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Prediction of Peak Internal Fields in
Direct-Coupled-Cavity Filters

Christoph Ernst, Associate Member, IEEE, and Vasil Postoyalko, Member, IEEE

Abstract—In this paper, an explicit expression of the peak
electric-field strength in the cavities of Chebyshev direct-cou-
pled-cavity waveguide filters is derived. It is shown that the
electric-field strength can be predicted from the analysis of the
time-averaged stored energy in the lumped low-pass prototype,
from which the cavity filter was derived. This simplifies the
analysis and study of the power-handling capability of these
types of filters considerably, as the stored energy in the prototype
filters is easily computed. The analysis of the field distribution
in the cavities of an example third-degree Chebyshev direct-cou-
pled-cavity filter shows that the explicit expression for the peak
electric-field strength derived in this paper agrees closely with
results obtained from a TE;o circuit model of the filter, from a
full-wave electromagnetic solver and from measurements.

Index Terms—Direct-coupled-cavity filters, electric-field
strength, power -handling capability, stored energy.

I. INTRODUCTION

EAK internal fields are an important consideration when

the power-handling capability of a filter is evaluated. Di-
€l ectric breakdown and multipaction breakdown isadirect con-
sequence of the large buildup of the electric fields in electrical
filters[1]-{5]. Young proposed an approximate approach to the
prediction of the peak internal fields in direct-coupled filters
[6]. He related the ratio of the maximum to midband equiva-
lent power ratio to the ratio of the maximum to the midband
group delay. Thisnecessitated the introduction of asafety factor,
which he suggested “[ .. .] is probably always less than 2.” No
justification is given other than the consideration of several ex-
amples. However, results recently obtained for highly selective
filters [7]-{10] show that a much larger safety factor can be re-
quired for these types of filters.

Inthispaper, anew approach for devel oping anexplicit expres-
sionfor thepeak internal fieldsin cavity filtersispresented. This
approach is based on the consideration of the distribution of the
time-averaged stored energy (t.a.s.e.) in thefilter. In [11]{13],
the relationship between group delay and t.a.s.e. in afilterisrig-
orously derived. Thismakesit possibletorel atethedistribution of
energy inalumped low-pass prototypefilter tothedistribution of
energy inacoupledresonator filter, whichisderived fromthepro-
totypeby meansof afrequency transformation. Usingtheseideas
inthispaper, anaccurateand explicit expressionfor thepeak elec-
tric fieldsis derived for Chebyshev direct-coupled-cavity wave-
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guidefilters. Itisshownthat thepeak el ectricfieldscan berelated
directlytothepeakt.a.s.e.intheelementsof thelumped prototype
filter, from which the cavity filter was derived.

This paper considerably simplifies the analysis and study of
the power-handling capability of these types of filters[1], [14],
[6], [15]. Only the stored energy distribution in the lumped
low-pass prototype needs to be computed and the peak t.a.s.e.
has been tabulated for lumped prototype filters of degrees 1-15
and return loss of 15, 20, and 25 dB.

This paper aso gives ajustification for the implicit assump-
tions made in [7]9], and [13], where the power-handling ca-
pability of some Butterworth, Chebyshev, and general Cheby-
shev cavity filters are analyzed and compared with each other
by considering solely the stored energy distributions in lumped
low-pass prototype filters.

Il. PREDICTION OF THE ELECTRIC-FIELD STRENGTH

Rectangular waveguide TE;, mode filters with bandwidths
of up to 20% can be designed from lumped low-pass prototype
filters using the approximate frequency transformation in [16]
and [17], i.e,

Trweg:w — a-sin (/Jlo(w)ﬁ). D
Equating v and £ [16], [17] by solving

1 =asin < 2n E) (2
Ag, hi

and
27
—1 =qsi ¢ 3
o sin < s ) 3
gives
1 . A lo
Z = X — 920 4
” sm<7r)\gylo+)\gyhi> <0 4)
Ag, hidg, lo
f= 590 5
)\g, o+ )\g, hi ( )
where
Ag.10 Quide wavelength at lower band-edge fi,  (6)
Ag.ni  Quide wavelength at upper band-edge fi;  (7)
TN\ 2
— 2 _ (=
B0 =/ w?ne (a) ()]
fe cutoff frequency of TE;o mode 9
a width of waveguide (10)
b height of waveguide. (11)
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Making use of the resultsin [13, eg. (46)],

dT(w)
dw

the stored energy (Wwg) in the cavities of a narrow-band
waveguide filter can be related to the stored energy (Wip) in
the low-pass prototype for frequencies for which the frequency
transformation 7" is valid, i.e.,, for frequencies close to the
resonance frequencies of the cavities. As the field distribution
iswell known at the frequency when the cavity becomes reso-
nant, the stored energy can then be related to the electric-field
strength at the centers of the cavities.

