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Abstract: This article presents a novel compact widely tunable bandpass filter. The filter consists of
two resonators that are double-coupled, inductively, where the coupling inductances are elements
of the input and output networks. The application of double-coupling enabled the transmission
zero next to the upper cutoff frequency. This makes the filter useful for applications in preselector
networks used in receiving systems with a low to intermediate frequency with the desired channel
frequency lower than the image channel frequency. The article shows the practical realisation of the
varactor-tuned example filter fabricated as a microstrip planar network of an overall size of 0.03λ g ×
0.045λ g . The tuning range of the proposed filter is from 410 MHz to 880 MHz with the fractional
bandwidth equal to 7.5–8.1% and an in-band insertion loss better than −3.4 dB. The achieved IP3
value exceeds 17.5 dBm.
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1. Introduction

Dedicated to Preselectors. Electronics

Bandpass filters (BPFs) are components of many RF devices and systems. They find
application in many different areas including measurement devices, mobile and satellite
communications, and broadcasting. In particular, the bandpass filters play a very important
role as input filters (so-called preselectors) of microwave receivers where tunable and fixed
centre frequency filters are used. Preselectors are implemented in order to eliminate
parasitic channels and the unwanted signal leakage (e.g., heterodyne and its harmonics)
through the receiver input. They are used both in frequency conversion receivers and in
tuned radio frequency receivers [1]. Preselectors using BPFs can have different designs
depending on the operating frequency and tuning range. Contemporary communication
equipment is required to be small in size and low weight. These properties strictly depend
on the size and weight of the applied filters. Therefore, varactor-tuned networks are
favoured instead of YIG filters, despite the excellent properties of the latter [2].
Preselector filtering properties and its linearity (characterized by the IP3 parameter)
determine the receiver immunity to intermodulation distortions caused by the signals
fed from the antenna. The bandpass preselector reduces the levels of intermodulation
components produced in the following blocks of the receiver, coming from the out-of-band
signals. At the same time, the preselector with an insufficient value of the IP3 may become
a source of intermodulation distortions due to the nonlinearity of semiconductor elements
used as switches and variable reactances. Therefore, designing bandpass filters dedicated
to the preselectors that are tuned with the varactors and have a wide tuning range together
with a high IP3 value is a big challenge for the designer.
Tunable bandpass filters can be designed for networks with a constant absolute
bandwidth (CABW) [3–5] or a constant fractional bandwidth (CFBW) [6–11]. In both
cases, the filters should be characterized by low insertion loss in the full tuning range and
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adequate attenuation in the stopband, which is necessary to eliminate unwanted signals.
The natural property of the transmission-line-based filter is the existence of additional
higher passbands, which could be successfully adopted for multiband BPF design [12]. In
other cases, the additional passbands deteriorate the stopband attenuation. This effect can
be reduced by means of layout topology modification [13,14] or introducing additional
transmission zeros [15–18]. The application of the transmission zero can also control
the bandwidth and narrow the transition band if its frequency is close enough to the
centre frequency of the filter [19]. Transmission zeros may be the inherent property of the
filter [6,11] or may be the result of the application of additional resonant circuits (resonators)
added to the structure [15,20]. Transmission zeros’ frequencies can be fixed [16,21], tuned
independently to the filter centre frequency [22–24], or tuned simultaneously with the filter
centre frequency [6–11].
A detailed comparison of the properties of various constructions of bandpass microstrip filters can be found in [25]. The BPF in most cases consists of a number of cascaded
resonators, in which the input and output resonators are matched to the source and load
impedances. In planar filters, microstrip lines [21,26], coupled microstrip lines [8,27,28], or
capacitively loaded microstrip lines [29] are used as resonators. The number and type of
applied resonators determine the area occupied by the network. Varactors [6–11] or MEMS
capacitors [30] controlled with a common voltage [7,11,29,31] or separate independent
voltages [6,8,28,32] are used as the tuning elements. Additionally, a reconfiguration of the
filter network can be applied by means of the PIN diodes [33] or MEMS switches [34].
In designing microwave filters, electrical analogies between the lumped elements and
transmission lines are commonly applied. This approach is effective both in the synthesis
of distributed parameter filters based on the lumped element prototype [24,35–39] and in
the analysis of the distributed element networks with the use of the equivalent lumped
element circuits [15,18,40]. In both cases, a modal analysis based on determining the
response to odd and even excitations is an efficient method to obtain the filter frequency
properties [41,42].
One of the classic solutions of bandpass filters is a double-tuned filter consisting of two
coupled resonators, e.g., two parallel resonant circuits [1]. Such a filter, despite its simple
structure, has very good electrical parameters. The use of filters made of two identical
resonators enables easy tuning of the passband centre frequency by the simultaneous
change of their resonant frequency. The filter proposed by the authors can be treated as
a modification of the double-tuned coupled resonators’ filter. Thanks to the introduction
of an additional inductive coupling to the network, a transmission zero near the upper
side of the filter passband and an attenuation slope increase in the upper transition band
were achieved. The transmission zero frequency and the centre frequency of the filter were
tuned concurrently. As a result, the obtained filter, despite its simple structure based on
two resonators, may be useful for applications in preselector networks in receiving systems
with a low to intermediate frequency and the desired channel frequency lower than the
image channel frequency. The lumped elements prototype of the filter is discussed in detail
in Section 2. In Section 3, the implementation of transmission lines within the filter network
is described. In Section 4, the design of the example filter tuned in the 410–880 MHz
frequency range adopting microstrip lines is discussed. The parameters of the proposed
filter are also shown and their comparison with the parameters of the filters designed by
other authors.
2. Lumped Element Prototype
The initial circuit for the proposed filter is a well-known lumped double-tuned coupled
resonator filter with inductive coupling [2,42,43], shown in Figure 1a. The modifications
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introduced to its network are shown in Figure 1b,c. The inductances L a , Lb , Lc and L1 , L2 ,
L3 were set to obtain the same value of the coupling factor k for all three filter versions [43]:
k=

