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REFLECTIVE BUTLER MATRICES

1. INTRODUCTION

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
rations are symmetric about a longitudinal axis which divides the input an
into two halves, but except for the two smallest ones, they are not symmet
axis midway between input and output ports. Therefore, these matrices ac
one direction. That is, the feed points correspond to a focal plane and th
spond to the region of collimation. However, because of the lack of sym
characteristic does not hold in the opposite direction; the output ports do
to a focal plane with attendant collimation properties on the side of the in
is evident that a matrix symmetric about an axis midway between the inpt
ports is desirable. Such a matrix might be cut in that plane of symmetry s
input and output ports would be identical. In this manner, the half-matr.
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-h
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
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
review is given here. A Butler matrix is a 2N-port network, where N = 25:
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.
any port on the other side is 1/N. One set of N ports is termed the input;
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
ular phase distribution among the output ports. For appropriate ordering
ports, all of the phase distributions are linear; that is, if the output ports ar

=1, 2,..., N, the phase difference between ports » and n- 1 is constant f
constant is different for each input port. If the input ports are numbered m 2
phase difference can be expressed ‘

Ag,, = ¢g + 2mrm/N,

Manuscript submitted .November 22, 1977.
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where ¢4 is a seleclable constant, which is fixed for alt m.

The transfer phase from port m fo port n can be expressed as
g‘}mn = ém + ﬂ(@g + 211’mfN],

wnere ¢, 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 ¢yelic output phase distributions for which
$o = 0. The networks presented in this report have ¢g = #/N as a result of the symmetry
imposed upon them. It is noled that ¢ can be altered to any desired value for any given
network simply by adding an appropriate set of linearly increasing phase shifts {o the
output ports.

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

sin N{g~fip)
E (p) - Y s
N sit{p-pg
where
g = 2wd sin 8 /X,
with
d = interelement spacing,
X = wavelength,
& = angle relative to normal to the array,

anid where
fg = 27d sin 8g/h = Ad,,, and
o = beam direction.

The resulting multiporf antenna svstem, consisting of an N-element array eonnected
to a 2N-port Butler matrix, has N poris, 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 arfay. A beam corresponds to an aperfure distribution and also to a particutar
input port.

The network with the above characteristics which uses a mininyurns rumber of
components is a Butler matrix. This network is closely analogous to the fast Fourier
iransform {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 usad.
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3. CONFIGURATION OF: A BUTLER MATRIX

Figure 1(a) shows the configuration of a 3-dB hybnd directional cc)upler Whl(:h has
four ports and N = 2. Inputs 1 and 2 form two beams in the directions pg = 4_-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 g = +45°, £135% .1
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 fermed
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 mltlally
require four blocks (each block is a four-port matrix) connected as shown in Flg' 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. comhme
the 1nputs of these four blocks. The connection of these matrices to the fn.-st-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 18. Since: the
beam-pointing directions (or phase gradients) of the 16-port matrix are different; irem
those of the 4-port matrix, additional phase shift must be provided to make: upythis-di
ence. For example, input 1 of the block has a phase gradient of -45° but in:a lG:por
mafrix, the phase gradlent of the first input is-11.25°% To account for this: dlffer,enee
phase shifts of 33.75° 67.5° and 101.25° are required for the second, third, and 'fol_u'th
output lines of the flrSt block in the second row, respectively. The inputs of.thls s1ock
now form beams pointing in the directions uy = -11 25°, -101.25°, 168.75°, and' 8.75°.
Similar additional phases are required for blocks 2, 3, and 4 of the second row.. “The.

input lines of the overall network are then 1nterwoven to be symmetric with the.output
lines.

- OUTPUTS

(@ -w° oo OUTPUT

. PHASES
@ p®  .eQ°

OUTPUTS 45 X 45

INPUTS

90 +90 ONO) ® ® INPUTSl

BEAM POSITION, 4, 45  +136 -135  +45

{(a) Two-port (inputs)

(b) Four-port network
network

Fig. 1 —Butler matrices for N = 2 and N = 4
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Fig. 2a — First row of a Builer matrix using four-port
matrices as building blocks

QUTRUTS

1 2 3 4 & B 7 8 $ o2 12 14 15 L

15T ROW

0125 87.60 T9.75

. 1 K 33,76 22.50 11,256
IND ROW F 2| X
1 2 3 L B 8 7 8 4 0 1 12 13 4 15 18
-11.28 3378 5625 FBYS 10025 12376 4625 166.75  TRBTS 14625 120.FF 10125 7875 625 3278w
INPUTS

Fig. 8b —Sixtieen-port Butler mafrix
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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. pc;t
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 pﬁ)rts

The total number of ports in the matrix is N = H L,, and the number of blocks.in. the
P,

ith row is M; = H L;, where the prime indicates that the factor for j =i is omltted

L -\ va.nety of procedures can be established for interconnecting the blocks in.
successive rows of the overall matrix, exactly analogous with the variety of flow: dla_grams
available for the fast Fourier transform [4]. A simple procedure is described heré:.. The
rows to be connected are i and i + 1; the block sizes are L;and L;, 1, and the numbers ‘
of blocks in each row are M; and M;,, where L;M; = L; M,+1 N. The outputl of' the
blocks in row i + 1 are connected with the mputs 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;,q + 1, 2M; 4 + 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 1n ow'
i+ 1 are connected to inputs j + kM;+1, where £ = 0 through L;,, - 1.

