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Abstract: In this paper, an electrically small tunable microstrip bandpass filter with two concurrently
tuned transmission zeros (TZs) is presented. The filter consists of two coupled resonators and
varactors as tuning elements. An application of a multipath coupling network results in TZs on
both sides of the passband. The filter controlled by a single voltage has a wide tuning range from
370 MHz to 800 MHz and a low insertion loss ranging from 1.9 dB to 3.4 dB. To achieve high
attenuation in the stopband, two sections of the designed filter were cascaded. Both one-section
and two-section filters were validated by measurements. The obtained results are in a very good
agreement with simulations.

Keywords: tunable bandpass filter; constant fractional bandwidth; single control voltage; microstrip
technology

1. Introduction

The continuous development of RF and microwave technology forces the research of
new filter structures that are adjusted to the requirements of modern equipment. An im-
portant role among the different realizations of filters is played by the microstrip bandpass
tunable filters, especially those of large tuning range, small size, high stopband attenuation,
and low insertion loss in the passband. A common method for designing filters having high
slope steepness and high stopband attenuation adopts high-order filter designs, but this
approach leads to the large filter dimensions and can be the cause of their large insertion
loss [1]. Another widely applied method is the addition to the filter response transmission
zeros occurring in the transition or stop bands. This can be achieved in several ways: by
adding open/short stubs to the filter network [2,3], by applying defected ground struc-
tures [4], by combining bandstop and bandpass filters [5–7], by combining lowpass and
highpass filters [8], or by adopting the multipath coupling technique [9–25]. The latter
introduces the compensation of the signal crossing from the input to the output of the
network. For this purpose, the cross-coupling technique [12–14,20,25], the source load
coupling technique [15–17,19], or the mixed coupling technique [18,21–24] is used. The
application of the mentioned techniques is especially difficult for those widely tuned filters
in which the tuning of the passband and transmission zeros occurs concurrently. Varactors
are the most commonly used to tune microstrip filters due to voltage control that is energet-
ically efficient. Therefore, the achievement of concurrent tuning leads to the independent
control of several varactors [26–29]. However, filter structures having all varactors tuned
with a single voltage can be found in the literature [3,16,17,19,22–24].

The requirements of a wide tuning range, steep slopes, high stopband attenuation,
low insertion loss, and small size are difficult to meet simultaneously. Thus, in the case
of low-order filters tuned in frequency around the octave, small stopband attenuation up
to 30 dB [3,19,28,30] or small slope steepness [29] is often obtained. On the other hand,
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most filters with large slope steepness achieve a small tuning range [24,31]. Filters hav-
ing a wide tuning range together with high slope steepness are commonly electrically
large [19,32,33]. An effective method for improving slope steepness and stopband atten-
uation in the case of filter sections having small sizes and simple designs is cascading of
several sections [32,34–38].

This paper describes a constant fractional bandwidth bandpass filter tuned over a wide
frequency range that has two concurrently tuned transmission zeros located on both sides of
the passband to improve the steepness of the slopes in the transition bands. The occurrence
of transmission zeros is the result of the application of the multipath coupling technique.
In Section 2, the lumped elements filter prototype is discussed in detail. The realization
of the microstrip tunable filter is shown in Section 3, where its properties are investigated
with circuit and full-wave simulations. In Section 4, the cascade connection of two sections
of the proposed filter joined with an additional matching circuit is presented. In Section 5,
the designed filters are compared with the other filters described in the literature. The
filters’ parameters were experimentally verified with very good agreement between the
simulations and measurements.

