Progress In Electromagnetics Research Letters, Vol. 119, 7-13, 2024

rlER Letters

(Received 12 February 2024, Accepted 19 March 2024, Scheduled 30 March 2024)
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ABSTRACT: This paper presents a novel bandpass filter with reconfigurable bandwidth or transmission zeros. The proposed filter is based
on a multiple-mode stub-loaded resonator. Three PIN diodes are utilized as switching elements to achieve four switchable operating states.
The measurement results indicate that the 3 dB fractional bandwidth (FBW) of the filter can be varied from 32.3% to 70% at the centre
frequency of 2.2 GHz, and the stopband attenuation is higher than 35 dB. The filter size is only about 0.28\g x 0.19)\g.

1. INTRODUCTION

In the face of increasingly scarce spectrum resources, the real-
ization of more powerful reconfigurable filters in limited cir-
cuit spaces has always been a research focus. Reconfigurable
bandwidth filters are particularly useful in the design of high-
frequency multifunction receivers that simultaneously support
multiple information signals with different frequency bands and
power level characteristics [1,2]. Various high-performance
bandwidth reconfigurable filters have been designed by using
varactor diodes [3—5] and PIN diodes [6—14] as tunable com-
ponents. In [6], a bandwidth reconfigurable filter was im-
plemented by using Semi-conductor Distributed Doped Areas
(ScDDAs) as an integrated element to convert the resonator
from a A/2 open stub to a A\/4 stub. In [7], PIN diodes were
used to control the connection status of the stub to achieve five
switchable bandwidth states. In [8], four PIN diodes were used
to achieve three bandwidth states. In [9, 10], reconfigurable
bandwidth filters were designed based on a stub-loaded ring
resonator. In [11], a PIN diode was used to control the con-
nection state of two bent \/4 resonators and one \/2 resonator,
which can be switched between wide band and narrow band.
In [12], bandwidth reconfiguration was achieved by loading
PIN diodes to change the length of the coupling stub. In ad-
dition, there are some studies on transmission zeros (TZs) re-
configurable filters [15, 16]. In [15], reconfigurable transmis-
sion zeros were achieved by controlling the relative positions
of odd-/even-mode frequencies. In [16], transmission zero was
reconfigured by changing the inter-stage coupling type using
varactors.

In this article, a bandpass filter with reconfigurable band-
width or transmission zeros is proposed. The wideband re-
sponse is achieved by a multiple-mode square ring loaded res-
onator, and the passband bandwidth is reconfigured by switch-
ing three short-stubs loaded on the multi-mode resonator. The
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introduction of source-load coupling and the change of cou-
pling type between resonators result in reconfigurable transmis-
sion zeros. A prototype is designed, fabricated, and measured
to validate the approach. It will have good application prospects
in the new generation of wideband and reconfigurable commu-
nication systems, such as 5G and 6G systems.

2. DESIGN PROCEDURE

Figure 1 shows the layout of the proposed reconfigurable fil-
ter. Three short-circuited stubs are connected through three
PIN diodes D1, D2, and D3 to control the connection state
and achieve the reconfigurable response states. In addition, ca-
pacitors C, and RF-choke inductors L are used to block the
DC voltage and bypass the used radio frequency (RF) signal,
respectively.

D1, D2 and D3 are used to change the frequency response
of the proposed filter. Table 1 lists the operation states.

2.1. Analysis of Multiple-Mode Resonator (Case A)

In case A, all short-circuited stubs are disconnected from the
resonator, and the filter consists of a multiple-mode resonator
loaded with a square ring (SRLR), which can generate multiple
resonant modes required for wideband response. Fig. 2 shows
the basic structure of SRLR, where the influence of bias circuits
is ignored. Since the resonator is symmetrical to the central
plane, the odd- and even-mode analysis method can be used.
The electric wall (EW) or magnetic wall (MW) appears on the
symmetry plane in Fig. 2, respectively, and we obtain the equiv-
alent circuits for odd- and even-mode without I/O coupling, as
shown in Figs. 3(a) and (b).

Based on the transmission line theory, the odd-mode input
admittance Yj,oqq and even-mode input admittance Yijeyen can
be derived as

Yoaa + jY1 tan 61

Y: =Yy, = s - - 1
inodd 1 le + ondd tan 01 ( )
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FIGURE 1. Layout of the proposed reconfigurable filter. w = 3, wl = 1.4, w2 = 1.2, w3 = 2, L1 = 27.2, L2 = 18, L3 = 2.6, L4 = 0.8,
L5=0.8,9=0.6,s1 =0.1, s2 = 1, units: mm.