® It is now necessary to determine the transmission-line phase shifts which mgst}be
added to ensure beam collimation for all input ports. For the blocks in the f-u!qmmw,
which have L, ports, the beam-pointing directions when one of these blocks msc&lmeeted
to an I; -element array (if L]_IS even) are u, = /L4, +3n/L,, etc., with a spa -m.,u of
2n/Ly. If Ly is odd, pg = 0, *2m/Ly, *4n/Ly, etc.¥ Since t e output ports:oftthelfi st-row
blocks are fed to elements with spacings increased by a factor of My, the bea;n :
are at py = 2 w7/MyLy, *3n/M{L{, etc., or yy = +7/N, +37n/N, ete.; it is also: ‘seenct
the beams from a single block exhibit gratmg lobes. Appropriate phase shifts: must.
inserted in the interconnecting lines so that a selected grating lobe is remforced.,
tributions from all blocks in a row and all other grating lobes are suppressed. .. Ag
case of the interconnecting line geometry, there are various procedures for achlevﬂng; thls
result. Throughout this report we have chosen to generate an innermost beam from:: 8D
outermost matrix port. The general procedure for determining the phase shlftsitorbe
inserted in the output lines of any given block, after one selects a beam position ¢
given overall matrix input port, is to set down the required output phase dlstnbutlon for
the overall matrix. Then the block outputs in any given row can be 1ndependently 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 ls
described and listed in the Appendix. Sample computer plots are shown in F1g 8. Wit]
N=32,L; =4,Ly =2, L3 =4, and in Fig. 4, with N = 64, Li=Lg=

the factors of N, can be arbitrarily chosen.
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hown.
r from left to right in the figures. Figures 3 and 4 plot the left

18 §

The phase-ghift values

the outputs of the
in left {o right, corresponding to the output ports of the ind

matrix is symmetric about a longitudinal axis, only the left half of the matrix

Tables 1 and 2 list the phase-shift values that must be inserted in
indicated rows of the matrices shown in Figs. 3 and 4, respectively,

are iisted in the tables fro
cated rows, taken in orde

halves of right-left symmetric matrices, and Tables 1 and 2 list phase-shift values for full

Note the symmetry of the phase-shift listings.

maftrices,

QUTPUTS

ROW 1

INPUTS

Fig. 3 —Left half of & 32-port Bufler matrix
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Fig. 4 —Left half of a 64-port Butler matrix
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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
67.5000 0.0000 22.5000 22,5000 0.0000+
67.5000 0.0000 e
ROW 3
0.0000 39.3750 78.7500 118.1250 0.000Q::""
28.1250 56.2500 84.3750 0.0000 16.8750..~
33.7500 50.6250 0.0000 5.6250 11.2500% 4 i
16.8750 16.8750 11.2500 5.6250 0.0000. ;<5
50.6250 33.7500 16.8750 0.0000 84.3750: |’
56.2500 28.1250 0.0000 118.1250 78.7500 1 .
39.3750 0.0000 |

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

0.0000  19.6875 39.3750  59.0625 787500 |0

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- .-

L 59.0625 39.3750 19.6875 0.0000 o

4. SYMMETRIZING THE BUTLER MATRIX

The modification of the matrices to a symmetric reflection form is accomphshgd in
three phases. First, the network must be rearranged so that the hybrid couplers;;a.t;d-im-
terconnecting lines are symmetric about the midline of the matrix, without rega.rd any
of the phase shifters in the interconnecting lines. Second, a scheme for m0d1fy1ng
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phage shifters to achieve symmetry about the midline is required, Finally, a method
whereby the matrix can actually be cuf in two is necessary.

The method of achieving fopological symmeiry 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 outpuf 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 middlerow 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 neitwork is compietely
symimetric 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 shiffs were
ingerted in the inierior 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 inpul transmission lines to any of the input couplers.

— =

Fig. ba —Symmetric arrangement of input and ouiput coupiers .and ports
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45
e ) 45 /

AN AN L I MIDLINE OF SYMMETRY,

22.8 25
67.5 67.5

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'p, ir-of
phase shifts are averaged, it is necessary to determine the value of the compenséziﬁ;g,phase '
shift to be added to the outputs and inputs of the matrix. Since the relative outp.u,t;phase
distribution is fixed, one needs only to calculate the phase shift of any one outpit’line
from a block, and the remaining output line(s) from that block will be automatxcally
correct with the same phase shift, It is also noted that adding a phase shift to an mput
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).

