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ABSTRACT

A set of antenna zatn-stwaird horns
coverlug the microwave range from 0.77 cm to
31.5 cm has been designed and carefully calt-

be duplicated accurately from the draurings
supplied. A slm;ple method oa exte.ndi- g and
improving the accuracy of Schelkunof's gain
curves Is also deserlbed.
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DESIGN AND CALIBRA7TION
O '.? ýiCAOWAVE ANTENNA GAIN STANDARDS

INTRODUCTION

7 need for accurate an practical microwave antenna gain standards has led to
the design and ca2ibration of a series of pyramidal horns covering the microwave bands$-. .... = =-st of.. lae , e€yin hro~adhand horn avn ffIns
from 0.77 cm to 3i.5 cas. The ...... .... ..... d hns haInga
-anging from 24.7 db to 13.7 db. There is a horn for each wavegutde size in the ranie.
Thi. horns can be easily and accurately duplicated irom drawings supplied in this report.

DESIGN

Three requiremnts were considered of prime importance in the design: a useful
gain f1gpre, simplicity of construction, and accuracy of calibration. The fabricated type
cf horn (Ytg. 1),wlth flat metal sh,,Plta forming the sides,
wnsdecidedupon as the bcnt means of satisfying the con-
sL-uctaon requirements. For simplicity, the horns wer.
desig•-ed so that the Z- and H-plane flares meet the w.-ve-
guide I- a common plane.

Another consideration was the over-all s ize and
weight. It was impractical to scale the horns from one -

band to another ihroughout the range, since Lthe horns at
the lorger wavelengths would be too large and those at the 9.;
shorter wavelengths too small. Accordingly, there are
five difIerent designs; each of the other st horns was',
scaled from one of these.

T71e 8-mm and 1.8-cm horns were scaled from the ,
1.25-cm horn; the 4.75-cm horn from the 3.2-cm horn; - /
the 3.95-cm and 6-cm horns from the 10-cm horn; and the Y
15-cm hoi'n from the 23-cm horn. In scaling, the values Ie---' '
of 1. hadtobealtered slightly in order to make a simple
Junction 2t the waveguide. This was necessary because, Fig. I - Physical dimensions,
with one or two exceptions, the inside dlmensiors of the for calculating the gazn
waveguldes nee not scaled from mne band to another. The
adjustment made only a very slightchangs It. the calculated
gain "t.-ot 0.02 to 0.03 db).

The 3.05-cm horn represents an overlappIng of the 3.2-em band and the 4.75-P.al
band. aowuver, it was decided to include this horn in the series because it fits a standtrd
waV-;u1de size (6.250 x 0.M25 in. O.D.) nmid it prt;i.ijd an op•ortunity 'a maok .#.xpe.riinental
checks on the 10-cm horn from which it Is scaled.
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The basic dc-sign data Including the dimensions operating range, and eesign-point
gain for alt the' horns are summarized In Table A-2.

Readers who are interested In a detailed design procedure are referred to the AppendU.,
where a simple means of extending the range of Schelkunoff's gain curves and Improving
the accuracy of the gain figure obtainable from tem is described. This methr..deliminates
the necessity for lorg cornputations. involving Fresnel Integrals, and yields very close
agreement with the detailed calculations.

CONSTRUCTION

As mentioned previouisly, the fabricated type of horn usitng flat ..netal a' . cts was
decided upon nas riost suita;)e. The one exception is the 8-mm design, where electro-
forming was considered necessary because of the small size and close tolerances. Horns
for the h3nds from 1.25 cm to 10 cat were mad:? of brass sheets. At the 15-, 23-, and
Il-orn hanei. hsnrn~ 'upre fuh !'*-n#M frnm sheet aluminum using helium gas to facilitate
welding the joints (heliarc process). This construction reduced ihe welgit eonslcirabl
arid was IfOund to be satisfactory for producing accurate, uniform, and rugged horns.

Dimensions for each set of horns are given In Figs. A-6 through A-17.

