RADIOENGINEERING, VOL. 26, NO. 3, SEPTEMBER 2017

713

Dual-Band Ultra-Wideband Bandpass Filter with Eight-
Resonant Modes and Quad-Transmission Zeros
Employing Synchronous-Quasi-Resonance

Jun-Ge LIANG, Cong WANG, Nam-Young KIM

RFIC Center, Kwangwoon University, 447-1 Wolgye-dong, Nowon-gu, Seoul 139-701, Korea

liangjun1991@hotmail.com, nykim@kw.ac.kr

Submitted December 12, 2017 / Accepted May 17, 2017

Abstract. This paper presented a dual-band ultra-wideband
bandpass filter, which employs three sets of T-shape stub-
loaded resonators (TSSLRs). The new generation ap-
proaches of resonant mode (RM), which was named here
as the synchronous-quasi-resonance (SQR), to generate
more RMs were firstly presented and discussed. Five
intrinsic RMs were generated by the even-/odd-mode
resonances of the TSSLRs, while the other three additional
RMs were achieved by the SOR among different TSSLRs.
The fractional bandwidths of the dual-band filter were 42%
(or 1.7 GHz) and 22% (or 1.1 GHz) with center frequencies
of 3.45 and 5.10 GHz, respectively. The insertion loss of
the filter was lower than 0.9 dB, and the return loss was
higher than 17 dB. The frequency response of the filter was
lower than 20 dB from 5.9 GHz to 8.4 GHz. The high skirt
selectivity and excellent out-of-band rejection were
achieved by four controllable transmission zeros, which
were generated by the virtual ground of the loaded-stub
and the source-load coupling of the feed-lines. The pro-
posed harmonic-suppressed dual-band ultra-wideband
bandpass filter was fabricated on a Teflon substrate in
order to verify the simulation results.
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1. Introduction

There is an increasing demand for dual-wideband
(DWB) microwave devices for civilian use. Of particular
interest are devices that support both the IEEE 802.16
WiIiMAX standard (3.5 GHz) and IEEE 802.11a WLAN
standard (5.1 GHz). After the US Federal Communications
Commission authorized the unlicensed commercial appli-
cation of ultra-wideband (UWB) communication systems,
the technical specifications of the corresponding UWB
bandpass filters (BPFs), namely low insertion loss (IL) and
high out-of-band selectivity, have attracted a great deal of
attention from researchers and engineers. Therefore, the
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dual-band ultra-wideband (DBUWB) filters that meet the
UWB specification and support commonly-used citizens’
dual-bands have promising application potential and high
scientific research value; however, such designs are rarely
found in the literature for the difficulty in building devices
meeting both specifications of DWB and UWB. Herein, we
firstly propose this DBUWB concept and implement this
device with microstrip technique.