PRSI T e
; T

The objective with larger matrices is to generate them by some procedure thal 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 hybrjd
couplers; not only was the layout dlfflcult to deduce, but there are two or three dagrees
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 middie row of four-port networks a.nd top sand_'
bottom rows of hybrid couplers.

9 gy
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B MIDLINE OF
SYMMETRY

m
o [
]

el e

Fig. e —Symmetric eight-port Butier mairix

Fig. 6a —Symmetric 16-port mairix using four rows of hybrid couplers

16
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HIE N S m.sn‘ F.50 SR YRR =7 anﬁ s nn Ll

-~

N

Fig. 6b —Symmetric 16-port matrix using 4-port building blocks ‘

' Ml S S ~

N \

S & 125 11,14 168 1687 ks 1628 125 10,2 563 5.7

1.2 W13 Gl TLI1T 3 LS 10.25 530 7y sl 23 JLE

1 Bl L35 3., 7Y 1.5 Y 031 12 18 L2 81,08 1503
%6 % 125 Il.?ﬁ 1687 168Y 158 16 .28 11 563 5.!4

Fig. 6¢ —Symmetric 16-port matrix using one row of 4-port and two rows of 2-port buil_dipg blocks
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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 2271 ports, three rows are required, and
the first and third rows can use couplers: L; = Lz = 2. For a tworow configuration, the
topology is automatically symmetric. For both the two-row and threerow cases, one set
of compensating phase shifts can be added to establish symmetry. In the tworow case, it
is inseried 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 cuiting 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 resuliing haif-mairix is inevi-
tably isolated from another part if the cutf 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 coupier 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 3dB coupler? If ig seen in Fig. 7 thai a 3.dB directional cou-
pler can be replaced by two cascaded 8.3-dB divectional couplers, with the result that the
midiine of symmetry now crosses the two transmission lines joining the 8.34B couplers,
Therefore, the half-matrix for the simplest case is simply an 8.3<dB coupler with oufpuis
open-circuifed,

524 -.383
}
5388
DIRECTIONAL
COUPLER
11
A 3
] Hoyd
~ mm = —p——- UPEN CiRCUIT
8.3-d8 COUPLER
vZI[ LvZ
{ L _jteoume e
1 OF SYMMETRY ¢
1!
{ay Operation of 3-d8 & 3-dB coupler made (e} Metwork equivalant to
directional coupler fram fwo 83-dB half of 3-d8 cauoier
cotipiars

Fig. 7 —3-dB coupler realized as symmetric cascade
of two 8.3¢8 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 mterconnectmg transmission lines b&tw.e. __‘*';;'_
directional couplers. It is seen that if these lines are simply cut, the result mtw A8l
3-dB couplers with open-circuited outputs. It is found that the only alternabm&e
the two transmission lines that cross at the midline, as shown in Fig, 8(b). .-

N X

______ Nl ____PLANEON ‘L
WHICH CUT }@\ ' ‘

SHOULD BE
MADE
{a) Symmetric matrix with (b} Half-matrix resulting from
desired cut indicated joining tines at cut

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

The general rule that emerges from these simple examples is that transmm ioRilin
and couplers are cut on the midline of symmetry of the matrix but any lines\o -
ponents which are crossed or superimposed on the midline are not open-cu'culted tsare
joined together. Further results of the application of this rule are shown in Elg" sor. *
N =8, in Fig. 10 for N = 32 with L, = Lg = 2, Ly = 8, and in Fig. 11 for N.= (’54'.»w:th
Ly = Ly = 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: mght
corresponding to the output ports of the indicated rows, taken in order from leﬁt}to right
in the figures. Figures 10 and 11 plot the left halves of right-left symmetric conf:guratlons
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 valq ‘ﬁlist‘"ed
in Table 4 reflect those interconnections. Thus, the phase shifts for lines 2 a.nd i
same, as are 3 and 17, 4 and 25, etc. Fa

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

g-VN+1
VN -1

13
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56,75

33.78

.25

11.25

11.25

Fig. 9 —Reflective eight-port matrix

ROW 1
ROW 2
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Fig. 11 —Left half of a veflective §4-port Butler mairix
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Table 3 — Phase Shifts for Reflective 32-Port Matrix.

