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A simulation study of a current-mode direct current (DC)-DC buck converter is presented in this paper. The converter,
with a fully integrated power module, is implemented by using sense method metal-oxide-semiconductor field-effect
transistor (MOSFET) and bipolar complementary metal-oxide-semiconductor (BiCMOS) technology. When the
MOSFET is used in a current sensor, the sensed inductor current with an internal ramp signal can be used for feedback
control. In addition, the BiCMOS technology is applied in the converter for an accurate current sensing and a low
power consumption. The DC-DC converter is designed using the standard 0.35 pm CMOS process. An off-chip LC filter
is designed with an inductance of 1 mH and a capacitance of 12.5 nF. The simulation results show that the error be-
tween the sensing signal and the inductor current can be controlled to be within 3%. The characteristics of the error
amplification and output ripple are much improved, as compared to converters using conventional CMOS circuits.

Keywords: Current-mode DC-DC buck converter, Sense metal-oxide-semiconductor filed-effect transistor,
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1. INTRODUCTION

The design of high efficiency direct current (DC)-DC buck
converters becomes important since battery operated port-
able electronic devices are in great demand. A current-mode
buck converter is usually composed of a feedback network, a
switching element, and an output filter [1], [2]. The feedback
network is an on-chip integrated circuit that performs a cur-
rent-mode pulse width modulation (PWM) control. By using
the properties of bipolar transistor, a high performance PWM
circuit can be manufactured. It enables an accurate sensing
of an inductor current that has a high frequency and current-
driving capability.

Figure 1 shows the structure of a current-mode buck con-
verter with an off-chip LC filter. The converter is composed of
a power stage and a feedback network. In order to provide a
low power and fully integrated power module, a monolithic
current-mode DC-DC buck converter with an on-chip current
sensor used for feedback control has been designed using
the standard 0.35 um complementary metal-oxide-
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semiconductor (CMOS) process. The converter is imple-
mented with a synchronous rectifier in such a way that the
forward-bias diode voltage drop is eliminated. The power
switches, the feedback circuit, and the current-sensing circuit
are designed to be on-chip. An off-chip inductor and capaci-
tor are required for the low pass filter; thus reducing the
number of I/O pins and the number of reactive components
needed for the converter. The off-chip LC filter is designed
with an inductance of 1 mH and a capacitance of 12.5 nF. The
output voltage is scaled down by R, and R,. It is compared
with the reference voltage before being fed into the error
amplifier. The output of the error amplifier, the compensa-
tion ramp, and the sensed inductor current signal will pass
through the comparator and the S-R latch in order to define
the duty cycle ratio. The duty cycle ratio controls the switch-
ing times of the power transistors in such a way that a nega-
tive feedback is created to regulate the output voltage. Al-
though current-mode control is much better than voltage-
mode control, there are a lot of difficulties and problems for
circuit realization of the current-sensing function [3], [4].
Many current sensing approaches have been proposed.
However, poor current-sensing accuracy, efficiency degrada-
tion, and complicated circuit implementation are problems
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Fig. 1. The block diagram of a current-mode buck converter.

that occur in effective IC design. Therefore, the sense metal-
oxide-semiconductor field-effect transistor (MOSFET) me-
thod used for current sensing is proposed for a low-voltage
current-mode buck converter.

Another method that is able to provide solutions to many
problems of the existing current-sensing schemes is the ap-
plication of bipolar CMOS (BiCMOS) technology. Compared
to regular MOS devices, bipolar devices exhibit superior con-
ductance and low noise. These attributes allow bipolar cir-
cuits to apply low noise amplification over large bandwidths.
On the other hand, CMOS circuits provide the advantage of
high speed and low power consumption. BICMOS technology
usually combines bipolar and CMOS circuits onto one IC chip
[5], [6]- Through the selective use of these advantages, BiC-
MOS technology can offer the possibility of a high perform-
ance in power electronic circuits.

In this work, a current-mode buck DC-DC converter with bi-
polar and CMOS circuits is presented with the sense MOSFET
method used for the current sensing. The DC-DC converter is
designed using the standard 0.35 um CMOS process. The
proposed circuit is tested by the post layout simulation and
expected to show a much better performance as compared
to the conventional CMOS circuit.

