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Abstract: The extension of photonic technologies such as lidar and free-space optical com-
munications from the traditional visible and near-infrared wavelengths to longer wavelengths
can improve performance in adverse environments such as haze, fog, smoke, or strong solar
background. Non-mechanical beam steerers will be a critical component of the low size, weight,
and power modules needed for the portable or unmanned systems deployed in these environments.
In this work, we demonstrate the first 2D optical phased array for non-mechanical beam steering
in the mid-infrared spectral region. We combine a total-internal-reflection mirror emitter with
a nonredundant array of 30 elements to carry out 2D beam steering at a single wavelength of
4.6 µm. The experiment yielded ∼600 resolvable far-field points, with ∼2400 points over a
28°× 28° field of view calculated theoretically. Moreover, the device was fabricated in a passive
InGaAs/InP platform, contributing another advance in the ongoing development of quantum
cascade laser-based photonic integration.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical beam forming and steering are critical aspects of applications such as lidar and free-space
optical communications [1]. Conventional methods of beam forming and steering are typically
mechanical or liquid crystal based. However, motivated by gains in size, weight, and power,
electrically-tuned chip-scale solutions have advanced rapidly in recent years [2]. In particular,
optical phased array (OPA) technology has seen momentous performance enhancements. Various
architectures and physics have been employed to achieve higher-resolution wider-angle steering
with improved optical and electrical efficiencies [3]. The majority of this work has been carried
out in the near-infrared spectral region, especially in the telecom band, due to the wide availability
of affordable sources and detectors and the convenience of mature silicon-based platforms.
Conversely, in the mid-infrared spectral region, the limited availability of these elements has
slowed progress. Mid-infrared (mid-IR) wavelengths, however, can provide the advantages of
lower scattering from atmospheric aerosols and lower background solar noise in comparison
to the near-infrared, and thus improve signal-to-noise ratios in certain adverse environments
[4]. Hence, translation of the advances in chip-scale OPA technology from near-IR to mid-IR
platforms is needed.

The OPA is based on a series of coherent emitting elements whose phases are manipulated
to control the superposition of their waves in the far field, thus forming and steering beams
of light. The primary lobe of constructive interference is the beam of interest, while other
higher order lobes called grating lobes may also exist but are undesirable, since they limit the
unambiguous steering range, also known as the field of view (FOV). The FOV, together with
the beam width (BW, taken at the full-width-half-maximum), determine the important figure of
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merit for resolution the number of resolvable points: #RP= FOV/BW. The FOV is improved by
reducing the inter-element spacing, which may be limited by the size of the emitting elements
or by the evanescent coupling between waveguides. The beam width, on the other hand, is
benefited by increasing the full aperture size, i.e., by increasing the number of elements. Thus,
conventionally, a large number of resolvable points across a wide FOV implies tight packing
of numerous emitting elements. Though periodic 1D arrays may manage this packing density
with some tradeoffs [5,6], various works have demonstrated the more favorable approach of
using sparse aperiodic arrays to overcome the complexity. Through optimization of the elements’
positions, grating lobes can be suppressed or the beam sized reduced, at a minimal cost in the
peak sidelobe level (PSLL). The approach has been used successfully with 1D OPAs to achieve
1000s of resolvable points [7,8].

For 2D OPAs, though, sparsity is especially pertinent since the minimal grid spacing may
also be limited by the waveguide routing footprint. Indeed, 2D arrays generally use (uniform)
grid spacings of several wavelengths, whether or not fully-populated (i.e., whether or not there
exists an emitter at each and every grid point), which is based on the performance strategy. For
example, fully-populated grids, which provide the best PSLLs, have necessitated spacings of
∼6–7λ to accommodate the waveguide routings at the expense of FOV [9–11]. On the other
hand, a partially-populated grid achieved a spacing of 3.6λ through the use of a genetic algorithm
to balance the waveguide routing footprint, resolution, and PSLL [12]. Finally, a spacing of 9.7λ
was used in a minimally-populated grid, through the concept of a nonredundant array, with the
aim of maximizing the aperture size and in turn the resolution [13].

