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ABSTRACT A new compact microstrip tunable bandpass filter with continuous control of center frequency
and bandwidth is proposed in the paper. The proposed design is based on short parallel-coupled lines, which
are tuned by properly loading varactors. The structure exhibits a pair of transmission poles and one-side
passband edge transmission zero that can be flexibly adjusted for required positions. A thorough theoretical
analysis is derived to estimate the performance of the proposed filter and verify the initial values of design
parameters. To verify the design concept, a prototype is fabricated and measured. The fabricated circuit has
an extreme compact size (smaller than 0.03A; x 0.1)¢). The simulated and measured results agree well
with the derived theory, and indicate wide tunable center frequencies (0.56—1.15 GHz) and 1-dB bandwidth

(65-180 MHz).

INDEX TERMS Bandpass filter, tunable filter, microstrip, parallel-coupled lines.

I. INTRODUCTION
Due to the increasing demand for new wireless services and
applications, the high level of integration and the coexis-
tence of multi-standard (MS) or multi-band operations into
a single device are becoming defining trend in designing
microwave filters. Corresponding to this trend, the reconfig-
urable/tunable filter that tune to different frequency bands
instead of classical filter banks has been attracting more
and more attention since it has great potential to signifi-
cantly reduce the system size and complexity. To this end,
various kinds of tunable filters have been designed for dif-
ferent purposes, such as tunable low-pass filters [1], [2],
high-pass filters [3], bandstop filters [4], and bandpass fil-
ters (BPFs) [5]-[10]. Among these types, tunable BPFs are
the most widely used devices in multiband or wideband
systems. Usually, the tunability is realized by incorporat-
ing varactor diodes [5], [6], or micro-electro-mechanical-
switches (MEMS) [7]-[10]. Other techniques, such as liquid
crystal polymer (LCP) multilayer circuits [11], magneto
static surface waves [12], and high-temperature superconduc-
tors [13] are also utilized.

Generally, tunable BPFs are desired to achieve either con-
trollable bandwidth with constant centre frequency [14], [15],

controllable centre frequency with constant band-
width [16]-[20], or controllable bandwidth and centre
frequency [21]-[35]. Among them, tunable BPFs with
both controllable bandwidth and centre frequency are the
ideal design scenario to meet the need for multifunc-
tional transceivers. To achieve both reconfigurable band-
width and centre frequency, comb-line filters [21], [22]
are one of the most popular structures because their band-
widths are easily controlled by changing the coupling
between the comb-line resonators, and their centre fre-
quencies are controlled by loading the end of the comb-
line resonators with varactor diodes. Other reconfigurable
designs include using varactor-loaded short-ended stub
resonators [23], loop-shaped dual-mode resonators [24],
cross-shaped multiple-mode resonator [25], triangular res-
onator [26], or ring resonator [27], [28]. In designing
reconfigurable BPFs, creating a controllable transmission
zero (TZ) for high frequency selectivity is another impor-
tant consideration. In [29] and [30], a dual-mode open-loop
resonator was used to create a finite-frequency TZ on either
side of the passband. In [31], two independently adjustable
TZs were generated to separately adjust the centre frequency
and bandwidth over a wide tuning range. By employing
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varactor-loaded short-ended resonators, a tuned TZ was
created to improve the lower band selectivity and response
symmetry of a three-pole tunable BPF in [32]. Besides,
a modified coupled line and a varactor-loaded stub were
utilized in [33] to achieve a wide bandwidth tuning range
by controlling the TZ around the lower/higher passband
skirt. In addition, a new class of tunable filters have been
proposed in [34] and [35], where tunable centre frequency
and bandwidth, and a controllable one-side band edge TZ are
all obtained by adopting a varactor-loaded T-shaped resonator
and half-wavelength open-ended resonators, respectively.

