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Abstract 

Recently the application of optical or photonics technology to microwave array 

antenna in the signal processing and beam formation has been studied. Based on the 

two-laser model of spatial Fourier optical processing techniques, by placing numbers 

of optical fibers in the incident focal plane of Fourier transform (focusing) lens, a 

multibeam optical processing system for microwave transmitting array antennas is 

proposed in this technical report. 

Chapter 1 gives the background of a spatial optical processing antenna and a 

mathematical description of the antenna characteristics. Chapter 2 presents the 

structure of optical processor for multibeam array antennas, the general system design 

and analysis method, and some numerical results, such as optical excitation 

distribution and antenna radiation patterns. Two-beam experimental optical processor 

for producing RF signals with different phase distributions and feeding to array 

antennas is demonstrated in this Chapter as well. By using optical heterodyne process, 

Chapter 3 describes a parallel optical processor for multibearn antennas, which can 

greatly reduce the optical aligmnent difficulties, the free-space beam transmission loss, 

and the size of the optical processing feed part. To increase the spatial optical 

sampling efficiency, Chapter 4 proposes a method to produce the bright spots in the 

image or sampling plane by employing a periodic diffracting mesh. Chapter 5 gives a 

summary of this technical report. 
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1 Spatial Optical Processing Antenna「181

1.1 Introduction 

For future wireless telecommunications, compact, light-weight, flexibly controllable 

beam forming/steering and large multibeam number antennas are required. Reflector, lens 

and phased array are three basic generic types of candidates. Comparing with reflector 

and lens types, array antenna has a number of advantages, such as, higher aperture 

efficiency, no spillover loss, no aperture blockage and better reliability, but the 

disadvantages are heaviness, complexity, and higher loss in the power distribution system. 

To remain the advantages and overcome the disadvantages, the application of optical or 

photonics technology to microwave array antenna in the signal processing and beam 

formation has been studied by several institutes for years [1-3]. By using the optical 

components, the size and heaviness of array antenna can be greatly reduced, and the 

microwave field distributions on the antenna aperture can be controlled in the optical 

range. 

There are three major techniques for the optically controlled array antenna (OCAA) 

developments. They are, (I) integrated optical phase and frequency shifters method [ 4], 

(II) optical true time delay (TTD) method [5] and (Ill) spatial Fourier optical processing 

method [6]. By comparing with techniques (I) and (II), (III) implements the division, 

interconnection and combination of light spatially, and the individual phase shifter for 

each radiating element of antenna is not necessary. This will reduce the size and 

complexity of Beam Forming Network (BFN) system greatly. Therefore, (III) is 

approved as a more attractive approach for large element and large multiple spot-beam 

array antennas [7]. 

The characteristics of beam scanning, beam formation and wideband feature of OCAA 

have been studied by using approach (III) [8-11]. In this Chapter, the spatial Fourier 

optical processing technique will be reviewed, and the basic principle of this approach 

will be presented mathematically. 

1.2 Optical Controlled Beam Scanning and Formation 

The Fourier transform (FT) lens is used as the main component in the OCAA as 

shown in Fig. 1-1. The reason of this arrangement is, since the far field radiation pattern 
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of a microwave array antenna is the FT of its aperture distribution, and the amplitude and 

phase distributions on the aperture are decided by the RF bit signal of two laser beams on 

the optical fiber array input plane which is the right-side focal plane (image plane) of FT 

lens, therefore the desired antenna pattern will be achieved by the scaled illuminating 

mask pattern in the right-side plane of FT lens. The above explanation also can be 

expressed mathematically in the following. 

FT lens 

Antenna beam 

Fig. 1-1 Spatial optical processing array antenna 

The field distribution in the right-side focal plane (x1, y 1) of FT lens is expressed by 

the FT of the transmittance function t(x, y) in the left-side focal plane (x, y) as 

E(x1ふ）= JI t(x, y) exp[-j竺 巳+YY1)]dxdy, 
D 凡F

(1-1) 

where Dis the incident field range in the (x, y) plane, and could be the aperture siな of

mask, 入ois the wavelength of the optical light and F is the focal length of the FT lens. 

The optical excitation field for microwave antenna is sampled by an optical fiber array 

on the image plane (x1, y1) of FT lens, and then detected by a photodiode (PD) and 

amplified to feed the radiating elements of array antenna. During this process, optical field 

is converted to electrical (or microwave) field with the maintenance of amplitude and 
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phase information. 

The far radiation field of microwave array antenna is an FT expression of its aperture 

distribution which is excited by E(x1, y1). Then we have 

F(kx, k) = ff CE(x凸）exp[j(kふ＋鱗）]dx2dY2・ 
Da 

(1-2) 

Here we assume that all of the optical field distribution information is sampled by an 

optical fiber array bundle in the FT lens image plane. In Eq. (2-2), Dais the antenna array 

size, C is an efficient related to the optical fiber array sampling, PDs and microwave 
年 2冗

amplifier, and kx =— sin0cos<f>, kY =— sin 0 sin</> are the components of the wave 
入 入

number in the microwave range. 

Since the element number of the optical fiber array which size is Dr equals that of 

microwave array antenna, the sizes of these two arrays are proportional to each other in 

wavelength. Therefore, the following relations are obtained as 

or 

，
 

，
 

2

m

 

a

m

 

D
-
i
x
-
入

m

m

 

-
l
=
 

D
f一入。

XIー一入。

Yi Y2 -=m-， 
入入

o m 

(1-3) 

where m is the beam magnification as defined in [ 6]. 

Substituting Eq. (1-3) into Eq. (1-1), Eq. (1-1) can be expressed as the function of x2 

and y2, 
.2加

E(x凸）＝炉(x,y)exp[-1-(四 +y叫]dxdy,
D AmF 

(1-4) 

On the other hand, by defining (0, <p) as a pair of far-field scanning angles and 

assuming that 0 is small, the following relations in the FT lens part are given according to 

the discussion in reference [ 15], 

x 1 y I -= -sin0cos¢, -= -sin0sin¢. 
F m F m 

(1-5) 

Then Eq. (1-2) can be rewritten as 
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.2加
F(kよ） = cff E(x凸）exp[]一 (xx2+ yル）］屯dyが

Da 
入mF

(1-6) 

Comparing with Eqs. (1-4) and (1-6), it is easy to find out that these two expressions 

become forward and inverse FT transform pairs, then we have 

F(kx, 人）= Ct(x,y). (1-7) 

This equation means that the far field beam patterns can be obtained simply from the 

same scaled mask patterns. The antenna beam scanning and steering can be realized 

simply by moving the mask aperture in the focal plane, this is also obvious from the Shift 

Theorem of FT, and the multi-beam and shaped multi-spot function can be implemented 

by adding other light sources or making other shaped apertures in the focal plane. 

By using the spatial optical processing technique, the amplitude and phase values 

required for beam forming can be determined simultaneously by means of Fourier 

Transform capability of focusing lens. But we have point out that the antenna beam 

scanning is performed by moving the mask pinhole mechanically, and it will effect the 

scanning speed of antenna. 
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2.1 Introduction 

To increase the capacity of future satellite and land mobile communications base 

station antennas, the wideband multibeam antennas have been developed for two decades. 

Because of the advance in printed-circuit antennas and NIMIC, active phased arrays tend 

to be alternatives to reflectors and lenses. However, this makes the Beam Forming 

Network very complicated, heavy and expensive. 

