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In this paper, to solve the problem of uneven distribution of far-field intensity of Flash Lidar, a method
of amplitude modulation for optical phased array (OPA) is proposed, which makes the far-field intensity
distribution close to the uniform rectangular distribution. We use the impulse response sequence of Finite
Impulse Response (FIR) digital filter designed by the window functions to modulate the amplitude of the OPA.

This kind of uniform intensity distribution can simultaneously detect a wide range with the same intensity.
The modulation sequence can also be extended to two-dimensional situation. In the case of considering the
radiation pattern of optical waveguide, the amplitude modulation sequence can also be modified to obtain the
far-field pattern that is close to the uniform rectangular distribution.

1. Introduction

Compared with traditional microwave radar, the laser emitted by
Lidar (Light Detection and Ranging) has the characteristics of high
brightness, high directivity, high monochromaticity and high coher-
ence. Lidar has the high angular resolution, high range resolution [1],
high speed resolution, wide speed range and strong anti-interference
ability. Because of the advantages of Lidar, it has broad application
prospects: future airborne Lidar, vehicle-borne Lidar, and intelligent
robots, especially in traffic control, target tracking, automatic driving
in intelligent cities.

Lidar is divided into mechanical Lidar and solid-state Lidar, tradi-
tional mechanical scanning Lidar is composed of discrete optoelectronic
devices, optical components and electronic components. It is difficult
to realize mass production because of its large size, low reliability
and high cost [2], so the solid-state Lidar has become the mainstream
research because of its high integration, small size, high reliability and
low cost.

Flash Lidar is a very important branch of solid-state Lidar [3,4].
Instead of scanning, it emits a large area of laser covering the detection
area in a short time, and then receives it with a highly sensitive receiver
to complete the rendering of the surrounding image [5]. Flash Lidar is a
promising technology. National Aeronautics and Space Administration
(NASA) recognizes the Flash Lidar technology as an important tool for
enabling safe and precision landing in future unmanned and crewed

lunar and planetary missions [6]. Flash Lidar is selected to accom-
plish Autonomous Landing and Hazard Avoidance Technology (ALHAT)
Project of accurate landing at the selected safe site [7]. Flash Lidar can
provide 3D point-cloud data in real time without motion blur, in the
day or night, and is capable of imaging through fog and clouds [8]. It
also has applications in military imaging [9], Unmanned Aerial Vehicle
(UAV) surveillance [10] and traffic control [11].

However, the far-field intensity of the laser emitted by the Flash
Lidar shows the Gaussian distribution. As shown in Fig. 1(a). The
distribution of light field is nonuniform, and the intensity of the edge
is weaker than that of the center. Flash Lidar needs to analyze the light
reflected from the object, if the intensity at the edge is too weak to
be detected by the receiver when it is reflected, this will lead to false
imaging, that is we do not want to get.

Therefore, the ideal light intensity situation is a uniform rectangular
distribution as shown in Fig. 1(b), in this way the Lidar will avoid the
wrong image analysis of the reflected light due to the uneven light
intensity. Based on the above problems, we propose a method to realize
uniform rectangular far-field intensity distribution by using another
solid-state Lidar: optical phased array. The amplitude of the uniform
OPA in equal spacing is modulated by the impulse response sequence
of the FIR digital filter which is designed by different window functions
in the field of digital signal processing, this method makes the far-field
pattern of the OPA close to the uniform rectangular distribution.
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Fig. 1. (a) The actual far-field intensity distribution of the Flash Lidar. The far field intensity presents the Gaussian distribution. (b) The ideal uniform rectangular far field intensity

distribution for detection.
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Fig. 2. (a) The geometric model of non-uniform optical phased array. (b) The geometric model of uniformly distributed optical phased array in equal spacing.