By reviewing these previously published works, it can be
found that although good performances were achieved in the
reported works, there is still a challenge about whether one
simple structure with a significantly more compact size can
be utilized to achieve a wider tuning range for both of the
centre frequency and bandwidth with controllable TZ. For
this purpose, an innovative compact tunable BPF utilizing
only a short two-pole varactor-loaded coupled line structure is
proposed. A wide tuning range for both the centre frequency
and bandwidth with sharp selectivity is realized. A detailed
analysis and design procedure are provided to guide the filter
design. To verify the design concept, one prototype is fab-
ricated and measured. Compared with other related works,
the proposed tunable filter achieves wide centre frequency
tuning range from 0.56 to 1.15 GHz, bandwidth tuning range
from 65 up to 180 MHz and an reconfigurable one-side
band edge transmission zero, utilizing the compact planar
structure. The calculated performance as well as simulated
and measured results demonstrates the validity of the pro-
posed design.

C
Part A i<

(©)

FIGURE 1. Circuit model of the proposed filter: (a) Proposed tunable BPF,
(b) Transformed circuit.

Il. PROPOSED FILTER AND PERFORMANCE ANALYSIS

Fig. 1a shows the configuration of the proposed filter. It has
a simple structure that includes a short section of coupled
lines with an electrical length of 6 and even- and odd-mode
impedances of Z,. and Z,, loaded with varactor diodes that
have capacitances of Cy;, Cy2, and Cy3. Since the structure
is not symmetric, a transformed circuit with two grounded
capacitances Cy3z and —Cy3 is presented in Fig. 1b. Those
capacitances do not change the circuit characteristics from
the one shown in Fig. 1a, but enable a simple even-/odd-mode
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analysis of Part a depicted in Fig. 1 to find its admittance-
matrix following the method in [36], which can then be uti-
lized to show that the admittance-matrix of Part A in Fig. 15
has the following elements.

2A2A%(Zine + Zino)

(4]

Yip =Yn= —JB3
AgA%(Zine + Zino)2 - (AoZine + AeZino)2

(H

Yio = Yay 2AeA0(AoZine + AeZino) 2)

B AgAg(Zine + Zino)2 - (AoZine +AeZino)2

where Zj,. and Zj,, are the even- and odd-mode input
impedance seen at left or right port of Part a when the other
port is open-circuited, A. and A, are the A-elements of the
ABCD matrix of the even-/odd-mode circuits of Part a. The
aforementioned parameters can be obtained from the ABCD
matrices of the even-/odd-mode circuits.

Zine = —j Zoe(1 — Zoe B3 tan 0) 3)
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By = wCy1, By =wCy, B3;=wCy; @)
o [~ =B | ¢
o ” -—— — —— ” o
o h B h Cy
| F7: |
o l_ ——— J I o}
Part A
(a)
G 2 G ¢
= o ot T
Zeven JB I Zo[: JB
(b) (©

FIGURE 2. Equivalent circuits of the proposed tunable filter:
(a) Equivalent J-inverter topology of the proposed tunable filter,
(b) Even-mode bisection, (c) 0dd-mode bisection.

To investigate the performance of the proposed tunable
filter, an admittance w-model can be derived based on the
obtained Y-matrix of Part A indicated in Fig. 1b, and fur-
ther simplified into a susceptance s-model if the lossless
case is assumed [37]. Considering Part A being rotation-
ally symmetric, it can be transformed to a J-inverter topol-
ogy that includes a susceptance and two transmission lines
(i.e. Yy, ¢) [38] as shown in Part a of Fig. 2a. The values of
the parameters used in Fig. 2 can be derived from:

J  sin(—¢) + B11 cos(—¢)

J = = — ®)
Y2 Bjz sin(—¢)
2(B11 + Bx |B
¢ = (Mm + tan™! ( (_121 _222| D_ 2))/2 9)
1+By —Bi — |B|
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. Im(Y o Im(Y N Im(Y 3
where, B1] = —(YOH),Bzz = —(},022),312 = —m;Z‘Z),and ‘B| =
0

B11B» —B_lzz. M are positive integers and J is the normalized
J-inverter susceptance.

Using the equivalent circuit models under even-/odd-mode
operation in Fig. 2, the even- and odd-mode resonant frequen-
cies can be derived as follows.

14 Jtang 1
jYotang —J) " jB1
_1—Jtang 1
= fYotang +7) B

The conventional root-finding algorithm can be used to
solve (10) and (11) in Matlab. The obtained results for the

even- and odd-mode resonant frequencies (feven, fodd) are
depicted in Fig. 3 for different values of Cy1, Cy2, and Cy3.

