1 RADIO FREQUENCY IDENTIFICATION AND COMMUNICATION DEVICE Field of Invention 5 The
invention relates generally to communication devices. In particular, it relates to a low-power, passive
radio frequency (RF) identification and communication device. Background 10 A contactless or RF
identification and communication (RFID) device, otherwise known as a tag, transponder or card, is
commonly used in numerous identification- based applications. These applications include sentry
control, access control, inv '&?EEY(?%RE% %@%@Qﬁlﬂgﬂg@f@ﬁeﬁ%try, and etc. 15 For
application efficacy, miniaturization o eV|ce Is desirable Since evice is typically tagged or
attached to an object for identificatio® ONHE GNECA A OV iDE \féGeer identifies the device through
interrogation, which consists of contactless or RF- based communication between the device and the
device reader. For achieving 20 optimal miniaturization, passive devices are preferred over active
devices, whiEellef deverdhaving internal power sources. A passive device generates power from RF
signals gansmitted by the device reader for one-off or instant usage. Because such generated power
is limited and cannot be 25 stored for subsequent usage, it is therefore critical that the design of such
adevice is di mdm@miqcmmius@wwqib«mechual@ﬁerade)riseﬁd raphrﬁvelmw\itpsalmes tperations,
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devices are also typically required to provide different clock frequenmes for operatlon of the different
circuit blockéaggd}g[mdequirements include incorporating a read/write memory and

10
A contactless or RF identification and communication (RFID) device, otherwise
known as a tag, transponder or card, is commonly used in numerous identification-
based applications. These applications include sentry control, access control,
inventory control, live stock tracking, vehicle telemetry, and etc.

15

For application efficacy, miniaturization of the device is desirable since the device is
typically tagged or attached to an object for identification of the object. A device
reader identifies the device through interrogation, which consists of contactless or RF-
based communication between the device and the device reader. For achieving

20  optimal miniaturization, passive devices are preferred over active devices, which are

devices having internal power sources.

A passive device generates power from RF signals transmitted by the device reader
for one-off or instant usage. Because such generated power is limited and cannot be
25  stored for subsequent usage, it is therefore critical that the design of such a device is

directed at achieving low-power internal operations.

To achieve low-power operations, passive devices are typically required to provide
different operating voltage supplies with different voltage supply levels for powering
30 different circuit blocks within these devices. Such passive devices are also typically
required to provide different clock frequencies for operation of the different circuit
blocks. General requirements include incorporating a read/write memory and

communication capability with the device reader.



communication capability with the device reader. 2 A number of conventional proposals are directed
at RFID devices but do not address the need to provide both different operating voltage supplies and
clock frequencies required for low-power operations in RFID devices. 5 In US Patent No. 6,104,290 to
Naguleswaran, a contactless identification and communication system in which use of two oscillators
in a transponder is proposed. The transponder opgrates at a higher speed during transmission

operations fof transmitting to a reader and loyver (n@.other operations, By doing this,
power-savin%:gbjcran:%?fo%%scgpé/ epﬁtu'r%r(])arﬁ:&rj?)p %saa%eg : csylﬂv[[ecitsé%leﬁﬁ %gwa?%\r/l#fi?ob%?ggf@fgj %e%;ang etal., a
battery-free tircogetbtogndRid®biaty i flereposeaiadondoxetfagguepeleapplicatiok fizqdencidsS Patent No.

6,147,605 toré/ ﬁo?‘bv@-ﬁg\%{ép (gﬁg'%ﬂ Oﬂg%rﬁ%i% @Flg)'device is proposed. Neither of these

proposals is directed at mu Iple”voltage supplies-mu pfesclock frequencies operations for 15 power
saving in the respective RFID devices. There is therefore a need for a low-power, passive RFID device

having difergt, oBaIaligoy 81A9e 3R g8 Ak wloch TERURNGES (BERRHIONINg Rower-saving
operatlons. ummary Pn accordance WIﬂ'] one aspec?o e Invention, there Is disclosed a
low-power, peapwi icationfeyeieenityvidécttifieatip hanosciblatnramicatianspenitss sqrropostdable with 25 a

device read rsi ront.e v SNt device reader RF
signals and ?thgﬁﬁgﬁﬁv@%% %a{taafﬂ%ﬂ%ré%@g{#gﬁé{l@gahﬁmg{j%%9&%{? gf—:‘ﬁvgligﬁeader, a controller
for receivingtfeoamalitid grtong raitieratsl e RIVEositeeshdudiagptied eperainosy By dededvinig, from and

transmitting r@@%@_gﬁ]&%&%%%s'gréeﬁ]msﬁgﬂ)éé{lgscgg%g@%gﬁ_and writable by the controller and operable
les durin a

using first a second voltage supp read and write operations, respectively, the first and
10

In US Patent No. 6,211,786 to Yang et al., a battery-free circuit for an RFID tag is
proposed for low-frequency application, and in US Patent No. 6,147,605 to Vega et
al., a circuit for an electrostatic RFID device is proposed. Neither of these proposals
is directed at multiple voltage supplies-multiple clock frequencies operations for

15  power saving in the respective RFID devices.

There is therefore a need for a low-power, passive RFID device having different
operating voltage supplies and clock frequencies for performing power-saving
operations.

20

Summary

In accordance with one aspect of the invention, there is disclosed a low-power,
passive radio frequency identification and communication device communicable with

25 adevice reader, comprising an RF front end for receiving from and transmitting to the
device reader RF signals and extracting power and data from an RF signal generated
by the device reader, a controller for receiving from and transmitting to the RF front
end data, and a memory for receiving from and transmitting to the controller data.
The memory is readable and writable by the controller and operable using first and

30 second voltage supplies during read and write operations, respectively, the first and
second voltage supplies being of different voltage supply levels.



second voltage supplies being of different voltage supply levels. 3 Brief Description of Drawings
Embodiments of the invention are disclosed hereinafter with reference to the drawings, in which: 5
Fig. 1 is a block diagram of an RFID device according to an embodiment of the invention; Fig. 2 is a
schematic diagram of an RF front end block in the RFID device of Fig. 1; 10 Figs. 3a and 3b are
timing diagrams illustrating encoded data decodedn a two-stage decoding process using a forward

deduction siglﬁrér}e[)imgllfer‘rﬁ%ntggq: a digital block in” the RFID device of Fig. 1; 15 Figs. 4a and 4b are

flowcharts of-an’imp Ementation the de ding process of Fig. 3; and Fig. 5 is a circuit diagram of a

