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Analysis and Design of a Low-Cost RFID Tag Analog Front-End
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Abstract: A new,low-cost RFID tag analog front-end compatible with ISO 14443A and ISO 14443B is presented. By sub-
stituting conventional multi-circle antenna with single-circle antenna, the package cost of the tag is greatly reduced. Based

on this exasperate antenna performance,a new rectifier with high power conversion efficiency and low turn-on voltage is

presented. The circuit is implemented in an SMIC 0. 18.m EEPROM process. Measurement results show that with a 120kQ

load.the power conversion efficiency reaches as high as 36% . For a sinusoidal wave with magnitude of 0.5V, the output

DC voltage reaches 1V, which is high enough for RFID tags. The read distance is as far as 22cm.
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1 Introduction

RFID has been used in the markets of ticketing
and supply chain management, and in the coming
years it will be used to identify more kinds of goods in
retail shops. But one of the bottlenecks against its far-
ranging application is the cost. Although RFID tag
LSIs have been developed to minimize costs,the costs
of the tag fabrication and attaching it to products are
even higher than the cost of the tag LSI itself,such as
the high cost of antennas.

A feasible solution to this problem is applying
smaller single-circle antenna to substitute for conven-
tional multi-circle antenna. The cost of single-circle
antenna is lower than conventional multi-circle anten-
na,but its performance suffers from much lower volt-
age and less power. Conventional tags with this pro-
posed single-circle antenna cannot function properly.
Thus, the analog front-end should be modified accord-
ingly. In this paper.,a new passive tag front-end oper-
ating at 13. 56MHz and compatible with ISO 14443A
and ISO 14443B is presented. The system power trans-
mission theory is analyzed, and the performance of
single-circle antenna and multi-circle antenna is com-
pared. The architecture of this proposed analog front-
end is also given.

2 Power transmission

An RFID system mainly comprises a reader and
one or several tags. The passive tag is powered by the
RF signals transmitted by the reader. To achieve a
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large operational range without error, the tag must
have sufficient power over a long distance. The power
transmission of an RFID tag is primarily determined
by the following factors:

(1) The first is the impedance match between the
antenna and the RF input ports of the tag. If the com-
plex impedance of the antenna and resonant capacitor
(Z sena ) matches the complex impedance of the RF
input ports ( Zgg), the chip can gain the maximum
power. Thus, the ideal condition is:

Zntenna = L (D
For different distances,the power received by anten-
na is different,so the power that circuit receives and
the complex impedance of the RF input ports are all
different. It is impractical and unnecessary to achieve
a perfect match under all conditions. An impedance
match is needed to optimize only when the tag is in
the longest range,where the power is just sufficient to
support the chip’s steady work with no surplus. The
antenna and resonant capacitor is evaluated in Eq. (2)

to gain maximum voltage:
f=—r 2)

ZHW

where Ceonant 1S the summation of the additive capaci-
tor C, and equivalent parasitic capacitor Cp in Fig. 1.

(2) The second is the power conversion efficien-
cy (PCE). The other circuits (including the baseband,
EEPROM,and other analog circuits) have more pow-
er (P.,given by Eq. (3)) if the PCE of rectifier is
higher.

PL = Panenna Mmatch Yrectiticr (3
where Piuenna i the power received by antenna, gumaen iS
the power transmission efficiency caused by imped-
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Fig. 1 power transmission in RFID system

ance matching,and 7. 1S the power conversion ef-
ficiency of the rectifier.

(3) The last is the power consumption of the
whole circuit. The tag can function in the longer
read/write range if the circuits consume less power.
Therefore,it is necessary to minimize the power con-
sumption of all the function blocks to optimize the
read/write range.

3 Analysis of antenna performance

According to the electromagnetic theory and an-
tenna theory, the energy received by antenna can be
calculated by
nZAgfwa#Z H_’

R,
L+ jwR L Creonant
The voltage induced by antenna can be calculated by:
V, = nw/loHAcff (5)
where n is the circle number of antenna metal, A is

ng = (4)

Rtag + ijtag +

the equivalent effective area,and H is the operating
magnetic field intensity.

