact sampling array
is shown in Figure 5b.
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Figure 5. (a) Structure of compact sampling lenslet array, (b) schematic diagram of the overall
structure of PIIIS based on compact sampling array (layer-by-layer breakdown).
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3.2. Imaging Verification of Compact Sampling Lenslet Array

In order to verify whether the compact sampling lenslet array can improve the imaging
quality of a PIIIS, we use the parameters in Table 2 to simulate the spatial frequency coverage
and imaging of the PIIIS with four aperture configurations, which are (1) the compact
sampling lenslet array, (2) the compact sampling lenslet array without single lenslet, (3) the
wheel-type sampling lenslet array using single lenslet and Langford sequence to determine
the lenslet pairing method, and (4) the compact sampling lenslet array using the first-to-tail
paring method. The structures of these four aperture configurations are shown in Figure 6,
with the lenslet paring methods shown in Figure 7.

Table 2. System parameters of PIIIS used for imaging simulation.

Parameter Symbol Value Unit

Waveband / 1500–1600 nm
Object distance z 500 km

Lenslet diameter d 3 mm
Focal length f 17.5 mm

Channel number of AWG SC 16 /
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(b) lenslet paring methods of aperture configuration (3), and (c) lenslet paring methods of aperture
configuration (4).
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In Table 2, we set the working waveband to 1500–1600 nm in consideration of
the actual process level of silicon PIC [19]. According to the parameters in Table 2,
the FOV of a single waveguide is FOVsingle = 0.8 mrad, the Nyquist sampling spac-
ing is ∆u = 1/FOV = 1/FOVsingle = 1.25 cycles/mrad, and the ultimate angular resolu-
tion of the system is θmin = λmin/Bmax = 1.62′′. We limit the FOV of the system to
512× 512 pixels in the imaging simulation and use the resolution board as shown in
Figure 8a as the imaging target, with Figure 8b showing its spatial spectrum distribution.
Furthermore, in order to quantitatively analyze the imaging quality and to compare the
similarities between the reconstructed image and the original image, peak signal-to-noise
ratio (PSNR), mean square error (MSE), and structural similarity (SSIM) are used as evalua-
tion functions.
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Figure 8. (a) Light intensity distribution of the original image. (b) Spatial spectrum distribution of
the original image.

The spatial frequency coverage of a PIIIS based on the above four aperture configura-
tions is shown in Figure 9. As can be seen from Figure 9b, the existence of a single lenslet
can enable the system to sample zero frequency. Based on Figure 9a,c, compared with
the wheel-type sampling lenslet array, the hierarchical multistage sampling lenslet array
covers the medium and low frequencies more closely in azimuth. For the third aperture
configuration, the longest baseline is 24d and the maximum sampling radius is 0.0958. A
comparison between Figure 9a,d demonstrates that the spatial frequency range covered by
the lenslet pairing method determined via Langford sequence is small and compact, with
the longest baseline of 34d and the maximum sampling radius of 0.1357, while the spatial
frequency range covered by the first-to-tail lenslet pairing method is large and sparse, with
the longest baseline of 45d and the maximum sampling radius of 0.1796.

The imaging results of a PIIIS based on the four aperture configurations are shown in
Figure 10. According to the MSE, PSNR, and SSIM of the reconstructed images, the
order of the imaging quality of the four aperture configurations from high to low is
(1) > (3) > (4) > (2). As can be seen from Figure 10a, the imaging quality with the compact
sampling lenslet array is the best, and the brightness distribution, contrast, and structure
of the reconstructed image are the closest to the original image. From Figure 10b, when a
PIIIS does not sample zero frequency, the reconstructed image is only similar to the original
image in structure, while the overall brightness distribution and contrast are quite different,
and the imaging quality is poor. From Figure 10c, the imaging quality based on the third
aperture configuration is poor, the constructed image is blurred, and the details are difficult
to distinguish. Therefore, the contrast and contour of the reconstructed image are quite
different from the original image. It can be seen from Figure 10d that the imaging quality of
the fourth aperture configuration is also poor. However, though the contrast and contour
of the reconstructed image are different from the original image, the boundaries are clear
and distinguishable.
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Because the medium and low frequencies determine the structure of an image, the high
frequency determines the details, and the zero frequency determines the average brightness
distribution, the imaging results in Figure 10 should be essentially determined via the
spatial frequency coverage characteristics of each aperture configuration. Meanwhile, the
above results prove that the imaging quality of a PIIIS can be effectively improved by using
a compact sampling lenslet array.