ROW 1
0.0000 0.0000 0.0000 0.0000  19.6876
19.6875 19.6875  19.6875 281250  28.1250
28.1250 28.1250  25.3125  25.3125 258125 |-
25.3125 25.3125  25.3125  25.31256  25.3125...|
28.1250 28.1250 281250  28.1250 19,6875 |
19.6875 19.6875  19.6875 0.0000  0.0000. .|
0.0000 0.0000 |

ROW 2 '
0.0000 421875  19.6875 168750  50.6250 '
2.8125 92.8125 0.0000 0.0000  59.0625"
14.0625 28.1250  39.3750 8.4375  75.98T5
0.0000 0.0000  75.9375 8.4375  39.3750
28.1250 14.0625  59.0625 0.0000  0.0000":1"
92.8125 2.8125  50.6250  16.8750  19.68757‘ [i°
42,1875 0.0000 R

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

0.0000 19.6875 39.3750 59.06256  78.7500. . |
98.4375 118.1250  137.8125 19.6875  33.7500°
47.8125 61.8750 75.9375 90.0000  104.0625
118.1250 39.3750 47.8125 56,2500  64.6875° 1 -
73.1250 81.5625 90.0000 98.43756  59.0625 - | -
61.8750 64.6875 67.5000 70.3125  '73.1250 : .
75.9375 78.7500 78.7500 75.9375  78.1260..:
70.3125 67.5000 64.6875 61.8750  59.0625 ..
98.4375 90.0000 81.5625 73.1250  64.6875- -
56.2500 47.8125 39.3760  118.1250 104.0625: |
90.0000 75.9375 61.8750 47.8125  33.7500: |
19.6875 137.8125  118.1250 98.4375  178.7500:. -
59.0625 39.8750 19.6875 0.0000 B

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 ‘reari:éhging the
blocks and then inserting appropriaie 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. P
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Appendix

A listing of the computer program used in this report to plot both a conventmnal
Butler matrix and a reflective matrix is included in this appendixz. If the number: of ports,
the size of the basic building blocks and the number of rows are specified, this pl;og‘;,amﬂ?lots
the interconnections and the relative phase shifts between building blocks, Asan eXample
a 16-port Butler matrix network plotted by this program is shown in Fig. 6. To usé'this,
program, two data cards are required to enter the necessary information. The flrst 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 —Plota conventlonal Butler matnx network;

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: O
1 — Plot the matrix network without phase shifts (phase sh1fts wﬂl he .
printed);
2 — Plot only half of the array (left half);
0 — Plot the full network with phase shifts.

For exampile, if one sets LL = 23, since the “Units” digit is 3, a reflec.twe :
Butler matrix will be plotted. The “tens’ digit, 2, specifies that only the left half of; thls
matrix network will be plotted (without phase shifts).

¢ XMS — A floating-point number (use F10.6 format) to specify the size of th,g plot
(in the x d1rect1on) The y direction is limited by the computer platter to’be

row. For example, to plot the network shown in Figure 6(c), three numbers are méqulredrto
be entered on the second data card: 2, 4, 2. Thus, eight 2-port blocks are used mfthqaflrst
and third rows of this network, and four 4 -port blocks are used in the second row. Thls card
also uses Ib fixed-point format

17
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PROGRAM RTMTFFT

COMMON 2 /Pt TARRAY (2684}

DIMENSTON MC{S9512) +PHA(S5,512)

OIMENSTON NRP (L& ] eNpgK (6% )

CALL PLUTS{PLTARRAT,25%s15])

Kﬁzﬁ

XMmd

Lliml, PLOT COMVENTIONAL FULL MATRIX

LLLeZ, PLAY SYMMTRICAL FULL MATRIX

Lhi=3y PLOT HALF MaTRIX

tLi=®s PLOT aLL

IF LLsnT 10 PLUT MaATRIX WITHOUT anNGLE

IF LL,6T. 25 PLOT HALF

IF LL.6T, pp PLOT WALFMATRIX (IN Y DIRECTION] WITHOUT ANGLE
IF &NULES TS TO BE PLOTTED SET XM EGQU L TO ZERD
READ iaﬁvMTPiNRG#fLLcXMS

FORMaT (3 za;s 0,5

IF (£0F ,60)

RF AD 1'1;!MQP(II;I=1;NWOWi

FORMAT(16TS)

LLtzﬂsﬁth 1ny

Lug=Le /Y0

IF (XMSLF N, ) XMS=XM

XnggS

PHINT J10,NTP

FORMAT (/72 10X #T0Tat. NUMBER OF PORTS IS#,i1Ss//)
PRINT 111MROW

FORMAT LA/ L 10X s *NUMBER OF HANS 18%,15,//)
PRINT 1}2fzun9£1;;1=;;mauu!

