Accurate Derivation of Lossy Equivalent Circuit\Whveguide External
Coupling

Abstract — A novel technique to derive the lossy equivalén
circuit of waveguide external couplings of narrowbad cavity
filters with arbitrary cavity cross section and arbitrary coupling
geometry is presented in this contribution. The tdenique makes
use of a reduced CAD model to obtain the element kges of the
equivalent lossy circuit. Therefore the contributim of the
external coupling structures to the total dissipatd power and
total stored energy of the filter can be derived ad a clear
separation between resonators and couplings is ebtshed. A
first degree filter has been designed, simulated, nd
manufactured. Its lossy equivalent circuit has beeextracted and
comparisons with simulation and measurement show egllent

agrageerd-ms — Band pass filters, circuit optimization, coupling
circuits, microwave filters, passive circuits

|. INTRODUCTION

were not strongly affected. Other workers [3] owene this
limitation, but the coupling aperture is assumeth¢dossless.
On the other hand, Miraftab and Yu [4] have proplosa
equivalent circuit of lossy couplings based on [Bhwever,
the paper is centered on advanced synthesis tessignd
their goal is to characterize lossy couplings ofsdi by
predistortion techniques. Losses due to materialitefi
conductivity are neglected.

The different and novel formulation presented rai@wvs to
obtain an equivalent circuit of external couplimgluding
losses due to material finite conductivity and logdof the
cavity due to the coupling aperture. The technidascribed
here can be applied to any arbitrarily shaped dogpl
structure and waveguide cross section. Therefbeeyalue of
the approach presented is that it can be used timiap the

Today most demanding applications require microwaveshapes of external couplings individually, with thém at

components capable of supporting more and more poitie
very low loss dissipation.

Commonly, only canonical shapes such as rectanguidr

circular geometries are used in the design of waidegfilters.

However, with the advent of the new 3D manufactyrin equivalent circuit for the

techniques and the maturing of the traditional onesel
freedom is available at low cost in the choice e tnternal
geometry and to apply geometry optimization techesto
reduce loss dissipation.

However, full-wave geometry optimization of a coetgl
waveguide filter is not feasible due to the extrecoenplex

reducing the loss contribution of these elements igiven
filter structure.

Measured and simulated results of a first degréter fi
confirm the excellent accuracy obtained with thewne
loss prediction of piaat
waveguide external couplings.

Il. EQUIVALENT CIRCUIT MODEL

The proposed model for the derivation of the edeiva
circuit of external couplings consists of a singesonator

geometries expected to be obtained and the verg lorncoupled to the input feed source and output loashasvn in

simulation time entailed to it. Instead, cavitieddacoupling
structures can be individually optimized and thembined to
yield a final improved filter RF response. To thed, a
suitable segmentation to find the loss and enetgyage
contributions of the different cavities and couglistructures
in a filter is needed.

This paper is focused on the derivation of a lexgyivalent

Fig. 1 where a symmetry plane SS’ along the dioectf
propagation can be observed. The correspondingvagot
circuit is that of Fig. 2, where one half of thecciit has been
omitted due to the symmetry of the model.

The quantityl.,, represents the input line, the coupling is
defined by the circuit between the planes AA’ to’B&hd |,
is the halved resonator by the symmetry pliZ; = Rg+ jXq

circuit of external waveguide couplings for
characterisation of the loss contribution in theuging
apertures to the overall dissipation losses.

the and Z, = R, + jX, are the four unknowns to be fowZ, . ,
Z,, and Z, are the impedances seen along the circuit whereas
Z. and y,. are the characteristic impedance and propagation

Previous publications [1]-[3] centered their wonk the
characterization of the external coupling with tgeal to
derive the unloaded Q factor of the associatedtyain [1]
and [2] a lossy equivalent circuit is proposed ofexternal
coupling, but the loading of cavity due to the dngp
structure was not considered. Thus, the couplingrtape
needed to be small so frequency and unloaded Qeofavity

constant of the line. If canonical shapes sucteaesngular or
circular geometries are used as input line andnagso, Z

and . can be analytically calculated as in [5]. Howetbkey
can be directly extracted from full-wave simulatishen no
analytical expressions are available (for arbitrengss section
geometries). The impedance at the symmetry planeeither
be Z,, =0 or Z,, =» depending on whether an electric



(odd mode) or a magnetic (even mode) wall is
respectively.

Fig. 1. Complete waveguide external coupling CADdedo
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Fig. 2.
coupling.

