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A Passive RFID Tag Embedded Temperature Sensor

With Improved Process Spreads Immunity for a
—30°C to 60°C Sensing Range

Bo Wang, Man-Kay Law, Member, I[EEE, Amine Bermak, Fellow, IEEE, and
Howard C. Luong, Senior Member, IEEE

Abstract—We present an ultra-low power temperature sensor
embedded in the passive RFID tag using the TSMC 1P6M 0.18
pm standard CMOS process. Substrate parasitic NPN bipolar
pair is exploited to generate the temperature dependent current
signals for thermal sensing. A time-domain readout scheme which
has high immunity to the on-chip resistor, capacitor and clock
frequency process-voltage-temperature (PVT) spreads is further
proposed. Measurement results of the embedded sensor within
the tag system shows a sensing accuracy of +£1.5°C (30) from
—30°C to 60°C after one-point calibration at 20°C, with a sensing
resolution of 0.3°C and a sampling rate of 68 samples per second.
The embedded sensor draws 0.35 A from a 1 V supply at room

temperature and occupies a chip area of 0.14 mm?.

Index Terms—CMOS temperature sensors, passive RFID tags,
process compensation, time-domain conversion (TDC).

I. INTRODUCTION

HE rapid evolution of integrated circuit techniques has
made the ultra-high frequency (UHF) radio-frequency
identification (RFID) tags reliable and cheap enough to be
brought into commercial use. The passive RFID tags offer
several advantages such as battery-less operation, wireless
communication, high flexibility, low cost and fast deployment
[1]. Together with various embedded sensing capabilities,
they can be readily applied in smart heath-care applications
[2], hazardous environment monitoring and many more [3].
Particularly, as temperature is a common physical parameter
that is imperative to both the industry and daily life, thermal
monitoring embedded in passive RFID tags is promising to be
widely adopted [4].
Embedding the temperature sensing function into passive
RFID tag brings new challenges in terms of system design.
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Firstly, the embedded sensor should be ultra-low power (in the
order of sub-uW) to prevent loss in the RFID tag’s sensitivity
[5], [6]; Secondly, the occupied sensor area and its calibration
effort should be minimized to maintain low cost. Thirdly, for
passive tags, as the sensor is supplied by the on-chip power
management unit (PMU) and a good supply rejection is neces-
sary to achieve accurate sensing.

Recently, various fully passive RFID tags with embedded
temperature sensors have been reported. In [2], the temperature
dependency of the MOSFET’s threshold voltage V., is utilized
for temperature sensing. The output frequency of a free running
oscillator is designed to be temperature dependent. This sensor
has high resolution (0.035°C/LSB) and consumes only 110 nW
power for £0.1°C sensing accuracy from 35°C to 45°C. How-
ever, two-point individual calibration significantly increases the
tag cost. In [3], a BJT-based sensor with a 8-bit successive-
approximation ADC readout is adopted. This sensor achieves
+2°C sensing error from —10°C to 120°C while draining 20%
power of the whole tag. Apart from its large sensing inaccuracy,
the high sensing power overhead greatly degrades the tag sensi-
tivity. In [5], temperature sensing can be achieved with only 100
nW additional power by system co-design and its sensing accu-
racy has been improved to £0.8°C from —20°C to 30°C with
only one-point calibration by a gain compensation technique.
However, this temperature sensor is prone to supply noise and
capacitor spreads, making it less robust.

This work targets at a —30°C to 60°C sensing range, which
covers the temperature range of the cold chain food monitoring,
medicines and health commodities storage range, as well as
the general environment monitoring range [6], [7]. The em-
bedded sensor power consumption is optimized in the system
level. Meanwhile, a resistor, capacitor and on-chip clock fre-
quency PVT variations compensation technique is embodied in
a time-domain readout to improve the process spreads immu-
nity. The fabricated tag prototype in the TSMC 0.18 ym 1P6M
standard CMOS process occupies a die area of 1.24 mm?, with
a sensor area of 0.14 mm?. The embedded sensor draws 0.35
1A current from the 1 V internal supply. System level mea-
surement results from 12 samples after one-point calibration at
20°C show a sensing inaccuracy of £1.5°C (3¢) from —30°C
to 60°C, with a sensing resolution of 0.3°C and a sampling rate
of 68 samples per second. This paper is organized as follows.
Section II illustrates the design and the operation principle of
this embedded temperature sensor. The potential error sources
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Fig. 1. Block diagram of the embedded temperature sensor with its associated

system interfaces.

are identified and analyzed in Section III. Experimental results
are presented in Section IV and Section V concludes this paper.

II. PROPOSED TEMPERATURE SENSOR DESIGN

Fig. 1 shows the block diagram of the embedded sensor
and its interfaces with other system sub-blocks. The embedded
sensor is powered by a low-dropout regulator (LDO) output
VDD_1V. A bandgap reference supplied by VDD _BGR
serves as the temperature sensor front-end and the system
clock f.ix is used by the sensor for quantization purpose, with
the critical control signals coming from the tag baseband,
including sen_EN, sen_rst, sen_vst and sen_cp. In the tag
system, the VDD _1V supply is shared by the clock generator
and the system modulator/demodulator; the bandgap reference
is shared by all the LDOs and the clock generator, while the
system clock is shared by the tag baseband for command
executions.

A. Temperature Sensor Frontend

For reduced power consumption, this sensor utilizes the
system bandgap reference to generate the sensing signals
instead of constructing a dedicated sensing frontend, with the
penalty of reduced SNR and degraded signal linearity. Two
matched vertical NPN transistors with 8:1 emitter area ratio
serve as the sensing devices, which are operating in their
forward-active regions [6]. In Fig. 2, with the same collector
biasing current, two CTAT voltages Vg1 and Vpgo are de-
veloped across the base-emitter of Q1 and Q2; while their
difference, AV, is PTAT, as expressed below [8]

Vir(T) = kITl I’}j“‘ (1)
AVax(T) = tn(s) @

where % is the Boltzmann constant, 7" is the bipolar junction
temperature in Kelvin, ¢ is the electron charge, fj;,. is the
bipolar collector biasing current and I is the bipolar saturation
current.
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Fig. 2. The simplified temperature sensor frontend (Rpr = 689 k{2, Rer =
5692Rpl, RH = 1.18]?,1—)'1', IRE}* =102.5 lLA, IPT =717 llAA, IGT =
32.6 nAG20°C).