2. EXPERIMENTS

Current sensing is the one of the most important functions
in a current-mode DC-DC converter. Most DC-DC converter
sense the inductor current for over-current (over-load) pro-
tection, regardless of the type of feedback control. Addition-
ally, the sensed current is used in the converter for loop con-
trol. Since the instantaneous changes in the input voltage are
immediately reflected in the inductor current, current-mode
control can be used to determine when to switch between
the continuous-conduction mode (CCM) and the discontinu-
ous-conduction mode (DCM), which results in an overall in-
crease of the efficiency of the DC-DC converter. The sense
MOSFET (SENSEFET) method is the practical technique for
current sensing in power MOSFET applications [7]{9]. The
technique is to build a current sensing FET in parallel with the
power MOSFET. The effective width of the SENSEFET is sig-
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Fig. 2. The error amplifier.

nificantly smaller than the power FET. The width of the pow-
er MOSFET should be at least 100 times the width of the
SENSEFET in order to guarantee that the power consumption
in the SENSEFET is low and quasi-lossless. The voltages at the
sources of the SENSEFET and the power FET should be equal
to eliminate the current mirror non-ideality that results from
channel length modulation. An op-amp is used to force the
voltages at the sources to be equal. As the width ratio of the
main MOSFET and the SENSEFET increases, the matching
accuracy of the FETs degrades. The bandwidth of this tech-
nique is reported to be unexpectedly low and can not be
estimated by RC pole analysis. Since the current ratio in the
SENSEFET circuits is on the order of hundreds, even a low
degree of coupling between the power MOSFET and the
SENSEFET circuits can induce a significant error, and large
spikes should be expected in the sense signal during periods
of high di/dt. Therefore, a proper layout scheme should be
considered to minimize the reactive components in the pow-
er MOSFET and the SENSEFET circuits.

BiCMOS technology combines bipolar and CMOS circuits
onto one IC chip. The aim is to combine the low power, the
high input impedance, and the wide noise margins of CMOS
with the high current-driving capability of bipolar transistors.
CMOS, although a nearly ideal logic-circuit technology in
many respects, has a limited current-driving capability. This is
not serious problem when the CMOS gate has to drive a few
other CMOS gates. On the other hand, a bipolar junction
transistor (BJT) is capable of large output currents by virtue
of its large transconductance. A practical illustration of that is
in the emitter-follower output stage of an emitter coupled
logic (ECL). The high current-driving capability contributes in
making the ECL much faster than CMOS at the expense of
high power consumption. Since the BiCMOS technology is
well suited for the implementation of high-performance ana-
log circuits, it makes possible the realization of both analog
and digital functions on the same IC chip. The current sensor
is designed with a matched pnp transistor with the power p-
channel MOS transistor. The error amplifier and the current-
sensing circuit are designed with BiCMOS technology in order
to achieve a low power consumption and a high input imped-
ance with the high current-driving capabilities of a BJT.

2.1 The error amplifier

The circuit implementation of the error amplifier is shown in
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Fig. 3. The low-power current-sensing circuit.

Fig. 2, which is mostly composed of a cascode operational
transconductance amplifier (OTA) and a compensator. The
cascode OTA is used in this converter as it is a single-stage
amplifier that has a high gain and only one dominant pole. In
order to fully exploit the advantages offered by BiCMOS
technology, the differential bipolar transistor pair Q2 and Q3
with a cascode bias forms the input stage for the error ampli-
fier. The current required for the operation of the differential
amplifier is provided by current mirrors and the cascode bias.
Most of the MOS transistors shown in the circuit are used for
the current mirror.

For the power stage of the current-mode converters, the
control-to-output transfer function has two separated poles.
The pole from the output filtering capacitor is dependent on
the output load resistor. A compensator in the feedback
network is used to generate the pole and the zero used for
the pole-zero cancellation. The control-to-output function
will yield a sufficient phase margin below the unity gain fre-
quency. The unity gain frequency should not be too close to
the converter’s switching frequency as the amplifier would
then amplify the output ripple voltage. A sufficient margin
for the unity gain frequency should be below 20% of the
switching frequency.

