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Abstract: This paper reports the realization of a phase distribution design method for
phased arrays multibeam independently generating and 3-D scanning. The phase distri-
bution design method inherits the projection optimization idea from the generalized
adaptive-additive algorithm; however, a striking difference here is that the iteration plane
is not just one but multiple, which means the method promises to be not only suitable
for creating phase distributions for multibeam independently lateral scanning but capa-
ble of creating phase distributions for independently axial scanning as well. Both simula-
tions and experiments were conducted to investigate the performance of the method;
simulation agrees with experimental results, which validates the effectiveness of the
method proposed. The technique described in this paper could provide a promising con-
venient multibeam generating and 3-D scanning for ladar, laser weapons, laser micro-
machining, etc.

Index Terms: Diffractive optics, phased arrays, multi-beam, 3-D scanning.

1. Introduction

Phased arrays can be considered as a pure phase-type diffraction element, which consists of a
large number of phase-delay-programmable units [1]-[4]. Phase delay of each unit forms a
phase distribution, the phase distribution can be naturally coded as expected [5]. Then, the split-
ting and scanning of light beam exiting the phased arrays can be achieved by appropriately cod-
ing the phase distribution, i.e., phased array multi-beam scanning technology (PAMST).

PAMST is an important approach to achieve ladar [6], [7], laser weapons [8], laser microma-
chining [9], [10] and other optical systems [20]-[24], and the core issue of PAMST is how to
design the phase distribution of phased arrays. So far, most of the existing phase distribution
design methods have been only applicable to multi-beam two-dimensional scanning (M2-DS),
and the typical ones of these methods are the blazed grating (BG) [3], [11]-[13], Yang-Gu
(YG) [14], [15], Gerchburg-Saxton (GS) [16], [17] and Generalized Adaptive-Additive (GAA)
[18], [19] method. On the phase distribution design methods for multi-beam 3-D scanning
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Fig. 1. Schematic of the multiplane GAA method for controlling multiple focal spots.

(M3-DS), there have been just several reports [20]-[24]. By adding a lens term to the BGs,
Liesener et al. proposed an improved BG method for the 3-D scanning of multi-optical twee-
zers [20]. For reconstructing 3-D objects, Haist et al., presented an improved version of GS
method [21], which was called as the multiplane GS algorithm by Sinclair et al. and used for
the 3-D scanning of multi-optical tweezers [22]. In order for 3-D beam shaping, Shabtay re-
ported an improved version of GS method involved Ewald's surfaces [23], which was demon-
strated experimentally and called as the 3-D GS algorithm by Whyte et al. [24]. And among
the typical methods for M2-DS above-mentioned, the most frequently used methods are the
GS and GAA method and the GAA method is one of the improved versions of the GS method.
Ever since Curtis et al. firstly applied the GAA method for M2-DS of dynamic holographic opti-
cal tweezers [18], it has been gradually well known and become a popular way for the M2-DS.
Recently, for M2-DS applications, the GAA method had been proven to be better than GS
method on the uniformity of the beam, while the efficiency of the light beam were almost the
same for both of them [25], [26]. However, up to now, there has been no report on the multi-
plane GAA method for phased array M3-DS.

Since the GAA method is only suitable for creating phase distributions for phased arrays
multi-beam independently lateral scanning, therefore, we propose the multiplane GAA method
and firstly demonstrate it for phased arrays multi-beam independently generating and 3-D
scanning. The multiplane GAA method inherits the projection optimization idea from the GAA
method, but, a striking difference here is that the iteration plane is not just one but multiple,
which promises the method to be, not only suitable for creating phase distributions for
phased arrays multi-beam independently lateral scanning, but also capable of creating phase
distributions for the independently axial scanning. The realization of the method proposed
here would provide a promising convenient multi-beam generating and 3-D scanning for la-
dar, laser weapons, laser micromachining, etc.

The paper is organized as follows. In Section Il, an overview of the multiplane GAA method is
presented. In Section Ill, simulations and discussions are given. In Section IV, experiments and
discussions are given. Finally, a summary is given in Section V.

