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In this Letter, we demonstrate an 8 × 8 apodized silicon photonic phased array where the emission from each of 64
nanoantennas was tailored to exhibit Gaussian-shaped intensity distributions in the near field so that the sidelobes
of the generated far-field optical beam were suppressed compared to that of a uniform phased array. With the aid of
the 72 thermo-optic phase tuners directly integrated within the phased array, we dynamically shaped the generated
optical beam in the far field in a variety of ways. © 2014 Optical Society of America
OCIS codes: (130.3120) Integrated optics devices; (250.3140) Integrated optoelectronic circuits; (280.5110) Phased-

array radar.
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Optical phased arrays, for optical beam forming and
beam steering, are poised to enable applications from
optical communication through laser radar (ladar) to
optical sensing [1]. Having been studied for decades, op-
tical phased arrays take many forms, from laser arrays
[2], to liquid crystals [3], to microelectromechanical sys-
tems [4,5]. Combined with complementary metal-oxide-
semiconductor technologies, optical phased arrays have
been developed in integrated form using silicon photonic
circuits [6–8], an approach of particular interest for its
promise of large-scale integration. As a step forward,
we recently demonstrated such a large-scale silicon
photonic phased array capable of projecting arbitrary
holographic images in the far field [9]. In all of these sil-
icon photonic phased arrays, the far-field beam forms are
generated solely by engineering the phase of the optical
antennas while the amplitude of the optical emission
across the antenna array is kept uniform. However,
phase control alone does not provide complete control
of the optical field. Indeed amplitude control must also
be incorporated to enable truly arbitrary far-field distri-
butions [10]. Here we show, with our previously demon-
strated phased array architecture [9], the amplitude
distribution of the optical emission in the phased array
can also be tailored to shape the far-field optical beam
form. In particular, we demonstrate an 8 × 8 silicon pho-
tonic phased array where the amplitude of the optical
emission is apodized with a Gaussian distribution to sup-
press the sidelobes that normally present in optical
phased arrays with uniform amplitude; in addition, we
show that the generated optical beam can be actively ma-
nipulated in various ways by use of the 72 thermo-optic
tunable phase shifters that are directly integrated within
the phased array.
In anM × N optical phased array, the far-field radiation

profile Fa�θ;ϕ�, formed by the interference of a large
number of optical antennas, is related to its near-field
emission profile by the Fourier transform (denoted by
“F”) [11]:

Fa�θ;ϕ� ∼F�wmn� � F�Amn · ejφmn�; (1)

where �m;n� is the array index of the individual antenna,
and wmn is the near-field emission profile that contains
both the amplitude (Amn) and phase (φmn). According
to the Fourier relation, a uniform phased array that
has an unvarying rectangular amplitude profile across
the array [as shown in Fig. 1(a)] generates a sinc-like
beam form in the far field with sidelobes, as simulated
in Fig. 1(b). It is seen in Fig. 1(b) that multiple interfer-
ence orders appear in the far field, because the antennas
are spaced by multiple times of the operating wave-
length. Also note that the intensities of the interference
orders differ from one another, with a distribution corre-
sponding to the far-field radiation profile of the individual
optical antenna [9]. Sidelobes arise in each order and are
more evident in the orders of greatest intensity, as shown
in the upper part of Fig. 1(b). For most applications, it is

Fig. 1. Simulated (a) near-field emission and (b) far-field
optical beam form of a uniform 8 × 8 phased array. Simulated
(c) near-field emission and (d) far-field optical beam form of a
Gaussian-apodized 8 × 8 phased array.
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desirable to suppress these unwanted sidelobes to
enhance the overall performance of the phased array.
This can be done by apodization; that is, the amplitude
profile is trimmed by some nonuniform window function.
For example, Fig. 1(c) illustrates an apodized 8 × 8
optical phased array with a Gaussian window where
the emission amplitude of the optical antennas decays
from the center to the edge of the array, following a
Gaussian distribution. Figure 1(d) simulates the corre-
sponding far-field beam form of the apodized phased
array where the sidelobes are successfully suppressed
in every order. The calculated sidelobe level is −25 dB.
It is also seen that the size of the beam is expanded
in the apodized array, a consequence of the reduced
effective array area due to the apodization.
The challenge of building an apodized optical phased

array lies in the difficulty of accurately feeding each
optical antenna with the precise amount of optical power
to form a desired amplitude apodization profile, a chal-
lenge that cannot be surmounted by previous silicon pho-
tonic phased array architectures, especially in large-scale
arrays. It can, however, be well addressed by our recently
developed large-scale optical phased array architecture,
where the optical nanoantennas are precisely fed by a
series of directional couplers [9]. Figure 2(a) illustrates
the architecture of an 8 × 8 optical phased array consist-
ing of 64 antenna unit cells 9 μm apart from each other in
both directions. As shown in the inset of Fig. 2(a), each
unit cell is composed of a compact dielectric optical
nanoantenna, a thermo-optically tunable optical delay
line formed by doping the silicon waveguide, and a direc-
tional coupler with length Lmn. There are also another 8
directional couplers that couple light from the main bus
waveguide to the 8 row waveguides. The coupling coef-
ficients of the 72 directional couplers can be adjusted
through the coupler length so as to achieve any desired
amplitude profile in the phased array. Figure 2(b) calcu-
lates the coupling coefficients of the 72 directional cou-
plers in order to realize the Gaussian-shaped apodization
shown in Fig. 1(c). The corresponding coupler lengths
were calculated in Fig. 2(c) using a rigorous 3D finite
difference time-domain (FDTD) simulation. The coupler
length varies from 0.52 to 4.7 μm to cover a range of
coupling coefficients from 2.6% to 59%. The width of
the silicon waveguides is 0.4 μm and the gap between
the waveguide and the directional coupler is 0.12 μm.
The designed apodized 8 × 8 optical phased array was
fabricated in a 300 nm silicon-on-insulator process using
193 nm optical immersion lithography. Two levels of n-
type doping were implanted to form a silicon resistor in
each unit cell where the silicon waveguide is directly
heated to provide the most power-efficient thermo-optic
tuning [12]. A uniform 8 × 8 optical phased array was also
fabricated on the same chip for comparison. Figure 2(d)
shows an optical micrograph of the fabricated apodi-
zed phased array, while the inset shows a scanning-
electron micrograph (SEM) of the optical nanoantenna.
Figure 2(e) shows an SEM of the fabricated phased array,
which was taken by dry etching away the dielectric SiO2
using the metal layers as a hard mask.
The fabricated uniform and apodized 8 × 8 optical