0 (10)

Zeven =

Zodd =0 (11

1.0
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FIGURE 3. Variation of the resonant frequencies with C;, C,,, and C;3

(Zoe = 185 2, Zgo = 45 2, and length of the coupled line structure equals
to one-tenth wavelength at 0.8 GHz).

As shown in Fig. 3, feven and foqq of the whole structure
decrease as Cy; increases. In fact, Cy; mainly provides the
required external quality factor and only alters the even- and
odd-mode frequencies by a relatively small amount compared
with the effect of Cy, and Cy3 as indicated in Fig. 3. In other
words, feven and foqq are mainly determined by Cy, and Cy3.
Itis observed that Cy» can be used to significantly change feven
with limited effect on fyqg, while changing Cy3 causes a
significant variation in f,qq and limited effect on feyen. Thus,
the upper (or lower) passband edges, which are determined
by the position of feyen (0T fodd), can be tuned by Cy, (or Cy3)
when a fixed value of Cy is given, indicating a potential of
bandwidth tunability. On the other hand, those two resonant
frequencies can be moved to lower and higher frequencies at
the same time when appropriate values for Cy; and Cy3 are
given with certain value for Cy1, and this indicates a potential
centre frequency tunability.

The transmission zero (TZ) of the proposed filter can be
obtained by solving the following equation,

Zine _ Zino
Ae Ao

(12)
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Using (3) - (7), this relation can be written as,
4B,
Zoo(2B2 + B3)? — ZoeB3 + (Yoe — Yoo)

From (13), it is found that the location of the TZ is not
affected by Cy1, but by the capacitances Cy; and Cy3. The
TZ can be found from (13) by a conventional root-finding
algorithm for a given Cy»/Cy3. Fig. 4 shows the calculated
TZ frequency frz versus Cy; and Cy3. frz moves to lower
values as Cy; increases or Cy3 decreases. It is also observed
that when feven > fodd, frz always locates at upper stopband;
when feven < fodd, fTz always locates at the lower stop-
band. In fact, frz can not only be located at the low or
high side of the passband, but also be created within the
passband.

tan 0tz =

13)
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FIGURE 4. Transmission zero frequency versus the capacitances of
C,, and C3, (a) C,; is variable, (b) C5 is variable.

To determine the design parameters, the specifications
for the proposed filter should be prescribed. Herein, centre
frequency tuning range from 0.5 to 1.1 GHz and band-
width tuning range from 60 to 230 MHz of the filter are
set as an example. Utilizing the iterative solution based on
the previous theory, it is possible to find that the follow-
ing required design parameters: Zye = 185 Q, Zyo = 45 €,
and length of the coupled structure equals to one-tenth
wavelength at 0.8 GHz. According to the above analysis,
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TABLE 1. Capacitances (pF) of varactors in investigated cases.

Case # C Cp Cys
1 1.3 5.1 6.7
2 3 3.7 6.7
3 1.4 6.4 5.8
4 2.4 6.6 4

5 3.7 12.9 19.6
6 1.5 5 6.6
7 0.8 2.6 32
8 29 17.4 15.8
9 1.2 6.3 6

10 0.6 3.1 3

the performance of the filter can be calculated with the
reasonable values of varactor capacitances given in Table 1 as
shown in Fig. 5. Fig. 5a shows that the bandwidth can be
tuned from 60 to 230 MHz using Cy; and Cy3, Fig. 5b shows
the bandwidth tunability with a re-locatable transmission
zero (TZ) from one side of the passband to the other.
Figs. 5¢ and d indicate that the centre frequency can be
tuned from 0.5 to 1.1 GHz with reconfigurable TZ at the
lower/upper passband edge under a certain bandwidth.