There are various design methodologies on UWB and
DWB BPF designs respectively as references for the
DBUWB design in this paper [1-12]. Either the UWB,
DWB, or DBUWB’s implementation mainly depends on
the sufficient synchronization in the frequency response of
both in-band and out-of-band. In terms of in-band fre-
quency response, the low insertion loss, flat in-band char-
acteristics, and wide-frequency-coverage passband are
dependent on numerous of resonant modes (RMs) set at the
specific frequency positions with high return loss (RL)
values. As to the rejection on the out-of-band signal and
harmonics, transmission zeros (TZs) work as the key ele-
ments. There are generally two schemes for constructing
multiple RMs for UWB, namely via the multi-mode reso-
nator and hybrid-resonator [1], [2]. In [1], it is mentioned
that an UWB BPF can be realized using the high order
resonances of a multi-mode resonator. However, the mu-
tual effects of different RMs sourced from one resonator
conduce a high design difficulty. An alternative to this
scheme is to utilize a hybrid resonator structure, such as the
parallel-coupled stepped-impedance resonator (SIR) pre-
sented in [2], which can also ameliorate the design flexibil-
ity. Besides, there are also various methods in implement-
ing DWB BPF [3-12]. First, a cascade connection of a BPF
followed by a bandstop filter, in which the latter filter is
used to divide the passband into two separate bands,
namely dual-band, can be considered as an effective
method [3]. An alternative solution is to introduce TZs
instead of a stopband to divide the passband [4]. Moreover,
another type design takes advantage of the second har-
monic in order to generate a dual-band, such as applying
SIRs [5] or stub-loaded resonators [6]. Moreover, a DWB
BPF can also be realized by combining multi-set resonators
with common inputs and outputs, which is the same way as
hybrid-resonator structure in UWB design [7].
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The DBUWB BPF presented in this article incorpo-
rates several improvements in terms of the newly presented
design methodologies and operating mechanisms. First,
extra three RMs are generated due to the synchronous-
quasi-resonance (SQR), which is firstly proposed to im-
prove the in-band flatness and expand the passband width
with the identical structure of the normal even-odd-mode
scheme. Additionally, for the first time, the concept of
UWB and DWB is combined into high-performance
DBUWRB design meeting both their specifications. Lastly,
the TZs generated by the virtual ground effect of the
loaded-stubs and the source-load coupling (SLC) result in
both strict frequency selectivity and excellent rejection-
band performance [8—10].

The constitution of the BPF is analyzed based on
a general prototype in the form of admittance model pro-
posed in Sec. 2, which can constitute the DBUWB BPF in
a modular scheme to meet both the specifications of UWB
and DWB. The prototype for realizing triple-band BPF is
developed with its network model to elaborate the voltage-
current relation. Then, in Sec. 3, the corresponding triple-
band BPF layout is depicted and RMs/TZs generation prin-
ciples are analyzed to validate the above prototype. Fur-
thermore, in Sec. 4, a method for merging three passbands
of previous triple-band BPF into a single DBUWB is de-
scribed in detail. The operation mechanism of RMs and
TZs is separately discussed in Sec.5 employing current
distribution plot in resonant frequencies and frequency
response variations caused by resonator's length change.
Finally, in Sec. 6, the frequency response predicted by the
simulation is validated by measuring the performance of
the filter fabricated on Teflon substrate with ¢.=2.54,
tan 0 = 0.002 and thickness 0.54 mm.

2. Configuration

2.1 General Admittance Model

The essence of filter design is to develop a circuit to
generate enough RMs and TZs in necessary and arrange
their positions in frequency response. The odd-/even-mode
principle was considered as a way to generate RMs and J-
inverter was usually used to introduce the attenuation
poles. Thus, an admittance model was presented in
Fig. 1(a) with detail electrical length and admittance for
transmission line and J-inverters. The lossless transmission
network could be described in a set of ABCD parameters to
represent the current and voltage relationship. The sub-
network Nj;, which was the network of the transmission
lines inside the blue dash line, could be given with imped-
ance Z = 1/Y as

A, B, _ cos(26,)  jZ/2sin(26,) o
G, Dy 2jYsin(26,) cos(26),)
Each of J-inverter gives a phase shift of £90 degrees

or an odd multiple, thereof the ideal admittance inverters
have the ABCD matrix

1/
A4, B, _ 0 +1/3J ' @)
C, D, F)J 0

The sub-network N), is the stub-loaded structure in

the middle of N, which shorts the N, to the ground. Its
ABCD parameters can be summarized as below

A, Blzi|_
_C12 DIZ
sin(f,, + 6,,) +sinb,,(cos G, —2 .
(6, +6,) - 1o Lh=2) jZ(sin6,, +cosb,,)
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Fig. 1. (a) General admittance model for building BPF,
(b) admittance model for implementing DBUWB BPF,
(c) equivalent network of DBUWB BPF with voltage
and current relationship.
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2.2 Admittance Model and Network for
Triple-band BPF

Each group of the transmission line and loaded-stub,
ie., Ni; and Ny, corporates and forms one passband.
A triple-band BPF admittance model and its equivalent
network were shown in Fig. 1(b) and (c) respectively. In
terms of the internal current relationship of this device, the
overall circuit based on ABCD parameters could be calcu-
lated. Thus, the reflection coefficient, S;; can be transferred
by the ABCD parameters, as

S”:(A+Z£_CZO_D)/(A+Z£+CZO+D) )

0 0

where the terminal impedance Z,=50Q, and the RM
generates at the condition where ’ St ’ =0, which means

A+B/Z,-CZ,~D=0. (5)

This formula provides the necessary and sufficient
conditions of RM generation and contains the variables of
admittance and electrical length for all resonators involved.