FORMAT (i0y ,oNUMBEH OF PORTS IN EaACH WLOCK OF FACH AOW# /7 17K,S5I5)
IFrKc.rT.ﬂianL PLOTIXMeZ 4 yiliggud)

Ke=Keey

NR1=NROWS]

CALL NTHE{NTPLNR1s NHPNHK, MC4PHA)

[Pzl

CALL PRTOUT(NTFINRT «MCaPHA L F)

IF(LLL «6T. 116U TO %

Nz Cwi0

Call NTWKO| TINTR3NART, Mgp,unu,uu +MCaPHAL XM
IFLlt ,ur, 160 o 1 .
Call PLOT(XMeZ410403]

Cﬁt% MLFMTX INTHPaNRE G NBPINBK ¢ MO PHAY

LRz

CALL PRTDUITINTOINRI MCsPHA,L P)
IFqL L, 67, 2y60 10 8

NH=[ HC#inN

CALL NTWKPLTINTP+NRIs NEPINGKINH oMCoPHL e EM}
IFtLiL.eF . 2150 To )

oLt PLOTiAMI2e30ar=3)

Mrimt pelfyl

Call NTWKPL T{NTP4NRT, NAP.VRK4NH .Mc.Pna,xnr
G Tn 1}

Cati STOP B OT

E-n
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NRL REPORT 8188

SURRDUTINF NTWK(NTP4NRLls NBPoNRKMC,PHA)

c GIVEN THE NUMRER OF ROWS AND THE NUMRER OF PORTS IN EALHr

o EACH ROW

Counand#COMPILEY RY Jo Ko HSIAO

cewnsuFIRST VERSION IS COMPILED DN MaY 341976

conaneNTP, NUMRFR NF TOTal INPUT PORTS UR SAMPLES

CennuvdNROW, NUMRER OF ROWS REQUIRFD Tn PERFORM THE TRanFOﬂMATTﬂN ’

CoRs8#NHP, AN ARRAY STORES THE NUMBER OF POURTS IN EACH ALOCK aT EAGM: °

c ROW. EaCH RLOCM IN a ROW HAS THF SAME NUMHER OF FORTS ‘

CHupt®NRK, AN ARRAY STORES THE NUMBER OF RLOCKS IN EACH ROW,

Coeas#MC, Ao TWN NIMENSIONAL ARRAY STORES THE CONNCTIONS OF THE. NEmunRK.
FIRSY TNDEX OF THE ARKAY HEPRESFNTS THF NUMRER 0Ot CURRENT® ‘Riyuliy L HF

LOCATINN AF THE SECOND INDEX REPRFSENTS THE PHYSICAL LNGATIE .

THE PREVIOUS ROW WHYLE Trk CONTFNTS OF IT IS THE CONNECTI

CURRENT Rnw .

DIMENSTON MC(NRL1sNTPR) ¢ PHA (NR14NTR)

DIMENSTUN NFTS(S 2)

DIMENSTON NRP{g% ) enpK{6& )

C COMPUTES THE NUMBER 0OF PORTS IN EaCH RLOCK

NROWzNR ] =1

PTE3,1415926536 S

Pl2z=Piag, . o

NHP (NR1} =1 ' o

NTP2=NTP/? R

oY 10 t=1,nR1 el

NAK (1) =nTP/NRP ()

NFTS uRKaY STORES THE LOCATION OF THE SAMPLES IN FACH BEAM 5@& -

FREQUENCY SaMPLE)}s THE STRUCTURE TS5 CHaRACTERIZED AY TWa:-NU g?;:

tes

s ReRals’

(9]
& -
* O
*
*

NTS+NUMRER OF TIME SAMPLES(OR INPUT PORTS) aND NFSy NUMAE
FREQUENCY SAMPLES{OH NUMBER OF AEAMS)e FOR EXAMP|E, NFﬂSLé A
NTSe1} IS THE PHYSIcal LOCATION OF THE FIRST TIML SAMPLE: N;ﬂ%ﬁ?*
THIRD FREGUFNCY GROUP( OR OF THE THINI REAM) THIS 15 Ak Es%ﬂpgp
BY LMC S L

OO0 00

SET THE INTTIAL NFTS ARRAY

DO 11 T=)4NTP
11 NFTS(T)=T :
Ceeas NTS] IS THE PREVIOUS VALUES OF THF NUMRER OF TIME SAMPLFS(0R:TNPUT
c PORTS)
Coene NTS? IS TWF CURRENT VALUE
coows NFS1 1§ THE PREVIOQUS VALUE OF THF NUMHER OF FREQUENCY SAHELEE R -
o BE AMS) ‘
Cowua#NFSP 1S THF CURRENT VALUE
f
C
¢ SET THE INTAL VALUES OF NTS AND NFS
NTS1=NTP
NFS1=z1
DO 20 1=14NR1
MM THE NUMRER OF BLOCKS OF THE fURRENT ROW
NN,  THE NIIMRER OF PORTS IN EACH RLOCK OF THE CURRENT ROW. -
MM=NRQK { I
NN=NRP (1)
c SET NT&<¢ aAND NFS2
NTS2=NTS1 /0N

