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Abstract—A model for the determination of the individual res- multiplexers [4], [5]. However, the method requires successive
onant frequencies and inter-resonator couplings of a system con- trials to achieve synchronous tuning of all resonators to the
sisting of cascaded coupled resonators is presented. Measuring orgame resonant frequency, which is a tedious iterative and quali-
computing the phase of the reflection coefficient of short-circuit tati S . h tuni f all ¢
terminated networks synthesizes all the inter-resonator couplings ative proggss. uccessive syng ronous tuning ot a ,re$9”a ors
and resonant frequencies. The loading effect on the last resonator may be difficult due to lack of direct access to each individual
due to the unknown position of the short-circuit reference plane resonator. Furthermore, the methods in [1] and [2] cannot be
is accurately accounted for by a systematic method. A determin- adequate for filters that have resonators with different resonant
istic finite steps tuning method based on the model is develOped'frequencies 6]

R e roven Suecese expemental a1 eSS Thal 3] developeda method thatincorporated equiclent i
possible. cuit analysis programs with element-optimization routines. Ba-
sically, the method starts from an initial measurement of the
filter response followed by the generation of a circuit model
obtained from optimizing the circuit elements to fit the mea-
. INTRODUCTION sured response. Filter alignment and diagnosis are performed
HE tuning process for high-performance microwavirough the optimized circuit model. The whole process is re-
filters consisting of many resonators is nontrivial, timePeated iteratively until acceptable responses are achieved. Phase
consuming, and very expensive [1]-[3]. The main reason Rethod of diagnostics and tuning has been widely used for filter
that the element values of the microwave filters, resonatofdNing [7], [8]. Accatino [7] utilized phase measurement of the
and coupling elements cannot be measured separately. In m&Ry/t admittance of a short-circuited filter in conjunction with
applications, highly accurate couplings and resonant frequerf~X synthesis and minimum pattern search optimization tech-
cies of individual cavities are necessary to ensure the desifigues to extractinter-cavity couplings and resonant frequencies
responses of filters. Thus, accurate determination of individu individual cavities. Among all the previously proposed ap-
resonant frequencies and inter-resonator couplings of coupRé@aches, the iterative characteristics make the tuning process
resonators together with a deterministic tuning algorithm afet€dious job. Until now, the tuning of filters has been as much
essential for minimizing the tuning effort. art as sqience. Tl_ﬂe main difficult!es are the Ia_ck of a determin-
The conventional methods of tuning filters, based on tHglic tuning algorithm and the direct correlation between the
process described by Dishal [1], utilize the filter return los§€asured parameters and the resulting filter responses. Another
as the criterion for tuning. The person tuning the filter bahethod, such as the time-domain tuning method, which utilized
sically minimizes the reflection coefficient of the doublythe discrete inverse Fourier transform to get the time-domain re-
terminated filter in its passband by adjusting tuning screv#®0nse, has also been presented [9]. o _
until an acceptable response is obtained. This is an empirical? this paper, a comprehensive equivalent-circuit model is
time-consuming process. The main difficulty is that each tunirRfoPosed to determine the inter-resonator couplings and the in-
screw affects the whole response of the filter and there is Htyidual resonant frequencies of cascaded coupled-resonator fil-
direct correlation between the change of a tuning screw and {fgs: Closed-form recursive formulas are presented, which cal-
resulting change in filter response. A method for measureméiate couplings and resonant frequencies from the zeros and
of inter-resonator couplings introduced by Atia and WilliamBoles of the inputimpedance of cascaded resonators with a short
[2] is based on measuring the phase responses of the reflecfBRUit at one port. The importance of the loading effect, caused
coefficient of a short-circuited network consisting of identicdy the unavoidable unknown shift in the short-circuit reference
and synchronously tuned coupled resonators. This method RE¥€, is addressed and effectively removed by a systematic

the measured parameters (zeros and poles) and the resulting

. . filter response, a deterministic tuning method in a finite known
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Fig. 1. Equivalent-circuit representation for the cascaded coupled resonators filter.

