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Abstract—This paper presents a low-loss coaxial cavity microwave bandpass filter with post-
manufacturing tuning capabilities. A systematic filter development using a low-pass prototype as the
starting point to produce a fourth-degree Chebyshev bandpass response is demonstrated. The coaxial
cavity filter based on the transverse electromagnetic mode of the propagation has a center frequency of
2.5 GHz and a bandwidth of 160 MHz. An insertion loss (S21) of 0.15 dB and a return loss (S11) better
than 15 dB are obtained, particularly in the passband. An excellent agreement between ideal circuit, EM
simulation and measurement results has been achieved. Thefilter isthen modified to have two channels,
known as a diplexer, wherein center frequenciesareat 2.5 GHz and 2.9 GHz at a bandwidth of 200 MHz.
This type of microwave filter will be useful in any microwave system wherein low insertion loss and high
selectivity are crucial, such asin base station, radar, and satellite transceivers.
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I INTRODUCTION

Microwave systems have a significant impact on modern society. Their applications are diverse which for
example, providing entertainment via satellite television and have been used in civil and military radar systems.
In the field of communication, cellular radio is becoming as widespread as conventional telephony. In all these
systems, microwave and radio-frequency filters are widely used to discriminate between wanted and unwanted
signa frequencies. Cellular radio provides particularly stringent filter requirements both in base stations and
mobile handsets.

Combline cavity filters are the most common microwave filters used in modern systems, such as cellular
phone base stations and satellites. The combline filter is first introduced by Matthaei in 1964 and is the most
widely used type of coaxial resonators, at least for frequency below 10 GHz [1]. It comprises an array of parallel
coaxial resonators which are short-circuited at one end and with a loading capacitor at the other end. They are
compact, easy to design, and possess excellent stopband and high selectivity features. More importantly, they
have an advantage with post-manufacturing tuning capabilities. Combline cavity filters also provide outstanding
performance from the UHF region at up to 10 GHz with a relatively higher Q factor (ranging from 2, 000 to
5,000) than microstrip technology [2 - 5]. They also have many attractive features, including an electromagnetic
shielding structure, low-loss characteristics, and a smaller size.

Due to current demands of wireless communication system, two microwave filters can be combined to create
adiplexer wherein two different frequencies can be used together and implemented. The principle operation of a
diplexer isto alow one filter working with dual frequencies. In transceiver applications they are commonly used
behind wideband or multi frequency antennas[6 - 10].

Normally, adiplexer has three ports, one of which is for input signals, whereas the other two are output ports.
Thus, two different microwave filters will be designed in the multi-port circuit. A diplexer is best used in multi-
band communication systems because it can isolate a signal according to the design created. The idea is to
combine two bandpass filters, thus this device has three ports, as mentioned earlier, one input port and two output
ports[12 - 14].

Filter tuning in coaxia resonator filters can be realized through tuning screws. In this case, the tuning screws
are adjusted or inserted [15] into the cavity from the lid towards resonator stubs. The method of filter tuning was
first investigated by Dishal [16], and was implemented on coupled-resonator filter by observing the reflection
coefficient at the resonant frequency. The technique has been further experimentally updated by Ness[15] , asa
result of measuring the group delay of the reflection coefficient until the desired number of ripplesin return loss
is obtained.

This paper focuses on the design of coaxial cavity filter and then has been modified into a diplexer. The first
section of this paper will demonstrate the development of a combline cavity filter using low-pass prototype.
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Design of a single combline filter at frequency 2.5 GHz and a diplexer at frequency 2.4 GHz and 2.9 GHz will
be demonstrated in second and third section. Finally, the measurement results will be discussed and the
conclusion will be drawn in the last section.

II. DESIGN OF CAVITY FILTER

In this section, the development of a systematic combline cavity filter using a low-pass prototype as the
starting point will be demonstrated. A Chebyshev response will be used in the example because this response is
widely employed and has a relatively high selectivity compared to Butterworth response. Three dimensions
electromagnetic Ansoft HFSS software used to model and simulate real physical filter as three dimensions. The
High Frequency Structural Simulator (HFSS) is important for designing high frequency part that usesin modern
electronic applications. By using HFSS, most of 3D EM problems can be solved quickly as it combines
simulation, visualization, solid modeling and automation in easy to learn environment.

For redlization, the low-pass prototype is transformed into a combline bandpass filter. The theory behind the
transformation is explained in detail in [17 - 23].

Low-pass prototype networks are two-port lumped-element networks with an angular cutoff frequency of 1
rad/s and operating in a 1Q system.

The formulato calculate the degree of Chebyshev filter is given [17] :

N > Lp+Lgp+6

~ 20Log10[s +v/52-1]’ @

Where L, is the stopband insertion loss, Lg is the passhand return loss, and Sis the ratio of stopband to passband
frequencies.

