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Abstract—In this paper, two simple structures, i.e., coupled
line and T-shaped microstrip structures, are used to construct
four types of quasi-reflectionless (QR) filters, including single-
and two-port QR bandpass filters (BPFs) and bandstop fil-
ters (BSFs). First, the characteristics of the coupled line and
T-shaped microstrip structures are analyzed in details using each
two electrical parameters. Then, the single-port QR BPF and BSF
are designed using duplexer architectures formed by these two
simple structures. Subsequently, the two-port QR BPF and BSF
are constructed through loading an additional absorption channel
near the output port based on the architectures of single-port QR
filters. The relations between the fractional bandwidth (FBW) of
each type of QR filters and 3-dB FBWs of the two simple struc-
tures are provided, which give a guidance of the QR filter design
with desired specifications. Moreover, a brief design procedure
for the proposed QR filters is summarized. Finally, to validate
the feasibility of the proposed approach, two proof-of-concept
microstrip prototypes of the two-port QR filters are fabricated,
whose simulations and measurements agree well with each other.
This work will facilitate the design of QR filters with different
desired specifications and simplify their design procedures.

Index Terms—Bandpass filter, bandstop filter, coupled
line structure, quasi-absorptive filter, quasi-reflectionless filter,
T-shaped microstrip structure.

I. INTRODUCTION

ANDPASS filter (BPF) and bandstop filter (BSF) are
Btwo of the most fundamental components in radio-
frequency identification (RFID) [1]-[3] and communication
systems [4], [S]. In the past decades, various BPFs and
BSFs with good performance were designed using multimode
resonators [6], [7], parallel coupled-line structures [8]-[10]
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and so on. In all these conventional filters, the signals at pass-
band region transmit to output terminals while the signals at
stopband region reflect back to the source, which perhaps dete-
riorate the characteristics of other microwave components in
RF front-end systems. Consequently, a new type of filters, i.e.,
reflectionless filter or absorptive filter [11], has been emerged,
which dissipates the reflected signals in lossy components
rather than reflecting back to the input port.

In recent years, reflectionless or quasi-reflectionless (QR)
filters using different techniques and approaches have been
explored. In theory, the reflectionless filter performs the
ideal null power reflection in the frequency range of
interest [12]-[18]. Based on odd- and even-mode circuit anal-
ysis, a class of reflectionless filter prototypes with lowpass,
highpass, bandpass and bandstop characteristics were real-
ized by lumped elements in [12], and then implemented using
transmission lines in [13]-[14]. Besides, in [15], the coupling
matrix derived from the proposed complementary duplexer
architectures was used to synthesize input-reflectionless adap-
tive filters in bandpass, bandstop, and cascade designs.
Afterwards, several extended works including tunable reflec-
tionless BPFs [16], multiband reflectionless filters [17] and
dual-behavior reflectionless BPFs [18] were investigated.

In addition to input-reflectionless filters, i.e., single-port
reflectionless filters [15]-[18], two-port QR filters were fur-
ther explored [19]-[22], which can achieve QR behaviors
at their two ports. Under the rigorous theoretical analysis,
symmetrical QR BSF [19] and BPF [20] were introduced,
respectively, with better performance in high-order realiza-
tions. For the design in [21], its frequency selectivity could
be improved by cascading multiple bandpass sections with-
out affecting its bandwidth. Two complementary sections were
developed to construct the QR filters in [22], but the design
procedures were not synthesized. More recently, several QR
filters with novel features have been investigated, such as con-
stant absolute bandwidth [23]—-[24], independently controllable
dual passband [25], and balanced characteristics [26]. With
the increasing integration of RF system, the QR filters will
be extremely desirable. It is necessary to introduce a type of
QR filters with simple topology as well as the detailed design
procedure.

