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An Utra-L ow Power Embedded EEPROM for Passive RFID Tags
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Abgtract : An ultraclow-power ,256-bit EEPROM is designed and implemented in a Chartered 0. 33y m EEPROM
process. The read state power consumption is optimized using a new sense amplifier structure and an optimized
control circuit. Block programming/ erasing is achieved using an improved control circuit. An on silicon program/
erase/ read access time measurement design is given. For a power supply voltage of 1 8V ,an average power con-
sumption of 68 and O. 4 A for the program/ erase and read operations,respectively,can be achieved at 640k Hz.
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1 Introduction

Recent advances in low-cost ,low-power €elec
tronics and packaging have rapidly increased the
area of applicationsfor RFID ,including automotive
systems,supply chain management ,access control ,
and public transport. Long-range passive tags for
RFID systems do not have on-board batteries and
therefore must draw power for operation from the
electromagnetic field (EMF) emitted by the read-
er'” . To maximize the operating range , maximum
DC power converson (from the EMF) and mini-
mum power consumption of the whole tag chip are
desired (including the EEPROM ,which is a superi-
or nonvolatile storage solution'” for uniquely iden-
tifying each tag) .

A distinct disadvantage of EEPROM is its
large memory cell size. However ,that is not impor-
tant herein because the required data storage capac
ity inan RFID tagis small. The necessary 96-bit e
lectronic product code (EPC) field corresponds to
10” objects,which is approximately 2 x 10" for ev-
ery human now alive'” .

This paper presents a set of design criteriafor
low-voltage ,low-power EEPROM memory , refer-
ring to the architecture shown in Fig. 1. The focus
ison the optimization of the readout circuit and
the high voltage generator. A new smple sngle-en-
ded sense amplifier (SA) and an optimized pre
charging circuit are proposed for reducing the read
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ing power consumption. The EEPROM in this
work can operate with only 0. 4 A at a 1. 8V sup-
ply voltagein all operations except the writing/ era
sng mode ,where a 681 A current is needed.

The memory has been implemented in a Char-
tered 0. 331 m EEPROM process. Testing was per-
formed under a 1. 8V power supply.

2 Memory architecture

A detailed EEPROM architecture is shown in
Fig.1. The EEPPOM is composed of the input in-
terface ,the synchronous module,the memory ar-
ray ,and a block decoder ,including block line driv-
ers and a word decoder. The voltage switch and the
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temporary data storage ,and will be programmed in
parallel to the memory array. The charge pump is
used to generate an internal high voltage for mem-
ory cell programming and erasng. In addition, a
block including a bit decoder and sense amplifier is
connected to the bit select module as the data out
path. The block redundancy is for the purpose of
future capacity extenson. The control circuitry is
necessary to manage the functional and testing op-
erations.

The 256-bit memory array isorganized into 16
blocks of 16 hits (2 bytes). Of those,96 bits are
used to store the EPC code ,and the other hits are
user-defined. A write/ erase command will write/ e
rase a whole block of 16 bits at once. Thus there
are a total of 16 data latchesincluded in this EEP-
ROM. To minimize the power consumption ,datais
read out serially. Thusonly one set of read out cir-
cuitsis needed.

3 Memory design optimization

3.1 Block line driving

According to the EEPROM hit cell specificer
tions,the block line sgnals must be driven above
14V in the program and erase mode,while in the
read mode ,they must be equal to the power supply
voltage Va. The corresponding block line driver is
shown in Fig.2. The block line driver is controlled
by the read signal ,the Hven signal (which is high
in the write/ erase operation) ,and the output of the
block decoder. The transstors (M1 M4) are high
voltage devices ,acting as a level shifter to drive the
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Fig.2 Block line driver description
high voltage buffer.

