ABSTRACT
CAO, WEI. Design of Temperature Sensors for Vaidation of Aseptic Food Processing.
(Under the direction of Professor Paul D. Franzon).

With the increasing consumer demands for convenient, high quality, and healthy
foods, aseptic processing was proposed as a potential option to meet these demands. In order
to validate such a system and also make the process relatively inexpensive, researchers have
to find out the “critical particle” in the processing system and determine its time-temperature
history. The objective of thiswork isto develop and validate low power sensors that can be
applied to monitor the internal temperature of particulates, as they flow through the heating,
holding, and cooling sections of an aseptic processing system. The significance of this study
lies in the development of a validated tool and technique that can be used to facilitate
validating aseptic processing of multiphase foods and thereby provide the health-conscious
consumer with a high quality food product.

Battery-powered off-the-shelf sensor had been successfully designed and tested. It
was packaged in 1” plastic sphere, and the density was neutrally buoyant with water. It was
able to work in the temperature range of 10°C to 150°C, with a potential accuracy of less
than 1°C. The battery could last more than 20 hours. Integrated CMOS temperature sensors
had also been investigated. The CMOS sensor design and simulation results are presented in
details in this thesis. It had atotal area of 0.054 mm?, an averaged power consumption of 0.8

mW, and an accuracy of lessthan 0.2°C.
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CHAPTER 1

| ntroduction

Food safety is rapidly becoming one of the most critically important issues in food industry.
The quantitative measurement of the thermal process impact in terms of food safety and
quality is essential in relation to the shelf life and acceptability (market and legal) of the
product as well as for process optimization and control [1]. The objective of this project isto
develop and validate low-power and high-performance sensors that can be applied to monitor
the internal temperature of particulates, as they flow through the heating, holding, and

cooling sections of an aseptic processing system.

1.1 Project Background and Motivation

With the increasing consumer demand for convenient, high quality, and healthy foods (and in
accordance with CSREES goa #4 — “Improve the Nation’s nutrition and health”), aseptic
processing was proposed as a potential option to meet these demands. Although aseptic
processing of liquid foods has been in place for several decades, how to process low-acid
multiphase foods (foods containing large particles — for example, soups containing meatballs
or vegetables) in an aseptic environment has still been an open question in U.S[2]. The main

reason is that the FDA requires strict demonstration by conservative experimental validation



techniques and mathematical modeling of the process that every part of the food product

receives adequate heat treatment to ensure commercial sterility [3].

In an attempt to address this problem, a workshop was organized by the Center for Advanced
Processing and Packaging Studies (CAPPS) and the National Center for Food Safety and
Technology (NCFST) in 1995 and 1996 [4]. The conclusions from the workshop were that
determination of the residence time distribution (RTD) of at least 299 particulates in the
product, determination of the heat transfer coefficient between the particulates and the fluid,
and mathematical modeling are vital in process validation. To develop such kind of
validation systems, the first and most important factor is the cost and time involved in the
extensive process, which is partly due to the necessity to determine the RTD of 299 particles
and the heat transfer coefficient between particles and the fluid [5]. This necessity arises due
to the fact that we are currently unable to measure the time-temperature history at the
“critical point” within particulates as they flow through the processing system [6]. Tetra Pak
made use of the results from this study to successfully develop an aseptic process for a diced
potato soup in a modified starch suspension and received a “no-objection” letter from the
FDA for the process [7]. Although it demonstrated the feasibility of validating an aseptic
process for multiphase foods, no such product was commercially marketed by any company
in the U.S., majorly due to the high operational cost and long process time involved in this
extensive validation, until Campbell Soup Co. went through a rigorous validation procedure
to receive a no objection letter from FDA in 2006. Several food processors have been trying

to develop a similar process for their food products and one of the main problems is the lack



of areliable tool to validate their process and at the same time ensure a high product quality.
The sensor system and validation protocol to be developed in this study will serve as that

tool.

Generally speaking, “critical point” is the slowest heating portion of the product. For a food
product containing only one type of particle, this is the center of the fastest moving particle.
However, for a food product containing several types of particles, the “critical point” is the
center of the slowest heating particle which may not necessarily be the fastest particle in the
system. Thus, if we are able to determine the “critical particle” in a system and determine its
time-temperature history, it would tremendously simplify the validation process and make

the process relatively inexpensive.

Several methods have been attempted in the past to determine the internal temperatures of
particles during continuous flow. However, al of these techniques were either “invasive”
techniques that restricted the motion of the particles or non-invasive techniques that were not
accurate. Thus, alternative approaches to “estimating” the internal temperatures of particles
were devised. Some of the alternatives to measurement of the temperature at the “critical
point” in a system have included biological techniques [8-10], moving thermocouple method
[11-12], liquid crystal method [13-14], time-temperature integrators [1, 15-16], and melting
point indicators [17]. Some of the techniques that could be used to measure the temperature
within particles included the use of various forms of data trace (usually for retorting

applications), thermochron iButtons (used for applications in large-scale systems),



paramagnetic implants within particles [18], ultrasonic tomography [19], micro-thermometry
[20], change in proton precession frequency [21], magnetic resonance imaging [22], chemi-
luminescent implants [23], thermo-magnetic switch implants [24], and fiber optic sensors
[25]. However, all of these techniques are either expensive, elaborate, or difficult to

incorporate in an aseptic processing system, or not accurate enough for process validation.

The significance of this study thus lies in the development of a validated tool and technique
that can be used to facilitate validating aseptic processing of multiphase foods and thereby
provide the health-conscious consumer with a high quality food product. It will pave the way
for the development of new food products that were hitherto not developed due to the
potentially low quality of the food (as a result of the inherent over-processing in the
conventional retort process) in the absence of the tool to be developed in this study. Beyond
that this sensor will also be useful in improving the quality of various thermal processes
where accurate real-time temperature readings can minimize over-processing. It can also be
used in some of the applications where time-temperature integrators are used to monitor the

guality and safety of foods.

1.2 Thesis Overview

The thesis is organized into 6 chapters. Chapter 1, as an introduction, briefly describes the
concept, motivation, and backgrounds of the development of temperature sensing techniques
in aseptic food processing. The second chapter provides a detailed overview of this project.

Existing temperature sensing techniques are reviewed and evaluated. Previous work and our



design flow, as well as the verification plan, are presented in this chapter. The design of the
off-the-shelf temperature sensor is presented in detail in Chapter 3, followed by chapter four
which contains the testing results and verification of the sensors. Chapter 4 also talks about
the calibration, limitation, and possible future plan of the sensor. Chapter 5 discusses the
basic CMOS temperature sensor design. It provides a technical overview on CMOS
temperature sensing and on-board analog-digital conversion techniques. This chapter is then
dedicated to the CMOS sensor design, including temperature sensor, internal clock, and a
digital control ASIC. The results of the simulations using Cadence and Synopsis tool kit and
the layouts of each part are presented. The last chapter, Chapter 6, is the conclusion and

future direction for research.



CHAPTER 2

Project Overview

Temperature is one of the most widely measured phenomena in the process control
environment. In this chapter, a detailled review of different types of existing temperature
sensing techniques in aseptic food processing is presented, followed by a short discussion on
temperature sensor calibration. The previous related development of temperature sensors in
the Department of Food Science aa NCSU is summarized in Section 2.3. The project

objectives, design flow, as well as verification plan, are presented in Section 2.4.

