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A Unified Approach to the Design, Measurement,
and Tuning of Coupled-Resonator Filters

John B. Ness

Abstract—The concept of coupling coefficients has been a here to include directly setting the coupling values as well
very useful one in the design of small-to-moderate bandwidth as the resonant frequency and “real time” adjustment for
microwave filters. It is shown in this paper that the group delay the effects of frequency pulling of the resonant frequency.

of the input reflection coefficients of sequentially tuned resonators Setting th i | . f the simpl lati hi
contains all the information necessary to design and tune filters, etng the coupling values arises irom the simpie refationship

and that the group-delay value at the center frequency of the filter Petween the coupling and group delay of the reflected signal.
can be written quite simply in terms of the low-pass prototype The relevant equations are derived in this paper and confirmed

values, theL.C elements of a bandpass structure, and the coupling by measured results on filters and by comparison with other
coefficients of the inverter coupled filter. This provides an easy techniques

method to measure the key elements of a filter, which is confirmed
by results presented in this paper. It is also suggested that
since the group delay of the reflection coefficient (i.e., the time Il. THEORY
takgn for energy to get in and out of the coupled.resonators)l IS The standard approach to filter design using low-pass
easily measured, it is a useful conceptual alternative to coupling - . . .
concepts. bandpass— inverter coupled resonators is shown in Fig. 1.
The nomenclature used follows convention. The coupling be-
tween the connecting lines and the input and output resonators,
referred to as the extern@l or g, and the coupling between
I. INTRODUCTION resonatorsk;; are readily specified.in terms of the prototype
HE DESIGN of microwave filters is based on’ values and the relative bandwidth. Once these coupling
) . . values are set and the resonators all tuned to the center
well-established  techniques  with  perhaps th][e . : .
. requency, the inverter coupled filter will have the frequency
lowpass—bandpass—inverter coupled-resonator process bein .
: response predicted by the transformed low-pass prototype
the most common design method [1]. For small-to-moderate. " L .
. . within the accuracy limits of the frequency transformation and
bandwidth filters, the concept of coupled resonators to reah&}e . ; .
representation of the physical circuit by lumped elements.

. . e
a particular response has a sound mathematical and practic . .
P P P g and k;; can be determined from the reflected signal
as successive resonators are tuned to resonance. These

basis. Once the resonant cavities have been selected, onl

the coupling values need to be set to generate the filtelt oo :

response. By employing cross couplings between nonadjac%%%ameters are related by quite simple equations to the phase-
: and group-delay response §f;. The group delay of5;; is

Index Terms—Coupling, filters, group delay, resonators.

resonators, linear phase and generalized Chebyshev responses
. .pe ined as
can be obtained. Thus, synchronously tuned resonator caviti€s
which are coupled appropriately can realize most of the 8¢
filter characteristics required even for very demanding Pa(w) = -5~ @)
specifications.

The calculation of coupling values can be obtained from thghere » = phase of$;; (rad) andw = angular frequency

literature for a considerable range of microwave resonatorsfor the bandpass circuit of Fig. 1, the group delaySef
and numerical techniques using commercial software are n@wh be calculated directly from the equivalent circuit or from
available which can be applied to three-dimensional structur@se low-pass prototype. The calculation from the low-pass
Even so, due to the large variety of resonators and couplipgbtotype enables the group delay to be expressed directly
configurations, as well as the approximations often appliggl terms of the normalized values and the bandwidth of the
to simplify analysis, it is still often necessary to empiricalllpandpass filter. In this case,
determine coupling values. There are several methods for
determining coupling values, but the reflection technique is ¢ At
particularly useful foin situ filter measurements. Furthermore, Pa(w) = T30l dw (2)
with the measuring capability of vector network analyzers,
filter tuning can now be done in a precise convergent way. Tigere ¢ = phase ofS;; (rad) for the low-pass prototype and
alternating short-circuit technique of Dishal [2] is modified,! = angular frequency of low-pass prototype.

For the standard low-pass to bandpass transformation
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Fig. 1. Circuit elements for (a) low-pass, (b) bandpass, and (c) inverter coupled-filter structures.

