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ABSTRACT: A novel bandpass-to-all-stop switchable absorptive filter with an ultra-wideband reflectionless range is proposed in this
paper. The bandpass section of the filter consists of a dual-mode resonator and two L-shaped feeding lines. The dual-port reflectionless
characteristic is achieved by loading absorption networks at the end of the open stubs of the feeding lines, which are composed of two
parallel coupled lines and absorption resistors. The switching of the reflectionless bandpass filter (RBPF) to the all-stop filter (ASF) is
realized by controlling the on/off behavior of the PIN diode through the bias voltage. Measurements show that the filter prototype at the
center frequency of 2.43 GHz with the 3-dB fractional bandwidth (FBW) is 8.23%. For the RBPF state, the filter has an ultra-wideband
reflectionless FBW of 214% and upper stopband rejection better than 33 dB up to 6 GHz. Besides, the rejection is better than 30 dB from

0 to 5.32 GHz in the ASF state.

1. INTRODUCTION

n recent years, with the rapid development of wireless
Icommunication systems, it is necessary to design more
multifunction microwave devices to reduce the size of the RF
front-end. As an important component of the RF front-end,
switchable/tunable filters have attracted widespread atten-
tion [1,2]. Switchable/tunable filters can be achieved through
PIN diodes [3,4], RF-MEMS switches [5], single-pole multi-
throw switches [6, 7], semiconductor varactor diodes [8], etc.
However, most switchable/tunable filters are reflective filters,
which can potentially introduce problems such as efficiency
loss and dynamic range loss.

Conventional reflective microwave filters reflect out-of-
band signals directly back to the source, which may cause
deterioration in system performance. Reflectionless filters
have received increasing attention, which can absorb out-of-
band reflected energy to increase the signal-to-noise ratio. The
most common approach to achieve out-of-band reflectionless-
ness is to load absorption networks at the ports of conventional
bandpass filters (BPFs) [9, 10], which is simple to implement
and has a compact size. In [9], the proposed quasi-absorptive
filter consists of a bandpass section and an absorptive section
(a quarter-wavelength shorted transmission line with matched
resistors in series), which can be designed to an arbitrarily
high order. In [10], a reflectionless balanced bandpass filter is
realized using a three-line coupling structure and an absorbing
section, and it has common-mode suppression characteristics.
Reflectionless filters designed based on diplexer architecture
are another dominant design option today [11-13]. This
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design approach allows for a wider range of reflectionless
behavior. In [11], band-pass and band-stop filter channels
with complementary transfer functions are designed, which
dissipate the input energy not transmitted by one branch with
the loaded resistor of the other channel. In addition, many
reflectionless band-pass filters (RBPFs) based on balanced
circuits have been proposed [14, 15].

Further, attempts have been made to combine tun-
able/switchable band-pass filters with reflectionless char-
acteristics. Various design methods for designing tunable
RBPFs have been reported [16,17]. In [16], a tunable reflec-
tionless BPF is realized using two quadrature couplers and
two reflective BPFs. However, the insertion loss (IL) is large,
and the reflectionless bandwidth (BW) is narrow. In [17],
a frequency and bandwidth tunable RBPF is implemented
using a design methodology that relies on the transformation
of a normalized low-pass filter prototype to a band-pass filter
prototype. However, reports on switchable reflectionless filters
are relatively scarce. Most of the switchable filters ignore the
adverse effects of out-of-band signals on the stability of the
RF system. In [18], a class of tunable band-pass filters that can
be switched to an all-stop filter (ASF) was reported. However,
only the input reflectionless characteristic is realized. In [19],
a switchable filter with two modes of operation, an RBPF,
and a reflectionless band-stop filter is proposed. However, its
reflectionless range is narrow, and its out-of-band rejection
performance is poor.