CALIBRATION

ExPerimental prirnAry gain measurements (Fi-g. 2) were made in order to check the
nccuracy o! thi? cplctflated Lrai.t r-reat care wRs t~kri In mnkldn& M~s~e measurenients.
Both the horns and the bolometer detectors were carefully watched and the bolometer
amplifier and o',-t weter (VTVM) were calibrated accurately. The bolometer amplifiter
was found to be linear throughout the range used. The use of r-f coaxial cables wias
avoided because of instab~lity, wavegulde being used instead. Microwave absorbent mate-
rial (1) 'nas used to minimize reflections. Even so, difficulties were encountered at the

I ~longer wavelengths becausae of reflections and the large separation distances required.
As Draun has showAn (2), true Fraunhofer field conditions do not exist until a separation

I dL4timjce between horns of marsy tizflC5 2d2 A. is attained, d beltig the larger aperture
dimension. Because oa th~ese difficuliIes, enperimeiuial gain measurements at 10 cm. and
above were abandoned. It was decided to scale the 3.95-cm, and 8-cm hcrns from the
10-cma horn tit order to obtain reliable measurements at the shorter wavelengths. Figure 3
shows the .nnechoic test site. An example of the method used In evaluating the expert-I mental data is given in the Appendix.

D ATT. AT?. WAVE 'fAT&CH. R ArcH~l MATCH.AP

TRANSMITTER *rTRI5G.SC.ISC.AP

A AP

Fig. 2 - E~perlm-tntal setup for gain measurements

%With the exception af Fig. A-1. all figures and tables bearing the letter A are grouped at
tic end of the App~endix, and are listed on page 6.

t~ra general deaicription of the methods used in making such measurements see FootnoliZ.
p. %fthoAppendix, rof. pp. 582Z-58r,. The remarks In this reforence about the minimurn

sepaatin dSt~~e ~l he h~ij shildbe e-CAIU~~d n tO lgidof ef.2.



NAVAL NIRSCARC LABORtATORY

r--.

ItI P J

1 ..-

FIg. 3 - Anechoic test site

Aeasureiaents were mcide at several separation dl~tAnces"In each case, and were
repeated many tiIes, chAnpg-ig such var'lses as the power level and the peaking of U-e
hurru. See Figs. 3 and 4.

- -V.

I . ..- b

rJ

i

, Ho •D nrd trar.nsmitter on adjustable mount

(a.n curves for e-.ch b,31d are shown in Fig. A-5 (a,b,c). Fluar,•s A-4 (a-f) elho•y
the filrd a'.tterns for three be.sc horn designs.
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REMAMK

Horns repr esehlting tour ;,asic designs were measured for mismatch over their bands.
The greatest VSWR's encountered In the varlou3 bands are as follows:

Band max VSWA

1.8C-m 1.10
~3.2 cm 1.20
6 cm 1.25

23 cm 1.20

The horns for the other bands should have a VSWR close to that of the horrws from
which they were scaled.

in any event, when the horns arc used In gain mea~surements. the VSWR shnuld he
measurti kii ihe wavelength used, and for accurate measurements the horns Ahould be
:arelfully matchled, or allowance should be made for any tWismatch. In, eithier case the
bolometer must be well-matched. The -Sse of flange-to-,flange connections rather than
chokes, Is recommended whenever operating at a wavelcngth differing from that for
wbtcl the .ehokes were designed, since at some wavelengths choke-to-flange joints may
introduce considerable mismatch.

ACCURACY

At any one wavelilngth the mea-tured points showed a dispersion of loss than U3.1 db.
As a function of wavelength, the gain curve is not monotonic, as would be predicted from
the theory, but shows smrall, though definite, periodic wiggles (see Fig. A-5 (b)). After
exhaustive checking It isafelt that thezne w~iggles are actually present, and not due to experi-
mental difficulties. Thiz effect can probably be attribut.od to higher modes in the aperture
and currents on the outsi1de of the horn, both of wh!ch. arc n-glected In the theory. However,
since the wiggles are small, and since a tremcndcus9 amount of additional data would have
to be taken to reproduce the wiggles accurately, a curve drawn through the average of the
measured points was used. Takftg Into account all possible deviations fro-i the true gain
oVer each band, it wa decided thAt the. maximum pasnible error would be less UU-an t0.3 db
up to and including :1-' 10-cm. horns.

