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Variable Bandpass Filters Using
Varactor Diodes
SACHIHIRO TOYODA, MEMBER, IEEE

Abstract—A rectangular waveguide type variable bandpass filter for the

4-GHz band has been proposed and tested. The passband width varies from

260 MHz to 1.02 GHz for a filter using varactor diodes. Two microstrip

variable bandpass filters for the 6-GHz and 4-GHz bands are atso proposed

and tested. The passband width varies from 310 MHz to 1.24 GHz for a

varactor-diode coupled filter, and it varies from 380 MHz to 2.18 GHz for

a filter which is composed of low-pass and high-pass filters connected in

cascade. The center frequency of the three filters can be changed arbi-

trarily.
1

1. INTRODUCTION

M any studies of microwave filters using rectangular

waveguides, coaxial lines, or striplines have been

reported. Filters used in a waveguide are usually composed

of capacitive or inductive irises placed at quarter-

wavelength intervals. Chen [1] obtained wide-band char-

acteristics for a filter composed of resonant irises placed

across a rectangular waveguide at quarter-wavelength inter-

vals. However, the passband widths of the bandpass filters

mentioned above are fixed and cannot be varied.

In this paper, the author proposes new variable band-

pass filters using varactor diodes. The passband width of

the filters can be varied mechanically or electrically. These

methods of changing the passband width have already

been reported by the author et al. [2]. [3]. Three types of

the filters are considered.

The first one is the waveguide type variable bandpass

filter. The first pair of diodes and a metallic post separated

by a/3 in the x-direction are mounted in the upper and

lower sides of an E-plane bifurcated waveguide, and other

pair of Fig. 1 are placed apart from the first pair by Ag/4

in the z-direction.

The second one is a varactor-diode coupled variable

bandpass filter which is composed of three parallel reso-

nant circuits connected with varactor diodes and short

transmission lines. The center frequencies in the passband

of the three resonant circuits are equal, and they are varied

by changing the junction capacitances of the varactor
diodes. The passband width is varied by changing the

capacitances of the varactor diodes.

The third one is composed of low-pass and high-pass

filters connected in cascade. The low-pass filter is con-

structed by mounting three varactor diodes in a microstrip

line at a certain interval. By changing the capacitances of
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Fig. 1. Variable bandpass filter using varactor diodes and metallic posts
mounted in an E-plane bifurcated waveguide.

the varactor diodes, the cutoff frequency of the low-pass

filter is varied. The high-pass filter is constructed by plac-

ing three capacitances on a microstrip line, and between

them, open transmission lines terminated by varactor di-

odes are connected as inductances. The cutoff frequency of

the filter is varied by changing the capacitances of the

varactor diodes. The passband width of the bandpass filter

can be varied by changing the capacitances of the varactor

diodes in both the low-pass and high-pass filters.

The experiments were carried out at the 4-GHz band.

For the third filter, the passband width was varied from

380 MHz to 2.18 GHz. These variable bandpass filters can

be used to receive the signal of each channel of the

broadcasting satellite, to detect a radar frequency, and so

on.

II. WAVEGUIDE VARIABLE BANDPASS FILTER USING

VARACTOR DIODES

A. Analysis and Eqtuoalent Circuit of the Filter

The structure of variable bandpass filter using the varac-
tor diodes is shown ‘in Fig. 1. The width and height of both

upper and lower waveguides are a and b’. Both a diode and

a metallic post are assumed to be very thin cylindrical

posts of radius r, and are mounted at a distance d, and dz

from the wall in the upper waveguide (the structure of the

lower waveguide is the same as that of the upper wave-

guide). It is assumed that filamentary currents denoted by

.118(z)8(x-d, ), J#(z)8(x-d2) flow uniformly in the

posts. The currents J1 and Jz are determined from the

boundary condition. We consider here the special case
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Fig. 2. Equivalent circuit of the filter shown in Fig. 1

where the height b’ of the waveguide coincides with that of

the diode. Since b’<<A in this case, the electromagnetic

field are almost uniform in they-direction, and therefore

the electric field is assumed to have only a y-component

EY(x, z). With these assumptions, the analysis was carried

out, and gives the equivalent circuit of the filter shown in

Fig. 2[2]. Theequivalent circuit of,N1 in Fig. 2(a) is shown

in Fig. 2(b). The equivalent circuit of Nz is obtained by

replacing Z~l and Z~2 by Z~3 and Z~4, respectively. The

expressions for reactancesjX, –jX1 are given in [5].

