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1. Introduction 
Recently, sensor chips using mixed-signal CMOS 

technology have been applied for sensing and monitoring 
biological functions [1], [2]. A low-noise amplifier is one 
of the key circuits for detecting small level signals in the 
sensor chip. Extremely low voltage operation is required 
for wireless systems using such new energy sources as 
solar batteries or bio-batteries.  

However, with increasing dc offset voltage and 1/f 
noise becomes a serious problem in scaled CMOS 
technologies. Amplifiers have large dc offset voltages 
caused by device mismatches. Noise reduction and 
calibration techniques for device mismatches are required 
at a low supply voltage. Autozeroing and chopper 
stabilization techniques are widely used for reducing 
these noises. However these noise reduction techniques 
which use floating analog switches are unsuitable for 
low-voltage operation [3]. The analog switches cannot 
transmit the intermediate voltage level at a low supply 
voltage, because it is not possible to scale the threshold 
voltage. In this paper, the design technique of an 
ultimately low-supply-voltage amplifier with both 
autozeroing and chopper stabilization techniques is 
presented.  
 
2. Principle of noise reduction technique 

The principle of autozeroing technique is illustrated 
in Fig. 1. The autozeroing technique can reduce the low-
frequency noise of amplifier. Although the autozeroing 
technique increases baseband noise floor caused by 
aliasing inherent in the sampling process.The principle of 
chopper stabilization technique is illustrated in Fig. 2. 
The chopper stabilization technique converts the 
frequency range of input signal to a higher corner 
frequency, and then demodulates it back to the base band 
after amplification. Although the large energy is 
presented at a chopping frequency (fc) due to the low-
frequency noise. The chopper stabilization technique 
equipped with a high order low pass filter (LPF) can 
provide the clean output signal [4], [5], [6]. 

Using both autozeroing and chopper stabilization 
techniques enable a reduction of the baseband noise floor 
and the modulated noise at the chopper frequency, as 
shown in Fig. 3. In particular at a low voltage operation, 
autozeroing technique is expected to resolve mismatch 
problem in MOSFETs.  

 

3. Circuit architecture and Low-voltage design 
3.1 Circuit architecture 

Figure 4 shows a circuit of the low-noise amplifier 
with autozeroing and chopper stabilization technique 
operating at a low supply voltage. The chopper 
modulators (Chopper1, 2) placed in the virtual ground are 
implemented by simple analog switches, because a 
voltage level of virtual ground is possible to set to any 
level and signal voltage swing is small. The demodulator 
Chopper3 has large signal voltage swing. Therefore the 
Chopper3 is implemented by the multi-output SWOPA 
(switched op-amp). The multi-output SWOPA can 
configure the autozeroing scheme. During the phase Φ0, 
the output of multi-output SWOPA are connected to its 
input using dotted lines as shown in Fig. 4, so that it 
forms a voltage follower. The detected dc offset voltage 
is sampled into the hold capacitor C3, accordingly, the 
autozeroing operation cancels the dc offset. 
 
3.2 Multi-output switched op-amp (SWOPA) 

Figure 5 shows the circuit schematic of multi-output 
SWOPA. The multi-output SWOPA consists of 3stages. 
The input stage is implemented with a PMOS differential 
pair. The second stage consists of common-source gain 
stages and bias stages, and they drive final buffer stages 
operating class AB. The final stage consists of the 
demodulator Chopper3 and the autozeroing outputs. The 
output buffers are switched by the complementary clock 
Φ0, Φ1 and Φ2. 

The input stage of multi-output SWOP limits 
decreasing of supply voltage. The multi-output SWOP 
doesn't need a wide input voltage range, because it’s 
input is virtual ground. Input common mode voltage is 
set to 0V, and voltage of node G is decided to 0.55V by 
setting over drive voltage 0.05V. As shown in eq. (1) the 
supply voltage can be decreased to 0.6V (Vthp= -0.5 V). 
 