At wavelengths longer than 10 cm, where no direct experimental checks have been
feasible, the pin ha3 been calculated by means of Scheik-unoff's formula. To arrive at a
reasonatole toleranrce at these -.ýaveiengthz, it was note that below 10 cma the greatest
dtscrepaney betvceu the averaý;e moasured gain (using Bramun'3 :.orrectfor. eurvews2 for
near filed effects) and the calc,:lated gain at the same wavelength was of fiji order of n).2 db.
In general the difference was much less than Utis; figure. Therefore It i's Wbt thait a toler-
ance of ±0.5 db Is reaisonable for all horns above the 10-cm band. In all probability, the
actual errors are consid.erably tess than the ma.-iraum possible toteranc,:3 quoted.
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APPENDIX
Methods for Determbning Horn Dime-sions and Gain

BACKGROUND

Schelkunoff's gain curves in various forms 1 .2' 3 were used for determining the ten-
tative dimensions of the horns and for obtaining a first approximation to the galn. After
the apertare dimensions had been chosen and a reason2ble value for t 2 (the E-plane slant
height) had been set, the N-plane slant height, AH, was uniquely determined by the require-
ment that the flared sides of the horn meet the i',:vcgutide In 'he same plane (Fig. 1, p. 1).
For the purpose of calculating the expected g-ain, this value of I.twas approximated by
the relation

where a = H-plane aperture dimension

b a E-plane aperture dimension

Vi = E-plane laside dimeusion of the waveguide

wig= H-plane inside dimension of the waveguide.

After the tentative gain had been determined, the exact value of In was obtained from the
formaula

£~ ... ()1 l WS)2 [a~w (2)

ISchelkunoff. S. A., '!Eectromagnetic Waven." D. Van Nostrand. tnc.. Nlew Tork,
po. 363-3.5. 1943

ZSilver, S., 'Microwave Ant#rnna Theory & Design." Me.Graw-HilI Book Co.. Inrc., New York.
pp. 5S8-589. !949

3 Schelk•noff. S. A., and Friia, H. T.. "Antennas - Theory an:d Practice." John Wiley and
Sond, Inc.. New York. pp. 528-529. 1952

.7
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Zn u-itng Schelr'.,noff's g-ai curves, It was found that no one famtly of curves in the
refer, .es mentioned covered a range great enough to include all the desired sizes of

horn.. ?'irthermore, certain parts of the curves were found to be less accurate than
others. 7o overcome these difficu'tins a new procedurechas been devis-d. 4 A brief
revic v .' ., relattonship of the curves to the gain formula will help to clarify the pro-
cedurt. *".,, ,otation is ,-,ibstant',lly that used in the recent book by Schelkunoff and
FrUs, 3 a: ,y Silver.z

The Schelkunoff curves give the directive gain for horns flared in either of the two
principal plares; g, Is t:,e directive gain of a sectoral horn flared in the E-plane, and
is the directive gain of a sectoral horn flared in the H-plane. The two secto-al gain
curves are obtained from the following formulas, expressed in terms of the tabulated
Fresnel Irtegrals C(X) and S(X):

X [21 (3)
s1 ,. = U - •. .s 9) - s ) .

X RZ 54ýZ 2 (W + S2 (W(4)

where ao , a r
+-

23

iAi 1

. .

Ai uavelcngth.

The gain of a pyramidal horn is

g 4 C1 (W) + ~ CU) j() sw ) S(V)Jj

ThI3 result can easily be obtained from the two sectoral curves by multiplying together
. '/t)XZd (k/b)XH , an~d dividing the result by 32/r in .10. 1259, yielding, the co""'mient

formula

ZF32 C9-'l)(5)

where it z and X~ z, are read directly from the curves.

4 13raun, 7% H . "C#acuIat~vt& of the Giain of Small Horns.1 Proc. I.R.E.. Val. 41. No. 12.
pp. 1785.6. Dec. 1953

S est vali.,,-D!
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FXTENSION AND APPLICATION

Praun's wethvI 4 provtdeS a convenient means of extending the range of the gain
curves and eliminating the Inaccuracy arlaing from interpolations between curves. He
Intro-duces the arbitrary factors kz and k. to create a fictitious horn having these
dimensions:

U kA A, £ k" kLm

b k3 B. £ 52 =kc 2 Le

where A, B, L., and I are the actual horn dimr.sions. By chooslg the proper value
for 'k and k., one can make £I and I,, fall exactly on one of the respective gain curves
for each plane. After the gain of the 'icttlotis horn (P~fict) Is read from the curves,
the gain of the actual horn utct. } is obtained from the relition