4. Design and Layout of PIC

On the PIC required by a PIIIS, key components such as phase shifter, multi-mode
interferometer (MMI), and AWG are integrated, and the beam is path-length-matched,
phase-shifted, wavelength-divided, and combined on the PIC. According to the structure of
the compact sampling lenslet array in the previous section, we have designed a processing
PIC and a transition PIC used for coupling light beams into the processing PIC.

Considering the actual process level, we take 1550 nm as the central wavelength of
PIC component design and set the detection waveband to 1500–1600 nm. In this band,
due to the low the transmission loss of the silicon nitride waveguide [20,21], we choose
silicon nitride as the material of the core waveguide of the transition PIC that requires
long-distance transmission. Meanwhile, due to the strong constraint of silicon waveguide
to light field, low loss, and the small size of a silicon-integrated device [19,22], the core
waveguide of the processing PIC adopts silicon.

4.1. Design of Key Components
4.1.1. Core Waveguide

We chose a core waveguide thickness of 220 nm for silicon PIC and 400 nm for silicon
nitride PIC. Under this condition, the relationships between the effective refractive index
and the waveguide width of the two waveguides are shown in Figure 11. Therefore,
in order to make both waveguides meet the single-mode transmission conditions, we
chose the widths of silicon waveguide and silicon nitride waveguide to be 400 nm and
1000 nm, respectively. The mode profiles of transverse electric (TE) polarized light in the
two waveguides are shown in Figure 12.
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Meanwhile, the bending losses of the two waveguides are shown in Figure 13. We
chose the minimum bending radius of silicon waveguide to be 8 um (its bending loss is
7.2× 10−3 dB/cm), and the minimum bending radius of silicon nitride waveguide to be
40 um (its bending loss is 5.8× 10−3 dB/cm).
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The crosstalk of the two waveguides in the horizontal (width) direction is shown in
Figure 14. We chose the minimum horizontal spacing of silicon waveguide to be 2 um (its
coupling coefficient is 9.8× 10−3 dB/cm) and the minimum horizontal spacing of silicon
nitride waveguide to be 4 um (its coupling coefficient is 1.1× 10−2 dB/cm).
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4.1.2. Conversion, Crossing, and Coupling between Waveguides

1. Silicon nitride–silicon waveguide converter

As there is a conversion between silicon nitride PIC and silicon PIC, we designed a
silicon nitride–silicon waveguide converter as shown in Figure 15a,b. The vertical spacing
(in thickness direction) between the two waveguides is 0.25 um, and the coupling length is
29 um. In the process of the waveguide tapering from single mode to 0.18 um, the light
beam is coupled into the silicon waveguide from the silicon nitride waveguide. The mode
intensity profiles of the fundamental TE mode in the converter are shown in Figure 15a and
the loss is about 0.1 dB, and Figure 15c shows the transmission spectrum of the converter.
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Figure 15. Schematic of silicon nitride–silicon waveguide converter: (a) top-down view, and the
mode intensity profiles of the fundamental TE mode in the interlayer coupler; (b) cross-sectional
view; (c) the transmission spectrum of the silicon nitride–silicon waveguide converter.

2. Waveguide crossing

On the silicon PIC, because two input waveguides in different positions would enter
the same coupler during interference, there should be inevitable crossing between waveg-
uides. We designed a waveguide crossing based on multi-mode interference, shown in
Figure 16a. The coupling length is 11.6 um, the width is 1.2 um, and the input and output
waveguides are at single-mode width. Figure 16 shows the transmission process of the
fundamental TE mode light field in the waveguide crossing, and the loss is about 0.1 dB.
Figure 16c shows the transmission spectrum of the crossing waveguide.
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3. Interlayer coupler

