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A Low Noise CMOS Low Dropout Regulator with an Area-Efficient
Bandgap Reference

Sangwon HAN†, Jongsik KIM†, Kwang-Ho WON††, Nonmembers, and Hyunchol SHIN†a), Member

SUMMARY In a low dropout (LDO) linear regulator whose reference
voltage is supplied by a bandgap reference, double stacked diodes increase
the effective junction area ratio in the bandgap reference, which signifi-
cantly lowers the output spectral noise of the LDO. A low noise LDO with
the area-efficient bandgap reference is implemented in 0.18 µm CMOS. An
effective diode area ratio of 105 is obtained while the actual silicon area
is saved by a factor of 4.77. As a result, a remarkably low output noise
of 186 nV/sqrt(Hz) is achieved at 1 kHz. Moreover, the dropout voltage,
line regulation, and load regulation of the LDO are measured to be 0.3 V,
0.04%/V, and 0.46%, respectively.
key words: low dropout regulator (LDO), bandgap reference, CMOS

1. Introduction

System on chip (SoC) technology is a recent trend to fully
integrate the digital, analog, and RF blocks on a single chip.
For the SoC, power management needs to be more dis-
tributed for efficient power saving. Thus, the local imple-
mentations of regulators and reference blocks on a chip are
increasingly indispensable [1]. Conventionally, major de-
sign issues of LDO include stability, fast transient response,
high power supply rejection, frequency compensation with
on-chip capacitors etc. [1]–[4]. Meanwhile, it is found that
when LDO and reference generator are embedded in RFICs,
the output spectral noise of the LDO becomes one of the
critical performance parameters as well. It is because the
output spectral noise will impose a direct impact on the
noise performances of the accompanying RFIC blocks. For
example, it would degrade the noise figure in a receiver, the
output noise level in a transmitter, or the phase noise in a
phase locked loop. Wu et al. had demonstrated the signifi-
cant effect of the LDO on the VCO phase noise in their low
phase noise VCO design [5].

On-chip LDO is typically accompanied by a precision
reference voltage generator such as a bandgap voltage ref-
erence (BGR). In this structure, the output noise of the
LDO is typically dominated by the BGR, and BGR typically
requires extremely large diode-connected bipolar junction
transistors (BJTs) for very low output noise. In this work,
we employ stacked diodes to increase the effective area ratio
in the BGR, and by using the area efficient BGR, a low noise
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LDO is achieved.

2. Output Noise Analysis of LDO

Figure 1 shows the general structure of the LDO and BGR.
The output voltages VREF and VOUT of the BGR and LDO,
respectively, are given by

VREF = VBE3 + N
R2

R1
Vt ln M (1)

VOUT = VREF

(
1 +

R4

R5

)
(2)

where Vt is the thermal voltage, VBE3 is the base-emitter
junction voltage of Q3, and other circuit parameters are
noted in Fig. 1. The output noise at VOUT is usually dom-
inated by the op-amps A1 and A2, and simply expressed by
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where v̄2n,Ai
is the input referred noise voltage of op-amp Ai.

Assuming the op-amps A1 and A2 are identical and thus cre-
ate the same level of output noise, the noise contribution by
A1 is usually greater than that by A2 by a factor of R2/R1.
Substituting for (R2/R1) in (3) from (1), the output noise is
given by
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From (4), it can be known that N and/or M must be in-
creased in order to reduce the noise contributions from vn,A1.
Increasing N will directly lead to higher current consump-
tion of the LDO. Thus, increasing M will be a more appro-

Fig. 1 General structure of low dropout regulator with bandgap voltage
reference.
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Fig. 2 Output spectral noise with respect to the diode area ratio.

priate approach for reducing the output noise. This relation-
ship was also recognized in [5]. Since M is embedded in the
logarithmic operator in (4), an exponential increase of M
will only lead to a linear decrease of output noise. Such ef-
fects are confirmed though circuit simulations of a test LDO
circuit designed in 0.18 µm CMOS. Figure 2 shows the sim-
ulated output noise voltages at VREF and VOUT with respect
to M. Note that the difference between the BGR and LDO
output noises is mainly due to the factor (1 + R5/R4) as im-
plied by (3), which is 1.5 in this design. As can be seen, M
must be extremely large to get a low output noise voltage. In
such relationship, unfortunately, the required M value eas-
ily becomes impractically high if we want a very low output
noise.

Replacing the diodes Q1 and Q2 with double stacked
diodes can increase the effective value of M while not con-
suming much actual silicon area. When the area ratios of the
upper and lower diode pairs are M1 and M2, respectively,
VREF expression of (1) is modified to

VREF = VBE3 +
R2

R1
VT ln(M1M2) (5)

Here, the effective area ratio becomes M1 × M2 while the
actually consumed area is only M1 + M2. Thus, an area
saving factor S A can be defined as

S A =
M1M2

M1 + M2
(6)

For example, if M1 and M2 are set to 10, then the overall
effective area ratio M becomes 100 while the actually con-
sumed area is only 20. Thus, the diode area is saved by a
factor of 5. This means that by using the stacked diode in
the BGR, we can realize a very high value of M without
consuming much actual silicon area, and as a result, we can
significantly reduce the output noise of the LDO.

3. Circuit Design and Measured Results

A 1.8 V low noise LDO regulator is designed for a 0.18 µm
CMOS direct conversion transmitter that is developed for
cognitive radio applications [6]. The LDO is to provide a

Fig. 3 Transistor-level circuit schematic of the low dropout regulator
with the bandgap reference.

