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Abstract—We review recent advances in integrated large-scale
optical phased arrays. The design and fabrication of large-
scale optical phased arrays using silicon photonic circuits are
discussed from device designs including the directional couplers,
thermo-optic phase shifters, and optical nanoantennas, to system
studies including phased array synthesis and noise analysis. By
taking advantage of the well-developed silicon complementary
metal-oxide-semiconductor (CMOS) fabrication technology, sev-
eral large-scale integrated silicon photonic phased arrays are
demonstrated, including two passive phased arrays (64×64 and
32×32) with the ability to generate complex holographic images,
an 8×8 active phased array for dynamic optical beamforming,
and an 8×8 active antenna array with amplitude apodization.
These optical phased array demonstrations, with up to 12,000
integrated optical elements, represent the largest and densest
silicon photonic circuits demonstrated to date.

Index Terms—Silicon photonics, integrated optics, photonic
integrated circuits, nanophotonics, phased arrays.

I. INTRODUCTION

THE Nobel Laureate Karl Ferdinand Braun stated in his
Nobel lecture in 1909 that he had dreamt of a device that

can “transmit the waves, in the main, in one direction only”
[1], [2]. The device Braun was referring to was later known
as the phased array, which uses the relative phase of an array
of antennas to reshape the radiation field of the electromag-
netic waves through constructive and destructive interferences.
The microwave version of Braun’s dream, namely the radio-
frequency phased array, came true in the midst of World War
II [3] and has since then been widely deployed around the
world for applications ranging from communication to object
detection to astronomy [4]. The optical version, i.e. the optical
phased array, made its debut shortly after the invention of laser,
and has hitherto been extensively researched using a variety
of platforms [5], including bulk optics [6], liquid crystals [7],
optical fibers [8], III-V laser arrays [9], optical waveguides
[10], microelectromechanical systems (MEMS) [11], etc. It is,
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however, less developed compared to its microwave counter-
part because of the difficulty to manipulate the much shorter
optical wavelength, which was well recognized by Braun more
than a century ago [1].

High-resolution optical phased arrays require a large number
of optical antennas be placed close to each other two dimen-
sionally - ideally on the order of the optical wavelength -
to reduce the number of interference orders in the far field
[12]. In addition, 2π optical phase tunability needs to be
provided for each optical antenna to actively reshape the far-
field radiation. These stringent requirements present key chal-
lenges to the design and fabrication of optical phased arrays.
Recently, Yu et al. [13] and many others [14] demonstrated a
method to engineer the optical phase through the shape and
orientation of densely packed surface plasmonic nanoantennas.
While this method can meet the antenna spacing requirement,
it has limitations that active phase tunability would be hard to
implement for individual antenna in such a free-space optical
device. To incorporate active phase tunability, Guo et al. [15]
utilized indium phosphide (InP) integrated circuit and built a
one-dimensional (1×8) optical phased array, which, however,
is difficult to extend to larger-scale two-dimensional arrays.

Alternatively, silicon photonic circuits take advantage of
many of the well-established CMOS processing techniques
so successful in producing advanced, densely integrated mi-
croelectronics; in addition, silicon has versatile phase-tuning
mechanisms such as the efficient thermo-optic effect [16]
and the fast plasma dispersion effect [17]. These advantages
make the silicon photonic circuit a promising candidate to
address the aforementioned stringent design and fabrication
challenges in optical phased arrays. Several optical phased
arrays using silicon photonic circuits have been demonstrated.
Van Acoleyen et al. [18] first demonstrated a two-dimensional
4×4 passive optical phased array with 60 µm antenna spacing,
where the generated optical beam can be steered in one
dimension through wavelength sweeping. Doylend et al. [19]
built a 1×16 optical phased array with thermo-optic phase
tuning through over-cladded metal heaters. Doylend et al.
[20] continued to integrate III/V components on the silicon
photonic phased array chip for light generation and amplifica-
tion, realizing the first self-contained silicon photonic phased
array without any off-chip component. These previous achieve-
ments, implemented in a relatively small scale with no more
than 16 antennas, represented excellent early demonstrations;
however, the architectures adopted in these phased arrays are
not scalable to large-scale two-dimensional arrays due to the
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Fig. 1. The architecture of the large-scale integrated optical phased array on
the silicon photonic platform. (a) The passive phased array. (b) The active
array. (c) A passive unit cell, and (d) an active unit cell of the optical
phased array, consisting of a directional coupler, an optical phase shifter with
active phase tunability, and a dielectric nanoantenna. Figs. reproduced with
permission from [21], ©2013 NPG.

difficult two-dimensional waveguide routing and optical phase
matching issues.

Recently we proposed and demonstrated a novel phased
array architecture where the waveguide routing and phase
matching issues are completely circumvented so that there
exists no obstacles to build a two-dimensional optical phased
array with millions of antennas [21]. The key advantage of this
architecture lies in its ability to integrate an optical directional
coupler, a 2π tunable phase shifter, and a dielectric optical
nanoantenna within a compact 9 µm×9 µm unit cell using
CMOS-compatible silicon photonic process. This architecture,
combined with the powerful CMOS processing techniques,
enables the demonstration of large-scale optical phased arrays
up to 64×64, consisting of 4,096 antenna unit cells or 12,288
functional silicon photonic components, a record number for

both optical phased array and silicon photonic integration.
Aside from it being the largest optical phased array, the
demonstration shows the large-scale integration of photonic
circuitry in silicon has well and truly arrived [2].