Based on the above issues, a novel bandpass-to-all-stop
switchable absorptive filter with an ultra-wideband reflection-
less range is proposed in this paper. The switchable absorptive
filter consists of a band-pass section (a dual-mode resonator
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FIGURE 1. (a) Layout of the initial switchable BPF. (b) Equivalent circuit model of PIN diode. (c) Coupling topology.
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FIGURE 2. (a) Schematic of the DMR with reverse-biased diodes. (b) Odd-mode excitation. (c) Even-mode excitation.

(DMR) loaded with a grounding resistor), two absorption net-
works (two parallel coupled line stubs with absorption resis-
tors connected at the open stub end), and two L-shaped feeding
lines. The switching from RBPF to ASF is realized by con-
trolling the PIN diodes loaded at the open end of the resonator.
It combines the following features: 1) Two operating states:
RBPF and ASF. 2) Dual-port reflectionless behavior and ultra-
wide reflectionless range in the RBPF state. 3) Wide stopband
characteristics in RBPF state.

2. THEORETICAL ANALYSIS AND DESIGN PROCE-
DURE

2.1. Design of Switchable Filter

Figure 1(a) depicts the circuit structure of the initial switchable
filter. The band-pass section consists of a DMR loaded with
a grounding resistor i, and two L-shaped feeding lines. PIN
diodes D; and D5 loaded at the end of the open stubs of the res-
onator are used to control the on/off behavior of the BPF. The
model number of the PIN diode was chosen to be the Skyworks
product SMP1345-079LF, whose equivalent circuit is given in
Fig. 1(b) [6]. In this case, L, is the parasitic inductance of
0.7nH; R,, is the forward-biased resistance of 2 ; and Cg
is the reverse-biased capacitance with a value of 0.15 pF. The
capacitor C' = 100 pF is used to bypass the RF signal and block
the DC voltage. The current-limiting resistor R.; = 2 k() con-
trols the on/off of the PIN diode in conjunction with the external
bias voltage Vyias. Fig. 1(c) illustrates the coupling topology of
the BPF. Node S and node L denote the source and load. E1 and
O1 represent the even and odd resonant modes of the DMR, re-
spectively, and there is no coupling between these two resonant
modes.
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The schematic of the DMR is shown in Fig. 2(a). The charac-
teristic admittance of each branch is represented by Y;, and its
electrical length is represented by 6;. When the diodes Dy and
D, loaded at the open end of the resonator are reverse-biased,
the DMR is in operation. At this time, the diodes are equiv-
alent to an inductor Lg and a capacitor Cygy in series. Since
the capacitance effect due to the reverse-biased diodes causes a
shift in the resonant frequency, it needs to be taken into account
when the resonator is analyzed.

Since the resonator is symmetrical, its resonant characteris-
tics can be discussed using the method of odd-even mode analy-
sis. The equivalent circuits of the DMR in odd and even modes
are given in Fig. 2(b) and Fig. 2(c), respectively. Therefore, the
input admittances Y, and Yj,e; can be expressed as

jWCoff

Yoot = —Yaeotls + =57 o W
. 2Y3tan63+Y, tan (94 +95) JwClogt
Yrinel = J]r3 2 (2)
2Y3—Y tanfstan (04+05) 1—w?LCosr

The odd-mode resonant frequency fo,; and even-mode reso-
nant frequency fo.; can be determined from Im(Yj,,1) = 0 and
Im(Yine1) = 0, respectively.

From Equations (1) and (2), it can be seen that odd-mode res-
onant frequency fyo; is determined by the electrical length 63,
and even-mode resonant frequency fy.; depends on the electri-
cal lengths 03, 84, and 5. Fig. 3 exhibits the effect of the res-
onator’s branch length on the odd- and even-mode frequencies
I3 and I5 respectively corresponding to 03 and 05 in Fig. 2(a).
The following conclusions can be obtained: foe; > foo1. for 1S
only controlled by I3, and changing I3 has a greater effect on
Joo1 than on foe1. foe1 is affected by all the stubs. In the simu-
lation, first adjust /3 to meet the odd-mode resonant frequency
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FIGURE 3. Effect of (a) I3 and (b) I5 on the odd- and even-mode resonant frequencies of the DMR loaded with reverse-biased diodes.
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foo1 and then adjust the other stubs to determine the even-mode
resonant frequency foe.

