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We demonstrate a silicon photonic architecture comprising
double Mach–Zehnder interferometers (DMZIs) designed
for high-contrast photonic applications. This configuration
significantly enhances the achievable extinction ratio of pho-
tonic integrated circuits (PICs), reaching levels exceeding
80 dB. By leveraging the tunable properties of DMZIs
and implementing a systematic configuration algorithm,
the proposed mesh effectively compensates for fabrication
imperfections and mitigates non-idealities such as backre-
flections. Experimental validation on a silicon-on-insulator
platform demonstrates the potential of this approach for
applications requiring high-contrast nulling such as astro-
nomical sensing. © 2025 Optica Publishing Group. All rights,
including for text and data mining (TDM), Artificial Intelligence (AI)
training, and similar technologies, are reserved.
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Introduction. Interferometric sensing is a cornerstone tech-
nique across optics and photonics owing largely to the high
sensitivities that can be achieved [1,2]. However, large interfer-
ometric systems are often vulnerable to instability resulting from
thermal fluctuations and vibrations, among other noise sources
[3,4]. In bulk fiber-optic systems, it is often difficult to stabilize
and control more than a few interferometers at once. Integrated
photonics has offered a pathway toward systems containing
dozens to hundreds of interferometers in a compact footprint
often much less than 1 cm2 in area [5,6].

Photonic integrated circuits fabricated in silicon, silicon
nitride, or similar integrated platforms improve the scalability
of large interferometric networks by simultaneously reducing
the footprint of individual devices and providing robustness to
environmental changes [7]. PICs are generally robust to dynamic
strain-induced phase changes that may arise from external vibra-
tions [8]. Additionally, their compact form factor allows for
efficient temperature stabilization via thermo-electric cooling
(TEC) [9]. These benefits directly address the challenges that
prevent the scaling of fiber-based and free space-based interfer-
ometers where the optical paths may have to be distributed over
lengths up to many meters.

Integrated photonic meshes—networks of interconnected
Mach–Zehnder interferometers (MZIs)—have previously been

employed for complex wavefront sensing [10], optical compu-
tation [11,12], and optical domain signal processing [13,14].
Recently, photonic meshes have been proposed to aid in the
detection and characterization of Earth-like exoplanets. How-
ever, there remains a performance gap to be bridged for
high-contrast applications such as astronomical interferometry
and coronagraphy [15,16].

A key metric for the performance of these meshes is the
extinction ratio between channels. In a typical integrated pho-
tonic MZI, the extinction ratio is limited by beam splitter
errors caused by fabrication imperfections [17]. A technique
proposed to compensate for this fabrication error is to use
individual MZI’s as tunable beam-splitting components for a
larger interferometer. This double Mach–Zehnder interferome-
ter (DMZI) technique has demonstrated that the addition of these
programmable elements provides additional robustness against
errors [18–20].

We have expanded upon prior work by constructing a three-
by-three triangular mesh of DMZIs. Here, successive elements
of a diagonal line within the mesh are configured to further
filter leakage power from previous elements. Additional ele-
ments not along the diagonal line are used to compensate
for non-idealities, such as backreflections from coupling inter-
faces. To operate the mesh and determine an optimal state,
we employ self-configuration algorithms that have previously
been developed to operate photonic meshes [18]. Leveraging
the additional degrees of freedom of our circuit architec-
ture, we achieve a single channel extinction ratio in excess of
80 dB.

Methods. A typical Mach–Zehnder interferometer as shown
in the schematic diagram in Fig. 1(a) comprises an external
phase shifter (∆ϕ), a nominal 50:50 beam splitter, an internal
phase shifter (∆θ), and an additional nominal 50:50 beam split-
ter. Adjustment of the external phase shifter (∆ϕ) controls the
relative phase between fields at each of the input ports. Adjust-
ment of the internal phase shifter (∆θ) controls the degree of
interference within the interferometer. Together, the two degrees
of freedom enable the application of an arbitrary, linear, unitary
transformation of the complex input fields [21].

