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An ultra-low-power CMOS temperature sensor for RFID applications
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Abstract: An ultra-low-power CMOS temperature sensor with analog-to-digital readout circuitry for RFID appli-
cations was implemented in a 0.18-um CMOS process. To achieve ultra-low power consumption, an error model is
proposed and the corresponding novel temperature sensor front-end with a new double-measure method is presented.
Analog-to-digital conversion is accomplished by a sigma-delta converter. The complete system consumes only 26
HA @ 1.8 V for continuous operation and achieves an accuracy of +0.65 °C from —20 to 120 °C after calibration at

one temperature.
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1. Introduction

RFID technology has attracted profound attention. Not
content with object identification only, people are seeking for
more functions provided by RFID systems. One of the most at-
tractive applications is to realize real-time temperature sensing
by integrating a temperature sensor into the RFID tag. How-
ever, there exist some challenging features for the sensor. First,
the temperature sensor must be on-chip and easy to calibrate to
minimize the cost. Second, the power consumption of the sen-
sor is stringently limited. Third, the temperature sensor should
achieve high accuracy in the whole temperature sensing range.

Several papers have reported temperature sensor designs.
However, these can either not be realized in low-cost CMOS
technology!!! or they consume too much power for continu-
ous operation!>=!, In this paper, a novel design of a CMOS
temperature sensor, which offers low power, low cost and high
accuracy, is proposed. An error model for this sensor is devel-
oped. Also, the architectural improvements of the temperature
sensor, which includes a sensor front-end and a sigma-delta
ADC, is given.

2. Error model

The most important candidate for a CMOS temperature
sensor is the bipolar transistor, which can be realized as a par-
asitic device in standard CMOS technology!?>=3!. Almost all
CMOS temperature sensors follow the principle of the general
architecture of the bandgap reference as illustrated in Fig. 1.

The difference of the two base-emitter voltages is direct
proportional to the absolute temperature (PTAT), as given by

kT I
Verar = Vee(l1) — Vpe(l2) = — In —. (1)

qg b
Therefore, the temperature can be measured by comparing
Vprar with the reference voltage, which is theoretically tem-
perature independent. Nevertheless, several errors are inherent
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in such a circuit, and thus the accuracy greatly depends on
the process parameters. A typical test result for the errors of
CMOS temperature sensor is presented in Ref. [5] and listed
in Table 1.

As shown, the errors of this bandgap reference circuit are
due to the offset of the opamp o(Vys), the spread in the ab-
solute value of the base—emitter voltage o (V}.), the spread in
the absolute value of the resistors o(Ry,), the mismatch of the
bipolar transistor o(Vys, Q), and the mismatch of the resistors
0 (AR), respectively.

A temperature sensor error model was built according to
the test results described in Table 1 with the error sources be-
ing expressed as

0(Vos): Vofiset = Ooffsets )

Table 1. Errors of the bandgap reference circuit in Ref.[5].

Kind of error ~ Typical value  Error contribution for typical value
o (Vos) 0.4 mV 2°C
o (Vos, 0) 0.1 mV 0.5°C
OAR 0.1% 0.15°C
o(Rgh) 4% 0.25°C
0 (Vie) 2 mV 0.5°C
+
R, T R,
V. >
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Fig. 1. General architecture of a bandgap reference.
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Fig. 2. Errors in a bandgap reference circuit caused by (a) opamp offset, (b) mismatch of the bipolar transistors, and (c) both.
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Fig. 3. Block diagram of the temperature sensor.

Vie): Vgg = VrIn —m8 —, 3
o(Vee) © VBE Tnls(1+0'BE) (3)

where V1 = kT /q. The difference between ogg.q1, represent-
ing the o(Vye) of the bipolar transistor Q1, and ogg.q2, rep-
resenting the (Vi) of the bipolar transistor Q2, denotes the
mismatch of the bipolar transistors o-(Vys,0).

o(Rqp) 1 R=R(1+0oR). “)

Similarly, the difference between or; and oy, which is the
o(Rqy) of resistors R; and R;, respectively, denotes the mis-
match of the resistors o(AR).

