IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 11, NOVEMBER 2001 2125

Automated Computer-Controlled Tuning of
Waveguide Filters Using Adaptive
Network Models

Peter HarscheMember, IEEEand Ridiger Vahldiegk-ellow, IEEE

Abstract—This paper describes a method for computer-con-  The key element of the automatic tuning procedure is the
trolled tuning of waveguide filters. The tuning algorithm is based  availability of an approximate network model of the filter struc-
on approximate filter network models, which take into account {,re to be tuned. The network model need only be as accurate

the effects of input/output coupling. Based on measurements of : . TSR . . . .
an initial filter design, the approximate network model is then 25 to provide a reliable prediction in which direction the tuning

corrected by optimizing the element values such that they mini- SCréws (with corresponding penetration depths) must be turned
mize the mean square error between the measured and simulated t0 increase or decrease the values of the corresponding network
response. The sensitivities of the tuning screws are determined elements. This prediction must be valid within the tuning range
directly from the sensitivities of the element values. Filter tuning is - of the filter. A standard network model of a direct-coupled filter
accomplished by gradient optimization of the corrected computer 1\, yaen used here. The tuning process is essentially a four-step
model rather than its physical realization. Only as a final step . . ; . .
are the tuning screws of the physical model turned to the position pro_cedure. First, t.he physical fllt'er. model IS measured W'th.the
determined by the optimization process. tuning screw position set to an initial position. For the tuning
Index Terms—CAD, gradient methods, manufacturing automa- system to work, the resulting measured response must resemble
tion, modeling, optimization methods, parameter estimation, tun- thatofafilter. The element values of the network model are then
able filters, waveguide filters. computed such that the model response is fitted to the measure-
ments. This is achieved by means of a gradient optimization pro-
cedure, which minimizes the mean square error between the re-
sponse of the approximate model (for which the element values
HE explosive growth of satellite and terrestrial communiare obtained from synthesis techniques or empirical values) and
cation systems has significantly increased the market fite measured response. The so-found element values represent
microwave and millimeter-wave filters. To satisfy the high dethe corrected network model (the true model) of the physical
mand for short-term availability of filters at different mid-bandilter realization including all manufacturing imperfections. The
frequencies, bandwidth, skirt selectivity, etc., a suitable set #cond step in the tuning procedure is to determine the element
standard filters is the key to fast production. In addition, thesensitivities and that of the tuning screws, respectively. This re-
filters must be tunable and their tuning process must be augtres as many measurements as there are tuning screws and
mated to minimize labor cost. Depending on the filter topologprovides information on how many screw turns are necessary to
the basic three tuning techniques are: 1) mechanically; 2) madpange the element values a prescribed amount. The third step
netically; and 3) electronically. is to optimize the corrected network model to satisfy the filter
This paper deals with mechanical tuning of filters, althougspecifications. This takes place on the computer and requires
the routine presented in the following is also applicable to othenly a few optimization steps, depending on the number of vari-
tuning methods. Mechanical filter tuning is generally done bgbles involved and the optimization strategy. The fourth step is
hand. This process is costly, time consuming, and needs skiltbén to turn the tuning screws to the position determined by the
operators. Generally, the expenses are directly proportiomgtimization process. In case the initial filter response and the
to the sensitivity of the filter elements and increase with tHial filter specs are too far apart, the entire process may be re-
number of resonators or when cross couplings are used opgated.
the case of dual-mode filters. To bypass these problems and tdt should be noted that the above procedure essentially re-
cut labor costs significantly, an automatic computer-controllggaces a full-wave electromagnetic modeling of the structure.
tuning system is introduced that offers the following featuresThis is an interesting option because correcting element values

I. INTRODUCTION

« only little user interaction needed; for an otherwise approximate network model and then opti-
« no accurate filter model required; mizing the corrected network to specifications may be a much
« generally applicable as long as an approximate filtdaster process (especially for complicated filter structures) than
model is available: full-wave modeling/optimization of the entire filter structure.
« no database or expert system necessary; Furthermore, the added advantage is that the effects of manufac-
« only a few measurements are needed. turing tolerances (frequently not known) are already included in
Manuscript received February 28, 2001. this procedure.
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Fig. 2. Block diagram of the automatic tuning system.

Step 3) Measuré'-parameters for this start (basis) position
of the tuning screws.

Step 4) Extract correct element values for this basis position.

Step 5) Measures-parameters with one screw turned at a

Fig. 1. Reentrant resonator filter. time.

Step 6) Extract network element sensitivities.

