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Abstract—In this paper complementary spiral resonators are
used in the design of compact planar bandpass filters with wide
upper stopband. Based on an inductively loaded transmission line
model for the complementary spiral resonators it is shown that
the ratio of the spurious resonant frequency to the fundamental
resonant frequency can be increased. Comparing two filters re-
alized by conventional open-loop resonators and complementary
spiral resonators it is shown that the utilization of complementary
spiral resonators not only results in a more compact filter but
also that a wide upper stopband is achieved.

Index Terms—Complementary spiral resonator, metamaterials,
wide stopband, bandpass filter.

I. INTRODUCTION

Because of their planar structure and ease of fabrica-
tion, conventional microstrip bandpass filters such as end-
coupled and parallel-coupled half-wavelength resonator filters
are widely used in many microwave applications [1]. However,
since the conventional bandpass filters are relatively large
in size, large efforts were invested in the miniaturization of
these types of filters, for example by using slow-wave or
metamaterial inspired structures [2], [3], [4], [5].

Furthermore, while bandpass filters with wide stopband are
required in many applications, conventional bandpass filters
suffer from unwanted harmonic passbands [6]. To overcome
the spurious passband limitation, many approaches have been
proposed. For instance, modification of the capacitance and
inductance of the coupled line bandpass filters by wiggly-lines
have been proposed in [7] and [8] to create a rejection band
which suppresses the spurious passband. Utilizing dissimilar
resonators such as half- and quarter-wavelength resonators
is another approach for spurious passband suppression [9].
Several dissimilar resonators with discriminating coupling can
be used to obtain zero coupling coefficient at third harmonic
which results in suppressing the third spurious passband
and increases the rejection level in the filter’s stopband [6].
However, these methods are rather complicated and since they
are based on either half- or quarter-wavelength resonators the
synthesized filters are relatively large in size. Other approaches
such as adding metamaterial particles, e.g. split ring resonators
(SRRs) or complementary split ring resonators (CSRRs) to
conventional bandpass filters have been used to eliminate
the spurious passband [10]. Due to the slow-wave effect of
these structures, utilizing these methods also results in more
compact filters. Note that in these cases, metamaterial-inspired
resonators are not the main building blocks of the filter, they
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Fig. 1. (a) Layout of a CSR and (b) inductively loaded transmission line.

are rather used as an extra part to eliminate the harmonic
passband [11].

In this paper an alternative approach is used in which
complementary spiral resonators (CSRs) are utilized as the
central building blocks of a coupled resonator bandpass filter.
It is shown that by utilizing the CSR, a coupled resonator
bandpass filter can be designed that is not only compact in
size but more importantly has a wide stopband.

II. COMPLEMENTARY SPIRAL RESONATOR AND ANALYSIS
OF SPURIOUS PASSBAND

One of the widely used methods for designing compact
bandpass filters with wide stopband is based on capacitively
loaded coupled microstrip open-loop resonators [3]. In the
present paper the dual approach is proposed in which CSRs
are used as the building blocks of a compact bandpass filter
with suppressed spurious passband.

Figure 1 illustrates the geometry and a circuit model of
CSR. The model is composed of a TL with characteristic
impedance Z,, propagation constant 3, and length d, which
is loaded with 2L inductors on each end. Following the
same approach as for the analysis of the capacitively loaded
microstrip line resonators presented in [3] or using the duality
theorem, it can be shown that loading the half-wavelength
resonator with inductors not only reduces fundamental (fj)
and second harmonic (f;) resonant frequencies but also results
in a higher ratio of the second harmonic resonant frequency
to the fundamental resonant frequency, i.e. f1/fo. Figure 2
demonstrates the simulated f and f7 of an ideal A\ /2 resonator
(at 2 GHz), which is loaded with different inductor values.
As expected, when L 0 the first and second resonant
frequencies are at 2 GHz and 4 GHz, respectively. However, as
the loading inductance is increased both fy and f; are shifted
down, thus the resonator’s electrical size is decreased. The
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Fig. 2. Simulated fundamental resonant frequency fo and second harmonic
resonant frequency fi of an inductively loaded transmission line resonator
along with the ratio of f1/ fo.

figure also depicts the ratio of the second harmonic resonant
frequency to the fundamental resonant frequency f1/fo of the
structure for different inductance values. The graph clearly
shows that even though both resonant frequencies are de-
creased, the ratio of f;/fy is increased. This property of the
CSR can be used in the design of compact coupled resonator
bandpass filters with a wide stopband.