3. Layout Configuration

3.1 Corresponding Layout

The layout of the proposed DBUWB BPF was shown
in Fig. 2(a), and the individual components that made up
the complete design were shown separately in Figs. 2(b),
(c), and (d), and were denoted T-shape stub-loaded resona-
tor I (TSSLR I), TSSLR II, and TSSLR III. The signal
transmission in the proposed BPF was realized by the cou-
pling between the feed-lines and resonators. In other words,
the in-band frequency response performance was largely
influenced by the quality of the coupling. The coupling
coefficients k increased as the overlap between the cou-
pling lengths among the feed-lines and resonators in-
creased, the gap distances decreased, and as the strip-lines
involved in the coupling were narrowed [11].

Symumetry axis

TSSLR1
(b)
‘ (a) Proposed BPF
v
TSSLRIII
m TSSLR II
() (d)

Fig. 2. (a) Layout of the proposed DBUWB BPF. (b) Upper
resonator indicated as TSSLR 1. (c) Lower resonator
indicated as TSSLR III. (d) Middle resonator indicated

as TSSLR II.

In the proposed filter, the width of the input/output
ports was 1.5 mm in order to achieve a 50 Q impedance
match to reduce the reflection loss. Besides, the feed-lines
were designed to surround TSSLR II and TSSLR 111, while
TSSLR I was located above the upper feed-lines. The feed-
lines for the odd-modes in the three TSSLRs were fully
coupled to maximize the overlap coupling length. Mean-
while, the gap distance between the resonators and feed-
lines as well as the widths of feed-lines were designed to be
0.2 mm, which approached the highest fabrication preci-
sion possible on the Teflon substrate. With the special
structures discussed above, the very high & realized be-
tween the feed-lines and resonators led to a reduction of the
in-band IL.

3.2 RM Generations

The proposed work was developed from a TSSLR
with two controllable RMs and one TZ. As shown in
Fig. 2(b), TSSLR 1 was composed of a conventional 4/4
microstrip resonator and a loaded-stub. This structure could
be analyzed using even-/odd-mode theory because the
whole structure was symmetrical. The length of the resona-
tor was 2a, and 2Y; denoted its characteristics admittance.
Hence, the electric length was 26, = 2fa, where fwas the
propagation coefficient. The end of the loaded-stub was
designed using a bifurcation to reduce the overall size. The
length of the loaded-stub was 2b, hence the electric length
26,=2pb, and 2Y, represented the characteristic admit-
tance. Thus, RMs generation sources could be classified as
two categories as follows:

Case 1: Even-/odd-mode

When considering odd-mode excitation, the bisection
of the A2 resonator behaved as a short-circuited resonator,
as shown in the lower part of Fig. 3(a). The input admit-
tance for the odd-mode could be expressed as:

1 (©)
jtan 6,

odd

therefore, Y,4q= 0 under the resonant condition, and the
odd-mode frequency could be calculated as:

_(2n-1)c 7)
Joaa = 4
AV
wheren=1,2,3 ..., and ¢ was the speed of light in free
0 /.
A o Jodd
Even mode 40 _._::f:,::m ] Jl <
a, ¥, b, ¥, 204 [—:—b=55mm y
e ol — b= 6.0 /
| 0 b= 6.5 mm
g 40
0dd mode f s
a, ¥ 0 Sz
— a0 -
80
35 4.0 45 5.0 5.5 60 6.5
Frequency (GHz)
(a) (b)
Fig. 3. (a) Even-and odd-mode equivalent circuits of TSSLR I,

and (b) S,;-variations of
lengths of b.

the TSSLR I with different
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space. The term e represented the effective dielectric
constant of the substrate, and was equal to 2.54 in this case.

