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REFLECTIVE BUTLER MATRICES

1. INTRODUCTION Al
A conventional Butler matrix can be formed by use of symmetric 3-

[1]. Each matrix can be used as a building block for the next larger one I
rations are symmetric about a longitudinal axis which divides the input andl
into two halves, but except for the two smallest ones, they are not symmet
axis midway between input and output ports. Therefore, these matrices aol
one direction. That is, the feed points correspond to a focal plane and the,
spond to the region of collimation. However, because of the lack of symm
characteristic does not hold in the opposite direction; the output ports do;J
to a focal plane with attendant collimation properties on the side of the inj
is evident that a matrix symmetric about an axis midway between the inpul
ports is desirable. Such a matrix might be cut in that plane of symmetry i
input and output ports would be identical. In this manner, the half-matrix
spond to a reflection-type system in which the feed positions are in the pla
aperture. Thus, the disadvantage incurred in achieving the saving of one-ha
ponents would be the necessity for switching the output between the feeds
ators or possibly avoiding feed blockage by the use of circulators.

In this report, the procedure for modifying a conventional Butler mm
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 matri)
review is given here. A Butler matrix is a 2N-port network, where N = 2)Pis
All ports are matched, and the N ports on one side are mutually isolated, a
ports on the other side. The power transfer coefficient between any port c
any port on the other side is 1/N. One set of N ports is termed the inputs
set is termed the outputs. If power is fed into any of the input ports, it is
among the N output ports, without loss. For each input port used, there 0
ular phase distribution among the output ports. For appropriate ordering c
ports, all of the phase distributions are linear; that is, if the output ports-al
n = 1, 2,..., N, the phase difference between ports n and n - 1 is constant fc
constant is different for each input port. If the input ports are numbered m e
phase difference can be expressed

Aom = io + 27rm/N,

Manuscript submitted November 22, 1977.
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SHELTON AND HSIAO

where %0 is a selectable constant, which is fixed for all m.

The transfer phase from port m to port n can be expressed as

tmn = kn, + n + 2rm/N),

where Om is a selectable constant for each value of m.

The value of 40 is generally determined by the desired application for the network.
For example, matrix-fed circular arrays require cyclic output phase distributions for which
0 = 0. The networks presented in this report have f0 = v/N as a result of the symmetry
imposed upon them. It is noted that 0Q 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 NY(p-A()
BEp) =____N si(y

where
p = 2rd sin 0/X,

with
d = interelement spacing,

A = wavelength,

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

=0 2d sin 0 0 /X AOm. and

6c = 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 [21. 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.

2
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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 uo ig±0. A
network with N = 4 can be formed from the fundamental hybrid coupler as showh in
Fig. 1(b). Four beams can be formed, and they are pointed at p0 = ±45°, ±135°%.A In
general, networks with larger numbers of input ports can be formed from netwoitg -witfa
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) tranhfon `faur
inputs into four distinct beams evenly distributed in , space. Therefore, we inity
require four blocks (each block is a four-port matrix) connected as shown in Fig. 2(q2).
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;-tie
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 tuipA.ssdiiffer-
ence. For example, input I of the block has a phase gradient of -450, but in..a port
matrix, the phase gradient of the first input is -11.25°. To account for this differ'ce,
phase shifts of 33.75°, 67.5°, and 101.250 are required for the second, third, and 4e.urth
output lines of the first block in the second row, respectively. The inputs of this blick
now form beams pointing in the directions p0 = -11.25°, -101.25°, 168.75t and:"T8.750.
Similar additional phases are required for blocks 2, 3, and 4 of the second row. Ache
input lines of the overall network are then interwoven to be symmetric with thbeoqutput
lines.

OUTPUTS

Q-goo Do OUTPUT
(I) ~ PHASES

INPUTS .. :

- +90 9 () ) ( INPUTS -

BEAM POSITION, 8 -45 1136 -135 +45

(a) Two-port (inputs) (b) Four-port network
network

Fig. 1 -Butler matrices for N = 2 and N = 4

3
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SHELTON AND HSIAO

Fig, 2a - First row of a Butler matrix using four-port
matrices as building blocks

OUTPUTS

INPUTS

Fig. 2b -Sixteen-port Butler matrix

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 poasjijn.
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 hdve L.po~rts.
P

The total number of ports in the matrix isN Li, and the number of blocks inSth9
P,

ith row is Mi f Li, where the prime indicates that the factor for ] = 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 Li and Li+,, and the uimbers
of blocks in each row are Mi and M,+1, where L1Mi = Li.. Mi+1 = 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 Q.ennected
to inputs 1, M,+1 + 1, 2Mj+j + 1, etc. The outputs of the second block are connected
to inputs 2, Mi, 1 + 2, 2Mi+1 + 2, etc. In general, the outputs of the jth block in. row
i + 1 are connected to inputs j + kM1 ,.1, where k = 0 through Li+i - 1.