We can estimate that,compared with multi-circle
antenna,the power and voltage of single-circle anten-
na fall by approximate n multiples. This is the grea-
test challenge to this proposed design,so we need to
ameliorate the analog front-end. especially the AC-
DC rectifier and the power consumption by the other
circuits.

4 Architecture

This proposed new architecture of the analog
front-end is shown in Fig. 2. As analyzed above,com-
pared with multi-circle antenna, the power and volt-
age fall markedly. Thus,a conventional rectifier,such
as a bridge rectifier,cannot work with such low mag-
nitude input. A conventional charge pump cannot
work perfectly either because of its low power con-
version efficiency. Thus, we designed a new charge
pump with high power conversion efficiency and low
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Fig. 2 Architecture of the analog front-end

turn-on voltage to implement the functions of a con-
ventional rectifier and a demodulator. This can also
reduce the parasitic capacitor, which negatively af-
fects the resonant capacitor. The over-voltage protec-
tion (OVP) suppresses maximum applied voltage be-
low the breakdown voltage to protect the circuits and
the storage capacitor supplies the necessary energy
when RF power shut off. The comparator converts
the signal demodulated by the charge pump to a digit-
al signal, and sends it to the baseband. The clock ex-
tractor extracts the carrier from the antenna and pro-
vides clock signal for the digital Baseband. The feed-
back signal is transmitted by changing the tag back-
scatter amplitude-Load modulation.

5 Building blocks

5.1 Charge pump

Figure 3 shows a conventional four-stage AC-DC
charge pump with diode generating high voltage. The
circuit is widely used in CMOS technology by substitu-
ting the diodes with diode-connected MOSFETs. We
can increase the stage number to gain a high voltage
output, but the power conversion efficiency falls as
the stage number increases due to the existence of
threshold voltage. The minimal input AC magnitude is
limited by threshold voltage and the PCE is as low as
20% .

Recent research and applications choose Zero
threshold or low threshold MOSFET or Schottky di-
odes to overcome this shortcoming'*' . Despite its low
threshold, the reverse leakage current and the power
consumption in the substrate increase, which nega-
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Fig.3 Conventional charge pump
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tively affect the PCE. The process adaptability is also
restricted and cost rises. Reference [ 3] used an nMOS
rectifier unit to reduce the influence of the Vg drop
by applying an external bias voltage. However,the ef-
ficiency is dependent on the external bias voltage, so
the external bias voltage must be carefully adjusted
according to the process variation. Reference [4] ap-
plied a large bias resistance to obtain bias voltage.
However, the bias voltage drops rapidly as the input
power decreases. Thus, the efficiency decreases under
low input power.

In order to reduce the negative effect of the
threshold voltage., the diode-connected MOSFET in a
conventional charge pump is replaced by a new struc-
ture,as shown in Fig. 4. MOSFET Mi is the top-draw-
er charge-transfer transistor of this structure,and two
auxiliary MOSFETs. Misl and Mis2 are introduced as
switch transistors to update the body voltage of MOS-
FET Mi,reducing the body effect in substrate. Diode-
connected pMOS Mpi is introduced to provide bias
voltage V. »which is slightly lower than Vi ,for Mi
to cancel the threshold voltage, so the voltage drop
AV can be reduced in each stage. C, is used to filter
the high frequency components. If V, is higher than
VousMi is on. The body is connected to Vi, ,and Vi
is the voltage difference between drain and gate. We
obtain:

Vas = Vs + AV (6)
Oppositely,if V,, is lower than V,,, Mi must be cut
off. The body is connected to V,, and Vy, is the volt-
age difference between source and gate. We get the
range of Vi
V'm - AV <L Vbias < V'm D)
The voltage drop AV is the main cause of power con-
sumption for each stage. Thus, AV must be mini-
mized,which means V., should be close to Vyy. Fur-
thermore it must be optimized according to the equiv-
alent load and input magnitude. At the same time,
process and temperature variation should also be
taken into account. Figure 5 shows the schematic of
the proposed charge pump.