For even-mode excitation, the half bisection behaved
as an open-circuited A/2 resonator, as shown in Fig. 3(a).
Hence, the input admittance for even-mode is given as

Y. =i, 2Y, tan6"1 +7Y, tané, (8)
2Y,-Y,jtan 6, tan 6,

under resonant conditions, Y..,= 0. Thus, the even-mode
frequency could be calculated as

f;ven = L (9)

2a+b) ey

where n, ¢, and ¢ were the same as described above. It
could be observed from (2) and (4) that the even-mode
resonant frequency was determined by the length of both
the A2 resonator and loaded-stub, while the odd-mode was
only controlled by the length of the A/2 resonator.

The simulated S;-variation of TSSLR I was plotted in
Fig. 3(b) based on different lengths of even-mode 5. Only
one resonant mode was generated at 5.25 GHz when the
loaded-stub was removed, which was referred to as the
odd-mode. If the loaded-stub in the middle section of the
odd-mode was shunted and the length increased from
4.5 mm to 6.5 mm, then an even-mode resonance emerged
and shifted from 5.50 GHz to 4.75 GHz while the odd-
mode remained unchanged. A TZ was generated and
moved along with the even-mode as it shifted during this
process. In addition, the RL of even-mode was always
lower than the RL of odd-mode as a result of their different
coupling strengths with the feed lines.

Case 2: Synchronous-Quasi-Resonance

Among the passband interval, the resonant state of
resonators was varied in dynamic. Their maximum reso-
nances were discussed in even-/odd-mode cases. Herein,
a hypothesis was given that different resonators can com-
bine in their dynamic-resonant status to form a new RM
named as SQR. In addition, SQR could only occur on reso-
nators owning similar electrical lengths, which could intro-
duce dynamic-resonance in the same frequency. However,
there was no interference between the odd- and even-mode
in one resonator based on a theory of asynchronously tuned
coupled resonators. Hence, only two resonators located in
disparate sections could meet the basic conditions of SQR.

3.3 TZs Generations

Signal transmission in the proposed filter was based
on the multi-path coupling. In addition to the coupling path
constructed by TSSLRs, when the feed-lines are suffi-
ciently close, a new path will generate by SLC. The essen-
tial role for feed-lines in BPF was to input or output the
microwave energy for resonator’s inside. The largest over-
lap length and the nearest distance with resonators, as well
as the narrowest widths of feed-lines ensured the energy
concentration and avoided the loss. However, all microstrip

", _ frequency
M, \ ..m!‘-r.\ oM .
Stron L i
. e TSSLR 1 o 2 y . Middle
B weak .

.............. Higher
frequency

1l
w
(@) (b)

Fig. 4. (a) Coupling scheme between the proposed feed-lines
and TSSLRs. (b) Detailed coupling topology of the
proposed DBUWB BPF.

structures suffered from inevitable losses, including con-
ductor loss, substrate loss, and radiation loss. Therefore, as
shown by the colors in Fig. 4(a), the current density de-
creased with the increased-distance from the input/output
ports. The closest resonator to the input/output ports was
TSSLR III, which led to a very strong & value. In addition,
the strength of the SLC between the lower feed-lines was
high due to the close coupling distance and the narrowness
of the strip-lines. Thus, the k value relationship between the
resonators was TSSLR III > TSSLR II > TSSLT I, and the
SLC between the lower feed-lines was stronger than the
SLC between the upper feed-lines. In Fig. 4(a), different
symbols were used to represent the varied k value between
the feed-lines and resonators, as well as the strength of the
SLCs.