* It is now necessary to determine the transmission-line phase shifts which &iii^tbe
added to ensure beam collimation for all input ports. For the blocks in the ftt$.s¢,
which have LI ports, the beam-pointing directions when one of these blocks isieiieted
to an L- element array (if 1Llis even) are p0 = + 7r/L1, ±37r/L ,etc., with a spaI of
27r/Ll. If LI is odd, g0 = 0, ±27r lL, ±4ir/Ll, etc.* Since the output ports t-row
blocks are fed to elements with spacings increased by a factor of MI, the bea in
are at go = ±ir/M1LI, ± 3Sr/M1Ll, etc., org 0 = ±ir/N, ± 37r/N, etc.; it is also s4eean:tt
the beams from a single block exhibit grating lobes. Appropriate phase shiftsgmut..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.- .Ain. the
case of the interconnecting line geometry, there are various procedures for achiievgktrhis
result. Throughout this report we have chosen to generate an innermost beam :ftm.n
outermost matrix port. The general procedure for determining the phase shifts4&Ibe
inserted in the output lines of any given block, after one selects a beam position ifot 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 d
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 Fig38, with
N = 32, L1 = 4, L2 = 2, L = 4, and in Fig. 4, with N = 64, L1 =2 =8. Siuibgttie

*Although N is a power of two for the conventional Butler matrix, we assume in this discustai9.4.......
the factors of N, can be arbitrarily chosen.

5



SHELTON AND HSIAO

matrix is symmetric about a longitudinal axis, only the left half of the matrix is shown.
Tables I 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 eft
halves of right-left symmetric matrices, and Tables I and 2 list phase-shift values for full
matrices. Note the symmetry of the phase-shift listings.

OUTPUTS

Fig. 3 -Left half of a 32-port Butler matrix

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 Outputs of Indicated Rows.

ROW 2

0.0000
0.0000
0.0000
0.0000

22.5000
67.5000
67.5000

67.5000
67.5000
22.5000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000

22.5000
67.5000
67.5000
22.5000

22.5000
0.0000
0.0000
0.0000
0.0000

22.5000

2o

6r
6r
2!

(

ROW 3

0.0000
28.1250
33.7500
16.8750
50.6250
56.2500
39.3750

39.3750
56.2500
50.6250
16.8750
33.7500
28.1250
0.0000

78.7500
84.3750
0.0000

11.2500
16.8750

0.0000

118.1250
0.0000
5.6250
5.6250
0.0000

118.1250

11

1:

8'

3.5000 ̀:~

15000,,'J
I5000.
3.0006

J.0000 

J QOOQ~~~~~~~~~~~~~~~~~~~~~~~~

' 3750
3 7500

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 1.6.8750 14.0625:
11.2500 8.4375 5.6250 2.8125 0.0000
59.0625 50.6250 42.1875 33.7500 25.3125
16.8750 8.437;5 0.0000 98.4375 84.3750
70.3125 56.2500 42.1875 28.1250 14.0625
0.0000 137.8125 11.8.1250 98.4375 78.75006

59.0625 39.3750 19.6875 0.0000

4. SYMME'I'RIZING THE BUTLER MATRIX

The modification of the matrices to a symmetric reflection form is accomp)-ijed:in
three phases. First, the network must be rearranged so that the hybrid couplerarqo-din-
terconnecting lines are symmetric about the midline of the matrix, without regad.t0oany
of the phase shifters in the interconnecting lines. Second, a scheme for modifing*hie

7
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phase shifters to achieve symmetry about the midline is require. 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 crtesond-
ingly in both of the input transmission lines to any of the input couplers.

Fig. 5a -Symmetric arrangement of input and output couplers and ports

8
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…~~~~~~~~~~~~MIDLINE OF SYMMETRYC

Fig. Sb -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 sympmet-
rically located phase shifts in the interior of the matrix of Figure 5(b). When.a:pairof
phase shifts are averaged, it is necessary to determine the value of the compensatmg~phase
shift to be added to the outputs and inputs of the matrix. Since the relative. outjut,4 phase
distribution is fixed, one needs only to calculate the phase shift of any one output'i;ine
from a block, and the remaining output line(s) from that block will be automaticaly_
correct with the same phase shift. It is also noted that adding a phase shift to annirput
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 +11.250 inserted inn 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
N12 ports plus a row of hybrid couplers. It is also possible to devise building-blpclitich-
niques for symmetric matrices. Three arrangements for a 16-port matrix are shown'in
Fig. 6. Figure 6(a), with all Li = 2, is the symmetric layout for four rows of hybxid..
couplers; not only was the layout difficult to deduce, but there are two or three dsx.ees
of freedom in the phase-shift adjustment. In Fig. 6(b), two rows of four-port netwpks-
are used. The matrix of Fig. 6(c) has a middle row of four-port networks and top.an
bottom rows of hybrid couplers.