In order to integrate multiple components on a small-sized silicon PIC, we adopted a
multi-layer silicon waveguide structure and designed an interlayer coupler as shown in
Figure 17. Through the intermediate transition waveguide, the light field can be coupled
from the top waveguide into the bottom waveguide. The vertical spacing between adjacent
waveguides is 0.3 um, the length of transition waveguide is 10.8 um, and the vertical
spacing between top waveguide and bottom waveguide is 0.82 um. The transmission
process of the fundamental TE mode light field in this structure is shown in Figure 17c, and
the loss is about 3.7× 10−3 dB. Figure 17d shows the transmission spectrum of the silicon
waveguide interlayer coupler.
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4.1.3. MMI

In order to reduce the complexity and power consumption of the silicon PIC, 2× 2 MMI
is used as the beam combination component. We designed a 2 × 2 MMI as shown in
Figure 18a. The coupling length is 40.9 um, and the width is 5.2 um. The input and output
waveguides are single mode widths, and all of them are located at the width of ±1/6 cou-
pling width. The transmission process of the fundamental TE mode light field in 2× 2 MMI
is shown in Figure 18b. The insertion losses of two output ports of the 2× 2 MMI are 3.4 dB
and 3.3 dB, respectively (3 dB is the inherent loss); the splitting ratio is 49.1411% : 50.8589%;
the splitting unevenness is 0.1492; and the additional loss is about 0.3 dB. Figure 18c shows
the transmission spectrum of the 2× 2 MMI.

4.1.4. Phase Shifter

Before the light beam is coupled into 2× 2 MMI, it should be phase-modulated to
meet the interference conditions. We designed a thermo-optic phase shifter, as shown in
Figure 19a, in which TiN is used as the heating electrode. The electrode width is 1 um, the
thickness is 0.2 um, the length is 100 um, and the vertical spacing between the heating layer
and the core waveguide is 1 um. Figure 19b shows the phase change in core waveguide as
a function of input power. When the phase change in the core waveguide reaches π, the
required input power is 18.7 mW; for this condition, the temperature distribution of the
phase shifter is also shown in Figure 19b, and the absorption loss of the electrode layer is
about 3.4× 10−3 dB/cm. Figure 19c shows the spectrum of absorption loss of phase shifter.
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Figure 19. (a) Schematic diagram of phase shifter; (b) the phase change in core waveguide as a
function of input power, and the temperature distribution of the phase shifter when the input power
is 18.7 mW; (c) spectrum of absorption loss of phase shifter.

4.1.5. AWG

In order to further reduce the size and optical loss of the silicon PIC, we designed a
16× 16 wavelength channel AWG, as shown in Figure 20a. The two sides of the AWG are
completely symmetrical, each with an input port (outermost) and 16 output ports. The
central wavelength is 1500 nm, the wavelength channel interval is 4.8 nm, the number of
array waveguides is 80, and its size is 589.65 um× 495.62 um.

The simulated transmission spectrum of the 16 wavelength channel AWG is shown
in Figure 20b. The minimum insertion loss of the central channel is 2.4 dB, the minimum
insertion loss of the edge channel is 3.7 dB, the non-uniformity of the channel insertion
loss is 2.1 dB, the flatness of the waveband is 0.7767, the crosstalk of adjacent channels
is 18.6 dB, the crosstalk of non-adjacent channels is 37.2 dB, and the 3 dB bandwidth of
central waveguide is 0.3 nm. Furthermore, the central wavelengths of 16 output chan-
nels are 1500 nm, 1504.8 nm, 1509.6 nm, 1514.4 nm, 1519.4 nm, 1524.3 nm, 1529.3 nm,
1534.2 nm, 1539.2 nm, 1544.3 nm, 1549.5 nm, 1554.5 nm, 1559.6 nm, 1564.8 nm, 1750.1 nm,
and 1575.3 nm, respectively.
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4.2. Layout Design

The silicon nitride transition PIC is responsible for coupling the light beams behind
the lenslet array into the silicon PIC, its input waveguide spacing depends on the radial
spacing between the lenslets, and its output waveguide spacing depends on the input
waveguide spacing of the silicon PIC. Therefore, it is necessary to design the layout of
silicon PIC first.