In this paper, a new class of single- and two-port QR filters,
using simple coupled line and T-shaped microstrip structures,
are presented systematically for the applications in RFID [3] or
other systems. First, bandpass filtering response of the coupled
line structure and bandstop filtering response of the T-shaped
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Fig. 1. The circuit detail of the coupled line structure (electrical length
6 = 90° at center frequency f(, and port characteristic impedance Zy = 50%2).

microstrip structure are analyzed in details in Section II. Then,
single- and two-port QR filters (including BPFs and BSFs) are
proposed in Sections IIT and IV, respectively, where the iden-
tical 3-dB fractional bandwidth (FBW) of the two structures
is used as the quasi-complementary condition for the design
guidance. After that, in Section V, the design procedures for
these four types of QR filters are summarized and two proto-
types of the two-port QR filters are fabricated and measured
to validate the proposed approach. Finally, a brief conclusion
of this paper is provided in Section VI.

II. COUPLED LINE AND T-SHAPED MICROSTRIP
STRUCTURES

In this section, two simple structures, i.e., coupled line
structure and T-shaped microstrip structure, are presented
and analyzed to achieve the bandpass and bandstop filtering
responses, respectively. They can be utilized together for the
design of the QR filters.

A. Coupled Line Structure

Fig. 1 shows a simple structure using a pair of quarter-
wavelength coupled lines, with odd- and even-mode charac-
teristic impedances of Zgy, and Z., respectively. According
to the impedance matrix [Z] of coupled lines [27], the input
impedance Z;, ¢ of this structure terminated by the load
impedance Z( can be calculated by

(Zoe — ZO(J)2 csc? 6 J(Zoe + Zy,) cot O
4Zy — j2(Zope + Zp,) cot O 2

Besides, the coupling coefficient (k) of the coupled lines is
defined as

(D

Zin_C =

_ Zoe — Zoo
" Zoe+ Zoo
By replacing the Zy, in (1) with Zy, and k based on (2),
the new expression of the input impedance Z;, ¢ is shown as
Zoo k*Zo,
k—1 |:(kZ0 — Zo + jZoo cot0) sin” @
The magnitudes of reflection coefficient (S11_c) and transmis-

sion coefficient (S21_c) of the coupled line structure can be
expressed by

k 2

Zin ¢ = +j cot9:| 3)

Zin.c — 2y

ISicl = |o—— (4a)
Zin c +2y

1S21_ ¢l = /1 —1S11_cl? (4b)

Base on the theoretical expressions above, the property of the
coupled line structure is determined by the parameters of Zg,
and k. The coupled line structure can realize the adjustable
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Fig. 2. Simulated S-parameters of the coupled line structure (a) with different
k when Zg, = 80 2 is fixed, and (b) with different Zg, when k=0.4 is fixed.

bandpass filtering response as long as the suitable parameter
values of Zy, and k are set, which will be analyzed below.

In order to give a clear design insight, herein, the parametric
studies of k and Zg, are shown in Fig. 2. When Zp, = 80
Q is fixed, the S-parameters of coupled line structure with
varied k are illustrated in Fig. 2(a). As the coupling coefficient
k increases, a pair of transmission poles are generated and
moved away from fo, leading to wider FBW of the passband
and varied in-band return loss. When k = 0.4 is fixed, the
S-parameters of coupled line structure with different Zg, are
exhibited in Fig. 2(b), in which the varied Zg, only affects
the in-band return loss while the passband FBW almost keep
unchanged. Accordingly, for realizing an adjustable bandpass
filtering response, the passband FBW of coupled line structure
can be firstly determined by the coupling coefficient k, and
subsequently the in-band return loss can be optimized by the
odd-mode characteristic impedance Zg, with little influence on
the design specification of FBW. According to the discussions
above, we acquire the relations between the 3-dB passband
FBW (Afc) of the coupled line structure and the parameters (k
and Z(,), with the fixed in-band return loss of 20 dB, which are
illustrated in Fig. 3(a). As can be seen, we should increase k
and decrease Zg, simultaneously to broaden Afc with the fixed
in-band return loss. From the Fig. 3(a), we can conveniently
determine the corresponding parameters of k and Z, for the
required cases. Three cases, named as Cases Al, A2 and A3,
with Afc of 60%, 80% and 100%, respectively, are marked
in Fig. 3(a). Their S-parameters are plotted in Fig. 3(b). The
coupled line structure will be useful to be as a BPF section in
the construction of QR filters.
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Fig. 3. (a) Relations between the 3-dB passband FBW (Af¢) and the param-
eters of the coupled lines (k and Z,) with the fixed in-band return loss of

20 dB. (b) S-parameters of the coupled line structure in Case Al, Case A2
and Case A3.
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Fig. 4. The circuit detail of the T-shaped microstrip structure (electrical length
0=90° at center frequency f(, and port characteristic impedance Zy=50 ).

