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Electronically Tunable Microwave
Bandpass Filters

I. C. HUNTER AND JOHN DAVID RHODES, FELLOW, IEEE

Abstract — Combline filters with novel input and output coupling net-

works which enable broad-baud tuning to be achieved with minimum

degradation in passband performance are dkcussed. Explicit design for-

mulas for these filters are presented. Computer analysis of varactor tuned

combiine bandpass filters including the small signal varactor equivalent

circuit is presented enabling filter performance to be easily evafuated. The

design and experimental performance of a varactor tuned combline filter,

realized in suspended substrate stripline is described. This filter toned from

3.2 GHZ to 4.9 GHz exhibited low passband insertion loss and its perfor-

mance was iu close agreement with theoretical expectations.

I. INTRODUCTION

E

LECTRONICALLY tunable microwave filters have

wide application in ESM receiving systems [1]. System

requirements necessitate that the filters exhibit broad tun-

ing bandwidths and high Q factors. These requirements are

admirably met by YIG filters [2] which utilize the phenom-

enon of the variation in the ferromagnetic resonant

frequency of Yittrium–Iron–Garnet spheres as a function

of an externally applied dc magnetic field. YIG filters

exhibit multioctave tuning bandwidths and resonator Q

factors of up to 10000. However, the tuning speed of YIG

filters is severely limited by magnetic hysteresis effects.

Modern system developments present a need for tuning

speeds in excess of 1 GHz/ps. To achieve this requirement,

varactor tuning techniques must be employed. Varactor

diodes utilize the change in depletion layer capacitance of a

p-n junction as a function of applied bias voltage [3]. These

devices do not exhibit hysteresis, and the tuning speeds of

varactor tuned filters are limited only by the time constant

of the varactor bias filter.

Varactor Q factors are considerably lower than those of

YIG devices and thus varactor tuned filters are not gener-

ally used above 2 GHz. However, with the advent of

Gallium Arsenide (GRAs) technology, varactor Q factors

are steadily increasing and higher frequency operation is

now feasible. This paper describes recent developments in
the design of varactor tuned bandpass filters for frequen-

cies up to 10 GHz, a companion paper [4] describes similar

developments with bandstop filters.

Narrow-band microwave bandpass filters rely upon the

Manuscript received December 11, 1981; revised March 26, 1982.

I. C, Hunter is with Aercom Industries, Inc., Sunnyvale, CA 94087.

J. D. Rhodes is with Filtronic Components Ltd., Shipley, West York-

shire, England, and the University of Leeds, Leeds, England LS295T,

electromagnetic coupling between resonators to provide the

required impedance inverting circuit elements [5]. Such

coupling is, by nature, frequency dependent and thus the

impedance inverters only operate correctly over narrow

bandwidths. Hence, tuning over broad bandwidths pro-

duces a deterioration in passband return loss. This paper

describes a tunable combline filter in which the internal

coupling frequency dependence is compensated to a large

degree by correct design of the terminating transformer

elements, Using this filter, octave tuning can be achieved

while retaining high passband return loss. In addition, this

filter possesses the important property of maintaining ap-

proximately constant absolute passband bandwidth inde-

pendent of tuned frequency. Explicit design formulas are

presented for this filter.

Computer analysis of the varactor tuned combline filter

is presented. This analysis incorporates the varactor re-

sistance and thereby enables the filter insertion loss as a

function of frequency, passband bandwidth, and degree of

the filter to be determined.

Finally, the design and experimental performance of a

two cavity 5 percent bandwidth varactor tuned combline

filter are presented. This filter was constructed in sus-

pended substrate stripline and exhibited tuning from 3.2

GHz to 4.9 GHz with a maximum passband insertion loss

of 6 dB and a minimum passband return loss of 8 dB.

II. THEORY OF TUNABLE COMBLINE FILTERS

The combline filter is composed of a commensurate

multiwire transmission line with coupling constrained to be

only between adj scent lines. The lines are each short

circuited to ground at the same end while opposite ends are

terminated in lumped capacitors (Fig. 1). At the resonant

frequency of the filter, the lines are significantly less than a

quarter wavelength long, thus the filter is physically com-

pact and it possesses a broad stopband bandwidth.

Fig. 2 shows the equivalent circuit of the combline filter.

In Fig. 2, the resonators are composed of distributed

inductors in parallel with lumped capacitors, while the

coupling between resonators is via series distributed induc-

tors.

