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Design and implementation of an ultra-low power passive UHF RFID tag*
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Abstract: This paper presents a fully integrated passive UHF RFID tag chip complying with the ISO18000-6B
protocol. The tag chip includes an RF/analog front-end, a baseband processor, and a 512-bit EEPROM memory. To
improve power conversion efficiency, a Schottky barrier diode based rectifier is adopted. A novel voltage reference
using the peaking current source is discussed in detail, which can meet the low-power, low-voltage requirement
while retaining circuit simplicity. Most of the analog blocks are designed to work under sub-1 V to reduce power
consumption, and several practical methods are used to further reduce the power consumption of the baseband
processor. The whole tag chip is implemented in a TSMC 0.18 ;zm CMOS process with a die size of 800 x 800 um?.
Measurement results show that the total power consumption of the tag chip is only 7.4 uW with a sensitivity of

—12 dBm.
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1. Introduction

Passive radio frequency identification (RFID) tags oper-
ating in the UHF band are showing a wide range of prospec-
tive applications for their advantages of low cost, long oper-
ating distance, high data rate, and small antenna sizel!l. The
commercial applications of passive UHF RFID tags are di-
verse, including intelligent transportation systems, asset track-
ing, supply-chain management, logistics, and many other ar-
eas?~5.

A passive tag operates without using a battery, and it gath-
ers power from the incident RF power generated by an RFID
reader. Because the operating range of the UHF RFID system
is highly dependent on the power consumption of the tagl®l, it
is crucial to design ultra-low power circuits for passive tags to
guarantee longer communication distances.

In this paper, an ultra-low power passive UHF RFID tag
complying with the ISO18000-6B protocol is designed and im-
plemented. Based on the traditional Dickson rectifier structure,
we use a Schottky barrier diode instead of a diode-connected
MOSFET to improve the power conversion efficiency of the
rectifier. A novel voltage reference circuit using the peaking
current source is designed to generate a stable voltage refer-
ence. In order to reduce the overall power, low power tech-
niques such as power management, clock gating, and compo-
nent reuse are applied to the baseband processor design. The
tag chip is fabricated in TSMC 0.18 um CMOS process with
a die size of 800 x 800 wm?.

2. Chip architecture

Figure 1 shows the block diagram of the proposed RFID
tag, which includes a RF/analog front-end, a baseband proces-
sor, and an EEPROM memory. The RF/analog front-end per-
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forms all analog processing for DC power, receive signal de-
tection/demodulation, and transmit modulation. The baseband
processor decodes incoming data, responds to commands from
the reader, reads and writes to the EEPROM memory.

The RF/analog front-end has several internal sub-blocks.
The rectifier converts the RF energy from the reader into DC
power to supply the whole system. A voltage limiter is used to
avoid high voltage damage when the received power is high.
A voltage reference and a voltage regulator generate a stable
supply voltage. The system clock is generated by a current con-
trolled ring oscillator. A power-on reset (POR) circuit resets the
baseband processor when the supply voltage reaches a reliable,
regulated level. In the forward link (reader to tag), the reader-
to-tag data are demodulated from the envelope of the carrier.
In the return link (tag to reader), the tag sends data back to the
reader by load modulation. An energy storage capacitor Cs is
employed to supply the chip in case of an energy gap.

3. Building blocks
3.1. Rectifier

In a passive RFID tag, the supply power is harvested from
the input RF energy through the rectifier. The higher the power
conversion efficiency of the rectifier, the more power the tag
gains. A conventional rectifier circuit is based on a Dickson
charge pumpl7. The voltage drop across the diode (about 0.7
V) is the main power loss factor. Substituting diodes with
diode-connected MOS transistors can reduce power loss, but
the voltage drop of diode-connected MOS transistors (about
0.5 V) is still too high.

In this paper, we use a Schottky barrier diode, which has a
voltage drop of 0.3 V, to further reduce power loss. The rectifier
circuit is shown in Fig. 2. The DC output voltage of the rectifier
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Fig. 2. Schematic of the proposed rectifier.

can be approximately expressed as!®!

Vieet = 2N(Vrf_ Vd)v (1)

where N is the number of stages, V¢ is the amplitude of the in-
put RF voltage, and Vj is the voltage drop on a Schottky barrier
diode. From Eq. (1), it is clear that a larger N induces a higher
output voltage. However, simulation results show that the con-
version efficiency decreases when more stages are used. So we
must choose an appropriate N to achieve the optimal value of
the efficiency and output voltage. In our design, the stage num-
ber N is chosen to be 5.