For the designed frontend, the f,:(T") current amplitude can
be derived as

() = = Llnfs) [RPT ;

Rpr Rz 17!
Br1(T) B /BFQ(T):| ®

where R is the bipolar current-gain compensation resistor and
Br12(T) are the current gains of () » and can be estimated as

Xop
5¢(T) = o (7 @

where T, is the reference temperature, S is the bipolar nom-
inal current-gain at 7. and the exponent Xrp is an empirical
parameter. Note that (4) is only an approximation. In practice,
as O (T) is slightly dependent on the collector biasing current
density [9], Sr1(T) and Bp2(T) are therefore different. Such
effect is verified by device simulation; and the simulated cur-
rent-gain ratio Gr1(T')/Gr2(T') is 0.85 £ 2% at different tem-
perature, collector biasing condition and device process corners.
In (3), if Rp is designed to be (8pa/Br1)Rpr = 1.18Rpp,
nonlinear content induced by (J1 2 current gain difference can
be minimized and (3) can be rewritten as

(T) = - In(8)

ET L[, _Bmis -1 5
[ amm} ©)

which can be purely PTAT and is independent of 31 (T) if there
is no mismatch between R p and Rp (i.e. d,,:5s = 0). However,
as a result of the strong temperature-dependency of Sr1(T),
mismatch in the resistors will introduce a non-PTAT content into
I,,,(T), which can not be completely trimmed out [8]. For the
used TSMC 0.18 pzm process, the nominal current-gain 3gg is
14 at T, = 20°C and the exponent Xrp is 2.25. The resul-
tant curvature error in I, (T) is £0.1°C for a £10% mismatch
between IRpr and . However, if without including a com-
pensation resistor R, the temperature dependence of Sy (T')
directly deteriorates /,,.(1") signal linearity, and the resultant
curvature error could be as large as £0.45°C within the target
sensing range.
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Fig. 3. Additional curvature introduced to {.+(7") by (21,2 base current; the
curvature in Iz (T) and the overall curvature in I.. (7).

For the I.;(T') signal, its amplitude can be derived as

I+(T) = Lig12(T) + Irc(T)
2.181,,,(T)

(6)

Iy1,2(T) = (1) @)
_1(T) Rp | KT, I(T) 1
o) =G T Rer T g " I(D) Ber
Therefore
2.95I(T) KT T (T) 1
T (T)y e 2228 2 L 2 2R -
D> @ T B

where Iy1 2(T) is the overall base current of (71 and ()3, while
Irc(T) is the current flows in 7. It can be observed that, as a
result of the strong positive temperature dependency of 5 (7'),
the concave shape base current could somehow compensate the
intrinsic curvature of g (7). The simulated overall curvatures
introduced to I, (T) by Ip1,2(T), Irc(T') and also the on-chip
resistor’s temperature coefficient are shown in Fig. 3. It can be
seen that the overall linearity of the resultant I..(7) signal of
this sensor frontend is not deteriorated much due to the bipolar
base current.

In the tag system, the sensor frontend is directly supplied by
the rectifier output VDD _BG R, whose DC value is sensitive
to the tag received RF power, especially when the input power
is very small. Such V D D_BG IR variation could directly propa-
gate through the diode-connected PMOS to the bipolar collector
and changes its base-collector voltage Vg, which modulates
the bipolar basewidth (early effect) and affects Vg g1 2 signal ac-
curacy [9]. For the used NPN bipolar in TSMC 0.18 pzm process,
its forward early voltage VAF is as large as 50 V. Simulated
PSRR of 1,,(T") and I.,(T') are 38 dB and 66 dB at DC, respec-
tively; indicating that a reasonable supply rejection can be still
maintained under different input RF power conditions.

In the sensor frontend, cascoded current mirrors M; — My
with large transistor length are used to obtain an accurate I, (T)
replica. Meanwhile, a native transistor My together with My are
used to buffer and mirror the 7.;(T') signal. Mg — M are added
to form a cascoded configuration for better I.(7") mirroring ac-
curacy. Since during current integration, the drain voltage of
the bottom PMOS gradually increases and is subject to strong
channel-length modulation, with a cascoded PMOS, the mir-
rored I.+(T") can be kept constant during the whole integration
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period. M11 — M5 serve as the start-up for the bandgap refer-
ence core. After power-on, a startup current 7, from M4 is in-
jected into the ()2 bipolar branch and pulls the circuit out of the
ALL-ZERO state. Once the internal nodes reach the target oper-
ation point, a scaled 7 pt(T) current mirrored by M1 develops a
voltage through M;3 — M5 which is sufficient to cutoff M11. A
reference current /...y can be obtained by adding a scaled I, (1)
to I..(T). The derived I . s, I,,(T) and I.,(T) are injected into
the sensor readout for further signal conversion. This frontend
core draws 0.6 A current from a 1.35 V nominal output of the
rectifier. Other sensing errors due to process spreads will be an-
alyzed in detail in Section III.