The corresponding transfer matrix assuming ideal compo-
nents is given by Eq. (1) where the B matrices describe ideal
beam splitters and the T matrices describe the effect of the phase
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Fig. 1. (a) Schematic diagram of an ideal Mach–Zehnder inter-
ferometer with perfect split ratios. Phase shifters ∆θ and ∆ϕ set the
matrix elements of the 2 × 2 transformation applied to input fields
E1 and E2. The output fields are measured at detectors D1 and D2.
(b) Schematic diagram of a double Mach–Zehnder interferometer
with tunable beam splitters. Phase shifters ∆θL and ∆θR control the
split ratio of the left and right beam splitter, respectively.
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However, in practical implementations, each of the beam splitter
suffers some split ratio error (σ) introduced by small imper-
fections in the fabrication process. The corresponding transfer
matrix for a practical beam splitter is given by Eq. (2):
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The subset of linear transformations that can be achieved by a
practical MZI is limited by the severity of the split ratio error.
In particular, this limits the achievable extinction ratio between
the outputs of the MZI. As a direct consequence, when each of
the phase shifters is set to direct all optical power to a single
output port, there is a nonzero leakage to the undesired output
port [17].

The double Mach–Zehnder interferometer reduces this leak-
age power by adding device complexity in order to compensate
for fabrication imperfections. Figure 1(b) gives the schematic
diagram of a DMZI comprising an external phase shifter (∆ϕ),
an MZI acting as a tunable beam splitter, an internal phase shifter
(∆θ), and an additional MZI acting as a tunable beam splitter.
Each of the individual MZIs is itself controlled by an internal
phase shifter (∆θL and ∆θR). By adjusting ∆θL and ∆θR, the split
ratio of the tunable beam splitters can be driven toward 50 : 50,
effectively deepening the achievable rejection.

Algorithms have been developed to configure the phase set-
tings applied to ∆θL and ∆θR to achieve an ideal 50 : 50 splitter
[18]. With a constant input power to a single input of the DMZI,
the optimal split ratio settings of the individual MZI components
are determined according to the following method:

(1) Adjust ∆θ to minimize the power at detector 2.
(2) Adjust ∆θL and ∆θR with the same polarity (+,+) or (−,−)

to further minimize the power at detector 2.
(3) Adjust ∆θ to minimize the power at detector 1.

Fig. 2. Schematic diagram of a 3 × 3 triangular mesh where each
node is a double Mach–Zehnder interferometer. The footprint of the
full mesh is approximately 8.6 mm× 0.6 mm. Subsequent elements
of a single diagonal line along the light path are used to successively
filter leakage from the previous elements. Additionally, elements
not along the light path are configured to reduce the impact of
backreflections.

(4) Adjust ∆θL and ∆θR with opposite polarities (+,−) or (−,+)
to further minimize the power at detector 1.

(5) Iterate steps 1–4 until the phase shifter settings for ∆θL and
∆θR converge.

After convergence, this algorithm will have set the tunable beam
splitter to the optimal state that can be achieved given the con-
straints of the system. This technique has been demonstrated to
achieve extinction ratios as high as 60.5 dB [19], representing
several orders of magnitude improvement over traditional MZIs.
While these improvements are substantial, the leakage power
must be reduced further for applications requiring high-contrast
nulling such as photonic coronagraphy. It has been suggested
that direct detection of “Earth-like” exoplanets would require
contrasts on the order of 10−10 [15,16].

We note that other interesting approaches for improving the
performance of MZIs in interferometer meshes have been pro-
posed that are simpler than the full DMZI discussed here,
involving fewer additional beam splitters and phase shifters
[20,22,23]. However, these do not support the simple conver-
gent optimization algorithm discussed above, though they may
support other general optimization algorithms.

To compensate for the remaining leakage power through a sin-
gle DMZI, we have constructed a three-by-three triangular mesh
of DMZIs. A schematic diagram of the proposed architecture is
given in Fig. 2. The triangular mesh is characterized by consec-
utive diagonal lines of DMZIs and allows for the generation of
an arbitrary four-by-four linear, unitary transfer matrix.

Here, we use a three-element diagonal line, containing the
DMZIs marked in Fig. 2 as being on the light path (DMZIs
[1, 1], [1, 2], and [1, 3]), to successively reject power directed
to detector D1. In the ideal case, the remaining devices marked
as being off of the light path should have no impact on power
measured at detector D1. In practice, however, we observe that
optimization of these off light path devices does improve rejec-
tion at the output. We attribute these effects to non-negligible
reflections from the coupling interfaces, allowing light to prop-
agate along unexpected paths and interact with devices [2, 1],
[2, 2], and [3, 1].

