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High—Power Microwave Filters®
JOSEPH H. VOGELMAN+

Summary—In order to obtain filters capable of handling very
high power, the use of radial lines and uniform line discontinuities
was investigated as the most promising approach. In this connection,
it was necessary to consider the equivalent circuit and interaction
for H-type radial line mated at each end to uniform TE,, waveguide
for taper angles of 45°, It was found that the equivalent circuit was
valid for taper angles of 45°, and that for engineering design purposes
the interaction could be neglected. The author utilized the 45°
tapers and the uniform lines to design a high-power microwave
filter capable of handling 700 kw at 10 pounds pressure in 0.900 by
0.400 ID waveguide. The design procedure for a multielement filter
is described utilizing a partly graphical approach.

INTRODUCTION

INCE the introduction of radar in the inventory
S of the United States Air Force, the problem of
spurious radiation from the high-power trans-
mitters and the interfering effects on other radars and
on communications has been growing in magnitude.
As the power of the radar transmitters increased and
the frequency spectrum became increasingly crowded,
the mutual interference between radars at the same site
or between radars and communication reached critical
proportions. Since 1948 a major effort has been under-
way to reduce the deleterious effects of interference.
Pulse radar transmitters have been found to radiate
relatively large power at spurious frequencies far re-
moved from the operating frequency. These frequencies
frequently occur in the assigned operating band of
other radars and communications equipments. Accord-
ingly, it is essential to eliminate the spurious radiation
at the transmitter. To remove the spurious radiation,
the wvarious filters described in the literature by
Cohn [5]-[7], Fano [4] and others were examined for
their power handling capability. Since the radars in use
transmit peak power of the same order of magnitude as
the breakdown power of the waveguide, any filter used
may not have dimensions smaller than the normal wave-
guide itself. An examination of the literature and tests of
the more promising types indicated that the designs
available were not capable of passing the radar trans-
mitter power without breakdown of serious corona and
arcing. A new approach was required. The first filter
considered consisted of a series of steps similar to that
described by Cohn [5] with the exception that the mini-
mum height of the constricted step was made equal to
the normal waveguide height.
This type of filter failed to meet the power handling
requirement because of the large gradient at the corners
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Fig. 1—Physical dimensions and equivalent circuit of a filter
section. (a) Physical structure. (b) Equivalent circuit.

of the steps. Since the author had built feed horns with
flared outputs which handled large radar power, it ap-
peared that a filter section made up of flared walls
would have promise of handling high peak power. The
author built in 1953 [3] a filter section consisting of a
waveguide of rectangular cross section whose narrow di-
mensions were expanded through a taper and then con-
tracted through another taper to its original dimen-
sions. The two tapers were separated by a short length
of enlarged uniform line [Fig. 1(a)]. The four discon-
tinuities between the uniform and radial lines have a
frequency dependence similar to a heavily loaded res-
onant cavity. Since the taper to uniform line is a more
gradual change than a step, this type filter should have
a considerably smaller gradient in the vicinity of the
discontinuity, and it should be capable of handling high
power. The resultant structure was experimentally
examined for its transmission characteristics and found
to exhibit the properties of a low Q band-pass filter.
When tested for power handling, it was found to have
approximately the same peak power capacity as the
uniform waveguide with the normal E- and H-plane
bends when tested at the frequency of minimum inser-
tion loss. This new microwave circuit offered interesting
possibilities. The research to be described was under-
taken to investigate and apply this circuit form.
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PurpPOsSE

The main purpose of the research program was in-
tended to furnish adequate analytic description to per-
mit designing and using this microwave circuit in prac-
tical applications. The problem resolved itself into two
parts:

1) To determine if the equivalent circuit of the
“Waveguide Handbook” [1] accurately described the
discontinuity between a uniform and an E-plane radial
line for taper angles as large as 45°, and if the infer-
action between two adjacent discontinuities in the radial
line was small enough to be considered negligible for
engineering design purposes.

2) To utilize analytic and experimental properties of
tapered sections to derive a rationale for the design of
tapered section band-pass and band elimination flters.

EquivaLeENT CIRCUIT OF ONE DISCONTINUITY

The equivalent circuit of the discontinuity resulting
from the junction of an axially symmetrical radial line
with a uniform waveguide is identical with that result-
ing from an asymmetrical junction of a radial line hav-
ing the same angle with respect to the axis and a uni-
torm line of half the height (Fig. 2). The resulting ad-
mittances for the equivalent circuit are given by the
following equations [1] (normalized to the rectangular
waveguide characteristic admittance):

27d 4
By = —In— (1)
Ab sin #
A, sin @ sin @
By = — ; (2)
b 6 sin 26
26

o

n-2osnv(D)]  w

dln T((0/m) + 1)
d(0/x)

¥(0/7) =

(See Cohn [2].)

Experiments were set up to confirm these results
by obtaining experimentally the equivalent circuit and
comparing the results.

INTERACTION BETWEEN ADJACENT RADIAL LINE
DISCONTINUITIES

The first experimental results confirmed the accuracy
of the equivalent circuit within 1 per cent and estab-
lished a method for examining experimentally combina-
tions of discontinuities resulting from the junction of
uniform and H-type radial waveguides. The second
set of experiments and analysis was intended to investi-
gate the interaction between two adjacent discontinui-
ties along the radial line, resulting from higher order
modes in this line and to determine the effect of neglect-
ing it for design purposes. The taper angle, /4, be-
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tween the radial wall and the waveguide axis was selected
as a compromise between maximum power handling
capacity and magnitude of the discontinuity. The dis-
continuity capacitance increases while the power han-
dling capacity decreases as the angle increases.