2. Realization of far-field intensity rectangular distribution
2.1. OPA geometric model

OPA is a kind of beam pointing control technology [12-23], each
waveguide in the OPA is equivalent to a slit in multi-slit interference.
Light propagates in the air and interferes. As a result, the energy of the
light is enhanced by the interference in one direction, and weakened in
another direction, and achieve the purpose of changing the direction of
the beam. Fig. 2(a) shows the geometric basic model of an OPA with
non-uniformly placed elements. The model ignores the physical size of
the elements, assumes that the width of each waveguide is infinitely
small. Let the position coordinate of any element be (x,, y,, z,) relative
to the phase reference point (0, 0, 0). First of all, considering a single
element (x,, yy, z¢), at the far field observation point P, the distance
between them is r, its diffraction field intensity E(P) is:

exp (jkro)

Ey(P) = Agexp (j@p) " £ €))

where 6 is the diffraction angle, 4 is the wavelength, k is the wave-
vector and equal to 2z /4, A, is the amplitude, ¢, is the phase, f(6) is
the radiation pattern of this element. Then we consider that the OPA
is composed of many radiation sources, because the coordinate of each
radiation source is (x,, y,, z,) relative to the phase reference point, as
shown in Fig. 2(a), the vector from reference point to the nth radiation
source is defined as R, = é,x, + é,y, +&,z,, according to Eq. (1), the
diffraction field intensity of each radiation unit at far-field P is:

exp (jkr,)

E,(P)=A,exp (jo,) p Ja(0) (2

where r, = |F| = )?—7!:

r\/l + (x,2 +y,2 +2,2) /r* =2 (xx,, + yy, + zz,) /r?, replacing rectan-
gular coordinates with spherical coordinates: x = rsin 6cosg, y = rsin
Osing, z = rcosf, and for the far-field:

2

R

n
2 = 2 <1 3

x,,2 + y,,2 + an

so r, can be calculated approximately: r,=r-(x,sinfcosg +y,sindsing
+z,cos 0), it can be concluded that the phase contribution of the nth
element to the far-field point P is:

exp (jkr,) = exp (jkr)exp [=jk (x, sin cos ¢ + y, sin @ sin g + z,, cos 0)]

C)
As for vector 7, its unit vector 7,:
r_;=ﬁ=éxsinHCOS(p+éysin05in(p+ézcos€ 5)
7
Therefore, Eq. (4) can be written by exp(jkr,) = exp

(jkr)exp [— jk (7!: . ﬂ)] Finally, the field intensity of the nth element
at far field P is:
exp (jkr) exp [—jk (7!: . ﬁ)]

E,(P)= A,exp (jo,) -

In(0) (6)

n

The N-element OPA model with uniformly distributed elements in a
straight line is shown in Fig. 2(b), this model also ignores the physical
size of each element, assuming that the width of each waveguide is
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infinitely small and the spacing of each element is d. The position of
the first waveguide is defined as the phase reference point. It can be
obtained from geometric relations that k (E . r’é) = knd sin 6, therefore,
in the equidistant OPA, the far-field intensity produced by each element
at point P is:

E,(P)= A, exp (jo,) xpUkr) exp (=Jknd sin6) Ja(0) )

T'n

The total intensity at the far-field observation point P can be seen as
the superposition of the diffraction photoelectric field at the point P of
each element of the one-dimensional OPA, so:

N-1 N-1 . . .
EP)= Y E, ()= Y 4, exp (jg,) Z2YE) °Xpr(_’ kndsin) (o)
=0 n=0 n

®

If the shape of each phased array element is the same and the radiation
pattern is the same, too. The above formula can be written as follows:

N_l 2 . .
E(P)=f(6) Z A, exp (j(p,,) exp (jkr) expr(—jknd sin 0) ©
n=0 n

In Eq. (9), the distance from each phased array element to the far field
point P r, can be approximately regarded as equal to the distance from
the reference point to the far-field point r, then:

. N-1
E(P)= f(6) M Z A, exp [j (@, — knd sin0)] (10)
n=0

From the above formula, we can see that E(P) is a function of 6, so it
can be expressed as E(6). But what we care about is not the absolute
size of E(0), but the relative distribution of it. Therefore, the constant
terms of amplitude and phase are neglected, the far-field intensity
distribution function of OPA can be expressed as:

N-1

E@©) = f(® Z Ay exp [j (@, — knd sin6)] 1)
n=0

In the above formula, ' A, exp [j (¢, — knd sin9)] is the array fac-

tor, therefore, E(6) is the product of the radiation pattern and the array

factor of the phased array. It is assumed that the radiation patterns of

all phased array elements are f(6)=1, Eq. (11) can be written into:

N-1
E@©) = Z A, exp [j ((pn—knd sin0)] 12)
n=0

Set the phase difference between adjacent phased array elements is
Ap, p,=ndg, if the phase difference between adjacent waveguides Ag
= kdsin 6, the main lobe can be scanned to 6, direction. E(f) can
eventually be expressed as:
N-1
E®) = Z A, exp [jn (kd sin@, — kd sin8)] 13)
n=0
Among them, kdsin 6, is the phase difference between adjacent
waveguides needed to realize the scanning angle 6, of the beam, which
is called “Phase difference in the array”, and kdsin 6 is called “Phase
difference in the space” because of the spatial position distribution of
adjacent elements of the phased array.

