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Abstract

In Thailand, Technology on Wireless Sensor Network ( WSN) has been invoved into mamy
industrial aspects such as agriculture, security, survey, etc. The data packet is transferred from node to
node by a small size of data related to sensor information. However, if each node can send more data
inoformation such as image or voice, this node requires more amount of energy to transmit such a big data
packet. For procesing unit in WSN, the image processing also requires more energy to deal with more raw
image data. The use of conventional wireless sensor node cannot answer all these requirements which is
the main problem of this research project. Wireless Image Sensor Network (WISN) is a subset of WSN
that concern on using image as a main information to transfer. It can be applied on many applications such
as surveillance system on active motion sensor or detecting some abnormal condition of train track and
gas pipe. The research project proposes the approach of efficient image sensor node for applying to any
applications. Also, this research project concerns on energy consumption of image sensor node that
consume a larger amount of energy than normal sensor node. The battery of image sensor node is ran out
quicker which cannot maintain the function of image sensor node for all day. The use of solar cell to
support more energy as well as charging the battery to maintain all day working is presented. However,
the use of solar energy depends on daylight interval. Hence, this research project also illustrates the

optimal relationship between using solar envergy for image sensor node for perpetual approach.
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M5190 3.1 naagamdan 19 Tugandoes
Command ID Number | Parameterl Parameter2 | Parameterd | Parameterd
Initial AAO1h 00h Color Type RAW JPEG
Resolution Resolution
(Still image
only)
Get Picture AA04h Picture Type 00h 00h 00h
Snapshot AAO05h Snapshot Type | Skip Frame Skip Frame 00h
Low Byte High Byte
Set Package AA06h 08h Package Size | Package Size 00h
Size Low Byte High Byte
Set Baudrate AAQTh 1st Divider 2nd Divider 00h 00h
Reset AAORK Reset Type 00h 00h xxh*
Power Off AAQ9h 00h 00h 00h 00h
Data AAOAA Data Type Length Byte 0 | Length Byte 1 | Length Byte 2
SYNC AAODh 00h 00h 00h 00h
ACK AAOQEh Command 1D | ACK counter | 00h / Package | 00h / Package
ID Byte 0 ID Byte 1
NAK AAOQFh 00h NAK counter | Error Number 00h
Light AA13h Frequency 00h 00h 00h
Frequency Type

34 MINSHAAYYIVUNN (VIDEO ENCODE)
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ACK
[AACE 01 w00 00 00)

ACK
(A4 DE 06 w00 00 00)

ACK
{AAOF 04 3o 00 00)

Data
JPEG praview pictura
(A4 QA5 == == =)

Ea_uga Data Package
512 ytes, |D: 00000

Image Data Package
5?2 bytas, 1D: 000N

EEEEE e

|

The Last Irﬁég& Data
Packags

=
N

Y
33 uaﬂwumaumimm’fagamw 19N

Note:
xx,vy: Don'tcare

> | frame

J

= Image size returned by C328R
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351  Na%1Wo0s (Fuzzifier)
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Membership
1
ZERO LOW HIGH
B 0 1 2 3 “ 5 Frame lost (fps)
Membership
1
ZERO LOW HIGH
0 1 2 3 4 5 Frame delay (x100ms)

= Ia J o
JUN 3.4 aauuuyeiFUNaAYUUe Frame Loss 1A Frame Delay
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A
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Membership

A

1 LOW HIGH
0 1 z 3 4 5 Frame rate (fps)

Membership

A

1 HIGH LOW

B 0 5 10 15 20 25 30

Quality (0=Best, 31=Bad)
A A Jd o o 1
3‘]]1/] 35 LLﬁﬂQL&JMU@iGHﬂﬂQﬂ%uﬂJE)Q’tmﬂﬂﬁﬁﬂﬂ1WLLa$ﬂmmWﬂJ@Qﬂ1W

352 ﬂaﬁ“ﬁ% (Fuzzy Rule Base)
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3.4.2.1 NQIUMINIVYNTATINITTINN

Rule:

If (Frame Delay) is (High)

Then (Change Frame Rate) is (Negative High)
Rule:

If (Frame Delay) is (Low)

Then (Change Frame Rate) is (Negative Low)
Rule:

If (Frame Loss) is (High)

Then (Change Frame Rate) is (Negative High)
Rule:

If (Frame Loss) is (Low)

Then (Change Frame Rate) is (Negative Low)
Rule:

If (Frame Delay) is (Zero) and (Frame Loss) is (Zero)

Then (Change Frame Rate) is (Positive Low)

3.4.2.2 ngflumsmmuqmmwmmmw

Rule:

If (Frame Delay) is (High)

Then (Change Quality) is (Positive High)
Rule:

If (Frame Delay) is (Low)

Then (Change Quality) is (Positive Low)
Rule:

If (Frame Loss) is (High)

Then (Change Quality) is (Positive High)
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Rule:

If (Frame Loss) is (Low)

Then (Change Quality) is (Positive Low)

Rule:

If (Frame Delay) is (Zero) and (Frame Loss) is (Zero)

Then (Change Quality) is (Negative Low)

3.4.2.3 ng“lumsmmgmmuwau

Rule:

If (Frame Delay) is (High) and (Frame Rate) is (High)
Then (Change Frame Rate) is (Negative High)

Rule:

If (Frame Delay) is (High) and (Frame Rate) is (Low)
Then (Change Quality) is (Positive High)

Rule:

If (Frame Delay) is (Low) and (Frame Rate) is (High)
Then (Change Frame Rate) is (Negative Low)

Rule:

If (Frame Delay) is (Low) and (Frame Rate) is (Low)
Then (Change Quality) is (Positive Low)

Rule:

If (Frame Loss) is (High) and (Frame Rate) is (High)
Then (Change Frame Rate) is (Negative High)

Rule:

If (Frame Loss) is (High) and (Frame Rate) is (Low)
Then (Change Quality) is (Positive High)

Rule:

If (Frame Loss) is (Low) and (Frame Rate) is (High)
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Then (Change Frame Rate) is (Negative Low)

Rule:

If (Frame Loss) is (Low) and (Frame Rate) is (Low)

Then (Change Quality) is (Positive Low)

Rule:

If (Frame Delay) and (Frame Loss) is (Zero) and (Frame Rate) is (Low) and (Quality) is (Low)
Then (Change Quality) is (Negative Low)

Rule:

If (Frame Delay) and (Frame Loss) is (Zero) and (Frame Rate) is (Low) and (Quality) is (High)

Then (Change Frame Rate) is (Positive Low)

353 GT?E]H&HHW"]@ (Fuzzy Inference Engine)

v A ] . J A A 299 o
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354  anadniood (Defuzzifier)
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Membership
A

NH MNL rd PL PH

PH = Paositive High
PL = Positive Low
Z=Zero

NL = Negative Low
NH = Negative High

1 |
| | | | >

-10 -5 0 5 10
Change in Quality

4 sa 7o {
JUN 3.6 muesylensuvesmaasunlasguainvesnin
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v Y
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(NH) tera3aagia 3.7

Membership
NH NL Z PL PH

PH = Positive High
FL = Positive Low
Z =Zero

NL = Negative Low
NH = Negative High

i —
-10 -5 0 5 10

Change in Frame Rate
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JUN 3.7 wuwesylianduvesmsnlasunilasdnsimsdanin
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Delphi 7 Fafiaou Twuuiluduiiadsalildinnne siveslusunsuuaasdagli 5.8

7 video Server | Client 1.0.0

=10l x|

Stop | Clear Logs |

{ |Memo a

Logt=hH _I
Lost=h

Loszt=h

Lozt=H

Lozt=H

Logt=5

WideaClient: Offset=3153

Lozt=1

_ |Lost=1

Server [F:
[19z.188.2.7

=

Gen Packet | Stop Gen. Packet Gen. Lost |

sU0 3.8 TdsunsuuaasnmdedldaunwannTaeldT1sunsu Borland Delphi 7

361  mslSunaldasanu (Time Synchronization)
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server time base = cleint time base + offset (3.1)

0 v

o ) p ~ ] S ~ o 1 ¢ s 1 o
l,LWﬂLﬂ‘U“U@HaﬂTW‘VlQﬂ?Nlﬂ‘mﬂﬂﬁ@\?"l,@WIﬂstl‘li RTP uu%zumiﬂizwum"lmmmﬁmﬂmﬁmwa

Y
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< 4 1 o 1 . dy 1
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time_offset = - (3.2)
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packet frame delay = RTP timestamp — time offset (33)
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9y

3.63 may,aﬂauﬂa”u (Feedback Information)
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Rule:

If (Frame Delay) is (High)

Then (Change Quality) is (Positive High)
Rule:

If (Frame Delay) is (Low)

Then (Change Quality) is (Positive Low)
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—— Data Rate (KBfs) —<o—— Frame Rate (fps) —— Frame Loss I
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—— Data Rate (KBfs) —<o—— Frame Rate (fps) —— Frame Loss I
] s s s s jemansa: 4
TP EUMMENSUNN Sl o B o ST NSIE TR S —— 3
| | |
i TS 191 AUSORS. SPUSINNEN | o | SN AE—— | SRS S
3 L T RO S| ;1.7 [ N — i
! . :
L
ok
1] 10 20 30 40 a0 s8]
Time (=ec)
—=F—— Frame Delay (ms) '
2500
2,000
1,500 §---
1,000
500
D-

Time (sec)

A vy v A A ~ A P} A A
3N 3.13 maaadeyann Tasligamwvesninininaiuaz insiums lsaulunsevisinal 20

a =
IUMN

373 MIAUANAMUNINIAZBATINIAININHANAY

A o Y] v 2

it A ) ' A A T o A o !
ElUETJLLUUUﬂi;]W"H“ﬁﬂg?JﬂQﬂ’JEJﬂH 2 ?f')l!ﬂﬂfnlﬂ3@%18]1%iJﬂ3111ﬂ‘U?Nﬂﬂ$LWNﬂﬁ§1ﬂ1§ﬁ\1ﬂ1WLLa$

A 1Y A o & a X A g o ! 2
mﬂqwsll@ﬂﬂ1wllﬂﬁﬂﬂ q UADIUAIY ‘]_lﬂ\uﬂﬂ‘lluclulﬂ5@511']f.|ﬂﬂ$ﬁﬂ'ﬂﬁ5’]ﬂ’l§ﬁ\15\’]Wﬁ\ﬁ]Uﬂi$T‘Nﬂ\?ﬂ’]

fl
o A v vy Y = v o o A
WWq@ﬂﬂ@uiUVLﬂﬂqﬂu‘HfNa@ﬂmﬂWWqJﬂ\iﬂﬂlwaQ Waa‘ﬂ‘ﬁllﬁﬂ\i@\igﬂ‘ﬂ 3.14