inter-resonator couplings and resonant frequencies of c:oup{/elﬁlerewi?2 (t=1,2,...,n—i+1) andw](fq)2 (¢g=1,2,...,n—
nonidentical cavities [10]. Although only the cascaded coupleyl are the zeros of’;(w?) and Q;(w?), corresponding to the
resonators filters are considered, the process can also be effggos and poles of the input impedance of the one port network
tively applied in tuning and diagnosis of coupled resonators fikt loop, respectively.

ters with cross couplings. This is the case since, in practice, theThe coupling coefficient(k; ,+1) between two adjacent

cross couplings are usually small and one can always select&€onators is related to the frequency independent reactances
tuning path involving only the cascaded resonators. The applice; ;. ; as

tion of the method to the tuning of a five-pole combline Cheby-

2
shev filter is also presented. The promising results showed the k2,0 = M7 i=1,2,...,n—1. (4)
powerfulness of the method and implied the feasibility of full ’ ZoiZioit1
automation in filter tuning. Analysis of the short-circuited one-port network yields the

following simple closed-form recursive relations [13]

-Pi-l-l( 2) _Qi(w2)7 i:1727"'7n_1 (5)
Fig. 1 shows the equivalent circuit of a two-port lumped-el- m? W W2Qip1(w?) = (w2 _ wgi) P (w?) — Pi(w?),
ement network consisting of cascaded coupled resonators.

Il. CIRcUIT MODEL OF CASCADED COUPLED RESONATORS

Each resonator is composed of a series capacitahce — t=12...,n-1 ©6)
1,...,ntogether with total loop inductandg and is character- with
ized by its individual resonant frequeney, = /1/L;C; and n—itl (7;)2
characteristic impedanc®g,; = /L;/C;. Couplings between Wi = '——(32
the adjacent resonators are represented by the frequency inde- IT,—: wpq
. . q
pendent reactance¥, ;;1, while R, and R,, are the equiva- c(z)
lent resistances representing the input (source) and output (load) = ((JZ) , i=1,2,....n @)
couplings, respectively. Although this network model is valid dy
for narrow bandwidth, it is usually sufficient in most of the ap- o M27¢+1
plications. When resonater in Fig. 1 is terminated in a short "' i1 = W0i.it1 ZoiZo.i41
qrcwt at the_reference plarie-T", the input impedance at loop _ wowo,i+1kfi+1
1 can be derived as it l T
_ OX (i) 2
i Zoi Pi(w? . = Wi — Wpg — Wiy
79 — (w), i=1,...,n (1) Z ’ Z pe 0
wwo; Qi(w?) , .
= dff_),i_l—cff)_i—wgi, i=1,2,....n—1. (8)

whereP;(w?) and@;(w?) are monic polynomials of ordefs —
i+1) and(n —14); Z,; andw,; are the characteristic impedancen the above equations;; ;, is defined as the coupling band-

and resonant frequency of resonator width, equivalent to the coupling coefficient in frequency units.
For the network shown in Fig. T;(w?) andQ;(w?) can be The above recursive relations provide a simple and direct cor-
expressed as [11], [12] relation between the filter parameters (the inter-resonator cou-
‘ plings and the resonant frequencies of individual resonators) and
N (i), 2\t the zeros and poles of the inputimpedance of the short-circuited
bi(w?) = Z ¢ (W) network, though we do not have direct access to each individual
ntjil resonator in the filter.
_ H (w2 _ w{z‘f) i=1.92 . .. .n @) _The zeros and poles of the short-circuited netvyork can be_ob-
P ) e tained either by direct measurement or by numerical simulation.
i In the case of direct measurement, where the reference plane
Qi(w?) = Z dgi)(uﬂ)q is clearly defined, the frequencies corresponding- i8¢ and
7=0 0° phases are the corresponding zeros and poles of the input
n—i impedance. In some situations, linear interpolation technique