Fig. 4 Chip micrograph.

1.8 V supply voltage to various RF building blocks in the
transmitter IC. The input voltage of the LDO is required to
be in the range of 3.3–5 V, which is provided from the sys-
tem application board. In order to support the rather wide
input voltage range, the regulator is designed by using 3.3 V
MOSFETs with nominal threshold voltage in the 0.18 µm
1-poly 6-metal RF CMOS process. Figure 3 shows the de-
signed circuit schematic of the LDO and BGR, in which the
designed values of the gate widths and lengths of all FETs
are shown together. To tolerate up to 5 V of the input volt-
age, the pass-FET M16 has a gate length of 0.5 µm, and the
other FETs have even greater length.

The regulator employs the stacked diodes of Q1, Q2,
Q4, and Q5 to reduce the output noise. The area ratios of
the stacked diodes Q1/Q2 and Q4/Q5 are 7 and 15, thus the
overall area ratio is 105. The area saving factor is 4.77 ac-
cording to (6). With such a high area ratio of 105, R2/R1 can
be set to a small value of 2.1 as desired for low output noise.
The designed values of R1 and R2 are 375Ω and 800Ω, re-
spectively. Meanwhile, R3 and C3 are used primarily as a
frequency compensation element and also as a low pass fil-
ter for further suppression of the noise transferred through
the pass transistor M16. Three FETs M13–M15 constitute a
start-up circuit. The total current consumption of the LDO
is 1.2 mA, of which the BGR consumes most of the current
of 1.0 mA.

The circuit is fabricated in TSMC 0.18 µm RF CMOS
technology. Figure 4 shows the chip micrograph. The total
silicon area is 280 × 250 µm2. The diode section occupies
5,100 µm2, which would be as high as 24,330µm2 if not
with the stacked diode structure.

The LDO is packaged in 48-pin leadless plastic chip
carrier (LPCC) and tested on an evaluation board. The off-
chip capacitance CLOAD at the output is set as low as 100 nF
without having any oscillation problem. Figure 5 shows the
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Fig. 5 Measured line regulation.

Fig. 6 Measured load regulation.

Fig. 7 Measured output spectral noise.

line regulation performance. The measured line regulation
is 0.04%/V. The measurement and simulation results show
good agreement. The measured dropout voltage is 0.3 V.
Figure 6 shows the measure load regulation. It is 0.46%
for the output current of 50 mA, whereas it increases up
to 1% for the higher output current of 90 mA. The mea-
sured load regulation is worse than the simulated result. It
is attributed to an unexpectedly high parasitic resistance in-
volved at the output terminal path. The output spectral noise
is measured and shown in Fig. 7. The output noise is 479 and
186 nV/sqrt(Hz) at 100 Hz and 1 kHz, respectively. It should

Table 1 Performance summary and comparison.

be pointed out that the output noise of this work is remark-
ably lower than the typical values reported in the literature.
The overall performance of the fabricated LDO is summa-
rized and compared with other similar LDOs in Table 1.

4. Conclusion

A low output noise LDO employing an area-efficient
bandgap reference by using the stacked diode structure is
presented. For the bandgap reference, a high effective area
ratio of 105 has been realized with an area saving factor of
4.77. Implemented in 0.18 µm CMOS, the LDO achieves
the remarkably low output noise of 186 nV/sqrt(Hz) at
1 kHz.

Acknowledgments

This work has been supported by KOSEF Grant (R01-2008-
000- 20042) and Seoul R&DB Program.

References

[1] S.K. Lau, P.K.T. Mok, and K.N. Leung, “A low dropout regulator for
SoC with Q reduction,” IEEE J. Solid-State Circuits, vol.42, no.3,
pp.658–664, March 2007.

[2] V. Gupta and G.A. Rincon-Mora, “A 5 mA 0.6 mm CMOS miller-
compensated LDO regulator with −27 db worst-case power-supply re-
jection using 60 pF of on-chip capacitance,” IEEE Int. Solid-State Cir.
Conf. Dig. Tech. Papers, pp.520–521, Feb. 2007.

[3] J.J. Chen, F.C. Yang, C.M. Kung, B.P. Lai, and Y.S. Hwang, “A
capacitor-free fast-transient-response LDO with dual-loop controlled
paths,” Proc. IEEE Asian Solid-State Cir. Conf., pp.364–367, Nov.
2007.

[4] K.N. Leung and P.K.T. Mok, “A capacitor-free CMOS low-dropout
regulator with damping-factor-control frequency compensation,”
IEEE J. Solid-State Circuits, vol.38, no.10, pp.1691–1702, Oct. 2003.

[5] Y. Wu and V. Aparin, “A monolithic low phase noise 1.7 GHz CMOS
VCO for zero-IF cellular CDMA receivers,” IEEE Int. Solid-State Cir.
Conf. Dig. Tech. Papers, pp.396–397, Feb. 2004.

[6] J. Kim, S. Kim, J. Shin, Y. Kim, J. Min, and H. Shin, “A CMOS direct
conversion transmitter with integrated in-band harmonic suppression
for IEEE 802.22 cognitive radio applications,” Proc. IEEE Custom
Integrated. Circuits Conf, pp.603–606, Sept. 2008.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments 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
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