30

—— Data Rate (KBfs) —<o—— Frame Rate (fps) —— Frame Loss I
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Abstract: In this paper; a technique s pmoposed for reducing the energy consomption of
microcontroller-based sensor nodes by switching the operating clock between kow and high
trequencies.  The proposed concept is motivaied by the fact that if the application codes of
the microcontmoller unit (ML) consist of no-wait stabe mstruction sets, it consumes less energy
whien it operates with a higher frequency. When the application code of the MU consists of wait
nstruction scts; eg.a wa.it.a:h.'luwll:ds\e x:i.pul...ilrwitch:ltniuw I:lﬂ-Cl'.llEq‘l.Hﬂ'll:‘r‘. 'I'hrﬂcp:m'nn'dnj
results confirm that the proposed technique can reduce the MUU energy comsumption up bo 66.9%.

Keywords: enetgy saving; microcontroller unig (MCU); clock requency

L. Introduction

The operating clock frequency of most modern microcontroller units (MOUs) used in
Wireless Sensor Metworks (WSNs), such as A and Vegard's reduced mstruction set computing
(RESC) processar (AN R), peripheral interface cuntruller (PIC), mixed signal processing (MSP), and 8051,
is fixed [LZ]. The chock sousce is an nbemal/ extemal orystal osdllator / resonatos. The enctgy used by
such MU Us can be decreased by reducing the current consumption. Redueed current consumgption can
I:n:a.l:him.'ﬂ:lh}lrcdl.n:irg'ﬂ'l:upu’aﬁnﬁ:lnckﬁuquﬂryufﬂwhicu.ﬂtmltufﬂﬂﬂzrsyﬂvinﬁ
is a long sensor node operation liefime. A sensor node abways inchedes a short imstruction to resd
a sensor value and b complete data fransmission. Most of the energy is ased for ransmitting the data
e the: target node. For example, the enengy required o read the temperatune with a 16-bit resolution
i very small as compared with that required to =end this value to a farget node /server every minute.
However, if the sensor node & of the image bype or has 2 considerable amount of data that needs o
h:pm-nﬂu:dl"-] hmmmmh:mﬁtmmmmmmﬂﬂcw
maodule. Ennq:!lesnd:l:l:rtapmcmmﬁ michudie magempmdahmpmn data integrity
checking, and data encryprion.

The fime consumed by the MCU to process data depends on the operating dock frequency,
the architecture of the MCL, and the data size. The energy consumption of dats processing is currentiy
increasing significantly, and with this increase, may approach or exceed that of data transmission.
This means that the data-processing energy is also an important factor and thus should be reduced at
the sensor node. Many means of rl:1:||.l|:|n3 Hrep'mc::ﬂsumrﬁ}l :ui:t,e.g.,r:plarinslh: MO with
an field programmable gate areay (FPGA} [i-¢], employing a mixed FPGA /MO [7,5], and improving
ther BCL! algorithen, [9,10].

‘When the sensor node is of the image type, the data sire increases hugely. The raw data size of
an image sensor may be range from 1 kilobyte to 100 kilobytes, depending on the image resolution.

Everyics W18, 1T, 1194; i 10,3390 en] WS 1194 e picom fjrnal f nergies
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This amount of raw image data is not suitable for sending via wireless communication and, thos,
the amount of raw data muss first be reduced by applying an appropriate method. A popular image
nunpu:l:-nsiﬂn!:htnl: i:imn‘tphutq;mphicerpm‘hﬂrm.p []I".Eﬁ'bmtpumismﬂ],lﬂ. IPEG is-a.]um‘l,r
compression scheme that can convert a two-dimensional image pixel to frequency components and
coetficients. Most of the high-frequency components of the image are lost during the compression
Funﬂ;butﬂﬁshm:hrﬁdrhcbdhrﬂ:l‘mmme:vn

In JPEG compression, Hrst the data are divided into blocks of B = -E'Pilﬂ.in. Then, quantization,
zigzag scan, and discrete cosine transform (DCT) are performied. Al these operations. consurme
processing time of the MUU/FPGA. In the case of an MCU, the data are processed in the sequence of
iru'.l:m:l:i.mhluckh}'mmﬂtnfdwhnaﬁe.mmwmnrpﬁundlhmcrdepmhnnihnpﬂ:ﬁng
frequency and archifecture. In the case of the FPGA, the image compression is performed by using
Iogic synthexis and parallel processing, which i much more energy efficient than MCU processing:
However, the cost of an FPGA that can support image compression is very ]l:ishumq:lmd o that of
an MCLL. An additional advantage of an MCU over an FGPA & that the firmwarne of the system can
be upgraded over wireless communication, which provides greater flexibility. Many MOLU venders
suppaort in-application programming (EAF) [13,14]. The code together with the LAP concept allon
the MCU to program iself, which isan advantage in terms of maintenance.

