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AN 11.5 TO 15.5 GHz CORRUGATED HORN FOR THE 
 140-FOOT CASSEGRAIN SYSTEM  

J. Richard Fisher 

Summary 

A single mode, corrugated, conical horn has been built for use with the 

X-band upconverter/maser receiver on the 140-foot telescope. This horn has a 

return loss of greater than 20 dB and well matched E and H plane patterns with 

nearly constant beamwidths between 11.5 and 15.5 GHz. The design procedure and 

tests are described in this report, and predictions are made for the aperture 

efficiency and spillover temperature when the horn is installed on the 140-foot. 

A bit of rationale behind the use of corrugated horns is given in the introduc¬ 

tion, and enough detail is included in the succeeding sections to show how feeds 

for other frequency ranges in the Cassegrain system will be designed. 

Introduction 

The evolution of corrugated horns has been driven by efforts to correct 

some of the undesirable properties of smooth-wall horns when used as feeds for 

reflector antennas. Namely, corrugated horns have more nearly matched E and H 

plane radiation patterns, lower cross polarization, and better sidelobe suppres¬ 

sion than smooth-wall horns. The main disadvantage of corrugated horns is that 

they are more difficult to construct. 

The technical literature is filled with analyses of corrugated horns. An 

excellent collection of many of the most important papers on corrugated horns 

published before 1974 appears in A. W. Love's book on horn antennas [1], and a 

concise outline of corrugated horn design is given by Thomas [11]. A few other 

papers which are particularly helpful in design are by Jenken [2], Buckmeyer [3], 

Loefer, et al. [4], and Dragone [5], [6]. 



Most of the poor performance of smooth-wall horns comes from the fact that 

the electric field taper across the aperture is not the same in the E and H 

planes.  In a square horn, for instance, the electric field is uniform in the 

E plane but has a cosine taper in the H plane.  The E plane dimension can be 

made smaller to equalize the beamwidths in the two directions, but this only 

works for one sense of polarization, and it does not reduce the sidelobes as¬ 

sociated with uniform field distribution. 

Corrugated horns are not subject to this problem because the boundary con¬ 

ditions presented by their slotted walls to waves propagating in electromagnetic 

horns are the same for the E and H fields. Normally the grooves in a corru¬ 

gated horn are a bit over a quarter of a wavelength deep and run transverse to 

the horn axis. This permits circumferential but not longitudinal currents to 

flow on the walls so just above the tops of the grooves longitudinal E and H 

fields can exist, but circumferential fields are zero.  It can be said that the 

longitudinal surface impedance is infinite and the circumferential impedance is 

zero. For a wave travelling in the longitudinal direction the electric field 

component perpendicular to the surface must also be zero at the surface since 

the circumferential H field is zero. Hence, the electric field at the aperture 

of a corrugated horn must be tapered in both the E and H planes. The exact 

field distribution will depend on which of the possible modes at the aperture 

have been excited. 

Another way of looking at the aperture field distribution is to say that 

at least one TE and one TM wave have combined to cancel all transverse electric 

fields at the aperture walls. This is a useful concept when looking at what 

happens at the throat of the horn where some of the power propagating in the 

dominant mode of the exciting waveguide must be converted into one or more 

other modes. The right combination of modes in a smooth-wall horn can be 



generated to cancel fields at the walls (cf. Potter [7]), but in a smooth-wall 

guide the TE and TM modes travel at different velocities and will arrive at the 

aperture in the proper phase for only a narrow range of frequencies.  In a cor¬ 

rugated guide the appropriate TE and TM modes making up a hybrid (HE) mode 

travel with the same phase velocity.  Generating the proper proportion and 

phase of two modes in a smooth-wall guide is quite tricky, but in a corrugated 

guide the proper combination must exist. After all, the hybrid mode concept is 

just a "smooth wall" way of looking at a natural corrugated guide mode. 

The bandwidth of a corrugated horn is limited by several factors.  Ideally 

the corrugation slots should be A/4 deep to satisfy the boundary conditions men¬ 

tioned above. However, this depth can be as much as 0.4 X in a narrow flare 

angle horn.  Slots much shallower than A/4 are not permissible because trans¬ 

verse surface currents are possible at the tops of such slots. 