These measurements served to provide a basis for
proceeding with the design of the filters, considering
the interaction as negligible. The validity of this con-
clusion was confirmed by the correlation between the
design calculations and the measured results. [3]
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Fig. 2—Junction of uniform and radial line. (a) Physical structure.
(b) Equivalent circuit,

THE SINGLE FILTER SECTION

A single filter section consisting of two H-type radial
lines connected by an enlarged uniform rectangular
waveguide will be examined for its characteristics. It
will form the fundamental element of a multisection
filter design capable of passing high power in one band
while providing large loss in the attenuation band.

EQuivaLENT CIRCUIT OF A SINGLE-FILTER SECTION

The physical structure to be considered and its
equivalent circuit are shown in Fig. 1. Using this
equivalent circuit, the equations which describe the
insertion loss can be found in terms of the various
parameters forming the equivalent circuit. It should
be noted that the specific circuit element values change
with frequency, and new values are needed for each
{requency of operation.

Since H-type radial line and Hpp rectangular wave-.
guide operation must be described in terms of the wave-
guide wavelength, a normalizing procedure will be
used to make the results generally applicable. Ac-
cordingly all dimensions will be normalized to the wave-
guide wavelength and the parameters ¥ and y as de-
fined by (4a) and (4b) will be used as the variables
describing the dimensions of the structure:

X = 27”’1/}\9
v = 271/ A,

(4a)
(4b)

where 71 and 7, are defined in Fig. 1.
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TABLE 1

NORMALIZED SUSCEPTANCES FOR EQUIVALENT CIRCUIT OF
UnirorM 70 RApIAL LINE DISCONTINUITY

o/x BJ(6) By (8) B./(8) B/ (—9)
.01 .00016396 | 3049.6531 | .00016313 | —.00016584
.02 .00065824 | 759.7244 | .00064789 | — .00066740
.03 .00147872 | 337.8503 | .00144733 | —.00151013
.04 .00262640 | 190.0859 | .00254990 | —.00270293
.05 00409865 121.6865 | .00395448 | —.00425326
.06 00589397 84.5335 | .00564338 | —.00616219
.07 00800834 62.1331 | .00761140 | — .00843337
.08 01043897 47.5935 | .00984880 | — .01106986
.09 .01318222 37.6255 | .01234537 | —.01409215
.10 .01623377 30.4951 | .01509045 | —.01747868
11 .01958816 25.2195 | .01808371 « —.02124986
.12 02324054 21.2069 | .02129302 | —.02540972
.13 02718508 18.0839 | .02472897 | — .02994920
.14 .03141512 15.6059 | .02836850 | — .03486843
.15 .03592419 13.6067 | .03221347 | —.04018163
.16 04070486 11.9704 | .03622296 | — .04587536
.17 .04574965 10.6141 | 04042975 | — .05196453
.18 .05105015 0.4775 | 04477440 | — .05844997
.19 .05659785 8.5155 | .04927646 | — 06531394
.20 06238383 7.6940 | .05392453 | - .07255361
.21 06839860 6.9870 | .05868744 | —.08018519
.22 .07463217 6.3740 | .06355095 | —.08820714
.23 .08107431 5.8392 | .06852173 | —.09650639
24 .08771443 5.3697 | .07358761 | — .10534803
.25 .09454171 4.9552 | 07871368 | —.11447916
.26 .10154433 4.5876 | 08393175 | —.12398616
.27 10871084 4.2599 | 08915963 | — .13384062
.28 11602911 3.9666 | .09445423 | —.14406030
.29 12348653 3.7030 | .09975445 | —.15461454
.30 13107048 3.4651 | .10507142 | —.16554699
.31 . 13876802 3.2498 | .11039236 | — .17677381
.32 14656568 3.0542 | .11570450 | —.18833816
.33 .15444990 2.8760 | .12096765 | —.20023248
.34 .16240676 2.7131 | .12619550 | —.21244845
.35 .17042214 2.5639 | .13140382 | —.22494899
.36 17848181 2.4267 | 13652381 | —.23775218
.37 .18657103 2.3004 | .14157095 | —.25081902
.38 19467518 2.1838 | .14653297 | —.26416757
.39 .20277919 2.0758 | .15139772 | —.27778706
.40 .21086781 1.9757 | 15615323 | —.29166617
.41 .21892595 1.8827 | .16078772 | —.30576255
42 .22693804 1.7960 | .16528960 | — .32009385
.43 .23488851 1.7152 | 16964753 | —.33461420
.44 .24276176 1.6396 | .17388165 | —.34937896
A5 .25054171 1.5687 | 17791877 | —.36430560
.46 .25821271 1.5023 | 18177938 | —.37941344
47 .26575877 1.4399 | 18548491 | — .39465644
AR .27316376 1.3811 | .18896210 | — .41008308
.49 28041166 1.3256 | .19226473 | —.42561485

If an arbitrary admittance Y=4,4+jBy is used to
terminate the circuit at reference plane (1d) of Fig. 1,
then the input admittance at reference surface (1c)
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Ay sin 6
b=y . (7)
27
We obtain
sin ¢
B, = % In — = xB,/(0) (8a)
g sin
5 L 2 sin ¢ _ By(6) (8)
T % 61— (sin20)/20 x =
sin 6
B, =z [0.577 + 1//<—>] = xB.,(6). (8¢c)
s m
From
b — A, sin @
A (92)
()40 @
e /) T 1 — (@/n)

Substituting (9a), (9b), and (10) in (7), (8a), (8b), and
(8¢c), we obtained the following relationships used in
the computations (normalized to rectangular waveguide
of height &,):

Ba, = — y“;”) = — yB,/(6) (11a)
LI . S 1 W7 S TIN
: v 81— (sin 26)/26
Bc,=ySin0|:O.577+x//<1—i>——~ L ]
) T T 1 —0/=
= yB,/(— 6) (11¢c)

where B,'(0), By/(8), B.’(0), and B,’(—0) are tabulated
in Table I.