2.1 Temperature Sensing Techniques Review

As in the food industry, the quantitative thermal measurement has a huge impact on the food
safety and quality, aswell as on the shelf life and acceptability of the products. If we are able
to determine the critical particle in a system, which refers to the slowest heating portion of
the product and thus usually but not always is the center of the fastest moving particle, and
determine its time-temperature history, it would tremendously simplify the validation process
and make the process relatively inexpensive. Various kinds of sensors are used in many
fields in the industry and in household equipment, while here we are mainly focusing on

those that have been applied to or have potentials in aseptic food processing. There are many



types of temperature sensors that use various technologies and have different characteristics
[8-26]. Many common elements such as resistance temperature detectors (RTDs),
thermistors, thermocouples or diodes, as well as some newly developed sensing methods
using infrared, microwave, optical or biological techniques, have been used to measure
absolute temperatures or temperature changes in various applications. It is maybe worth
pointing out that noticeable difference exists between different temperature sensor or

temperature measurement device types.

Food scientists and researchers have worked more than a decade attempting to determine the
internal temperatures of food particles during continuous flow. The methods that they have
used can be roughly classified into two groups. non-contact temperature sensors and contact
sensors. The former are also called remote temperature sensors, and the latter could be
further divided into two categories. external temperature sensors and internal temperature

sensors. They are summarized inthe Table 2.1, Table 2.2, and Table 2.3.

However, all of these techniques are either expensive, elaborate, or difficult to incorporate in
an aseptic processing system. For instance, some of the “invasive” techniques are very
sensitive but they tend to restrict the motion of the food particles. Meanwhile, those non-
invasive techniques are just not able to provide accurate enough results for process
validation. We are looking for a reliable yet accurate tool to validate their process and at the
same time ensure a high product quality. The sensor system and validation protocol to be

developed in this study will serve as that tool.



Table 2.1: Different remote temperature sensors.

Type

Working Principle

Comments

Temp sensor using

Output resonant

No power supply needed for sensor;

external magnetic flux | frequency changes | accurate; relatively simple structure
with temperature

Microwave temp Use X-band Work in bad environment; more

Sensor radiometer accurate than infrared sensors

Infrared temp sensor Detect energy Only use 0.7-14 micron band

emitted by target

Optical fiber sensor

Work at high temperature; high
resolution

Table 2.2: Different external (non-invasive) temperature Sensors.

Type Working Principle Comments
Pt thermal Easy to fabricate, calibrate and
sensor/heater use; working as both heater and

Sensor

External sensor on

Measure inside fluid

Ableto calculate internal fluid

the outer wall temperature by temperature with external sensors,
converting the readings | when insertion of athermometer is
from external sensor impossible or impractical
Table 2.3: Different internal temperature sensors.
Type Working Principle Comments
CMOS/bipolar temp Extremely small and low power;
sensor will be discussed in chapter 4&5

Time-temperature
integrator

Use enzyme system or
peroxides immobilized
on porous glass

Melting point Color change Able to measure the temperature

indicators inside of a particle

Liquid crystal temp | Color change Have to coat liquid crystal on

sensor monitored particle

Moving aclassic, widely used method,;

thermocouple motor-driven thermocouple
moving along the tube

Temperature Precession frequency

mapping (magnetic | changes with temperature

resonance imaging)




2.2 Temperature Sensor Calibration

One key secret to high quality temperature measurement results is to have a careful
calibration before any tests. Without reliable calibration, the results will always be
guestionable and hardly worth the effort and cost. Uncertainties result from various factors,
including: sensor tolerances, which are usually specified according to published standards
and manufacturers specifications; instrumentation (measurement) inaccuracies, again
specified in manufacturers specifications; drift in the characteristics of the sensor due to
temperature cycling and ageing; possible thermal effects resulting from the installation, for
example thermal voltages created at interconnection junctions. A combination of such factors

will constitute overall system uncertainty [26].

Temperature sensor calibration provides a means of quantifying uncertainties in temperature
measurement in order to optimize sensor and/or system accuracies. It is achieved by
elevating the temperature sensor to a known, controlled temperature and measuring the
corresponding change in its associated electrical parameter (voltage or resistance). If the
sensor is connected to a measuring instrument, the sensor and instrument combination can be

effectively calibrated by this technique [27].

In order to achieve high accuracy, piecewise linearization method is widely used in the

calibration process. It is done by repeating the calibration process described in last paragraph



at multiple temperature points. Then plug in the recorded data to the function below and
determine values for A and B.

T=A"*V+Bl D
where T is the known temperature, V is the recorded voltage output of the temperature

sensor, A and B are constants to be determined.

Asaresult, we can get the following equation:

1T=A*V+B1 WhereOZ>VZO,
-:-T:AS*V+B3 WhereO.6>V20.4;

where T is the temperature we want to get, V is the recorded voltage output of the

temperature sensor, A1-A4 and B1-B4 are known constants.

Table 2.4 shows the inaccuracy of available temperature sensors in our lab.

Table 2.4: Inaccuracy of available temperature sensorsin lab.

Name | naccuracy Comments
LM94021 temp - 271°C
Sensor
Handheld digital /- 0.89°C Easy to use; hard to keep along-
thermometer ' time record
Data acquisition +- 1.95°C Very flexible; provide digital
unit ' output of temperature history

So as a starting point, we should use either the handheld digital thermometer or the data

acquisition unit to calibrate the temperature sensors. To further increase the sensor accuracy,

10



we might adopt a secondary standards system for high quality comparison and fixed point

measurements which would provide accuracies generally between 0.1°C and 0.01°C.

2.3 Previous Work on Temperature Sensing in Department of Food Science
Several sensors have been developed in the Department of Food Science at NCSU in the past
few years that can be used to determine the time-temperature history within simulated,

conservatively constructed implant-carrier particles.

In those sensors, both implants and carrier particles were designed and implemented to be
robust and inexpensive so that the tagged particles can be disposed after a single use in order
to satisfy the limitation requirements on their re-use. Throughout all these work they have
thus established a theoretical and practical basis for the design, construction, and validation
of conservative properties of implant carrier particles. Such method and approach could serve
to reduce the number of particles that need to be monitored and recorded. Software has been
developed to “design” a particle that would exhibit conservative thermal and flow behavior.
The main goal here is to construct a “conservative” particle that would receive less thermal
treatment than any other particle in the system and for us to monitor the time-temperature
history within this particle. As long as this “conservative” particle receives sufficient heat
treatment, the entire product would receive adequate heat treatment and hence the product
would be rendered commercially sterile. Previous studies have shown that near neutrally

buoyant particles are the ones that travel fastest through a system and thus receive the least

11



thermal treatment. Therefore, we have to ensure that the entire particle of our temperature

sensor is nearly neutrally buoyant with water and thus exhibits conservative flow behavior.