= H (w2 _ w;}iqf) , i=1,2,...,n 3) might be necessary to determine such frequencies, depending on
=1 the setup of test instruments. As for the case of numerical simu-
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Fig. 2. (a) Modified equivalent-circuit model with an extra piece of transmission line to account for the shift in the short-circuit referen(te) flanelifferent
setups for the additional two measurements to remove the loading effect to the last resonator by the proposed method.

lation, however, the locations of the zeros and poles can be deteith unknown lengthg, is added between the output coupling
mined through the calculation of phase derivatives with respesttucture (represented as a transformer with turns ratie

to frequency. Those frequencies at which the phase derivatiy@o/Rn) and the short-circuit termination to account for the
evaluated is the maximum (minimum) are the correspondisgift in reference plane. The input impedance of the last res-
zeros (poles) of the input impedance. Finally, the input (outpuihator of this modified network can be obtained as

coupling resistance; (r,,) in frequency unit is also related to M2
the zeros and poles through the following equation: Zin=—7 ";’"
) ZonA + <—;> tan é,
IT= (“’12% - “’2) ) "
Tin = _ 12 ) A :i — & (10)
WR HZ:ll (w%% - w:igq) ) Jon f

] ) whereZ,,, andf,, are the characteristic impedance and the res-
wherewr is the frequency corresponding4690” phase of the nant frequency of the last resonatdt; is the characteristic
input reflection coefficient. impedance of the additional transmission line (usually¢80

The following relationship holds at the measured natural fre-

Ill. REMOVAL OF LOADING EFFECT quencyféfl) of the structure

From Section ll, it is clear that all the inter-resonator cou- (531) fon R,
plings and resonant frequencies of the individual resonators can AL = f— DT 7 tan o (11)
be extracted through the proposed model once the zeros and on  fon on

poles of the input impedance are known. Hence, highly acqpije (1) s extracted from the measured zeros and poles of the

rate determination of zeros and poles of the input impedangg, . circyjted network, the remaining three unknowns in the

is essential to guarantee the exact diagnosis and tuning of gﬂ)%ve equation am, ..., andZ.,. To obtain enough informa-

filter. Basically, all the derivations in Section Il are based on tr}ﬁ)n for solvingé,, two additional measurements are made by
[eR}

one-port network with a short-circuited termination directly %serting two different transmission lines with known length
the end of the last resonator. However, in practice, this is not PFide,, as shown in Fig. 2(b). At the measured natural frequen-

sible due to the lack of direct access to the last resonator ins!: gsf@) andf(?’) of the two different setups, we have
the filter. An unknown length of additional transmission line” ~" o ’

is unavoidable between the output coupling structure and the (2) fon N
short-circuit reference plane, which results in additional loading Ay = Fon @ =77z tan(f, + 61) (12)
to the last resonator. E’;‘) on on

Consider the modified equivalent-circuit representation, as Ay =200 fon — 2 an(6, + 65). (13)
shown in Fig. 2(a). An additional piece of transmission line Jon fér?i) Zon K



1140 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 4, APRIL 2002

0 - TABLE |
7 )( LisT oF COMMONLY USED SMA ADAPTERS
-10 Types Electrical Length
-~ \ / Offset Female-to-Female 8.5°
% 20 Non-Offset Female-to-Female 1°
= \ Offset Male-to-Male 17.1°
@ Non-Offset Male-to-Male 3.8°
f -30 NATAA Male-to-Female 17.3°
a /
-40 N
S11 £
REF 0.0 °©
-50 1 50.0 °/
0.777 0.789 0.801 0.813 0.825 0.837 0.849 0.861 0.873 0.885 0.897 Vh 174.81 °
Frequency (GHz) 4
C
Fig. 3. Theoretical response of the five-pole combline Chebyshev filter wit MA € 35R. 31 Hz)\ \
center frequency of 836.5 MHz and bandwidth of 40 MHz. \ \
D
It should be clear that certain relationship exists for the “unpe \ \ \ \\
turbed” resonant frequency of the last resongtgrand those \ ~—_]
“perturbed” ones, i.e.féff’?’), as \\
fon >[5 > 12 (14)
- 10\ \ \
Equations (11)—(13) can be used to solve for all the unknowr \\
particularly the lengthy, which accounts for the shift in the \ \ \ \
short-circuit reference plane. The appropriate solution will b \ \

