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Patterned illumination is now a proven technique in optical metrology and imaging, and is widely employed in both
industrial and biological applications. However, existing techniques are unable to meet the pressing need for higher
imaging rates. To address this challenge, we propose and demonstrate two-dimensional (2D) mechanical-scan-free
arbitrary patterned illumination by 2D spectral encoding. The illumination pattern is flexibly generated at high speed
by spectral shaping together with wavelength-to-2D space mapping. Performance optimization of this new patterned
illumination scheme (e.g., pattern distortion and resolution) is generally an ill-defined problem involving multiple
interrelated parameters. We demonstrate proof-of-principle experiments based on a multiobjective optimization rou-
tine using a genetic algorithm to validate our optimization model as well as to show the feasibility of patterned illu-
mination by use of spectral interferometry. Adopting the wisdom of high-speed arbitrary waveform generation
routinely practiced in telecommunications as well as ultrafast wavelength-sweep mechanisms, the proposed method
could have an impact on advanced imaging modalities, particularly when speed is of a critical concern. ©2015Optical

Society of America

OCIS codes: (050.1970) Diffractive optics; (110.2945) Illumination design; (170.7160) Ultrafast technology.

http://dx.doi.org/10.1364/OPTICA.2.001037

1. INTRODUCTION

Optical illumination with predefined or random spatial patterns
has attracted growing attention in a wide range of fields from fun-
damental biological research [1] to machine vision [2–4]. It has
been developed to surpass the limitations of traditional wide-field
imaging schemes. Structured illumination microscopy (SIM) [5]
uses periodically patterned illumination for restoration of high-
resolution images beyond the diffraction limit. Such a concept
can also be extended to any arbitrary illumination patterns, in-
cluding pseudorandom speckle patterns [6]. Apart from improv-
ing spatial resolution, patterned illumination can be used to
enhance phosphorescence and fluorescence imaging speed by fre-
quency-multiplexing a set of periodic illumination patterns [7,8].
Compressed fluorescence microscopy (CFM) [9] is another exam-
ple employing dynamically shuffling patterns, namely Hadamard
masks, to illuminate the specimen. Adopting compressed sensing,
CFM benefits from the advantages of both single-pixel and pixel-
array detectors, namely noise reduction due to higher photon in-
take and faster acquisition due to parallel detection [10].

One common feature shared among these techniques is that a
substantial number of illumination patterns, i.e., subframes, must
be acquired to reconstruct the final image frame. For instance,
SIM requires sinusoidal patterned illumination at three orienta-
tions, each with three distinct phases. It results in nine total

subframes, which effectively reduces the frame rate by 1/9 [5].
The required number of SIM subframes can reach more than
100 for depth-resolvable patterns [11] or unknown speckle pat-
terns [6]. For techniques involving a single-pixel detector,
more than 1000 patterns must be generated for accurate image
restoration [8,9].

Regardless of the imaging modalities, there is a pressing need
for scaling the speed of arbitrary pattern generation for a higher
imaging rate. Current techniques mainly rely on galvanometric
mirrors for simple well-defined pattern generation. On the other
hand, digital-mirror-devices (DMDs) or spatial light modulators
(SLMs) are now gaining popularity for arbitrary pattern genera-
tion [12–14]. The pattern generation rate is largely limited by the
mechanical mirror scanning speed or the response time of DMD/
SLMs, both of which are typically on the order of ms [13].
Another speed-limiting factor is the frame rate of the image sen-
sor, namely charge-coupled device (CCD) or complementary
metal–oxide semiconductor (CMOS), which is always compro-
mised with imaging sensitivity.

