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Abstract

In this paper, a simple method based on coupling control theory to suppress multiple harmonics in open-loop
bandpass filters is proposed. Coupled feeding is utilizing in this paper, and by choosing proper coupling length
and position of the input/output port, multiple harmonics could be suppressed. The input impedance of microstrip
line with its end open-circuited is firstly showed and the theory on harmonics suppression is then analyzed to
choose a proper coupling position. A second-order open-loop bandpass filter is designed and manufactured,
measured and manufactured results both have a stopband to 5f) with rejection more than 20dB. On the base of the
filter proposed, the stopband can be broaden to 10f, by adding two stubs. It well validates the proposed solution.
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1. Introduction

Microstrip bandpass filters are widely used in the front-end of ratio frequency (RF) communication, of which
the open-loop bandpass filter is a popular design for its planar structure, narrow bandwidth and easy fabrication
process. The rejection level in the upper stopband of this type of filter, however, is often degraded by the spurious
responses at multiples of the designed frequency, undesired harmonics would seriously degrade the performance
of whole RF system due to its invalidation of the noise in the spurious passband.

Several solutions have been proposed to tackle this problem [1-11]. The simplest way is cascading element
with the property of low-pass or bandstop, but this will increase the insertion loss in the passband and the overall
circuit size. In [1,2], spur-line is utilized in inner microstrip line without any penalty of increasing size. To
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equalize the velocities of the even- and odd-mode, over-coupled end stages are applied in parallel-coupled
microstrip filters to suppress the spurious passband at 2f,[3]. The stepped-impedance resonators (SIRs) could be
utilized to shift the second harmonic to higher frequency beyond 2f, [4-6], lager the ratio of impedance is, higher
the second resonant frequency is. Besides, different SIRs with the same designed frequency but staggered higher
resonant frequency are used to design filters and a wider stopband could be achieved. To eliminate spurious
harmonics, continuously perturbing the width of the coupled lines is also used. In [7,8], a microstrip wiggly-line
filter is demonstrated by use of sinusoidal rule. Moreover, other special structures are also studied such as overlay
dielectric [9], electromagnetic band-gap (EBG) [10], lumped capacitors[11] and ground-plane aperture (DGS)
[12,13]. In [14], a miniature sized microstrip UWB (ultra wideband) BPF (bandpass filter) having highly
attenuated upper stopband performance using a dual MMR (multimode resonator) and the DGS (defected ground
structure) is proposed. Besides, cross-coupling [15] and split-ring resonators[16] are also adopted in the
application of suppressing spurious responses.

In [17], a novel method to utilize input impedance of input/output microstrip line is proposed. They present a
filter with A/4 input microstrip line replaced by 4/2 microstrip line, the spurious passband at 2f; is suppressed and
the selectivity is promoted. This method shows its advantage over other methods, it has little change on original
structure of bandpass filter, only by adjusting the length and position of the I/O port, the harmonic could be
rejected with no influence on the passband.

This paper presents some promoted methods based upon previous theory in [19], and similarly by adjusting the
position of the I/O port coupling to the resonators, more harmonics could be suppressed. In previous work, only
the input/output transmission line is utilized for suppressing the harmonics. However, in fact, the open-loop
resonator is also microstrip line with length of /2 which means that there exist extra transmission zeros by proper
design. In this paper, both I/O transmission line and the open-loop resonators are taken use of, we analyze input
impedance of /2 microstrip line and more harmonics are suppressed only by adjusting the coupling position. For
a better, two open-stubs are utilized and the design shows a stopband beyond 10f,.

2. Theory

As we all know, the impedance is varied with the position of microstrip line and frequency, and so is with
current density, if the low current density region is applied at harmonics, coupling energy would be zero and
spurious resonance could be suppressed. Based upon this, the distribution of input impedance could be firstly
analyzed, microstrip line with its end open-circuited is considered. Just as informed in [18], the input impedance
is as follow:

Zin :—jZO COtﬂOI (1)

where B, is the phase constant, and Z, refers its characteristic impedance. Because both the I/O port and
resonators are constituted of A/2 microstrip line, so in the following text, only half wavelength at designed
frequency is concerned.