Hence, consider the electromagnetic (EM) field distribution
in a waveguide cavity of length ¢ for frequencies w close to
the resonance frequency wy, i.e., when 1o =~ 27/, and
where A, is the resonance wavelength. The field distribution
is closely approximated by the field distribution of a perfect
standing TE;, wave, i.e.,

Wwa = Wip(T(w)) - (12)

E, (w, z, z) = sin % Eo sin (B10(w)z) (13)

H.(w, z, 2)= _IZLG cos % Egsin (/ilo(w)z) (14

H,(w, z, 2) = M sin == Eqcos (/ilo(w)7) (15)
T ? »~ wu a ~

with a maximum electric-field strength of |Eg|. In the case of
direct-coupled-cavity filters, further evidence of this field dis-
tribution can be found in [18], where the voltage distributions
in numerous TEM direct-coupled-cavity filters have been com-
puted from the chain matrix analysis. In the case of general-cou-
pled cavity filters, it may be pointed out that Rhodes [17] im-
plicitly assumed the field distribution in (13)—(15) when he de-
rived the design equations, which have been successfully used
in practice, for this type of filter.

The stored energy is then obtained by integrating the dot
product of the electric fields and the dot product of the mag-
netic fields over the cavity volume [19], i.e,

5 1 £ b a L. . .
Waw = = / / / [eE -Ef +uH - H*} dxdydz (16)
4 Jo Jo Jo

and after subgtituting for E and H using (13)—(15)

Lot

Way = |Eof* - 17)
Onthe other hand, the stored energy in acavity can also be com-
puted from thelow-pass prototype using (12) and expressing the
t.as.e. in the cavity filter in terms of port equivalent voltages
and currents. Two equations for the stored energy are obtained.
Combining these two equations, the electric field in the wave-
guide cavity can be directly related to the stored energy in the
lumped low-pass prototype.

A. Stored Energy in the Waveguide Cavities Estimated From
the Corresponding Lumped Low-Pass Prototype

In order to obtain an equation of the stored energy in terms
of port equivalent voltages and currents, the following alterna-

O Il: (-——<£2—O
N ¢ = Buot .
Vi Vs

ZO =1 Q
O )] ¢ O
z::K z=0

Fig. 1. Distributed transmission-line model of a TE;, mode propagatingin a
section of rectangular waveguide of length ¢.

tive expression of the stored energy is employed, which can be
derived from avariational theorem [13], [20], [19], i.e.:

dd*  dEr
X Hr> Uy, ds

.2
_ . dH;  dE;
Wav = = Er
4 ; [72( % dw + dw
(18)

where S,. is the terminal surface of port » and #,, is a unity
vector normal to the terminal surface. Following Schwinger and
Saxon [20] and choosing the reference planes of a passive loss-
lesstwo-port at z = 0 and z = £, and assuming that no evanes-
cent modes are pr%nt (18) reducesto

e (e ]

OB, 1"
—Hmﬂ[ ¥ } )dyda: (19)
dw

whereE, ;, H, ; andE, », H, » arethecorresponding trans-
verse electric field and transverse magnetic field of the domi-
nant TE;o mode at the port reference planes. Defining equiva-
lent port voltages V,.(w) and equivalent port currents I,.(w) of
the waveguide system corresponding to the equivalent transmis-
sion-line model in Fig 1i.e,

2wu

E, = = sin -~ o V(z, w) (20)
—7r/a 2 wp

H = 7% 0™ 21
Gon cos - o V@b B V(z, w) (21)
—fBio . wx |2 wp

H, = I 22
o g 5 Bio (2, w) (22)

and substituting the above |nt0 (19), the stored energy in the
waveguide section is obtained in terms of the equivalent port
voItag&ch( ), Va(w), and the equivalent port currents I (w),

IQ( ) i.e.,
Wav(w)
_jab 2 |-~ di,,(w)* ~ dV . (w)*
T 42 ; <% [V7 () dw () dw ]
(7/a)* ¢ , 7
abw 3, {V,,(w) L)

—V,,(w)i,,(w)*}> . ()

Notethat the equival ent voltages and currents have been marked
with atilde in order to distinguish them from the voltages and
currentsin the lumped low-pass prototypefilter. Hence, treating
each cavity of awaveguide filter as a two-port extending from
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z = 0toz = ¢, the tase. in the waveguide cavity can be
calculated from the equivalent transmission-line circuit model.
Notethat thet.a.s.e. obtained in thisway isan approximate value
sincethet.a.s.e. inthe evanescent modes excited by the coupling
apertures at the reference planes have been neglected. This cor-
respondsto modeling the coupling aperturesby ideal impedance
inverters.

The term V,.(w)*L.(w) — V,.(w)L.(w)* in (23) is propor-
tional to Wy, — Way, . [19]. Hence, it can be neglected for
frequencies close to the resonance frequency of the cavity.

Employing the frequency transformation in (1), the voltages
and currentsin the lumped low-pass prototype are related to the
voltages and currentsin the transmission-line prototypefilter by

V. (w) =V, (T(w)) ad L(w) =L.(T(w)). (24)

When these expressions for the voltages and currents in the
transmission-line prototype are substituted into (23), the term
in square brackets in (23) can be written as

4 dT (w)

— Wav T R Y

7 ( (w)) dw
i.e., the stored energy in the lumped low-pass prototype times
thederivative of thefrequency transformation. Using the expres-
sion for the phase constant (8) and the frequency transformation
(1), the derivative of the frequency transformation can be eval-
uated, i.e,

(25)

ar  wpe

% = %IQIECOS ([310() .