The impedance shown in Fig. 2(b) is expressed as (see

the Appendix)

‘s=m21x2+JJ
DI

(1)

(2)

X3= –n=2?6,..&i”(%+in{n%+r))apob’

a
,,,

(3)

(–), ~dl

‘2=&csc a “
(4)

Quantity X2 in (2) represents the inductive reactance re-

sulting from all the mode components higher than the TE 10

mode, and the equivalent circuit shows that impedances

jX3 and ZD1 of the metallic post and of the diode are

connected in series to X2. m is the transformation ratio of

an ideal transformer, and Z, and ZO are the characteristics

impedances of waveguides of height b’ and b, respectively,

B. Experimental Results

The structure of the variable bandpass filter is shown in
Fig. 3. The values of a, b’, and b of the waveguide are 58

mm, 2 mm, and 5 mm, respectively. The thickness of a

copper plate is 1 mm. The diameter of the copper post is 3

board

K—-”+’ias “’”in’]
Fig. 3. Structure of the variable bandpass filter shown in Fig. 1.

mm, and the radii r of both the varactor diode and the

metallic post are 0.6 mm. The lengths 11,12,13 are all Xg/4

at a frequency of 4 GHz, and the input power was 0.01

mW.

The measured attenuation characteristics of the variable

bandpass filter are shown in Fig. 4. The junction capaci-

tances of varactor diodes ZD1, Z~2 and Z~3, ZDd shown in

Fig. 4 will be denoted simply as Cl, C2, and C3, Cq in the

following, As shown in Fig. 4(a), the passband width

varied from 300 MHz to 820 MHz when the bias voltages

of the diodes Z~3 and ZD4 were changed from – 0.05 V to

– 6 V with constant bias voltage of – 25 V applied to the

diodes ZDl and ZD2. Fig. 4(b) indicates that the passband

width varied from 260 MHz to 1.02 GHz when the bias

voltages of the diodes ZD1 and ZD2 were changed from – 1

V to – 25 V (bias voltage of Z~3 and ZD4 was varied from

–0.3 V to – 2.5 V).
When the values of the junction capacitances Cl, Cz and

Cq, Co of the varactor diodes are the same, the characteris-

tics of the filters N, and Nz are identical and, therefore, the

passband width is very wide as seen from the curve in Fig.

4(b) with Cl= C,= 0.7 pF and c’s = Cd =0.7 pF. In case of

Cl = C, = 0.8 pF, C3 = Co = 1 pF, the filter N, is inductive

when N1 is at resonance. For a frequency higher than the

center frequency of N1, both N1 and Nz are inductive. For a

frequency lower than the center frequency of N,, N, is

capacitive and N, is inductive. When the frequency be-

comes still lower, N1 is capacitive and Nz is at resonance.

These variation of N, and N, from inductive to capacitive,

and characteristics of A ~/4 transmission line and of the

discontinuties of an E-plane bifurcated waveguide all con-

tribute to the narrow passband width of the filter when the
capacitances Cl, C, and Cg, Cd are not the same.

The experimental results are compared with the theoreti-

cal results in Fig. 4(a) and 4(b), and good agreement

‘between them is observed. Moreover, the measured inser-

tion loss in the passband was 0.3 dB (the VSWR in the
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Fig. 4. Attenuation characteristics of the variable bandpass filter shown
in Fig. 1.

passband varies in the range from 1.2 to 1.3). In order to

reduce the insertion loss in the passband, we set the values

of Cl and C’z equal, and the values of C3 and Cl were also

made equal. The resonant frequencies in the two resonant

circuits are different when the values of Cl and Cz are

different, and in this case the amount of reflection is large

and, therefore the insertion loss in the passband is also

large.

If we wish to move the center frequency of the filter to

around 3-GHz varactor diodes with larger junction capaci-

tances should be used. According to the analysis, the values

of Cl, Cz and Ca, Cd are 1.2 pF if the center frequency is

3.4 GHz. The range of the junction capacitance of the

varactor diode which can be used in the variable bandpass

filter using 4-GHz waveguide is from 0.3 pF to 1.6 pF.

III. VARACTOR-DIODE COUPLED VARIABLE

BANDPASS FILTER

The structure of the varactor-diode coupled variable

bandpass filter using a microstrip line is shown in Fig. 5.

