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REFLECTIVE BUTLER MATRICES

1. INTRODUCTION

A conventional Butler matrix can be formed by use of symmetric 3-dB hybrid couplers
[1]. Each matrix can be used as a building block for the next larger one. The configu-
rations are symmetric about a longitudinal axis which divides the input and output ports
into two halves, but except for the two smallest ones, they are not symmetric about an
axis midway between input and output ports. Therefore, these matrices act as lenses in
one direction. That is, the feed points correspond to a focal plane and the outputs corre-
spond to the region of collimation. However, because of the lack of symmetry, the lens
characteristic does not hold in the opposite direction; the output ports do not correspond
to a focal plane with attendant collimation properties on the side of the input ports. It
is evident that a matrix symmetric about an axis midway between the input and output
ports is desirable. Such a matrix might be cut in that plane of symmetry so that the
input and output ports would be identical. In this manner, the half-matrix would corre-
spond to a reflection-type system in which the feed positions are in the plane of the
aperture. Thus, the disadvantage incurred in achieving the saving of one-half of the com-
ponents would be the necessity for switching the output between the feeds and the radi-
ators or possibly avoiding feed blockage by the use of circulators.

In this report, the procedure for modifying a conventional Butler matrix to achieve
a reflective network is presented.

2. NETWORK AND RADIATION PATTERN CHARACTERISTICS
OF A BUTLER-MATRIX-FED ARRAY

For the reader who is unfamiliar with the operation of a Butler matrix, a brief
review is given here. A Butler matrix is a 2N-port network, where N = 2P (p is an integer).
All ports are matched, and the N ports on one side are mutually isolated, as are the N
ports on the other side. The power transfer coefficient between any port on one side and
any port on the other side is 1/N. One set of N ports is termed the inputs, and the other
set is termed the outputs. If power is fed into any of the input ports, it is split uniformly
among the N output ports, without loss. For each input port used, there will be a partic-
ular phase distribution among the output ports. For appropriate ordering of the output
ports, all of the phase distributions are linear; that is, if the output ports are numbered
n =1, 2,..., N, the phase difference between ports n and n- 1 is constant for all n. This
constant is different for each input port. If the input ports are numbered m = 1, 2,..., N, the
phase difference can be expressed

A¢m = ¢0 + 2mm/|N,

Manuscript submitted November 22, 1977.
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where ¢, is a selectable constant, which is fixed for all m.

The transfer phase from port m to port n can be expressed as
Omn = Om *+ n(¢g + 2rm/N),

where ¢,, is a selectable constant for each value of m.

The value of ¢ is generally determined by the desired application for the network.
For example, matrix-fed circular arrays require cyclic output phase distributions for which
¢o = 0. The networks presented in this report have ¢, = 7/N as a result of the symmetry
imposed upon them. It is noted that ¢, can be altered to any desired value for any given
network simply by adding an appropriate set of linearly increasing phase shifts to the
output ports.

If the output ports are connected to a linear antenna array, the uniform amplitude
and phase distribution generated by any input will produce a directive radiation pattern
of the form

sin N(u~io)
Blp) > —
N sin(u-pg)
where
u = 2nd sin O/A,
with

d = interelement spacing,

A = wavelength,

@ = angle relative to normal to the array,
and where

Mo = 2nd sin 001)\ = A¢ma and
0o = beam direction.

The resulting multiport antenna system, consisting of an N-element array connected
to a 2N-port Butler matrix, has N ports, each of which produces a beam. It can be shown
that the multiple antenna patterns form an orthogonal set, as do the output distributions
to the array. A beam corresponds to an aperture distribution and also to a particular
input port.

The network with the above characteristics which uses a minimum number of
components is a Butler matrix. This network is closely analogous to the fast Fourier
transform [2]. In the analysis presented here, the networks will be generated using
3-dB hybrid directional couplers, although other types of four-port hybrid networks can
also be used.
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3. CONFIGURATION OF A BUTLER MATRIX

Figure 1(a) shows the configuration of a 3-dB hybrid directional coupler, which has
four ports and N = 2. Inputs 1 and 2 form two beams in the directions g = £+90°. A
network with N = 4 can be formed from the fundamental hybrid coupler as shown in
Fig. 1(b). Four beams can be formed, and they are pointed at uy = +45°, £135°, In
general, networks with larger numbers of input ports can be formed from networks with
fewer ports. As an example, we shall show how a 16-port Butler matrix can be formed
from 4-port matrices. First, we recognize that a four-port matrix (N = 4) transforms four
inputs into four distinct beams evenly distributed in u space. Therefore, we initially
require four blocks (each block is a four-port matrix) connected as shown in Fig. 2(a).
Outputs of block 1 become outputs 1, 5, 9, and 13, and those of block 2 become outputs
2, 6, 10, and 14, etc. An additional row of four 4-port matrices is required to combine
the inputs of these four blocks. The connection of these matrices to the first-row blocks
is shown in Fig. 2(b). The first inputs of the four blocks in the first row are connected
to block 1 of the second row, and four inputs are formed: 1, 5, 9, and 13. Since the
beam-pointing directions (or phase gradients) of the 16-port matrix are different from
those of the 4-port matrix, additional phase shift must be provided to make up this differ-
ence. For example, input 1 of the block has a phase gradient of -45°, but in a 16-port
matrix, the phase gradient of the first input is-11.25° To account for this difference,
phase shifts of 33.75° 67.5° and 101.25° are required for the second, third, and fourth
output lines of the first block in the second row, respectively. The inputs of this block
now form beams pointing in the directions ug =-11.25° -101.25° 168.75° and 78.75°.
Similar additional phases are required for blocks 2, 3, and 4 of the second row. The
input lines of the overall network are then interwoven to be symmetric with the output
lines.