4.2.1. Layout Design of Silicon PIC

According to the number of lenslets and the lenslet pairing method on the long
interference arm, we have designed a silicon PIC as shown in Figure 21 (the basic structure
of the silicon PIC used in the medium interference arm and the short interference arm is
completely consistent with it). There are 47 input waveguides and 737 output waveguides
on the silicon PIC, and the size is 8 mm× 7 mm. The input waveguide spacing is 110 um,
the output waveguide spacing is 4 um, and the bending radius is 20 um; thus, the horizontal
crosstalk and bending loss can be ignored.
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Through path-length matching, two beams of light from a pair of lenslets have the same
optical path length on the silicon PIC. The average path length of interference baseline on
silicon PIC is about 22.6392 mm, and the transmission loss is about 6.8 dB. Furthermore, the
absorption loss of the phase shifter is 1× 10−6 dB, the average insertion loss of 2× 2 MMI
is 3.3 dB, the average insertion loss of AWG is about 2.7 dB, and the loss of crossing
waveguide is 1.1 dB (the average crossing can be 10 times). Therefore, it can be estimated
that the optical loss of an average interference baseline on the silicon PIC is about 13.9 dB.

4.2.2. Layout Design of Silicon Nitride PIC

According to the input waveguide spacing of silicon PIC, we designed a silicon nitride
transition PIC suitable for a long interference arm, shown in Figure 22, whose size is
9.1 mm × 141 mm (the basic structure of the silicon nitride PIC used for the medium
interference arm and the short interference arm is the same as that for the long interference
arm, but the number of input waveguides is determined by the number of lenslets on the
interference arm). The input waveguide spacing of the PIC is 3 mm, the output waveguide
spacing is 110 um, and the bending radius is 100 um; thus, the horizontal crosstalk and
bending loss between waveguides can also be ignored.
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Through path-length matching, the path lengths of all light of beams on the silicon
nitride PIC are the same. For any interference baseline, the optical path length is 29.057 mm,
the transmission loss is about 1.5 dB, and the loss of the silicon nitride–silicon waveguide
converter is about 6.5× 10−2 dB. Therefore, the optical loss of average interference baseline
on the silicon nitride PIC is about 1.5 dB.

4.2.3. PIC Fabrication

The two kinds of silicon PIC designed in this work can be manufactured via the CMOS
compatible process. For the first design, an 8-inch SOI wafer can be used to obtain the first
layer of the strip silicon waveguide after deep ultraviolet (DUV) lithography and silicon
etching. The SiO2 cladding layer can be deposited via the low-pressure chemical vapor
deposition (LPCVD) method, and then, the second and third silicon waveguides can be
realized via the same steps. For the second design, an 8-inch SOI wafer can also be used
to obtain a silicon waveguide after photolithography and etching; a Si3N4 layer can be
deposited by LPCVD; and then, a Si3N4 waveguide can be formed by etching.

For the size of the waveguide designed in this paper, DUV lithography (such as 193 nm
or 248 nm lithography equipment) can be used to etch the waveguide. These processes are
CMOS-compatible and can be realized by silicon foundries.

4.3. Simulate the Influence of On-Chip Optical Loss and Phase Noise on Imaging
4.3.1. Influence of On-Chip Optical Loss on Imaging

When the light beam is coupled into the PIC, it causes a loss in optical power, which
leads to a decrease in detection accuracy. Using the design values of the central wavelength
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of 16 channel AWG, considering the transmission loss of silicon waveguide and silicon
nitride waveguide (take 0.5 dB/cm and 3.0 dB/cm, respectively), and the insertion loss
of key components, the relationships between wavelength and average optical loss of
interference baseline can be estimated, as shown in Table 3. Moreover, the optical loss of
the single lenslet is about 8.2 dB.

Table 3. Simulation values of optical loss of key components and interference baseline at design
values of central wavelength of 16 channel AWG.

λ Si3N4−Si Converter (dB) Crossing
Waveguide (dB)

Interlayer
Coupler (dB) MMI (dB) Phase Shifter

(dB) AWG (dB) Transmission-Si
(dB) Transmission-Si3N4 (dB) Baseline

Loss (dB)