The impedance match between the exciting waveguide (usually smooth wall) 

and the corrugated horn also tends to limit the lowest frequency at which the 

horn can operate.  When this waveguide gets within about 30% of its dominant 

mode cutoff frequency the generation of the second partner of the hybrid mode is 

difficult without a large impedance mismatch.  A smooth flare and deeper first 

slots help this transition in a narrow flare angle horn. 

Another criterion which determines the useful frequency range of a horn 

is the variation of its beamwidth with frequency.  The next section will show 

that as long as the size of a single mode corrugated horn is not constrained 

this will not be as important as the factors mentioned above. 

Design Principles 

To illustrate the procedure used in designing the feed in this report let 

us talk specifically about a narrow flare angle conical horn supporting only 

the HE11 mode with the following specifications: 



Frequency range    11.5 to 15.5 MHz 

Maximum return loss    20 dB 

Subreflector edge illumination 
(7?14 half angle)    -11 dB ± 1 dB 

Pattern circularity   1 dB peak to peak 

Phase deviation from best-fit sphere in 
far field between 7? 14 half angles    +5° 

The exact frequency range was set in retrospect because I did not know 

how quickly the return loss would decrease at the low frequency end nor did I 

know at what frequency the first unwanted higher order mode would appear. Let 

us assume that I knew at the start what has been learned empirically to show 

how the next feed will be designed. 

A square corrugated horn would have been easier to construct, but its 

cross polarization and pattern properties are poorer than those of a conical 

horn. An extensive comparison between square and conical corrugated horns is 

available in a paper by Caldecott, et al. [8]. 

Radiation pattern 

The radiation pattern of a single mode horn is fixed by its aperture size 

and its length. The aperture size defines the radiating area, and the horn 

length determines the phase distribution of the aperture field.  These two 

properties compete to determine the far field radiation pattern. 

For a given horn size, as the operating frequency is increased the far 

field pattern will tend to get narrower because of the increase in the number 

of wavelengths across the aperture and will tend to get broader because of the 

increased phase variation across the aperture.  These two effects can be made 

to balance one another to produce a nearly constant beamwidth over a frequency 



range of more than 50%. The phase distribution is computed by assuming that 

the wavefront is a spherical surface with its origin at the feed apex. 

The horn dimensions may be determined iteratively.  Start with an aperture 

which is about twice as big as would be needed to produce the desired beamwidth 

with no phase error. Then calculate a feed length which will give the proper 

phase distribution from the following approximation for narrow flare horns: 

a2 
L =   .      (0.70 A center to edge phase variation)        (1) 

x . f A 

where ji is the aperture radius.  Compute the far field pattern at several fre¬ 

quencies in the operating band to see how well the desired specifications are 

satisfied by the first guess and adjust the feed dimensions accordingly.  The 

last section of this report describes the radiation pattern computation and a 

9825A calculator program for this purpose. 

Slot sizes 

The only critical dimension of the corrugation slots in their depth. The 

slots should be no less than A/4 deep at the lowest operating frequency, but 

near the small end of the horn slightly shallower slots are still effective 

at suppressing surface waves (cf. Thomas [11]).  The best practice is to de¬ 

sign the slot depths to be A/4 at the low end of the band with the exception 

of a few slots which will be discussed later near the throat of the horn. 

The slot density and the width of the vanes between slots affect the ef¬ 

ficiency of surface wave attenuation, but only weakly. With a narrow flare 

horn there are many slots so the rapidity with which the surface wave is at¬ 

tenuated is not crucial. More slots per unit length and thinner vanes give 

better suppression.  Four slots per wavelength at the high end of the frequency 



range is quite adequate, and for ease in machining the vane and slot widths 

were chosen to be equal in the horn described here. An extensive study of 

the effects of various slot parameters on the performance of corrugated horn 

surfaces can be found in a paper by Terzuoli, ^t al. [9]. 