In the case of a single filter section terminated in a
matched waveguide (i.¢., a normalized real terminating
admittance of unity value) the above equations reduce
to

normalized to the radial line characteristic admittance y,, = 4y, 4 jBy, (12a)
at 7, defined by (5), L 0 (By)? )
Viadial _ s 9 (5) T sing 2+ (By — x*B.")?
Funiform Y 5 0 B 4 B, By (B, — x*B,’) — By 12
is given by the expressions [3] Y ing P x4+ (By' — x?B,)? - (12)
ch = Alc +jBlc (6&)
0 A (By)?
Ay = —— — A (6b)
sinf x24:% 4 (Bs? — £*B. — xB1)?
0 By (B, + xBr)(By — xBy — x*B,)) — AxBy
Bi — — [ch/ n b ( x*Br)(Bs L )“@"_\b] (60)
sin 6 x21z? 4+ (By — «*B, — «Br)?

where B,’, By’ and B, are obtained as follows by sub-

stituting in (1), (2), and (3):

At reference surface (2d), the input admittance normal-
ized to the radial line characteristic admittance at r: is
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Vog = Ao + jBau (13a)
Az, v)|1 't (x, v) Ct (=,
Ay 1§(x2y)[ + ct (x, ¥) Ct (2, )] (13b)
A2+ [Ct (%, ) — Bui]?
[Ct (%, 9) — Bu]|Brct (x,y) + 1] — As?ct (xy)
B = () 0= BellB . (130)
Ase? + [Ct(x, y) — ByJ?
The radial functions are defined Voa=A2+7Bea (17a)
Ji(@)No(y) — Nu(x)J An(By')®
ct(x, y) = 1) O(y) i) O(y) (14a) Ase= 242 ’ 2p 7 2 (17b)
Jo(x)No(y) — No(®)Jo(y) y2 A5+ (By' —y*Bo' 4y Bas)
Ji(v)N — Ni(y)J Boy=vB,/(—8
Ctlx, y) = () No() 1(9) () (14b) yB,(—6)
Ji®)N:(y) — Ni(x)Jo(y) A9 By — By (B, — Bay) (By' — ¥*B./+ 3 Baw) (176)
Jo(x)N — No(x)J 24..2 I 2R ! 2 :
() = o(®)No(y) o(%)Jo(y) (140) y2A02 4 (By' —v2B,'+yBa)

Ti(®)Ni(y) — Nu(@)J:(y)

The admittance at reference plane (2¢), normalized
to the enlarged waveguide, is given by

Using the normalizing relationship equation (5), the
input admittance normalized to the radial line at refer-
ence plane (1b) is

Voo = ‘420 +jB2c (153)
Ao = . (sin 6/6) A2a(By")* | (15b)
v2((sin 0/6) Asg)® + [Bb’ + v?B/(—0) + y(sin 0/0)3201]2
By'[yB,/(—8) + (sin 6/8) By || By’ + v2B,(—8) + v(sin 8/6) Bza] — By ((sin 0/6) A 24)* )
By = — yBa/ + . . . (13(:)
y2((sin 6/6) A20)% + [By' + y2B,'(—8) + y(sin 6/6) Boy)?

Y= An + 7B (18a)

g = (8/sin 0) Azt (%, ¥)[1 4+ Ct (&, ¥) ct (x, )]

T ((0/sin 0) A)® + [, ¥) ot (%, %) — (8 'sin 6) B, J? (18b)

B = [¢(x, 9) + (8/sin 6) Baw Ct (3, )] [¢(x, y)ct (x, ¥) — (6/sin ) Ba,) — ((8sin 8) A2)2 Ct (, 5) | (180)

b = '

((8/sin 0) 44,)? + [¢(x, ¥) ct (2, ) — (8/sin 6) By, |?

Y5 is computed and tabulated in Table II for #=45°.
At reference plane (2b), the input admittance normal-
ized to the enlarged uniform waveguide is given by

It is now possible to obtain the input admittance in the
normal waveguide of the over-all filter using the normal-
izing relationship equation (5) at reference plane (1a).

Vie= 41+ jBla (]_Qa)
sin 0/8) 41,(By)*?
Ay = ' (sin 6/6) A1p(By) . (19b)
x2((sin 8/6) A1) + (B — ¥2B,” — #(sin 6/6) B1y)?
By (B, 4+ (sin 8/6)By)(By — «*B, — «(sin 6/6)B1s) — x84’ ((sin 6/0) A 15)2
Bu. = 2B + 5’ ( ( /~) 1) (B (sin 6/6) 1b.) o' ((sin 0/0) 410)* (199)
x%((sin 0/6) A1)? 4+ (B — 2B — x(sin 0/6) By)?
Yzb:AZb+jB2bA20(1+tan2 %) (16a)  From the input adn}ittance we obtain over-all insertion
Aop= (16b) loss of the filter section:
(A2.2+ Ba.?) tan? ¢—2B;, tan ¢+1 » i
out la
A202+B 02_‘1 —tan +B l—t Il2 = g = . 20
sz=( 2 )( ¢)+ Ba( an’ ¢) (160) . I+ 4007 F B (20)
(A2 + Bs.?) tan? ¢— 2By, tan ¢p-+1
é=27l/\, (16d) DEsIGN PROCEDURE

where /; is shown on Fig. 3.
The input admittance at reference plane (2a), nor-
malized to the enlarged uniform waveguide, is