Translating these advances in OPA technology to the mid-IR spectral region is not straightfor-
ward, due to the diminishing transparency of silicon dioxide beyond λ ≈ 4 µm. Large core silicon
waveguides [14] or material platforms such as silicon-on-sapphire [15] or germanium-on-silicon
[16] can be used to extend the transparency window to longer wavelengths. However, the
heterogeneous integration of quantum cascade laser (QCLs) on these platforms typically yields
low optical coupling efficiencies and thermal instabilities (due to the large amount of heat that the
lasers spread across the interface). The more attractive option is the use of an InP-based platform
capable of monolithic integration with QCLs, such as the lattice-matched In0.53Ga0.47As/InP
platform. In this case, active and passive waveguides are fabricated on the same substrate, without
bonding interfaces, permitting high-efficiency coupling and thermal robustness. Moreover, the
platform maintains transparency beyond the limit of silicon (λ ≈ 8.5 µm) to λ ≈ 10.5 µm, making
it a unique solution at these longer wavelengths. Indeed, various works have demonstrated
the suitability of the lattice-matched InGaAs/InP passive waveguide platform, including low
passive losses and efficient coupling schemes with QCLs [17–20]. In our previous work, we
demonstrated the first 1D OPA in this platform [21].

In this work, adopting the nonredundant array concept and continuing to employ the passive
InGaAs/InP waveguide platform, we demonstrate for the first time a 2D OPA operating at a single
mid-IR wavelength of 4.6 µm. The basic architecture of the 2D OPA chip is shown in Fig. 1.
Input light is divided equally among N channels via a power distribution tree of multimode
interferometers (MMIs). Each of the N channels possesses an independent phase shifter and
their N emitters are distributed over a uniformly-spaced grid. In our approach, in particular, the
N emitters are distributed in a one-element-per-each-row-and-column fashion over an N ×N grid.
The output beam is formed through constructive interference by properly aligning each of the N
individual wavefronts via phase shifting.
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Fig. 1. The basic architecture of our 2D nonredundant OPA. The input light is distributed
across N channels, each with an independent phase shifter, and N emitters are distributed in
a one-element-per-each-row-and-column fashion over an N ×N uniform grid. Proper phase
shifting aligns the individual emitter wavefronts to steer the output beam.

2. Emitting elements

To reduce the grid spacing and improve the FOV (by increasing the angle between the grating lobes
and the main lobe as described in the following section), we opt for a one-element-per-column
approach and implement a waveguide total-internal-reflection (TIR) mirror emitter [22]. The
more common grating-based emitter typically occupies a lateral footprint of at least a couple
wavelengths [9,10]. The TIR mirror emitter, on the other hand, requires no extension of the
waveguide material. Rather, the footprint is based solely on the details of the etch process. In
this case, with the waveguide width less than 1λ, we can reduce the grid spacing to 2λ. Figure 2
shows details of our waveguide mirror emitter and its simulation characteristics. The single-mode
ridge waveguide design uses an 850-nm-thick InGaAs core within an InP cladding. (There also
exists a 150-nm-thick InGaAs layer within the top cladding as an etch stop in other processes.)
The waveguide width w and depth into the substrate d are adjustable through the fabrication
process. At the end of the waveguide, the TIR condition is fulfilled from a reverse beveled facet
of angle less than ∼65°. Upwards transmission is maximum for a bevel angle of 45°. Dry etching
methods exist to produce such an angle [23]. However, in general, dry etching alone leaves some
degree of surface roughness and should be supplemented with a chemical smoothing process (for
example, see [19]) to mitigate the adverse effect on reflection. For simplicity in the fabrication
process, we employ a crystallographic wet etch that produces near atomic-level smoothness with
a single etch. The etchant is a 4% by volume solution of bromine in methanol. For (001) InP, a
reverse bevel at an angle of ∼55° is formed when the waveguide is oriented along a 1̄10 direction
(which is crystallographically distinct from the 110 directions) [24].

