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Abstract—In this paper, we present a silicon nano-membrane-
based phased array structure for large angle optical beam
steering. The new array structure allows for over ±60

◦ optical
beam scanning with minimal degradation in the side-lobe-level
and diffraction efficiency.

Optical phased arrays (OPAs) represent an enabling technol-
ogy that makes possible simple, affordable, and lightweight
laser beam steering with very precise stabilization, random-
access pointing and programmable multiple simultaneous
beams [1]. In the past decades, optical beam steering has been
achieved through mechanically controlled MEMs system and
liquid crystal-based optical phased array [1], [2].

However, both of these systems suffer from low steering
speed and limited steering angle. GHz steering speed phased
array optical beam steering has been reported recently by [3].
But only about 6◦ steering angle is achieved. To achieve a
large steering angle without introducing grating lobes, J.Abeles
and R. Deri [4] proposed unequally spaced waveguide arrays
to suppress the side lobes in the far-field pattern. However,
the study did not include a design procedure to minimize
the grating lobes. This idea was adopted by [5], [6], where
the spacing between the radiators in the array is set either
randomly or by an optimization process. Here, we report a
technique to suppress the grating lobes for large angle beam
steering up to ±60◦, and discuss the maximum performance
achievable by un-equally spaced OPAs.

A schematic of a silicon nano-membrane-based OPA sys-
tem is shown in Figure 1 (a). Similar to their microwave
counterparts, linear optical phased arrays consists of 1D or
2D arrays of N single-mode waveguides operating at the
designated wavelengths. The far-field pattern associated with

the array factor is given as
∑

n ej!k. !dn , where, !k = kr̂, k = 2π
λ
,

!dn is the translational vector of the nth radiator position
and λ is the wavelength. In the case of 1D linearly phased
arrays in the Y -direction as shown in Figures 1(b) and (c),
!k. !dn = 2πdn

λ
sinφ + βn, where βn is the phase shift imposed

on the nth radiator and βn/dn is constant. Beam steering can
be done by changing the linear phase shift imposed on the
array. However the maximum grating lobe-free steering angle
is limited. We consider the far field pattern for an individual

radiator as EF (φ) =
sin (π a

λ
sin φ)

(π a

λ
sin φ) , λ = 1550 nm and the

aperture size in the Y -direction a = 500 nm, which is to
insure single-mode operation.

Consider the radiation patterns for two uniform arrays with
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Fig. 1. (a) A schematic of silicon nano-membrane-based OPA beam steering.
(b) Radiation pattern for uniform array (N = 16) with dn+1 = dn = s =

λ/2 and βn+1 − βn = ∆β = 156◦. (c) A uniform array structure.

spacings s = 3λ/2 and s = 2λ, where βn = 0 [Figure 1(c)]. In
both cases, the existence of the grating lobes increases the side-
lobe-level (SLL), defined as the ratio of the second largest
lobe intensity to the maximum intensity (main lobe) [7]. We
notice that the grating lobes in the two cases happen for φ =
± sin−1 2

3 and φ = ± sin−1 1
2 , ± sin−1 1, for s = 3λ/2 and

s = 2λ, respectively and they do not overlap. However, the
main lobes (φ0) in both cases occur at sinφ0 = λ

2π
βn

dn
, which

will be the same, for all the steering angles, as long as the
condition βn

dn
= constant is satisfied.

An un-equally spaced OPA is shown in Figure 2(a). There
areM sub-arrays with different spacing (sm) between adjacent
radiators, where, sm = qms0, and s0 is a design parameter.
The number of radiators in each sub-array is N/M , where
N is the total number of radiators. The radiation pattern for
M = 2, s1 = 3s0, s2 = 4s0 and s0 = λ/2 is shown in
Figure 2(b). The constructive interference at the main lobe
and avoiding constructive interference at grating lobes, result
in SLL = −6dB.
Increasing the number of radiators while keeping the num-
ber of sub-arrays constant results in narrower beam widths,