DC-DC converter in the RFID device of Fig. 1. 20 Detailed Description Embodiments of the invention

are described fgtgnalter {phad .(/eeﬁﬁglgatﬂeednse?‘fgséarh%ré%%?m? PAgBINE.RE |, device having

different operating voltage supplies and clocK frequencies for performing power-saving operations. 25
A low-powerdrasgsps IRMIDidevice 100 according to an embodiment of the invention is described
hereinafter with reference to Figs. 1 to 5. The RFID device 100 exemplifies one of many RFID devices
typically used in conjunction with an RFID device reader to form an RFID system. Such an RFID
system typickily pasfohiesi30iageanificiaioRIDasdeviqepiatiomy iby dirstigbiodimdpirng the RFID devices in
proximity thfﬂ\'f&ﬂi. terrogation, which is a process consisting of the RFID reader broadcasting an
interrogation signal ahd in response receiving signals from the RFID devices being interrogated
bearing identification information and other data.

Fig. 2 is a schematic diagram of an RF front end block in the RFID device of Fig. 1;
10

Figs. 3a and 3b are timing diagrams illustrating encoded data decoded in a two-stage

decoding process using a forward deduction scheme implemented in a digital block in

the RFID device of Fig. 1;

15  Figs. 4a and 4b are flowcharts of an implementation the decoding process of Fig. 3;

and
Fig. 5 is a circuit diagram of a DC-DC converter in the RFID device of Fig. 1.
20  Detailed Description

Embodiments of the invention are described hereinafter for addressing the need for a
low-power, passive RFID device having different operating voltage supplies and
clock frequencies for performing power-saving operations.

25
A low-power, passive RFID device 100 according to an embodiment of the invention
is described hereinafter with reference to Figs. 1 to 5. The RFID device 100
exemplifies one of many RFID devices typically used in conjunction with an RFID
device reader to form an RFID system. Such an RFID system typically performs

30 identification-based applications by firstly identifying the RFID devices in proximity
through interrogation, which is a process consisting of the RFID reader broadcasting
an interrogation signal and in response receiving signals from the RFID devices being

interrogated bearing identification information and other data.



4 The overall architecture of the RFID device 100 is described hereinafter with reference to Fig. 1,
which is a block diagram depicting circuit blocks of the RFID device 100. Each circuit block is
configured internally and vis-a-vis other blocks for 5 passive, low-power operations and directed at
facilitating optimal miniaturized implementation of the RFID device. The RFID device may then be
implemented as a chip, tag, or card as known to those skilled in the art. In the RFID device 100, an
antenna 102 receives interrogation or downlink signals 10 generated and broadcasted by the RFID
device reader, which are delivered to power generation blocks 104, 106, 108 for generating the
required opefatmyyallverchidectaracaf tier B2 xampdel 60218 e HReddrereinaiténevitbwnlink signals. The

' 06, 108,i : ifier 1.04, lat itor bank
08, 15 & oS ik Sodtion b A L R SEERE e “operabitty o
their host degisicbdOQudeatheyemeidosl spmnafiige qubinterigléy pplistste-\asl atresbbocsif@ocks in the

RFID device l08yd WSV\C?@WSF g%‘gaw&g%%ﬁa fhi F(gég%aeél? fé’c‘%lf?%@%ogt%%lrﬁﬁh‘fﬁiﬂfz]eﬁae maintains the

rectified voltgge below safe operating imi a generated operating voI%age Vdd is typically
kept low (-IVimplemigitaiixn pbwerRioHs davition Wik Dl RACD rday ide Do iMmpleroapiaditsrdank 108

provides tenyﬂﬂ{a%/go ﬁgac}g%%ﬁo%ﬂr %‘etgglpe%ﬁ&rgee rated by tapping the operating voltage

Vdd. The operdting™vo s used to power all circurlt blocks, except a memory 110, which
operates with higher operating voltage supplies. 25 A dc-dc converter 112 is connected to the output

ofthe powen SRR ORI 304 (araqantina don sRSEANNSKAGS Yel AR Bafnat generates

the higher operating voltage supplies tor the memory to perform memory operations. The dc-dc
convertér 11gepesttachigl duopdessterign dhe/Bitdgealardes ieaddchithidugte debiyesedrinimg8erthe voltage

level is doubler, oy il gilmES 1224 85 B PRS GANIXRIAAE Nqdifed BpRfiting power from a

carrier, for example a 2.45-GHz carrier, in the downlink signals. The power
generation blocks 104, 106, 108 include a rectifier 104, a regulator 106, and a
capacitor bank 108.

15
In a passive device such as the RFID device 100, such blocks are critical to the
operability of their host device because the generated operating power is supplied to
all other circuit blocks in the RFID device 100. The rectifier 104 provides a rectified
voltage and the regulator 106 maintains the rectified voltage below safe operating

20 limits so that a generated operating voltage Vdd is typically kept low (~1V) to
minimize power consumption within the RFID device 100. The capacitor bank 108
provides temporary or short-term storage of the power generated by tapping the
operating voltage Vdd. The operating voltage Vdd is used to power all circuit blocks,
except a memory 110, which operates with higher operating voltage supplies.

25
A dc-dc converter 112 is connected to the output of the power generation blocks 104
for accepting the operating voltage Vdd and from that generates the higher operating
voltage supplies for the memory 110 to perform memory operations. The dc-dc
converter 112 preferably outputs a higher voltage Vdd-h which through programming