the one that satisfies the constraint outlined in (14).
Despite the simplicity of the proposed method for sohdag
the choices of the length ¢k and @, should be carefully ad-

START ?.776500000 GHz

dressed. Theoretically, the perturbations (the length; cdind sSTOP 0.896500000 GHz
#>) must be small enough so that the networks remain under tiic

condition of being near the optimum approximation for (2) and @

(3) to be valid. This is equivalent to that fact that, in practice Fit , . o “

situationsf; and#, should be so short that the existence of al é 50.0 °/
the zeros and poles of the phase of input reflection coefficie hp—171.45
is guaranteed on the display of the test instrument (vector nek
work analyzer). Oncé, is known, the same analysis procedurec MARKER |1
as discussed in Section Il, is performed on the modified equi §32.9 Mk \ \
alent-circuit representation. It can be easily shown that all tlp \ \ \ \
closed-form recursive relations [see (5)—(8)] remain unchange A\
The only parameter necessary to be adjusted is the resonant \ \ \
quency of the last resonator. For a givkn the difference be- \ \ ]
tween the perturbed and unperturbed resonant frequencies of
last resonator can be derived as \ \

1 ) )
Af:—§~BW~Rn~tan90 (15) . \

. i of the fiter andt s e eau N \
whereBW is the bandwidth of the filter an&,, is the equivalent \
output coupling resistance.

IV. TUNING PROCEDURE

Based on the proposed circuit model, a step-by-step det :TT@T :;;32222333 S::

ministic tuning procedure for cascaded coupled resonators fil- (b)
ters that eliminates tedious iterative approaches is developed and

summarized as follows.
; ; ig. 4. Plots of the phase of input reflection coefficient for two different setups
Step 1) The twning procedure starts with the necess{ggthe measurement to remove the loading effect withf(aj= 17.3° inserted

calibration to determine the proper location of thgng (n)s, = 25.6° inserted. All five zeros and four poles are clearly shown in
reference plane for accurate phase measuremeiath plots indicating the proper choiceséafand®,.
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TABLE I
SUMMARIZED RESULTS FOR THETHREE MEASUREMENTS FOR THEREMOVAL OF THE LOADING EFFECT TO THELAST RESONATOR

1st Measurement (6) 2nd Measurement (6,+6;) 3rd Measurement (6,+ 6,)
Zeros poles fo's* Zeros poles fo's* Zeros poles f’s*
808.377 | 810.909 | 834.583 | 807.173 | 808.470 | 834.602 | 805.857 | 806.407 | 834.699
816.096 | 825.465 | 835.656 | 813.970 | 823.538 | 835.699 | 812.739 | 822.419 | 835.723
835.934 | 846.868 | 836.428 | 833.975 | 844.900 | 836.559 [ 832.818 | 843.730 | 836.788
856.159 | 863.144 | 837.104 | 854.273 | 861.231 837.092 | 853.215 | 860.409 | 837.102
864.886 836.259 | 863.888 827.872 | 863.513 820.595
*: Extracted resonant frequencies of individual resonators from the recursive relations.