To show the theory of adjusting coupling position to suppress spurious passband, the input impedance at
spurious resonances could be also showed as

Z,, =—jz,cotngl )

where n refers to the upper order of the spurious resonance. It could be easily seen that the function is
periodical and repetitive based upon on that of the designed frequency. As we all know, a null impedance value
means a maximum current density and maximum coupling strength, on the contrary, a enormous value of
impedance means a minimum current density and weak coupling strength in the ends of the line or the
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resonator. Supposing that at some position of the /2 microstrip line, the minimum current density appeared at
harmonics, but with a proper value at the designed frequency, the harmonics could be suppressed. And
according to the corresponding relationship of current density and input impedance, what we should focus on is
the minimum impedance at fj and the maximum values at higher order harmonics.

From Fig.1.(a), at the middle of the microstrip line, the input impedance is the lowest and about zero, while
at the both ends, it is the largest. So when the frequency is at fj, what we should focus on is the middle of half
wave-length microstrip line to make sure enough coupling energy. But the status is different when the
frequency shift to 2f; which is the first spurious frequency point.

From Fig.1(b), the null impedance value occurs at 3/4 and 1/4 wavelength location of the open-circuited,
while high impedance occurs at both ends and in the middle of the line. Based upon the theory of coupling
strength above, the spurious resonance should be suppressed, and the high impedance region should be applied
in design. Just the same as the situation when the frequency is at 2f;, the functional image of input impedance at
31y is expanded periodically. At 1/6, 1/2, and 5/6 of the entire microstrip line, low impedance occurs, while at
the both ends, 1/3, and 2/3 of the line, high impedance occurs. Similarly, the high impedance region at 3f,
should be applied to our design. It is then expected that while the resonators are set and coupled to the
maximum coupling strength of the microstrip lines, the resonant mode can be passed and created. Otherwise,
while the resonators are set and coupled to the low coupling strength of the microstrip lines, the resonant mode
might be suppressed.

In [17], only the spurious resonance at 2f; is considered. In this design, deep study on the structure of
open-loop bandpass filter is made. In a open-loop resonator bandpass filter, there exist four coupling structures,
and a lot of experiments show that the coupling structure should be symmetric to suppress harmonics. So in this
paper, the coupling control with the resonator coupling to the I/O microstrip line is used to suppress the
spurious resonance at 2f), while the coupling control with one resonator coupling to another resonator is
utilized for suppression of harmonics at 3fj.
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Fig.1. Input impedance with the location of the microstrip line and the frequency altered , (a) the frequency is at fy, (b) the frequency is at 2,
(c) the frequency is at 3f;, (d) the frequency is at 4f;.
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Fig.2. Input impedance with the location of the microstrip line and the frequency altered , (a) the frequency is at 2 (b) the frequency is at
2nf; where n is a natural number and n>0.
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More study on the coupling control is made in this paper, from Fig.1(a) and Fig.1(d), some laws are showed
preliminarily. Fig.2 shows more details about the laws. According to the periodicity and the repeatability of the
function image at harmonics, when at some location of mfj, there exists high impedance, and at the same position,
there also exists high impedance at nxmf,. It means that if the spurious resonance at mf, is suppressed, the
harmonics at nxmf, could be suppressed at the same time. So the structure above could suppress the harmonics at
210, 3f0, 410, 6f0, 8fy, 9fypand 10f,. Only the spurious resonances at 5f) and 7f; exist. In this paper, to get better
performance, two stubs to suppress the harmonics at 5f; and 7f; are adopted and the stopband could be pushed to

11f,.
3. Filter Design
To validate the theory above, use ADS to design a second-order open-loop bandpass filter which centers at

2.5GHz with a fractional passband 5%. All design is based upon the substrate Rogers5880 with 0.017mm thick
copper, 2.2 dielectric constant 0.0009 dielectric loss tangent and the thickness of the substrate is 0.508mm.
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Fig.3. Structure of the designed open-loop bandpass filter.
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Fig.3 shows the designed structure. The middle of the I/O coupling feeding line align at the 1/31 point of the
open-loop resonator in order to suppress the harmonics at 3fy. For the 1/O microstrip line, the middle point is
where coupling strength is the largest at the designed frequency but null coupling when the frequency is at 2f,
this could realize the suppression of the first harmonic. While for the resonator, 1/3 or 2/3 wavelength is chosen

as the coupling point, though the coupling strength is not the largest, it can meet the demands when the
frequency is at 3f;.
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Fig.4. Measured and simulated results of the designed open-loop bandpass filter.