o

g
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NFSZaNTR/NTS?2
Cewss THE ACTUAL REQUIREN PHASE GRADIENT BETWEEN SUCCESSIVE ELEMpMNT FOR
c THE FIRST REAM IS
PaG=pl/NFS2
cunn AVATLABLE PHASE BRaDIENT FOR THE FIRST BEAM IN FACH 8LICK 1S5
PSP /NN
KKefi
cese THE PHASE ANGLE IS STORED ACCORNING TO THE INDEX NF THE LOWFR ROW
o0 30 gzl .MM
MODI=MEDt JyNFS5) )
IF(MOnJER, DyMOpUENFS]
NNLYSES BN L-SE YN
PAGGRPAGH (MONJ#Z=T]
PLSGDePSB=PAGS
DO 38 wxleNN
KI:K-I
KKziws1
LMCa (MOD.Je1 1 #NTS1+ (K ) I#NTS2 0]
MCLOC=NF TS (LM
MOl eMelOrY sKK
IFIKKLLFNTRZIGD T )
KkIanNIpeKKel
Prfll kK zpHA(T KT
GO To g
31 IF(PASGD.AT. 0,160 1O 32
P (T 4KKYSARS (PASED) # (NN=K)
60 TO 30
37 PHALT KK} 2PASGD#K]
3 CONTYINUIE
¢ RECORNITNG THE AREWQUENCY SaMPLE On BEaM POSITION INTO NFTS ARGAY
NTS1=NTS?
NF5]eNFS2
Kx=f
ot MNS 1S THFE MUMBER OF . BLOCKS WITHIN FACH GROUD OF FREQUENSY SaMPLFES
MNS=MM/NTSy
0o 40 =1 .MFST
JHODEMOD ¢ f MRS
IF (UMONEN, 1) JMODRMNSG
Jde(d=1) funsgel
00 4Y w=1,nrsl
KKK+ 1
&f NFTSIRKI = tKm LT #NFST & { JMODm 1} #NNe J
20 CONT INUTE
: RETUQN
END

20
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SURROUTINE NTWKPLT{NTPeNRLy; NBPyNAKsLHyMCoPHAY;

NHm], HALF MATRIX(IN X)

NH=0, FULL MaATRIX

LPTmg WITH ANGLES

LPrsy, WITHOUT ANGLFg

LPT®2y WITHOUT ANGLES AND HALF (IN Y)
DIMENSTON Mchnl.NTP:-PHA{anoNTP)
COMMON/2/P| TARRAY (254)
COMMON/I/MT (S512)

DIMENSTION NRP (64 ) oNBK (84)
DIMENSION xcM1(512) ,xcM2(512)
DIMENSION LaP(512)

NH=MOD (LH,10)

LPTaLH/10

Pla3,1,15924536

RACulBo./PT

NROWENR] =]

HLETa,n35e3,

Wi ETEG4 , #HLET/ 7

YMaT,5

IF(XM.GT.A, )60 TO 7

XMz ,756NTP

IF (XM, LT, 10, ) XMall,

XM2mXM/2

YRHE, g

YSPACEaYM/ (NROWe])
ASlexM/INTR=1)

NRZENRAWS?

NNENR2+

YReYM+] o

IF NH21s PLOT HALF THE MATRIK(!-SYMMETRY}
LLL=0

IF{NH,NE.T)GO TO §

DETERMTNE IF THE NRoy IS EvEN DR 000
LNHZ {NROW+ 1} /2=NROW/2
LNH=1s00py | NH=0, EVEN

NNz (NHOWs1) /241

LLLasNH#LNH

0o 10 ¢=},NyR?

IFILI.6TeNN)GO TO &

FIX THE PDRT LUCATION IN EacH RoW
IF(1.6T.1)G0 TO ]

0o 11 JE1.NTP
XeMli s jalyuxsl

Yllavyp

GO TO 10

IF(Y.LT«NR2)GO TQ 7

DO 12 J=I4NTP

XcM2 (J)=(J-l)*XSI

YZ2ay

GO To )

NNBPaNRP (1a1}

NNBKENRK(Tw])

XAK= , 8#XM/NNAK

XAKS2, ueXpK

XLSmXRKS/NNRP

21
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Xim, 1 8X%Ms, 1 2X0KS

YiaYHd & . SayRH

¥Y28YQ = ,5evAH

Y22xv1
KKmy
DO 13 U= NNBK
IFtLPY,BE.2,ANDX1,G6T, anlse T0 9
CALL PLOT{X]aY2ed)
XemX]leX3KS
Catbh PLOTiXIvY1s 2}
Catl PLOTix2.v1,2)
CALL 2L UT(XZ+Y242)
IFCLLL oLT .1, ORa I NELNNIGD TO H
Catt ﬁiSﬁIRInT2IKEi¥2}
60 To @
CALL PLOT(X1sY222)
XaXlexaxss?,
Yayn
XP- SeXLSe X1

ii KEY  NNRP

KK:KK;*
XEMZ Ak sXP
XPaXPa¥LS

XimXy+yBy
ORAW NETWARK c&wwicrrﬁﬁs
DO &n JS1enNTR
Klaxem? { gy
LMCeML{1=1,4)
XZuxoMP (L Mey
Xt=exti
Yit=vil

IR LPT LT e ORSXL LT LXM2IGD TO 18
IFIX2,6T,4M2360 TO 20
XTuim
YI!’YEP(X?;Y?EaxloYIIoiﬁzifYZZ
XTaxe
Y2T=¥pz

IF L PTelT  240ORXPaLT (XM2IGD ¥e 17
XYmxMun
Y?I:?}}-Y?Q{!lQYII!IEQYZZQKMZI
YTinD.