(26)
Hence, neglecting the term V,.(w)*L.(w) — V,(w)L.(w)* in
(23) and using (25) for the term in square brackets in (23), as
well as the relation in (26), the stored energy in a waveguide
cavity (W) isapproximately related to the stored energy (Way)
in the corresponding section of the lumped low-pass prototype
by

Wy (w) 2 Wy (T(w))¢] o] Cos(ﬁloﬁ)% @7)

for frequencies close to resonance, i.e., for frequencies around
the center frequency of the passband.

B. Peak Electric-Field Srength

The maximum electric-field strength in a cavity can now be
obtained for frequencies close to the resonance frequency of the
cavity combining (17) and (27), i.e.,

8 w
Eol? ~ —|a|cos (Biol) <& Wy (T(w)).  (28)
ab Bio
In order to be able to compute the peak amplitude
Emax = max{ [EOI ) 0 Sw< OO} (29)
it is necessary to solve
E,
Lo (30)
dw

for w in order to obtain the frequency at which the amplitude
of the electric field becomes a maximum. Due to the funda
mental relation between stored energy, group delay, and selec-
tivity [10]-{13], [21], [22], large peak stored energies occur for

40

/ - 35
F [~
/ £30
F o
F25°3
/ T8
E20 ™=
F i~
~15 £
/] Fy O
P 105
L+ Es

[ By

2019 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
Fractional Bandwidih [%]

Fig. 2. Magnitude of the scaling factor « in waveguide filters with a passband
center frequency of feenter = 1.586 1.

frequenciesin the stopband or passband close to the band edges
for reasonable sel ective minimum phase filters. Hence, itisrea
sonable to evaluate (28) either at the lower or at the upper band
edge. The term wy/B1o in (28) is aways larger at the lower
band edge than at the upper band edge, which suggests to eval-
uate (28) at the lower band edge. Alternatively, if the peak fre-
guenciesin the lumped low-passfilter are known, the frequency
transformation in (1) may be used to calculate the approximate
peak frequenciesin the waveguide filter on the lower side of the
passband. Also, from Fig. 2, the magnitude of the scaling factor
« is much greater than unity for filters with a fractional band-
width of 20% and smaller. Using (3), we thus have

-1 . 2
—= sin <)\g77rlo E) ~ Bro( fio)!.

Hence, the cos-term in (28) can be replaced by cos(1/«)
without introducing a large error. The negative sign has been
dropped since cos is an even function. Concerning the stored
energy W, 1 inthe kth element in the lumped low-pass filter,
its maximum value may be taken. Hence, the peak electric-field
strength in the kth cavity is approximately given by

E[a[cos<l> jp_ 1
ab « e |
flo

and max{W,, ,} isthe maximum stored energy in the kth el-
ement of the corresponding lumped low-pass prototype filter.
In Tables |11, the peak t.a.s.e. in lumped low-pass prototype
filters of degree 1-15 and return loss of 15, 20, and 25 dB have
been listed for futurereference covering commonly used Cheby-
shev filters.

(31)

Emax, k

~
~

max{Wa., 1} (32

[1l. COMPARISON OF PREDICTED AND COMPUTED PEAK
ELECTRIC-FIELD STRENGTH

Employing Rhodes [22] very accurate explicit design
equations, the peak electric-field strength in a large number
of Chebyshev transmission-line prototype filters of different
degrees and bandwidths up to Agw = 20% was computed and
compared to the predicted ones employing (32). For filters of
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TABLE
t.as.e IN CHEBYCHEV LUMPED-ELEMENT LOw-PASS PROTOTYPE FILTERS WITH 15-dB MINIMUM PASSBAND RETURN Loss (P4 = 1 W)