In practice, the procedure is to insert all the filte Rit 0.0 a8 2% RBl,ouw | 2MC
tuning screws deep into the cavities so that the A 5.0 48/ % 10.0 dB/

. . 1 -15.687 dB ~0.4355 dB
resonant frequencies are far from the desired re

onant frequencies of the individual cavities (th(c
detuned condition). This condition is observed o~ | MARKER |1 |
the polar display of a network analyzer when thy, §36.5p Mhz

input reflection coefficient appears as a single spc 7( 7(

while the frequency is being swept several times tr N
bandwidth around the desired center frequency. Tl / N pa
phase reference plane is then adjusted to achie / N
the “best” spot on the sweep, which will be use( \
to correspond to the°Oposition of the reflection \
coefficient.
Step 2) The measurement and adjustment of the input & \.z
output couplings are then performed. In this stej
only the first resonator is brought into resonance
while all the remaining resonators in the network ar
still in the detuned condition. Following the same
procedures as in [8], the input coupling resistanc
R, is determined. Possible adjustment/of to the START  0.776500000 GHz
desired value is performed by changing the iris di STOP  ©.896500000 GHz

mension or probe position, depending on the cou- , . .
lina schemes adapted. The same method is a IFI . 5. Filter response after all the five resonators are brought into resonance
pling p pp '@ , Step 3) before the adjustment of the parameters is made.

for the measurement and adjustment of the output
coupling resistancé,,.
Step 3) Terminate the output port with a short circuit and

adjustment of the coupling between resonators 1

look at the phase of the input reflection coefficient. and 2. The underlying concept here is that if the
Bring in all the resonators in the network into reso- zeros and poles are placed to the recorded positions
nance. This can be achieved by adjusting the tuning through  the a(clij)ustment of the E:orrespc_mdlng
screws until all the zeros and poles are shown on the tuning screw,my,” will be equal tos,2, which
display of network analyzer. is the desired value.
Step 4) Make the measurement of the above net-Step6) Repeat Step 5 for all the coupling elements
work. Record all the zeros and poles as until the (n — 1)th set of zeros and poles,
{f(O); (0)} . From (5) to {f(" Dy 1)}‘ ' synthesized
FUPE ) i1 g=1,..n—1 i=l,..,n;j=1,..,n—1
(8), extract the inter-resonator couplings and from féi ;7?112,7?123,7?134,...,7?171_1,71}‘
resonant frequencies of each individual res- i=l,...n
©_ (0) has been recorded.
onators {foz » 1y 1+1}7 - et . Step 7) Repeat Steps 5 and 6 for all the resonant fre-
At this point, the extracted f||ter parame- quencies of individual resonators. Starting
ters {f(o) (?f)“}z e are ex- from {fol,féf);m“ﬂ}z NP
pected to be differerit fidm “the desired ones all the zeros and poles are  synthesized and
fois M it ) recorded until the last, ie.,(2n — 1)th,
Step 5) From ’ i=1,...nj=1,...n—1 set of zeros and poles is synthesized from
foz 7m127mg3)7 "7m(0)+1} {f01’f027 “7f0n7 mjj+1}] ' These
7 =l (2n — 1) sets of zeros and poles WI|| be the criteria

rztlr;e3|(zlt)a the zeros and po[es and record as for the adjustment of thé&2n — 1) filter parameters.
Lo’ fog } - This set of zeros It might seem lengthy at this point, however, all the
and poles WI|| be' used as the criterion for the steps from Steps 4 to 7 can easily be implemented
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{ 836.500, 836.500, 836.500, 836.500, 835.260; 40.263, 27.881, 27.881, 40.220 }

{foi’r;lj,jﬂ} e

{ ©. (p)}
z *Jp

©). . © }
{fm ’m_] j+l

{ 805.856, 812.739, 832.818, 853.215, 863.512; 806.407, 822.419, 843.730, 860.409 }