2L3
.
L1 + L2 + 2L3

(1)

(a)

(b)

(c)

Figure 1. Lumped element bandpass filters: (a) the initial circuit of the double-tuned coupled
resonator filter, (b) the filter with a split coupling inductance, and (c) the filter with swapped
branches within the output resonator.

The filter shown in Figure 1a consists of two parallel resonators built of the capacitors
C1 and inductors L a , Lb , Lc . The coupling element is inductor Lc . In the circuit shown in
Figure 1b, the two coupling elements were introduced by splitting the Lc into two separate
L3 inductors of equal inductances and grounding the node of their connection. As a result
of the filter transformation, the second coupling element L3 becomes a common part of the
input and output circuit. The comparison of the s21 versus frequency characteristics of the
networks from Figure 1a,b shows that the modified circuit response has a lower slope in the
lower transition band, but a steeper slope in the upper transition band. This is an advantage
of such a filter when applied as a preselector in RF systems with downconversion and
the desired channel frequency lower than the image channel frequency. However, the
location of the additional coupling element causes decreased attenuation in the stopband
for high frequencies due to the ratio of the L2 and L3 inductances. This effect was reduced
by swapping the branch containing the L1 and C1 elements and the branch containing
L3 within the output resonator, which led to the final solution presented in Figure 1c.
The branch swapping introduced an additional transmission zero to filter the frequency
response, which improved its upper slope steepness.
The frequency properties of the filter from Figure 1c were investigated by means of a
modal analysis [41,42].
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The odd-mode Yo (ω ) and even-mode Ye (ω ) admittances are given by the formulas:

Ye (ω ) =

Yo (ω ) =

where:



1
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C1 ( L1 + L2 + 4L3 )

(4)

ω1 and ω2 are the angular frequencies of the zeros of Yo and Ye , respectively. These
frequencies control the passband and occur close to the s21 maxima (if there are ripples in
the characteristic). The scattering parameter s11 (ω ) is described by the formula:
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Angular frequency:
ω42 =