According to the coupling topology in Fig. 1(c), since there is
no coupling between the first two resonant modes of the DMR,
the normalized coupling matrix can be expressed as (3)

0 msi msx 0
mg; my1 0 myL
m| = 3
[m] mgy 0 moa moL )
0 mp mo O

where mg; represents the coupling strength between the input
feeding line and the resonator, and m;j, represents the cou-
pling strength between the output feeding line and the res-
onator. m,; represents the self-coupling coefficient of mode
i (i 1,2). The required external quality factors and self-
resonant frequency can be evaluated by [20]

“4)
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)

foi = fo (1_m“'FBW)

2

Then, a two-order BPF with the center frequency of 2.45 GHz,
BW of 200 MHz, and return loss (RL) better than 20 dB is de-
signed. The coupling matrix can be synthesized as (6)

0 —-0.678 0.443 0
m] = —-0.678  0.44 0 0.678 ©6)
0.443 0 —0.91 0.443
0 0.678  0.443 0

According to the targeted index, foo1 = 2.406 GHz, foo; =
2.543 GHz, Q01 = 26.65, Q¢ g1 = 62.42 can be calculated.
Based on the analysis of the DMR fj,; and fq; can be satisfied
by adjusting the length of each stub of the DMR. The coupling
gap and feeding line length affect the external quality factor
Q.. Its value is determined by Q. = (Qec,p1 + Qe,01)/2 [6].
Figs. 4(a) and 4(b) show the variation of (). with the changes
of g and [,. It can be found that the external quality factor Q.
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FIGURE 5. Simulated performances of the BPF with or without ground-
ing resistor R;.

increases as the coupling gap g; increases, and the feeding line
length [, decreases.

In order to suppress the even harmonics generated near
4.9 GHz, the grounding resistor Ry = 502 is loaded in the
center of the DMR. It can be seen from Fig. 5 that the second
harmonic is well suppressed after loading the grounding resis-
tor R;. Furthermore, it is worth mentioning that the filtering
response of the passband is almost unaffected.

When the diodes D; and D5 loaded on the resonator are
forward-biased, the equivalent is an inductor L in series with a
resistor Ro,. Fig. 6(a) illustrates the equivalent circuit of the
resonator. The odd-mode equivalent circuit and even-mode
equivalent circuit are shown in Figs. 6(b) and 6(c), respectively.
The odd-mode and even-mode input admittances are expressed
as

. Ron _ijS
}/ino = —jY- to 2 272 7
2 Y3 co 3+R§n—|—w2L§ (7
. 2Y3tan63+Y, tan (94 +95) Ron—jwLs
Yinez = Y3 2 212 ®)
2Y3—Y, tanfs tan (04+05)  R2, +w2L?

The resonant frequency of the resonator at this point can be de-
termined from Im(Y;,02) = 0, Im(Yipe2) = 0. The effects of the
lengths of I3 and I5 on the two resonant modes of the resonator
are shown in Fig. 7. It can be found that the resonant frequency
of the resonator changes dramatically due to the change of the
input admittances when diodes D; and D5 change from reverse-
bias to forward-bias. Fig. 8 illustrates the S-parameters of the
proposed initial switchable filter in both operating states (BPF
and ASF). It can be seen that the DMR detunes near 2.45 GHz
and generates a parasitic passband around 4.2 GHz due to the
change of resonant frequency in the ASF state.