B. T-Shaped Microstrip Structure

Fig. 4 shows another simple structure, namely, T-shaped
microstrip structure, where a quarter-wavelength open-ended
stub (characteristic impedance Z,) is loaded in the middle
of a half-wavelength microstrip line (characteristic impedance
Zy). The input impedance Zi, 7 of the T-shaped microstrip
structure terminated by Zg can be obtained as

ZA + jZ) tan 6

Zin T =
T ! Z1 + jZp tan 6

®)

where
Zo + jZi tan @

Zy=2p//Zc, Zp =2 ———,
A =2p//Zc, Zp 17 T Zotan®

Zc = —jZpcotf (6)

The impedance ratio (m) of the two transmission lines is
defined as

m=
Z

(7
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Fig. 5. Simulated S-parameters of the T-shaped microstrip structure (a) with
different m when Z; = 802 is fixed, and (b) with different Z; when m =1 is
fixed.

By replacing the Z, in (5) and (6) with Z; and m based on
(7), the new expression of input impedance Zi, 7 is shown as
Zo(m — mtan® @ — tan® @) + jZ; (2m — tan 0) tan

Tt =7
L 7 i — mtan? 0 — tan? 0) + jZo(1 + 2m) tan 0

®

Consequently, the magnitude of reflection coefficient (S11 1)
and transmission coefficient (S2; 1) of the T-shaped microstrip
structure can be expressed by

Zin.T — 2o
[S11_7| = |5/—/———= (9a)
Nz + 20
1S21. 71 = /1 = S11_7/? (9b)

Base on the theoretical expressions above, the property of
the T-shaped microstrip structure is determined by the parame-
ters of Z1 and m. The T-shaped microstrip structure can realize
the adjustable bandstop filtering response as long as the suit-
able parameter values of Z; and m are set, which will be
analyzed below.

The parametric studies of m and Z; are also made for
the T-shaped microstrip structure, as shown in Fig. 5. Seen
from Fig. 5(a), as the impedance ratio m increases with fixed
Z1 = 80%2, a pair of new transmission poles are generated
and moved close to fo, resulting in narrower stopband FBW
and worse out-of-band return loss. When m = 1 is fixed, the
S-parameters of T-shaped microstrip structure with different Z;
are shown in Fig. 5(b), in which the varied Z; will only affects
the out-of-band return loss while the stopband FBW almost
remains unchanged. Therefore, for realizing tunable bandstop
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Fig. 6. (a). Relations between the 3-dB stopband FBW (AfT) and the param-
eters of T-shaped microstrip structure (m and Z;) with the fixed out-of-band
return loss of 20 dB. (b) S-parameters of the T-shaped microstrip structure in
Case B1, Case B2 and Case B3.

filtering response, the stopband FBW of T-shaped microstrip
structure can be firstly determined by the impedance ratio m,
and then the out-of-band return loss can be further optimized
by changing the characteristic impedance Z.

Similarly, we can also obtain the relations between the
3-dB stopband FBW (AfT) and the parameters of T-shaped
microstrip structure (m and Zp), with the fixed out-of-band
return loss of 20 dB, as shown in Fig. 6(a). If the Afr
needs to be broadened, we can increase the parameter m
and decrease Z; simultaneously. Three cases (i.e., Cases B1,
B2 and B3) with Aft of 35%, 70% and 105%, respectively,
are taken for instance, marked in Fig. 6(a). Their simulated
S-parameters are plotted in Fig. 6(b). According to the anal-
ysis above, the T-shaped microstrip structure will be suitable
as a BSF section for the design of QR filters.

III. SINGLE-PORT QR BPF AND BSF

In this section, the single-port QR BPF and BSF are
proposed based on the complementary-duplexer arrangement
of the two mentioned structures, in which the 3-dB pass-
band FBW of coupled line structure and 3-dB stopband FBW
of T-shaped microstrip structure are set identically as the
quasi-complementary condition for the design guidance, i.e.,
Afc = Afr.