Suggested lossy equivalent circuit of waneg external

The procedure to find the unknowns of the couptirguit
can be divided in three stages: first, the effetthe input line
must be de-embedded; second, an analytical equatiothe
input impedance from the AA’ plane must be fourrtl ¢éhird,
the input impedance of the model at two frequer@pts must
be calculated from full-wave and used as solutiarsthe
analytical equation to find the unknowns.

To de-embed the effects of the feeding line, itgte must
be known. The length given in the waveguide modehot be
used due to the loading effects of the waveguidgploag over
the line. Hence the corrected length of the extdima will be
derived using the phase of tBg parameter. A signal traveling
through the circuit in Fig. 2 will have a total [geashift of

#(S) =20 (k) + 28 ( coupling +

+2¢[/]ij° resonatoﬂ+¢( SY=24(ek)+o( SP W

since the phase shift introduced by the couplirgjthe halved
resonator must be/2 rad and =/2 rad, respectively, if low

loss is assumedp (SS) is the phase shift of an electric (180°)

or a magnetic wall (0°). The length of the exterlira¢ can
then be calculated as
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where ¢(S,) is the unwrapped phase of the reflection

parameter from the full-wave simulation.
The analytical input impedance of the circuit ig.F2 can
be calculated as

used,

2= R+ R+ (Xt X))~
_ (Ry+ %)
Ro+ R+ j( Xs+ X,)+Re( z)+ jim( 2)

where Ry, X, R, and X are the four unknowns to be
found, anc z, is a normalized impedance that can be obtained
by standard transmission line impedance transfooma{5] as

®3)

4 :& — Znz ~ Zc tanh(yCIEXT)
" .- Zin,TL tanh(yclEXT)

ZC
where Z, ., is the input impedance of the CAD model in Fig.
1 calculated from full-wave simulation.
If an electric wall is placed at the symmetry ple&8®’, z,
can be obtained as in (5), whereas if a magneticisvplaced
instead z,_is obtained as in (6).

(4)

z =%=tanh(ycl) (5)
C
z, 1
= = 6
“T7 tanh(y,!) (©)

To find the equivalent circuit of the coupling, dbr
approaches are discussed in this work. The firstagzh only
uses the information of the model in Fig. 1 whenedattric
wall is placed at SS'. Likewise, for the secondrapgh, the
equivalent circuit is obtained only with the infation of the
model in Fig. 1 when a magnetic wall is placed &t &inally,
the third approach computes the equivalent circiditthe
external coupling from the model in Fig. 1 whenhoan
electric and a magnetic wall, are used.

For the first two cases, a system of equations loan
obtained combining (3) with (5) or (6) dependingwinether
an electric or a magnetic wall is being used in thedel,
respectively. For one frequency point, two equaiocan be
obtained from (3)Re(z,) and Im(z,). Hence, at least two
frequency points are needed to find the four unkmowrwo
equations, (10) and (11), will be extracted frone ttenter
frequency () and two more equations, (12) and (13), from a
frequency point w, ) near resonance.

For the third approach, the input impedance (3)thef
circuit in Fig. 2 must be obtained when an electvadl and a
magnetic wall are placed at SS’. Combining thesgutin
impedances, the impedance parameters of the canpledel
with no symmetry planes are derived as

— Zin,MW + Zn,EW

. 1.7)

4

— Zoww ~ Znew

. (1.8)

Z2i)



and its input impedance as

RN

h (1.9)

4y =41~

Again, two equations can be obtained from (1.9 tteal
and the imaginary parts. Therefore, two frequenaints are
also needed in this approach to find the four umkrs

In all cases, the second frequency point shoulaHmsen

near resonance, where the frequency dependenceheof t

waveguide coupling model and the equivalent ciravit very
similar. The nonlinear system of four equations dodr
unknowns can be finally solved numerically.

In lumped elements circuits, the even and odd ntbdery
for symmetric circuits must be fully applied sinoéormation
about the whole circuit is shared between the mddewever,
when the even and odd mode theory is applied iosayl
transmission line, both modes have information abthe
whole circuit and thus, they can be studied sephrat
However, for this application it is expected tHa bdd mode
will not yield the right coupling element valuesis® Z,, =0
and z > Z;, and therefore,Z; is hidden in z and the
system does not converge to the right solutions T$inot the
case for the even mode, whtZ, = and z ~ Z; and a
valid solution is expected to be found. A validudimn is also

expected if the even and odd mode theory is applied

completely.