3.2 Read power consumption optimization

The sense amplifier is one of the most critical
blocks in the peripheries of a memory ,related to
the read access time. It is used to retrieve stored
datafrom memory by amplifying small signal vari-
ations on the bit-lines® . In this work ,a new sin-
gle-ended sense amplifier is used ,whichis shownin
Fig.3(a). le and G, represent the equivalent cur-
rent of the retrieved cell and the parastic capaci-
tance at the bit line ,respectively. Ir¢ and lpre repre-
sent the reference current and the pre-charge cur-
rent ,respectively. The timing diagram of the read,
the pre-charge and the datasyn signal isillustrated
in Fig.3(b).
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Fig.3 (a) Circuit diagram of the new single-ended
sense amplifier ; (b) Timing diagram for the operation
of the new sense amplifier ; (c) Schematic of the bit line
select

The operation of the SA can be divided into
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two phases: precharge and sense. When read =
0’ ,the voltage of node A is drawn up to Vaw by
transstor Mp6, 0 the SA stops working. When
precharge = 0’ ,the SA is in the precharge
phase. The hit line (node B) is precharged to a
clamped value Vpre ,which must be higher than the
input threshold voltage of theinverter. When data
syn= 1" and precharge= 1’ ,the SA is activated
to enter the sense phase. According to the specifi-
cations of this work, the smulations were per-
formed using an len of 1 A for the ON cell and of
10nA for the OFF cell ,while I« was M A and lpre
was 0. @1 A for limitation of the memory speed.
When the sensing bit is an OFF céll (lar < lie) ,
node B is charged to Vuw and the dataout is' 0.
When the sensing bit isan ON cell (lon > l¢) ,node
B is discharged to ground and the datarout is 1'.
I« and lei act as a current comparator. The tran-
sstor Mp5 and the inverter INV form a feedback
loop ,whichis used to end the sense phase after the
right output is achieved. The threshold voltage of
inverter INV should be caref ully designed.

The important techniques for reducing the
power disspated in the bit linesisto minimize the
paradtic capacitance and limit the voltage swing.
Figure 3(c) shows the optimized bit line selection
circuit usedin this desgn.Biti is enabled by BitSe-
lect En ,which is a combination of the datasyn and
precharge signals,and Word _ sel is synchronized

with the dgnal datasyn. Thus in the precharge
phase ,the paradtic capacitor in node G ischarged,
substituting the large bit line capacitor. The read
power consumption is reduced because of the much
smaller pre-charged paradtic capacitor ,while the
performance of the sense phase remains constant.
In addition ,those high voltage selected trandg stors
also act as common-gate amplifiers to limit the
voltage swingin node C.

3.3 High voltage generator

The high programming/ erasng voltage used
in this EEPROM is generated by a high voltage
generator which condsts of a charge pump and
some auxiliary circuits,including a ring oscillator ,a
four-phase clock generator ,and a discharge circuit.

Most charge pumps are based on the circuit
proposed by Dickson™ . In recent years,several at-
tempts have been made to minimize the body effect
of the chargetrander trandstors to improve the
power efficiency of the charge pump™®'. Figure 4
shows the postive charge pump circuit and four-
phaseinput clocking scheme in this EEPROM de-
sgn. The postive charge pump consists of twelve
stages. Each stage has an nMOS trander gate ,and
one auxiliary clock and one auxiliary transi stor are
used to boost the gate voltage during the charge
trander operation. The pumping gan can be imr
proved because of the lower source-drain voltage of the
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chargetrander transstors. All the block lines are
rapidly charged to 15V in 30Q s,which is negli-
gible compared to the program/ erase pulse width
of 2 5ms(shownin Fig.5).Due to the body efect ,
trangstors M1 M4 in the charge pump are high
voltage trand stors and the others are all high volt-
age native trand stors.
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Fig. 5 Measured output waveform of the postive
charge pump

The output voltage of the charge pump can be
calculated by the following equations:
Vou = Vaae + MV - Vi = Va +

N[ V¥ - loRon - TCI:?)] - Wy (1)
R O
y'c:p+cs+cb )

Here ,Va is the power supply and a s the input
voltage of the charge pump circuit ,Csis the sum of
the paradtic capacitors associated with each punr
ping node Vi, G is the pump capacitor, G, is the
gate-couple capacitor , lo istheload current ,f isthe
clock frequency ,and V: is the threshold voltage of
the pass trand stor caused by the body effects.
Because a high voltage is used to drive larger
capacity EEPROM memory ,the circuit must have a
large enough lo. The largest current load should be
calculated under the chip program/erase Stua
tion'”’. The total current consumption of an rrstage
charge pump is given by
lpar = 1" + 1" + lpower = (N +1) Io +
nf(Cs + Co)A V (3)
Thus the area of the auxiliary transstors and the
boost capacitor should be designed as small aspos
sible to minimize the power consumption. The
charge pump in this paper has the advantages of
relatively lower parastic capacitors and higher
voltage gain at each pumping node than other

structures listedin Refs. [5,6].