67

Peak t.a.s.e. in Joule, Wi:}":z) = max {Wey 1{w),w € [0,00[} (k= 1---15), in lumped element Chebychev low-pass prototype filters (P4 = 1W).
degree | element element element element element element element element element element element element element element clement total average | LTA
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 tase | tase. ratio
1| 0.1807 0.1807 0.1807 | 1.0000
2 | 0.6854 0.4651 1.0711 0.5355 | 1.2797
31 1.1476 1.2848 0.5596 2.7405 0.9135 | 1.4065
4] 1.5110 2.0241 1.5301 0.5977 5.1313 1.2828 | 1.5778
5| 1.7869 2.6985 2.3777 1.6606 0.6164 8.2247 1.6449 | 1.6405
61 1.9943 3.3063 3.1612 2.5849 1.7392 0.6268 12.0142 | 2.0024 | 1.6512
7] 21502 3.8487 3.8951 3.4339 2.7246 1.7903 0.6332 16.4970 | 2.3567 | 1.6528
8 | 2.2672 4.3299 15827 4.2343 3.6256 2.8249 1.8253 0.6373 21.6717 | 2.7090 | 1.6917
9 | 2.3550 4.7554 5.2250 4.9955 4.4734 3.7707 2.8997 1.8503 0.6402 27.5378 | 3.0598 | 1.7076
10 | 2.4206 5.1311 5.8231 5.7209 5.2824 4.6581 3.8845 2.9570 1.8687 0.6423 34.0949 | 3.4095 | 1.7079
11 | 2.4695 5.4626 6.3789 6.4119 6.0592 5.5044 4.8071 3.9758 3.0018 1.8827 (.6438 41.3428 | 3.7584 | 1.7060
12 | 2.5057 5.7551 6.8945 7.0693 6.8066 6.3186 5.6856 4.9302 4.0502 3.0375 1.8935 0.6450 49.2814 | 4.1068 | 1.7214
13 | 2.5322 6.0131 7.3721 7.6938 7.5261 7.1054 6.5306 5.8378 5.0335 4.1117 3.0663 1.9020 0.6459 57.9106 | 4.4547 | 1.7271
14 | 2.5515 6.2408 7.8143 8.2863 8.2185 7.8673 7.3482 6.7099 5.9678 5.1210 4.1629 3.0899 1.9089 0.6466 67.2303 | 4.8022 | 1.7255
15 | 2.5654 6.4417 8.2235 8.8480 8.8843 8.6056 8.1421 7.5538 6.8647 6.0800 5.1958 4.2061 3.1094 1.9145 0.6472 | 77.2405 | 5.1494 | 1.7253
Angular frequency, w.(,;"',':) (k= 1---15), of the peak t.a.s.e. in lumped element Chebychev low-pass prototype filters.
degree | element element el t el t el t el t el 1 t el t el clement element element element element total
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 t.a.s.c.
1| 0.0000 0.0000
2| 1.4383 - 1.2263
3| 1.3033 1.0720 - 1.1375
4] 1.2132 1.0891 1.0078 - 1.0850
5| 1.1597 1.0780 1.0324 0.9920 - 1.0567
6| 1.1258 1.0655 1.0355 1.0117 0.9883 - 1.0403
7| 1.1031 1.0552 1.0336 1.0175 1.0029 0.9882 - 1.0300
8 | 1.0870 1.0470 1.0304 1.0187 1.0087 0.9989 0.9891 - 1.0232
91 1.0754 1.0106 1.0272 1.0183 1.0109 1.0040 0.9971 0.9903 - 1.0184
10 | 1.0666 1.0355 1.0244 1.0172 1.0115 1.0063 1.0013 0.9963 0.9911 - 1.0150
11§ 1.0599 1.0314 1.0219 1.0160 1.0114 1.0073 1.0036 0.9998 0.9961 0.9925 - 1.0124
12 | 1.0548 1.0281 1.0198 1.0148 1.0110 1.0077 1.0047 1.0018 0.9990 0.9961 (.9934 - 1.0105
13 | 1.0507 1.0253 1.0179 1.0136 1.01014 1.0077 1.0053 1.0030 1.0007 0.9985 0.9962 0.9941 - 1.0089
14 | 1.0475 1.0230 1.0164 1.0126 1.0098 1.0075 1.0055 1.0036 1.0018 1.0000 0.9982 0.9964 0.9948 - 1.0077
15 | 1.0450 1.0210 1.0150 1.0116 1.0092 1.0073 1.0056 1.0040 1.0025 1.0010 0.9996 0.9981 0.9966 0.9953 - 1.0067
Tolerance < 1 107% LTA ratio: Largest to Average Ratio
TABLE 1l
t.as.e. IN CHEBYCHEV LUMPED-ELEMENT LOw-PASS PROTOTYPE FILTERS WITH 20-dB MINIMUM PASSBAND RETURN LOSS (P 4 = 1 W)
Peak t.a.s.e. in Joule, Wi:)l;cm) = max {W, x(w),w € [0,00[} (k=1---15), in lumped element Chebychev low-pass prototype filters (P4 = 1 W).
degree | element element element element element element element element element element element element element element element total average | LTA
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 t.as.e | tase. ratio
717 odoo0s e ’ 0.1005 | 0.1005 | 1.0000
21 05112 0.3333 0.7828 0.3914 | 1.3060
3] 0.9387 1.0180 0.4267 21643 0.7214 | 1.4112
4| 1.2809 1.7014 1.2237 0.4666 4.1848 1.0462 | 1.6291
5| 1.5335 2.3558 1.9842 1.3306 0.4866 6.8170 1.3634 | 1.7279
6| 1.7132 2.9490 2.7233 2.1351 1.3916 0.4979 10.0499 { 1.6750 | 1.7606
7| 1.8384 3.4755 3.4340 2.9127 2.2336 1.4364 0.5049 13.8786 | 1.9827 | 1.7530
8 | 1.9240 3.9353 4.1079 3.6704 3.0377 2.3039 1.4652 0.5091 18.3009 | 2.2876 | 1.7957
9| 1.9815 4.3325 4.7391 4.4059 3.8214 3.1304 2.3566 1.4859 0.5126 23.3155 | 2.5906 | 1.8293
10 | 2.0193 4.6731 5.3251 5.1153 4.5879 3.9331 3.2031 2.3973 1.5012 0.5149 28.9218 | 2.8922 | 1.8412
11 | 2.0437 4.9635 5.8652 5.7949 5.3365 4.7193 1.0224 3.2619 2.4295 1.5130 0.5166 35.1193 | 3.1927 | 1.8371
12 | 2.0593 5.2100 6.3603 6.0649 5.4908 4.8237 4.0965 3.3105 2.4553 1.5221 0.5179 41.9079 | 3.4923 | 1.8448
13 | 2.0692 5.4183 6.8123 6.7711 6.2473 5.6111 4.9110 4.1593 3.3511 2.4764 1.5294 0.5189 49.2873 | 3.7913 | 1.8612
14 | 2.0756 5.5936 7.2236 7.6364 7.4531 6.9875 6.3857 5.7110 4.9861 4.2132 3.3854 2.4939 1.5352 0.5197 57.2575 | 4.0898 | 1.8672
15 | 2.0798 5.7406 7.5968 81823 8.1095 7.7100 7.1475 6.4990 5.7972 5.0517 4.2599 3.4146 2.5085 1.5400 0.5204 | 65.8183 | 4.3879 | 1.8648
Angular frequency, w‘(l:";f) {k == 1---15), of the peak t.a.s.e. in lumped element Chebychev low-pass prototype filters.
degree | element element element clement  element el t el 1 t el t el element element element element element total
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 t.a.s.e.
1] 00000 0.0000
2| 1.8532 - 1.5544
3| 1.5210 1.1985 - 1.2950
4| 1.3512 1.1785 1.0659 - 1.1757
5| 1.2584 1.1428 1.0804 1.0237 - 1.1155
6| 1.2026 1.1149 1.0736 1.0410 1.0074 - 1.0814
7| 1.1665 1.0941 1.0642 1.0424 1.0222 1.0004 - 1.0603
8| 1.1419 1.0792 1.0557 1.0397 1.0259 1.0124 0.9974 - 1.0464
91 1.1248 1.0677 1.0485 1.0361 1.0260 1.0165 1.0068 0.9961 - 1.0368
10} 11125 1.0589 1.0425 1.0325 1.0247 1.0177 1.0108 1.0036 0.9956 - 1.0299
11| 1.1038 1.0519 1.0377 1.0293 1.0230 1.0175 1.0123 1.0071 1.0016 0.9956 - 1.0248
12| 1.0975 1.0463 1.0336 1.0265 1.0212 1.0168 1.0127 1.0088 1.0047 1.0004 0.9957 - 1.0208
13 | 1.0930 1.0417 1.0303 1.0240 1.0195 1.0159 1.0126 1.0095 1.0063 1.0031 0.9996 0.9959 - 1.0178
14 1.0898 1.0380 1.0274 1.0219 1.0180 1.0149 1.0121 1.0096 1.0071 1.0046 1.0019 0.9991 0.9962 - 1.0154
15| 1.0876 1.0349 1.0250 1.0201 1.0166 1.0139 1.0116 1.0095 1.0074 1.0054 1.0033 1.0012 0.9988 0.9964 - 1.0134
Tolerance < 1% 10~%; LTA ratio: Largest to Average Ratio
degree 3 or larger, the predicted peak eectric-field strength by For a series of low-degree Chebyshev transmission-line
(32) always agreed within 10% with the computed one. prototype filters of fractiona bandwidths between
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TABLE 111
t.as.e. IN CHEBYCHEV LUMPED-ELEMENT LOw-PAss PROTOTYPE FILTERS WITH 25-dB MINIMUM PASSBAND RETURN Loss (P4 = 1 W)

