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Abstract— This paper describes a high-dynamic-range 2.4 Hz-
to-10 kHz wide-range tunable 5th-order Butterworth lowpass 
filter for biomedical applications. A differential gm-C topology in 
conjunction with a subthreshold-biased wide-gm-range OTA 
realizes efficiently a wide frequency tuning capability. For 
capacitance savings with consequent silicon area reduction, a 
merged use of floating real capacitor and grounded multiplier-
based capacitor is proposed. Optimized in a 0.35-µm CMOS 
process, the filter achieves over 68-dB dynamic range, 64 dB 
stopband attenuation and 28 µW power consumption at a single 
3-V supply. 

 

I. INTRODUCTION 
Filter is continually a critical building block of biopotential 

acquisition systems for enhancing the signal quality. The 
frequency and amplitude ranges of common biopotential 
signals are shown in Fig. 1 [1].  These signals are distributed 
roughly from 1 Hz to 10 kHz. A wide-range tunable lowpass 
filter that supports most biopotential signals is of demand to 
minimize the cost and enhance the reusability of the system.    

Achieving a wide-range of tunable bandwidth from 10 kHz 
down to sub-10Hz is challenging. In the literature, several 
techniques for lowpass filters to achieve an ultra low cutoff 
frequency have been reported [2]-[4]. Compared with the 
discrete-time switched-capacitor filters, continuous-time (CT) 
counterparts have their benefits of lower power consumption, 
and freeing the system from switching noise. Among all CT 
filters, transconductance (gm)-C topology appears as the most 
reasonable choice. The cutoff frequency is proportional to the 
gm; this allows a low-power implementation for low-frequency 
biopotential signals. In order to achieve an ultra low cutoff 
frequency with a reasonable area and power, gm has to be 
minimized, such that for a low cutoff frequency (sub-10 Hz 
range), the associated capacitance can be relaxed. Regrettably, 
the fundamental noise limit is still governed by the kT/C 
relationship. A gm-C pole with a small capacitance deteriorates 
the noise performance [3], imposing a critical tradeoff 
between area and noise.  

In this work, a 5th-order Butterworth gm-C filter with an 
optimized differential architecture and circuits is proposed. In 
addition to the tunable OTA for a wide gm range, a differential 
topology with a merged use of floating real capacitor and 
multiplier-based capacitor is adopted for area and nonlinearity 
reduction, while maintaining a reasonable noise performance. 

 

II. FILTER ARCHITECTURE 
The prototype of the 5th-order Butterworth lowpass filter is 

shown in Fig. 2, whereas its equivalent RLC prototype is 
depicted in Fig. 3. For a gm-C filter topology, the relationship 
between the cutoff frequency, capacitor values, and gm can be 
expressed as follows, 
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Obviously, the cutoff frequency can be adjusted by a tunable 
gm, which is inversely proportional to the capacitor size. In 
other words, for a given cutoff frequency, a small gm reduces 
the required silicon area, at the expense of higher noise level. 

 

 
Fig. 1   Approximate frequency and amplitude distribution of common 

biopotential signals. 
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Capacitors, regrettably, cannot be made arbitrarily small so as 
to ensure a reasonable noise performance. In this work, this 
problem is addressed by using a novel capacitor multiplier for 
the grounded capacitors: CL2 and CL4, and a real (e.g., MiM 
and polysilicon) capacitor for the differential capacitors: C1, 
C3, and C5. The former is based on active circuitry to emulate 
a bigger capacitance from a smaller value. The latter is to take 
advantage of the differential architecture to double the 
effective capacitance. The detailed design considerations are 
given in the next sections. 
 

III. WIDE-GM-RANGE OTA 
The proposed OTA, as shown in Fig. 4, is improved from 

the previous work [2], [3], [5] in terms of gm-tunability. The 
key advantage of its original design is that it combines both 
current division and current cancellation techniques to achieve 
a low gm. However, in terms of tunability, varying VB2 can 
only achieve a small gm tuning range. To deal with this 
problem, an array of MOS is introduced to control the size of 
MM, which leads to an adjustment of the bias current flowing 
into M1 and MN, resulting in a broader variability of the OTA’s 
overall gm. Combining this method with a tunable VB2, a wide 
gm range can be achieved with small circuit overhead. 

A similar MOS array is also introduced to control the size 
of MBN due to the following reason. For a low cutoff 
frequency design, the size of MBN has to be enlarged to reduce 
the flicker noise generated by the transistors. However, as the 
size increases, the parasitic capacitance increases as well. This 
unwanted capacitance would reduce the effective gm at high 

frequency. Thus, for the lowpass filter to offer a high cutoff 
frequency, the overall gm of the OTA should be maintained at 
the same level. This operation is achieved by switching the 
size of MBN through the use of a MOS array. 

 

IV. CAPACITOR  MULTIPLIER 
Bias current is the key factor in determining the amount of 

thermal noise and flicker noise. The capacitor-multiplier 
proposed in this work, as shown in Fig. 5(a), employs less 
active components and cascade transistors, Mp_in1 and Mp_in2, 
to achieve a low input resistance, significantly reducing the 
required bias current. Compared with the conventional 
capacitor-multiplier [3] as shown in Fig. 5(b), the noise 
performance of the proposed one can be greatly improved.  

In addition, to further improved the performance of the 
capacitor-multiplier, Ci2 is introduced to suppress the flicker 
noise generated by the active components of the multiplier. 
Furthermore, with Ci2, there is no DC current injected to the 
circuit. This advantage avoids the capacitor-multiplier from 
affecting the OTA bias points. 

