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Abstract: An analog front-end of HF passive RFID transponders compatible with ISO/IEC 18000-3 is presented.
Design considerations, especially the power transmission in the RFID transponder,are analyzed. Based on these

considerations,an analog front-end is presented with novel architecture. high power conversion efficiency, low

voltage,low power consumption,and high performance in an environment of noise and power fluctuation. The cir-

cuit is implemented in a Chartered 0. 35pm standard CMOS process. The experimental results show that the chip

can satisfy the design target well.
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1 Introduction

In recent years, RFID (radio frequency iden-
tification)'") has received much attention for its
increasing applications in a wide range of areas,
including public transportation,supply chain man-
agement,access control to buildings,animal track-
ing, and vehicle security”®. An RFID system
mainly comprises an interrogator and a transpon-
der. The transponder is powered by the RF signals
transmitted by the interrogator. It deals with the
data embedded in the input RF signals and re-
sponds by the method of load modulation ( HF
RFID tag) or modulated backscattering ( UHF
RFID tag).

A passive RFID transponder with no battery
lacks its own power supply.,and all power required
for its operation must be drawn from the electro-
magnetic field of the interrogator''’ . To achieve a
large operation range without operation error,the
transponder must have sufficient power over a
large range'"® . Therefore high efficiency of pow-
er transmission and low power circuit'® and archi-
tecture design are very important for passive
RFID transponders. In addition, due to the fact
that the transponder is easily influenced by noise
and power fluctuations, which are mainly caused
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by the communication channel and the movement
of the transponder in the field,respectively,a spe-
cial design is needed for better performance. Mo-
reover,it is important for it to be compatible with
a standard CMOS process to achieve low cost.

However, conventional RFID transpon-
2:46=11 cannot satisfy all of the considerations
above. In this paper,an HF passive transponder
operating at 13. 56 MHz and compatible with ISO/
IEC 18000-3 is presented. It has a novel analog

ders

front-end architecture and is optimized for high
PCE.low voltage, low power, and high perform-
ance in the environment of noise and power fluc-
tuation, and it is compatible with a standard
CMOS process. Although the circuit operates at
13. 56 MHz, most methods for low power and high
performance are also suitable for transponders op-
erating at UHF and other bands.

2 Power transmission

The power transmission of an RFID tran-
sponder is mainly determined by two factors
(Fig.1).One is the impedance matching between
the chip circuits and the antenna. Only when the
complex impedance of the antenna and resonant
capacitor (Z,, ..) matches that of the chip cir-
cuits (Z.,) can the chip achieve maximum power
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transfer. Therefore,we require that

Lanires = Lnip (D
Note that the impedance Z.; may vary with the
power absorbed by the chip, so the impedance
matching should be pursued assuming the condi-
tion of minimum power available for the chip to
respond™*"* . In practical design.the antenna and
resonant capacitor can be designed after designing
the chip. In addition to the consideration of im-
pedance matching, due to the operation principle
of inductive coupling, the design of the antenna
and the resonant capacitor should be limited by
Eq. (2) to achieve the maximum voltage in the
resonant condition.
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where the C.u, .« means the total capacitance,in-
cluding the resonant capacitance and the equiva-
lent capacitance of the chip.
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Fig.1 Power transmission in RFID transponder

The other is the power conversion efficiency
(PCE) of the rectifier. The higher the PCE of the
rectifier,the more power the rest of the chip can
get. Further discussion is presented in Sec.4.1.

Thus the power of the chip following the rec-
tifier (Pq) 18

Pias = Pun Timpedance Mrectifier 3
where P,, is the power which the antenna re-
ceives,rlimpedme is the power transmission efficiency
caused by impedance matching, and Trectitier is the
power conversion efficiency of the rectifier.

3 Architecture

As discussed in the above, low power archi-
tecture is very important. However, most papers
only deal with the conventional architecture” ',
Here a novel architecture of the analog front-end
circuit is presented (Fig. 2). There are four sub-

circuits. Sub-circuit 1 generates voltage and cur-

rent references, power-on-reset, and supply volt-
age,which means that the PCE of the related rec-
tifier circuit (Recl) is very important and should
be well optimized. Since sub-circuit 1 is the base-
band voltage supply, then unlike conventional
transponders, we have put the demodulator sepa-
rately in sub-circuit 2 to avoid the error operation
due to the work of a digital block, where the re-
lated rectifier circuit (Rec2) serves as an envelop
detector and the demodulator needs to be careful-
ly designed for a large dynamic detective range
due to the movement of the transponder in the
field of the interrogator. Sub-circuit 3 performs
load modulation and cooperates with sub-circuit 1
to avoid large power consumption due to the in-
fluence of the charging and discharging of the RF
limiter to the storage capacitor. Sub-circuit 4 per-
forms clock extraction and provides a system
clock for the digital block. Unlike in UHF tran-
sponders"'® ,in HF transponders the clock can be
extracted directly from the antenna.
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Fig. 2  Architecture of the novel analog front-end