The procedure and examples to be indicated here
will assume tapers of 45° (between wall of radial line
and center line), since this is considered the most useful
compromise between power handling capacity and
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TABLE 11
InpuT ADMITTANCE OF 45° STEP-DOWN TAPER WITH MATCHED QUTPUT
.
~ X
T 0.5 0.6 0.7 0.8 0.9 1.0 1.1
14 \
-—0.6 1.203338
f 0.7 1.400145 1.171531
0.8 1.584169 1.336229 1.149481
0.9 1.133411
1.0 1.257456 1.122035
1.1 1.376837 1.232227 1.113286
1 % 1.892920 1.797739 1.646330 1.485810 1.339045 1.212427 1.106944
1.4
As, 1.5
}g 1.436203 1.601366 1.68062+ 1.681639 1.627135 1.540339 1 440697
1.8
2.0 956902 1.139597 1.303417 1.431964 1.524405 1.567949 1.568651
2.4 .686599 .818574 .052227 1.083890 1.207538 1.316435 1.402999
2.8 .555438 647212 741529 .839086 938822 1.039214 1.136668
3.2 .505724 .570511 .635659 .703110 .773405 .847202 923858
3.6 .514265 .557999 .600448 .644019 .689656 .738529 .790976
1.0 .582900 .603380 .622911 .643958 .667319 .693994 724410
1.4 738647 720488 707358 700096 .698189 .701612 .710193
-— 4.8 1.047913 .947917 .875883 .823862 .786338 . 760096 743106
-—0.6 - 0155465
0.7 —.0483493 —.0160211
0.8 —.123856 —.0382917 —.0170323
0.9 -, 0191752
1.0 —.0300653 —.0210976
1.1 —.0632006 —.0280343 —.0229026
B, 1.2 —.778274 — 459627 —.247148 —.120734 —.0541517 —.0269147 .0249325
1.3
1.4
1.5
1.6 —1.202105 - .984238 — 748404 —.528785 — 347814 —.212308 — . 120213
1.7
1.8
2.0 —1.098445 —1.053025 —.967434 — 846537 — 703159 .552165 - . 409345
2.4 —.816035 —.845162 — 853190 — .836469 — .794072 —.726502 — 638047
2.8 —.505030 —.562132 —.608420 — .641609 - .659958 —.661280 —.643980
3.2 —.193129 —.265097 —.329102 — .384583 —.431033 — 467416 —.492219
3.6 +.118900 -+.0328891 —.0439492 —.112515 — 173470 — 227077 — 272838
£.0 +.432248 +.327315 +.236413 +.156395 +.0852311 +.0214090 — 0355194
4.4 +.737174 +.606920 +-.499452 -+ .407806 +.327947 +.256887 +.103178
~-— 4.8 +.980700 +.831424 +.713496 +.615469 -4-.531509 +.457437 +.391146
\ 5
1.2 1.3 1.4 1.5 1.0 1.7 1.8
¥ \
-— 1.3 1.102315
1.4 1.184604 1.099170
1.5 1.264938 1.174456 1.096732
.6 1.341129 1.248624 1.166336 1.095743
Ao 1.7 1.095495
[.8 1.155230 1.095610
2.0 1.535852 1.480423 1.412644 1.341301 1.271392 1.206468 1.148527
2.4 1.462342 1.492353 1.494659 1.474178 1.436856 1.389098 1.336240
2.8 1.227035 1.305527 1.367826 1.410693 1.433332 1.436809 1.423382
3.2 1.002140 1.080043 1.154927 1.223157 1.281993 1.328638 1.360688
3.6 .846932 .906034 967494 1.029482 1.090638 1.148711 1.200977
4.0 .758646 .796790 .838723 .883641 .931199 .980305 1.029519
4.4 723529 741489 .763899 .790229 .820372 .853773 . 880868
-— 4.8 .733640 .730716 .733574 741467 . 754008 .770671 791189
-—1.3 —.0267145
1.4 —.0260050 —.0283318
.5 —.0381399 .0260197 —.0300578
©.6 — .0638222 —.0348989 —.0261142 — 0314047
1.7 —.0326896
By, 2.8 — .0260868 —.0334130
2.0 — .285833 —.187433 — 115042 - . 0666671 —.0382406 —.0256887 —.0257226
2.4 —.536137 — . 129640 —.327248 - .236580 —.161207 —.102821 —.0615519
2.8 —.608091 — 554937 — . 487734 — . 412044 —.333050 — .256506 — . 187408
3.2 —.504372 - 502659 — .486625 — 456893 —.414759 —.362990 —.305088
3.6 —.310386 —.338874 —.357444 —.365389 — 362252 —.348144 —.323434
4.0 —.0860780 —.130078 —.167284 — 197094 —.219146 —.232962 —.237769
4.4 -+.135687 +.0838508 +.0373597 — 00355278 — 0389994 — .0686821 —.0918718
-4 8 ~.331088 -+.276328 +.226202 +.180699 +.139349 +.102214 -~.0697134
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()

Fig. 3—Physical dimension. (a) Equivalent circuit. (b) Equivalent
iterative cell. (c) Multiple section flter.

maximum effective discontinuities. Since (r;—r1) and
are independent variables, the frequencies of minimum
and maximum insertion loss can be specified to obtain
two sets of simultaneous equations (5) to (20) which
can be solved to give the required length and height.
While the preceding statement is true in principle,
the actual reduction to practice is not practical without
a high-speed computer since the equations are complex
combinations of Bessel and transcendental functions.
The problem can be solved without a computer, how-
ever, by the use of equivalent steps which will consider-
ably simplify the design procedure and calculations,
and produce fairly accurate results.