2.4 Project Overview

The current study will be undertaken with the goa of providing a reliable and quick way to
determine the temperature at the “critical point” within an aseptic processing system to
facilitate process validation. The technique will involve the development of sensors that can
be used to determine the internal temperature of food particles as they flow through the
heating, holding, and cooling sections of an aseptic processing system. The sensor will then
be implanted in the cavity of a “conservatively” designed carrier particle such that the
thermal treatment delivered to the center of this particle will always be less than that received

by every other particle in the real food product.

2.4.1 Project Requirements
Listed below are the specific requirements and/or preferences of the temperature sensors in
this project:
a Low power consumption (a very critical issue due to battery duration
requirement; ideally in the order of 1mW or less);
b. Small volume (ideally 8mm x 8mm x 8mm or less; must fits in the target
package), which can also be interpreted as a low need of gates if we use
CMOS sensor;

c. Density of around 1 g/cm® (therefore it would be neutrally buoyant with

12



water);

Easy calibration (which means it only needs one or two point calibration;
curvature correction to be used only if necessary);

Favorably digital output signal (easy to interface with built-in memory chip as
well as RF circuit);

A temperature range of 25-125 (or 0-150) °C;

Inaccuracy of 1 °C or less;

Low cost and/or good reusability, which could greatly reduce the running cost
of such avalidation system,

Easy to program, integrate, interface, and package if we use commercially
available sensor chip; or

Compatible with target process without additional expensive fabrication steps,
if we build custom CMOS thermal sensor (here, it means it has to be

compatible with the rest of the circuit such as the RF part)

2.4.2 Design Flow

This work has been divided into two main stages, which involves with the development of

off-the-shelf sensor and CMOS sensor respectively. In the first stage, off-the-shelf sensor is

built up using commercially available components. The system consists of a low-power

microcontroller with analog-digital converter, a temperature sensor chip, a FLASH memory

chip for logging data, and a high-temperature coin battery to supply power. All components

will have to be qualified for working at 125-150 °C. In particular, the battery should be able

13



to provide at least 30 minutes of adequate power supply to the unit, while handling both the

high temperature and the pressure encountered in aseptic processing.

Development of the off-the-shelf sensor will proceed in three steps. In the first step,
candidate components will be combined using normal printed circuit board techniques to
verify proper operation of the system and to allow for optimization of performance. Please
refer to the next section for a detalled verification plan. This step will provide us with
experience of programming and interfacing between different chips. After the final selection
of components is made, the second step will commence, during which the sensor will be
shrunk to the dimensions necessary for insertion into the carrier particle. The goal isto obtain
the smallest feasible particle size while matching the density of the food being processed.
When the design is finalized, we will pursue the last step, where we do a low-level
manufacturing to produce a collection of these sensors (quantity based on requests from
individual companies and consortiums such as the Center for Advanced Processing and
Packaging Studies -- CAPPS) for use by food processors in validating a multiphase aseptic

process.

After that, integrated CMOS temperature sensor will be investigated. Thanks to the advanced
| C processing technology, CMOS sensors are able to provide low-cost and high-performance
solutions in the area of temperature sensing. Compared to off-the-shelf temperature sensors,

the CMOS sensors have the advantages of smaller area and lower power consumption.

14



The CMOS temperature sensor includes an analog temperature sensor, a current to frequency
converter, an internal clock, and a digital control unit. The output signal of the current to
frequency converter is a square-wave which carries the temperature information from the
sensor. This frequency is then turned into a digital number by counting the square-wave
pulses in the digital control unit, and it stores the information in the flash memory. The
design and simulation results will be presented in Chapter 5, followed by a short discussion

about RFID and RF telemetry.

2.4.3 Validation Plan

The verification includes two phases. The first phase in developing sensors of this kind will
involve testing of the module developed to ensure that it performs as per the requirements of
the application. This step includes, but not limited to, the testing of A/D conversion, proper

flash memory 1/O, device performance at high temperature and the duration of battery.

The second phase of the validation studies will involve determination of the accuracy of
measurement of temperature. This will be divided further into two parts -- batch test (zero
relative velocity between the fluid and particle) and continuous flow test (maximum relative
velocity between particle and fluid). Thus, the validation of the sensor system for the widest
possible range of parameters (from a relative velocity and hence heat transfer coefficient
standpoint) would ensure that the sensor system would conservatively determine the
temperature within the particle at any intermediate processing condition. Batch tests are

conducted with thermocouples inserted at the center of the packaged temperature sensor. The

15



particles are heated in an autoclave, and temperature data from the thermocouple is gathered
using a data acquisition system. By comparing the reading from our temperature sensor and
the reading from the data acquisition system, we can determine the accuracy of our sensor. A
calibration will also be done in this step to improve the accuracy. In the continuous flow test,
a particle will be immobilized in the flow regime so as to achieve the maximum possible
relative velocity between the particle and the fluid. The temperature at the center of the
simulated particle that contains the sensor will also be measured using a thermocouple. The
sensor will be re-tested and modified in case it yields a temperature reading higher than that

of the thermocouple.
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CHAPTER 3

Off-the-shelf Sensor Design

As the first stage of this project, off-the-shelf sensor was built up using commercially
available thermometer chip, microcontroller, and memory chip, to evaluate the effectiveness
of each component for this application. The evaluation included but not limited to the

measurement precision, high temperature working performance and duration of the battery.

The sensor was required to operate at temperatures much higher than the normal commercial
temperature range (0-70°C) of electronic components. All components had to be qualified for
operation at 125-150°C. As the innermost part of the probe, it was not subjected to the
highest temperatures in the system during normal operation, but it still had to withstand
sterilization temperatures while not in operation. These considerations limited the selection
of components for use in the sensor, but fortunately there were components available that
could do the job. The main issues in the design of the sensor included the volume budget,
component availability, performance of components that operate at extreme temperatures,

Sensor accuracy, memory capacity for datalogging, and battery capacity.

17



In this chapter, we first discuss the selection of each component. Magor design
considerations, as well as some preliminary testing results, are included in this chapter, which
serves to justify our hardware and/or software design. Then the hardware design is presented,
followed by a brief software development overview. The last part is a brief conclusion of the

off-the-shelf sensor design.

3.1 Component Selection

3.1.1 Microcontroller

The brain of the data logging system is a microcontroller. Microcontrollers are highly
integrated microprocessors designed specifically for use in embedded systems. They
typically include an integrated CPU, memory (a small amount of RAM, ROM, or both), and
other peripherals on the same chip. Table 3.1 is a partial list of the potential microcontroller
candidates that we considered. Three main factors in determining the best choice was their
Size, power consumption and temperature range. From Table 3.1, we could see that Texas
Instrument M SP430F2012 offers the best combination of those three. There are lots of nice

features about this microcontroller which will be discussed and utilized later in this thesis.

3.1.2 Battery

The selection of a battery was complicated due to the requirement that it should be able to
withstand temperatures above 125°C and handle the pressures encountered in aseptic
processing. A number of companies offered batteries that worked at very high temperature,

but most high-temperature applications did not require miniaturization and some of these

18



battery chemistries did not scale to small sizes well. Five possible candidates are shown in

Table 3.2.

Table 3.1: List of potential candidate microcontrollers with specification.