1
C1 ( L1 + L2 + 2L3 )

(7)

roughly corresponds to the centre frequency of the filter. At angular frequency ω3 , there is
a transmission zero on the right side of the passband near the upper cutoff frequency of the
filter. The presence of the transmission zero improves the steepness of the upper transition
band. Since ω4 and ω3 are the functions of the C1 capacitances, tuning the centre frequency
of the filter results in a concurrent tuning of the transmission zero frequency.
The frequency behaviour of s21 and the admittances for even- and odd-mode are
shown in Figures 2 and 3 for C1 = 3.15 pF, L1 = 8.8 nH, L2 = 1.5 nH, and L3 = 0.3 nH.
As can be seen, because of the same coupling factor value, all filters have practically
indistinguishable s21 characteristics in the passband. The comparison of the Ye and Yo
admittance characteristics of the filters shows that the transmission zero is an effect of the
equal pole frequencies of these admittances occurring only for the filter from Figure 1c.
The shape of the characteristic of the proposed filter in the passband depends on the
coupling coefficient in a very similar way to the classic double-tuned coupled resonator
filter from Figure 1a. This allows the use of calculation methods applied for such filters to
calculate initial element values of the proposed filter for a given ripple level or bandwidth.
Figure 4 shows three exemplary s21 characteristics of the proposed filter plotted for the
following sets of component values and corresponding coupling coefficients:
•
•
•

C1 = 2.85 pF, L1 = 8.8 nH, L2 = 2.66 nH, L3 = 0.34 nH, k = 0.053;
C1 = 3.15 pF, L1 = 8.8 nH, L2 = 2.66 nH, L3 = 0.3 nH, k = 0.055;
C1 = 3 pF, L1 = 8.8 nH, L2 = 1.5 nH, L3 = 0.6 nH, k = 0.104.
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Figure 2. Frequency behaviour of s21 of the double-tuned coupled resonator filter versions presented
in Figure 1.

Figure 3. Frequency behaviour of the Ye and Yo admittances of the double-tuned coupled resonator
filter versions presented in Figure 1.

As can be seen, for suitably small coupling coefficients, the course of the filter parameter s21 is devoid of ripples in the passband. An increase in the coupling coefficient causes
the bandwidth to widen and the distance from the upper cutoff frequency to the transmission zero frequency to decrease. Exceeding a certain value of the coupling coefficient
causes ripples in the s21 and deterioration of the s11 parameter (see Figure 5). The limit of
the filter response at infinite frequency is given by the formula:
lim |s21 | =

f →∞

2L3
L1 + L2 + 2L3

(8)

and it is numerically equal to the coupling coefficient k. Hence, the bandwidth and
the achieved out-of-band attenuation are related to each other, and the increase in the
coupling coefficient causes the passband to be broadened and deteriorates the attenuation
in the stopband.
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Figure 4. Exemplary s21 characteristics of the proposed filter for three values of the coupling
coefficient: k = 0.053 (C1 = 2.85 pF, L1 = 8.8 nH, L2 = 2.66 nH, L3 = 0.34 nH), k = 0.055 (C1 = 3.15 pF,
L1 = 8.8 nH, L2 = 2.66 nH, L3 = 0.3 nH), k = 0.104 (C1 = 3 pF, L1 = 8.8 nH, L2 = 1.5 nH, L3 = 0.6 nH).

Figure 5. Exemplary s11 characteristics of the proposed filter for three values of coupling coefficient:
k = 0.053 (C1 = 2.85 pF, L1 = 8.8 nH, L2 = 2.66 nH, L3 = 0.34 nH), k = 0.055 (C1 = 3.15 pF, L1 = 8.8 nH,
L2 = 2.66 nH, L3 = 0.3 nH), k = 0.104 (C1 = 3 pF, L1 = 8.8 nH, L2 = 1.5 nH, L3 = 0.6 nH).

