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A BJT-based CMOS Temperature Sensor with
Duty-cycle-modulated Output and +0.54 °C (30)

Inaccuracy from

-40 °C to 125 °C

Zhenyan Huang, Student Member, IEEE, Zhong Tang, Member, IEEE, Xiao-Peng Yu, Member, IEEE, Zheng Shi,
Ling Lin, and Nick Nianxiong Tan, Senior Member, IEEE,

Abstract—This brief presents a 0.65% relative inaccuracy
CMOS temperature sensor with a duty-cycle-modulated (DCM)
output. It uses a BJT-based front-end to generate a proportional
to absolute temperature voltage (Vpra7) and a complementary to
absolute temperature voltage (Vo7 a1), which are then modulated
to a digital-friendly duty-cycle output. Dynamic element match-
ing with Kelvin connection (KC-DEM) is applied to improve the
accuracy of Vprar. To enhance the robustness of the sensor, a
continuous-time dynamic single-threshold hysteresis comparator
with high energy efficiency is proposed. Implemented in a
standard 0.13-um CMOS process, the sensor has an active area
of 0.086 mm? and achieves an inaccuracy of +0.54 °C (30) from
-40 °C to 125 °C.

Index Terms—CMOS temperature sensor, duty-cycle, BJT, low
relative inaccuracy, KC-DEM.

I. INTRODUCTION

CMOS temperature sensors are widely used in diverse field-
s, including environmental monitoring [1], Internet of things
(IoT) [2], SoC thermal management [3], etc. Conventionally,
smart CMOS temperature sensors comprise sensing elements
and readout interfaces. Many devices can be used as sensing
elements in CMOS technologies, like bipolar junction transis-
tors (BJTs), MOSFETs, resistors, etc [4]. BJTs stand out for
their long-term stability and their high accuracy after one-point
calibration [5], [6]. The signals from sensing elements can be
digitized in many ways, e.g. by using traditional analog-to-
digital converters (ADC) [3], time-to-digital converters (TDC)
[7], and frequency-to-digital converters (FDC) [8], etc. In in-
dustrial applications, modulating the temperature information
into a duty-cycle-modulated (DCM) output is also attractive
due to its simple interface. This can be easily and robustly
connected to digital systems, such as microcontrollers, as well
as to analog systems, like thermostats [5].

Recently, some new works based on DCM scheme have
been reported. Wang et al. [5] combined a BJT-based current-
mode front-end with DCM output to achieve high accuracy
of £0.3 °C from -45 °C to 130 °C. However, a relatively
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high power consumption of 198 pW and a large area of
2.21 mm? are required in a 0.7-um CMOS technology. In
[9], a low power NPN-based DCM temperature sensor was
proposed at the expense of a poor accuracy of +0.85 °C
from -30 °C to 120 °C. Tang et al. [10] proposed a capacitor-
reused DCM CMOS temperature sensor with a compact area
of 0.073 mm? and a high accuracy of +0.38 °C, but its
temperature range is limited between -10 °C to 100 °C, which
greatly limits its applications. Hence, compared to BJT-based
temperature sensors with traditional ADC interfaces, existing
DCM schemes still have challenges to achieve balances among
accuracy, power consumption, die area, and temperature range.

In this brief, we present a BJT-based CMOS temperature
sensor with DCM output that can achieve a good balance
among the features stated above. This temperature sensor
consists of a BJT-based front-end which can generate the
proportional to absolute temperature (PTAT) voltage Vprar
and the complementary to absolute temperature (CTAT) volt-
age Vorar, these temperature dependent voltages are then
proceeded by a voltage-to-duty-cycle converter. In the BJT
front-end circuit, dynamic element matching with Kelvin
connection (KC-DEM) is applied to reduce the inaccuracy
caused by BJT mismatches and avoid the impact of the DEM
switch on-resistance. As an extra benefit, the applied KC-DEM
technique can also reduce the spread of resistance ratio in the
VpraT generation circuit. A continuous-time dynamic single-
threshold hysteresis comparator is proposed to improve the
robustness of the voltage-to-duty-cycle conversion with high
energy efficiency. The proposed sensor has a relative inaccu-
racy of 0.65% (from -40°C to 125 °C) while maintaining a
small chip area of 0.086 mm? in a standard 0.13-um CMOS
process.