To discharge the high voltage in alimited time
regulated by the EEPROM process ,a discharge cir-
cuit is added to the charge pump. The circuit diar
gramis shownin Fig.6 ,in which transstors M1
M5 are all high voltage devices. It operatesasalev-
el-shift circuit. When the discharge = 1’ ,Vm is
drawn to the power supply Va in 3 s. The agpect
ratio of transistor M5 is designed to be 2Qu m/
1 3m.
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Fig.6 Schematic of discharge unit

4 Memory testing

A micrograph of the chip is shown in Fig. 7.
The cell szeis 4l mx & m,and the core Szeis a
bout 0. 42mm % 0. 43mm. A set of test patterns was
applied to characterize the EEPROM memory. All
EEPROM input sgnalswere generated from afield
programmable gate array (FPGA) and sent to a
logic analyzer. The first step was the functional
test. The memory testing was limited to smple
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FHg.7 Microphotograph of the 256-bit EEPROM
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patterns such asal’ 0 ,al' 1’ ,random ,and diago-
nal'® . Chip-erase and block-write were implemen-
ted. Chip-erase put the complete array to al‘ 0’
and was followed by the programming of a random
pattern. All block programming/ erasng times are
2 5msin order to achieve the optimized retention
and endurance. Because of the small capacity ,time
consumption is not a severe problem. The second
step is the performance test. All the test patterns
were programmed for a power supply of 1 8V. Dif-
ferent data rates were tested in the read mode. Ac-
cording to the test ,when the data rate is 640kbps,
the read and write/ erase currents are only 0. 6 and
681 A for a power supply voltage of 1 8V ,respec
tively. The desgn of the read control circuit and
sense amplifier isimportant for reducing the EEP-
ROM reading power consumption.

5 Conclusion

In this paper ,a 256-hit ultralow-power em-
bedded EEPROM memory suitable for RFID tags
has been presented and implemented in a Chartered
0. 33 m 2P3M EEPROM process. Desgned for
1 8V operation, all standard modes of operation
have been verified in this EEPROM. A novel sn-
gle-ended sense amplifier with afeedback loop was

Chartered 0. 34 m EEPROM
PROM . )

640kHz ,EEPROM /
; EEPROM; ; ;
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proposed for power consumption optimization. The
program and erase f unctions have been success ully
performed with an inner generated high voltage.
The measurements verify the design.

Ref erences

[1] Finkenzeler K. RFID handbook :fundamentals and applica
tionsin contactless smart cards and identification. 2nd ed.
New York:Wiley ,1999

[2] didden R, ,Bockorick C,Copper S,et a.Desgn of ultralow-
cost UHF RFID tags for supply chain applications. |IEEE
Comm Magazi ne ,2004 ,42(8) :140

[ 3] Chrisanthopoulos A, Moisadis Y, Varagis A, et a. A new
flash memory sense amplifier in 0. 18 m CMOS technology.
The 8th | EEE International Conference on Electronics,Cir-
cuits and Systems,2001,2:941

[ 4] DicksonJ.Onrchip high-voltage generation MNOS integrat-
ed circuits using an improved voltage multiplier technique.
| EEE J Solid-State Circuits,1976,SC-111:374

[ 5] Pelliconi R,lezzi D,Baroni A et al. Power efficient charge
pump in deep submicron standard CMOS technology. | EEE
J Solid-State Circuits,2003,38(6) :1068

[6]1 WuJ T,Chang KL.MOS charge pumps for low-voltage op-
eration. | EEE J Solid-State Circuits,1998,33(4) :592

[ 7] Xu Fei,He Xiangqging, Zhang Li. Key design techniques of a
40ns 16K bits embedded EEPROM memory. International
Conference on Communications, Circuits and Systems,
2004,2:27

[ 8] Sharma A K. Semiconductor memories:technology ,testing,
and reliability. 1st ed. New York :Wiley-1 EEE Press,2002

EEPROM

, Auto-1ID , 201203)
256 EE

. 18v,
0 @A,

: 0253-4177(2006) 06-0994-05

(€2006