It is of interest to analyze the proposed and conventional 
capacitor-multipliers using their small signal models shown in 
Fig. 6(a) and (b), respectively. For the proposed capacitor-
multiplier, if the conditions shown in (2) are all met,  
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the admittance of the capacitor-multiplier can be calculated 
using (3) and (4) as given by, 
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Fig. 2   Proposed 5th-order differential  gm-C lowpass filter with floating 
capacitors (C1, C3 and C5) and mulitpler-based capacitors (CL2 and CL4). 

 

Fig. 3   Equivalent RLC prototype of Fig. 2. 

 

 
Fig. 4   OTA with a wide range of gm tunability. 
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In these equations, gm1 and gm2 are the transconductances of 
MP_in1 and MP_in2, respectively. Cp1 and Cp2 denote the 
parasitic capacitance due to MP_in1, MP_in2, MN_B1 and MSPN.  

Figure 7 shows the emulated admittances versus frequency 
of the conventional and proposed capacitor-multipliers 
reference to an ideal 120-pF capacitor. The bias current for 

both kinds of capacitor-multiplier is 12 pA. The result shows 
that the conventional capacitor-multiplier can only emulate as 

  
 

 (a)    (b)   
 

Fig. 5   Capacitor-multiplier: (a) proposed and (b) conventional. 
 
 

 
 

(a) 
 

 
 

 

(b) 
 

Fig. 6   Small signal circuit of the capacitor-multiplier: (a) proposed and (b) 
conventional. 

 
(a) 

 

 
(b) 

  
(c) 

  
(d) 

 
(e) 

Fig. 8   Harmonic distortion of the filter with different cutoff frequencies and 
input signal frequencies at: (a) 5 kHz, (b) 500 Hz, (c) 50 Hz, (d) 5 Hz and (e) 

1 Hz. 

 
Fig. 7   Emulation quality:  ideal capacitor versus conventional and proposed 

capacitor multiplier. 
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a 120-pF capacitor below 1 Hz while the proposed one can 
emulate as a 120-pF capacitor from 1 Hz to roughly 36 Hz. 
Due to the effect of Ci2, the proposed capacitor-multiplier has 
a decrement of capacitance when operating below 1 Hz. 

V. SIMULATION RESULTS 
The proposed 5th-order Butterworth lowpass filter is 

designed and simulated in a 0.35-µm CMOS process. The 
simulation parameters are as follows: gm = 1.25 nA/V (at 2.4 
Hz), C1 = C5 = 25.6 pF, C3 = 82.8 pF and CL2 = CL4 = 134.136 
pF. For a capacitor multiplier ratio of 6, the real capacitance 
for CL2 and CL4 are 134.136 pF/6 = 22.356 pF.  

Figure 8(a)-(e) shows the linearity performance of the filter 
based on single-tone tests. The even harmonics are cancelled 
due to a differential topology. Under different bandwidth 
settings, the dominant 3rd harmonic is below -68 dB for a 50-
mVpp sine input at 5 kHz, 500 Hz, 50 Hz, 5 Hz and 1 Hz. 

The magnitude response of the lowpass filter is shown in 
Fig. 9.  The achieved cutoff frequency tunability is from 2.4 
Hz to 10 kHz. The stopband attenuation at half a decade is 
larger than 64 dB. At a very low cutoff frequency, the 
passband has a ripple up to 2 dB. 

Figure 10 shows the output referred noise density of the 
filter. For the one with a low cutoff frequency, the filter would 
generate higher noise due to the use of a smaller gm. For the 
one with a high cutoff frequency, since we reduce the 
transistor size of the OTA, the flicker noise becomes more 
pronounced while the white noise is reduced.  

The performance summary and a comparison with a prior 
work [3] are listed in Table. I. This work is advantageous for 
its wide range of cutoff frequency tunability, better dynamic 
range, higher gain and stopband attenuation. The higher in-

band noise and power consumption is primarily due to the use 
of a differential topology, but it gives the design better 
linearity and common-noise insusceptibility. 

 
 

VI. CONCLUSIONS 
A wide-range-tunable 5th-order gm-C lowpass filter has been 

presented.  A low cutoff frequency down to 2.4 Hz is achieved 
with a low capacitance requirement by using a wide-gm-range 
OTA, a differential topology and multiplier-based capacitors 
appropriately. Simulated in a 0.35-µm CMOS process the 
filter achieves 2.4 to 10 kHz tuning range, over 68-dB 
dynamic range and 64-dB stopband attenuation. The power 
consumption is 28 µW at a single 3-V supply. 
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TABLE I. 
SUMMARY AND COMPARISON WITH A PRIOR WORK 

 [3] This Work 

Cutoff Frequency 2.4 Hz 2.4 to 10 kHz 

Order and Topology 6th, single-ended 5th, Differential 

Technology 0.8 µm CMOS 0.35 µm CMOS 
Integrated input 
referred noise of the 
@ 0.1 -2.4 Hz 

<50 µV 159µV 

Dynamic Range >60 dB >68 dB 
Stopband 
Attenuation @ Half a 
Decade 

40 dB >64 dB 

DC Gain -10 dB -6 dB 

Power Consumption 10 µW 28 µW 

Supply Voltage ±1.5 V 3 V 
 [3] is experimental results 

 
Fig. 9   Magnitude responses of the filter at different cutoff frequencies. 

 

 

Fig. 10   Output-referred noise density of the filter at different cutoff 
frequencies. 

375



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00540068006500730065002000730065007400740069006e00670073002000610072006500200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e003000200061006e00640020006d0061007400630068002000740068006500200022005200650063006f006d006d0065006e0064006500640022002000730065007400740069006e0067002000660069006c0065007300200066006f00720020005000440046002000730070006500630069006600690063006100740069006f006e002000760065007200730069006f006e00200034002e0030002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