Recently, the application of optical or photonics technology to produce multibeam 

microwave array antennas has been studied [12],..._,[14]. Instead of full use of microwave 

components, optical components such as lenses and fibers are employed to control the 

phase and amplitude weights for each element of the array. In this Chapter, frrstly an 

optically controlled multi-beam BFN system which is based on the two-laser model 

Fourier optical processing technology [15], [16] is proposed by introducing other optical 

laser fibers in the input focal plane of Fourier Transform (focusing) lens. The general 

system design and analysis method will be given by using Fourier optics. By connecting 

this system to a large-element-number array antenna, according to the laser sources, 

simultaneous, independent and frequency diverse multiple beams will be produced in the 

desired directions. Secondly the condition of generation of contiguous multibeam in this 

system and numerical calculation results of optical excitation distribution and antenna 

radiation patterns versus some particular system parameters, such as the arrangement of 

input laser fibers and sampling optical fiber紅 ray,are given. Finally an experimental 

system for two-multibeam array antenna are described and the RF signals which will feed 

the microwave array antenna are detected by photodetector, and the measured results of 

optical excitation amplitude and phase distributions with a comparison of simulation 

results will be given. 

2.2 System Design and Analysis 

Since the various arrangement of input laser beams in the left-side focal plane of FT 

1 ens can control the antenna radiatJ.on charactenstJ.cs as shown m Chapter 1, if we place n 

optical fibers as signal sources with different frequencies fl'f2, …, f0_ in the left-side 

focal plane of FT lens, and lock the laser sources to the reference laser with individual 
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frequency offset, the multiple beams from array antenna will be produced with individual 

microwave (RF) frequencies fm1'fm2, …, fmn as shown in Fig. 2-1. 

F「lens

Beam 1 

Las 

Fig. 2-1 Multibeam BFN system for array antenna 

The functional block diagram of the optical feed for a multibeam microwave array 

antenna is shown in Fig. 2-1. Then optical fibers connecting to different master lasers are 

placed in the left-side focal plane (x。,y。,Zo) of the FT lens, and their center is r。fromthe 

optical axis. The emitting optical beams from the fibers will be Gaussian distribution 

beruns. After transmitting to the FT lens, the beams will focus in the image plane with the 

same Gaussian intensity and different phase distributions, as shown in Fig. 2-1. Each 

master laser phase-locks to the reference laser with an individual frequency offset and 

corresponds to the difference working frequency antenna multibeam. The optical beams 

from the master lasers and the reference laser are mixed at Beam Combiner (B/C) and are 

incident on a sampling fiber array placed in the image focal plane (x" y" z1) of the FT 

lens. The frequency differences between optical beams from the master lasers and the 

reference laser as RF beatnote signals will be detected by a photodetector and feed to the 

radiating elements of a microwave a1Tay. 

To increase the antenna gain and reduce the antenna covering open space, the 

generation of multiple overlapping beams is necessary [17]. Because of the structure of 
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standard single-mode optical fiber in which the diameter of core is only 10μm comparing 

with 125μm of cladding, just simply placing the optical fibers in the focal plane of FT 

lens can not produce overlapping antenna beams. To solve this difficulty, a GRIN 

(GRadient INdex) lens is employed to connect with the incident emitting fibers, so that 

the small beam-spots will expand to large contiguous beams in the focal plane and a plane 

wave front is maintained as shown in Fig. 2-2. This design can also increase the emitting 

power on the FT lens. 

Cladding 

舅

core 

Cladding 
Gaussian 
beam 0 

core 

Optical fibers GRIN lens 
Focal 
plane 

Fig. 2-2 Expansion of Gaussian beam in the focal plane of FT lens 

To simulate the multibeam patterns of array antenna, the optical excitation distribution 

in the image plane is a key point. From Eq. (1-4), the optical field distribution in the 

image plane of FT lens caused by a truncated Gaussian beam from an optical source 

which is r。offset from the optical axis can be expressed as 

E(,;) = exp(j2冗,;,;゚ば。F)r゚e_,2'"。2J。[2冗r,;広 F]rdr,

゜
(2-1) 

where ro。isthe expanded beam waist in the left-side focal plane and J。isthe zero-order 

Bessel function. 

If the血agemask in the left-side focal plane has a circular pinhole aperture, the 

incident beam to FT lens will have a uniform amplitude distribution, and Eq. (2-1) will be 

further reduced as first-order Bessel function as described in [16]. 
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When we assume that the beam emitted by an optical fiber is a perfect Gaussian beam, 

the amplitude of the optical beam is a Gaussian distribution with beam waist (I)。,and the 

optical field excitation in the image plane of the FT lens caused by an arbitrary incident 

optical fiber can be expressed as 

E(,;) = exp(j2面•印んF)e
-r,2 I ro,2 (2-2) 

where入。 isthe optical wavelength, F is the focal length of the FT lens, and the beam 

waist radius in the image plane is given as 

処=AoFI冗{J)。 (2-3) 

The optical field distribution E in Eqs. (2-1) and (2-2) in the image plane of FT lens 

contains both amplitude and phase part. When Eis sampled by an optical fiber array with 

N elements, the excitation field for n-th array element can be written as 

En(Xi,Y1) = A,.eja. (2-4) 

Through the PD and amplifier, E" becomes the aperture field illumination of n-th 

antenna array element. Therefore, the far-field radiation field from a linear array antenna is 

given as 
N 

R(0) oc L~fn (0)exp[j(nkdm cos0-a』]
n=O 

(2-5) 

where J,, (0) is then-th element radiation pattern function, k is the wave number in the 

microwave range and dm is the distance between two antenna elements. 

2. 3 Numerical Results and Discussion 

The numerical analysis of multibearn antenna and design of system parameters will be 

carried out in this section. The standard system parameters are given as: ro。=62.5μm,

F=120mm, 年 1.3μm, the interval x。betweenemitting fiber centers and the distance d。

between fiber cores of sampling fiber array elements are 125μm, and dm=入j2.The 

number of array elements will be discussed from 9 to 161 in one dimension. The radiation 

pattern function in Eq. (2-5) for each radiation element is assumed as a sine function. 
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When three truncated Gaussian beams with beam waist CQ。=62.5μm are incident, the 

beam centers are Oμm, 125μm and 250μm away from axis, respectively. The calculated 

amplitude and phase distributions of the optical excitation field in the image plane of FT 

lens are shown in Fig. 2-3. For these three beams, because all of beams are focused in the 

focal (image) plane, the same optical field amplitude distribution for different incident 

beams is obtained in this particular plane, in the range -10 mm"-" 10 mm. Comparing 

truncated Gaussian beams incidence and uniform distribution beams incidence, there is no 

big difference in the main amplitude patterns around the axis, but the sidelobe levels 

related to truncated Gaussian beams are quite lower. The phase distributions are calculated 

in the main amplitude pattern range (-1 mm"-"1 mm). We find that they change linearly 

with the location of incident beams, but keep the same distributions when the different 

style beams are incident. 

Fig. 2-4 shows the multibeam antenna patterns which are normalized by the power 

pattern when the incident beam is on the optical axis, when element number, incident 

Gaussian beam radius and interval between fiber array elements are changed. Figs. 2-4 

(a) and (b) show that, when the array elements are increased, the side-lobe of antenna 

pattern will reduce and main beam width will become narrower, but there is no change on 

the multiple beam directions if the incident fiber locations are fixed. From Fig. 2-4 (c), we 

find that, when the interval between fiber array elements is reduced, the interval between 

antenna beams becomes smaller as well. 