1500.0 7.8× 10−2 0.76 0.46 6.17 3.0× 10−5 2.88

6.79 1.45

18.6
1504.8 7.8× 10−2 0.78 0.37 5.86 3.4× 10−5 2.74 18.1
1509.6 7.9× 10−2 0.79 0.30 5.54 3.8× 10−5 2.60 17.6
1514.4 7.9× 10−2 0.81 0.23 5.20 4.2× 10−5 2.50 17.1
1519.4 7.9× 10−2 0.83 0.17 4.84 4.7× 10−5 2.43 16.6
1524.3 7.7× 10−2 0.86 0.12 4.48 5.3× 10−5 2.40 16.2
1529.3 7.5× 10−2 0.88 0.08 4.14 5.9× 10−5 2.40 15.8
1534.2 7.3× 10−2 0.91 0.05 3.83 6.6× 10−5 2.44 15.5
1539.2 7.0× 10−2 0.94 0.02 3.58 7.4× 10−5 2.50 15.4
1544.3 6.8× 10−2 0.98 0.01 3.41 8.4× 10−5 2.62 15.3
1549.4 6.6× 10−2 1.01 0.00 3.34 9.4× 10−5 2.74 15.4
1554.5 6.5× 10−2 1.05 0.01 3.38 1.1× 10−4 2.88 15.6
1559.6 6.4× 10−2 1.09 0.03 3.54 1.2× 10−4 3.03 16.0
1564.8 6.4× 10−2 1.13 0.06 3.83 1.3× 10−4 3.18 16.5
1570.1 6.5× 10−2 1.17 0.11 4.24 1.5× 10−4 3.39 17.2
1575.3 6.5× 10−2 1.22 0.17 4.75 1.7× 10−4 3.72 18.2

Using the simulated values of wavelength and average interference baseline loss in
Table 2 and using the previous resolution board as the imaging target, the imaging result of
a PIIIS based on the compact sampling lenslet array is shown in Figure 23. After considering
the optical loss of PICs, the MSE of the reconstructed image is increased, the PSNR and
SSIM are decreased, and the imaging quality of the system is significantly reduced. The
brightness distribution and contrast of the reconstructed image are far from the original
image, while the overall contour is still clear. In other words, the on-chip optical loss of
the PIC has a great influence on the brightness and contrast of the reconstructed image
(especially the contrast) but has a little influence on the structure of the image.
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Figure 23. Simulation imaging results of PIIIS based on compact sampling lenslet array, at design val-
ues of central wavelength of 16 channel AWG. (a) Ideal imaging result, (b) imaging result considering
the on-chip optical loss of PICs.

4.3.2. Influence of Phase Noise on Imaging

Since the system error can be controlled within a certain range through stable technol-
ogy and system adjustment, the form of error is similar to random distribution within a
certain error range [23]. In order to analyze the influence of a phase error on the imaging
quality of the system, we use the following form of random phase noise:

∆ϕ′ = ∆ϕ× random (noise). (26)

where noise represents the upper limit of the random phase noise (for example, 10%),
random(noise) represents a random number between 0 and noise, and ∆ϕ is the phase of
visibility signal.
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After the random phase noise is brought into the original sampling spectrum, the
change in the evaluation function of the reconstructed image is shown in Figure 24. It can
be seen from Figure 24a that when the phase noise is 30%, the error variation in PSNR is
about 3.99%, the error variation in SSIM is about 5.38%, and the average error variation
is about 4.69% without considering the on-chip optical loss. While Figure 24b shows that
when the phase noise is 30% and the on-chip optical loss is considered, the error variation
of PSNR is almost zero, the error variation of SSIM is about 0.25%, and the average error
variation is about 0.13%. Therefore, although the imaging quality deteriorates with the
increase in phase noise, the influence of phase noise on it is relatively reduced when the
on-chip optical loss reduces the imaging quality.
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Figure 24. (a) The error variations in PSNR and SSIM of the reconstructed image without considering
the on-chip optical loss, (b) the error variations in PSNR and SSIM of the reconstructed image
considering the on-chip optical loss.

Meanwhile, Figure 25 shows the simulated imaging results of the system when the
phase noise is 30% and 60%. As can be seen from Figure 25a,c, the increase in phase
error reduces the contrast and brightness and makes the outline of the image difficult to
distinguish without considering the on-chip optical loss. From Figure 25b,d, it can be
seen that under the influence of on-chip optical loss, the increase in phase error makes the
contrast of the image decrease more obviously and the image more blurred.
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Figure 25. (a,c) Imaging results without considering the on-chip optical loss; (b,d) imaging results
considering the on-chip optical loss. (a) The phase noise is 30%. (b) The phase noise is 30%. (c) The
phase noise is 60%. (d) The phase noise is 60%.
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4.4. Calibration of Measurement Error of Visibility