Size (mm) Temperature | A/D | Input | Operation | Standby
LxWxH Range (°C) | Bit # Current | Current
Tl 51x6.2x1.2
M SP430E2012 (14 PSOP) -40to 105 | 10 5 | <220pA | 05puA
TI 52x52x1(QF
M SP430E1122 3% 6x 12 -40to 85 10 5 | <200pA | 0.7 uA
Microchip 2.8x295x1.18 | Extended to
PIC10F (6 Pin) 40to125 | 8 | 2 | <17OwA | 100uA
Atmel
ATI1SAM7S321 7x7x09 -40to 85 10 8 <10 mA | 60 pA
National Semi 7x7x0.8(QF)
COPSSBRO 12%x8x11 -40to 125 | 10 6 130 nA | 30pA
Dallas Semi
MAXQ3120 24x18x1 -40to 85 16 2 ~3mA | 250 pA
ST Microelect ~100
ST6200C 6x8x2 -40to 125 8 4 ~2 mA uA
ST Microelect 45x3.5x09 ~100
ST7LITEUS? (QP) -40to 85 10 5 2 mA uA
Philips 3x3x1(QF) N N
P8ILPCO102 5x 6.5 1 40to85 | 8 ) 4 | SmA | ~1mA
Table 3.2: List of potential candidate batteries with specification.
Panasonic Cymbet ABLE Sony Tadiran
BR-1225A | CPFO80809L | ER10240S SR512 TLH2450
Capacity 48 mAh 200 pAh 320 mAh 6 mAh 550 mAh
Voltage 3V 3.8V 3.6V 3V 3.6V
Temp Max 125°C 70°C 150°C 60°C 125°C
Diameter 12.5 mm 8 mm 10 mm 5.8 mm 24 mm
Height 2.5 mm 0.9 mm 12 mm 1.25 mm 6 mm
Weight 0.8¢g 049 69 0.13 g 10.8 g

The size and temperature requirements left us to the only choice of Panasonic BR-1225A. It

was a 3V, lithium coin shaped battery that weighs only 0.8 g and provides 48 mAh at 125 °C.

19



Assuming that the sensor would be in operation for approximately 20 minutes at a time the

Panasonic battery could allow approximately 100 uses before requiring replacement.

Thin film battery was another possibility, and it had some other good features such as
rechargeability and flexible overall size. However, for the time being, available thin film
batteries were too large to be used in our project, athough some vendors could do custom
sizes if the business opportunity warranted, and there might be something close to our

requirements in next afew years.

3.1.3 Temperature Sensor

We had been looking for commercially available temperature measurement 1Cs for a couple
of months. The requirements and preferences of these ICs have been explicitly stated in
Chapter 1. There were several temperature | Cs we had found that were capable of measuring

temperature above 125°C. Several possible candidates are shown in Table 3.3.

Since it was desirable to have temperature go to 150°C, we finally chose the analog
temperature sensor LM94021 by National Semiconductor. It had a wide temperature range,
very small layout, extremely low power consumption, and selectable gains. Only
shortcoming was its accuracy was not the best, which we hoped could be compensated by a

good calibration and post-experiment data processing.
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Table 3.3: List of potential temperature sensors with specification.

renge 0C) | Ty | coment | G0y | Sze(mm) | oo
TMTP|106 -4010 125 QD?g;itlj S0 pA ELr/n:x()) 1.16X(é'c5;X) Z_ivr\:tigref?zgal
Nf'tl\i/l"?rlla' 55t0 150 Diéizt , ffo Zr/n :X‘)) 5x6x 13 .
LNMatgiZggll -5010 150 A?\E}I)O 7| ouA ELr/nsx; 2x18x1 Sdgcft;lngdg;i ns
[K/Ia'g‘(sﬁi -40t0 125 Digi al ~u5£o +-1 |3x5x11 Z'i"r‘]’tigff?;ga'
Iiﬂal,g\?(sléls{imwi -40t0 125 Dig1;i6tal ~2mA +-2 ° Xl?f ” cor?(ijgi;tri]glner
FaFiI(/fggd 5510 130 | Analog <H3AO +-25°C | 2x2x1 Clg\j‘\?%owga
L,\N/Igt(i)gl‘ﬁ'” -551t0 130 | Analog ;io Zn 2)( )C 2x18x1 ';‘é‘;f;’t‘é‘ff’

*: which also comes with ball grid array package with a much smaller size

3.1.4 Memory Chip

Memory chip was used to store data obtained by thermal sensor. They were preferred to have

small chip size, low power dissipation and proper working temperature range. SRAMs and

Flash memory chips are listed separately in Table 3.4 and Table 3.5, respectively. Some

chips were too large to be fitted in the targeted package, such as SRAM ASBSLC512K 32

from Austin Semiconductors or SRAM pPD448012-X from NEC, so that they are not even

listed in the tables.

The size of the memory should large enough to store the data of monitoring temperature as a

function of time for periods of up to 30 minutes, assuming a maximum sampling rate of 100

times per second. Therefore, at least several megabits were needed in this project.
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Since flash memory had the advantage of maintaining data when power goes off, it was
preferred in our project. Our final choice was Atmel flash memory AT45DB041B, which had
a small layout yet enough memory space to store al the data. It had a wide working
temperature range of -55 to 125°C, which was the best situation we had ever met. Its serial

peripheral interface also made the microcontroller programming easier and more efficient.

Table 3.4: List of potential SRAM memory chips with specification.

Cypress Nanoamp Hynix
CY62167DV 30 N16T1630C2B HY 64SD16162B
Memory Size 16 MB 16 MB 16 MB
Memory Type SRAM SRAM SRAM
Active Current 2mA 2mA 20 mA
Standby Current 2 uA 100 pA 10 A
Temp Range -6510 125°C -40to 85°C -40to 85°C
Area (mm) 8x9.5x1(BGA) | 6x8x0.9(BGA) 6x8x1(BGA)

Table 3.5: List of potential FLASH memory chips with specification.

Atmel STMicroelectronics Sharp Intel
AT45DB041B M29W160 LH28F160S3HN | 28F016/160B3
Mg?;gry 4AMB 16 MB 16 MB 16 (or 8, 32)MB
Memory
Type Flash Flash Flash Flash
Active
Current 4 mA 20 mA 15mA 10 mA
Standby
Current 2 pA 100 pA 2 pA 10 pA
Temp () _ () _ (o) _ (o)
Range -55t0 125°C 40t0 85°C 40t0 85°C 40t0 85°C
Area 7x7.3x1
(mm) 52x8x14 6x8x1.2(BGA) 12x20x 1.1 (BGA)

A complete list of all the components is shown in Table 3.6.
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Table 3.6: Complete component list.

MPU Flash Memory | Temp Sensor Battery
Part Name TI Atmel National Semi Panasonic
MSP430F2012 | AT45DB041B LM94021 BR-1225A
Temp Range 105°C 125°C 150°C 125°C
Size (mm) 51x6.6x1.2 | 52x80x12 | 20x20x1.0 | 12.5D) x 5.5
Comments 10-bit ADC 4MB Storage | X-Low Power 0.8 gram

3.2 Design Considerations
Before we talk about the hardware and software design, we need to review some of our
design considerations, as well as some preliminary testing results, which led us to our final

hardware and/or software design.