30 the voltage level is double- or triple-times that of the operating voltage Vdd for read
and write operations, respectively. For the same reason, a logic translator 114 is also
connected to the dc-dc converter 112 and used as an interface for bridging logic levels

between other digital circuit blocks in the RFID device 100 and the memory 110. The



and write operations, respectively. For the same reason, a logic translator 114 is also connected to
the dc-dc converter 112 and used as an interface for bridging logic levels between other digital circuit
blocks in the RFID device 100 and the memory 110. The 5 logic translator 114 converts the logic level
of data received from the memory 110 from Vdd-h = 2 x Vdd to Vdd during read operations, and of
data transmitted to the memory 110 from Vdd to Vidd-h = 3 x Vdd during write operations. This allows
other circuit block te with the lowest gvailable aperatin Ita upply. ie Vdd, 5 instead of
the highest Ag 'é{%égb%%il%gs%)ﬁ\/g{%tb eg\‘\;ggr'gl eﬁlg\f\‘/%rdc%%%\'b’%g/rﬁép?&g é’@%ﬂrgé\/@e 100 is
minimized. Ammodéaft-i £62ix Soidriedldd doring erat nper didthsoarttbof odtd dtangrdivied io kheignals
containing ap | [ rrier With downji ta, herei ferred tg as b, and
modlating (10 ot oo s el it e PR o
uplink signalsir¢uiefdcalsl/tccoparatgnidthite poatest algailskld eper@akvaBgasopplytéd\attl encoded with
Manchester 0] link I leation, [ ication is achieved
by modatri RS Hobe e Eot s e o T A L Eol SO SP U otves
15 reflectingRréDrasneigOfar iairbmniednging impedance. A digital block 118 performs power
management of the RFID device 100 and controls logic switching in order to minimize instantaneous
power consumption of the RFID device 100. A power management logic module (not shown) in the
digital block AI8a2eris I pHesibke ted dowreranteondy iz foe deswaitatlog ko vorl sdcsigtalge for
operations. ig I ] [0 ' iS) i, command
control and ig e%?ﬁﬁeg'{[ﬂ i%)ﬁﬂ\%/léﬁc %’?e%: %@%&@@e@% ﬁ%%%g?ﬁiﬁgwgﬁygﬁ&g@ %She digital block
118 is ¢dnnetatadhb, sl decdulabny dreesatrie2i fiop pértpRhing peiweitRaphizin defenferaibgfiedntrolling via a
control sign t itchi ; C- S the higher
voltage Vdd?Jﬁ.FH?Fue(}aév g?ggigaﬁégiﬁﬁg %%Eé'@(ﬁl%éﬁgﬁ%ﬁm %odem%@gﬁgﬁgé@égﬁ%{jdownIink and
uplink data deies@RHK/AsKdansipted sppelctnesigecdndte diarsliegieriaodetoteshveidingl aDent_mod, the on/off

uplink communication, whereas uplink communication is achieved by modulating the

incoming RF carrier with data2rf through backscattering technique, which involves

15  reflecting the incoming carrier by changing impedance.

A digital block 118 performs power management of the RFID device 100 and controls
logic switching in order to minimize instantaneous power consumption of the RFID
device 100. A power management logic module (not shown) in the digital block 118
20 s responsible to power up only the necessary blocks for each stage for operations.
The digital block 118 also performs and/or processes anti-collision logic, command

control and interpretation, Manchester coding-decoding and memory control logic.

The digital block 118 is connected to the dc-dc converter 112 for performing power
25  management by controlling via a control signal nR_W, the on/off switching of the dc-
dc converter 112 and voltage level of the higher voltage Vdd-h. The digital block 118
is also connected to the modem 116 for processing downlink and uplink data data2bb
and data2rf, respectively, and controlling via a control signal Cont_mod, the on/off
switching of the modem 116, and the logic translator 114 for reading from and writing
30 tothe memory 110. The digital block 118 is further connected to a clock generator
122 for controlling via a control signal Cont_clk, the generation of different clocks

with different frequencies.



switching of the modem 116, and the logic translator 114 for reading from and writing 30 to the
memory 110. The digital block 118 is further connected to a clock generator 122 for controlling via a
control signal Cont_clk, the generation of different clocks with different frequencies. 6 Other circuit
blocks in the RFID device 100 include a power-on-reset circuit 120 that generates reset pulses for the
digital block 118 and the clock generator 122 undex a wide range of voltage supply conditions, and a

6
low-power cyyrent refer 124 rat s cuyrrent in nA for the digital. 8 and clock
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dependent onil and as aresult the varfious circu cks™are supplied with different clock frequencies
during differennvsitigatldAsrespictivetiie Brathacdniritwicpéoatioik herRirtbedeviceeadasraaty 110. With

the programinabie 1 coRNETEE A12 A InGIOANS3IFT 14, e BRI A dRNiER A0 S abl to

minimize power consumption while ensuring prop gic level between various circuit blocks
operatihg unkiequsifieyrénsunpieditmpthe Higtalkulopkds.8 widdthdononyeaiembldeielbek ganderator 122, the

diferont clodi vees oL Db ey LR B B RS AR oR el satsbing
same clock frequency is supplied to the digital block 118 and memory 110, ie f,=f;,
while a clock frequency at a quarter of f; is supplied to dc-dc converter 112, ie f3=f;/4.
With this scheme, only one oscillator is required in the clock generator 122 for
15  generating f; while other clock frequencies are dependent on f; and as a result the
various circuit blocks are supplied with different clock frequencies during different

situations such as the read and write operations performed on the memory 110.

With the programmable dc-dc converter 112 and logic translator 114, the RFID

20  device 100 is able to minimize power consumption while ensuring proper logic level
between various circuit blocks operating under different operating voltage supplies.
With the programmable clock generator 122, the RFID device 100 is able to minimize
power consumption and reduce component count while satisfying different clock
requirements of different circuit blocks in the RFID device 100.

25
As shown in Fig. 2, an RF front end in the RFID device 100 consists of three major
components, namely the rectifier 104, a demodulator 204 and a modulator 208. The
demodulator 204 and modulator 208 forms the modem 116 and the rectifier 104 is
preferably implemented as a rectifying device 202, which serves as a virtual battery to

30  power up the RFID device 100 by rectifying the downlink signal. The demodulator
204 detects the envelope of an OOK modulated downlink signal for processing by
baseband circuit blocks such as the digital block 118. The modulator 208 modulates

uplink CW waves by using the backscattering method.



