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Stopband Performance Improvement of Rectangular
Waveguide Filters Using Stepped-Impedance
Resonators

Marco Morelli, lan Hunter, Richard Parry, and Vasil Postoyalko

Abstract—Rectangular waveguide stepped-impedance res- A number of approaches have been proposed in order to re-
onators (SIRs) are analyzed and employed in the design of an duce such spurious transmissions in microwave filters. As far as
X-band filter with center frequency fo = 10 GHz and aband- (o ctangular waveguidE-plane filters are concerned, improved

width of 100 MHz. An attenuation of 80 dB is held up to 23.1 GHz . . ; . .
and, compared to standard uniform-impedance-resonator filters, stopband attenuation can be achieved by employing either wider

a reduction in length of 55% is achieved at the expense of an OF narrower resonators (or thicker inserts), depending on the
increased insertion loss from 0.6 to 1.5 dB. The second resonanceposition of the passband within the fundamerifédt;, mode
of the fundamental TE,, mode can be controlled by adjusting range [1]. Alternatively, ridged waveguide resonators can be
the length and impedance ratio of each resonator. A design gn6yed [2]. However, these approaches can provide sufficient
procedure that takes into account step discontinuities is described . . .
and applied to the design of a number of SIR filters. Finally, the attenuation only gp to frequencies ar.oun'd 1.4 times the center
presented theory is Supported with experimentaj results. frequency Of the f|lter. The use Of mu|tlp|e inserts [3] can eXtend
the spurious-free frequency range up to half an octave (i.e., 1.5
times the center frequency), but it also leads to a higher degree
of complexity.

Better stopband performance (attenuation ug.®f,) can

. INTRODUCTION be achieved by using inductive irises and resonators having dif-

HE demand for microwave filters having better and pettdgrent transversal dimensions [4], [5], so that they all resonate
T performances and low production costs is ever increasiﬁbthe same fundamental frequency (the center frequency of the
in the fast-growing wireless communication markets. TH&Ler), but at different harmonic frequencies. .
development of new solutions is dictated by the need for The use of stepped-impedance resonators (SIRs) [6] is based
more stringent requirements on both in-band and out-of-baf@ the same principle and improved stopband performances
performances: low loss, high selectivity, high rejection, widef parallel coupled stri_pline filters [7] and comb-line filters
spurious-free frequency ranges, and so forth. In particular, whl[10] have been achieved.
out-of-band rejections are concerned, distributed microwaveln this paper, the resonant properties of SIRs are exploited
filters usually present unwanted spurious transmissions whddghe design of rectangular waveguide filters with improved
level might be unsatisfactory in some instances. In order stppband performance. An accurate design procedure is outlined
recover the required level of rejection, a low-pass filter iand a number of theoretical and experimental results are given.

usually employed, leading to higher cost and complexity in the
manufacture of microwave filters. II. RESONANT PROPERTIES OFSIRS

Unlike lumped-element bandpass filters where all resonanta| resonant frequencies of a uniform-impedance resonator
structures resonate at only one frequency, distributed bandp@siR)are determined by the length of the resonator itself, which
filters have resonant structures that exhibit not one, buta “UmlP@[Sresents the only degree of freedom of the structure. In other
of resonances. The reasons for this are as follows: words, the fundamental resonant frequerfigys controlled by

+ the fundamental mode of propagation of the guiding struthe length of the resonator, but also all the higher resonant fre-
ture used to build the filter resonates when the electricaliencies are fixed. If more degrees of freedom are added, then
length of a resonator satisfies a certain resonance congiere resonant frequencies can be controlled.
tion; due to the periodic nature of distributed elements, this In this paper, the interest will be focused on the ability to
condition yields more than one solution; control the second resonance; hence, only one extra degree of

+ as well as the fundamental mode, higher order modes #@reedom is required. For this purpose, the symmetrical SIR
present and they show the same kind of unwanted resrown in Fig. 1 will be analyzed. The physical lengtf each

Index Terms—Rectangular waveguides, stepped-impedance res-
onators, stopband improvement of filters, waveguide filters.

nances. section and the ratio between the two impedances
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Fig. 2. Rectangular waveguide-plane SIR £2/Z; = b’ /b). /1o

Fig. 3. Fundgmental resonant electrical length for a TEM resongtoe(0)
As far as rectangular waveguide resonators are concerngi,a waveguide resonatgif f. = 1.25; 1.50; 1.75).