OUTPUTS

(@ w0° oo OUTPUT

PHASES
@ 00 _mo

OUTPUTS 45 X 45

INPUTS
O O

90 +9% @ @ (@ (@ mveuts

BEAM POSITION, «, 46 +136 -135 +46
(a) Two-port (inputs) (b) Four-port network
network

Fig. 1 —Butler matrices for N = 2 and N = 4
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In general, the matrix network layout and connections can be described by the
following procedures [3]:

® The product of the number of matrices in each row and the number of ports in
each matrix block is equal to the total number of ports.

® Let the rows be numbered 1, 2,..., P. Let the blocks in the ith row have L; ports.

P
The total number of ports in the matrix isN = ,-Hl L;, and the number of blocks in the

P,

ith row is M; =J,g L;, where the prime indicates that the factor for j = i is omitted.

® A variety of procedures can be established for interconnecting the blocks in
successive rows of the overall matrix, exactly analogous with the variety of flow diagrams
available for the fast Fourier transform [4]. A simple procedure is described here: The
rows to be connected are i and i + 1; the block sizes are L; and L;,;, and the numbers
of blocks in each row are M; and M;,,, where L;M; = L;,; M;,; = N. The outputs of the
blocks in row i + 1 are connected with the inputs of the blocks in row i, which are num-
bered sequentially 1 through N. The outputs of the first block in row i + 1 are connected
to inputs 1, M;,; + 1, 2M;,, + 1, etc. The outputs of the second block are connected
to inputs 2, M;,, + 2, 2M;,; + 2, etc. In general, the outputs of the jth block in row
i + 1 are connected to inputs j + kM, ,, where k = 0 through L;,, - 1.

® It is now necessary to determine the transmission-line phase shifts which must be
added to ensure beam collimation for all input ports. For the blocks in the first row,
which have L, ports, the beam-pointing directions when one of these blocks is connected
to an L, -element array (if Lis even) are py = + n/Ly, *3w/L,, etc., with a spacing in p of
2m/Ly. If L, is odd, ug = 0, *2n /Ly, t4n[L,, etc.* Since t;le output ports of the first-row
blocks are fed to elements with spacings increased by a factor of M, the beam maxima
are at uy = tw/M;L,, * 3n/M,L, etc., or uy = + /N, +3m/N, etc.; it is also seen that
the beams from a single block exhibit grating lobes. Appropriate phase shifts must be
inserted in the interconnecting lines so that a selected grating lobe is reinforced by con-
tributions from all blocks in a row and all other grating lobes are suppressed. As in the
case of the interconnecting line geometry, there are various procedures for achieving this
result. Throughout this report we have chosen to generate an innermost beam from an
outermost matrix port. The general procedure for determining the phase shifts to be
inserted in the output lines of any given block, after one selects a beam position for a
given overall matrix input port, is to set down the required output phase distribution for
the overall matrix. Then the block outputs in any given row can be independently ad-
justed for the very important reason that the net transmission phases for all outputs of
any block through the remaining rows of the matrix are identical.

This procedure has been programmed in FORTRAN language, and the program is
described and listed in the Appendix. Sample computer plots are shown in Fig. 3, with
N=32,L; =4,Ly =2, Lg = 4, and in Fig. 4, with N = 64, L, = Ly = 8. Since the

*Although N is a power of two for the conventional Butler matrix, we assume in this discussion that L;,
the factors of N, can be arbitrarily chosen.

|
|
|
{
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matrix is symmetric about a longitudinal =2xis, only the left half of the matrix is shown.
Tables 1 and 2 list the phase-shift values that must be inserted in the outputs of the
indicated rows of the matrices shown in Figs. 3 and 4, respectively. The phase-shift values
are listed in the tables from left to right, corresponding to the output ports of the indi-
cated rows, taken in order from left to right in the figures. Figures 3 and 4 plot the left
halves of right-left symmetric matrices, and Tables 1 and 2 list phase-shift values for full
matrices. Note the symmetry of the phase-shift listings.

INPUTS

Fig. 4 — Left half of a 64-port Butler matrix
6
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Table 1 — Phase Shifts for 32-port Matrix,
Inserted in Qutputs of Indicated Rows.

ROW 2
0.0000 67.5000 0.0000 22.5000 22.5000
0.0000 67.5000 0.0000 0.0000 67.5000
0.0000 22.5000 22.5000 0.0000 67.5000
0.0000 0.0000 67.5000 0.0000 22.5000 .
22.5000 0.0000 67.5000 0.0000 0.0000 r
67.5000 0.0000 29.5000 22.5000 0.0000
67.5000 0.0000
ROW 3
0.0000 39.3750 78.7500 118.1250 0.0000
28.1250 56.2500 84.3750 0.0000 16.8750
33.7500 50.6250 0.0000 5.6250 11.2500
16.8750 16.8750 11.2500 5.6250 0.0000
50.6250 33.7500 16.8750 0.0000 84.3750
56.2500 28.1250 0.0000 118.1250 78.7500
39.3750 0.0000

Table 2 — Phase Shifts for 64-Port Matrix,
Inserted in Outputs of Second Row.