Bias block is a PTAT and provides current bias
for odd stages. Even stages are biased by bias resist-
ances (diode-connected MP1, 3,5, 7), Switch block
choose bias resistances (diode connected MP2,4,6,8)
according to the output voltage magnitude, to ensure
the stabilization of bias voltage on the even stages.
Figure 6 shows the schematic of the switch block
(same as POR (power-on-reset) below) .

As the output voltage of charge pump V), steadily
rises, the voltage on C; is:

iV,

Vi = N €))

Thus,when

Vii+ Viwsin(ot) — Vi + Vi > Vg 9
this stage is on;
When

Vi + Vimsin(wt) — Vi + Vi <[Vl (10
this stage is off. Therefore, the opening critical time

1S

Vo
1 . - * V - V ias
t, = —arcsin| N [Vl > (1D
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Fig.5 Proposed charge pump
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Due to the existence of Vy,,the opening critical time
t, is greatly reduced. Under ideal conditions,once V,
has been set up steadily,the charge quantity stored on
the capacitor is invariable. Thus

T _ (" V.
21 Ipdt = dt (12
ty 0 Reﬁ‘
where R is the equivalent load.
Therefore, the power conversion efficiency

(PCE) is (ignoring the power consumption in sub-
strate) ;
_ Py
- P, +N(P,+ P, +PCGS) + Ppius T Paiten
where Py, and P are the static power consump-

(13)

tions of bias block and switch block,respectively.

Transient analysis shows that the rise process of
output voltage resembles a positive feedback process.
Figure 7 shows the output voltage rising process com-
parison,with 0. 5V magnitude AC input, between this
proposed charge pump and the conventional charge
pump (as shown in Fig. 3),both with 5 stages. During
the period t,, when the output voltage of this pro-
posed charge pump is not high enough to start the bias
block, the charge-transfer transistors have no com-
pensation voltage, so the charge pump operates as a
conventional charge pump. During period ¢, ,once the
output voltage is high enough (about 0.5V) to start
the PTAT, the threshold voltage is canceled and the
output voltage rises quickly until stabilization. The
output voltage is 2.5 times higher than the conven-
tional charge pump. The start-up voltage of the PTAT
needs to be minimized in order to reduce the set-up
time of the output voltage.

5.2 Voltage and current reference

A conventional PTAT is applied here to be the
voltage and current reference, providing voltage and
current reference for EEPROM, the comparator, POR
(power-on-reset) ,and LDO. A start-up circuit without
static power consumption is applied to start PTAT.
Once PTAT is started, the start-up circuit is cut off

—— Proposed charge pump
—a— Conventional charge pump
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Fig.7 Rising process simulation comparison results for conven-
tional charge pump and proposed charge pump

and no current leaks.
5.3 POR (power-on-reset)

When a tag is in the operating field, the output
voltage of the charge pump rises (up to 1V) high e-
nough to support the other blocks and POR resets the
baseband and starts the communication with reader.
Once the tag leaves the operating field, the power
voltage falls to 0. 8V,and POR shuts off the baseband
and terminates the communication. The schematic of
this block is the same as the switch in the charge
pump analyzed above,as shown in Fig. 6.

5.4 LDO

LDO is applied to provide a stable supply voltage
(1V) for EEPROM, baseband,and some other analog
blocks. The voltage and current reference are given by
PTAT.

5.5 Comparator

As the tag is not fixed in the operating field, the
signal amplitude demodulated by the charge pump is
variable,so a hysteresis comparator, shown in Fig. 8,
is applied to reduce the negative effect caused by
noise and field fluctuations. As the demodulated signal
varies at different distances, powering the comparator
with a fixed voltage is unpractical. In this proposed
analog front-end, the charge pump plays the roles of
rectifier and demodulator. As the demodulated signal
is generated in third stage of the 5-stage charge
pump,the amplitude of the demodulated signal is al-
ways about 60% of the output DC voltage in all dif-
ferent conditions. An RC low pass filter is applied to
generate a dynamic reference signal, preventing de-
modulation errors caused by noise or field fluctua-
tion.