2.2. Analysis of Absorption Network

As shown in Fig. 9, the absorption network consists of two A/4
parallel coupled lines and an absorption resistor. According to
the microwave network and circuit theory, the input impedance
Ziy of the absorption network is

_ AZn+B

Zn= G —F
CZn+D

)
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where A, B, C, and D are the ABCD-parameters of A/4
parallel coupled lines with odd- and even-mode characteristic
impedances of Z,; and Z;. Its value can be calculated based
on[21] as

2(cos? 07+41)—sin? 07(Ze1/ Zor+Z o1/ Ze
A ( 7 ) 7( 1/ 1 1/ 1)
C

b — 4cos 7
D '(Zel"l‘Zol)S'“e?
J 2Ze1Z01

J 2
cos 0

(10)

. (ch+Zol) sin 67 :|

Next, Zt1. can be calculated as

_ A1Rs + By

A L B et
T CiRs + D,

(11)
where A,, Bi, C1, and D; are the ABCD-parameters of A\/4

parallel coupled lines with odd- and even-mode characteristic
impedances of Z,, and Z;.

A, B 2(cos” Og+1) —sin® 08 (Ze2/ Zoz+Zo2/ Ze2)
1 1 = 4cosfg
Cl D1 : (Zea+Zo2) sin Og
) 2702,

) (12)

: (Zeo+Zy2) sin Og :|
2

cos g

Applying Equations (10)—(12) to Equation (9), the input
impedance Zj, of the absorption network at the center
frequency f is

Lin = 00 (13)
Then, the reflection coefficient S1; of the absorption network
can be expressed as

Zin — Za

Sy =2 A
N Zi+ Za

(14

where Z4 is the port impedance. According to Equations (13)
and (14), it is found that the absorption network is equivalent to
an open circuit at the center frequency (S11 = 1 at fy), which
implies that the odd- and even-mode characteristic impedances
of the two parallel coupled lines do not affect the characteristics
of the proposed absorption network at fj.

The reflection coefficient |S1;| with different coupling co-
efficients is given in Fig. 10(a) to analyze the effect of the
coupling coefficient on the performances of the absorption net-
work. The coupling coefficient k; for the first parallel coupled
line is defined as k1 = (Ze1 — Zo1)/(Ze1 + Zo1), and the cou-
pling coefficient k5 for the second parallel coupled line is de-
fined as ks = (Zey — Zo2)/(Ze2 + Zo2). It can be seen from
Fig. 10(a) that the coupling coefficients k1 and ko only affect
the BW and the location of the reflection zeros and do not af-
fect the out-of-band absorption. Therefore, the reflectionless
bandwidth of the absorption network can be controlled by ad-
justing the coupling coefficient to fit the filtering bandwidth of
the proposed switchable filter.

In order to analyze the effect of absorption resistor Ro,
Fig. 10(b) plots the three cases with different Ry (Ze; = Zey =
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FIGURE 6. (a) Schematic of the resonator with forward-biased diodes. (b) Odd-mode excitation. (c) Even-mode excitation.
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7746, Zoy = Zyp = 46480, k1 = ko = 0.25, and
Za = 509Q). It can be seen that as R, increases from 50 €2 to
70 €2, the two reflection zeros move toward the center frequency
fo = 2.45GHz. The |S1; | near 1 GHz and 4 GHz improves, but
the ||.S11 | near 2 GHz and 3 GHz get worse. Therefore, there is a
trade-off for out-of-band absorption by choosing an appropriate
value of Rs.

2.3. Analysis of RBPF to ASF

The layout of the proposed bandpass-to-all-stop switchable ab-
sorptive filter is given in Fig. 11. The design of the BPF and the
analysis of the absorption network have been explained thor-

103

Zn Zny,
n
Zy
€. 0. R2

FIGURE 9. Circuit schematic of the absorption network.

oughly in the previous sections. Two identical absorption net-
works loaded at the end of the open stubs of the feeding lines
achieve dual-port reflectionless behavior. An open stub with
the length of [ is loaded on the feeding line to suppress the
harmonics in the all-stop state. Table 1 gives the truth table for
the switchable filter in both states. The detailed analysis will
be expanded below.