9f Ict.
Wct. I

a both : -r.4 a ,r arbitrary, cne gain curve for each plane Is all that Is necessary.
The Schelkunoff crves for Po =ko, and 01 =SOe are convenient for this purpose and
have been accurately recomputed and plotted cn an expanded scale in Figs. A-2 (a,b) and
A-3 (a,b) so that they may be read with such accuracy that it is no longer necessary to
make the dct.a!led ca!cujat!ons !nvc!iwd In using the gain formula. The curves Wero plotted
from formulas (3) and (4). The values obtained from these formulas are tabulated in
Table A-1. For waximuum accuracy these values may be preferable to those obtained from
the curves. Linear literpolttion bdhveen points will yield good .:acuriacy. The table makes
it poiFslble to plot any desired portions of the curves on whatever scale is preferred.

An example will demonstrato the simplicity of the method.

Actual horn: A = 8. 13x, Ls n 19. 72X

B w 6.67A. L a 18.S524

If it Is desired to make use of the 5•.x curves referred to above, the k's are chosen as
follows:

k -.2...b_ 2. 6998, kIt a 1. 643,

H •-•.- 2.535S, km = 1. 592.1x 9. 72x

Fictitlous horn: bm ks B 1.0o.. 96 ,

ask" A =12."X. SOXXO.

From the $0.0 gain curves

AWit MaO. 77

X 98. 92
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From formula (5),

SfI C t. -- ATz = 784.40.

32

9a!.is. - = 299. 8, or 24.77 db.greet, kZ kH

Detailed calculations using the Fresnel Integrals in the gail formula resulted In the same
gain figure, 24.77 db. Similar comparisons at each of the other banlds showed agreement

within 0.01 db.

USE OF CORRECTION CURVES

The procedure for determining the true Fraunhofer gain from the primar7 gain test

data, using Braun's near field correction curves, Fig. A-i (a,b), Is shown in the following

example taken from actua! measurements:

X-band horn dimensions: a = 7.654 In.. t =13.484 in.

b = 5.669 in.. -. 12.598 In.

? i3.20 cm = 1.2S98 in.

R {diltance between horn=.'- 140.25 in.

4mR t 12.S66)(140.25) , 1398.9.

From test data ! a 1-13- a 91.87; T 9.-82
PR 0.123

where PT represents power triansmitted and P. power received.

471

• ~uncorrected I .9 = 145.95. or 21.64 db.

Parameters for using the correction curves:

E- Lane-

!LE= 18)(12.598) 3.136e)

b2  M

E a ,~3. t36u) 11.2598) .3. OS1

tlo~rA taxo 11.2598)(14%.25} 3 og 5.498 a 0.740
b 2 . -- -..-- "
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2V4bt Sb af3b

40.0

0.2

.1 3.000 
1-.7

6.333 - --

(4a) 0-p.n

0.5 0.4 0.5 0.6 0.7' Cite 0.9 L 1.0 1.2 t 1.3 1.4 M l

Fig A- -Bram'sE(a)d E-planecoetoncre
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H-plane:

H = )t 13. 484) .81
,2 58.58441

H (-- x= (1.8413)( 1.2598) : 2.320

, log (1.2598)(140.2S) = lott3.016 = 0.479 (
a2  58.584 )

Reading from the correction curves:

E-pVaie :urrec~ion ............................. .......... 0.22 db

H-plano correction ...................................................................... 0.28 db

Total correction ..................................................................... 0.50 db

Uncorrected gain (above) ....................................................................... 21.64 db

Corrected gain ........................................ ... 22.14 db

The calculated gain, using-Schelkunoff's formula, In this case was the same: 22.14 db.

-DETERMINATION OF AN OPTIMUM HORN WITH
SPECIFIED GAIN AND EQUAL BEAAV[DTHS

A simple means has been devised for finding the dimensions of a horn which Frtisfiles

the followLng requirements:

(1) Specfied gain

(2) OCtim'jm horn*

(3) Equal .,eamwidths at the half-power points.

Although this can be done empirlcally, - .-ct of factors was determined .rom
Schelkuonoff's gLa formula, which yi-ald the required horn parameters as a function of tho
absolute gain, g, alore.t These are as follows:

*An optimum horn is one for which the aperture d~mensolon have been chosen to give
maxirnum gain vhen the -lant hclig,•t are held fixed. This i6 the case when a 2 1 3.t8k IN
and b2 I 2.0813 tz
tThis has been worked out by E. H. 13raun in an unpublished report.
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0. 4675 j

,_b : 0,3463 p"

-4 = 0.05764 g

0.068M5

where a, b, I., and £I are the usual parameters as defined (p.7).