As shown in Fig. 2, an RF front end in the RFID device 100 consists of three major components,
namely the rectifier 104, a demodulator 204 and a modulator 208. The demodulator 204 and
modulator 208 forms the modem 116 and the rectifier 104 is preferably implemented as a rectifying
device 202, which serves as a virtual battery to 30 power up the RFID device 100 by rectifying the
downlink signal. The demodulator 204 detects the7envelope of an OOK modulated downlink signal for
processing by baseband circuit blocks such as the digital block 118. The modulator 208 modulates
uplink CW waves by using the backscattering method. 7 A conventional voltage doubler is preferably
adopted as #reatiVientoma vbltage deetifigng deefiel?Padoptedistng etidiedes ©dfahd D2 where the

cathode of DLis. ) vidi voltage ler isemployed as the 5
rectifier core%%ﬁ@c&t%%%g%gﬁ@%ﬁ%ﬁcﬁd%%éﬁnﬁ\qk%gr%ag@hg%w e%?ﬁ])%&eioﬁg |f§/§|)ng device 202
through a capumeotedxm&meddaemf@ammcnmvideémvaItaJ&ditﬂJMdsaebW(mﬁheitor_CI is

connectgd t‘ﬁg&ﬂ‘ﬁ %#é)}é}??;t erégfﬁg’gg%%(gi@mooth out the voltage at the output to provide the 10

operating voltage emo is preferably constructed by connecting the anode of a
diode D3 to the inter-connection between DI and D2 thereby allowing the demodulator 204 to tap the

downlink si ‘ g ; o of ros o 4
the cathode BboL TR e B S8 o e e B e
selected sudheahaietheotrentoiulzabveadLritand DatatdeihypapirmgRFi caCidiearnacted the envelope of

the OOK-based ol 190l R241AK DS UARGISAL SONIGEgholIRYp (o drain the

current at the inter- connection between e current'source 1s switched off to save
20 curréht deperatinddivltpdgenéd®referably, all diodes are implemented using MOS devices configured
as diodes. The detected baseband signal is further converted into binary levels preferably by a 25

low-frequency comparator 206 with built-in hysteresis. An input terminal of the
The demodulator 204 is preferably constructed by connecting the anode of a diode D3

to the inter-connection between D1 and D2 thereby allowing the demodulator 204 to
tap the downlink signal for detection. With proper selection of resistor R, and

15  capacitor C, connected to the cathode of D3, R, and C, being in parallel, an RC time
constant of the demodulator 204 is selected such that the demodulator 204 filters out
the incoming RF carrier but traces the envelope of the OOK-based downlink signal.
R, may be replaced with a current source (not shown) to drain the current at the inter-
connection between D3 and R, and C,. The current source is switched off to save

20  current drawn at idling time.
Preferably, all diodes are implemented using MOS devices configured as diodes.

The detected baseband signal is further converted into binary levels preferably by a
25  low-frequency comparator 206 with built-in hysteresis. An input terminal of the
comparator 206 is connected to a reference voltage, ref=Vdd/2, which can be
generated with a resistor divider and another input terminal of the comparator 206 is
connected to the cathode of D3. A binary coded signal is obtained at an output
terminal of the comparator 206, which is provided as data signal data2bb.
30
The modulator 208 preferably consists of resistor R1 and a switch Sw through which
data2rf to be transmitted to the RFID device reader in uplink signals is delivered, the

switch Sw being connected in series with R1 and the free end of the R1 being



comparator 206 is connected to a reference voltage, ref Vdd/2, which can be generated with a resistor
divider and another input terminal of the comparator 206 is connected to the cathode of D3. A binary
coded signal is obtained at an output terminal of the comparator 206, which is provided as data signal
data2bb. 30 The modulator 208 preferably consists of resistor R1 and a switch Sw through which
data2rf to be transmitted to the RFID device readegin uplink signals is delivered, the switch Sw being

connected |n r|e ith the e ft lbem nec ed the t of D3.
Backscattenng |se§cﬁ/(te%tec‘f éﬁm c?tﬁg‘)’oy %s?a?t%r CE'&V% nga TQR%? ﬁOdﬁlp printed

dipole antenaddisignef@&dhadiesigh®d. and used as the antenna 102 5 to match to the composite input
impedance of the RF front end. With reference to Figs. 3a, 3b, 4a and 4b, the preferred Manchester

decoding scheme implemented in the digital block 118 is described hereinafter. 10 There are currently
numerous caxveffticrialpviatechdistde detendinig potferalely. desinredfant esedcarthersinderalastb2mes involve

the use of clpc CIN:G lock. With the preferred
Manchegter%e%é?lng) s{c eér{%?ﬁb%e%elfﬂ%ﬁ é}étﬁ Hé%@%?ﬁng%sﬂﬁtg%ecodmg scheme, data may be
decoded without a clock recovery circuit or signal-edge detection means. 15 The decoding scheme
comprises o0 S t f I ' 2 for data
decoding as@%%f?%ﬁ?eﬁ 639%; 553%65 %l?hnjda% %Sﬁ \%glagramsc@e%% ﬁg@fﬁ |§eﬁs% %%encoded
data, and Flwpmantﬁdlm thinidly diak bk di8ris desentsiiyiengiaafietiplementation of stages 1 and 2,
respectively. 20 In Stage 1, synchronisation bits in the encoded data are detected for providing

references for low and high-pulse widths. In Stage 2, such references are then used for decoding data
bits in tHe enduriedrdataentiptaimdeasca\critiomal iviazdtestoeirgoding schemes. Some of

these conventional schemes involve the use of clock recovery circuits for
synchronising input data and clock. With the preferred Manchester decoding scheme,
hereinafter referred to simply as the decoding scheme, data may be decoded without a
clock recovery circuit or signal-edge detection means.

15
The decoding scheme comprises of a two-stage process, i.e. stage 1 for pulse-width
synchronisation and stage 2 for data decoding as shown in Figs. 3a and 3b, which are
timing diagrams depicting examples of encoded data, and Figs. 4a and 4b, which are
flowcharts exemplifying an implementation of stages 1 and 2, respectively.

20

In Stage 1, synchronisation bits in the encoded data are detected for providing

references for low and high-pulse widths. In Stage 2, such references are then used

for decoding data bits in the encoded data to obtain decoded data, hereinafter being

referred to as Data [0...(DataSize — 1)]. The DataSize value reflects the number of
25  data bits in the decoded data, out of which the first four bits are used as

synchronisation bits in the example.