It is thus appealing to explore new possibilities to bypass the
limitations and to enable high-speed arbitrary illuminating
pattern generation. By virtue of an ultrafast spectral-encoding
process, optical time-stretch imaging is a proven technique for
high-throughput screening for biomedical diagnostics [15–21]
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and industrial inspection [22,23]. In this regard, we propose a
two-dimensional (2D) arbitrary pattern generation based on a re-
verse process (Fig. 1). Specifically, a train of chirped optical pulses
is first generated when the broadband mode-locked laser propa-
gates through a dispersive medium with group-velocity dispersion
(GVD), a process known as optical time-stretch [24]. Next, the
time-stretched waveform is temporally modulated (either in am-
plitude or phase) with a predefined pattern [25]. The modulated
pattern is then transformed into a 2D spatial illumination pattern
by a 2D spatial disperser, assembled from a diffraction grating and
a virtually imaged phased array (VIPA). Note that such a design
has been demonstrated in other applications such as wavelength
demultiplexing in telecommunications [26,27], high-resolution
spectral analysis [28], and time-stretch imaging [15,29]. As the
two-stage mapping process (time–wavelength–space) is almost in-
stantaneous, the pattern generation rate is essentially the repeti-
tion rate of the pulse laser source that can scale up to 20 MHz
[15,24,30]—1000 times the rate of current techniques. Also note
that this 2D arbitrary pattern-generation concept is applicable to
any types of high-speed wavelength-swept sources. For example, a
Fourier-domain mode-locked laser [31–33] is a 100 kHz repeti-
tion rate alternative (10 times the rate of current techniques) for
higher pulse stability [34,35].

Spectral-shaping design based on temporal modulation is rel-
atively straightforward because the time-to-wavelength mapping
is highly linear [24,31]. For instance, one can employ a high-
speed arbitrary waveform generator (AWG) (e.g., >1–10 GSa∕s)
together with high-bandwidth optical modulator (>10 GHz),
both of which are commercially available in fiber-based configu-
ration. In contrast, the 2D spatial disperser design is generally an
ill-defined problem because multiple designs with different per-
formance characteristics are possible. Even with well-formulated
design goals, there is no natural priority in which one perfor-
mance metric is more important than the other (e.g., low spatial
distortion versus low astigmatism). Therefore, it is a nontrivial
task to select an optimal 2D spatial disperser design with desired
properties. It is yet a critical step if this technique is to be adopted
in any patterned illumination-imaging modalities. To this end,
we quantify the design objectives for robust 2D spectrally en-
coded pattern generation and reveal a set of efficient designs with
various performance characteristics by multiobjective optimiza-
tion. Based on our practical considerations, we choose a unique
design for model verification and system testing. Our proof-of-
concept experiment demonstrates the robustness of the optimized
design for periodic pattern generation without rigorous calibra-
tion steps. It could thus have diverse applications in any patterned

illumination imaging modality, especially when there is a pressing
need for speed.

2. PERFORMANCE METRICS

Specifically, we consider the configuration depicted in Fig. 1. The
input light to the 2D spatial disperser is essentially a high-speed,
wavelength-swept optical beam which is generated from an active
swept source or by optical time stretch. The spectrally encoded
beam is spatially dispersed along the y axis by the VIPA and then
along the x axis by the diffraction grating. The VIPA can be
treated as a Fabry–Perot etalon but operates at a tilted angle
[36]. Typically designed to have a free-spectral-range (FSR) much
smaller than the spectral bandwidth of the light source, the VIPA
spatially disperses the overlapping FSR orders in the y axis. Such
degeneracy is then removed by the diffraction grating which sep-
arates these FSR orders in the x axis. As a result, each wavelength
in the spectrum is mapped to an xy coordinate on the object
plane, generating a spectral shower [37].

While the wavelength-to-space mapping of this configuration
is well understood [36,37], the criteria for robust patterned illu-
mination is yet to be quantified. Here, we consider the four per-
formance metrics of the spectral shower. They are the aspect ratio
of the entire field of view (FOV), desired to be unity (A → 1);
the illumination uniformity of the spectral shower, where the
normalized angular separation between adjacent VIPA FSRs by
grating dispersion is desired to match full width at half-maximum
(FWHM) of the individual monochromatic point spread func-
tions (PSFs) (S → 1); the astigmatism of the individual PSF,
desired to be zero (E → 0); and the spatial distortion of the
wavelength grid mapped in the 2D space, desired to be zero
(D → 0).

In the following paragraphs, we model our design problem by
quantifying these performance metrics. The highly complex de-
sign model can be solved by a nonlinear multiobjective optimi-
zation algorithm, which will be covered in Section 3.

