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Abstract—We present the new field of programmable photonic
circuits. We introduce the evolution from specialized photonic
circuits to general-purpose photonic processors, and describe the
layers in the technology stack and their challenges.

I. INTRODUCTION

Silicon Photonics is rapidly maturing from a specialty
academic research field to an industrial technology platform.
Its popularity can be attributed to two key features: Com-
patibility with large-volume CMOS manufacturing processes,
and the high refractive index contrast. The high contrast
makes it possible to reduce the waveguides to submicrometer
dimensions and integrate thousands of optical elements on the
same chip. Today, the industrial push for silicon photonics
is mostly driven by fiber-optic communication markets (tele-
com, datacom), but silicon photonics is finding its ways in
other applications domains, such as sensors and biomedical
instruments.

The potential for large-scale integration is also powering
a growth in circuit complexity. As the number of photonic
components on a chip increases, we also see an increasing
need to combine photonics with electronics, either on the
same chip or in multi-chip solutions. Larger chips need more
electronic control for the optical functions: Wavelength filters
need to be configured, or the effect of fabrication variation
needs to be compensated. Active control is becoming more
and more an integral part of the photonic integrated circuit.

The new field of programmable photonics takes this a step
further, going from a tunable photonic circuit to a recon-
figurable photonic circuit that can perform more than one
function [1]. This again increases circuit complexity,and the
need for more control channels. A second evolution that we
see with programmable photonics is the emergence of generic
chip layouts where the function is defined by the electronics.

Silicon photonics is a key platform to enable this. Multi-
functional or general-purpose circuits contain many more
components than specialized single-function circuits. Silicon’s
high integration density makes this possible. Also, many
efficient tuning elements are needed. Heaters are still the most
commonly used tuning technique, and in silicon these are both
compact and fairly power efficient.

Even though silicon photonics technology is already avail-
able on multiple industrial platforms, programmable photonics
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is still in an early phase. The massive scale of the circuits cre-
ates new challenges for driver electronics, control algorithms
and packaging. And the programmability requires a new layer
of software to give users access to the functionality.

Today, we see that most of the effort in programmable
photonics is focused on large-scale multi-path interferometers
[2], that project light from a set of input ports to a set of output
ports. These forward-only circuits are especially useful in
quantum-optic applications and machine-learning accelerators
[3]. A second class of circuits uses recirculating waveguide
meshes [4], that can also configure delay lines and resonators
to implement wavelength filters. These circuits, which are
more complex and difficult to control, can act as true general-
purpose photonic processors, and are often called photonic
FPGAs, like the electronic field-programmable gate arrays.

In this paper we will discuss the state of programmable
photonics, and it will become clear that the photonic chip is
just one element in a technology stack that brings together pho-
tonics, electronics, microwave technology, packaging, control
routines and software engineering. Without these elements, the
technology cannot fulfill its potential of becoming a generic
platform, as an equivalent to programmable electronics.

Programmable photonics pushes the boundaries of various
engineering domains to assemble the entire technology stack.
While the photonic chip guides the actual photons, its con-
figuration needs to be controlled by electronics and software
layers, and all elements need to be brought together.

A. Photonics: Actuators and Monitors

Programmable photonic circuits take tunability of a pho-
tonic circuits to an entirely new level: rather than defining
the connectivity of waveguides in the chip design phase, this
is done at the time of operation. The core of programmable
photonic chip is a mesh of waveguides coupled together with
tunable couplers and phase shifters. Light is routed by tuning
these gates to bar, cross or partial coupling state. A waveguide
mesh can scale to hundreds or thousands of gates, and all
of these need to be tuned. This requires electrically actuated
tuners that are compact, have a short optical length, and above
all consume as little power as possible. Heaters in silicon
photonics are efficient, but when thousands are needed at the
same time, this can lead to thermal management problems and
crosstalk. That is why there is a drive towards lower-power
solutions such as MEMS devices [5].
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Fig. 1. Programmable Photonic Circuits. Left: Forward-only circuit. Right: recirculating mesh.

B. Electronics

Each electro-optic tuner needs to be electrically controlled,
so we see a similar challenge with the driver electronics:
we need many channels, and they need to be compact and
power efficient. Also, the electronics need to read out any
photodetectors in the circuit, and implement control loops.

C. Packaging

The many tuners and many drivers need to be brought
together. Unless electronics and photonics are implemented on
the same chip (this is possible but not trivial), this translates
into a packaging challenge to implement thousands of electri-
cal interfaces. On top of that, the chip set needs to be thermally
stabilized, and interfaces to the outside world (optical fibers,
microwave connectors) need to be accommodated.

D. Control

Controlling a large-scale programmable photonic chip is a
new challenge. In essence, the circuit is a gigantic multi-path
interferometer, fabricated in a technology which is notoriously
sensitive to minute variations in fabrication and environmental
conditions. Small errors in the tunable couplers or phase
shifters can give rise to strong parasitic responses, which
will also be wavelength dependent. As a result, the high-
dimensional control landscape has many local minima and
maxima. In forward-only meshes, the unidirectional flow of
light makes control manageable, but recirculating meshes rely
mostly on calibration and open-loop set points [6]. Control can
be facilitated by incorporating monitors in the photonic mesh,
but these also consume space, introduce additional optical
losses, and require additional readout electronics and electrical
connections. So they should be used judiciously.

E. Programming

To make this photonic-electronic system truly pro-
grammable, it needs a programming interface. At the lowest
level, it needs to give users access to the individual optical
elements on the chip. But to become practical, higher-level
functional routines are needed to route light or configure
functions such as wavelength filters. As the operation of a
photonic circuit is very different than that of an electronic
circuits, new programming formalisms are needed, starting
from a photonic hardware description language (HDL).

II. SUMMARY

Programmable photonics is still an emerging field, and there
are many challenges that need to be addressed to complete
the technology stack. But the potential for these circuits is
huge, and they can bring about a revolution in the adoption of
photonic chip technology.
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