{834.699, 835.817, 837.132, 838.537, 820.594; 39.905, 27.482, 27.296, 38.073 }

r N
1 fos 834.699, 835.817, 837.132, 838.537, 835.260; 809.365, 816.952, 836.070, 855.822, 864.593;
0 30.905, 27.482, 27.296, 38.073 812.427, 825.812, 846.729, 862.660
m 834.699, 835.817, 837.132, 838.537, 835.260; 809.092, 816.323, 836.092, 856.309, 865.038;
2 4 39.905, 27.482, 27.296, 40.220 811.734, 825.542, 847.026, 863.378
o
( o)
3 fos 834.699, 835.817, 837.132, 836.500, 835.260; 808.662, 815.776, 836.091, 855.840, 864.448;
39.905, 27.482, 27.296, 40.220 810.877, 825.425, 846.868, 862.472
\. J
- B
4 for 836.500, 835.817, 837.132, 836.500, 835.260; 808.911, 816219, 836.532, 856.297, 864.658;
39.905, 27.482, 27.296, 40.220 810.877, 825.425, 846.868, 862.472
R
5 foz 836.500, 836.500, 837.132, 836.500, 835.260; 809.075, 816.399, 836.532, 856.464, 864.830;
39.905, 27.482, 27.296, 40.220 810.920, 825.731, 847.153, 862.521
6 fo3 836.500, 836.500, 836.500, 836.500, 835.260; 808.928, 816.398, 836.205, 856.464, 864.673;
39.905, 27.482, 27.296, 40.220 810.779, 825.557, 846.995, 862.361
7 M3 836.500, 836.500, 836.500, 836.500, 835.260, 808.786, 816.406, 836.196, 856.469, 864.822;
| 39.905.27.482, 27.881, 40.220 810.602, 825.628, 846.912, 862.559
8 ma3 836.500, 836.500, 836,500, 836.500, 835.260; 808.695, 816.400, 836.197, 856.466, 864.926;
39905, 27.881, 27.881, 40.220 810.556, 825.494, 847.044, 862.616
r R
9 mp; 836.500, 836.500, 836.500, 836.500, 835.260; 808.637, 816.309, 836.196, 856.555, 864.995;
_40.263. 27.881. 27.881. 40.220 |7 810556, 825.494, 847.044. 862,616

Fig. 6. Spreadsheet for the illustration of the tuning steps. The first column indicates the step count. The second column indicates the apfiéspondin
parameter to be adjusted in the specific step. The numbers in [] (third column) are the filter parameters used to synthesize the zeros and peles{fnumber
column 4) to be recorded as the tuning criterion of each step. This table can be generated in seconds by implementing the model on a computer.

on a computer. It takes just seconds to perform atbuplings have been correctly tuned. This tuning procedure
the above computations. has been proven to be successful both theoretically and exper-
Step 8) The adjustment process begins witho, the imentally. The practical application of the tuning procedure

coupling between the first and second resonat@hn a five-pole combline Chebyshev filter will be presented in
Set the markers on the network analyzer at thgection V.

corresponding frequencies of zeros and poles
{f<1> f<1>} . At this point, all

the markers7s_hould f)e randomly spaced on the polar
display of the network analyzer. Adjust the corre- To demonstrate the powerfulness of the proposed model and

sponding tuning screw until the markers “mergetuning procedure, a five-pole combline Chebyshev filter with
into two clusters on the polar display. The clustegenter frequency of 836.5- and 40-MHz bandwidth was used.
at the far left-hand-side end of the polar displajrig. 3 shows the theoretical response of the filter. Necessary cal-
corresponds to the frequencies of zeros, while thddration and accurate determination of reference plane for phase
at the right-hand side corresponds to poles. measurement are performed following the procedure outlined in
Step 9) The whole procedure ends after repeating Step 8 8xction IV. Since tapped line realization is used for input/output
(2n — 2) more times to finish adjusting the rest ofcoupling, the position of the tap is adjusted to achieve the de-
the filter parameters to the desired values. sired coupling. The measured input and output coupling resis-
It is clear that, in general, only2»n — 1) tuning steps are tancesf; andR,,) after adjustment are 1.310 and 1.306, which
required for a filter withn resonators after the input/outputare both close to the desired value of 1.322.

