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Abstract—A novel slot-line filter with stop-band up to 30 GHz is
proposed in this paper, and the theoretical analysis is illustrated in
detail. This filter is designed on a Rogers RT/duroid 5870 substrate.
The rectangular micro-strips can generate transmission zero to give
a great suppression for the spurious response around 5fy while the
L slot lines can create transmission zeros to suppress the spurious
response around 7fy, 9fy and 11fy. fy is 2.43 GHz in this paper and
represents the center frequency of the main passband. The compact
size of this novel filter is 23.7mm * 14.725mm (0.152\ % 0.103\ (X is
the working wavelength of this filter)). Besides, the external quality
factor of this filter can be as high as about 29.6. To demonstrate the
transmission function, the compact filter has been fabricated and the
measured results show the feasibility of this structure.

1. INTRODUCTION

With the development of modern communication technology, WiFi
and blue-tooth applications require small-sized filters with wide stop-
band. Microstrip bandpass filters with low insertion loss, compact
size and high @ play more and more important roles in mobile
communication systems and radio frequency (RF) front/end of the
wireless communication systems [1-4]. Planar bandpass filters (BPFs)
having compact size and a very wide stopband are very popular
to implement the radio frequency (RF) front end in microwave
communication systems [5]. As is konwn to us that the micro-strip filter
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coupled with coplanar waveguide (CPW) resonators can reach good
performance in reduced size. The CPW structure has been proposed
in the literature [6]. As is known to us that although the filter based
on half-wave coplanar waveguide resonator is widely used, there are
spurious responses around nfy [7] (fo is the center frequency of the
passband). The CPW filter was implemented on the basis of end-
coupled half wavelength CPW resonator [8,9]. In literature [5], the
CPW in-line quarter-wavelength stepped-impedance resonator band-
pass filter is presented to suppress the spurious responses around
2nfo. In 2006, the theory was proposed that spurious passbands
around (2n — 1)fy (n = 1, 2, 3) exist for the filter based on quarter-
wavelength CPW resonator [10]. In order to suppress the spurious
passbands, many methods has been presented such as methods
using the stepped-impedance resonators and grounded-step-impedance
resonators [11, 18, 20, 23, 25, 26|, fractal-shaped micro-strip [12], multi-
order resonator [13], T-stub/DGS [14], antisymmetric modied anti-
parallel coupled-lines [15,19,21], branch stubs co-via structure [22],
DGS and Spur-line Coupling Structures [24], etc.. However, the size of
structures above is not small enough and the higher frequency spurious
passbands can not also be suppressed efficiently [10-15, 18-26]. Open-
stub and air-bridge have been introduced to create transmission zeros
around 3 fp and 5 fp in a compact filter [16]. While higher order spurious
responses are still hard to be suppressed in a miniaturization design.
In this paper, a compact filter with the size of 24 mm * 14.725 mm
is proposed. As shown in Fig. 6, the asymmetric open-stubs and
rectangular micro-strips are introduced to generate transmission zeros
around 3fy and 5fy (fo is 2.43 GHz), respectively, while L slot lines
can give a great suppression to the spurious response around 7 fy, 9 fo
and 11fy. The proposed slot-line band-pass filter has the merits of a
wide stop-band up to 30 GHz and a 3-dB bandwidth of 123 MHz.

2. THE FILTER DESIGN

2.1. The Coupling Theory of the Spiral Resonators

Resonators are the key components of a microwave filter so that it is
important to study the resonators for the filter design. Fig. 1(a) shows
the prototype of the spiral resonators used in novel filter in this paper.
Two spiral resonators can generate two resonant points respectively
and transmit signal through coupling. The coupling methods can be
classified as electric coupling and magnetic coupling. The equivalent
circuit of spiral resonators and coupling model is shown in Fig. 1(b)
basing on [17] and Fig. 2. L and C are the self-inductance and
self-capacitance while the C), and L,, are the mutual-capacitance
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Figure 1. (a) The spiral resonators structure. (b) The equivalent
circuit of spiral resonators and mixed coupling model.
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Figure 2. The coupling model for the spiral resonators based on E
field and H field theory.