9



SHELTON AND HSUAO

Fig. 5c -Symmetric eight-port Butler matrix

Fig. Ga -Symnuetrc 16-port matrix using four rows of hybrid couplers

10
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SHELTON AND HSIAO

In general, any Butler matrix can be realized by either a two-row configuration
(Fig. 6(b)) or a three-row configuration (Fig. 6(c)). The two-row method is applicable
to networks with 22tn ports. For networks with 2 2n+1 ports, three rows are required1 and
the first and third rows can use couplers: LI = LS = 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 vase, 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. CU¶TING 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 3UB 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.-R couplers.
Therefore, the half-matrix for the simplest case is simply an 8.3-dB coupler with outputs
open-circuited.

924 i.333

H DIRECTIONAL
COUPLER

-l 
-2 _'2 -

- - - OPEN CIRCUIT

9.3-dil COUPLER

f ___ ___ ~~IDNLINE 2t 1 S
OF SYMMETRY

la) Operation of 3-dB M 3-d B coupter made (c) Network equivalent to
directional coupler from two FS36dE half of 3-dB coupler

couplers

Fig. 7 -3-dB coupler realized as symmetric cascade
of two 8.3-6B couplers

12
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If we consider next the four-port Butler matrix, shown in Fig. 8(a), the mi4lipe of
symmetry for this case passes through the interconnecting transmission lines betWt
directional couplers. It is seen that if these lines are simply cut, the result jjs l tpd
3-dB couplers with open-circuited outputs. It is found that the only alternati ijbin
the two transmission lines that cross at the midline, as shown in Fig. 8(b). ,

-____ < ____-PLANE ON
WHICH CUT
SHOULD BE
MADE

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

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

The general rule that emerges from these simple examples is that transoim%§ ipa
and couplers are cut on the midline of symmetry of the matrix but any linesEo6f4.ze> 
ponents which are crossed or superimposed on the midline are not open-circdi7&fljit are
joined together. Further results of the application of this rule are shown in ijgBi;r.
N 8, in Fig. 10 for N = 32 with L, = = 2, L2 = 8, and in Fig. 11 forN=A4with
LI = L2 = 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 .it;
corresponding to the output ports of the indicated rows, taken in order from let6 right
in the figures. Figures 10 and 11 plot the left halves of right-left symmetric configuations
and Tables 3 and 4 list phase-shift values for both halves, with resultant symmetfry.jzjthe
listings. Since 7/8 of the inputs to row 1 of Fig. 11 are interconnected, the ralwe.s2ist. d
in Table 4 reflect those interconnections. Thus, the phase shifts for lines 2 4ii the
same, as are 3 and 17, 4 and 25, etc. . -

It is possible to verify the operation of these networks by tracking signal p0ths 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
X - I

13
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Fig. 9 -Reflective eight-port matrix

ROW 2 L I L

Fig. 10 -Left half of a reflective 32-port Butler matrix

Fig, I1 -- Left half of a reflective 64-port Butter matrix

14
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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 0.0000b..
0.0000 0.0000

ROW 2 _ ..

0.0000 42.1875 19.6875 16.8750 50.625,p0..
2.8125 92.8125 0.0000 0.0000 59.0625

14.0625 28.1250 39.3750 8.4375 75.9 37f';
0.0000 0.0000 75.9375 8.4375 39.37h0

28.1250 14.0625 59.0625 0.0000 0.0000,
92.8125 2.8125 50.6250 16.8750 19.685..e
42.1875 0.0000

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

0.0000 19.6875 39.3750 59.0625 78.7500.
98.4375 118.1250 137.8125 19.6875 33.7500p.;'' .''-
47.8125 61.8750 75.9375 90.0000 104.062.i

118.1250 39.3750 47.8125 56.2500 64.6875 - '
73.1250 81.5625 90.0000 98.4375 59.0625.
61.8750 64.6875 67.5000 70.3125 73.1250
75.9375 78.7500 78.7500 75.9375 73.1250-
70.3125 67.5000 64.6875 61.8750 59.0625,:
98.4375 90.0000 81.5625 73.1250 64.6875-.'.
56.2500 47.8125 39.3750 118.1250 104.0625
90.0000 75.9375 61.8750 47.8125 33.75.00-
19.6875 137.8125 118.1250 98.4375 78.7500
59.0625 39.3750 19.6875 0.0000 .

