Vol. 32, No. 11

Journal of Semiconductors

November 2011

A passive UHF RFID tag chip with a dual-resolution temperature sensor

in a 0.18 xm standard CMOS process*
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Abstract: This paper presents a passive EPC Gen-2 UHF RFID tag chip with a dual-resolution temperature sensor.
The chip tag integrates a temperature sensor, an RF/analog front-end circuit, an NVM memory and a digital base-
band in a standard CMOS process. The sensor with a low power sigma—delta (X A) ADC is designed to operate in
low and high resolution modes. It can not only achieve the target accuracy but also reduce the power consumption
and the sensing time. A CMOS-only RF rectifier and a single-poly non-volatile memory (NVM) are designed to
realize a low cost tag chip. The 192-bit-NVM tag chip with an area of 1 mm? is implemented in a 0.18-m standard
CMOS process. The sensitivity of the tag is —10.7 dBm/—8.4 dBm when the sensor is disabled/enabled. It achieves
a maximum reading/sensing distance of 4 m/3.1 m at 2 W EIRP. The inaccuracy of the sensor is —0.6 °C/0.5 °C
(-1.0 °C/1.2 °C) in the operating range from 5 to 15 °C in high resolution mode (—30 to 50 °C in low resolution

mode). The resolution of the sensor achieves 0.02 °C (0.18 °C) in high (low) resolution mode.
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1. Introduction

The radio-frequency identification (RFID) system offers
many advantages, such as faster reading speed, greater oper-
ating distance and larger memory space over the traditional
barcode system!!]. Passive UHF RFID tags have been widely
applied in supply chain management, logistics, public trans-
portation, and so on. If some sensors are embedded into the
tag chip, the application area of the tag can be much extended.
The tag with a temperature sensor function has recently be-
come very attractive for remotely monitoring the temperature
of perishable food, animals and humans[?-3].

The typical temperature sensors embedded in passive
RFID tag were implemented by a time-readout schemel?: 451,
These sensors adopted a two-point calibration technique to
achieve the target accuracy so that the total cost of the tag in-
creases greatly. An improved temperature sensor has been pro-
posed that is also based on the time-readout schemel®. The sen-
sor used the same band-gap reference and quantization clock
generator to generate bias currents for the temperature-to-pulse
converter and to compensate for the process variations, respec-
tively, so that it only requires one-point calibration. However,
the temperature-dependent pulse width is still affected by vari-
ation of the capacitors and the supply voltages. Furthermore,
the sensor needs to average 128 samples for the target accu-
racy so that the sensing time increases to 40 ms.

The RF rectifier is one of the key components in the pas-
sive UHF RFID tag chip because the communication distance
between the tag and the reader depends on its rectifying ef-
ficiency. Although there are various rectifier structures, only
two kinds of rectifier are practical for UHF RFID tags!”). One

EEACC: 1280

is the gate cross-connected bridge structure, which does not uti-
lize diode or diode-connected MOS transistors. Its power effi-
ciency is high because it does not suffer from threshold voltage
problems. However, the voltage gain is not as high as that of
the charge pump structure. The other one is the Dickson charge
pump structure, which is based on the diode or diode-connected
MOS transistors. The diode threshold voltage loss usually re-
duces the power efficiency of the rectifier. Although a Schot-
tky diode with low threshold voltage can be used to improve
the efficiency, it requires extra mask layers and process steps.

A small amount of non-volatile memory (NVM) should
be embedded in the RFID tag to store information. The con-
ventional EEPROM/FLASH memory requires additional mask
layers and process steps, which are not suitable for low cost
RFID tags. Recently, several NVM memories in standard
CMOS processes have been reported(® 1. A single poly EEP-
ROM cell has been proposed, in which the FN tunneling ef-
fect is employed to program the memory cell®]. However, the
NMOS tunneling device reduces its retention and endurance
performance. Another embedded memory has been reported(®].
However, each bit cell has a high voltage switch and an SRAM
data-latch so that the memory has a large area and power con-
sumption.