III. TwWo POLE WIDE STOPBAND BANDPASS FILTER

This section provides a comparison between the level of
compactness and the bandwidth of the upper stopband in
two narrow-band complementary coupled resonator bandpass
filters. The first one, shown in Fig. 3, is a two pole filter in
which conventional complementary open-loop resonators are
used, while the second one, illustrated in Fig. 4, is a similar
filter in which CSRs are used as the filter building blocks. The
filters are designed to meet the following specifications

Center frequency 2.7 GHz
3-dB bandwidth 200 MHz
Passband loss 3 dB Max

Given the specification of the filter, the coupling coefficient
M5 and the external quality factor (). are obtained from [1]

gog1

Qe = tgw =4 (1)
FBW

My = = 0.058, 2)
9192

where gg, g1 and go are the lowpass prototype elements
and FBW denotes the fractional bandwidth of the filter. The
structure of both bandpass filters and the variables describing
the dimensions of the resonators are depicted in Figs. 3 and
4. The structure is realized on a substrate with a relative
permittivity of 10.2 and a thickness of 0.78 mm. In the figure,
the black lines indicate the 50 2 feeding microstrip lines
on the top of the substrate, whereas the gray shading shows
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Fig. 3. Structure of a two pole complementary open-loop resonator bandpass
filter.
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Fig. 4. Structure of a two pole CSR bandpass filter.

the patterning of the ground plane on the bottom side of the
substrate.

The next step of the filter design is the characterization
of the coupling between the adjacent resonators as well as
the external quality factors. The coupling coefficient of the
adjacent resonators can be obtained from [1]

2 _ f2
PR ki g )
i+ fi
where fi; and fo are the two resonant frequencies of the pair
of coupled resonators. The external quality factor ). can be
characterized by [1]
_ 27foma

Q= = )

where fj is the resonant frequency and 717 is the group delay
of § 11-

The electromagnetic simulation tool Agilent Momentum is
used for the characterization of the coupling coefficients and
the external quality factors. Figure 5 depicts the simulated cou-
pling coefficient of a pair of coupled complementary open-loop
resonators (blue solid line) and that of a pair of coupled CSRs
(red dashed line) versus the spacing between the resonators in

TABLE I
DIMENSIONS OF COMPLEMENTARY OPEN-LOOP FILTER, SHOWN IN FIG. 3,
AS WELL AS THE CSR FILTER, SHOWN IN FIG.4.

Dimension Complementary Complementary
Open-loop Resonator | Spiral Resonator

a 6.8 mm 4.1 mm

c 0.4 mm 0.4 mm

g 0.1 mm 0.1 mm

d 0.8 mm 0.6 mm

s 1.6 mm 0.4 mm
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Fig. 5. Simulated coupling coefficient of pairs of complementary open-loop
resonators (blue solid line) and that of pairs of CSRs (red dashed line) as a
function of the distance between resonators s.
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Fig. 6. Simulated external quality factor of the coupling between comple-
mentary open-loop resonators (blue solid line) as well as CSRs (red dashed
line) with the microstrip feed line as a function of the distance between feed
line and symmetry line of the resonators d.

each pair. The simulated quality factor of the external coupling
between the complementary open-loop resonator as well as the
CSR with 50 2 microstrip line, is depicted in Fig. 6. On the
basis of the graphs of the extracted coupling coefficients and
external quality factors, two bandpass filters with the given
specifications are designed and simulated. Dimensions of the
designed filters are given in Table. 1.

Figure 7 compares the simulated transmission coefficients
of both bandpass filters, showing that both filters meet the
specifications, however, the bandpass filter based on CSRs
benefits from an 85% wider upper stopband (defined at 20 dB
rejection). Furthermore, the filter based on the CSR has a more
compact size, i.e. a patterned area of 35 mm? compared to
103 mm? in the case of the filter based on complementary
open-loop resonators.