B. On-Chip System Clock

In this design, a low power ring oscillator clock generator
is employed instead of using a power-hungry one based on in-
jection-locking method. As a result, increased jitter content and
frequency spread in the system clock is expected [10]. The sim-
ulated system clock frequency varies from 2.3 MHz to 4.15
MHz at all possible device corners using the TSMC 0.18 pm
IP6M CMOS process, drawing 1.5 A current from the 1 V
supply. As the sensor reuses this system clock for quantization
purpose, extra care should be taken to ensure the sensor per-
formance. Fortunately, the clock jitter is a random noise that
can be minimized by using clock averaging. However, the clock
frequency spread could change the sensor gain if it is directly
utilized for quantization as in traditional time-to-digital (TDC)
readouts. Such gain error cannot be corrected except by using
a costly two-point calibration [11]. Section III illustrates the
clock spread compensation principle and the quantitative anal-
ysis to minimize the influence of the clock jitter on this em-
bedded sensor so as to achieve accurate temperature sensing
within the target sensing range using only one-point calibration.

C. Temperature Sensor Readout

Fig. 4 shows the simplified circuit implementation of the em-
bedded temperature sensor readout and its corresponding timing
diagram. It consists of three capacitor, C.. ¢, Cp: and Cy, two
comparator branches A; and A2, and other digital blocks. Once
the sensor is enabled by sen_EN, M> — M, are turned on to
steer the current signals from the sensor frontend. Meanwhile,
all the capacitors and digital blocks will be reset by sen _rst. Af-
terwards, sen_vst is exerted and C,.. 5 starts to integrate I,... ; for
Ny clock cycles. At the end of the integration, M7 is triggered
to bypass I,..¢, with C'..¢ holding the derived voltage Vrer,
which can be expressed as

JVOI'r'ef
fclk Cref

After that, L,,(T) and I..(T) start to charge up C,; and Cy,
simultaneously. By real-time comparing the top plate voltages
Vepr and Vi of Cpp and Cy with Vgpp, two asynchronous
rising edges will be triggered at the comparator outputs. These
two signals are XORed and a temperature modulated pulse-
width ¢pw (T) can be obtained. The relationship between the
derived tpyw (T') and the temperature is

(10)

Veer =

CetVrpr  CptVeer
tew (T) = ter(T) — tp(T) = Itf(T) - ?f(T)
ct pr

(11)
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Fig. 4. Implementation of the proposed temperature sensor core (right) and its corresponding timing diagram (left).

using (10)
V(]Iref Cet Cpt
tpw (T) = = — 12
PI/V( ) lekO'r’ef |: ct(T) Ipt(T):| ( )

Assume that the first-and second-order temperature coeffi-
cients (TC) of 1,,;(T') and 1.:(T') are kp1, kp2 and ke1, keo, re-
spectively. Since their higher order coefficients are small and
negligible, at the reference temperature T, I,+(1) and I.+(7T)
can be written as

(13)
(14)

rewrite (12) by replacing I,,;(T), I..(T") with (13), (14) and per-
forming taylor expansion [6]

7p1(T T,) kpz(T — I’,)Z}

Lo(T) = Iy (T}) [ + K - +
1. D[+ k(T = T,) + keo(T — T,)°]

1
H(T) = Ly(T,) [1

N(]Ire Cct Cpt
1) = fcmcr:f{ P Rl
_ |:Cctlﬂcl _ ptk;n :|
Ict( Tr
Cor (K2 — ]‘n2) Cpr (K2, — iﬂpz)]
Ict(T ) pt(TV)

(15)

x (T — T,,,)Q}

from (15), the derived ¢pw (T') contains a positive first-order
TC and a second-order non-linear term. With 7. = 20°C, the
simulated current amplitudes of 1,,; and I, are 71.7 nA and 32.6
nA, respectively. Meanwhile, the simulated TC for k1, k. are
4.64 m/°C, —3.23 m/°C and —81.8 p/°C, —0.45 n/°C for
kpa, kea, respectively. Because kpz < kﬁl and k.o < k2,

the second-order non-linear term dominated by k1 .1 can be
minimized at the reference temperature if (16) is satisfied

OPt kpl ~ Cct /4331

~ 16
IPt(TI‘) Ict(Tr) ( )
thus (15) is simplified to
NOIref |: Cct Cpt :|
tpw (T —
PW( ) fclkCref{ I (T,) Ipt(T,‘)

- Cctkcl _ Cptkp1:| T_T
[Id(T,,) Lury) T T a7

This temperature-dependent pulse-width ¢pw (T) is then
digitized with a ripple counter, with its falling edge triggers
sen_dn, indicating the end of one sensing cycle. Afterwards,
the baseband issues sen_rst and sen_vst again to restart such
sensing procedures for averaging purpose. Another ripple
counter is utilized to record the total number of averaged
tpw (T). One temperature sampling is finished after 16 sensing
cycles, and sen_cntl6 is exerted. The number of averaged
samples is a tradeoff between the circuit random noise sup-
pression and the sensor sampling rate, which is analyzed in
Section III-D.

In the sensor readout, a continuous-time comparator is imple-
mented using a traditional current-mirror based amplifier with
cross-coupled loading for improved comparator gain. A source
follower is implemented as the output stage to prevent kick-back
noise during pulse transition. In order to reduce the compara-
tors’ power consumption, their output branches are cut off im-
mediately after ¢,,(T) and ¢.,(T") are exerted. In this manner,
even though the averaged power consumption of the sensor core
is greatly reduced, there will be instantaneous short-duration
high peaking currents, as indicated in Fig. 5. As a small area for
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Fig. 6. Simulated temperature modulated pulse width under different device
corners (tt: typical corner for all devices; BJT ss: slow corner for the bipolar; R
ss: slow corner for the resistor; C ss: slow corner for the capacitor).

reduced tag cost is normally required, limited filtering capaci-
tors together with large peaking currents can result in substantial
drop in the supply voltage, causing the tag to malfunction. For
this comparator, these instantaneous currents are limited by the
current-mirror ratio, which is designed to be below 400 nA to
achieve negligible (<1 mV) drop in the supply VDD _1V.