Emission simulations were carried out with commercial software (Ansys Lumerical FDTD)
for waveguides of dimensions w= 4.3 µm and d = 1.0 µm. The results show that for a bevel angle
of 55°, upwards transmission from a bare facet is ∼24% and ∼35% for TE and TM polarizations,
respectively (Fig. 2(e)). (We also note that there is a back reflection of ∼4%.) However, these
transmissions increase by ∼8% each for insulator-coated facets. In fact, our fabrication process
utilizes a spin-on-glass layer which incidentally coats the mirror facet, and which we chose not
to remove for this reason. The simulated far-field envelope derived from TE operation with a
coated facet is shown in Fig. 2(f), displaying a longitudinal peak emission angle of θx = -25° and
a −3 dB envelope of ∆θx × ∆θy = 63°× 55°. For the case of TM operation, the longitudinal peak
emission angle is θx = -34° and the −3 dB envelope is ∆θx × ∆θy = 89°× 50°.
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Fig. 2. TIR mirror emitter. (a) Waveguide cross-section, (b) perspective illustration of
waveguide with TIR mirror facet, (c) simulated side-view of electric field magnitude (TE
mode), (d) scanning electron microscope (SEM) image side-view of a wet etched InGaAs/InP
material, (e) simulated upwards transmission vs. bevel angle, and (f) simulated far-field
electric field intensity (TE mode). The simulations consider a waveguide of w= 4.3 µm,
d = 1.0 µm, a bevel angle of 55°, and a spin-on-glass-coated facet.

3. Nonredundant array

Following Fraunhofer diffraction theory (by way of the spatial Fourier transform of a near-field
pattern and the convolution theorem) the far-field pattern (FFP) or F(θx, θy) of an OPA is
proportional to the product of the FFP of a single emitting element S(θx, θy) and the FFP of an
array of isotropic emitters A(θx, θy) [2,3,13]:

F(θx, θy) ∝ S(θx, θy) · A(θx, θy). (1)

The angles θx and θy are taken with respect to the normal of the aperture, in the longitudinal
and lateral directions in the far field, as illustrated in Fig. 3. The far-field intensity distribution
is |F(θx, θy)|2. The array factor leads to the interference pattern and is determined by the
arrangement of the emitting elements and their excitations:

A(θx, θy) =
∑︂

n
Anexp(−jk(xn sin θx + yn sin θy) + jφn) (2)

where k= 2π/λ is the wavevector, λ is the free-space wavelength, and (xn, yn) are the coordinates
of the nth element with excitation Anexp(jφn). Beam steering to an angle (θxs, θys) is effected by
adjusting the phases φn to give 0 in the exponential of Eq. (2), i.e., by satisfying

φn = k(xn sin θxs + yn sin θys) (3)

for all n elements.
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Fig. 3. Relation between device spatial coordinates (x, y) and far-field angles (θx, θy).

Equation (2) is completely general with respect to the elements’ positions. An array of elements
on a uniform grid, whether fully or partially populated, will exhibit far-field intensity maxima
determined by the grid periodicity:

sin θx =
mxλ

d
, sin θy =

myλ

d
, (4)

where mx and my (= . . . , −1, 0, 1, . . . ) are the interference orders in the relevant directions and
d is the grid spacing, which is equal to the smallest inter-element spacing. In other words, the
grating lobes’ locations are determined by the smallest inter-element spacing. When the main
beam is steered to (θxs, θys), the grating lobes will move accordingly:

sin θx − sin θxs =
mxλ

d
, sin θy − sin θys =

myλ

d
. (5)

The FOV is determined by the unambiguous steering range, i.e., the range over which the grating
lobes don’t appear while steering. In either direction, the main and grating lobes are ambiguous
when θ = -θs for m= -1, i.e., when

sin(−θs) − sin θs = −λ
d

−2 sin θs = −λ
d

sin θs ≡ sin θboundary =
λ
2d

(6)

Due to the ambiguity at the boundary, the FOV is then twice θboundary minus the finite beam
width at the boundary:

FOV = 2θboundary − BW. (7)

The beam width is inversely related to the full aperture size, discussed further below. The final
figure of merit is the peak sidelobe level, defined as the ratio of the intensities of the maximum
sidelobe and the main lobe:

PSLL =
Imax sidelobe

Imain lobe
. (8)