Vin + Vgs (M 2, 3) + Vds (M1) = 0.6V    (1) 
 

The input voltage range needs to set near 0V. The output 
stage operates in class AB. Voltage range is 
 
 Vss+0.05(V)<Output voltage range<Vdd-0.05(V)    (2) 
 
 
 



3.3 Common-mode feedback circuit (CMFB) 
Figure 6 shows the circuit schematic of the 

Common-mode feedback circuit (CMFB). The output 
common-mode level of the SWOPA is detected using a 
resistive divider and compared with the reference voltage 
of 300 mV. It is returned to the feedback nodes of the 
comn and comp in fig. 5. The MOSFETs of the CMFB 
circuit are operated in the threshold region. The low-
noise amplifier has two CMFB circuits. CMFB1 operates 
in phase 0 and CMFB2 operates in phases 1 and 2 in fig. 
4. The CMFB circuits are switched with rst and rst_ in 
phase 0 or phases 1 and 2.  

 
3.4 Monte Carlo analysis 

Device deviation causes a large dc offset voltage at 
a low supply voltage. In particular, the mismatches of the 
input parts (M2, M3, M4, M5 in Fig .5) are a serious 
problems. The influence of the mismatch and the effect 
of the autozeroing technique were confirmed by Monte 
Carlo analysis. The mismatches of Vth, L, and W were 
considered. Device deviation parameters provided by a 
fabricating lab were used. Figure 7 shows the simulation 
result of a Monte Carlo analysis. As shown in Fig. 7(a), 
large dc offset voltages cause the output of the amplifier 
to become saturated without autozeroing. On the other 
hand, the autozeroing technique suppresses the output 
offset voltage to +9.6 mV, as shown in Fig. 7(b). The 
simulation result shows that the autozeroing technique 
can calibrate device mismatches and decrease the dc 
offset voltage.  
 
4. Experimental results 

A test chip for a low-noise amplifier with chopper 
stabilization and autozeroing techniques was fabricated 
by a 0.18 µm CMOS process (Vthn = 0.42 V, Vthp = -0.5 
V). The micrograph of the test chip is shown in Fig. 8. 
The chip area is 0.49 × 0.38 mm2.  

The measurement results are shown in Figs. 9, Figs 
10 and Figs. 11. The low-noise amplifier was operated 
with a 1 MHz chopping frequency and a 5 µs autozeroing 
time at a supply voltage of 0.6 V. The output waves of 
the amplifier are shown in Figs. 9. The output offset 
voltage of the multi-output SWOPA was 270 mV. The 
autozeroing technique suppresses the output offset 
voltage to 3.3 mV. That result clearly shows that the 
autozeroing technique can resolve mismatch problem of 
MOSFETs at a low voltage operation. The input noise 
PSD of the amplifier is shown in Figs. 10. The input 
noise without chopper and autozeroing shows a typical 
1/f noise spectrum. When chopper and autozeroing  
suppress the input noise, the noise PSD is 89 nV/√Hz at 1 
kHz. 

The frequency response of the voltage gain is shown 
in Fig. 11 (a). The amplifier achieved a 32 dB voltage 
gain and a 1.6 MHz cut-off frequency. The unity gain 
frequency was 10 MHz. The frequency responses of 
CMRR, PSRR+ and PSRR- are shown in Fig 11 (b). The 
CMRR, PSRR+ and PSRR- were 52 dB, 64 dB and 72 

dB at 1 kHz, respectively. A comparison between the 
performance of reference amplifiers and the proposed 
amplifier is shown in Table I. When defining the figure 
of merit (FOM), we focused on input noise, power 
consumption, and chip area; the equation is as follows: 
 
Figure of Merit (FOM)  
=1000/(Input noise×Power consumption×Chip area)   (3) 
 
We proved that an amplifier using the autozeroing and 
chopper stabilization techniques can operate with a 0.6 V 
power supply. The FOM of the proposed amplifier 
achieved a result 10.2 times larger than the referred 
amplifiers [3], [4], [5]. 
 