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 reflbcthive .con-
figuration has been realized by applying rules for cutting along the midline of syjirnietry.
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 conventionail
Butler matrix and a reflective matrix is included in this appendix. If the numberjolY ports,.
the size of the basic building blocks and the number of rows are specified, this pcoknlots
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 firstdata 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.

* LL -A two-digit number to control what type of Butler matrix to be pIo6tted,.-,
The first digit conveys the following instruction:

1 -Plot a conventional Butler matrix network;
2 -Plot a symmetric Butler matrix network (symmetric about ait 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 wWihe'

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 refleqtive- ;.
Butler matrix will be plotted. The "tens" digit, 2, specifies that only the left half. pfthis.
matrix network will be plotted (without phase shifts). ' -

* XMS - A floating-point number (use F10.6 format) to specify the size of tbeplot
(in the x direction). The y direction is limited by the computer pl .eo be
19 cm (7.5 in.). If XMS is set to be zero, the program automaticaly 1et 1.9 cm
(0.75 in.) between each two input ports and plots phase shifts ben :,Pws
(ignoring the conditions set by LL). Thus, a 16-port network willotted
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 blo*,:inieach
row. For example, to plot the network shown in Figure 6(c), three numbers are rqpire to
be entered on the second data card: 2, 4, 2. Thus, eight 2-port blocks are used iplaiefrst
and third rows of this network, and four 4-port blocks are used in the second row. ' Ths card
also uses I5 fixed-point format.

17
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PROGRAM RTMTFFT
COMMON/2/PL0TRRAY(2S4)
OTMFAISTON MCf55lZ).PHA(S,512)
DIMENSTON NRP(04 1,NfKf6 4 1
CALL PLUTS(PLTARRAY.25481)

xmwo o
C LLLuJ, PLOT CONVENTIONAL FJLL 'ATRIX

c LLLu 2 , PLOT SYMMTRtCAL FULL MATRIX
c LLL=3, PLOT HALF MaTRIX
C LLLc 0 * PLOT ALL
C IF LL~flT.lO PLOT MATRIX WITHOUT ANGLE
C IF LLGST , PLOT tILF
C IF LL.GT. ?O PLOT NALFMATRIX (IN Y DIRFCTTONI WITHOUT 043tqE
C IF ANULtS TS TO BE PLOTTED SET XM FOU L TO ZERD

1 REA) louNTPiNROW.LLXMS
100 FORMAIS 4195 7 0.6)

IFcFOr,6F $-.
3 RFAQ IlI,(N9P(fI 1l, NROW)
101 FORMAT(1 6T19

LLL:O0njL Lln
LH4CLL1 J0
IF(XMS.LF~n. KXNSXM
X ,' =XMS

PRINT 1064NTP
110 FORMAT(f/.lNX,*TOTAI NUMBER OF PO*TS 15*//)

PRINT 11.NROW
111 FORMATIf//I;X.*NUMBRF OF RODS IS'15//

PRINT i12,(NNPP(l).tI*NROW) 
112 FORMAT( 0XNUN8ER OF PORTS IN EACH tLOCK OF CH q0W*,flfx~sIsl

IFtKC.nTr).CALL PLOT tXMf.C ,o. ,-3l
KC=KC.T
N41 =NRfW,1
CALL NTWK(NTP.Nkl NIPiNMKMC,#PA)
LPzO
CALL PPTO!JT(NTPNRIMCPHA*LPI
If(LLL *GT.l)GO TO 4
N&4L 04C 1 l O

CALL NTWKPITCNTPNRI, NBPNRKI4H *MCPNAXMl
IF(LLLaF.,1)GO To I
CALL PLOT(XM+.?,,ot-3T

4 CALL MLFMTX(NTHJNRINBPNSKMCPNaI
LP~l
CALL PRTOIlT(NTPtNRIMC*PHA.LPI
IF(LLL.GT,?)GO ID 5
NH=LHC* Sn
CALL NTWKPIFTfN7PNRl, NAP,QRK,%ts ,MCPH4CXM)
IF(LLL.LF.;?)(o ID I
CALL PLOTfXM#.0..O.-3P