1IFi1,E0,21¢yT1a,1

IFttPT GE 2P e AND e ii.FT AMZIYTI=N,.
Cablt PLOTIXIeYILleYTY,3)
IFU1.6T.250 TU 4

IF L PT,GF,2:4MUXL.GT XM2)080 T0 4
Call PLOTIXT YIiie2)
CALL PLUT(XT.¥2Te2)
IF(T.NF.NRPIGD TO !9
ZF%Xﬂcﬁfaiﬁg.ﬁﬁﬁsL9¥.£%¢2}8% 10 1%
1F(y, tnaua?.axu.!c LToXM2ICALL PLOTI{XZo¥I2walFi
Call PLOT(X2,YR2a,1,21

IF{LpT, GaT,0150 TO Zﬁ

IFLLPT.GT, 0160 To 29
AZBRS{PHA{ Tl s LME) b #RAC
IFla,uF2.N01}60 TO 20

22
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IF (I NF,NR2)GO TD 18
Y2228Y22+YSPACE=,S¥YBH42,*HLET

XuX)ed ,#WLET

GO TO lg

Y222=Y22=7 ,#HLET

K:x?-J,lHLFT

CALL NUMRER(X 1Y222 HLET1A90ssdHFRe2)
CONTINUE

RESET XCM] ARRAY

DO 21 Js1NTP

XeMY () =XeM2 ()

Yilmye

YReYReYSPACE o
IF(LPTLGE .2 CALL UDASHIXM21YM$14]9XM2eY22m,1)
RETURN

YRYR+YSPACF /20

XMMz X M

IF (LPT GE.2) XMMaXM?

CalL DaSH({D,yYeXMMaY)

D0 31 =l ,nTP

Lap(.)) =0

ZuYei  4HLFT

NTPKsNTP

IF(LPT.GF,2)NTPKaNTP/2

00 30 J=l NTPK

IF{LAP(J) .GT40}GO TO 30
X1=XcMI ()

JJBMCT (J)

LAP{ gJ) =)

XzeXeMi Lo

X=X

XTaxp

YT=Y2

IFILPTLTe2+NReX2eLFXM2)GD TO 32
XTeXMe

YTEYEP (XaY o XPoT24XM2) ¢Y

CaLL PLOTI(X1,¥?eH)

Cabl PLOT X oY)

CalLL PLUTI(XTYT+2)

IF(LPT T, Mg0 1D 30

IF(LNH.,GT, 0360 TO 30

LMCEMC (NN )

AZARS {PHA INNsLMC) ) *RAC
xax.3.ﬁHLET

CALL NUMRER(XsZ+HLETsA00,446HFE6,2)
CONTINLUE

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

END
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SURROQUTINE DASHIXI+YIeXZaY2)
THIS SIHBROUTINE DRAWS A DASHED LINE FROM & POINT xis ¥I TO & POINT
X2, v2

XigzX2=X1

Y12m¥2aY)

OnSQRT (A1pnupeY1p#up)
Snm,1

NNl /8D

PoEDwNNRSH

1F (ABS(UD) ,LE.Y01G0 TO 1
SHaShenl /un

Go Ta ?

KINC=SD*X12/1
YINCaSH*Y )2 D

X.x1

Yoy}

00 106 TelNM.2

CALL PLUTIXsYe3)

KeX+XINC

Y.Ys¥INE

CALL PLOT{XsYs2}

XzXaX1lng

YaYevYIngG

CONTINUE

RETURN

EnND
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SUBROUTINE HLFMTXINTPsNR1yNRP ¢ NAKMCePHA)
DIMENSION NBP(64) s NRK(64)

DIMENSION nctnal.NTP).PHAtunl.NTPa
COMMON/3/McT(512)

DIMENSTON aNG(S512) +aTEMP(512)

NNmNR1 /2

LLu(NR1+1) 2NN

LL=l NUMRER OF ROWS IS EVEN

LL=O NUMRER OF ROWS IS 0DBD

CALL PHASUM(NRYINIPoNBPsMCyPHA s ANG)

DO 10 I=)4NTP

I1sl

00 11 u=ml.NRY

KKsMe{Je11)