The filter is composed of three resonant circuits connected

Zo Zo

Fig. 6. Equivalent circuit of the filter shown in Fig. 5.

with varactor diodes and short transmission lines. The

center frequencies in the passband of the three resonant

circuits are equal, and they varied by changing the junction
capacitances of the D5047 varactor diodes Z~5, Z~7, and

~g. The lengths of the short transmission lines are all 5z

mm. In order to supply the voltage to varactor diode, the

transmission lines shorted by capacitances D,, Dz, and DJ

are connected to the stripline. The passband width is

varied by changing the capacitances of the varactor diodes

Z~e and Z~8. The equivalent circuit of the varactor-diode

coupled variable bandpass filter is shown in Fig. 6. ~Y1,Jxz

and JX3 are the inductances of the short transmission lines.

The junction capacitances of the varactor diodes Z~5, Z~6,
Z~7, and Z~8, Z~g will be denoted simply as Cj, C6, C,,

and C8, Cg in the following.

The experiments were carried out at the 6-GHz band.

The measured attenuation characteristics of the filter is

shown in Fig. 7. The input power was 0.01 mW. As shown

in Fig. 7(a), the passband width varied from 310 MHz to

1.24 GHz when the bias voltages of the diodes Z~6 and

Z~a were changed from O V to – 9.5 V with constant bias
voltage of —25 V applied to the diodes Z~5, Z~7, and .z~g.

The center frequency is 6.8 GHz. When the junction capa-

citances of Z~6 and Z~8 become larger, the coupling be-

tween the three resonance circuit increases. As a result, the

center frequency is shifted to a lower frequency by 45

MHz.

Fig. 7(b) indicates that the passband width varied from

160 MHz to 1.09 GHz when the bias voltages of the diodes

Z~6 and Z~8 were changed from O V to —9.5 V with

constant bias voltage —6.2 V applied to the diodes Z~5,

Z~7, and Z~9. The center frequency is 6.3 GHz. As shown
in Fig. 7(c), the passband width varied from 140 MHz to
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of the band~ass filter shown in
Fig. 5.

840 MHz when the bias voltage of the diodes Z~6 and Z~8

was changed from O V to —9.5 V with constant bias

voltage —6.2 V applied to the diodes Z~5, Z~7, and Z~g. It

is seen from Fig. 7 that the center frequencies in the

passband varied from 5.8 GHz to 6.8 GHz when the bias

voltage of the diodes Z~5, Z~T, and Z~g was changed from

–6.2Vto –25 V.

The experimental results are compared with the theoreti-

cal result: in Fig. 7, and good agreement between them is

observed. The measured insertion loss in the passband was

0.4 dB (the VSWR in the passband varies in the range from

1.2 to 1.3).

IV. VARIABLE BANDPASS FILTER COMPOSED OF

LOW-PASS AND HIGH-PASS FILTERS

CONNECTED IN CASCADE

A. Low-Pass Filter

The structure of the variable cutoff frequency low-pass
filter is shown in Fig. 8. The distance between the D5047

varactor diodes Z~lO, Z~l ~, and Z~lz is 6 mm, and they are

mounted in a microstrip line. As shown in Fig. 8, the input

and output impedance of the low-pass filter are 50 $?, and

ZO1 is 75 L?. The cutoff frequency in the low-pass filter is

varied by changing the capacitances of the varactor diodes.
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Fig. 10. Attenuation characteristics of the low-pass filter shown in
Fig. 8.

The equivalent circuit is shown in Fig. 9. The junction

capacitances of the varactor diodes Z~lo, Z~l,, and Z~12

will be denoted simply as CIO, C’i,, and Clz in the follow-

ing.

The measured attenuation characteristics of the variable

cutoff frequency low-pass filter are shown in Fig. 10. The

cutoff frequency varied from 3.25 GHz to 5.37 GHz when
the bias voltage of the diodes Z~10 and Z~l, was changed

from O V to – 25 V with zero bias voltage applied to the

diode Z~lz. The experimental results are compared with

the theoretical results in Fig. 10, and good agreement is

observed.

B. High-Pass Filter

The structure of the variable cutoff frequency high-pass

filter is shown in Fig. 11. It is constructed by placing three

capacitances on a microstrip line, and between them stube

terminated by varactor diodes are connected as induc-

tances. The D5047 varactor diodes Z ~1~ and Z~14 are
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Fig. 11, High-pass filter constructed by placing three capacitances on a
microstrip line, and by connecting between them two inductances
which consist of open transmission lines terminated by varactor diodes.