To measure aspect ratio A and spatial distortion D of a specific
design, we tabulate the wavelength-to-space mapping for a dis-
crete set of wavelengths (λi), forming a spatial lattice (θx;i, θy;i)
governed by the dispersion laws of the VIPA and the grating
[38]. Ideally, the ith pixel of a predefined 2D spectrally encoded
pattern is uniquely addressed by a wavelength λi. The grating
equation and the dispersion law of the VIPA are given,
respectively, as

d �sin�θx;i � β� � sin β� � λi ; (1)

Fig. 1. Generic schematic of 2D spectrally encoded patterned illumination. The input light is a broadband source followed by user-defined spectral
shaping. The spectrum is then mapped into a 2D space by the 2D spatial disperser (details are shown in Fig. 2). Note that each single-shot spectrum
corresponds to single illumination pattern. CL, cylindrical lens; VIPA, virtually imaged phase array; DG, diffraction grating.
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cos αin
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� θy;i tan αin cos α − n cos αin � −m

λi
2t

; (2)

where n sin αin � sin α; β and d are the grating tilt angle and the
groove separation of the diffraction grating, respectively; and α, n,
and t are the VIPA tilt angle, refractive index, and thickness,
respectively [39,40]. Note that we assume the first diffraction or-
der of the grating. For VIPA, we choose a unique diffraction order
m for each wavelength λi to ensure one-to-one mapping along the
y axis. This is achievable by restricting the beam-divergence angle
with a suitable cylindrical lens to isolate the single dispersion order
closest to the principal axis [41]. Here, we consider an input
Gaussian beam with a beam diameter 2w, which is focused by
a cylindrical lens (with a focal length of F ) to the VIPA as shown
in Fig. 2. The angular FOV, and thus aspect ratio A, can be sub-
sequently evaluated from the wavelength-to-space mapping table

A � Δθx;FOV

Δθy;FOV

; (3)

where Δθx;FOV and Δθy;FOV are the overall angular dispersion
ranges in the x axis (by grating) and y axis (by VIPA). They
are respectively evaluated by fitting a tight rectangular box around
the spatial lattice in the xy plane.

It should be noted that the combined effect of nonlinear an-
gular dispersion by VIPA and diffraction grating results in an
irregular 2D spectral lattice across the entire FOV [15]. To quan-
tify such spatial distortion, we define this lattice irregularity as the
total structural “strain” in the lattice, as shown in Fig. 2, with

D � 1

N

X
j

jϵ�aj�j � jϵ�bj�j; (4)

where ϵ�aj�, ϵ�bj� are the mechanical strains of the triangular unit
cell Δj. Supplement 1 includes the detailed definition of D.

On the other hand, evaluation of the angular separation S and
astigmatism E requires the knowledge of the 2D PSF of each min-
imally resolvable wavelength [37]. By plane wave approximation,
they are the product of the spectral resolving factor δλ∕λc and the
angular dispersion power dθ∕�dλ∕λc� of the corresponding axes
[37,40]

δθx �
���� dθx
dλ∕λc

���� × δλgratingλc
� λc

d cos�β� ×
λc

w�sin β� sin�θx � β�� ;

(5)

δθy �
���� dθy
dλ∕λc

���� × δλVIPAλc
�
���� 1

sin 2α
2�n2−sin2 α� � α∕n2

���� × 1 − R1R2

πm
ffiffiffiffiffiffiffiffiffiffi
R1R2

p ;

(6)

where w is the input beam diameter and R1R2 is the roundtrip
loss of the VIPA cavity.

Astigmatism E of the PSF, which characterizes the shape
of individual pixel of the illumination pattern, is essentially
defined as

E �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
minfδθx ; δθyg
maxfδθx ; δθyg

�
2

s
: (7)

Finally, angular separation (S), which estimates the effective con-
trollable pixel area, is defined as

S � 0.72Δθx;FSR
δθx

; (8)

where Δθx;FSR is the angular separation between adjacent VIPAs’
FSRs by grating dispersion. The coefficient 0.72 is the FWHM of
the sinc2 function.