5, NNSLNCvlO.1
CALL NTWKPLT(NTPNRI, r4P,%4RK%4M ,MC9PNAXM)
GO TO I

7 C4LL STOP PjnT
E -ID

18
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SURRnUTINF NTWK(NTPNRWI NBPNSKMCPHA)
C*****THIS 58ROUTINL FINnS THE CONNECTION OF A ROTLER MATRIX OR FuT-
C GIVEN THE NUMRER OF ROWS AND THE NUMiER OF °ORTS IN EaiLm Rnflzk
C EACH ROW
C.**.*COMPILEU qy J. K. H4SIAO
C**O*OFIRST VERSION IS COMPILED ON MAY 9l976'
C*O**NTP, NUMRFR Of TOTAL INPUT PORTS OR SAMPLES
C*****NRow, NUMREP OF ROwS REQUIRFO TO PERFHRM THE TQANSFO0QMATTrN)P
C*****NHP, AN ARRAY STORES THE NJUMBER OF PORTS IN EACH RLOCK AT. Al'CH.
C ROW. EACH RLOCN IN A ROW HAS TF SAME NUMSER OF PORTS
C*****N4K, AN ARRAY aTORES THt NUMBER OF PLUCKS IN EACH ROW,
C*****MC, A TWO DIMENSIONAL ARRAY STORES THE CONNCTIONS OF THF NETiVfRK-
C FIRST INDFX OF THE ARRAY HEPRESFNTS II N'JMRER OP CIRRENT:RfWt,.'I F
C LOCATInN OF THE SECnND INDEX REPRFSENTS THE PHYSICAL Lflt4'.T.Tr. OF."
c THE PREVIOUS ROU WHILE TME CONTFNTS Uf tT IS THE CONNFCTI0N:.:-2.ldF
C CURRENT ROW

DIMENSION MC(NRI1NTP),PHA(NR1,NTP)
DTMENSTUN NIFTSt5 2)
UIMENSTON NRP(64 ).NsK(64

C COMPUTES THE NUMREN OF PORTS IN FACH NLOCK
NRnWNP1-1
P1c3-14IQ4Q6936
PTPsPI*e.. 
NHP CNR) mnl
NTP2NTP/P
DOl 1° Tz'l NPI

10 N6iK (I) zrl'TP/NRP (1)
C**** NFTS ARRAY STORES THE LOCATION OF IHE SAMPLES IN FACH B ,AM14l>r.
C FREQUENCY SAMPLE), THE STRJCTIJRE tS CHARACTERUEO qY TWfliL;g%
C NTS5NUMREP OF TIME SAMPLESCOR INPIJT PORTS) AN! NFS, NUJMBE.t w$
C FREQUENCY SAMPLES(OR NUMHER OF REAMS). FOR EXAMPLE, NF-St4 M)4
C NTSl) IS THF rHYSICAL LOCATION OF THF, FIRST TIME SAMPLF .°Aw
C THIRD FREQUEFNCy GROIJPI OR OF T'- THIHI REAM),THIS TS *REf

C By LMc

C SET THE INITIAL NFTS ARRAY
n1 11 i TlNTP

11 NFTSIT)==
C''** NTSI IS THF PREVIOUS VALUES OF THF NUM8FR OF TIME SAMPLFStOR TNPjUT
C PORTS)
C**O* NTS? IS THF CURHENT VALUE
C*b*t NFSI TS THE PREVIOUJS VALUE OF THF NUMHER OF FREQUENCY SA4PL1e1-pR
C BEAMS)
C****NFS? IS THF CURRENT VALUE
C
C
C SET THf INTAL VALUES OF NTS AND NFS

N rsi =NTP
NFS1 =1
DO ?O T=1,NRI

C MM THE I'dlJUpRF OF BLOCKS OF THE CURRENT
r NN, THE NIIIMRER OF PORTS 1 EACH RLOCK

MM=NRK (i)
NNMNP (1)

C SET NTSC AND NFS2
NTS2?l=TSj /WN

ROW
OF THE CURRENT
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NFS2UNTP/NT52
C**** THE ACTUAL REQUIRtO PHASE GRADIENT BETWEEN SCCESSIVE ELEMENT FOR
C THE FIRST REAM IS

PAGsPI /NFS?
C*** AVAILABLE PHASE GRADIENT FOR THE FIRST REA4 IN EACH GLCCK TS

P SGSP I /NN
KKmO

C'** THE PHaSE ANGLE IS STORED ACCORnING TO THE 1NDEX OF THE LOVFR ROa
00 30 JS1.oMM
MOnJ=MOD*JNFSI>
IF 1MOOJE0O*)MonJ34FSl
JJE(J-3)/NFSl+.
PAGGEPAG' (MnnJ*Z-1 $
PASGODPSG-PAGG
DO 30 Ks!.NN

KKrKKv1
LmC. (MnOJeJ ) *NTSl+. (K-1 *)NTS2+JJ
MCLOCaNFTS (LMC)
mCr t I ,imCLor ZKK