TABLE 1. Operation states of the proposed filter.

Case A Case B Case C Case D
D1, D2 Off Off On On
D3 Off On Off On
pole Two Three Two Three
TZ Two One Three One
Location higher lower both lower
of TZ stopband stopband stopband stopband
BW Medium Wide Medium Narrow

FIGURE 2. Basic structure of the SRLR.

v — v, Yeven + jYitan 6y ©) Yeven = jY1tan6s + jYatan (62 + 63) 4
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FIGURE 3. Equivalent circuits of the SRLR. (a) Odd-mode. (b) Even-mode.
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FIGURE 4. (a) Effect of L, on the odd-mode and even-mode resonant frequencies. (b) Simulated results of two-pole bandpass response (case A).

Y] tan 61 + Y7 tan 63+ Ystan (92 +93)
Y7 —Y] tan 61 tan 63 — Y5 tan 61 tan (62 +03)

Yinoaa =jY1 (6)

where 6, = SL,,60, = BL,,0; = $L3,and [ is the propagation
constant; Y7 and Y, denote the characteristic admittances of the
corresponding transmission lines L, L, and L3, respectively.

In order to accurately analyze the odd- and even-mode,
the odd-mode resonance condition can be derived by setting
Yinodd = 0. From (5), the odd-mode frequency can be deduced
as

Y7 tan 6, — Yicotfs — Yacot (62 + 03) =0 @)
Similarly, the even-mode resonance condition can be derived

by setting Yiseven = 0. From (6), the even-mode frequency can
be deduced as

Y tan 6y + Y7 tan 05 + Yatan (62 + 65) =0 ®)

From (7), two odd-mode frequencies f,; and f,, can be ob-
tained. Similarly, from (8), two even-mode frequencies f.; and
fe2 can be produced, and they are influenced by the electrical
lengths 601, 6,, and 65.

The simulated results show that fo/fo1 and feo/fer are
greater than 1.5, so the proposed structure usually is designed
as a dual-band bandpass filter [17], and can also be designed
as a wideband filter by adjusting the electrical lengths 6, and
05 [18].

Assume that the substrate dielectric constant is 2.2, and the
thickness is 1 mm. Let w; = 1.2mm (Z, = Z, = Z3 = 85Q))
and L1+ L; = 25.8 (6, +65 = 90° at 2.2 GHz), and the effect of
L,(6,) on the odd-mode and even-mode resonant frequencies
is discussed. Fig. 4(a) shows the frequency responses under a
weak /O coupling.

It is observed that when L, increases, the even-mode reso-
nant frequency f,; decreases while the odd-mode resonant fre-
quency f, basically remains unchanged.

Figure 4(b) shows the simulated result of the filter with 6, =
62.8°, 63 = 10.5°. The 3dB FBW is 42% (1.76-2.7 GHz),
with an insertion loss of 0.2dB and a return loss better than
24.5 dB. Two TZs appear on the right side of the passband. One
TZ is produced by the multiple-mode resonator and the other
produced by the load-source cross coupling.

2.2. Analysis of Case B

In case B, the diode D3 is turned on, and D1 and D2 are turned
off. The proposed reconfigurable filter operates in wideband
bandpass mode. Fig. 5(a) shows the effect of the length L4
of the short-circuited stub on the resonant frequencies under a
weak /O coupling.

It is observed that three resonant frequencies, including one
odd-mode frequency and two even-mode frequencies appear,
fe1 < for < fe- When the length L4 of the short-circuited
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FIGURE 5. (a) Effect of different L4 on resonant frequencies (state B). (b) Simulated results of wideband bandpass response (case B).
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FIGURE 6. (a) Effect of different s2 on TZs. (b) Simulated results of two-pole bandpass response (case C).

stub increases, the first even-mode frequency f.; shifts towards
the low frequency, while the other two frequencies remain un-
changed. In addition, a transmission zero (TZ) appears in the
lower stopband, but the TZs in the higher stopband disappear.

Figure 5(b) shows the simulated results of the wideband
bandpass response. The 3dB FBW is 60% (1.4-2.6 GHz),
while the in-band insertion loss is 0.5 dB, and the return loss
within the passband is higher than 18.5 dB. The transmission
zero of the lower stopband is 0.43 GHz.