3. Filter with the Implementation of the Transmission Lines
In the microwave frequency range, the filter prototype from Figure 1c can be easily
realized with the implementation of the transmission lines by means of the known methods
describing lumped and distributed element correspondence.
For the fixed centre frequency realisation, the filter shown in Figure 6 adopts the TL2
and TL3 lines, which are the equivalents of the L2 and L3 inductors. The line lengths and
characteristic impedances are related to the inductances by the equation:
ωL = Z0 tan βl

βl  1

for

f max

(9)

describing the input reactance of the shorted transmission line. The TL2 and TL3 lines
should be electrically shorted for the highest frequency of interest f max . The branch
consisting of a series connection of L1 and C1 is replaced by a TL1a transmission line
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of characteristic impedance Z0 and the electrical length of π occurring at the angular
frequency ω0 given by the following equation [41]:
2
Z0 =
π

s

L1
C1

βl = π

for

ω0 = √

1
L1 C1

(10)

Figure 6. The full transmission line implementation of the lumped prototype filter is shown in
Figure 1c.

The frequency response of the filter designed with the application of the transmission
lines instead of lumped elements is shown in Figure 7 as Curve B. The parameters of
applied lines given in Table 1 were calculated for C1 = 2.85 pF, L1 = 8.8 nH, L2 = 2.66 nH,
L3 = 0.34 nH according to (9) and (10). Curve A in Figure 7 presents the lumped element
filter prototype response. The angular frequency ω0 is located close to the transmission zero
frequency, so that the half-wave line properly replaces the L1 -C1 branch in the passband,
but the lower transition band approximation of the filter response is worse than the upper.
Due to the length of the transmission line used instead of the L1 -C1 branch, the additional
passbands successively appear at frequencies close to the multiples of the centre frequency
of the filter.

Figure 7. Comparison of the frequency responses of the lumped element prototype filter (A), full
transmission line implementation of the prototype filter (B), and capacitively loaded implementation
of the prototype filter (C).
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Table 1. Elements of the filters from Figures 6 and 8.
Element

Z0 (Ω)

βl (Deg)

f 0 (MHz)

TL1a
TL2
TL3
TL1b

35
100
100
140

180
8.18
1.05
9.38

1005
860
860
860

In the alternative fixed centre frequency version of the filter shown in Figure 8, the
capacitors C1 = 2.85 pF are left at the same positions as in the lumped prototype and the
inductors L1 are replaced by the electrically shorted sections of the TL1b lines. The TL2
and TL3 lines were adopted in the same way as in the realisation shown in Figure 6. To
obtain the additional parasitic passband far from the operating band, the electrical length
of the line TL1b should be small; therefore, its characteristic impedance should be assumed
as high as can be practically achieved. Curve C in Figure 7 shows the exemplary s21
frequency behaviour for the TL1b characteristic impedance Z0 = 140 Ω and the electrical
length equal to 9.38 deg at 860 MHz. Thanks to the application of the high Z0 impedance,
the centre frequency of the additional band is 7 GHz. However, the location of this band
likely appears at a lower frequency in practice due to the physical layout of the filter and
its dimensions.

Figure 8. Capacitively loaded transmission line implementation of the lumped prototype filter shown
in Figure 1c.

4. Tunable Filter
The filter shown in Figure 8 can be realised as a tunable network by replacing the
capacitors C1 with varactors controlled by a common voltage. In the following example,
the filter tuning range from 430 MHz to 860 MHz was assumed. A 1SV280 varactor diode
of capacitance tuning range from 1.2 pF to 5.5 pF for 1 V to 17 V of control voltage swing
was chosen. Therefore, obtaining the assumed frequency tuning range of the designed
filter required the use of two 1SV280 varactors connected in parallel. In order to improve
the linearity of the filter, it was decided to use a push–pull connection of eight varactors
instead of each C1 capacitor, as shown in Figure 9. The series resistance of the chosen
varactor varied from 0.2 Ω to 0.44 Ω. The result of the varactors’ connection was a two-fold
reduction of the equivalent series resistance and a decrement of filter insertion loss.
The filter was designed and fabricated on a Rogers 5870 substrate of thickness
h = 1.5 mm and ε r = 2.33. Due to the low value of the inductances L3 , they were realised
as a parallel connection of two identical elements consisting of the transmission line TL3
grounded by a via of estimated inductance of 0.4 nH. The bias network elements Rc and Cc
were added to the varactors network.
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Figure 9. Schematic diagram of the proposed tunable bandpass filter.