The simulation of the errors o(Vys) and o(V,s, Q) are il-
lustrated in Figs. 2(a) and 2(b), respectively, when setting the
ratio of I, and I, to be a typical value of eight. The results
matched well with the data given in Table 1. Figure 2(c) shows
0 (Ves) and o (Vis, Q) as functions of temperature. As shown,
the error varies +2.5 °C in the range of —20 to 120 °C.

Based on Eqgs. (2)—(4), the reference voltage and the tem-
perature dependent voltage illustrated in Fig. 1 are given by

1
Vprar = {VT [ln 1—1—

’ )

1 + OBE-QI R3(1 + oRr3)

In ——— |+ 0offer ¢ |1 + ———————

1 + oBeQ2 R(1 + oRr2)

I

VREr = VBE-Q2 + AVpraT = VBE-Q2 + A {VT [ln I—l—

)

(6)

1 + OBE-QI R3(1 + oRr3)

T+ TBEO2 + O—Offset} [1 + Ry(1 + or2) s
where A is a coefficient. It is shown that the reference volt-
age Vrgr is affected by 0(Vis), 0(Vos, Q), 0(AR), and o(Vy,e),
while the temperature dependent voltage Vprar is only affected
by 0(Vos), 0(Vos, Q), and o (AR).

In

3. Architecture improvement

As illustrated in Fig. 3, the temperature sensor front-end
generates the temperature dependent voltage Vprar, which is

Switch 1 °—Il£|_1\/[”
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L

Fig. 4. The proposed novel temperature sensor front-end.

TF T¢T

the input signal of a second-order sigma-delta ADC. The ref-
erence voltage for ZAADC is generated from the RFID tag.
After ZAADC digitalizes Vprar, the digital circuit calculates
the difference of Vprar for two working modes of the front-
end circuit.

3.1. CMOS temperature sensor front-end

To achieve high accuracy and low power, we propose a
novel temperature sensor front-end, as illustrated in Fig. 4. The
output voltage is also temperature dependent and given by
Ry(1 + ora)

Ri(1 +or1)

1+ O BE-Q1 :|
1 + oBg-2

Verar = (VBE-Q1 — VBE-Q2)

I
=<Vrlln— -1
{T[III2 n

The Switch 2 controls the value of I;. I is four times larger
than I, when the Switch 2 is closed. While the Switch 2 is
open, I is three times larger than 5. So the difference of Vpyar
between two working modes is

O off

} R>(1 + oR2)
Ri(1+0r1)
@)

KT (4) Ro(l + oo)
AVprar = Verari — Verar = o In (—) 2 TRV (8

3 R1(1 +O'R1).

The result implies a good performance of this new double-
measure method. The only error of the voltage difference,
which is proportional to the absolute temperature, comes from
the mismatch of the resistances, namely o(AR), which is well
controlled in CMOS technology.

However, Vprar is digitalized by XAADC by compar-
ing it with Vrgp. So the accuracy of AVprar also depends on
the precision of the reference voltage, which is provided by a
bandgap circuit in the RFID tag. As seen from Eq. (4), it is
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Fig. 5. Second-order sigma-delta modulator.

Fig. 6. Sample-and-hold circuit in the second-order sigma-delta mod-

ulator.

difficult to keep Vrgr constant over a large temperature range
and usually requires complex calibrations such as second-
order curvature correction!*!. Fortunately, the fact that temper-
ature sensing and recording is discrete in time alleviates this
demand. By comparing Vprar for two working modes with the
same reference voltage, the difference voltage AVprar can be
precisely measured when Vggr is equal in just two cases rather
than requiring Vggr to be exactly the same over the whole mea-
sured temperature range. Thus, a calibration for Vggp is no
longer necessary. As is shown in Eq. (6), the proposed temper-
ature sensor front-end has the advantage of better immunity
to the main errors of 0(Vs), 0(Vos, Q), 0(Vie), and o(Ryp). A
sigma-delta ADC following the circuit is designed to digitize
the Vprar for two working modes.

