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Design of an integrated temperature and humidity sensor based on
high dynamic range utilization rate ADC

Honghao Wu'?, Wenchang Li'%, Jian Liu'* and Tianyi Zhang!

Abstract An integrated sensor for temperature (Temp) and humidity
(RH) measurement is designed. The temperature and humidity (T/H)
sensing probe are combined with one first-order discrete-time X-A
analog-to-digital converter (ADC). Also, a new ample architecture of
ADC is proposed, ADC selects a reasonable reference voltage
according to varied range of T/H signals. Therefore, the dynamic range
utilization rate of ADC is improved. The proposed sensor is designed
and fabricated in 0.153pm CMOS technology. The experimental results
show that the T/H sensor achieves a —0.9~0.6% RH measurement
accuracy in the humidity range of 10~90% RH, and +0.4°C temperature
measurement accuracy in the temperature range of —40~120°C.
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1. Introduction

Temperature and humidity measurement are generally
corelated and used as important parameters to represent
fundamental status for environment or climate
monitoring in fields like industrial control, material
storage and manufacture, and ecological management [1,
2, 3, 4, 5]. With the development of the Internet of
Things, portable devices and semiconductor fabrication
technology, integrating multiple sensors into a single
chip is one of the main directions. For this reason,
integrated temperature and humidity (T/H) sensor chip
has become a research hotspot in recent years.

In temperature measurement, bipolar junction
transistor (BJT) based temperature sensor is the most
widely used because it can achieve high accuracy over a
wide temperature range [6, 7, 8, 9, 10] compared to
resistor [11, 12] or MOS [13, 14, 15] based temperature
sensors. In a variety of humidity sensing probes
materials [16, 17, 18, 19, 20], polyimide has attracted
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more attention due to its compatibility with CMOS
process. This design chooses BJT and polyimide to
measure temperature and humidity respectively.

Considering temperature and humidity are both slowly
variable physical quantities, moreover, both BJT and
polyimide reflect temperature and humidity changes
through voltage, a discrete-time XA ADC based on
charge integration principle is more suitable for readout
circuit [21, 22]. For multi-sensor chips, the types and
ranges of analog signals corresponding to different
physical quantities may be different, so it is crucial to
match these signals reasonably with the dynamic range
of ADC, otherwise the accuracy of the sensor will be
reduced [23].

In view of the above problems, an integrated T/H
sensor is designed. T/H sensing probe is integrated with
first-order discrete-time XA ADC. Also, a new sample
structure is proposed, ADC will select a reasonable
reference voltage based on the different variation range
of T/H signals, which improves the dynamic range
utilization rate of ADC so sensor can achieve high
precision measurement.

2. Principle of temperature and humidity sensing

2.1 Principle of humidity sensing

When polyimide absorbs water molecules, its
dielectric parameter changes. Using this property, it is
possible to make a plate capacitor using polyimide as a
medium to measure humidity. The commonly used
polyimide humidity sensitive probe with finger structure

is shown in Fig. 1.
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Fig. 1 Architecture of the humidity sensor probe
The metal fingers act as electrodes, and the polyimide
above them needs to be exposed to air. The capacitance
between the metal electrodes varies with humidity. The
humidity of the current environment can be determined
by measuring the capacitance value. The typical value of
the humidity sensitive probe used in this paper is about
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2.1pF, and the capacitor sensibility to humidity is about
41F/%RH.

2.2 Principle of temperature sensing
When the emitter of a BJT is forward-biased through a
current source, as shown in Fig. 2. Vgg can be expressed

as:
Vee =k_T|n(I_Cj (1)
q

Is

Where q the electron charge (1.6x107" coulombs), k the
Boltzmann constant, T is the Kelvin temperature, Is the
saturation current. Vpg has a negative temperature
characteristic, with a temperature coefficient of about —2
mV/°C, and a slight nonlinearity. Therefore, AVgg, the
base-emitter voltage difference between two BJTs, is
usually used to measure temperature [24, 25].
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Fig. 2 Principle of temperature sensing based on BJT

Two identical BJTs are biased at current I and p-I,
where p is an integer. If the BJT current gain is large
enough, AVgg can be expressed as

KT
AV = o In(p) 2

It can be seen that AVgg is linearly and positively
correlated with temperature. It is not affected by Is, and
has good linearity, with a temperature coefficient of
about several hundred pV/°C. A temperature independent
voltage, i.e. bandgap reference voltage, can be generated
by using Vgg and aAVge (0 makes the temperature
coefficients of Vg and aAVgg consistent).

3. Proposed architecture

Fig. 3 (a) shows the traditional architecture [3]. The
humidity sensing capacitor Cry and BJT core convert
humidity and temperature change into Vry and oAVagg,
respectively. The output voltage Vrer of BIT core serves
as the reference voltage of the ADC.