A horn laving these dimensions will have exactly the desired theoretical gain, and
will be exactly an optimum horn. However, it should be pointed out that where a stmple
joint between the flared horn a=• t'he wavegaide Is desired, the va.lue of .,, must be modi-
fied to make the horn fit ,the cgp~e. This will change the gain by a small amount, usually
a few tenths of a db: since the Lorn will no longer be exactly optimum. ff a discrepancy
& U11s 5Magnitudc I- -. t !mn r'c"t: 1. can be calcul"ated to fit the wrAveguide exactly, using

formula (2).

When a closer approach to the specified gain Is desired, a slight change in the pro-
cedure is necessary. This is accomplished by the folo'wing steps:

(1) Ccmpute tentative parametera a', b', and £I' In the same way as., b, and 1 g
were computed above.

(2) Obtain the approximate value, Ill', to fit the wavegulde, using formula (1), p. 7.

(3) Calculate the tentative gap0, ga, by the method outlined on p. 9 using
the primed pa.-atc .

(4) Recompute a, b, and. !, subs~ttuting g2/g° fort

(5) Obtain the exact value of t. from formula (2

(6) Recalculate the gaLn for the new •p•irameters..

Since the theorctical gain is obiALs, d very 2ccurately in step 8, It Is easy to determine
the discrepancy between Lte desired gain and that now resulting from the adjustment to
fit the waveguide.

.-
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" r/NY. A-I
Data for T.eoreticeal Gain Curves

(a) F-Plane (1, = S0OX)

bb . 'lb b KE b a Ibi b z
2.[ 20.362 4.6 46.397 7.2 69.123 9.- 81.301 112.4 73..E4 15.0 U-. 4 1t,7. 6 19.910
2.1 21.3AI i4.7 47.362 7.3 69.847 9.9 81.426 12.5 13.041 15.1 4S.268 17.7 19.316

2.22.395114.8 48.326 7.4 70.555 10.D 81.51S 12.6 72.265 15.2 44.040 17.8 18.767
2.3 23.410 14.949.233 7.S 71.248 110.1 81.581 12.7 71.439 15.3 42.813 117.9 18.264
2.4 24.425 l5.0I 50. 233 g7.6 71.9231110.2 A1.611 12.8 70.621 ~15.4 141-593' IS.0 17.805
2.5 25.440 5.1!51.18117.7 72.5861 10.3891.609 12.9 69.753 11.5140.3791 18.1 17:395
2.6 26.4561 5.2 152.123 17.873.2191 10.4 81.51 iJ3.0 168.rk56 i15.6 39.174 1118.2 17.030
2.7 27.472 5.31 53.057 7.9 73-841 S-.5O 81.540 13.1-67.931 15.7 37.;612 l8.3 16.714
2.8 28.4811!S.4 53.9. 5 ;3.0 74.441 I10.6 1.408 l13.2 66.980 15.8436.8010 18.4 16.445
2.9" 29.490 5.5 54. 4 .. 17.02 7 1.2797 13.3 65.001 115.9135.636 918.516.223
3.030.503 S.4625.821 j.20 7.985 1110.!I81.110 13.464.9971 16.0134.4881118.6 16.048,

3. 25111 %. 5.626 18. 766 11.0*W A-0. OM 13. 62.917f 16. M25Cfl .15. 39

3.39 3.527 5.9S63.517 J.S 77.142 11.1 80.40S 13.7 61.344 16.3131.16423]]9.81 2

4.020.Sl 6 5:.61 Il.47 ;6:79.44I 11.0 77.ss9134.6 62.917I6 t.O24.;2fhi9,1R 15.739