Fig.5. Photo of the manufactured filter.
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The filter is manufractured as in Fig.5 and the simulated and measured results is shown in Fig.4. As is shown
in Fig.4, the center frequency is about 2.5GHz. The insertion loss of the measured result is 3.1dB and is 1.6dB
of the simulated result, the difference is mainly caused by the measuring error and manufacturing error. It can
be seen that S11 of the measured result is zigzag but not straight, which is mainly caused by the error of the
measuring instrument. In the stopband, a transmission zero is introduced at adjacent passband about 3.1GHz,
and the harmonics here could be suppressed about 60dB which improves the selectivity of the filter. The
harmonics at 2f; could be suppressed about 50dB, the harmonics at 3f; could be suppressed about 45dB, and the
harmonics at 4f; could be suppressed about 30dB. On the whole, at the frequency from 3GHz to 12GHz, the
harmonics could be suppressed beyond 20dB, which consistent well with the theoretical results.

4. Improved Design

According to the theory above, this method can suppress more harmonics. In the design above, using
coupling feeding at L/3 of the resonator can suppress the harmonics at 6f; and 9f. Using coupling feeding at L/2
of the I/O microstrip line can suppress the harmonics at 6f;, 8f, and 10f,. If we add two 4/4 open-stubs to suppress
the harmonics at 5f; and 7f, the stopband would be easily broaden to 11f;. On the base of the structure as in
Fig.3., two stubs is added as in Fig.6, the width of the stubs is the same as the resonator.

Suppression at

7o Suppression at
5fo

Fig.6. Improved design of the open-loop bandpass filter.
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Fig.7. Simulated results of the open-loop bandpass filter with stubs and without stubs, the frequency is from 2GHz to 12.5 GHz.
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Fig.8. Simulated results of the open-loop bandpass filter with stubs and without stubs, the frequency is from 2GHz to 26GHz.

In Fig.6, two stubs are introduced to the filter, and by ADS simulating, the best position to add them is
decided. Besides, in order to clearly see the difference and the influence brought by the two stubs, other
parameters of the structure was little changed. The simulated results of the filter are shown in Fig.7 and Fig.8.
Fig.7 focuses on the frequency from 2GHz to 12.5 GHz in order to more clearly see the difference near the
passband. The performance of the passband hardly changes, the rejection level of the transmission zero at
3.1GHz gets worse after adding two stubs. However, the rejection level at 4GHz, 6.5GHz, 9GHz and 10GHz
definitely gets better in the improved filter. On the whole, at the frequency from 3GHz to 12GHz, the
harmonics could be suppressed 30dB.

Fig.8 focuses on the frequency far away from the passband. Before adding the stubs, there are two serious
spurious resonances at 5f; and 7f;. After adding two A/4 open-stubs, the harmonics have been obviously
suppressed more than 20dB. The insertion loss at the frequency from 18GHz to 26GHz is obviously reduced
after the structure improved. It well validates the proposed improved design.

5. Conclusions

A novel open-loop bandpass filter based on coupling control theory with multiple harmonics suppression is
proposed in this paper. Coupled feeding is utilizing in this paper, and only by choosing proper coupling length
and position of the input/output port, multiple harmonics could be suppressed. The input impedance of microstrip
line with its end open-circuited is showed and how to suppress harmonics is analyzed to choose a proper coupling
position. A second-order open-loop bandpass filter is first designed and manufactured. The center frequency is
about 2.5GHz, the insertion loss of the measured result is 3.1dB and is 1.6dB of the simulated result, S11 of the
measured result is zigzag but not straight. These are mainly caused by the joint loss and measuring error.
Measured and manufactured results both have a stopband to 5/, with rejection more than 20dB. On the basis of
the filter proposed, two A/4 open-stubs are added to suppress the harmonics at 5f; and 7f, As a result, the
stopband could be broaden to 10f; and the insertion loss is obviously reduced far away from the passband. The
design example shows good consistency with the theory and the measurements results agree well with the
simulation results.
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