To illustrate the tradeoffs involved in the arrangement of emitting elements, we compare two
simple cases, each with an equivalent number of emitting elements and aperture size, but with
different grid spacings limited by their elements’ sizes. Figure 4(a) presents the first case: a
10-element array on a 5× 5 grid of spacing 4λ (representative of grating emitters). Figure 4(c)
presents the second case: a 10-element array on a 10× 10 grid of spacing 2λ (representative of
TIR emitters). The corresponding simulated far-field patterns along one principal axis are shown
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in Fig. 4(b) and (d). Since the aperture size is the same for each case, the beam widths are nearly
equal. On the other hand, the halved grid spacing of the second case leads to a doubling of the
FOV in each direction, and consequently a quadrupling of the number of (2D) resolvable points.
Specifically, for the first case, #RP=FOV/BW= (12.8°/1.61°)2 ≈ 63, while for the second case
it’s (27.3°/1.71°)2 ≈ 254. Additionally, for the second case, the smaller element size produces a
broader envelope, meaning that the power of the main beam during steering will not decline as
quickly as for the first case. The gains in resolution and main beam power come with a trade-off
in the peak sidelobe level, which is increased by 2.7 dB. However, it is important to note that the
rather poor PSLL of this simple example is mainly due to the small number of elements and is
readily improved with an increase of this number as described further below. 
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Fig. 4. Emitting element distribution conceptual illustration: (a) 10 elements on a 5× 5 grid
of 4λ spacing, (b) corresponding simulated far-field pattern along one axis, (c) 10 elements
on a 10× 10 grid of 2λ spacing, and (d) corresponding far-field intensity pattern along one
axis. Note that the dashed curves show the peak sidelobes within the 2D FOVs, which do
not lie on the principle axes.

Now we elaborate further on the concept of a nonredundant array. When N elements are
arranged on an N ×N grid such that each row and column are populated by exactly one element,
mathematically the array is known as a permutation matrix, of which there exist N! distinct
permutations [25]. Each permutation will produce a different FFP. Since the FFP is derived from
the Fourier transform of the NFP, a narrow beam profile (for a given aperture size) requires that
the number of spatial frequencies in the near field be maximized. In other words, the displacement
vectors between each pair of elements should be as varied as possible. A permutation matrix in
which all displacement vectors are unique is nonredundant, known as a Costas array [26]. Hence,
the use of a Costas array in the design of an OPA, in combination with narrow emitters, provides
a means of maximizing the resolvable point count (through the narrow beam profile) over a large
FOV (through the reduced grid spacing) with simple parallel access waveguides. The example of
Fig. 4(c) is a Costas OPA.

Furthermore, we note that the trade-off of PSLL for #RP for arrays based on not-fully-populated
grids will be less pronounced as the number of elements increases [27–29]. For a Costas OPA, the
benefit of increasing the number of elements N on both the BW and PSLL is especially significant.
Figure 5 presents the simulated dependence of these characteristics on N. The BW decreases
because of the increasing aperture size, while the PSLL is reduced through the increased number
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of destructively interfering beams. Indeed, for large N ( >
∼ 150), the PSLL of a Costas array

approaches that of a tightly packed uniform array of equivalent N.
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Fig. 5. Effect of the number of elements N on the beam width and peak sidelobe level of a
Costas OPA (simulation).

Our mid-infrared 2D OPA is a Costas array of 30 elements. The emitting elements’ positions
were determined through the use of a particle swarm optimization [30] to minimize the beam
width subject to the rules of permutation matrices, leading to the uniquely broad spatial frequency
spectrum characteristic of the Costas array. The derived array is shown in Fig. 6(a), with the
corresponding simulated FFP for (θxs, θys)= (0, 0) shown in Fig. 6(b). 
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PSLL = -17.1 dB
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Fig. 6. Nonredundant array. (a) Derived 30-element Costas array, and (b) simulated far-field
intensity pattern (linear scale) for (θxs, θys)= (0, 0) within the FOV.

We have also characterized the beam width and peak sidelobe level as the beam is steered
within the field of view. Figure 7 shows the simulation results. Both characteristics degrade to
some extent in steering to the edge of the FOV. Each component of the BW increases by just 3%
along its corresponding axis. The PSLL increases by up to 2.3 dB along a single axis, and up
to 3.1 dB in steering along both axes, i.e., to the corner of the FOV. It should be noted that the
increase of the PSLL with steering is due primarily to the decrease in intensity of the main beam,
i.e., the denominator of Eq. (8).
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Fig. 7. Effects of steering on OPA characteristics. (a) Beam width, and (b) peak sidelobe
level.

