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Abstract

In this paper, a novel varactor-tuned combline bandpass filter is presented. The coupling varactor diode between
line elements is introduced to control the passband bandwidth so that the passband bandwidth can be maintained
almost constant within the tuning range. The equivalent circuit and design equations are derived, and the optimum
design is discussed. A 1.7 GHz, two-pole bandpass filter with a bandwidth of 4.5 % was constructed. The absolute
passband bandwidth was maintained almost constant within more than 0.4 octave tuning range.
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I . Introduction

The varactor-tuned combline bandpass filter!"! is an
attractive choice among several types of varactor-tuned
RF tunable bandpass filters'"" ™. Using this filter,
octave tuning can be achieved while retaining minimum
degradation in passband perfonnance“]’[sHﬂ. The pass-
band bandwidth of this filter can also be maintained
approximately constant independent of tuned frequency
by selecting a properly chosen electrical length of
transmission line segment. The filter reported in [1] has
been tuned more than 0.4 octave tuning range with less
than 12.5 % variations in absolute passband bandwidth.
In [8], a varactor-tuned combline bandpass filter using
step-impedance microstrip lines are considered to
achieve constant filter response and bandwidth. Valuable
discussions of the problem of obtaining nearly constant
bandwidth in the tunable bandpass filter can also be
found in literatures® """, However, previous results!' "%
show that the passband bandwidth of the tunable
bandpass filter will inevitably vary as the filter is tuned.
In general, a wider tuning range will cause greater
passband bandwidth variation™™). In this paper, we will
consider a novel varactor-tuned combline bandpass filter
to achieve almost constant absolute passband bandwidth
independent of tuned frequency['”. Fig. 1 shows a novel
varactor-tuned combline bandpass filter proposed in this
paper. This filter has an additional coupling varactor
diode between line elements so as to control the pass-
band bandwidth, The coupling varactor diode is located
near the short-circuited point. Since the magnetic
coupling is dominant in the combline structure™, an
increase in the equivalent capacitance of the coupling

: Combline Bandpass Filter, Constant Passband Bandwidth, Tunable Bandpass Filter.

varactor diode will result in a decrease in passband
bandwidth. Therefore, using this structure, a narrow-
band filter can be easily realized. A properly chosen
equivalent capacitance value and the position of the
coupling varactor diode enable the passband bandwidth
to be controlled so that the passband bandwidth could
be maintained almost constant within the tuning range.
It will be shown that more than 0.4 octave tuning range
with almost constant absolute passband bandwidth can
be achieved using a proposed filter. Design equations of
the proposed structure will be derived, and experimental
results will be presented.

II. Theory and Design Equations

For narrow bandwidth applications, it has been shown
that the coupling coefficient is the convenient design
parameter. In this paper, an equivalent circuit for the
circuit presented in Fig. 1 will be derived using a
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Fig. 1. A novel varactor-tuned combline bandpass filter
using coupling varactor diode.
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similar method presented in [8]. Then, a closed form
expression for the coupling coefficient will be derived.

2-1 Constant Bandwidth Requirement

To maintain constant passband bandwidth, the cou-
pling coefficient, £, must vary inversely with the tuning
frequency as expressed in the following equationm:

J, w1
k .+ l'=ltan—l= L = oc—
" Voo NE&. S (1)

where, J's are the inverter values, b’'s are the slope
parameters of the resonators, W is the fractional band-
width, g’s are the element values of the lowpass pro-
totype filter, and fy denotes the center frequency of the
tuned frequency.

2-2 Coupling Coefficient™

To calculate the coupling coefficient, the voltages and
currents at each port are defined as shown in Fig. 2.
The equivalent variable capacitance for the varactor
diode positioned between line elements is represented by
C.. In this paper, this varactor diode will be referred to
as a ‘coupling varactor diode’. C, represents the equi-
valent variable capacitance for the varactor diode posi-
tioned at the end of the line element to ground. In this
paper, this varactor diode will be referred to as a ‘tuning
varactor diode’.

The relationship between the voltages and currents is

[11, 112
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where,

hu=Yn =Yy =Y, =_é(),a cotd,, +1, COtGZE)

Y=ty =Yy =Y, =“é(}; cotd,, ~ ¥, cot6,,)

s

Y=Y =Yu=t,= —%(Yn csch,, +7, csch,,)
Vuw=ta=Ypu=VY;= _%(Ya cscd,, ~ ¥, csc02¢)

Y,, Y. are the odd and even mode impedances of line
elements, and 63, 62 are the odd mode and even
mode electrical lengths of line elements between cou-
pling varactor diode and the open-circuit point of the
line element(Fig. 2).
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Fig. 2. Definition of the voltages and the currents at
each port.