I1l. EXPERIMENTAL RESULTS

A first degree filter shown in Fig. 3 in WR187 wansde
with a center frequency of 4.5 GHz and with -10@®iplings
has been designed and manufactured to verify tmigue.

Rp X2 [é3+Re §| )+ ZDRD)glié X+ Im( 3%))

Fig. 3. Manufactured prototype

The material used in the fabrication was a stdelyakith
unknown electrical properties. The electrical catohity in
the simulation was optimized to match the centserition loss
of the measured data. The equivalent circuit was tibtained
using the three outlined procedures.

Table 1 lists all the information extracted frone tiull-wave
simulation whered = f, + 10 MHz (§/f, = 1.0022) has been
chosen. The resulting circuit values when onlygkien mode
is used are collected in Table 2.

TABLE 1
EXTERNAL COUPLING PARAMETERS

Zin,TL,eve,(a)o) 277.48 + j357.2&)
Zin 1L evek®s) 426.81 + j585.112
Zin,TL,od({CUO) 14.57 - j620.6%2
Zin1L,0dd09) 14.20 - j606.6@
O(Si1evekwo)) -258.785°
P(Si1.00d®g))  -80.835054°

Re(z,], )= R- (rrelel ) (%o m( ] (10)
mla) 1= xs —Xi)[éxiﬂm(zJ%))—ZDI%D)g[ﬁ Re Re( 3%)) ”
A VAN EREEN “
relz| - (R~ )[€R+Re 2, )+ 25354[@ X+ i 3%)) L
e dal ] e ] .
lm(;nh}s):X1+(R§—Xﬁ)E@Xle(szs))—ZDI%D)gE@ ReRe 4,)) (13)

(Ro+refal,)) +( x+ m(2l,))



TABLE 2
FINAL EQUIVALENT LOssYCIRCUIT VALUES FROMEVEN MODE

Section Parameter Value
TL Length Agd2 m
Resonator  Zy(wo) 1Q
a(wo) 241:10°Nepers/m
B(wo) 67.147 rad/s
Coupling1 R 0.2889
L -0.1696 Hrad
Ry 2.882 Q)
L, 0.1634 Hrad

Fig. 4 and Fig. 5 show the full-wave simulation.e th
measured data and the response from the equiveilenit
obtained using the three different approaches. ¥peded, a
good convergence is not observed when only anrlegall
is used to obtain the input impedance of the madwler
study. On the other hand, excellent agreement leetvibe
full-wave simulation, the response from the equanélicircuit,
and the measured data is obtained both in magnéndein
phase when the other two approaches are used éwely
mode and full even-odd mode).
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Fig. 4. Equivalent circuit, simulated and measuR¥d responses
in magnitude
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Fig. 5.  Equivalent circuit, simulated and measuR#e responses

in phase

A study on how the second frequency point affed th
accuracy of the results has been carried out ferstcond
approach (only even mode) and it is summarizedahld 3.
Good results are obtained wheyffy £ 50 MHz (K/fo =1 %
.0111).

TABLE 3
EXTRACTED PARAMETERS FROMSIMULATION , MEASUREMENT AND
EQUIVALENT CIRCUIT FORDIFFERENT Fg

Data from 10 BW IL GD
(GHz) (MHz) (dB) (ns)
Simulation 44896 103.2 -2.649 3.437
Mesaurement 4.485 103.75 -2.649 3.493
EC (k=fo+ 150 MHz) 4.4904 117.6 -2.655 3.051
EC (k=fo+50MHz) 4.4898 108.6 -2.647 3.287
EC (k=fo+ 10 MHz) 4.4898 104.4 -2.643 3.395
EC (k=fo + 2 MHZ) 44898 103.8 -2.643 3.418
EC (k=fo- 2 MHz) 44898 103.2 -2.642 3.430
EC (5=fo - 10 MHz) 44898 102.6 -2.642 3.453
EC (5=fo - 50 MHz) 4.4898 99 -2.637 3.574
EC (k=fo- 150 MHz) 4.4898 89.4 -2.625 3.924

VIl. CONCLUSION

A technique to derive the equivalent circuit of @sdy
external coupling has been presented. A first defjiler has
been designed and manufactured. Excellent agreersent
reported between the simulated full-wave respoitselerived
equivalent circuit response and the measured dake
technique was found robust for a wide range of séco
frequency points §. The theory is currently being used to
optimize the shape of external couplings in orderdduce
losses in waveguide filters.
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