Fig. 2-5 presents the Half-Power Beam Width (HPBW) of the antenna radiation 

patterns versus the number of array elements and the incident beam radius. This figure 

shows that the antenna beam width not only depends on the antenna size but also the 

controlling optical beams. 

The fiber locations and corresponding antenna beam directions are shown in Table 2-

1, where the last column data are calculated from Eq. (1-5). 

From Table 2-1, we fmd that if the sampling phase difference is less than 180°, the 

optical field information will be transferred to the sampling fiber array corr邸 tlyand a 

controllable beam will be generated, therefore, a big Field of View (FOY) (-75°"-"75°) 

which is covered by multiple beams can be obtained by this type of OCAA. In this case, 

the maximum number of multiple beams is 11 X 11=121. If the emitting fibers are 

instituted for smaller interval open-ended optical wave-guides, larger number multiple 

beams could be realized. 
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Table 2-1. Arrangement of laser fiber sources and corresponding 

antenna beam directions 

Fiber No. Distance from Sampling phase Beam direction Evaluated Beam direction 

optical axis (μm) difference 

゜ ゜
oo oo oo 

1 125 36° 11.60° 11.56° 

2 250 72° 23.66° 23.61° 

3 375 108° 37.00° 36.94° 

4 500 144° 53.30° 53.25° 

5 625 180° 75.00° 80.25° 
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2.4 Experimental system and Results [19] 

The optical feed experimental arrangement for a microwave array antenna is shown in 

Fig. 2-6. As the optical sources, three LD pumped Nd:YAG lasers in the 1.319μm 

region with output power of roughly 50 mw are used. One works as the reference beam, 

the other two as master lasers phase locked to the reference laser and the frequency 

differences are set to 800 MHz and 1 GHz separately. Single mode optical fibers with a 

GRIN lens with a diameter of 125μmare used to emit the optical beams. The focal length 

of both lenses is 120 mm. The width of the Gaussian beams i.n the image plane can be 

calculated as 794.5μm from Eq. (2-3). 
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Fig. 2-6 Experimental arrangement 

A complete optical heterodyne system consists of two main components: two lasers 

whose output is mixed together to produce a difference frequency (beatnote signal), and a 

method of precisely controlling those two lasers to give the desired frequency. A 

Lightwave's Laser Offset Locking Accessory can control the difference in optical 

frequencies between two tunable lasers and phase-locks this difference to a specified RF 

frequency. 
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To generate a beatnote signal between free-space lasers, their beams must be almost the 

same size, have the same polarization direction, and most importantly be collinear. In our 

experimental system, all of these conditions are satisfied. The RF signals are detected by 

the sampling fiber after laborious optical alignment and the results are shown in Fig. 2-7. 

Both the measured and calculated amplitude and relative phase distributions of these 

two RF signal excitations are shown in Fig. 2-8 and Fig. 2-9. This information will be 

sampled by an optical fiber array and feed to the microwave array antenna. The radiation 

patterns and directions of the multibeam are determined by the excitation amplitude and 

phase distributions, respectively. Certainly by introducing an extra signal source, the RF 

signals from several GHz up to millimeter wave range could be generated. 

REF 0.0 dBm 
iOdB/ 

RBW 
3 MHz 
VBW 
3 MHz 
SWP 
50 ms 

START O Hz 

Fri Dec 15 18: 11: 5-4 199'.5 
ATT 10 dB A罫 itea少l砒

STOP 2.000 GHz 

Fig. 2-7 Multibeam RF signals detected at 800 MHz and 1 GHz. 
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3 Parallel O ti cal Processor for Multi beam Arra 
Antennas [23] 

3 .1 Introduction 

In recent years significant progress has been made worldwide on the application of 

the optical or photonic technology to microwave phased array antennas. A number of 

approaches have been proposed in beam-forming, beam-scanning, RF signal distribution 

and the remote control of the antenna. The advantages of using optics in array antennas 

are extremely wide bandwidth, miniaturization in size and weight and immunity from 

electromagnetic interference and crosstalk. 

By applying spatial optical processing technique, the optical-fed multibeam array 

antennas which could be used as a satellite-on-board antenna or mobile communication 

base-station are developed recently. In the conventional microwave Beam Fom血g

Network (BFN), the more the beams are produced, the more complicated matrix circuit, 

the more interconnection numbers and the larger BFN are required. For large number 

multibeam array antenna, how to reduce the BFN size and weight is a vital problem. In 

the optical BFN, an optical lens replaces the matrix circuit to implement the beam division, 

interconnection and combination spatially. When the beam number increases, only the 

lasers equivalent to the number of microwave beams are required, and there is no change 

in the BFN part. Both the simulation and experimental results have demonstrated the 

effectiveness of this structure [18-20]. However, there are two problems when we set up 

the real antenna system. One is the laborious alignment for producing the same size and 

collinear optical beams spatially. Another is the power loss of the beam transmission in 

the free space. To solve these two difficulties, in this paper we propose a new design 

using optical heterodyne processing technique. In this design, the emitting optical fibers 

from both the master lasers and the reference laser will be arranged in the same axis in 

parallel. 

The optical heterodyne processing principle, system parameter design and the 

experimental results will be presented i~this Chapter. 

3.2 Optical Heterodyne Process 

To generate and control a microwave signal with a particular phase shift, the optical 

heterodyne is a very effect procedure [21]. This process needs two frequency offset 

optical beams which could be from the same laser source or from two phase locked laser 

sources [22]. When these two laser beams from different directions are incident on an 
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optical fiber array, a moving sinusoidal interference pattern will be generated and sampled 

by each of fiber, and the moving rate equals to the offset frequency. The RF signal with a 

phase shift determined by the incident angles can be detected by photodetectors 

connecting to fiber array. 

We propose a new type of optical heterodyne processor for multibeam array antennas. 

Fig. 3-1 illustrates the system diagram in which only one focusing lens is employed to 

focus the beams from both master las~rs and reference laser and the beam combiner used 

in the conventional design is omitted. As a possibility, the fiber connecting to the 

reference laser is placed on the optical axis, and the fibers connecting to m邸 terlasers are 

around it. This design will greatly reduce the optical alignment difficulties, the free-space 

transmission loss, and the size of the optical processing feed part. Next we will go details 

of the processor design and find the optimal system parameters for the purpose of 

producing multiple beams. 

Mln(fn) 

mn, ... ,fin2,fin1 

Fig. 3-1 Proposed optical signal processor for multibeam array antenna 

In the optical heterodyne processing, to produce stable RF signals effectively, two 

incident optical beams with different incident angles should have the same polarization. 

Then the incident beams as plane polarized waves on the sampling plane can be written as 

ー・.
E =i r 

Ae沿ol
X r 

and ii =i i御 +jksin妬
,n A e 

X m 

(3-la) 

(3-lb) 
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respectively, where Am and Ar are amplitudes of the m邸 terand reference beams 

respectively, 0 is the beam interference angle. 