circuit

4 Building blocks

4.1 Rectifier

Three rectifier circuits are used in the analog
front-end circuit. The advantage of this is that the
rectifiers can be optimized separately. As dis-
cussed above,the PCE is very important for Recl.
The PCE is mainly reduced by the threshold volt-
age drop caused by diode-connected MOSFET,
power consumption on the channel resistor, and
the substrate leakage of the MOSFET transistor
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diodes. The last two issues can be addressed by u-
sing a MOSFET with a large width-to-length ratio
and adaptive substrate biasing techniques'®'
spectively. The first issue can be addressed by u-
sing Schottky diodes"*'"'*
process is needed.

, re-
. However, a special

Here a new rectifier compatible with a stand-
ard CMOS process is proposed (Fig.3(a)). Unlike
conventional full wave bridge rectifier circuits and
nMOS gate cross-connected bridge rectifiers, it
overcomes the problem of the threshold voltage
drop caused by the diode-connected MOSFET. It
is derived from the nMOS gate cross-connected
bridge rectifier and uses the bootstrapped circuit
technique'** .

According to the circuit structure, two states
(on and off) can be found (Fig. 3). Here, take
MN3 as an example; the analysis is also suitable
for MN4 and its bootstrapped circuit. When an-
tennal is low and antenna2 is high (see Fig.3(b))
because the gates of MN8, MN10,MN11,MP9 are
connected to antenZ, MN8, MN10, and MNI11 are
on and MP9 is off. As a result,MN3 and MN7 are
off. This is the off state. During this state, the
bootstrapped capacitor C, is charged to

VCb = Vanteanax - (Vth + ZID//JCOX( W/L))
4)
where Vuenzmex 1S the highest voltage in antenna2

during the off state, and the term V, +

215/uCox (W/L) is due to the diode-connected
MN11. Here the size of MNI11 is optimized to
make the circuit have a better performance. When

antennal is high and antennaZ is low (see Fig. 3
(c)) MN8,MN10,and MN11 are off, while MP9,
MN7.and MN3 are on. This state is called the on
state. During this period. the gate and drain of
MNS3 are connected across C,.Note that capacitor
C, and the size of MN3 should be optimized,since
the parasitic capacitor of MN3 will redistribute
the charge on C,.In short,before antenl is high,
C, is charged, and when antenl is high, C, can
provide a high voltage for MN3’s gate to make
MN3 on. Therefore, during the on state, the volt-
age drop between the drain and source approaches
zero and the circuit can avoid the threshold volt-
age drop.

4.2 Voltage and current reference

Here a conventional voltage and current ref-
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Fig.3 Proposed rectifier circuit (a) Circuit imple-
mentation; (b) Off state; (c) On state

erence [16] is used. A low power start-up cir-
cuit''” is also used to bring out the reference cir-
cuit from its dead operating point to its normal
operation point. Unlike conventional start-up cir-
cuits, the start-up circuit completely turns off once
the reference circuit is started,and does not con-
sume current during normal operation.

4.3 Low drop-out (LDO) regulator

In order to avoid extra supply voltage and to
reduce the power consumption,an LDO regulator
is used to offer multiple supply voltage levels to
make each circuit work at a suitable supply volt-
age. One is for baseband and analog blocks
(1. 6V) ,and the other is for EEPROM (1. 8V).In
addition,an LDO regulator is also used to provide
a stable supply voltage. Here,to avoid a large chip
area due to the large resistor for low quiescent
current, the resistor can be replaced by a diode-
connected MOSFET. Also, note that since EEP-
ROM has different current consumptions in the
read and erase/write states, the stability of the
LDO regulator with different loads requires care-
ful design''®'.

4.4 Power-on-reset (POR)

One purpose of the POR is to reset the digital
block when the transponder enters the electro-
magnetic field of the interrogator. Another pur-
pose is to prevent the digital block from error op-
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eration when the supply voltage drops below a
certain level. Figure 4 shows the structure of the
POR circuit. Here, to achieve a low supply cur-
rent,we optimize branches 1,2, and 3, which ac-
count for most of the power consumption. M5,
which is combined with a current mirror, is used
to control the current of branch 1 with a small
current value (~50nA).MN1 is used to provide a
hysteresis function to reduce the influence of the
noise and power fluctuation.
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Fig.4 Power-on-reset circuit

4.5 Clock extractor

As with the POR circuit, the clock extractor
also needs a hysteresis function performed by a