Input waveguide and horn throat section 

The dimensions of the input sections of a corrugated horn are a compromise 

between low VSWR and suppression of unwanted high order modes. A large input 

waveguide produces the lowest VSWR, but if the feed is operated at frequencies 

above the cutoff frequency of the TE_„ mode in circular waveguide the designer 

must be careful not to excite this mode. 

Terzuoli, ^t al. [9] considered the problem of matching from waveguide to 

a flared corrugated horn. They found that a considerably better match was ob¬ 

tained with a smooth transition from waveguide to flare than with a direct 

angular transition. The minimum length over which this transition should occur 

is about 0.8 A at the lowest frequency. 

Terzuoli, ^t al. [10] also looked at the problem of coupling the RF energy 

between the smooth and corrugated parts of the horn. They and other workers 

agree that it is best not to start the corrugations too close to the waveguide 

to horn transition and to begin with slots nearly A/2 deep and taper into A/4 

depth slots. However, the first slot must occur at a point in the horn where 

the diameter is less than 4A/Tr at the highest operating frequency to prevent 

excitation of the EH12 mode (Thomas [11]). What would normally have been the 

first three slots were omitted in the 11.5-15.5 GHz horn, and the first slot 

was made 0.4 A deep at 15.5 GHz. A better match at the low frequency end could 

have been obtained if the first slot were closer to 0.5 A deep and the second 

slot were 0.4 A deep at 15.5 GHz. A comparison between the return loss from 



an angular transition with equal depth slots and a smooth transition with a 

deeper first slot is shown in the next section. 

Dimensions and Test Results 

The 11.5-15.5 GHz horn was designed to have an 11 dB taper at the edge 

of the 140-foot Cassegrain secondary (half angle = 7!14). The aperture di¬ 

ameter and distance from the aperture to the cone apex are 38 cm and 120 cm, 

respectively, and the overall length of the horn from the input waveguide 

flange to the aperture is 114.3 cm or 45 inches. Figure 1 is a photograph of 

the completed horn. The first 15 cm on the small end is electroformed copper 

in two sections to allow experimentation with the throat section without re¬ 

making the whole first section. The remaining part of the horn was machined 

from 6" thick aluminum plate stock. There are six 5781 (14.75 cm) and one 

3787 (9.83 cm) long aluminum sections beyond the electroformed part. 

Figure 2 is a drawing of the two throat sections tried. The longer 

tapered throat (2b) is the one finally adopted. Except for the first, all 

slots are 0.63 cm deep and 0.25 cm wide, and the vanes between the slots are 

0.25 cm thick. This makes the slots A/4 deep at 11.9 GHz and spaced 4 per 

wavelength at 15 GHz. The input waveguide diameter of 1.96 cm produces a 

TE.- cutoff frequency of 14.9 GHz.  The frequency range of the horn could 

be extended to about 16.5 GHz by adding another slot closer to the horn apex, 

and the low frequency return loss might be Improved by making the first and 

second slots deeper. Figure 3 shows a suggestion for a new throat section. 



Figure 1.  Completed feed.  The first 15 cm is electroformed copper and the rest 
is machined aluminum. 
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Figure 2. Two horn throat sections measured for return loss.  Section b was 
adopted. 
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Figure 3.  Suggestion for a new throat section to extend the frequency coverage 
of the horn. 
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Return loss 

Figure 4 shows the return loss as a function of frequency for the two horn 

throats illustrated in Figure 2. A considerable improvement is seen when the 

transition between waveguide and the horn is done smoothly and the first slot is 

cut deeper, but I do not know which of the changes was responsible for the 

largest portion of the improvement. 

The return loss measurements were made with only the first 15 cm length of 

horn since the rest of the horn has relatively little effect.  In fact, just 

the throat sections themselves produced nearly the same results as the 15 cm 

horn.  The measurements were made with a Pacific Measurements, Inc., Model 1038 

system and WR 62 rectangular waveguide directional couplers. A special 12.5 cm 

long rectangular to circular waveguide transition was electroformed for the 

tests, and its reflection coefficient was measured to be at least -32 dB but 

more typically -34 to -40 dB across the frequency range of interest. 