Step 7) Tune corrected computer model to fit frequency
specifications (gradient optimization).

Step 8) Turn screws according to results of Step 7).

Step 9) Repeat procedure if accuracy is not sufficient.

n the following, these steps are illustrated. To begin with, an

eal filter is synthesized according to the desired filter specifi-

above procedure. In [1], filter tuning in the time domain is de-
scribed. However, this method requires a perfectly tuned filter
as a template. The tuning of duplicates of this filter is then per-
formed by a skilled operator. Reference [2] describes a lumped
model generation to characterize millimeter-wave passive copg

ponents from curve fitting of measured data. This data is th tions (center frequency, ripple, and bandwidth). A three-pole

used to calculate metal-insulator-metal (MIM) capacitors, Ithebyshev prototype characteristic is shown in Fig. 3(a) (solid

terdigital capacitors, and spiral inductors using a Ieast—squag?ﬁve)_ The physical filter realization is roughly pre-tuned to a
fitting scheme. However, this scheme requires design equati s

L ; . t (basi iti tep 2)]. Th diti th t-
of individual components. In [3], a machine learning approag rt (basis) position [see step 2)]. Two conditions must be sa

for filter tuni . tt i d adaii . ied: the basis position of the tuning screws must be within the
or hiter funing using pattern recognition and adaptive S'gna{[ming range of the process, and the initial filter response (screw
processing techniques is investigated. An unskilled human

: . . . .Opﬂisitionsdl, da, ds, d4, d5) must “resemble” that of a bandpass
erator is still required to pe_rform the actual tunmg of th? f'Ii‘il er. The d’s are determined in a preproduction process, e.g.
teésf..li?eferleng et‘;[ﬂ and d[Sémltrod:che complger-iudeitunmg\ﬁfth respect to a defined reference position. In this basis posi-
iliers. In both [4] and [5], low-frequencl,C networks are tion, S11, S20, andS»; are measured [step 3), dashed and dotted
used whose parameters are extracted from measurements US¥%s in Fig. 3(a)] and compared to the model response. In case

Monte Carlo technigues [4] and stochastic methods [5], reSP&ta discrepancy, the model element values must be corrected to
tively, and are, thus, very slow. In [6], pattern-search techniqu resent the actual values imposed by the current position of

in conjunction with lossless networks are employed to buﬂd URRe tuning screws. To extract the actual element values from the

computer-aided tuning system for determining inter-cavity CO¥reasurement, a gradient-based optimization procedure is em-
plings and resonator de-tunings of the short-circuited netwoiglﬁ) ’

under test. The problem with this method is that each cavity hrae
to have a probe input and output during the tuning process al
therefore, cables must be changed.

In the present approach, the disadvantages of all the afore- 2 2 2
mentioned techniques are avoided. To demonstrate this new auf’ = Z Z Z <a58(5§1}°del) — abs(S;}?eaS“re“)> )
tomated tuning technique, we have chosen a simple three-res-  freq. i=1 j=1

onator coaxial reentrant filter, as shown in Fig. 1. Fig. 3(b) shows the response of the network model (dashed

For demonstration purposes only, five tuning screws are ifije) calculated with parameter values determined by the
volved that are turned by precision position stepper motors. T Eove parameter-extraction process. The curves fit almost

resonant frequency of the resonators and the openings of ‘?fectly to the measured (solid lines) filter response.
coupling slots can be changed With.tu.ning screws. The filter haSSubsequentIy [see step 5)], five additional measurements are
a Chebyshev bandpass characteristic and can be tuned ovgE 8, med turning each screw at a time (i.e., first measurement:
rangef = 1.35 —1.65 GHz. di + Ad, da, ds, da, d5) to determine the sensitivities of the ele-
ment values and to establish a relationship between the element
II. TUNING PROCEDURE value and the corresponding screw depth (turns) as follows:

ponse. For that purpose, the following cost function is mini-
zed [see step 4)]:

The block diagram of Fig. 2 illustrates the automatic tuning)... ont  value

concept steps as follows. - 5
Step 1) Choose the desired filter specifications. + Z sensitivity; 7% 2)
Step 2) Pre-tune the filter within the tuning range. =1 " od;

; = Element_ value,(basis position



HARSCHER AND VAHLDIECK: AUTOMATED COMPUTER-CONTROLLED TUNING OF WAVEGUIDE FILTERS

S,y S, (0B)
n
o
T

)
n
wn

T

LA RO S, . measured
-30,’ o -
¢ - 521 measured
— S2 , synthsized

_40 . ; L i . ; . ; h
1.5 1562 154 156 158 1.6 1.62 164 166 1.68 1.7
Frequency x 10°
@)
-35} N . -
solid lines: measurement
dashed lines: model q
_40 . ) . ; . | | .
15 1.52 1.54 1.56 1.58 16 1.62 1.64 1.66 1.68 1.7
Frequency x 10°
(ab)
Fig. 3. (a) Initial response. (b) After parameter extraction.