Peak t.a.s.e. in Joule, ‘Vri::,l:l) = max {W,, 3 (w),w € [0,00[} (k=1---15), in lumped element Chebychev low-pass prototype filters (P4 = 1W).

degree | element element element element element element clement element element element element element element element element total average | LTA
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 tas.e | tase. ratio

T 1] 00863 T 0.0563 | 0.0563 | 1.0000
2| 0.3831 0.2441 0.5800 0.2900 | 1.3210

3| 0.7709 0.8245 0.3352 1.7421 0.5807 | 1.4199

4| 1.0906 1.4608 1.0102 0.3767 3.4903 | 0.8726 | 1.6741

5| 1.3222 2.0862 1.7039 1.1051 0.3980 5.7906 ; 1.1581 | 1.8014

6 | 1.4793 2.6613 2.4058 1.8250 1.1612 0.4103 8.6271 | 1.4379 | 1.8509

7| 1.5810 3.1684 3.0949 2.5497 1.9001 1.1976 0.4179 11.9926 | 1.7132 | 1.8494

8| 1.6444 3.6034 3.7541 3.2742 2.6361 1.9530 1.2227 0.4229 15.8834 | 1.9854 | 1.8908

9 | 1.6827 3.9693 4.3719 3.9884 3.3734 2.6979 1.0922 1.2408 0.4264 20.2975 | 2.2553 | 1.9385

10 | 1.7053 4.2726 4.9422 4.6832 4.1081 3.4414 2.7456 2.0225 1.2543 0.4289 25.2338 1 2.5234 | 1.9586

11| 1.7188 1.5207 5.4623 4.8348 4.1845 3.4942 2.7843 2.0465 1.2646 0.4308 30.6916  2.7901 | 1.9577

12 | 1.7272 4.7215 5.9322 5.5477 4.9248 4.2416 3.5378 2.8164 2.0660 1.2726 0.4323 36.6706 | 3.0559 | 1.9592

13 | 1.7328 4.8821 6.3534 6.2419 5.6586 4.9881 1.2886 3.5751 2.8436 2.0819 1.2790 0.4334 43.1704 | 3.3208 | 1.9837

14 | 1.7368 5.0092 6.7286 6.9133 6.3820 5.7317 5.0384 4.3291 3.6077 2.8667 2.0852 1.2842 0.4343 50.1909 | 3.5851 1.9947

15 | 1.7399 5.1086  7.0608 7.5590 7.0915 6.4699 5.7869 5.0814 4.3652 3.6364 2.8867 2.1064 1.2885 04350 | 57.7320 | 3.8488 | 1.9945

Angular frequency, wz(:'i’) (k=1---15), of the peak t.a.s.e. in lumped element Chebychev low-pass prototype filters.

degree | element element element element element element element element element element element element element element element total
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 t.a.5.e.