Each DMZI within the mesh is configured according to the
algorithm detailed above. In order to configure each DMZI
independently of the other devices, a particular order must be
followed [18]. Optical power is initially input into the bottom
port of the mesh allowing device [1, 1] to be configured. Using
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device [1, 1], the power is then directed to the input of device
[1, 2] for configuration and so on to device [1, 3]. Once this diag-
onal line of elements has completed configuration, each element
is set to act as a transparent layer, allowing light to propagate
through without altering its phase or intensity. The remaining
devices then form a smaller 2 × 2 triangular mesh, which is con-
figured according to the same principle. This process is repeated
until each element has been configured.

Results and discussion. Our photonic integrated circuits
have been fabricated on 220 nm thick silicon-on-insulator (SOI)
platform using 193 nm lithography technology through the com-
mercial foundry Advanced Micro Foundry (AMF), providing
reliable fabrication of feature sizes down to 150 nm.

We use a fiber coupled HP 81680A tunable C-band laser
providing 2 mW of optical input power. The polarization of the
input light is adjusted and maintained with a Thorlabs FPC562
manual polarization controller. Optical coupling into and out of
the PIC is achieved via grating couplers designed to be matched
to the TE mode of a single-mode fiber angled at 8◦ from the
vertical.

A Thorlabs Nanomax 600 series six-axis stage is used to pre-
cisely align the input and output fibers with their respective
grating couplers. The output of the photonic mesh is fiber cou-
pled to an HP 81531A photodetector, which has a minimum
detectable power of 1 pW.

For routing within the photonic integrated circuit, we use
standard 500 nm wide strip waveguides with a silicon dioxide
cladding. We have designed directional couplers to operate as
nominal 50 : 50 beam splitters at an operating wavelength of
1550 nm. The coupling gap is set at 300 nm to be well within
fabrication limitations. The corresponding propagation length
of the directional couplers is 40 µm.

Our phase-shifting elements are implemented as resistive
heaters patterned in titanium nitride (TiN) above the silicon
waveguides, separated by several micrometers of oxide cladding.
Each heater is 2 µm wide by 120 µm long, has a nominal resis-
tance of 780 Ω, and a Pπ ≈ 20 mW. Thermal isolation trenches
have been etched on either side of each heating element to reduce
thermal cross talk between adjacent channels. The global tem-
perature of the PIC is maintained through a TEC directly beneath
the host PCB, which is mounted to an aluminum heat sink.

The electrical inputs of the phase shifters are managed with
a National Instruments digital-to-analog converter (DAC) with
16 bits of precision over ±10 V. However, we limit our voltage
range to be between 0 V and 5 V to prevent over-driving the
heating elements. As a result, our precision is limited to 14 bits.
In future work, the driving electronics can be adjusted to recover
additional precision; however, modeling of an ideal device via
Eq. (1) reveals that 14 bits of resolution may achieve extinction
ratios exceeding 80 dB.

Two test devices are initially investigated: one standard MZI
and one DMZI. To operate the standard MZI, optical power
is directed to the input labeled E1 as given in Fig. 1(a), while
the heater power to the phase shifter ∆θ is swept, and the output
power is monitored at detector D1. To locate the phase shifter set-
tings that minimize the optical power at detector D1, a recursive
search algorithm was employed.

Initially, the full allowable voltage range from 0 V to 5 V is
swept with a coarse resolution. The voltage range and resolution
are then successively reduced centering around the optimal state
until the full bit depth of the DAC has been reached. A similar
sweep is performed for the DMZI test structure after it has been

Fig. 3. Output power at detector D1 as heater power to phase
shifter ∆θ in both the standard MZI and the DMZI is swept. The
measured extinction ratio for a standard MZI is 42.0 dB, corre-
sponding to a split ratio of 49.6 : 50.4 at each of the beam splitters.
The measured extinction ratio for a configured DMZI is 62.4 dB,
corresponding to a split ratio of 49.96 : 50.04 at each of the tunable
beam splitters.

configured according to the algorithm described above in the
Methods section.