In the image plane of the focusing lens, the master and reference beams with the same 

beam radius are m巡 dtogether, and the total field is the superimposing of Eqs. (3-la) 

and (3-lb) as 

瓦＝瓦＋瓦 =~(Amein。 r + A,ej!l1r+jksinf!r1) I (3-2) 

and the total field intensity is given by 

!=ET. 局=(Aぶ9。'+A,ei缶1+jksin8r1)(Ame-i!lol+ A,e―ifl11-jksinflr1) 

= 2AmA, + 2AmA, cos(Qmt + 2m;。,;I AF) 
(3-3) 

where the frequency difference nm= n1 -n。isset as the desired antenna RF frequency. 

When this m収edoptical signals are input to a photodetector, the output photocurrent is 

proportional to the intensity AmA,, and the beat signal of nm is detected to produce a source 

of GHz frequencies. 
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Fig. 3-2 Parallel optical processing of Gaussian beams by 
using focusing lens 
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Since the amplitudes of the optical beams from a single-mode fiber in section have 

Gaussian distributions, and an ideal lens only changes the beam size but not the beam 

mode, so after the transmission through the lens, the beams will keep the Gaussian mode 

unchanged. Therefore, the field amplitude in Eq. (3-1) as the optical excitation of the 
入F

array antenna can be written as Am(or A,)= Amo(or A,。)e―rllroo2 and 処＝一—, where c.oo is 
加。

the beam waist and Fis the focal length of the lens. If the distance ro from incident fibers 

to the optical axis is much smaller than the focal length F of focusing lens, we have 

sin0=0=ro/F. Fig. 3-2 shows how three Gaussian beams, the one on the axis is the 

reference beam and the others are master beams, transmit to a focusing lens and mix 

together in the image plane. The dotted lines inside of solid Gaussian distribution are the 

moving sinusoidal interference patterns. 

3.3 System Parameters Evaluation 

Although there is no design condition of sampling fibers to be required for sampling 

the optical field distributions, but to pick up the RF signals which equals to the moving 

interference pattern rate, at least one sampling fiber should be placed between each of the 

nulls of interference pattern. Therefore, we have a condition for system parameters 

入＿

2
VI 

dr1-F 

(3-4) 

where dl is the distance between two adjacent sampling fiber centers. Therefore, the 

maximum number of multiple beams in one dimension which can be produced by the 

microwave array antenna will be decided by 

M=竺こ
dd 

， 
o 1 

(3-5) 

where do is the distance between two adjacent emitting fiber centers. 

From the well known Shift Theorem of a focusing lens, that is, a spatial change of 

the field in the focal plane of one side introduces a linear ph邸 eshift in the focal plane of 

another side, the optical interference excitation field distributions in the sampling plane (x I, 

y 1, zl) by mixing an arbitrary master beam and a reference beam can be expressed as 

E。(r,)= A叩ん。e
-2r12 ゅ名 j2戒 •1。 I江e . (3-6) 
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where ro denotes the location of the fibers emitting the master laser beams. 

The real part in Eq. (3-6) refers to the instantaneous interference patterns which move 

with time by the rate of frequency difference between the two lasers. 

Since about 95% power concentrates in the beam waist of Gaussian beam, the 

element number of both sampling fiber array and microwave antenna array can be decided 

by 

N= 
2糾 2入F

d 
゜

叫 co
0 0 

(3-7) 

Since the instantaneous light interference pattern sampled by the fibers will be time-

averaged as a Gaussian distribution by photodetectors, the far-field radiation pattern of the 

microwave array antenna is given by 

N A ― 
尻(0)=LA砂。e-2誓 '°'12exp[jnk(dm cos0 -生~

F n=-N 

）， (3-8) 

where the total element number of both the optical sampling fiber array and the microwave 
2;¥,F 

antenna array is decided by 2N + 1 =――, and dm is the interelement spacing of the 
red (JJ 

antenna array. 

3.4 Numerical and Experimental Results 

The instantaneous light interference patterns between the master beams emitted from 

the fibers with a GRIN lens 125μm from the optical axis, and the reference beams from 

the fiber on optical axis are shown in Fig. 3-3. The GRIN lens is employed to produce 

overlapping multiple beams and reduce the power loss as discussed in Chapter 2. 

Numerical simulated multibeam radiation patterns of three overlapping multiple 

beams are shown in Fig. 3-4. Through numerical calculations, some trends on antenna 

radiation patterns have been found: (a) as F increases, the main lobe narrows and the side 

lobe level increases; (b) as N increases, the main lobe narrows and the side lobe level 

decreases: (c) as dl increases, the main lobe widens and the side lobe level decreases. 

Variations of the maximum number of multiple beams and the number of sampling 

fibers or antenna elements versus the distance between sampling fibers and the focal 

length of the focusing lens are shown in Figs. 3-5 and 3-6, respectively. These graphs 

indicate that the number of multibeams and the antenna size can be increased greatly by 

integrating a sampling fiber array to an optical waveguide array. 
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A two-beam optical processor has been set up. Three single-mode fibers, which are 

connected to three LD pumped Nd:YAG tunable lasers in the 1.319μm region with 

output power of roughly 50 mw, were fixed as close as possible in parallel in one focal 

plane of a lens. Two master lasers were phase-locked to a reference laser with frequency 

offsets of 900 MHz and 1 GHz separately. The three laser beams transmit through a 

focusing lens, mix together spatially, and then are sampled by a lens-ended optical fiber. 

The spectra of multiple relatively high level RF signals are shown in Fig. 3-7 as detected 

by a photodetector. 
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4. Spatial Optical Sampling Efficiency 

4.1. Introduction 

For the structure of the spatial optical processing array antenna as described before, 

the field amplitude and phase information is sampled spatially by a fiber array. This will 

cause optical power transmission loss, and the increase of optical-to-electric transform 

efficiency will be limited. In this Chapter, a method of increasing the spatial optical 

coupling efficiency between optical excitation beam and the optical sampling fiber bundle 

in the lens output image plane will be proposed by employing a periodic mesh or slit 

structure in the reference beam path. 
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4.2. Diffracting Mesh 

In the optical information processing, a periodic mesh is well known as a spatial 

modulator [24]. As shown in Fig. 4-1, by placing a mesh or a slit in one dimension in the 

FT lens focal plane, when a coherent source illuminates, bright spots as the Fourier 

spectrum image will appear in the back focal plane. If we apply a mesh in the FT lens 

focal plane on the reference beam path, and arrange the element of the fiber array only at 

the location where the bright spots appear, the spatial beam coupling efficiency is 

expected to be increased greatly. 

For the simplicity, we consider the one dimensional problem. For a uniform 

transmittance on the periodic slit plane, the filed in the image plane is given as 

M 

E心） =A。Isinc(afx)exp(-j2面呪）， (4-1) 
m=I 

X 
where a is the aperture size of slit, b is the distance between two slits, and fx =~. 

入OF

The field intensity distribution in the image plane and the relations between slit and 

image spots parameters are obtained as 

2 
l(x1) = M滋nc(af)( 

sin(rcMbf,) 2 

x sin(祝）），
(4-2) 

and 

入F
a= _!2._' 

A 
b 

入F
｛｝ 

＝ 
B 

， (4-3) 

where A is the envelope size of the image filed and B is the bright spot size inside the 

envelope. 