To achieve sharper frequency selectivity and better stop-
band rejection, the tunable filter can be extended to higher-
order by adding additional varactor loaded transmission lines
with equal length between the coupled lines, which will
introduce more TZs and poles. For n-order (n > 3) tunable
filter design, n-2 lines can be added between the original two
coupled lines to form the n coupled lines structure, which
brings n-2 additional poles in the passband. Since controllable
poles are required for tuning passband, one ends of the n cou-
pled lines all still need to be loaded with varactors. Between
each adjacent two coupled lines, it is still necessary to add
varactors. Cvl keeps the same way as the two-order filter.
By this way, n-order tunable filter based n coupled lines struc-
ture can be easily constructed. Herein, a third-order tunable
filter is developed for an example as shown in Fig. 6. Since
the structure is symmetric and nonadjacent coupling is weak,
the even-/odd-mode method can be approximately applied to
analyze it. Considering the insertion loss mainly caused by
the parasitic resistors of the varactors, the values of the resis-
tors are all assumed as 1 ohm in the design for convenience.
Fig. 7a indicates the centre frequency tunability with a wide
tuning range. Three tunable TZs can be observed clearly
outside the passband. As indicated in Fig. 7a, to move the
centre frequency to higher values while maintaining the band-
width unchanged, Cy1, Cy2, Cy3 and Cy4 should be decreased.
On the other hand, Fig. 7b demonstrates a wide tuning range
for the bandwidth. It can be seen from Fig. 7b, to fix the centre
frequency and increase the bandwidth, Cy; and Cy4 should be
increased, whereas, Cy; and Cy3 should be decreased. As this
paper is mainly aimed to design a second-order tunable filter,
the next section will give its detailed design procedure as well
as experimental verification.
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FIGURE 5. Bandwidth and centre operation frequency tunability

at 0.8 GHz: (a) Bandwidth tunability when the TZ is located at upper edge
of the passband, (b) Bandwidth tunability when the TZ is located at lower
edge of the passband, (c) Centre operation frequency tunability when the
TZ is located at upper edge of the passband, (d) Centre frequency
tunability when the TZ is located at lower edge of the passband.

Ill. Prototype Design
Based on the explained theory, the design procedure of the
proposed filter can be summarized as:
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FIGURE 6. Proposed third-order tunable filter (w; = w,/2=0.4mm,
s=0.2mm and L=14.14mm; substrate RT/Duriod 6010 with ¢ = 10.2 and
h=1.27 mm.
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FIGURE 7. Performance of the filter with different centre frequencies and
bandwidths: (a) Different centre frequencies. Biasing voltages for low
frequency: C,;=0.89, C,,=0.6, C,3=1.3, C,;,=9.0; middle frequency:
C,1=0.65, C,,=0.43, C,;3=0.51, C,4=2; high frequency: C,;=0.48,
C,»=0.28, C,3=0.2, C,4,=0.85. Unit: pF, (b) Different bandwidths. Narrow
bandwidth: C,; =0.39, C,,=0.5, C,3=0.73, C,;=1.8; medium bandwidth:
C,1=0.65, C,,=0.43, C,3=0.51, C,;=2; wide bandwidth: C,;=0.96,
C,2=0.35, C;3=0.42, C,,;=2.53. Unit: pF.

Step 1) Select the prototype low-pass filter, where the basic
element values (g, i = O0,...,3) are known.
Determine the objective centre frequency f. and
bandwidth. Based on the required fractional band-
width FBW; calculate the desired external quality

2966

factor Q.+ and coupling coefficient k. Once k is
known, two solutions for the even-and odd-mode

resonances (foven > fodd, and feven < fodd) can be

specified from (15).
081
Qe = 23 (14)
k = lfeven _fodd| _ FBW (15)

Je 2182

Step 2) Values of (Zye, Zoo) are found using (26) in [19]
such that the coupling coefficient of the coupled
resonators can satisfy the bandwidth requirement
according to (15) at the lowest frequency state. This
step requires the assumption of certain maximum
values Cyi—_max> Cv2—max> Cv3—max (based on the
available or selected varactors). It may results in
several possible solutions. Solutions with moder-
ate values for the mode impedances, which enable
easy or low-cost fabrication, are usually selected.
Using the approach in [39], determine the initial
dimensions of the coupled lines from Zge, Zoo.