3.2.1 Clock Source

The MSP430 platform of ultra-low-power 16-bit RISC mixed-signal processors from Tl
provided the ultimate solution for battery-powered measurement applications [28]. Its clock
system was designed specifically for battery-powered applications. A low-frequency
auxiliary clock (ACLK) was the default clock when driven directly from a common external

32-kHz watch crystal.

If the ACLK was not available, an integrated high-speed digitally controlled oscillator
(DCO) could then source the master clock (MCLK) used by the CPU and high-speed
peripherals. The DCO frequency could be adjusted, from 60 kHz to 24 MHz, by software

using the DCOx, MODx, and RSELXx bits, which is shown in Figure 3.1.
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Figure 3.1: Typical DCOx range and RSEL x steps vs. fpco.

The ACLK had two main advantages over the DCO. It was very stable with ambient
temperature change, and it enabled the low power mode of MSP430F2012 because we could
then disable the DCO. However, the testing results showed that the 32 kHz was not high
enough to execute a sample rate of 1 per second. In order to make sure our sensor system
have the flexibility to change the sampling rate up to 100 per second, we chose to use the

internal DCO as our primary clock source.

Figure 3.2 shows the MSP430F1xx series microcontroller DCO frequency relationship with
temperature. There was a 25% freguency swing over temperature range (25 to 100°C). In the
user’s guide of MSP430F2xx series microcontroller, it stated that the DCO temperature
stability had been significantly improved since MSP430F1xx series. There was no figure
about the DCO frequency relationship with temperature. Therefore we assumed that the DCO
in our microcontroller was stable with different temperatures. And our testing results

confirmed our assumption that there was no noticeable frequency variation over the
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temperature range of 0 to 150°C. In case the frequency variation need to be further reduced,
it could be software-corrected since it had an almost linear relationship with temperature

change.

foco

Extemnal

ntemal

Celsius
-0 5}

Figure 3.2: DCO frequency vs. temperature.

3.2.2 Sampling Rate

According to the requirement of our colleagues from food science department, the sampling
rate would be between 1 to 100 samples per second. The higher the sampling rate was, the
higher the DCO frequency must be. Figure 3.3 shows the relationship between active current
and fpco. To achieve 100 samples per second, the DCO frequency had to be set above 16
MHz. The required current was beyond the capacity of the BR1225A battery, which led to

failure in flash memory writing.

Our testing results showed that the sampling rate of 50 samples per second was feasible. In

this case, fpco was around 10 MHz, and the battery could last more than 4 hours. In order to
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save battery power, we used a sampling rate of 5 samples per second in most of our tests,

where fpcowas around 0.8 MHz, and the battery lasted more than 16 hours.
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Figure 3.3: Active mode current vs. VCC, TA, and fpco.
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Table 3.7 shows the specification of our battery BR1225A [29]. Note that although the

nominal voltage is 3V, but at room temperature it drops below 2.7V, as shown in Figure 3.4,

which is below the threshold of flash memory chip. In our tes, it was about 2.3V when

battery was hooked up to the device at room temperature. As aresult, we had to stack two of

these batteries together to power our device to make sure of the proper behavior of the

temperature sensor over its designed working range. This issue will be further discussed in

next chapter, with more detailed testing results and possible alternative solution.

Table 3.7: BR1225A specification.

Diameter | Depth | Weight | Nominal | Nominal | Continuous | Operation
Voltage | Capacity load Temperature
125mm | 25mm | 0.8g 3V 48 mAh 0.03mA | -30—125°C
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Figure 3.4: BR1225A temperature characteristics.

3.2.4 Serial On-Board Programming

One nice feature that MSP430 series microcontrollers provided was the serial on-board
programming. With the proper connections, the C-SPY debugger and an FET hardware
JTAG interface, such as the MSP-FET430UIF used in our project, could be used to program
and debug code on a target board. By doing this, it provided us with an easy way to re-
program microcontroller, if any changes were necessary. It aso was a good interface when

we wanted to read the data from flash memory after any tests.

Figure 3.5 shows the connections between the 14-pin FET Interface module connector and

the target device required to support in-system programming and debugging using C-SPY for

2-wire Spy-Bi-Wire communication.
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Figure 3.5: Signal connections for 2-wire spy-bi-wire communication.

3.2.5Filel/O

After any tests, there would be lots of data we have to get out from flash memory. At first we
had to look into the memory, through the microcontroller, bit by bit to get those numbers.
Obviously it was time-consuming and very prone to errors. So we thought it would be a good
idea to have file I/O function in our software that all the numbers were outputted into a text
file automatically. However, the normal file I/O functions, i.e. fopen and fprintf, did not work
with the microcontroller due to the limit of heap size. Therefore an alternative plan was
derived where we used a virtual terminal 1/0 to output the numbers that we want. Also due to
the limit of heap size, the microcontroller could not handle floating number. So we had to use

another regular C program to convert the decimal data into temperature.
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3.2.6 Power Saving Techniques

Low power operation is a key point in this project. If we can dramatically reduce the whole
power consumption, there are lots of benefits we can get. The same battery could be used for
a longer time, or smaller batteries could be adopted, or the operation frequency could be
increased without draining extra battery power. Low power mode (LPM) is a key feature of
the MSP430 serial microcontrollers. Its design gives very low leakage, and it operates from a
single supply rail. This gives an extremely low current drain when the processor is in standby
mode. It could be waked up by an interrupt event such as Timer_A, which was used in our

application.

Listed below are the major techniques that we had adopted in our sensor design:

a  Set the microcontroller frequency at the lowest possible level while the
sampling rate can be met;

b. Let the microcontroller enter low power mode while doing analog to digital
conversion,

Cc. Let the microcontroller enter low power mode while waiting for flash memory
writing process (microcontroller being waked up by Timer_A);

d. Turntemperature sensor into standby mode when possible;

e. All unused pins are left open, switched to 1/0 port function, and configured as
outputs, to prevent any unnecessary power consumption; and

f.  Let the microcontroller enter low power mode while waiting for device
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packaging and experiment setup (in this case, the power saving is not only
from microcontroller, but, more importantly, from letting the flash memory

into standby mode).

3.3 Sensor Design - Hardware

3.3.1 System Schematic and PCB Design

A system schematic of our off-the-shelf temperature sensor is shown in Figure 3.6. Two
BR1225A batteries were used as power source in the sensor system. A decoupling capacitor
was necessary in this project. Without that, the current provided by batteries themselves was
not enough when data were written to the flash memory. The microcontroller converted the
analog voltage signals from the temperature sensor into digital numbers. After that, data were
stored in the Atmel flash memory in binary format. A two-sided printed circuit board (PCB)
was designed with EAGLE. The layout was shown in Figure 3.7. The size of the board was
smaller than 10 mm by 9 mm. If we use surface-mount decoupling cap and power switch, the

overall dimension can be shrunk down to 8 mm by 7 mm.

-

T T
LM94 M S5430 AT45DB

Figure 3.6: System schematic of our temperature sensor.
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Figure 3.7: PCB layout of our temperature sensor.

Our off-the-shelf temperature sensor is shown in Figure 3.8. The overall dimension was 12.5

x 12.5 x 9 (mm) with two batteries, or 12 x 12 x 4 (mm) without any battery.