2. Lumped Element Prototype

Figure 1a shows a lumped element prototype of a triple-coupled double-tuned band-
pass filter (TCDTF) proposed in this paper. The filter is built of two identical resonators (C1,
L1–L4) and two additional inductors L5. The center frequency of the resonators is

f0 =
1

2π
√
(L1 + L2 + Leq)C1

(1)

where
Leq =

2L3L4

2L3 + L4
(2)

is an equivalent inductance of the coupling PI network built of inductors L3 and L4.
The network introduces the triple inductive coupling within the filter with the coupling
coefficient [39]

K =
Leq

L1 + L2 + Leq
. (3)

The proposed filter is a modification of the double-coupled double-tuned filter (DCDTF)
shown in Figure 1b, invented by the authors and described in their previous publication [40].
The example characteristics of both filters are compared in Figure 2 for f0 = 489 MHz and
K = 0.05. The TCDTF parameters are C1 = 3.6 pF, L1 = 23 nH, L2 = 5 nH, L3 = 1.75 nH,
L4 = 2.5 nH, L5 = 12.25 nH, and the DCDTF parameters are C1 = 3.6 pF, L1 = 23 nH,
L2 = 5 nH, L3 = 0.73 nH. Both filters have the same equivalent inductance of the coupling
network. The center frequencies of both passband filters are close to the center frequencies
of their resonators. The application of an additional inductance L4 in the network shown
in Figure 1a results in a transmission zero appearance below its center frequency. This
increases the slope steepness of this filter response in the lower transition band compared
to the network depicted in Figure 1b. The additional inductances L5 transform the source
and load impedance upwards. Its influence on the filter characteristics is shown in Figure 3.
As can be seen, the L5 inductances affect the insertion loss, stopband attenuation, and
the return loss of the network without changing the position of the two transmission
zeros and the center frequency. Increasing the L5 inductance improves the steepness
of the slope within the lower transition band of the filter, the in-band flatness, and the
out-of-band attenuation.
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(a)

(b)

Figure 1. Lumped element bandpass filters: (a) TCDTF (this work), (b) DCDTF (described in [40]).

Figure 2. S21 response of the TCDTF (in this work) and DCDTF ([40]).

The frequencies of the transmission zeros are given by the following equation:

f1,2 =

√√√√2L1L3 + 2L2L3 + 2L2L4 ± L3L4

√
L4
[
L2

3L4 + 4L2
2(2L3 + L4)− 4L2L3(L3 − L4)

]
8π2C1

{
L2

1L3 + L2L3(L2 + 2L4) + L1[L3L4 + 2L2(L3 + L4)]
} . (4)

The influence of other filter components on the position of transmission zeros is shown
in Figures 4–6. The figures show the results of the parametric analysis performed for a
constant coupling coefficient K = 0.05 and a constant value of frequency f0 = 489 MHz.
The results shown in Figure 4 were obtained by varying the values of inductances L3 and
L4 with a constant equivalent inductance Leq = 1.46 nH.
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Figure 3. Effect of the L5 inductance on the filter response.

Figure 4. Influence of the L3/L4 ratio on the lower TZ position.

Figure 5. Influence of L1 and L2 inductances on the s21 parameter.
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It can be seen that the response of the filter within its passband and the position of the
right transmission zero remain practically unchanged. The position of the left transmission
zero depends on the ratio of inductances L4 to L3. Increasing the ratio causes the shift of
the left TZ towards higher frequencies together with a weak reduction of the attenuation
within the stopband. Figures 5 and 6 show the effects of varying L1 and L2 on the shape of
the frequency response and the matching of the filter. The test was carried out by changing
the values of inductances L1 and L2 while keeping their sum constant and equal to 28 nH in
order to maintain the center frequency constant. Decreasing the value of the inductance L2
causes the appearance of ripples of s11 and s21 in the passband and lowers the mean value
of the return loss. Synchronously, the transmission zero frequencies approach each other,
increasing the slope steepness of s21 in the transition bands. The out-of-band attenuation of
the filter remains virtually unchanged.

The initial inductances of L1, L2, Leq were determined as for an ordinary dual-tuned
network having the coupling coefficient 0.05, the load impedance 70 Ω, and a center
frequency of 400 MHz. Then, the inductances L3 and L4 were found to achieve particular
TZ frequencies. Finally, the inductance L5 was selected to obtain the transformation of 50 Ω
port impedance to filter load impedance of 70 Ω.