This paper proposes a passive EPC Gen-2 UHF RFID tag
chip with a dual-resolution temperature sensor. The chip con-
sists of a dual-resolution low power temperature sensor, a high
efficiency rectifier, analog frontend circuits, a digital baseband
and a single-poly low power NVM memory. The sensor can op-
erate in low and high resolution modes. It can not only achieve
the target accuracy but also reduce the power consumption and
sensing time. The rectifier is a CMOS-only rectifier with high
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Fig. 1. Architecture of the tag chip.

power efficiency. The memory is an ultra low power NVM
memory based on a single-poly standard CMOS process. The
tag chip features dual-resolution, one-point calibration, high
sensitivity, a CMOS-only circuit and compact size. This paper
is organized as follows. First, the system architecture of the tag
chip is introduced. Then the circuit design of critical building
blocks is discussed. After that, the implementation and mea-
surement results are presented, and the conclusions are finally
presented.

2. Architecture of tag chip

The architecture of the tag chip is shown in Fig. 1. The
chip consists of four main blocks: a temperature sensor, an
RF/analog front-end circuit, an NVM memory and a digital
baseband. The RF/analog front-end circuit block converts the
energy of the incoming RF signal into a DC power supply for
the active circuits on the chip and demodulates (modulates) the
received (transmitted) signal. It generates the clock/reset signal
also. A CMOS-only rectifier is used as a UHF RF rectifier.

The temperature sensor monitors the temperature and out-
puts the temperature signal in digital format. The digital base-
band block processes the tag baseband signal based on the EPC
Gen-2 protocol and controls the operation of the sensor. The
NVM memory is used to store the EPC code and the tempera-
ture sensor signal.

Although the temperature sensor with ADC has better and
more reliable performance, it is considered to be unsuitable
for passive RFID tags because it consumes a large amount of
power. In practice, the NVM memory during write operation
consumes tens of microwatts that are provided by the RF rec-
tifier for tens of milliseconds. If we can reduce the power con-
sumption of the temperature sensor with ADC to some tens of
micro watts, and let NVM memory and the temperature sensor
be enabled alternately, the tag chip with the ADC-type temper-
ature sensor can operate effectively. A low power sigma—delta

(XA) ADC is integrated into the temperature sensor in the tag.

In many application cases, the temperature sensor usually
focuses on a small specific temperature range to measure the
temperature at higher resolution, but for a wider temperature
range the measuring resolution may be relaxed. Actually, if
the sensor is calibrated at a suitable temperature point for the
small temperature range, the non-linear error of the sensor is
very small near the calibrated point and the measuring error
can be controlled. Here we design a temperature sensor with
dual-resolution operation modes: a high-resolution mode with
a small temperature sensing range and a low-resolution mode
with a wide sensing range. Thus the sensor can not only meet
the demands of practical applications but also reduce the res-
olution requirement of the ADC so that the circuit structure is
simplified, and the power consumption and conversion time
are reduced.

To realize a highly sensitive tag chip with a high resolution
temperature sensor at low cost, a dual-resolution temperature
sensor is proposed with one point calibration. Then a CMOS-
only rectifier is used to replace the Schottky diode rectifier and
is biased by a switched-capacitor bias to improve its power ef-
ficiency. Furthermore, an ultra low power NVM is designed
based on a single-poly standard CMOS process. The tag chip
can be integrated into a standard CMOS process without extra
mask layers and process steps. The detailed operation princi-
ples of these circuits will be discussed in the next section.