0.0000 19.6875 39.3750 59.0625 78.7500
98.4375 118.1250 137.8125 0.0000 14.0625
28.1250 42.1875 56.2500 70.3125 84.3750
98.4375 0.0000 8.4375 16.8750 25.3125
33.7500 42.1875 50.6250 59.0625 0.0000

2.8125 5.6250 8.4375 11.2500 14.0625
16.8750 19.6875 19.6875 16.8750 14.0625
11.2500 8.4375 5.6250 2.8125 0.0000
59.0625 50.6250 42.1875 33.7500 25.3125
16.8750 8.4375 0.0000 98.4375 84.3750
70.3125 56.2500 42.1875 28.1250 14.0625

0.0000 137.8125 118.1250 98.4375 78.7500
59.0625 39.3750 19.6875 0.0000

4. SYMMETRIZING THE BUTLER MATRIX

The modification of the matrices to a symmetric reflection form is accomplished in
three phases. First, the network must be rearranged so that the hybrid couplers and in-
terconnecting lines are symmetric about the midline of the matrix, without regard to any
of the phase shifters in the interconnecting lines. Second, a scheme for modifying the
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phase shifters to achieve symmetry about the midline is required. Finally, a method
whereby the matrix can actually be cut in two is necessary.

The method of achieving topological symmetry is based on the requirement for a
fixed arrangement of the output ports, determined by the output phase distributions,
with the accompanying “‘natural’ arrangement of the output couplers. This allows us to
arrange the inputs and input rows of couplers in the same fashion, as shown in Figure 5(a)
for the 8-port matrix. The next step is to determine the locations for the middle row of
hybrids. This is accomplished by averaging the positions of the four hybrids to which
each middle-row hybrid is connected. The result, shown in Figure 5(b), is two centered
hybrids and two off-center. The network is now seen to be topologically symmetric.

It is necessary to modify the phase shifts so that the network is completely
symmetric about the midline. It is first required to find an additional degree of freedom
beyond what was used in the conventional Butler matrix; that is, all phase shifts were
inserted in the interior of the network —but there is no reason why additional phase
shifts cannot be inserted in both outputs of any of the output couplers and correspond-
ingly in both of the input transmission lines to any of the input couplers.

- |

s -

Fig. 5a —Symmetric arrangement of input and output couplers .and ports
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————— Xt H=- Xt - XK= ————— MIDLINE OF SYMMETRY

s

Fig. 5b —Location of middle couplers and symmetric layout of eight-port matrix

With this added degree of freedom, it is now possible simply to average the symmet-
rically located phase shifts in the interior of the matrix of Figure 5(b). When a pair of
phase shifts are averaged, it is necessary to determine the value of the compensating phase
shift to be added to the outputs and inputs of the matrix. Since the relative output phase
distribution is fixed, one needs only to calculate the phase shift of any one output line
from a block, and the remaining output line(s) from that block will be automatically
correct with the same phase shift. It is also noted that adding a phase shift to an input
line of a block does not alter the relative phase gradient produced by that block. In the
case of the eight-port network, this compensating phase shift is +11.25° inserted in the
outputs of the second and third blocks of the first row. The resulting completely symmet-
ric network is shown in Fig. 5(c).

The objective with larger matrices is to generate them by some procedure that does
not increase in complexity as the matrix increases in size. For example, a conventional
Butler matrix with N ports can be formed from two of the next smaller matrices with
N/2 ports plus a row of hybrid couplers. It is also possible to devise building-block tech-
niques for symmetric matrices. Three arrangements for a 16-port matrix are shown in
Fig. 6. Figure 6(a), with all L; = 2, is the symmetric layout for four rows of hybrid
couplers; not only was the layout difficult to deduce, but there are two or three degrees
of freedom in the phase-shift adjustment. In Fig. 6(b), two rows of four-port networks
are used. The matrix of Fig. 6(c) has a middle row of four-port networks and top and
bottom rows of hybrid couplers.
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Fig. 6¢ —Symmetric eight-port Butler mzirix
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Fig. 6a —Symmetric 16-port matrix using four rows of hybrid couplers
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In general, any Butler matrix can be realized by either a two-row configuration
(Fig. 6(b)) or a threerow configuration (Fig. 6(c)). The two-row method is applicable
to networks with 227 ports. For networks with 227*1 ports, three rows are required, and
the first and third rows can use couplers: L; = Lg = 2. For a two-row configuration, the
topology is automatically symmetric. For both the two-row and three-row cases, one set
of compensating phase shifts can be added to establish symmetry. In the two-row case, it
is inserted in the lines connecting the rows of blocks as shown in Fig. 6(b). In the three-
row case, the averaging procedure is used.

5. CUTTING THE MATRIX TO MAKE IT REFLECTIVE

Now that a method for generating symmetric Butler matrices has been found, it is
desirable to devise a method for cutting them in two along the midline in order to reduce
the number of components by a factor of two. At first glance, one might conclude that
such a cut is impossible, because, in general, one part of the resulting half-matrix is inevi-
tably isolated from another part if the cut is a simple break in transmission lines or com-
ponents. However, let us first examine what can be done with the simplest matrices and
then perhaps attempt to extend the procedure to the more complex ones. The simplest
matrix is, of course, the 3-dB hybrid coupler itself. The midline of symmetry passes

through the center of the coupler, and it is here that the cut would be made. The question

is what constitutes half of a 3-dB coupler? It is seen in Fig. 7 that a 3-dB directional cou-
pler can be replaced by two cascaded 8.3-dB directional couplers, with the result that the
midline of symmetry now crosses the two transmission lines joining the 8.3-dB couplers.
Therefore, the half-matrix for the simplest case is simply an 8.3-dB coupler with outputs
open-circuited.