2.2. Amplitude modulation of uniformly distributed optical phased array

In order to get the ideal uniform far-field pattern, we must design
the optical phased array so that the far-field intensity can be uniformly
gathered to the central position. In order to achieve this, amplitude
modulation must be carried out [19,24], there are many sequences that
can be used to modulate the amplitude of an OPA. We use the impulse
response sequence of FIR digital filter designed by the window function
w(n) to modulate the amplitude of the OPA, that is: using different
window functions w(n) [25] to intercept the infinite impulse response
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sequence of low pass filter h,(n) whose cut-off frequency is w, to get
the sequence h(n) [26]:
sin [wc (n— a)]
h(n)=hy;(Mwh) = ——— = w(n) 14
7 (n—a)

The window functions w(n) we choose include: Boxcar, Hanning,
Hamming, Blackman and Kaiser windows, when the amplitude of the
optical phased array is weighted by h(n), the far-field pattern similar
to the rectangle distribution is obtained.

We choose Boxcar, Hanning, Hamming, Blackman and Kaiser win-
dows to design FIR filters and to modulate the amplitude of OPA
using the impulse response of FIR filter. The waveguide spacing of
OPA d = 1 pm, and the number of waveguide N = 64, the cut-off
frequency of the filter w, = 0.3z. It can be seen that the intensity
distribution of far-field tends to uniform rectangular distribution after
the amplitude modulation. Fig. 3(b) amplifies the distribution of the
far-field intensity, and it can be seen more clearly that the uniformity
of the far-field intensity distribution is different under different am-
plitude modulation conditions. After modulation with the sequence of
FIR filter designed by Boxcar window, the uniformity of the far-field
pattern is the worst and the fluctuation is very strong, the ampli-
tude distribution of the sequence h,(n) is not changed by using the
Boxcar window, it is just simply intercepted, so the far-field pattern
shows a relatively large fluctuation, while other window functions
change the amplitude of the sequence while intercepting the sequence,
so the window function (except the Boxcar window) can reduce the
fluctuation of the far-field pattern and increase the uniformity of the
far-field intensity distribution. Fig. 3(c) shows the peak side lobe level
(PSLL) of the amplitude-modulated OPA with the sequences of FIR
filter designed by Boxcar, Hanning, Hamming, Blackman and Kaiser
window is —21.20 dB, —44.00 dB, —55.31 dB, —75.23 dB, —55.15 dB
respectively, it can be seen that after the amplitude modulation of this
method, when the intensity of far-field is uniform, the side lobe is
suppressed to a great extent at the same time. It not only achieves the
uniform distribution of the intensity of the far field, but also largely
restrains the side lobe. In order to measure the similarity between
the far-field intensity distribution of the modulated OPA and the ideal
uniform rectangular distribution, the mean absolute deviation between
the actual distribution and the ideal distribution is calculated. The data
of ideal distribution are expressed as: M = M,(m,, my, ..., my), the
actual distribution of data is as follows: A = A, (a;, a,, ..., ay), here, N
is the sampling point of ideal distribution and actual distribution, and
the mean absolute deviation formula is:

| X
D(AM) =~ ; |a; = my| (15)

For the far-field intensity distribution, the mean absolute deviation
decreases with the increase of number of waveguides as shown in
Fig. 4(a), in other words, the similarity between the far-field distribu-
tion and the ideal distribution increases with the number of waveg-
uides, the maximum number of waveguides we choose is 64. The more
the number of waveguides, the closer to the ideal uniform rectangular
distribution. For different modulation modes, with the same number of
waveguides, the optical phased array modulated by the sequence of FIR
digital filter designed by Kaiser window has the smallest mean absolute
deviation, the smallest amplitude offset from the ideal distribution
and is nearest to the uniform rectangular distribution. Then, the effect
of number of waveguides on the width of main lobe is investigated.
Fig. 4(b) shows that the width of the main lobe is very large at first,
the far-field pattern does not have the form of rectangular distribution
in this case, but the width of the main lobe decreases suddenly with
the increase of the number of waveguide elements, because the far-field
intensity distribution is changing from non-uniform distribution to rect-
angular uniform distribution, and then with the increase of the number
of waveguide elements, the width of the main lobe increases slowly and
gradually becomes stable. With the increase of the number, it has less
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Fig. 3. (a) The far-field intensity distribution of a small-range uniform OPA modulated by impulse response sequences of FIR digital filter designed by five kinds of window
functions, the wavelength 4 = 1550 nm. (b) Enlargement of the middle area in Fig. 3(a). (¢) The far-field pattern of a small-range uniform optical phased array modulated by the