It can be shown that for every radial line section
terminated at each end in a uniform waveguide, there
exists an equivalent step which is a function of fre-
quency [3]. The design procedure can then be carried
out using uniform waveguide of enlarged ZE-plane
dimensions (guide height) connected by steps, and the
equivalent taper section can be determined to complete
the design.

A plot of the input admittance of a step-down taper
terminated in a match obtained from Table Il will
show that the VSWR in general varies inversely with
the frequency. “Step-down” denotes the case where the
wave propagates from a larger to smaller guide. As y
is made larger, the VSWR gets smaller (Fig. 4), and
only at one point on each curve (one frequency), can
the magnitude of the admittance be approximated by
the ratio of the heights. This characteristic introduces
another computational problem when iterative sections

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES
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Fig. 4—Plot of input admittance for taper terminated in match
(x=1.2) as a function of y.

are used to design a filter. While the frequency response
of a single section can be computed directly from the
radial line equation, the computation of an iterative
structure of a number of sections is virtually impossible
without the use of a high-speed, large capacity’ digital
computer. To overcome the need for a large computer,
the concept of the equivalent step is introduced to per-
mit the use of the simplified equivalent circuit and
equivalent iterative cell of Fig. 3. By means of the
equivalent step, a design procedure for an iterative
filter becomes possible.

THE EQUIVALENT STEP

Since we have normalized the radial line relationships
in terms of ¥ and y as previously defined by (4a) and
(4b), we will similarly normalize the step characteristics
to Uand V.

U=10b/b (21)

‘where 26’ is the height of the enlarged equivalent wave-

guide (Fig. 3) and 2b is the height of the standard

waveguide.

V = 0b'/N, = Ub/\, (22)

Since the standard size guide is the same for both the
input to the taper section and the equivalent step sec-
tion, the ratio of ¥V to U can be expressed in terms of x:

14 sin 0
— = (23)
U T
For 45° tapers, we get
Vv
— = 0.22508x. (24)
U
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The output radial line section, the equivalent step, and
their equivalent circuits are shown in Fig. 2.

The normalized input admittance in the large guide
at the step of a step down terminated in a load YV,
normalized to the output guide, is given by the expres-
sion

YV =@0/0)Yr+ jB/Yo

where B/ Yy is the discontinuity susceptance due to
the step normalized to the output guide [10]. If a
matched output load is considered, then (25) reduces to

Y =0'/b+jB/Yo = U+ jB/Yo. (26)

Thus, if we plot on a Smith Chart the input admittance
for the step down with matched output, the value of
U can be determined directly since it is identical with
the conductance (real part) of the admittance.

One can always select a step designed by U and V with
an insertion VSWR equal to that of a specific taper.
The input admittance plotted on a Smith Chart for’
either the taper or step will move around the constant
VSWR circle in the same manner when the input refer-
ence planes are moved identical electrical distances.
The input admittance for the step is specified in the
plane of the step. The input admittance for the taper is
specified at the junction of the enlarged waveguide and
the radial line. The angular displacement on the con-
stant VSWR circle between the two input admittances
corresponds to the distance in {ractions of a waveguide
wavelength between the taper and the equivalent step.

In order to permit graphical computation of a filter,
the input admittances {or a family of selected step down
tapers have been computed on a digital computer from
(5) to (13), and are tabulated in Table II. The input
admittances for the step (step down) have been plotted
on Fig. 4 for selected values of IV with U as the continu-
ous variable. These are the curves to the right of
the real axis on the Smith Charts. The input admit-
tance of a step of height ratio U can be found where
the conductance curve, equal in magnitude to U, inter-
sects the curve for the appropriate V. The plotted
curves correspond to V=0.4, 0.6, 0.7, 0.8, and 0.9
going from the real axis to the right. For selected
values of y/x the input admittance can be plotted with
x as the continuous variable. The insertion VSWR curve
which intersects with the input admittance curve of a
fixed step down increases as the frequency increases
(x grows larger). The taper, however, shows a generally
decreasing VSWR as x and ¥ increase. The insertion
VSWR must be the same for the taper and its equiva-
lent step, and this equivalent step will be a valid ap-
proximation only over a narrow frequency band. How-
ever, for very small steps and corresponding tapers, the
bandwidth, over which the step is a valid approxima-
tion, will be larger as the step gets smaller. For a given
step the susceptance increases if the wavelength is made
shorter. The taper, however, acts like an impedance

(25)

1 See Marcuvitz 1], pp. 307-309.
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NEGATIVE

POSITIVE

Fig. 5—Plot of input admittance for taper terminated in match
(x=1.1, x=1.0) as a function of ¥,

matching structure between the larger and smaller
height waveguides, and the match gets progressively
better {or shorter wavelengths.

PROCEDURE FOR DETERMINING EQUIVALENT STEP

The procedure for determining equivalent steps can
best be described by an illustrative example. This ap-
proach is not necessary for a single section, but will be
used later in the design of an iterative filter.

A requirement is given for a section of a filter that
has a maximum insertion loss at 10,320 mc and a
zero insertion loss at 9500 mc. The pass band is to be
essentially symmetrical. From the frequencies we readily
compute the waveguide wavelengths in the standard
1 inch X% inch rectangular waveguide (0.900X0.400
inches ID). A {requency of 9500 mc corresponds to a
waveguide wavelength of 4.451 c¢cm and 10,320 mc to
a waveguide wavelength of 3.762 cm. From the wave-
guide wavelengths and the height of the standard wave-
guide (1.016 cm), the values of x are obtained from
(4b). For 9500 mc, x=1.014; and for 10,320 mc, x=1.2.
The values of input admittance from Table II have
been plotted on a Smith Chart (Fig. 4). From this
curve and Table II the desired value of y/x can be
determined. A value of ¥y=2.70 is selected which will
give the maximum discontinuity at x=1.2. This gives
a value of y/x of 2.25. The next step in the procedure is
to obtain the equivalent step from the value of the dis-
continuity, Vs, resulting from a matched output step-
down taper of v/x of 2.25 at x=1.014. Thic may be
calculated by means of (5), (11), (13), and (15) or
graphically by plotting from Table II the values for
¥=1and x=1.1 as y varies from 2 to 2.8. This is shown
on Fig. 5. From the plotted value of Y3, a constant
VSWR circle is drawn so as to intersect the input ad-
mittance curves of the equivalent output matched step.
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The values on the constant VSWR circle are:

V=20 U=19%
V=04 U = 1.875
V=206 U = 1.78.

