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Abstract: We propose a new tool for scaling the speed of arbitrary patterned illumination
by two-dimensional spectral-encoding. A multi-objective optimization based on genetic
algorithm is presented for its utility in different imaging modalities.
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Patterned illumination has been utilized in a number of advanced microscopy technologies. Notable examples in-
clude multi-foci laser scanning microscopy for scaling the imaging speed [1], compressive sensing microscopy for
relaxing the stringent bandwidth requirement of image acquisition [2], and super-resolution microscopy for surpass-
ing the diffraction-limited resolution [3]. One common feature shared among these techniques is that a number of
illumination patterns, i.e. sub-frames, must be acquired to reconstruct the final image frame. As a result, the effective
imaging speed is determined by the rate of pattern generation. Current techniques of generating patterned illumina-
tion mainly rely on either galvanometric mirrors for simple well-defined pattern generation, or spatial light modulator
(SLM) for arbitrary pattern generation. The pattern generation rate is largely limited by the mechanical mirror scanning
speed, or the response time of SLMs, which is typically in the order of milliseconds. Given that the typical number
of sub-frames required can range from 10’s to 100’s or even more [2], it is thus challenging to achieve an imaging
frame rate up to video rate or even higher. We here propose a new scheme for high-speed arbitrary pattern illumination
by two-dimensional (2D) spectral-encoding, i.e. encode each illumination coordinate with a distinct wavelength by a
2D spatial disperser, which consists of an virtually-imaged phase array (VIPA) and a diffraction grating. Thus, any
complex illumination pattern can be created by a high-speed spectral shaper. This “illumination” spectral encoding is
in contrast to the earlier work on spectrally-encoded imaging and time-stretch imaging in which the encoding is per-
formed on the image. Since 100’s kHz wavelength swept-sources [4] or 10’s MHz optical time-stretch [5] have been
demonstrated for high-speed optical microscopy, the spectrally-encoded patterned generation can also be achieved in
a similarly high speed manner. This approach also benefits compact fiber-based endoscopy as the spectrally-encoded
illumination pattern can be transmitted through a single-mode optical fiber [6]. Motivated by such capability, we here
present a general design rule of this device, based on multi-objective optimization using a Pareto-front genetic al-
gorithm [7]. We show that this approach allows us to identify the most appropriate design parameters for different
patterned generation scenarios. Hence, this 2D spectral encoding could potentially have diverse applications in differ-
ent imaging modalities based on patterned illumination, specifically when there is a pressing need for speed.

The key component for realizing 2D spectrally-encoded pattern generation is the 2D spatial disperser. They are
oriented in a way such that their dispersion directions are orthogonal to each other resulting in a 2D spectral shower
(Fig. 1). An interesting characteristic of this pattern generation scheme is that the properties of the 2D spectral shower
(e.g. size, aspect ratio, and shape) are governed by the spatial dispersion laws of the VIPA and the grating. They are
determined by an assorted dependent parameters, including grating groove density, VIPA thickness, and the tilting
angle of both components, mirror reflectivity of VIPA, to name a few [8]. While the forward problem — performance
estimation of the spectral lattice based on given design parameters — is already well documented, the backward
problem is less intuitive due to non-linear spatial dispersion properties of both the grating and the VIPA. To this end, a
multi-objective optimization is necessary for identify application-specific parameters for optimal pattern illumination.
We here adopt the Pareto-front genetic algorithm as the design backbone to model and optimize the 2D spectral-
encoding setup to enable arbitrary pattern generation.

The dispersion law of the VIPA and the diffraction grating are given respectively as
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where α, n and t are the VIPA tilting angle, refractive index, and thickness; λ is the wavelength. β, and d are the
grating tilting angle and the groove separation of the diffraction grating [8].
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Fig. 1: Schematics of the 2D spectral-encoding illumination setup.
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Fig. 2: Simulated pattern for (a) flat illumination, (b) vertical stripes, and (c) Hadamard 8 × 8 mask pattern. Detailed
lattice grids are overlaid on top of the full illumination pattern. The spectrally-encoded pattern are shown in the
corresponding color bar in the top row.

Often it is desirable to have a squared and uniform illumination field. To this end, we define four performance criteria
for our optimization: aspect-ratio, relative line width, spot ellipticity and lattice distortion of the spectral lattice.

To account for the inter-correlating performance criteria, we first generate a collection of design-candidates along
trade-off curve with the Pareto-front genetic algorithm [7]. In this paper, we choose a laser source centred at 1060 nm
with a 3dB bandwidth of 20 nm. The VIPA thickness t and refractive index n are fixed at 0.2mm and 1.45 respectively.
Tilting angle of VIPA α is restricted to below 5◦. Similarly, the grating groove density 1/d and tilting angle β are
restricted to the range [900mm−1, 2000mm−1] and [40◦, 50◦] respectively. These are the parameters achievable with
off-the-shelf diffraction gratings as well as custom-made VIPAs. Fig. 2a shows the optimized design where tilting angle
(α, β) = (4.3◦, 40◦), groove density 1/d = 1400mm−1, and VIPA round-trip loss Rr = 60%. Here, a desired 2D
patterned illumination can be spectrally-encoded in a form of binary waveforms. In practice, this spectral encoding or
modulation can be done along with the wavelength-time mapping achieved with either swept-sources or optical time-
stretch. As a proof-of-principle test, we simulate three examples of patterned illumination through this 2D spectral
encoding scheme. Fig. 2a shows the uniform illumination when there is no spectral modulation. When we apply
periodic modulation on the spectrum, a stripe pattern can be generated (Fig. 2b). This is the common pattern adopted
in structured illumination microscopy (SIM) which aims to achieve sub-diffraction-limit optical resolution (Fig. 2b).
We also simulate a Hadamard mask pattern which can be accurately produced by the 2D spectral encoding scheme
(Fig. 2c). Again with our 2D spectral lattice simulator, a Hadamard mask pattern can be accurately produced (Fig. 2c).
Hadamard mask pattern has been utilized as an effective illumination pattern for compressive sensing imaging [2]. By
careful design consideration, we here show that complex pattern can be flexibly generated by the 2D spectral encoding
scheme. As a result, we anticipate 2D spectral-encoding together with high-speed swept-source or optical time-stretch
techniques can be an attractive tool for achieving patterned illumination with an ultrafast pattern generation rate. It
thus could help scale the imaging speed of the current patterned-illumination-based microscopy techniques.
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