If the series coupling inductors are now shunted by

identical elements but with opposite sign (Fig. 3) it can be

seen that the transfer matrix between the r th and r + 1th
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Fig. 1. The combline filter.
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Fig, 2. Equivalent circuit of the combline filter.
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Fig. 3. Formation of impedance inverters in the combline filter,

nodes in the network will be as follows:

[ 10
jtan(ati)

Yr.r+l.

jyr, r+l
(1)

o
tan(au)

which is the transfer matrix of an admittance inverter of

admittance

K r,r+l =Y ,,,+I/tan(au). (2)

Fig. 4. The low-pass prototype filter.

Now, removing the tangential frequency dependence of

the inverters by scaling the entire network admittance

(including the terminating resistors) by a factor

tan(ara)/ tan(auO) we obtain

K r,r+ I =~, r+l /tan(atio) (4)

and

(5)

where UOis the passband center frequency of the combline

filter.

Thus from (5) and the low-pass prototype filter shown in

Fig. 4, we obtain the low-pass to bandpass frequency

transformation

~~a(~~tan(a~)–1) (6)

where

a=(Yr+Yr–,, r+v,r+,)/(mt~(~%)) (7)

and

p=cr/(T +l’-,,r+z, r+I) (8)

= l/tiOtan(auO). (9)

Equating Q = + 1 in the low-pass prototype to the pass-

band edges in the combline filter we obtain

–l=a(~wlt an(aul)-l) (lo)

+l=a(~tiztan (uuz)- l). (11)

For narrow passband bandwidths denoted Au, the band-

edges are approximated as follows:

Au
02=0.+—,

2

(12)

(13)

Substituting (12) into (10) and using the well-known trigo-

nometric expansion of tan (A + B), then provided that

Au<< UO, we obtain ‘

The admittance of the r th resonator is
—

(14)
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Expanding (14), using the binomial theorem and ignoring

second ordered terms in Au, we obtain

((–l=a ~ OOtan(OO)- ~(tan(60)

where 00 = aoO.

+llo(l+tm’(co))))-l) (15)

Similarly, from (11) and (13)

((+l=a ~ ~Otan(OO)+ *(tan(80)

+f$(l+tan’(~,)) ))-1).

Solving (15) and (16) simultaneously for Au yields

(17)
‘*= a~(tan(OO) +8~(l+tan2(130))) “

Fig. 5. Showing the transformer elements at the input and output of the
combline filter.

(16)

Thus, from (17) and (9) we obtain an expression for the

bandwidth of the combline filter as a function of tuned

frequency

Ati =
2uOtan(QO)

(18)
a(tan(80)+ 60(l+tan2(60)) ‘

Replacing tiO by 00 in (18), and then by inspection, (18)

can be seen to possess a turning point for a value of 60

between O and 90°. Using the standard differentiation

procedure it can be shown that the turning point occurs at

60= 52.885°. This value of 60 corresponds to the frequency

at which the bandwidth is maximized.

A is shown as a function of 60 in the following list:

00 Au

20° 0.167

30° 0.237

40° 0.288

50° 0.314

60° 0.306

70° 0.254.

It is thus evident that, with the combline

designed to be 52.885° long in the middle of

band, octave tuning can then be obtained with

20-percent deviation in passband bandwidth.

resonators

the tuning

less than a

As yet, the frequen;y dependence of the admittance

inverters has not been removed from the filter but merely

scaled into the terminating resistors which now have a

conductance

GL=G, =tan(a~O)/tan(au). (19)

Octave tuning around 80= 52.885° will result in a 3.92:1

change in these elements and a corresponding drastic

deterioration in the filter’s return loss. This frequency

variation can almost entirely be removed by introducing

nonresonated transformer elements at the input and output

of the filter (Fig. 5). It is proven in the Appendix that the

I 2

Fig. 6. The typical coupling network between internal nodes of the
combline filter.

admittances of the transformer elements must satisfy

Yo=l–l/cos(Oo) (20)

Yo, =l/cos(oo) (21)

Y,=l–l\cos(eo). (22)

Under these conditions, the load admittance looking

back from the filter in YL and after scaling by

tan(au)/tan(awO) is given by

YL = sin(28) + ~ (cos(2e)-cos(2eo)) (23)

sin (200 ) sin (200 )

YL is resonant at 60 and the required minimum variation

in the real part of YL is achieved. Octave tuning from

6 = 30° to O= 60° will produce a maximum load variation

of 0.866:1 and the deterioration in passband return loss

will thus be greatly reduced. Note that the optimum value

of 00 required to minimize the variation in YL is 450.
The admittance level of the filter is now scaled at each

internal node in order to achieve realizable element values

for narrow passband bandwidths. After scaling the rth

internal node by a factor nr’ we obtain the typical cou-

pling network between nodes r and r + 1 shown in Fig. 6

with the following transfer matrix:

[

o j/~...,+ 1K,,.+ 1.

jK.,i-+l~i-.~r+l 1
. (24)

Thus

K +nr.nr+lKr ,+1r,r+l
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Ye, variation with tuned frequency 00 should be 52.8850. Next,
I.nt

‘“[

the value of the lumped tuning capacitors at mid-tuning

band should be chosen and then applying (30) to (33) for

r = 1 to n the element values Y, and Y,,,+ ~ can be obtained.