924 .j.383
|
8.3-dB
DIRECTIONAL
COUPLER
1
5 iy z
re < 2
= ==q==—=—r=—= OPEN CIRCUIT
E g ‘E 8.3-dB COUPLER
vZ JYZ
f —__L__|™mioLine 2} (]
1 OF SYMMETRY |
q!
(a) Operation of 3-dB (b) 3-dB coupler made (c) Network equivalent to
directional coupler from two 8.3-dB half of 3-dB coupler

couplers

Fig. 7 —3-dB coupler realized as symmetric cascade
of two 8.3-dB couplers

12
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If we consider next the four-port Butler matrix, shown in Fig. 8(a), the midline of
symmetry for this case passes through the interconnecting transmission lines between
directional couplers. It is seen that if these lines are simply cut, the result is two isolated
3-dB couplers with open-circuited outputs. It is found that the only alternative is to join
the two transmission lines that cross at the midline, as shown in Fig. 8(b).

6P g

______ ——— e N e __PLANEON
WHICH CUT
SHOULD BE

MADE
(a) Symmetric matrix with (b) Half-matrix resulting from
desired cut indicated joining lines at cut

Fig. 8 — Half four-port matrix illustrating method of making cut

The general rule that emerges from these simple examples is that transmission lines
and couplers are cut on the midline of symmetry of the matrix but any lines or com-
ponents which are crossed or superimposed on the midline are not open-circuited but are
joined together. Further results of the application of this rule are shown in Fig. 9 for
N = 8, in Fig. 10 for N = 32 with Ly =Lg=2,L, = 8, and in Fig. 11 for N = 64 with
Ly = L, = 8. Tables 3 and 4 list the phase shifts for the 32-port and 64-port reflective
matrices, respectively. The phase-shift values are listed in the tables from left to right,
corresponding to the output ports of the indicated rows, taken in order from left to right
in the figures. Figures 10 and 11 plot the left halves of right-left symmetric configurations
and Tables 3 and 4 list phase-shift values for both halves, with resultant symmetry in the
listings. Since 7/8 of the inputs to row 1 of Fig. 11 are interconnected, the values listed
in Table 4 reflect those interconnections. Thus, the phase shifts for lines 2 and 9 are the
same, as are 3 and 17, 4 and 25, etc.

It is possible to verify the operation of these networks by tracking signal paths from
any input port through the network to all input ports. A result of this reflective opera-
tion is that 1/N of the input power returns to the input port, thereby mismatching it.
Thus, the input voltage standing-wave ratio (VSWR) of a reflective matrix is given by

S=\/N+1
VN -1

13
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11.25 11.26 11.26 .25

Fig. 9 —Reflective eight-port matrix

e - '
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Fig. 10 —Left half of a reflective 32-port Butler matrix
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Fig. 11 —Left half of a reflective 64-port Butler matrix
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Table 3 — Phase Shifts for Reflective 32-Port Matrix.

ROW 1
0.0000 0.0000 0.0000 0.0000 19.6875
19.6875 19.6875 19.6875 28.1250 28.1250
28.1250 28.1250 25.3125 25.3125 25.3125
25.3125 25.3125 25.3125 25.3125 25.3125
28.1250 28.1250 28.1250 28.1250 19.6875
19.6875 19.6875 19.6875 0.0000 0.0000
0.0000 0.0000
ROW 2
0.0000 42.1875 19.6875 16.8750 50.6250
2.8125 92.8125 0.0000 0.0000 59.0625
14.0625 28.1250 39.3750 8.4375 75.9375
0.0000 0.0000 75.9375 8.4375 39.3750
28.1250 14.0625 59.0625 0.0000 0.0000
92.8125 2.8125 50.6250 16.8750 19.6875
42.1875 0.0000

Table 4 — Phase Shifts for Reflective 64-Port Matrix
Inserted in Inputs of Row 1.

0.0000
98.4375
47.8125

118.1250
73.1250
61.8750
75.9375
70.3125
98.4375
56.2500
90.0000
19.6875
59.0625

19.6875
118.1250
61.8750
39.3750
81.5625
64.6875
78.7500
67.5000
90.0000
47.8125
75.9375
137.8125
39.3750

39.3750
137.8125
75.9375
47.8125
90.0000
67.5000
78.7500
64.6875
81.5625
39.3750
61.8750
118.1250
19.6875

59.0625
19.6875
90.0000
56.2500
98.4375
70.3125
75.9375
61.8750
73.1250
118.1250
47.8125
98.4375
0.0000

78.7500
33.7500
104.0625
64.6875
59.0625
73.1250
73.1260
59.0625
64.6875
104.0625
33.7500
78.7500

6. CONCLUSIONS

In this report, the generation of a Butler matrix from 3-dB couplers or larger building
blocks has been discussed. Such a matrix has been made symmetric by first rearranging the
blocks and then inserting appropriate compensating phase shifts. Finally, a reflective con-
figuration has been realized by applying rules for cutting along the midline of symmetry.

A program for generating and plotting these matrices has been written.

15
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Appendix

A listing of the computer program used in this report to plot both a conventional
Butler matrix and a reflective matrix is included in this appendix. If the number of ports,
the size of the basic building blocks and the number of rows are specified, this program plots
the interconnections and the relative phase shifts between building blocks. As an example,

a 16-port Butler matrix network plotted by this program is shown in Fig. 6. To use this
program, two data cards are required to enter the necessary information. The first data card
enters the following fixed-point (I5 format) variables:

® NPT — Number of ports of the Butler matrix network to be plotted.
® NROW — Number of rows of this network.

e LL — A two-digit number to control what type of Butler matrix to be plotted.
The first digit conveys the following instruction:
1 — Plot a conventional Butler matrix network;
2 — Plot a symmetric Butler matrix network (symmetric about an axis
midway between input and output ports);
3 — Plot a reflective Butler matrix network;
0 — Plot both a conventional and a reflective Butler matrix.

The second digit specifies how the plot is presented:
1 — Plot the matrix network without phase shifts (phase shifts will be
printed);
2 — Plot only half of the array (left half);
0 — Plot the full network with phase shifts.