In mamy studies in the literahure, attermpés have been made o improve the instrsctions wsed in
the: |PEG compression process in MUU-based image sompression [ 15-1E]. The authors of [15] improved
data loading and restoration by replacing the sigeag scan with a lookup table. In [16], the authors
:Eq:rmmdhpmmlpcedb\' Llsmsl:mmll:dilﬂrn:mlr_ Tbtﬂmﬁngpnﬁuthﬁul:puwi:
mapped to integers [17] with the purpose of increasing the precision of the MCU. The results reported
in [15-20] shiwe that the energy consumed by FPGA-based image compression is greatly reduced as
compared with that of MUU-based image compression. The resulis include many details of the energy
consumed in each task, e.g, image capturing, segmentation, and morphology. In [20], the authors
implemented a zomal DCT to reduce the numbes of aliemating curment (AC) coeflidents. The results
indicate a significant reduction in the energy consumption. The suthors of [21] reduced the energy
consumption by integrating processors, the image processing unit, and wireless communications into
a single unit wsing a very-large-scale integration (VLSI) design. Their paper abo presents battery-awane
'hsksd\ndulinﬁlumnrmlﬂlrnmmrmmphuinmkm Mitmwiﬂ'ﬁnarﬂﬁnm@c.
Ins [22], the authors designed a [PECG image compression scherme for a capsole endoscope based on
an ARM Cortex M3 processor with a [PEG compression engine. This device is ethective for human
body images. The MCL! receives a [PEG image from an external |PEC compression engine, the energy
cmsumption of which is lower than that of the MCL.

An additional means of redurcing the energy consumption of image compression is to reduce
the number of data retransmissions. In [23], the authors presented an aschitecture and protocol
for energy-efficient image fransmision on FPGA-based hardware. The image ix divided into
smaller blocks and effective gqueve control i used bo redoce the ]:!a.r:h:t ermror mte. The number
of retransmissions is reduced and, thus, the energy consumption is also reduced. Data compression
ii-mrﬂtri.nlmsl.ir:ﬁ hﬂpkinmwmmﬂmﬂzmycﬂd many data records
and send all the records io a target node at a predefined fme. The results presented in [21] show
that the optimal parameters can be designed for compression on a T1 MSP430 series, which runs
on a fxed operating clock frequency. The energy efficiency on an MCU-based platform without
hmrm-cmsmqﬁxmufﬂu:ndiufmqm!ﬂﬂﬁmﬂlwalprﬂulnd in [25]- Tl'u:RFpa.rtnl
a sensor node receives enetgy from the EF harvester circuit and does not consume any of the battery’s
emergy, while the MU, which has to consume energy supplied by a battery, is in deep sbeep mode and
waits for an interrupt signal from the BF cincuit.

Thu.:-l'zr,hﬂt]itmﬁn&mﬂﬂiﬂﬁiﬂ&ﬂ‘uﬂulmwﬁn;nwhfmuﬂrﬁnﬁﬂtnpﬂaﬁng
clock frequency of the MCUL In some MCUs that contain a phase lock keop (FLL), the user can set
the: operating clock frequency dynamically to achieve the desired performance. From datashests
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and experiments, we found that an increase in the operating clock frequency leads bo an increase in
the current consumption. Howeves, the current consumption does not increase at the same rate as
the pperating clock frequency. This is because an MUU confains many components, the ourment
consumption of which is either dependent on or independent of the operating clock Frequency.
The relation of the curment consumphion of no-wail stale instruction sets to the: aperating clock
:Fn:c[l.u:nl:r 28] can be estimated by fpgry = me F= E'H._._.,_whul.-m is a comstant value and dc-pr_nd:-
on the ML architecture, f is the operating dock frequency, and 1,54, is the cumment consamption of
the MCL, which is independent of the operating clock frequency. I, ko example, the operating clock
Frequency is increased two-fold, the increase in current corsumption is less than bwe-fold, whereas,
the: application code can be completed more than byo times faster. This means that if the application
code contains no wail-state instruction sets, the total energy consumption of the application code can
be reduced ¥ the MCL operating clock frequency & higher

Normally, the processing of a senser node can be divided into thoee steps: (1) retrieve thedata from
ﬁenm;!lhpmﬂu data; and (3} transmit the data via wineless communication. The am:l]iml:inn
codes in Steps 1 and 3 confain a wait-state instruction set, becanse of the delay time and waiting Hme
in the data bus. hhbpmi:@pﬂhﬁ,wzcﬂn:ﬂ&r!ﬂ@upcmthﬁghqmy o thie lonwest
value, but the data bus peripheral still operates comectly. In Step 2, the code containg a no-wait
instruction set. In this period, we set the MCU operating frequency to the highest value to save
energy. In this paper, a technique for switching the MUL opesating clock frequency is newly proposed
in order o reduce the energy consemption of MCU-based sensor nodes. The experimental resulis
show that the proposed technique can reduce the energy consumed more effectively than a fixed
operating clock frequency in many applications, e.g., |PEC compression, cyclic redundancy check
{CRC), and the med-\l'l-.*—(]:erhl.m'lﬂ' (LY method. The resulis confirm that Ihu‘hﬂ:h'liquembe
used boimprove the mn'grsa.vinsdh‘ﬁ."[.'-lmﬁud semor nodes. 1f has bwo major attractive Hl‘Fﬂ.ﬂlﬂF
low cowt amied the upgraded Aevibility of the platform.

Notations: there are many bechnical terms used as acronyms in this paper: Table 1 is presented in
order tn improve the readable quality of this paper.