III. SENSING ERROR ANALYSIS

As other circuit non-idealities can also degrade the sensor
performance, including the effects of device PVT spreads,
comparator delay and offset, switch charge injection, capacitor
charge leakage, as well as device noise. These issues have to
be analyzed during design phase and corresponding techniques
are needed to deal with these issues in order to achieve the
required sensing accuracy.

A. Process Spreads

As stated in Section II-B, the ring oscillator clock is highly
process dependent and requires clock compensation if one-point
calibration is targeted. As shown in (17), the temperature modu-
lated pulse-width ¢ pyy (T) is designed to be dependent on fez.
After digitization with the same system clock f/;, , the derived
digital output is

D(T) =tpw(T) - fun (18)

if we ignore the clock jitter effect (separately discussed in sec-
tion III-E), f/,, is equal to f.x. By combining (17) and (18)

Cct

et el g (T =T,
O’r‘ef Ict(Tr') [ 1( )]
Cpr _Lres
Cror (L)

Ire
D(T) = Ny { /

D@} (9
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the digital output D(T") is therefore independent of the on-chip
system clock PVT variations. The error induced by the PVT
variations of on-chip metal-insulator-metal (MIM) capacitors
are also minimized as D(T") only dependents on the physical
matchings of these capacitors. In this work, C..¢ is designed
to be twice the size of C}; and C,, as a tradeoff between the
chip area, the kT/C noise level and the sampling speed. All the
on-chip capacitors are common-centroid laid out with dummy
units surrounded for better matching.

The resistor process spreads affect the sensor in a different
manner. In order to trace the resistor process variation effects,
(19) is rewritten in the voltage domain

()/AVBE(T) VBE(T)
o 20
! RPT RCT ( )
Coe Reor Rpr
D(T)=Ng - St LI Ir'e : - 21
() =N Croy ! [VBE(T) AVBE(T)] e

where « is a constant to derive a reference current I,..¢; by re-
placing (20) and the on-chip resistors’ ratio into (21)

D(T) = Ny - gptf . |:O‘AVBE(T) n %53@75271)]
5.692 1
{VBE(T) B AVBE(T):| 22)

from (22), only Vg (T') can be affected by the on-chip resistor
spreads, which alters the bipolar collector biasing currents and
thus Vg1 2 deviate from their nominal values. Provided that
the resistor process spread § g is constant over the target sensing
range, it therefore has the same effect as the spread of the bipolar
saturation current I;(7T), 67, [8]. The overall digital error Ae;
induced by ér and 67, is

Aey ~ No(br, + 6r) 1 n 1 k_T
’ 2 Ict(Tr‘)RCT Ipt(Tl‘)RPT q
(23)

hence Ae; is PTAT that can be mostly trimmed out, pro-
viding the possibility to achieve good sensing accuracy for this
ultra-low power embedded senor with a time-domain readout.
Fig. 6 shows the simulation results of ¢ py (') from —30°C to
60°C at some different device corners. It can be observed that
the capacitor spread introduces only negligible error, while the
resistor spread and the bipolar spread introduce PTAT errors
which can be trimmed out after fabrication.

B. Comparator Delay and Offset

In Section II-C, the comparators are assumed to have zero
delay and offset and the target pulses are triggered once the
top plate voltages of C,; and C,; reach Vgrr. However, the
continuous-time comparators in Fig. 4 conduct small currents
and have limited voltage gain, a non-negligible delay At (T)
is needed to charge up the comparator output loading. As
the sensor readout exploits a pseudo-differential architecture,
Aty(T) as a common mode content in both t.+(7") and ¢,(7T)
can be canceled after conversion.

To deal with the comparator offset, a time-domain offset
cancelation scheme similar to the correlated double sampling
(CDS) technique is employed. Assume the offsets of the com-
parator A; and As are w41 and va4s, respectively. During the
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odd sensing cycles, Vrer is connected to the positive input
nodes of A1, A2. The output pulse-width ¢ pyy-1(7") is

tpvw (T) = Cet[VREF + va2] B Cpt[VrEF + va1]

I..(T) L(T)

24

during the even sensing cycles, Vg g is reconfigured to connect
to the negative input node of the comparator A;, A». The output
pulse-width ¢ pwo(T') is

Cot[VrRer — va2]  Cpt[VeRpr — vai
T (T) I (T)

Lpwa(T) = (25)
after averaging (24) and (25), the error introduced by the com-
parator offsets become negligible. Moreover, the comparator
offsets’ long-term shifting are also minimized.

C. Charge Injection and Charge Leakage

For this sensor, the switch charge injection will be directly
translated to DC offsets on the capacitors. There are three sce-
narios where switch charge injection occurs: 1) at the start of
each sensing cycle where all the capacitors are reset by NMOS
switches; 2) each time when the current from the sensor fron-
tend is switched in for integration; 3) when I,.; is switched
away from C,.. s by S after Vg g ¢ is obtained. As C,.. is twice
the size of Cp; and C.;, My is also twice sized as that of M3 4
so that all the capacitors start integration at the same common
mode voltage level. The resultant common mode errors can then
be effectively reduced by the pseudo-differential readout.