3.2. Voltage reference

Due to the variable distance between the reader and the tag,
the energy received from the electromagnetic field also varies,
leading to a large variation of the output voltage of the rectifier
(1.1-3 V in our system). Hence, a reference circuit is used to
generate a stable voltage reference and it must be able to tol-
erate this large variation. A conventional band-gap reference
circuitl®), which usually generates 1.25 V voltage reference, is
not suitable for low-voltage design. Several sub-1 V voltage
reference circuits are reported in Refs. [10, 11], but they do not
fit the RFID tag because of their large power consumption.

The peaking current sourcel'?- 3] has been recognized as
a useful low-current reference. This work exploits the peaking
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Fig. 3. Schematic of the proposed voltage reference.

current source to realize a low-power voltage reference. The
proposed voltage reference circuit is depicted in Fig. 3. This
circuit can meet the low-power, low-voltage requirement while
retaining circuit simplicity.

Elements Q1, Q2 and R; constitute the peaking current
source, while the elements MP3 and MP4, connected in a cur-
rent mirror, serve to realize the function of self-biasing. The
MP3, MP4 mirror is designed to make the collector current of
Q1 and Q2 operate in the peaking relation, then the voltage
across R is proportional to the absolute temperature (PTAT).
Thus, the resistor ratio R3/R; can be used to compensate the
variation of the base—emitter voltage of Q3 with respect to the
temperature. A steady reference voltage output, Vier, is there-
fore obtained. The detailed analysis is as follows.

Ignoring base current, the collector currents of Q1 and Q2
can be given by

Vi

I = Ig expﬂ, 2
Vr
Vi

I, = Igzexpﬂ, 3
Vr

where Is; and Is; are the reverse saturation currents of Q1 and
Q2, respectively, Vr is the thermal voltage, Vg, and Vgg, are
the base—emitter voltages of Q1 and Q2, respectively.
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The relation between the two collector currents is, there-
fore,

Is Vee1 — VBE2
I = Ip 5L exp LBEL— 7BE2
Is; Vr

Vee1r — V4
= L, Kexp ZBELT TBE v BEZ, @)
T

where K is the emitter area ratio between Q1 and Q2.
The difference between the two base—emitter voltages of
QI and Q2 can be expressed as

Veer — Vee2 = —12R;. Q)

Substituting Eq. (5) into Eq. (4), we obtain

IRy
11 =12Kexp — Vi . (6)
T

The peaking current source is designed such that 7, is at
its peaking value. It can be achieved by zeroing the derivative
of I with respect to I, using Eq. (6), yielding the following
design condition

LRy = Vr. @)

If the condition is satisfied, then the collector currents of
Q1 and Q2 are related by

I, = LKe . 3

Hence, the self-biasing mirror constituted by MP3 and
MP4 is designed to make I; and I, satisfy the relation in
Eq. (8). And then the peaking condition (7) is maintained. In
our design, we choose K = 2, then setting K3 = K4 x2x e~}
will satisfy the peaking condition (K3, K4 are the width to
length ratios of MP3 and MP4, respectively).

If setting K4 = K5, we will get

L = Is. 9)

So the output reference voltage can be written as

Viet = VBE3 + I3R3 = Vggs + i—er (10)

VBEs has a negative temperature coefficient while V1 has
a positive one. So by carefully designing the value of R3 and
R, Vir can be independent of temperature. Figure 4(a) shows
simulation results of Vs as a function of temperature. The
temperature coefficient of the voltage reference is 125 ppm/°C
when temperature ranges from —20 to 60 °C.

In the reference circuit, MNG6 is applied to keep the collec-
tor voltage of Q2 stable under a large variation of the supply
voltage, which will reduce the impact of the Early effect. Ac-
cording to Ref. [14], considering the Early effect, the collector
current of Q1 is given by

VeEl VBEI
Li=1Ig |14+ — |exp —, 11
1 S1 ( A ) p 7 (11)
where Vg is the collector—emitter voltage, and V is the Early

voltage.

If MNG6 is not used, the collector voltage of Q1 will fol-
low the variation of the supply voltage (1.1 to 3 V in our de-
sign), which can induce a large variation of Vcg;. According
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Fig. 4. Vit as functions of (a) temperature and (b) supply voltage.

to Eq. (11), 7, varies a lot with the supply voltage, which will
cause a large variation of Vier. So to minimum this variation of
Vier, MNG is adopted. The gate voltage of MNG6 is relatively sta-
ble, which will make the collector voltage of Q1 stable. Thus,
Vier varies little with the supply voltage. Figure 4(b) shows the
simulation results of V. as a function of supply voltage, line
regulation is 1.7%/V when the supply voltage ranges from 1.1
to3 V.

MN1, MN2, MN3, MP1, and MP2 form a start-up circuit
without static power consumption. When the circuit is pow-
ered on, node “A” firstly becomes high to turn on MN3, which
will inject pulse current through MP3 to set the circuit to the
right operating point. Then node “B” turns high, which will
turn on MN1. Thus, node “A” becomes low and MN3 is shut
down. Simulation results show that the start-up time is less than
200 ws and current consumption of the voltage reference cir-
cuit is only 150 nA.