Radiation patterns 

Linear polarization radiation patterns were measured in the E and H planes 

at a number of frequencies between 11 and 17.5 GHz, and the results are shown 

in Figures 5 through 8. Patterns outside of the intended frequency range are 

shown to illustrate one of the factors limiting the bandwidth of the feed. The 

E-plane patterns (Figure 5) are most affected by surface waves on the horn walls 

and higher order modes in the horn throat. For reference, the 14 GHz pattern is 

superimposed as a dashed line on the patterns at other frequencies.  The H-plane 

patterns are similarly plotted in Figure 6, and the E and H-plane patterns are 

plotted together in Figure 7. 
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Figure 4. Return loss as a function of frequency for throat sections in Figures 
2a (dashed) and 2b (solid). 



U) 

E-plane patterns of the 11.5-15.5 GHz horn at a number of frequencies. 
The 14.0 GHz curve is superimposed on the other curves as a dashed 
line for comparison. 
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Figure 6. H-plane patterns of the 11.5-^^5 GHz horn at a number of frequencies. 

The 14.0 GHz curve is superi^^^d on the other curves as a dashed 
line for comparison. 
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Figure 7. Comparison of E (solid) and H (dashed) plane patterns of the 11.5- 
15.5 GHz feed. Computed patterns are shown as points on the 11.5 and 
15.5 GHz curves. 
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The corrugation slots are A/4 deep at 11.9 GHz, but they are still quite 

effective at 11.0 GHz since the E and H-plane patterns are well matched at this 

frequency.  It is obvious from the E-plane patterns that the EH-« mode becomes 

important above 15.5 GHz. This is just what is expected since the first slot 

occurs at a horn diameter of 4X/Tr at 15.33 GHz. The rapid change in E-plane 

pattern shape between 15.5 and 17 GHz is due to the changing phase between the 

HE_1 and EH-9 modes. 

The excellent pattern circularity which is characteristic of corrugated 

horns is shown in Figure 7. The E and H-plane patterns differ by less than a 

few tenths of a dB to more than 25 dB below the beam peak in the useful frequency 

range.  The pattern equations will be given in the last section, but computed 

patterns at 11.5 and 15 GHz are shown in Figure 7 where good agreement with the 

measured results can be seen. 

Figure 8 shows the feed pattern beamwidths as a function of frequency for 

a number of levels relative to the beam center.  Figure 9b is a plot of the il¬ 

lumination at the edge of the 140-foot Cassegrain subreflector, and Figure 9a 

shows the spillover efficiency of the feed as a function of frequency. 

The cross polarization response of the feed was measured in the E-plane at 

13, 15, and 16 GHz and was found to be more than 30 dB below the intended linear 

polarization at 13 and 15 GHz. At 16 GHz the cross polarization rose to -24 dB 

about 3° away from the beam peak. 

Phase patterns were measured in the E-plane at 11.5, 14.0, 16.0, and 17.5 

GHz.  The phase is well behaved to about the 17 dB point on the amplitude pat¬ 

tern and follows the predicted curves (Figure 13) considerably beyond that point. 

Over the angle subtended by the subreflector there is a well defined phase center 

with a residual phase error of less than ± 5° in the useful frequency range, but 

beyond the 17 dB point the deviation from a spherical wavefront is rather sharp. 
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Figure 8.  Beamwidth of 11.5-15.5 GHz horn as a function of frequency for four 
levels relative to beam peak. 
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Figure 9.  Feed spillover efficiency with the 140-foot subreflector (a) and sub¬ 

reflector edge illumination (b). 
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and the phase error exceeds 90° at about 35 dB below the beam peak. Although the 

feed is not very useful above 15.5 GHz the phase pattern up to 17.5 GHz is not 

far from what is expected for a single mode feed. As predicted the phase center 

position is a function of frequency (Figure 10); however, if the feed were prop¬ 

erly focused at 11.5 GHz the loss in telescope aperture efficiency at 15.5 GHz 

due to being 17 cm out of focus would be less than 2%. 