This paper presents a systematic study of the large-scale
integrated optical phased array using this novel architecture
together with the advanced silicon photonic fabrication plat-
form. The rest of the paper is organized as follows. Section II
discusses the device-level building blocks of the optical phased
array, including the directional coupler as the optical power
splitter, the integrated thermo-optically tunable phase shifters,
and the efficient dielectric optical nanoantenna, all of which
are integrated in a compact unit cell. Section III studies the
system-level antenna synthesis and analysis for this large-scale
coherent optical system. Section IV presents the experimental
results, including two large-scale passive arrays (64×64 and
32×32), an active 8×8 array, and an 8×8 antenna array with
amplitude apodization. The CMOS processing technique that
enables this large-scale silicon photonic fabrication is also
discussed in Section IV. Section V gives concluding remarks.

II. DEVICES: ANTENNA UNIT CELL

Fig. 1(a) illustrates the architecture of an M×N integrated
optical phased array using the large-scale silicon photonic
circuit, and Fig. 1(b) shows an active array with thermo-
optic phase tunability. The laser input is launched from an
optical fiber into a silicon bus waveguide. The optical power
in the silicon bus waveguide is divided into M silicon row
waveguides through M directional couplers, and the light in
each silicon row waveguide is then coupled into N unit cells
through another N directional couplers. In this way, the M×N
optical phased array can be fed with arbitrary optical power
distributions by properly designing the directional couplers.
Each unit cell, as shown in Fig. 1(c) and Fig. 1(d), is composed
of three silicon photonic components: a directional coupler to
unload precise amounts of optical power from the feeding
bus waveguide, an optical phase shifter with active phase
tunability, and a dielectric nanoantenna to emit light from the
waveguide to the surrounding medium where light interferes.
In optical phased array, it is critical to make the size of the
unit cell as small as possible in order to reduce high-order
interferences in the far field. Benefiting from the high-index-
contrast of silicon and the advanced photonic design, both the
passive unit cell and the active unit cell in this work have a
compact footprint of 9 µm×9 µm, representing the smallest
antenna spacing in two-dimensional integrated optical phased
arrays demonstrated so far. Fig. 2 shows the scanning-electron
micrograph (SEM) of a fabricated passive unit cell. In this
section, we will discuss in detail the three silicon photonic
components that form the compact unit cell.

A. Directional Coupler

The directional coupler evanescently couples light from the
silicon bus waveguide to the row waveguides, and from the row
waveguide to the unit cells, as shown in Fig. 1. The power-
coupling coefficient η of the directional coupler is adjusted by
two parameters: the coupling length (L) and the coupling gap
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Fig. 2. The scanning- electron micrograph (SEM) of a fabricated passive unit
cell. Fig. 2 reproduced with permission from [21], ©2013 NPG.

(g) between the coupler and the bus waveguide. The coupling
length should be short enough to fit in the compact unit
cell, and the coupling gap should be larger than the critical
dimension allowed by the fabrication which is 100 nm in
our fabrication process. Using a rigorous three-dimensional
(3D) finite-difference in time-domain (FDTD) simulation, the
power-coupling coefficient at different coupling length and
coupling gap was calculated in Fig. 3(a). The power-coupling
coefficient changes from 0.04% to 68% when the coupling
length varies between 0.5 µm to 5.2 µm and the coupling
gap varies between 0.14 µm to 0.4 µm. The waveguide width
is 0.4 µm for both the bus waveguide and the directional
coupler. Different coupling lengths and gaps also cause slight
phase variation to the coupled light and transmitted light,
which has to be taken into account since the phased array
is a phase-sensitive system. Fig. 3(b) and Fig. 3(c) show the
phase variation of the coupled and transmitted light at different
coupling lengths and gaps.

In an M×N optical phased array with designed near-field
intensity distribution |wmn|2, the power-coupling coefficient
of the directional coupler in the unit cell (m,n) is given by

ηmn =
|wmn|2

|wmN |2 +
N∑
j=n

|wmj |2
(1)

and the coupling coefficient of the directional coupler at the
beginning of the mth row waveguide is given by

ηm =

|wmN |2 +
N∑
j=1

|wmj |2

|wMN |2 +
N∑
j=1

|wMj |2 +
M∑
i=m

(|wiN |2 +
N∑
j=1

|wij |2)

(2)
Using (1) and (2), combined with the FDTD simulation in Fig.
3(a), any near-field emission profile |wmn| can be achieved in
the optical phased array utilizing the proposed optical power-
delivery network based on the directional couplers. Most
optical phased arrays require uniform near-field emission, that
is, |wmn| = 1 across the whole array. Then the coupling

(a)

(b)

(c)

Fig. 3. Design of the directional coupler. (a) The power-coupling coefficient
as a function of the coupling length and gap. The relative phase change of
(b) the coupled light and (c) the transmitted light at different coupling lengths
and gaps.

coefficients in (1) and (2) become

ηmn =
1

N − n+ 2
, ηm =

1

M −m+ 2
(3)

Note that a small amount of the optical power is discarded
at the end of the bus waveguide and each row waveguide so
that the coupling coefficient of the last directional coupler is
50%, as calculated in (1) to (3). This avoids coupling out
100% light to the last row waveguide or the last unit cell of
each row, which will require an ultra-long coupling length that
would not be fit into the unit cell or an ultra-narrow coupling
gap that would not be lithographically resolved.
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Fig. 4. Tunable phase shifter with adiabatic bend. (a) A schematic of the
adiabatic bend in the tunable phase shifter to make low-loss electrical contact.
The 3D-FDTD simulation of light passing through a waveguide bend with a
silicon lead, where the center of the inner ellipse is offset by different distances
∆ to form an adiabatic bend: (b) ∆ = 0, (c) ∆ = 0.4 µm, and (d) ∆ = 0.8
µm. (e) The 3D-FDTD simulation of the optical loss from the adiabatic bend
with an attached silicon lead. The optimal offset is ∆opt = 0.4 µm.