2.2 The current-sensing circuit

The current sensor is designed to use the power PMOS
transistor M, and the SENSEFET M,. The matching of transis-
tors M, and M, depends on the process parameters such as
the mobility y, the oxide capacitance Cy and the threshold
voltage Vr. An op-amp is used as a voltage mirror to enforce
the same voltage at voltage V, and voltage Vg. Any change in
Va will force a similar change in Vg due to the virtual short-
circuit provided by the op-amp. Thus the drain-source voltage
Vps of transistor M, is almost same as the drain-source volt-
age Vps of transistor M,. However, transistors M, and M, are
scaled so that the power transistor M,.on the output side of
the circuit, has an aspect ratio of 100:1 which is much greater
than that of transistor M,, located on the sensing side. As a
result, the Is current on the sensing side is much smaller than
the lo current on the output side.

The output sensing current lense, Which passes through the
resistor Reense, is the difference between the sensing current
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Fig. 4. The comparator.

Is flowing through the transistor M, and the current I, flowing
through the small biasing current source. For a small biasing
current |, < Is, the current Isence flowing through Reense is al-
most proportional to the current flowing through the induc-
tor and much smaller than the inductor current. For the cur-
rent mode DC-DC buck converter application, only the sens-
ing-voltage Vense is Needed in the control feedback loop dur-
ing the on-state; the signal from the power transistor M, dur-
ing the turn-on is sensed. Thus, the design of the amplifier is
also very important in this sensing circuit as it will affect the
minimum supply voltage, the accuracy of the sensing voltage
and the stability of the whole sensing circuitry.

As the sensed inductor current is scaled down, the power
loss in the sensing circuit is significantly reduced. The accu-
racy of the sensed inductor current depends on the current
mirror of transistors M, and M,, seen in Fig. 3, and the resistor
Rsenses @s stated in the equation, respectively. An op-amp is
used as a voltage mirror in such a way that the sensing cur-
rent lsense is matched to the inductor current I.. The sensing
signal Veense is given by:

I

— — L
Viewse = LurseRoe =705 R Q)

100

The resistor Rsense is used to convert the current signal to a
voltage signal in such a way that Vense is proportional to the
sensing current. Since the op-amp is used to enforce voltage
VA to be the same as voltage Vg, a high gain amplifier is
needed for an accurate current-sensing. This kind of current-
sensing circuit still has some undesirable problems, such as
the offset-current, the accuracy, and the sensing speed be-
cause the sensed current is the sum of the scaled inductor
current and the biased offset-current. The simulation results
show that the delay time is less than 5 ps, which can be ad-
justable for an application with the switching frequency of
less than 200 MHz.

The comparator used for the PWM control, shown in Fig. 4,
is implemented using a cascaded bias, a source-coupled dif-
ferential pair, and inverter chains. The source-coupled differ-
ential pair with positive feedback is used to provide a high
gain; the inverter chains M,,-M,; are used to obtain a clear
logic response. The inverter chains can also act as a driver
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Fig. 5. The sensing voltage Vx at the node just before the inductor
and the inductor current at an input voltage of 8 V.

stage so transistors M, and Mg can be made smaller in order to
reduce the parasitic capacitance resulting in a faster response.

3. RESULTS AND DISCUSSION

Figure 5 shows the sensing voltage V, and the inductor cur-
rent at an input voltage of 8 V with a 0.3 duty ratio. The in-
ductor current is sensed and scaled to lse,. The I, is then
added to the pulse-width modulation controller, which is
formed by a voltage comparator, an SR latch, and an oscilla-
tor to generate the signal used to control the duty cycle. The
sensing voltage indicates the exact input voltage of 8 V and
the duty ratio of 0.3 after passing the feedback circuit. The
slope of the inductor current provides the feedback output
voltage and inductance information. The average inductor
current is about 33 mA. The discharge time is about 1.3 ps.
The proposed current-sensing circuit is seen to sense the
charging of the LC filter accurately. The error between the
sensing signal and the inductor current is within 3%.