1] 00000 0.0000
2| 24181 - 2.0079
3| 1.7949 1.3648 - 1.4986
4| 1.5191 1.2909 1.1430 - 1.2900
5| 13772 1.2228 1.1412 1.0669 - 1.1885
6 | 1.2950 1.1752 1.1210 1.0786 1.0343 - 1.1321
7| 1.2438 1.1420 1.1020 1.0736 1.0475 1.0183 - 1.0976
8| 1.2105 1.1182 1.0865 1.0656 1.0479 1.0303 1.0099 - 1.0750
9| 1.1885 1.1006 1.0743 1.0579 1.0449 1.0328 1.0201 1.0051 - 1.0594
10| 1.1739 1.0872 1.0646 1.0612 1.0410 1.0320 1.0232 1.0136 1.0023 - 1.0182
11 | 1.1643 1.0769 1.0568 1.0455 1.0372 1.0302 1.0236 1.0168 1.0094 1.0007 - 1.0399
12| 1.1579 1.0687 1.0504 1.0107 1.0338 1.0280 1.0228 1.0177 1.0125 1.0066 0.9997 - 1.0335
13 | 1.1536 1.0622 1.0452 1.0367 1.0307 1.0259 1.0217 1.0177 1.0136 1.0094 1.0046 0.9991 - 1.0286
14 | 1.1505 1.0569 1.0409 1.0332 1.0280 1.0239 1.0204 1.0171 1.0139 1.0106 1.0071 1.0032  0.9987 - 1.0247
15 | 1.1482 1.0526 1.0373 1.0303 1.0256 1.0221 1.0190 1.0163 1.0137 1.0111 1.0084 1.0055 1.0022  0.9985 - 1.0215

Tolerance < 1 #107%; LTA ratio: Largest to Average Ratio
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Fig. 3. Computed and predicted peak electric field strength (in kilovolts per meter) in the three cavities of third-degree Chebyshev direct-coupled-cavity filters
with a minimum passband return loss of 20 dB, fractional bandwidths of Agw = 20%, ..., 1% and fcenter = 1.586 f... The passband center frequency, feenter
of the filters was chosen to lie approximately in the center of the usable bandwidth of the TE, mode, i.e., feonter &= (1.25 4+ 1.90)/2f. = 1.575f.. This
corresponds approximately to a center frequency of 5 GHz (1.586 f..) for afilter realization in WG12.

Apw = 20%, ..., 1%, the computed and predicted peak (32) is more accurate for high-degree filters, narrow bandwidth
electric-field strengths are shown in Fig. 3. This corresponds filters, and filters with a low passband return loss than for
to a case when the relative error in (32) islarge. Note that (32)  low-degree filters, wide bandwidth filters, and filters with a
becomes more accurate the more selective the filter is, i.e., large passband return loss. Several reasons account for this.



ERNST AND POSTOYALKO: PREDICTION OF PEAK INTERNAL FIELDS IN DIRECT-COUPLED-CAVITY FILTERS 69

NN
& 8
;;9’

om Center
~
X
o

& 100

) |
Soss S| T

. 0.80 0.85 0.90 0.95 ‘I‘.OO 1.05 ;70 115 ‘1120

I/ feene
1.20
A

& 1154
F N/
P AN N VAR
Er_oo% L / 7\“\
P I VAP N A LAY
§o.9of \ /\ X&’\ \ \
g 085 ] \ / A\A\‘ — cawity 1

—e— cavily 2
—A— cavily 3

0.80-+— / '\‘\ N

0.80 0.85 0.90 0.95 1.00 1.05 110 115 1.20
I/ Sfonier

Fig.4. Deviation2z/( of the peak electric-field strength from the center of the
cavity in 20% and 5% bandwidth transmission-linefilter prototypes with 20-dB
minimum passband return loss, three cavities, and f.onter = 1.586 f...

Firstly, the frequency transformation in (1) is of limited ac-
curacy. It is derived from a narrow-band approximation of a
transmission line [16]. Hence, a larger error is expected for
wide-bandwidth filters than for narrow-bandwidth ones.

Apart from this systematic error, another source of error in
(32) is the assumption that the peak electric-field strength oc-
curs at the lower band edge of the passband. Again, however,
this error is smaller in high selective filters than in low selec-
tive filters because the peak stored energy in a highly selective
Chebyshev direct-coupled-cavity filter occurs closer to the band
edges than in aless selective one (compare Tables 1-111).