For this purpose, after each measurement, the elements for?;h
equivalent-circuit model are extracted similar to step 4). Co
paring the five parameter sets with the parameter values of
basis position and using the known screw positions for all set
of measurements, the network sensitivities can be calculated,

A comparison between the ideal element values (filter sy
thesis) and the extracted values at basis position of the tun
screws provide an indication as to which screw must be turn

to achieve a certain effect.

Instep 7), the model parameters of the measured filter are opti-
mized starting withthe elementvalues atbasis position. ThetargefADCD] _ ‘ 1 0 ‘
values are the prototype values. Thisis another gradient optimiza- 1
tion process since the individual parameters (elements) are also
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Fig. 4. Theoretical model and relation between tuning screws and elements of
the model.

tuning process. In this study, two different network models have

been investigated. While the lumped-element model does not
include tuning elements of the input/output coupling, the trans-

mission-line model does.

A. Lumped LCR-Parallel Resonant Circuit Coupled With
Admittance Inverters (Model 1)

The first model used for the automatic tuning system is shown
in Fig. 4. It consists of capacitors, inductors, resistors, and ad-
mittance inverters and is derived from a prototype network of
direct-coupled filters (e.g., [7]).

The resonators are represented by parallel resonant circuits
and the coupling sections are described by admittance inverters.
To take losses into account, resistors are introduced. Parameter
extraction is achieved through a gradient-based optimization
process, where the modeled filter characteristics are fitted to the
measured filtef-parameters (target functions) with the element
values of the model as variables. Those values are changed until
sufficient accuracy between model and measurementis reached.
Fig. 4 shows the real filter layout and the corresponding network
ements. The inductances and capacitances of the parallel res-
&nt circuits are related to each other through the resonant fre-
uencies. To minimize the number of parameters for the opti-

ation, the capacitance values are fixed. This is necessary to
Btain unigueness of the model [8].
n_To calculate the scattering parameters of the model, the res-
onant circuits and the coupling elements are transformed into

Iérll CD matrices

Yils) [ABCD] = ‘

®3)

influenced by neighboring screws. This effect is included in (2).
As aresult, the optimal screw positions are obtained.

Finally, a test measurement is made. If the accuracy is N@hce of a resonant circuit and= jw. The overald BCD ma-

sufficient, the procedure must be repeated.

I1l. NETWORK MODELS

which are normalized with respect to frequeriyis the admit-

trix of the entire filter model is then a product of the individual
filter sections. This matrix is then transformed to the admittance
matrix (Y") and subsequently into the scattering parameter ma-

The network model chosen for the modeling of the filter strudrix (). This algorithm is approximately 20 times faster than
ture under test is very important for the success of the automattabct calculation of thé&kLC network.
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Fig. 6. Measurement of>; .
The correlation between measurgebarameters, parameter
values, and network sensitivities is shown in the following ma-
trix relationship:

TABLE |
MEASUREMENTS FORCORRECTING THETHEORETICAL FILTER MODEL

F S S Sur T & [mm] [ d;[mm] | d; [mm] | d, (mm) | ds(mm]
951, O3Sy  ASa Basis | 1.61 9.73 1.05 9.73 1.61
ady ad; ad; Variat
d511 3532 0891 1 1.16 9.73 1.05 9.73 1.61
ad ad d 2 1.61 6.73 1.05 9.73 1.61
980 0S5  OSu 3 161 973 085 | 973 161
4 1.61 9.73 1.05 6.73 1.61
aaélfl 385232 ggjl 5 161 9.73 105|973 | L16
ddy ady ddy
8511 8522 8521 0 T !.,,'_f - ", 3
- ad:) ad:) ad:) - l II R
J12 Ja3 Ly Ly Ls Gy Gy G -1or ! i i
0 o Loy o G, A
ddy ad, 20} £l ]
< )
Oz g 9L 0Lz 0G Aol
Odo Odo gdg Odo -4 ’
— L2 s 'I
0 0 0 — 0 0 0 0 :
ds A
o = 9L» 9Ly o G A
9ds ddy,  9ds ad, S |
aL IG N ;
N T T e
i 2 P -~ optimized (model) J
4) e — optimized (measurement)
From here, it is obvious that each screw affects not only tt _70[&&& | l‘ll . . s

element value it is supposed to, but also the network eleme

1.3

nearby. The influence of the screws on the network elemeris

1.4

1.5 1.6
Frequency (Hz)

1.7

1.8
x10°

are found from a sgpsi_tivity analysis. The zeros in matrix (4)g. 7. Basis position and optimized filter; center frequency and bandwidth
represent low sensitivities that can be neglected. For examplgnged.

screw 1 mainly effectd,; andG, [second row in matrix (4)].

