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icrowave filters are central to a wide vari- 
ety of communications system design M problems, since the available spectrum 

becomes increasingly crowded by more and more 
users. Filters are the means to confine the radiation 
from high power transmitters within assigned spec- 
tral limits, or to protect receivers from interference 
outside of their operating frequency bands. This 
paper describes space qualified X-Band filters, 
comprising the majority of RF filtering for the tran- 
sponders of the communications satellites built by 
GE during a mylti-vehicle contract with the U. S. 
Air Force. 

A typical filter is shown in Figure 1, composed of 
a stack of cylindrical cavities, machined from a low 
thermal expansion alloy, InvarTM . The cavities are 
coupled to each other via small irises in their com- 
mon end walls. The cavities are permanently joined 
by laser welding after passing pre-weld testing in a 
threaded rod test fixture. 

Typical specifications require a bandwidth of 
about 1% in the 8 GHz frequency range, a 30 dB 
rejection bandwidth of 1.2 times the operating 
bandwidth, maximum center frequency insertion 
loss of 1.5 dB, maximum peak- to-peak ripple of 0.2 
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Figure 1. Representative microwave cavity filter. 

dB, minimum passband return loss of 18 dB, and 
maximum passband group delay of 25 nsec. 

This performance is required over the specified 
temperature range of -34 to +71 degrees C. In a 
satellite transponder application such as this the 
filters also must be as compact and mechanically 
durable as possible. 

Die Filter Structure 
To select an optimum filter network, a trade-off 

study of electrical parameters such as bandwidth 
and insertion loss is made. For the specifications 
described, direct coupled cylindrical cavities with 
inductive irises using the T E l l l  mode proved to be 
the best choice, since these cavities offer a large 
unloaded Q for low insertion loss. Good mode sep- 
aration is achieved with this choice of cavity, which 
is only slightly larger than some of the lower Q 
alternatives shown in Figure 2 [4]. Other structures 
were considered, but since a sharp rejection slope is 
required, the structure having the highest unloaded 
Q for the smallest size was the end coupled cylindri- 
cal cavity. 

All of the basic filter design theory employed for 
the filters described in this paper is taken from 

T E i i i  

UNLOADED Q 
(THEORETICAL) 9090 14,350 2000 2500 3000 
UNLOADED Q 
(PRACTICAL) 4400 9500 1300 1500 1700 
VOLUME 5CU IN 1 5 C U  IN 05CU IN 05CU IN 3CU IN 
WEIGHT 04LBS 03LBS 01 LBS 01 LBS 05LBS 

Figure 2. Comparison of Resonator Candidates. 
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Microwave filters, Impedance-Matching Networks 
and Coupling Structures by Matthaei, Young and 
Jones [lo]. All subsequent Chapter references are 
to this text. 

The filter is designed and optimized using a set of 
in house computer programs. The first, called 
BPFTR (Band-Pass Filter Trade-off Routine) [6],  
is based upon a transfer function analysis of the 
pole-zero locations of a lossless low-pass prototype 
network, consisting of series inductances and shunt 
capacitances. The routine follows the approach giv- 
en in Chapter 4. 

The process that we use to find the element val- 
ues is inverted from the customary analysis. That is, 
given the frequency characteristics of the transfer 
function, the program iterates the number of sec- 
tions and the ripple parameter for Tchebyscheff 
filters to find those which satisfy the input require- 
ments. Input quantities are the passband end- 
points, temperature parameters, rejection charac- 
teristics, source and load VSWR, Q, passband 
ripple, and the number of sections, N. From these 
are calculated (for each N satisfying input require- 
ments) maximum insertion loss in passband, band- 
width of passband, rejection bandwidth, phase or 
delay distortion, and amplitude ripple. 

The Tchebyscheff prototype is assumed and the 
filter with the widest bandwidth that satisfies the 
rejection requirements over the operating tempera- 
ture for a range of N and passband ripple values is 
determined, from which it is easy to select a suitable 
filter design. 