TABLE 1. Truth table of operation states of the proposed bandpass-to-
all-stop switchable absorptive filter.

Vhias DMR | Openstubls | Filter state
—15V | Enable Disable RBPF
15V Disable Enable ASF

The state of the filter is RBPF when V4, 1s —15 V. The di-
mensions of each part are optimized based on theoretical anal-
ysis. Fig. 12 shows the simulated reflection coefficients S1; of
the BPF filtering network and absorption network. An ultra-
wideband range of reflectionless behavior can be obtained for
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the BPF since the designed BPF and absorption network ex-
hibit complementary characteristics. Fig. 13 shows a compar-
ison of S-parameters for the filter with and without absorp-
tion networks. It can be seen that after loading the absorption
network, the passband selectivity is improved; the out-of-band
suppression is increased to over 30 dB; and the RL is better than
10 dB over an ultra-wideband range. Fig. 14 compares the S-
parameters of the filter with double absorption network (DAN)
respectively loaded on the left and right feeding lines and sin-
gle absorption network (SAN) only loaded on the left feeding
line. It can be observed that the filter with double absorption
networks has better out-of-band suppression and reflectionless
performance.

The state of the filter is ASF when PIN diodes D; and D»
are forward-biased. In order to improve the out-of-band rejec-
tion level of the ASF open stubs with the length of [ are loaded
at a suitable location on the feeding lines to suppress the par-
asitic passband around 4.2 GHz. A switching circuit is used
to enable or disable the open stubs. The current limiting re-
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FIGURE 12. Complementary |S11| of filtering network and absorp-
tion network.

sistor Re; = 1k together with the external bias voltage Vi;as
controls the on/off behavior of PIN diodes D3 and D4. Diodes
D3 and D4 are reverse-biased when the filter is in the RBPF
state, and the open stubs are disconnected to minimize the ef-
fect on the reflectionless performance. When the filter is in the
ASEF state, diodes D3 and D4 are forward-biased. As shown in
Fig. 15, the rejection of the ASF near 2.45 GHz and 4.2 GHz
improves significantly with the open stubs.

2.4. Design Procedure

Based on the above analysis, the design process of the proposed
bandpass-to-all-stop switchable absorptive filter can be sum-
marized as follows.

1) Determine the design scheme of the switchable filter,
which realizes the switching of the BPF and ASF by loading
PIN diodes at the end of the DMR.

2) Determine the desired center frequency fy, BW, and RL of
the BPF, and synthesize the coupling matrix. Adjust 63, 64, and
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FIGURE 15. Simulated performances of the ASF with or without open
stub.

05 of the DMR and its impedance to satisfy the odd-mode and
even-mode resonant frequencies fo,1 and fie;. Adjust the feed-
ing lines and the coupling gap between the feeding line and the
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e
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FIGURE 16. Photograph of the proposed bandpass-to-all-stop switch-
able absorptive filter with an ultra-wideband reflectionless range.

resonator to satisfy the external quality factor Q.. A ground-
ing resistor Ry is connected to the resonator to suppress even
harmonics.
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TABLE 2. Comparison with related references.

References | fo (GHz) | Absorptive Behavior 10-dB Reflectionless IL (dB) Upper Stopband Switchable
FBW (%) (Rejection Level)

[18] 1.3~2 Single-port <90 0.96 <1.56 fo (>20dB) Yes
[19] 2 Single-port 61.9 2 Yes
[22] 2.11~2.72 Single-port <71.6 4 <1.66 fy (>30dB) No
[23] 2 Single-port <74 1.43 <1.50fo (>28dB) No
[24] 1.97 Dual-port 130 0.71 No
[25] 0.7 Dual-port 102.6 4 <1.71fy (>23dB) Yes

This work 2.43 Dual-port 214 1.92 <2.45fy (>33 dB) Yes

3) According to Fig. 10, select the coupling coefficients &y
and ko of the two parallel coupling lines in the absorption net-
work to match the bandwidth of the BPF, and choose the values
of the absorption resistor R to obtain a good reflectionless per-
formance.