Telescope Aperture Efficiency and Spillover 

Figure 11 shows the Cassegrain subreflector diffraction patterns computed 

at 12 and 15 GHz using the feed radiation patterns in Figure 7. The diffraction 

patterns are based on a symmetrical subreflector, but they are not significantly 

different for a moderately asymmetrical subreflector such as the one used on the 

140-foot. 

Aperture efficiencies, spillover and scattered ground radiation temperature 

were computed from the patterns in Figure 11, and the results are tabulated in 

Table 1. Efficiency loss due to phase ripples on the order of ± 15° near the 

edge of the subreflector diffraction pattern are not included, but this causes 

a total loss of less than 1%. Measured efficiencies on the NRAO telescopes have 

generally been lower than predicted by a factor of about 0.8 for unknown reasons 

so the total efficiencies in Table 1 are probably too optimistic by this amount. 
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Figure 10.  Phase center distance from the aperture of the 11.5-15.5 GHz feed. 
More negative distances are in the direction of the feed apex. 
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TABLE 1 

Computed 140-foot telescope parameters with the 
11.5 to 15.5 GHz corrugated horn. 

12 GHz   15 GHz 

Feed pattern spillover efficiency   

Subreflector pattern spillover efficiency ... 

Main aperture taper efficiency  

Blockage loss   

Surface error loss*   

Total efficiency    0.56     0.51 

Spillover temperature     1.9 K    1.5 K 

Scattered ground radiation temperature ......   3.1     3.1 

Total temperature    5.OK    4.6K 

0.866 0.870 

0.990 0.993 

0.872 0.866 

0.880 0.880 

* Assumes 50% surface error loss at 22 GHz 
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Calculator Programs for Radiation Patterns 

The complex far field radiation pattern of a conical corrugated horn is 

given by Loefer, et al. [4] as 

E(0)    =    [1 + cos 9]    /   JnCc^r) Jn(Pnir)  e"Jvr_rdr (2) [1 + cos 9]   J   Jo(alr) J0(P01r)  e"JVr rdr 

where 

2ira sin 9 a 1 X (3) 

(4) ■na2- 
XL 

P = 2.405 (first zero of JQ) 

a = horn aperture radius 

L = horn axial length 

J = Bessel function of the first kind, order zero 

and      0 = far field pattern coordinate measured from the horn axis. 

The term Jn(Pn r) is the aperture field strength as a function of the normalized 

radius, r^, and JjjCajr) is the far field voltage pattern of a single annulus in 

the aperture plane. The value v has the same origin as equation (1). Equation 

(2) can be divided into real and Imaginary parts: 

E(0) * ER - j EI (5) 

where 

ER = [1 + cos 0] J JgCc^r) J0(P01r) cos (vr
2) rdr        (6a) 

and 0 
1 

J    JQCO^) J0(P01r) sin (vr
2) rdr Ej -  [1 + cos 9] / J^r) Jn(Pnir) sin (vrz) rdr (6b) 
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The far field amplitude pattern is then 

2 ^ „ 2vl/2 (0)  =  (E^ + E^r" (7) 

and the phase pattern is 

E 
♦ (9) = tan"1 ^ (8) 

The phase center is the point around which the feed can be rotated to keep the 

phase at a far field point constant over the central portion of the beam.  If 

£ is the distance of the phase center from the horn aperture then 

•—*■ (1 - cos 0) * 4 (0) (9) 

where <f>(0) is in radians. This equality will not be exact over the full range 

of 0 of interest with a single _& since the wavefront is not perfectly spherical. 

The calculator program determines &_ by satisfying equation (9) at 0 * 0° and 

0 = 5!865. 

The amplitude and phase pattern calculations were written as two separate 

programs although there is not much difference between them.  The programs are 

listed in Tables 2 and 3. The subroutine "besl" will compute J and J although 

only JQ is used here. The input parameters for both programs are: 

1.  "PLOT #".  If 1 is entered the axes are plotted and the 

horn parameters are printed on the X-Y plot. If any 

number greater than 1 is entered only the computed curve 

is plotted, and the axes are not duplicated.  This per¬ 

mits putting more than one curve on a plot. 
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2. "Aperture Radius" in cm. 