O
~
(9]

wherewy = center frequency of bandpass filter, = lower and, for the lossless case whefgy is purely imaginary and
frequency edge of bandpass filter, angd= upper frequency 7, is real, then

edge of bandpass filtewg,w;,ws can be defined somewhat J XN — Zo
differently depending on the type of filter response. For most S = m
microwave filters, the Chebyshev response definitions areTherefore
generally applicable. In this casgy = (w; w»)/? andw, = 1 ’
(the low-pass cutoff frequencydy andw, are defined as the ¢ = —tan~? Xin(w) _tan~! Xin(w)
lower and upper extremities of the in-band equiripple response. Zo Zo
The group delay of5;; for the bandpass circuit and for the — _9tan~! Xin(w) 5)
inverter coupled circuit is then given by Z
. 2w’ +wi) 8 —1 Xv(wh)
Ty(w) ___wo <i 4 ﬂ) 8¢ S Ta(w) = 2 — 1) Bl tan 7y (6)
(wo —wy) \wp w2/ 6wl ) ! . . .
5 5 Consider the first single element of Fig. 1, which in this case
___wtuw ﬁ (4) is the shunt capacitgy of the normalized low-pass prototype,
wwy —wp) bw! shown in (7), at the bottom of the page. (The remaining
Now elements are disconnected fragm) At the center frequency,
W = W
. ZIN — Zo . _ 49091
S = Zi + Zo 2 Lay(wo) = (w2 — )’ (8)
Xin=- 11
w g1
Zo = go
-1 IN(WI) -1 1
ta Zo tan wtgigo
% tan~! <_ 1 ) _ gogi
bwt wlg1g0 L+ (gogrwt)?
- Tylw) = 2((")2 +w3) o1

C wHwy —wi) 1+ (gogrwt)?

2 2
_ 2(w? + w5 )gog1 @

wH (w2 — wy) <1 + (9091)? <w;f)w1 <wi0 - %>>2>
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Fig. 2. Group-delay values afy in terms of (a) low-pass prototype, (b) bandpass, and (c) inverter coupled-filter elements.

Exactly the same result can be obtained by considering theA summary of the relevant equations is given in Fig. 2
input impedance of the single bandpass resonator (with fdt up to six resonators. The extension to higher numbers of
other resonators disconnected). Alternatively, the impedanesonators is obvious.
and frequency scaled values for the input resonator can bd=ig. 3 shows the frequency responsd’gfaround the center

inserted in (7) to give

frequencywy and also illustrates the frequency values for the
0° and 180 phase crossings as each successive resonator is

Ly (wo) = 4C1 2o (9) tuned to resonance. The coupling values between resonators
can be calculated from the frequency values at thar@ 180
and, in terms of the inverter coupled circuit, crossings of the phase 6§+, as shown by MacDonald [3] and
40 Atia and Williams [4]. A reflection-phase tuning method based
[y, (wo) = w—E (10) on Dishal’s alternating short approach has been reported in
0

Now, consider two elements with the second elemgn

the literature [5], but this is rather slow and tedious to apply.
¢ A computer-controlled measurement of coupling parameters

shorted to ground. In terms of the low-pass, bandpass, andsing the frequency-cr_ossing method which allows interactive
verter coupled circuit, the group delay $f; can be calculated M&asurement and tuning has also been developed [6].

at the center frequency, as

It is interesting to note that aby the group delay ofSi;
is determined only by the shunt elements for an odd number

I, (wo) 499 (11) of resonators and by the series elements for an even number
d2\0 go(wa — w1) of resonators. The reverse would apply if the dual circuit had
4L, been used. Making a filter to generate a particular response is,
Ly, (wo) = Zo (12) jn principle, simply done by setting the group delay.gtto
16 the values determined from the low-pass prototype equation
La, (wo) Im (13)  of Fig. 2 and maintaining a symmetrical response as each

resonator is successively coupled into the circuit.

where k1, is the coupling coefficient between resonators 1 The equations given in Fig. 3 can also be used to measure

and 2.