Step 3) A conventional iterative algorithm can be used to
solve (10) and (11) to find the range of values
needed for Cy;, Cya, Cy3 to cover the required
tunable range for the centre frequency and band.
To this end, an initial guess for Cy; which should be
less than Cy1_max 18 needed to solve (10) and (11)
to determine Cy; and Cy3. Next, actual Q;xt is eval-
uated using the well-known external Q method [40]
and the initial guess of Cy is updated so that actual

! equals desired Qe as calculated from (14).

Step 4) Verify the performance using the calculated values
by first utilizing the presented theory and then using
a full-wave simulator, which can also be utilized for
design optimization.

As an example of the proposed filter, a prototype
is designed with centre frequency tuning range from
0.6 to 1.2 GHz and bandwidth tuning range from
60 and 300 MHz. Using the design procedure, the required
design parameters (Zoe = 185 @, Zoo, = 45 2, Cy1 =
0.9-7 pF, Cy2 = 1.5-11 pF, Cy3 = 1-15 pF) is possible to
find. The design is implemented on the substrate RT/Duriod
6010 with & = 10.2 and 2 = 1.27 mm with a microstrip
technology. Fig. 8a depicts a diagram of the filter prototype,
showing the biasing circuit for the varactors. It is noted
that for the independent biasing requirement for Cyi, Cy2,
and Cy3, a pair of varactors are employed in an anti-series
configuration to represent Cy>. Moreover, Cp is used as
DC block capacitor and Ry is the DC biasing resistor in
addition to being a radio frequency choke (RFC). The full
structure with its calculated initial dimensions is co-simulated
using Ansoft HFSS v13 and ADS, which are also used for
final optimization. Hyper abrupt junction tuning varactors
SM1234-009L (tuning range 1.32-9.63 pF, and series resistor
Ry = 0.8 2, SMV1281-097L (tuning range 0.69-13.30 pF,
and Ry, = 1.7 Q) and SMV1235-004L (tuning range

VOLUME 6, 2018
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DCblo
capacitor "

/
SlotinGND  Microstrip line

FIGURE 8. The final design: (a) Diagram of the structure with its biasing
circuit, (b) Implementation using microstrip technology, (c) Fabricated
filter.

2.38-18.22 pF, and Ry = 0.6 2), are adopted for Cy1, Cy2, and
Cy3, respectively. Besides, Murata 0402 GRM 100 pF capac-
itors are used as DC block capacitors, and Panasonic resistors
100 k€2 are utilized as RFCs. For accurate simulation, SPICE
models of the aforementioned varactor diodes as provided
in [41] are used.

The final optimized design parameters of the tunable
bandpass filter (Fig. 8b) were found as: L, = 14.6 mm,
Ly = 14mm, S, = 0.2mm, W, = 0.4 mm, Wy=1.21 mm and
W, = 4.6 mm. Herein, it is worth mentioning the grounded
slot is etched on the ground layer shown in Fig. 8b to realize
the required even- and odd-mode impedances without using
the narrow gaps or thin lines in the coupled line structure [40].
Fig. 8c presents a photograph of the fabricated filter with a
very compact size of 15 mm x 4.6 mm (0.1A; x 0.034,). The
compactness is realized mainly by the variable loads at the
ends of the coupled line, which has also been theoretically
analyzed in [42].

Both of the simulated results and measured results are
described in Figs. 9a and 9b for bandwidth tunability,
Fig. 9c for centre frequency tunability, and Fig. 10 for TZ
reconfigurability. Among them, Figs. 9a and 9b demon-
strate tunable 1-dB bandwidth with wide tuning range from
65 to 180 MHz at low and high frequency, respectively.
Fig. 9c indicates tunable centre frequency with a wide tuning
range from 0.56 to 1.15 GHz. In addition, Fig. 10 shows
that the reconfigurability of one-side band transmission zero
is realized in the proposed design, resulting in a better cut-
off at the edge of the passband. The introduced TZ can be
relocated at either the lower or upper end of the passband,

