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London Metropolitan University, Design of a novel triband bandpass filter is presented for wireless communica-
London, UK tions systems. The filter is based on inter-coupled stepped impedance resona-
Correspondence tors and inter-digitally coupled to the input/output ports. The configuration of
Bal S. Virdee, Center of Communications the filter circuit consists of open-loop resonators that are electromagnetically
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University, London, UK. acteristics of filter structure generates five transmission zeros that results in tri-

coupled to each other using inverted T-shaped open stubs. The intrinsic char-

Email: b.virdee@londonmet.ac.uk band bandpass response exhibiting sharp selectivity, high inter-band isolation
and a wide out of band rejection. Unlike other triband filters reported recently
in literature the proposed single layer filter does not require any short-circuited
plated through hole which can introduce fabrication complexity and therefore
production costs. Moreover, the triband structure can be configured to provide
passbands with identical 3-dB fractional bandwidth and whose center fre-
quency can be equally spaced. In the proposed prototype design presented here
the passband frequencies are set to 3.6, 4.6, and 5.6 GHz that corresponds to
WiMAX, 5G, and WLAN applications. The consequence of employing open-
circuited transmission lines in the design results in a relatively large structure,
which can be overcome by employing higher dielectric constant substrate. The
proposed triband filter was designed to achieve identical 3-dB fractional band-
width of 11.9%. Measured results confirm inter-band isolation better than
30-dB. The theoretical model is consistent with the measured results.
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1 | INTRODUCTION inter-band solation are in high demand for modern and
emerging multi-mode wireless communication systems
PLANAR multiband microwave filters with characteris- that need to accommodate different communications

tics of low-loss, sharp selectivity, compact size, and high standards. Multiband filters are vital components that
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address the challenges of isolating closely spaced adjacent
communications channels in a highly congested electro-
magnetic spectrum. Good isolation and wide stopband
are needed to reject interferences from other wireless sys-
tems in the multiband. The design of multiband micro-
wave filters is more challenging as compared to dual
band filters in terms of compactness and performance.
This is because of the closely spaced passbands in com-
mercial wireless systems, for example, GSM, Wi-Fi and
WiMAX systems operate at 3.5, 5.2/5.25, 0.9/1.8, and 2.4/
2.45 GHz bands, respectively.' Numerous examples of
multiband bandpass filters have been recently reported
exploiting the multiple mode behavior of stepped imped-
ance resonators, short or open stub loaded resonators
and dual mode loop resonators.””” In Reference [8], the
multiband filter design using a stub loaded stepped
impedance resonator (SIR) is implemented with defected
microstrip structure. In Reference [9], the resonant
modes of stub loaded resonators are controlled by varying
the length of center-loaded stub. A triband bandpass filter
with stubs loaded stepped impedance resonator is pro-
posed in Reference [10], where the frequency of the first
three resonant modes is influenced by the short and open
stubs and shorted high impedance section of stepped
impedance resonator. Although the performance of the
above multiband filters exhibit acceptable passband selec-
tivity and generally acceptable band-to-band isolation
however the filters require short circuited vias or use
complex cross-coupling structures to generate multiple
transmission zeros. Moreover, the 3-dB bandwidth of
their passbands is uncontrollable.

In this paper, a novel frequency discriminating
microstrip based structure is presented that exhibits
triband filtering characteristics for wireless multiband
communication systems. The proposed bandpass filter
can be implemented on a single layer of standard dielec-
tric substrate, and it was designed to extract GSM, Wi-Fi
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and WiMAX signals. The bandpass filter is based on stub-
loaded half-wavelength resonators that are electromag-
netically coupled to each other and the input/output
ports. Inter-digitally coupled feedlines are used to realize
a wide stopband with high attenuation on the upper and
lower sides of the filter response. The filter structure cre-
ates triband responses by exciting multiple transmission
zeros. Unlike other multiband filters, the proposed multi-
band filter is of a novel configuration that can be imple-
mented/printed on a single layer of substrate and does
not require any metallic vias. The triband filter exhibits
desirable characteristics of highly sharp selectivity
(>119 dB/GHz), parity 3-dB fractional bandwidth
(11.9%), excellent inter-band isolation (>30 dB), passband
insertion-loss (0.78 dB), and a wide stopband perfor-
mance. These characteristics are analogous to filters
based on high-temperature superconductors (HTS), but
unlike HTS devices the proposed filter does not require
cryogenic cooling.'’ The performance of the filter was
validated through measurement.

