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ABSTRACT   

We present a new approach to wide angle optical beam steering based on nano-membrane-based phased array structures 
with unequally spaced elements. In our approach, the array elements are positioned in such way that grating lobes 
associated with different sub-arrays do not overlap. Therefore, we reduce the side-lobe-level of the array radiation 
pattern and at the same time we can avoid the optical coupling between adjacent waveguides by relaxing the half-
wavelength spacing requirement for large angle beam steering. By optimizing the optical waveguide structure for the 
maximum full-width at half-maximum of the single radiator’s radiation pattern we discuss the optimum performance 
achievable using the Unequally-spaced Waveguide Arrays. 
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1- INTRODUCTION 
Fiber Optical phased arrays represent an enabling technology that makes possible simple, affordable, and lightweight 
laser beam steering with precise stabilization, random access pointing and programmable multiple simultaneous beams.  
Traditionally, optical beam steering has been achieved through mechanically controlled MEMs system [1] and liquid 
crystal (LC) based optical phased arrays (OPAs) [2] [3]. Mechanical beam steering provides high steering efficiency and 
relatively large angle steering. However, the high precision rotating stages are required, which increase the device 
complexity and are not fast enough for high speed applications.  LC OPAs provide rapid random access steering without 
the expensive and complex mechanical systems [4]. However, LC OPAs suffer from low steering speed (typically 
milliseconds response time) and limited steering angle (typically not more than 10○) [3]. A GHz optical beam steering 
system employing phased array waveguides was recently demonstrated with a maximum steering angle of about 6○ [5]. 
The important issue with phased equally spaced array waveguides is the strong coupling between the adjacent 
waveguides when the waveguide spacing is reduced to about half the wavelength, which is necessary for wide angle 
beam steering. Therefore, the optical coupling jeopardizes the side lobe level and steering efficiency by imposing a 
lower limit on the waveguide spacing. Other techniques such as beam steering with electro-wetting micro-prisms [6] and 
polymeric slab waveguide based thermally-induced beam steering [7] have response time in the order of tens of 
milliseconds.  
So far, the large angle beam steering systems have been based on multi-stage systems combining LC OPAs with 
holographic glass and birefringent prisms [4], for which, alignment and packaging are very challenging. 
 In order to suppress the side lobes at large steering angles, an unequally-spaced array structure was proposed [8], [9].  
However, an unequally-spaced array realized by random placement [8] of array elements would not result in the 
optimum OPA performance. An array structure formed by gradually doubling the inter-element spacing across the array 
can suppress the side lobes [9], but as we show, it severely reduces the steering efficiency. Additionally, the effects of 
optical radiator structure, finite fabrication accuracy and the achievable performance have not been investigated.  
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In this paper, we report a technique to minimize the side-lobe-level (SLL) in unequally-spaced OPAs while maintaining 
a steering angle of ±45◦ and avoiding the optical coupling based on sub-arrays with non-overlapping grating lobes. By 
optimizing both the array structure and the waveguide structure, we present a design methodology for large angle optical 
beam steering with minimal performance dependence on the steering angle. Finally, we discuss the maximum 
performance achievable by unequally spaced OPAs and compare it with that of the other non-mechanical beam steering 
technique based on LC OPAs. 

 

 
 
 

 
Fig. 2. (a) A schematic of the proposed (1D) unequally spaced OPA structure. Far field radiation pattern for (b) M=2, 

N=32, q1=3, q2=4, s0=λ/2, (β2-β1)/q1=156◦ and (c) M=4, N=32 q1=3, q2=4, q1=5, q4=7, s0=λ/2 and (β1-β1)/q1=156◦.  

 

 
 

Fig. 1. (a) A schematic of silicon nano-membrane-based OPA beam steering. (b) Far field radiation pattern (array factor 
only) for 1D uniform array (N=32) with (dn+1-dn) =s=λ/2 and βn+1-βn=156◦. (c) A uniform array structure.  
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2- UNEQUALLY-SCPACED ARRAY STRUCTURE 
A schematic of a silicon nano-membrane-based OPA system is shown in Figure 1 (a). Similar to their microwave 
counterparts, linear optical phased arrays consist of 1D or 2D arrays of single-mode waveguides operating at the 
designated wavelengths. The far-field pattern associated with the array factor is given as ∑ +=
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is the translational vector of the nth radiator position, βn is the phase shift of the nth 

element, and λ is the wavelength (in this paper λ=1.55μm). Beam steering can be done by changing the linear phase shift 
imposed on each array element. However the maximum steering angle is limited by the appearance of the grating lobes 
when the spacing between the waveguide-based radiators is more than λ/2.  Although a uniform array with half 
wavelength spacing would allow for grating lobe free beam steering, such spacing between adjacent optical waveguide 
would result in severe waveguide coupling and therefore, far-field pattern distortion.   
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P θλθ . Now, consider two 1D uniform arrays with element spacing s1=q1s0 