5.6 Clock extractor

Due to the single-circle antenna applied in this
proposed tag,the amplitude of the carrier on the an-
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tenna is about 100mV during backscatter load modu-
lation, much lower than the threshold voltage Viy.
Thus, a conventional inverter or trigger cannot ex-
tract the clock signal for digital Baseband. A differen-
tial amplifier shown in Fig. 9 is applied here as a clock
extractor. Serial resistors provide common-mode volt-
age for input transistor MN1 and MN2. The amplifier
and buffer require careful design to optimize the pow-
er consummation.

5.7 Over-voltage protection (OVP)

When tag is near the reader, the magnetic field
strength is very high and the output DC voltage of the
charge pump is very high. OVP is applied to limit the
power supply when the tag is near the reader to pro-
tect the other circuits,avoiding breakdown. When tag
is far from the reader,OVP is cut off.

5.8 Load modulation

Load modulation is applied to transmit the signal
from the tag to the reader and is implemented using a
transistor and resistor. By turning on or off the tran-
sistor controlled by a digital signal that has been mod-
ulated with a sub-carrier, the impedance of the tag
changes,leading to the equivalent impedance in read-
er antenna changes. The reader can demodulate the
impedance change and achieve communication be-
tween reader and tag.

6 Experimental results

The whole RFID tag analog front-end is imple-
mented in an SMIC 0. 18um EEPROM process. The

MP2
R

¢ l# Fl C
L MNI MN2 |——|m_

Fig.9 Clock extractor

Buffer
CLK

micrograph of this proposed analog front-end is
shown in Fig. 10.

Figure 11 (a) presents the calculation, simula-
tion,and measurement results of the proposed charge
pump with a 120kQ load. The output voltage rises
with good linearity as the magnitude of the input si-
nusoidal wave rises. Measurement results shows that
the turn-on magnitude of the charge pump is as low as
0.3V,120mV lower than the threshold voltage, with
0.6V DC output voltage to power the chip. The meas-
urement results show that the performance of this
proposed charge pump successfully follows the theo-
retical analysis and simulation results. Figure 11 (b)
presents the measured power conversion efficiency
comparison between this work and several recent
works. The efficiency of the proposed charge pump
reaches 36% with — 9. 5dBm input power. Compared
to Refs.[3,4], the efficiency is stable between 26%
and 36% ,with a wide range of input power,especially

—s— Simulation results
—a— Measurement results
—w— Calculation results
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Fig.11 (a) Calculation,simulation,and measurement results of
output voltage with 120kQ load; (b) Simulation and measure-
ment results of PCE
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ultra low input power. As RFID tags receive less pow-
er at longer distances,the high power conversion effi-
ciency with ultra low input power is foremost for
RFID tags.

The chip was tested with a 13. 56MHz reader.
The antenna size of this proposed circuit is 30mm X
30mm. The measuremental results show that the chip
works well and satisfies the design target. The modu-
lation index to be detected is 10% ~100% . Compared
with a 10~15cm read range for conventional tags,the
read range of this proposed work reaches as long as
22cm. Measurement results show that the static cur-
rent of the analog front-end is 3. 2ZpA at a supply volt-
age of 1V,which matches the simulation results. Com-
pared with conventional multi-circle antenna, this
work with single-circle antenna can reduce the tag
cost by 20% .

7 Conclusion

Implemented in an SMIC 0.18m EEPROM
process,a low cost RFID tag analog front-end with
single-circle antenna is designed, which is compatible
with ISO 14443A and ISO 14443B. Simulation and
measurement results show that the chip has high pow-
er conversion efficiency,low voltage,low power, low
cost, and high performance in an environment of
noise and power fluctuation. The device satisfies the
design target,agrees with the theoretical analysis,and
meets the demands of ISO 10373.

