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A Varactor-Tuned RF Tunable Bandpass Filter with Constant Bandwidth

Byung-Wook Kim + Du-Il Yun - Sang-Won Yun

Abstract

A novel RF tunable bandpass filter structure using dielectric resonators and varactor diodes is considered for the optimization to achieve
constant bandwidth with minimum passband insertion loss. The coupling between resonators is realized by coupling windows and series
lumped L, C elements are used to realize the input/output stage couplings. A S poles, 0.01 dB ripple Chebyshev type filter tuned from
800 MHz~900 MHz is designed and presented in this paper. The passband bandwidth for the design is 10 MHz (fractional bandwidth
= 1.2 %). Experimental results show that the 3 dB passband bandwidth variation is 12.04 MHz~12.16 MHz (less than 1 %) and passband

insertion loss is 15 dB~7 dB depending on the tuning voltages.
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I. Introduction

Electrically tunable filters have wide application in multiband
wireless communication system, spectrum measurement system,
and radar system! Pl The system requirements for these sys-
tem would be broadband tuning bandwidth, fast tuning time,
cost effectiveness, small size, minimum passband insertion loss
and constant bandwidth" ™. Because relatively high Q varac-
tors and RF equalizerlg] are now available, optimally designed
varactor-tuned RF bandpass filter would satisfy these system req
uirements. 2~4 poles varactor-tuned filters have been previous-
ly developed™ "l However, these results show relatively large
passband bandwidth variation, it is because there are no design
consideration for the constant passband bandwidth.

Fig. 1 shows varactor-tuned RF bandpass filters considered in
this paper. This filter is composed of dielectric resonator and
varactor diode. Because low characteristic impedance with high
Q can be easily achieved with dielectric resonators, this structure
has broadband tuning bandwidth®. Also, this structure does not
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Fig. 1. A novel varactor-tuned RF bandpass filter.
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suffered from parasitic components generated at short circuit
points of the resonators™.. Basically, the resonators are designed
for high Q operation(ie. low varactor C, large dielectric
resonator length) to minimize passband insertion loss. The
couplings between resonators are realized by virtue of coupling
windows and the couplings of input/output section are realized
by use of series lumped L, C elements. We will show the
optimum design method to achieve constant bandwidth with
minimum passband insertion loss. And design example will be
presented to prove the validity of the proposed design method.

II. Analysis of Coupling Windows

Since tunable filters are generally of narrow bandwidth,
coupling factor is chosen as basic design parametersm. Fig. 2
demonstrates the two poles bandpass filter which can be
practically used to measure the coupling factors of the coupling
windows. Because input/output capacitive coupling section is
located in proximity to the short circuit point of the dielectric
resonator, low input/output coupling is introduced. It has been
reported[” that transmission coefficient of Fig. 2 will show two
minimum VSWR points because this is so-called "overcoupled
case". Let two points be f£,, £, then the coupling factor, &, is
given as eq. (1)“1.

_Sh

k_v——fz*fx )]

The scattering parameters of the coupling windows shown in
Fig. 2 can be approximately calculated by application of Bethe's
small aperture theorym‘[sl, image theory and Lorentz's reciprocal
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Fig. 2. The configuration for the measurement and the calcu-
lation of coupling factor, 4.

DR#Z

{ 8]

{ D

DR#t]
* a)

Ko U LA [ o
B A R e
& M £ 4 Ly

\ -~ ,‘ : - - “m
— s

b)

Fig. 3. Equivalent configuration of dielectric resonator with
coupling window obtained by application of Bethe's
small aperture theory and image theory.

theorem”. Consider two dielectric resonators shown in Fig. 2.

which can be approximately represented by application of Bethe's
small aperture theory and image theory as shown in Fig. 3.

In Bethe's small aperture theory with introduction of reaction
terms', the dipole moments are related to the normal electric
field and tangential magnetic field which can be written as eq.
(2) and eq. (3).

P=—caln- Byt n En—n- E,ln )
ﬁzﬁam[ *ﬁg+ uﬁly— vﬁh]! (3)

where, P is electric dipole moment, 77 is magnetic dipole
moment, E,, H, are the dominant mode fields in the
DR(diclectric resonator) #1 in the absence of the aperture,
'E,,, H,, are the dominant mode fields radiated by the — 2,
~M in DR #1, E,,. H, are the dominant mode fields
radiated by P, 3 in DR #2, % is unit vector normal to
aperture and @, q,, are electric polarizability and magnetic
polarizability, respectively.

Because we choose rectangular type apertures as coupling
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Fig. 4. The coordinate used for calculation.
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windows, it is difficult to calculate o, and g,,. For this reason,
the published results by S. B. Cohn!™™'® are used.

To reduce the difficulties in calculation, we assume that the
structure of DR is perfectly coaxial and lossless one. The
coordinate for calculation is selected as shown in Fig. 4.