5. Conclusions 

The noise reduction technique and the calibration 
technique of mismatch at a low supply voltage have been 
presented. The proposed techniques achieve autozeroing 
and chopper stabilization techniques without analog 
switches. The key points of these techniques are multi-
output switched op-amp, chopper modulator 
implementation in the virtual ground, and the use of a 
capacitor for storing up dc offset voltage. A low-noise 
amplifier with autozeroing and chopper stabilization 
techniques was fabricated with a normal Vth 0.18 um 
CMOS process has achieved 89 nV/√Hz noise PSD, 10 
MHz unity gain bandwidth and 0.13 mW power 
consumption when utilizing a 0.6 V supply voltage. 
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Fig.1 Principle of Autozeroing technique. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Principle of Chopper Stabilization technique. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 PSD with/without noise reduction technique 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 A circuit of low-noise amplifier 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 A circuit of low-noise amplifier 
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  Fig.6 Schematic of CMFB. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 Simulation result of Monte Carlo analysis. 
 
 
 
 
 
 
 
 
 
 
 
 

  Fig.8 Chip micrograph. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Output waves. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Input noise PSD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 Frequency response.  
 

 
Table I Comparison of the reference op-amps and this work. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

-1510001000Chopping frequency (kHz)

-7.5<0.001<0.001Autozeroing frequency (kHz)

1.05.01.00.6Supply voltage (V)

2000200220052006Year of publication

360205089Input noise PSD at 1kHz (nV/√Hz)

45.5

20.2

0.88

0.5

Ref, 3

18.7

2.5

0.67

4.0

Ref, 4

0.810.186Chip area (mm2)

17.1464.7FOMx103

2.110.0Unity gain bandwidth (MHz)

Power consumption (mW) 0.13

This study

0.2

Ref, 5

-1510001000Chopping frequency (kHz)

-7.5<0.001<0.001Autozeroing frequency (kHz)

1.05.01.00.6Supply voltage (V)

2000200220052006Year of publication

360205089Input noise PSD at 1kHz (nV/√Hz)

45.5

20.2

0.88

0.5

Ref, 3

18.7

2.5

0.67

4.0

Ref, 4

0.810.186Chip area (mm2)

17.1464.7FOMx103

2.110.0Unity gain bandwidth (MHz)

Power consumption (mW) 0.13

This study

0.2

Ref, 5

10-8

10-7

10-6

10-5

10-4

102 103 104 105 106 107

N
oi

se
(V

/√
H

z)

Frequency(Hz)

10-8

10-7

10-6

10-5

10-4

102 103 104 105 106 107

N
oi

se
(V

/√
H

z)

Frequency(Hz)

(a)Without chopper and autozero (b)With chopper and autozero

chopping frequency  1 MHz 
autozeroing time  5 μs

0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30 35 40

O
ut

pu
t V

ol
ta

ge
 (V

)

Time(us)

0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30 35 40

O
ut

pu
t V

ol
ta

ge
 (V

)

Time(us)

(a)Without chopper and autozero (b)With chopper and autozero

Input ;100kHz, 8mVpp

chopping frequency  1 MHz 
autozeroing time  5 μs

0

20

40

60

80

100

103 104 105 106 107

PSRR+
PSRR-
CMRRPS

R
R

 / 
C

M
R

R
(d

B
)

Frequency(Hz)

-20

0

20

40

60

80

103 104 105 106 107

G
ai

n(
dB

)

Frequency(Hz)

(a) Frequency response (b) PSRR / CMRR

0      1 0      2 0

+9.6mVO
ut

pu
t w

av
es

 (V
)

0      1 0      2 0

ou
tp

ut
 w

av
es

 (V
)

0.6

0.3

0

(a) Without autozeroing (b) With autozeroing

Input ;100kHz, 5mVpp Input ;100kHz, 5mVpp
0.6

0.3

0

Time (μs) Time (μs)

0.
38

m
m

0.49mm

CMFBSWOPA

C1,C2,C3

 

von

vop

comn compVref
(300mV)

Vbp
(50mV)

rst

rst_ Vdd(600mV)

Vss

250kΩ

250kΩ



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