II. ARCHITECTURE OF PROPOSED TEMPERATURE SENSOR
A. Basic Operating Principle

The basic operating principles are shown in Fig. 1. The
circuit works in two alternate phases. The capacitor voltage
Ve is reset to the ground at the beginning of each phase, and
then the capacitor is charged by current /. In phase &1, SW;
and SWj are on while SW5 and SW; are off; Vorar and Ve
are connected to node A and node B respectively; When V¢
< Verar, the output of the comparator remains logic high;
Once Vi > Vo ar, the circuit comes into phase ®9 following
the output of the comparator flips to logic low. In phase ®,
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Fig. 1. Simplified diagram of the proposed design

SW1 and SW3 are off while SWy and SW, are on; Vprar
is connected to node B while V- to node A, thus the output of
the comparator remains logic low when Vo < Vprar; When
Vo > Vprar, the output turns to logic high again, and the
circuit goes into a new DCM period. After being converted to
the time domain, Vorar and Vprar can be expressed as

Io - (t —trs
Vprar = %, (D

Io - (ty, — t,s
Vorar = % @)

where [o is the charging current, ¢, and ¢; are the logic-
high time and logic-low time respectively. ¢,5; is the time
duration for the capacitor to reset, which can be compensated
conveniently in the digital domain [11].
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Fig. 2. Circuit diagram of the proposed design

Fig. 2 shows how Vprar and Vo o7 are generated, where
Vprar = 2-Ry- AVpp/Ry = n-AVpg and Vorar = VaE.
Assume Y = Vpg/(n - AVpg), then

_ k-n- AVBE _ k
kn-AVer+Vpr k+Y’
where p is a linear function of temperature, k is the curvature

compensation coefficient in the digital domain [10]. Therefore,
the temperature can be calculated as

1 3)

T=A -u+ B, @)

where A and B are the temperature calculation coefficients
and T is the temperature in Celsius.

Letty = tp—trst, to = t;—1,st, combining equation (5)-(4),
1 can be re-written as

k

= — 5
F=0y n o)
and the temperature can be easily calculated by measuring the

values of ¢;, and ¢; from the DCM output.

B. Kelvin Connection for DEM of BJT

When generating AVpg, DEM is a common technique to
reduce the inaccuracy caused by elements mismatches [12].
In [10], DEM is applied to the BJTs to reduce the mismatch.
However, the voltages that drop across the DEM switches
will introduce errors when sensing AVgpp. From simulations,
the temperature sensitivity of AVpg is ~230 puV/°C, the on-
resistance of single switch in this design is ~400 ; With a
bias current of 400 nA, a 10% variation of on-resistance will
induce a temperature error of ~0.3 °C. Increasing the size of
the switches or decreasing the bias current may reduce the
error, but these may degrade the accuracy due to the leakage
current at high temperatures. Thus, KC-DEM is applied to
solve this problem [13].

In Fig. 2, DEM2 is the place where KC-DEM is applied.
Fig. 3 illustrates the details of KC-DEM and its simpli-
fied equivalent circuit, together with the timing diagram of
self-controlled switch signals ph(3:0) and their inverse ones
ph’(3:0). These signals are all derived from the DCM output.
In KC-DEM, the input nodes of the OTA are directly con-
nected to the BJT and resistors respectively through switches
and there are no switch connections between the resistor and
BITs. Seen from the node X and Y, the OTA’s inputs are high
impedance nodes, thus the voltage-drops across the switches
SW3 and SW4 are almost negligible.

In each phase of DEM, three branches of resistors are
equivalently shunt and one branch is shorted in turn. Although
such connection will increase the area of resistors, applying
DEM to resistors can also reduce the spread of resistance ratio
no = Ry/R; in Fig. 2 given the effect of spread and mismatch
in fabrication. The resistance of different branches can be
described as Ry = (1+681,)-R1, Re = (1+62;)- R2, where Ry
and R, are the average resistance of R;, Ry respectively, and
815, 02; are the normalized deviations of Ry, R» respectively.
Assume that the ideal resistance ratio is ng = Ry/ Ry, the real
ratio is ’n,o/ = RQ/Rl ~ (1 + 52j — (51]') -ng when no DEM is
applied. The relative error between ng and ng’ is

A r—
ﬂ:u:(gzj_glj. (©6)
o no

When m-phase DEM is applied, the resistance ratio is
" 0 Ly 1
no” =mng - (1+ 2j—a'; 15)- (7N
=

The relative error between ng and ng” is

A’I’LQ/ no” —No 1 i
= =09 — — - 015 (8)
Un) no 7 m ; J
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Fig. 3. Kelvin connection for the BJTs and simplified equivalent circuit

