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Design of the Controlled Buck Converter for Wearable Electronic Devices

ABSTRACT: In the current work, we have formulated a controlled buck convertor based on integrated Pulse-Width Modu-
lation (PWM) and Pulse-Frequency Modulation (PFM). This is developed for wearable electronic devices. The input
voltage is equal to 3.6V and the average value of the output voltage is regulated to be 1.7V. The maximum efficiency h of
the buck converter is 81.43%, when the load current ILoad is equal to 68mA. When ILoad is smaller than 8mA the efficiency of
the PFM controlled buck converter is around 7% higher compared to the efficiency of the PWM controlled buck converter.
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1. Introduction

Today, the number of wearable electronic devices incorporated in the Internet of Things (IoT) systems is growing very fast.

Most of them are battery powered or they use energy from harvesting power sources [1], [2]. Long battery life is required for
many portable applications [3]. High efficient buck dc-dc converter integrated together with wearable electronic devices is
necessary to be designed and implemented [4]. The block diagram of power management integrated circuit (PMIC) of IoT
wearable device is shown in Figure 1 [5]. The input voltage of the buck converter is equal to 3.6V, while the average output
voltage is controlled to be equal to 1.7V [5]. On the other hand the output voltage of switching-mode converter is supply
voltage for low drop regulators (LDO), which are shown in Figure 1. The monolithic buck converter is necessary to occupy
small silicon area and respectively to have small external filter inductor and capacitor components [6].

The PWM controlled integrated buck converter designed on CMOS 0.35 μm technology for IoT wearable device is presented
in Section 2. PFM control of the switching-mode regulator is proposed and presented in Section 3. The efficiency η of the
designed circuits, when both control techniques are used, is investigated as a function of the load current ILoad. The received
results are compared and analyzed.
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Figure 1. Block diagram of power management integrated circuit (PMIC) in IoT wearable device [5]

2. PWM Controlled Buck Converter

The PWM controlled buck converter is designed for IoT wearable device with Cadence on CMOS 0.35 μm technology. The
block circuit diagram is shown in Figure 2.

Figure 2. Block diagram of PWM controlled buck converter

The input voltage of the switching-mode regulator is equal to 3.6V and the average value of the output voltage is controlled to
be equal to 1.7V [5]. The control system includes bandgap voltage reference, error amplifier, ramp generator and driver. The
signal, which regulates the states of buck converter’s power MOS transistors, is generated by comparing the voltage with
repetitive waveform and error control voltage. The error signal is obtained, when difference between the actual output voltage
of the whole system Vout and the output voltage level of bandgap reference is amplified. The frequency of the ramp generator
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defines the switching frequency fs of buck converter. This frequency is constant for PWM control technique. The output signal
of comparator controls the states of power buck converter’s switches. The schematic of ramp generator is presented in Figure
3.

Figure 3. Ramp generator

The output stage of the ramp generator consists of two current mirrors. They define the charging and discharging current of the
output capacitor C1. The switching frequency fs of the buck converter depends on the ramp capacitor’s value and the current
which flows through this component. The waveforms of the output signals of error amplifier, ramp generator and comparator
are presented in Figure 4.

Figure 4. The waveforms of the output signals of error amplifier, ramp generator and comparator

The switching frequency fs of the designed PWM controlled buck converter is equal to 80MHz.

The waveform of output voltage Vout of the designed PWM controlled buck converter is shown in Figure 5. The values of the
filter inductor L and capacitor C, which are used in the lowpass filter, are equal to 250nH and 5nF respectively. The efficiency
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Figure 5. The waveform of output voltage Vout of the designed PWM controlled buck converter

Table 1. PWM Control Efficiency of Buck Converter as a Function of Iload

η of the buck converter as a function of the load current ILoad is investigated. The simulated results are presented in Table 1.