3.2. AD converter

The sigma-delta ADC has been proven to be very suit-
able in low-frequency, high-performance cases. In our appli-
cation, the signal almost acts as a DC signal. A second-order
sigma-delta ADC is chosen for its low complexity and moder-
ate accuracy of 10 bits.

Nevertheless, the offset in the sigma-delta modulator
would influence the DC signal. As shown in Fig. 6, the output
voltage would include the offset voltage of the opamp when
sampling the input signal in a sample-and-hold (S-H) circuit.
The output voltage is given by

Ci Ci

Vour = = Vin + 1 + — V. 9
=G C )]

As Vs is constant regardless of the switch 2 in Fig. 4
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Fig. 7. Errors in the proposed temperature sensor.

being closed or open, we can write
C C
AVau = Vourt = Vouz = = (Vi1 = Vin2) = —-AVprar.  (10)
C2 C2

The offset voltage of the opamp is cancelled automati-
cally and does not induce additional errors when converting
the analog DC signal to the digital domain.

3.3. Architecture error simulation

The proposed architecture overcomes the error sources
of (Vys), 0(Ves, Q), 0(Vie), and o (Rg,) described in the er-
ror model. As illustrated in Fig. 7, the temperature error in the
most interested range of —20 to 50 °C is negligible. The re-
maining error 0 (AR) caused a £0.65 °C variation in the range
of =20 to 120 °C due to the mismatch of R and R, .

4. Measurement results

The whole CMOS temperature sensor is implemented in
SMIC 0.18-um RF process. The micrograph of this proposed
sensor is shown in Fig. 8. The complete circuit occupies 0.9
mm? (excluding bond pads).

The measured results for the proposed temperature sen-
sor, which are illustrated in Fig. 9, matches well with the sim-
ulation results. After calibration at one temperature, the varia-
tion of the error is less than +0.65 °C from —20 to 120 °C. To
meet the stringent limit of power consumption of the RFID
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Table 2. Comparison with previous work.

Reference Power consumption Inaccuracy Range Calibration
Bakker? N.A. for continuous operation +1.0°C —40to 120 °C 2 points
25 A at 50 conversions/s
3 (A at 2 conversions/s
Tuthill®®! 1 mA for continuous operation +1.0°C 50 to 125°C 1 point
0.3 ¢A at 10 conversions/s
Pertijs¥ N.A. for continuous operation +0.5°C -50to 125 °C 1 point
130 ¢A at 10 conversions/s
This work 26 A for continuous operation +0.65 °C —20to 120 °C 1 point
0.2 uA at 1 conversions/s
WNN N W
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Fig. 8. Micrograph of the proposed temperature sensor.

tag, the sensor with digital output consumes only 26 uA @ 1.8
V for continuous operation, of which 6 yA is consumed by the
sensor front-end and 20 yA by the sigma-delta converter.

Table 2 compares the power consumption, the inaccuracy
and calibration condition with previous works. Many temper-
ature sensors provide an additional low-power working mode
in which the sensor is normally shut down and only powers up
when necessary. As the time for one temperature measurement
is usually only several ten microseconds, the average power
consumption is far less than the peak onel®!. For continuous
operation the power consumption should be limited to 50 A
for RFID applications. Our work also provides an additional
low-power working mode controlled by Switch 1 in Fig. 4.
The presented temperature sensor performs as well as sensors
presented in previous works over a wide temperature range,
but achieves much lower power consumption for continuous
operation.

5. Conclusion

The temperature sensor with digital output for RFID ap-
plications offers limited power consumption, low cost and
high accuracy. A novel design of a CMOS temperature sensor
is presented. Compared with traditional power-hungry error-
cancellation technologies such as Dynamic Element Matching
(DEM) of bias current>=>, the proposed sensor front-end with

Temperature (C)

Fig. 9. Measured output voltage for the proposed temperature sensor.

a second-order sigma-delta ADC overcomes the circuit errors
by means of a new double-measure method and consumes only
26 uA @ 1.8 V for continuous operation. After calibration at
one temperature, the sensor achieves an accuracy of +0.65 °C
in the measured temperature range from —20 to 120 °C.
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