3.4 .50 6.0 59.401 . 8.6 77.616 11.2 80.104 13.8 60.748 16.4230.104 .19.0 178014
3.5 35. '1 5.1'50.272 '3.7 78.065 11.3 79.765 13 9 59.635 416.5 29.069 ~19.1 J15.870
3.6 36.'534 6.2161.134 0 9. 78.492 11.4.79.393 14.0158.501 16.6 28.063 19.2115.967
3.7 37.531 16.3 61.9"7 18.9 78.892 11.5 78.987 14.1 57.351 16.7 27.086 19.3 16.108
3.8 38.530 16.4162.828 19.0 79:269 11.6 78.S45 14.2 56.188 16.8 26.142 19.4 16.289
3.9 39.524 6.5 ~63.659 9,1 79.619 1177.6 1. 50816.9 2S.232 19.5 16.521
4.0 40.515 6.6164.477 9.2 79.944 .11.8177.559 I14.4 S3.816 17.0 24.355 19.6 16.769
4.1 41.504 6.7165.285 9.3 80.240 11.9 77.014 ICS.515.614 17.1 23.515 19.7 17.064
4.2 42.4901 6.8 66.080 9.4 80.510 12.0 16.43S 14.6 51.402 17.2 22.713 19.8 17.39%
4.3143.472 6.9166.862 9.S 80.7S2 12.117S.822 114.7,50.183 17.3 21.951 19.9 17.755
4.4144.450 7.0 67.630 9.6 80.964 12.217S.176 114.8148.959 17.4:2.21:28 20.0 18.147
4.5 45.425 7;.1 6R..385 9.7181.146 12.3 74.4971 14.9 47.731 17.S 20.548J[

(b) H-Plane (11 = sOX)

a a I - -. 1 •
2.0 20.370 4.6 46.63S 7.2 71.291 9.8 90.633 12.4 9•.019 1S.0o92.S91 17.6 75.416

2.1 21.387 4.7 47.628 7.3 72.164 9.9 91.195 12.s ".052 115.1 92.066 17.7 74.701
2.2 22.402 4.8148.619 7.4 73.031 10.0 91.740 12.6:99.062 115.2 91.52•3 17.8 73.991
2.3 23.422 4.9 49.609 7.S 73.889 10.1 92.270 12.7199.0S1151S.3 90.9721 17.9 73.282
2.4 24.439 S.0O50.595 7.6 74.739 10.2,92.781 12.3 99.012 1S.4190.4Co: 1.0 72.S81
2.5 25.452 S.1 51.578 7.7 75.580 10.3193.274 I12. 9,.953. 15. 89.822 !!18.1 71.886
2.6 26.471 5.2 52.559 7.8 76.413 10.4 93.7S1 13.0198.871 15.6 89.214 I 18.2 71.199

2.7 27.488 5.3 S3.S36 7.9 77.236 10.5194.20R 13.1 98.763 15.7'AS.SO! 1 I8.3 70.S16
2.8128.501 S.4 54.S12 8.0 78.049 10.6 %94.646 13.2i98.638 15.8187.976 18.4 9.847
2.9129.518 5.5 55.475 8.1 7S.854 10.7i95.067 13.3!93.466 115.9 87.337 18.5 9.183
3.0130.532 1-5.6 56.449 8.2 79.644 10.8 95.470 13.4;98.309 16.0 86.688 18.6 8.534
3.1 31.54S 5.7 57.418 8.3 SO.4271 10.9 9S.848 13.5 j98.114 16.1186.026 18.7 7.891
S3.2 32.560 'S.8 a.377 8.4 81.196 11.0 96.207 13.6197.894 16.2 85.35S 118.8 67.262

3.3 33.573 S.9159.334 8.5 81.956 11.1 96.547 3.7,7.6S4 16.3184.677 '18.9 6.643

3.4 34.579 16.0 69.2G6 18.6 82.703 11.2 96.869 113..8 97.387 ;16.4 83.990 19.0 6.-038
3.5 35.59S 6.161.232 8.7 83.440a 11.3 97.168 193.9197-101 156.518.319111 5.447
3.6 .35-.6' 6.2 62.176 8.8 84.164 11.4 97.446 14.195.793 16.6 82.594 19.2 64.871
3.7 37.612 6.3 63.115 8.9 84.875 1.1.5 97.702 14.1j96.464 16. *1.8S SS19.3 64.30S
3.8 38.622 6.4 64.045 9.0 8S.567 11.6 97.938 14.2 96.113 16.8 81.179 119.4 63.758
3.9 39.629 6.5 64.975 9.1 M6250 11.7 198.149 14.3 95.740 116.9 80.461 19.5 63.222
4.0 40.633 6.6 65.896 9.2 86.923 11.8 98.342 14.4 19S348 l17.0 79.742 19.6 62.703
4.1 41.637 6.7166.810 9.3 G^7.5'9 11.9 l3.'sIo 14.594.:96 1 f7.1 79.023 19.7 62.201
4.2 42.645 6.3 67.720 9.4 8S.221 12.0198.658 14.6 j94.504 i7.2 78.301 19.8 1.714
4.3 43.639 6. 1 6=1 9.5 83.644 12.1 98.783 14.7 j94 4 117-.3 77.578 19.9 1 243
4.4 44.641 7.0 6'-ý).58 9.51 A1 9.4-460 112.2 98682 14.8 93.5S6 117.4 76.854"'.120.0 60.78.8
4.5 456.39 7.1 70.407 9.7 90,053 112:3198.965 14.9393.095 17.s 76.134
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-°-- HALF-POWER WIDTH: .
' I ' { -