1F (J.F0.NN)KKPRKK

11=KK

CONTINUE

FIND THE JOINT Pot~r THEN STORE IN MCT ARRAY
D0 12 J=1+NN

KKSEME (V4 4K)

KKxKKS

MCT{KRP) 2KKS

AVERAGF THE PHASE ANGLES FOR SYMMETRICAL MATRIX
00 13 =ml NN

JJeNR1 . Je

IMCeMC (J* 1)

AVG-IPHA(J.IMc)0PHatJJ-I})/?-

PHA{Js TMC ) =PHA(JJe 1) =AVE

CONTIME L
CORRECT PHASE ANGLE OF THE MIDDLE ROW WHEN THE NuMnEn 0
EVEN ]
IF(LLLE.n)GO TO )

N1mNN+] ,

DO 20 T=].NTP

Il-Mc(N‘.r)

INsMc N omeT (1))

ATEMP{TI1=pHAIN »11)

1F (PH (NI.[NI.bI.ATFMP(I!})ATENP([I)IPHalNchN!
CONTINUE

PORT IN A RLOCK
NMPaNHP (N})
NMa=NRK (N1}

D0 21 1®1,NMR
IMp=(T=1)enmP
Aaslt,

DO 2¢ =) ¢NMP
KK=IMB+J : Lo 2
ARATEMDP (KKK) =PHA {N1IKK) . e
IF(A.GTeAAYAARA ) “
CONTINUE

IF(AR,LE.pe) GO TO 21

DO 23 jel,NmP

KK2IMBeJ

PHA{N] +KK)Y=PHA(N] ¢KK) +AA

CONT INUE
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RETURN

CORRECT THE PMASE ANGLES For TﬁE CASE WHEN TRE NUMHER OF ROWE IS

ono

CALL PHASUM{MR!sMIP;NBP;MC.PHArATEMP)

o0 3o 1=i,NTP
kﬁ-ﬁNGth-i!EﬁPili
JJEMC (Te1]
PHA{I+ S aPHAINRI* I =AM
RETURN

END

SUBROUTINE PHASUMINRIsNTPsNBP+MCsPHAIAS)

DIMENSION NBP {64}

DIMENSTION MC%NR!#N¥P}fPHA¥NthNTP}f&S!N?P}

DIMENSTON | aP(€9512),4(8)5)

SET THE PHaSFE SHIFT OF THE aOTTOM ROW

Nﬁﬁwlﬁﬁt. t

NNENBPR INROW)

DO 1 JelaNw
LAP(Z, 1=y :
AS(JrePHA (1,1}

KK =Ny

00 1n I=1.NROW
I1zNROWe1

I1=I7+1

NNeNAR (T}
IFAYY . LE, Oy Nnal
D0 12 J=l1,.NTP

LaP (Y jis aP 2o}
Atdi=asthy

KNz

D0 20 L=l4KK
LLmt AP Y41

00 Z1 Nml.NTP
TFMC (T oN) o NESLLIGO TO 21
RN

80 TO 22

COMNTINUE
NMOmMOD (1 1 NN)

IF (MMDLEQ, Uy NMD=NN
00 30 wal NN
IND® . jmNMNe K

IF (NN.EQ 1) INDENY
KMBEN]
LaP{2,xN}asTND
ASCIN 1=a(LLYePHACTTHLL)
CONTINUE

KK gKn

CONTINUE

REYURN

Enp
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SURROUTINE PRTOUT(NTPyNRIsMCyPHAGLP)
DIMENSION MCI(NRYsNTP) ¢PHA {NR] 4 NTP)
OIMENSTON PaNG{S 2)

PI=3,141592453¢

RACmlgo./P?

IF(LP.6T,0) GO T 1

PRINT 102

FORMAT (//+10Xs*CONVENTIONAL! MATRIX CONNECTION AND PHAsaﬁ,
GO To ?

PRINT 107

FORMAT(//+10Xe®SYMMETRICAL MATRIX PHASE ANGLES*s//) o
GO To ? e
DO 10 I=1.NR1

PRINT 103,1

FORMAT (//¢ 20X s *ROWe® 4 IS4/ /)

PRINT ) 4.:Mctl-f)-J-1.N1P)

FORMAT (iH Us)

PRINT 105

FORMAT (//+10X e *CONNECTION PHASE ANGLESH,//)
00 20 T1®1,NRY

DO 21 J=m1+NTP

LMcwy

IF(1.EQ.NRIIELMCEMC (1))

PaNG{J)SPHA (TelMC) ®RAC

PRINT 103,y

PRINT 106, (PANG(J) sJuleNTP)

FORMAT (1H , 10X45F10 4)

RETURN D er e
END S

FUNCTION YEP{X1aY1sX2:Y29XM)
XRx (XMeX1) /(X2%XM)
YEP-XRQARS(YI-TZ’/(l.oKR)
RETURN

END