In (10) and (11), VreF, Vepe and Ve, are all assumed to only
depend on the integration currents, the corresponding capacitor
sizes and the integration time. However, though the reset tran-
sistors My — M, and the bypass switch S are in their OFF
state during integration, their leakage currents through weak in-
version conduction could affect the accuracy of these voltage
signals. The weak inversion current of a MOSFET can be ex-

pressed as [12] W Vess Vi Cvpe
T)= M()Comf('f” —1)Vie S (1 e T

sub
(26)
where V;;, is the MOSFET threshold voltage, Vi is the thermal
voltage, C,,; is the gate oxide capacitance, j is the zero bias
mobility and m > 1 is the body effect coefficient. For reduced
leakage currents, the reset and bypass switches My — My, Ss are
all stacked transistors with small W/L ratio, which slightly sac-
rifices their driving abilities. Notice that with zero gate voltage,
the leakage current can be approximated to be independent of
Vps if Vpbg > 100 mV [12]. In this design, the integration
time required to make Vrer, Vepr, Voer > 100 mV is relatively
short (i.e. 1/6 t,,;). A constant leakage I 2b0(T") is thus utilized
to estimate the switch leakage induced maximum sensing error.
During the sensing operation, I.,;0(7") continuously dis-
charges (), and C, and there are two leakage paths that
discharges C... ¢, which gives

tpt(Ty [Ipt(T) = Lsuro (T)} = Cpt[VREF - AVREF] (27)
2[sub0(T)
AVgpp = 2200~
REF Cmf
N
x|t (T) + | (28)

Jear(T)

where AVgrer denotes the capacitor voltage drop on Ci.f.
Solving for ¢,,(T)" gives

= IsubO(T) *NO
tpt(T) - tpt(T) - m f(,lk(T) (29)
similarly,
(7Y = () - LolT) o (30)

1eo(T) fear(T)

(29) and (30) give the final leakage induced digital error Aes

A(ig = NQ . IsubO(T) |: (31)

1 1 ]
Ipt(T) Ict(T)
which is a temperature-dependent error and cannot be trimmed
out. Simulated I,,0(7") for the used 0.5 pm/(0.5 pm X 4)
stacked transistor is less than 3 pA at 60°C. A maximum error
of 0.03 LSB (corresponding to 0.01°C for 0.3°C/LSB) will be
introduced according to (31), where I,;, I.. and Ny are 84.5
nA, 26.8 nA and 384, respectively. It can be concluded that such
switch leakage current won’t deteriorate the sensor performance
much.

D. Thermal Noise Sources

For a time domain readout, thermal noise either in voltage
domain or current domain will be converted into temporal jitter
content [13]. Since low frequency noise sources, such as flicker
noise, affect the sensor in a similar way as that of the com-
parator delay and offset, they are mostly canceled after con-
version. Extra care should be taken for other remaining noise
sources to ensure the conversion accuracy, including the clock
jitter, the comparator noise and the white noise due to current
integration.

1) Clock Jitter: Thermal noise in the clock generator are
mainly translated into clock jitter. For the embedded sensor, as
stated in Section III-A, as long as the equivalent clock frequency
feir during Ve g integration and f7;, during ¢ py (T') digitiza-
tion are the same, the clock compensation is perfect. However,
time-varying jitter could deteriorate this compensation.

far = (L +8;) feun (32)

where 6; is the difference between the equivalent clock fre-
quency of . and f/,, and this §; directly introduces a time-
varying gain error to the sensor output. To satisfy the EPC-C1G2
communication requirements [ 14], the designed nominal system
clock is 2.3 MHz and the simulated clock standard deviation
(STD) is 5.2% at 60°C. The clock jitter level can be reduced by
increasing the ring oscillator power and degrading the tag sen-
sitivity, which is a net tag performance loss. During the design
phase, the maximum influence of §; is predicted by theoretically
modeling the clock jitter with an unbounded gaussian distribu-
tion [10], to verify whether further optimization of this system
clock is needed for the target sensing accuracy.

For this sensor, one sensing cycle needs about 900 s, which
is 2000 clock cycles, with the sensor digital output to be 180 at



WANG et al.: A PASSIVE RFID TAG EMBEDDED TEMPERATURE SENSOR

Absolute error / LSB

; ~o - 224028 013 007

0 H ; H T T = =g -

1 2 4 8 16 32 64 128
System averaging times

Fig.7. (a)Modeled é; after clock averaging within one sensing cycle; (b) max-
imum error in LSB introduced after different times of system level averaging.

—30°C and about 500 at 60°C. The influences of 6, can be pre-
dicted by the following steps: 1) construct a clock pool which
contains 2000 Gaussian distributed clock data, with 2.3 MHz
as the data expectation and 5.2% as the STD; 2) randomly se-
lect Ny = 384 data from the clock pool for Vp g integration
and perform data averaging, with j,..; denotes the difference
between 2.3 MHz and the obtained averaged data; 3) similarly,
randomly select 180 data points from the pool and perform aver-
aging for t pyy (T) digitization, with j,., denotes the difference
between 2.3 MHz and the averaged value, thus one data point
0; = Jref — Jpw 1S obtained. Note that 180 is the minimum
number of clock cycles that can be averaged during ¢ pw (T)
digitization, which is the worst case for j,, prediction. Step
(1)—(3) is repeated for 2048 times, and the modeled d; is shown
in Fig. 7(a). It can be seen that the maximum value is as large
as +1.6%. Since at 60°C, the sensor digital output is about 500,
the translated maximum random error is £8 LSB (i.e. £2.4°C
for 0.3°C/LSDB), which is unacceptably high.

In order to further minimize this clock jitter influence, system
level averaging is adopted to tradeoff the conversion time with
a reduced clock power consumption while achieving the re-
quired sensing accuracy. Fig. 7(b) shows the absolute LSB error
against different numbers of system averaging samples, and the
required number of averaging samples required to achieve a
maximum of £0.5 LSB jitter induced error is 16. More aver-
aging times can be chosen if an increase in accuracy is neces-
sary, with the tradeoff of increased conversion time.

2) White Noise Integration and Comparator Noise: For the
sensor, both the white noise integrated by the capacitor and the
comparator input-referred noise accumulated on the capacitor
will be translated to temporal errors in t,,(7") and ¢.,(T). For
long channel devices, the white noise in the current integration
path can be expressed as [13]

— 8
VERS nggml “Af (33)
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where ¢.,1 is the PMOS current mirror transconductance and
A f is the integration bandwidth. Since integrating a current for
a fixed amount of time is analogous to filtering the signal with a
sinc filter in the frequency domain, A f can be approximated by
1/Tinte where Tipye is the current integration time [13]. There-
fore, the integrated white noise on a capacitor Ci,,z. 1S

Ti,n,te

(34

meanwhile, the input-referred voltage noise on Cy.c¢, Cp: and
C.+ from the comparator can be expressed by

— 8 2 3.5
e B2 )
gm?2 .g7rL2

Tinte
2

nte

(35)

where g,,,2 is the comparator input NMOS transistor transcon-

ductance. g,,3 is the cross-coupled PMOS transconductance.