After selection of a parameter set, its theoretical 
frequency response is computed using a second 
computer program called ANAF (Analysis of Fil- 
ters) [7], also based upon the material in Chapter 4. 
In this case the element values for the prototype 
network are calculated using the output of BPFTR. 

The normalized values of element reactance and 
susceptance are then transformed from the low- 
pass to the band-pass prototype and translated in 
frequency to the proper center frequency. The re- 
quired inputs to the program are filter type - Tche- 
byscheff (for equal ripple) or Butterworth (for 
maximally flat), number of sections (N), center fre- 
quency, ripple factor (zero in the case of the Butter- 
worth), bandwidth, and unloaded Q. 

From the input, a computation of the complex 
pole locations is made, adjusted for the unloaded 
quality factor (Qu), and a transfer function is gen- 
erated and analyzed as a function of frequency for 
amplitude and phase. From this analysis, the ideal 
filter structure is modeled, and subsequently modi- 
fied if the specifications are not quite satisfied. 



Finally, the coupling coefficients and initial di- 
mensions are computed using a program called 
CRFL (Circular Waveguide Filter Design) [8]. The 
transformed element values produced by the 
ANAF routine are used as inputs to this routine 
which computes the coupling values and resonant 
frequencies of cylindrical cavity resonators. The 
coupling values are modeled according to Chapter 
5 and the resonant frequencies are computed based 
on the loaded Q values and the specified unloaded 
Q. Chapter 8 contains the necessary theory for the 
design of these resonators. This program models 
the filter as a transmission line periodically loaded 
with shunt susceptances in accordance with com- 
puted pole locations. 

The transformation from the low-pass prototype 
to a coupled resonator structure, can be traced 
from the prototype network of normalized element 
values to the equivalent circuit representation. The 
coupling tranformers are, in reality, irises (usually 
circular) between resonators. The operating mode 
in the cylindrical guide is TEll  and the resonator 
mode is TE111. Correction is made for circular wa- 
veguide dispersion and also in translating the shunt 
susceptances into circular waveguide discontinui- 
ties which are the circular irises between cavities. 
An additional correction is made for iris thickness, 
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also a very important factor in the precise design of 
microwave filters . 
Higher Order Mode Filters 

The T E l l l  cylindrical cavity mode provides good 
mode separation, small size, and an unloaded Q 
which is greater than that of comparable volume 
rectangular cavities. However, cavities which sup- 
port higher order modes can also be considered. 
Physically larger cavities can provide even higher 
unloaded Q’s and thus lower insertion loss, but a 
greater density of spurious modes will result from 
this choice. 

The resonant modes that can be formed using the 
ten lowest cutoff frequency circular waveguide 
modes have been systematically searched with a 
computer routine [4]. This routine calculates the 
cut-off frequency of several modes for a given wave- 
guide dimension, either circular or rectangular. 
Minimum mode separation was set at 5 percent. 
Resonances which did not provide a significant un- 
loaded Q improvement over the El11 case for the 
increased size were rejected. The candidate modes 
that survived the screening are shown in Figure 3. 

The TEOll mode offers the greatest improve- 
ment in Qu for cylindrical shapes but is degenerate 
with the TMll l  mode, which has a lower Qu. The 

SPHERE 

Q G h  .276 .378 .409 .476 .239 .428 

SINGLETOR DOUBLET (2) (2) (2) (2) (1 1 (2) 
MODE SEPERATION .136 .088 .052 .056 .096 -.Q62 

CLOSEST MODE TMoii TM211 TMiio TE212 TEii i  TM012 

NEXT CLOSEST MODE TMoio TMoi 1 TE211 TE211 (LOWEST MODE) TE212 

DAo .91 .96 1.16 1.02 .77 1.22 

Llhd .65 1.25 1.16 1.78 .64 1.44 

RELATIVE Qu 1.00 1.37 1.48 1.72 .87 1.55 

VOLUMEAo .423 .912 1.226 1.661 .298 1.683 

RELATIVE VOLUME 1.000 2.157 2.900 3.929 .705 3.982 

AREAlho 3.159 5.248 6.341 7.962 2.480 7.857 

RELATIVE AREA 1.000 1.561 2.007 2.520 .785 2.487 

Figure 3. Candidate modes for higher order mode filters. 
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TElml sphere resonance yields an even higher un- 
loaded Q but has a three fold degeneracy. Using 
these configurations increases the design complex- 
ity, since the extraneous modes must be moved out 
of the band. Degenerate modes can be used such 
that a dual or triple mode filter results [4]. 