Fig. 4-2 illustrates the calculated field intensity distribution in the image plane and tl1e 

relationship between mesh or slit and image spot parameters. 
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5. Summary 

Based on the two-laser model of spatial Fourier optical processing techniques, a 

optical signal processor for muitibearn microwave皿 ayantennas has been proposed in 

this technical report. By placing numbers of optical fibers as signal sources in the input 

focal plane of FT lens, and locking the laser sources to the reference laser with individual 

frequency offset, the multiple beams from四 ayantenna have been produced with 

individual RF frequencies. This system implements the division, interconnection皿 d

combination of light spatially, this will reduce the size and complexity of BFN system 

greatly. Based on optical heterodyne processing and quasi-optics principles, a system 

design皿 d皿 alysismethod has・been given. The optical excitation field distributions and 

multibeam antenna radiation patterns have been calculated皿 dsimulated numerically. 

According to these results, the optical system parameters, such as input laser fiber 

position, sampling fiber皿 ay叩 angementand antenna element numbers have been 

discussed. The beam width, field of view (FOV) and beam direction of multibeam 

antenna have been given in the various cases. The numerical results of system parameter 

simulations have shown that an extremely-wideband microwave antenna with a large 

beam number and array element number can be realized by using this optical processor. 

The experimental system for a two-beam叩 ayantenna is designed and demonstrated. 

By mixing the beams from two master lasers and a reference laser with a fixed frequency 

offset, two RF signals at Land S bands with different phase distributions and the same 

Gaussian intensity distributions are detected ai1d measured spatially. There is ave巧 good

agreement between simulated and measured results. When this optical processor is 

connected to a microwave array antenna, the radiation patterns and directions of the 

multibeam will be determined by the e-xcitation amplitude and phase distributions, 

respectively. Certainly by introducing 3.11 extra signal source and a mixer, the RF signals 

from several GHz up to millimeter wave range could be generated. 

Optoelectronic technology is making a revolutionary change worldwide in 

telecommunications [25], microwave and millimeter-wave engineering [26] and military 

radar [27]. The work shown in this technical report is a part of this dramatic research 

field. The design of receiving optical processing antennas, the application of Spatial Light 

Modulator for beam formation and the system realization for large number multibeams 

and elements皿 ayantennas will be our future works. As a conclusion, the relationships 

between optical characteristics and the requirements of phased狙Taymicrowave antennas 
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are summarized in the following. 

Optical characteristics Requirements of phased-array 

antennas 

Working at optical frequency bands Extreme-wide-bandwidth system 

3-D signal processing and propagation Large number beam forming 

capabilities 

• Low transmission loss over long distances 

Utilization of fiber-optic technology in the antenna feeding system 

• Light weight and small size 

Parallelism Simultaneous large number signal 

processing 

Non-interference of optical signals Immunity of electromagnetic interference 

and crosstalk 

Fourier transform capability by optical lens Antenna beam forming and shaping in 

optical domain 
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Appendixes 

Appendix 1 Gaussian Beam Optics 

The fundamental mode of Gaussian beam can be written as 

(J.)。 2 -r -im-2 な
'¥=A-exp(一ァ—)exp(-jkz) exp(-) exp(i arctan -)  . 

w(z) w (z))R(z) 冗(J.)
2 

(Al) 

In Eq. (Al), the beam radius w(z) and the curvature radius of spherical wave front 

R(z) are given by 

w(z)=例 [1+ (?-z/加。2)2]°"5'

and 

R(z) = z[1 + (rcw/ Iな）汀，

respectively. 

(A2) 

(A3) 

Consider a Gaussian beam transmits a lens which is usually used to focus a laser 

beam to a small spot, or to produce a beam of suitable diameter and phase-front curvature 

for injection into a given optical structure. An ideal lens leaves由etransverse field 

distribution of a be皿 modeunchanged. However, a lens does change ilie be皿

parameters w(z) and R(z). An ideal由inlens of focal leng由 Ftransforms an incoming 

spherical wave witl1 a radius R 1 immediately to由eleft of the lens into a spherical wave a 

radius R2 to the right of it, where 

1 1 
-=--—, 
R R F 1 2 

(A4) 

Let us consider the effect of a thin lens on the propagation of a Gaussian beam with 

beam radius wo propagating to the right, as shown in Fig. Al. Because a thin lens does 

not affect the amplitude distribution of the field in the plane of lens, we obtain 

0。,[1+ (砿I冗W。げ］゚ .5=叩[1+ (巫I加。げ］゚ 尺 (AS) 

The phase-transforming properties of the lens from Eq. (A4) yield 

36 



1 + 1 =_]__. 
d1[1 + (加。/I砿）］出[1+ (加。/I砧）] F 

(A6) 

The two preceding equations can be solved for the output beam parameters as a 

function of those of the input beams, which yields 

and 

叱=F{1+
(d, I F)-1 

[(d, IF) -1]2 + (冗硯，,21江）2

}, 

0。1
0。2= 

.j[(d1 IF) -1]2 + (加。/虜）2 . 

(A7) 

(AS) 

From the general expressions in Eqs. (A7) and (A8), we have the following special 

cases: 

Case 1: when dt =F, the position of beam waist is at the focal point, 
入F

then, も=F, Cuo2 =―・ 
冗w.,

Case 2: when d1=2F and F::}wo1, the position of beam waist is at the point of double 

focal length, 

then, d2 = 2F, 叫＝叫

1 1 
Case 3: when F::}伽 1,from Eq. (A4), we have -=--―' 

d2 dl F 

then, d1=R1, d2=R2. 

C002 

＇ 
.. i 

waist 2 

Fig. Al The imaging of a Gaussian beam by a thin lens 
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Appendix 2 Laser Frequency Offset Circuit 

The following laser phase-lock circuit is designed for two-beam multibeam array 
antennas. The same design method can be expanded to arbitrary number of beam 
antennas. 

Master Beam 2 
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Appendix 3: Program Lists 

Program 1: opdis.for 

c
c
c
c
c
c
 

Field distribution on the image plane 

-----Excitation by truncated Gaussian beams 

written by Yu Ji, ATR, 1995 

IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
EXTERNAL FUN 
dimension ue(l 000),pe(l 000) 
COMMON p,ro, wO 
open(unit= 12,file='p l .dat') 
open(unit= 13,file='qO.dat') 

C System Parameters・ 
C************************************************** 
C en: number of master fibers * 
C xO: distance of master laser fiber from optical axis * 
C w: diameter of fiber core * 
. C rm: wavelength of light * 
C wO: beam waist * 
C f: focal length of focusing lens * 
C mm: number of sampling pomts * 
C ra: calculation range * 
C dw: interval of sampling points * 
C************************************************** 

P=3.14159265358979323846D0 
cn=4.d0 
x0=cn*62.5d0 
W=125.d0 
A=O.dO 
B=2.d0*w/2.DO 
n=40 
rm=l.3d0 
wO=w/2.dO 
f=120000.d0 
mm=400 
ra=lOOO.dO 
dw=5.d0 
00401=1,mm 
t=dw*DFLOAT(J)-ra 
ro=t/(rm*f) 
CALL SIMPSON(fun,a,b,n,y) 
Truncated Gaussian distribution 
yy=dsqrt(y**2) 
pe(i)=360.dO*xO*ro 
ue(i)=yy*cos(2.d0*p* xO*ro) 
if(umax.lt.yy) umax=yy 
continue 
do 30 i=l,mm 
t=dw*DFLOAT(i)-ra 
Arnplin1de distribution 

c
 

40 

c
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c
 

z= 10. *log 1 O((ue(i)/umax)**2) 
C Phase distribution 

ph=pe(i) 
write(12,20) t,z 

20 format(2x,2fl 4.6) 
write(l3,21) t,ph 

21 format(2x,2fl 4.6) 
30 contmue 

close(unit=12) 
close(unit=13) 
STOP 
END 

DOUBLE PRECISION FUNCTION FUN(V) 
IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
COMMON p,ro, wO 
X=2.dO*p*dabs(ro)*v 
CALL BESS(X,BO,B 1,B2) 
gau=dexp(-v**2/w0**2) 
FUN=v*BO*gau 
RETURN 
END 