Fig. 12. Equivalent circuit of the filter shown in Fig. 11.
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Fig. 13. Attenuation characteristics of the high-pass falter shown in
Fig. II.

mounted at the ends of the open transmission lines. The

characteristics impedance of the open transmission line is

100 Q, and the length is 10 mm. In order to supply the

voltage to the varactor diodes, transmission lines shorted

by capacitances D, and D2 are connected to the stripline.

The characteristic impedance of the short transmission line

is 100 Q, and the length was 6 mm. The input and output
impedances of the high-pass filter are 50 0. The capaci-

tances CO, Ch, and CC are formed by sandwiching mica
plate between the upper and lower plates of the microstrip.

The cutoff frequency is varied by changing the capaci-

tances of the varactor diodes. The equivalent circuit of the

variable cutoff frequency high-pass filter is shown in Fig.

12. The junction capacitances of the varactor diodes Z~13

and Z~ld will be denoted simply as C,j and Cld in the

following.

The measured attenuation characteristics of the variable

cutoff frequency high-pass filter is shown in Fig. 13. The

cutoff frequency varied from 2.86 GHz to 4.05 GHz when
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Fig. 14. Variable bandpass filter composed of low-pass and high-pass
filters connected in cascade.

the bias voltage of the diode Z~14 was changed from O V to

– 25 V with constant bias voltage – 0.4 V applied to the

diode Z~13. The experimental results are compared with

the theoretical results in Fig. 13, and again good agreement

is observed.

C. Variable Bandpass Filter Composed of Low-Pass and

High-Pass Filter

The measured attenuation characteristics of the variable

bandpass filter are shown in Fig. 14. As seen from Fig.

14(a), the passband width varied from 320 MHz to 1.805

GHz when the bias voltage of the diode Z~10 was changed

from – 6.2 V to – 9.7 V, that of Z~l, was changed from

— 1.8 V to —9.7 V. and that of Z.,. was from —2.6 V to

Y~

metallic post

TEIO mode

Fig. 15. Rectangular waveguide mounting a diode and a metallic post.

– 25 V. In this case, constant bias voltages O V and –0.4 V

were applied to the diodes Z~12 and Z~l ~, respectively. The

center frequency is 4.15 GHz. It is seen from Fig. 14(b)

that the passband width varied from 380 MHz to 2.18 GHz

when the bias voltage of the diode Z~10 was changed from

–6.2 V to –9.7 V and those of ZD1l and Z~ld were

changed from O V to —9.7 V. In this case constant bias

voltages O V and —0.4 V were applied to the diodes Z~12

and -ZD13, respectively. The center frequency is 3.8 GHz.
The experimental results are compared with the theoreti-

cal results in Fig. 14, and good agreement between them is

observed. Moreover, the measufed insertion loss in the

passband was 0.3 dB (the VSWR in the passband varies in

the range from 1.1 to 1.35). This type of bandpass filter has

advantages over the varactor-diode coupled bandpass filter,

namely, that center frequency of the passband can be

selected more easily, and the passband width can be varied

more widely.

V. CONCLUSION

A rectangular waveguide type variable bandpass filter

and two microstrip variable bandpass filters for 6-GHz and

4-GHz bands have been constructed and tested. The pass-

band width varied from 260 MHz to 1.02 GHz in the filter

using the rectangular waveguide, and it varied from 380

MHz to 2.18 GHz for the filter which is composed of

low-pass and high-pass filters connected in cascade. It was

confirmed that the center frequency of three filters could

be changed arbitrarily. The experimental results on the

attenuation characteristics of the three filters agree well

with the theoretical results.

APPENDIX

We consider here the special case where the height b’ of

the waveguide coincides with that of the diode. Since b’ <<A

in this case, the electromagnetic field are almost uniform in

the y-direction.

As seen from Fig. 15 the diode and a metallic post are

mounted at the boundary between regions @ and ~ in a

rectangular waveguide. Using Fourier series expansion of

the field, the electric field in each region can be expressed

by the following equations:

(Al)

(A2)
“,-f ,,—,
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Fig, 16. Equwalent circuit of the waveguide shown in Fig. 15

(A3)

where E};, E}~, and Ey; represent the incident, reflected,

and transmitted waves, respectively. B. and C. are un-

known constants and AO is the amplitude of the incident

wave. Since the electric field must be continuous at z = O

we obtain

(A4)

The x-component of the magnetic field in each region can

be obtained by substituting (A 1), (A2), and (A3) into (A4).