The temperature and humidity related outputs of
traditional structures can be expressed as ur =
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aAVee/Vrer and urn = Vru/Vrer, respectively. Taking
temperature as an example, the variation interval of
aAVge in the temperature measurement range only
accounts for about 30% of Vger [26], which is only 30%
of the ADC dynamic range is used, so at least 16 bits
ADC is needed to achieve a resolution of 0.01°C. Such a
ADC performance increases circuit design costs. The
variation range of Vgy is also difficult to cover most of
the dynamic range of ADC [27].

2-A ADC
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(b) Proposed structure

Fig. 3 Architecture of the proposed temperature and humidity sensor

In order to improve ADC dynamic range utilization, a
new sample structure is proposed in this paper as shown
in Fig. 3 (b), which introduces multiple sampling
capacitors (Cgsi~Cs3). Taking humidity measurement as
an example, the output of ADC urn can be expressed as:
Cry —aCq _ Vorr rH _ Vier rH
Ugy T; a= v ) b= v (3)

S2 0 0

Vo, Vorrr, Vrerru are reference voltage (RH in the
subscript means humidity measurement, T means
temperature measurement), aCs3 can be used as the offset
capacitor Corr and bCs; as the reference capacitor Cregr.
By appropriately setting the values of Corr and Crgr, the
dynamic range of ADC can be maximized, as shown in
Fig. 4.

Cru |
—AC___AC Cru=Corr [ T_T 1
Crer | c “AC___AC
REF
Corr |

Fig. 4 Illustration of improving the dynamic range of ADC
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Compared with the humidity sensitive capacitor Cry,
the humidity sensitive capacitance value AC is much
smaller. The dynamic range of the ADC for humidity
measurement is only 2AC/Cru. If appropriate Corr is
selected, 2AC can be closer to Crer, thus improving the
dynamic range utilization of the ADC. Similar results
can be obtained from the analysis of temperature
measurements.

4. Circuit design and implementation

This section will introduce the circuit design and
implementation of the proposed integrated T/H sensor in
detail. The overall circuit is shown in Fig. 5.

4.1 Bandgap reference

The bandgap reference is shown in Fig. 6. The current
flowing through the transistor Q1 to Q3 is the same. The
area ratio of the BJT Q1 and Q2 is 1:10. Viy can be
expressed as:

R, +R,
in
1

By adjusting resistors Ri, Rz and R3, Viyo can be used as
the bandgap reference voltage, and the common-mode
voltages VCM, VREF,RH, VREF,T, VOFF,RH and VOFF,T can be
determined by the divided resistors network, as shown in
Fig. 5. Vino=Vini = (R2/R1)-AVpgg, as the temperature
sensing voltage.

V, 0= VBE + R—AVBE (4)

- O

Fig. 6 Circuit diagram of the bandgap

4.2 First order XA ADC
The working process of discrete-time XA ADC can be
divided into two steps: sample and integrate [28]. Its
equivalent circuit is shown in Fig. 5, where the sampling
capacitor can be Cry and Cgsi~Css. The integrated voltage
Vint can be expressed as:

C

Vit = C_S
Vi1 and Vo are input voltages of sampling phase and
integration phase, respectively. Viy is sampled by Cg
during integrate phase, digital code stream bs is
generated through comparator, Do, is obtained by digital
processing circuit. The digital part also generates
feedback control timing ®r; and ®r; according to the
state of bs.

The operational amplifier dominates performance of
A ADC. In this design, the folded-cascode structure is
adopted [29], which can effectively increase the DC gain,
the gain of the operational amplifier is about 102dB.

The comparator is edge-triggered, when ®; is high, the

(Vxl _sz) (5)

int



circuit does not work. When @, changes from high to
low, the comparator starts working outputs rail to rail
voltage based on the difference between the difference
input signals Vp and V.

The output spectrum of ADC is shown in Fig. 7, the
ADC achieves 87.2dB SNDR and 14.2 bits ENOB under
1024 times OSR.
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Fig. 7 Output spectrum of ADC
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4.3 Conversion result

According to the analysis in section 3, the ADC output

ury during humidity measurement can be obtained as:
CRH + mCsz — nC33

o 2mC,, ©
_ VCM _VREF,RH n= VCM - VOFF,RH
VCM VCM

In Eq. (6), mCs,-nCs3 corresponds to the bias
capacitor and 2mCs; corresponds to the reference
capacitor. In this design, the values of m and n are 0.1
and 0.4, Cs; and Cg3 are 3.25pF and 5.2pF respectively,
the capacitance variation range of Cruy is about
1.8~2.2pF in the range of 0~100% RH humidity. Thus,
the dynamic range utilization of the ADC is about 62%.
Similarly, the ADC output ur during temperature
measurement is

~ WCy, +eCg, —rCq,
T 2eC,,

W= Vino _Vinl o= VCM _VREF,T r= VCM _VOFF,T

VCM VCM VCM

In Eq. (7), w contains the temperature information,
and varies from 0.031 to 0.064 in the range of —40 °C to
120°C. The values of e and r are 0.14 and 0.24,
respectively, Cs; is 26pF. Thus, the dynamic range
utilization of the ADC is about 90% during temperature
measurement. It can be seen that ADC has a higher
dynamic range utilization in the integrated T/H sensor
structure proposed in this paper.