the coupling values in the filter structure. In general, the zero-

This process can be repeated as each element or resomepgsing technique should give the more accurate measurement
circuit is added into the network. Note that if the dual circuigince it is the frequency only being measured. The capability
is used (i.e.g; is a series inductor), the same equations appdf vector analyzers to measure the group delayafand the
except thatCZ, is replaced byL/Z, and vice versa in the precision of the measurement enable filters to be measured and
bandpass structure. Note that for the bandpass filter, the gréuped precisely and noniteratively to realize any filter functions
delay determines the value of the odd-numbered capacitors awvfdch can be derived from the low-pass prototypes shown.
the even-numbered inductors. The other values are determined@he alternating short tuning technique of Dishal has been
directly from the resonance conditiorf L;C; = 1. a standard tuning technique, but it provides no information
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Fig. 3. Coupling values in terms of group-delay and frequency-crossing parameters.
TABLE |
NORMALIZED GRoOUP-DELAY VALUES FOR 0.01-dB RepLE CHEBYCHEV FILTERS
(ns x n
MHz) 3 4 5 6 7 8
Ta 400.5 453.8 481.5 497.4 507.3 513.9
Ta 617.5 764.1 830.7 865.8 886.4 899.5
Tus 1294.9 1485.6 1573 1620.2 1648.6
Tu 1661.5 1843 1926.1 1971.2
Tas 2526 2773.1 2828.2
Tas 2812.5 3002
Tuw 3818.4

about the coupling values and does not allow for the detunioglculated values, the filter will then generate the required
of the previous resonator as the next resonator is tuned@bebyshev response. Note that the group-delay values are
resonance. Consequently, iterative tuning is typically requirgddependent of the center frequency.

and where the inter-resonator couplings have to be adjusted

to realize a very precise response or compensate for design 1. M EASUREMENT

or manufacturing tolerances, the number of iterations canTo illustrate the application of the above equations, a typical
be quite high. By setting the group-delay valueswgtand filter design will be considered. The procedure is applicable to
keeping the group-delay response symmetrical abguBs any general filter structure provided that the actual resonators
each resonator is successively tuned, both of these drawbaakd coupling networks are accurately modeled Gynetworks
are removed. over the frequency range of interest.

Table | tabulates normalized group-delay values for a A conventional Chebyshev filter was required with the
0.01-dB Chebyshev filter from three to eight sections. Twllowing characteristics:

realize a 0.01-dB ripple Chebyshev filter of bandwidtlf (in center frequency 2.3 GHz;
megahertz), the normalized group-delay values are divided byipple 0.01 dB;
Af (in megahertz). As each resonator is tuned to the centerquiripple bandwidth 26.9 MHz;

frequency and the group delay 8f; successively set to the number of resonators 6.
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TABLE I
DESIGN VALUES FOR STANDARD CHEBYSHEV FILTER
Resonator Qr Iy Measured Coupling
or (ns) (Frequency
ki Crossings)
1 66.8 18.5
1, 2 .01135 32.2 .00112
1, 2, 3 .00771 58.5 .00772
1, 2, 3, 4 .00726 68.5 .00724
1, 2, 3, 4, 5 .00771 93.9 .00775
i, 2, 3, 4, 5, 6 .01135
6 6.8
TABLE I

PREDICTED AND MEASURED RESULTS FOR FILTER

Predicted Measured

Minimum Return Loss 26.3 dB 26 dB
Equi Ripple Bandwidth 26.9 26.9* MHz
Transmission Group Delay at 44.6 44.7 ns
2.3 GHz

Insertion Loss at 2.3 GHz 2 dB 1.9 dB

*In the presence of loss, the equiripple bandwidth is not clearly defined. The bandwidth was
determined from the group-delay response rather than the amplitude respafise of

Using the normalized; values or the normalized group- about the center frequency (2.3 GHz) and with the
delay values of Table I, the required group-delay values can specified value (32.2 ns). To maintain symmetry, it may
be calculated. These are listed below in Table Il along with  be necessary to readjust resonator 1 if the coupling is
the coupling values. sufficiently strong to “detune” the resonator.

The actual filter is symmetrical (although the low-pass 4) Progress through the filter, tuning each resonator in turn
prototype is not, since it is even degree) so that the group- and maintain symmetry of the group-delay response by
delay values are the same when measured from either end. trimming the prior resonator if necessary.