The standard deviation of Ang/ng and Ang’/ng are

A

o(50) = [0 (61y) + 02(6y), ©)
Ana’ 2(84 5

o TZ)O ) = \/0 Enlj) + 0%(d2;), (10)

where 0(d1;) and o(d2;) are the standard deviation of d;; and
0o, respectively. Equation (9) - (10) suggest that the deviation
of resistance ratio can be reduced after m-phase DEM. Fig.
4 shows the simulation results, where m is 4 in the proposed
design. From the 200-point Monte Carlo simulation results,
the ideal resistance ratio ng in this design is 4.29. When
Ry is implemented with three shunt resistors, the equivalent
resistance is the same as the original one, but the 3o deviation
of ng is reduced from 0.56% to 0.31%, suggesting a 46%
improvement is achieved. Combining four-phase DEM, the 3o
deviation of ng is further reduced to 0.27%, which achieves a
52% improvement.
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Fig. 4.  200-point Monte-Carlo simulation in circuit level when Rj is
implemented with (a) a single resistor; (b) three shunt resistors; (c) four-phase
DEM

C. Robustness Enhancement

In [10], dynamic comparator is used and triggered by a
tens of MHz clock. During one clock cycle, the charging
capacitor needs to be reset, and the comparator’s inputs have
to be reconfigured and settled, resulting in a tight timing
requirement. To relax these requirements, a continuous-time

P
Mez 1 Mes DVO+
D w
g" Mp4 Mps F\é\l

Ve Verar- Ve

f

|
|
I
T
|
|
|
|
|
|

My
ﬂNS MN5 Tﬁ‘ﬂm ME Mns Muﬁ My7
1 L __ o
- single-side threshold
generator

Fig. 5. Diagram of the continuous-time dynamic single-threshold hysteresis
comparator

comparator is employed. With a similar digital logic circuit
in [14], the comparator’s output can be latched for a few
system clock cycles for each flip, which releases the settling
requirement of the front-end circuit, thereby higher energy
efficiency can be achieved. Meanwhile, noise in the circuit
may introduce chatter to the output of the comparator when
Ve is close to Vprar or Vorar. Employing hysteresis can
be useful to stabilize the output, but the traditional hysteresis
comparator will induce comparing errors since the hysteresis
also changes the desired switching point (Vpr a1 or Vorar in
this design). Thus, a continuous-time dynamic single-threshold
hysteresis comparator is proposed to solve these problems,
as shown in Fig. 5. In phase ®;, the comparator has no
hysteresis when the output turns from logic high to logic
low but it has a positive threshold voltage Vrp when the
output reverses, i.e. flips from logic low to logic high. On the
contrary, in phase ®, the comparator has no hysteresis when
output changes from logic low to logic high but has a negative
threshold voltage Vrn when output reverses. Therefore, the
proposed dynamic single-threshold hysteresis scheme does not
change the switching point of the comparator and make the
comparison more robust at the same time. According to the
simulations, the comparator consumes about 9.2 pW.

1549-7747 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 13,2021 at 09:03:48 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCSII.2021.3068283, IEEE

Transactions on Circuits and Systems II: Express Briefs

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS II: EXPRESS BRIEFS

D. Techniques for Low Power and High Accuracy

In Fig. 2, Q1 and @2 have an area ratio of 3:1 and the
ratio of bias current through device Mpy and Mp3 is 1:5,
thus the temperature sensitivity of AVzp will be higher and
smaller resistance of Ry is required. Besides BJTs, DEM
is also applied in the current mirrors to generate accurate
Vprar and Vorar. Instead of applying two branches of PNP
transistors to compensate for the limited current gain 3 of 2 in
the used 0.13-pm process [10], a NPN transistor is employed
to generate Vpg, which can provide higher 8 of 9.8 and
achieve higher accuracy than two branches of PNP transistors
at the same bias current. The bias current I is about 360 nA
at 27 °C to attain a similar 8 for @)1 and Q5. The OTA is
a pMOS-input telescopic structure, which can easily obtain a
high gain with less current compared to the folded-cascode
one. Chopping is applied to both the OTA and the comparator
to reduce the temperature errors caused by offset and 1/f noise.
DEM and chopping signals are self-controlled by DCM output
and are generated after the output of the comparator flips.
Thus, the circuit has enough time to settle before next flip.
The frequencies of chopping, DEM1, and DEM?2 are fpc/2,
fpom!8, fpon/4 respectively, where fpcopy is the frequency
of DCM output.

When DEM and chopping are employed, switching ripples
will introduce errors to the PTAT bias current. Therefore, in
order to avoid the voltage errors on capacitor voltage Vi when
charging the capacitor, the charging current is generated from
an independent bias current circuit instead of the PTAT bias
circuit in Fig.2. Using independent bias current to charge the
capacitor can also relax the bandwidth requirement of the
amplifier because the OTA is now only required to settle
before Vi is approaches the Vpprar or Vorar. The output
frequency is about 5 kHz at room temperature, indicating that
a bandwidth of 100 kHz is enough for the OTA. Meanwhile,
the proposed design connects the output of OTA to a common
source amplifier, which uses a diode-connected load and
makes the gate of Mpy in Fig. 2 a low-impedance node.
Thus lower bias current of OTA is needed to meet the load
requirements [15] and the OTA finally draws 2 pA.