VOLUME 6, 2018
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FIGURE 9. Performance of the tunable bandpass filter with different
bandwidth and centre operation frequencies: (a) Different bandwidth
centred at 0.58 GHz. Narrow band: V; =3.2, V,=0.8, V3=1.5; medium
band: V; = 2.0, V, = 1.0, V3=1.2; wide band: V; = 1.3, V,=1.1, V3=1.1.
Unit: V, (b) Different bandwidth centred at 1 GHz. Narrow band: V,; =15,
V,=6.4, V3=10; medium band: V; = 12.2, V,=7.0, V3=9.5; wide
bandwidth: V; = 9.9, V,=17.8, V3=9.0. Unit: V, (c) Different centre
operation frequencies: Biasing voltages for low frequency: V,=1.5, V, =0,
V3=0; middle frequency: V,=7.7, V,=4.5, V3 =6; high frequency: V; =15,
V,=9.9, V3=20. Unit: V.

without affecting the passband or insertion loss. Thus, the cut-
off of the passband is reconfigurable according to the differ-
ent needs of realistic application. The measured insertion loss
for all the investigated cases varies between 1.4 and 4.5 dB,
while the return loss is more than 12 dB. Both the simulated
and measured results are generally in good agreement.
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FIGURE 10. Simulated and measured results of the filter with different
centre frequencies under TZ at the low/upper passband edge: (a) At the
low passband edge. Biasing voltages for low frequency: V,=4.5, V,=0.2,
V3=3.3; middle frequency: V;=8.8, V,=2.1, V3=5.8; high frequency:
V;=14.9, V,=4.1, V3=9.8. Unit: V, (b) At the upper passband edge. Biasing
voltages for low frequency: V, =7.9, V,=3.3, V3=4.7; middle frequency:
V;=11.8, V,=5.4, V3=17.8; high frequency: V;=14.7, V,=7.9, V3 =13.6.

Unit: V.

It is worth mentioning that the insertion loss is due to finite
quality factor (Q) of the varactor, which can be verified from
a comparison of the simulations with finite Q varactor and
that with an ideal capacitor (insertion loss within 1.5 dB). The
finite Q introduces resistive loss to the filter. Further improve-
ment on the insertion loss can be achieved with advanced
MEMS technologies [7]. Moreover, specifically note that the
quality factor of the used varactors is significantly lower than
the ideal assumed value at the lower frequencies, resulting
in an increased measured insertion loss at the low frequency
bands. In addition, the minor discrepancies between the mea-
sured and the simulated results are caused by the higher order
parasitics of the varactor, which was not completely modelled
in the EM simulation.

A comparison between the proposed filter and other recent
designs is given in Table 2. It is clearly shown that the
presented tunable BPF exhibits the most compact size. To the
best of our knowledge, there is few report on such a compact
tunable filter design. Meanwhile, it also has a wider tuning
range for the centre frequency with a competitive bandwidth
tuning range and values of the insertion loss.

2968

TABLE 2. Comparison of the proposed filter and otherrecent designs.

Centre

BW tuni Inserti
. frequenc W tuning Filter nsertion Size/
Design tunin range order loss Ol
YUIRE  (MHz) (%) (dB) o
range (%)
[22] 30 #40-120 {300} 4 4562 024x0.12
[24] 33 #0-52 2 1446 0.12x0.08
[26] 19 *134-402 {300} 2 1~3 0.33x0.3
[34] 49 #55.175 (318} 2 0.5-2.9  0.13x0.08
[35] 42 #115315 (274} 2 1215 043x0.12
Thi
' 69 #65-180{277} 2 14-45  0.1x0.03
work

#: 1-dB bandwidth, *: 3-dB bandwidth.

IV. CONCLUSION

In this paper, a new compact microstrip tunable filter based
on short coupled line structure has been proposed. By prop-
erly loading varactors with this compact structure, a wide
tuning range for both of the centre frequency and bandwidth
with reconfigurable TZ have been achieved. Based on the
clear theoretical analysis, an explicit design procedure has
been provided. For validation, a two-pole tunable filter has
been fabricated and tested. Both the simulated and measured
results exhibit a wide tuning range of the centre frequency
(0.56-1.15 GHz) and the bandwidth (65-180 MHz), respec-
tively. With the favourable properties of huge size reduction
and high controllability of band coverage, it is our belief
that the proposed approach is attractive for modern multiband
telecommunication systems.
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