Figure 6. Influence of L1 and L2 inductances on the s11 parameter.

3. Tunable Microstrip Filter

In this section, the microstrip realization of a tunable triple-coupled double-tuned
filter is presented. The assumed filter tuning range is 400 MHz to 800 MHz. The network in
Figure 7 was performed on a Rogers 5870 substrate of εr = 2.33 and thickness h = 1.5 mm.
The inductances L1–L5 of the lumped element prototype are replaced by the sections
TL1–TL5 of the transmission lines, the parameters of which are given in Table 1. The L3 is
replaced by the TL3 transmission line grounded by two vias. The TL3 parameters were
found considering the contribution of the two vias estimated as 0.2 nH. The line lengths l
and their characteristic impedances Z0 are related to the inductances L1–L5 by the equation:

ωL = Z0 tan βl βl =
2πl
λ

� 1 for fmax (5)

which describes the input reactance of the shorted transmission line. All the transmission
lines are electrically short for the highest filter operating frequency fmax. Each capacitor C1
is replaced by a push–pull connection of eight 1SV280 varactors that have a capacitance
variation 1.3–5.5 pF, a lead inductance of 0.4 nH, and series resistance Rs = 0.44 Ω each.
This approach reduced the overall series resistance to 0.22 Ω and the lead inductance to
0.2 nH of the reactor. The varactor groups are connected between the TL1a and TL1b



Electronics 2022, 11, 807 6 of 18

line segments. The control voltage Vc is applied to the varactors through the resistors of
Rc = 33 kΩ with the application of the decoupling capacitors Cc = 100 pF.

Table 1. Elements of the filters from Figures 7 and 8.

Line Z0 (Ω) βl (deg) ∗

TL1a 138 3.25
TL1b 138 7.75
TL2 101 4.8
TL3 75 1.7
TL4 91 6.6
TL5 138 10.1

*—calculated at 370 MHz.

Figure 7. Transmission line implementation of the tunable TCDTF.

Figure 8. Layout of the proposed tunable bandpass filter (all dimensions in mm).
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Figure 8 shows the layout of the designed filter with the dimensions of all the individ-
ual lines marked. The topology of the filter simplifies its compact realization by placing
the varactor polarization networks within the unused inner surfaces of the resonators. The
picture of the completed prototype fabricated in the standard PCB technology is shown in
Figure 9. The dimensions of the filter are 30 × 35 mm including SMA connectors.

Figure 9. Photo of the fabricated prototype of the tunable microstrip bandpass filter.

The filter parameters were measured with the Agilent PNA-L N5230A vector network
analyzer. The filter was also simulated in the frequency domain with the CST Microwave
Studio software. For simulation purposes, each varactor was modeled as a series con-
nections of the capacitance, the series resistance, and the lead inductance. During the
simulations, the capacitances were tuned experimentally to achieve the same values of the
center frequencies as those measured.

In Figures 10 and 11, the comparison between the measurements (solid lines) and
simulations (dashed lines) of the scattering parameters in the frequency range of 200 MHz
to 1000 MHz is shown for the control voltage variation from 1 V to 18 V. As one can see, a
very good agreement is observed, which shows that manufacturing the proposed filter in
standard PCB technology provides sufficient mechanical accuracy. The measured tuning
range extends from 370 MHz to 800 MHz. Within the whole tuning range, the bandwidth
of the filter varies monotonically from 23 MHz to 48 MHz, but the relative bandwidth
remains practically unchanged. The insertion loss is better than 3.4 dB at 370 MHz and
decreases monotonically up to 1.9 dB at 800 MHz. It can be reduced by increasing the
coupling coefficient or applying varactors having lower equivalent serial resistance. The
minimal return loss is about 19 dB at frequency 370 MHz, increases to 35 dB at 600 MHz,
and then decreases to 25 dB at 800 MHz. Tuning of the filter weekly affects the attenuation
introduced by both transmission zeros. It is about 72 dB for the lower TZ and more than
47 dB for the upper TZ. Figure 12 shows the results of s21 measurements in the frequency
range extended to 3 GHz. As can be seen, the value of out-of-band attenuation close to
25 dB is maintained up to 1.6 GHz, which is next to double the maximum tuning frequency.
Over 1.6 GHz, the attenuation decreases due to a parasitic passband that occurs at 2.5 GHz,
which is determined solely by the filter topology and is practically independent of the
control voltage.
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Figure 10. Measured (solid lines) and simulated (dashed lines) s11 of the proposed tunable bandpass
filter for the nine selected control voltages.