V. APPLICATIONS
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S11 z 4
REF 1.0 Units )
v 200.0 mUnits/ E 35 ——fol |—i
o 2.1614 @ 7.5784 Q = 3 -2 |
x £ 25 —*—=fo3 |
SCA2L0E .g 2 % VI =>fod ||
; A& X¥=fo5 |_|
2 1
2
g 0.5
0
o 1 2 3 4 5 6 7 8 9 10
Number of Tuning Steps
(€Y
3
N
E 25 ——mi2 | |
E’ 5 —x =123 ||
- \ —h—m34
START  ©.776500000 GHz £ 15 |
STOP  ©.896500000 GHz g \ e dS
(@ g !
S11 Z § 0.5
REF 1.0 Units <
200.0 mUnits/ 0
V 46284 0 870.85 mo
hp 0 1 2 3 4 5 6 7 8 9 10
E 3
SCALE . e \ Number of Tuning Steps
200 .0 4 /, \ ()

Fig. 8. Convergence plots of: (a) resonant frequencies of individual resonators
and (b) inter-resonator couplings with respect to the number of tuning steps.

adapters are good candidates. Several commonly used SMA
adapters are listed in Table | with electrical length measured at
the center frequency 836.5 MHz.

In our case, the two lines are chosen to be 1@r&l 25.6. To
check the properness of these choices, plots of the phase of the
input reflection coefficients for both cases are shown in Fig. 4.
As is observed in both plots, the existence of all five zeros and
four poles reveals that both networks are near the optimum ap-
- proximation to the requirements. The measured zeros and poles
START  ©.776500000 GHz for all three measurements are summarized in Table Il. With

STOP  0.836500000 GHz (11)—(13) and the measurement results in Table I, the shift in
() reference plané, is solved to be 2.#1at the center frequency.

Fig. 7. Polar displays from the network analyzer: (a) before and (b) aftgrhe corres_pondlng frequency adjustment to the last resonator,

adjustment of thef, 5 tuning screw. The markers are corresponding frequenciés0M (15),isAf = —1.2 MHz.

of the zeros. It is observed that all the markers merge into a cluster after tuningBefore changing any tuning screws, all the computations
required in Steps 4-7 of the tuning procedure is performed by

The method for the removal of the loading effect is thefd Com.p“ter- To.further highlight the efficiency of the proposed
applied. In our measurement setup, 401 frequency pointstﬁ?h”'que'the filter response after all the resonators are brought

a frequency span of 120 MHz (a frequency resolution Jpto resonance (i.e., Step 3) is checked and showr? in Fig. 5
0.3 MHz) are used. A linear interpolation technique is adapt@§fore we proceed with the adjustment of each tuning screw.
for accurate determination of the positions of zeros and pol&49- 6 is & spreadsheet that records the nine sets of zeros and
It should be noted that higher measurement accuracy mayRsdes as criteria for tuning with the desired filter parameters
achieved by taking more frequency points in the same friéicluded. The sequence for adjusting the filter parameters
quency span (which means higher resolution) at the price @ftlined in the tuning procedure is for the convenience of
longer sweeping time per cycle on the network analyzer. Asilkistration only. In practice, one can pick any sequence to
addressed before, choices of the two transmission ipesyd perform the tuning process. The underlying fact is that, once a
#> are important. In practice, various types of the SMAarameter is adjusted, the impact from the adjustment of other
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Fig. 9. (a) Final response after only nine tuning steps performed. (b) Response from [13] without the removal of the loading effect to the last resonato

TABLE Il
MEASURED ZEROSPOLES AND EXTRACTED FILTER PARAMETERS AFTER TUNING
Frequency (MHz) Coupling (MHz)