The influence of on-chip optical loss on visibility measurement can be corrected via
an online calibration method [23]. As shown in Figure 26, an optical switch is added to
each input waveguide on the silicon PIC. Without considering the phase error, for any
interference baseline and any wavelength channel, when both Gate 1 and Gate 2 are turned
on, the two measured interference signals are as follows:

Pout1 = β1SPS + β1RPR + 2
√

β1Sβ1RPSPR µ sin(∆ϕ), (27)

Pout2 = β2SPS + β2RPR − 2
√

β2Sβ2RPSPR µ sin(∆ϕ). (28)
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Changing the phase on one of the waveguides by π, and the other two interference
signals can be measured as follows:

Pout3 = β1SPS + β1RPR + 2
√

β1Sβ1RPSPR µ cos(∆ϕ), (29)

Pout4 = β2SPS + β2RPR − 2
√

β2Sβ2RPSPR µ cos(∆ϕ). (30)

where β1S, β1R, β2S, and β2R represent the loss coefficients of each branch; ∆ϕ is the phase
difference between the two input signals; and µ is the visibility. When only Gate 1 or Gate 2
is turned on, the measured signals are as follows:

P′out1 = β1SPS, (31)

P′out2 = β2SPS, (32)

P′out3 = β1RPR, (33)

P′out4 = β2RPR. (34)

Therefore, the four output interference signals that can be corrected as follows:

P1 =
(

Pout1 − P′out1 − P′out3
)
/
√

P′out1P′out3, (35)

P2 =
(

Pout2 − P′out2 − P′out4
)
/
√

P′out2P′out4, (36)

P3 =
(

Pout3 − P′out1 − P′out3
)
/
√

P′out1P′out3, (37)

P4 =
(

Pout4 − P′out2 − P′out4
)
/
√

P′out2P′out4. (38)
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and, the amplitude and phase of the corrected visibility are as follows:

|µ| = 1
4

√
(P1 − P2)

2 + (P3 − P4)
2, (39)

∆ϕ = arctan
(

P1 − P2

P3 − P4

)
. (40)

5. Discussion

In this study, we designed a compact sampling lenslet array used for a PIIIS and
designed a silicon PIC that matches the system. Compared with the traditional wheel-type
sampling lenslet array [5,6], the compact sampling lenslet array can collect the central zero
frequency, make the spatial frequency coverage more continuous in the radial direction and
more compact in the azimuth direction, and further increase the spatial utilization ratio of
the lenslet array, thus improving the imaging quality. In the design of the PIC, we adopted a
three-layer silicon waveguide structure, which is smaller in size than the three-layer silicon
nitride waveguide structure adopted in Ref. [5]. In addition, we analyzed the influence
of on-chip optical loss and random phase error on the imaging quality of the system and
found that the existence of on-chip optical loss has little influence on the image structure,
and it can be corrected via online calibration. In contrast, random phase noise affects the
contrast and brightness of the image and makes the image more difficult to distinguish.

However, the influence of some practical factors on the optical power and phase, such
as lenslet array alignment, coupling efficiency between the beam on the back focal plane
of lenslet array and the silicon PIC, etc., has not been considered in this work. Therefore,
the specific situation of the influence of the error of optical power and phase on imaging
quality of a PIIIS needs further research and verification, which is also a key problem that
needs to be considered before the next experimental construction.

6. Conclusions

In order to increase the spatial frequency coverage of a PIIIS, we designed a compact
sampling lenslet array, which can achieve dense spatial frequency coverage in the azimuth
direction and continuous sampling in the radial direction. Through numerical simulations,
we have verified that the compact sampling lenslet array can effectively improve the
imaging quality of a PIIIS. Meanwhile, according to the structure of the compact sampling
lenslet array, we have designed a silicon PIC and a silicon nitride transition PIC that matches
the lenslet array. Using the simulated values of optical loss of the average interference
baseline at the design values of the central wavelength of the 16 channel AWG, the imaging
of a PIIIS affected by on-chip optical loss is simulated. It is found that the optical power loss
mainly affects the brightness and contrast of the reconstructed image but has little effect on
the structure of the image. In addition, the existence of phase errors further reduces the
imaging quality. Next, we will construct the compact sampling lenslet array and verify its
imaging performance through experiments.
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