B. Optical Phase Shifter

The optical phase shifter provides an accurate relative phase
ϕ to the optical antenna. This phase shift is introduced stati-
cally by two identical optical delay lines, each of which delays
the optical phase by ϕ/2, as shown in Fig. 2. This configuration
ensures the antenna position is independent on the phase shift
required in the unit cell, so that the optical antennas in the
array can be easily aligned with the two-dimensional periodic
grid of the phased array. Using the optical delay lines, each of
the unit cells in the optical phased array can be assigned with
an accurate emitting phase ϕmn that is fixed once the phased
array is fabricated.

In addition to the fixed phase shifter, it is more desirable
to have a tunable phase shifter where the optical phase can
be actively adjusted to achieve 2π tuning range within each
compact unit cell. Moreover, since there exist a large number
of unit cells in a large-scale phased array, it is critical for
the phase shifter to be power-efficient to reduce the power
density on the photonic chip. Thermo-optically tunable phase

shifters have been widely used in silicon photonics [22]–[24]
to obtain a large phase shift, most of which utilize the over-
cladded metal heater that is separated from the waveguide by
a layer of dielectric to prevent excessive optical loss from
the metal. However, this dielectric layer, sandwiched between
the metal heater and waveguide as a large heat capacitor,
makes the thermo-optic tuning slower and less power-efficient,
preventing compact phase shifters from being implemented. To
overcome this challenge, thermo-optic heaters can be directly
formed with the silicon waveguide [25]–[29], enabling much
more efficient heating in a highly compact phase shifter that
fits within the unit cell. As shown in Fig. 1(d), the integrated
heater is formed by doping the silicon waveguide to create
a resistive heater, and the heater is electrically connected to
the metals through a silicon nanowire lead that is directly
attached to the silicon waveguide. The silicon waveguide is
lightly doped to provide a considerable resistance and to avoid
significant optical loss from the dopants. The silicon lead is
heavily doped to reduce the contact resistance so that most
of the heating power drops on the waveguide; in addition, the
zigzagged structure of the silicon lead increases its length and
therefore provides better thermal isolation between the high-
temperature waveguide and the metal contact, preventing the
metal contact from melting at high heating power.

The directly integrated silicon heater gives the most power-
efficient thermo-optic phase tuning since the waveguide itself
has the highest temperature; however, the intimate contact
of the silicon lead with the optical waveguide could cause
severe optical losses due to light scattering. As shown by the
FDTD simulation in Fig. 4(b), substantial scattering loss is
observed when light is passing through a waveguide bend with
a directly connected silicon lead. Fortunately, this contact issue
was solved by our recently developed adiabatic bend structure
[30], which enables low-loss contact with integrated heaters
[25]–[28] as well as p-n junctions [31] in various silicon
photonic devices. Fig. 4(a) illustrates the adiabatic bend used
in this work. The outer edge of the waveguide bend follows
an elliptical curve with Ra = 1.7 µm and Rb = 2.0 µm. The
inner edge is also an ellipse with ra = 1.3 µm and rb = 1.7
µm. The centers of the two ellipses are offset by distance ∆.
This offset gradually, or adiabatically, widens the central part
of the bend, and the silicon lead is introduced in the widened
part of the bend where it sees little optical field. In this way, the
scattering from the silicon lead is greatly reduced, as shown
in Fig. 4(c). However, when the offset is too large, high-order
modes will be excited since the waveguide widening is too
abrupt to be considered as an adiabatic transition, causing
excessive radiation loss, as simulated in Fig. 4(d). As a result,
there exists an optimal offset distance ∆opt that causes the
lowest loss. Fig. 4(e) simulates the optical loss of the adiabatic
bend at different offset distances, where it shows the optimal
offset is ∆opt = 0.4 µm, corresponding to a width of 0.8
µm in the center of the adiabatic bend. The scattering loss
dominates when the offset is smaller than 0.4 µm, while the
excitation of high-order modes is responsible for the loss when
the offset is larger than 0.4 µm. The optical loss due to the
silicon lead is 1.5% at the optimal point. The material loss
caused by the lightly doped waveguide is about 3 dB/mm at a
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Fig. 5. (a) A schematic of the dielectric optical nanoantenna. (b) An SEM of
the fabricated dielectric optical nanoantenna which measures 2.8 µm×3.5 µm.
(c) The optical emitting efficiency of the dielectric nanoantenna, calculated
from the 3D-FDTD simulation.

typical n-type doping level 1×1018 cm−3 [17], corresponding
to a negligible propagation loss of less than 0.5% in the sub-
10 µm doping region. Therefore, a high-efficiency, low-loss
thermo-optically tunable phase shifter is now made possible
through the directly integrated silicon heater and the adiabatic
bend.

C. Dielectric Nanoantenna

The optical nanoantenna emits the guided light in the
silicon waveguide to the surrounding medium in which free-
propagating light interferes in the far field. Preferably, the
nanoantenna used in the optical phased array should have high
emitting efficiency yet a small size to fit into the compact unit
cell. Various efficient wavelength-scale optical nanoantennas
have previously been demonstrated in metal [32]–[34] since
the large refractive index of metal results in strong light-
matter interaction. However, the metallic optical nanoantenna,
which requires high-resolution patterning on the metal layer,
is not compatible with current CMOS-comptatible silicon
photonic process. Therefore, dielectric optical nanoantenna is
preferred in the large-scale optical phased array in order to
take advantage of the advanced CMOS processing techniques.