3. DESIGN OPTIMIZATION

To sum up, there are nine parameters in the 2D spatial disperser
design. They are laser center wavelength and bandwidth
�λc ;Δλ3 dB�, beam diameter �w�, focal length of cylindrical lens
�F �, alignment angles of the dispersers �α; β�, grating groove sep-
aration �d �, and a collection of VIPA material properties
�n; t; R1R2�. To illustrate the concept of our optimization algo-
rithm, we choose a broadband laser source in the 1 μm regime
(λc � 1.07 μm, Δλ3 dB � 0.02 μm). For VIPA, we choose fused
silica �n � 1.45� as the medium at thickness t � 200 μm. The
focal length of the cylindrical lens F is adjusted accordingly to
match the FOV along the y axis (i.e., w∕2F � tan�Δθy;FOV∕2�).
The optimization problem thus reduces to five free parameters,
i.e., w, α, β, R1R2, and d .

In short, our problem statement of this multiobjective optimi-
zation is to

minimize
�w;α;β;R1R2;d �

f�A − 1�2; �S − 1�2; E; Dg

subject to Eqs:�1�; �2�; �5�; and �6�: (9)

As mentioned before, there is no natural priority of the four de-
sign objectives. Instead of revealing a unique design, solving
the just-stated problem results in a set of Pareto optimal design

Fig. 2. (a) Detailed illustrations of the key parameters involved in the
2D spatial disperser, which mainly consists of a diffraction grating and a
VIPA. Detailed description of the parameters w, α, R1R2, β, d , θx , and θy
are detailed in the text. (b) Illustration of the 2D spectral lattice labeled
with the parameters which are related to the key metrics measured in the
optimization algorithm [see Eqs. (3), (4), (7), and (8)]. A detailed de-
scription of these parameters, Δθx;FOV , Δθy;FOV , Δθy;FSR , Δθy;FSR ,
δθx , δy , and Δ1, Δ2, Δ3 are detailed in the text and Supplement 1.
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candidates that are essential to identify tradeoffs among the design
objectives. By studying interactions of free parameters amounting
to different optimal illumination characteristics, a list of design
rules can be created to avoid inferior designs and promote desired
characteristics. Adding to the nonlinear nature of the problem, the
highly intertwined parameters in both the wavelength-to-space
mapping and the performance metrics forbids independent
parameter analysis. Therefore, a rank-based multiobjective genetic
algorithm is carried out to solve the problem [42,43]. Imitating
competition of resources in an ecosystem, the algorithm explores
the most efficient designs in every performance niche. It is worth
mentioning that a similar set of solutions can be acquired with a
weighted-sum, single-objective optimization algorithm by per-
muting the weights of the design criteria [38], though it is rarely
applied to problems with more than two criteria in a fairly large
search space for its low computational efficiency.

In the optimization algorithm, we set the beam diameter w to
range from 100 to 2000 μm. We also restrict the roundtrip power
loss of the VIPA cavity �R1R2� to not lower than −3 dB and the
grating groove separation d to the range of [0.5 μm, 1.7 μm].
Note that these parameters are achievable with custom-made
VIPAs and off-the-shelf diffraction gratings. Also, the tilting
angles of VIPA and diffraction grating �α; β� are set to have the
ranges of [0°, 15°] and [20°, 70°], respectively.

4. OPTIMIZATION RESULTS

Our simulation results in 178 Pareto-optimal solutions which
sample the four-dimensional tradeoff front. For better visualiza-
tion, we further rearrange these 178 solutions to a set of four
self-organizing 2D maps, with a map size 13 × 13 [44], as pre-
sented in Fig. 3. These maps represent the scores [i.e., from 0
(worst) to 1 (best)] of the four criteria set earlier for individual
solutions in the map, namely aspect ratio �A − 1�2, illumination
uniformity �S − 0.72�2, degree of astigmatism E , and degree of spa-
tial distortion D. The first main observation from these four maps

is the tradeoff among the four criteria. Particularly, we see that
spatial distortion can be minimized at the expense of all other
performance metrics, especially with unity aspect ratio criterion.
To further illustrate the design tradeoff, five solutions [(i) to (v)]
are highlighted in the maps [Figs. 3(a)–3(d)]. The corresponding
illumination distributions are also shown in Fig. 3(e). For exam-
ple, solution (i) exhibits close-to-unity aspect ratio with good il-
lumination uniformity. However, both its astigmatism and spatial
distortion is relatively severe. On the other hand, the spatial dis-
tortion can be mitigated by choosing solution (iv). It comes with
the price of nonuniform illumination and high aspect ratio.
Solution (v) is regarded as the least attractive one as its scores
are relatively low in all four criteria [see also its illumination
pattern in Fig. 3(e)].