The results of this sweep for our test structures are plotted
in Fig. 3. The extinction ratio for the standard MZI has been
measured as 42.0 dB. If it is assumed that the split ratio error
is evenly distributed between the two beam splitters of the MZI,
the measured extinction ratio corresponds to an error of σ =
7.9 × 10−3 or a split ratio of 49.6 : 50.4.

The rejection measured for the configured DMZI is 62.4 dB,
which is in good agreement with prior work on similar devices
[19]. This corresponds to an error of σ = 7.6 × 10−4 or a split
ratio of 49.96 : 50.04 representing an order of magnitude reduc-
tion to the beam splitter error compared to a standard MZI.
While the rejection has been improved significantly by the use
of a DMZI compared to a standard MZI, the remaining leakage
power is still limiting for high-contrast applications.

To achieve better contrast, we use the triangular mesh of
DMZIs in Fig. 2. Figure 4 shows the monitored power at the
output, D1, of the DMZI mesh as the internal phase shifter ∆θ
is tuned at each node. The displayed output power has been
normalized by the maximum power measured at the output of
the system, 150 µW. The majority of these losses are attributed
to the coupling interfaces, with each grating coupler having an
estimated insertion loss of 5 dB.

As with the standalone MZI and DMZI, the internal phase
shifter of each mesh node is first adjusted with a coarse resolution
and subsequently refined around the optimal set point. Once a
DMZI’s optimal setting is achieved, it is held steady while the
remaining devices are tuned.

It can be seen in Fig. 4 that optimization of DMZI [1, 1]
reduces the leakage power to detector D1 by 63.3 dB from
the total input power, while the majority of the input power
is directed to detector D2. This is in good agreement with testing
of the standalone devices and previous works [19]. Optimiza-
tion of the next DMZI [1, 2] along the intended light path further
reduces leakage power, deepening the extinction ratio by nearly
an order of magnitude to 72.5 dB.

Optimization of DMZI [2, 1] further reduces the detected
power to less than 1 pW, which is the nominal detection limit
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Fig. 4. (a) Relative detected power at the output photodiode D1 of the 3 × 3 triangular mesh as the internal phase shifter ∆θ of each of the
six devices is tuned sequentially. (b) After each device has been optimized, the optimal phase shifter settings are held steady while the system
reaches a thermal equilibrium. The extinction ratio during this period exceeds 80 dB.

of our photodiode. This represents a maximum measurable
extinction ratio of 81.8 dB. The impact of DMZI [2, 1] and
other devices off of the expected light path is representative
of reflections between input and output couplers resulting in
propagation of light along unexpected paths through the mesh.
Optimization of the remaining nodes within the mesh results in
similar behavior. Apparent rejection beyond 81.8 dB may not
be reliable because we are below the nominal detection limit,
although the apparent measured values are included in Fig. 4 for
completeness.

Following optimization of the entire mesh, the voltage settings
applied to each phase shifter in the circuit are kept constant to
allow the heating elements and the TEC of the PIC to reach
thermal equilibrium. During this period, an extinction ratio of
80 dB is maintained.

Conclusion. In this work, we have demonstrated the applica-
tion of a triangular mesh of double Mach–Zehnder interferome-
ters (DMZIs) to enhance the extinction ratio in silicon photonic
circuits, achieving values exceeding 80 dB. By leveraging the
additional degrees of freedom provided by the DMZI architec-
ture and employing a systematic tuning algorithm, our approach
effectively compensates for fabrication-induced imperfections
and non-idealities such as backreflections. This represents a
substantial improvement over conventional MZI and standalone
DMZI configurations, as evidenced by the measured extinction
ratio improvement by two orders of magnitude.

The scalability and adaptability of the triangular DMZI
mesh open pathways for integration into a wide range of high-
sensitivity applications, including astronomical interferometry,
coronagraphy, and high-contrast optical systems. The robustness
of the proposed architecture against fabrication errors, combined
with its thermal stability, underscores its potential for reliable
performance in practical implementations. Future work could
explore integration with automated feedback systems for real-
time configuration, offering a promising direction to simplify
the tuning process and enhance operational efficiency.
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