3.3. ASK demodulator

The proposed ASK demodulator is composed of an enve-
lope detector, a low-pass filter, an average detector, and a com-
parator, as Figure 5 shows. The envelope detector is composed
by a two-stage rectifier, paralleled with a resistance. The low-
pass filter is used to filter out the high frequency component.
In order to realize proper filter function, the RC product must
satisfy the condition as Eq. (12)[15],

1
— K RC KL )
fRF fdata

(12)
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where frp is the frequency of the carrier wave and fg,, repre-
sents the digital data rate. The average detector slows down the
fast change of Vp[lé]. Finally the comparator compares V,, with
V, and sends the demodulated signal to the baseband processor.

The hysteresis comparator circuit is presented in Fig. 6.
The comparator needs hysteresis to reduce the BER (bit error
rate)l!7]. We add an enable switch to power down the compara-
tor when it is not used. The enable signal is generated by the
baseband processor.

3.4. Baseband processor

Figure 7 illustrates the block diagram of the baseband pro-
cessor. It consists of seven modules: clock generator (CG), re-
ceiver, protocol controller (PC), transmitter, random number
generator (RNG), CRC, and interface. The receiver is respon-
sible for receiving, decoding and holding incoming data. The
PC mainly processes the ISO 18000-6B standard and executes
actions such as reading from or writing to the EEPROM. Data
exchange between the EEPROM and the PC is based on the in-

IO IO IO I
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: 1

Baseband
processor

Storage
capacltor

HEEEENnEEEN

Fig. 8. Microphotograph of the tag chip.

terface module. Combined with analog circuits, a RNG module
is used to generate a one-bit true random number for collision
arbitration. The CRC calculates CRC-16 for forward and re-
turn links to check the data’s integrality. Data transmitted to
the reader is encoded to FMO format and transmitted by the
transmitter.

In this paper, several low-power strategies are imple-
mented. The clock generator module is designed to control en-
abling signals of other modules at system level to reduce the
total power. In addition, a strategy of clock gating is used at
RTL level, which enables or disables the clock of a register in
a module. To further reduce power consumption and chip area,
strategies like component reuse, lowering the supply voltage,
and lowering the system clock frequency are adopted!!8].

4. Experiment results

The whole tag is implemented in a TSMC 0.18 um CMOS
process. As shown in Fig. 8, the tag chip includes an RF/analog
front-end, a baseband processor, and a 512-bit EEPROM mem-
ory. In addition, a 600 pF capacitor for power storage is inte-
grated. The chip size is 800 um x 800 um. A folded dipole
antenna is designed for the tag chip, as Figure 9 shows. Mea-
surement results show that, with a 100k resistor load, the power
conversion efficiency of the rectifier reaches 34.2%. Figure
10 is the measured results of the ASK demodulator, the mini-
mum input RF signal that can be demodulated is 100 mV and
the maximum input data rate is 160 kb/s. Figure 11 shows the
measured results of forward link and return link communica-
tion. In the forward link, the reader sends a “WRITE” com-
mand to the tag and writes data into the EEPROM memory.
Then in the return link the tag responses back to the reader,
which indicates a correct writing operation. Measurement re-
sults show that at a 0.96 V supply voltage, the RF/analog front
end consumes 2.25 pA current while the baseband processor
consumes 2.45 pA, and the current consumption of the EEP-
RROM memory is about 3 A when in reading state. The total
power consumption of the tag chip is 7.4 uW with a sensitiv-
ity of —12 dBm. Comparisons of this circuit’s performance with
some of the latest work are listed in Table 1.
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Fig. 11. Measured results of forward link and return link communica-
tion.

5. Conclusion

This paper presents a fully integrated passive UHF RFID
tag chip complying with the ISO18000-6B protocol. The tag
chip includes an RF/analog front-end, a baseband processor,
and a 512-bit EEPROM memory. To improve power con-
version efficiency, a Schottky barrier diode based rectifier is
adopted. The design of a novel voltage reference circuit using
the peaking current source, an ASK demodulator and a low-
power baseband processor are discussed in detail. Measure-

Table 1. Result comparison.

Features This work Ref. [19] Ref. [20]

Process 0.18 um 0.18 um 0.18 um

Standard ISO/IEC EPC Gen-2 ISO/IEC
18000-6B 18000-6C

Supply voltage 0.96 1 1

V)

Power 7.4 15 14

consumption

(uW)

Sensitivity —12 —11 -9.5

(dBm)

Chip area 800 x 800 1300 x 700 880 x 880

(um?)

ment results show that the total power consumption of the tag
chip is only 7.4 uW with a sensitivity of —12 dBm.
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