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RE-ENTRANT FILTER
ANALYSIS YIELDING
BROADBAND
AND COMPACT DESIGNS

This article presents a more thorough validation of an analysis methed of a
re-entrant filter and augments the work performed preciously on this type of
ﬁftcr, ! Validation of the mmf_r,rsfs ieas achieved by comparing resilts with the
High Frequency Structure Simulator (HFSS™ ) and measurements of a
prototype unit. The analysis model was improved from previous work! by
including frequency-dependent microstrip-to-slot line coupling effects, slot line
impedancc computations and a better capacitive gap madel. The mmfys-js method
yielded good agreement with measured data and accurate HFSS simulations.

he work presented in this article for the
re-entrant filter is a more thorough vali-

dation of re-entrant filter analvsis re-

v Fig. 1 The re-entrani
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F 3 Fig. 2 The original T-line onalysis circuit model,
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sults with further enhancements to the trans-

mission line (T-line)
model equations. This
novel filter topology
and an analvsis methad
were first liresented in
in 19931 A re-entrant
filter lavout is shown in
Figure 1. The analvsis
cireuit model used
ariginallv! is shown in
Figure 2. The circuit
used in the analvsis is a

planar combination of

microstrip and slot line
transmission lines with
capacitive coupling be-
tween the microstrip
lines. as shown in Fig-
ure 3, This combina-
tion produces a broad-
band. highpass, elliptic/
pseudo-elliptic func-
tion I'I:'_\'pUT]Sf:’ in a com-

pact geometry. The beauty of incorporating
the re-entrant filter geometrv in designs is
that it lends itself nat just to a highpass re-
sponse, but also to lowpass and bandpass re-

Fy Fig. 3 The enhanced Tline circuit,
[Continued on page 22]
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sponses as shown in Figures 4 and 5,
respectively. A lowpass configuration is
achieved by replacing the capacitive
element with an inductive element and
by selecting the proper micrastrip and
slot line Iengihs. The response of the
lowpass configuration using a 5 nH in-
ductance eould be used alternatively as
a-band-stop response. A bandpass re-
sponse also can be achieved by the
proper selection of microstrip and slot
line lengths.

However, the possibilit}' of realiz-
ing a lowpass re-entrant filter appears
limited by at least two factors: the
availability of inductors in the range
of those shown at microwave fre-
guencies, and the short rejection
band seen with both the lowpass and
bandpass responses. As is the case
with distributed element filters, the
attenuation does not increase monot-
onically. By nature, the re-entrant fil-
ter is a highpass filter since the cou-

i

n CIRCLE 129 ON READER SERVICE CARD

pling between the microstrip and the
slot line tends to go to zero as the fre-
quency approaches DC. The selectiv-
ity of the filter response can be varied
by judicious selection of the capaci-
tive gap and the stub lengths.

The circuit function can be de-
scribed simply. When current is ap-
plied to the microstrip an incident
wave flows toward the microstrip-to-
slot line transition. The slot line causes
a current discontinuity on the ground

lane, which causes an electric field to
voupled into the slot line circuit. In
the slot line the signal is divided into
two t]"a\’fling WHVES: A ﬁ‘lrwurd El'nd a
reverse wave moving away from the
junction along the slot line. The re-
verse wave travels along the slot line
shart- or open-circuited stub only to
be reflected back to interact with the
junction once more. The forward-
wave signal propagates down the slot
line toward the second microstrip-to-
slot line transition. This forward signal
forms the re-entrant path, which gives
the geometry its name.