In Fig. 4(b), the different thickness used to represent
the coupling lines between the resonators and feed-lines
were also used to graphically express different £ values.
The basic rule that applied here was that k£ went down when
far from the source/load, and was higher in odd-mode than
in even-mode due to the direct coupling between the odd-
mode and feed-lines. The odd-mode and even-mode of
TSSLR 1 were expressed as M2 and M1, respectively,
while M3, M4, M5, and M6 used to represent the odd-
/even modes for TSSLR II and TSSLR III. Thus, the trans-
mission matrix based on & could be expressed as [13]:

[0 M51 Msz '”M56 MSL i

MISMII 0 0 M51
e ] L

MGS 0 0 "'M66M31

_MLS MLIML2 "'MLs

For the proposed structure to be symmetric, & must
satisfy the relationship that Mg, = —M,, Mg, = —M,,
Mgy =M1, Msy = —My, Mss = —Ms;, and Mss = M.
The mathematical equations for the TZs could be expressed
as follows:

(MuMsg.z _MzzMszl)
1Z, = > > >
(M =M 51)

(11

TZZ _ (M33M524 _M44M523) ,

12
(Msz.4_Msz3) .
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M55M§6 _M66M525)

(13)
(M826 _Mszs)

TZ3:(

Since the k of even-mode were always lower than
Odd-mode, such as, MS] < Msz, Ms3 < Ms4 and Mss < MSG:
at least three TZs would be generated at finite frequencies,
which were related to even-/odd-mode was analyzed in
Fig. 3(b). In short, the & values between different elements
should meet the relationship that Mg, <My, < ... < Mgs and
Mg < Mg.

4. DBUWB Design Process

4.1 Triple-band BPF Design Example

The line styles denoted as a, b, ¢, and d were used to
indicate the lengths of the odd-/even-modes of TSSLR I
and TSSLR II in Figs. 2(a) and Fig. 5. Fig. 5 showed the
specific dimensions in different steps during the design
process and illustrated four main adjustment procedures in
order to clearly explain the operation on TSSLR I and
TSSLR II. Four procedures were shown along the horizon-
tal axis in Fig. 5, while the corresponding physical length
adjustments for the four resonators were shown on the
vertical axis.

The first step in the process was to establish a triple-
band BPF, as shown in Fig. 6(a). The parameters were set
according to Process 1 (P1) in Fig. 5. The length of the
even-mode of the TSSLR was made shorter than the odd-
mode in order to make sure that both the even-mode and
TZ emerge at the right of the odd-mode in the frequency
response. In addition, the dimension relationship between
the three TSSLRs was set to be TSSLR 1> TSSLR II >
TSSLR III. Hence, they could be configured to operate in
different frequency ranges, and thereby achieved a triple-
band BPF with three TZs, as shown in Fig. 6(a). The shad-
ows in Fig. 6(a) were used to mark the passbands. The third
passband at 5 GHz was realized by TSSLR III with a lower
in-band IL and wider bandwidth than the other two bands.
The first passband generated by TSSLR I had the narrowest
bandwidth and highest IL among three bands. The reason
behind the differing in-band performance of the various
bands was a consequence of the different & value of three
TSSLRs, as analyzed above. Additionally, three TZs were

Length changes of TSSLR I & 11

o =LI1"=LIZ =LI1" ==LI2 -

Strip-line Length (mm)
o

Process 2 Process 3 Process 4

Process 1

Fig. 5. Length changes of TSSLR I & II in different steps
during the design process.

Harmonic

Frequency(Gilz Fremeney ditli)

(c) (d)

Fig. 6. Frequency responses of the proposed BPF during the
design process: (a) Process 1 (P1): triple-passbands
BPF with six RMs and three TZs. (b) Process 2 (P2):
middle process BPF with six intrinsic RMs and three
TZs. (c) Process 3 (P3): merged DBUWB BPF with
seven RMs and three TZs. (d) Process 4 (P4): final
DBUWB BPF with eight RMs and four TZs.

generated to increase the selectivity of the skirt, and two
harmonic modes were generated at approximately 8 GHz.