IFIKK.LF.NTP2?30 TD 31
KIx=IPm1((.l
P I 1,KK) =PA (I SKKP
GO TO 10

31 IF(PAS0,DAT.0,GO TO 3?
PN4A ,KKxARS(P4SA )*lNN-K)
GO TO 30

3? Pl&(TIKKIPASGD*Kl
30 CONTINijr

C RECORnONG THE RREJUENCY 5AMPLE 0 BEAM POSITION INTO NFTS ARPAy
NTSIaNTS?
NFSJzNFS?
KK§o

C MNS TS THF NUMBER OF-SLOCKS WITHIN EACH GROUP OF FREQUENCY SAMPLES
MNS=MM/NTS 1
00 40 J1.,NFSI
JMODxMOO (, MNS
IF (JMOO.Eq.fn)JMODSmNS
JJ=(J-1 )/mpmsl
DO 4U KSTNTSI
KIcKK. 7

40 NFTS(KK=ineK-I*NFSI3(JMOODI)*NNJJ
20 CONTINNUt

RFTURN
END

20
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SURROUTINE NTWKPLTINTP.NRX, NBP.NRKLHMC.PHAAat 4
C NHuI, HALF MATRIX(IN X) ,Lr,.
C NH-0, FULL MATRIX
C LPTUo WITH ANGLES
c LPTU1 WITHOUT ANGLFS
C LPT*2, WITHOUT ANGLES AND HALF (IN YV

DIMENSTON MC(NRlNTP),PHA(NR1,NTP)
COMMON/2/PLTARRAY(2?4)
COMMON3/MwCT(512)
DIMENSION NRP(64 ),NBK(642
DIMENSTON XCml (512),XCM 2 (5l)
DIMENSION LAP(5!2)
NH.MOO(LH,1O)
LPTuLH/ 1 0

PIu3,1 4 15q2 6536
RAC3LSO ./P!
NROWsNQI-l
HLETU. 3*?
WI.ET04,.HLET/T7
YMa7.5
IF (Xqm0T.¶,) cO TO y
XKz.75*NTP

y IF(XMLT.lfXMulO.
XrKmXM/2
YRHussYSPACE.YM/(NRO0#1:.
XSIEXM/(NTP-I1
NRtuNRfW+* 
NNNR2+s
YRUYMl.*

C IF NH21. PLOT HALF THE MATRIX(XwSYMMETRY)
LLLuO
IF(NH.NE.iIGO TO 5

C DETERMTNE IF THE NRnW IS EVEN OR ODD
LNH=INQOW. 1/2-NROW/2

C LNHuIoODt LNMUOD EVENNNu(NRnW1 )/21
LLLSNH*LNH

5 UO 10 T- 1 ,NR7
IF(I,GT.NN)OO TO 6

C FIX THE PnRT LUCATION IN EACH QOW
IFrU.GT.l)GO TO 1
DO 11 Jul.NTP

11 XCMI(J).ZJ(1)*XS1
Yllyp
GO TO 10

I IF(I.LT.NRp)CO To ?
DO 12 Jsl,NTP

12 XCM2 (,J1)(j-1)5*XS
Y?2ayR *
GO TO .

z NNRPUNRP(T-j)
NNBKUNRKT 1 ,;V)
XRKFK8*XM/NNRK
XKKS.R*XRK
XLSEXBKS/NNRP

21
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XlS.ISXM.. 1*XBKS
YVUYR +05*yRH
YZ-YR -. 5*YSH
Y22aYI
K~o
DO 13 J *,NNRK
IF(LPT,GE.2.ANOXI .GT.XZ)OGO TO 9
CALL PLOT(KXisYdS)
X2sXI XdKS
CALL PLOT(XlYI,2)
CALL PLOT(X2cYl,2Y
CALL PLOT cX?,Y2,Z)
IF(LLL.LTl.oR.INE.NN)GO To a
CALL OAS4(KXIY?,Xa,Y2)
G0 TO 9

a CALL PLOT(XgIY2,2)
9 xuxleK5/s/p,

Ynyq
XPu 5*XLS.XI
VO t4 KA?,NNRP
KKsKX.3
XCMPvAK)uXP

14 XKPXP*XLS
13 XIUXt4XBK

C DRAW NETWMRK CONNECTIONS
3 0D 20 Jzi.NTP

LMCSMC I-I ,J)
XZ9XCMP( LMC)