2 | GEOMETRY OF THE
PROPOSED TRI-BAND BANDPASS
FILTER

Configuration of the proposed quasi-elliptic triband
bandpass filter is shown in Figure 1. The filter consists of
U-shaped open-loop resonators of half-wavelength long
that are electromagnetically coupled to each other via T-
shaped resonators, and inter-digitally coupled to the
input/output ports. The open-loop resonators include
stepped impedance sections. This structure can be char-
acterized as having periodicity of two.

Total admittance of the microstrip resonator coupled
with the input/output feedline and the T-shaped resonator,
shown in Figure 2, is given by:

FIGURE 1
proposed single-layer planar triband

Structure of the

bandpass filter
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Y=Y,+Y,+Ys3, (1) 1—kytan?0, =0, (4a)
where, 1—kytan®6, =0, (4b)
Z,—Z,tan 6, tan 6
Yi=-jz, 1 2tant; lano, , (2a) . ) B B
Z>tan6, +Z, tan0, where, impedance ratio ky =2,/Z; and k,=Z3/Z,. As
the electrical length 6 =2zf/c, from Equations (3b), (4a)
_tan®s and (4b) the structure generates resonance modes corre-
Zs sponding to:
Z4— Ztan6;tand O =, (5a)
Y= —jZ; |22 anvstanta ) (2c) !
Z3 tan64 +Z4 tan93

The condition for resonance is when Y =0. This
occurs when the numerators in Equations (2a)-(2c) are
equated to zero, thus:

Z,—Z,tan6; tand, =0, (3a)
tanfs =0, (3b)
Zy—Zstanfstanf, =0, (3c)

To simply the analysis, 6, =6, =0, and 6;=60,=06,
then Equations (3a) and (3c) reduce to:

FIGURE 2 Microstrip resonator section in the proposed
triband bandpass filter that is electromagnetically coupled with the
input/output and T-shaped resonators

FIGURE 3 T-shaped microstrip-line resonant structure
constituting the triband filter

O, = tan " '\/1/k,, (5b)

O3 = tan ' /1/k,, (5¢)

The T-shaped microstrip-line resonator that couples
the two open-loop resonators in the triband filter is
shown in isolation in Figure 3. The overall admittance of
this structure is the sum of the individual admittances
labeled in Figure 3 that is:
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FIGURE 4 (A) Resonance frequency ratio (n) of higher order
modes with respect to the fundamental frequency as a function of
stub length (0;) in degrees and k, and (B) resonance frequency ratio
as a function of stub length for different stub lengths in degrees
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Y=Y,+Y,+Y53, (6)

orY —i ZyZ3tanb, + Z1Z3tan0, + Z1Z5tan 0,
- 717:2; ’

(7)

At resonance Y =0. This condition is met when the
numerator in Equation (7) is equated to zero, thus:

Z223tan6’1 —|—ZlZ3tan92+Z1Z3tan93 =0. (8)

From Figure 1 it is evident that Z,=Z3;=Z7 and
6, = 0; = 0. This simplifies Equation (8) to:

tan (n6;) + 2k, tan (ng) =0. (9)

where n is the ratio of resonance frequency to the funda-
mental frequency; and k, is the impedance ratio Z; /Z.

Figure 4A is based on Equation (9). It shows how the
resonance frequency ratio varies with open circuit stub
length (6;) and impedance ratio k,. This graph confirms
the modes generated by the structure can be controlled
by changing stub length and the impedance ratio.
Figure 4B shows how the frequency ratio is affected by
the stub length for a given magnitude of impedance
ration. The results show that dual mode resonance is gen-
erated by the T-shaped structure.

Figure 5 shows simplification of the open-loop
resonators constituting the proposed triband filter. The
input/output feedlines divide the resonators into two sec-
tions of I; and I,. The total length of the resonator is
I =1 +1, = 44/2, where g is the guided wavelength at
fundamental resonance.

The ABCD matrix for the upper and lower sections of
the lossless circuit in Figure 5 are:

{A B (10a)

=M M,M3,
c D:| upper

o (100)

:M3M2M1’
c D:| lower

Ca

Input

Output

53 I
Ca
I=h+1=2,/2

FIGURE 5 Open-loop resonators

where,

[,cosﬁll JjZo sinﬂll] {1 ZC]

1= . M2 - )

jYosingly, cosply 01
_[cosply  jZo sinﬁlz]

T iYosingl, cospl,

where f is the propagation constant, Z, =1/jwCy is the
impedance of the gap capacitance Cs;,  is the angular
frequency, and Z, = 1/Y, is the characteristic impedance
of the resonator.