For the low-pass prototype, the group-delay values from the5) When the last resonator is reached (and the filter output
output end will be identical to the input-end valuesgif is is properly terminated), observe the amplitude response
replaced withg,, 1. of S;; and tune the last resonator and the final inter-

The filter was realized in combline form using round rods resonator coupling screw to get the specified return loss.
with the input and output connections made by tapping onto|n principle, the final resonator tuning can be done with
the first and last resonators at an appropriate height along egchhort circuit (for even number of resonators) or an open
rod. Tuning screws were placed between each resonator gftguit (for an odd number of resonators) on the output to set
on the input and output couplings as well as on each resonai@s specified group delay. However, the short- or open-circuit
so that all couplings and resonant frequencies could be pgine position is somewhat indeterminate and the matched
precisely. output gives a much more sensitive response.

Using the calibrated network analyzer, the group delay of The above steps were carried out for the six-section
511 for the input and output resonators was set to 18.5 88mbline filter. Apart from the tuning to maintain group-
at 2.3 GHz. Resonator 6 was then shorted and the tuni@g|ay symmetry as each resonator was tuned, no iterative
process started at resonator 1. The basic steps are as t{@hing was done and the response obtained after the sequential
lows. tuning matched the predicted response very well. Only one of

1) Short all resonators except resonator 1. (Precise restiits six return-loss nulls was not sharply defined (indicating a

are obtained only if the resonators are properly shortstight mistuning of a resonator), although the finite loss of the

rather than simply detuned.) filter completely masks the passband ripple. The comparative
2) Adjust resonator 1 and the input coupling to set thesults are shown in Table lIl.
specified group delay (18.5 ns). The group-delay peaks df;; were predicted to occur at a

3) Tune the second resonator and the coupling betwegpacing of 30.5 MHz and the measured spacing was also 30.5
resonators to get a symmetrical group-delay respongiz within the experimental error.
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TABLE IV
SYMMETRICAL CHEBYSHEV AND APPROXIMATE ELLIPTIC PROTOTYPE VALUES AND MEASURED COUPLING VALUES
Chebychev Elliptic Theory Measured Measured
Or/Coupling Values (Frequency (Group
Crossing) Delay)
.8072 .8072 Or1 33.8 - 32.5
1.413 1.413 k12 .0223 .0232 .0228
1.7824 1.7824 k2 .0150 .0151 .0150
1.6833 1.6833 | SV .0137 .0136 .0136
J; = .953 1.251 Kss .0177 .0162 .0162
1.6833 1.6833 Kse .0137 .0134 .0135
1.7824 1.7824 ker .0150 .0150 .0148
1.413 1.413 kis .0223 .0223 .0222
.8072 .8072 Qrs 33.8 - 31.8
J; = 0 - .25 ksg - .00335 - .00298 - .00295
TABLE V
MEASURED GROUP-DELAY VALUES FOR VARIOUS RESONATOR COMBINATIONS
Tuned Group Delay Tuned Group Delay
Resonator (ns) Resonator (ns)
1 23.2 8 23.4
1, 2 42.7 8, 7 45.8
1, 2, 3 77.9 8, 7, 6 . 75
1, 2, 3, 4 94.4 8, 7, 6, 5 102
1, 2, 3, 4, 5 117 8, 7, 6, 5, 4 110.5
1, 2, 3, 6 1190 8, 7, 6, 3 1180
1, 2, 3, 6, 7 80.4
1, 2, 3, 6, 5 81

The coupling values were values measured using theThe coupling values were measured using the frequency-
frequency-crossing method as each resonator was tuned. Theessing method and the group-delay technique. Since each
measured values of coupling are listed in Table Il. The vetiieory is only applicable for in-line coupling, the coupling
close agreement verifies the sensitivity and accuracy of thelues can be calculated only when this situation applies.
group-delay method for setting coupling values. To calculateksg, for example, resonators 4 and 5 must be

The method can also be applied (with due care) to tlempletely shorted and the resonators tuned are 1, 2, 3, and
multicoupled-resonator filters that are commonly used f@: For improved accuracy, coupling measurements are made
elliptic- and linear-phase filters. An = 8 elliptic filter with from both ends of the filter. Thus;7 calculated with the
a single cross coupling was designed using the perturbatigignal applied to resonator 8 will be more accurate than if
method of Levy [7]. The initial prototype was a 0.01-dB rippleneasured through resonators 1-6.