PWM Controlled Buck Converter

ILoad [mA] Efficiency [%]

100 75.6

80 80.64

68 81.43

50 80.81

30 79.07

20 74.69

10 62.04

8 56.9

5 45.7

2 28

1 17

The efficiency of the switching-mode regulator is calculated by formula:

η =
Pout

Pin
(1)

where Pout is the average output power and Pin is the average input power of the circuit. The maximum efficiency of the PWM
controlled buck converter is equal to 81.43%, when the load current is equal to 68mA. As it can be seen from the received
results presented in Table 1, the efficiency of PWM controlled buck converter is decreasing at light loads.
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Figure 6. Simulation results received in Cadence Virtuoso Analog Design Environment when ILoad=68mA

The simulation results obtained in Cadence Virtuoso Analog Design Environment tool, when the investigated circuit indicates
the highest efficiency result, are presented in Figure 6 [7]. The output power of the converter in this particular case is equal to
115mW.

3. PFM Controlled Buck Converter

The PFM controlled buck converter is designed with Cadence on CMOS 0.35 μm technology and the block diagram of the
whole system is shown in Figure 7. The input voltage of the buck converter is equal to 3.6V, while the output voltage is equal
to 1.7V. The control system includes bandgap voltage reference, comparator with hysteresis, oscillator and driver stages. The
power MOS transistors are regulated by oscillator with fixed 50% duty-cycle. When the actual output voltage of buck con-
verter is higher than the desired level the control system works in sleep mode. In this case the load energy is delivered by filter
capacitor C. The only stages which operate at sleep mode of the converter are bandgap and comparator with hysteresis. When
the buck converter works in sleep mode of operation driver, oscillator and the power stage are disabled. Thus power losses in
control system are minimized in light load conditions.

Figure 7. Block diagram of PFM controlled buck



               Journal of Electronic Systems   Volume   10   Number  4   December   2020                      143

The same bandgap voltage reference is used in this control as in the PWM controlled buck converter. If the output voltage Vout
becomes smaller than the certain level, the comparator with hysteresis wakes up the whole system. This is the normal mode of
operation of the switching-mode regulator. In the pictures bellow the operation of PFM controlled buck converter is pre-
sented at different load conditions.

Figure 8. The waveforms of Vout and control pulses of main power PMOS transistor Vcp when ILoad = 8 mA

The waveforms of output voltage Vout and control pulses of main power PMOS transistor Vcp, when the load current ILoad is
equal to 8mA, are presented in Figure 8.

Figure 9. The waveforms of Vout and Vcp when ILoad = 5 mA
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The waveforms of the output voltage Vout and control pulses of main power PMOS transistor, when the load current ILoad is
equal to 5mA, are presented in Figure 9. As it can be seen from the pictures shown in Figure 8 and Figure 9 the designed PFM
controlled buck converter works in proper manner and the average value of the output voltage Vout is equal to 1.7V. The
waveforms shown in Figure 9 prove that at light load the system operates longer in sleep mode.

For the oscillator with fixed 50% duty-cycle is used ring oscillator. The schematic of this ring oscillator is shown in Figure
10.

Figure 10. Ring oscillator

The power supply of this stage is switched-off in sleep mode in order to minimize the power losses in the PFM control
system. Thus the overall efficiency of buck converter could be  increased. If the output voltage of the buck converter Vout is
higher than the desired voltage, the control signal “SL” has high voltage level, while “ SL ” has low voltage level. In this case
the transistor M3, which is illustrated in Figure 10, is switched off. If Vout is smaller than the desired voltage, the control signal
“ SL ” has high voltage level and M3 is switched-on.

The efficiency η results of the PFM controlled buck converter as a function of the load current ILoad are presented in Table 2.

PFM Controlled Buck Converter

ILoad [mA] Efficiency [%]

      30 58

      20 60

     10 55

       8 57

       5 54.5

       2 35

       1 24

Table 2. PFM Control Efficiency of Buck Converter as a Function of ILoad
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The efficiency results of PWM and PFM buck converter as a function of the load current ILoad are graphically presented in
Figure 11.