From (24), we find that the relationship between U
and V for x=1.014 should be ¥/ U =0.22823 for identi-
cal output waveguides for both step and taper. From the
values of V and U, we find respectively the ratios
V/U of 0, 0.21333, and 0.33708. Since U, V and v/U
are monotonic and continuous over the region of inter-
‘est, the desired value U and V along the constant
VSWR circle can be found to give the required ratio of
V/U. V/U=0.22823 lies between that corresponding
to V=04, U=1.875and V=0.6, U=1.78. Linear inter-
polation gives a value of U=1.86 and a corresponding
7=0.425 which prove to be the desired values cor-
responding to V/U=0.22823. If the first linear inter-
polation had resulted in a value of V/U different from
that required, interpolation could have been repeated
between the two new values of V/U on either side of
the desired value. From the values of U and V, we
find from the Smith Chart the input admittance of the
output matched step to be 1.86-7.32. The phase angle
traversed in going from the input admittance of the
taper Ay-+jBs, to the input admittance of the equiva-
lent step Aa+jBax is the distance (d) toward the gener-
ator from reference plane (2c¢) of the taper to the plane
of the equivalent step discontinuity. The equivalent
step may now be used to obtain the line length (4) re-
quired to give a match at \,=4.451. From the Smith
Chart, this is found to be \,/2 plus 0.038\,, .e., 0.538A,
for the equivalent step. To obtain the spacing required
for the taper section, the distance (d) traversed along
the constant VSWR circle is found to be 0.0805),. Since
the equivalent step and the taper are symmetrical
about the same center line the length of the enlarged
uniform waveguide is obtained from the following
relationship (Fig. 3):

I =1, — 2d. @27)

In this example 1 is found to be 0.377\;=1.500 cm.
All the necessary dimensions have now been obtained,
i.e., by=2.286 cm, L, =1.500 cm and 0=45°.

The insertion loss may now be calculated at any
frequency by finding A, and % in turn, and obtaining
graphically the equivalent step and the distance, d
(traversed in going from the taper input admittance to
the equivalent step input admittance). Using (27) where
I, is the physical length of the enlarged waveguide be-
tween tapers, I, can be obtained. The Smith Chart can
be used to obtain the input admittance As,+7Bs,, due
to the equivalent step at a distance /, toward the genera-
tor from the plane of the step. The input admittance
¥, in the standard guide of the matched output filter
section can be obtained from the relationship
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1
V.= —[; [42 + §(Ba + Baw)] (28)
V.= A, + jBs. (29)
The insertion loss «; can be obtained from
44, )
0 (30)

T U+ A)+ B

The values of insertion loss obtained by the equivalent
step method for the single section previously considered
are plotted on Fig. 6 together with the curve obtained
from plotting the insertion loss using (5) through (20).
The measured insertion loss is also plotted on the same
curve. This shows that the equivalent step is a fairly
good approximation.

30
(D MEASURED

(@ COMPUTED EQUIVALENT STEP
AT EACH FREQUENCY

@ COMPUTED USING RADIAL
LINE FORMULAS

ATTENUATION N db

10,000 11,000
FREQUENCY IN MC/S

0 '
8250 9000 12,000

Fig. 6—Comparison of computed and measured insertion loss
for single filter section.

TeE MULTIPLE SECTION FILTER

To obtain high-power microwave filter -structures
to meet specific requirements, a number of sections
are required. The multiple section procedure follows
from the procedure for a single section. Using Fig. 3(a),
the multiple section filter can be described in terms of
the taper angle 6 and the lengths 4, L, and /;. From the
single taper section, using the procedure previously
described, the equivalent step parameters U, V, and
d may be found for each frequency. From these the
values Zy, S, and Sp are determined by the relation-
ships

Sg =1+ 2 (31)
So = Is+ 2(by — b) cot 6 — 2d (32)
Zu/Zo=U =b'/b (33)

where Zy and Zo are the characteristic impedances
shown in Fig. 3.

The following relationships developed by J. W. E.
Griemsmann will give the equivalent iterative cell,
corresponding to the equivalent step structure [Fig. 3(b)

and 3(c)]. The normalized equivalent impedance is
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Zi\* tan [8(So/2)+tan™t ((Zn/Zo) tan 8(Su/2))]
<Z—o> ~tan [8(So/2)+ tan~t ((Zo/Zu) tan 8(Su/2))] (34
and the phase change per section 857 is then
cos 8BSt == cos BSH cos BSo

— X((Zu/Zo) + (Zo/Zu)) sin Sy sin So  (35a)
B = 2m/A,. (35Db)

Using the results of (34) and (35) the reciprocal of
the insertion loss can be obtained for » sections at the
specified frequency (or waveguide wavelength) by [4]

b Pa_ 1 <Z 1>2 s, (36
— = = — — — } SIn- i . <
On Pout 4 ! ZI ! )

Since taper sections cannot be approximated directly
by change in impedance alone, the above procedure
for finding the equivalent iterative cell requires the de-

termination of the equivalent step sections at each
frequency.