In Stage 1, which is shown in Fig. 4a and begins with a step 402 in which a sequence
of data stream in data2bb is processed, when encoded data in data2bb is detected to

30 transition from 1 to O in a step 404, a counter, which is initialised to 0, is incremented
in a next step 406. Thereafter in a step 408 the counter value is compared with the

integer value 2, where if there is a mismatch the counter value is again compared with



referred to as Data [0 ... (DataSize - 1)]. The DataSize value reflects the number of 25 data bits in the
decoded data, out of which the first four bits are used as synchronisation bits in the example. In Stage
1, which is shown in Fig. 4a and begins with a step 402 in which a sequence of data stream in

data2bb is processed, when encoded data in data2bb is detected to 30 transition from 1 to 0 in a step
404, a counter, which is initialised to 0, is incremerged in a next step 406. Thereafter in a step 408 the

counter valug is.compared with the injeger, value 2, where if there is iIsmatch the counter value is
again compaﬁﬂgd'%\:/t:/al%e[r)gv ugv%{gé‘esi?})al}geg 4 Ii%rllﬁ&gg é%%qﬁ{% t'lqgr% %egarlﬁa gﬁ%gtf?g ns %6%110 Stage 1
ends and Stgge2liegins antiffttieeedsia aisrisatcit tie tho grsscespddapk toable thethdOdtep 404. In the
example the integer value of 4 is used in the step 410 because the number of 5 synchronisation bits
are set at 4. Also the integer value of 2 is used in the step 408 because it is intended that low and

high-pulse wiidths exdrede tonohtegechedudsatibs biteds mibastepd o bpraviditig thmiﬁeoénces. If there is
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synchronisa It, as shown in Fig. 3a, is measured with' respect to the system or internal clock of
the RFID debrsauseot iniaterdadsteqt 1o ahe higbaruse ovpdilsei it hecookesyketdrartisatien bitemains low

for an extengse%éga?r@?smqrgr%%@%g {Hew%r\%i%t?’ which consists of maximum values, in which if it is
e p

true the measurement is regar as corrupted and discarded in a step 416, after which the 15
process then loops back to the step 402 in which a next sequence of data stream in data2bb is

processed. Ifdt H\ g i %}r ' t tj the process
Gntors a sten T8 R o S e e e 45 AL B IR % e
high-pulge widthrBRodtitiee secondi syebreoisatiaivbibias soshowirigy Big iSmeasureshgliied with respect to
the clock of i In ' rement | (Ijae in a step 422
and if the mé%ss”ugr‘gég éﬁﬁéi %v%ﬂ?@ Ijrﬁ]enr?ee{ﬁngm%ﬁpt%ﬁﬁﬁ %E@r@%ﬂ%?nfgaasléfié%éé i@%ﬂ?gg%Width it is

measured pulse width is checked whether it remains low for an extended time as

predefined in Max Width, which consists of maximum values, in which if it is true the

measurement is regarded as corrupted and discarded in a step 416, after which the

15  process then loops back to the step 402 in which a next sequence of data stream in

data2bb is processed.

If it is false that the measured pulse width remains low for an extended time, the
process enters a step 418 in which the encoded data in data2bb is detected to

20  transition from 0 to 1 the high-pulse width B of the second synchronisation bit, as
shown in Fig. 3b, is measured with respect to the clock of the RFID device 100 in a
next step 420. This measurement is then checked in a step 422 and if the measured
pulse width remains high for an extended time as predefined in Max Width it is
discarded in a step 424, after which the process looks back to the step 402 for

25  processing the next sequence of data stream in data2bb. Otherwise the process loops
back to the step 404.

In Stage 2, which is shown in Fig. 4b and begins with a step 452, initialisation for

Stage 2 occurs in a step 454 in which the decoded data Data [0...(DataSize — 1)] is set
30 tothe value 0 and a variable Sampling Mode is set to High Sample. DataSize is

indicative of the number of bits in the decoded data. When the Sampling Mode is set

to High Sample the process measures the high-pulse width of the encoded data bits



discarded in a step 424, after which the process looks back to the step 402 for 25 processing the next
sequence of data stream in data2bb. Otherwise the process loops back to the step 404. In Stage 2,
which is shown in Fig. 4b and begins with a step 452, initialisation for Stage 2 occurs in a step 454 in
which the decoded data Data [0 ... (DataSize - 1)] is set 30 to the value 0 and a variable Sampling
Mode is set to High Sample. DataSize is indicativelca‘ the number of bits in the decoded data. When

the Sampling Mode is, set. to High Sample t rocess measures the high-pulse width of the encoded
ot s 10 SR e B R S D o LSS e ow puise
width of the palsededttaibthétentoded giad®i&. the counter value is compared with DataSize, and if the
counter value is 5 lower the process enters a next step 458. Otherwise the process ends. In the step
458 Sampling Mode is checked if it is set to High Sample, and if there is a match the process in a step

460 measurds arsteputbentiieigbuptdsealiietiy Mmyplaied it udeisStre, igthip thsequintdr whliheisurrent

encoded datg bi rtj - I ansiti f t oded data bit and ending at
the nex'?’ higﬁ(\&%{ﬁ@éﬁ&%ﬁ%&%‘%’é 'ﬁ]%é&a%stgpgjr[nsgh@ﬁtﬁgﬂ%ggprﬁéa%g%v%+A/2) in a step 462 and if
C is greater than (B+A/2), the current encoded data bit is assigned a "1" in a step 464 and as shown

in Figs. 3 i l i ing which th
1P S ORISR SHRATE SRIBITR Hede B Sy SPIR Bl wnch e
maximum vaiacim theasr Qvedshnre atepe4fa Taeasvindsihwlsarrentdaelied by whdtm@asliiement it is

di ded in; ich: ing th t
sequence of e e e e e B s loope back
to the $ep 4%@) Donditiothef sheudenCercaded)datatditthach BIHAY 2) the axtrbigheiteted data bit is

assigned a "{y I8 e R < mBRd B ReREX RGP ORP A ATRINGBI8) $:58LdD A and if C is

greater than (B+A/2), the current encoded data bit is assigned a “1” in a step 464 and
as shown in Figs. 3a and 3b. Then in a next step 466 Sampling Mode is set to Low
Sample, following which the counter is incremented in a step 468. The measurement
15 is next tested against the respective maximum value in Max Width in a step 470,
which when exceeded by the measurement it is discarded in a step 472, after which
the process looks back to the step 402 for processing the next sequence of data stream
in data2bb. If the maximum values are not exceeded the process loops back to the
step 456.
20
If in the step 462 C is not greater than (B+A/2) the current encoded data bit is
assigned a “0” in a step 472 and in a next step 468 Sampling Mode is set to High
Sample. The process from thence continues with the counter increment step 468.