Finally the admittances of the input and output coupling

Y. Y,’ elements are obtained from (27)–(29).

III. PRACTICAL VARACTOR TUNED COMBLINE

.. . . .. .. FILTERS

Fig. 7. Input of combline filter after scaling. If packaging effects are ignored, then the reverse biased

varactor diode can be approximated (for small signal levels)

by the series connection of a resistor R, (t)) and a capacitor
or ~(v) where RJ( o) is the resistance of the undepleted

K r,r+l= .,.nr+,~, r+,/tan(eo). (M) wi@er in the device and ~(v) is the depletion region

The scaling constant becomes
capacitance. The Q factor of this diode model is expressed
l-w

W2(Y,+Yr_l,, +yr,r+l )
N=

CL,tan (00) “
(26)

The ideal transformers which remain at the input and

output of the filter (Fig. 7) must be absorbed into the input

and output coupling. To achieve this and to preserve the

correct frequency variation of YL, itcan be shown by a

procedure similar to that given in the Appendix that the

new values of these elements must be

Yo=l-l/nlcos(eo) (27)

Yol=l–1/nlcos(60) (28)

and

Y, =1/n12 – l/nlcos(eo). (29)

Note that Y1 is negative; this is unimportant since this

element can be absorbed into the first resonator of the

filter.

The design equations can now be evaluated. From (8)

and (9) we obtain

(~+~_,,r +fi,,+,) =CwOtan(80) (30)

where C is the capacitance of the lumped tuning capacitors

at band center. These can be chosen to be equal for all

resonators. From (19)

2motan(oo)

‘= Ao(60+OO(l +tan2(OO))) “
(31)

From (26)

m-= ((~CLrtan(QJ)/( ~+~_l,, + ~,,+1))1’2. (32)

From (26)

K ,,r+, tan(f$)
Yr,r+l= nr. nr+l “

(33)

Thus, in summary, we initially obtain the element values

CL. and Kr, j-+1 for the low-pass prototype filter, normallY
the Chebyshev prototype [6].

Next, 190must be chosen noting that for optimum return

loss 190should be 45° and for minimizing the bandwidth

Q(V) =(Wq(V)R,(V))-l. (34)

A high quality GRAS varactor will typically have

RJ(OV) = 1.25 ~ and Cj(OV) = 1 pF. Thus, at 1 GHz the

zero-bias Q factor of such a device will be only 125 and

this value decreases as the reciprocal of frequency. Thus,

microwave varactor tuned filter insertion loss levels will be

predominantly controlled by the varactor loss. For this

reason the insertion loss of varactor tuned filters has been

computed as a function of frequency, passband bandwidth,

and degree of the filter. The computed results are pre-

sented graphically in Fig. 8. For the sake of brevity, results

are only presented for 1-pF, 1.2542, and zero-biased varac-

tors.
A varactor tuned combline filter has been designed and

constructed to the following specification:

Center Frequency 4.5 GHz~ 750 MHz

Passband Bandwidth 200 MHz +10 percent

Degree of Filter 2.

The varactor used in this design was a 30-V device with a

zero-bias chip capacitance of 0.9 pF and a resistance of 1.3

L? This device, if encapsulated, would exhibit a 7:1 capaci-

tance ratio, and from (9) we see that octave tuning is

possible. However, the varactor was enclosed in a stripline

package with O.18-pF capacitance. The package capaci-

tance reduced the terminal capacitance ratio of the filter to

3.5:1, thus the tuning bandwidth of the filter would be

from 6 = 35° to O = 55°, that is, from 3.5 GHz to 5.5 GHz.

A varactor capacitance of 0.577 pF was chosen for the

design; this value is the geometric mean of the extremes of

the varactor capacitance. 00 was chosen to be 45°. A

Chebyshev prototype filter with 15-dB passband return

loss was used. This prototype had the following element

values:

CL1 = 0.929 = CL2

KIZ=I.197.