In this work, we used the silicon-based dielectric optical
antenna, as illustrated in Fig. 5(a). The large refractive index
contrast between silicon (n=3.48) and SiO2 cladding (n=1.45)
creates relatively strong light-matter interaction and hence high
emitting efficiency is achievable. Fig. 5(b) shows an SEM of
the fabricated silicon nanoantenna with a compact footprint
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Fig. 6. (a) The near-field emission of the dielectric nanoantenna, calculated
with a rigorous 3D-FDTD method. (b) The far-field emission profile of the
nanoantenna, S(θ, φ), calculated by the near-to-far-field transformation using
the optical near field in (a). The far field radiation profile is viewed from the
zenith of the far-field hemisphere, as a projection of the far-field hemisphere
to the equatorial plane in the polar coordinate system (θ, φ). θ and φ are the
far-field azimuth angle and polar angle, respectively. Figs. reproduced with
permission from [21], ©2013 NPG.

of 2.8 µm×3.5 µm. The nanoantenna consists of 5-period
circular gratings that diffract light from the waveguide to the
surrounding SiO2 cladding. The grating pitch Λ is 0.72 µm,
which is slightly detuned from the pitch of a second-order
grating to avoid severe resonant back-reflections that would
disturb the phased array system. The depth of the grating is
h1=0.22 µm, except for the first period that is partially etched
(h2=0.11 µm) to break the up-down symmetry of the structure
so that more optical power is emitting up than emitting down.
This is because the partially etched thin silicon slab creates
a phase difference between the up-emitting light and down-
emitting light in the first grating period so that the up-emission
is reinforced through constructive interference while the down-
emission is suppressed through destructive interference [35],
[36]. Using the rigorous 3D-FDTD simulation, the light emit-
ting efficiency was calculated, as shown in Fig. 5(c). An
efficient 51% up-emission is achieved while 35% is emitting
down at 1.55 µm wavelength, thanks to the asymmetric grating
structure. The up-emission efficiency can be further improved
by depositing a layer of polycrystalline silicon on top of the
grating to increase the asymmetry of the structure [35]. Only
5% optical power is reflected back to the waveguide because
of the detuning of the grating pitch. It is also noted that the
emission from the nanoantenna is broadband, with a bandwidth
extending across hundreds of nanometers in wavelength. This
broadband nature comes from the short length of the grating
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and could find potential applications in other nanophotonic
devices such as vertical couplers.

The near-field optical emission of the silicon nanoantenna
was simulated with the 3D-FDTD method, as shown in Fig.
6(a). The corresponding far-field radiation profile, S(θ, φ), was
calculated in Fig. 6(b) using the near-to-far-field transforma-
tion [37]. The far-field emission is not vertical but centered
about 15◦ from the zenith, since the grating pitch is purposely
detuned from that of a second-order grating that would emit
vertically.

The three components that construct a compact 9 µm×9
µm unit cell have now been developed. The unit cell, as the
building block of the optical phased array, is to be arrayed to
form a large-scale silicon photonic phased array system, where
the emitting phase of each unit cell is accordingly adjusted
to generate sophisticated optical far-field radiation, as will be
discussed in the next section.

III. SYSTEM: ANTENNA SYNTHESIS AND ANALYSIS

The phased array, either in optical frequency or in radio
frequency, is conventionally used to form and steer simple
far-field radiation patterns such as focused electromagnetic
beams. The optical phased array, benefiting from the large-
scale silicon photonic integration technology, has the unique
opportunity to integrate thousands or even millions of ele-
ments in a compact, low-cost chip. By incorporating a large
number of optical antennas, complex radiation patterns can
be generated, extending the functionalities of phased arrays
well beyond the conventional beamforming and steering. This
section will discuss the phased array synthesis method to
generate designed radiation patterns with large-scale optical
phased arrays, as well as noise analysis in such a large-scale
coherent optical system.

A. Antenna Synthesis

The electromagnetic radiation E(θ, φ) of an M×N phased
array in the far field is given by [38]

E(θ, φ) = S(θ, φ)×AF (θ, φ) (4)

where θ and φ are the far-field azimuth angle and polar
angle, respectively. The first term S(θ, φ) represents the far
field of a single antenna, as shown in Fig. 6(b). The second
term AF (θ, φ) is a scalar called array factor, which is related
to the configuration of the phased array through the Fourier
transform (denoted by “F”)

AF (θ, φ) =
M∑
m=1

N∑
n=1

wmn · ej2π(xm·u+yn·v) = F(wmn) (5)

where (xm, yn) is the coordinate of each nanoantenna, while
(u, v) describes the far-field position where u=sin(θ) cos(φ)/λ
and v=sin(θ) sin(φ)/λ, and λ is the optical wavelength in the
medium where light propagates and interferes. wmn represents
the optical emission of an individual unit cell, consisting of
amplitude and phase, that is, wmn = |wmn| · ejϕmn .

Since the radiation pattern of a single antenna S(θ, φ) is
fixed, the phased array synthesis is to find the near-field am-
plitude |wmn| and phase ϕmn that can generate a given array
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Fig. 7. The block diagram of the Gerchberg-Saxon algorithm for phased array
synthesis.

factor in the far field. Equation (5) reveals that the near-field
emission wmn can be easily obtained through a simple Fourier
transform once the desired far-field array factor AF (θ, φ) is
given. The required emission amplitude distribution |wmn| is
then achieved by the directional couplers according to (1) and
(2), and the optical phase ϕmn is engineered by the phase
shifters in the unit cell. However, most phased arrays, as their
name would suggest, use only the phase ϕmn to control the
far-field radiation while the amplitude is uniform across the
array (|wmn|=1), which imposes a constraint on the array
synthesis. In addition, most phased-array applications focus
only on the amplitude |AF (θ, φ)| of the far-field radiation.
Under such circumstances, the Gerchberg-Saxon algorithm
[39], [40] can be utilized here for the phased array synthesis.
Fig. 7 illustrates the iterative Gerchberg-Saxon algorithm to
synthesize a far-field array factor with amplitude |AF (θ, φ)|
under uniform near-field emission. At the kth iteration, an
approximated array factor AF k(θ, φ) that consists of the
targeted amplitude |AF (θ, φ)| and a trial phase Φk(θ, φ) is
inversely Fourier-transformed to find the corresponding near-
field optical emission wkmn. As mentioned above, only the
amplitude of the far-field array factor is of interest while its
phase Φk(θ, φ) can be arbitrarily chosen. The amplitude of the
near-field emission is then set to 1 (|wkmn|=1) while its phase
ϕkmn remains so that uniform emission is kept across the array.
The resulting array factor AF ∗k(θ, φ) is updated through a
Fourier transform whose phase Φ∗k(θ, φ) is then passed to
the (k + 1)th iteration as the new trial phase Φk+1(θ, φ). The
initial trial phase is set to Φ1(θ, φ)=0 or any arbitrary values in
the first iteration. After several iterations, the final array factor
AF ∗k(θ, φ) generated by the near-field phase ϕkmn converges
to the desired pattern |AF (θ, φ)|.