DEsIGN PROCEDURE AND GENERAL CONSIDERATIONS

A band-pass band-elimination filter suitable for this
type of high-power structure is specified in terms of the
lower cutoff frequency, the upper cutoff frequency, the
width of the attenuation band at the high-frequency
end, and the steepness of the rise of insertion loss just
bevond the cutoff frequencies of the filter.

The cutoff wavelength of the standard uniform wave-
guide used in the structure determines in large measure
the slope of the insertion loss at the lower end of the
pass band. If the specified lower frequency cutoff 1is
close to the guide cutoff, this characteristic can easily be
used to achieve the required low-frequency slope. In
general, spurious responses will exist in the filter struc-
ture due to the repetitive nature of the waveguide cir-
cuit elements. The locations of these spurious responses
depend on the steepness of the rise of the insertion loss
just beyond the cutoff frequency of the filter and on the
electrical lengths of the various circuit elements used in
the filter. Since the pass band may repeat at half the
waveguide wavelength of the design pass band, it is
necessary to use various devices to increase the width of
the rejection band at the high end. One convenient
method of eliminating spurious responses under such
circumstances is to design a composite filter made up
of several dissimilar filters so that the pass bands
are the same but the frequency of infinite insertion are
sufficiently different so that the spurious pass band of
one filter coincides with the rejection band of another.

ILLUSTRATIVE EXAMPLES

The design procedure can be considered in terms of a
specific filter. The problem is to design a 1 inch X3 inch
waveguide filter with a pass band from 8200 to 10,100
me, with an insertion loss of greater than 25 db below
8100 mc and also between 10,200 and 10,850 mc.
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This specification is in keeping with the expectation
of a spurious pass band at hall the design waveguide
wavelength, so only one filter need be designed. If a
broader rejection band had been specified, additional
dissimilar filters would be needed. Converting the speci-
fications to waveguide wavelength gives us the cutoff
wavelengths of 6.088 and 3.902 c¢m, respectively, and the
25-db insertion loss waveguide wavelengths of 6.303,
3.837, and 3.468 cm, respectively.

From the above values, wavelengths of infinite inser-
tion loss and the wavelengths of zero insertion loss
must be selected. For the high-frequency rejection band
a central wavelength should be selected, 7.e., 3.700 cm
(10,400 mc). To obtain the desired low-{requency cut-
off and slope of insertion loss, the frequency of zero
insertion loss must be selected in combination with the
height of the enlarged waveguide to give the desired
symmetry. Since the filter to be designed has a very
large pass band, it is necessary to use a taper section
y/x ratio which shows a relatively slow variation of
impedance with wavelength. Examination ot Table 11
shows v/x=2 has a curve of the required type. It is
now necessary to find & (4a) corresponding to the cutoff
wavelengths and the infinite insertion wavelengths. The
cutoff wavelengths give values of x of 0.741 and 1.157,
respectively. The wavelength for infinite insertion loss
gives a value of x of 1.220. A central value of x=1.0
(\,=4.514 cm) is selected as the wavelength oi zero in-
sertion loss. The 25-db points occur at values of x ol
0.716 and 1.302, respectively.

For minimum insertion loss in the pass band (where
the pass band is broad) using identical sections, each
section is matched at the center frequency (zero inser-
tion loss). Using the procedure outlined in the single-
filter section, we find the equivalent step corresponding
to y/x=2 and x=1. The resultant values are U=1.82,
V=0.4, and d=0.0381\,. From the Smith Chart, the
length Z, is found to be X,/2 plus 0.039N,, z.e., [, =0.539A,
=2.433 cm. Eq. (27) is used to obtain the value of the
length of the enlarged waveguide /. This value is found
to be 1.761 cm. The next step in the procedure is the
determination of the distance between the sections
[l; of Fig. 3(a)] to give the desired rejection band. For
the upper rejection band the 25 db insertion loss wave-
lengths are 3.837 cm (x=1.176) and 3.468 cm (x
=1.302), respectively. Select a second cutoff at 3.30
cm. The procedure is to find the value of So from (34),
which will make (Z1/Zo)? infinite at the first cutoff
wavelength of 3.902 cm and zero at 3.30 cm, correspond-
ing to the limits of the attenuation band of the filter.
To do this, it is necessary to find the equivalent step
using the procedure given before corresponding to
x=1.157 and 1.368, respectively, and determining U,
V, and d for each. Using (31), Sy is obtained for each
value of x. The following equations can now be used
to obtain the value of So for the lower and upper fre-
quencies (x=1.157 and x=1.368), respectively:
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So
B P tan™! ((Zo/Zu) tan B(Su/2)) + nr - (37)
So
37 = — tan™1 ((Zu/Zo) tan B(Su/2)) + nw  (38)

where Zy/Zo is defined by (33). The results of (37) and
(38) when inserted in (32) should give approximately
the same value of ;. If this is not the case, the original
choices of y/x and of the zero insertion loss wavelength
must be modified. For a fixed zero insertion loss wave-
length, the larger y/x will result in greater rejection
bandwidth, but the lower frequency cutoff will go to
higher frequency. This can be compensated by lowering
the frequency of zero insertion. Sp at the lower cutoff of
Ay =16.088 should satisfy (30). In this case, the condi-
tions of (37) and (38) are satisfied by ;=0.785 cm for
the cutoff wavelengths of 6.088, 3.902, and 3.300 cm.