Figure 3.8: Off-the-shelf temperature sensor (left top: front view w/o battery; left bottom:
front view with batteries; right top: back view; right bottom: horizontal view with two
batteries).
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3.3.20n-Board Programming Setup
The on-board programming setup is shown in Figure 3.9. On the left side of the picture was
the M SP-FET430UIF which connected the setup to the USB port on a desktop PC. This setup

was used for debugging, re-programming, and data reading.

Figure 3.9: On-board programming setup.

3.4 Sensor Design - Software

3.4.1 Microcontroller Programming - Write

Microcontroller had been successfully programmed in C using AR Embedded Workbench,
which is a very powerful Integrated Development Environment, which allows users to

develop and manage complete embedded application projects.

Before we start to talk about the code, we should first review the working principles of the
flash memory used in our project. The AT45DB041B is a serial interface Flash memory. Its
4,325,376 bits of memory are organized as 2048 pages of 264 bytes each. In addition to the

main memory, the AT45DB041B also contains two SRAM data buffers of 264 bytes each.
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By specifying the appropriate opcode and then following the required steps, users can either
write datato it or read data from it. To initiate awrite operation, an 8-bit opcode of 82H must
be followed by the four reserved bits and 20 address bits. After all address bits were shifted
in, the part took data from the SI pin and stored it in one of the data buffers. When there was
a low-to-high transition on the CS pin, the data stored in the buffer was transferred into the

specified page in the main memory. Following is the pseudo code:

void main(void) {
Stop Watch-Dog Timer(WDT);
Setup DCO frequency;
Enable and setup 10-bit ADC;
Packaging_standby ();

Setup 1/0O directions;

for (Page = O; Page < 2048; Page ++) {
for (Byte = 0; Byte < 264; Byte = Byte + 2) {
Start ADC,;
Shift in opcode (82H) and 20 address bits;
Store 10-bit ADC result in flash memory;
All inputs finished, set CSto be high;

Data transfer_standby(); } }
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3.4.2 Microcontroller Programming - Read

After the test, we had to pull data out from the flash memory, so another program was
designed to do this job. To start aread operation, an opcode of 52H must be clocked into the
flash memory chip, followed by 24 address bits and 32 don’t care bits. After that, additional
pulses on SCK resulted in serial data being output on the SO (serial output) pin. A low-to-
high transition on the CS pin terminated the read operation and tri-state the SO pin. All data
was saved in atext file named “TermlO.log”. It took a few hours to output al data from

memory chip. Following is the pseudo code:

void main(void) {
Stop Watch-Dog Timer(WDT);
Setup Max DCO frequency;

Setup 1/0O directions;

for (Page = 0; Page < 2048; Page ++) {
for (Byte = 0; Byte < 264; Byte = Byte + 2) {
Shift in opcode (52H), 20 address bits, and 32 don't care bits;
Read the 10-bit ADC result stored in flash memory;
Convert binary number to decimal;
Printf();

All inputs finished, set CSto be high; } }



3.4.2 C Programming - Conversion
After we got the file “TermlO.log”, we used another regular C code to convert decimal
numbers into rea temperatures. The results were saved in a text file named

“temperature_log.txt”. Following is the pseudo code:

void main(void) {
char record[100], *fld;
FILE * fin;
FILE * pFile;
fin=fopen("TermlO.log", "r");

pFile = fopen ("temperature_log.txt","w");

while (fgets(record, sizeof(record), fin) '= NULL) {
fld = strtok(record, " \n\O\r\t");
Decimal = atoi(fld);
Voltage = decimal2voltage (Decimal);
Temperature = voltage2temperature (Voltage);
fprintf (pFile,"%f ", Temperature);

fprintf (pFile,"\n"); }

fclose(fin);

fclose (pFile); }
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CHAPTER 4

Off-the-shelf Sensor Testing and
Verification

Off-the-shelf temperature sensor was successfully developed as described in last chapter. In
this chapter, we mainly focus on the sensor testing and verification. After device packaging
and the experiment setup is introduced, we show some primary measurement results in
validation phase | in section 4.2. In section 4.3, we present the validation study phase 11
which determines the accuracy of temperature measurement. At the end of this chapter are

the discussion and proposal for future work.

4.1 Device Packaging and Experiment Setup

The off-the-shelf sensor must be carefully and properly connected and packaged for it to
collect temperature data from a test environment. In short, a3 polypropylene sphere was
cut in half, as shown in Figure 4.1. Then the sensor was loaded in it, and sealed by aluminum
tape, as shown in Figure 4.2. The experiment setup is shown in Figure 4.3. The black unit
next to the desktop PC was the data acquisition device with Omega thermocouples. The
black oven in the back was an autoclave used to heat up the sensor for the batch validation

studies.
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Figure 4.1: Prepare the polypropylene hemispheres.

Figure 4.2: Sensor packaged in % spheres.
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Figure 4.3: Experiment setup for the batch validation studies.

4.2 Validation Phase |

4.2.1 Physical M easurements

The sensor particle had to be neutrally buoyant with water so that it would not sink during
the aseptic processing. Therefore, physical parameters were first measured in order to
calculate the density of the particle. We found out that, although the sensor could fit in the
3, sphere package, the density (1.21 g/cm®) was much higher than water (~ 0.95 g/cm®
@100°C). Thus we changed to 1” sphere and repeated the calculation. Results are shown in

Table 4.1. Thistime the density was lower than water, which meant that we could add weight
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to make it work. For example, to obtain neutral buoyancy at 100°C, approximately 2 gram
should be added inside the sphere. Magnets or small RFID tags could be added for the
purpose of position tracing. A sensor in 1” sphere package is shown in Figure 4.4. There was
still lot of space left. The yellow item next to the sensor was a piece of magnet used to

balance the weight.

Table 4.1: Density calculation of off-the-shelf sensor packages.

Size(mm) | Volume (cm’) | Weight (g) I(Dg%r?%/
Sensor before | 12.5x12.5x ) 203 .
Packaging 9 220
Sensor in ¥4”
Sphere - 3.619 4479 121
Sensor in 17
p ] 8.58 6.159 0.716

Figure 4.4: A sensor packaged in 1” sphere.
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4.2.3 Battery Duration

Battery duration was also measured in tests. Results showed that a high sampling rate (50
samples per second) the two batteries could last more than 4 hours. At normal sampling rate
(5 samples per second) the batteries lasted more than 16 hours. Beyond that time,
microcontroller and temperature sensor were gill working properly, but error began to occur

in flash memory writing.

4.2.4 Temperature M easurement Range

Range of temperature measurement was roughly determined to be 10-140°C. The highest
temperature our sensors had ever recorded was about 140°C. Although we had not tried
150°C, majorly due to lab safety concerns, we believe there are good chances that this sensor

could work at 150°C.

The sensor failed to work when ambient temperature went down to 10°C. If we recall Figure
3.4in Chapter 3, the voltage of battery drops with temperature. When temperature was below
10°C, battery voltage, which was the total voltage of 2 batteries in series, dropped below the
threshold of flash memory chip. Again, microcontroller and temperature sensor were ill

working properly, but it could not write any data to flash memory.