Although it has been demonstrated that for high- 
er order mode cavities, a Qu of two and one-half 
times that of the TEl l l  mode can be achieved, it 
should be noted that these higher order mode fil- 
ters are suitable only for very narrow bandwidths. 
Unloaded Q for these filters is sacrificed more rap- 
idly with increased bandwidth than it is in the 
TElll case, and spurious mode interference in- 
creases. In addition, the cavities which support the 
higher order modes would necessarily be larger 
than the TElll case, thereby increasing the size 
and weight of the filter. For these reasons T E l l l  
cavities were the chosen resonators. 

OUTPUT COUPLING HOLE 

INTERNAL HOLEBLOT 

COUPLING SCREW 

ORTHO-MODE DETUNING 
(60 MHZ) 

TUNING SCREW (Bo MHL) 

CAPACITIVE 

INDUCTIVE 

TOTAL 0 LOSS 

NET 0 

Dual versus Single Mode Filters 
One drawback of TE111 cavity filters is that two 

simultaneous orthogonal modes can be excited. 
The unintended second mode can cause spurious 
absorption notches in the passband, presenting the 
designer with two options. The second mode either 
can be eliminated, resulting in a single mode filter, 
or it can be put to advantage, in a dual mode filter. 

In a single mode filter the orthogonal mode is 
eliminated in the passband through either of two 
methods. In the first, the filters are designed to 
operate with sufficient tuning screw penetration to 
split the resonant frequencies, thereby tuning the 
undesired resonant mode above the passband. 
With the second, mode suppressors are employed 
in each end of the filter to absorb any residual 
orthogonal mode energy without significantly af- 
fecting the operating mode [9]. Figure 4 shows one 
of the end sections of a filter containing a mode 
suppressor. 

In a dual mode filter the orthogonal modes are 
coupled within the same cavity by means of a 45 
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Figure 4. A mode suppressor example. 

875 

degree tuning screw located at the mid plane. The 
coupling between individual cavities is similar to 
the single mode situation. Since both modes are 
utilized for this type of filter each physical cavity 
actually represents two filter sections (i.e., number 
of cavities = N/2 for dual-mode, whereas number 
of cavities = N for single-mode, where N repre- 
sents the number of filter elements and corre- 
sponds to the same N in the response equations 
discussed earlier for the prototype responses). 
Clearly the advantage is that for the dual mode 
filters the same response can be achieved with half 
the number of physical cavities as would be re- 
quired for a single mode design. 

The Qu of dual mode and single mode filters is 
substantially the same. This result is realized via 
different avenues, as evidenced by Figure 5, which 
compares theoretical unloaded Q losses for dual 
and single mode filters. In both cases the unloaded 
Qu is degraded most by the presence of the output 
and internal apertures. In the dual mode case the 
mode coupling screw introduces fairly extensive Qu 
degradation, while in the single mode case the in- 
tentional detuning of the orthogonal resonant 
mode is a major factor in Qu reduction [4]. 
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Flgure 5. Unloaded Q Losses for a 0.5% bandwidth filter. 

Qu for Various Cavity Materials 
The filters were fabricated from Invar" primar- 

ily because of its low coefficient of thermal expan- 
sion (CTE) of this material as will be discussed in 
the next section. However, since it was plated with 
silver, no loss penalty was incurred by its use, as was 
verified by fabricating test cavities with it and com- 
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paring them with aluminum, brass, copper and 
nickel cavities. it is instructive to compare the un- 
loaded Q's of cavities fabricated from several of the 
considered materials. In fact, once silver plated and 
polished, the highest unloaded Q values were ob- 
tained with Invar'". 