As examples of the Gerchberg-Saxon method, two far-field
array factor patterns were synthesized. Fig. 8(a) simulated
the far-field array factor pattern of a 64×64 phased array
to generate the MIT-logo, and the original MIT-logo is also
shown in the lower right. The corresponding phase distribution
was calculated in Fig. 8(c). The far field is plotted in the polar
coordinate (θ, φ), in which the radiation pattern is distorted
close to the edge of the coordinate. Fig. 8(b) shows the
simulated far field of a 32×32 phased array to produce a
concentric multibeam pattern, and the retrieved phase distribu-
tion is shown in Fig. 8(d). Note that the antenna spacing was
assumed to be λ/2 in these simulations to avoid high-order
interferences.
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Fig. 8. Phased array synthesis. (a) The simulated far-field pattern of a 64×64
phased array to generate the MIT-logo. The original MIT-logo is shown in
the lower right corner. (b) The simulated far-field pattern of a 32×32 phased
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distribution ϕmn, retrieved by the Gerchberg-Saxon algorithm, of the 64×64
phased array corresponding to the far-field pattern in (a). (d) The near-field
phase distribution of the 32×32 phased array corresponding to the far-field
pattern in (b).

B. Noise Analysis

Theoretically, by precisely assigning a specific optical phase
ϕmn to each unit cell of the phased array, arbitrary radiation
patterns can be generated in the far field. However, it is
extremely difficult, if possible, for each unit cell to emit with
the exact designed phase in such a large-scale system since
the optical phase is very sensitive to fabrication variations due
to the short wavelength of light. It is therefore necessary to
analyze the performance of the phased array system in the
presence of phase noise.

For simplicity, a Gaussian-distributed phase noise εmn was
assumed, which is usually the case for noise introduced by fab-
rication variations. The phase noise has zero mean (〈εmn〉=0)
and standard deviation σp. The resulting array factor of the
far field, AF ac(θ, φ), is again given by the Fourier transform
of the near-field emission but now with phase noise εmn

AF ac(θ, φ) = 〈F(ejεmn · wmn)〉 = 〈F(ejεmn)〉 ⊗AF (θ, φ)
(6)

where “⊗” is the convolution operator. The expectation value,
denoted by the angle brackets, is used here to represent the
stochastic variables. The first term in (6), i.e. the Fourier
transform of the phase noise, is given by

〈F(ejεmn)〉 =
M∑
m=1

N∑
n=1

〈ejεmn〉 · ej2π(xm·u+yn·v) (7)

And the expectation value of the phase noise in (7) is by
definition calculated as

〈ejεmn〉 =

∫ +∞

−∞
ejε · 1√

2πσp
e
− ε2

2σ2p dε = e−σ
2
p/2 (8)
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Fig. 9. Simulated far-field array factor patterns of the 64×64 phased array at
different phase-noise levels with standard deviations: (a) σp=0, (b) σp=π/16,
(c) σp=π/8, and (d) σp=π/4.

Substituting (8) into (7) and then into (6) yields

AF ac(θ, φ) = e−σ
2
p/2 ·AF (θ, φ) (9)

Equation (9) reveals that the generated array factor preserves
the designed pattern AF (θ, φ) in the presence of the phase
noise except that its amplitude is reduced by a factor e−σ

2/2.
To further visualize the effect of the phase noise on the

far-field radiation, the array factor patterns were simulated
for the aforementioned 64×64 phased array at different phase
noise levels (i.e. standard deviation σp), as shown in Fig. 9.
As predicted by the analytical derivations, the shape of the
designed image remains unchanged in the presence of the
phase noise. As the phase noise level increases, the background
noise rises and the signal-to-noise ratio (SNR) of the image
decreases, since the ideal interference conditions to generate
the designed pattern is no longer completely met due to the
phase noise. Nevertheless, even under considerably high noise
level with standard deviation σp=π/4, the designed MIT-logo
pattern is still distinguishable.

In addition to the phase noise, the intensity noise caused by
the fabrication variations in the directional couplers also needs
to be taken into account. Assuming the coupling coefficients
vary with a Gaussian distribution with standard deviation σi
(in percentage), the resulting far-field array factor patterns
AFac(θ, φ) were simulated in Fig. 10. Similar to the phase
noise, intensity noise contributes to the background noise but
does not change the shape of the designed far-field pattern.

Both the analysis and simulation show that the large-scale
phased array is a robust system that is highly tolerant of
noise. This ensures the large-scale phased array system be
reliably fabricated with moderate fabrication requirements.
This robustness originates from the large-scale nature of this
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coherent system where the random noise cancels out in the far
field through the interference from a large number of antennas.
Therefore, the more antennas the phased array has, the more
robust the system is.