The timing error T_ﬁ can be obtained by dividing the overall

noise voltage by the square of the capacitor integration speed

(Iinte/C)?. For the t,:(T) signal, timing error due to the cir-

cuit thermal noise is
— 8

8
2 = |-kTg,, kT
n 3 !71+3 (

2 3'5!17713 ) :| tpt (36)

gm?2 g%ﬁ Ipt(T)2

from (36), the calculated maximum temporal error in #,,(T') is
less than 1 ns. As the ¢ pyy- (T') signal is in the order of hundreds
of us, sufficient SNR can still be maintained even taking the
thermal noise induced timing error in #..(7') into consideration.

IV. MEASUREMENT RESULTS

Fig. 8(a) is the microphotograph of the fabricated RFID
tag with the embedded temperature sensor, the 4 pads shown
are for the tag antenna, extra pads exists for chip testing. The
functionality of the sensor tag is wirelessly demonstrated and
its performance is characterized with wired testing, with the
measurement setup shown in Fig. 8(b). The complete die is
placed inside a temperature chamber, together with a calibrated
PT-100 thermometer L250 from Labfacility as a reference. The
logic analyzer generates the custom commands and feeds into
the signal generator for modulating, with a 900 MHz carrier.
The sensor tag is wire-connected to the signal generator output
to receive the RF power and sensing commands. A Temp-
master-PRO from Labfacility, which is 4-wire configured to
cancel the wiring parasitic resistance, is adopted for the refer-
ence thermometer readout. Finally, the sensor digital output is
compared against the reference thermometer reading to analyze
its sensing linearity as well as the inter-die sensing spreads.

In terms of clock frequency spread, Fig. 9(a) shows the mea-
sured clock frequency, where a 7.5% inter-die clock frequency
variation is observed. Moreover, for the same die, a frequency
variation of as high as 6% exists at the two temperature ex-
tremes. To validate the clock frequency compensation scheme
of the embedded sensor, an external clock from 1.5 MHz to 3
MHz is applied to the tag by disabling the tag internal clock.
Fig. 9(b) shows the measured relative sensing errors for dif-
ferent external clock frequencies. It can be observed that the
sensor output keeps constant with a clock frequency ranging
from 2 MHz to 3 MHz, exhibiting a high clock frequency spread
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Fig. 8. (a) Microphotograph of the fabricated RFID tag with the designed em-
bedded temperature sensor; (b) block diagram of the measurement setup for the
embedded temperature sensor.

immunity. When the clock frequency is low, the current integra-
tion time becomes too long, leading to signal distortions espe-
cially when the sensor supply is only 1 V. This non-linear in-
tegration on the top plates voltages of C,; and C,; deteriorates
the sensor performance. Notice that the designed system clock
frequency would not fall into the low frequency range even in
the worst process corner.

Because the sensor tag needs RF power to activate the in-
ternal building blocks, input power variation might affect the
working states of the internal blocks (i.e. the rectifier’s output)
and the substrate noise environment. The sensor tag is tested
under different input power levels to examine its sensing robust-
ness. Fig. 10(a) shows the measured relative errors of the sensor
tag under different input RF power levels (without matching the
tag impedance and the 50 2 output impedance of the signal gen-
erator). When the input power Py, is small, the received power
P.i by the tag is not adequate to activate all the tag loadings,
leading to signal deterioration and a larger sensing error is ob-
served. By increasing Pj;,, the sensor output becomes stable and
exhibits no sensing shift within a wide range from 6 dBm to
10 dBm. However, if the input power is too high, the on-chip
power-limiter will convert the excess power into heat which
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Fig. 9. (a) Measured system clock frequency at different temperatures; (b) rel-
ative sensing errors under different external clock frequencies.
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Fig. 10. (a) Measured relative sensing errors for different input RF power; (b)
measured sensing error of 12 sensor tags after one-point calibration at 20° C.

then heats up the bipolar junctions. For bear die testing, this sub-
strate heat is not effectively released and translates to a sensing
error. This should not be a problem after deployment, as the
sensor tag is normally attached to a larger thermal mass in typ-
ical applications, and the junction temperature change would be
small even under high input power situation.

To check the sensor tag performance, 12 tag samples which
lie in the nominal tag operation range are tested, with a 3.5
mW~ 10 mW (6 dBm~10 dBm) effective radiated power output
from the RFID tester. A master curve is obtained by linearly fit-
ting the averaged output data from 4 samples tags. Afterwards,
individual PTAT calibration against the master curve is per-
formed at 20°C. And the 3¢ spread is evaluated with the mea-
sured 12 dies with an additional 0.5 LSB error added [5]. The re-
maining error profiles after calibration are shown in Fig. 10(b).
A sensing error of £1.5°C (30) is achieved from —30°C to
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TABLE I
COMPARISON OF REPORTED PASSIVE RFID TAG EMBEDDED CMOS TEMPERATURE SENSORS

Technology  Sensing Temp. range  Resolution Inaccuracy  Calibration ~Sampling FOM1' FOM2!