same sequences as Fig. 3(a).
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Fig. 4. The performance of far-field pattern of a uniform optical phased array
modulated by different sequences. (a) In the case of amplitude modulation with
sequences of FIR digital filter designed by five kinds of window functions, the mean
absolute deviation is used as the function of the number of waveguides. (b) Beam width
is used as the function of the number of waveguides.

and less influence on beam width. From the above analysis, for any
amplitude modulation mode, the far-field intensity distribution tends
to be more uniform with the increase of the number of waveguides, but
the main lobe beam width remains basically unchanged. Visualization
1 records the change of far-field intensity distribution along with the
increase of waveguide number.

Let us take impulse response sequence of the FIR filter designed
by Kaiser window as an example, investigate the influence of the
characteristic of the designed FIR filter on the far-field distribution.
Visualization 2 shows that with the increase of the cut-off frequency
of the FIR digital filter, the impulse response sequence of the FIR filter
designed by Kaiser window also changes, and the amplitude of the
center of the sequence increases gradually. The amplitude sequence
in two extreme cases is shown in Fig. 5(a). The variation of far-field
intensity distribution corresponding to the sequence is also shown in
Visualization 2. As shown in Fig. 5(b), the far-field beam width of
the uniform optical phased array modulated by the sequence with cut-
off frequency of filter is wider than that by the sequence with small
cut-off frequency. Fig. 5(c) shows that with the increase of the cut-
off frequency of the FIR filter which is designed by Kaiser window for
amplitude modulation, the beam width of the far-field intensity dis-
tribution increases, when selecting other window functions, the law is
the same as that of Kaiser window. All the above analyses are based on
element spacing d = 1 pm, next, the influence of the waveguide spacing
d on the far field pattern is analyzed in the case of the modulation
sequence is the sequence of FIR filter designed by Kaiser window. Fig. 6
shows that the far-field pattern of the OPA after amplitude modulation
changes with the distance between waveguides when the number of
waveguides is 64. Visualization 3 shows the trend of far-field intensity
distribution from d = 0.775 pm to d = 3.4 ym, we can see that with
the increase of the waveguide spacing d, the width of the main lobe
varies from wide to narrow, then from single lobe to multi-lobe, and the

number of grating lobes increases, but the distribution of each grating
lobe is approximately rectangular and uniform.

For optical phased array, the main lobe can be pointed to different
angles by changing the phase difference between adjacent waveguides.
In this paper, the far-field intensity distribution of the small-range
uniform optical phased array after amplitude modulation has presented
a rectangular uniform distribution, therefore, if the uniform far-field in-
tensity distribution is shifted to another angle, the uniform distribution
of the finite width can be filled with the whole detection range and
expand the detection range of the Lidar. Fig. 7 shows that the center
of the main lobe of the far field intensity distribution which is close to
the uniform rectangular distribution is pointing at —30°. Visualization 4
demonstrates the changing process of the far field pattern of the center
of the main lobe from —50° to +50°. In this case, the detection range
of the uniform far field intensity of the optical phased array exceeds
100°.

When considering the application of the above amplitude modu-
lation to each channel of the actual OPA, due to the limitation of
modulation precision, the actual amplitude applied to each waveguide
may deviate from the ideal distribution. Let us take impulse response
sequence of the FIR filter designed by Kaiser window as an example,
investigate the influence of the designed FIR filter sequence with noise
on the far-field distribution. We add 10%-50% random noise fluctua-
tion to each group of modulated sequences and calculate the far-fields
modulated by them. Fig. 8(a)-(e) show the comparison of the far-fields
obtained when noise in different levels is applied to the amplitude
modulation sequence and the far-fields corresponding to the sequences
without noise. For the noise in different levels, we calculate the mean
absolute deviation between the corresponding far-field and the far-field
without noise for 100 times and take the average of 100 times as the
final result, it is shown in Fig. 8(f). We can see that when 10% noise
is applied, the obtained far-field is very close to the original. As the
noise in the sequence increases, the mean absolute deviation between
the obtained far field and the ideal far field gradually increases, that is,
the similarity between them gradually decreases. When 40%-50% noise
is applied, undesired side lobes appear in the far field. However, even in
this case, the intensity distribution in the main lobe is still maintained
above 0.8, which can be approximately regarded as a uniform intensity
distribution.