C. High-Order Interference

In the previous simulations, the antenna spacing is assumed
to be half of the optical wavelength in the medium, that is,
∆x=∆y=λ/2. This small antenna spacing, however, is difficult
to implement in the optical phased array. When the antenna
spacing is much larger than half of the optical wavelength,
high-order interference occurs. Assume ∆x=∆y=P · λ/2,
where P > 1. According to (5), as xm=m ·∆x and yn=n ·∆y,
we have

|AF (θ, φ)| = |AF (u, v)| = AF (u+
p

P · λ
, v +

p

P · λ
) (10)

where p is an integer. Equation (10) suggests that the far-field
pattern is replicated with period ∆u=∆v=1/(P · λ) in both
directions. Since u and v both have the range (−1/λ, 1/λ), the
number of interference orders in the far field is approximately
4P 2. Fig. 11(a) simulated the far-field array factor pattern
with antenna spacing ∆x=∆y=9 µm which corresponds to
the size of the unit cell in this work. The vacuum wavelength
is assumed to be 1.55 µm, which gives λ=1.1 µm in the
SiO2 cladding (nSiO2 =1.45) where the light propagates and
interferes. Accordingly, P is about 8 in this case. Therefore
there are about 16 interference orders in each direction in Fig.
11(a). Again, image distortions are observed close to the edge
of the polar coordinate in the plot.

Furthermore, according to (4), we also need to take into
account the radiation profile of a single antenna S(θ, φ) in
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Fig. 11. (a) Simulated far-field array factor patterns of the 64×64 phased
array when the antenna spacing is ∆x=∆y=9 µm. (b) Simulated far-field
radiation pattern E(θ, φ) of the 64×64 phased array where the radiation
profile of a single antenna is taken into account. The green circle represents
the numerical aperture of the lens that will be used in the measurement. Fig.
11(b) reproduced with permission from [21], ©2013 NPG.

order to get the far-field radiation E(θ, φ) of the phased
array. Fig. 11(b) shows the simulated far-field radiation profile
E(θ, φ) of the 64×64 phased array with the designed optical
nanoantenna, which was obtained by multiplying the array
factor pattern (Fig. 11(a)) with the far field of a single antenna
(Fig. 6(b)). Obviously the intensity of different interference
orders varies from place to place due to the directionality of
the optical nanoantenna, and only the orders close to the zenith
are visible in the far field.

IV. FABRICATION AND CHARACTERIZATION

In Section III, we have theoretically proved that the large-
scale optical phased array is capable of generating complex
holographic patterns, a new functionality of phased array that
is expected to find potential applications from holography
to optical communications to laser detection and ranging
(LADAR). However, realizing such a large-scale optical sys-
tem in a reliable and cost-effective way is challenging yet of
great importance to the optical phased array technology. To
this end, the silicon photonic circuit, by taking advantage of
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the well-developed CMOS processing techniques which have
remarkable large-scale integration capability, serves an ideal
platform for the large-scale optical phased array. This section
will first discuss the CMOS-compatible silicon photonic fabri-
cation platform on which the large-scale optical phased array
is implemented. The experimental results of three different
optical phased array systems are then presented, including the
large-scale passive optical phased arrays, the active optical
phased array, and the apodized optical antenna array.

A. Fabrication Platform
The fabrication platform of the large-scale silicon photonic

circuit is the backbone of this optical phased array work as
well as many other silicon photonic researches in our group.
We used 300-mm silicon-on-insulator (SOI) wafers with 220
nm silicon device layer and 2 µm buried oxide (BOX) layer in
a CMOS foundry with a customized CMOS-compatible silicon
photonic process. Optical immersion lithography was utilized
at 65-nm technology node. Two silicon etches, a shallow etch
with 110 nm depth and a full silicon etch, were applied to
define the geometry of the photonic structures. Two types
of dopings, n and p, were used to form p-n junctions and
resistors to enable devices such as electrooptic modulators
[41] and thermo-optic heaters [42], etc. Each doping type
had two doping levels, the light doping to create low-loss
electrooptic structures such as the integrated thermo-optic
heater and the heavy doping to bring in low-resistance contacts
such as the silicon leads for the thermo-optic heater, as shown
in Fig. 1(b). Two metal interconnection levels (Metal 1 and
Metal 2) and two metal contact levels (Contact and Via), all
made from copper, were used to provide on-chip electrical
interconnections and external electrical testing interfaces (e.g.
probing pads). Fig. 12(a) shows a fabricated active unit cell of
the optical phased array using this CMOS-compatible silicon
photonic process, where the nanoantenna and the integrated
silicon heater are seen. The SEM was taken after dry-etching
away the SiO2 cladding, using the metal layers as a hard
mask, to expose the silicon device. Note that the position
of the silicon lead of the heater is shifted from the center
of the adiabatic bend to increase the heater length, which is
slightly different from the schematic in Fig. 1(d). Fig. 12(b)
shows the cross section of a fabricated device on this platform,
where a full silicon layer with 220 nm thickness and four
metal layers are shown. A germanium layer is also available
to make optical detectors. In addition to these conventional
silicon photonic layers, this platform also offers three layers
of silicon nitride for the hybrid integration of on-chip erbium
doped lasers [43] and other silicon nitride photonic structures
[44]. All of these layers can be seamlessly integrated on
the same chip to form a complete silicon photonic system.
Furthermore, CMOS electronic circuits can also be integrated
with the photonic chip through methods such as wafer bonding
[45], [46] to provide sophisticated electrical control over the
silicon photonic circuits.