C 
SUBROUTINE SIMPSON (FUN ,A,B,N ,SE) 
IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
EXTERNAL FUN 
M=N+l 
H=(B-A)/DFLOAT(N) 
C=0.375DO 
IF(M-2) 10,10,20 

10 SE=0.5DO*(FUN(A)+FUN(B))*H 
GOT06 

20 IF(M-4) 40,30,40 
30 SE=O.DO 
40 IF(M/2-(M-1)/2) 1,1,2 
1 NN=M 
GOT03 

2NN=M-3 
3 BB=A+DFLOAT(NN-l)*H 

SE=FUN(A)+FUN(BB) 
DO 4 I=2,NN,2 
X=A+DFLOAT(I-1)*H 

4 SE=SE+4.DO*FUN(X)+2.DO*FUN(X+H) 
SE=SE*H/3.DO 
IF(M-NN) 6,6,5 

5 S圧 SE+C*H*(FUN(B-3.DO*H)+3.DO*FUN(B-2.DO*H)+3.DO*FUN(B-
H)+FUN(B)) 

6RETURN 
END 

C 
SUBROUTINE BESS(X,BO,B 1,B2) 
IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
PARAMETER (PI=3. l 41592653589793238462643D0) 
DIMENSION AN(9),B(4),A1(9),BB1(4) 
DIMENSION A2(8),AN0(7),BN0(7) 
DIMENSION AN1(7),BN1(7) 
IF(X.EQ.O.DO) GO TO 900 
IF(X.GT.8.DO) GO TO 1100 
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c
 

C 
C HART'S COEFFICIENTS FOR JO(X) 0<X<=8 

AN(l)=.282784494698088654945 I 14D8 
AN(2)=-.68526598909453205 I 5923938D7 
AN(3)=.388313122633200385785835 I 8D6 
AN(4)=-.90578674277238198142381535D4 
AN(5)=.10830696299354240019970434D3 
AN (6)=-. 7348333593523 l 405246622568DO 
AN (7)=.29212672487035592177796039D-2 
AN (8)=-.65050 I 7057093033842909335D-5 
AN(9)=.64538018050857344253341 D-8 
B(1)=.282784494696087188143485D8 
B(2)=.216952477427987975218883D6 
8(3)=. 70046825146966788920095D3 
8(4)=1.DO 

AX=O.DO 
BX=O.DO 
DO 10 N=l,9 
l=N-1 
AX=AX+AN(N)*X**(2*I) 

10 CONTINUE 
0020M=l,4 
K=M-1 
BX=BX+B(M)*X**(2*K) 

20CONTINUE 
BO=AXIBX 

c
 

C 
C HART'S COEFFICIENTS FOR Jl(X) 0<X<=8 

Al (1)=.20401207733056935676404989D8 
Al (2)=-.2409048817846 l 116078620946D7 
Al (3)=.89022956297134646818640971 D5 
A1(4)=-.152882002373665370815863364D4 
Al (5)=. l 4404277856294376706342034D2 
Al (6)=-.804888363008675152104385216D-1 
Al (7)=.27202107121267732717690412D-3 
Al (8)=-.5278642496908269100812841 D-6 
Al (9)=.465970885798957648299543D-9 
BB 1 (1)=.40802415466094926655209805D8 
BB 1(2)=.28220429766095254592028D6 
BB 1 (3)=.808869176790579484514931 D3 
BB1(4)=1.DO 

AXl=O.DO 
BXl=O.DO 
0030 N=l,9 
l=N-1 
AXl=AXl +Al (N)*X**(2*I) 

30CONTINUE 
AAX=X*AXl 
0040 M=l,4 
K=M-1 
BXl=BXl+BBl(M)*X**(2*K) 

40CONTINUE 
Bl=AAXJBXl 

c

c

 

IF(X.GT.4.DO) GO TO 1000 
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c
 

TAYLOR EXPANSION FOR BESSLE J2(X) 0=<X<=4 
A2(1)=9 .999999999767 49D-1 
A2(2)=-3.333333325890460D-1 
A2(3)=4.166666275260593D-2 
A2(4)=-2.777769924370040D-3 
A2(5)=1.157329859141126D-4 
A2(6)=-3.302705428488350D-6 
A2(7)=6.764094810589540D-8 
A2(8)=-8. 945896939133650D-10 
X2=X/2.DO 
AR=O.DO 
0050N=l,8 
I=N-1 
AR=AR+A2(N)*X2**(2*I) 

SO CONTINUE 
B2=AR*X2*X2/2.DO 
RETURN 
FORX>4. C 

C 
1000 B2=2.DO*Bl/X-BO 

RETURN 
1100 CONTINUE 

C FORX>=8. 
C 

X8=8.DO/X 
X4=X-PI/4.DO 
R=DSQRT(2.DO/PI/X) 
X41=X-3.DO*PI/4.DO 

C 
C HART'S COEFFICIENTS FOR JO(X) X>=8 

ANO(l)=.999999999999565129D0 
AN0(2)=-. l 098632766989088D-2 
AN0(3)=.27380101973018D-4 
AN0(4)=-.21738794671755D-5 
ANO(S)=.345410268934D-6 
AN0(6)=-. 722808953D-7 
AN0(7)=.10674427321D-7 
BNO(l)=-.15624999999695619D-1 
BN0(2)=.143051115362161D-3 
BN0(3)=-.6930230212988D-5 
BNO(4)=.820160220725D-6 
BNO(S)=-.169498248529D-6 
BN0(6)=.41517915237D-7 
BN0(?)=-.6636866261 D-8 
PO=O.D0 
QQ=O.DO 
DO 11 N=l,7 
I=N-1 
PO=PO+ANO(N)*X8**(2*I) 

11 CONTINUE 
0021 M=l,7 
K=M-1 
QQ=QQ+ BNO(M)*X8**(2*K) 

21 CONTINUE 
QX=QQ*XS 
BO=R*(PO*DCOS(X4)-QX*DSIN(X4)) 

C 
C HART'S COEFFICIENTS FOR J1 (X) X>=8 
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C 

AN 1 (1)= l .00000000000047 46DO 
ANl (2)=.183105463785442D-2 
AN 1 (3)=-.35203141 l 2486D-4 
ANl (4)=.25754134813 lD-5 
ANl (5)=-.39221954096D-6 
AN1(6)=.8048531455D-7 
AN1(7)=-. ll 78079374D-7 
B N 1(1)=.46874999999669 5 3 D-1 
BN1(2)=-.20027157161617D-3 
BNl (3)=.84703580079D-5 
BN1(4)=-.9465978801D-6 
BNl (5)=. l 8986975764D-6 
BN1(6)=-.4581656636D-7 
BNl (7)=.727402264D-8 
Pl=O.DO 
Ql=O.DO 
DO 15 N=l,7 
l=N-1 
Pl=Pl +ANl (N)*X8**(2*I) 