phased arrays were tested by coupling a 1.55 μm laser
from a single-mode fiber into the silicon bus waveguide

with a transverse-electric polarization. The phase profile
was set by design as φmn � 0 when no thermo-optic tun-
ing is applied. The near-field and far-field images were
taken with the same setup described in [9], using an
objective with a numerical aperture of 0.4 (NA � 0.4).
Figure 3(a) shows the measured near-field emission of
the uniform array where each optical antenna emits
with the same amplitude. Similar to the simulations in
Fig. 1(b), sidelobes appear in the far field especially in
the interference orders with high intensity, as shown
in Fig. 3(b). By comparison, Figs. 3(c) and 3(d) show
the measured near-field emission and far-field beam form
of the apodized phased array. Figure 3(c) reveals that
the designed amplitude apodization was achieved, where
the emission amplitude decreases from the center to the
edge of the array. Note that not all of the 64 optical
antennas are seen in Fig. 3(c) because some antennas

Fig. 2. (a) Schematics of the silicon photonic phased array.
Inset: a unit cell �m;n� of the phased array, including a direc-
tional coupler of length Lmn, a thermo-optically tunable optical
delay line for a delayed phase φmn, and a compact optical
nanoantenna. (b) The coupling coefficients of the 72 directional
couplers to realize a Gaussian apodization profile. (c) The
corresponding length of the directional couplers calculated
from rigorous 3D FDTD. The shaded column corresponds to
the 8 directional couplers that couple light from the main
bus waveguide to the 8 row waveguides. (d) An optical image
of the fabricated 8 × 8 apodized phased array. Inset: an SEM of
the optical nanoantenna. (e) An SEM of the fabricated array
after dry etching away the dielectric SiO2.
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on the edge are too dim to be captured by the infrared
camera. Accordingly, the sidelobes were successfully
suppressed thanks to the amplitude apodization, as
shown in Fig. 3(d). The measured sidelobe level is
about −19 dB. According to the Fourier relation in
Eq. (1), each of the interference orders in Fig. 3(d)
contains a Gaussian-shaped optical beam with a mea-
sured beam width about 1.6°. Note that the green circles
in Fig. 3 as well as in the simulations in Fig. 1 correspond
to a view field θ ≤ 24°, set by the numerical aperture of
the objective. The good agreement between the experi-
ment (Fig. 3) and the simulation (Fig. 1) in both near
field and far field confirms the accuracy and reliability
of the silicon photonic design and fabrication, as well
as the high tolerance of phased arrays to phase and
intensity noises [13]. Note that the center interference
order in Fig. 3(d) is dimmer, indicating that the single
antenna radiation of the fabricated apodized array has
a local minimum around the zenith of the far field [i.e.,
the center of Fig. 3(d)].
By applying different voltages on each unit cell, the

phase profile φmn of the apodized array can be modified
through the thermo-optic effect, resulting in dynamic
beam manipulation in the far field. Figure 4 shows a
variety of optical beam forms generated by the apodized
array through reconfiguring the phase profile. Figure 4(a)
shows the reference beam when no voltage was applied,
where a Gaussian-shaped beam is observed in one of the
interference orders in the far field. This Gaussian-
shaped beam can be actively steered in two dimensions
[Fig. 4(b)], split into a 1 × 2 beam array [Fig. 4(c)], split
into a 2 × 1 beam array and shifted at the same time
[Fig. 4(d)], and split into a 2 × 2 beam array [Fig. 4(e)].
The corresponding phase profiles and simulated beam
forms are also shown in Fig. 4. Again good agreement be-
tween simulation andmeasurement is observed. Themea-
sured tuning efficiency of the thermo-optic phase shifter is
∼8.5 mW per π phase shift for each unit cell, which could
be further improved using, for example, local substrate
removal that provides a better thermal insulation [14].

In this Letter, we demonstrated an 8 × 8 optical phased
array with Gaussian-apodized amplitude profile to sup-
press the sidelobes of the far-field beam form. The dem-
onstrated ability to simultaneously engineer both the
amplitude and phase profile in a large-scale 2D silicon
photonic phased array enables arbitrary optical beam
forms to be generated [10]. Combined with the embedded
phase tunability and potential amplitude tunability based
on variable optical attenuators [15] to dynamically mani-
pulate the optical beams, many future applications can
be envisioned, including on-chip ladar, free-space optical
communications, object detection, optical trapping, and
so on.
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