Fig. 7 demonstrates the single-port QR BPF and BSF to
achieve the QR behaviors at input ports (Port 1). The out-
put port of the T-shaped microstrip structure is replaced with

74] Zin Zin s Zl 0 Zl 0 '
—— = L W

Zin : = :

port 1 C l : sz 0 My R=Z, :
port2 Z,

Z(l Z in

port 1 Zin c l

Elec Zl)uE :—NO Mcw R:V7HA0 ||:

Fig. 7. Circuit schematics of the proposed single-port QR (a) BPF
and (b) BSF.

a lossy resistor R (= Zp) to realize the single-port QR BPF
as shown in Fig. 7(a). On the contrary, the output port of
the coupled line structure is replaced with the resistor R for
constructing the single-port QR BSF as seen in Fig. 7(b).
The performance of the single-port QR BPF and BSF can
be directly visualized from their S-parameters, which are able
to be derived from the corresponding ABCD matrices.

The overall ABCD matrix of the single-port QR BPF is
equal to Mt r xMc, where Mt r and M¢ are the ABCD matri-
ces of T-shaped microstrip structure (terminated by resistor R)
and coupled lines, respectively, expressed as [27]

1 0
Mr g = [1/Zmr 1] (10a)
cos @ iZ0o k2 —cos? @
_ 3 k(1—k) sin@
Mc = .(1—k) sin 0 cos (10b)
I "%z, 3

Similarly, the overall ABCD matrix of the single-port QR BSF
is expressed as Mc_r x Mt, where Mc_r and Mt are the ABCD
matrices of the coupled line structure (terminated by resistor
R) and the T-shaped microstrip line, respectively, which can
be calculated as [27]

1 0
Mc g = |:1/Z‘ c 1:| (11a)
in_|
-2 . . -3
My = mw_%#fmmw—ﬂé)am
r= .(1+22r;tl)zslin29 c0s 26 — sir;je

After the conversion from ABCD- to S-parameters, the reflec-

tion coefficient S;; and transmission coefficient S>; of the

single-port QR BPF (or BSF) can be expressed as
AZy+ B — CZ3 — DZy

~ AZy+B+CZ} + DZy

_ 27

~ AZy+B+CZ} + DZy

where the parameters A, B, C, and D are the corresponding
entries of ABCD matrix.

S (12a)

$21 (12b)
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Fig. 8. S-parameters of the single-port QR (a) BPF and (b) BSF with the

parameters of Zy, = 75.1Q2, k = 0.424,Z; = 81.1Q2, and m = 0.594.

According to the analysis above, Figs. 8(a) and (b) plot the
S-parameters of the single-port QR BPF and BSF in Fig. 7 with
Afc = Aft = 80%. Once the 3-dB FBW of the design speci-
fications is chosen, all the parameter variables in Fig. 7 can be
straightforwardly extracted from Fig. 3(a) and Fig. 6(a). Also,
the corresponding S-parameters of coupled line and T-shaped
microstrip structures are plotted in Figs. 8(a) and (b) for ref-
erence, respectively, where the unwanted signals are reflected
to input ports. In contrast, the single-port QR BPF and BSF
have the QR behaviors, where the reflection coefficients (S1)
are better than —11.7 dB from 0 to 2f(, meaning that the
reflected signals are effectively dissipated in the lossy resistors.
Moreover, as seen in Fig. 8(a), the selectivity of the single-
port QR BPF is improved obviously compared with that of the
coupled line structure, due to the adding absorption channel.
This advantage also exists in the single-port QR BSF. Besides,
the 15-dB stopband FBW of the single-port QR BSF is 49.4%,
much larger than that of the T-shaped microstrip structure as
shown in Fig. 8(b). In addition, the reflection coefficients of the
single-port QR BPF and BSF, could be adjusted by changing
Zoo, with little influence on the specified FBW. The out-of-
band rejection and band-edge selectivity can be improved by
cascading more orders.