For example, if one sets LL = 23, since the “units” digit is 3, a reflective
Butler matrix will be plotted. The “tens” digit, 2, specifies that only the left half of this
matrix network will be plotted (without phase shifts).

® XMS — A floating-point number (use F10.6 format) to specify the size of the plot
(in the x direction). The y direction is limited by the computer plotter to be
19cm (7.5 in.). If XMS is set to be zero, the program automatically sets 1.9 cm
(0.75 in.) between each two input ports and plots phase shifts between rows
(ignoring the conditions set by LL). Thus, a 16-port network will be plotted
at a size of 19 by 30.5 cm (7.5 in. by 12 in.).

The second data card specifies the number of ports in each basic building block in each
row. For example, to plot the network shown in Figure 6(c), three numbers are required to
be entered on the second data card: 2, 4, 2. Thus, eight 2-port blocks are used in the first
and third rows of this network, and four 4-port blocks are used in the second row. This card
also uses I5 fixed-point format.
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PROGRAM RYMTFFT

COMMON/2/PL TARRAY (254)

DTMENSTON MC(5¢512) «PHA(S54512)

DIMENSTON NRP (04 ) oNgK (64 )

CALL PLUTS(PLTARRAY258,1g)

K¢s

XM=0

LLL=ly, PLOT CONVENTIONAL FULL VATRIX

LLLs2, PLOT SYMMTRICAL FULL MATRIX

LLL=3y PLOT HALF MaTRIX

LLL=De PLOT alLL

IF LLeBT, 10 PLUT MATRIX WITHOUT ANGLE

IF LL.GT. 20 PLOT HALF

IF LL.GT, 20 PLOT WALFMATRIX (IN Y DIRECTION) WITHOUT ANSLE

IF ANULES 1S TO BE PLOTTED SET XM FOU L TO 2ERD
} READ 10UsNTPyNROWsLL ¢ XMS
00 FORMAT (315,F10,6)

lF(EOF.b")5.3

O0OO0OOOOOOO

3 READ 111, (NBP (1) 4121 ,NROW)

100 fFoAMaT(l61S)
LLL=MONSLL 41™)
LucsLL/Y 0
1F (XMSQLF.".""S'X"
XmuXMS
PRINT 1104NTP

110 FORMAT(//+)0Xs#T0OTal. NUMBER OF PORTS IS®,15,//)
PRINT 111.NROW

11 FORMAT(//410Xs®NUMBER UF RAQOS IS®,154¢/7)
PRINT 11?0(Nﬂ9(l)ols|oNROu)

112 FORMAT (
IF(KCeiToNYCALL PLOT(XMeCogNop=3)
KczKee
NR1=NROWe 1
CALL NTWK(NTPeNRLs NBPINBKyMCyPHA)
LP=0
CALL PRTOUT(NTPoNR] ¢MCoPHAGLP)
IF(LLL «67, 196GV 7O &
NHe HC#10
CALL NTWKP| TINTPoNR1, NBPyNRKsNH o¢MCoPHA¢XM)
IF(LLL.YE. V)60 Tp !
CALL PLOT(XM4260040=3)

4 CAL% HLFMTX (NTPoNRL ¢NBP sNBK ¢MC oPHA)
LPs
CALL PRTOIT (NTPoNR] ¢MCIPHALP)
IF(LLL.GT,2)60 10 S
NHe{ HCein
CALL NTWKPLTINTPoNRY g NBP oNBKoNH oMCePHA¢XM)
IF (LLL.YF.2)60 TO )
CaLl PLOT(XMe2,.00, v=3)

S NHsLHCcel0,)
CALL NTWKPLT(NTPoNR) s NRPsNBKsNH o¢MCoPHA ¢ XM)
Go 1o )

> CaLL STOP PIOT

| E~D
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SURROUTINF NTWK(NTPNR1s NBP¢NIKeMCyPHA)
ConenaTHIS SUBROUTINE FINNDS THE CONNECTION OF A RUTLER MATRIX OR FFT
c GIVEN THE NUMRER OF ROWS AND THE NUMBER OF PORTS IN EaCH RLNCK IN
c EACH ROW
CoeeadCOMPILEY AY Jo Ko HSIAO
CowssoFIRST VERSION IS COMPILED ON MAY 13,1976
CeeaneNTP, NUMRFR OF TOTAL INPUT PORTS OR SAMPLES
CoonsONRNW, NUMRER OF ROWS REQUIRFD TN PERFORM THE TRANSFORMATINN
Coaae®NHP, AN ARRAY STORES THE NUMBER OF PURTS IN EACH BLOCK AT FaCH
c ROW, EACH RLOCN IN A ROW HAS THF SAME NUMHER OF PORTS
CoaseuNBKy AN ARRAY DTORES THE NUMBER OF RLOCKS IN EACH ROW,
CosaaoMCo A TWN NIMENSIONAL ARRAY STORES THE CONNCTIONS OF THF NETWNRK,
FIRST INDFX OF THE aARKAY REPRESFNTS THF NUMRER OF CURRENT Qnw, |+F
LOCATINN NnF THE SECOND INDEX REPRFSENTS THE PHYSICAL LOCATINN OF
THE PREVIOUS ROW WHTLE Tk CONTFNTS OF IT IS THE CONNFECTION TO [THF
CURRENT RNAW
DIMENSTON MC(NRLoNTP) 9PHA(NR]19NTPR)
DIMENSTUN NFTS(S 2)
DIMENSTON NRP (64 ) oNRK (64 )
c COMPUTFES THE NUMBE®R OF PORIS IN EaCH KLOCK
NROW=NR ]«
Ple3,1415976536
Pl2=Plec,
NKP (NR1) =)
NTP2eNTP/2
00 10 r=1,nRI
10 NaK (1) =NTP/NRP (])
Cenen NFTS sRRaY STORES TWE LOCATION OF THE SAMPLES IN FACH BEAM(OR
FREQUENCY SAMPLE)e THE STRUCTURE TS CHARACTERIZED RY TWO NUMRFRS,
NTSoNUMRER OF TIME SAMPLES(OR INPUT PORTS) AND NFSe NUMRER OF
FREQUENCY SAMPLES(OR NUMBER OF REAMS)e FOR “XAMPLEs NFTS((3=1)"®
NTSel) IS THF PHYSIcaAL LOCATION OF THE FIRST TIMe SAMPLE TN THE
THIRD FREQUFNCY GROUP( OR OF THF THIRLD REAM) 4 THIS 1S REPRFSENTEO
8Y LMe