(7

5. Experience results

The integrated T/H sensor is realized in 0.153um CMOS
process. The chip uses a ceramic package and an open
window is made to expose the humidity sensitive
capacitor to the air. The opening position corresponds to
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the humidity sensitive capacitor. The packaged integrated
T/H sensor is shown in Fig. 8.

Back
Fig. 8 Chip package of the proposed sensor

Front

The chip test equipment is shown in Fig. 9, including
temperature chamber, humidity generator, test board and
other related instruments. During humidity test, the chip
and high-precision humidity sensitive probe are put into
the humidity generator at the same time, the high-
precision humidity sensitive probe is used as the ambient
humidity reference. During temperature test, the chip and
the high-precision platinum resistor are put into the
temperature chamber at the same time, the high-precision
platinum resistor is used as the reference ambient
temperature. The humidity and temperature measurement
ranges from 10 to 90% RH and —40 to 120 °C,
respectively.

Humidty
generator

Host

computer
~

Fig. 9 Experiment setup
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Fig. 10 Relationship between the ADC output and humidity

=

ADC outputs of different chips in different humidity
environments are shown in Fig. 10. It can be seen that
the ADC output in the range of 10~90% RH is 2500 LSB,
i.e. 1 LSB corresponds to 0.03%RH. The chip behaves
linearity together with a slight quadratic characteristic in
the whole range of humidity. Therefore, the
corresponding relationship between ADC output and

4



actual ambient humidity can be calculated as

2
RHout =C +G, Doul,RH ) Doul,RH (®

Where, RHoy is the measured humidity of the chip,
Dout,r 1s the ADC output during humidity measurement,
and ci~c; is the fitting coefficient.

According to Eq. (8), ci~c3 could be obtained after
fitting the chip output, so the actual measured humidity
value of the chip can be calculated and compared with
the high-precision humidity sensor to determine the
humidity measurement error, as shown in Fig. 11. It can
be seen that the humidity measurement accuracy of the
chip is —0.9~0.6% RH in the humidity range of 10~90%
RH.

ADC outputs of different chips under different
temperature environments is shown in Fig. 12. In the
range of -40°C to 120°C, the ADC output is about 16,000
LSB, i.e. 1 LSB corresponds to 0.01°C. The chip
temperature characteristic shows good linearity. The
corresponding relationship between ADC output and
actual ambient temperature can be calculated as
following

T, =d,+d,D

Where Tou is the measured temperature of the chip; Dou,r
is the output of ADC during temperature measurement;
di, d; are the fitting coefficients.

Similar to the calculation method of humidity
measurement error, according to Eq. (9), the temperature
measurement error can be obtained, as shown in Fig. 13.
It can be seen that the temperature measurement
accuracy of the chip is +£0.4°C.
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Fig. 11 Errors of humidity sensing
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Fig. 12 Relationship between the ADC output and temperature
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Fig. 13 Errors of temperature sensing

The key parameters of our design are compared with
the published results of T/H sensors, shown in Table I. It
can be seen that the integrated T/H sensor designed in
this paper has certain advantages in temperature and
humidity measurement accuracy.

Table 1. Parameters comparison

This
Parameter work [30] [3] SHT15
Process(nm) 153 180 180 -
Supply % N
Voltzael¥) 33 1.5-2 1.55 24~55
Power(LW) 1980* 15.6 3875 3000
Measurement
range(%RHD 10~90 10~95 0~100 0~100
RH accuracy
— I~ + =+ =+
(%RH) 0.9~0.6 1.1 2.0 4.0
RH resolution
ARED 0.03 0.007 0.006 0.05
Measurement |y, 150 | _40.85 | —20-85 | —40~120
range(°C)
Temp accuracy +0.4 £0.25 £0.3 £1.5
(&O)]
Temp resolution 0.01 0.015 0.002 0.01
0 ! . . !

* The conversion current is 600pA.
6. Conclusion

In summary, we designed an integrated T/H sensor
with a new sampling architecture. The T/H measurement
is integrated on one chip, i.e. the T/H sensing probe is
combined with one XA ADC. ADC selects a reasonable
reference voltage according to varied range of different
signals. Therefore, the dynamic range utilization rate of
ADC is improved. The sensor is designed and fabricated
in 0.153pum CMOS technology. The experimental results
show that the temperature and humidity measurement
accuracy are +0.4°C (@—40~120°C) and —0.9~0.6%RH
(@10~90%RH), respectively.
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