3. Amplitude modulation of two dimensional optical phased array

Two-dimensional optical phased array is the extension of one-
dimensional optical phased array. The waveguides arranged in a rect-
angular grid are called rectangular planar waveguide arrays. As shown
in Fig. 9, the geometric model of M x N two-dimensional optical
phased array is located in the x-o-y plane, and the rectangular array
can manipulate the beam in the elevation and azimuth directions.

The waveguide spacing in x direction and y direction is d, and d,
respectively. From the previous analysis, we can see that the intensity
of the photoelectric field produced by each radiation element at the far-
field P can be calculated by the Eq. (6) derived above. For the vector
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dot product R, - 7;, which R, is the vector from the origin to the nth
element, 7, is the unit vector from the origin to the far-field point P.
For any radiation element, its coordinate on the plane is (md,, nd ) it
can be calculated from geometric relations that:

R, -7, = md,sin 6 cos ¢ + nd, sin 0 sin ¢ 16)

The derivation process can be extended from the one dimensional
analysis to the two-dimensional case. Therefore, the far-field intensity
distribution of two-dimensional optical phased array is expressed as

follows:
M-1
E(0) = Z exp [jkmdx (sin 0, cos @, — sinf cos (p)] .
oo " a7
Z Ay eXp [jknd,, (sin 6 sin @ — sin 0 sin )]
n=0

Among them, A4,,, is the amplitude of the radiation element with the
coordinate of (md,, nd s 0), 0 and ¢ represent elevation and azimuth
angles, 6, is elevation angle of main beam direction of OPA, ¢, is
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azimuth angle of main beam direction. The amplitude modulation
of one dimensional optical phased array extends to two dimensional
amplitude modulation, if the number of radiation elements in the x
and y directions of the two-dimensional OPA is the same as N and
the distance between waveguides in both directions is d, the amplitude
of each radiation element is modulated. Assuming that the amplitude
weighted sequence of the impulse response of the FIR digital filter
designed by the window function is Ay the weighted amplitude matrix
is Ayyny = A@ Ay for the N x N two-dimensional OPA. The amplitude
distribution of the two-dimensional case is shown in Fig. 10(a), the
amplitude distribution is expanded to 2-D case by using the FIR digital
filter impulse response sequence designed by Kaiser window. After
weighted by the amplitude of the modulation matrix, the far-field
intensity distribution is shown in Fig. 10(b). The far-field intensity
distribution is similar to the rectangular distribution. It can be seen that
the amplitude modulation of the one-dimensional OPA is also suitable
for the two-dimensional OPA.

4. Amplitude correction considering single waveguide radiation
pattern

In the above formulas, when calculating the far-field intensity dis-
tribution of the OPA, it is assumed that the radiation pattern f(6) of
each waveguide is equal and f(9)=1. Now we consider the situation of
radiation pattern f (6) #1, in this case, the far-field intensity distribution
function of optical phased array is:

N-1

E©) = f() Z B (n)exp (jnkd (sin 0, — sin 9))
n=0

(18)

If we still want to get the same far-field intensity distribution as before
without considering the waveguide radiation pattern, that is:

N-1
E® =f() z B (n)exp (jnkd (sin6; —sin0))
M-1 =0 19)
= 2 A (m) exp (jmkd (sin&x - sin0))
m=0

Let w=kd(sinf-sind,), the above formula can be rewritten into:

N-1 M-1
E@O)=f (@ Y, Bexp(=jnw) = Y, A(m)exp(~jmw) (20)
n=0 m=0

When calculating the far-field pattern of the optical phased array, the
number of waveguides is finite, assume the number of waveguides is
extended to infinite, and the waveguides are placed on both sides with
the origin, then:

E©6) = f(0) Z B (n)exp (—jnw) = A (m) exp (—jmw) (21)

n=—o0 m=—

ﬁ Y Amexp(-jmo)  (22)

1/f(w) can be written as a discrete Fourier transform of an infinite
sequence g(q), that is:

Y Bnyexp(—jnw) =

n=—oo0

L _y _ N N A
m—q;mg(q)exr)( qu)=>g(q)—2” T exp (jqw)dw (23)
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Fig. 10. (a) The sequence distribution of amplitude modulation for two-dimensional 128 x 128 OPA. The cut-off frequency of the FIR digital filter designed by Kaiser window is
0.3z, and the waveguide spacing in x and y directions is d = 1 pm. (b) The far-field pattern of two dimensional OPA modulated by the amplitude shown in (a).

Assuming that the radiation pattern belongs to the Gaussian distribu-
tion f (w)xexp(-w?/£2), g(q) can be calculated by:

g@)= = / "exp (2 exp go) doo 24
27 P\ 2

Eq. (22) can be written as:

Y, Bmexp(—jnw)= Y g@exp(—jqw) Y, A(m)exp(—jmw) (25)

n=—o00 g=—00 m=—oco
letm=n—-gq:
i B(me " = i 8@
n=-—00 q=—0c0
X exp (—jqw) 2 A(n—q)exp(—j(n—q)w)
= i [ i g(q)~A(n—q)] exp (—jnw)
n=—o0o | g=—o0

(26)

The amplitude sequence which is required to obtain the same far-
field intensity distribution as the previous amplitude modulation can
be calculated by the following formula when considering the radiation
pattern of each waveguide:

o
Bm= Y 2@ An—q) @7
g=—00

The above deduction is based on the assumption that the number
of waveguides is infinite. But in practice, the number of waveguide
elements is limited. When the number of waveguides is N and the value
of B(n) is calculated by formula (26), the length of B(n) sequence is
2N -1, we intercept the N values from the center of the sequence as
sequence B(n). Fig. 11 shows the amplitude distribution of sequences
B(n) and A(n). Input B(n) into formulate (19) and get the far-field
pattern under the radiation pattern of the waveguide is considered,
it can be seen from Fig. 11(b) that the calculated far-field intensity
fluctuates greatly in this case, which is due to the fact that the number
of waveguides cannot be infinite, so the calculated sequence B(n) has
some errors. From the previous analysis, we can see that the amplitude
sequence weighted by window functions can greatly weaken the far-
field intensity fluctuation, so we consider using Kaiser window to weigh
the calculated amplitude distribution B(n) to get a new amplitude
sequence B(n)w(n), the OPA is modulated by this new sequence, and the
far-field pattern is shown in Fig. 11(c). It can be seen that the fluctua-
tion of the far-field intensity distribution obtained by the new sequence

modulation is greatly weakened, and it is basically the same as that
obtained far-field pattern without considering the radiation pattern.
From the above analysis, we can get the ideal uniform rectangular far-
field intensity distribution by weighting the amplitude sequence with
the window functions when considering the radiation pattern of the
waveguide. This proves that the method of weighting the amplitude
sequence with the window functions is feasible in practice.

5. Conclusion

In this paper, a method of amplitude modulation for small spacing
uniform optical phased array is presented. The impulse response se-
quence of FIR digital filter designed by window functions is used to
weigh the amplitude of the OPA. The uniform rectangular distribution
of far-field intensity is achieved, and this method can be extended to
two-dimensional rectangular planar OPA. Finally, the amplitude modu-
lation sequence is corrected when considering the waveguide radiation
pattern, and get the far-field intensity distribution which is similar to
that without considering the waveguide radiation pattern, which proves
the feasibility of this method in practice. We have successfully proved a
new method, which is using optical phased array to solve the problem
of non-uniform far-field distribution of Flash Lidar.
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Fig. 11. (a) The comparison of the two amplitude modulation sequences A(n) and B(n) corresponding to whether the waveguide radiation pattern is taken into account or not
when the same far-field intensity distribution is obtained. The number of waveguides N = 129, the distance between waveguides d = 0.775 pm, the cut-off frequency of the FIR filter
is 0.37, and the window function is Kaiser window. (b) The comparison of far-field pattern after modulated by A(n) and B(n), (d) is the enlargement of (b). (c) The comparison

of far-field pattern after modulated by A(n) and B(n)w(n). (e) is the enlargement of (c).
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