Figure 11. Measured (solid lines) and simulated (dashed lines) s21 of the proposed tunable bandpass
filter for the nine selected control voltages.

Figures 13–15 show the current density distributions at 504 MHz, 340 MHz, and
563 MHz determined by the simulations. The frequencies correspond to the center fre-
quency and both TZs depicted in the filter response shown in Figure 11 for the control
voltage of 4.7 V. For the center frequency 504 MHz, while the energy is transmitted from
input to output with little insertion loss, the current amplitudes are very similar in both
resonators. The occurrence of transmission zeros at 340 MHz and 563 MHZ is the result
of the compensation of currents entering the particular nodes of the network. At node C
located at the junction of TL1a, TL2, and TL5 lines on the output port side of the filter, the
compensation occurs at both TZ frequencies. This effect is also illustrated in Figure 16,
where the amplitude of the current I11 flowing along the line TL5 and the phase difference
of the currents I9 and I10 flowing along the lines TL1a and TL2 are shown as functions
of frequency. It can be seen that at both frequencies 340 MHz and 563 MHz the current
I11 is close to zero and the phase shift between the currents I9 and I10 is 180 deg. It can
be further seen in Figure 14 that, at lower TZ frequency, the compensation of the currents
I4 and I8, which excite the second resonator, is also present. This effect is possible due to
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the coupling realized by means of the TL4 line. The amplitudes of the currents flowing
through nodes A and B are shown in Figures 17 and 18, respectively. For both nodes, the
currents I4 and I8 are practically identical at the lower TZ frequency of 340 MHz and they
are about 15 dB smaller than for higher TZ of 563 MHz. Due to the double compensation,
the attenuation achieved for the lower TZ is about 25 dB higher than for the upper TZ. It
should be mentioned that for the 340 MHz frequency, the current I6 is practically cancelled.

Figure 12. Broadband measurements of the s21 for the proposed filter for the nine selected control voltages.

Figure 13. Current density distribution at the centre frequency (504 MHz) of the filter.
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Figure 14. Current density distribution at the lower TZ frequency (340 MHz).

Figure 15. Current density distribution at the upper TZ frequency (563 MHz).

Figure 16. I11 current amplitude and the phase difference of the I9 and I10 currents at the node C for
Vc = 4.7 V.
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Figure 17. Amplitudes of the currents flowing through the node A.

Figure 18. Amplitudes of the currents flowing through the node B.

4. Two-Section Filter

Due to the small size of the described filter, an easy way to further improve the attenu-
ation in the stopband and to increase the steepness slope in the transition band is to cascade
two sections. Two possible realizations of such a filter are shown in Figure 19. Obtaining the
desired frequency characteristics requires reducing the mutual electromagnetic coupling
between two sections placed close to each other and decreasing the loading of the first
section by the second. The load reduction is achieved by moving the ports used for the
interconnection of the two sections towards the ground to the position near the center of
the LT2 line. This is equivalent to the upward transformation of the load impedance of
interconnected resonators. To improve the shape of the passband response of the filter, an
additional T-network is used for section interconnection. It consists of three transmission
line sections that act as two series inductors of 2.1 nH and one parallel inductor of 6 nH.
The values of the inductors were chosen to improve the insertion loss and return loss in the
whole tuning range of the filter. Both sections of the filter are tuned concurrently with a
single voltage.
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(a)

(b)

Figure 19. Layout of the cascade connection of the two filter sections (all dimensions in mm):
(a) layout A, (b) layout B.