4. Experiment

A schematic illustration of our OPA layout is shown in Fig. 8. Light is input through a cleaved
waveguide facet (of 20-µm-width due to an inverse taper) and split into 32 separate waveguides
of 20-µm-pitch by a 5-level multimode interferometer (MMI) tree. However, due to a testing
limitation of 32 probe contacts (= 30 biases and 2 grounds), 30 channels are dedicated to the
phased array, while 2 channels are used for laser alignment. As such, 30 thermo-optic phase
shifters follow the MMI tree, then the waveguides are fanned in to the 9.2-µm-pitch emitter array.
The phase shifting characteristics were evaluated separately as described in the Supplement. Since
the TIR mirrors reflect backwards from the normal, the “U-shaped” architecture was implemented
to accommodate our experimental setup, which favors emission towards the opposite side of the
chip from input coupling. The devices were fabricated in our university facility. Details of the
fabrication process can be found in the Supplement. Images of a fabricated device are shown in
Fig. 9

Fig. 8. Schematic illustration of OPA layout. The waveguide fan-in reduces the inter-
waveguide pitch from 20 µm to 2λ= 9.2 µm.

Our device testing setup is shown in Fig. 10. The OPA chip was mounted to a Peltier cooling
block and maintained to ±0.5 °C of room temperature. A pair of 16-contact probes were used to
bias the device’s phase shifters. A 16-mm-focal-length (at λ= 4.6 µm) bi-convex CaF2 lens was
used to focus the beam of a QCL (Thorlabs QD4602HH) onto the device’s input waveguide facet,
and a Fourier imaging assembly was used to observe the output beam. (We note that the input
beam was horizontally polarized with respect to the chip due to prior laboratory experiments,
yielding TE-polarized waveguide propagation. However, TM-polarized light would also be valid
and should be explored when considering integration with QCLs.) A schematic illustration of
the imager is shown in Fig. 10(b). Two 1-inch-diameter 42.9-mm-focal-length (at λ= 4.6 µm)
plano-convex CaF2 lenses (L1 and L2) formed a 4f correlator that produced a 1× near-field image
where a 700-µm-diameter pinhole was positioned for spatial filtering. The pinhole was centered
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Fig. 9. Fabricated OPA device. (a) Stitched microscope photograph of the full device,
(b) magnified region of the thermo-optic phase shifters and interconnect metal, (c) magnified
emitter array aperture, and (d) scanning electron microscope image of a single TIR emitter.

on the emitter array, allowing light from the emitters to pass through while blocking excess
uncoupled or substrate-scattered light. A third equivalent lens (L3) was used as the Fourier lens
to create the far-field image at a distance of one focal length. The mid-infrared camera (FLIR
A6751) was focused on the Fourier plane, where each point corresponds to a far-field steering
angle. Finally, we note that the imaging assembly was mounted at 33° to the vertical to fit into
our optical bench, and that the 1-inch-diameter lenses limited the FOV to a diameter of 23°, i.e.,
5° smaller than the device’s theoretical FOV. 
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Fig. 10. OPA device testing. (a) Photograph of the test setup and (b) schematic illustration
of the Fourier imaging assembly.

Due to the non-equivalent optical path lengths of the access waveguides, the emitters’ phases
are initially disordered. Thus, a phase calibration process is required to bring all the emitters into
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phase coherence. In general, with fully characterized phase shifters, following a single calibration
routine, phase gradients can be imposed to steer the beam to an arbitrary far-field point (θx, θy)
[31,32]. However, to demonstrate steering to just a few arbitrary points we found it easier to carry
out the phase calibration process separately for each point, storing the resulting bias conditions
for each point in a lookup table. For this purpose, an iterative optimization routine based on a
basic hill climbing algorithm was created in NI LabVIEW. The algorithm runs through each
channel, adjusting their phases from 0 to 2π, while monitoring the PSLL within the FOV. The
phase of each channel is set to the value which yielded a minimum PSLL before proceeding
to the successive channel. We found that with the phases discretized into ∼20 values and after
∼3 full iterations of the routine the PSLL was stable, i.e., further phase discretization or more
iterations yielded little to no gain. Various arbitrary steering points were phase calibrated. The
2D far-field patterns of four arbitrary points are shown in Fig. 11, annotated with their extracted
BWs and PSLLs. Note that the plots are centered at (33°, 0°) due to the imager setup, i.e., at an
8° offset from the simulated emission center at (25°, 0°).

BW = 0.89° × 0.80°
PSLL = -3.8 dB

BW = 0.80° × 0.72°
PSLL = -4.1 dB

BW = 0.84° × 0.80°
PSLL = -4.8 dB

BW = 0.93° × 0.65°
PSLL = -4.3 dB

Fig. 11. Experimental far-field patterns at four arbitrary steering points.