Table 1. Acranyms used in this paper.

Acronym Drefinitiom
ML Microcontroller Linit
WSk Wirdless Sensor MNetwork
AVE AE and Vegard's RISC processor
nc Periphesal Interface Confroller
MSP Mined Signal Processing
FPGA Field Programmable Gate Arra
JPEG Joint Photographic Experts Cmtfp
DT Discrete Cosine Transform
iap InmApplication Mrogramming
VILSL 1-'=t].'hl.4rﬂ-§ulu hlrsnlim'l.
mn "imas Instrumenits
RF Radio Fi
FLL Phase Lock
CRC Cyclic Redundancy Check
L0y Lenpelm Eivml ibertimmer
ARM Acorn RISC Machines
RISC Reduced Instruction Set Computing
LUSE Uniwersal Serial Bus
RTC FealsTime Chock
UART Universal Asynchronous

RecetversTransmither
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2 Clock-Frequency Switching Technique

A high performance MCL running at high speed always contain a phase keck boop (PLL) umit.
The FLL boosts input frequency o a higher frequency, eg., from 12 MHz o 72 MHz. 1t is the
IEFPIII'EEIH.I“}' ok Ih:dﬂ:igrh:rindmm.a.ppﬂnprjate operating requency. Fm'ﬂﬁmple,ﬂlth‘[‘[,ll
must operate at 48 MHz to provide appropriate universal serial bus (USEB} opemation, regardiess. of
ther imput frequency.

Sunuapplh:aﬁm::inmtnudlnrmataspaciﬁchtquﬂ'lry. In the case of sensor nodes,
we attempt to keep the dock frequency of the MCU as kow as possible o maintain a low-level curment
consumption. This is becawse many =ensor nodes contzin a much shorter ime for dats scquisition
than for data transmission. However, in the case I:Ea.l.l:rlsd.ah task, it i_-l]:u.uuﬂ:ll.e that the processing
E.I:I'IEI'L'IE'!.I'IHEI.‘M bir oo greater than the transmission time. The reduction i Hﬂ:cru:rwmmpﬁm
for such a kg data task affects the total energy consumption of the sensor node.

The energy consumption of a fixed frequency can be described as:

Epu = Epﬂl + Ets (1}

where Epme B the energy required for data processing and Ejp s the energy megquired for
data transmission.

The energy required by a typical sensor node for processing is very small compared with that
required for transmission energy, €.g., reading the analog mput from the analog input pin of the MCL
takes a few milliseconds. The value of the term Eppy, is thus very small as compared to that of £y,
Homverver, in the case of a long data procesing times, such 2= that requined for image compression,
dlaka inkegrity d.1n:lLi.1'|E,.and data compression, it takes more ime I:ncnu'rl.pklrﬁu: Frnm-n':i.nﬂand thus
the term E,, is the dominant term of the iotal energy consumption. In a fixed frequency platform,
such as a low cost B-bit MOL that does not contain a PLL unit, one means of reducing the processing
energy is o improve the instruction code or scquire-an off-the-shelf module to provide better energy
consumption; however, the cost of the node i also increased.

An MOU that contains a PLL unit cannot exploit the benefits of a requency-switching technique
that allows the MCL! to operate at high frequency in the data-processing period and then return o
]rmhh':quutyupmﬁm for the data bransmission p:r.iud. The: relation between the execution ime
and I:"bl:‘l:lpﬂ'.lﬂl‘lﬁi‘l’l‘.qm it

fogwe = ; 12}

wheere f,y., is the execution ime, k is the constant value depending on the MOU archifecture, and £ is
the operating frequency.

“hﬂuupuaﬁ.nal’mrq isimd,ﬂtmﬁzisdmmd. Howrever, from many
datashreets and experiments] results, we found that the curment consumption is inceased as a function
of the operating frequency. The relation is:

A0 X frase) < S0 ) (3
where i f] is the current consumption of the MCL at the operating frequency, ot is the multiplier of
the new higher operating frequency and m > 1, and fiu is a low operating frequency of the 300

The processing energy during feopy is:
E=b%i% biger (4]

The processing energy at high frequency in terms of ko frequency is:

k
Eﬂ:n!itmxfh:‘kmkﬁ_ (5]
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ﬁrprmh'lgr_nuw at how frequency is:
En=r:imt:|xll-£-- (5]

'F.iru]-]}', a comparison of ﬂxuﬂsy consumesd at h.ghhtq_urnc‘l,r {5h and at bow trequency {6},
mlhel:l"l:m‘ldr@ﬂ:ﬁ:dﬂ,rﬂpmhd}mrﬂklmbcmwhmatﬂt}ﬂﬁlﬁfw}
f'[ﬂ'f";h-:l I%rn-ﬁ

L o = o v
In the transmession part, the ransmiscion energy of the MCL is the energy expended when the MCL
transmibs 3 data packet to a target node sucossshully; that is, the sender neosives an acknowledge packet
of 2l the data packets that it sent. The transmission fme pericd may vary depending on the conditions
of the wireless networks, e.g., the number of hops, quality of signal, and level of noise. 02154 PHY
allows 127 bytes per packet at 24 GHz. The RF band rate is 250 Kbps. We assume the condition of
the acknowiledgement timing is the best case and the address length is 16 bit. The total duration of
'H'h:tmmmcisacinnpcrind:ir.
b, = 0928 + [00E2 x b (5]

where by, is the tofal transmission time in mes and b is the dats size in bybes.
Then, the intal energy consumed by the MCL for the best case transmission is:

Epr =i 8.0 5 iz (5

where Ejz is the transmission -cnl::ﬁ:.',i s the aveTage current -on'mil.nnpl:i.lm of the MOU, and ¢ =
ﬁl:suppl}rlwﬂta.spufﬂumt,w]ﬁ:hkij‘ﬁ

Now, suppise that only the data processing is considened and the data acquisition perind & ignosed.
The energy consumption of data processing and transmission when the operation is fixed at a low
Irequency is:

.E_ r'==Er"J*.—EF- +Er1- ﬂﬂ]

whens Epy_jix is the energy consumed by the MUL operating at a fixed low frequency and Epr e s
the energy consumed by the PLL locked ata low frequency.

Mext, the propoesd techrique allows the MOU to operate at high frequency during
ther data-processing period and then retumn to low-frequency operation during the data-fransmission

[ —— Eﬂ':!;p - E.F'*' + EF"-' + Epi {11}

where Enp_s i thee energy of the MUL when the frequency-swilching tedhmique is applied, Eup o is
the energy of the PLL locked athigh trequency, and Eug e B the energy o the FLL locked at low requency:

It showld be noted that there exists an issue based on (11 the data-processing period must nod
combain any wait-stabe instructions; if it does, the requency-switching technigue cannot be used o
ﬂﬁuﬁwmﬂmﬁm

Figume lmgﬂrdifﬁlmhetnmnpﬂahﬁm;ﬁﬂ&qmqardmﬂu&th
switched. In the transmisson period, the MOLU always operates at the lowest frequency, because a wait-state
is inchaded in the communication with the transcenver, Some examples of applications that can benefit fnom
the: switching technicue ane cyclic redundancy check (CRC), image compression, and data compression.
Iry this study, all three examples wene implemented fo validate the benedit of the proposed echnigque.

CRC is usehul for checking data integrity. A sender node appends the CRC code at the end
of the data packet The receiver node receives packets and checks all the data packets that include
the CRC cocde. 1 the resulting value is zeso, this means the packet is valid and then the data packet
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:i:-'pmd tor the upper layer I'nl':hi.rﬂ!n']:!mcﬁ:i.ng_ ﬂti:npl:lru:rdalim’: nfﬂ‘.-'l'_'ﬂf_':i.nlhzissmd.}r
was based on C programming, that ix, a lookup table, because it offers the best MOU performance.
Theere are varsous CRC polynaomiaks that are suitable for each application [27].

As an image-compression scheme, JFEG compression was selected for our demonstration,
because [PEG s a popular image type widely used in mamy sensor node applications.

ﬁuﬂr.hrdabmﬂhﬂﬁmﬂyﬂr%m:&rﬂwurh&dhuamﬂmahw
memnary fostprink so that it & switable for an MOU-based platform. LA compression i |nsshess data
compression, which allows the receiver fo receive data that are exactly the same as the original data
transmitted by the sender.

Sl PLL, lipsy I B PLL high

Ired Ireq
v L
Cita [rata
Frocassing Pronessing
Y
SctPLL kow
L5

Trarvmiss T

1) Femad Fresg. () Frac. Balich
Figure 1. Dhfference between (a) fiued frequency and {b) regquency-switching technague.
3. Experimental Details

3.1. Hirdfueere

The ARMT ML h:mi]:,-;, m,wuzhdedfmmhauﬂpﬁmh This MO has a PLL anit
that can boest input crystal frequency up b 72 MHz, The MOU has an Static RAM (SEAM) of 64 K bytes
for geneval purpose memery. This SRAM is used for mamy data-processing operations. The experimental
environment is shown in Figure 2, The direct current {DC) input voltage power supply was stepped
diem o33 Y h:mp-plrlhl:MCL'a:ﬁH‘l.-m R5-232 comumunication was ermpioyed Inl:irbug
the MU amid to set the parameters, such as data length, for the MOU operation for each experiment.
The current consumption af the ML was measured by a simple pesistor in sevies with the cument path
o the ground. A resistor value of 015 ohm was selected for all experiments. Note that the resistor value
should be kept as low as possible, so that it does not affect the voltage drop across the resistor, which may

cairse the MO toostop operating,

Figure 2. Expenmental setup {a) hardware diagram (b) photograph of operating hardware.
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The voltage acoiss the resistor was amplitied to the appropriate level so that it conabd easily be
analyzed by the digital oscilloscope. In our experiment, the amplify gain was set to 5. The USE pord
from the digital oscilloscope was for data transfer fsehup, so that the data poinks could easily be saved
on the computer in many file different formats, including bmp and csv

3.2 Softuoare

The compiler suite used for compiling the source code was ARM with GNU Compiler Collection
{GOC). This is freeware that has a command line style. First, the program initializes scrips, which ane
implemented in assembly language. These mitializing sections set up the stack for each operation mode
of the Acomn RISC Machines [ ARM) processar, clear the memaory, and Ihm;'ump o the main funcion

The main functicen is written asing C programming. 1t contains one-time initialized code and
combinues with forever loops. In the initial section, it sets a sleep mode, real-time lock (RTC) for
waheu:F pe‘rind, mur};.a.nd. universal asynchronows recefver-branamitter [LAKRT), and then, waits for
a command string from the PC. The command string contains parameters, e.g., data size and quality.
After receiving a command string, the MUU goes to sheep mode with a periodic wakeup perindically
15 5 for energy measurement. The parameters of the MOU ane as follows.