4) Optimize the rejection in the ASF state by connecting open
stubs in parallel at suitable locations on the feeding lines.

5) The physical dimensions are further optimized using the
electromagnetic simulation software ANSYS HFSS. Manufac-
ture the prototype and measure it using an Agilent N5230A net-
work analyzer.

3. SIMULATED AND MEASURED RESULTS

The overall size of the bandpass-to-all-stop switchable ab-
sorptive filter with an ultra-wideband reflectionless range is
0.605)\3, where ), is the guided wavelength at 2.45 GHz. The
filter prototype is designed and fabricated on an F4B substrate
with a thickness of 1 mm, relative permittivity of 2.65, and loss
tangent of 0.003. SMP1345-079LF PIN diodes were used. The
optimized physical dimensions are as follows: [; = 26.58,
lo = 20.08,13 = 1713, 14 = 1211, 15 = 9.97,lg = 7.8,
l; =23.28,lg = 15.73, lg = 19.8, l1p = 20.23, [1; = 10.95,
l12 = 1, wp; = 2.65, Wy = 1.85, w3 = 1.55, Wy = 3,
Wy = 0.87, We — 1, Wy = W9 = 1.5, wg = Wi = 1.55,
w11 = 1.0, g1 = 025, ge = 025, g3 = 07, g4 = 0.3
(unit: mm). The diameter of the metal via hole is set to 0.5 mm.
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Other circuit element values are set as follows: C' = 100 pF,
R = 2kQ, Re; = 1k, Ry = Ry = 50(). Fig. 16 shows
a photograph of the fabricated bandpass-to-all-stop switchable
absorptive filter with an ultra-wideband reflectionless range,
and Fig. 17 plots the simulated and measured results, which
are in good agreement.

When Vs = —15V, the switchable filter is in RBPF state.
As shown in Fig. 17(a), the measured 3-dB fractional band-
width (FBW) is 8.23% from 2.33 to 2.53 GHz with a center
frequency of 2.43 GHz. The minimum IL within the passband
1s 1.92 dB, and the RL is better than 10 dB from to 5.2 GHz with
ultra-wideband reflectionless FBW of 214%. Besides, RBPF
exhibits out-of-band rejection of over 33 dB and wide stopband
characteristics with an upper stopband reaching up to 6 GHz.
When Vs = 15V, the switchable filter is in ASF state, and
the simulation and measurement results are shown in Fig. 17(b).
The rejection level in the ASF state is better than 30 dB from
0 to 5.32 GHz and better than 26.9 dB over the entire measured
frequency range.

Table 2 gives a performance comparison with some related
references. The proposed bandpass-to-all-stop switchable ab-
sorptive filter achieves an ultra-wideband 10-dB reflectionless
FBW of 214%. Upper stopband rejection better than 33 dB
reaches up to 2.45f; in the RBPF state, which is superior to
other references. In addition, dual-port reflectionless behavior
and functional switchability are implemented (ASF state).
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4. CONCLUSION

In this paper, a novel bandpass-to-all-stop switchable absorp-
tive filter with an ultra-wideband reflectionless range has been
proposed. An ultra-wide reflectionless range is realized by
loading an absorption network consisting of parallel coupled
lines and absorption resistors at the end of the open stubs of
feeding lines. PIN diodes are utilized to switch the filter state.
The design process is thoroughly analyzed, and the simulation
and measurement results show good consistency. Measurement
results show that the proposed switchable filter can realize the
switching from RBPF to ASF, and the RBPF has an ultra-wide
reflectionless range and excellent out-of-band rejection charac-
teristics.
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