5. Discussion

Table 1 provides the comparison between simulation and experiment. The ideal OPA simulation
is the result provided in Fig. 6. The non-ideal OPA simulation takes into account the 8° offset in
θx as well as estimated channel phase errors in the experiment. These errors are a consequence
of the fact that the calibration routine relies on intensity readings for optimization; however,
inherent quasi-sinusoidal intensity fluctuations of the QCL gave rise to non-steady readings,
impacting the feedback algorithm and the accuracy of phase tuning. For this reason, 20% phase
error is set across all channels in the non-ideal simulation. Additionally, four channels were
found to be disconnected, so four channels in the simulation were set to have full random phase.
Further details of the effects of phase error are presented in the Supplement. It is seen that with
the non-idealities in offset and phase error, the beam width and therefore also the number of
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resolvable points change very little. On the other hand, the peak sidelobe level is raised by nearly
6 dB. The experimental data are presented for both the test-limited FOV (due to the size of the
imaging lenses) and the extrapolation to the full device-limited FOV (due to the presence of
grating lobes as derived from theory). Despite the non-idealities included in the simulation, the
experimental results are still degraded in comparison. The BWs are increased to yield about
half the number of resolvable points, and the PSLL is increased by ∼7 dB. An estimation of
the optical losses and a comparison with other 2D single-wavelength beam steering OPAs is
provided in the Supplement.

Table 1. Comparison between simulation and experimental results of OPA

Ideal OPA
Simulation

Non-ideal OPA
Simulationa

OPA Experiment,
Test-limited FOVb

OPA Experiment,
Device-limited FOVc

FOV 28.4°× 28.4° 28.4°× 28.4° π (11.5°)2 28.1°× 28.2°

BW 0.57°× 0.57° 0.59°× 0.57° 0.86°× 0.74° 0.86°× 0.74°

#RP ≈ 2480 ≈ 2390 ≈ 650 ≈ 1240

PSLL −17.1 dB −11.3 dB −4.2 dB −4.2 dB

aConsiders the effects of offset steering angle and phase error as described in the text.
bDue to the size of the imaging lens.
cDue to the presence of grating lobes as calculated by Eq. (7).

One factor not taken into account in the simulation which can have an impact on the experiment is
the aberrations in the imaging assembly. The 1-inch-diameter lenses are off-the-shelf components,
but the small size is accompanied by spherical aberrations which degrade directly the BW and
indirectly the PSLL through added impairment to the phase calibration routine. Customized
lenses for a larger-FOV imaging assembly could help to mitigate these experimental challenges
and improve the results. However, addressing the more fundamental issue of low signal-to-noise
ratio would be a more fruitful endeavor (rendering the imaging assembly unnecessary). The
background noise could be reduced by improving both the input and output coupling efficiencies.
The input coupling is basically an experimental issue and would be improved by replacing
the bi-convex focusing lens with a smaller-focal-length aspherical one. The output coupling
efficiency, on the other hand, is a device design issue. The TIR mirrors should be optimized for
maximum efficiency, through a more sophisticated fabrication process to create 45° bevels and
perhaps the incorporation another component to increase upwards transmission and minimize
back reflection, such as an anti-reflective coating. Finally, an improvement in the phase tuning
process to permit more accurate feedback and finer discretization of phases would lead to more
accurate calibrations. The main issue here was the oscillating QCL power, which could be
stabilized by through a feedback loop to the laser controller.

6. Conclusions

Advances in mid-infrared photonics continue to progress at a steady rate. In this work, we have
contributed to this advancement through the development of the first mid-infrared 2D optical
phased array in an InGaAs/InP waveguiding platform. The nonredundant array concept, and in
particular the Costas array, was adopted to maximize the number of resolvable points from N
elements on an N ×N grid. For the modest case of N = 30,> 2000 resolvable points are possible
with a peak sidelobe level down to −17 dB. At the same time, we took advantage of the small
footprint of TIR mirror emitters to reduce the grid spacing down to 2λ and achieve a 28° field
of view in both dimensions. Testing non-idealities such as low-resolution phase tuning and
optical aberrations degraded experimental results somewhat but are readily addressable in next
generation devices. Moreover, as N scales to produce more resolvable points, the sidelobe level
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will also inherently improve. Thus, we expect this work to serve as solid steppingstone in the
progress towards a practical mid-IR 2D phased array beam steering technology.
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