3. Design of circuit blocks

3.1. Temperature sensor with dual resolution

The block diagram of the temperature sensor is shown in
Fig. 2. It consists of a bipolar sensing core, a second-order
YA ADC, a dynamic element match (DEM) control module
and a bias circuit. The XA ADC includes a XA modulator,
a decimation filter and a clock generator. The bipolar sensing
core is used as the sensing element because the bipolar transis-
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Fig. 2. Block diagram of the temperature sensor.

tor is particularly suitable for generating a linear temperature-
dependant voltage signal'®l. The second-order SA ADC is
used to digitize the output of the bipolar sensing core. The
DEM module uses a DEM control technique to reduce the mis-
match effect among the current sources in the bipolar core and
the mismatch effect among the sampling capacitors in the XA
modulator. The bias circuit generates a bias current I, to make
the base—emitter voltages insensitive to the spread of the cur-
rent gain!1%),

In the bipolar core, two diode-connected substrate PNP
transistors output two temperature-dependent base—emitter
voltage signals Vggr, and Vpgr. The two voltage signals are
then used to produce one voltage signal AVgg, which is pro-
portional to absolute temperature (PTAT) and one temperature-
independent reference voltage signal Vrgg.

The relationship between the temperature 7' and the above
two voltages (Vgr and AVgg) can be expressed as!!!]

o
- 1
o+ X M

where A is a constant of about 600, X = Vggr/AVpg and « is
the gain factor, which is chosen to make a band-gap reference
voltage Vrer Veer + aAVgg. If /(o + X) is digitized,
to achieve a resolution of 0.01 °C (0.1 °C), the ADC with a
resolution of 16 bit (13 bit) is required because the temperature
sensing range is about 600 °C. This is not acceptable for passive
RFID tags. So another method is used to relax the resolution
requirement of the ADC.

Supposing X changes from X1 to Xy (Xy > X1 ) when the
temperature ranges from Ty to 7y (Ty > T1), X can be trans-
formed to

X-x
C Xup— X0

Therefore 1 changes from 0 to 1 for the temperature range
from Ty to Tp. If n is digitized and Ty — Ty < 600 °C, the
resolution requirement of the ADC can be much reduced.

The temperature sensor has two operating modes: a high-
resolution mode with a small sensing temperature range and a
low-resolution mode with a wide sensing range. The two op-
erating modes are switched by the ¥ A modulator, as shown in
Fig. 3. The modulator consists of a loop filter and a clocked
comparator. For simplicity, only a first-order loop filter is
shown. In the actual implementation, a second-order filter is

n 2

v _I— b

p’RcfP = 24A VBL‘
Vins=SAV..

RefN

y ,mt I b .

Viw= V¥V,
o VRetN: lv A VRF.

(b)

Fig. 3. £ A modulator for dual operation modes. (a) Low resolution
mode. (b) High resolution mode.

used to reduce the sampling time. The comparator produces
one bit of the bit stream in each clock cycle

In low resolution mode, supposing SAVgg < X <24AVgg,
if the output of the ¥ A modulator is one, 24 AVpg is added
into the input of the integrator in the next cycle; otherwise,
—5AVgE is added into the input. Thus the total input V; of the
integrator is adjusted to near zero. If the average value of the
bit stream is denoted as 7, the following expression can be ob-
tained,

(24AVge — Veer)n = (Veer — 5AVRe)(1 —1n).  (3)

Solving for n gives

115013-3



J.Semicond. 2011, 32(11) Feng Peng et al.
bs
L Cs28
—To—
Cs25
DEM[49:25] Ly
DEM[24:0] Co2d clk2
+—oo f o
PeO bl
. clk1 clkt
! o Hoo [
B1
o C[ | reset o
- 51
5 O YT | Cintt | clkizd op  clkft
I | ~ - A
BRI T
O 1 —
clkzd cikid e | il Ikl A\etkr2
e e
—" +\ Vem o - bs
7% A > ' A > L
Veero—pb—6T o1 v
» el clkf1 f ikiz >
— Q o— —
o7 o T~ CBo
-t e~ o
R 1—( = lf_Ell_' clk2 | Cint1 clkf2d CF clkft Cint2
Vss o o I? o Vew
T~  CB1 o o reset I
. clki clkdt reset
niC {
~ Care o
S .
525
Cs2s
bs
Fig. 4. Circuit diagram of the second-order £ A modulator.
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In high resolution mode, supposing NAVgg < X < (N +
2) AVgg, if the output of the ¥ A modulator is one (zero), —(N + clkl | |—
2)AVgg (-N AVgg) is added into the input of the integrator in : :
the next cycle. Solving for 7 in the same way gives clk2 |

_ Veer—NAVgg X —N
- 2AVie -2

From Egs. (4) and (5), X can be obtained, and then the tem-
perature can be solved from Eq. (1). Furthermore, for the high
resolution mode, we use the integer N to program the temper-
ature sensing range.