Measured Required Measured Required
Jor 836.320 836.500 my; 40.210 40.263
Joz 836.711 836.500 my; 27.751 27.881
Jo3 836.403 836.500 msy 28.120 27.881
Jos 836.352 836.500 mys 40.152 40.220
Jos 835.012 835.260

Zeros (MHz) Poles (MHz)

Measured Required Measured Required
e 808.563 808.637 for 810.392 810.555
foz 816.258 816.309 oz 825.578 825.494
s 836.049 836.196 Jos 846.962 847.044
St 856.435 856.554 Jot 862.537 862.616
fis 864.945 864.995

parameters will be secondary. Thus, the change in the adjustedyence of each parameter with respect to the number of tuning
parameter will be small so that there is not much influencgeps. It is clearly observed that all the parameters converge to
on the final filter response. In our case, we start wjtl3, their desired values after nine tuning steps.

which is found to have the ng(z)a)xmum deviation from desired Fig. 9(a) shows the final filter response after only nine tuning

value by comparlng{fm KON ES Ny , with  steps are performed. The response from a previously published
=heni j=ln=l paper [13] [see Fig. 9(b)] without the removal of the loading ef-
{fm’ mw“} -1 . fect to the last resonator is also included for comparison. The

Fig. 7 shows | the polar d|sp|ay from network analyzer beforaeasured zeros and poles and extracted filter parameters after
[see Fig. 7(a)] and after [see Fig. 7(b)] the adjustment of thening [see Fig. 9(a)] together with the desired values are tabu-
correspondingf,; tuning screw. Limited by the network ana-ated in Table IlI.
lyzer, only the markers corresponding to the frequencies of zeros
are shown. Note that the difference in the radius of the circles
on the polar plot is caused by the loss of each individual res-
onator. The filter parameters are computed and compared to th& general model for determination of individual resonant
desired values after each adjustment. Fig. 8 summarizes the dosguencies and coupling coefficients of a system with cas-

VI. CONCLUSIONS
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caded coupled resonators based on the knowledge of the z Hui-Wen Yao (S'92-M'95-SM'97) received the
and poles of the network has been developed. The mode B.S. and M.S. degrees from the Beijing Institute of

. . . . Technology, Beijing, China, in 1983 and 1986, re-
very useful for effective tuning and diagnosis of cascade

h . ) spectively, and the Ph.D. degree from the University
coupled resonators filters and can also be used in conjul of Maryland at College Park in 1995, all in electrical
tion with full-wave simulations to simulate the couplings an engineering. ,

. L. . . From 1986 to 1991, he was a Lecturer with the De-
resonant frequencies for networks consisting of nonidentic partment of Electrical Engineering, Beijing Institute
resonators. of Technology, where his research dealt mainly with

The importance of the loading effect to the last resonator electromagnetic radiation, scattering, and antenna de-

. . . . . . . sign. From 1992 to 1995, he was a Research Assistant
been pomted out in this paper for the first time. This |Oad'nﬂ the Department of Electrical Engineering, University of Maryland at College
effect can be effectively removed by the proposed systemaiark, where he was involved with the analysis, modeling, and design of mi-
method. A new tuning procedure for cascaded coupled r&gwave and millimeter-wave devices and circuits. In 1995, he joined CTA Inc.

. . ince 1997, he has been with the Orbital Sciences Corporation, Germantown,
onator filters has also been proposed and tested experimentglly. \nere he is responsible for satellite communications systems. He has au-
The deterministic and noniterative characteristic of the tuninigpred or co-authored 50 technical papers.
procedure makes the possibility of fuIIy automatic filter tuning Dr. Yao is on the Editorial Board of the I‘E‘EERKNSACHONS ONMICROWAVE

.. HEORY AND TECHNIQUES He was the recipient of the 1998 Outstanding Tech-
promising. nical Achievement Award presented by the Orbital Sciences Corporation.
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