The mutual coupling between the sections usually leads to a significant deteriora-
tion of the filter properties, especially in the stopband. To illustrate this phenomenon,
two layouts of the cascaded filter shown in Figure 19 were analyzed. In the first design
(see Figure 19a), the sections were doubled and displaced in parallel by 20 mm. In the
second design (Figure 19b) the mutual coupling between the sections was reduced by
applying two sections of layouts being mirror image one of the other together with the
parallel displacement by 20 mm and a perpendicular shift of 10 mm.

The results of s21 simulations performed for both layouts are shown in Figure 20
for three center frequencies. It can be seen that the strong mutual coupling between the
sections present in the layout of Figure 19a leads to a deterioration of the attenuation in
the transition and stop bands and TZs disappearance. In the case of the second layout, the
effect of coupling is much weaker and does not lead to essential degradation of the filter
properties. In s21 there are observed deep TZs, and the attenuation is practically twice as
high (in dB) as for the single filter section.
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Figure 20. Simulated s21 performed for the two layouts shown in Figure 19.

The photo of the fabricated prototype of the two cascaded sections is shown in
Figure 21. Figures 22 and 23 show a comparison of the measured and simulated scat-
tering parameters of the cascade connection of the two filter sections for the selected control
voltages. In the operating band, the measured s11 is below −9.5 dB and s21 varies from
−6.9 dB at 380 MHz to −3.5 dB at 790 MHz. Within the whole tuning range, the bandwidth
of the filter varies monotonically from 17.5 MHz to 35.5 MHz. The relative bandwidth
remains unchanged. Figure 24 shows the s21 measured over a wider frequency range. The
attenuation for frequencies below the passband is about 80 dB, while above the passband it
is about 55 dB to 1.3 GHz. As in the case of a single section, an additional passband near
2.5 GHz existing regardless of the control voltage value is observed.

Figure 21. Photo of the cascade connection of the two filter sections.
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Figure 22. Measured (solid lines) and simulated (dashed lines) s11 of the cascade connection of the
two filter sections for the eight selected control voltages.

Figure 23. Measured (solid lines) and simulated (dashed lines) s21 of the cascade connection of the
two filter sections for the eight selected control voltages.

Figure 24. S21 of the cascade connection of the two filter sections measured in the wide frequency
band for the eight selected control voltages.
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5. Discussion

Table 2 compares the proposed single section microstrip tuned TCDTF with other
filters reported in the literature that feature at least two TZs. The parameters of the tuning
range, the tuning range factor ( fmax/ fmin), bandwidth (BW), insertion loss (IL), electrical
size, the number of TZs (NTZs), insertion loss in the bandstop (ILBS), and the number
of control voltages (NV) were compared. Filter dimensions are expressed in the guided
wavelength (λg) at the lowest operating frequency. The proposed filter has a constant
fractional bandwidth as the filters reported in [22,24,25]. The filters [3,17,26] have a constant
absolute bandwidth. The TCDTF has the second widest tuning range factor. Only the filter
described in [19] is better in this respect, but it occupies an area almost 15 times larger.
Most filters, including the proposed, have similar insertion losses not exceeding 4 dB. The
filters [24,26] have a significantly larger IL. The out-of-band attenuation of a single TCDTF
is about 26 dB, which is a typical value but 15 dB worse than the best filters [22,23]. Most of
the compared filters are tuned with a single voltage. The filter described in [26] is tuned
with five voltages, which allows for a constant absolute bandwidth over the full tuning
range. A clear advantage of the proposed TCDTF over the benchmark filters is the smallest
occupied area being half of the area of the smallest reference filter area [24].