2.3. Analysis of Case C

In case C, the diode D3 is off, and D1 and D2 are turned on.
The proposed reconfigurable filter operates in medium band-
width mode. There are three TZs on both sides of the passband,
of which TZ; and TZ, are generated by the direct coupling of
the multiple-mode resonator, and TZ; is generated by introduc-
ing a cross coupling between the source and load. Fig. 6(a)
shows the relationship between TZs and the coupling gap s2.
It is observed that TZ3; moves towards the passband, while the
positions of TZ; and TZ, remain almost unchanged when s2 de-
creases. Fig. 6(b) shows the simulated result of the filter with a
3dB FBW of 40% (1.7-2.55 GHz), an insertion loss of 0.8 dB,
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and a return loss better than 24 dB. It can be observed that there
are three TZs on both sides of the passband, of which TZ; and
TZ, are generated by direct coupling of the multiple-mode res-
onator, and TZ; is generated by introducing a cross coupling
between the source and load.

2.4. Analysis of Case D

In case D, all diodes are turned on, the proposed reconfigurable
filter operates in narrowband bandpass mode.

Figure 7(a) shows the effect of the length L5 of the short-
circuited stub on the resonant frequencies under a weak I/O
coupling. When the length L5 decreases, the first two resonant
frequencies fe; and f,; move towards high frequency together,
while f,, basically remains unchanged. Therefore, choosing
appropriate the length L5 can achieve a narrowband bandpass
response.

Figure 7(b) shows the simulated results of narrowband band-
pass response. The 3dB FBW is 8.9% (2.35-2.57 GHz), with
an in-band insertion loss of 0.6 dB and a return loss greater than
20 dB. There are two TZs on both sides of the passband, which
allows the filter to achieve attenuation levels above 52.5 dB and
34 dB in the lower and upper stopbands, respectively.
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FIGURE 7. (a) Effect of different Ls on resonant frequencies. (b) Simulated results of narrowband bandpass response (case D).

FIGURE 8. Photograph of the fabricated reconfigurable filter.

TABLE 2. Measured results of the proposed filter.

State No. of TZ 3dBFBW (%) IL.(dB) Stopband attenuation

State A 2 35.8 0.6 > 35dB
State B 1 70 2.5 > 35dB
State C 3 48.6 2.6 > 35dB
State D 1 323 2.55 > 35dB

TABLE 3. Comparison with references.

Ref. states diodes 3dB FBW (%) Reconfigurable TZ

[8] 3 4 34.8-56.5 No
9] 2 4 58.5-75 No
[10] 3 6 37-92 No
[12] 2 2 1.5-4.8 No
[13] N/A 10 N/A Yes
[14] N/A 6 5.2-18 No
[14] N/A 12 N/A Yes
This work 4 3 32.3-70 Yes
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FIGURE 9. Measured results of the reconfigurable filter. (a) Case A, (b) Case B, (c) Case C, (d) Case D.

3. EXPERIMENTAL RESULTS

To verify the above design concept, a reconfigurable filter was
fabricated on an F4BM substrate with a dielectric constant of
2.2 and a thickness of 1 mm.

A photograph of the fabricated reconfigurable filter is shown
in Fig. 8, and the overall size of the filter is 31.4 mm x 20.9 mm
(0.28)\g x 0.19),) excluding the feed lines, where ), is the
guided wavelength at the center frequency.

Three PIN diodes SMP1345-079LF (Cr = 0.18pF at 5V,
Rs = 1.5Q at 10mA, Ls = 0.7nH) are used as D1, D2,
and D3 to switch filter response states. V1 and V2 are used
to provide forward bias voltage for diodes D1, D2, and D3.
100nH RF-choke inductors are used to connect the DC volt-
age. Capacitors of 47 pF are used to block the DC voltage. The
filter was measured by using a vector network analyzer (Agi-
lent E5S071B). The measured results of the reconfigurable filter
are shown in Fig. 9 and Table 2.

The measured transmission responses (S21) basically agree
with the simulated ones. However, the measured reflection
losses (S11) are worse than the simulated ones. The differences
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between the simulated and measured results are mainly due to
the fabrication tolerances, dielectric losses, and PIN diode par-
asitic effects.

Compared with some other reported works, the proposed re-
configurable filter has more operating states by using fewer PIN
diodes than [8—14], shown in Table 3.

It is clearly observed that the proposed filter can achieve
four response states with three PIN diodes and has a wide tun-
ing FBW range of 37.7% and the highest stopband attenuation
level. In addition, the proposed filter has high selectivity per-
formance due to reconfigurable TZs.

4. CONCLUSION

A novel filter with reconfigurable bandwidth or transmission
zeros has been presented and analyzed. Four operating states
are achieved by controlling the ON/OFF states of three PIN
diodes. The measured and simulated results are basically con-
sistent, which validates the design concept. This filter has the
advantages of compact size, high stopband attenuations, wide
tuning range for the FBW, and reconfigurable multifunction.
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