More importantly, we can also generate similar Pareto-optimal
maps for all five design parameters. Thus, we can study how these
parameters influence the performance and create a list of design
rules to guarantee noninferior designs. Small beam diameter �w ≤
400 μm� plays a key role for ensuring uniform illumination. Also,
aspect ratio of the FOV is more sensitive to tilt angle of the dif-
fraction grating β than to the groove separation d . Both the round-
trip loss R1R2 and the tilt angle of VIPA α show the nontrivial
relationships with the four criteria. The majority of the solutions
display elliptical PSF, which suggests a relatively lower degree of
freedom to optimize this criterion. For all five design parameters,
we find that only beam size [w ≤ 400 μm, blue region in
Fig. 4(e)] and roundtrip loss [R1R2 ≃ −1.3 dB, green region in
Fig. 4(a)] give rise to low astigmatism [E < 0.2, deep blue region
in Fig. 3(c)].

Another significance of these results is that they facilitate the
short-listing of the possible design candidates by further refining
the constraints. It should be noted that not all the solutions gen-
erated from this optimization routine are always favorable for the
desired applications. Typically unique design is chosen out of
practical concerns, such as photon budget, fabrication tolerance

Fig. 3. (a)–(d) Multiobjective genetic algorithm results in 178 Pareto-optimal solutions. Each metric is reorganized in a 2D map representation, with a
map size of 13 × 13 to visualize the performance tradeoff. These maps represent the scores [i.e., from 0 (worst) to 1 (best)] of the four criteria for individual
solutions in the map, i.e., (a) �A − 1�2, aspect ratio; (b) �S − 0.72�2, illumination uniformity; (c) E , degree of astigmatism; and (d) D, degree of spatial
distortion. (e) Illumination performances of the five selected solutions [(i)–(v)] highlighted in (a)–(d). These five solutions representatively illustrate how
one dominating performance metric compromises the other three: (i) close-to-unity aspect ratio; (ii) illumination uniformity; (iii) lowest astigmatism;
(iv) minimal spatial distortion; (v) a compromise of all four criteria. Note that the spectral illumination is false-color-coded with wavelength (with a range
between 1.06 and 1.08 μm).
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of the VIPA, and simply the availability of the resources. As an
example, the fabrication constraints of the custom-design diffrac-
tion grating and VIPA further limit us to choose VIPA roundtrip
loss of R1R2 � −0.02 dB and a grating with a groove density
1200 mm−1 (i.e., groove separation d � 0.8 μm). And in prac-
tice, relatively large input beam diameter is desirable for beam
alignment and better control on beam quality. We thus set the
beam diameter 2w at 300 μm, and the focal length of the cylin-
drical lens of F � 5 mm. These constraints allow us to refine the

feasible solutions, which are highlighted as the enclosed areas in
the score maps shown in Fig. 4.

Our simulation also suggests that the angles �α; β� �
�4.3°; 30.3°� provide a good compromise of aspect ratio, illumi-
nation uniformity, and spatial distortion, while the pixel astigma-
tism has to be sacrificed. Based on these considerations, we select
one solution (Fig. 4, marked with an asterisk) to be implemented
in our experiments, which will be discussed in the next section.

We also simulate two different types of illumination patterns
to exemplify the capability of arbitrary 2D pattern generation by
spectral encoding based on the design parameters listed earlier.
Applying periodic amplitude modulation on the spectrum
[Fig. 5(a)] results in a stripe pattern in space [Fig. 5(c)]. Note
that this is the common pattern adopted in SIM [5,45–48].
On the other hand, we also simulate a Hadamard mask pattern
which can be accurately produced by the 2D spectral-encoding
scheme [Fig. 5(b)]. This mask pattern has been utilized as an il-
lumination pattern for compressive sensing imaging [6,9]. The
modulation-calibration procedure is presented in Supplement 1,
Section S2.