III. MEASUREMENT RESULTS

The proposed temperature sensor is fabricated using a stan-
dard 0.13-pm CMOS process. Fig. 6 shows the die photograph
of the prototype design. The sensor occupies a core area of
0.086 mm?2, including the core circuit, bias circuit, and control
logic circuit. Sixteen sample chips are packaged and tested.
The outputs of the chips are measured over a temperature
range from -40 °C to 125 °C at an interval of 15 °C. A Pt-100
resistor, whose temperature inaccuracy is less than 30 mK, is
placed next to the chips on the test board as the reference.
A 20-MHz input clock is adopted in the logic control block
to generate the capacitor-reset signal. The frequency of the
DCM output of the proposed design varies from 4 kHz to
9 kHz over the temperature range of -40 °C to 125 °C.
The output waveform is sampled by a logic analyzer and
processed off-chip to get the ratio of logic-high time and logic-
low time. In order to cancel all first-order mismatch errors

caused by the component mismatch and offset [5], the results
are averaged over eight successive periods of DCM output,
corresponding to a conversion time of 1.3 ms. The temperature
is then calculated through the equations (4) and (5). With 1000
successive readings, the proposed design shows a resolution
of 60 mK (rms) at room temperature.
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Fig. 7. Temperature error before calibration
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Fig. 8. (a) shows the temperature error after one-point calibration. (b) shows
the temperature error after both one-point calibration and systematic error
removal

Fig. 7 and Fig. 8 are the measurement results before and
after calibration respectively. The 30 temperature inaccuracy is
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TABLE 1
PERFORMANCE SUMMARY AND COMPARISON
Parameters This work [5] [9] [10]
Tech.(nm) 130 700 180 130
Type PNP&NPN PNP NPN PNP
ADC Duty-cycle | Duty-cycle | Duty-cycle | Duty-cycle
Area 0.086 221 0.1 0.073
(mm~)
Temperature
Range (°C) -40 to 125 -45 to 130 | -30to 120 -10 to 100
Supply 1.2/3.3 2755 1.6-2 18-3.5
)
Power * * * *
39.7 198 0.9 30.6
(LW)
Inaccuracy +0.54 10.3 +0.85 +0.38
(°O (3o) ) (30) 3o)
Relative
Inaccuracy (%) 0.65 0.34 1.13 0.69
Reiglg;m 0.06 0.003 0.039 0.032
Conv. Time 13 1.8 8.1 24
(ms)
Energy/
Conv. (nJ) 51.6 360 7 73
Acc. FoM
(nJ%2) 21.8 41.62 8.94 34.76

) Excluding the off-chip counter. Simulation results show the counter con-
sumes ~10.6 uW when fs=20 MHz in the target 0.13-um CMOS process.
Acc. FoM = Energy/Conversion x (Relative Inaccuracy)?

-1.4 °C/1.2 °C without calibration. After one-point calibration,
the 30 temperature inaccuracy is -0.67 °C/0.6 °C, and the
curves present the high order nonlinearity. The systematic
non-linearity might be caused by the voltage sensitivity of
the MOS capacitor which is used as the charging capacitor.
Therefore, a fixed-coefficient fifth-order polynomial fitting is
applied to remove the systematic error. The residual inaccuracy
is then reduced to £0.54 °C (30) from -40 °C to 125 °C,
corresponding to a relative inaccuracy is 0.65%.

The proposed temperature sensor consumes 39.7 uW with
1.2 V/3.3 V (digital/analog) power supplies and attains an ac-
curacy FoM of 21.8 nJ%? [12]. At 25 °C, the sensor operates
from a 2.1 V to 3.5V analog supply with a supply sensitivity
of 0.21 V/°C. Table I summaries the performance of this
work and compares it with state-of-the-art BJT-based DCM
temperature sensors in CMOS technologies. The proposed
design achieves a wider temperature range and a better relative
inaccuracy than [9] and [10]. Compared to [5], it also attains
a 1.9x improvement in accuracy FoM. This work achieves a
good balance among accuracy, temperature range, and power
consumption.

IV. CONCLUSION

A BJT-based CMOS temperature sensor with DCM output is
designed and verified in a standard 0.13-um CMOS process.
KC-DEM is applied and a continuous-time dynamic single-
threshold hysteresis comparator is proposed to improve the
accuracy and enhance the robustness, leading to a £0.54 °C
(30) inaccuracy from -40 °C to 125 °C. It has an active area
of 0.086 mm? and achieves a resolution of 60 mK with a
conversion time of 1.3 ms, while consuming 39.7 yW.
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