CTE (x lo-"/ C)  

1.28 (heat treated) 
1.60 (advertized) 
2.33 (untreated) 

Thermal Considerations 
The primary reason for choosing Invar'" as the 

base material for the filter cavities lies in its thermal 
properties. Since the filters were required to oper- 
ate from -34 to + 71C, dimension changes with tem- 
perature could have appreciable detrimental ef- 
fects on performance through resonant frequency 
shift. The resonant wavelength of a cylindrical cav- 
ity is given by Equation 2, 

Af (MHz) 

k 0.59 
k 0.74 
f 1.08 

Eq. 2 

where D is the cavity diameter, L is the length, x is a 
zero of the Bessel function dependent on the circu- 
lar mode being considered, as is the mode index p. 
For the TElll  mode, x = 1.841. The resonant fre- 
quency of the cavity is expressed as given in Equa- 
tion 3, 

Eq. 3 

where c is the velocity of light in the cavity interior. 
Taking the natural log of the above, differentiating 
and reducing the result yields Equation 4, 

Eq. 4 

Eq. 5 

D = CTE A T  D 

Eq. 6 

L - CTE A T  L 

then Equation 4 can be written simply as, 

Eq. 7 

A f / f  = -CTE AT 

This expression relates the relative change in the 
resonant frequency of a microwave cavity to a 
change in its thermal environment [2]. 

Since the filters are tuned at room temperature, 
20C, and the operating temperature range is -34 to 
+ 71C, a worst case frequency shift analysis for In- 
var'" is made assuming a +/-55C temperature 
range. 

A study of Invar'" showed that its CTE is not 
always the same, but depends upon the history of its 
heat treatment [5]. The nominal CTE of Invar'" is 
1.6 parts per million per degree C (ppm/C). The 
results of the worst case frequency analysis are 
shown in Table 1 for an assumed cavity center fre- 
quency of 8400 MHZ. 

which shows the relative change in resonant fre- 
quency of a cavity for small changes in the diameter 
and/or length of the cavity. 

Since small cavity dimensional changes result 
from temperature changes due to the linear coeffi- 
cient of thermal expansion (CTE) of the material 
from which the cavity is made, where, 

Table 1. Worst case cavity resonance shift due to ther- 
mal expansion. 

The filters are designed with a 2 MHz margin for 
tuning error and frequency drift. Thus the filters 
must be tuned within 1 MHz of the desired frequen- 
cy if untreated Invar'" is used, but can be tuned to 
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within approximately 1.5 MHz of this frequency if 
treated InvarTM is used. Accordingly, heat treating 
of all of the InvarTM stock prior to filter fabrication 
was employed to gain this wider manufacturing 
margin. By contrast, the frequency shifts for other 
candidate cavity materials are shown in Table 2. 

MATERIAL 

Aluminum 

I f = 8400 MHz T = +_ 55 deg. C 

CTE (x lo-"/ C) A f (MHz) 

24.7 k 11.4 

I I I 

Brass 
Copper 
Nickel 

18.9 4 8.7 
16.6 4 7.7 
13.0 4 6.0 

I I I I 

Table 2. Frequency shifts with alternate cavity materials. 

Another concern related to the thermal proper- 
ties in the filter design dealt with the effect of tem- 
perature changes on the resistivity of the silver plat- 
ing covering the filter surfaces. A change in 
resistivity changes the unloaded Q and therefore 
the insertion loss of the filter [2].  

The insertion loss of a filter is proportional to the 
surface resistance of the material which makes up 
the cavity walls. The expression which relates resis- 
tivity at temperature T to the resistivity at 20°C is 
given by Equation 8, 

Eq. 8 

- r20 [l + a(T - 20) ]  

where r is the resistivity at T or 20C, as indicated by 
the subscript, and a is the thermal coefficient of 
resistivity [2]. The filter loss at T can then be written 
in terms of its loss at 20C as follows: 

Eq. 9 

LOSS, = [1 + a(T -20)]1'2 LOSS,, 

With a(S1LVER) = 0.0038, the loss relative to 
the 20C loss is, 

Transmission 1 

Rejection 
1 '  

\ 

pe 
Pi 

Frequency 

Figure 6. Cavity circuit characteristics. 