5. EXPERIMENTS

In the experiments, we build the 2D spatial disperser from a
custom-made glass VIPA (Lambda Research Optics) and an off-
the-shelf diffraction grating (Richardson Gratings). The specifica-
tions of these two components follow the chosen parameters
based on the optimization, as described in the previous section.
The VIPA and the grating are separated by a distance smaller than
30 mm. A 75 mm achromatic doublet (Thorlabs AC508-075-B-
ML) is placed behind the diffraction grating to project the 2D
spectral pattern onto a CMOS image sensor. The input Gaussian
beam with a beam diameter of 3 mm is compressed to a diameter
of 300 μm by a 10:1 Galilean telescope and is then coupled into
the VIPA cavity with a cylindrical lens (F � 5 mm). To validate
the wavelength-to-space mapping, we employ a wavelength-tun-
able continuous-wave (CW) laser (Topica DL100) with tunable
range from 1.06 to 1.08 μm as the input of the 2D spatial dis-
perser. Since the lasing linewidth (0.05 nm) is much narrower
than the tuning step �∼0.3 nm�, this laser source is suitable for
evaluation of astigmatism (E ), spatial distortion (D), and aspect
ratio (A). The performance comparisons with simulation are
tabulated in Fig. 6. All three criteria (E , D, A) observed in
the experiment show excellent agreement with the simulation
[Figs. 6(a)–6(d)]. We also evaluate the illumination uniformity
(S) by using a home-built supercontinuum (SC) source pumped
by a mode-locked Nd:YVO4 laser centered at wavelength

Fig. 4. Organized maps of the five design parameters corresponding to the Pareto-optimal solutions in Fig. 3: (a) roundtrip loss R1R2 (in dB), (b) VIPA
tilt angle α (in degrees), (c) grating tilt angle β (in degrees), (d) grating groove separation d (in μm), and (e) input beam diameter w (in μm). Implicit
constraints are highlighted on top of the maps to ensure (a) low roundtrip loss, (d) predefined groove separation, and (e) large beam diameter. The solution
selected for the experimental demonstration is marked with an asterisk.

Fig. 5. Simulated arbitrary illumination patterns by 2D spectral
encoding based on the parameters chosen from the selected solution
(asterisk in Fig. 4). We consider a broadband source, with a Gaussian
spectral profile centered at 1.07 μm and with a bandwidth of 20 nm.
(a) Amplitude-modulated spectrum designed for generation of a periodic
stripes pattern, as shown in (c). Note that the spectrum is periodically
chirped in order to compensate for the nonlinear wavelength-to-space
mapping. (b) Amplitude-modulated spectrum designed for generation
of a Hadamard mask, as shown in (d). In both (c) and (d), the simulated
images (right) are compared with the target patterns (left). It demon-
strates the flexibility of spectral shaping for arbitrary patterned illumina-
tion. The calibration steps are detailed in Supplement 1, Section S2.
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1.06 μm (time–bandwidth product LYNX), and a photonic
crystal fiber (NKT Photonics SC-5.0-1040). This SC source pro-
vides a relatively flat spectrum over 20 nm around 1.06 μm. The
resultant spectrally encoded illumination pattern, which is gener-
ally uniform over the FOV, is shown in Fig. 6. Again, the quality
of the illumination is consistent with the simulation based on the
same set of parameters [comparing Fig. 6(e) with Fig. 6(f )]. Note
that the illumination uniformity is not perfect (as shown in the
score map in Fig. 3), showing a mild undulation along the x axis
[Figs. 6(e)–6(g)]. Again, this could be further improved at the
expense of other performance criteria, entirely depending upon
the desired applications.

We also perform proof-of-concept demonstrations of pat-
terned illumination by spectral amplitude modulation. This is
done by adding a Michelson interferometer between the SC
source and the 2D spatial disperser (Fig. 7). Based on spectral
interferometry [49], we could manipulate the spectral modulation
in the broadband flat continuum spectrum by properly adjusting
the temporal delay between the two paths. The spectral modu-
lation is then manifested as the 2D sinusoidal-like patterns after
passing through the 2D spatial disperser. The spatial frequency of
the 2D periodic pattern can be increased by setting a higher
temporal delay in the interferometer setup (Fig. 8, top row).
Other properties of the periodic pattern, such as orientation
and phase drifting, can be adjusted by precisely tuning the relative

phase shift across one FSR (Fig. 8, middle and bottom row).
Supplement 1 further explains how the 2D pattern is manipulated
by the spectral interferometer. More importantly, these demon-
strations reveal the robustness of the optimized design for its
relatively simple modulation control.