2. Overview of the Multiplane GAA Method

As shown in Fig. 1, in order to independently move each of the multiple focal spots from the
original focal plan of the lens, the multiplane GAA method was improved from the GAA method
and the difference between them was that the iteration plane is not just one but multiple, which
promises the method to be, not only capable of creating phase distributions for the indepen-
dently axial scanning, but also suitable for creating phase distributions for phased arrays multi-
beam independently lateral scanning. As shown in Fig. 1, there is just one focal spot in each of
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the multiple focal planes, using the proposed method the focal spot can be controlled to move
laterally in there, and the plane itself can be controlled to move axially, which makes the 3-D
scanning of a focal spot possible. Therefore, a corresponding phase distribution (e.g. phase dis-
tribution i) is needed to be designed for the controlling of a focal spot (e.g. focal spot i), as
shown in Fig. 1.

Using the multiplane GAA method, the design procedures of a phase distribution i for the con-
trolling of a focal spot i are as follows:

The amplitude distribution of the light field on the Plane i, where the focal spot i is (as can be
seen in Fig. 1), is assumed as |D(x;, y;)|, and all the sample values of the amplitude distribution
are set as zero except the target focal spot i with the coordinates (x;, y/). The phase of the light
field on the Plane i is initially given as zero. The phase distribution i (as can be seen in Fig. 1)
can be calculated through the inverse Fourier transform of the light field on the Plane i by the fol-
lowing four steps. In the nth iteration of the multiplane GAA method, we have the following.

Step 1. The light field F,(x/, y/) on the Plane i is forced and expressed as

oo [ B-|D(x],y])|expliv,_{(x{,y])], in target region
Fn(X;,yi) = { F,',,1(Xilvly:{)lv e out of target region )

where 5 =[(1 - &) +£|D(X,y))|/|Fa-1(x},¥})|], € is optimized and chosen as 0.5 for a
better uniformity [18], [19]. F/_,(X;,y/) is the output from the Fourier transform of the
light field involved the phase distribution i in the previous iteration and ¢}, _(x;],y/) is
its phase.

Step 2. The light field T)(x,y) involved the phase distribution i can be obtained through the
inverse Fourier transformation of the light field F,(x;, y/) on the Plane i, as follows:

+00  +00
Ti(x,y) = / / Fa(X, y))Pi(x,y) expli2n(xx] + yy/ )| ax'dy’ = | T (x,y)|expliv)(x,y)] (2)

where x, y are the coordinates of the light field plane involved the phase distribution
i (called as Phase distribution plane, as shown in Fig. 1). |T}(x,y)| is the amplitude
of Ti(x,y) and ¢l (x,y) is the phase of T!(x,y). A phase distribution P;(x,y) " of a
negative lens was introduced for the Plane i axially scanning, Pi(x,y) ' =
expjrAzi(x? + y?)/MN(dAz + fAz + f?)] and j is the imaginary unit, \ is the wave-
length, d is the distance between the lens plane and the Phase distribution plane (as
shown in Fig. 1), f is the focal length of the lens, Az; is the distance between the Focal
plane of the lens and the Plane i, and Az; can take a positive or negative sign which
is determined by that the Plane i is on the left or right of the Focal plane of the lens.

Step 3. By retaining the phase distribution of T/(x, y) and forcing the amplitude distribution to
be one, a new light field H! (x, y) in Phase distribution plane for Step 4 is obtained, as
follows:

i _ [expligh(x,y)], in target region
Hn(X,¥) {0, out of target region. ®)

Step 4. The output light field F;(x/,y;) on the Plane i can be calculated by conducting the
Fourier transformation of the light field H;,(x, y) in Phase distribution plane, as follows:

+00  +o0o
Bt = [ [ HixyPixyexpl-izn(xx -+ yiy)]dxdy = Fy(x.)) lexplich (/. v)] (4)

where Pi(x,y) is a phase distribution of a positive lens which was used to offset the
phase distribution P,-(x,y)‘1 of a negative lens in Step 2.
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Fig. 2. Two schemes for the multiplane GAA method to design phase distributions for phased ar-
rays M3-DS. (a) Serial iteration version. (b) Parallel iterative version.

After a number of the above 4-Steps iterations, the output amplitude distribution |F, (x;, y/)|
will be able to converge to an approximation of the amplitude distribution |F,(x/,y/)| of the
forced light field F,(x/,y/) on the Plane i in Step 1. Then ! (x,y) is the corresponding phase
distribution which can produce this light field on the Plane i.

Obviously, different scanning positions of the focal spot i need different phase distribution
i ¢! (x,y), and the control of multiple focal spots scanning needs multiple phase distributions.
Then, multiple phase distributions ¢ (x,y) + ¢2(x,y) +--- + ¢ (x,y) produce the final phase
distribution ©r(x,y) which is to be loaded onto the phased arrays for the desired M3-DS.