Eq. 1Oa 

LOSS+,, - 1.09 LOSS,, 
Eq. IOb 

LOSS-,, - 0.89 LOSS,, 

This variation in insertion loss as a function tem- 
perature was deemed acceptable and taken into 
account in determining the specified maximum in- 
sertion loss of the filters [2]. 
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Figure 7. Cavity test configuration. 

Coupling Tolerance Study 
Another factor considered is how the coupling 

between adjacent and non-adjacent cavities 
changes as a result of the mechanical tolerance of 
the coupling irises (holes). Figure 8 shows the sensi- 
tivity of iris coupling values to a change in iris di- 
mensions for a typical 8-pole, 4-cavity dual mode 
filter [2]. The coupled cavity model of the filter is 
shown in Figure 8 with the individual cavities num- 

bered and the iris coupling between cavities indi- 
cated at cavity boundaries. M1 and M2 denote the 
major iris axis and minor iris axis coupling values, 
respectively, with the major iris axis providing the 
larger coupling. 

The minor axis provides the coupling between 
non-adjacent resonators. The negative sign for mi- 
nor axis coupling indicates that the sense of the 
field in the two cavities must be opposite. The cou- 
pling values which are not shown at a cavity bound- 
ary represent the coupling of the two orthogonal 
modes within each cavity. 

The dimensions of each iris are shown in the 
figure and the change in major or minor coupling in 
MHz is shown for a one mil (0.001") variation in 
each dimension. The results indicate that the iris 
coupling changes typically between 1% and 1.5% 
for a one mil change in iris size. 

The mechanical tolerance of the iris dimensions 
for production units was + 0.005 inch for the length 
and width and + 0.002 inch for the thickness. With 

Center Frequency = 81 72.5 MHz 
Cavity Diameter = 1.20 inches 

InpuVOutput WG = WR112 (1.1 22" x 0.497") 

106.50 -38.48 52.68 -38.48 106.50 _. 

I 1 I I 1 
0 1 4 5 8 9 

2 3 6 7 I I I 
81.77 -.925 81.77 

Coupling 
M1 M2 

(0-1 ) 
63-91 
(2-3) (1-4) 
(6-7) (5-8) 
(4-5) (3-6) 

Dimensions (in.] 
I W t dM1 /dl dM2/dl dMl/dt 

dM1 /dw dM2/dw dM2/dt 

Mechanical Sens itivity Coe fficient (MHz/mil] 

520 .473 .030 

.3555 ,2455 .030 

.3765 .0640 .030 

1.608 .267 -1.1 81 
.123 .747 -.830 
.761 .098 -.725 
.099 .383 -.506 
.491 .002 -.410 
.316 .050 -.045 

Figure 8. Sensitivity of iris coupling with iris hole diameter for the 8-pole, 4-cavity dual mode filter. 
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these tolerances the worst case variations in iris 
coupling values can be approximated by 

Eq. 11 

Coupling = 0.25 + (0.50%) Coupling (MHZ) 

The major performance parameters that are af- 
fected by changes in coupling values are the return 
loss and rejection. A study was performed using a 
coupled cavity analysis program with the worst case 
coupling variations to determine if the filter re- 
sponse would remain within the specification limits 
[2 ] .  The results indicated satisfactory performance 
for both return loss and rejection characteristics; 
however, rejection characteristics tended to be 
much more less sensitive to the variations than were 
return loss characteristics. 

Manufacturing Techniques 
Initially the cavities were machined in cylindrical 

halves from solid billets of Invar T’, being ground and 
polished internally to a finish of better than 8 mi- 
croinches. Coupling holes are bored with a toler- 
ance of +/-0.0005 inch, allowing an extra 0.0005 
inch increase in diameter to allow for the subse- 
quent silver plating, which has a thickness of 
0.0001-0.0002 inches. Male-female joints at the cyl- 
inder halves have the plating removed and are laser 
welded to complete the individual resonators. 