Figure 11. Efficiency of PWM and PFM controlled buck converter as a function of ILoad

The obtained results, illustrated in Figure 11 and presented in Table 1 and Table 2, show that the efficiency of the designed
switching-mode regulator is higher at light loads if PFM control is used. If ILoad is higher than 8mA the PWM is more efficient
control technique. When the load current is smaller than 8mA the efficiency of the PFM controlled buck converter is around
7% higher compared to the efficiency of the PWM controlled buck converter. The battery life of wearable electronic devices
could be increased if PFM control for switching-mode regulator is used at light loads.

4. Conclusion

Integrated PWM and PFM controlled buck converter designed for low power wearable electronic devices on CMOS 0.35 μm
technology has been proposed in this paper. The input voltage is equal to 3.6V and the output voltage is regulated to be equal to
1.7V. The maximum efficiency η of the buck converter is 81.43%, when the load current is equal to 68mA. When the load
current ILoad is smaller than 8mA, the efficiency of the PFM controlled buck converter is around 7% higher compared to the
efficiency of the PWM controlled buck converter. The PFM control technique can increase the battery life of wearable
electronic devices used in IoT system, because they operate over a long period of time at light load conditions.

Acknowledgement

This work was supported by the European Regional Development Fund within the Operational Programme “Science and Edu-
cation for Smart Growth 2014 - 2020” under the Project CoE “National center of mechatronics and clean technologies“
BG05M2OP001-1.001-0008", L2_S1.

References

[1] Cheng, C., Lin, L., Lin, J., Chen, K., Lin, Y., Lin, J. R., Tsai, T. (2017). A DVS-Based Burst Mode with Automatic Entrance
Point Control Technique in DC-DC Boost Converter for Wearable Devices and IoT Applications, 2017 IEEE Asian Solid-
State Circuits Conference (A-SSCC), Seoul, 2017, p 121-124.

[2] Paidimarri, A., Chandrakasan, A. P. (2017). A Wide Dynamic Range Buck Converter With Sub-nW Quiescent Power, IEEE
Journal of Solid-State Circuits, 52 (12), p 3119-3131, December 2017.

[3] Shafiee, N., Tewari, S., Calhoun, B., Shrivastava, A. (2017). Infrastructure Circuits for Lifetime Improvement of Ultra-Low
Power IoT Devices, IEEE Transactions on Circuits and Systems I: Regular Papers, 64 (9), p 2598-2610, September 2017.

[4] Roy, A.,  Klinefelter, A.,  Yahya, F. B., Chen, X., Gonzalez- Guerrero, L. P., Lukas, C. J., Kamakshi, D. A., Boley, J., Craing,



Journal of Electronic Systems   Volume  10   Number  4   December  2020 146

K., Faisal, M., Oh, S., Roberts, N. E., Shakhsheer, Y., Shrivastava, A., Vasudevan, D. P., Wentzloff, D. D., Calhoun, B. H. (2015).
A 6.45 μW Self-Powered SoC with Integrated Energy-Harvesting Power Management and ULP Asymmetric Radios for Por-
table Biomedical Systems, IEEE Trans. Biomed. Circuits Syst., 9(6), p 862-874, December 2015.

[5] Park, Y. J., Park, J. H., Kim, H. J., Ryu, H., Kim, S. Y. (2017). A Design of a 92.4% Efficiency Triple Mode Control DC–DC
Buck Converter With Low Power Retention Mode and Adaptive Zero Current Detector for IoT/Wearable Applications, IEEE
Transactions on Power Electronics, 32 (9), p 6946-6960, September 2017.

[6] Spasova, M., Nikolov, D., Angelov, G., Radonov, R., Hristov, N. (2017). SRAM Design Based on Carbon Nanotube Field
Effect Transistor’s Model with Modified Parameters, 2017 40th International Spring Seminar on Electronics Technology
(ISSE), p 1-4, 2017, Bulgaria.

[7] Virtuoso Analog Design Environment, www.cadence.com.



<<
  /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
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