Now, it is assumed that the diode and a metallic post are

very thin post, and filamentary currents denoted by

J,8(z)iS(x-dl), J28(z)8(x–d2) flow uniformly in the post.

J, and Jz are determined by the boundary conditions.

From the boundary condition for the magnetic field at
z = (), we have

()=jupO{J18(x–d1 )+ J2t3(x-dz)} -AOrl sin ~ .

(A5)

Multiplying (A4) and (A5) by sin (n ~x/a) and integrating

the result from x= O to x= a, one can determine the

constants B. and C., namely

dJ,sin(%9+J2sin(+91B,= _jo~O
(A6)

c, =B, +Ao (A7)

~(J,sin(W)+J2sin( *]], n>’2~n = –j y

(A8)

Cn=Bn, n&2. (A9)

The electric field for z> O is given by

Eyl =Ey; +Ey; =A osin(;)e”’-~, *

[Jsin(~)+J2sin(~) ]sin~~)e-rz.

(A1O)

Following the calculation by Lewin [6], it is assumed that

electric field is continuous at z = O, and at x = d, + r and

x = d, – r. From (A 10), the electric fields at the diode and

a metallic post are given by

o=@wvl-nvi?
“[Jsin(+)-J2(-l)nsin(%l

[-(-1)nsinr7(:+r)ll‘A1la)
EY1(dl +r, O)= AOsin

(W(d:+r)l

‘:, Y{JIsin(~)-J,(-l)”

The potential difference between lower and upper surfaces

of the waveguide is expressed as

JJ7, =– b’Eyldy= –b’Eyl(d, +r, O) (A12)
o

V, =Z~l(–J1). (A13)

Substituting (Al la), (Al lb), and (A12) into (Al 3), we

obtain

[ . W%’)v(:+r)m j~pob’
J1 Z~l+ ~ ~

~=1 )]

“ *(-l)”sin–J2 x
*=1 n (Wsir(!+r))

‘Aob’sin{=(d:+r)l(A14a)

m jupo
+J2 ~ =(– l)nsin

(1
W (-1)”

~=1 W

. sin
[ ~n(!+r)l=Aosin{ m(d:+r)l ‘A14b)

where distance d, from the waveguide wall to the diode

Z~l is denoted by d, =a–dl.

In general, current densities J, and J2 in the diode and

metallic post are different. It can be easily shown that J1

and J, can be expressed in terms of antisymrnetric and

symmetric components. From (A 14a) and (A 14b), J, and J,

are calculated as
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Aob’sin
m(d, +r) )[m jtipo

a 27
~=1 a n ‘%%4%+’))

m jupo

+ ~ ~(–l)”sin
~=1 n )]

(g]sin{.~(:+r)

J,=

Z.,j,%’in(%)’in(n”(t+r))+’b’n=,:,...%Sin(%+n{”%+’))
.$

~=2,4,6, . . %Si+$+(n”(:+r)l

(A15a)

AO sin
{ )[

7r(d, +r) m jtipob’
ZD, + ~ ~

a ~=1 n 4%4%+’)]

. sin(+)(-l)”’in{ nn(5+r)

m jtipob’
+~~

~=1 )]
J2 =

ZDn~,*sin(~)sin( nT(~+r)}+4bn=,~ %sin(~)sin{nm(~ +’))

5
%Sin(%’)’in(n”(: +r))o~=2,4 6,. . . n

(A15b)

Now, the equivalent circuit such as that shown in Fig. 16

is assumed. In Fig. 16, Z indicates the mode impedance,

and is given by X2= :
%“’in(+)sin(n:(t+ r))

z= jcopo n=3,5,7, . . .

r, -
(A16)

(A21),

The impedance Z, represents the total equivalent imped-

ance of the diode and metallic post mentioned above. The & = ~=2,:6,,, *’in(q)’in( ‘m(:+’) ]
voltage reflection coefficient R of the fundamental mode at

z = O is given by

Hence, we obtain

~_ -(l+R)z

Z– 2R “

From (A1O), R is given by

{

()ndl
–japO(J1 +Jz) sin ~

R=

}
Aoarl “

z,=;.

From (A20), the equivalent circuit is

(A18)

[1]

(A19) [2]

Substituting (A19) into (Al 8), we obtain [3]
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