The re-entrant filter analysis is
based on even-fodd-mode analvsisd
and the equations were implemented
into MATHCAD™ The MATHCAD

El—tL=10nH —pL=5oH —L=1aH ]
L e R SO T R

=

A Fig. 4 The re-entrant filter respanae
in a lowpass configuration.
Fig. 5 The re-entrant bandpass
filter response, W
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pacitive gap prLJduce the characteris-
tic elliptic funetion response,

The previous work performed on
the re-entrant filter! had some limita-
tions. For example, in the value of Z,
of the uual}-‘sis circuit the capacitive
gap was simulated as a simple
lumped element in the microstrip
line. This method was used to show
the effects of a capacitive coupled
microstrip line path on the filter re-
sponse. As a result, the original analy-

program used to perfurm the auu.l}.?ais
for the material preﬁenled here is
much more sophisticated than the
program used previously,! and con-
tains frequency-depenrient enhance-
ments that were not included in the
original work. This article explains
these enhancements and why they
are needed. MATHCAD was used to
observe the effects of Z,; values on
the filter transfer function, which are
shown in Figure 6. The stub and ca-
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sis! lacked some subtle effects, which
would become more noticeable at
higher frequencies or at very low fre-
quencies. This original analysis used
the Sr:h?pert model,® which as-
sumes perfect coupling for the micro-
strip-to-slot line junction and pro-
duced good results for most cases.
However, at lower frequencies the
model did not show the coupling
degradation that should occur.

The work described in this article
has attempted to include some of
these effects. In order to abtain high-
er fidelity from the T-line analysis for
a wider spectrum of frequencies, the
enhancements to the analysis involve
a less-than-perfect microstrip-to-slat
line coupling with frequency,67 slot
line impedance and wavelength cal-
culation from physical dimensions,®9
microstrip impedunce and effective
dielectric constant,!® and a mierostrip
gap model 8 Other effects, such as
those of the slot line bends (mitered
or unmitered) and mutual coupling
between the microstrip and slot lines,
would be difficult to simulate. The ef-
fects of imperfect coupling were in-
cluded by adding an n:1 turns ratio
transformer ta the S(_‘hllppﬁﬂa model
in the slot line circuit and slot line
stub sections of the maodel, with the
value of n being frequency depen-
dent. This method is a combination
of the Schuppert and Knarr transi-
tions?3 with Cohn's slot voltage defin-
ition.” The Schuppert 11105&15 is a
special case when the value of n is
equal to 1. Otherwise, the frequency
dependermy of n is introduced
through Equation 2 using Cohn's def-
inition 87 To obtain the coupling val-
ue n, the slot line is assumed to be in

W Fig. 6 The re-entrant filter response.
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A Fig. T A _,fTIMr rESpOnse comparison
between perfect and imperfect coupling,

a eylindrical coordinate system (x, 1,
@) where x is in the direction of pro;lJ-
agation for the slot line. The vari

r is the radial direction that will be
replaced by b, the ground plane spac-

.‘ F:-! S Odd nmi U mod-e vquu.aiem cirewils.

ing. in the analysis. A field is assumed
to exist in the slot line, which can be
represented by a magnetic line cur-
rent source, This magnetic line cur-
rent would have three far-field com-
ponents, two magnetie fields (H, and
H,) and one electric field (Ey). The
E¢ field decavs with distance r and
provides a voltage relationship be-
tween the slot line u)]hlge V) and
the microstrip line voltage {\-’m}_ The
transformer turns ratio n is defined as
V'V, The effects of frequency-de-
pendent {less than perfect) coupling
compared to the n =1 case are shown
in Figure 7. As expected. the cou-
pling between the lines at the higher
frﬂt]ueucies decreases as the fields
become more tightly bound to the
slot line.

The focus of the work presented
here has been directed toward vali-
dating the T-line analysis for the re-
entrant filter. The unal}-‘sis validation
was performed against a prototvpe
circuit and a finite element an.'l]j.fsis
tool (the HFSS). The physical dimen-

sions of the proto-
type unit were
I[]EHS'LITE[J llSng HY
measurement mi-
croscope and are
listed in Table I.

The  analysis
model reactive im-
pedance Z, has been
replaced with a
more elahorate ca-
pacitive gap model
than the original.! The capacitive
network, shown in Figure 8.5 is used
to model the microstrip gap. Most of
the published data for this type of
microstrip flla.(_unrmulh are for }1![:]1
dielectric constants (g, = 8), so slight
adjustments had to be made to the ca-
peacitive values. The capacitive values
tor C, and C, are computed in the
pTDUI‘dm given the phvsical dimen-
sions of the gap.