and mutual-inductance respectively. Meanwhile, f.. and f,. are
the resonant frequencies for the circuit models in Fig. 4 and Fig. 3
respectively when the the symmetry plane T-T" is replaced by an
electric wall (or a short-circuit). fep, and f,m, are also the resonant
frequencies for the circuit models in Fig. 4 and Fig. 3 respectively
when the plane T-T" is replaced by an magnetic wall (or an open-
circuit). As is shown in Fig. 2 that the electric coupling and magnetic
coupling are actually the electric field energy and magnetic energy
respectively stimulated by the interaction between two resonators.
Furthermore, the k. and k,, can be defined as proportion for the
stimulated electric energy in total electric energy and proportion for
the stimulated magnetic energy in total magnetic energy respectively
proposed in Fig. 2.
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Figure 3. The magnetic coupling model.
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Figure 4. The electric coupling model.

For the electric coupling model, the method to calculate the
electric coupling coefficient can be as follows:

1

fem = oIl liL(C_Cm) (1)
1

fee = (2)

21/L(C + Cy)
_ (fem)2 - (fee)2 _ %
b = o T ()~ )

For the magnetic coupling model, the method to calculate the magnetic
coupling coefficient can be as follows:

1
fme = SMyET L) W
1

21\/C(L + L)
P (fme)? = (fmm)® _ Lm




Progress In Electromagnetics Research C, Vol. 40, 2013

205

For the mixed coupling model, the equations to compute the mixed
coupling coefficient can be as follows:

fo= e 0
e = | T (9)
Cy = CZCZ”C (10)
Cy = % (11)
oot~ (e _ ke _ (PGP

(Woald)2 + (Weven)2 B

1 — kmke B (fu)2 + (fl)2'

Weven 18 even mode resonant frequency, wyqq is the odd mode
frequency. f, and f; stand for the two simulated resonant frequencies
for the spiral resonators simulated in IE3D respectively, f. is the
transmission zero frequency most adjacent to fy. The mixed coupling
coefficient k, electric coupling coefficient k. and magnetic coupling
coefficient ky,, can be deduced from the Equations (1)—(12) above.

Through using the meandering slot-lines to replace the original
straight slot-line, a better k can be achieved, as shown in Fig. 6. It can
be inferred that the &k in Fig. 6 is bigger than that in Fig. 5 for the same
x and y so that the coupling coefficient k& can be enhanced if straight
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Figure 5. The response of the
coupling coefficient k for the spiral
resonators.

Figure 6. The response of the
coupling coefficient k for the spiral
resonators with meandering slot-
lines.
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slot-lines in the spirals are replaced by meandering slot-lines in Fig. 6.
Furthermore, the coupling coefficient k£ decreases with increasing of the
horizontal distance x and vertical distance y, as shown in Fig. 5 and
Fig. 6.

2.2. The Structure for the Spurious Response Suppression

Depending on the analysis above, the primary design of the coplanar
filter was proposed, as shown in Fig. 7. The frequency response of the
filter is shown as Fig. 10(a).

It can be known from Fig. 10(a) that the spurious response
exist for the original coplanar filter. So the asymmetric open-stubs,
rectangular micro-strip and L slot-lines are introduced, shown in Fig. 9.

The L slot-lines can generate transmission zeros near 7 fg, 9 fy and
11fy. The frequency response of the filter is shown as Fig. 10(b) after
L slot-lines were added in the original structure. Then rectangular
micro-strips were further added, another transmission zero near 5fj
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Figure 7. (a) The original coplanar filter. (b) The equivalent circuit
model of the original filter.
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Figure 8. Top side of the novel miniaturized slot-line filter proposed
in this paper ((1): The L slot lines (Unit: mm).
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Figure 9. Bottom side of the novel filter. (1) The asymmetric open-
stubs. (2) The rectangular microstrips (Unit: mm).
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Figure 10. The simulated So; frequency response in IE3D. (a) The
coplanar filter in Fig. 2. (b) The coplanar filter with L slot-lines.
(c¢) The coplanar filter with L slot-lines and rectangular micro-strips.
(d) The coplanar filter with asymmetric open-stubs, rectangular micro-
strip and L slot-lines (The novel filter in this paper shown in Fig. 8).