Yl IUYI I
IF(LpT.LT.?.oR.X1.LT.XMa0Ga TO la
IF(X2.rT&xM2irU TO P0

YTIIYEP(XK,?zY,2K~lll*XM2Z+Y22
78 XTsX2

Y2TaY~p
IF(LPT.LT,.OR-X.LT.XM2)GD TO 17
XTuXMp
YTYYl-YFPtfl .YlIT,2KY22,KMV

lt YTIwO.IF(lEIQyT I.j
IF (LPT.GE..ArNDqX.*GT*XM2)YTI=s.
CALL PLOTIXI.YI*+YTT,3)
IFEIl.T.?lGO TO 4
IFLPT.GF~,7*NU*KI(TX142)GO TO 4
CALL PLOT(KtIY1,192

4 CALL PLUT(XTYT,2?
IF(TNVNRP)qO gO 19
!F(xt.,E.xm2.ANO.LPT.EQ.2)GO TO lo
IF(I.Lq*NRpANU.X4.LT.XM2)CALL PLOT(K2tY22-1I,2)
CALL PLUTfX?,Yt2'.¾?1

19 IF(LPI.GT.O)sO To Z1
IF(LPT.OTOIGOO TO 20
AABSQhA(Tel LMC Y*RAC
IF(ALF*,00l~l)O TO 20

22
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IF(INF.NR2)GO TO 15

Y?222Y22 YSPACEwe5Oy8H#2**HLET
XUXle3.*WLET
GO TO 16

15 Y222Y22P.OHLET
XKx2.3,.WLFT

16 CALL NUMRERIX ,Y222,HLETAeO.4HFA. 2 )
20 CONTINUE

C RESET XCMj ARRAY
00 21 Jal,NTP

21 xCMlJ)*XCM2( J)
YlIuYd

10 YRuY~wYSPACE
IF(LPI.GE.P)CALL UASH(XM2,YM1.1,KXM2ZY2aes1)
RETURN

6 YuYR+YSPACF/P.
XMMzXM
IF(LPT.GEp)XMMEXM2
CALL DASH (0,,YX4MY)
DO 31 .1s1.NTP

31 LAP(J)uO
ZNY- ,*HLFT
NTPKSNTP
IF(LPTGF.,)NTPKsNTP/2
Do 30 Jzl,NTPK
IF(LAPCJ).GTO)GO TO 30
XlXCMi I)
JJSMCT J)
LAP'(JJ)=1XKzXrMi (jj)
X-XI
XTEK2
YTuYa
IF(LPT.LT.0,ORKX2.LFKXM2)GO TO 32
XTuXmd
YTUYEP(XY,XpY2,XM2)*Y

32 CALL PLOT(Xi,YP. 3 )
CALL PLOTIx ,Y.2)
CALL PLUT(XT,YT, 2 )
IF(LPT.GT.n)CGo 10 30
IF'LNH.GT.rI3O TO 30
LMC*M C NNj)
AuAPS(PHA(NN9LMC)2 )6QAC
XX-3 .*WLFT
CALL NLJMRER(X,ZHLETA,0.t4HF6.2)

30 CONTINUE
IF(LPT.EGF.)CALL QASHKXM2,YM+1.1jxM2,Y
RETURN
E Nr)

23
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SUBROUTiNE OASH(Xl*YIX2RVZ
C THIS SttBROUTINE DRAWS A DASHED LINE FROM A POINT XI. YI TO A PO14T
c XZ, Y2

X12?&X2-XI
Y12sY? Yl

USORRT(Al?**?*Yl2**?P

? NN-O/5f
DD-DeNN*Sfl
IF(ASSUnO.LE..-00lHO TO 1
SsSoDnU/NN
GO TO 2

I XINC sO*xl/n
YINCzSf*Yp?/n

DO 10 TulNN,2
CALL PLUT(XY, 3 )

Y VY*YTNC
CALL PLOTIXY.2)
XKX*XINC
YNY*YINC

10 CONTINUE
RETURN
E N
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SUBROUTINE HLFmTx(NTPNRTNRPPNRK.MCPHA)
DIMENSION NRP(64),NRK(64)
DIMENSION MC(NRlNTP)vPHAINRI,4TP)
CoMmoNS/MCT 1512) . .
DIMENSTON ANG(blZ)*ATEMP(512)
NNONR1 2d
LL-lNRI1 1 /PNN

C LLui NUTMRER OF ROWS IS EVEN
C LLRO NUMRER OF ROWS IS ODD

CALL PHASIIM(NR1,N!P9N8PMC9PHA9ANG)
DO lo TI1,NTP

DO 11 JulNRII
KKUMcIJWI)t
IF(J.FO.NN)KKPaKK
I I.KK

11 CONTINUE . .
c FIND THE JOINT POINT THEN STORE IN MCT ARRAY

00 12 J=lNN
KKSSMC(J,KK,)