The Y-parameters of the upper and lower sections
are obtained from Equations (10a) and (10b) and
given by:

Yu Y| |B B; (11)
Yu Y -1 A4 '

where j = wupper or lower section. In addition,
Y parameter of the whole circuit is expressed as:

Yiu Yo Y Yo Y Yo
= + . (12)
Yu Y Ya Yolypper L[Y21 Y22 i0uer
The insertion-loss (S,;) of the circuit can then be calcu-

lated from the total Y-parameters given by:

—2Y»Yy

So1 = .
A (Y11+Y0)(Y11+Yo)—Y12Y2

(13)

The open-loop resonator's insertion-loss (S,;) can be
shown to be given by:

j4‘ (ZO sinﬂl __cosph Cosﬂb) YO

wCSl

521 = - 3 .
[ZCOSﬂl + Yysingl +j (ZO sinﬂl __cosph cosﬁlz) YO} —4

wCq wCq

(14)

By letting S,; = 0 the transmission zeros can be deter-
mined, namely

Zysinpl— cospl; cosply /wCs =0. (15)
For a large gap between the resonators Cy; is neg-

ligible, so the above equation can be approxi-
mated as:
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cospl; cospl, =0. (16)

Equation (16) shows the relation between the transmis-
sion zeros and the tapping positions. By substituting
p =2nf\/éxr/c in Equation (16), the transmission zeros
corresponding to the tapping positions are found to be:

frn =nc/4l /e, (17a)
fin =nc/4h /e, (17b)

where n =1, 3, 5,...

3 | PARAMETER ANALYSIS

A parametric study was conducted to investigate how the
geometry of the filter structure influenced its triband
response. This was done using ADS™ Momentum elec-
tromagnetic tool by Keysight Technologies. The filter was
constructed on substrate Arlon CuClad217LX with thick-
ness (h) of 0.794 mm, dielectric constant (&,) of 2.17 mm,
copper conductor thickness (¢) of 35 pm, and loss-tangent
(tand) of 0.0009.

Figure 6 shows that although the coupled resonator
length (Lp;) has no effect on the insertion-loss
(IL) response, but it affects the return-loss of the three
passbands. The return-loss (RL) of passbands one and
three can be changed by about 47% and 29%, respectively,
and RL of passband two can be changed by just 16.5%.

Figure 7 shows the performance of a triband filter as
a function of resonator width (W,,). The simulation
results reveal compared to the RL of the second and third
passbands W,, significantly affects the RL of the first
passband. It also affects the center frequency of the first

35¢
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%".’ —&- Second passband
9 20¢ —&- Third passband
S 15}
Q
o
10 D—’/D_/D/C/D
51
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L., (mm)

FIGURE 6 Effect on the filter's return-loss as a function of
resonator length (Ly3)
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passband (f;) as well as the frequency of the first trans-
mission zero (fi,;). It has no effect on the center fre-
quency of the second (f,) and third (f;) passbands.

Resonator length (L,) only affects the IL and RL of
the third passband, as shown in Figure 8. It also has an
influence on the center frequency of the third (fi,;) and
fifth (fi,s) transmission zeros. The center frequency of the
fifth transmission zero significantly reduces for L, greater
than 4.4 mm. These results show that we can tune (i) the
transmission zeros fi,3 by 5% and fi,s by 7%; and (ii) the
center frequency by 7%.

Resonator length (L,,) has marginal effect on the cen-
ter frequency of the filter's second passband and trans-
mission zeros fi,, fiz3, and fi.4, as shown in Figure 9.
However, Lo has a significant effect on the return-loss of
all three passbands. In fact, the return-loss of the first
and third passband improve with reduction in Lo but the
converse is true for the second passband.

Figure 10 shows resonator length (Ls) has marginal
effect on the center frequencies of the second and third
passbands and the transmission zeros of fi,; to f,4. How-
ever, Ls affects the return-loss of the first and third pass-
bands. Figure 11 show the resonator length (Lg) has
insignificant effect the center frequencies of the filter's
passbands and transmission zeros. However, it only
affects the RL of the second passband.

Resonator length (Lo) influences the filter's first pass-
band and the first transmission zero, as shown in
Figure 12. It also significantly affects the return-loss of all
three passbands. Figure 12 shows that as the length is
increased the return-loss of the second and third pass-
bands deteriorate whereas the return-loss of the first
passband improves up to a length of 2.2 mm and thereaf-
ter the return-loss worsens.