104

WA4.4 
16:45 – 17:00

978-1-4244-2611-9/09/$25.00 IEEE



 90o

-90o

 0o180o

60o

-60o

30o

-30o

120o

-120o

150o

-150o

-5-10-15
dB

s1 s2

Sub-array 1 Sub-array 2

 90o

-90o

 0o180o

60o

-60o

30o

-30o

120o

-120o

150o

-150o

-5-10-15
dB

(b) (c)

(a)

Fig. 2. (a) A schematic of the presented un-equally spaced OPA structure.
Radiation pattern for (b) M=2 and N=16 and (c) M=6, N=96.

but does not decrease the SLL. However, doubling M can
further suppress the grating lobe by 6dB. In order to avoid
overlaps between the grating lobe of different sub-arrays,
qm values should not have common factors numerically. In
order to reduce the number of grating lobes, and therefore,
energy loss due to radiation in any direction rather than the
main lobe [high diffraction efficiency (η)], one may consider
q1 = 3, q2 = 4, q3 = 5, q4 = 7, q5 = 11, q6 = 13, ....
Figure 2(c) shows the radiation pattern for M = 6, N = 96,
s0 = λ/2 and φ0 = 0◦, 60◦.
Variation of SLLwith N is demonstrated in Figure 3(a) for
different M and φ values. For M ≥ 2, SLL values decreases
with N and saturate at −20 log M . Due to the overlap of more
grating lobes associated with each sub-array, SLL may be
larger for small N and large M values. As the grating lobes
become narrower with increasing N , the overlap between
the adjacent grating lobes of different sub-arrays significantly
reduces, and consequently SLL decreases.
Another important figure of merit is the diffraction effi-

ciency η defined as A2

0
P

i=0
A2

i

, where, A0 is the main lobe

and Ai for i ≥ 1 are the grating lobes. Figure 3(b) shows
the variation of η with N for different M and φ values.
Figures 3 (c) and (d) demonstrate the variation of SLL and
η versus N for M = 4 and s0 = 0.5λ, 0.3λ and 0.1λ.
For a fair comparison in the context of manufacturability, we
have considered [q1, q2, q3, q4] = [3, 4, 5, 7], [5, 6, 7, 11] and
[15, 16, 17, 19] for s0 = 0.5λ, 0.3λ and 0.1λ, respectively, so
that the minimum spacing between the array elements become
s1 = q1s0 = 1.5λ ≈ 4600 nm. Since SLL is a function ofM
in OPAs, the SLL values for the three cases are almost the
same. However, for large enough N , efficiency is higher for
smaller S0 values. Figures 3(b) and (d) indicate that silicon
nano-membrane-based OPA structure allows for η > 30% at
φ0 = 60◦. Note that in the case of an ideal liquid crystal-based
OPA, η drops to 30% at φ0 ≈ 40◦ (for λ = 1550 nm), but
in practice, fringing electric fields and limited liquid crystal
birefringence severely degrade the diffraction efficiency [8].

For research purposes, we are going to use Raith 50 electron
beam lithography system to pattern the ridge waveguide struc-
tures directly on a SOI wafer with 250 nm silicon membrane
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Fig. 3. Variation of SLL and diffraction efficiency with N at φ0 = 0◦ (sold
lines) and φ0 = 60◦ (circles) for (a) and (b) s0 = λ/2 and different M
values (c) and (d) for M = 4 and different s0 values.

on top of a 3000 nm buried oxide layer. The ridge width is 450
nm and height is 200 nm to allow single mode propogation at
1550 nm wavelength. A reactive ion etching process follows
the lithography process will be performed on a 790 Plasma
Therm RIE etcher, and the etching roughness and fabricated
ridge height will be observed under a Digital Instruments AFM
Series IV atomic force microscope.
In conclusion, we presented an OPA design technique for
efficient and low SLL large beam steering in the optical
region while relaxing the requirement of small spacing (λ/2 ≈

800 nm), which in the case of the conventional OPA structures
results in fabrication difficulties and optical coupling between
adjacent waveguides. The detailed fabrication and measure-
ment data will be presented at the conference.
This research is supported by the multi-disciplinary univer-
sity research initiative (MURI) program through the AFOSR.
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