L, Iy, V3 and Vs will satisfy (3)

l:[z]__l: Yo Y+ jwC, || Vs
1, Y+ jwC, Y. Ve 3
where,

Yo=Y = "%(Yo cotf, +7, cotﬂ,,)
Y=Y, = —%(Y,, cotd, - ¥, cot6,)

f 10, 1. are the odd and even mode electrical lengths

of line elements between coupling varactor diode and

the short-circuited point of the line element(Fig. 2).
Substitute (3) to (2) to obtain

[ :I [ l }[ l ]
12 21 22 2 ( I)
Where,

Y, =Y,= ——;—(Y; cotd,, +¥, cotd,,

_ Y?csc’ 6, ¥lcsc’6,,
Y, cot8, +7Y,cotd,, +wC, Y, cot6, +7Y, cotl, —wC, /,

Y,=Y,= _-;—(Y; cotf,, ~¥, cotd,,

. YZcsc’ G, Ylesc’ 6,
Y. cotd, +Y,cotf, +wC, ¥, cot,+Y, cot, —wC,

The equivalent circuit of a symmetrical pair of
resonators can be obtained from (4) such as shown in
Fig. 3, where Y;, and Y are

Y=-j Y cosf, +wC.Y, sin6, cos 0,
: ¥,sinf, +wC,sin6, siné,, (5)

81



JOURNAL OF THE KOREA ELECTROMAGNETIC ENGINEERING SOCIETY, VOL. 5, NO. 2, JUN. 2005

T T

1
1

N, I §) V2,12

Cv

Fig. 3. Equivalent circuit for the circuit presented in Fig. 2.

J ( Y cosf, -wC_sin6,, cosb,,
2= 0
2

Y sing, —wC,sinf,, sinéb,,

_y Y, cosd, +wC, sinb, cosb,, )

‘ ¥ sing, +wC, sind, sing,, 6)
where, 0.=0 et 62, and 0.=8 1,+ 0 2.
The coupling coefficient, &, can be expressed as
1Y
k=t
b ™)

where, b is the slope parameter of the resonator which
can be derived from (5) and is given as

_! 8,Y) -wC.Y2sin’ 6, +20, wC. Y, sind, (¥, cos, +wC,sin6, ) N wC,

b
2 (¥,sin@, + wC,sin6, siné,, )’ 2

For the filter realized in stripline, the even and odd
mode phase velocities are same, and (4)~(7) can be
simplified accordingly.

III. Design Considerations

The length of the line element of the varactor-tuned
combline bandpass filter are closely related to the filter
performance. The length of the line element should be
as short as possible for the widest tuning range and a
longer electrical length of line element will result in
better overall quality factor®. If there is no coupling
varactor diode between resonators, the length of the line
element should be the optimum value to achieve the
optimum performance in terms of constant filter
response shape and bandwidth!l. Therefore, trade-off in
choosing the length of the line element exists. For the
filter considered in this paper(Fig. 1), the passband
bandwidth will be maintained almost constant by
utilizing the coupling varactor diode. Therefore, the
length of the line element could be chosen to achieve a
wide tuning range and/or a minimum passband insertion
loss while retaining constant filter response shape and
bandwidth.
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An exact resonance frequency can be derived from
(5). However, to a good approximation, the resonance
frequency can be expressed by (3) in [4] as the foll-
owing equation

Y, = j(wC,~¥,c0t6,) =0 ®)

The resonance condition at fn.(the center frequency
of the passband when the filter is tuned to the maximum
frequency of the tuning range) and fu(the center
frequency of the passband when the filter is tuned to the
minimum frequency of the tuning range) can be
expressed as the following two equations

27tfmaxcmin = Ye cot emmc (9)
2”fmincm¢n = Y; cot emin (10)

where, Cyq is the equivalent capacitance value of the
tuning varactor diode when the filter is tuned to fuin,
Cnin is the equivalent capacitance value of the tuning
varactor diode when the filter is tuned to fua, O max 1S
the electrical length of the line element at fuar, and 8 i
is the electrical length of the line element at foi 6 min=61
+62 at fun, see Fig. 2).
Divide equation (9) to equation (10) to obtain

f max Cmin — a’ — tan gmin — tan emin
f min Cmax Crn(io tan emax tana 'gmin ( 1 1 )
h . . f max d max h
where, ¢ =a+1= 7 and C, - C . 1s the capa-
min min

citance ratio of the tuning varactor diode.
Therefore, the tuning range, a, can be expressed by
the following equation:

1.6
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Fig. 4. Theoretical tuning range as functions of & ,.(the
electrical length of the line element at the center
of the passband when the filter is tuned to the
minimum frequency of the tuning range, & =0
+8: at fun, see Fig. 2) and C.uwo(the capaci-
tance ratio of the tuning varactor diode).
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tan 6,

min

a=C —m ]
tan(a + 1), (12)

= “rmatio

Fig. 4 shows the resulting tuning range, ¢, as func-
tions of @ min and Cui. For example, if electrical length
of the line element is 37 degrees at fu.» and the capa-
citance ratio of the tuning varactor diode is 2.5, then
approximately 0.43 octave tuning is possible. As the
length of line element becomes electrically longer, the
overall quality factor becomes increased [4] as referred
to before. Therefore, the optimum electrical length of
line element would be a length that provides no more
than required tuning range. This length can be deter-
mined using (12) and Fig. 4.