Expc zxprr.i.u‘t:nln] aPF'I.i:aLi.cm:.'. CRC-8, CRC-az, ;]""EG, and LA,

FsEn: operating maodes: either the frequency-switching technigue or a fixed frequency.
Len: data length for CRC-S and CRC-32.

Chual: quality of compression for JFEG.

Txkn: choice of only data processing or induding data transmission.

- & W B @

To measure the amount of energy, the MOU is woken up every 15 s and then the PLL is set, as
shown in Figure 1.

When the MO & woken up from the sleep maode, it sets the PLL according to the Fsln parameter.
If the vabue of FsEn is e, the MOU ispﬂ-.ﬂihﬁ ['u.-q_u:ncr:i: set b d MHz This is the lowest EI.'I:qI.E'H:}I’
for this MOCU that alloss communication hbenpualzdmrrccﬂ}'. If the value of FsEn & 1, the MCLU
operates with the frequency-switching technique and the operating frequency & set i 72 MHz, which &
the marxdmuom frequency for this MU After the FLL has been Locked, the MOU muns the code acoording
‘h:-H'leip]:ur.m\:h:r.

1f the Exppamn!hr'u CRC-8 or CRC-32, the oode i rl.l'lu.uu!gﬂ! Lem Fumulrr_ If E::.P 1=
JPEG, the code is run using the Cual parameter. 1f Exp is L2, no additional parameters are needed,
m&:dmmhﬁxdbmh}h

The final parameter is TxEn. If ik vabhae is zeno, the MCU goes to sleep mode immediately after
completing a data processing operation. If the vahse i 1, the MO performs a bansaission process: to
send data to the' barget node. The time spent during this period & according b the paramster Len in [4)
for CRC8 and CRO32 W is JPEG, Len & assigned a compressed image data length. If Exp is LZD,
Len is assigned the compressed data length of sample data récords:;

4. Hesnlis

This saction presents the comparative experimental resulis for operations at fixed frequency
andw-]mﬂrfmqmurrmmthmg h:l:imuluew npplhnd_ Aldﬂ:l‘illﬂd]:!mi:mﬂl.‘f, the amoant of
energy saving depends on the time period of the data processing: To obtain the exact time period,
the assembly code that is generated after the C source code is compiled needs to be examined,
which is not comvenient. It is better to show the results in parameters that are easily understood, eg.
data length. The experimental results for CRC-8, CRC-32, JFEG, and LEO with different data lengths,
fwed fml:[l.tl‘l.l:}'f[‘l.‘q.lwﬂ:"‘r mi.td:ins, and transmission,/no transmistion are shown. The curment
consumption in all experiments was scaled down by a factor of 50, e.g., 1 velt /division is eqoivalent to
MmaA
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a1 E:_l,d.ﬁ: .ﬁ'.rdm.lfmry Cheek (CRC-8)

The pualynsmial o ﬂm:—ﬂhﬂtkerp:hmtm:ﬂ+:5+r"+lmdﬂmquirﬂ a loxskourp table
for the best performance For C code. The parameters of this experiment were as iollows:

Dhxta size: 10, 20, 30, 40, 50, 100, 200, 3000, 400, 500, 1000,

With and without transmission.

With and without frequency-switching technigoe.

The curment consumption of data-processing and -fransmizsion operations at a fxed equency and
when the frequency-switching technique was applied & shown in Figure 3. The tofal energy consumption
ix presented in Figure 4. 1t can be clearly seen that the energy corsumption is at approcimately the same
level when the data stze & - 10 bytes. In adedition, when the data size is incrmsed, the diffensnce between
e quuﬂt}z.nd.mildnnslmquaty i.lml:u‘EP’l.‘l‘I;ﬂ.l‘h?ﬂi. It cam be smen H'hatﬂu-ﬂ.lffmaw:a.n
it be a linear function of the data size after a data size of 10 byies.

RIGOL
m

L3 K J B 1 S =
CHA 1.0 10 D0ms D el 50 Do

Figure 3. Current consuniption of cyelic redundancy check {CRC-8) gerwratior code with fwed frequency
(black} and swritched requency (bluc) for data size 5300 bytes.
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Figure 4. Total energy consumption of CRC-5 versus data sizes.

4.2 CRC-32

The polynomial generator wsed for CRC-32 was 2 4 B a4 B e 2 Ml
R R i T N In addition, the processing employed a lookup table,
as does CRC-E. The parameters of the experiments are also the same as for CRC-S.



63

Ederghss 018, 11, 1194 Fof 13

ﬂﬂ:numlmmm:pﬁnnncfdahprunminﬁﬂ:d hwm.iﬁunupﬂzﬁuma!aﬁurdﬁwm‘lqr
and when the frequency-switching technique was applied is shown in Figure 5. The tofal energy
consumpton is presented in Figure 6. 1t is clear that the energy consumption is still at approximately
the same lﬂtlwl‘lﬂnﬁrdﬂ.h:ini:l—lﬂh}'lﬂ. When the data size is increased, the difference between
fixed frequency and switched frequency is alss increased and the difference appeans to be a linear
function for a data size >= 100 bytes.