and s2=q2s0. If c=
n

n

d
β is the same for the two arrays, then the main lobe occurs the same angle in both cases. Provided 

that the greatest common divisor (gcd) of q1 and q2 is 1, the grating lobes of the two arrays do not overlap, which result 
in a peak main lobe and equi-ripple side lobes, as shown in Fig. 2(b) and (c). 
If s1 and s2 are more than one λ, then, the side-lobe-level (SLL), defined as the ratio of the second largest lobe intensity 
to the maximum intensity (main lobe) [8], is 0dB for each array. However, if the two arrays are placed along each other 
to form a non-uniform array, the main lobes of each sub-array add up constructively, while the there is no overlap 
between the peak grating lobes of each sub-array. If these grating lobes are narrow enough, the SLL is reduced to -6dB. 
Therefore, for narrow enough grating lobes, doubling the number of sub-arrays with non-overlapping grating lobes, can 
improve the SLL by 6dB. Obviously, the grating lobes corresponding to each sub-array can be arbitrarily narrowed by 
increasing the number of elements in each sub-array.  
Here we formulate the non-uniform array design methodology: 
 

N: the total number of radiators 
M: number of sub-arrays 

si: spacing in group i, for i=1, 2… 
si=qis0 

fabrication resolution<s0<λ/2 
gcd(qi,qj)=1 

s1>modal size. 
 
Note that s0 must be smaller than λ/2 in order to avoid overlapping sub-array grating lobes. However, the minimum of s0 
is determined by the fabrication process, or how precisely the waveguides can be placed in the array. In contrast, s1 does 
not depend on the fabrication process, but is constrained by the optical coupling between the waveguides; In other 
words, s1 must be large enough to avoid waveguide modal field profile overlaps. For the waveguide shown in Fig. 3(a), a 
center-to-center spacing of 1.5λ~2.4μm (for single mode operating waveguide dimensions W and H < 600nm [see Fig. 
3(a)] and λ=1.55μm), diminishes the optical coupling between adjacent waveguides. Note that the presented non-
uniform array structure is the first technique to address the optical coupling problem and finite fabrication precision at 
the same time.  

Proc. of SPIE Vol. 7221  72210T-3



E
0.8

0.6

0.4

0.2

Si02(n=1 .44)

05 1 1.5

H(pm)

0.4

0.2

11111111 11111111

!! !Ulli IIIIIIIII
05

H(prn)
1.5

100

80

70

60

50

40

(a)

w 0.8
E

Si 0.6

(n=3.45) H
0.4

0.2

o>

E yo
V 00

 

3- OPTIMIZED WAVEGUIDE STRUCTURE 
The far field radiation (R) of an OPA is determined by the individual waveguide far field radiation (S), or the envelope, 
as well as the array factor (A), R(θx,θy)=A(θx,θy)S(θx,θy). A wider envelope allows for larger scanning angles. In order to 
calculate the envelope, we use Rsoft FEMSIM to generate the waveguide field profiles, and then we calculate the 
envelope 222
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where, tE

r
 and tH

r
are the tangential electric and magnetic field components, and η=120π is the intrinsic impedance. 

The integrals are numerically computed over the waveguide cross-sectional plane. Also, note that yx θθθ coscoscos =  

and 
yxx θθθϕ 22 sinsin/sinsin += . A schematic of a silicon waveguide is shown in Fig. 3(a). Here we assume the 

waveguide is excited by the fundamental transverse magnetic (TM) mode input fiber mode. We define the horizontal 
[Enh(θx)] and vertical [Env(θy)] envelopes as the variations of the far field radiation pattern [shown in Fig. 3(b)], at θy=0○ 
and θx=0○, respectively. Figure 3(c) and (d) depict the full-width-half-maximum (FWHM) of Enh(θx) and Env(θy), 
respectively, versus the waveguide width (W) and height (H). As the electromagnetic mode extents out of the waveguide 

 
Fig. 3. (a) A schematic of the silicon nano-membrane waveguide; The fundamental TM mode field profiles are shown in the 

inset. (b) 2D far field radiation of the waveguide shown in (a) assuming W=500nm and H=350nm. (c) and (d). 
variations of FWHM (in degrees) of Enx and Eny, respectively, with W and H as depicted in (a).  
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area for nmHW 300 and ≤ , the far field pattern becomes narrow (~40○ in both directions). In the case of the TM 
mode, the field profile extent in the vertical direction is more than that in the horizontal direction. Thus the horizontal 
envelope is wider than the vertical envelope. As the smaller envelope determines the worst case SLL and the diffraction 
efficiency, the optimized waveguide dimensions should maximize Env(θy), while maintaining the single mode condition, 
W,H<λ/Neff, where, Neff is the effective index. We find that for W=500nm and H=350nm, the horizontal and vertical 
FWHM values are 89○ and 118○, which allow for about |θy|≤45○ and  |θx|≤60○ beam steering in the vertical and horizontal 
directions, respectively, with maximum 3dB envelope variations. Based on the variations of the envelope in 2D, we 
expect the worst-case array performance at θy=±45○ and θx=0○. 
Although, here we have assumed the standard silicon fabrication, the performance of presented OPA can be furthere 
improved using optical waveguide with higher electromagnetic mode confinements (or wider envelopes), such as 
plasmonic waveguides or High-K core optical waveguides [11].  
 