changes of impedance can be realizedrplane orH-plane
steps. For ar{-plane SIR, 'Ehe cutoff frequenmes of the innéfrne electrical lengthg, and, are related by
section and the outer sections are different. In order to keep
the fundamental mode in propagation in each section while pre-

i i i _ _ B(f1)
venting the higher order modes from propagating at the center 91 = B(f)l = 9o 9)
frequency of the filter, the ratio between the two broad dimen- B(fo)

sions is limited. As a consequence, the impedance ratio (1)\A}ﬁeref0 and f, are the fundamental and second resonant fre-

al_so restnct_ed to a limited range. Inde_ed, forﬁrplan_e SIR, uencies, respectively. Therefore, by substituting (9) into (8), it

this constraint does not hold and a wider range of impeda
. ; . . ollows that

ratios is achievable. Hence, the interest will be focused on an

E-plane SIR, which is shown in Fig. 2.
p which i wn in Fig o = 1 Z(ﬁ) (10)
A. Ideal SIR B
The effects of higher order modes excited at each impedange]
step will be neglected in this section. Under this condition, the
expression for the input impedance of the resonator is
Z" + jZ; tan 9 K=+v1+tan®¥9s—1= |1+ tan? L@ — 1.
R B(f1)
Zin =20 g T a0 ) L+ 5003
(11)
where For waveguide resonators, the rafiof1)//3(fo) can be written
Z' + jZytand as
7' =2, — 3
2Z2 + jZ’' tan 3)
Z' =jZ; tan 9. 4 3 2 _ f2
1 ( ) /(fl) _ 1 c (12)

¥ = pl is the electrical length of each section afids the
propagation constant of the fundamental mode.

Itis easy to prove that the resonator shows a series resonagf@ref. is the cutoff frequency of the fundamentzi;, mode.

(Zin = 0) when? and K satisfy the relation By substituting (12) into (10) and (11), direct expressions for
5 ¥ and K in terms of fy, f1, andf, are found.
K=vilttan®d -1 ®) The broad dimension of a waveguide resonator is usually

chosen so thaf, lies betweenl.25f. and1.75f.. The plots
shown in Figs. 3 and 4 illustrate the behaviordgfand K as

9 = :I:arctan( K(K + 2)) - n=012 ... functio_ns of the ratiaf / f, for (_jifferent values_ offo/f.. The
©6) behavior for a TEM resonator is recovered wjth= 0.

By imposing the condition? > 0, it follows that the funda- Conversely, given the physical Ieng’tlanq the ratlaf{, the
mental resonance is obtained when resonant frequencief and fi; can be easily determined by
means of (7)—(9). Notice that (12) can be inverted to give a

9 = 9o = arctan ( K(K + 2)) (7) useful expression for the ratif) / fo as follows:

2
+ <%) . (23)

or

while the second resonance appears when

SOIEE)
19:191:7r—arctan( K(K+2)):7r—190. ®) fo o fo
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Zin

and
=2 g (TEM resonators (19)
1 .
T =27 g ﬁ (waveguide resonators (20)
1— (<=

fo

Also, (13) becomes

ANINEAY fe\?
4[1 (7)) |+(%) =(f) - @
From the plots shown, it follows that a valuefgf> 1 will result
in a lower second resonant frequengycompared to a standard
UIR [i.e., aratiof;/ fo smaller than (21)]. Vice versa, a wider
separation between the fundamental and the second resonances
will be achieved with a valuédl < 1; in this case, the length
of the resonator will reduce, but the reactance slope parameter

x will decrease, leading to a smallérfactor and an increased
insertion loss.

fu_
fo

B. Practical SIR
The expressions for the resonance condition and the reactance

The reactance slope parameter [11] of the ideal SIR can be &iPe parameter derived above are not rigorously valid, because
culated by differentiating the expression for the input impedanE&the inevitable presence of higher order modes excited at each

to give
1 dd
=Z11+—— — 14
=z (g )by @9
which for TEM resonators reduces to
z=7Z |1+ 1 Y (15)
— 41 1+K 0
while for waveguide resonators it becomes
1 9o
=Zi(1 16
o= (14 ) (16)

5-
_ (L

- (%)

The behavior of the reactance slope parametas a function

of K for different values off./ fo is illustrated in Fig. 5.

It is worth noting that, ifK' = 1, then the expressions for a

UIR of total length3+ are recovered, nhamely,

39 = 3arctan (\/3) =7

39, =3 [7r — arctan (\/5)} =27 (18)

impedance step.