With these assumptions, ‘Ew ?—Z, can be expressed as eq.
(4) and eq. (5).

e _ ey

e @
:Cll%.?_&_ 'a’r

H£=CYO — "2“(:‘};0“—&8 z ‘qu (5)

where, C is the arbitrary amplitude of electric field at open
I T | 2 i
wall of DR #1, - ~—Zo~v%log(l.0787a) LR is the

propagation constant, ¢ is the inner radius of DR, & is the
average outer radius of DR and the coordinates of the position
(r, $,2) are as shown in Fig. 4.

Let the position of the dipole moment 2 of DR #2, which
is shown in Fig. 3, be r=4p,2=4d and A,, A, be the
amplitudes of electric fields radiated by this dipole moment to
+z direction and -z direction, respectively. There are another
dipole moment — P at »=p, z=— 4 which is introduced to
account for the short point of the DR #2. Let A, be amplitude
of the electric field radiated by this dipole moment to +z
direction and A, be that to -z direction. Ay, Ay, Ay, Ap

can be expressed as eq. (6) ~ eq. {9) by Lorentz's reciprocal

theorem!”,

JwP,
Ay =—ppe™ 6)
wP,
Ap= "““’"]u;;b e % 0
Ap=—Ayp 8
Ap=~Ay %

where, P, is the » component of 2, P=47zY01n-g* and w

is radians per second. Similarly, let A, As, be amplitudes of

the electric field radiated by magnetic dipole moment 77 at
r=p,z=d to +z direction and -z direction, respectively, and
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Ay, Ap be amplitudes of the electric field radiated by
magnetic dipole moment 3 at »=15,z=—d to +z direction
and -z direction, respectively. Ag, Ay, Ay, Agp Can be ex-
pressed as eg. (10)~eq. (13).

WYy
A31= / Z)(I)) 0 elequ (10)
Jwee Yy
Aaz.:__;g_o e /ﬁdM¢ (11)
Ay=—Ayp (12)
Ap=—Ay (13)

where, M, is ¢ component of M. With these expressions,
2, ( E,,— E,) of eq. (2) can be expressed as

Ey,—Ey, =—(A11+A12+A31tA32)E+ - 2,
—(AntAYE™ - ar
—(A12+A32)E+ s a, (14)

where, E* is the electric field which is traveling to +z
direction at »= b, z=d and E~ is traveling to —z direction.
E*,E™ can be expressed as

—~jgd
B =T, (15)
v
E’=% z, (16)

Similarly, H,,,— H,,, can be expressed as

Hy,,— Hyy= — (At AptAs tAaz)H+ : zcﬂ
_(A21+A4})H_ * _(f¢ (]7)
—(AptAp)H" - a,

where, H*, H~ is given by

o A

H =Y %5— a4 (18
o
H ==Y~ a (19)

Substitute eq. (6) ~ eq. (9) and eq. (14) ~ eq. (16) to eq.
(2) and substitute eq. (10) ~ eq. (13) and eq. (17) ~ eq. (19)
to eq. (3) to obtain the expressions of P, and M, as

[ Pr] = C[ an alz] -1 _2,@_1;_1& (20)
M, as ax _ 2caspd
b

where,

owsinfde " jw ;. sign 1
Py’ P17 g

an=

. Wity Y[)COS Bd ~jpd ]W,UO YO

ap=—12j Py e X (1— e ¥8)
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Fig. 4. Equivalent circuit of Fig. 2.
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and, e=e¢,g, ¢, is the permittivity of the DR.
Because we can calculate electric field radiated by dipole
moments, the scattering parameters can also be expressed as

Sy =Sp=(An+Ap+Ay+Aple ¥

_{2wsinfd 5, _ ., weoYocosBd ol
= (2ugpie p g BRI a)e
Sy=Sp=—e Y-8y, 22)

Fig. 4 is the equivalent circuit of Fig. 2. ] denotes the low
coupling of the input/output section, C, is the equivalent
variable capacitance of the varactors and L, denotes admittance
of DRs which this admittance is given as

Y=—jY,cot 8 (23)

where, [ is the length of the DR.

The coupling windows is now represented as generalized
scattering parameters, [ Spr], obtained by eq. (22). Transmission
coefficient calculation of circuits shown in Fig. 4 enables us
coupling factors calculation.

The comparisons between calculated coupling factor and
measured one are presented in Fig. 5 and Fig. 6. The DR
considered in this paper has physical dimensions and property as
following :

Radius of inner conductor, a=2.75 mm
Radius of outer conductor, 5=8 mm
Permittivity, e, = 37

Fig. 5 shows the comparison when the resonator is composed
of only DR whereas Fig. 6 shows the comparison when the
resonator is composed of DR connected with 39 pF C and 3 pF
C using leads. There are very close agreements between
calculated results and measured one.

By comparison between calculated coupling factor of
coupling windows and the desired values expressed in terms of
low-pass proto typem, the optimized coupling windows can be
designed.
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Fig. 5. Coupling factor comparison between measured and
calculated : resonator is composed of only DR.
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Fig. 6. Coupling factor comparison between measured and
calculated : resonator is composed of DR connected
with 39 pF C and 3 pF C using leads.