In order to realize a DBUWB, the basic procedure
was to divide the second passband and then move the RMs
into the first and third passbands, respectively. In this way,
both the first and third passbands could be widened and the
in-band performance improved due to the increased num-
ber of RMs. The practical design process of varying the
resonator lengths was plotted in Fig. 5 described as four
steps: P1, P2, P3, and P4.

4.2 Merging Passbands

In step P2, the lengths of a, b, ¢, and d were
shortened. The ranges of variation for @ and b were larger
than those for ¢ and d in order to move the first passband
closer to the second passband. As shown in Fig. 6(b), TZ1,
which was located in the middle of the first and second
passbands in P1 vanished in this step, and both of the
passbands tended to blend together. Meanwhile, the new
TZ (TZ4) generated by the SLC between the lower feed-
lines emerged at 8.0 GHz. In fact, TZ4 should exist in the
triple-band BPF of P1. However, the influence of the
second harmonic at 8 GHz forced it to disappear.
Moreover, the length of ¢ was slightly longer than b in this
step and caused their electric lengths to be similar.

In step P3, the lengths of a, b, ¢, and d were decreased
by similar amounts in order to further merge the first two
passbands and simultaneously shift the even-mode of
TSSLR 11 to a higher frequency. As shown in Fig. 6(c), this
step caused TZ1 to disappear completely and an UWB
formed at the center frequency of 3.5 GHz. A new RM was
generated at 4.6 GHz by the even-mode of TSSLRII,
which could be controlled by b to further widen and im-
prove the in-band performance of the second passband.
However, the RL at the center frequency of the first pass-
band is 11 dB, which was still not high enough to ensure
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a good in-band performance and warranted further optimi-
zation in the next step.

Finally, in step P4, the lengths of a, b, ¢, d were modi-
fied slightly to further improve the final performance. The
frequency response was shown in Fig. 6(d), and consisted
of five RMs in the first band and three RMs in the second
band, indicated as M1, M2 ..., and M8. The two TZs lo-
cated in the center of the two passbands were denoted TZ1
and TZ2, and two TZs in the upper stopband were denoted
as TZ3 and TZ4.

5. Operation Mechanism

5.1 Resonant Modes

To analyze the mechanism of operation of the eight
RMs in the frequency response, the current distribution of
the resonant frequencies were plotted using Sonnet (Sonnet
Software Inc.), and were shown in Fig. 7, in which, M1 and
M2 were the odd-mode and even-mode of TSSLRI,
respectively, shifting from approximately 2.3 GHz in P1 to
2.98 GHz and the 3.20 GHz as a result of the length short-
ening of a and b during the design process. Modes M3 and
M4 at 3.55 GHz and 3.74 GHz, respectively, were gener-
ated by the SQR of the even-mode of TSSLR I and odd-
mode of TSSLR II. As mentioned above, the length of ¢
was slightly longer than b after step P2, and the similar
electric lengths caused SQR at the same frequency. How-
ever, the current density of each resonator in the case of
SQR was not as high as their inherent RM. In the current
distribution of M3, the even-mode strength of TSSLR I was
higher than that in the odd-mode of TSSLR II, while it was
reversed in the current distribution of M4. Mode M5 was
the even-mode of TSSLRII and was generated at
4.04 GHz. All of the above mentioned five RMs operated
together to ensure the good in-band performance of the first
passband. In the second passband, modes M6 and M7 were
generated at 4.70 GHz and 4.86 GHz, respectively, due to
SQR constructed by both the even-mode of TSSLR II and
odd-mode of TSSLR III. Mode M8 generated at 5.30 GHz
by the even-mode of TSSLR II formed the second UWB
together with M6 and M7.

UWRB in lower frequency

M1 @2.98 GHz M2 @3.20 GHz. M3 @3.55 GHz M4 @3.74 GHz M5 @4.04 GHz
—e— E— e — e ——)
e r __=||: 1 r ]-_ v !