Also, in (32), it isimplicitly assumed that the peak electric
field occursin the center of the cavity. It iswell known that this
isnot the case. Khan [ 18] computed the voltagesin the transmis-
sion-line model of TEM direct-coupled-cavity filters and was
the first one who reported that the peak electric-field strength
oscillates around the center position in the cavity with changing
frequencies. This was aso observed in this study and it was
found that the amount of deviation depends on the bandwidth
of the filter. In order to illustrate the variation in filters with
different bandwidths, the computed deviation of the maximum
field strength from the center location in the cavitiesisshownin
Fig. 4 for some 20% and 5% fractional bandwidth Chebyshev
direct-coupled-cavity filters with three cavities and 20-dB min-
imum passband return |oss.

A. Conclusion

Equation (32) allows the prediction of the peak electric-field
strength in a narrow-band transmission-line filter prototype of
adirect-coupled-cavity waveguidefilter to within afew percent

Fig. 5. Experimental waveguide filter and the coupling probe.
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Fig. 6. Magnitude of the transmission coefficient in decibels of the filter
prototype with ideal impedance inverters and the filter prototype with metal
posts.

accuracy from the stored energy analysis of the lumped-element
low-pass prototype.

However, the transmission-line filter prototype is a purely
TE1o, mode model of a direct-coupled-cavity waveguide filter
and it is assumed that the power coupling through the apertures
is frequency independent. Also, dissipation loss is neglected.
To investigate the effect of these factors, the peak electric-field
strength in an experimental direct-coupled-cavity Chebyshev
filter was measured and compared to a full-wave simulation of
the structure (HP HFSS) and to the predicted peak electric-field
strength obtained using (32).

1V. PREDICTION OF THE PEAK ELECTRIC-FIELD STRENGTH IN
A THIRD-DEGREE DIRECT-COUPLED-CAVITY FILTER

A third-degree Chebyshev direct-coupled-cavity filter was
designed in WG12 employing a design procedure similar to
the one presented in [23]. The choice of the number of cavities
ensured that the filter could be sufficiently accurately modeled
on the workstation available using HP HFSSv. 5.1. A passband
from flo = 4.8 GHz to fhi = 5.2 GHz (ABVV = 8%) was
chosen with a minimum passband return loss of 20 dB. Any
frequency band could have been chosen for the experimental
filter, but a realization in WG12 has the advantage that the
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Fig. 7. Comparison of the peak electric-field strength, stored energy, and location of the maximum field in the transmission-line prototype filter with ideal

impedance inverters with the transmission-line prototype with metal posts.

filter could be fabricated without the need of tuning, which is
usually necessary due to fabrication tolerances. This is impor-
tant since any tuning screw in a cavity would affect the field
distribution in the cavity possibly to the extent that (32) is not
valid anymore. Symmetrically located double posts were used
to model the ideal impedance invertersin the transmission-line
prototype. Operating at around 5 GHz aso has the advantage
that SMA connectors could be used as coupling probes into
the cavitiesin order to measure the electric-field strength since
their pin diameter is very small in comparison to the operating
wavelength. A picture of the coupling probe that was used and
the waveguide filter is shown in Fig. 5.

A. Predicted and Computed Results

When discontinuities, such as metal posts, are used to realize
theideal impedance inverters, theimpedance inverter values be-

come frequency dependent [17]. This affectsthe return- and in-
sertion-loss function. The reflection zeros in the passband are
dightly shifted down in frequency and the insertion loss in-
creases in the lower stopband and decreases in the upper stop-
band, as observed in Fig. 6. Hence, it is expected that the peak
electric-field strength on the lower side of the passband islarger
in the prototype with metal posts than in the one with idea
impedance inverters. This agrees with the graphs of the peak
electric-field strength in Fig. 7 where the total stored energy,
peak electric-field strength, and location of the peak electric-
field strength with respect to the center of the cavitiesis plotted
for both prototype filters.

Note that the deviation from the center of the cavity of the
peak electric-field strength in the filter with metal postsis dif-
ferent to the one with ideal impedance inverters since the neg-
ative lengths of line needed to embed the metal poststo realize
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TABLE IV
PrREDICTED, COMPUTED, MEASURED, AND SIMULATED PEAK ELECTRIC-FIELD STRENGTH CORRESPONDING TO THE CASE WHEN THE
EXPERIMENTAL FILTER IS DRIVEN BY A GENERATOR WITH 1-W AVAILABLE POWER
Equation (32) Computed Computed
(Based on filter (Filter with (Filter with .
s . . Simulated
with ideal ideal physical Measured
. . (HP-HFSS)
impedance impedance model of
inverters) inverters) metal posts)
Eaz1 4.099 4.140 4.485 4.724 4.591
Emaz2 4.269 4.200 4.403 4.613 4.506
Ernozrs 2.764 2.799 2.985 3.153 3.114
Peak electric field strength in %
Equation (32) Computed Computed Simulated Measured
fmaz,1 4.800 4.697 4.716 4.710 4.712
fmaz,2 4.800 4.760 4.764 4.760 4.754
fmaz,3 4.800 4.819 4.805 4.800 4.798
Frequency in GHz at which the peak electric field strength occurs
— 07 I I [ —— No Probe
9 \ —— Praotatype with metal posts === Probe inseried in caviiy 1
3 -5 ] —e— Filter with metal posts {(measured)
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Fig. 8. Computed, simulated, and measured filter response. +10 40
theimpedanceinverters[1] have been absorbed into the cavities. S 3567
This offsetsthelocation of the electrical center of the cavitiesin g 3.0
the filter with metal postsin comparison to the filter with ideal o5 /\
impedance inverters. Only the electrical center of the middle 3 E / \ /\\
cavity isunchanged because thefilter is physically symmetrical. s 207 / \
The peak electric-field strengths in the three cavities © 15 / <<
have been listed in Table IV, including the peak electric-field g 10 \/
strengths predicted by (32). The peak stored energiesin a20-dB E 1 /
lumped low-pass prototype filter was used for the evaluation 05 T
of (32), i.e., max{W,, 1} = 0.9387, max{W,, o} = 1.0180, 0.0 -1 rrr={rr———
4.4 4.6 4.8 5.0 52 54 56