Power (°C) Rate @]-°C*» () %°)
JSSC [8]° 65 nm 10 uW -75 to 125 0.03°C +0.2°C 1-point 2.2 sals 0.75 2310
JSSC [16]* 160 nm 5.1 pW -55 to 125 0.02°C +0.3°C 1-point 188 sa/s 0.011 0.75
JSSC [51° 180 nm 0.12 uWe -10 to 30 0.20°C -0.8/1.0°C 2-point 33 sals 0.14 72.9
Jssc [61° 180 nm  0.104 pW°  -20 to 30 0.35°C +0.8°C 1-point 25 sals 0.51 42.6
CICC [151° 180 nm 0.22 W 0 to 100 0.1°C -1.6/3.0°C 2-point 100 sa/s 0.22 466
This work® 180 nm 0.35 pW¢ -30 to 60 0.3°C +1.5°C 1-point 68 sa/s 0.46 57.2

# FOM1 = Energy/Conversion x Resolution?; FOM2 = Energy/Conversion x Relative inaccuracy?; Relative inaccuracy (%) =

100 x Max Error/Specified Temperature Range;

a

P passive RFID embedded temperature sensor targets at ultra-low power;

¢ sensor power without including the power to generate the supply and clock;

60°C. It can be observed from Fig. 10(b) that the sensing accu-
racy is linearity-limited instead of process spread limited. This
sensor has a sensing resolution of 0.3° C and the conversion time
is 14.5 ms, which is 68 samples/second.

Table I compares the performance of the proposed embedded
temperature sensor with other state-of-the-art temperature
sensor works, which have different performances and have dif-
ferent target applications. [8], [16] are stand-alone temperature
sensors, targeting at high accuracy and high resolution. [2],
[5], [6], [15] are passive RFID tag embedded sensors targeting
at ultra-low power and moderate sensing accuracy. According
to the smart temperature sensor performance survey [16], [17]
has the best energy efficiency (FOM1, FOM?2), while our work
achieves a good tradeoff among robustness, sensing power
and sensing accuracy in the passive RFID platform. Moreover,
this work requires only one-point calibration for its process
immunity, which ensures the sensing tag to be low cost.

V. CONCLUSION

An embedded temperature sensor in a passive RFID tag is de-
signed, measured and demonstrated in this paper. Comprehen-
sive analysis on the possible noise sources including the effects
of device PVT spreads, comparator delay and offset, switch
charge injection, capacitor charge leakage, as well as device
noise are discussed. Circuit techniques such as offset cancela-
tion, clock frequency compensation and multiple sample aver-
aging are presented and verified. The fabricated sensor occupies
an area of 0.14 mm? in the 1.24 mm? tag using TSMC 0.18 ;zm
1P6M standard process. Measurement results indicate that this
embedded sensor achieves a sensing accuracy £1.5°C (3¢) of
from —30°C to 60°C after only one-point calibration.

REFERENCES

[1] H. Reinisch et al., “A multifrequency passive sensing tag with on-chip
temperature sensor and off-chip sensor interface using EPC HF and
UHF RFID technology,” IEEE J. Solid-State Circuits, vol. 46, no. 12,
pp. 3075-3088, Dec. 2011.

[2] A. Vazet al., “Full passive UHF tag with a temperature sensor suitable
for human body temperature monitoring,” IEEE Trans. Circuits Syst.
11, Exp. Briefs, vol. 57, no. 2, pp. 95-99, Feb. 2010.

[3] H.-W. Shen et al., “Fully integrated passive UHF RFID tag with
temperature sensor for environment monitoring,” in Proc. [EEE ASIC
Conf. (ASICON), Oct. 2007, pp. 360-363.

stand-alone temperature sensor targets at high resolution and high precision;

[4] C. Narrijun et al., “A 8 uW, 0.3 mm? RF-powered transponder with
temperature sensor for wireless environmental monitoring,” in Proc.
IEEF Circuit System Conf. ISCAS, May 2005, pp. 4763-4766.

[5] M. K. Law et al., “A sub-uW embedded CMOS temperature sensor for
RFID food monitoring application,” IEEE J. Solid-State Circuits, vol.
45, no. 6, pp. 12461255, Jun. 2010.

[6] J. Yin et al., “A system-on-chip EPC Gen-2 passive UHF RFID tag
with embedded temperature sensor,” IEEE J. Solid-State Circuits, vol.
45, no. 11, pp. 2404-2420, Nov. 2010.

[7]1 “Guidelines for the Storage of Essential Medicines and Other Health
Commodities” WHO, 2003 [Online]. Available: http://apps.who.int/
medicinedocs/en/d/Js4885¢e/

[8] F. Sebastiano et al., “A 1.2 V 10 uW NPN-based temperature sensor
in 65 nm CMOS with an inaccuracy of £0.2°C from —70°C to 125
°C,” IEEE J. Solid-State Circuits, vol. 45, no. 12, pp. 2591-2601, Dec.
2010.

[9] P. Gray et al., Analysis and Design of Analog Integrated Circuits.
New York, NY, USA: Wiley, 2001.

[10] X. Zhang et al., “A low variation GHz ring oscillator with addition-
based current source,” in Proc. IEEE European Solid-State Circuits
Conf. (ESSCIRC), Sept. 2009, pp. 216-219.

[11] P. Chen et al., “A time-to-digital-converter-based CMOS smart
temperature sensor,” IEEE J. Solid-State Circuits, vol. 40, no. 8, pp.
1642-1648, Aug. 2005.

[12] K. Roy et al., “Leakage current mechanisms and leakage reduction
techniques in deep-submicrometer CMOS circuits,” Proc. IEEE, vol.
91, no. 2, pp. 305-327, Feb. 2003.

[13] H.-Y. Yangetal.,“A time-based energy-efficient analog-to-digital con-
verter,” [EEE J. Solid-State Circuits, vol. 40, no. 8, pp. 1590-1601,
Aug. 2005.

[14] “EPC Radio-Frequency Identity Protocols Class-1 Generation-2 UHF
RFID Protocol for Communications at 860 MHz—960 MHz,” ver. 1.0.9,
EPCGlobal, 2004.

[15] Y. Lin et al., “An ultra low power 1 V, 220 nW temperature sensor
for passive wireless applications,” in Proc. IEEE Custom Integrated
Circuits Conf. (CICC), Sep. 2008, p. 507C510.