I | = = T = ] ——rm——
= = e e =
i.h_lgda -_I—_l_—I- L - | L L e LT J*
(a) (b) () () ()

UWSB in higher frequency
" M6 @Gz M7 @4.86 GHz M8 @5.30 GHz "1
— — - . :
i ® ® )

Fig. 7. Simulated current distributions at the resonant
frequencies of UWB BPF.
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Fig. 8. Variations in the frequency response by changing:
(a) L3 of TSSLR 111, (b) Lg of TSSLR 11, (c) Lo of
TSSLR 111, and (d) d; of feed-lines.

5.2 Transmission Zeros

In addition to the excellent in-band performance en-
sured by the presence of eight RMs, a high degree of out-
of-band rejection and skirt selectivity was also achieved by
the presence of four TZs. The variations in the frequency
response caused by changes in the physical dimensions
were plotted in Fig. 8. TZ1 shifted to a higher frequency
when the length of L3 in Fig. 9 decreased, as shown in
Fig. 8(a), which implied that the odd-mode of TSSLR III
controlled the position of TZ1. The change in TZ1 modi-
fied both the selectivity and bandwidth of the first pass-
band. Moreover, when the length of Lg decreased, then TZ2
shifted to a higher frequency while the location of the other
TZs remained stable. Therefore, the even-mode of
TSSLR II determined the frequency position of TZ2, which
was then able to adjust the skirt performance of the second
passband. Except for the above-mentioned TZs in the cen-
ter of the dual-passbands, two additional TZs were created
in the upper stopband. In addition, TZ3 shifted to a higher
frequency as the length of L, decreased, which resulted in
changes in the selectivity of the right-hand skirt and the
bandwidth of the second passband. When the length of d|
was increased, which was equal to decreasing the length of
the lower feedline L4, TZ4 also shifted to a higher fre-
quency. Thus, TZ4 at 8.0 GHz could be controlled by man-
aging the SLC between the lower feed-lines to improve the
out-of-band rejection at high frequencies.

6. Results and Discussion

The proposed DBUWB BPF layout was shown in
Fig. 9 and it was fabricated on Teflon substrate with the
physical parameters shown in Tab. 1. The measured
frequency response was found to match the results of the
simulation, as plotted in Fig. 10. The 3-dB bandwidths of
the dual passbands were measured to be 42% (1.7 GHz)
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Fig. 9. Layout of the proposed DBUWB BPF.
L1 Lz L3 L4 L5 Lg L7
10.6 7.7 1.7 9.6 1.7 8.0 4.7
Ls L9 LIO Lll L12 LIJ LM
7.5 1.4 5.7 1.7 8.0 2.4 7.7
Lis 4 43 W di
8.6 1.5 1.0 0.2 1.6 Unit: mm

Tab. 1. Physical parameters of the proposed DBUWB BPF.
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Fig. 10. Simulated and measured frequency responses of the
proposed DBUWB BPF with the inset of the fabricated
device.

and 22% (1.1 GHz), which were sufficient to satisfy the
design specifications of the UWB. The center frequencies
of the two passbands were 3.45 GHz and 5.10 GHz, respec-
tively, which correspond to the requirements for WiMAX
(3.5 GHz) and WLAN (5.1 GHz) applications. The pass-
band ripples in the first and second passband were 0.2 dB
and 0.15 dB, respectively, which demonstrated excellent

in-band flatness. In addition, the maximum IL and mini-
mum RL of the first and the second passbands were
0.8/17 dB and 0.9/18 dB, respectively, which ensured rea-
sonable in-band performance. The frequency response was
below —20 dB from 5.9 GHz to 8.4 GHz, which showed
an excellent out-of-band rejection. The other detailed meas-
urement parameters are shown in Tab. 2. The overall size
of the fabricated device was 21.2 mm x 14.8 mm, which
was 0.35 4, % 0.25/, at the center frequency of 3.45 GHz.
In addition, the comparison between the reference DWB
BPFs and the proposed work were shown in Tab. 3, which
proved the many benefits of the proposed DBUWB BPF in
comparison, including superior bandwidths, in-band and
out-of-band performances, as well as selectivity of four
transitional band. All these performance superiorities were
achieved by large amount RMs and TZs set at desired
frequencies.