3. "Horn Axial Length" in cm. 

4. "Wavelength" in cm. 

The output from the amplitude program is shown in Figure 12, where verti¬ 

cal axis tick marks are at 5 dB intervals and horizontal axis ticks are at 1° 

intervals. A vertical hash mark denotes the edge of the 140-foot subreflector 

at 7?14. The value D/W is the phase difference in wavelengths between the 

center and edge of the horn aperture field. The values of D/W in wavelengths, 

spillover efficiency in % and the horn flare angle in degrees are also dis¬ 

played on the calculator LED's.  The individual curves in Figure 12 were 

identified and the different spillover efficiencies were put on the plot by 

hand. 

Figure 13 shows the phase program output.  In this case the vertical axis 

ticks are at 20° intervals of phase.  The idealized spherical phase pattern 

given by the left hand side of equation (9) is subtracted from the computed 

horn phase pattern, <j>(0), so, by definition, the plotted curve will pass 

through the horizontal axis at 0 = 0°, and 5?865. 
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TABLE 2 

AMPLITUDE PROGRAM 

•J in    Z L 2 6 J 
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-1 ?    b ' 11,    " N a '•.' c I 8 n •? 

~ •    .,.;• i   fij20f--40! 
'■'' c s i J   i ? 1 ? ■ . 2 - 

=s       t    !'-!> 1 j st o   +2 
■■  j     •". '■•. -'    ij J U ? 1 ? 5 ? 
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••-' o ?•'   T = . 5 1 
2ft' •:•>■•   K02 
2 If ft 3 I r", f  !  ) / 

, 3^J5   by   , 85 

'■ [ =     ^'Ki 2 + U 
■:.c.i    r. T , 8 5 R w 2 C K1 c 
os (Uj -NS 

225    J'-K SSRQ/ CK] s 

~:1 5 "      2 U 1 C i1 (  i 1 •'' 

V T 2 J j * E 
i 6 :    C + T t. n t ( , 1 E i + 

'':    if    T < ? . 1 4 J 

. 2 s    £ - r ■<■ F 

-' =      F-1 i T        '   5 T. ? tl 
! .i   =       i i £' X '! 
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St P 

O U «       P" 1 i.      £l ? ~ O I  J   i J 
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•=i x. hr-" ? W ? " c f-i" 
37: pit 2?-2i.3? 

i. 

38: 1bI "ft P er t ur 
p K 0. u I i.-i S •— ? n J 

CVi " 

39: P 1 I 2 ? --32. 6 ? 
i 
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L ? '" c n ' 
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1 
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a n -g! e = '! > a r n (ft x 
L) 5'• De-g, 

43: fxd 3?> it 2: 
-34.2?1 

44: Ibl 'SpiHov 
€:'• r £' f f , ~ " 5 D .-' C 

45: pit S.-SS?!? 

46: ibl "d/w=i!j:-- 
4 7 2 P it ':'. i 4 * - 
10.5 ?1>P 11 7.14 
J - 11 . 5 * 2 

4 8: Pit 6.6 4 ?- 
iisl-plt 7.645- 
1 i ? 2 

49* P&nsstP 
50: ,s b P s 1 " s i f 
^2=1 J =it o   +18 

5 i: if P1>10 i 
9 ■. o + r 

52: iPl/23 t2-*Po! 
1 ■■? p 4 ? 2* ■■> P 5 5 1 * P 6 

53:    ipt/vj t2"*p3 5 
! ->P^ 5 0->P5? i ->P6 

5 4:    P 5 -t-1 * ^ 5 5 - 
P4p3/p5t2>p7 

•J •_■ ■   1+  I J. b c- !. P f — 

P 4 ) > 1 e - 6 J P 6 + 
p 7 ■* P 6 5 P 7 4 p 4 J 
? t o - I 

5 6^ if P 2"2 ? ^t o 

•j (' « 

58: 3 P t *P 3 5 I *P 4 5 
-i-?-p5?0->p6-+K-7 

'"i '~i  "  ti i- -I- r- J a- £-• -'- _l _.' i:    fJ  !_ i r f. "T .' ».• : _: 