The closed-form equations used
for caleulating the slot line impe-
dance and wavelength were ohtained
for2<eg =9.6and 8.7 < g, <2058
The results from these equations
were compared to results obtained
using Cohns method.” Cohn used a
fictitious waveguide constructed from
perfect electrical conducting (PEC)
and perfect magnetic conducting
walls. Then, the transverse resonance
method with a transverse electric
(TE) and transverse magnetic (TM)
modal expansion was applied to solve
for both the impedance and the slot
{Continued on page 28]
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A Fig. 8 Cohn's impedance and wavelength

s, frequency.

Fig. 10 HFSS simetation
es. measured daota. W

TECHNICAL FEATURE

line wavelength. The method was im-
plemented into a MATHCAD pro-
gram. which computed slot line im-
pedance and wavelength. The equa-
tions® and the results using Cohn's
approach agreed closely. The slot line
impedance frequency dependence
was as expected from a nonpure
TEM transmission line, as shown in
Figure 9. The cutoff wavelength ef-
teet caused by the fictitiously created
waveguide can be observed. If a dif-
terent set of values is used for the
analysis, this cutoff effect will change.
The analvsis program also was fitted
with equations to compute microstrip
impedance and effective dielectric
constant. The closed-form expres-
sions used for this caleulation were
obtained from Collin. 1

HF S8 was used to analvze the pro-
totype cireuit based on the physical
dimensions resulting from its dielec-
tric constant (€, = 2.3), The HFSS5 re-
sults agreed closely with the meas-
ured data and are shown in Figure
10. The prototype was measured ini-
tially with SMA connectors on bath
microstrip ends using a model HP
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8510C vector network analvzer, and
the data are shown in Figure 11. The
HFSS data show some glitches in the
response. These glitches are an
HFSS-induced artifact due to the
PEC enclosure, which was applied to
truncate the problem space in
HFSS. Although radiation houndary
conditions can be used, the size
of the analysis would become pro-
hibitive,

As shown in Figure 12, the T-line
analysis results also agreed closely
with the measured prototype data.
The T-line analvsis shows that a much
wider response could be expected
from the filter than was observed
from the prototvpe. Therefore, the
SMA connectors were replaced by
much higher frequency K connectors,
As suspected, the cireuit was band
limited by the SMA connectors. A
significant improvement in band-
width was achieved with the K con-
nectors. No attempt was made to
match the connectors properly to the

T

4+ 8 1z 15 20
‘ FREQUENCY (Git)
A Fig. 11 The prototype re-entrant

filter response.

Fig. 12 Tline analysis vs. measured
and HESS data. W
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P L PR .
: —SMA CONNECTORS
Ly — K CONNECTORS

o 20 % % 50
SR - PREQUENCY (GHs)
A Fig. 13 Ameasured data comparison
using SMA and K connectors.
W Fig. 14 Re-entrant filter designatians.

e a0

[

R A e
re-entrant circuit. The measured data
comparison is shown in Figure 13.

THEORETICAL ANALYSIS

The analysis of the prototype cir-
cuit is based on an even-fodd-made
analysis? of the T-line circuit. as
shown in Figure 14. The variables
shown in the circuit are defined as

Z

- microstrip line impedance

Z, = slot line impedance
Z.. = slotline stub impedance
Z, = even-mode impedance of

the microstrip gap

= odd-mode impedance of the
microstrip gap

= even-mode impedance of
the microstrip circuit

= odd-mode impedance of the
microstrip circuit

Y,. = even-made admittance

of the slot line circuit

V., = odd-mode admittance

of the slot line circuit

microstrip line length

{one side only)

o

—
1]

I, = total slot line length
I, = slotline stub length

h = ground plane spacing
A, = microstrip wavelength
L, = slot line wavelength
El)