The resonators were jigged together using thread 
rods to hold the complete filter together for electri- 
cal testing. Reject cavities were retuned and re- 
worked as necessary, and then the complete filter 
was welded together. Each cavity has a thicker ring 
where the laser weld is made and the tuning screws 

inserted. The iris thickness between cavities is 0.020 
inch and the wall thickness between thick rings is 
0.016 inch. Figure 9 illustrates the cavity section 
design prior to welding. 

The calculated performance of the filter (Figure 
10a) was in agreement with that measured (Figure 
lob). This design and fabrication process was effec- 
tive in the production of a large number of filters in 
one phase of a communications satellite production 
contract, but an improved method, the “cylinder 
and plate” technique, proved more practical. In this 
design technique, the iris is a separate flat plate 
sandwiched between two cylinders (Figure 11). 

The principal advantages of the cylinder and 
plate fabrication method [2] are that internal cavity 
walls can be finished by machine, iris thickness and 
plating is more consistent and iris disks can be 
modified easily, resulting in cost savings. The disad- 
vantages are the possibility of imperfect surface 
contact between cylinder and iris plate, possible 
misalignment of iris orientation due to tolerance of 
pin location in cylinder and capture hole in iris 
plate, the possibility of “oil canning,” by which the 
iris plate becomes warped due to the heat imparted 
to the plate if the weld penetration is excessive. 
Based on the satisfactory experience with the cylin- 
der and plate technique with filter assemblies man- 
ufactured for seven communications satellite tran- 
sponders, the advantages were judged to far 
outweigh the disadvantages. 

Several steps were taken to maintain the highest 
Qu for the individual cavities and thereby minimize 
insertion loss of the completed filters. The key steps 
taken included: 

1. All current carrying surfaces are carefully ma- 
chined to a smooth finish. 

2. No internal sharp corners should result from 
machining. 

Figure 9. lnvarTM Cavity Design. 
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Figure 11. Cylinder and Plate Technique. 
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Figure 10a. Calculated performance of the filter. 
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Figure lob. Measured performance of the filter. For the 
bandwidth 8130-8215 MHz insertion is below 0.9 dB and 
maximum return loss is better than -21dB, for the 8-pole 
dual mode elliptic filter. 

3. Internal surfaces are polished to an 8 mi- 
croinch, mirror finish. 
4. The silver plating is applied slowly to obtain a 

dense coverage with periodic current reversals and 
the addition of organic brighteners to the plating 
bath. 

5. To remove surface spots and plating salts, a 
final buffing and cleaning is then performed. 

6. To decrease the required cavity penetration of 
tuning screws, broad rounded screws are used in- 
stead of thin screws which would require a deeper 
penetration for identical tuning. 

Test Techniques and Results 
The filter is first tested in a pre-weld test fixture 

consisting of four threaded rods inserted between 
two waveguide-to-end cavity transitions torqued 
sufficiently to hold the cavities together snugly. Ini- 
tial tuning and testing in this configuration is done 
to identify and remove by reworking any manufac- 
turing defects detrimental to performance. Filter 
tuning or alignment begins using a “Filter Fit” anal- 
ysis program [l]. This program utilizes the coupled 
cavity filter model used to generate the desired de- 
sign parameters to find the actual parameters from 
the measured response. It adjusts the coupling val- 
ues mathematically, via iris dimensional changes 
and tuning screw adjustments, until the “fitted” 
coupling values based on measured data match the 
desired values, the desired response is achieved and 
the design loop is closed [2]. 

After welding the cavities together to form the 
complete filter only small variations in tuning usu- 
ally result from the welding action so fewer fitting 
iterations are typically required to restore the per- 
formance obtained in the thread rod jig before 
welding. 

At the conclusion of the post-weld test the tuning 
screws are staked in placed with a silicon based 
adhesive and the filter is painted. Upon completion 
of the required cure durations, the filter is then 
routed back to test for a final functional perform- 
ance verification where the filter is measured to 
verify that the staking and painting operations did 
not affect tuning. Upon successful measurement 
the filter is then installed on the spacecraft. 
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