In this paper, design parameter values such as the
even and odd mode characteristics impedances of cou-
pled microstrip lines, the position as well as the required
equivalent capacitance of the coupling varactor diode
will be determined for a specified design as presented in
the following section.

IV. Experimental Results

A varactor-tuned combline bandpass filter using the
proposed structure has been designed and tested accord-
ing to the following specifications:

Tuning range: 1.4 GHz~2.0 GHz(about 0.43 octave)

Number of poles: 2

Passband bandwidth: 75 MHz(fractional bandwidth
=about 4.4 % at 1.7 GHz)

Type: 0.01 dB Chebyshev

The varactor diode used in this design is 1sv277".
The measured capacitance of this varactor diode at -8 V
voltages is about 1.5 pF with capaciténce ratio of 2.5
around the tuning range. Microstrip structure using
Taconic TLC 32(&,=3.2, #=0.8 mm)’ substrate is used.
By utilizing Fig. 4, the even mode electrical length of
the line element, 4., is chosen as 37 degrees at f,,;,(1.4
GHz) to provide 0.43 octave tuning range with mini-
mum passband insertion loss [4]. This even mode
electrical length corresponds to 53 degrees at fua(2
GHz). The same varactor diode in a back-to-back con-
figuration has been used as the coupling varactor diode.
In order to achieve minimum passband insertion loss,
the equivalent capacitance of the coupling varactor
diode should be as small as possible within the tuning
range. The equivalent capacitance of coupling varactor
diode at —6 V voltages in a back-to-back configuration
is about 1 pF. This bias voltage is chosen for the bias

"Toshiba Corporation.
*Taconic.

of the coupling varactor diode at fuw. A lumped
inductor has been used for input and output coupling
networks. The position and value of a lumped inductor
have been determined according to the method presented
in [8], and designed values can be found in Table 1.
The even mode impedance, Z.=1/Y,, is closely related to
the resonance frequency. Since the existence of the
coupling varactor diode will slightly shift the resonance
frequency, the position and equivalent capacitance value
of C. would have negligible effect on determining the
even mode impedance that satisfies the resonance
condition. If this assumption is true, then the even mode
impedance will satisfy (13)"

2
Y, cotd, = kb, +%&“—2+va

G, + By, (13)

w Y @6 wC f JIG?

k= — b == L 4 r B =— o4
Where, v&&:, v 2 Sinz eg 2 s o G:_Jozl ’
_ [5G, 808\ b =£__gf_—qv£__
Jm‘\} o, L= o ' "2 sin?(6,-6,)

L L¥C, +(wC,) 4, +126,

2 (r, cosd, —wC,sin6,)" ™ and 0. is the even
mode electrical length between the open-circuited point
of the line element and the point where input/output
coupling inductor is positioned [8].

Note that, in (13), all values except the even mode
admittance have been given. Therefore, the even mode
impedance that satisfies (13) can be solved at f,,, and
the resultant value is about 53.5 Q.

The odd mode impedance can now be obtained by
equating (1) and (7) at f,e. Fig. 5 shows the odd mode
impedance to obtain 75 MHz passband bandwidths at
JSmax as functions of 8 imed 81 at fuew) and the ratio
between the odd and even mode phase velocities
=V €/ Eoren» WheTE &€ oqq is the odd mode permittivity
and ¢ even 1S the even mode permittivity. For example, if
the coupling varactor diode is located at 14 degrees(at
fmax) from the short-circuited point and the ratio between
the odd and even mode phase velocities is 0.93, then the
odd mode impedance should be about 43 Q to assure
75 MHz passband bandwidths at fhu.

Table 1. Design values of varactor-tuned combline band-
pass filter using coupling varactor diode. The
geometrical parameters are illustrated in Fig. 1.