C, = series capacitive element

Cp = shunt capacitive element

k. = slot line propagation
constant

n = slot line-to-microstrip

coupling V,,/V,

The equivalent circuit for a micro-
strip-to-slot line junction has been
published by several authors 21678
For the purpose of setting up the
ABCD matrix equations to analvze
the re-entrant circuit, the slot line
stub is assumed to be simply a port.
The re-entrant filter port definitions
are shown, In the peneral analvsis. Z,,
is assumed to be a variable impe-
dance that terminates the slot line
port. However, Z,, takes on a value of
0 in the analvsis and the length of the
slot line stub is determined by the de-
sired reject frequency. The even and
odd sources are connected to the twa
microstrip ports (ports 1 and 4) with
the line of symmetry. as shown previ-
ouslv. The ABCD matrix coefficients
used for the T-line analysis and the
equations obtained from the even-
and odd-mode equivalent circuits are
derived using

o (Ml I
ke _J?.n \.-" [h,) 1 i
g %{k,hH‘L"[krh}‘ ()

even mode:
- 1 Ay
Ly= jgmcc'r‘ 5]

Z,.+ Z,tan (Bl

e lE:n PEn— I:-l"'
I Zm + .iz:_-—'wtﬂ“ {E' |1|£|L|]
o 1o (2R =
Y. = Jniz.. t.m[ l\fﬁ] &)
..
C D evex
1 Zywe|[1 O]
o 1 ||x. 1ol
n
cos(Bd) jZsin(BL)|
G

jisiu I:EI_J,S] ros {E‘ ;Ess}

A= n{l ¥ Z,m,wl'_‘,_llr.'os[%—“f“]
1 5 /

Z 2 -
+ =i sin t—?ﬁf 7
nL, |

B, = jan\ 1+Z, ,,,l.'i"l_llsin {%—nl’}

Z z )
+ % cos [%Iﬂ] (8

C,=nY, cos [%_f'r"‘] + _i%“'si.n (En L,]
9

5

Di' = j“"‘;p Zgﬁiﬁ (%fls;) + %ﬁ'DS (E—ff”]

(10
ndd mode:
L= (11)
o j2af] {LF +2C,|
Zoo* iZtan (Bt
L= Zal T
Zm + .]'zjmmn 1ﬂ I1I'{I'||]
' (12)
- i a -
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.
C“ D Onn
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0 1 [y 1]ln 1_"]
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: (14!
jzisin[Bju] c-os([‘!l,!,,)
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I TECHNICAL FEATURE

To obtain the reflection coefficient T,
at port P1 with P2 terminated into
Z,.. the ABCD matrix definition at P1

is used as
A B || V2 ;
c. D»-HH] (19)

At P2, ¥, is defined in terms of the
terminating impedance Z, and the
current I,

W
I

]E\'Eh'

V=7, (20)

Substituting for Va in Equation 19
vields

V)
Iy

The equation for the input impe-
dance at P1 is the ratio of Vy over 1.

Z;fi] (21}
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Thus, from Equation 21,

V| o Aot B,
I,L.-CZ.+D.

From this input impedaute and the

Zin, = (22)

" characteristic impedance (Zg). the re-

flection coefficient is given by

_Zin,— Z, -
I.= Zin + Z, (23)

Replacing Lo with the characteristic
impedance for microstrip Z, and
substituting the ABCD matrix coeffi-
cients from the previous equation,
the equation T, then becomes

- Atz.-- — -Dt-lzm + Bl‘ - Cr‘z-xzm
*TAZ.+DZ,+B.-CLZ,
(24)

r

For the odd-mode case. the equation
for T, is derived similarly as

_AZ -DZ+B-CZZ,
" 3Z +DZ +B.-CZZ,

(25)

T,

To obtain the signal flow from port 1
ta port 4, the odd-/even-mode coeffi-
vients are combined to obtain the sig-
nal at P4 as designated by Wheeler!
The equation for the signal at port 4
relative to an input at port 1 is herein
defined as the transmission coeffi-
vient 541 for the overall circuit and is
given by

Sa1=5(T-Tu) (28)

RESULTS

The results of this analvsis are
r_'ompured to the measurements made
on the prototvpe unit and the HFSS
results, The prutut_\-]:rES ph_\'siuai di-
mensions were used in the HFSS and
the T-line analvsis. These values are
in good agreement with each other.
which further demonstrates the valid-
itv of the analvsis. Furthermore, the
results are in good agreement with
the measured data. Neither the
HFSS simulation nor the T-line
analysis model included conductor
losses although these certainly could
be included with minimal work. The
results of the T-line analysis and the
HFS5 solution also were compared
and agree closelv.