Itr

II -I- -

-iI -

go* 1 . 1. 10 0 . I "I so, or w

(a) 1.87 cm, E-plane

f I /_F10991 WIDTh: I1

isi

S U* 0 10. g o* s * 30* '* Io* 0. 10C 20' 3* W I 6O* 40 ?OW so so*

(b) 1.87 cm, H-plane

Fig. A-4. E- and H-plane field patterns
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/ ,ALF.POKI ,IOM IZ.6I _--_I I i "

-- - .I.. . .. . . . . . _ _L poll

To* go s0 o , W. $0* 20* V 0. o 1 .20 go Sf 0 *0To,

(c) 3.&20 iE-plane

-3-$0 -

i I

u0* To* go, "I* so* $ 20 .o 10 0 0 20" o* 30 so, so, W0 b O

(d) 3.20 c, H-planej Fig. A-4. E- and H-plane field patterns
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- HALF-POWEN WIDHOs: 23. 5'

Its- K

St- ..... . - .

s0* O° 70 60* so' 30 ' 20' to' to , 20* 30' top s o, sO* 70* $O° 90'

(e) 6.67 cm, E-plane

V 1 -F, ---S ..... i .H.LF-PE.I:U

2S

go. SO' 70' SO ° 10' 1.0 30' 20° I0' 0' ICo 20' 30' p s o* o *0 70' $0N 0'.

(f) 6.67 cm, H-plane

Fig. A-4. E- and H-plane field pattemns
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TABLE A-2

Summary of Gain-Standard Horn Data

Dimensions (I.I) Design- Gain atDesin- eGin a
Band Frequency Range Point Design

(in.) Frequency Point
(db)

0.77 - 1.13 cm a = 2.720 b = 2.231 0.85 cm

26,550 - 38,960 Mc IH = 6.513 E= 6.197 35,290 Mc

128m.13 - 1.66 cm a = 4.000 b = 3.281 1.25 cm
€ .25 cml 24.7

S18,070 - 26,550 Mc I H = 9.706 IE:- 9.113 24,0 00 Mc

L1.66 - 2.42 cm a = 5.984 b = 4.908 1.87 cmL12,400 - 18,070 Mc IH = 14.333 LE= 13.633 16,040 Mc

2.42 - 3.70 cm a = 7.654 b = 5.669 3.20 cm
2 8100 - 12,400 Mc IH 13.484 E-- 12.598 9375 Mc 22.1

4.75 cm 3.60 - 5.20 cm a = 11.360 b = 8.415 4.75 cmcm 22. 1
5770 - 8330 Mc IH = 20-014 E = 18.700 6315 Mc

3.00 - 4.30 cm a 5.041 b = 3.733 3.95 cm
3.95 cm 18.0

6980 - 10,000 Mc AH 7.447 IE= 6.555 7595 Mc

5.10 - 7.60 cm a = 8.507 b = 6.300 6.67 cm
6 c 3950 - 5880 Mc IH = 12.462 'E= 11.062 4500 Mc 18.0

10 7.60 - 11.5 cm a = 12.760 b = 9.450 10.00 cm
2600 - 3950 Mc III = 18.682 IE= 16.593 3000 Mc

11.5 - 17.6 cm a = 14.508 b = tO.747 15.22 cm1700 - 2600 Mc = 16.508 IE= 14. 107 1970 Mc

17.6 - 26.5 cm a = 21.931 b = 16.245 23.00 cm

f"23 cm J? 15.5
1130 - 1700 Mc = 24.955 IE= 21.325 1300 Mc

30 cm 26.0 - 31.5 cm a = 21.931 b - 16.245 30.00 cm

950 - 1150 McI H = 28.730 IE= 24.000 1000 Mc

Horns in brackets are scaled versions of each other, excer ýor the
•H dimensions, which are chosen to make a simple butt-joint at the
waveguide

o
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25,0 -- - - 25.0

2fII7.76- 2418-

24.6 _-MM SAND. - 24.6 -- 1.25 CM SAND

"24.4 - 24.4

24.2. !!24.2- .