For frequencies such that all higher order modes are below
cutoff, their effects can be modeled by shunt susceptances as
shown in Fig. 6 In this case, the resonant condititn = 0
gives

V1+tan?d —1

K= —
1 - Btan?

(22)
or

0,1,2,... (23)

D+ FE
¥ = arctan 7 + nw, n

whereB is the susceptance associated with each step normal-
izedtoY; = 1/Z; andD, E, andF are given by

D =BK(K +1) (24)
E=\/K[K(B*+1)+2] (25)
F=(BK+1)(BK-1). (26)

Again, by imposing the conditiofi > 0, it can be proved that
the fundamental resonance is given by

Dog—FE
9 = 99 = arctan <u> 27)
Iy
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Fig. 7. Normalized susceptance of a waveguitiglane step {/ f. = 1.25;
1.75; 2.25; 2.75; 3.25).

and the second resonance is obtained when

Di+FE p—
arctan <%) , if BK > 1
1
P=9 =
arctan <¥) + 7, if BK < 1.
1

(28)

Note thatB is a function of the ratidk’ and also varies with
frequency, as shown in Fig. 7 for a waveguiHeplane step.

Therefore, the coefficient®, F, and I’ are also frequency-
dependent. As a consequence, direct expressions provialit
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K as functions offy and f; do not exist. In a later section, an

iterative algorithm suitable for numerical implementation wilFig. 9.

be presented; however, the unknown paramétansl X” can be
derived by a graphical method as follows.
Once the values for the susceptarf@éeas a function ofK'

and f/ f. are available (as in Fig. 7), it is possible to calculate

Bo(K) (evaluated aff /f. = fo/f.) and¥;(K) (evaluated at

f/f-= f1/f.) by means of (24)—(28). Then, from (12) (which

is still valid), it follows that the ratio
ﬁl(K)fl/fc

K = _rofee 29
g( )fO/fc:fl/fc ﬁO(K)fo/fc ( )
must assume the known value
G= (30)
Now the equation
I E) josse piss. =G (31)

can be solved graphically to provide the required valies

Reactance slope parameter for a waveguide SIR.

Again, for TEM resonators, the above expression reduces to

1 1
r=4 |1+ =—-——F———1]9 (33)
' < K Kx/1+tan2190> ’
and for waveguide resonators it is
Po

(34)

1 1
z=Z1|14+—=— 3
K K\/1+tan2290 1— (%)
0

which is plotted in Fig. 9. Once again, when a bigdey fo

is required, (12) and the plot in Fig. 8 indicate that a value of

K < lisrequired, while forasmallef; / fo avalue ofK > 1is
needed. In both cases, the reactance slope parameter is reduced.
Also, the length of the resonator is reduced or increasé&d

lor K > 1, respectively.

[ll. DESIGN
The stopband performance of microwave filters can be im-

shownin Fig. 8. Thenj, can be determined by (27), from whichproved by employing SIRS because of the ability to control spu-

I =90/B(fo)-

rious resonances. All resonators must of course have the funda-

When the reactance slope parameter is considered, it camiigtal resonance at the center frequeficpf the filter; how-

proved that

1 dy
$=Z1<1+—— f

P

K

1
K+/1+tan?d, )

if dB/df is assumed to be negligible.

1This data has been extrapolated from [12].

ever, they can be designed to have different second resonant fre-
quenciesf ", £® (") ' where the su i ig-

DO AU S perscrit) desig
nates theth resonator. In this way, the second passband arising
aroundf; will2 be spread over the frequency range between the

minimum and the maximum ({tfl(z)} approximately; the bigger

2Frequencyf} is the second resonant frequency of a UIR with the funda-
mental resonance #t; the ratiof, / f0 is given by (21).
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Fig. 10. Calculated stopband performance of UIR versus SIR filters. Fig. 11. Predicted (solid) and measurejltfansmission of the single-section
UIR filter.

this range, the lower the level of the resonances and the better . o
the stopband performance of the filter. new value ofi’, the susceptanceés andB; and the coefficients

Alternatively, it is possible to design the filter by using res? £, andi” are evaluated again together wittt’ andy) and
onators with the same second resonant frequgicprovided the c_ycle is repeated untib(®) — 9| < e. Eventuallydy and
that this frequency is chosen far away from any frequency ranfieill be set to
where good attenuation is required.