[16] K. Souri et al., “A CMOS temperature sensor with a voltage-calibrated
inaccuracy of £0.15° C(3¢) from —55 to 125 °C,” [EEE J. Solid-State
Circuits, vol. 47, no. 12, pp. 1590-1601, Jan. 2013.

[17] K. A. A. Makinwa, “Temperature sensor performance survey,” [On-
line]. Available: http://ei.ewi.tudelft.nl/docs/TSensor_survey.xls

Bo Wang received the B.Sc. degree in the Depart-
ment of Electrical Engineering from Zhejiang Uni-
versity, Hangzhou, China, in 2010 and the M.Phil de-
gree in the Department of Electronic and Computer
Engineering from Hong Kong University of Science
and Technology (HKUST), in 2012. He is currently
pursuing the Ph.D. degree in the Department of Elec-
tronic and Computer Engineering in HKUST.

His research interests include smart CMOS
temperature sensors and sensor interfaces, on-chip
process compensation techniques and heterogeneous

sensor integration.



346 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 61, NO. 2, FEBRUARY 2014

Man-Kay Law (M’11) received the B.Sc. degree in
computer engineering and the Ph.D. degree in elec-
tronic and computer engineering from Hong Kong
University of Science and Technology (HKUST), in
2006 and 2011, respectively.

From February 2011, he joined HKUST as a Vis-
iting Assistant Professor. He is currently an Assis-
tant Professor in the State Key Laboratory of Analog
and Mixed-Signal VLSI, University of Macau. His
research interests are in the area of ultra-low power
energy harvesting and sensing circuits for wireless
sensing and biomedical systems, with special emphasis on smart CMOS temper-
ature sensors, CMOS image sensors, ultra-low power analog design techniques,
and integrated energy harvesting techniques.

Dr. Law currently serves as a member of the IEEE Circuits and Systems So-
ciety (CASS) technical committee on Sensory Systems as well as Biomedical
Circuits and Systems.

Amine Bermak (M’99-SM’04-FM’13) received
both the M.Eng. and Ph.D. degrees in electronic en-
gineering from Paul Sabatier University, Toulouse,
France, in 1994 and 1998, respectively.

During his Ph.D., he was part of the Microsystems
and Microstructures Research Group at the French
National Research Center LAAS-CNRS where
he developed a 3D VLSI chip for artificial neural
network classification and detection applications. He
then joined the Advanced Computer Architecture
research group at York University, York, England,
where he was working as a Post-doc on VLSI implementation of CMM neural
network for vision applications in a project funded by British Aerospace. In
1998, he joined Edith Cowan University, Perth, Australia, first as a research
fellow working on smart vision sensors, then as a lecturer and a senior lecturer
in the school of Engineering and Mathematics. He is currently a Professor
with the Electronic and Computer Engineering Department of Hong Kong
University of Science and Technology (HKUST) where he is also serving as the
director of Computer Engineering and the director of MSc degree in Integrated
Circuit Design (ICDE).

Dr. Bermak has received many distinguished awards, including the 2004
“IEEE Chester Sall Award”; “Michael G. Gale Medal”, 2011; and the “Best
Paper Award” at the 2005 International Workshop on System-On-Chip for
Real-Time Applications. Dr. Bermak is a member of technical program
committees of a number of international conferences including the IEEE
Custom Integrated Circuit Conference CICC’2006, CICC’2007, the IEEE

Consumer Electronics Conference CEC’2007, Design Automation and Test
in Europe DATE2007, DATE2008. He is the general co-chair of the IEEE
International Symposium on electronic design test and applications, Hong
Kong 2008, and the general co-chair of the IEEE Conference on Biomedical
Circuits and Systems, Beijing, 2009. He is also on the editorial board of IEEE
TRANSACTIONS ON VLSI SYSTEMS; IEEE TRANSACTIONS ON BIOMEDICAL
CIRCUITS AND SYSTEMS and the Journal of Sensors. Dr Bermak is a fellow
member of IEEE and a member of IEEE CAS committee on sensory systems.
His research interests are related to VLSI circuits and systems for signal,
image processing, sensors and microsystems applications. He has published
extensively on the above topics in various journals, book chapters and refereed
international conferences.

Howard C. Luong (S’88-M’91-SM’02) received
the B.S., M.S., and Ph.D. degrees in electrical
engineering and computer sciences (EECS) from
University of California at Berkeley, CA, USA, in
1988, 1990, and 1994, respectively.

Since September 1994, he has joined the EEE
faculty at the Hong Kong University of Science
and Technology where he is currently a professor.
In 2001, he took a one-year sabbatical leave to
develop a new wireless product at Maxim Integrated
Products, Inc., Sunnyvale, California, USA. His
research interests are in RF and analog integrated circuits and systems for
wireless and portable applications. He was a co-author of the two books entitled
Low-Voltage RF CMOS Frequency Synthesizers (Cambridge University Press,
2004) and Design of Low-Voltage CMOS Switched-Opamp Switched-Capacitor
Systems (Kluwer, 2003).

Prof. Luong is currently serving as an Associate Editor of the IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS (TCAS-I),
and a technical program committee member of many conferences, including
Custom Integrated Circuits Conference (CICC), European Solid-State Circuits
Conference (ESSCIRC), Asian Solid-State Circuits Conference (A-SSCC),
IEEE International Symposium on Radio-Frequency Integration Technology
(RFIT). He was a Guest Editor for the 2011 and 2012 TCAS Special Issues of
CICC papers. He served as a Technical Program Co-Chair of the 2011 IEEE
International Symposium on Radio-Frequency Integration Technology (RFIT),
a Technical Program Co-Chair of the 2008 IEEE Asian Pacific Conference
on Circuits and Systems (APCCAS), and an Associate Editor for IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS (TCAS-II)
from 1999 to 2002.



