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ABSTRACT

A challenge in wireless sensing is to reduce power
consumption during data transmission. Various methods
aim at compressing amounts of data after sampling, which
require additional computation energy or hardware. In this
paper, pSense, a low complexity commercial off-the-shelf
based (COTS-based) analog-to-information converter
(AIC) platform 1is presented to minimize power
consumption. A periodical pseudo-random
down-sampling algorithm (PPRS) is employed to reduce
energy consumption by controlling sampling numbers and
features high scalability. Results show pSense can
reconstruct signals within acceptable low error levels and
having low energy consumptions.

INTRODUCTION

Researches[1] show original signals can be
reconstructed with fewer sampling points required by
Nyquist theorem when prior knowing sparsity of signals,
namely compressed sensing (CS). Three types of CS
hardware are proposed: digital CS, analog CS, and
non-uniform-based (NUS) CS. For digital CS, a linear CS
compression is applied in microprocessor after ADCs[2].
Power consumptions of ADCs are still significant because
of using uniform sampling. For analog CS, the linear CS
compression is implemented by customized analog
circuits and occurs prior to ADCs, including serval analog
AIC[3] for physiological sensing applications. The
NUS-based AIC uses non-uniform sampling to randomly
digitized signals by ADCs using different random

COTS-based solution which can be easily adopted from
the Nyquist sampling systems. (2) pSense provides high
scalability when its size and frequency can be adjusted
flexibly. (3) pSense achieves stable reconstruction
performances with various types of signals. For example,
for ECG signal, when compression ratio (CR) is 30, the
percentage root-mean-square difference (PRD) will be
lower than 10%. (4) pSense integrates an ultra-low power
sampling module, where the energy consumption of the
sampling module is as low as 0.24uW with a frequency of
125Hz, which is approximately equal to the performance
of the existing CS analog front-end (AFE).

PSENSE ARCHITECTURE

Figure 1 demonstrates a flowchart of the proposed
system. It mainly comprises two modules: a PPRS
sampling module and a reconstruction module. The PPRS
sampling module is responsible for collecting analog
signals and transmitting captured signals to the next part.
The pre-sampling matrix (PRBS: pseudo-random binary
sequence) is generated and controls data samplings in the
front-end. When the captured data are received by
computer platform, a specific reconstruction process is
conducted by using orthogonal matching pursuit (OMP)
algorithm to get reconstructed original signals.
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TABLE 1: OVERALL PERFORMANCE COMPARISON
Parameter CS-AFEJ5] NUS[4] digital CS[2] The work
Supply(V) 09-12 09-12 0.6 12
Max Sig BW 1k 9.5M 20K 100K
Resolution(bit) 10 10 8 10
Power 1.8uw@1.2V-2K  550pw@1.2V-9.5  1.9uw @0.6V-20KSPS 0.16 - 0.24pw@125SPS
Power Consumption SPS MSPS 2.71 - 3.98uw@?2K SPS




PPRS SAMPLING MODULE

The proposed front-end architecture showed in Figure
2 consists of two mains parts. The first part is a front
sampling ADC, which could be a traditional commercial
ADC device. It detects analog signals and quantizes them
into digital data.
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Figure 2: The sampling process is controlled by PRBS
using a micro controller unit (MCU).

The second part is in a micro controller unit, whose
function is to control the sampling process based on
pre-sampling matrix. Therefore, the ADC will only
sample analog signals at each specific time tick, which can
significantly reduce power consumptions in the front end.
A variable mark ratio pseudo random binary sequence
(PRBS) V/N] is used, where the mark ratio is equal to CR.
V[N] is used to perform sampling process as is shown in
Algorithm 1. X[M] are captured samples, and M points are
actual samples instead of N, defining as following
equation (1):

CR=(1—-M/N) x 100%. )

Algorithm 1 : Randomly Sampling algorithm

1: Initialize a counter and X[M]=0, input V[N].
2: for each interrupt do
3: if( V[counter] == 1) then
sampling and storing samples in X[M];
counter ++ and M++;
end else (Vcounter] == 0)
idle;

R R

end for

SYSTEM IMPLEMENTATION

A prototype using COTS devices is shown in Figure 3.

The bio-platform includes an Electrocardiograph (ECG)
sampling device. The ECG sampling device consists of a
medical analog front end (AFE), a low-power integrated
industry-standard enhanced 8051 MCU and a low power
ADC. This MCU core is employed to control the ADC to
capture signals randomly. Power consumption (P) is
calculated as following equation (2):

fsample CR
P = 83A X Vpp x L24mEle ¢ (1 _E)' @)
where VDD is the supply voltage, i, is the sampling

frequency. Its hardware characterizations are compared
with proposed CS hardware architectures, such as CS

AFE[5], NUS based CS[4]and digital CS[2], and is shown
in TABLE 1. Specifically, 83pA is the supply current of
ADS7867 when VDD is 1.2V and fy e is SOK sample per
second (SPS). The power consumption performance is as
good as the ASIC CS-AFE.