In order to design the single-port QR BPF and BSF conve-
niently, the FBWs of single-port QR BPF and BSF against the
varied Af are exhibited in Fig. 9, where Af = Afc = Aft. The
3-dB passband FBW of coupled line structure and 3-dB stop-
band FBW of T-shaped structure are set identically, i.e., Af,
changing from 60% to 100%. Over this range, the single-port
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Fig. 9. FBWs of the single-port QR BPF and BSF with different Af, where
Af = Afc = Afr.

Fig. 10. Circuit schematic of the proposed two-port QR BPF.

QR BPF has the tunable 3-dB FBW from 58.8% to 95.7%,
while the single-port QR BSF possesses the tunable 15-dB
FBW varying from 32.8% to 68.2%. In other words, any
case within these ranges can be readily designed, guided from
Fig. 9.

IV. Two-PoRT QR BPF AND BSF

In this section, based on the single-port QR filters, two-port
QR BPF and BSF are constructed through loading additional
T-shaped microstrip structure and coupled line structure with
the resistor R as the absorption channel for the output port,
respectively. The characteristics of two-port QR filters are
analyzed and compared with those of single-port QR filters.

A. Two-Port QR BPF

Fig. 10 shows the circuit schematic of the proposed two-
port QR BPF, where an additional absorption channel is loaded
near the output port based on the architecture of the single-port
QR BPF. Two bilateral absorption channels will effectively
dissipate the unwanted signals to realize the two-port QR
behaviors. Due to configuration in symmetry, the two ports
have the same characteristics.

The performance of the two-port QR BPF can be straightfor-
wardly seen from its S-parameters, while theS-parameters can
be converted from the corresponding ABCD matrix. According
to the cascaded principle, the overall ABCD matrix of two-
port QR BPF in Fig. 10 is expressed as Mt r X Mc x Mt Rr.
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Fig. 12. The 3-dB FBW of the two-port QR BPF with varied Af, where
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Consequently, the S-parameters can be obtained using (12a)
and (12b). For demonstration, the A f is chosen as 80% with
a set of corresponding parameters extracted from Figs. 3(a)
and 6(a), i.e., Zgo = 75.1Q, k = 0.424, Z; = 81.12, and
m = 0.594. Fig. 11 depicts the S-parameters of the two-port
QR BPF for the case of Af = 80%, as well as those of the
single-port QR BPF for comparisons. The two-port QR BPF
not only has the QR behaviors at both of the input and out-
put ports, but also has improved performance, including better
selectivity and reflectionless effect. In addition, the method to
further enhance reflectionless effect through tuning the param-
eter Zoo, k, Z1, or m as mentioned in Section III, is also suitable
for two-port QR BPF.

Note that the 3-dB FBW of the two-port QR BPF is 78%,
slightly different from Af = 80%. In order to design the
two-port QR BPF conveniently, Fig. 12 plots the 3-dB FBW
of two-port QR BPF with varied Af. Considering the quasi-
complementary condition for the coupled line and T-shaped
microstrip structures in Section III-A, the overlapped 3-dB
FBW region from 60% to 100% is chosen for the range of Af.
Within this range, the 3-dB FBW of the two-port QR BPF is
varied from 59.2% to 96.4%. Any case of two-port QR BPFs
within this 3-dB FBW range can be readily designed using the
proposed method.

Z "Z_ 9 Z, 0 Zy
> . | L_F <
port ' 7 0 My ! port 2
' Zoe : C Zpe
* Zoo ' v 2L '
1 1 : 0 1
;9 =2, ! =Zo
g Mc r L : : Mc r 1 -
Fig. 13.  Circuit schematic of the two-port QR BSF.
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B. Two-Port QR BSF

Fig. 13 presents the circuit schematic of the proposed
two-port QR BSF which is developed from single-port QR
BSF, just with an additional absorption channel loaded at
output port. Thus, two bilateral absorption channels will effec-
tively dissipate the undesired signals at both of input and
output ports.

Similarly, the S-parameters of the two-port QR BSF can be
also converted from the corresponding ABCD matrix, which is
equal to Mc r x Mt X Mc r according to the cascaded prin-
ciple. For demonstration, the Af is selected as 80%, identical
to the example of two-port QR BPF above. Fig. 14 depicts
the S-parameters of the single- and two-port QR BSFs when
Af = 80%. Compared with the single-port QR BSF, the two-
port QR BSF possesses the reflectionless effect at both of the
input and output ports. Moreover, the frequency selectivity
within the stopband and reflection coefficients from 0 to 2f
are also better than those of the single-port QR BSF. The
15-dB stopband FBW of the two-port QR BSF is 59.2%, obvi-
ously larger than that of the single-port QR BSF, which is
49.4%.

