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High-Accuracy Online Calibration Scheme for
Large-Scale Integrated Photonic
Interferometric Measurements

Yi Zhang ™, Kun Wang *“, Qichang An

Abstract—High-accuracy interferometric measurement is cru-
cial for integrated photonic interferometric imaging. In this paper,
we propose an online calibration approach for large-scale inte-
grated photonic beam combination that can realize high-accuracy
measurement. By leveraging a simple four-step switching condition
and the optical path differences between interferometric beams, the
instrumental characteristics of the beam combiner, including the
transmittances, visibilities, and phase relations, could be calibrated
accurately. Compared to the conventional approach, the calibration
procedure and estimation method are greatly simplified in our
proposed scheme. The effectiveness of the proposed approach is val-
idated using a photonic integrated circuit with two interferometric
channels. The calibration results show that the differences between
the phase relations are less than 1.41% between the proposed and
conventional approaches. The proposed scheme shows significant
advantages in optical synthetic aperture imaging systems using
photonic integrated circuits especially for applications in harsh
environments.

Index Terms—Instrumental visibility, online calibration,
photonic integrated beam combination, V2PM.

1. INTRODUCTION

HOTONIC integrated beam combination is a trans-

formational technique for optical aperture synthesis
interferometric imaging in which photonic integrated circuits
(PICs) are used, rather than bulk optical components, to realize
large-scale interferometric beam combination [1]-[3]. This
method has the potential to enhance optical aperture synthesis
for real-time imaging and multi-spectral imaging, among others
[4]. The basic concept of photonic integrated beam combination
was initially proposed and implemented for astronomical optical
long baseline interferometry [5]. Since then, it has been suc-
cessfully implemented in telescopes, such as VINCI/Very Large
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Telescope Interferometer (2 telescopes) [6], IONIC/Infrared
Optical Telescope Array (3 telescopes) [7], and GRAVITY/Very
Large Telescope Interferometer (4 telescopes) [8]. Furthermore,
Segmented Planar Imaging Detector for Electro-optical
Reconnaissance (SPIDER) implements the large-scale PICs
for the multi-channel and multi-spectral interferometric beam
combination, based on which the solutions are proposed for the
snapshot optical aperture synthesis imager with the advantages
of ultra-thinness and ultra-lightness [9]-[13]. With recent
advances in integrated photonics, integrated photonic interfer-
ometric imaging has attracted significant attention [14]-[18].

Based on the van Cittert-Zernike theorem [19], aperture syn-
thesis imaging can be realized using photonic integrated inter-
ferometer arrays with the “pairwise static ABCD” scheme for
multi-channel interferometric measurements [20]. However, the
machining and assembly errors of PICs can affect the accuracy
of interferometric imaging [21]. Moreover, characteristics of
light propagation in PIC are sensitive to external environmental
factors, such as temperature and vibration, that affect the optical
waveguide length, the refractive index and the internal stress
cause a change in the phase of the guided light. These sensitives
have a negative impact on the interferometric visibility measure-
ment, eventually distorting the reconstructed images [22]. Thus,
efficient online calibration is crucial for assuring high-accuracy
interferometric imaging.

For the four-channel photonic integrated beam combiner in
Very Large Telescope Interferometer, Bensity ef al. proposed a
characterization approach based on the visibility to pixel matrix
(V2PM) estimator [23]. V2PM characterizes the instrumental
behavior of beam combiners by photometric measurements as
well as wide-range temporal modulation of OPDs and the enve-
lope fitting of interferometric patterns [24]. This characterization
approach is used in ground-based long-baseline interferometers,
where subsystems such as beam-train systems, delay lined, beam
combining facilities, and interferometer control systems are
arranged in vibration-isolated and thermally regulated laborato-
ries to maintain stable operating conditions [25]. The validity
period of the obtained calibration results is generally long.
However, the validity period is short for moving platforms with
limited space in harsh environments, such as space-borne and
air-borne applications. This requires frequent recalibrations via
complicated calibration and estimation methods, affecting the
adaptability of V2PM to rapid environmental changes. Thus, it is
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Fig. 1. Schematic layout of the photonic integrated interferometric imaging
system.

extremely difficult to apply above scheme in online calibration,
especially for large-scale beam combination tasks, such as in
SPIDER.