Now C = 2.88X 10- 1‘ (normalized to a 1-0 system). Thus,
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Fig. 8. (a) Zero-bias insertion loss of varactor tuned
;ornbfine filters as a function of degree passband bandwidth and center
frequency. Center frequency 2 GI-Iz (b) Zero-bias insertion loss of
varactor tuned combline filters as a function of degree passband
bandwidth and center frequency. Center frequency 4 GHz. (c) Zero-bias
insertion loss of varactor tuned combline filters as a function of degree
passband bandwidth and center frequency. Center frequency 8 GHz.

in (30) Y, + Y,z = 0.8143. From (31) a= 19.09. From (32)

nl = n2 = 4.666. From (33) Y,z = 0.0549. Thus YI = 0.8143

– 0.0549= 0.7594. From (27), (28), and (29)

YO= 0.6969

Yo, = 0.3031

Y,= 0.2572.

Y1 must be increased to remove the negative Y1. Thus

Y1 = 0.7594+0.2572 = 1.0166 agd similarly Yz = 1.0166.

The filter was constructed in suspended substrate strip-

line, conversion from electrical to physical parameters was

performed using Getsingers method [7]. Grounding of the
ends of the combline resonators was achieved by clamping

the edge of the stripline circuit board between the upper

and lower halves of the stripline housing. Both the circuit Fig. 9. Picture of the experimental varactor tuned filter.
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Fig. 10. (a) Frequency response of varactor tuned combline filter at zero
bias. (b) Frequency response of varactor tuned combline filter with 4-V
bias. (c) Frequency response of varactor tuned combline filter with
30-V bias.

board and the housing were gold plated to assist in achiev-

ing a good ground connection. Bias filters for the varactors

were realized using printed quarter-wave transmission lines

shunted at both ends by 10-pF chip capacitors. A picture

of the interior of the filter is shown in Fig. 9.

The experimental performance of the varactor tuned

filter is shown for three values of tuned frequency in Fig.

10(a)–(c). In summary, the filter maintained 8-dB pass-

band return loss across a 1700-MHz tuning band. The

maximum passband insertion loss was 5.4 dB and the

passband bandwidth variation across the tuning band was

12.3 percent. The center frequency of the tuning band was

340 MHz lower than the design aim. This was caused by

the varactor bondwire inductance and can be compensated

for by shortening the lengths of the filter resonators.

Large signal measurements of the varactor tuned filter

indicated a second ordered intercept point of 7 dBm at

zero bias and 31 dBm at 30-V bias.

IV. CONCLUSIONS

A novel design technique for varactor tuned combline

filters has been developed. This design technique enables

filters to be tuned across broad bandwidths with almost

constant passband bandwidth and return loss. An experi-

mental filter has been constructed in suspended substrate

stripline and it exhibits excellent agreement with theory.

APPENDIX

DERIVATION OF THE ELEMENT VALUES OF THE

TRANSFORMER ELEMENTS IN THE

TUNABLE COMBLINE FILTER

The input/output coupling network is shown in Fig. 5.

It will now be assumed, for simplicity, that the network is

symmetrical, i.e., Y. = Y,. Evaluating the input admittance

of this .network, looking back into the load via Yl and after

scaling by the factor tan (ati )/ tan(m. ),we obtainthe

following real and imaginary parts:

Reljn(jo) =
tan(ati)

(Al)
tan(akro)((l +Yo/YOl)2+tan2( a@)/YJ)

-( Yo(l+Yo/Y01)(2+ Yo/Y01)+tan2(2z0 )(l+Yo/Yol)/Yo,)
flm~~(jo) = (A.2)

tan(awo)(l +Yo/Yo1)2+ tan2(au)/Y&
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For a perfect match at u = UOwe require

llle~~(jtio)-l (A.3)

llm~~(jtiO)-O. (A.4)

From (Al) and (A3) we obtain

(l+ YO/Y0,)2+tan2(auO)/YJ=l (A.5)

or

Y$ +2 YOYOI+tanz(a~o) = O. (A.6)

Substituting (A.6) into (Al) we obtain

Re~n(jm)=
tan(aco)

[

tan(a6.rO) l–

)

tan2(ao) + tan2(auO) “

Y; Y;

(A.7)

Now with au= 6, and after some simple manipulation, we

obtain

Re~n(ju)

Y;sin(e)cos(e)cos3 (oo,

= sin(60)(Y~cos2( 6)cos2(60)+cos2 (00)–cos2(0)) “

(A.8)

Examinin g (A.8) we see that if the denominator were

forced to be frequency invarient, then we would obtain the

required slow frequency variation of sin(0) cos (0 ) =

sin (20 )/2. Thus, to remove the denominator frequency

dependence we have

Yo, = l/cos(f30) (A.9)

and

llte~~(ju) =
sin(20)

(A.1O)
sin (2!0 ) “

Substituting (A.9) into (A.6) we obtain

[1]

[2]

Yo=l– l/cos(130) . (All)
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