OO0

ODOOOOOO

SET THE INITIAL NFTS ARRAY
DU 11 Ts)¢NTP
11 NFTS(T) =]
Cewew NTS] IS THE PREVIOUS VALUES OF THF NUMRFR OF TIME SAMPLFS(0R INPUT
c PORTS)
Conae NTS2 IS TWF CURKENT VALUE
Ce#ss NFS1 1§ THE PREVIOUS VALUE OF THE NUMHER OF FREQUENCY SAMPLFS(OR
c BEAMS)
ConeeaNFS? LS TWF CURRENT VALUE
¢
(o
c SET THF INTAL VALUES OF NTS ANND NFS
NTS1aNTP
NFS1=1
00 20 1=1,4NR]
MM THE NUMafFR OF BLOCKS OF THE ~URRENT ROW
NNy  THE MIMRER OF PORTS IN EACH RLOCK OF THE CURRENT ROW
MMENRK ()
NNENRP ()
(o SET NTS7Z aNp NFS2
NTS2aNTS] /NN

20
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Ceoee

31

32
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NFS2sNTP/NTS?2
THE ACTUAL REQUIREN PHASE GRADIENT BETWEEN SUCCESSIVE ELEMENT FOR
THE FIRSY REAM IS
PAGsP1/NFS2
AVAILABLE PHASE GRADIENT FOR THE FIRST BEAYM IN EACH BLOCK IS
PSG=PI /NN
KKa0
THE PHASE ANGLE IS STORED ACCORDING TO THE INDEX NF THE LOWFR ROwW
00 30 ysl MM
MODJ=MOD ( JoNFS1)
IF (MODJ.EN,0)MOpJ=ENFS]
JJs(Je]) /NFSr o)
PAGG=PAG® (MONJ®2=1)
PASGD=PSG=PAGG
DO 30 x=1,NN
Kllxcl
KKsKKe
LMC= (MODJ=1) ONTS1¢(Ke])@NTS2e 4
MCLOC=NF TS (LMC)
MC(IeMCLOC) =K
IF (KK.LF.NTP2)GO TO 31
KKI=N|P*KKel
PHA(ToKX)aPHA (T sKKT)
GO Y0 30
IF (PASGD.RT,0,)G0 TO 32
PHA (] 4kK)SARS (PASGD) # (NN=K)
GO TO 30
PHA (T eKK) =PASGD®*K]
CONTINLIg
RECORDING THE RREQUENCY SAMPLE OR BEAM POSITION INTO NFTS ARRAY
NTS1®NTS2
NFS)=NFS2
KKk=0
MNS 1S THF NUMBER OF BLOCKS WITHIN EACH GROUP OF FRFQUENCY SAMPLES
MNS=aMM/NTSY
00 40 y=1,nFS)
JMODsMOD () MNS)
IF (JMONGEN, M) JMODZMNS
JJ=(J=1) /uNSe 1
D0 4V x®1,nTSI1
KKsKKe !
NFTS(RK)=(K=]1) ®NFS)e (JMOD=]1) ®NNe JJ
CONTINUE
RETURN
END
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SURROUTINE NTWKPLT(NTPoNRly NBP o NRKoLHoMCyPHA ¢ XM)
NHsl, MALF MATRIX(IN X)

NHs0, FULL MATRIX

LPTe0 WITW ANGLES

LPys), WITHOUT ANGLES

LPT®2, WITHOUT ANGLES AND HALF (IN Y)
DIMENSTON MC(NR1 oNTP) o PHA (NR] ¢NTP)
COMMON/2/p| TaRRAY (264)
COMMON/3/McT (512)

OIMENSION NRP (64 ) oNBK(64)
DIMENSTON xcMl(512) 4xcM2(512)
DIMENSION _aP(s5l2)

NHsMOD (LH,10)

LPTaLH/L0

Pl=3,1415926536

RACs=lg0n./P1

NROW=NR] =1

“LETI.O35°’.

Wi ET=4 ,8HLET/ T,

YMs7,5§

IF(XMeBTN,)G0 TO 7

XMz, 7TS5eNTP

IF(XMaLTo10,)xM=10,

Xm2mxm/2

YRH= &

YSPACEsYM/ (NROWe])

XSlaxM/(NTP=1)

NR2sNROWe?2

NNENR2 ¢

YR&YMe) o

IF NH=)9 PLOT HALF THE MATRIX{XeSYMMETRY)
LLL=0 4

IF (NHeNEL1)GO TO S g

DETERMINE IF THE NRny IS EVEN 2R 00D
LNH= (NROW+)) 72=NROW/2

LNH=190DDy LNH=0, EVEN

NNs (NROWe 1) /261

LLLENH®LNKN

po 10 1"."”?