In this study, we generalize the characterization approach to
derive a modified representation of the V2PM estimator, which
simplifies the calibration procedure and estimation method
significantly. Based on the modified V2PM, we propose an
approach through a simple four-step setting of the switching
conditions and OPDs between the interferometric channels, and
we validated its effectiveness for high-accuracy interferometric
measurement through experimental comparisons. In general,
interferometric imaging systems are equipped with optical delay
lines for fringe tracking to improve imaging performance [26].
Thus, components such as optical path and optical delay lines
can be reused to reduce the system load. The instrumental matrix
can be calibrated by simply installing the calibration source,
and the interferometric imaging system can switch between the
imaging and calibration modes at any time by optical switching,
based on changes in the external environment. Therefore, the
proposed approach can realize online high-accuracy calibra-
tion for large-scale photonic integrated interferometric measure-
ments.

The remainder of this paper is arranged as follows. Sec-
tion II introduces the derivation of the modified V2PM and
the corresponding calibration and compensation approaches,
Section III describes the experimental setup and protocol, Sec-
tion IV describes the experimental results, and, finally, Section
V concludes the paper.

II. PRINCIPLE AND METHOD

To realize large-scale interferometric measurement, a pho-
tonic integrated interferometer array with the “pairwise static
ABCD” scheme is used for multi-channel beam combination,
which is basically a Michelson-type configuration [27], [28].
Furthermore, the arrayed waveguide gratings can be integrated
with the interferometers to realize wide-band and multi-spectral
interferometric measurement [29], [30]. With the switches and
delay-lines built in the fiber channels, the beam combiner can
be calibrated using the calibration source. A schematic layout of
the photonic integrated interferometric imaging system is shown
in Fig. 1.
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Fig. 2. Instrumental model of the photonic integrated interferometer.

The photonic integrated beam combiner can be regarded as
an array of independent and identical interferometers, where
each unit realizes the same function of narrow-band two-channel
beam combination. The beam combing unit can be represented
with the instrumental model, as shown in Fig. 2, where [ and
m denote the indices of input channels, k = [1, 2, 3, 4] denote
the indexes of output channels, A denotes the spectral bands of
beam combination, N; , and N, A denote the input intensities,
Ik I denote the output intensities, tlm,k and tml, , denote the
instrumental transmittances, and V,» , and @f
amplitudes and phases of instrumental visibilities.

Based on the above instrumental model, the photonic inte-
grated interferometric measurement can be expressed as [24]

denote the

k _ k k
Ilm,k - Nl,ltlm,k + Nm,}\tml,}\

+ 2Vl0bj ‘/lm l\/Nl }»tlm ANm )Ltml x
bi
cos (‘mej,x + @?m,)\ + @fm,k) (1

where V}m , and gplm : denote the amplitudes and phases of
object visibilities and ¢} =, denote the OPDs between the inter-
ferometric channels. ’

The modified V2PM used to express the relationship between
the instrumental output intensities, amplitudes, and phases of
object visibilities is represented as
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where X[ m.. and Yk m.. correspond to the level at which the

beam comblner conserves coherence of light. With the modified
V2PM, (1) can be represented as
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TABLE I
CALIBRATION PROCEDURE AND ESTIMATION METHOD WITH MODIFIED V2PM

Steps Calibration procedure Estimation method
Stfpl: Setinput N,, =N, ()
i s (fixed value), i = Nzox

and N, ,=0 .
(switched off). N =21 ()
Measure output I{ (I). -
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To construct the modified V2PM, a monochrome point source
is used as the object (Vlffzj =1 and @Obj = 0). Then, the
calibration procedure and estimation method can be divided into
four steps, as shown in Table I. Here, Steps 1-2 realize the pho-
tometric calibration, and Steps 3—4 realize the interferometric
calibration.