As mentioned above, the control of multiple focal spots scanning needs multiple phase distri-
butions. It can be noted that there are two schemes for the multiplane GAA method designing
the multiple phase distributions for phased arrays M3-DS. One was called as serial iteration ver-
sion, in which multiple phase distributions is calculated one by one as shown in Fig. 2(a). An-
other was called as parallel iterative version, in which multiple phase distributions is calculated
simultaneously as shown in Fig. 2(b). It can be predicted that the parallel iterative scheme
should be better than the serial iterative scheme, because the serial iterative scheme increases
the correlations of the designed phase distributions for phased array M3-DS.

3. Simulations and Discussions

In this Section, simulations were conducted to theoretically investigate the prediction and the
above multiplane GAA method for phased arrays M3-DS. Considering the structural parameters
of the phased arrays which will be used for the experimental demonstrations in next section, the
simulation parameters for the multiplane GAA method were carefully chosen as follows: The
wavelength A =632.8 nm, d = f =150 mm, the iteration number n = 80, the effective phase
distribution diameter was assumed as 7.68 mm and discretized on a grid of 256 x 256, the
phase value on each grid was discretized in 256 levels, and the light field distribution was pad-
ded with zero intensity points in each iteration of the multiplane GAA method to create a 512 x
512 pixel matrix.

First of all, simulations were given to validate the prediction that the parallel iterative scheme
shown in Fig. 2(a) was better than the serial iterative scheme shown in Fig. 2(b). Fig. 3 gives the
results of the two schemes for generating three focal spots on the same focal planes [as shown
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Fig. 3. Simulations of the diffraction of the phase distribution designed by using (a) and (c) the serial
iterative version or (b) and (d) the parallel iterative version of the multiplane GAA method for
(a) and (b) generating three focal spots on the same focal planes or (c) and (d) generating three
focal spots on different focal planes.

in Fig. 3(a) and (b)] or on different focal planes [as shown in Fig. 3(c) and (d)]. Fig. 3(b) and (d)
depict the result of the parallel iterative scheme, in which the three focal spots generated using
the parallel iterative scheme nearly have no side lobes. Fig. 3(a) and (c) depict the result of the
serial iterative scheme, and as can be seen from it the three focal spots generated using the se-
rial iterative scheme have many side lobes, which is believed to be caused by the increased cor-
relations of the phase distributions designed using the serial iterative scheme. Comparing Fig. 3
(b) and (d) with Fig. 3(a) and (c) apparently shows that the parallel iterative scheme is better
than the serial iterative scheme, which is in line with the previous prediction in Section 2.

Therefore, the parallel iterative version of multiplane GAA method was chosen to design the
multiple phase distributions for phased array M3-DS. In order to theoretically investigate the pre-
diction and this method, simulations were conducted. Assume that there are three scanning
beams at a moment, each focal spot of the beams' are located at different spatial positions and
especially located at different planes axially (e.g. Spot 1 in Plane 1, Spot 2 in Plane 2, Spot 3 in
Plane 3), as shown in Fig. 4, and Az; = -5 mm, Az =5 mm, Az; =11 mm. Obviously, the
three light spots projected onto the focal plane of the lens can be shown as the distribution in
the dashed box (i.e. the “three fatter spots”). Because the absolute value of Az; is maximum
and the absolute values of Az; and Az are equal. Thus, the intensity distribution of the middle
one (i.e. the projection of the Spot 3) of the “three fatter spots” should be the largest while the
other two should be the same, which was used to evaluate the effectiveness of the parallel itera-
tive version of multiplane GAA method for phased array M3-DS.

In order to achieve the spatial positions of the three scanning beams detailed in Fig. 4, by
using the parallel iterative version of multiplane GAA method, phase distributions were designed
as displayed in Fig. 5, ! (x,¥),¢2(x,y) and ©3(x, y) were respectively the designed phase dis-
tribution for the Spot 1, 2, and 3, pe(x,y) = ¢l (X, ¥) + ©2(X,¥) + ©3(x,y) was the final phase
distribution which was to be loaded onto the phased arrays for the desired spatial positions of
the Spot 1, 2, and 3 in Fig. 4.
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Fig. 5. Designed phase distributions for achieving the spatial positions of the three scanning beams
detailed in Fig. 4.