25  If in the step 458 there is no match in a step 476, the process measures the current
low-pulse width D, which includes the low-pulse width of the current encoded data
bit, starting at the high-to-low transition of the current encoded data bit and ending at
the next low-to-high transition. This measurement is then compared with (A+A/2) in
a step 478 and if D is greater than (A+A/2), the current encoded data bit is assigned a

30  “0”inastep 480, and as shown in Figs. 3a and 3b. Then in a next step 482 Sampling
Mode is set to High Sample, following which the counter is incremented in the step
468. The measurement is next tested against the respective maximum value in Max

Width in the step 470, which when exceeded by the measurement it is discarded in the



Sample. The process from thence continues with the counter increment step 468. 25 If in the step 458
there is no match in a step 476, the process measures the current low-pulse width D, which includes
the low-pulse width of the current encoded data bit, starting at the high-to-low transition of the current
encoded data bit and ending at the next low-to-high transition. This measurement is then compared
with (A+A/2) in a step 478 and if D is greater than %+A/2), the current encoded data bit is assigned a

30 "0"in a step 480, as shown in Figs. 3 . Then in xt step 482 Sampling Mode is set
to High Sam%?%, f)%bgvﬂr%v\yv 'f%ht § {%:L% é?%?rﬁég}%m%nqgéqﬁ? t%oeagtoeré ri%%s.sﬂgitﬁr%eg)&]rement IS next
tested againstghenpeselzizstraaximudataziioe IhthvearespeadityeimaxéensiepAai®, whistrewieededxceeded by

the measuretweeﬁ OI& é§sqbs(%%rgga(%t&§ a%}%psigg 472, after which the process looks back to the step 402

for processing the néxt sequence o a stream in data2bb. If the respective maximum value is not
exceeded the process loops back to the step 456. 5 If in the step 478 D is not greater than (A+A/2)

the current d data hitis. [ w1 t | Sampling Mode is
set to ng éﬁﬁ&% ea#o@é?éo%ﬁegﬂ?eeatgjgncgﬁatﬁ%‘l@)sﬁ\ﬁ%ﬁﬂ%{(E%)I?Jcrﬁ%ér(&lr?é?é)r?jgn step 468. In the
decoding schengaectitadé 2intitstept8éasd pesfoextsitpctafingwiaiagdviededsi@tdedimtion technique
which involv m ither = Or hj i i nsition of a
current enco%iérﬂbggite? ﬁﬁ% ﬁg%gﬁgghnﬁg%gﬁﬁég%@gggqg“?e%ﬁﬁﬂa@%ﬂ%@%ﬁﬁégal of the current
encoded data bit, for determining the next encoded data bit value using references of both low- and

wih eferends e e e e o RFID cevioe.
100. AdOcritidedugtifridecimpaissivbicleivetvss the apedso rRAED! dé itkel 0 doy-parfogm polsepower
e G A A R S AP R BT R Sy
least the second-half of the bit interval of the current encoded data bit, for determining
the next encoded data bit value using references of both low- and high-pulse widths
measured during Stage 1.
15
The dc-dc converter 112 is described in further details with reference to Fig. 5 for
providing a method to prevent transient current surge in the RFID device 100. As
critical as it is for passive devices such as the RFID device 100 to perform low-power
operations, it is also unacceptable if circuit blocks in the RFID device 100 consume
20 large dynamic currents even though the overall average current consumed is low.
This usually occurs when circuit blocks are turned-on during power-on and huge

surge currents are used to charge internal nodes within these circuit blocks.

In power management concepts, which usually involve turning on/off circuit blocks
25  during actual operation to save power, this can be the factor that causes the device to

malfunction because of large voltage supply dip.

The dc-dc converter 112 consists of a current-clamp circuitry 502 and a charge-pump
circuit 504. The current-clamp circuitry 502 is placed between the output of the

30 rectifier 104 to accept the rectified voltage (Vdd) and the charge-pump circuit 504.
The current-clamp circuitry 502 serves to control current flow during the operation of

the charge-pump circuit 504.



This usually occurs when circuit blocks are turned-on during power-on and huge surge currents are
used to charge internal nodes within these circuit blocks. In power management concepts, which
usually involve turning on/off circuit blocks 25 during actual operation to save power, this can be the
factor that causes the device to malfunction because of large voltage supply dip. The dc-dc converter
112 consists of a current-clamp circuitry 502 and é(L)l arge-pump circuit 504. The current-clamp

r

circuitry 502 js placed.hetween the output of the . ctifiey 1 c he rectifi oltage (Vdd)
and the char'é%?égvmv% 'ca(r%git %&ﬁe %ree%{fj%rr%rq -C 'g(r:ﬁlﬁ) & r%ﬁ&%f&%l)j r%%%tltéc}/ gévﬁlﬁr(g@g#ent flow during
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being high on-resis and another eing ¢f low'Ro ese switches are
controlled bycankngfitedrindaledit naddlabd @wiit hesdsefiicredottiodiagbprdiiydy tiéh®mtleenory 110 is not

accessed, b [ re turn lagj erforms switching so that when
the curfgdnt cﬁgﬁ)& ?)%@gr@%gp%?%%%g:g %‘f}ﬁ%@ﬁ@%@%ﬁg@%ﬁ is turned on. This limits the
amount of current that can be drawn from the rectifier 104. There is an internal counter (not 10 shown)
in the logic t t ' C : ' -Rg! PMOS 506 is
turned on for?ﬁ%?@%ﬁ%@%ﬁﬁéﬁﬁﬁWgég?v%gﬁég?ﬁ%é Iﬂg%cp %%ggiﬁﬁa@wm%zﬁold. The
advantages apsiatiagednhitthethigRR bl ©9cbabd sksifodidas: THisThwiRrENE@NoEN®Ts implemented
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baseband circuitries, an ows a fully integrated solution In single silicon ¢ onventional
proposéls, tHlORA) fivHiedogdisreonige kdthisiattsglowdimgrfoadécioriceyalesaftathyhiibdes and the

baseband Cifﬁbﬂfoﬁ%},ﬁ'ﬁﬁﬂ%@%@éqﬁw § &{C}_gpﬁ&&ﬁ\é@ﬁéﬁp&{t@@@ﬂiﬁdes offer the best RF

performance, these devices are not available in standar

The advantages of RFID device 100 are manifold. The advantages associated with

the RF front end are as follows:

15 e The RF Front End is implemented using a low-cost standard CMOS process,
which is compatible with the mainstream technology for baseband circuitries, and
allows a fully integrated solution in single silicon chip. In conventional proposals,
the RF front end is constructed from high performance external Schottky diodes
and the baseband circuit is implemented in CMOS process. While Schottky

20 diodes offer the best RF performance, these devices are not available in standard
CMOS process. The hybrid approach suffers from high cost with bulky structure,
which offsets the added value inherent in RFID technology and prevents RFID
from mass scale deployment.

e Reduced cost and form factor by eliminating external components and the

25 associated assembly expense.

e More reliable performance because: 1) IC technology provides better device
matching than discrete devices. 2) Avoid assembly misalignment of critical RF
parts.

e Potential for integrating on-chip antenna to form a total RFID solution.