Table 2. Comparison between the proposed and the reference filters.

Ref. f (GHz) fmax/ fmin BW IL (dB) Size ∗

(λg × λg) NTZs ILBS (dB) NV

[3] 1.15–2 1.74 115 ± 4 MHz
(5.9–9.6%) 2.4–3.6 0.06 × 0.24 2 <25 1

[16] 0.97–1.53 1.57 - 2–4.2 0.09 × 0.1 4 <30 1

[17] 1.6–2.27 1.41 137 ± 2 MHz
(6–8.5%) 1.99–4.17 0.5 × 0.4 2 <30 1

[19] 0.75–1.87 2.49 75–285 MHz
(10–15.2%) 1.2–4.2 0.38 × 0.13 2 <24 1

[22] 0.89–1.13 1.27 39–54 MHz
(4.4–4.8%) 3.2–4.3 0.5 × 0.35 2 <40 1

[23] 0.89–1.13 1.67 12–23 MHz
(2.75–3.2%) 1.34–2.92 0.16 × 0.14 2 <40 1

[24] 1.22–1.72 1.41 61–103 MHz
(5–6%) 3–4.9 0.05 × 0.12 3 <35 1

[25] 0.79–1.59 2.01 55–111 MHz
(7%) 1.3–2.1 0.16 × 0.11 2 <20 3

[26] 1.1–2.1 1.9 40 MHz
(1.9–3.6%) 4.4–6.1 0.06 × 0.27 2 <25 5

This work 0.37–0.8 2.16 23–48 MHz
(6%) 1.9–3.4 0.05 × 0.06 2 <26 1

*—calculated for the lowest operating frequency (given in the second column).

Table 3 compares the parameters of the filter constructed from two TCDTF sections
with other two-section filters reported in the literature. As for the single filter, the resulting
tuning range is the second widest. At the cost of increased to 6.9 dB insertion loss, an
out-of-band attenuation greater than 52 dB is obtained, which is 12 dB higher than the
following filter [35]. The greatest advantage of the presented filter is that the aforemen-
tioned parameters were achieved despite the smallest dimensions among all comparable
two-section filters.
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Table 3. Comparison between the cascaded TCDTF and the two-section reference filters.

Ref. f (GHz) fmax/ fmin BW IL (dB) Size ∗

(λg × λg) ILBS (dB)

[35] 0.7–1 1.42 39–68 MHz
(5.5–6.8%) 4.4–6.4 0.5 × 0.56 <40

[36] 1.7–2.5 1.47 38–156 MHz
(3.4–6.2%) <3.3 1.29 × 0.51 <21.5

[37] 0.119–0.239 2 23–42 MHz
(17.5–19.3%) <2.41 - <28

[38] 2.6–3.35 1.29 109–181 MHz
(4.2-5.4%) 3.1–3.7 1.35 × 0.9 <39

This work 0.38-0.79 2.08 17.5–35.5 MHz
(4.6%) 3.5–6.9 0.075 × 0.1 <52

*—calculated for the lowest operating frequency (given in the second column).

6. Conclusions

This paper describes the tunable constant fractional bandwidth triple-coupled double-
tuned bandpass filter. The proposed filter due to two concurrently tuned transmission
zeros placed on the left and right sides of its bandpass has increased the slope steepness in
both the transition bands. It has a wide tuning range spreading from 370 MHz to 800 MHz
together with the insertion loss and out-of-band attenuation comparable to the other filters
of similar class. It is worth noting that the location of the parasitic upper passband of the
filter is independent of the control voltage. The main advantage of the filter is the small
electrical size, which justifies the application of the cascade connection of two filter sections
to improve the out-of-band attenuation and steepness of the slopes in the transition bands.
It should also be emphasized that the area occupied by the cascade of two TCDR filters
is only 14% greater than that of the single filter described in [24], which is the smallest
reference single section filter.
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