24.0 2 0-

23.....CACUATC i 224.2<-I

23.9 .- - - - -- 2368x

23.6-- 2~ii~ 23. 6

24 . x , X !RI ..... .

-__A *A -2 CALCULATED
OS SAIfO FROM I.S ?M. BAIND EXPERIMENTALPIT OSCALED FROM I.6CM. SAND EXP

2 3.2L r I III ý Ii IIII 1 23.2 -LIllI I I II 11
.76 .80 .84 S.O 92 .96 100 1.04 l0 I12 1.16 110 1.20 1.30 1.40 1.50 160 1.70

XCM X CM

25.0 23.0

24.6 1.6 CM SAND 226 -3.2CM BAND

24.4 -22.4 --- INS

24.2 .--.- ( - - 22.2 -

22 4 .0 - 22.0-

023.6 .CIA7i21.6 -

__ 0ACL& CALCULATED

234 -X EXPERIMENTAL ---- -21.4,-X EXPEIRIMENTAL

21 I21.2- -

1,70 1.80 1.90 2.00 210 2.20 230 2,40 t.4 2.6 2.8 3.0 3.2 S4 3.6

Fig. A-5 (a). Gain curves
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49.4 • -22 E l

1.3.95 M BAND 22.6 4.75CAMCBAAC-

17.6 
2 .S. 22..2 tI,+_ +

17.4-X EXPERIMENTAL 1 .1 LCAL ED

*SCALED FROM 6CM SANDEXR * SCALED FROM 3.2CM BAND EX OINTS

3.0 &2 &4 •1 3. 4.0 4.2 &6 38 4.0 42 4.4 4.6 46 S0 5.2

)% M >sCM

1 .0 19.

19A 19A - - ~F

19.0 6 C-MA 19.0---- ___1OCM BAND

Cs 111, a ;N, 
"-

----- a&6
Im- z

"--O <,",Io ,,-K m ± z:51 z- - - 11.6

rCALCULATED 

CALCULATED _

17.4 X EXPERIMEPJTAL - 17.4 X SCALED FROM 6CM SAND EXP. POINTS

OSCALED FROM 3.95 CM. BANO g SCALED FROM 3.95 CM BAND EXP POINTS ,

I 7.0 iii ,T1]. I ! .
5.2 56 6.0 6.4 6.6 7.2 7.6 76 6.0 8.4 8-. 9.2 9.6 ,MOI.0 0.4 10.6 11 .6

X CM X CM

Fig. A-5 (b). Gain curves

I.
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14.4 -LA - 7.2i~j7 t47Tl
15 m AM()

L It

144 CALCULATCO --- 1-4 *CAS.

--0 [ T r- rT-rr- I UF
.2.0 13.0 Io 30 1 6-0 31O 7.0 37.0 Ma- It0 Z00 ZLO 220 23.0 2460 250 2640 2Z0

C1.I%*bZ~lh CmAftf

14.- 1 t3S 31 r 'j. C5 e a 14 O -4.65 6250-3.64

2 Z-.'2.c Y50- 4.9? 2.1-6:.s *SJO-d.51 8450-).55

:.o-.'e., ,C-0.52 8.*- 5*4 * S50-3.51

2C-:.Z J.*0- 7.0% t-?O-..' 1500-6.09o-

~ i - ::2::*.~?;:;..oiii~.1 1120-3..9 0400-3.41
26.027. 281 ~. 30 38. 320 ?.~-1.u 5t',- .1.t &5.SC -S..1! ljO) 6650S-3.391

11MJ~54-11.14 350C- 8.90 5)50-5.61 IM5-3.21 91503-3.2

too-5.04 16c: tol-10)s 70- .0 00*M-3.00

Fi.g9 A-5(c). (;ai curves.0 andconrso har
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