IF(1,GTeNN)GO TO 6

FIX THE PORY LVUCATION IN EaCH ROW
IF(1,67¢1)G0 T0 1

00 11 =) ,NTP

lfﬂl(J)'(J-l).Xsl

YllayR

GN TO 10

IF‘!.LT.N"’)GO 70 rd

D0 12 u=m) (NTP

XCM2 () =(g=1)*XS]

Y22sYR

GO TO 2

NNBPaNRP (1)

NNBKeNRK(Tel)

XAK= , 88 XM/NNRK

XBKS=,p®XaK

XLS=XgKS/NNRP

21
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Xlmg]®#XMe, ) #XBKS

YiaYR o+ ,SeyRH

Y2BYR «,56YBH

Ye2sy)

KK=Q

D0 13 J=1,NNBK
IF(LPT.GE.2,ANDeX) eGToXM2)GO TO 9
CALL PLOT(X10Y203)

X2=X1eX3KS

CaLL PLOT(X1sY1e2)

CaLL PLOT(x20Y1y2)

CALL PLOT(X2,Y2y2)
IF(LLLoLT.1,0R.I,NE.NN)GO TO 8
CALL VASH(X1+Y20X20Y2)

GO Y0 o

CALL PLOT(X1eY292)

XaXleXAKS/?,

YsYR

XPm,5#x| SeXx]

00 ls x=1,NNRP

KKsKKe!

XCM2 (RKk) sXP

XP=XPeXLS

X1sX]exXB8K

DRAW NETWNARK CONNECTIONS

DO 29 J=1«NTP

Xlsxem) ()

LMC=MC (T=) )

X2sXcM? (LMC)

Xlaxl

Yil=y))
IF(LPT4LTe2c0ReX1eLToXM2)G) TO 18
IF(X2,GToXM2)GV TO 20

XT=XM
YIIRYERP(X24Y229X19Y1]9XM2) ¢Y22
XT=x2

Y2T=Y2)>
IF(LPToLT(2.0ReX2¢LToXM2)GD TO 17
XTaxXM?
Y2TEY1)1=YFP(X19Y11oX29Y229¢XM2)
YTI1=0e

IF(1,EQ,2)yT1s,1

IF (LPToGE .2 eANDeX1oGToXM2) YT1=0,
CALL PLOTIXTIeYIleYTY,3)
IF(1,6T.2)G0 TV ¢
IF(LPT.GE.?.ANUOKIQGTOXMZ)GO T0 o

" CaLL PLOT(XTyYiLs2)

CALL PLOT(XToY2Ts2)

IF(I.NFeNR?)GO TO lg

IF (X eGE «XM2 4 ANV LPTEQe2)GO TO 19
IF(1,EQeNR2 4ANV K€ o LT XM2) CALL PLOT(X2¢Y22%0e]¢2)
CALL PLOT(X?yY€2a,1,2)

IF(LPT,GT,N)GgO TO 20

IF(LPT.6T,0)G0 TO 20

ARARS (PHA(T=19LMC) ) ®RAC

IF(AeLFee001)GO TO 20
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IF (1.NF,NR2)GO TO 1S
¥222sY224YSPACE=,5°YBH¢2,*HLET
XaX]1e3,®WLET

GO 70 lg

Y2228Y22«2 ,@HLET

XsX2e3,0WLFT

CALL NUMBRER(X 9Y222 HLETsA¢0,94HFge2)
CONTINUE _

RESET XCM] ARRAY

D0 21 Us1eNTP

XCMI () =X M2 (J)

Yllsye

YReYReYSPACE

IF (LP1 GE,2)CALL VASH(XM2yYMe] o] 9XM20Y22=,1)
RETURN

YSYReYSPACE/2?+

XMM=XM

IF (LPT.GE ,2) XMMaXM2

CALL DaSH(0,9YoXMMoY)

00 31 .=l NTP

LaP(J) =0

ImYel ,0HLFT

NTPKsNTP

IF (LPT.GF .»)NTPK=aNTP/2

00 30 =l (NTPK

IF(LAP(JU) 4GT.0)GO TO 30
X1lsXcMi ()

JJsMCT (J)

LAP (JJ) =)

X2=xcMl (Y ))

XeX|

XTax2

YTsY2

IF(LPToLTe2eNReX2eLFoXM2)GDO TO 32
XT=XMZ

YTSYEP (XeVoXP2eY29XM2) @Y

CaLL PLOT(x1,Y293)

CALL PLOT(X oYe2)

CaLL PLOT(XToYT92)

IF(LPT.GT,M GO 10 30

IF (LNHeGT.0)GO TO 30

LMC=MC (NN J)

A=ARS (PHA (NN9LMC) ) ®*RAC

XaXe3 ,8WLFT

CALL NUMRER(X9ZoHLET9A90494HF642)
CONTINUE

IF(LPT,GE,2)CALL DASH(XM2yYMe1,19xM20Y)
RETURN

END
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SUBROUTINE DASH(X1eY10X20Y2)
THIS SUBROUTINE DRAwWS A DASHED LINE FROM A POINT X1s Y1 TO A POINT
X2, Y2

X)2mX2=X1

Y12sY2eY])

DsSQRT (X1p0e2eY]20083)
SOs,!