Although AVgg is insensitive to process variation, Vggg is
sensitive to process variation because it depends on the abso-
lute values of both the saturation current and the collector cur-
rent. This process-dependent variation in Vggg is PTATI!9), The
variation in Vggr can be determined by calibration at one tem-
perature (one-point calibration) and then corrected by a digital
parameter. In the design, « is adjusted by the digital parameter
stored in NVM memory to compensate for this PTAT variation
in Vggr. The adjusting scheme is much simpler than analog
trimming techniques, such as bias-current-trimming!'?.

We adopt a switched-capacitor circuit to design the XA
modulator. The switched-capacitor circuit is suitable for can-

)

Fig. 5. Clock signals of the modulator.

clkf2

celling the parameter mismatch and the signal offset in the cir-
cuit. The low-resolution and high-resolution modes can be eas-
ily switched by controlling the on/off of the switches in the
switched-capacitor circuit. The circuit diagram and the clock
signals of the modulator are shown in Figs. 4 and 5, respec-
tively. To shorten the temperature sensing time, a second-order
3 A modulator is used. Capacitors Cyy to Cyp¢ are the sampling
capacitors of the first integrator and their values are the same as
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each other. Capacitor Cr is the sampling capacitor of the sec-
ond integrator. Capacitors Cpgy to Cpy4 are the feed-forward
capacitors, which ensure the stability of the modulator. The
control signal DEM[24:0] (DEM[49:25]) determines the num-
ber of sampling capacitors for AVgg (Vggr). Thus the control
signal can not only switch the low and high resolution modes
but also select one reference voltage from SAVgg, 24AVgg,
NAVgg and (N + 2)AVgg to subtract the input signal. Fur-
thermore, the control signal DEM[24:0] (DEM[49:25]) can al-
ternate the sampling capacitors to realize a dynamic element
match control technique so that the parameter mismatch in the
circuit can be cancelled.

In the second-order ¥ A modulator, the first integrator de-
termines the accuracy of the modulator. As the ADC’s reso-
lution requirement is relaxed, an amplifier gain of 80 dB is
enough so that no gain boosting technique is required. This
greatly reduces the chip area and power consumption. At the
end of a ¥ A cycle, the output of the first integrator is sampled
on capacitors Cr and is integrated by the second integrator at
the beginning of the next £ A cycle. Since the errors are at-
tenuated by the gain effect of the first integrator, no dynamic
element matching is needed in the second integrator. The bit
stream is produced by comparing the polarity of the output
voltage of the second integrator with the clocked comparator.
The modulator uses non-overlapping clocks (clkl and clk2,
clkfl and clkf2) and delayed clocks (clk1d and clk2d, clkfld
and clkf2d) to reduce the errors induced by charge injection.
Furthermore, the chopping technique is used in the amplifier
to reduce the offset. The modulator runs for 128 cycles and
produces a bit stream of 128 bits. Then the sinc? decimation
filter processes the bit stream and outputs the temperature in-
formation.

3.2. CMOS UHF rectifier

The CMOS-only rectifier is based on a modified charge
pump structure. The circuit architecture of the rectifier is
shown in Fig. 6. It consists of six cascaded rectifier cells and
an oscillator. RFj, is the input RF signal and Vpp is the rec-
tified DC supply voltage. In the rectifier, Schottky diodes are
not used so that the chip cost can be reduced(!3 141,

Traditionally, the cells in a charge pump circuit have either
nMOS or pMOS switch transistors, in which the gate of one
switch transistor is connected to the pumping capacitor and re-
sults in a large parasitic capacitance. In this rectifier cell, both
nMOS and pMOS switch transistors are used, which make the
gate of the switch transistor avoid connecting to the pumping
capacitor. This method can reduce the parasitic capacitance of
C;. As C is directly coupled to the input RF signal, reducing
its parasitic capacitance can improve the power efficiency of
the rectifier.