4.25 ADC Error Estimation

10-bit ADC in the microcontroller was used to convert the analog temperature sensor output

signal to digital numbers. When we set the reference point of the ADC to be 5V, ADC test
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results in Table 4.2 showed that the ADC error was less than 3%. However, if we need more
precise ADC results, we can use M SP430F2013 microcontroller which has a 16-bit sigma-
delta ADC, at the cost of higher power consumption.

Table 4.2: ADC test results.

Input voltage | 5.00 | 4.06 | 3.86 | 3.30 | 2.27 | 1.91 | 0.79 | 0.16 | 0.00
ADCResults | 1023 | 840 | 784 | 670 | 472 | 395 | 170 | 34 0

4.3 Validation Phase Il (Batch Validation)
In validation study phase Il, our main goal was to determine the accuracy of temperature
measurement. Since continuous flow test was not available, we only focused on batch test

(zero relative velocity between the fluid and particle).

4.3.1Mild Temperature Tests

Before we tried to measure the accuracy of our sensor, we wanted to make sure that every
component was working properly. So we did a short and mild temperature (around 70°C)
measurement. Results are shown in Figure 4.5. The blue dots in Figure 4.5 are the complete
temperature recorded by data acquisition device, while the pink ones are the first
temperatures stored in each page of flash memory. If putting accuracy question aside, we can
see the sensor is working correctly. It may be worth noting that in the very beginning the
sensor is aways a little hotter than room ambient temperature. We believe it was due to the
touching and other activities that take place around the sensor during the packaging and

preparation stage.
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Figure 4.5: A mild temperature test (blue: temperature recorded by data acquisition device;
pink: temperature points recorded in flash memory).
4.3.2 Temperature Recording Noise
Although in Figure 4.5 it showed smooth temperature transition, there were small up and
down variations by looking into each page. Even though the overall plot showed the
temperature rising as expected, these small variations up and down variations in temperature,
as shown in Figure 4.6, were of our concern. Since ambient temperature was always higher

that the temperature of sensor, we would expect a consistent rise without the small retreats.

By observing Figure 4.6, the largest variation in plot is about 1.5°C. According to data sheet,

temperature sensor accuracy is +/- 1.8°C in -50°C to 70°C. So the variations are still within

acceptable range. There are some techniques that could help to reduce this variation. The
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pink dots in Figure 4.6 were the temperature data after taking average of every 5 samples.
Result demonstrated that this method had effectively eliminated the small up and down

variations in the temperature record.
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Figure 4.6: Temperature variations (left: original data; right: data after averaging).

One drawback of this method is that it decreases the sampling rate. Other techniques to
suppress the variation include oversampling, median filtering, better PCB design, decent

power plan, larger decoupling cap, etc.

4.3.3High Temperature Tests

Figure 4.7 shows the results from a high temperature test. Sampling rate was 10 per second.
Ideally, we would expect the blue line and pink line 100% overlap with each other. But
apparently in this case, these two curves parted from each other by up to 10°C. After a few
additional tests, we figured out why they failed to match. It was because, although the

thermocouple was stuck in the package, it was still away from where the temperature sensor
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actually was. That was why the blue curve changed sometime before the pink one does, and
also why the peak of temperatures recorded in flash memory was lower than the peak of the

blue curve.
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Figure 4.7: High temperature test results (blue: temperature recorded by data acquisition
device; pink: temperature points recorded in flash memory).
Since the thermocouple was not fixed in the package, it had chance to move inside of the
sphere. When it touched the batteries, wires, or came close to the inner surface of the sphere,
abnormal reading occurred, just like what happened in Figure 4.7 when temperature was
dropping. There were also variations in the temperature recording, as shown in Figure 4.8.

Those variations were eliminated by median filtering. Results are shown in Figure 4.9.
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Figure 4.8: Temperature variations (left: original data; right: data after filtering).
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Figure 4.9: Temperature reading after filtering.

Additional high temperature tests had been done. As shown in Figure 4.10, the two curves
were much closer to each other. We believed that was due to a shorter distance between the

thermocouple and the temperature sensor.
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High Temp Test - 2
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Figure 4.10: High temperature test results (blue: temperature recorded by data acquisition
device; pink: temperature points recorded in flash memory).
We had also processed the data with median filtering technique. Results are shown in Figure
4.11. Since the two curves almost overlapped at their peaks, it gave us a good opportunity to
estimate the accuracy of our temperature sensor. From Figure 4.12, we found out that the
difference between them was less than 1°C. Taking into account that thermocouple reading

should be slight higher, the actual difference was even smaller.

We still could not declare that the accuracy of our sensor was less than 1°C, due to the fact
that the accuracy range of the data acquisition unit was +/- 1.25°C. However we had strong
reasons to believe that we could make the accuracy within +/- 1°C, after a precise calibration

with a fine temperature measurement tool.
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Figure 4.11: Temperature reading after filtering.
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Figure 4.12: Temperature test results (zoomed in).
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4.1 Discussion and Proposed | mprovement

4.1.1 Temperature Variations

Low sampling rate would help reduce the variations in temperature recording. Figure 4.13
shows the results from one of our tests with sampling rate at one per second. Although there
were still small variations, it was clearly much smoother than what we obtained from tests at

high sampling rate. Using larger capacitor aso helps, and we should try to let batteries and

capacitor stay as close to the device as them could.
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4.1.2 Temperature Sensor Calibration

Temperature sensor was first calibrated using the curve provided in data sheet. As our testing
results indicated, it worked out pretty good. Therefore no additional calibration has been
done so far. Another reason is that most fine calibrations are done in liquids. Since we did

not want to put our sensor in water, we had to figure out some other ways to do it. With a
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well-controlled furnace and a precise thermal sensor, we can re-calibrate our temperature

sensor and improve its overall performance.

4.1.3 Other Components

There are some other components we might want to consider, as listed in Table 4.3. The
reasons that they were not used in our project in the first place are also specified below.
Originally we wanted to limit our sensor size to be 8mm by 8mm by 8mm. Since we had
switched to a 1” sphere package later due to the density requirement, lots of them might be

reconsidered for our project.

Table 4.3: Other possible components.

Memory Battery Microcontroller Sensor
Atmel Flash
Device Memory 2.5V BR1623A MSP430F2013 MAX6641
version
Lower threshold . o
120 mAh, higher 16-bit sigma-
Features voltage . +/-1°C Accuracy
requirement nominal voltage delta ADC
. Size(3mmx5
Reasons N/A on market Size Power mm x 0.9 mm)
Comments sgnzrc])rl r\:s(r)ﬁlsﬁ 16mmdiameter; | Haveto change -40to 125°C;
range 9 1.5 gram codes Digital Output
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CHAPTER 5

CMOS Sensor Design

While off-the-shelf sensors being developed and tested, integrated CMOS temperature sensor
was also investigated. Thanks to the advanced |C processing technology, CMOS sensors are
able to provide low-cost and high-performance solutions in the area of temperature sensing
[30-31]. There are various kinds of CMOS temperature sensors being used in many fieldsin
the industry as well as in household equipment [32-33]. Typical applications include: 1) the
environment temperature monitor, used in automatic manufacturing factories, 2) the
temperature control of consumer electronics, such as automobiles and home electronics; and
3) the power consumption control in VLSI chips, such as CPU and chip sets, and 4) the

thermal compensation in single-chip systems and micro systems with built-in sensors.