These experiments show the feasibility of patterned illumina-
tion by spectral encoding. We anticipate that this approach can
offer a much higher pattern-generation rate when it is integrated
with a high-speed wavelength-swept laser source or an optical
time-stretch module, together with high-bandwidth AWG and
an optical modulator. In this case, the pattern generation can
be as high as 100 kHz to 50 MHz, which is governed by the
repetition rate of the sources. High-speed AWG can typically

Fig. 6. Table of experimental evaluation on the selected 2D spatial disperser design in terms of the four performance metrics: (a) and (b) aspect ratio
and spatial distortion, (c) and (d) degree of astigmatism, and (e)–(g) illumination uniformity. To evaluate aspect ratio and spatial distortion, we employ a
continuous wave (CW) wavelength tunable laser and sweep the lasing wavelength at a fixed step of 0.3 nm to generate a 2D illumination pattern with
discrete PSF spots, as shown in (b). The mapping pattern is consistent with the simulation in (a). The degree of astigmatism is evaluated by fixing the CW
wavelength and observing the corresponding PSF profile [see (d)]. We employ an SC source to evaluate the illumination uniformity [see (f )]. Note that
there is a mild undulation along the x axis observed in both simulation and experiment [see the line cuts (h) and (g)]. All the illumination patterns are
captured by a CMOS image sensor.

Fig. 7. Schematic of the delayed spectral interferometer setup for
proof-of-principle demonstration of patterned illumination by 2D
spectral encoding.
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operate at a rate of >10 GSa∕s, providing a flexible tool for
spectral shaping/encoding and thus pattern generation without
the use of mechanical beam scanning and SLM/DMD. For in-
stance, arbitrary spectral shaping by our scheme can readily com-
pensate for the spatial distortion in order to generate a regular
pattern. Our simulation shows that the distortion along the
y axis can be suppressed by introducing a chirp frequency in
the modulation (Fig. 5). Again, both phase and amplitude spectral
modulations are compatible with the 2D spatial disperser
presented here.

6. CONCLUSIONS

We presented a new class of patterned illumination strategy based
on a 2D spectral-encoding scheme. The core element is the 2D
spatial disperser, which consists of a diffraction grating and a
VIPA, providing a wavelength-to-2D space mapping. As the pat-
terned illumination optimization of this scheme is generally an ill-
defined problem, we introduced a comprehensive design process
including quantifying design objectives, short-listing Pareto-
optimal candidates, and selecting a unique design based on prac-
tical concerns. By building the 2D spatial disperser based on the
selected design, we also performed proof-of-principle experimen-
tal demonstrations for model validation and performance evalu-
ation. Specifically, we demonstrated the feasibility to generate
various types of patterned illumination by spectral interferometry
through proper temporal delay manipulation, i.e., spectral phase
modulation.

By combining this technique together with the established
high-speed wavelength-sweep or optical time-stretch technolo-
gies, we anticipate that 2D pattern generation can be realized
at a frame rate from 100 kHz to 20 MHz—up to 1000 times
faster than the current techniques. The enabling components
in such integration are the high-bandwidth AWG and high-speed

optical modulator, which are all commercially available and rou-
tinely used in telecommunications.

We anticipate that the concept of 2D spectrally encoded pat-
tern generation could potentially open a completely new domain
of applications in which there is a pressing need for scaling im-
aging speed. Given an adequate photon budget, the imaging
frame rate is essentially limited by the laser repetition rate.
Considering the use of a laser source with a typical repetition rate
of ∼20 MHz, this technique can enhance the frame rate of struc-
tured illumination imaging and CFM up to the multi-MHz and
sub-MHz regimes, respectively. It should be noted that the detec-
tion bandwidth requirement is specific to different applications.
For example, when this 2D spectrally encoded pattern illumina-
tion is employed in compressed sensing imaging, the required de-
tection bandwidth should be comparable to the laser pulse
repetition rate, i.e., in the ∼10 MHz regime; this is because
the detected raw signal is typically the total averaged intensity over
the entire pattern frame period. On the other hand, this illumi-
nation scheme, when used in structured illumination imaging,
requires a higher detection bandwidth, comparable to that of
the high-bandwidth AWG (i.e., beyond GHz), as the spectrally
encoded waveforms have to be resolvable.
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