References

[ 1] Finkenzeller K. RFID handbook: fundamentals and applications in
contactless smart cards and identification. England:John Wiley &
Sons, 2003

1 B 7= 5 350117 3 47 25
F OH HEF

2]
[3]

[4]

[9]
[10]
[11]
[12]
[13]

[14]

[15]

(EEDN

]

YiJ,Ki W H,Tsui C Y. Analysis and design strategy of UHF mi-
cro-power CMOS rectifiers for micro-sensor and RFID applica-
tions. IEEE Trans Circuit Syst 1,2007,54(1) :153

Umeda T, Yoshida H,Sekine S,et al. A 950-MHz rectifier circuit
for sensor network tags with 10-m distance. IEEE J Solid-State
Circuits,2006,41(1) :35

Nakamoto H, Yamazaki D, Yamamoto T, et al. A passive UHF
RF identification CMOS tag IC using ferroelectric RAM in 0. 35-
pm technology. IEEE J Solid-State Circuits,2007,42(1) :101

De Vita G,lannaccone G. Design criteria for RF section of UHF
and microwave passive RFID transponders. IEEE Trans Microw
Tech.2005,53(9) :2978

Keskilammi M, Kivikoski M. Using text as a meander line for
RFID transponder antennas. IEEE Antennas and Wireless Propa-
gation Letters,2004,3.:372

Karthaus U, Fischer M. Fully integrated passive UHF RFID tran-
sponder IC with 16. 7-,W minimum RF input power. IEEE J Sol-
id-State Circuits,2003,38:1602

International Standardization Organization. International Stand-
ard ISO/IEC 14443-1,-2,-3.2003

Abrial A,Bouvier J, Renaudin M,et al. A new contractless smart
card IC using an on-chip antenna and an asynchronous microcon-
traoller. IEEE J Solid-State Circuits,2001,36:1101

Min K W,Chai S B,Kim S. An analog front-end circuit for ISO/
IEC 14443-compatible RFID interrogators. ETRI Journal, 2004,
26(6) :560

Li Qiang, Wang Junyu, Han Yifeng, et al. Design and fabrication
of Schottky diode with standard CMOS process. Chinese Journal
of Semiconductors,2005,26(2) :238

Vita G D, Iannaccone G. Design criteria for the RF section of
UHF and microwave passive RFID transponders. IEEE Trans An-
tennas and Propagation,2005,53(12):3870

Rao K V S,Nikitin P V,Lam S F. Impedance matching concepts
in RFID transponder design. IEEE Workshop on Advanced Auto-
matic Identification Technologies,2005,10:39

Li Y,LiuJ. A 13.56MHz RFID transponder front-end with mer-
ged load modulation and viltage doubler-clampling rectifier cir-
cuits. [IEEE International Symposium on Circuits and System,
2005,5:5095

Ghovanloo M, Najafi K. Fully integrated wideband high-current
rectifiers for inductively powered devices. IEEE J Solid-State Cir-
cuits,2004,39(11) : 1976

I w3 # 5% 1t
woE R

(BEAR¥YLHENBESREERESLR=, L 201203)

TEE . B — RO AR B AR S AT 00 bk 2 A LRI i [] e S 2 1SO 14443 A 1 1SO 14443B Ppisl . Al b F 1% GE 40 AT s o A 3 1R A T
TR /N 1) 28 B R 2 1R 1 0 K T AR 22 P R 4 (9 A5 45 114 0 AR R I 2 AR A1 . %5 30 B 8 B R R I P BB A L 03 T — AV B
A T AR AR B PR (9 Fh R A O L . (A L % SR T SMILC 0. 18 pum EEPROM T 25 52 B, I 3% 45 5% 8% Hhy 14 22 BK )y 120k Q 45 %8 1y
R B AL R K F 36% 5 A SR A 0. 5V B By HH A R TR S R B TR B 1V AR ZE 10 B 52 1 88 nT Lk 31 22em.

KB SPGB s RLATIR (RINAE: MRB)R; RLRBEIREA

EEACC: 1290

FESES: TN432 XEkARIRES: A XERS:

T 3E {51 ¥ . Email ; xiaowang@ fudan. edu. cn
2007-07-07 W 3| ,2007-09-29 & f

0253-4177(2008)03-0510-06

©2008 H [H T2