IV. CONCLUSION

Using an inductively loaded transmission line model we
have shown that an increase in the equivalent inductance
characteristic of a CSR results in an increase in the ratio of
the second harmonic to the fundamental resonant frequency
when compared to a complementary open-loop resonator with
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Fig. 7.  Comparison between the simulated transmission coefficients of
narrowband coupled resonator bandpass filter realized with complementary
open-loop resonators (blue dashed line) and that of the same filter realized
with CSRs (red solid line).

the same fundamental resonant frequency. This effect has been
used to the design of a narrowband coupled resonators filter.
Comparison of the CSR filter with an open-loop resonator filter
shows that while the proposed filter is 65% more compact it
provides 85% wider upper stopband.

REFERENCES

[1] M. J. Hong, J. S. Lancaster, Microstrip Filters for RF/Microwave
Applications. Wiley, 2001, ch. 10.

[2] J. Garcia-Garcia, J. Bonache, 1. Gil, F. Martin, M. Velazquez-Ahumada,
and J. Martel, “Miniaturized microstrip and CPW filters using coupled
metamaterial resonators,” IEEE Transactions on Microwave Theory and
Techniques, vol. 54, no. 6, pp. 2628-2635, 2006.

[3] M. J. L. Jia-Sheng Hong, “Theory and experiment of novel microstrip
slow-wave open-loop resonator filters,” IEEE Transactions on Mi-
crowave Theory and Techniques, vol. 45, no. 12, pp. 2358-2365, 1997.

[4] J. Bonache, I. Gil, J. Garcia-Garcia, and F. Martin, “Novel microstrip
bandpass filters based on complementary split-ring resonators,” [EEE
Transactions on Microwave Theory and Techniques, vol. 54, no. 1, pp.
265-271, 2006.

[5]1 J. Bonache, F. Martin, F. Falcone, J. Garcia, I. Gil, T. Lopetegi,
M. Laso, R. Marqués, F. Medina, and M. Sorolla, “Super compact split
ring resonators CPW band pass filters,” in I[EEE MTT-S International
Microwave Symposium Digest, vol. 3, 2004, pp. 1483-1486.

[6] Y. Li, X. Zhang, and Q. Xue, “Bandpass filter using discriminating
coupling for extended out-of-band suppression,” IEEE Microwave and
Wireless Components Letters, vol. 20, no. 7, pp. 369-371, 2010.

[71 T. Lopetegi, M. Laso, F. Falcone, F. Martin, J. Bonache, J. Garcia,
L. Perez-Cuevas, M. Sorolla, and M. Guglielmi, “Microstrip wiggly-
line bandpass filters with multispurious rejection,” IEEE Microwave and
Wireless Components Letters, vol. 14, no. 11, pp. 531-533, 2004.

[8] T. Lopetegi, M. Laso, J. Hernandez, M. Bacaicoa, D. Benito, M. Garde,
M. Sorolla, and M. Guglielmi, “New microstrip wiggly-line filters
with spurious passband suppression,” IEEE Transactions on Microwave
Theory and Techniques, vol. 49, no. 9, pp. 1593-1598, 2001.

[9] S. Lin, Y. Lin, and C. Chen, “Extended-stopband bandpass filter using
both half- and quarter-wavelength resonators,” IEEE Microwave and
Wireless Components Letters, vol. 16, no. 1, pp. 43-45, 2006.

[10] J. Garcia-Garcia, F. Martin, F. Falcone, J. Bonache, 1. Gil, T. Lopetegi,
M. Laso, M. Sorolla, and R. Marques, “Spurious passband suppression
in microstrip coupled line band pass filters by means of split ring
resonators,” IEEE Microwave and Wireless Components Letters, vol. 14,
no. 9, pp. 416418, 2004.

A. Abdel-Rahman, A. Ali, S. Amari, and A. Omar, “Compact bandpass
filters using defected ground structure (DGS) coupled resonators,” in
IEEE MTT-S International Microwave Symposium Digest, 2005, pp.
1479-1482.

(11]

552




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 1
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /SABAEN44
    /SAKURAalp
    /Shruti
    /SimSun
    /STSong
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