With the calibration data, the amplitudes and phases of instru-
mental visibilities can be derived as

k 2 k 2
(le,k> + (Ylm,k)

Wm,). = 9 ?

ti‘m,ktfnl,k
b (Vi / Xin 1) “

The pixel to visibility matrix (P2VM), which is used to
compensate the instrumental errors, can be derived via an inverse
operation on the V2PM equation as

k _
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TABLE II
COMPARISON BETWEEN CONVENTIONAL V2PM AND MODIFIED V2PM

Conventional V2PM f/‘,m f,ln o V/i,,z % X/lm‘; ]
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t/m./l trsnl.}. V/jz A * len A
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Fig. 3. Schematic model of the photonic integrated interferometer.
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To realize high- accuracy interferometric measurement of ob-
ject visibilities, OPD ¢ | . should be reduced as much as possi-
ble and kept stable by frmge tracking. However, this discussion
is beyond the scope of this paper. In the following sections,
it is assumed that ‘me,x can be finely controlled, without any
influence on the measurement.

Table II shows the comparison between conventional and
modified V2PMs. These two V2PMs are mathematical transfor-
mations of (1), and the different forms of V2PM correspond to
the different calibration strategies. The photometric calibration
procedure is the same for both V2PM estimators. For interfer-
ometric calibration of conventional V2PM, instrumental visi-
bilities are derived from interferograms, which can be obtained
with temporal modulation of ¢} . During calibration, ¢
must be adjusted continuously to achieve fitting of interfero-
gram. In the calibration procedure of the modified V2PM, the
value of ¢} sonly requires a single adjustment to achieve the

calibration of X* mi,. and le ,.- The instrumental visibilities can
be obtained using (4). The calibration approach based on the
modified V2PM greatly simplifies the calibration procedure, and
high-accuracy measurements of interferometric visibilities can
be realized efficiently.

III. EXPERIMENTAL SETUP

Fig. 3 shows the constructed experimental setup to validate the
proposed approach, where a custom-mode two-channel silica-
based interferometric PIC is used for beam combination in
the narrow-band of 1550 nm. A fiber-coupled laser source
(Thorlabs SIFC1550PM) is used as the calibration source, and
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TABLE III
EXPERIMENTAL PROTOCOL OF FOUR-STEP CALIBRATIONS
Steps Phase shift (driving Optical Switch | Optical Switch
voltage) 1 2
Step 1 Referenced 0 (300 mV) On Off
Step 2 Referenced 0 (300 mV) Off On
Step 3 Referenced 0 (300 mV) On On
Step 4 Referenced 7/2 (350 On On
mV)
Referenced —m/2 (250
mV)
TABLE IV
ESTIMATED PARAMETERS OF MODIFIED V2PM WITH FOUR-STEP
CALIBRATION
k Iy 29 X, Y,(+7/2) Y,(=7/2)
1 0.252 0.243 -0.443 0.021 -0.027
2 0.250 0.245 0.005 -0.436 -0.469
3 0.256 0.258 0.480 -0.009 -0.002
4 0.242 0.254 0.000 0.481 0.434

its output beam is divided into two components with a 1x2
single-mode fiber coupler. For each interferometric channel,
the switching condition is controlled by a fiber optical switch
(Thorlabs SOA1013SXS). In the optical path of one channel, a
fiber phase shifter (General Photonics FPS-002) is used for the
fine tuning of OPDs with a dynamic range of 657 and tuning
precision of .17, and th e driver (General Photonics MPD-001)
has a closed loop gain of 30 V/V. In the corresponding optical
path of the other channel, an equal-length single-mode fiber is
used to compensate for the OPD between the two channels. The
output beams of the PIC are imaged with an infrared camera
(LeadingOE LD-SW6401715-C) through a lens of 30-mm focal
length, and a 1% neutral density filter is inserted to decrease the
output intensities of the PIC.