Chebyshev filter with a nominal bandwidth of 21 MHz and The measured data for the group-delay technique is shown
center frequency of 880 MHz. The transmission nulls weia Table V.

nominally placed at-16 MHz from the center frequency by Where a value was measured from different ends (&sg,,
appropriate cross coupling between resonators 3 and 6. FHal;) the average result is shown in Table IV. To meastyge
lowing Levy, the symmetrical Chebyshev low-pass prototypesing the delay method, the frequency span of the network
values, the modified values for the elliptic response, and thaalyzer was reduced from 50 to 5 MHz to enable the very
coupling values are shown in Table IV. sharp peak to be accurately measured. It is interesting to

The filter was constructed using coaxial resonators with logte that when resonator 7 was tuned after 1-3, and 6, the
coupling and capacitive probe coupling for the elliptic crosgery high group delay of 1190 ns measured for resonators
coupling. Unlike the previous example, all the coupling valuels-3, and 6 reduced to 80.4 ns. This value gave a result of
were fixed with only the resonant frequency of the resonatats; = 0.0135, but the correct result of 0.0148 would have
being able to be adjusted. The objective here is to compdreen obtained if the measured group delay had been 80 ns. The
the measuring techniques rather than to specifically companethod is very sensitive in this case since two nearly equal
theory with measurement. values (77.9 and 80.4 ns) are being subtracted to calculate
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the coupling. This simply verifies the expected result that
the accuracy of subsequent coupling values would be low
when measured through a coupling value that is considerably
smaller. This is not an issue in most filters, as it is only the
cross couplings that differ appreciably from the other couplings
and there is no necessity to measure other couplings via cross

TABLE VI

coupling. Table Il shows that the coupling values measured ) 37.8 37.7
by the group-delay technique agree very closely with those 450 35.3 35.1
determined by the frequency-crossing method, the errors being 165 18.0 18.3

less than41%.

determined from the group delay. For a single resonator, the
gffect of loss is to increase the measured group delay compared

IV. EFFECT OFFINITE Q

The above procedure is strictly correct only for lossless (i 2 th hen th is infinit
infinite) @ resonators. Finit&) can be incorporated by using 0 the case when the resonafgris infinite.

the following complex low-pass-to-bandpass transformation: The reflegnon coefficient group delay for two coupled lossy
resonators is then
L wo < w
W= —

wo JWo 4
— =) - g
wo —w1) \Wo w ) Quw2 — w1) Lga(wo) = 2 {

(w2 —w1)
Note thatdw! /0w is the same as for the lossless transfoynere

(14)

1—a%g19; }
20
go(1 + a2g192)? — a?g3 (20)

mation. 0 1
For a single resonatog,! from (14) is substituted into (7) a=—*0  _ < E) —
to give Qu(w2 — w1) Qu /) 9190
_ 49190 S0
Ly(wo) = - 5 2
(w2 —wy) |1— _ w0 ) 2.2 12 go<1+#> 92
2T Qu(wz —w1) 091 1 Qe\’ (Quki2)? ) g1
L kio =k12 [1— 1
_ 49190 (15) Qu |:1 _ 7:|
- [ 0e\?] (Quki2)?
(CUQ bt wl) 1- <Q_> (21)
where
In terms of the bandpass equivalent circuit, the following 4
values are readily derived: ko= ———— .
o (@0)Ta,Ta,) 2
0
Ly(wo) = AL (16) For an odd number of resonators, the finifeincreases
1 - <_0> the measured group delay, whereas for an even number it
R decreases the group delay compared to the lossless case. If
for a single-shunt resonator and the coupling value is defined by
_ AZL [ 4 22
Fd(wo) o Zg - R? (17) R wO[(Fdi+1 - Fdi—l) (Fdi - Fdi—z)]l/Q ( )

for a single-series resonator whefk, = woCR for a shunt
resonator and

for a series resonator.
Equation (15) can be rearranged to give

QE _ wol'g(wo)
(e 4 4o
(Z)
and
Qe _1-1|Su]
Q. ~ 15150 (19)

then, in generalk; ;11 will increase ifi is odd and decrease if
i is even as th&, of the resonators decreases. The effect of
loss on the reflection group delay is to increase the maximum
and reduce the minimum values of the group-delay response.
This is illustrated in Fig. 4, which shows the group-delay
response for two resonators. The curves were derived using
a commercial circuit-analysis program and modeling the first
two resonators of the combline filter described in Example
1 by LC-R elements. The bandwidth in this case was set
at 23 MHz, which for a value of}g/@Q, of 0.175 gives a
resonator(), of 450. The empirically derived group-delay
values atwy and the calculated ones are shown in Table VI
for Q, = o0, 450, and 165.