and max{W,, s} = 0.4267.

B. Results From HFSS

The reflection coefficient computed by HP HFSS and the
one obtained from the transmission-line prototype with metal
posts is shown in Fig. 8. Very close agreement is observed.
A wide-band frequency sweep of the transmission coefficient
showed excellent agreement between the transmission coeffi-
cient computed by HP HFSS, the transmission coefficient of the
filter prototype with metal posts, and the measured transmission
coefficient.

Solving the EM field for frequencies around the lower band
edge, the peak electric-field strength in the three cavities was

Fregquency [(GCHz]

Fig. 9. Measured results probing into the first cavity.

determined and has been collected as shown in Table 1V. Close
agreement with the peak electric-field strength in the prototype
with metal posts can be observed (less than 6% deviation).

C. Measured Results

The electric-field strength in the experimenta filter was
measured employing principles that were commonly used
to measure the voltage standing-wave ratio (VSWR) using
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Fig. 10. Measured results probing into the second cavity.

a dotted waveguide and a crystal detector [24]. In Fig. 5,
it is shown how probes were introduced into the waveguide
cavities. An SMA connector acting as a probe was centered
onto the top wall of a cavity and connected to a network ana-
lyzer. The measured power transmission through the coupling
aperture when probes are inserted into the cavitiesis shown in
Figs. 9(b)—11(b), respectively. Even though it is not possible to
incorporate the coaxia-to-rectangular waveguide transition in
the calibration, the shape of the measured power transmission
through the probes is very similar to the computed peak stored
energy. This is due to the high quality of the coaxia-to-wave-
guide transition that was used.

Only very little power is coupled out of the filter through the
probes. Still it affected the filter performance, as observed in
Figs. 9(a)-11(a). However, the effect on the measurement ac-
curacy is estimated to be very small since the selectivity of the
filter is hardly changed. Relating the measured power by the
network analyzer to a known electric-field strength at the probe
location, the measured power can then be directly related to the
electric-field strength at the position of the probe. Three smple
short-circuited stubs were used with the same coupling hole
as in the waveguide filter located a quarter-wavelength away
from the short-circuited end at the frequencies 4.67, 4.80. and
5.00 GHz. The calculated peak €electric-field strengths in the
three cavities are 4.591, 4.506, and 3.114 kV/m, respectively.
This agrees to within 10% with the predicted ones using (32).
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Fig. 11. Measured results probing into the third cavity.

D. Comparison of Predicted, Computed, Smulated, and
Measured Results

In Table 1V, the peak electric-field strengthsin the cavities of
the experimental filter are listed. It includes the measured peak
electric-field strengths, the predicted ones using (32), the simu-
lated onesusing afull-wave structure simulator (HP HFSS), and
the computed ones in two different types of transmission-line
prototypefilters. Equation (32) predictsvery accurately the peak
t.as.e. in the prototype with ideal impedance inverters. How-
ever, in redlity, the couplings are frequency dependent. Thisis
the main reason of the observed deviation of approximately 10%
of (32) from the measured data.

V. CONCLUSION

An explicit expression for the peak internal fields in the cav-
ities of direct-coupled rectangular waveguide cavity filters has
been derived. Comparison with HP HFSS simulations and mea-
surements of a test filter has demonstrated the good accuracy
of the expression obtained. This expression is very useful in
the analysis and study of the power-handling capability of these
types of filters as, together with the provided tables of the peak
stored energy in commonly used Chebyshev lumped-element
prototype filters, the peak electric-field strength in direct-cou-
pled rectangular waveguide cavity filters are now easily com-
puted.
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The procedure presented here for a rectangular waveguide
can equally be applied to any type of resonator and excited mode
if the field distribution in the resonator is known at resonance.
Some consideration has already been given to combine filters
[25].

In this paper, explicit consideration has been given to the case
of direct-coupled-cavity filters. Similar principles apply to mul-
tiple-coupled-cavity filters, where, again, the peak internal field
can be related to the peak t.a.s.e. in the lumped low-pass proto-
type from which it is derived.

The accuracy of the expressions derived in this paper may
be further improved by employing a more accurate frequency
transformation [17] that also takes into account the frequency
dependency of the coupling apertures.
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