The diffraction in the focal plane of the lens of this final phase distribution ¢g(x, y) is shown in
Fig. 6, four diffraction spots were obtained and the brightest one was the unwanted zero order of
diffraction caused by the unmodulated part of the ¢g(x,y). The plane view and the three-
dimensional view of the diffraction result are respectively given in Fig. 6(a) and (b). As can be seen
from Fig. 6(a) and (b), the intensity distribution of the middle one of the three diffraction spots is ob-
viously largest, and the other two are nearly the same, which is agreed well with the above predic-
tions, that the intensity distribution of the middle one (i.e. the projection of the Spot 3) of the three
spots should be the largest due to the absolute value of Az; is maximum, and the other two should
be the same due to the absolute values of Az; and Az, are equal. Therefore, theoretically, a conclu-
sion can be given that the parallel iterative version of multiplane GAA method can be applied to de-
sign phase distributions for the spatial scanning position of the Spot 1, 2, and 3 (shown in Fig. 4).

4. Experiments and Discussions

In this Section, experiments were conducted to investigate the parallel iterative version of multi-
plane GAA method for phased array M3-DS. As we all known, the commercial phase-only liquid
crystal spatial light modulator (PO-LCSLM) is one kind of phased arrays [2]. In addition, the
manufacturing technologies of the PO-LCSLM are relatively mature, and the major manufac-
turers are the Boulder Nonlinear Systems (BNS), Holoeye Corporation, Hamamatsu Corporation
and so on. Here, a PO-LCSLM (P512-0635-DVI), had been bought from BNS, was adopted. The
PO-LCSLM has an active area of approximately 7.68 x 7.68 mm? consisting of 512 x 512 pixels
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Fig. 6. Simulation of the diffraction of the phase distribution ¢r(x,y) in the focal plane of the lens is
obtained. (a) The plane view and (b) the 3-D view of the diffraction result.

(each pixel measures 15 x 15 um?; 1600 linear levels for 27 phase stroke; reflected wavefront
distortion A\/7 and zero-order diffraction efficiency 61.5%). The CCD (GRAS-20S4M-C), supplied
by Point Grey Corporation, has 1624 x 1224 pixels (each pixel measures 4.4 x 4.4 ym?) and a
14 bit Analog-to-Digital Converter. Our experimental setup is detailed in Fig. 7. The phase distri-
bution designed using the parallel iterative version of multiplane GAA method for M3-DS is
loaded onto the PO-LCSLM and then it can retard the incident wavefront as the phase distribu-
tion does. According to the manual of the PO-LCSLM (P512-0635-DV1), the desired polarization
alignment can be obtained by gradually rotating the passive half waveplate to achieve that the
LCSLM to be in phase-only modulation mode (i.e. get the weakest zero order of diffraction). A
passive half waveplate is used to facilitate achieving the desired polarization alignment, which
guarantees the LCSLM to be in phase-only modulation mode (It should be noted that only a
PO-LCSLM can be considered as the candidate of the phased arrays), and an variable optical
attenuator is placed behind it for adjusting the intensity of the incident light. A 7.6 mm-expanded
Gaussian beam from a HeNe laser (A = 632.8 nm) incidents on to the PO-LCSLM. Witha f = 50 mm
Fourier lens, the diffraction in the focal plane of the Fourier lens are imaged by a CCD camera.

The phase distribution ¢r(x, y) shown in Fig. 5, designed for the spatial scanning position of
the Spot 1, 2, and 3 (shown in Fig. 4), was loaded onto the PO-LCSLM of this experimental
setup. Then, the diffraction pattern measured by the CCD camera is shown in Fig. 8. The plane
view and the 3-D view of the diffraction pattern are respectively given in Fig. 8(a) and (b). In the
measured diffraction pattern, there are four diffraction spots and the brightest one is the un-
wanted zero order of diffraction caused by the unmodulated part of the PO-LCSLM displaying
the pr(x,y). As can be seen from Fig. 8(b), the intensity of the unwanted zero order of diffrac-
tion is saturated, however, the other three diffraction spots wanted is not saturated. Thus, the
measured diffraction pattern is reliable and useable. As can be seen from Fig. 8(a) and (b),
the intensity distribution of the middle one of the three diffraction spots is obviously largest, and
the other two are nearly the same, which is agreed well with the simulation result in Fig. 6. So, it
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Fig. 7. Experimental setup. 1- aperture, 2- zoom beam expender, 3- passive half waveplate, 4- variable
optical attenuator, 5- beam splitter, 6-Fourier lens, 7-CCD.
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s

Zero order of diffraction
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Fig. 8. Diffraction pattern is measured by the CCD camera when the phase distribution ¢r(x,y) is
loaded onto the PO-LCSLM. (a) The plane view and (b) the 3-D view of the measured diffraction
pattern.

can be experimentally concluded that the parallel iterative version of multiplane GAA method
can be applied to design phase distributions for the spatial scanning position of the Spot 1, 2,
and 3 (shown in Fig. 4).