30

The advantages associated with the current clamp circuitry 502 are as follows:



CMOS process. The hybrid approach suffers from high cost with bulky structure, which offsets the
added value inherent in RFID technology and prevents RFID from mass scale deployment. Reduced
cost and form factor by eliminating external components and the 25 associated assembly expense.
More reliable performance because: 1) IC technology provides better device matching than discrete
devices. 2) Avoid assembly misalignment of criticath parts. Potential for integrating on-chip

antenna to form\ﬁl totag FID.squfLon. 30 The advantages associ?%ted B\ﬁf}th tpet%urrent clamp circuitry
502 are as followd T3 CCNPE & QWBiRré)B\?IE)WgVBHB%%QSWS?%% %18 'Sﬁt 0 e(§eapplied to these
modules withoutmgdutyingithodtiglosyige fonteit slugegureepodietintpre-Adaitidongl circuit is small, mainly

two switches anrg me flip-flo s.é%di ital is_small in current tec{unolo 5_No current is consumed
ftom the logit bISGRIETCHENAL BUE Ty SIS A0 LHER e B R A ge of power
Additional circuiéraglsias@releanchinpfdyygut off from the charge-pump when not in use. 10 In the
foregoing manner, a low-power, passive RFEID devi different o eratin%onItage supplies and

I havin
clock frequehoid S GHBE IR TS USER AR, Ogis Pla g BBl DRI PR, & number of

embodiments ofjiral)vensian atcadigitiosadyiskeeangswapparent to one skilled in the art in view of this
disclosure that numerous changes and/or modification can be made without departing from the scope

15 and spirit®f MEGHAERLEHCHEAR 35 b RleaSHRRN: RESAEF Harbiim GhaEarRETR WhHSHAMIE o all ranges

of incoming datgqduty cycle. Also in the current clamping circuitry, the digital counter value is a
variable depending on implementation. The digital logic can be implemented in many other ways, as
long as the delay is achieved

10  Inthe foregoing manner, a low-power, passive RFID device having different
operating voltage supplies and clock frequencies for performing power-saving
operations is disclosed. Although only a number of embodiments of the invention are
disclosed, it becomes apparent to one skilled in the art in view of this disclosure that
numerous changes and/or modification can be made without departing from the scope

15  and spirit of the invention. For example the Manchester decoding scheme is
applicable to all ranges of incoming data duty cycle. Also in the current clamping
circuitry, the digital counter value is a variable depending on implementation. The
digital logic can be implemented in many other ways, as long as the delay is achieved
to turn on the strong transistor, ie the low-R,, PMOS.

20



to turn on the strong transistor, ie the low-Ro" PMOS. 20 14 Claims 1. A low-power, passive radio
frequency identification and communication device communicable with a device reader, comprising: 5
an RF front end for receiving from and transmitting to the device reader RF signals and extracting
power and data from an RF signal generated by the device reader; a controller for receiving from and
transmitting to the RF front end data; and a memoyy, for receiving from and transmitting to the
controller da&élio \s/vherein the memory is readable’and writable by the controller and operable using
first and seconcm/oltage supplies during read and write operations, respectively, the first and second
voltage supplies being of different voltage supply levels. 2. The device as in claim 1, wherein the RF

front end extfacts paer aMMeRE, ¢ paignAlgRneraled i dexice aatle: andconveys the
extracted power to a supply converter, wherein'the supply converter provides the first and second
voltage supptiese3omreudédbie sidtimactivic? readeredarthpgisngply converter comprises a charge- 20

pump for providing ' vice i I : | supply
Convertar comprise &b A AL o e M LA R TR EREHAR,
charge-pumpigpals anthexti@civeg o wec kichddtavinerean fRE signargecienatpd dy timtrddidbée for
disconnecti &ng_current flow from the RF front end to the charge-pump when the memory is not

performing the redd and write operations. 6. The device as in claim 3, wherein the charge-pump is
controllable to provideora®ties fiarsteanty wgcsonh aottagessoisifiedo TheTRE trovioandslatackiich 1, wherein

the voltage supply leyel of Mho5eeanding WaRSHRANRIMRG & HhAb G aag Supply level of the

first voltage supply.
10  wherein the memory is readable and writable by the controller and operable using first

and second voltage supplies during read and write operations, respectively, the first

and second voltage supplies being of different voltage supply levels.

2. The device as in claim 1, wherein the RF front end extracts power from the RF
15  signal generated by the device reader and conveys the extracted power to a supply
converter, wherein the supply converter provides the first and second voltage

supplies.

3. The device as in claim 2, wherein the supply converter comprises a charge-

20  pump for providing the first and second voltage.

4, The device as in claim 3, wherein the supply converter comprises a current
clamp for limiting current flow from the RF front end to the charge-pump.

25 5. The device as in claim 4, wherein the current clamp is controllable for
disconnecting the current flow from the RF front end to the charge-pump when the

memory is not performing the read and write operations.

6. The device as in claim 3, wherein the charge-pump is controllable to provide

30 the first and second voltage supplies.

7. The device as in claim 1, wherein the voltage supply level of the second

voltage supply is greater than the voltage supply level of the first voltage supply.