In the calibration procedure, the driving frequency of the
phase shifter is set to 500 Hz, where a 200 mV change in
the driving voltage corresponds to a 27 phase shift. The initial
driving voltage is set to 300 mV as the reference zero to ensure
that the phase shifter operates in the linear range. The infrared
camera is thermoelectrically cooled to reduce the background
and readout noise, and the exposure time is set to 25 us. Table II1
presents the experimental protocol of the four-step calibrations.

In each calibration step, the blob image captured by the in-
frared camera is filtered with an appropriate grayscale threshold.
Then, four blobs of PIC output are extracted, and the correspond-
ing cumulative grayscales are calculated. Finally, the grayscales
of the four blobs are normalized as the PIC output intensities,
which are used to estimate the modified V2PM of the photonic
integrated beam combiner.

IV. RESULTS AND DISCUSSIONS

Table IV presents the estimated parameters of the modi-
fied V2PM with four-step calibration obtained via a 100-fold
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Fig. 4. Amplitudes and phases (considering the phase of channel 1 as the
reference) of instrumental visibilities.

statistical average of the measurement results. Compared to
the conventional approach [31], the standard deviation of the
normalized transmittances is less than 2.43%, which has little
influence on the measurement accuracy of interferometric visi-
bilities. However, there are noticeable differences between the
measurement results at +=7/2 phase shifts, which may be induced
mainly by the hysteresis effect of piezoelectric actuators in the
phase shifters. To improve the measurement accuracy of phase
shifting, we used the average values at +7/2 phase shifts as the
estimated items in the modified V2PM.

Ideally, the light energy coupled into PIC is uniformly dis-
tributed into four channels during photometric calibration, and
the values of t¥, and ¢, are the same. However, this is limited
by the semiconductor manufacturing process. The Y-junctions
and couplers in PIC do not present a perfect splitting ratio,
and crosstalk and loss of cross waveguides are unavoidable.
These factors lead to different transmission characteristics of
each channel, which are reflected in the measured value of t%,
and t5,. The instrumental visibility can also be affected as the
difference in transmission characteristics, resulting in X7, and
Y} deviating from the theoretical value.

The instrumental visibilities derived from the calibration data
of the modified V2PM are shown in Fig. 4 . All amplitudes of
instrumental visibilities are larger than 0.9, and the deviations
are less than 2.9%. The deviation of the referenced phases of
instrumental visibilities is less than 1.41% of that in the conven-
tional approach [31], which confirms that the proposed approach
can calibrate the instrumental characterization accurately.

To validate the compensation capabilities with the calibrated
V2PM, we reused the calibration source as the object and
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change the settings of the optical intensities and channel OPDs
randomly. As shown in Fig. 5, the fitted interferometric patterns
of measurement results are compared between the direct and
compensated estimations. After compensation with P2VM, it
can be observed that the amplitude of the object visibility is
improved from 0.894 to 0.988, which confirms the calibration
accuracy of the proposed approach, as the compensated results
are close to the assumptions of the object source. Itis also evident
that the fitted interferometric patterns are rather sensitive to the
phase relations between the output channels, which proves that
the phase accuracy during beam combiner calibration is more
important for realizing high-accuracy interferometric measure-
ment.

The experimental results validate the efficiency and high-
accuracy of the proposed approach for beam combiner calibra-
tion, which can be easily extended and automated for large-
scale photonic integrated interferometric measurements. With
the capabilities of online calibration and compensation, the
environmental influences on interferometric measurement can
be minimized, which is critical for optical synthetic aperture
systems, especially for operation in harsh environments such as
space-borne and air-borne applications.
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