B. Large-scale Passive Optical Phased Arrays
Two passive optical phased arrays, a 64×64 array to gen-

erate the MIT-logo as simulated in Fig. 8(a) and a 32×32
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Fig. 12. (a) An SEM of the fabricated active unit cell of the optical phased
array on the CMOS-compatible silicon photonic platform. (b) An SEM of the
cross section of the fabricated antenna unit cell, where different layers are
shown (C: Contact, V: Via, M1: Metal 1, M2: Metal 2). The cross section
was taken at the silicon lead region of the thermo-optic heater, as indicated
by the dash-dot line in (a).

array to create the multibeam pattern as simulated in Fig. 8(b),
were fabricated with the CMOS-compatible silicon photonic
process. Fig. 13(b) shows an SEM of part of the fabricated
passive phased array. A transverse-electric (TE) polarized 1.55
µm laser was coupled into the silicon bus waveguide of the
optical phased array, as illustrated in Fig. 1(a). The near-
field emission and far-field radiation pattern were measured
using the setup shown in Fig. 13(a), which is similar to
that in [47]. The near-field emission was measured with the
objective lens 1, as shown by the green rays in Fig. 13(a).
The blue rays represent the light path of far-field imaging,
where lens 1 projects the far-field image onto its back-focal
plane (Fourier plane) which is then imaged by the infrared
(IR) camera through lens 2. Fig. 13(c) shows the measured
near-field emission of the 64×64 optical phased array, where
uniform optical emission is observed across all of the 4,096
nanoantennas. Fig. 13(d) statistically analyzes the near-field
intensity distribution, where the standard deviation is about
10% of the average intensity. The good uniformity of the near-
field optical emission in such a large-scale system comes from
the reliable directional coupler design as well as the precise
CMOS processing techniques, providing an ideal interference
condition where each nanoantenna contributes equally to the
far-field interference. Fig. 13(f) shows the measured far-field
radiation pattern of the 64×64 phased array, where the de-
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Fig. 13. Measurement results of the large-scale passive optical phased arrays. (a) The setup for the near-field (Green) and far-field (Blue) imaging. (b) An
SEM of part of the fabricated 64×64 passive phased array. (c) Measured near-field optical emission of the 64×64 optical phased array. (d) Measured near-field
intensity distribution of the 64×64 optical phased array. (e) The simulated far-field radiation pattern of the 64×64 phased array to form the MIT-logo, which
is a close-up view of Fig. 11(b). The green circle corresponds to the numerical aperture of the objective lens, i.e. lens 1 in (a). (f) The measured far-field
radiation pattern of the 64×64 optical phased array. (g) The simulated far-field radiation pattern of the 32×32 optical phased array to generate the multibeam
pattern. (h) The measured far-field radiation pattern of the 32×32 optical phased array. The white and red lines in the images separate the interference orders.
Figs. 13(a) and 13(e) reproduced with permission from [21], ©2013 NPG.

signed MIT-logo is generated. As predicted in Fig. 11, multiple
interference orders are seen because the antenna spacing is
greater than half of the optical wavelength. The far-field
radiation pattern is clamped by the finite numerical aperture
(0.4) of lens 1, as indicated by the green circle; therefore, only
the optical emission with a small divergence angle from the
vertical can be captured. Fig. 13(e) shows the corresponding
simulated far field, which agrees well with the measurement.
Fig. 13(g) and (h) show the simulated and measured far-field
radiation of the 32×32 phased array for the multibeam pattern.
A good agreement between simulation and experiment is again
observed, which confirms the robustness of the optical phased
array as we discussed in Section III-B.

Comparing the near-field emission in Fig. 13(c) with its
far-field radiation pattern in Fig. 13(f), although the near-
field emission contains no information but plain uniform
emission, the far-field radiation pattern clearly delivers the
information by reconstructing the designed image through
the interference by thousands of optical antennas. In contrast
with the conventional way of storing and transmitting images
through the intensity of the pixels, the large-scale optical
phased array opens up another way of imaging through the
optical phase, like a hologram but generated from a single
light input point. This demonstration, as a static optical phased
array that is capable of generating truly arbitrary holographic
patterns, will find immediate applications in, for example,

complex beamform generation [48] and spatial mode matching
for optical space-division multiplexing [49], [50].

C. 8×8 Active Optical Phased Array
The large-scale phased array, in the passive form, has

already shown remarkable capability to generate complex
holographic patterns; however, it is preferable to have an active
phased array in which the optical phase of the unit cells can
be actively reconfigured to project dynamic patterns in the
far field. This is accomplished by replacing the passive unit
cells in the phased array with the active ones. Each active
unit cell has a thermo-optically tunable phase shifter with a
silicon heater directly integrated with the optical waveguide,
as shown by the SEM in Fig. 12(a). Fig. 14(a) shows an
SEM of the fabricated 8×8 active phased array. The tunable
phase shifters in the same column are electrically connected
to simplify the interconnection. Therefore, the optical phase
of each column can be tuned together through the column
heaters, and the phase of each row is adjusted by the row heater
at the beginning of each row waveguide. Fig. 14(b) shows
the simulated and measured near-field emission and far-field
radiation of the 8×8 active phased array when no thermo-optic
tuning was applied. Each nanoantenna was configured to emit
with the same optical phase to create a focused beam in the far
field. Also notice that side lobes exist around the main beam
spot in each order.
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Fig. 14. Measurement results of the uniform 8×8 active optical phased array. (a) An SEM of the fabricated 8×8 active optical phased array with integrated
silicon heaters in each unit cell and two-level metal interconnections. (b) The simulated and measured near-field emission and far-field radiation of the uniform
8×8 active optical phased array. Dynamic beamforming of the 8×8 active optical phased array by thermo-optically tuning the optical phase of the array so
that the far-field optical beam can be (c) shifted in vertical and (d) in horizontal, (e) split into 2 beams in vertical and (f) in horizontal, and (g) split into 4
beams in vertical and (h) in horizontal. The corresponding phase distributions and simulated results are also shown.

By applying different heating power on the column heaters
and row heaters, a variety of optical phase configurations can
be achieved in the 8×8 phased array, and various radiation
patterns can be dynamically generated in the far field, as shown
in Fig. 14(c)-(h). It is seen the focused beam spot can be
shifted, split into two beams, and split into four beams in
two dimensions. The corresponding phase distributions and
simulated far field are also shown. Good agreement between
the simulation and the measurement is again observed. The
measured thermo-optic efficiency is about 8.5 mW to achieve
π phase shift in each unit cell, with an averaged temperature
increase of about ∆T = 215°C across the ∼20-µm waveguide
in the unit cell. This high thermo-optic efficiency comes
from the direct integration of the silicon heater with the

waveguide and is essential to the large-scale active phased
array considering the large number of unit cells it contains.