[l. Design of Input/Output Section

As shown in Fig. 1, the input/output coupling is realized by
virtue of series lumped L, C elements. The external Q is
selected as design parameters''. To minimize passband insertion
loss, the resonator must be operated at its' highest Q region. To
satisfy this requirement, DR must have largest length which is
equivalent to lowest varactor capacitancem. Eq. (24) is the
external O expressionm of suggested structure.

- bGA
o="2A eh)

where, G, is the admittance of source/load circuits,

" Phillips Semiconductor, Sunnyville, CA.

" Device parameters based on manufacturer supplied data.

Y ~1
b=70605c20+wc,,, B=(M’L01‘EICK> and 6= gl

Con

If external Q requirement over tuning frequency range ,which
is expressed in terms of low pass proto typem, can be satisfied
by changing and Z,;, the DR length, / can be determined to
give highest resonator Q. Note that if coupling section is
composed of only C or L, the external Q requirement cannot be
satisfied unless DR length, J, become shorten!, If DR length
is selected so that resonator can be operated at highest Q region,
we can satisfy not only constant bandwidth requirement but also
minimum passband insertion loss requirement. Further discus-

sion associated with this will be presented with practical
example,

IV. Practical Example

A varactor tuned RF tunable bandpass filter has been
designed and constructed to the following specification :

Frequency : 800 MHz~900 MHz
Passband bandwidth : 10 MHz (W = 1.2 %)
Type : S sections, 0.01 dB ripple Chebyshev

The varactors used are BBS35 RF Variable Capacitance
Diodes"?. Fig. 7 shows the calculated coupling factors between
1 st resonator and 2 nd resonator vs frequency axis. Three
straight lines are calculated from low-pass proto type in cases of
9.8 MHz, 10 MHz and 10.2 MHz bandwidths. Three curved
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1:.0 - J( : ——— Calculated, Case 2|
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Fig. 7. The coupling factor vs frequency axis.
Case 1 : SW=6mm, w=18mm, | =615 mm
Case 2 : SW =69 mm, w =44 mm, | = 6.15 mm
Case 3 :SW =8 mm, w=45mm, | =75 mm
(See Fig. 1 for SW, w, ).
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Table 1. The position and size of coupling windows.

Coupling windows SwW w 1 BW variation
Between | st resonator less than
to 2 nd resonator 69 mm, 4.4 mm | 6.15 mm +0.15 MHz
Between 2 nd resonator less than
to 3 rd resonator 78 mm |23 mm; 6.15 mm +0.1 MHz

Note : the coupling windows are symmetrical.
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Fig. 8. The external Q vs frequency axis.
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Fig. 9. Calculated scattering parameters of 5 sections varac-
tor-tuned RF bandpass filter.

lines are calculated by presented method. Case 2 would be
optimally designed case because this case shows most close to
the desired values for 10 MHz bandwidths within tuning
frequency range. The passband bandwidth variation is predicted
less than 30.15 MHz. Also, it is predicted that the passband
bandwidth will be narrower at low(about 800 MHz) and
high(about 900 MHz) frequency region compared with average
one and will be broader at mid(about 850 MHz) frequency
region. Similarly, the position and size of coupling windows are
determined as shown in Table 1.
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Fig. 10. Experimental results.

(a) Center frequency = 800 MHz, 3 dB passband band-
width = 12.08 MHz, Insertion loss = 15.3 dB

(b) Center frequency = 850 MHz, 3 dB passband band-
width = 12.16 MHz, Insertion loss = 9.9 dB

(¢) Center frequency = 900 MHz, 3 dB passband band-
width = 12.04 MHz, Insertion loss = 7.0 dB

Fig. 8 shows external Q variation vs frequency axis as a
function of coupling method with largest DR length. The desired
values are calculated using low pass proto type expressions!'. It
can be concluded that coupling method using series fumped L,
C elements satisfy not only the constant bandwidth requirement
but also minimum passband loss requirement.
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Fig. 11. Photograph of the experimental varactor-tuned filter.

The overall transmission coefficient, S, can be calculated
because scattering parameters of the each section has been
obtained.

Fig. 9 shows the calculated overall transmission coefficient.
Constant bandwidths with relatively low passband loss are
predicted within designed tuning frequency range. Note that our
design example is 5 sections and fractional bandwidth is only 1.2
%. Because passband loss will {exponentially) increase pro-
portional to the number of poles or inverse proportional to the
fractional bandwidthsm’[zl, it can be concluded that designed filter
shows relatively low passband loss mostly due to loss of varactor
diode. This result can be implemented because resonator is
enforced so that is operated at highest Q region. However, for
compensating purpose RF equalizerm can be applied.

Fig. 11 shows a photograph of the experimental varactor-
tuned RF bandpass filter. Fig. 10 shows experimental results.
The 3 dB passband bandwidth variation was 0.12 MHz (less
than 1 %) within designed frequency range. The passband loss
was 15 dB~7 dB. These results agree well with predicted ones,

V. Conclusion

A novel varactor-tuned bandpass filter is proposed and design
method for optimum response is discussed. Experimental results

agree well with the predicted ones. The proposed design method
enables one to design a varactor-tuned bandpass filters with
constant passband bandwidth and relatively low passband
insertion loss.
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