— @)
These two ideas are illustrated in Fig. 10, where the simulated Vo =1 (38)
response of three six-section filterg (= 10 GHz) is shown. gnd
The resonators of filteBIR A were designed to have different
second resonant frequencies equally distributed over the range K- V1+tan?dy — 1 (39)
[f1 — 1.5 GHz, f1 + 1.5 GHz]; while the common second reso- 1— Botandy

nant frequency of the resonators of filter SIRwas chosen to The reactance slope parameteis given by (34). It can be

be‘llfﬁeJrfi:ISteGrgz.hown in the next sections emplov rectan LIIgrroved that ifAK is chosen to be sufficiently small, then the
. ns employ rectang onvergence of the algorithm is guaranteed.
waveguide SIRs coupled by symmetric inductive irises. The
electrical design was based on a Chebychev response with a
. IV. RESULTS

maximum return loss of 25 dB.
A. Single-Section SIR Filters

A single-section UIR filter was designed with the funda-
An iterative algorithm was developed to obtain the values f@fiental resonance & = 10 GHz and a bandwidth of 1 MHz.
Yo and K in the presence of step discontinuities. Givgrand In order to validate the design procedure and also evaluate
J1, the initial values for), and K are determined by means ofthe impact on the factor, the algorithm described above
(10) and (11), which hold for the ideal case. Then the suscepas used to design two single-section SIR filters with the

A. Resonator

tanceB is evaluated at both frequencigsand f, same fundamental resonance and bandwidth and the second
H _ = b __ =
By = B(K, fo) B, = B(K, f,) (35) ;zggiggrliquenuesﬁ; 13.15 GHz andf; = 21.65 GHz,
and the coefficient®,, Ey, Fy, D1, E;, andI; are determined  The algorithm provides the valué§, = 1.50,4, = 1.12and
by means of (24)—(26). K, = 0.32, 9, = 0.64. Notice that, for the UIR filter, (10) gives
Then, based on (27), (28), and (9), two intermediate valués= 7/3 = 1.05; therefore, the relative lengths of the SIR filters
9@ and¥® are calculated as compared to the UIR filter aré, /9 = 107% andd, /9 = 61%,
Do — Eo respectively. The simulated and measured responses of the three
#*) = arctan <T> (36) filters are shown in Figs. 11-13. The measurements forhe

facto® and the insertion loss at resonance are summarized in
and Table I. Notice that the wider stopband and the reduced length

D, + E; — of filter b are obtained at the expense of an increased insertion
—1> , TBK>1 loss by a factor 2.

D+ F
I

arctan <
9®) — B(fo) y

B(f1)

arctan < ) + 7, if BiK < 1. B. Six-Section SIR Filters
(37) A number of six-section filters with center frequenfy =
If 9(=) andy® differ by an amount greater than a predeterminel) GHz and a bandwidth of 100 MHz were designed and re-

b .. . .
If ﬁ(a)_ < _19( )* Kis 'ncreas_ed by a predeterm'ne_d qu?‘nt'ty 3The predictedy factor [13] of a WR75 copper resonator is approximately
AK; whilst if 9@ > 9®) | K is decreased bA K. With this 7520 at 10 GHz, which means a practical value of about 5300.
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Fig. 15. Predicted (solid) and measurejltfansmission of SIR filter.
Fig. 13. Predicted (solid) and measuredlttansmission of single-section SIR

filter b. 0
TABLE | 20
CALCULATED ) FACTOR AND MEASURED INSERTIONLOSS 40
Flter | @ | 1L g &
UIR | 5370 | -0.84 dB b
SIR a | 5840 | -0.74 dB © 80
SIRb | 2330 | -1.75 dB 4100
-120
chosen so that the second resonance of the fundamental mo 05 115 135 155 {75 195 215 o35 255
for the UIR filter occurred within the fundamental mode range ' | | ‘ ' ) ' ' '
(7.869-15.737 GHz) at approximately Frequency [GHz]
fl — 4fg _ 3f2 — 14.65 GHz (40) Fig. 16. Predicted (solid) and measuredlttansmission of SIR filteB.
A/ E . :

The simulation and the measurement of the UIR filter transmigequency of the filter. In this case, an attenuation of 50 dB was
sion are shown in Fig. 14. The measured insertion loss at thevided up to 18.2 GHz, that is, up 182 f,; moreover, 45 dB
mid-band frequency was 0.6 dB. Notice that an attenuation &f attenuation was maintained up to 21.5 GHz, which is a fre-
50 dB was held up to 14.2 GHz, that is, Up].t@2f0. guency range more than one octave wide.