The error amplification is tested by comparing the circuit
which replaces the bipolar transistor with the MOSFET. The
amplification characteristics shown in Fig. 6 indicate a higher
output voltage with a smaller ripple in the proposed circuit,
which indicates much better characteristics in the error am-
plifier which utilizes BiCMOS circuits. The BJT is capable of
large output currents by virtue of its much larger trans-
conductance. In the error amplifier circuit shown in Fig. 2,
BJTs are used for the difference amplifier and the current
source, thus providing a larger voltage gain and output resis-
tance than is possible with a conventional MOS circuit.

Figure 7 represents the waveforms of the output signal and
ripple voltage at an input voltage of 8 V. It is obtained at a
duty cycle of 30%, an inductance of 1 mH, and a capacitance
of 12.5 nF. The ripple voltage can be significantly reduced
with an increase of the inductance or the capacitance in the
off-chip low pass filter. The expected output and ripple volt-
ages are obtained with this result; the ripple voltage is con-
trolled within 3%. The switching frequency of 500 kHz is more
than ten times higher than the characteristic frequency of the
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Fig. 6. The comparison of the error amplifier output by: (A) the
circuit using all metal-oxide semiconductor transistors, (B) the pro-
posed circuit).
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Fig. 7. The output and ripple voltage at an input voltage of 8 V.

LC filter, so the converter operates in the continuous-
conduction mode and the ripple is independent of the output
load power.

4. CONCLUSIONS

A current-mode DC-DC converter was designed using the
0.35 um CMOS process with single-poly and four-metal at the
switching frequency of 500 KHz. The converter is largely
composed of a power stage and a feedback network. To ob-
tain a high performance converter, the SENSEFET method
and BiCMOS technology are applied in the current-sensing
circuit. In the error amplifier, a cascode OTA and BiCMOS
technology are used to achieve a high gain and uses only one
dominant pole. The simulation test shows that the error be-
tween the sensing signal and the inductor current is within 3%
and the output voltage ripple is controlled within 3% at a
power efficiency of 85%. The result indicates that the current-
mode DC-DC converter using the SENSEFET method and
BiCMOS technology shows good performance in terms of
current sensing, ripple voltage, and power efficiency.



28 Trans. Electr. Electron. Mater. 11(1) 24 (2010): H. F. Jin et al/. A\

ACKNOWLEDGMENTS

This work was supported by the research grant of Chung-
buk National University in 2009.

REFERENCES

[1] L. cCheung Fai and P. K. T. Mok, IEEE J. Solid-State Circuits 39, 3
(2004) [DOI: 10.1109/JSSC.2003.820870].

[2] B.J. Patella, A. Prodic, A. Zirger, and D. Maksimovic, IEEE Trans.
Power Electron. 18, 438 (2003) [DOI: 10.1109/TPEL.2002.807121].

[3] M. Corsi, Proceedings of the 1995 Bipolar/BiCMOS Circuits and
Technology Meeting (Dallas, TX, USA 1995 Oct. 2-3, IEEE Electron

[4]

[5]
[6]

Devices Society) p. 55.

W. H. Ki, Current sensing technique using MOS transistors
scaling with matched bipolar current sources. U.S. patent no.
5757174, 1998 May 26.

R. G. Meyer and W. D. Mack, IEEE J. Solid-State Circuits 29, 350
(1994) [DOI: 10.1109/4.278360].

A. S. Sedra and K. C. Smith, Microelectronic Circuits, 5th ed.
(Oxford University Press, New York, 2004).

P. Midya, P. T. Krein, and M. F. Greuel, IEEE Trans. Power
Electron. 16, 522 (2001) [DOI: 10.1109/63.931070].

W. Schultz, Lossless Current Sensing with SENSEFETs Enhances
the Motor Drive (Motorola Technical Report, 1988).

S. Yuvarajan, Conference Record of the IEEE Industry
Applications Society Annual Meeting (Seattle, WA, USA 1990
Oct. 7-12, IEEE Industry Applications Society) p. 1589.




<<
  /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
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /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 <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