Resonator length (Lg) only affects the passband of the
first response. The return-loss first declines with increase
in Lg from 2.71 mm to 3 mm, and then improves for
lengths larger than 3 mm, as shown in Figure 13. The
also shows the center frequency of the first passband
reduces almost linearly with increase in Lg from 2.71 to
3.61 mm.

The effect of resonator length (Ls) on the filter's per-
formance is shown in Figure 14. L; has marginal effect
on the center frequencies of the second and third pass-
bands and the third and fourth transmission zeros. The
figure shows the return-loss of the first passband moder-
ately declines with increase in L; however the passband
of the second passband increases. In the case of the third
passband, the return-loss first falls with increase in L;
then rises for lengths greater than 2.16 mm.

The influence of resonator length (L,) on the filter's
response is shown in Figure 15. The results show L, has
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FIGURE 8 Effect of the
resonator length (L,) on the
triband filter's third passband
return-loss and center frequency
as well as the center frequency
of the third passband and fifth
transmission zero

FIGURE 9 Effect on the
triband filter's return-loss and
center frequencies of the second
and third passbands and the
second, third and fourth
transmission zeros as a function
of resonator length (L;0)

FIGURE 10 Effect on the
triband filter's return-loss and
center frequencies of the second
and third passbands and the
first, second, third and fourth
transmission zeros as a function
of resonator length (Ls)
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FIGURE 11 Effect on the
triband filter's return-loss and
center frequencies of the first
and second passbands and the
first, second, third and fourth
transmission zeros as a function
of resonator length (L)

FIGURE 12 Effect on the
triband filter's return-loss and
center frequencies of the first
passband and the first
transmission zeros as a function
of resonator length (Lg)

FIGURE 13 Effect on the
triband filter's return-loss and
center frequencies of the first
passband as a function of
resonator length (Lg)

FIGURE 14 Effect on the
triband filter's center
frequencies of the second and
third passband and third and
fourth transmission zeros, and
the return loss as a function of
resonator length (Ls)
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more than the second passband with change in L,. In
fact, the return-loss of the first and second passbands
change conversely with increase in L,.
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4 | DESIGN PROCEDURE

A triband bandpass filter was designed to isolate the follow-
ing bands: WiMAX (3.4-3.6 GHz), WLAN (5.15-5.85 GHz),
and 4.5 GHz band which is been considered for 5G digital
beamforming in dense urban areas. Design methodology of
the filter is based on the information obtained in the above
parametric study. This involves first establishing the dimen-
sions of each resonator constituting the filter at the three
respective passband center frequencies of interest. The length
of the U-shaped open-loop resonator at the input and output
ports, shown in Figure 1, are calculated using
Equations (17a) and (17b) to establish the filter's outer trans-
mission zeros. The three passbands are determined by the
electrical length and impedance ratios (Z,/Z; and Z3/Z,) of
the asymmetric T-shaped structure in Figure 2 as defined by
Equations (5a)-(5c). The length (L,) of the T-shaped

—| 3 Term

c Term2
C15 Num=2
C=Cin Z=50 Ohm

Equivalent lumped element circuit model of the proposed filter

resonator coupling the two U-shaped open-loop resonators is
determined by Equation (9). The width of the input/output
ports correspond to 50 Q. The width of the open-circuited
stubs was selected for minimal impact on the passband
insertion-loss. Resonator width (W,,) determine the center
frequency and first transmission zero (fi,;). The coupled reso-
nator length (Ly3) and resonator length (L,0) are chosen for
passband return-loss better than 25 dB. Resonator width
(W,4) is used to fine tune the center frequency and first trans-
mission zero (fi,;). Resonator length (L,) is used to adjust the
center frequency of the third (f,;3) and fifth (f;,s) transmission
zeros. Resonator length (Lg) can also be used to finely adjust
the filter's passbands, but its affect is marginal. Resonator
length (Lo) is used to adjust the filter's first passband and the
first transmission zero. Resonator length (Lg) can be used to
tune the passband of the first response. ADS™ was used to
optimize the triband filter.
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The lumped element equivalent circuit model of the
filter is shown in Figure 16. The fabricated triband band-
pass filter is shown in Figure 17. The optimized dimen-
sions in millimeters of the filter are W, = 0.92,
War = 0.20, Wy = 0.20, Wy = 240, Wys = 0.20,
L, = 8.03, L,; = 887, Ly, = 3, Ly, = 1.04, Lz = 8.72,
L, = 5.56, L, = 3.82, Ly = 1.76, L, = 2.12, Ls = 5.68,

FIGURE 17 Photograph of the fabricated triband bandpass filter
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FIGURE 18 Simulated and measured insertion-loss and

reflection-coefficient response of the proposed triband bandpass filter
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L¢ = 2.07, L, = 3.67, Ly = 3.61, Ly = 1.70, L,, = 0.72,
L,; = 4.76, S; = 0.20, and S, = 0.26.