In Figure 10, the layout of the tunable filter is presented. The dimensions of the layout
were 22 × 15 mm (excluding connectors). Thanks to the filter-specific topology, the layout
had a compact structure and small dimensions. Additionally, its consistency was improved
by placing the varactor bias network at the spare place in the centre of the structure. The
photo of the filter prototype assembled by the authors is depicted in Figure 11.

Figure 10. Layout of the proposed tunable bandpass filter.
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Figure 11. Photo of the fabricated prototype of the proposed tunable bandpass filter.

The scattering parameters of the prototype were measured with the Agilent N5230A
network analyser for the tuning voltage swing from 1 V to 17 V. For the layout shown
in Figure 10, the full-wave simulations were performed via the CST Microwave Studio
software using a frequency-domain simulator. The varactors were modelled as the lumped
capacitors with series resistances. The varactors’ capacitances were adjusted during the
simulations to obtain convergence with the measurements results.
The results of the measurements and full-wave simulations are compared in Figures 12
and 13. The agreement was very good. The obtained filter tuning range was from 410 MHz
to 880 MHz, which was wider than was initially assumed. The reflection coefficient within
the tuning range was better than −9 dB; the insertion loss varied monotonically from
3.37 dB to 1.7 dB (see Figure 14); the fractional bandwidth was from 7.5% to 8%. Transmission zero attenuation of 50 dB was constant during the filter tuning. The transmission zero
frequency to the centre frequency ratio was about 1.17. The shape factor of the proposed
filter, which is defined as the ratio of the bandwidth for 3 dB attenuation to the bandwidth
for 30 dB attenuation, varied from 0.2 to 0.18.
The broadband filter responses measured for the various control voltages are presented
in Figure 15. The additional bandpass occurred at 3.5 GHz. It is noticeable that the
out-of-band behaviour of s21 was determined only by the filter topology and practically
independent of the control voltage. This distinguishes the proposed filter from the majority
of filters described in the literature, and it is convenient to eliminate this band by the use of
a lowpass filter.

Figure 12. Measured and simulated s11 of the proposed tunable bandpass filter for the selected
control voltages.
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Figure 13. Measured and simulated s21 of the proposed tunable bandpass filter for the selected
control voltages.

Figure 14. Variation of the insertion loss of the proposed tunable bandpass filter versus frequency.

Figure 15. s21 broadband measurements of the proposed tunable bandpass filter for the selected
control voltages.

Figures 16–18 show the simulated current density distributions for the proposed filter
tuned to the centre frequency of 566 MHz. The simulations were performed with the
omission of a bias network. The current distribution at the centre frequency is shown in
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Figure 16, in Figure 17 at the transmission zero frequency of 665 MHz, and in Figure 18
in the stopband at a frequency of 1000 MHz. In the operating band, the current density
was uniform within both resonators. In contrast, for the transmission zero frequency, the
current flow was observed mainly through the TL1 of the resonator located on the input
side, shorting the signal to the ground. The current density within the TL2 line of the input
resonator and the TL3 line was significantly lower. The resonator on the output side was
very weakly excited. In the stopband, the greatest current density was observed within lines
TL1 and TL2 on the input side and TL3. The resonator on the output side was practically
not excited. The comparison of the current distribution from Figures 17 and 18 shows that
the higher attenuation obtained at the transmission zero frequency was an effect of the
compensation of the currents within the TL1 and TL2 branches of the output resonator.
The IP3 of the fabricated prototype filter was measured with two HP 8665B signal
generators, a directional combiner, and an R&S FSV30 spectrum analyser. The measurement
was performed with a two-tone offset of 1 MHz and a signal level of −14.5 dBm (at the
combiner output). The results are presented in Figure 19. The IP3 varied from 17.5 to
22.7 dBm.

Figure 16. Exemplary current distribution at the centre frequency (566 MHz) of the filter.

Figure 17. Exemplary current distribution at the transmission zero frequency (665 MHz) of the filter.
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Figure 18. Exemplary current distribution in the stopband (1000 MHz) of the filter.

Figure 19. Measured IP3 versus filter centre frequency.