If a 23-MHz bandwidth filter with six resonators and a
resonatory,, of 450 was realized at 2.3 GHz, the insertion loss

Therefore,QQ /@, can be determined from the magnitudevould be over 7 dB. If th&},, was only 165, the insertion loss
of S1; at the resonant frequency, thus allowidge to be would be nearly 20 dB. This generally confirms the validity
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Fig. 4. Group-delay response for two resonators with infiftg and finite Q..

of the assumption that loss can be neglected in calculdting filter for the optimum response, measuring the group-delay
for most practical filters where insertion losses of less thasalues and setting these in subsequent filters.
3 dB are typical.

The effect of finiteQ? will be small enough to be neglected VI. CONCLUSION
provided (Qr/Q.) < 0.1 or Q,k > 10. This condition is
usually readily met by most practical filter structures, exce
perhaps by cross-coupled filters using very low cross—couplig%
values.

The theory of filter design using low-pass prototypes and
-pass-to-bandpass transformations has been extended to in-
de the group delay of the input reflected signal. The simple
equations relating the group delay at the center frequency to
the low-pass prototype values and to the coupling coefficients
for inverter coupled filters have been derived. This information
V. BANDWIDTH LIMITATIONS can be used to measure coupling coefficients and to precisely

The coupled-resonator technique requires that coupling fune filters to achieve a specific response without iterative

actances are frequency invariant, the resonators can be re
sented a4 .C circuits, and that parasitic characteristics such
coupling between nonadjacent resonators is negligible. Th
conditions all become less valid as the bandwidth of the filt&

is increased. The discrepancy between the actual response%%%d' The effects of loss have also been included and have

that obtained from setting group-delay values will deper@‘een shown to be negligibl_e for most prac_:tic_al filtgrs. While
on the physical configuration of the filter as well as th € analysis has been derived only for “in-ine” filters, the

relative bandwidth. The theory was tested for a 20% bandwic?ucmique can be applied to cross-coupled filters with due care.

interdigital filter at 3.9 GHz. The actual bandwidth of the filte he method is also very useful for setting the component

determined from theS,, response after setting the groupyalues of LC filters, but particular attention must be given

delay values was very close (within 2%) to the theoreticéﬁ) circuit parasitics as these may change the format of the

value. However, the return loss was only about 22 dB (inste givalent circuit. The effect of finit@) has been discussed.

of 26 dB) after the initial tuning and some further iterative is may be required for narrow bandwidth filiers using

tuning was necessary. This may be partly due to nonadjacéﬂ?t'velﬁl?wcﬁ resonarl]tors or wr:ﬁnty ery small cr?ﬁ?s coqulmﬁs
resonator coupling although progressive measurements of fiie used for inear-phase or etliptic-response fiters. =inatly,

coupling coefficients showed that the values changed by idg&an be noted that the group delay of the reflected signal

than 0.5% indicating nonadjacent coupling is negligible. Wit qntams the same information as the coupling coefficient.

wider bandwidth filters, the group delay 8f; becomes quite ince the group delay can be _dlrectly _megsured, I may be
small and allowance may have to be made for propagati re appropnate_ to cons_|d_er filter design in terms of time
delays if the filter is physically large. The equivalent circuiEather than coupling coefficients.

model is a lumped element one and does not account for the
time for the energy to travel across the resonator. If the filter
bandwidth is wide enough to cause significant errors in theThe author would like to thank C. Brander from the Uni-
design, then this can usually be resolved by tuning a prototypersity of South Australia who first derived the group-delay

s Vith the measurement capability of vector network ana-
Zg%ers, the results of the method both in measuring coupling
Peﬁicients and in tuning filters have been shown to be quite
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