was generated, and the frequency response of the filter is shown as
Fig. 10(c). When asymmetric open-stubs were finally added, the
spurious response around 3 fy was also depressed. The final frequency
response is shown as Fig. 10(d).
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The equivalent circuit model of the asymmetric open-stubs, the
rectangular micro-strips and the L slot-lines are presented in Fig. 11,
Fig. 12 and Fig. 13. Furthermore, the simulation results obtained from
ADS 2009 are given simultaneously, which verifies the feasibility of the
models. The exact frequency of transmission zeros would depend on
the actual dimensions and the locations of the asymmetric open-stubs,
the L slot-lines and the rectangular micro-strips.

Sa1 of the asymmetric open-stub model in Fig. 11(a) can be

P e W o ' ' WY
L1 L2 0
i =
= |
Portl c porz ¢ 407
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4 6 8 10 12 14 16
1 Ground freq, GHz
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Figure 11. The model for the asymmetric open-stubs. (a) The
simplified model of the asymmetric open-stubs. (b) Simulated results
in ADS for the model. (Cy = 0.65pF, Ly = 1pH, Ly = 1pH,
L3 = 111H, R1 = 200 Q)
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Figure 12. The model for the rectangular micro-strips. (a) The
simplified model of the rectangular micro-strips. (b) Simulated results
in ADS for the model. (Cs = 1pF, Lg = 230pH, Rg = 0.1Q).
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Figure 13. The simplified model of L slot-lines. (a) The L slot-line
structure. (b) The circuit model of the L slot-line.

expressed as:

Sa1

9wl + 2(1-w?C1 L3) R3(jwLa+Z0)
o J 1 jw01Rg(ij2+Zo)+(1fw201L3)(ij2+Z0)+R3(17w201Lg)
- . (1—w2Cy L3) R3(jwL2+Zo)

Zo+jwly +ijlR3(ij2+Zo)+(lwaC1L3)(J'UJL2+Z0)+R3(1*WZCIL3)

. (13)

S of the rectangular micro-strips model in Fig. 12(a) can be expressed
as:

_ JjwRsCsZy + Zy — w2LSCSZ()

N Jjw (2RsCsZy + CS(Z())Q) + 270 — 2w2L,CsZy

Zy in Equations (12) and (13) is assumed as 50.

According to the analysis above, the L slot-lines can generate
transmission zeros around 7fg, 9fp and 11fy so that the harmonic
responses have been suppressed successfully. The theory model for L
slot-lines is shown as Fig. 13:

The micro-strip with L slot line has been represented by the model
in Fig. 13(b). The change caused by the slot line may be simulated
and computed approximately using the circuit model in Fig. 13.

The Sa1 expression for the model in the Fig. 14(a) is:

Sa1

(14)

279
jwCq + JwCo + 1
1-w2L5Cq ' 1HjwCoR T jw(Lo+La)+Z

(Zo + jwLy + jwL(3))(jwLa + jwLy + Zo)+

(jwLe + jwLs + Z)
WO _jwCy 1
1-w?2L5C1 1+jwCo R jw(L2+L4)+ZO

As is shown in Fig. 14(b). When the value of Cj changes
(C1 = 0.06 pF, C1 = 0.035pF, C1 = 0.03pF), the transmission zero is
at about 20 GHz (7fy), 26 GHz (9f9) and 29 GHz (11fj) respectively.
So the simulated result of the model illustrates that the L slot-lines

can create transmission zeros around 7 fy, 9fy and 11 fj.

Sa1 =

(15)
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3. THE MEASURED RESULTS ANALYSIS

To verify the feasibility of the theory and the filter, the novel slot-line
filter was implemented on a RT5870 substrate (the thickness of the
substrate is 0.508 mm), as shown in Fig. 15.