The first SIR filter (filter A) was designed with three res-  The second SIR filter (filteB) was designed with all six res-
onators having the second resonant frequency at onators having the re-resonance pushed beyond the cutoff fre-

fl(l) _ 1(2) _ fl(g) — /% = 13.1GHz (41) guency of theI'E3o mode, i.e., at
and three resonators with F9 = f +9GHz=2365GHz,  i=1,2 ...6. (43)
f(4) _ f(s) _ f(e) _ fb — 16.2 GHz (42) Since symmetric irises were used, thi#&-, mode was not
1 —J1 —=J1 —J1 =419 .

excited and a very good attenuation of 80 dB was held over
In this way, the three resonant frequencigsf{, and f/ were a wide frequency range up to 23.1 GHz, as shown in Fig. 16.
equally spaced and alsf§ and f? were symmetrically placed Surprisingly, even when thd'E,, mode was deliberately
aroundf;. The simulation and the measurement are shown éxcited, the response remained virtually unchanged, as shown
Fig. 15. An insertion loss of 0.7 dB was measured at the centerFig. 17, where the transmission of this filter is compared
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Fig. 17. Measured transmission of SIR filtBr(e) and UIR filter (solid) with
displaced flanges.

TABLE I
PHYSICAL DIMENSIONS OFSIR RLTER B
d [mm] | I [mm] [ 2 [mm] [ 1§ [mm] | 52 [mm]
1 7.66 2.89 4.35 4.10 2.38
2 3.58 4.10 4.35 4.17 2.38
3 3.12 4.17 4.35 4.18 2.38
4 3.05 4.18 4.35 4.17 2.38
5 3.12 4.17 4.35 4.10 2.38
6 3.58 4.10 4.35 2.89 2.38
7 7.66
0
20
-40
7o)
=2 60
@“ 80
-100
-120

95 115 135 155 175 195 215 235 255

Frequency [GHz]

Fig. 18. UIR versus SIR filters’ measured transmission.
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V. CONCLUSION

The use of SIRs has been extended to the design of rectan-
gular waveguide bandpass filters in this paper. Compared to
standard UIR filters, a better stopband performance is clearly
achieved. Also, a significant reduction in size can be obtained
at the expense of an increased insertion loss. An accurate design
procedure that takes into account the effects of impedance steps
has been presented and used to design and realize a number of
SIR filters. Theoretical and experimental performances of two
of these filters have been compared to standard UIR filter perfor-
mances and the good agreement between theory and experiment
validates the design procedure.

A common way of realizing a UIR filter with inductive irises
is to assemble a main body (with all the cavities and the irises)
and a straight cover. In order to realize an SIR filter, steps are
added to the main body and to the cover. The incremental cost
of realizing an SIR filter is mainly due to the steps of the cover,
as the steps inside the main body do not add any extra features
to be machined out compared to a UIR filter. This cost is sig-
nificantly lower than the cost incurred by making and assem-
bling a low-pass filter to an UIR filter, although the low-pass
filter usually provides attenuation at the third and fourth har-
monic frequencies also. Moreover the presented SIR filter suf-
fers from a reduced power handling capability due to the nar-
rower section of each resonator. However, in those low-power
applications where the use of an SIR filter would meet the stop-
band specification without the need for a low-pass filter while
keeping the insertion loss within the required limit, the SIR filter
indeed represents a cost-effective solution.

In any case, SIRs provide the designer with an extra degree
of freedom to exploit in order to achieve the best compromise
in terms of insertion loss, stopband, size, and cost.
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dimensions of this filter are reported in Table II, where the first

column ) contains the apertures of each coupling ifisand

[3 are the lengths of the outer sections of each resonator, while

[2 and b2 are the length and the height of the inner section
respectively. The heightsl andb3 of the outer sections were
9.53 mm (WR75 narrow dimension). The common width

was 19.05 mm (WR75 broad dimension) and the iris thickne

was 0.50 mm. The measured insertion loss at the mid-band
frequency was 1.5 dB, which is in accordance with the previous[
discussion on thé factor degradation. Also, it should be noted

that the length of the filter was considerably reduced to about

55% of the UIR filter length.

The improved performance of the presented filters is evident

in Fig. 18, where the measured response of the UIR filter
directly compared to the measured responses of SIR fiders
and B.
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