The design is essentially complete. From y/x we
determine 5,=2.032 cm. The values 4, =1.761 cm and
l5=0.785 cm have been determined and 6=45° has
been specified for maximum power. It now remains to
determine the total number of sections to be used in
the filter to achieve the desired steepness of the rise of
the insertion loss. Fig. 7 shows the insertion loss char-
acteristics of 6, 15 and 21-section filters designed and
built as outlined above. The 15-section unit almost
meets the 25-db steepness requirement, and the 21-sec-
tion unit has a steeper slope than specified. The cutoff
frequencies occur as computed but the insertion loss
in the pass band shows several peaks which do not agree.
These may be due to machining tolerances or misalign-
ments. When the rejection band is not too broad, an
approximation which has been found empirically to be
of relatively good accuracy is to select .Sy which satis-
fies the following relationship at the infinite insertion
loss wavelength:

So = 3.

(39)

The insertion loss of a multiple section filter in the pass
band can be calculated from (31) through (36) using
the equivalent step determined at each frequency by
the method outlined in the single-filter section.

SUMMARY OF PROCEDURE

The following steps are required to design a high-
power filter with a specified pass band and rejection
band.

1) Determine cutoff wavelengths for lower and up-
per ends of pass band and for upper end of rejec-
tion band.

2) Determine x as defined by (4b) for each cutoff
wavelength.

3) Select value of y/x having desired type of fre-
quency response.

4) Select wavelength of zero insertion loss to give
symmetrical filter.
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Fig. 7—Insertion loss of 6, 15, and 21-section filters.

5) Determine equivalent steps corresponding to
taper of height y/x for zero insertion wavelength.

6) Find Sy length of step section which gives match
at the wavelength of zero insertion loss.

7) Using (31) find 4.

8) For the cutoff wavelengths on either side of the
rejection band, find the equivalent steps corre-
sponding to each, and calculate .Sg from (31).

9) For the longer cutoff wavelength compute Sp
from (37) and for the shorter cutoff wavelength
from (38).

10) In each case, compute /; from (32).

11) If L is not approximately equal in the two cases,
choose a new value of y/x and repeat process.

12) Find equivalent step for the cutoff wavelength
at the lower end of pass band and check that
computed So satisfies (38). If it does not, the
wavelength of zero insertion loss should be modi-
fied accordingly.

13) Compute by from y/x and by, i.e., y/x=by/b,.

14) Select number of sections in accordance with
the required steepness of rise of insertion loss.

Power HANDLING CAPABILITY

The power handling capacity of a waveguide struc-
ture is an inverse function of the maximum electric field
gradient in the structure. To compare the power han-
dling capacities of waveguide structures of equal width in
the TE;o mode, it is necessary to examine the relative
gradients in the structures. Using the method of curvilin-
ear squares, the gradients have been obtained for the
static equivalent of a radial line mated at both ends to
uniform lines, and a step between uniform lines of dif-
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ferent heights. The relative gradients have been deter-
mined by comparison at the 0.05 potential points rela-
tive to the smaller uniform line.

The results indicate a ratio of 3.0/1.8 for the gradient
of the step compared to the 45° taper section. This
analysis predicts a substantially larger power handling
capacity for filters made up of taper sections. A series of
measurements were made on single step and single taper
sections of equal height with spacings between discon-
tinuities to produce a low VSWR to obtain a compari-
son of power handling capacity. The measurements were
made at 9450 mc using a magnetron of in excess of
700 kw of peak power in 1 inch by % inch waveguide
(normal average unpressurized breakdown power of
400 kw depending on humidity and ionization pres-
ent). The power handling capacities of a 6-section and
a 15-section radial line filter were also measured. The
last filter section consisted of a step and a taper com-
bined to give a relatively good VSWR at 9450 mc. Each
filter was measured unpressurized, with 10 pounds per
square inch pressure, and with 15 pounds pressure. The
results were in keeping with the predictions from the
comparison of the gradients in the two types of struc-
tures. The measured results follow in Table I11.

DiscussioN OF EXPERIMENTAL FILTERS

The performance of the filter structure (Fig. 7) de-
signed by using the preceding method, is very close to
the expected performance. The 21-section filter was
made in 2 parts, to fit the limits of the milling equip-
ment available. One part consisted of 15 sections
while the other consisted of 6 sections. An analytic
computation of the 15-section filter, using the method
outlined in the discussion of the multiple section filter,
showed agreement within the actual machining toler-
ances except for the small insertion loss peaks from
8200 to 8500 mc. The measured insertion loss was
within 0.1 db of the computed values in the pass band
except at the low-frequency end. In the case of the 6-
section filter there was a more marked disagreement
between the measured insertion loss and the computed
insertion loss below 9000 mc. This disagreement is
also found when the 2 parts are put together to form the
21-element filter. Physical measurement of the indi-

Vogelman: High-Power Microwave Filters

439
TABLE III
Enlarged
waveguide
Type of structure to std. Power when arcing
waveguide started
ratio
No 10 1bs. | 15 lbs.
pressure | pressure | pressure
Single taper section ba/b=2.25 | 340 kw [*700 kw
Single step section by/b=2.25 40kw | 90kw | 140 kw
Six section taper filter ba/b=2.0 140 kw [*700 kw
Fifteen section taper fil-
ter be/b=2.0 250 kw |*700 kw
Single section step and
taper be/b=3.5 Okw | 90kw | 240 kw

No arcing occurred at maximum available power.

vidual sections of the 6-section filter was not possible
without disassembly, but external measurement indi-
cated a total length which was 0.010 inch beyond the
tolerances shorter than specified. This would suggest
that one or more of the individual sections differed con-
siderably from the design dimensions. The structure
would no longer be exactly iterative and the computed
results would not be directly applicable. Both the high
insertion loss section filter and the normal flter were
subjected to 700 kw of peak power with 10 pounds pres-
surization without any sign of breakdown.
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