Figure 18 shows the filter's theoretical, simulated and
measured performance. The simulation was conducted using
Momentum in Advanced Design System by Keysight Tech-
nologies. The triband has identical 3-dB bandwidth of
0.43 GHz located at 3.6, 4.6, and 5.5 GHz. The measured
passband insertion-loss at each band is 0.78 dB and the
reflection-coefficient is better than —10 dB. The isolation
between the passbands is greater than 30 dB. There is excel-
lent correlation between the simulated and measured.
Although the center frequencies of the theoretical model
agree with the measured results however the discrepancy in
the 3-dB bandwidth of the second and third passbands are
inconsistent. This is attributed to the distributed elements of
the microstrip transmission lines constituting the filter circuit.

Table 1 compares the proposed triband filter with repre-
sentative prior works. Compared to other triband filters the
proposed design can be configured to realize passbands of
equal 3-dB bandwidth. In addition, it has significantly
sharper roll-off rate (>119 dB/GHz) than the previous
works cited with the exception of Reference [23]. In addi-
tion, compared to the HTS bandpass filter in Reference [11]
the proposed structure has a superior roll-off rate greater
than 87.9 dB/GHz. Moreover, the proposed filter can be
printed on a single layer of the substrate with no need for
any short-circuited plated through hole. This mitigates fabri-
cation complexity and reduces production cost. Although the
size of the proposed triband filter is relatively large compared
to other filters this can be remedied by fabricating the

TABLE 1 Comparison of the proposed triband filter with prior works
Ref. No. of Tz's Freq. bands (GHz) 3-dB FBW (%) Eror (dB/GH2z) Size (g x Ag)
[12] 4 7.5 12.6 18.7 1 1.6 1.4 3.8 54 53 0.19 x 0.19
[13] 3 1.57 248 3.5 17.1 1.8 13.7 18.5 60 46 0.14 x 0.22
[14] 4 1.56 2.45 3.5 14.3 22 9.9 108 87 113 0.15 x 0.16
[15] 3 2.5 3.7 5 16.7 14.4 13 73 42.7 24 0.31 x 0.32
[16] 2 2.3 34 5.2 20.8 7.7 11.1 23 37.5 24 0.19 x 0.21
[17] 3 2.5 3.6 4.5 10 12.8 8.0 49 55 27 0.26 x 0.23
[18] 6 0.85 1.57 24 16.8 3.5 9.6 35 80 138 0.10 x 0.09
[19] 5 7.7 11 12.1 4.63 34 31 113 56 113 1.52 x 1.52
[20] 4 1.72 4.72 7.59 30.2 34.7 7.1 16 36 20.6 0.09 x 0.51
[21] 4 3.5 5.2 8.1 7.3 2 1.1 15.4 4.2 34 0.38 x 0.28
[22] 7 1.77 2.37 343 7.3 2 1.1 63.9 68.1 72.5 0.32 x 0.27
[23] 6 0.40 0.94 1.72 10.4 8.3 4.5 161 129 161 0.32 x 0.32
[24] 5 1.57 245 3.5 4.3 9.1 1.2 107 64 53.8 0.70 x 0.48
This work 5 3.6 4.6 5.6 11.9 11.9 11.9 158 153 119 0.97 x 0.41

Note: Roll-off defined as Eror = [6_20 dB — 63 aBl/(f_20 aB — f_3 aB), Where 5_» 4p/_3 qp are the 20 dB/3 dB attenuation points, and f_» qg/_3 qg are the 20 dB/

3 dB stopband frequencies of |S;,]|.
Abbreviations: FBW, fractional bandwidth; Tz, transmission zero.
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structure on a high dielectric constant substrate, as the guided
wavelength inside a microstrip is inversely proportional to
the square root of effective dielectric constant.

5 | CONCLUSION

The proposed triband bandpass structure, which is based on
multimode stepped impedance resonator, is shown to exhibit
a very sharp selectivity, equal passbands, high inter-band iso-
lation and wide stopbands. Moreover, the filter can be printed
on a single layer of substrate and requires no short circuit vias.
The filter's transmission zeros can be manipulated to realize
the required passband center frequency and bandwidths. The
triband filter meets the need for multiband characteristics
from a single device, which are in high demand for multifunc-
tional services in the latest wireless systems.
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