Figure 3: A photograph of prototype, including ECG AFE,
ADC and a MCU. The board is small.

EVALUATION

Two sets of signals are used, which are manually
collected signals (ECG signals) and online signal
databases, i.e. Electro-Oculogram (EOG) signals from
sleep heart health study (SHHS) polysomnography
database. The PPRS acquisition process is simulated via
MATLAB to obtain sampled signals, and recovery
process was also operated on PC. The pSense platform is
evaluated from accuracy, scalability and robustness. CR
and percentage root-mean-square difference

(PRD,PRD = le=xlly o 100%) are deployed to quantify

[E41P
performances. CR evaluates energy savings performance,

and PRD appraises quality of reconstructed signal x.

Accuracy

Comparing differences between original and
reconstructed signals intuitively, we set K = 50, CR = 30,
and using DWT-SYMBS basis, where K is the degree of
sparsity. The original, reconstructed signals and the
difference in Figure 4 are in the top, middle and bottom,
respectively. In Figure 4(a), the heart rate pattern and
typical ECG tracing (like the P wave) are clearly
recovered. And the gap of EOG signals (Figure 4(b)) is
relatively large. Thus, the recovery signal has high quality.
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Figure 4: Visual comparison between original recovery
signals. (a)ECG signals (b) EOG signals



The average results are from 100 repetitive
experiments for a certain CR. As Figure 5(a) shows, when
CR 1is less than 30, pSense achieves the average PRD
lower than 10%. For EOG signal in Figure 5(b), when CR
is less than 45, the average PRD is less than 10% in both
cases.
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Figure 5: PRDs for different CR (a) ECG signals (b) EOG
signals

Scalability

pSense is a scalable AIC with only one sensing
channel to deal with various applications based on PPRS
algorithm. Compression Factor (CF = 1/CR) is used to
describe the actual compressing ability of raw signals. In
Table 2, the frame time and CS channels are limited in
CS-AFE. If signals are with large sparse coefficient K
(low sparsity),the actual required number of CS
measurement channels can exceed the fixed number.
Through CS-AFE cannot be used in such a case, pSense is
applicable with its scalable frame time using one channel.

Robustness

The robustness of the platform is very important in
practical use when measurement matrix is stored in the
ROM of MCU and be tested using different sampling
matrices.

Nine different ECG sequences are sampled at 125Hz,
and they are simulated to be sampled and reconstructed by
ten measurement matrices generated by PRRS algorithm
on Matlab, similar with EOG sequences. In Figure 6, the
PRD of the ECG sequences are distributed in the range of
1.5% to 4.5%. For EOG (L) signals, the distribution range
is from 4% to 18%. The results show that for different
sequences from the same signal type, the reconstruction
performances under ten different random binary matrices
are very close. Therefore, pSense is insensitive to different
sampling matrices.

TABLE 2: SCALABLE PERFORMANCE COM-PARISON

Parameter CS-AFE[5] The work
Frame time(Nycies) 128/256/512/1024 Scalable

Channels (Rows) 1-64 1
CF 2-1024 Scalable
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Figure 6: For different signal sequences, the
performances of the same measurement are different.

CONCLUSION

In this paper, an efficient and practical analog-to-
information platform using COTS devices is proposed.
Without additional hardware is need, this platform can
reduce energy consumption by applying a PPRS sampling
method. ECG signals and other bio-signals from SHHS
database are used for evaluating the performances. The
experiment results show the original signals can be
reconstructed stably and at an acceptable error level. The
size of measurement matrix is scalability and the platform
is not sensitive to the choice of base. So his method can be
widely used in sampling various types of sparse signals.

ACKNOWLEDGEMENTS
This work is sponsored by the National Science
Foundation of China, under grant 61272070.

REFERENCES

[1] E. J. Candes and T. Tao, “Near-optimal signal
recovery from random projections: Universal
encoding strategies?,” Inf. Theory IEEE Trans. On,
vol. 52, no. 12, pp. 5406-5425, 2006.

[2] F. Chen, A. P. Chandrakasan, and V. M. Stojanovi¢,
“Design and analysis of a hardware-efficient
compressed sensing architecture for data compression
in wireless sensors,” Solid-State Circuits IEEE J. Of,
vol. 47, no. 3, pp. 744-756, 2012.

[3] K. Park, “Compressed Sensing ICs for Bio-Sensor
Applications,” 2014.

[4] M. Trakimas, R. D’Angelo, S. Aeron, T. Hancock,
and S. Sonkusale, “A compressed sensing
analog-to-information converter with edge-triggered
SAR ADC core,” Circuits Syst. Regul. Pap. IEEE
Trans. On, vol. 60, no. 5, pp. 1135-1148, 2013.

[5] D. Gangopadhyay, E. G. Allstot, A. M. Dixon, K.
Natarajan, S. Gupta, and D. J. Allstot, “Compressed
sensing analog front-end for bio-sensor applications,”
Solid-State Circuits IEEE J. Of, vol. 49, no. 2, pp.
426438, 2014.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