12 KKKKS
MCT(KRP) UKS

C AVERAGF THE PHASE ANGLES FOR SYMMETRICAL MATqrX
00 13 *Im1,NN
JJr.NR 1 J 1

AVG.(PHA jIMC) PHA(JJI))/?.
13 PHA(JTMC)SPNA(JJOI)SAVG
1o CONTPI'IJE

C CORRECT PHASE ANGLE OF THE MIDDLE ROW WHEN THE N - ER r;
C EVEN

IF(LL.LE.n)GO TO I
NluNN.1
DO 20 Tsi.NTP
I Iu ( tN 1 .1).; 
INNMC(Nl.CTII)).
ATEMpITIIUPHA(N .11)
IFIPH (N1,IN) lN;t.ATFMP(I))ATEIP(I!)NPHA(NIIN2;

20 CONTINUE
C CORRECT THE PHASE ANGLE BY ADDING THE SAME EXTRA PHASE H
C POOT IN A RLOCK

NMPsN$P (N2 )
NMBSNBIK (N.)
00 21 l11 ,NMR
IMSZ(-l)eNMPNP
AAuO.
DO 2C Js1.NMP
KKuIF4SJ
ASATEMP (KKo-PHA (Ni K1-K)
IF(A.hT.AA)AASA

22 CONTINUE
IF(AA.LE.6.) GO TO 21
D0 23 Jfl,NMP
KKXIMR.J

23 PHAlN1,cKKlPHA(NlvKK).4A
2! CONTINUE

25
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RETURN

C CORRECT THE PHASE ANGLES FOR THE CASE WHEN THE NUMRER OF ROWS IS
C ODD

I CALL PRASUM(NRLtNTPNBPMCPMA.ATEMP)
DO 3 o Ixl,NTP
AAEANG(IY-ATEMP(l)
JJmc d1.i

30 PA{19JJIuPHA(NRIIl)SAA
RETURN
END 

SUBROUTINE PHASUMINRlINTP#bRP0#CPHAvASI
DIMENSION NBP(64)
DIMENSION MC(NRINTP),PHAINRl4TP)#ASINTPI
DIMENSION LAP~D 5?2),A(b d)

c SET TKE PHASE SHIFT OF THE ROTTOM ROW
NROWUNRI -t
NNuNBPINROW)
00 1 JaulNN
LAP (2,J) uJ

I 4AS(J)UPHA(I I I
KKsNN
DO 1 TI1,NROW
I INROW'!
lugII.1' 

NNmNRP (II)
IF (I t .tF0) NNs I
00 12 JuINTP
LAP0( ,fgLAP(2,)J

12 4A(JlASIJ)
KNr
00 20 LI rlKK
LLULAP(IL. 
00 2I NUINTP
IF(MFC(j1*.N),NE.LL)GO TO 21
JJ-N
GO To 72

21 CONTINUE
22 NMDMOD(JJ,*NN

IF (NMD.EO.QNMOUNN
D0 30 uiqNN
INDcJJ.NMn+K
If IF E0 .9 t IND-JJ
KNmKN.1
LAP (2,KN)w wNn

30 AS(IN IzA(LL)*PKA(I?,LL)
?0 CONTMNUE

KKKN
IO CONTINUE

RETURN
E tD
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SUAROUTINE PRTOUT(NTPNRl1MCPHAMLP)
DIMENSION MC(NRI.NTPhPHA(NR1,NTP)
DIMENSION PANG(5 2)
PIa3.sI45q)6536
RACElO./eI'
IFCLP.0T.0) GO TO 1
PRINT 102

102 FORMAT(//,IOX,*CONVENTIONALIMATRIX CONNECTION AND PHASki.jlw$
GO TO ~~-

I PRINT 107
107 FORMAT(//,loX.*SYMMETRICAL MATqIX PHASE ANGLESfO//) .,

Go TO I
2 DO 10 Io l.NRI

PRINT 103.1 ... ....,.
103 FORMATC//.2oXv*RDW.*,15,//) 'Ii ,.ll'
10 PRINT 104.v(MC I@9),Ju1NTP)
104 FORMAT(1H , 1.xv OTS)

PRINT 105
105 FORMATI//Jiox,*CONNECTION PHASE ANGLES*,/n - ,

3 DO 20 TI1#NRI
DO 21 Jul.NTP
LMCSJ
IF(I.EQ.NRI1LMCMC(IJ)19)

21 PANG(J)!PHA(lLMC)*RAC
PRINT 103,T

20 PRINT 106.(PANG(J),Ju-INTP)
16 FORMATOH , IOX,5F10.4)

RETURN
END

FUNCTION YFP(XlKY1.X2ty2aXw,
XKRsXpMOX]/tX2-Xh)
YEPUXR*ARs(yl.y2.),fg1 XR)
RETURN
END
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