To facilitate the design of the two-port QR BSF
Fig. 15 shows the 15-dB stopband FBW of the two-port QR
BSF with varied A f. As the Afranges from 60% to 100%, the
15-dB FBW of the two-port QR BSF is changed from 43.3%
to 76.6%. Accordingly, any case within this 15-dB FBW range
can be readily designed following the introduced approach.
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Fig. 15. The 15-dB stopband FBW of the two-port QR BSF with varied Af,
where Af = Afc = Aft.

V. DESIGN PROCEDURE AND IMPLEMENTATION RESULTS

Four types of QR filters, including single- and two-port
QR BPFs, and single- and two-port QR BSFs, have been
proposed and analyzed using simple coupled line and T-shaped
microstrip structures. It is feasible to design the required
single- and two-port QR BPFs with the 3-dB FBWs in the
ranges of 58.8%-95.7% and 59.2%-96.4%, respectively, and
the single- and two-port QR BSFs with the 15-dB FBWs in
the ranges of 32.8%-68.2% and 43.3%-76.6%, respectively.

A simple design procedure for the proposed QR filters is
summarized as the following steps.

1) Select the type of the QR filter, and choose the
desired center frequency f; and the bandwidth (3-dB FBW
for BPF and 15-dB FBW for BSF) according to the design
specifications.

2) Obtain the corresponding Af once the desired bandwidth
is determined, according to Fig. 9 for the design of single-port
QR BPF or BSF, and Figs. 12 and 15 for the design of the
two-port QR BPF and BSF, respectively.

3) According to Afc = Aft = Af, extract the parameters
Zo, and k of the coupled line structure from Fig. 3(a) and Z;
and m of the T-shaped microstrip structure from Fig. 6(a).

4) Convert the electrical length 8 and four characteristic
impedances Z,, Zoe, Z1 and Z; to the corresponding physical
dimensions of the coupled line and T-shaped microstrip struc-
tures. These dimensions of QR filter are further fine-tuned
in full-wave electromagnetic simulations to account for the
unintended coupling effects among the transmission lines.

For demonstrations, a two-port QR BPF with the targeted
3-dB FBW of 70% and a two-port QR BSF with the targeted
15-dB FBW of 50% as samples are designed and implemented
using the proposed method. The center frequencies of them are
both operated at 2 GHz.

For the two-port QR BPF, the targeted 3-dB FBW of 70%
corresponds to the Af of 71.6%, extracted from Fig. 12. Then,
a set of electrical parameters Zy, = 89.4Q2, k = 0.382, Z; =
77.2Q2, and m = 0.729 can be directly acquired from Figs. 3(a)
and 6(a). Fig. 16 shows the simulated S-parameters of the
two-port QR BPF in this configuration. It is found that two
ports have superior bandpass filtering property and reflection
coefficient of better than —14.2 dB from 0 to 4 GHz.
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Fig. 16. Simulated S-parameters of the two-port QR BPF using extracted
electrical parameters, where Zg, = 89.4Q,k = 0.382,Z; = 77.2Q, and
m = 0.729.

Fig. 17. Layout of the designed two-port QR BPF (unit: mm).

Subsequently, the electrical length and characteristic
impedances are converted to the corresponding physical
dimensions of the two-port QR BPF, which is designed on
an F4B substrate with a relative permittivity of &, = 2.65 and
a dielectric thickness of # = 1 mm. The layout of the two-port
QR BPF and its final dimensions after the fine-tuning process
in full-wave simulation software Ansys HFSS are shown in
Fig. 17. A prototype of the two-port QR BPF has been fabri-
cated and tested. Two 100-€2 resistors are stacked and welded
together to obtain the shunt resistance value of 50 €2 due to
the fact that the 50-2 chip resistor is not available in the
commercial market. The simulations and measurements of the
two-port QR BPF are in good agreement, as shown in Fig. 18.
The measured 3-dB FBW is 73.2% (1.29 ~ 2.78 GHz) with
a center frequency of 2.035 GHz, reasonably coincident with
the required design specification. The minimum insertion loss
is 0.4 dB within the passband, and the return losses are all
better than 12.9 dB ranged from O to 4 GHz.