The filter was tested using vector network analyzer of Rohde
Schwarz ZVA40. The I/O port impedance was adjusted to 502,
and the measured results shown in Figs. 16 and 17 demonstrate that
the structure has a center frequency of 2.43 GHz, 3-dB passband
bandwidth of 123 MHz, typical insertion loss of 24 dB, and minimum
return loss of 1.75dB.

The stop-band has been extended to 30 GHz. The simulation
results from ADS 2009 and IE3D are given simultaneously, which show
a good accordance with the experimental data. Besides, the size is
miniaturized to 23.7mm * 14.725 mm (about 0.152\ % 0.103\, where A
is the wavelength at 2.43 GHz in this paper).

The external quality factor (Qg) of the proposed filter can be

L1 LZ 10
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. e
L, Cq % il g0 | “—=Gi=0.0399F |
= v -80
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Figure 14. The two port network for the circuit model of the L slot-
line and the simulated result in ADS. (a) The two port network for
the circuit model of the L slot-line. (b) The simulated results in ADS
(Ll = L2 = L3 = L4 = 005HH, L5 = 11’1H, R =100 Q, 02 = O5pF)

(a) (b)
Figure 15. The fabricated filter. (a) Top side. (b) Bottom side.
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Figure 16. The simulated and measured passbands. (a) The
simulated(in TE3D) and measured frequency responses for passband.
(b) The simulated passband in ADS 2009 based on the equivalent
circuit in Fig. 4(b) (parameters of the components are given as:
C, = 63pF, L, = 63pH, L — L,, = 19.2474pH, R = 0.50hm,
2L, = 1.979pH, C = 6pF, C; = 1.58pF, Cy = 1pF). (c) The
measured passband response.
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Figure 17. Frequency responses of the measured and simulated
(IE3D) results for the whole frequency band.

calculated as follows:

h
CE = Rfio

where A fggo is the bandwidth at which the phase of the S1; response
shifts 90° with respect to the absolute phase of the center resonance fy.
In this paper Qg is about 29.6. The Table below gives the comparison
between our work and recently reported bandpass filters with wide-
stopband.

(16)
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Table 1. Some references comparison.
t
Ref. Size stopband center Q
frequency
about
1 to 3.8 GHz 2.4 GHz —
40 mm * 35 mm
3 about to 12 GHz 5GHz -
25.2mm * 24.5 mm
11 about to 13GHz | 152GHz | 21.1
56 mm * 56 mm
12 about to 10 GHz 1.5GHz -
73 mm * 20 mm
bout
13 abot to 25 GHz 12 GHz -
80 mm * 68 mm
14 55 mm * 24.1 mm to 20 GHz 2.25 GHz 5.65
15 30 mm * 30 mm to 7GHz 2.7 GHz —
16 24 mm * 24 mm to 16 GHz 2.44 GHz 24.4
21 about to 8 GHz 2.4GHz -
1000 mm * 30 mm
23 39.8 mm * 46.4 mm to 20 GHz 1.55 GHz —
24 about to 10GHz | 2.3GHz 15.3
56 mm * 60 mm
25 about to 13GHz | 1.5GHz | 11.47
110 mm * 10 mm
26 56 mm * 56 mm to 8 GHz 1.5 GHz 21.1
This
23.7mm * 14.7 mm to 30 GHz 2.43 GHz 29.6
paper

4. CONCLUSION

In this paper, a novel miniaturized slot-line filter with a stop-band
up to 30 GHz has been fabricated. The spurious responses around
3fo, 5fo, 7fo, 9fo and 11fy disappeared so that this filter with a
3dB bandwidth of 123 MHz and a center frequency of 2.43 GHz can
be applied to blue-tooth technology. The rectangular micro-strips
proposed to give a great suppression around 5 fy is analyzed in detail
through the equivalent circuit as well as the asymmetric open-stubs
that can create a transmission zero around 3 fy to suppress the spurious
response. Furthermore, the outstanding performance is achieved in the
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compact size of 23.7mm * 14.725 mm (0.152\ % 0.103)). According to
the simulated and measured results above, we can demonstrate that
the novel filter and the equivalent circuit model theory are feasible.
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