To further verify the practical feasibility of the parallel iterative version of multiplane GAA
method for dynamic multi-beam 3-D scanning of the phased arrays, an additional experiment
was conducted. Fig. 9 was given to demonstrate the lateral scanning and the axial scanning of
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Fig. 9. Experimental results of the parallel iterative version of multiplane GAA method for dynamic
multi-beam 3-D scanning of phased arrays.

the each spot of the randomly chosen multiple spots. As shown in Fig. 9(a), we randomly chose
six spots which were set to be in six different planes and move along z-axis with a step of
500 um, meanwhile, the four spots of them (in planes 1, 2, 3, and 4) were expected to clock-
wise rotate around z-axis in each plane with a step of 12 um, the other two were expected
to counterclockwise rotate around z-axis in each plane with a step of 12 um. Fifty phase dis-
tributions designed for scanning the six spots in fifty different positions were gradually loaded
onto the phased array. Then, a dynamic sequence of diffraction patterns was measured by
the CCD camera as shown in the GIF animation files (http://blog.sciencenet.cn/home.php?
mod=space&uid=734814&do=blog&quickforward=1&id=820769), and the 1th, 10th, 20th, 30th,
40th, and 50th frame of the sequence are shown in Fig. 9(b). It can be found from the frames in
Fig. 9(b) that spots 1, 2, 3, and 4 are controlled to clockwise rotate around z-axis and spots 5
and 6 are controlled to counterclockwise rotate around z-axis and this indicates that the lateral
scanning of the randomly chosen six spots can be achieved. Meanwhile, as can be noted from
the frame 1, 10, and 20 in Fig. 9(b) that each spot (e.g., spot 1) gradually becomes clear from
blurred, and then gradually becomes blurred from clear as can be seen from the frame 30, 40,
and 50 in Fig. 9(b), this is because that each spot (e.g., spot 1) is controlled to get in-focus and
out-of-focus as the axial plane moves. The more detailed and dynamic demonstrations of the
three dimensional scanning are given in the GIF animation files. And it can be seen from the
GIF animation files and Fig. 9(b) that the three dimensional scanning of the six focal spots are
realized as expected, which suggests the parallel iterative version of multiplane GAA method
can be applied to design phase distributions for dynamic multi-beam 3-D scanning of the
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phased arrays. This technique would provide a promising convenient multi-beam generating
and 3-D scanning for ladar, laser weapons, laser micromachining, etc.

5. Conclusion

The most frequently used methods for the M2-DS of the phased arrays are the GS and GAA
method. Recently, the GAA method had been proven to be better than GS method on the unifor-
mity of the beam, while the efficiency of the light beam were almost the same for both of them
[25], [26]. Since the GAA method is only suitable for creating phase distributions for phased ar-
rays multi-beam independently lateral scanning, therefore, we propose the multiplane GAA
method and firstly demonstrate it for phased arrays multi-beam independently generating and
3-D scanning. the multiplane GAA method is improved from the GAA method, but, a striking
difference is that the iteration plane is not just one but multiple, which promises the method to
be, not only capable of creating phase distributions for the independently axial scanning, but
also suitable for creating phase distributions for phased array multi-beam independently lateral
scanning.

Details of the mathematical expressions and two versions of the method are given to show
the phase distributions design process for M3-DS. The parallel iterative version of multiplane
GAA method has been numerically proven to be preferred for designing the multiple phase
distributions for phased array M3-DS, and a simulation of the preferred method designing the
multiple phase distributions for phased array M3-DS is conducted. Then, a corresponding exper-
imental demonstration is investigated by using an optical setup based on a kind of phased ar-
rays (PO-LCSLM), onto which the designed phase distributions are loaded. Simulation results
agree well with experimental results, which validates the effectiveness of the method proposed.
Finally, an additional experiment is conducted to further verify the practical feasibility of the pro-
posed method for dynamic multi-beam 3-D scanning of phased arrays, and the results confirm
the capabilities and practicalities of it. It can therefore be concluded that the method would pro-
vide a promising convenient multi-beam generating and 3-D scanning for ladar, laser weapons,
laser micromachining, etc.
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