NN=0D /SN

ODsD=NN®SNH

IF (ABS (UN) LE.«¥01)Go TO 1
ShasSpenv /NN

GO V0 2

XINC=SD#X)12/D
YINCaSA®*Y12/n

X.x1

Ysy)

00 10 T=1,NNs2

CALL PLUT(X,Yed)

XsXeXINC

Y.YeYINC

CALL PLOT(XeYe2)

XsXeXINC

YsYeYINC

CONTINUE

RETURN

END
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SUBROUTINE HLFMTX (NTPsNR]19NRP¢NRKeMCoPHA)

DIMENSION NBP (64) yNRK (64)

DIMENSION MC(NR1oNTP) oPHA (NR1¢NTP)
COMMON/3/mc T (542)

DIMENSTION ANG(512) o TEMP(512)

NN=NR1 /2

LLs(NRl1e1) s2eNN

LLsl NUMRER OF ROWS 1S EVEN

LL=0 NUMRER OF ROWS IS 0DD

CALL PHASHM{NR]oNIPoNBP¢MCyPHA¢ANG)

00 10 I=1l4NTP

1lel

D0 11 Jsm]l,.NRI1

KKsMe (Jo T T)

IF (JoF0.NN)KKPsKK

1 1=Ky

CONTINUE

FIND THE JOINT POINT THEN STORE IN MCT ARRAY

00 12 Jz)1eNN

KKSaMC (JoKK)

KKaKKS

MCT (KXP) sKKS

AVERAGF THE PHASE ANGLES FOR SYMMETRICAL MATRIX

00 13 .1=1,NN

JI=NR1 . Je

IMCeMC (Yo 1)

AVGE (PHA(Je IMC) ¢PHA(JJ9I)) /72,

PHA (Jy TMC) 2PHA(JJe 1) BAVE

CONTINUE

§0nuscr PHASE ANGLE OF THE MIDDLE ROw wHEN THE NyMaEp OF ROws IS
VEN

IF(LL.LECAIGO TO 1

NlaNNe)

D0 20 T={.NTP

IlsMc(NY oY)

INsMC (N oMeT (1))

ATEMP(TI)aPHQ(N oI

IF(PH (NVGIN) qOT,ATEMP(II))ATEMP(TI)®PHQ (N1oIN)

CONT INUE

CORRECT THE PHASE ANGLE BY ADDING THE SAME EXTRA PHASE 70 EACH

PORT IN A RLOCK

NMPIN&P(Nl)

NMB=aNgK (N))

00 21 1=1,NMR

IMgs (1<) oNMP

AAsO,

DO 2¢ =] NMP

KKsiMgeJ

A=ATEMP (KK) =PHA (N1 oKK)

IF(AeGToAR) AASA

CONTINUE

IF(AALEene) GO TO 2)

D0 23 =1 ,nMP

KKsIMBeJ

PHA(N] o KK) #PHA (N1 9 KK) ¢AA

CONTINUE
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RETURN
SORRECT THE PHASE ANGLES FOR THE CASE WHEN THE NUMRER OF ROWS IS
00

CALL PHASUM(NR19oNTPoNBP¢MCyPHA ¢ ATEMP)
00 30 1sl,nNTP

AABANG (1) «ATEMP (1)

JUSMC (1o1)

PHA (19JJ) sPHA (NR1°1) =AA

RETURN

END

SUBROUTINE PHASUM(NRY ¢NTPINBP ¢UCsPHAIAS)
DIMENSTON NRP (64)

DIMENSTION MC(NR1oNTP) ¢PHA(NRY9NTP) 0 AS INTP)
DIMENSION LaP(€9512),4(51¢€)

SET THE PHASF SHIFT OF THE gOTTOM ROW
NROWsNR] =1

NNaNBP (NROW)

00 1 Jsl NN

LaAP(2,J) sy

AS(J)=PHA (Y]

KKsNN

00 10 1I=1,NROW

Il=eNROWe1

I1s]le

NNsNRP (11)

IF(11LEL0)NN=]

DO 12 =1 ,NTP

Lap (1)) =L aP(24J)

AtJ) =AS (J)

KNs

NO 20 L=1,KkK

LLsLAP(10L)

00 21 Ns)eNTP

IF(ME(TT9N) ¢NEGLL)GO TO 21

JJsN

GO YO 22
CONTINUE
N“DDMOD(JJSNN)
IF (NMD,EOQ, V) NMDENN

0o 30 K=l o NN
IND=YJaNMN oK

IF (NNeEQ.1) INDEJY
KNsKNe)

LAP (2¢KN) sTND

ASCIN )=aA(LLYePHA(TT4LL)
CONTINUE

KK-KN

CONTINUE

RETURN

END
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SURROUTINE PRTOUT (NTPoNR1oMCoPHASLP)
DIMENSION MC(NRyoNTP) o PHA (NR]19NTP)
DIMENSTON PANG(S 2)

P123,141502¢53¢

RAC=lg0./0P1

IF(LP.6BT.0) GO TO !

PRINT 102
FORMAT;II.IOI.OCONVENYIONALlNATRI! CONNECTION AND PHASE®,//)
GO TO

PRINTY 107

FORMAT (//+10Xe®SYMMETRICAL MATRIX PHASE ANGLES®¢//)
GO TO *

00 10 1s1.NR1

PRINT 103,171

FORMAT (//0¢20X9*ROW=®,]54//)

PRINT 104, (NCﬂoﬂ’oJ-loN"’)

FORMAT (IN , 10x,1V1s)

PRINT '0S

FORMAT (//7+10X9®CONNECTION PHASE ANGLES®,//)
00 20 1®1,NR}

00 21 Usl.NTP

LMcsy

IF (1. EONRYILMCEMC (T J)

PANG (J) SPHa (ToLMC) ®*RAC

PRINTY 103,%

PRINT 106, (PANG(J) 9Jsl oNTP)

FORMAT (1M o 10XeSF10,4)

RETURN

END

FUNCTION YEP(X1oY1loX2oY29XM)
XRs (XMaX1) /7 (X22XM)
YEPSXR® RS (Y1«Y2)/(1,0XR)
RETURN

END
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