The penetration depths @f are measured with respecttoade- Following the tuning procedure described in the previous
fined reference position. In this basis positiéh,, S22, andS,;  paragraph, the filter was tuned to the desired response, which
are measured (step 3). The resultsSor and.S,1, respectively, is shown in Fig. 7. It shows the corrected model prediction
are showninFigs.5and 6 (solidlines). Subsequently [see step B)]comparison with the basis position of the filter screws. In
five additional measurements are performed turning each scring same figure, the corrected and optimized model as well
atatime. This provides again five data setsdor, S22, andS»;, as the corresponding measured response is also shown. The
which are all given in Table I. As an example, Figs. 5 and 6 shdvandwidth of the original filter at the basis position was about
the measured results after turning screw 1 or screw 2. 100 MHz with a 40-MHz offset from the desired response.
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Fig. 10. Modeled and measuréyg, . (a) Magnitude. (b) Phase.

""""" measurement ) L. . .
-3} | — model : . this transmission-line model, the parameter values are again
extracted from measured-parameters. The procedure is
+4s T4 Tas 151 153 155 75, the same as described for the Iumped—ele'ment model of the
Frequency (GHz) previous paragraph. The resonant frequencies of the resonators
() are modeled by defined transmission-line lengthsls, and

I3 and the losses by attenuation constats a2, and as.
The couplings between the resonators are modeled by the
inductanced. s, L3, and Ls4. Additionally, this model takes
After 250 optimization steps, the bandwidth was reduced #&to account effects of the input and output coupling prabgs
50 MHz and was shifted to within the desired filter windowand L, which cause a phase shift in the overigiparameters.
The whole process took approximately 5 min (measuremensgthough this measure is only a crude approximation of the
calculation, and stepper motor positioning), whereby most gbupling probe effects, it is sufficient to model its main impact
the time was consumed by the data-acquisition process.  [9]. If the complete model of the coupling probes as described
in [9] is used, the model is no longer unique [8] and the
B. Inductively Coupled/2 Transmission Lines (Model 2)  parameter-extraction process can give ambiguous parameter
The second model used in our investigation was baseg®n Sets for one and the same measured filter characteristics.
transmission-line sections coupled by parallel inductances, asVith the model in Fig. 8, it is easily possible to also model
shown in Fig. 8. the phase of th&-parameters. The cost function is then used
Here also, the parameter values for an ideal filter can e the gradient-based parameter extraction, shown in (5), at the
obtained by filter synthesis. To simulate the real filter withop of the following page.

Fig. 9. Modeled and measuréd; . (a) Magnitude. (b) Phase.
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2
2
F= Z Z (reml Scompmed) real(S} meas‘“ed)) + (imag(Sf;’ mputedy _ imag(S;}leaS“red)) (5)

freq. i=1 j=1

Using the phase of th&-parameters leads to much faster con- [9] D. Kaifez, “Q-factor measurement technique®”F. Des, pp. 56-73,
vergence of the optimization process and much greater accuracy Aug- 1999.
of the element values. This is demonstrated in Figs. 9 and 10.

Compared to thd.CR model, the resonant frequencies of

the resonators are modeled by only one parameter (line length)
rather than by two (parallél-C with C fixed). Due to the peri-
odicity of transmission lines (waveguide sections), this meast
represents the frequency-dependent behavior of waveguide
ters more realistically (compare Figs. 9(a) and 7). Since the |

be modeled in the complex plane. Thus, the chance of findi
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IV. CONCLUSIONS P 95y

An automatic tuning system for waveguide filters based on
approximate network models has been introduced. The exact el-

ement values are extracted from measured scattering param
of the physical filter structure by a gradient optimization proc
dure. It was shown that the accuracy of the approximate netw
model chosen to describe the filter is very important for the fe
sibility of the approach. The tuning system was demonstrated
using a three-pole reentrant resonator filter with a tuning ran
of 1.35-1.65 GHz. It was shown that within a frequency offst
of +£50 MHz, the automatic tuning procedure works very well.
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