W 2 mm S 0.9 mm I

lz 3.5 mm lv 1 mm Lo]

10 mm
14 nH
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The equivalent capacitance of the coupling varactor
diode, C,, will be varied to control the passband band-
width so that the passband bandwidth could be main-
tained almost constant within tuning range. The required
capacitance ratio of the C. to maintain constant pass-
band bandwidth can be obtained by equating (1) and (7)
at fuin. Fig. 6 shows the resulting C. to obtain 75 MHz
passband bandwidths at f,.;, as functions of 0 ima and &
with selecting odd impedances as presented in Fig. 5.
For example, if the coupling varactor diode is located at
14 degrees(at f.ax) from the short-circuited point and the
ratio between the odd and even mode phase velocities
is 0.93, then the equivalent capacitance of the coupling
varactor diode should be about 1.3 pF to assure 75 MHz
passband bandwidths at f.;. In some cases, the required
capacitance ratio of the C, can be slightly larger than
calculated values as described above, since required
capacitance value of the C, can be largest at some fre-
quency between fuix and fiax.

From Fig. 5 and Fig. 6, the electrical length between
the position where the coupling varactor diode is
positioned and the short-circuited point, &, is chosen as
14 degrees(at fma) since this choice will result in rea-
sonable design parameter values. Conversion from
electrical parameters to physical values is performed
using the commercially available software, such as
LineCalc’. The design values are summarized in Table
1. In this case, the ratio between the odd and even mode

50

0dd mode impedance (£1)

25

10 15 20 25 30
Electrical length between C and the short-circuit point at fwx (degrees)

Fig. 5. The theoretical odd mode impedance to obtain 75
MHz passband bandwidths at f,.. as functions of
0 1max(the electrical length between the position
where coupling varactor diode is positioned and
the short-circuited point at fu.) and & (the ratio
between the odd and even mode phase velocities)
with 6 .=53 degrees, Z...=53.5 Q, C~L.5 pF,
and C~=1 pF at fau=2 GHz.

3Agilent Technologies.
4Agilent Technologies.
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10 15 20 25 30
Fleetrical length between C: and the short-circuit point at fm, (degrees)

Fig. 6. The theoretical equivalent capacitance of the
coupling varactor diode to obtain 75 MHz pass-
band bandwidths at f,; as functions of & ima
(the electrical length between the position where
coupling varactor diode is positioned and the
shorted-circuit point at f,..) and ¢ (the ratio
between the odd and even mode phase velo-
cities) with 8.=37 degrees, Z..,~53.5 W, and
C=3.3 pF at fun=1.4 GHz. The odd mode im-
pedance is selected as presented in Fig. 5.

phase velocities, ¢, is about 0.93. Fig. 7 shows the
calculated coupling coefficient according to (7) along
with desired value based on (1). It can be found that the
passband bandwidth can be maintained almost constant
by changing the equivalent capacitance of the coupling
varactor diode from 1 pF to 1.3 pF. The simulated as
well as the experimental performance of this filter are
presented in Fig. 8. Simulations were performed using
commercially available software, such as Momentum’”.

Coupling coefficient (%)

2 n L . n L " n "
1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200

Frequency (MHz)

Fig. 7. Frequency variation of coupling coefficients as a
function of the equivalent capacitance of the cou-
pling varactor diode(C.): The thin solid lines are
calculated values according to (7) and the thick
dashed line is desired ones according to (1).
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Fig. 8. Simulated and experimental results(Sii, S21): The
thick lines are measured values and the thin
lines are simulated ones. The 3 dB passband band-
width is almost constant within more than 0.4
octave tuning range at 1.7 GHz.
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Fig. 9. Photograph of experimental 2-pole varactor-tuned
combline bandpass filter using the coupling va-

ractor diode.

Simulated and experimental results show that the 3 dB
passband bandwidth is maintained almost constant
within more than 0.4 octave tuning range at 1.7 GHz.
Fig. 9 shows the photograph of the designed tunable
bandpass filter.

In Fig. 9, one can find that the passband insertion
loss is slight higher when the filter is tuned to the
lowest frequency within the tuning range compared with
its passband insertion loss when the filter is tuned to the
highest frequency within the tuning range. This is due
to the inverse-proportional property of the Q factor in
this type of resonators.

V. Conclusion

In this paper, a novel varactor-tuned combline band-
pass filter is presented. The coupling varactor diode is

introduced near the short-circuited point to control the
passband bandwidth so that the absolute passband
bandwidth can be maintained almost constant within the
tuning range. The equivalent circuit and design equa-
tions are derived, and the optimum design is discussed.
The even and odd mode impedance, and the position as
well as the required equivalent capacitance ratio of the
coupling varactor diode have been determined for the
optimum performance. Experimental results at 1.7 GHz
show that the passband bandwidth is almost constant
within more than 0.4 octave tuning range.

This work was supported by the Agency for
Defense Development(ADD), Korea, through the
Radiowave Detection Research Center at Korea
Advanced Institute of Science & Technology(KAIST).
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