Element values can now be calculated by determining the level of insertion loss:

£ = (10MR/10 — 1)~1/2, 2
The equations of prototype elements introduce a new parameter #:
. 1 . — 1
n = sinh [ﬁ sinh™! (;)] ©))

Element values for the Chebyshev low-pass prototype are calculated using the following formulas:

[172 +sin? (%Z)] 1z

n

(4)

Kiri1 =

and

_2 . J@r-Dm
CLr = ;sm [T], (5)
WhereK; .1 isthery, of the admittance inverter and Cy, is the ry, of the capacitor.

The low-pass prototype network can now be transformed into a combline bandpass filter by applying the
following equation [17] :

Y, = aCp tan (9). (6)

Equation (6) represents admittance of a short-circuited stub of characteristic admittance, where C, is the ry,
capacitor in the prototype network, 6 represents the electrical length of resonators at the center frequency w, of
thefilter, and a is the bandwidth scaling factor.

The equivalent circuit of the combline filter is obtained by simply adding shunt capacitor C, from the ry, nhode
to the ground. The formula for calculating capacitor C, of the combline filter equivalent circuit is given by:

G, = BY,, 7)
Where f3 is represented by:

1
wgtan b’

B= (8)

Where @ = 0 in the low-pass prototype maps to w, in the combline bandpass filter. Impedances of al circuit
elementsin thefilter are then scaled to a 50 Q system.

Figure 1 (a) shows the combline bandpass filter circuit and its elements which are operating in a’50 Q system.
Element values of the equivalent combline bandpass filter in a 50 Q system are shown in Table 1. The simulated
response of the combline bandpass filter is shown in Figure 1 (b). The combline bandpass filter has the following
design specification: center frequency of 2.5 GHz with a 160 MHz bandwidth. An insertion loss of 0.04 dB and a
return loss better than 20 dB are obtained, particularly in the passband.
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Figure 1. (a) Comblinefilter operating in a50 Q system. (b) Frequency response of a bandpass filter.
TABLEI. ELEMENT VALUES OF COMBLINE BANDPASS FILTER.
Elements of combline
bandpass filter Values
Ci=C4 15.994 pF
C,=C; 38.62 pF
Y=Y, 9.1287 mho
Yo=Y3 22.044
Kip = K 0.0264
Ky 0.03154

The equivalent circuit of the combline bandpass filter can now be transformed into the physical layout
indicated in Figure 2. Figure 3 shows the dimension of the physical filter.

|
- i I i l_ i Side view

: ° @ i—@—o—@=: Top view

Figure2. Physical filter layout.
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Figure3. Dimensions of the physical filter: (8) top view and (b) side view.

Dimensions of the physical filter can be determined as follows.
Cavity diameter, b, in mm:
A< b <022, 9)
where 1 isthe wavelength at 2.5 GHz.
Resonator diameter, d, in mm:
0.2b < d < 0.4b. (10

Rod diameter is a function of impedance and cavity diameter. Hunter [9] provides the characteristic
impedance, Z., of around rod between two ground planes as:

Z. = 138 x log [2—’;] (12)

The distance between the end wall and thefirst or last resonator, e, can be found using:

e=()+() (12
The gap between the lid and the resonator should be sufficient to provide necessary capacitance, and can be
calculated using:

M. = 0.695d?
9ar — 100c-2.61d’

Where C isthe loading capacitance and d isthe rod diameter.

The distance between resonators, S;onm, ((, j, can be calculated using:
b

(13)

Scomb(ijy = 72| (0.912) +0.048 — log (2 £(6) - K ;)] (14)
where
1O =3[1+ 5] (15
and
0= 27‘[% . (16)

Physical layout parameters are listed in Table I1. The physical layout filter was modeled and simulated using
three-dimensional (3-D) Ansoft HFSS software, as shown in Figure 4. The electromagnetic (EM) simulated
response is shown in Figure 5. An insertion loss of about 0.1 dB and a return loss better than 13 dB has been
achieved, particularly in the passhand. Figure 6 shows the field distribution of the coaxia resonators.
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TABLEII. DIMENSIONS OF A REAL LAYOUT FILTER.
Physical layout parameters Values (mm)
Cavity diameter (b) 24
Resonator diameter (d) 8
Resonator length (1) 12
Tap point distance from the ground 35
Minimum gap (Mgap) 0.5
%“Ofart o st‘(’s, j‘;e“te' spacing  between | 195 515 195
Distance between end wall to center of end 14
rod (e)

Figure4. The 3-D HFSS modd of the physical filter.
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Figure5. The3-D EM response.

Figure6. Field distribution of resonators.