6 0 : P 5 +• 2 ■* P 5 
61: ~2p4p5t2--' 
(p5+i)p3vpS?D7+ 
P 8 ■> P 7 

62: P5+2+P5;2P3P 
5f2/(p5 + iip3->?:-4 

63: if abs(o4~ 
P 8 j > 1 e - 6 5 -^ t o - 4 

64:    rodjpl-.7853 
9 8 ■* P 9 

65:    F (. 6 3 6 6 2 ••' 
Pit «! P 6 c o s. ( P 9 ) - 
p 7 s i n i P 9 j ) ■* P 6 

6 7:    r e t   P 6 
68:    if   Pl>i8? 

gto   r? 
63:    if   pi-giiret 

8 
79:    (pl/2)t2-*p3; 

0 -?■ P 5 5 P 1 '•* 2 -> P 4 ■* P S 
71:    P5+1">P55- 

P 3 P 4 / P 5 f P 5 + 1 i ■* P 

72:    it   abs(p7- 
P 4 J !•"• i 8"- 6 i P 7 ■* P 4 ? 
P ,•■■ + P' H -* p o ? '9 t 0    ~ J 

2 P 3 ••" *> 1 - P 6 
7 4 i    r e t   p 3 
75:    6 * P 5 5 i / 8 P 1 ■* P 

3 ? 1 ■* P 4 s 1 -J P 8 « 
0-s P9 

76:    PS+I-^PS;- 

P4P3 (2P5-3J I'2P5 

+ 1) / P 5 ■* P 4 
77:    P4+P9^P9 

r' y«   p 5 +1 *? P -"i' ? P 4 F- c- 
i2p5-3'i (2p5+n ••■' 
P5">P7 

79:    if   c.bs(p7" 
p 4 3 ) 1 e - 6 ? P 7 -* P 4 5 
p 7 + P 8 -i1 P 8 5 •? t o   - J 

80i:    rcidjJ'C. 63662 
/ P 1 j ( P 8 c o s (P 1 - 
, 7 5 n') - P 9 :"• i n ( P 1 - 
. 75ir J ) -tp8 

81 :    if   P2~25 ret 
2 P 8 ••- P i -- P 6 

82:    ret   P8 

■?• C-   l'' i i^ 
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TABLE 3 

PHASE PROGRAM 

I'M t       1  :■  '■- t  b «   i  ? 

ti- ••'   ? r^ 

S!? ,: S H 
'' H o r n 
Length?" 

* ..-••. i 1 ,-: ji-i :. .-. •:. i ~-     1 , 

:.>   =■     t'l ? & > 1   " 20 ? 
■r s i 2    I *■ t . 2 f. . 8 .i 3 

1 8 0 ft f 2 ■' N L • • V 
Si :     0 -".- j" -j n -* '; -;=• K 

"-• -    ' '■ ■-■ -. 1 :- f 2 « 4 0 ^ 

6 :    2 n hs i f: ( i 3 ■■' 
M + B 

r.  :"i •"'i ET 
] •■:+ i 

, fcib 

9 -    K ■+ 1 *■ K 
rj .      -: i.  _ _ ••  i   i- D o „ 
O * L' c :-• *       «. D r-. ? 