For the design of two-port QR BSF, the targeted 15-dB
FBW of 50% corresponds to the Af of 68.6%, which is
extracted from Fig. 15. Consequently, the four electrical
parameters will be straightforwardly obtained from Figs. 3(a)
and 6(a), namely, Zo, = 94.9Q, k = 0.368, Z; = 7612, and
m=0.783. The simulated S-parameters for the two-port QR
BSF are exhibited in Fig. 19 with good bandstop filtering prop-
erty and reflection coefficient of better than —15.5 dB from
0 to 4 GHz.
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Fig. 18. Simulated and measured results of the two-port QR BPF along with
the inset photograph of the fabricated prototype.
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Fig. 19. Simulated S-parameters of the two-port QR BSF using extracted
electrical parameters, where Zg, = 94.9Q, k = 0.368, Z; = 762, and m =
0.783.
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Fig. 20. Layout of the designed two-port QR BSF (unit: mm).

The final layout of the two-port QR BSF can be constructed
through converting the ideal parameters to the corresponding
physical dimensions, as shown in Fig. 20, where the same F4B
substrate is employed as mentioned above. Fig. 21 illustrates
the simulated and measured results of the two-port QR BSF
along with the inset photograph of the fabricated prototype,
where the 50-2 lossy resistors are obtained using two stacked
100-€2 chip resistors. The measurements agree well with the
simulations as seen in Fig. 21, and the measured 15-dB
FBW is 50.4% (1.52 ~ 2.55 GHz) with a center frequency
of 2.035 GHz, consistent with the targeted design specifica-
tion. Within the stopband, the maximum rejection level and
reflectionless effect are —41.6 dB and —22 dB, respectively.
Moreover, the measured reflection coefficients of the two ports
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Fig. 21. Simulated and measured results of the two-port QR BSF along with
the inset photograph of the fabricated prototype.
TABLE I
COMPARISONS WITH SOME PREVIOUS WORKS
3-dB
Number Test passband 10-dB
Filter FBW/ . Design
of type band 15-dB Reflection steps
QR port (GHz) stopband level FBW
FBW
81%
[18] Single BPF 1-3 8.8% (1.25-2.71 No
GHz)
Covering
[21]-I Two BPF 1-7 22.5% all test Yes
band
111%
[22]-1 Two BPF | 0.5-3.5 27% (0.82-3.03 No
GHz)
74%
[28]-1 Single BPF 1-3 8.5% (1.33-2.81 Yes
GHz)
61%
[28]-11 Single BPF 1-3 20.5% (1.44-2.66 Yes
GHz)
. Coverin,
This Two | BPF | 04 73.2% alltest | Yes
work-I
band
This Covering
Two BSF 0-4 50.4% all test Yes
work-11
band

are below —11.9 dB and —10.8 dB, respectively, within the
frequency range from 0 to 4 GHz. Additionally, in order
to alleviate the passband-rounding effect, the higher-order
complementary sections as absorption channel with regard
to the transmission channel [28], or the loss consideration
in the transmission lines through introducing the attenuation
constant [29] can be adopted.

Finally, Table I tabulates a comparison with some previous
works. It is found that our work is helpful to design both of the
QR BPF and BSF. The two samples present wide FBW and
good power-matching level. Moreover, the design procedure is
provided to design the QR filters with required specifications.

VI. CONCLUSION

Four types of QR filters, including single- and two-port
QR BPFs and BSFs, have been designed and analyzed using
the combinations of the coupled line and T-shaped microstrip
structures. To guide and facilitate the design of the QR
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filters, identical 3-dB FBW of the above-mentioned two struc-
tures as the quasi-complementary condition has been applied.
Furthermore, detailed design procedures have been summa-
rized and two fabricated cases have been measured to validate
the proposed idea. Due to the simple structures and design
method, the proposed work may have promising potential
applications in stable RFID and 5G communication systems.
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