Furthermore, in the rectifier cell, two kinds of bias cir-
cuit are designed to make the nMOS and pMOS transistor
switches work in the sub-threshold region, respectively. The
two kinds of bias circuits are implemented with nMOS and
pMOS switched-capacitor circuits, respectively. The switched-
capacitor circuit is equivalent to a large resistor so that a bias is
generated on Cy, and NMb. The bias is equivalent to an inde-
pendent supply voltage. Transistors NMb and NM1 are always
in the subthreshold region. Thus the rectifier can offer high ef-
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Fig. 6. Circuit architecture of the CMOS rectifier.

ficiency.

3.3. Single-poly NVM

NVM is required to store the EPC code and some user in-
formation. To minimize the process cost and power consump-
tion, the memory adopts the cell based on the horizontal differ-
ential floating gate structure compatible with a standard CMOS
process and bi-directional FN-tunneling to achieve reliable low
power programming(!5].

The block diagram of the proposed NVM is shown in
Fig. 7. It includes two memory arrays with equal numbers of
bits: a non-volatile array and a volatile register array. Each 16
bit word in the non-volatile array has a corresponding 16 bit
word in the register array. The data in the non-volatile array
are first loaded into the register array for the subsequent read
operation, which is both faster and consumes much less power.
The integrated charge pump circuit generates the high voltages
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for programming. The bit line controller sends high voltages
to the bit line according to the input data during programming.
The column decoder selects the active column and the sense
amplifier column outputs the data in the active-column cells
during read operation.

A schematic of the memory bit cell and the sense ampli-
fier is shown in Fig. 8. Although the area of the bit cell is larger
compared with that of flash memory, it does not require extra
mask layers or process steps, so the cost is less for low capac-
ity memories. To achieve reliable low power programming, the
bi-directional FN-tunneling mechanism is utilized. The elec-
trons can tunnel through M1 and M2 (M3 and M4) to enter
into (depart from) the floating gates. Because the FN tunnel-
ing occurs at different junctions during electron injecting and
erasing, the stress on the gate oxide is alleviated, which will
improve the endurance and retention characteristics. As the ca-
pacitances of C; and C, are much larger than those of tunneling
junctions, the voltages of the floating gates can be controlled
by the voltages of nodes C and C_n, respectively. As a result,
a high electric field across the junctions can be established for
FN-tunneling by properly biasing the nodes C, C_n, T, W and

1.0V

CH1= 1.00V|3 2.00V[8 Time 100.0us ©-0.0000s

Fig. 10. Output waveform of the rectifier and the power on reset signal.

EN.

The logic state of the cell is determined by the difference in
the charges stored on the two floating gates. For read operation,
M1 and M2 convert the voltage difference on the floating gates
into current difference, which can be detected by the sense am-
plifier. After the sense amplifier is latched, there is no static
current flowing in the cell.

4. Implementation and measurement results

The passive UHF RFID tag chip with a dual-resolution
temperature sensor and a 192-bit NVM memory was imple-
mented in a 0.18 um one-poly standard CMOS process. Fig-
ure 9 shows photographs of the chip and tag. The chip area is
1 mm?. It was bonded onto a copper antenna on a PCB substrate
to realize a tag. To evaluate the performance of the building
circuit blocks, another tag chip with test pads was also imple-
mented.

Figure 10 shows the output voltage waveform of the recti-
fier and the power on reset signal at the input power of —3 dBm
and load resistor of 20 k2. The effect of the switched-capacitor
bias is clearly shown here. The power efficiency of the rectifier
was very low at the beginning because the bias circuit and the
clock generator did not operate well during that time. After the
output voltage increased to above 200 mV, the bias circuit and
clock generator began to operate well and the power efficiency
was increased greatly. The measured power efficiency of the
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Table 1. Measured performance of the 192-bit NVM.