191 A low pass filter is

low power Schmitt trigger
also added before the Schmitt trigger to reduce
the influence of glitches (Fig.5). Since the clock
extractor circuit works at a low voltage.a suitable
structure''®’ is used. which is modified by adding
MP4 to make the Schmitt trigger achieve an initial
state. Unlike conventional Schmitt triggers, this
Schmitt trigger consumes little supply current dur-

ing the operation.
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Fig.5 Clock extractor circuit

4.6 Demodulator

Due to the fact that the transponder is not
fixed in the field of the interrogator and can have

a large movement range, the output voltage of
rectifier Rec2 may vary on a large scale. There-
fore, to make the demodulator a large dynamic
scale for each kind of voltage, the output of the
rectifier is used as the supply voltage of the demod-
ulator,instead of using a fixed voltage(Fig.6).In ad-
dition,the demodulator also uses a low pass filter
(R,-C,) connected between it and the input of
the hysteresis comparator, which is the core of the
demodulator. It is also used to reduce the influ-
ence of noise and power fluctuations and to gener-
ate an inner reference voltage,and the voltage can
vary with the output of rectifier RecZ2. Note that
to prevent demodulation errors caused by over-
shoot,a two-stage low pass filter (R,-C,,R,-C;)
is used. A buffer powered by V,u is added after
the output of the demodulator to provide a regula-
ted voltage to the digital block.
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Fig.6 Demodulator circuit

4.7 RF limiter

When the transponder is near the interroga-
tor,the power received by the antenna can reach a
very high level, leading to a high voltage level in
the output of rectifier circuit. Thus an RF limiter
is used to avoid any damage to the integrated
components™®! . The RF limiter works like a shunt
regulator,here to avoid large power consumption
caused by charging and discharging of the RF lim-
iter to the storage capacitor, and the input and
output of the RF limiter are separate, connected
to sub-circuit 1 and sub-circuit 4, respectively.

4.8 Load modulation

Conventional load modulation is implemented
using a MOSFET switch with a resistor or capaci-
tor,as shown in Fig.2,and the load modulation is
combined with sub-circuit 4 to make use of the ar-
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chitecture and achieve a simple implementation.
By turning on or off the load modulation
transistor controlled by data,the impedance of the
transponder is changed,leading to a different im-
pedance in the interrogator’s antenna, which can
be demodulated by the interrogator to achieve da-

ta transfer from transponder to interrogator-'’.

S5 Results

The whole analog front-end circuit assembly
is implemented in a Chartered 0. 35um standard
CMOS process. To achieve better performance,
the layout must be given special consideration. Be-
cause the rectifiers are the first stage after the an-
tenna and they sometimes receive a large voltage,
in order to protect the rectifiers, the layout of
transistors in the rectifiers are modified to have a
wider drain and source than standard transistors.
In addition, because of the inductive coupled oper-
ating principle,the guard ring around each module
must not be a closed ring to avoid generating cur-
rent in the guard ring due to inductive coupling
with the interrogator. Moreover, there is no elec-
trostatic discharge (ESD) protection on the an-
tenna pads,since ESD protection brings too many

|'|' = el Il-l
2, ilemm r-l.-nl o

"‘—FF-""—'-""II._'- -.-._.pu—......—n-

parasitics at the antenna and results in power
. A microphotograph of the chip is shown
in Fig.7.

loss

Fig.7 Microphotograph of analog front-end

The chip is tested with a 13. 56MHz interroga-
tor. The test shows that the chip works well and satis-
fies the design target and the demand of ISO/IEC
18000-3. Experimental results are listed in Fig. 8 for
an example. Figure 8(a) shows the antenna signal and
rectifier output, which shows that the proposed recti-
fier can effectively eliminate the threshold voltage
drop,leading to a high PCE. Through simulation un-
der the same conditions,the PCE of the proposed rec-
tifier is 70. 1% ,which is much higher than the con-
ventional one (45.9%). Figure 8(b) shows the

FREE 1) = T

B '.'HW lfm. y MM Ilm |I ,H.'u

Fig.8 Experimental results (a) Antenna signal and rectifier output; (b) Antenna signal and extracted clock;
(c) Antenna signal and demodulator output with 100% ASK modulation; (d) Antenna signal and demodulator

output with 10% ASK modulation
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antenna signal and extracted clock. Figure 8 (c)
shows the antenna signal and demodulator output
with 100% ASK modulation. Figure 8 (d) shows
the antenna signal and demodulator output with
10% ASK modulation. The simulation shows that
the total supply current consumption of the analog
front-end is less than 3pA.

6 Conclusion

Implemented in a Chartered 0. 35um standard
CMOS process, an analog front-end with a novel
architecture of HF passive RFID transponders
compatible with ISO/IEC 18000-3 is designed. Ex-
perimental and simulation results show that the
chip has high power conversion efficiency (PCE) ,
low voltage, low power,and high performance in
an environment of noise and power fluctuation
and satisfies the design target and the demands of
ISO/IEC 18000-3.
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