Table 2 presents a comparison of the proposed filter to the bandpass tunable microstrip
filters with a constant fractional bandwidth reported in the literature. The parameters of
the tuning range factor ( f max / f min ), insertion loss, fractional bandwidth, IP3, the number
of control voltages, the number of resonators, the normalized upper transition bandwidth
TBn , and electrical size were compared. The electrical size of the filters is expressed in
the guided wavelength (λ g ) at the lowest operating frequency. TBn was defined by the
authors as:
TBn =

f 20dB − f 3dB
f0

(11)

where f 0 is the centre frequency of the filter, f 3dB is the frequency for which s21 has a
relative level −3 dB in the upper transition band, and f 20dB is the frequency for which s21
has a relative level of −20 dB in the upper transition band.
The proposed filter offered the broadest tuning range f max / f min = 2.15; the following
filter [6] had f max / f min = 2.05. The insertion loss varied from 1.7 dB to 3.3 dB, which
was the third result after [8,9], having a maximal IL of 2.8 dB and 2.9 dB, respectively.
The variation of the relative BW was similar to the other filters. The IP3 of the proposed
filter varied from 17.5 dBm to 22.7 dBm. In [10], the IP3 varied from 16 dBm to 22 dBm;
in [11], the IP3 varied from 8 dBm to 30 dBm. The IP3 for the other reference filters was
not presented by the authors. The proposed filter offered the highest minimum IP3 value
within the whole tuning range. Despite the low order, the filter had a steep slope at the
upper transition band due to the transmission zero tuned simultaneously with the centre
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frequency. The filters described in [7,10,11], which presented greater steepness in the upper
transition band, had a larger number of resonators than the presented one. The clear
advantages of the proposed filter over the reference filters are its very small size, simple
structure, and convenient tuning performed with only the control voltage. The small size
allows the miniaturization of devices and enables the reduction of the materials’ cost. The
simple layout and standard via connection facilitate fabrication and minimize production
costs. The single control voltage minimizes the complexity of the tuning circuitry.
Table 2. Comparison between the proposed and reference filters.
Ref.

fmax / fmin

IL

Size (λ g × λ g )

NCV

NR

CFBW (%)

IP3 (dBm)

T Bn

*
[6]
[7]
[8]
[9]
[10]
[11]

2.15
2.05
1.67
1.69
1.52
1.78
1.57

1.7–3.3
1.4–4.5
0.8–3.8
1.1–2.8
2.4–2.9
5.6–9.2
2–4.2

0.03 × 0.045
0.03 × 0.1
0.19 × 0.19
0.24 × 0.32
0.08 × 0.12
0.1 × 0.09

1
3
1
2
2
1
1

2
2
4
2
2
4
4

7.5–8.0
11.6–15.6
2.75–3.2
15.2–15.9
6.8–8.4
2.5–2.6
5.0–6.0

17.5–22.7
27@0.8 GHz
16–22
8–30

0.058
0.18
0.0125
0.19
0.11
0.018
0.042

*—this work, IL—insertion loss, NCV—number of control voltages, NR—number of resonators.

5. Conclusions
A tunable filter, controlled by a single voltage, having a compact structure and a
narrow upper transition region obtained by an additional transmission zero, was presented.
The lumped elements prototype filter was discussed with the addition of the equations
describing its parameters. The practical implementation of the microstrip version of the
filter tuned by the varactors in the frequency range from 410 MHz to 880 MHz was shown.
The filter properties were experimentally verified and compared to other designs. The
obtained filter parameters make it useful as an element of preselector networks working
in the RF systems where the image channel occurs at a higher frequency than the desired
channel. The very small size of the proposed filter encourages the use of a couple of
cascaded networks in a preselector design to increase the stopband attenuation and the
transition regions’ steepness.
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Abbreviations
The following abbreviations are used in this manuscript:
BPF
BW
CABW
CFBW
IL
IP3
MEMS
NCV
NR

Bandpass filter
Bandwidth
Constant absolute bandwidth
Constant fractional bandwidth
Insertion loss
Third-order intercept point
Microelectromechanical system
Number of control voltages
Number of resonators
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RF
YIG

Radio frequency
Yttrium iron garnet
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