RIGOL

i

=]

CH1 1.0 10. 00ms. Doty 50 Dims

Figare 5. Current corsamption of CRC-52 generator of fiaed frequency (black) and switched frequency
{blue] for data size S0,
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Figure 6. Energy consumption of CRC-32 versus data sizes

4.3, Joint Photoyrapinc Experts Group {[PEGE Compressita

Image compression is mose complicated than CRC generation. The compressson process consists
of partitioning an image into sub-images of B x 8 pixels, foreard discrete cosine transform (FDCT),
quantization, and Huffman encoding. The DCSAC coethcients of lnminance, chmminance, and Huffman
encoding are obtained by the [PEG standard [25]. The ivput parameter of compression is a quality value
in the range 1 t0 99, This quality is multiplied by all the entries in the luminance and chrominance
tables. The total processing, time vanes according to the quality value. If the quality value is highes,
more luminance and chrominance AC cocthcients have a non-zem value and the compressed [PEG data
size is highes. This consumes more MUU processing time and also increases the ransmission time to
other nodes. The raw image data was a C comstant array located on a fash section of the MOLUL A popular
Lena image was selected for the experiments. The size of the image was 6 506 pixeds in YUV fonmat.
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The current consumption of [PEG compression with transmission operating at a fixed frequency
and when I'l'l.:fr\eql.mry—sswjl::hinﬁ Indlniqu:mapplie& ii-sﬂ'lﬂwn:i.nﬁsum 7. The tokal ENETRY
consumption is presented in Figume 8,

RIGOL
L - @....
i)
e, T ) o AR k.
CH1 1.00v 100 O Dsdagr 506

Flgure 7. Current cansumption of joint photographic experts group (JPEG) comipression at fimed
fre@.l:m‘y{bla.dt:land switched l'mq'l.mc_!.rﬂﬂut] ui.l:l:..l.ql.l.aﬂ.llgri‘aiucufﬂl

Erargy im) — N
5 | - JPEG Frag Switch
404 —4— |PEG. Tr Fixad
150 + =aipus [FEGE Te Frog 5'..-t:h__
g 4
1
T
204 |
L
150 +— - - — = —
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| = i
R B e et T
| ;

Figure & Energy consumption of [PEC compression versus guality.
dd. Lempel-Zie—Oherhumer {LZ0) Camprression

L0 comprression is a lossless data congpression that & suilable for application on an MU, berause
it requeres a Imq":rl'LEmmT slre. ithadtﬁmmyhhmdminn. For m&mmmilﬂmﬂd
hmr&uﬂyddsrﬂ:lbsaurnflh:d}namicmzuwy L&uﬁedﬂmdicﬁnmrr. hﬂﬁs:xperhnul.l,
the: samples of temperature data for 500 records wene compressed wsing L0 and transmitted fo a target
nade. The efficiency of the compression depends on the repeat pattern of the data. In Figune 9, the samples
of bemperaturne m Celsius are shown, The sampling interval between each record is 1 m. The current
consumption of the operation at fixed frequency and when the frequency-switching technique was
applied, where the operation was completed with the bransmissson process, is shown in Figoane 10 12 can
b sepm in this figure that the energy consumption of LZO when the frequency is fixed is —3.5 m] and
when the switched frequency fechnique is applied is - 16 m}.
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Figure 9. 50 samples of lemperature data
RIGOL
L | S " ;
[T l - el
CHY 100V 10 (el Dietay: S0 Glivre:

Figure 10. Cuarrent comsumption of Lempel=Zivelberbumer {20 compression of 300 temperatune
samwples with a fiwed frequency (black) and switched frequency (bluej

The experimental results for CRC-R, CRC-32, [FEG, and LZO show that the frequency-switching
technigue rediced the enengy consumption of the MCU inall the experiments. The energy saving in
percentage i summarized in Table 2. The masimum of energy saving s 66.9% when [PEG compression
is employed.

Table 2 Comparative summary of crergy consumpton for Gxed frequency and switched frequency.

Esputiment Encrgy fml |
I 4 5a
it TI) P T ———— - B
Ligry o 1041 0.z 024 %
CRCH Lassy = 500 0.2 053 T
Laris = TINRD L& 135 15.70%
Laery = 1040 Lz 025 5.00%
CRC-32 Lien = S04} 0.5 L] 14.20%:
Ly e TONKD 1&5 137 T5.90%.
Q= kD M5 1 AN
TPED (Laciia 6 w0 &) Q= a5 932 B 20
= G59 x/y 178 55.10%
LI (Tesnpeerakuneh Laery e 5001 is La £
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5, Conclusions

The experimental results showed the advantage of using the frequency-switching technique
in terms of reducing the energy consumption of an MCLUL The amount of energy saving depends
on the data-processing time, the ditference between two operating frequencies, and the architecture
and the peripherals of the MU An additional advantage of the proposed technique is that there is
nio additional hardware cost and it can be implemented easily in only the software. The proposed
technique can be used o improve the energy efficiency of a low-cost MO U-based sensor node when
a PLL unit is available. In summary, the image sensor nodes can save energy by using the propesed
techniquer. The experimental results indicate that energy saving up o 56.9% can be achieved when
using the frequency-switching technigque compared with normal operation.
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