15 CONTINUE 
0025 M=l,7 
K=M-1 
Ql=Ql+BN1(M)*X8**(2*K) 

25 CONTINUE 
QX1=Ql*X8 
Bl=R*(Pl *DCOS(X41)-QX1 *DSIN(X41)) 
B2=2.DO*B1/X-BO 
RETURN 

C FOR X=O.OOODO 
900 B0=1.DO 

B1=0.DO 
B2=0.DO 
RETURN 
END 
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Program 2. nopdis.for 

C Optical field distribution on the image plane 
C -----Excitation by Gaussian beams 
C 

dimension ue(2500),pe(2500) 
open(unit= 12,file='pO.dat') 
open(unit=13,file='q0.dat') 

C System Parameters 
C********************************************************* 
C en: number of master fibers * 
C xO: distance of master laser fiber from optical axis * 
C w: diameter of fiber core * 
C rm: wavelength of light * 
C wO: beam waist * 
C f: focal length of focusing lens * 
C mm: number of sampling points * 
C ra: calculat10n range * 
C dw: interval of sampling points * 
C********************************************************* 

P=3. l 4159265358979323846 
cn=2.0 
x0=cn*62.5 
w=125.0 
rm=l.3 
wO=w/2. 
f=40000. 
mm=2000 
ra=lOOO. 
dw=l.dO 
00401=1,mm 
t=dw*FLOA T(J)-ra 
ro=t/(rm*f) 
auss1an distnbut1on C G ・

40 

yy=exp(-(p*wO*ro)**2) 
pe(i)=360. *xO*ro 
ue(i)=yy*cos(2. *p*xO*ro) 
if(umax.lt.yy) umax=yy 
contmue 
do 30 i=l,mm 
t=dw*FLOAT(i)-ra 

C Amplitude distribution 
z=l 0. *logl O((ue(i)/umax)**2) 

C Phase distribution 
ph=pe(i) 
write(l2,20) t,z 

20 format(2x,2fl 4.6) 
write(l3,21) t,ph 

21 format(2x,2f14.6) 
30 contmue 

close(unit= 12) 
close(unit= 13) 
STOP 
END 
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Program 3: pa.for 

c
c
c
c
c
c
 

Radiation pattens of an optical processing multibeam array antenna 

―--Excitation by truncated Gaussian beams 

written by Yu Ji, ATR, 1995 

IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
EXTERNAL FUN 
dimension ue(2000),ph(2000) 
dimension patl (2000),pat2(2000),pattem(2000),the(2000) 
COMMON p,ro,wO 
open(unit= 12,file='prl .dat') 
P=3. l 4159265358979323846 

C Parameters in the optical processing part 
C********************************************************* 
C xO: distance of master laser fiber from optical axis * 
C w: diameter of fiber core * 
C rm: wavelength of light * 
C wO: beam waist * 
C f: focal length of focusing lens * 
C mm: number of sampling fibers * 
C********************************************************* 

x0=0.d0 
w=125.d0 
A=O.dO 
B=w/2.DO 
n=40 
rm=l.3d0 
wO=w/2.dO 
f=40000.d0 
dw=125.0d0 
mm=9 
ra=dfloat((mm-1)/2)*dw 

C Parameters in the microwave array antenna part 
C********************************************************** 
C dm=wavelength/2 * 
C********************************************************** 

00401=1,mm 
t=dw*DFLOAT(J-1)-ra 
ro=t/(rm*f) 
CALL SIMPSON(fun,a,b,n,y) 
phQ)=2.dO*p*xO*ro 
ue(J)=dabs(y) 
continue 
do 10k=2,1800 
theta=p*dfloat(k-1)/ 1800.dO-p/2.dO 
the(k)=theta* 180.dO/p 
do 30 i=l,mm 
ai=dfloat(i-(mm-1)/2) 
angle=p*ai*dsin(theta) 
patl (k)=patl (k)+ue(i)*dcos(theta)*cos(angle-ph(i)) 
pat2(k)=pat2(k)+ue(i)*dcos(theta)*sin(angle-ph(i)) 
continue 
pattem(k)=dsqrt(patl (k)**2+pat2(k)**2) 

40 

30 
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pp=pattem(k) 
if(pmax.lt.pp) pmax=pp 

10 contmue 
write(*,*) pmax 
pm=pmax 
do 50 kk=2, 1800 
th=the(kk) 
patt=20.dO*dlog 1 O(pattem(kk)/pm) 
write(12,20) th,patt 

20 format(2x,2fl 4.6) 
50 contmue 

cc 

C 

close(unit=12) 
STOP 
END 

DOUBLE PRECISION FUNCTION FUN(V) 
IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
COMMON p,ro, wO 
X=2.d0*p*dabs(ro)*v 
CALL BESS(X,BO,B 1,B2) 
gau=dexp(-v**2/w0**2) 
FUN=v*BO*gau 
RETURN 
END 

SUBROUTINE SIMPSON(FUN,A,B,N,SE) 
C******************************************* 
C Integral caculation by SIMPSON method * 
C******************************************* 

IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
EXTERNAL FUN 
M=N+l 
H=(B-A)/DFLOAT(N) 
C=0.375DO 
IF(M-2) 10,10,20 

10 SE=0.5DO*(FUN(A)+FUN(B))*H 
GOT06 

20 IF(M-4) 40,30,40 
30 SE=O.DO 
40IF(M/2-(M-1)/2) 1,1,2 
lNN=M 
GOT03 

2NN=M-3 
3 BB=A+DFLOAT(NN-l)*H 

SE=FUN (A)+FUN (BB) 
DO 41=2,NN ,2 
X=A+DFLOAT(I-1)*H 

4 SE=SE+4.DO*FUN (X)+ 2.DO*FUN (X + H) 
SE=SE*H/3.DO 
IF(M-NN) 6,6,5 

5 SビSE+C*H*(FUN(B-3.DO*H)+3.DO*FUN(B-2.DO*H)+3.DO*FUN(B-
H)+FUN(B)) 

6RETURN 

C END 
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SUBROUTINE BESS(X,BO,B 1,B2) 
C************************************************** 
C Caculation of BESSEL function (JO,Jl ,J2) * 
C************************************************** 

IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
PARAMETER (PI=3. l 41592653589793238462643DO) 
DIMENSION AN(9),B(4),A1(9),BB1(4) 
DIMENSION A2(8),AN0(7),BN0(7) 
DIMENSION AN1(7),BN1(7) 
IF(X.EQ.O.DO) GO TO 900 
IF(X.GT.8.DO) GO TO 1100 

c
 

C 
C HART'S COEFFICIENTS FOR JO(X) 0<X<=8 

AN(1)=.282784494698088654945114D8 
AN(2)=-.6852659890945320515923938D7 
AN(3)=.38831312263320038578583518D6 
AN(4)=-.9057867 427723819814238 l 535D4 
AN(5)=.10830696299354240019970434D3 
AN(6)=-. 73483335935231405246622568DO 
AN (7)=.292 l 2672487035592177796039D-2 
AN(8)=-.6505017057093033842909335D-5 
AN (9)=.64538018050857344253341 D-8 
B(l)=.282784494696087188143485D8 
B(2)=.216952477427987975218883D6 
B(3)=. 70046825146966788920095D3 
B(4)=1.DO 