According to most of the published studies that use
TSSLRs, RMs could only be generated at their inherent
resonant frequencies. However, based on the results of the
study reported in this paper, it was also possible to generate
RMs based on the SQR of different resonators. In the pass-
band frequency range, the BPF operated as a short-circuit
between source and load because of the RMs. The corre-
sponding strengths and sources of the RMs were changed
by the different frequencies. If the resonators have similar
electric lengths, then they would resonate simultaneously at
the same frequency. This special phenomenon was referred
to as SQR in this paper and led to the generation of new
RMs with high RL. Therefore, not only were the basic RMs
generated by resonators in the proposed design, but also
additional RMs were generated by SQR to further improve
the in-band performance.

Passbands 1* passband 2" passband
2.6-4.3 GHz 4.6-5.6 GHz
Passbands (3 dB) (f, = 3.45 GHz) (6=5.10 GHz)
Bandwidth/FBW 1.7 GHz/42% 1.1 GHz/22%
Passband Ripple 0.20 dB 0.15 dB
Maximum IL 0.8 dB 0.9 dB
Minimum RL 17 dB 18 dB
1* rejection 2" rejection 3" rejection
Out-of-band band band band
Rejection S7<-20 dB S;<-10 dB S7<-20 dB
at <2 GHz at4.3-4.7GHz | at5.9-8.4 GHz

Tab. 2. Measurement results of the proposed DBUWB BPF.

Center Max IL/ Min .. High freq. 3dB
frequency RL(dB) RMs Selectivity (dB per GHz) out-gof-ba:lld bandwidth of | Overall size
1°/2" band| _, o . n 1 band 2" pand |rejection <—20| 1%/2" band A
(GHz) | !'"band [2"'band | I"band |2 band| oy | (up/down) i (GHz) (GHz) Ce)
Ref [3] | 2.60/530 | 1509 | L5/15 2 2 70/92 77770 >12 0.8/0.9 -
Ref [5] | 2.45/5.80 1.8 3.0 2 2 108/104 90/156 >1 0.40.4 -
Ref [12] | 1.63/2.42 | 0.86/15 | 0.97/15 2 2 60/83 40/65 0.5 0.5/0.7 0.69x0.31
Ref [13] | 2.34/3.46 | 0.84/17 | 1.21/16 3 3 45/150 60/55.71 >1.7 0.6/0.8 0.20x0.21
Ref [14] | 3.32/532 | 0.62/17 | 0.91/19 2 3 26/210 78/32 2.7 0.8/1.1 0.18x0.40
Ref [15] | 3.70/5.80 | 0.70/40 | 1.00/30 1 1 50/175 70/27 35 1.5/1.1 0.39x0.25
This work | 3.45/5.10 | 0.8/17 | 0.9/18 5 3 22/122 299/86 23 1.7/1.1 0.35x0.25

Tab. 3. Comparison between the proposed DBUWB BPF and reference DWB BPF filters.
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7. Conclusion

A DBUWB BPF with eight RMs and four TZs was
presented in this paper. By setting the width of the feed-
lines and the size of the coupling gaps, a strong coupling
strength was achieved, which ensured high-quality signal
coupling. The mechanism of operation of the RMs and TZs
was analyzed by studying the current distributions and S-
parameters. Similar electric lengths between the different
resonators led to SQR that increased the numbers of RMs
to improve the in-band performance. An excellent out-of-
band rejection in the upper stopband was assured by the
presence of the TZs generated by both the SLC of the feed-
lines and virtual ground effect of the loaded-stub. The cen-
ter frequencies of the dual-band were adjusted to 3.45 GHz
and 5.1 GHz, which resulted in a filter that could be
applied to DBUWB WiMAX and WLAN applications.
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