Although only a small-scale 8×8 array is shown here,
limited by the electrical control circuitry, it still represents the
largest active optical phased array of its kind; moreover, this
active phased array structure can be immediately extended to
a larger scale with independent electrical control of each unit
cell with the aid of a fully CMOS-controlled circuitry through,
for example, wafer-boding with the photonic chip [46]. In this
way, the large-scale active phased array can project dynamic,
complex patterns in the far field with applications ranging
from communication, 3D holographic displays to biomedical
imaging.
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Fig. 15. (a) The Gaussian-shaped apodization window of the 8×8 optical
antenna array. (b) The simulated and measured near-field emission and far-
field radiation of the apodized 8×8 optical antenna array. Note that some of
the nanoantennas close to the edge are not visible in the near field.

D. Apodized Optical Antenna Array

In previous discussions, we focused mainly on the con-
ventional phased array in the sense that its near-field optical
emission is uniform across the whole array. Under certain
circumstances, however, nonuniform near-field emission is
preferred [51], [52]. For example, as we mentioned earlier,
in the uniform optical phased array shown in Fig.14(b),
undesired sidelobes are generated around the main beam
spot in each order in the far field. According to the Fourier
relation between the near and the far field, the sidelobes are
caused by the uniform near-field emission window in which
the optical emission is tuned off abruptly outside the phased
array area. These unwanted sidelobes can be suppressed by
tailoring the near-field emission with some slowly varying
envelope function such as Gaussian, a common technique
called apodization frequently used in other Fourier systems
such as Bragg gratings. Fig. 15(a) shows such an apodized
8×8 optical antenna array in which the amplitude of the near-
field emission is apodized with a Gaussian shape. The top-
left panel of Fig. 15(b) simulates the corresponding near-field
emission of the Gaussian-apodized array, where the intensity
of the nanoantennas gradually fades away toward the edge
of the array. This slowly varying Gaussian-shaped near-field
emission window creates Gaussian-shaped optical beam in
the far field according to the Fourier relation, which has
no sidelobes, as shown by the simulation in the top-right
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Fig. 16. Dynamic far-field beamform generation with the apodized optical
antenna array by actively tuning the phase of the nanoantennas. (a) The
original Gaussian-shaped optical beam in the far field. (b) The beam shifts
two-dimensionally. (c) The single beam splits into 2×2 beams. Note that
only one interference order is shown, and point O in the images represents
the center of the order.

panel of Fig. 15(b). The phased array architecture used in
this work, where the directional couplers can be engineered
to achieve arbitrary near-field optical emission profiles, is
particularly suitable to make such non-uniform optical antenna
arrays. The coupling coefficients corresponding to the optical
emission profile can be calculated with (1) and (2), and then
the coupler lengths and gaps can be obtained using Fig. 3(a).
The bottom row of Fig. 15(b) shows the measured near-
field emission and far-field radiation of the fabricated 8×8
optical antenna array with Gaussian apodization. It is seen
the designed Gaussian-shaped near-field emission profile is
achieved, and the sidelobes are successfully suppressed in the
far field compared to the uniform array shown in Fig. 14(b).
Good agreement between simulation and experiment is again
observed, which confirms the robustness of the directional
coupler design and the reliability of the advanced CMOS
processing techniques.

Similar to the uniform phased array discussed in the last
subsection, active phase tunability can be as well incorporated
into the apodized antenna array so that the optical phase of
the nanoantennas can be thermo-optically adjusted to project
dynamic patterns in the far field. Fig. 16(a) shows the gen-
erated far-field beamform in one interference order of the
apodized antenna array, where a Gaussian-shaped intensity
profile is seen, as predicted. By applying different heating
power on the integrated silicon heaters of the antenna array,
the phase distribution can be reconfigured, and accordingly
the single Gaussian beam in the far field can be shifted two-
dimensionally (Fig. 16(b)) and can be split into 2×2 beams
(Fig. 16(c)).

The demonstrated ability of the antenna array to engineer
both the amplitude and phase of the near-field emission is of
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particular importance in optical beamform generation where
both the beam shape (amplitude) and the wavefront (phase)
of the far-field beam need to be specified [52]. Furthermore,
by introducing some active amplitude tuning component such
as the germanium-based electro-absorption variable optical
attenuator [53], [54], the near-field emission amplitude can
also be dynamically reconfigured in the antenna array, which,
combined with the demonstrated optical phase tunability,
will enable the dynamic generation of truly arbitrary optical
beamforms for a variety of applications such as optical spatial
division multiplexing, optical trapping, etc.

V. CONCLUSION

The material and process compatibility gives silicon photon-
ics access to the well-established, advanced CMOS processing
technique that is not available to other photonic platforms such
as indium-phosphide, and hence makes possible the large-scale
photonic circuits to be made in a reliable and cost-effective
way. As an example of such a large-scale silicon photonic
circuit, we present in this paper the integrated optical phased
arrays consisting of as many as 4,096 building blocks or
12,288 optical elements, representing the largest and densest
silicon photonic integration demonstrated to date. Within the
large number of integrated nanoantennas connected by optical
waveguides, optical power can be arbitrarily distributed, and
optical phase can be precisely aligned and actively adjusted to
dynamically produce sophisticated interference patterns in the
far field. This newly added capability to the optical phased
array technology is expected to affect new fields such as
communication, LADAR, three-dimensional holography, and
biomedical sciences. Moreover, through this work, we can
see the large-scale, system-level integrated silicon photonic
circuitry has well and truly arrived.
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