Parameter Value

Technology 0.18-pum standard CMOS
Bit cell area 220 um?

Supply voltage 12V

Clock frequency 0.78 MHz

Write non-volatile array
Read non-volatile array
Write register array
Read register array
Program/erase endurance

4.3 uW @ 0.8 kb/s
2.2 uW @ 1.3 Mb/s
1.1 uW @ 3.2 Mb/s
0.12 uW @ 3.2 Mb/s
10°

rectifier is shown in Fig. 11. The rectifier achieved a power ef-
ficiency of about 30% at the load resistor of 20 k<2 and input
power of —5 dBm. It is much larger than 20% efficiency of the
conventional rectifier based on the Schottky diode!'®). This re-
sult also showed that the power efficiency increased as the load
resistor was reduced. The power efficiency also increased as
the input power was reduced.

The measured performance of the 192-bit NVM is shown
in Table 1. The write power consumption of the NVM is only
4.3 uW @ 1.2 V supply voltage, which is acceptable in a pas-
sive RFID tag. The NVM also shows good endurance perfor-
mance of more than 10° write/erase times. Furthermore, this
memory is fully compatible with a standard CMOS process.
Although the bit cell area is larger than conventional FLASH
memory, the total cost is less if the size is relatively small (<
16 kb).

The temperature sensor was placed inside the temperature
chamber with a temperature constancy of 0.3 °C and a tem-
perature error of +0.5 °C. One-point calibration was carried
out. Figures 12 and 13 show the measured temperature sens-
ing inaccuracy for low resolution mode and high resolution
mode, respectively. The inaccuracy of the sensor is —0.6 °C/
0.5 °C (-1.0 °C /1.2 °C) over the operating range from 5 to
15 °C (=30 to 50 °C). The resolution of the sensor archives
0.02 °C (0.18 °C) in high (low) resolution mode. This measured
inaccuracy is influenced by the error of the temperature cham-
ber. The temperature sensor consumes a power consumption
ofonly 13 uW @ 1.2 V and a conversion time of 6 ms.

The tag was successfully measured using commercial
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Fig. 12. Measured error of the temperature sensor (low resolution
mode).
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Fig. 13. Measured error of the temperature sensor (high resolution
mode).
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Fig. 14. Measured temperature error of the tag (low resolution).

RFID readers with 2 W EIRP. The sensitivity of the tag is
—10.7 dBm/-8.4 dBm when the sensor is disabled/enabled. It
achieves a maximum reading/sensing distance of 4 m/3.1 m.
Figures 14 and 15 show the measured temperature sensing
function of the tag in the room. Although the sensing error is
limited by the reference temperature sensor and other non-ideal
effects, the tag shows good performance. Table 2 summarizes
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Table 2. Performance summary and comparison.

Parameter Ref. [2] Ref. [3] Ref. [6] This work
Technology (pum) 0.35 CMOS 0.18 CMOS 0.18 CMOS 0.18 CMOS
Chip area (mm?) 4.0 N/A 1.1 1.0
Frequency range (MHz) 860-960 860-960 860960 860-960
Standard EPC Gen2 EPC Gen2 EPC Gen2 EPC Gen2
Tag type Passive Passive Passive Passive
Memory EEPROM OTP memory OTP memory 192-bit NVM
Sensitivity (dBm) 4.6 0 -6 -8.4
Sensing distance (m) 2 (2 W ERP) N/A 4 (4 W EIRP) 3.1 (2 W EIRP)
Sensing range (°C) 3545 —10to 30 —20to 30 High resolution: 10
(programmable)
Low resolution: —30 to 50
Sensing error (°C) +0.1 -0.8/1 +0.8 High resolution: —0.6 /0.5
Low resolution: —1.0 /1.2
Resolution (°C) 0.035 0.18 0.35 High resolution: 0.02
Low resolution: 0.18
Conversion time (ms) 100 30 40 6
Calibration Two-point Two-point One-point One-point
30 Acknowledgment
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Fig. 15. Measured temperature error of the tag (high resolution).
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