AX=O.DO 
BX=O.DO 
0010 N=l,9 
l=N-1 
AX=AX+AN(N)*X**(2*I) 

lOCONTINUE 
0020 M=l,4 
K=M-1 
BX=BX+B(M)*X**(2*K) 

20 CONTINUE 
BO=AXIBX 

C 
C HART'S COEFFICIENTS FOR Jl(X) 0<X<=8 

A 1 (1)=.20401207733056935676404989D8 
A1(2)=-.24090488178461 l 16078620946D7 
A 1 (3)=.89022956297134646818640971 D5 
Al (4)=-. l 52882002373665370815863364D4 
A 1 (5)=. l 4404277856294376706342034D2 
Al (6)=-.804888363008675152104385216D-1 
Al (7)=.27202107121267732717690412D-3 
A 1(8)=-.5278642496908269100812841 D-6 
Al (9)=.465970885798957648299543D-9 
BB 1 (1)=.40802415466094926655209805D8 
BB 1 (2)=.28220429766095254592028D6 
BB 1 (3)=.808869176790579484514931D3 
BB1(4)=1.DO 
AXl=O.DO 
BXl=O.DO 
0030N=l,9 
l=N-1 
AXl=AXl+Al(N)*X**(2*I) 

47 



30 CONTINUE 
AAX=X*AX.1 
0040 M=l,4 
K=M-1 
BXl=BXl +BB 1 (M)*X**(2*K) 

40 CONTINUE 
Bl=AAX/BXl 
IF(X.GT.4.DO) GO TO 1000 

c
c
 

TAYLOR EXPANSION FOR BESSLE J2(X) 0=<X<=4 
A2(1)=9 .9999999997 67 49D-1 
A2(2)=-3.333333325890460D-l 
A2(3)=4. l 66666275260593D-2 
A2(4)=-2.777769924370040D-3 
A2(5)=1.157329859141126D-4 
A2(6)=-3 .30270542848 8350D-6 
A2(7)=6.764094810589540D-8 
A2(8)=-8.945896939133650D-10 
X2=X/2.DO 
AR=O.DO 
0050N=l,8 
l=N-1 
AR=AR+A2(N)*X2**(2*1) 

50 CONTINUE 
B2=AR *X2*X2/2.DO 
RETURN 
FORX>4. C 

C 
1000 B2=2.DO*Bl/X-BO 

RETURN 
1100 CONTINUE 

C FORX>=8. 
C 

X8=8.DO/X 
X4=X-PI/4.DO 
R=DSQRT(2.DO/PI/X) 
X41=X-3.DO*PI/4.DO 

C HART'S COEFFICIENTS FOR JO(X) X>=8 
ANO(!)=.999999999999565129DO 
AN0(2)=-. l 098632766989088D-2 
AN0(3)=.27380101973018D-4 
AN0(4)=-.21738794671755D-5 
ANO(S)=.345410268934D-6 
AN0(6)=-. 722808953D-7 
AN0(7)=. l 067 4427321 D-7 
BNO(l)=-.156249999996956 l 9D-1 
BN0(2)=.143051115362161D-3 
BN0(3)=-.6930230212988D-5 
BNO(4)=.820160220725D-6 
BN0(5)=-. l 69498248529D-6 
BN0(6)=.41517915237D-7 
BN0(7)=-.6636866261 D-8 
PO=O.DO 
・QQ=O.DO 
DO 11 N=l,7 
I=N-1 
PO=PO+ANO(N)*X8**(2*I) 

11 CONTINUE 
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0021 M=l,7 
K=M-1 
QQ=QQ+BNO(M)*X8**(2*K) 

21 CONTINUE 
QX=QQ*X8 
BO=R *(PO*DCOS(X4)-QX*DSIN(X4)) 

C HART'S COEFFICIENTS FOR Jl(X) X>=8 
ANl (1)=l .00000000000047 46DO 
ANl (2)=.183105463785442D-2 
ANl (3)=-.3520314112486D-4 
ANl (4)=.257541348131D-5 
AN 1 (5)=-.392219 5 4096D-6 
ANl (6)=.8048531455D-7 
AN1(7)=-.l 178079374D-7 
BN 1 (1)=.4687499999966953D-1 
BN 1 (2)=-.20027157161617D-3 
BNl (3)=.84703580079D-5 
BNl (4)=-.9465978801D-6 
BN1(5)=.18986975764D-6 
BNl (6)=-.4581656636D-7 
BN 1 (7)=. 727 402264D-8 
Pl=O.DO 
Ql=O.DO 
DO 15 N=l,7 
l=N-1 
Pl=Pl+AN1(N)*X8**(2*I) 

15 CONTINUE 
0025 M=l,7 
K=M-1 
Ql=Ql+BN1(M)*X8**(2*K) 

25 CONTINUE 
QX1=Ql*X8 
Bl=R*(Pl *DCOS(X41)-QX1 *DSIN(X41)) 
B2=2.DO*B 1/X-BO 
RETURN 

C FOR X=O.OOODO 
900 BO=l.DO 

Bl=O.DO 
B2=0.DO 
RETURN 
END 

49 



Program 4: npa.for 

c
c
c
c
c
c
 

Radiation pattens of an optical processing multibeam array antenna 

-----Excitation by Gaussian beams 

written by Yu Ji, ATR, 1995 

dimension ue(2000),ph(2000) 
dimension patl (2000),pat2(2000),pattem(2000),the(2000) 
open(unit= 12,file='prO.dat') 
P=3.14159265358979323846DO 

C Parameters in the optical processing part 
C********************************************************* 
C xO: distance of master laser fiber from optical axis * 
C w: dian1eter of fiber core * 
C rm: wavelength of light * 
C wO: bean1 waist * 
C f: focal length of focusing lens * 
C mm: number of sampling fibers * 
C********************************************************* 

x0=0.0 
w=12.0 
rm=l.3 
wO=w/2.0 
f=120000.0 
dw=125.0 
mm=9 
ra=float((mm-1)/2)*dw 

C Parameters in the microwave array antenna part 
C********************************************************** 
C dm=wavelength/2 * 
C********************************************************** 

00401=1,mm 
t=dw*FLOAT(J-1)-ra 
ro=t!(rm*f) 
phU)=2.0*p*xO*ro 
ueG)=exp(-(p*wO*ro)* *2) 
contmue 
do 10 k=2,1800 
theta=p*float(k-1)/ 1800.0-p/2.0 
the(k)=theta* 180.0/p 
do 30 i=l,mm 
ai=float(i-(mm-1)/2) 
angle=p*ai*sin(theta) 
patl (k)=pat 1 (k)+ue(i)*cos(theta)*cos(angle-ph(i)) 
pat2(k)=pat2(k)+ue(i)*cos(theta)*sin(angle-ph(i)) 
continue 
pattem(k)=sqrt(pat 1 (k)* *2+pat2(k)* *2) 
pp=pattem(k) 
if(pmax.lt.pp) pmax=pp 
continue 
write(*,*) pmax 
pm=pmax 
do 50 kk=2,1800 
th=the(kk) 

，`
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patt=20.0*log 1 O(pattem(kk)/pm) 
write(12,20) th,patt 

20 format(2x,2fl 4.6) 
50 contmue 

close(unit=12) 
STOP 
END 

” 
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