[ Continred an page 34
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B TECHNICAL FEATURE

CONCLUSION

This article shows that relatively
accurate results may he obtained for
predicting the re-entrant filter re-
sponse using a simp]e analvsis
method. This analysis method also
can be used for designing multi-oc-
tave filters with a cnmpuct geometry.
The analysis method has been shown
to vield comparable results to those
of a finite element model solution
with a significant reduction in com-

putational time. Although the results
for the analvsis show good agree-
ment, additional refinements of the
maodel would further improve the ac-
curacy. Slight differences exist be-
tween the physical data and the T-
line data due to the effects unac-
counted for in the T-line model.
These tvpes of effects were noted by
other authors nriginu“}é-s" and were
accounted for by lengthening or
shartening the microstrip and slot
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This Environmen

v, Ma 01915
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line cireuits. The improvements in-
clude the effects mentioned previ-
ously such as slot line bends imitered
or unmitered) for slot lines and para-
sitic coupling between the microstrip
and the slot line, However, obtaining
closed-form solutions for these ef-
fects is not a trivial task,

ACKNOWLEDGMENT

HFSS is a product of Hewlett-
Packard Co.. Westlake Village. CA
and Ansoft Corp.. Pittsburgh, PA. B

References
1. MM Radmanesh wd B Amoll, “Re-en-
trant Filter Desigm Uses Microstrip-to-slot-
line Transitions.” Miermeaves &= RF,
March 1995, pp. 143151,
. MM Radwanesh and B, Amolid, “Cener
alized Micrestrip Slot Line Transitions:
Theorv and Simulation vi, Experiment,”
Micrengave Joursal, Vol. 36, No. 6. June
1993, pp. K05,
3. MM, Radmanesh und B. Amold. “Micm-
strip Slot Line Transitions: Simulution vs.
Experiment.” 1EEE MTT-5 Intemational
Microwave Svimposinm, EEsef Users
Corneepy Digest, June 1992,
4. J. Reed and G, Wheeler. “A Methad of
Analvsis of Svmmetric Four-port Net.
works,” TRE Transactions o Mieroicare
Theory and Techntgues, Vol MTT-. Octo
beer 1436, pp. FAE-252.
- B. Sclmppert. "Microstrp Slot Line Tran-
sitions: Modeling and rimental [nves.
tigation,” JEEE Transactions Microwace
Theory Teehmigres, Vol MTT-36, August
1984, pp. 1272-1282,
fi. K. Gupta. R Garg aned L] Balil, Micros-
strig Lines and §lot Lines, Artech House
Fie.. Moo, MaA. 1979,
_ 5.8, Cohn, “Slot Line om o Dieleetric Suls-
stratee.” TEEE Traonsactions Micrmeave
Theory Teclmiges, Vol MTT-17. October
1964, pp. TR=TTE,
- B Janaswami and 1. Schunleet. “Slot Line
on Low Permittivity Substrates.” J[EEE
Transactions Microwave Theary Teeh-
nigues, Vol. MTT-34. August 1986,
PP HN-502
9, [. Knorr, “Slot Line Transitions,” JEEE
Transactions Microware Theery Tech-
nignes, Vol MTT-2Z, May 1874,
pp. 345554

10, R.E. Collin, Foundations far Microwae
Engineering., Second Edition, MeGraw
Hill Ine.., 1992,

=]

wn

o

MICROWAYVE JOURNAL = JULY 1997