 

4- OPTIMIZED ARRAY DESIGN AND PERFORMANCE ANALYSIS 
A 2D generalization of the proposed non-uniform array is shown in Fig. 4(a). We consider two parameters to evaluate 
the performance of the OPA, SLL and the power efficiency (PE), which is defined as the power in the main peak to the 
power radiated in all angles. For a fixed total number of radiators (N), as the number of groups (M) increases, the SLL 
decreases, however, since the overlap between the grating lobes of the sub-arrays increases, PE reduces. To find the 
optimum M to minimize the SLL and maximize the power efficiency, we define a dimensionless figure of merit (F) as  

SLL
PEF = .                                                                       (2) 

Note that s0 is a parameter determined by the fabrication process and therefore, we do not take it into account as an 
independent variable in the optimization process. Now, we consider two designs, Design I: s0=800nm and Design II: 
s0=50nm. In each case, we let N vary, and we find the M value that maximizes F for the worst case scenario (main peak 
of the steered beam at θ0y=45○ and θ0x=0○). Note that 800nm and 50nm are conservative fabrication resolution 
assumptions for nano-imprint fabrication techniques and electron beam lithography, respectively [12]. The variations of 

 
Fig. 4. (a) 2D non-uniform array structure. Variations of the maximum figure of merit (F), the optimum M, power efficiency 

(PE), and side-lobe-level (SLL) versus N, in (b)-(f), respectively, for Design I (s0=800nm) and Design II (s0=50nm) 
for the beam steered at θ0y=45○ and θ0x=0○ and also non-steered beam (θ0y=0○ and θ0x=0○). The optimum M for is the 
same for both steered and non-steered beams in (c). 
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Design F-
curve 
knee 

N 
value 

M Array 
size 
(μm) 

θ0x=0○ 
θ0y=0○ 

θ0x=0○ 
θ0y=45○ 

θ0x=60○ 
θ0y=0○ 

SLL(dB)PE(%)SLL(dB)PE(%)SLL(dB)PE(%) 

I 128 4 114 -12.1 26.3 -8.5 18.0 -9.0 21.0 
II 68 8 300 -13.4 34.6 -9.4 23.4 -10.1 25.7 

 

F, the optimum M value, PE and SLL with N are shown in Fig. 4. The performance of Designs A and B at a non-steered 
beam is also depicted.  
A smaller s0 allows for higher PE by reducing the number of grating lobes associated with each sub-array. Therefore, the 
performance of a non-uniform array with smaller s0 suffers less from the falling envelope at large angles [Fig. 4(b)]. 
Furthermore, the optimum M is higher for a smaller s0 as shown in Fig 4(c). Figure 5(d) shows that the degradation of PE 
from the non-steered beam to the worst case is only about 30% for both designs. As the SLL of the array factor is 
independent from the steering angle (θ0), degradation of the SLL is only determined by the envelope, and in our design it 
will be about 3dB for large enough N values. At small s0 values, the side lobes are more concentrated around the main 
lobe and therefore, degradation of the SLL as the steering angle changes becomes less significant as shown in Figure 
4(f). For the non-uniform array structure presented in [8], our calculations show a PE of 0.016, indicating that SLL was 
decreased at the expense of severe PE degradation.  
Based on Figure 4(b), the F curves of the non-steered beam saturate at around N=128 and N=64 for Design I and II, 
respectively. Table I lists the SLL and PE values for these two designs at different steering angles. Note that the steering 
efficiency, defined as the main peak intensity of the steered beam to the main peak intensity of the non-steered beam [3], 
is more than 65% in both cases at θ0x=0○ and θ0y=45○. That is because in the case of the unequally spaced array, the 
dependence of the steering efficiency on the steering angle is merely due to the envelope. 
 

Table. 1. unequally spaced array performance 

 

 

 

 

 

 

 

 

 
In conclusion, we present an unequally spaced OPA design for high-efficient large optical beam steering at 1.55 micron, 
with minimal performance dependence on the steering angle. Assuming fabrication precision of 800nm and 128 array 
elements, we demonstrate a beam steering with a worst-case power efficiency and side-lobe-level of about 18.0% and -
8.5dB during ±60◦ and ±45◦ 2D optical beam steering, which correspond degradation of about 32% and -3.6dB, 
respectively, with respect to those of the non-steered beam. Increasing the number of array elements and smaller 
fabrication resolution can improve the performance. The OPA performance dependence on the steering angle is only due 
to the far-field pattern of single elements, which can be further improved using waveguides that support smaller modal 
sizes. 
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