15 8. The device as in claim 1, further comprising a logic translator for translating data readable and
writable by the controller to data having logic levels for receiving from and transmitting to,
respectively, the memory. 5 9. The device as in claim 8, wherein the logic translator is operable using
the first and second voltage supplies. 10. The device as in claim 1, wherein the RF front end
comprises: 10 a rectifier for extracting power from lﬂ’? RF signal generated by the device reader by
rectification; a demodulator for detecting the envelop of the RF signal generated by the device reader;
and a modulator for modulating a baseband signal generated by the controller in 15 response to the
RF signal geherated heydhacdesioe aaaddr, farthremsomiftiegng ahegaevvs|awader trhhsf@hegdevice as in

claim 10, wherei ctifier js,impl t i vices. 20 ice.as in claim 1,
wherein the (c%%t?% erggégéfs@gégﬁ%de]a&%rggé@enc?r%% %%%"@ﬁﬁé’ﬁ%%ﬁ%?@%ﬁ% ¢ \él\/lge as in claim
12, wherein fhercamdrisHesrpitiiogrits eipaststalye theoves®rgs on the data received from the RF front
end. 14._The device as in claim 13, wherein the controller performs synchronization and decoding
stages on the data received from the RF front end. 30 15. The device as in claim 14, wherein the

controller pefforms The dexdoeliasgnplatess; whiergia thevegts tradsletivrizephriblecssi® the. fitke device as
in claim 15, mggégﬁg%ﬁ%%ﬁrgﬂgforms the synchronization process by measuring pulse widths

for identifying a reterenc e width and a

10. The device as in claim 1, wherein the RF front end comprises:
10 a rectifier for extracting power from the RF signal generated by the device
reader by rectification;
a demodulator for detecting the envelop of the RF signal generated by the
device reader; and
a modulator for modulating a baseband signal generated by the controller in
15  response to the RF signal generated by the device reader for transmitting to the device

reader.

11.  The device as in claim 10, wherein the rectifier is implemented using MOS
devices.

20
12.  The device as in claim 1, wherein the controller processes the data received
from the RF front end.

13.  The device as in claim 12, wherein the controller performs a two-stage process

25  on the data received from the RF front end.

14, The device as in claim 13, wherein the controller performs synchronization

and decoding stages on the data received from the RF front end.

30 15 The device as in claim 14, wherein the controller performs the decoding

process using a forward deduction technique.



reference high-pulse width using counts. 5 17. The device as in claim 16, wherein the controller
performs the decoding process by measuring pulse widths for identifying one of a low-pulse width and
a high-pulse width in a current count. 18. The device as in claim 17, wherein the controller performs
the decoding 10 process by comparing the identified one of a low-pulse width and a high-pulse width
with the reference low-pulse width and the referenge. high-pulse width for determining a1 orOina

next count. 19. Th vice.as in.clajm 1, further c risin lock genetator which is
programmaé]l%'for ?%%%%Hbg%aﬁlbﬁglli 3'/”(]);[ %:c\)’g § reé%ré@ng?gﬁog@r ‘Pﬁg%(ﬁanvgl(t:%aasg rl]r(%’h c?%rllhzlaﬁg,nwherein the
memory is readeEskebyndeasitabiepoysehei dtbs fovlidertiny iop ereditransimpVirpudsed \gdttoattl dock

frequencies of ity of . clock fr jes provided by the clock generator during read and write
e g

operations, 20 respe r econd clock frequencies being different. 17 RADIO
FREQUENCY IDENTIFICATION AND COMMUNICATION DEVICE 5 Abstract A low-power, passive

radio frequency identificati C ication. devic I i ice reader is
diSClOSSB?I , cgr?ipris?ﬁgga(l&n% %@f?grﬂg 8r@ﬂ;¥g’r%%g?ﬁhgg%#o%ngﬁdg?%ﬁ&r?s}%%gﬁ%qﬁceggié ice reader RF
signals and extcassihy peasaring puldedaidthoforadeRtifgiomangeheraacpblseveidibdod aeader, a

controller for, receivi YJ . dL_t Qﬁrg [ng to the RF front end data, and a memory for receiving
from and tret]rigﬁneﬁﬂirgg o@ﬁglﬁgn gﬁer gfflﬁg The memory is readable and writable by the controller
and operable using first and second voltage supplies during read and write operations, respectively,

the first and sgconcgljagh SuPRIERAFINS QAR dshueliBperhtRly tRYalzofigye 1 20

10  process by comparing the identified one of a low-pulse width and a high-pulse width
with the reference low-pulse width and the reference high-pulse width for determining

a 1 or 0 in a next count.

19.  The device as in claim 1, further comprising a clock generator which is

15  programmable for providing a plurality of clock frequencies.

20. The device as in claim 19, wherein the memory is readable and writable by the
controller and operable using first and second clock frequencies of the plurality of
clock frequencies provided by the clock generator during read and write operations,

20  respectively, the first and second clock frequencies being different.
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	The decoding scheme comprises of a two-stage process, i.e. stage 1 for pulse-width synchronisation and stage 2 for data decoding as shown in Figs. 3a and 3b, which are timing diagrams depicting examples of encoded data, and Figs. 4a and 4b, which are flowcharts exemplifying an implementation of stages 1 and 2, respectively.
	In Stage 1, which is shown in Fig. 4a and begins with a step 402 in which a sequence of data stream in data2bb is processed, when encoded data in data2bb is detected to transition from 1 to 0 in a step 404, a counter, which is initialised to 0, is incremented in a next step 406.  Thereafter in a step 408 the counter value is compared with the integer value 2, where if there is a mismatch the counter value is again compared with the integer value 4 in a step 410.  If there is a match in the step 410 Stage 1 ends and Stage 2 begins and if there is a mismatch the process loops back to the step 404.
	If there is a match in the step 408, the process enters a step 412 where the low-pulse width A of the second synchronisation bit, as shown in Fig. 3a, is measured with respect to the system or internal clock of the RFID device 100.  In a next step 414 the measured pulse width is checked whether it remains low for an extended time as predefined in Max Width, which consists of maximum values, in which if it is true the measurement is regarded as corrupted and discarded in a step 416, after which the process then loops back to the step 402 in which a next sequence of data stream in data2bb is processed.
	If it is false that the measured pulse width remains low for an extended time, the process enters a step 418 in which the encoded data in data2bb is detected to transition from 0 to 1 the high-pulse width B of the second synchronisation bit, as shown in Fig. 3b, is measured with respect to the clock of the RFID device 100 in a next step 420.  This measurement is then checked in a step 422 and if the measured pulse width remains high for an extended time as predefined in Max Width it is discarded in a step 424, after which the process looks back to the step 402 for processing the next sequence of data stream in data2bb.  Otherwise the process loops back to the step 404.
	In Stage 2, which is shown in Fig. 4b and begins with a step 452, initialisation for Stage 2 occurs in a step 454 in which the decoded data Data [0…(DataSize – 1)] is set to the value 0 and a variable Sampling Mode is set to High Sample.  DataSize is indicative of the number of bits in the decoded data.  When the Sampling Mode is set to High Sample the process measures the high-pulse width of the encoded data bits and when the Sampling Mode is set to Low Sample the process measures the low-pulse width of the encoded data bits.