The filter requires further tuning and optimization to obtain an effective response. However, the structure of
this non-planar filter requires a powerful and high-performance computer to carry out the optimization.
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I1l. DESIGN OF THE DIPLEXER AT 2.5 GHz AND 2.9 GHz

The initial design of the diplexer is similar to that of the single channel of a cavity filter. Design 2 of the
single cavity filter should be combined, and the combination should have a dlightly different circuit design.
Figure 7 (a) shows the elements of the diplexer circuit. Figure 7 (b) shows the circuit level of the diplexer in
Advanced Design System ADS. The response of the ideal circuit is shown in Figure 8. An insertion loss of
about 0.04 dB and areturn loss better than 20 dB has been achieved, particularly in the passband.
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Figure7. (@) Element used in the diplexer circuit, (b) Circuit level for the diplexer in ADS.
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Figure8. Simulation result of diplexer circuit design

For the diplexer design, the value of impedance, Z, must be scaled to 70Q to provide a optimum Q-factor.
Table 111 shows the values of each element for the circuit level.
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TABLEII. ELEMENT VALUES FOR THE DIPLEXER CIRCUIT.
Parameters 2.5GHz 2.9GHz
Z0(Q) 70 70
Z1(Q) 70 70
22 (Q) 70 70
Z3(Q) 70 70
Z4 (Q) 70 70
Z5(Q) 70 70
Z01 (Q) 160 160
Z12 (Q) 1374 1520
723 (Q) 2018 2270
734 (Q) 1374 1520
745 (Q) 160 160
C1(pF) 1.747 1.387
C2(pF) 1.359 1.063
C3(pF) 1.360 1.064
C4(pF) 1.758 1.384

By using the same equation from the single channel (9-13), all values were used to calculate the physical
dimensions of the diplexer. Table IV shows physical dimension values of the diplexer.

TABLEIV. PHYSICAL DIMENSIONS OF THE DIPLEXER.

Frequency (GH2) 25 29
Cavity length,b (mm) 20 18
Cavity height, h(mm) 12.5 115
Resonator diameter, d (mm) 8.0 7.0
Resonator length, | (mm) 12.0 11.0
Minimum gap, Mgap (mm) 0.5 05
Center to center spacing between 125, 11.0,
resonators (S;) 22.0, 21.0,
25.0 23.0

The physical layout filter is modeled and simulated using HFSS simulation tools. Figure 9 shows the 3D
design of diplexer using HFSS to produce dual band frequencies.

Figure 9. Model of the diplexer using HFSS toals.

lv. FABRICATION AND MEASUREMENT

The manufacturing process of combline filter is shown in figure 10. The filter is manufactured in-house using
a computer numerically controlled (CNC) machine and aluminium as the material.
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Figure 10. Manufacturing of thefilter.

The filter is measured and verified using a vector network analyzer, as shown in Figure 11. A photograph of
the filter is shown in Figure 12. Screws are inserted between resonators to overcome manufacturing tolerances.
Inter-resonators couplings then tuned using the inserted screws, and an optimized return loss value better than -
15 dB has been achieved over the required bandwidth. The measured response is shown in Figure 13. An
insertion loss of about 0.15 dB and a return loss better than 15 dB have been achieved. Table V shows the

comparison between ideal EM simulations and measurement results. An excellent agreement between ideal EM
simulations and measurement results has been achieved.

Figure 11. Measurements and Verification of the filter: (a) with lid and (b) without lid.

@

(b)
Figure 12. Photograph of the physical filter: (a) with lid and (b) without lid.
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Figure 13. Measured response of the physical filter.

TABLEV. COMPARISON BETWEEN SIMULATIONS AND MEASUREMENT RESULTS.
Ideal circuit | 3DEM | Measrement
Center Frequency (GHz) 25 248 25
Passband BW (MHz) 160 170 168
Stopband BW (MHZ] 320 300 290
S11[dB] -20 -13 -15
S21[dB] -0.04 -0.10 -0.15

The diplexer is also going through the same fabrication operation using the CNC machine. Figure 14
presents the diplexer layout after the fabrication process, whereas figure 15 shows the measurement using the
network analyzer. The measurement steps for the diplexer are similar with single channel of a cavity filter.
Figure 16 indicates the response after the filter has been tuned with tuning screws. After the fabrication process,
the measurement which shows a good insertion and return loss has been achieved. Table VI shows the
comparison between the ideal circuit view of the diplexer and measurement values.

@

(b)

Figure 14. The diplexer after the fabrication process: (a) with tuning screws and (b) internal view of the diplexer.
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Figure 15. Measurement of the diplexer.
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Figure 16. Response of the diplexer after the measurement.

TABLE VI. COMPARISON BETWEEN SIMULATIONS AND MEASUREMENT RESULTS.
Ideal Circuit Measurement
Results
Center frequency 25 2.9 246 285
Passband BW (MHz) 100 100 200 200
Stopband BW (MHz] | 320 320 420 420
S11[dB] -20 -20 -14.33 | -14.42
S21 [dB] -004 | -004 14 14

V. CONCLUSION

A coaxial cavity combline bandpass filter has been successfully designed, fabricated, and measured. Filter
development using the Chebyshev low-pass prototype as a starting point has been demonstrated followed by a
systematic physical realization. The resulting filter exhibits excellent agreement between ideal ssimulated and
measured responses. Similarly for the diplexer, the measured results are in line with the simulated response.The
main advantages of the coaxial resonator filter are its post-manufacturing tuning capabilities and good
selectivity. This class of microwave filter will be useful in any transceiver system where low-loss and high-
performances are required.
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