M:   :-i:^de9 
,•    VRT2-U 

■:■:    Xi-ySRQZLKlc 
o s i U i •* x 
2 •    !:-i- . 05RQ2 LK] S 

-+:    n i x *    K 
5:   at h ur.bs I'V/ 

X 3 3 -> r T 
6 i     ■ f   X > 0   o. f. d 

Si     it    x '' 0   o. n d 

2 3=    IT    ;•:   ":   ond 

": y'    if   ;■;> 0   ar: =j 
'v' \ 0 > 3 6 3 - r' J -> r I 

..' y :    i t    r I .•■'■ r :. 1 ~ 

31:    dsc"T^-i 
j 2 :     n t X t     T 
33!    v n r   J =I   to 

I 5 r J ~ K i 1. ~ c o s l » J 

1 J --, 2 5 5 3 ' * r J 
■:i6r    it    rJ<-lS0? 

3 7 *    i *'    r • 3 )• 1 8 8 5 
r • J - 3 6 8 •* r J 

3 8 •    r i c :••: t   J 
39:    0*1 
4 0 :    ci s P    ' P h o. := e 

c 8 n t e r   d 8 P t h =" ? 
>:! Lj •••• 3 6 0 

41:    tor   7 :-, 2 5 5 
10   20   by    .5151+ 
1-*I 

\2i    Pit   Tj'fls2; 
next.   T- 

4 3:    if   N >15 P t y pI 
StP 

44'    Pit   25-80*15 
f x d   2 

4 5:     • _ 1    " W c. '..'818 n 

46:    K ■ 1T    2 ?- 9 0 ?3 
4 ? i    lu i    ,: ft P 8 r K u r 

48:    pit   2 ?- 1U 3 ?1 
4!"! *    x b .!      H o r i': 

0. X i C>. 1     1 ••= r! b •.- h ~ " '■ 

5 H i    PIT.   2 ? ~ i i 8 ? i 
5 1 :    1 c. I    " F 1 a * 8 

r' i - * 2 0 
H 

•J o »     J. 

C 8 r"i t 8 ;•     Ci 8 r t h - "' .i 
xi,!-'360 ? '   cf';"' 

i; P i *.   7. t -4• s - i 2 j 

j 7 :     if    •:-■ i .•' 1 y i" 

!  .■•' •••  !  •* '■■"' -r r- ;"! ? 

?:• ■•■' •■+ FJ' ■'-, H (." ••• •+ D H- y 

+ 12 
6 2 :    r •.: t    P 6 
6 J :    & f- 1 -> P 3 ? 1 •* P 4 5 

b '~\ •     p b t• p H -^ p o 

P 3 ^ P 7 
b b :      P -J "'" il "^ P "' / J. P t P' 

■"   I-I   r _   i.    _     :'   r     -i   _ 
C y u       it      i.: p „• ;. f-: ^ 

C' 6 J > i 8 - 6 " -^ t ;   •• 4 
~ ci«    r a d 5 r 1 - = 7 3 5 3 

9 3 •* P 9 
V L s   ru63e62-- 

P 1 • ( P 6 c r. :••• ( P 9 3 - 

8 
76:     (pl/21t2-p3? 

y -<■ p "i j  f? I  ••'' ii; •+ p  } -.■;- O b 

7 7 :    P 5 -i-1 * P 5 ■! - 
r. 3 R.. 4 / p 5 i r.< 5 r t .; -+ p 

P 4 i ) 1 8"- 6 5 P 7 ■* P 4 < 
P 7 + P 8 •*• N! 3 ? y t o   ••■ 1 

79:    i!    P 2 " 2 5 ;■ 81 
2P8-- P 1 -P6 

;j u :    r ^ i-   P y 
;"; i :    3 v p 5 ? i •-' 8 P 1 •*• P 

.-:"    r-'' D--1 ^f-'D ? - 
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TABLE 3   (continued): 

•J b Z       \J 4 "i":~:'") -+ c '":' 

84: PST I->P5; P4F:3 

• 2P5-3 3 I 2PJ 11•/ 
p 5 ■* P 7 

85: if absip7- 
P- 4 j )   1  8 """ b ? P' :'" "^ P' 4 5 
n "7 + Ti!-! ■+ r:!~! - •-> t r,     — •*■ 

y b : r a d 5 ■! f „ 6 3 6 6 2 
•••"P! 3 (PSCOS • r. 1- 
. PSif 3 ~p3sin (PI- 
. 7^11 3 3 *PS 

'"• 7 : if p 2 = 2 < r 81 
2p8/pi -Pb 

38: ret   P8 
*24f:?vt 
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