Almost all the devices available in a CMOS process exhibit temperature dependent
characteristics. During the last two decades, many temperature sensors have been proposed
and developed, utilizing 1C elements like MOS transistor, bipolar, temperature-dependent
resistor, PN diode, etc [34-36]. Dueto their superior temperature sensitivity and stability over
MOS transistors, the bipolar temperature sensors have dominated for many years. With the

advancement of its fabrication technology, more interests have been attracted to CMOS
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sensors because of lower cost and better compatibility. Recently there has been a growing
interest in designing a new family of CMOS sensors, called smart sensors or integrated
sensors, which refers to the sensors with on-board analog to digital converters [37-40].
Because of the digital interface requirement, CMOS sensors are therefore more favorable.
Compared to off-the-shelf temperature sensors, the CMOS sensors have the advantages of
smaller area (less than 1 mm?) and lower power consumption (less than 1 mW). Also it is
possible to be incorporated in other techniques such as RFID. It is able to provide precise
measurements with an accuracy of 1°C or less after a two point calibration, without any
complicated curvature correction. The disadvantages of CMOS sensors include high

development cost and poor expansibility.

In this chapter, we first review the different types of CMOS temperature sensors in section

5.1. In section 5.2, we present our CMOS sensor design with simulation results.

5.1 CMOS Sensor Overview

Numerous CMOS temperature sensors have been design for various applications [41]. In this
thesis, they are categorized, by their output types, into three groups. 1) analog temperature
sensors, 2) conventional digital temperature sensors, and 3) novel digital temperature
sensors. Analog temperature sensor is the first member of CMOS sensor family. In this group
of sensors, temperature is measured by the change of either voltage or current in one or
several devices. Common analog temperature sensing techniques take advantages of either

diodes, bipolar or MOS transistors [35-36]. In terms of output type, all those sensors provide
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analog output signalsi.e. current-output signals or voltage-output signal. In order to interface
between the analog sensor and the digital environment, ADC (analog to digital converter) has
been developed to output digital signals. Because of its reliable performance in most low-
frequency applications, more than half of CMOS sensors are using sigma-delta A/D
converters [38]. However, despite of its excellent performance, sigma-delta A/D converters
have complex structures and are not area-efficient. Therefore, many digital temperature
sensors have been designed with different ADC schemes. Several research groups are dealing
with the design of ring-oscillator-based temperature sensors. For example, a temperature-
dependent resistor can be use to control the charging/discharging current of the oscillator
stages [42]. In this way, the temperature data is converted to a shift in the oscillation
frequency. Another example is a time-digital-converter-based temperature sensor [39]. It is
proposed for low-cog, low-power and high-accuracy on-chip integrations. One of its delay
lines consists of multiple temperature compensated delay cells to reduce the thermal
sensitivity. In contrast, another delay line is composed of an even number of NOT gates (or
multiple equivalent delay buffers) without thermal compensation. A counter is used to count

the circulation times of the input interval and generates the corresponding digital outpui.

5.2 CMOS Temperature Sensor Design

5.2.1 Design Overview

Based on the discussion above and our experience with off-the-shelf sensor, we came up with
a CMOS temperature sensor design, as shown in Figure 5.1. It included an analog

temperature sensor, a current to frequency converter, an internal clock, and a digital control
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unit. The output signal of the current to frequency converter was a square-wave which
carried the temperature information from the sensor. This frequency was then turned into a
digital number by counting the square-wave pulses in the digital control unit, and it stored the

information in the flash memory.

. m Flash Memory
Oscillator i
Temp Internal : Digital Control Unit
Sensor Clock g

Figure 5.1: Scheme of CMOS temperature sensor design.

5.2.2 Temperature Sensor and Frequency Converter

The schematic of temperature sensor and frequency converter is shown in Figure 5.2. It was
originally designed by Vladimir Szekely with the Technical University of Budapest, Hungary
[43]. The first part of this circuit was a temperature with current output, and the second part
was a current to frequency converter which generated square-wave carrying the temperature
information. The p-channel transistor M1, M2, M3, and M4 constituted a cascade current
mirror, which mirrored the current of M6 to transistor M5 and M7. Being in another current
mirror, the current in M8 and M11 followed the current in M5 and M7. The main advantage

of this circuit was the stable operation. The output current and the V¢ and Vp voltages were
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practically independent of the supply voltage. The voltages at nodes C and D could be

expressed as
Ve sV Q) &)
12" 67'X65
X
V, =V, (1+ &7 2
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where Xpq was the size ratio of transistor p and transistor g.
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Figure 5.2: Schematic of temperature sensor and frequency converter.

The current output of the sensing circuit Ius was controlled by voltage Vp, which was

temperature dependent. Thus it led us to the following expression:

X
Ivs = lelsz(Xlz _ X: _ X65)2 :CVT2 ©)
Blus D | 2 MV oy M
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where C was a constant, and V+ and B were for n-channel transistors.

The current to frequency converter was built using a simple differential comparator. The
output current of the analog sensor Iyg and the current generated by a current mirror lyo
charged and discharged the capacitor Cs. The signal of the capacitor was one of the inputs to
a differential comparator. The reference voltage of the comparator was switched by voltages
V¢ and Vp. By comparing those two signals, the differential comparator outputted a square

wave. The waveforms of the comparator are shown in Figure 5.3.

Input: Ves

Reference: Ve o —_— — —
1

Vp b

Cutput: 5—

Figure 5.3: Waveforms of differential comparator.

The output of the differential comparator was sent to a series of inverters, resulted the final

frequency of:

—_ IM8
PR @
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Because the current output lvs, Vc and Vp voltages were all independent of the supply

voltage, the resulting frequency was also independent of the supply voltage.

5.2.3 Internal Clock

Current starved ring oscillator is a good candidate as internal clock generator in low power
systems. In our project, the independence of the clock to both of the supply voltage and
temperature was required to store temperature information at a stable rate in the flash
memory. The schematic of atemperature compensated ring oscillator is shown in Figure 5.4.
It is originally designed by Namjun Cho with the Korea Advanced Institute of Science and

Technology [44].

—%r peq et Farudl - S i .
L dleld Ll

I I
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Figure 5.4: Schematic of internal clock.
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A CTAT (complementary to absolute temperature) circuit was on the left side, generating a
bias current 15 which was decreasing with temperature rising. Next to the CTAT isa PTAT
(proportional to absolute temperature) circuit with a current 1, increasing with temperature.
The current g was mirrored by transistor pair M2 and M 13, and then mirrored by transistor
pair M10 and M11. The current 1, was mirrored by transistor pair M9 and M12. By carefully
matching the magnitude of these two currents, the bias current |.«, which was the sum of
those two, became independent of temperature and was supplied to the current starved ring
oscillator. In order to suppress the sensitivity of output frequency to supply voltage changes,
cascade current mirrors were used, which was constituted of transistor M1, M2, M3, and M4
in the CTAT circuit and of transistor M5, M6, M7, and M8 in the PTAT circuit. Thus the
clock circuit generated an output frequency that was independent of both supply voltage and

ambient temperature.

The frequency of the internal clock was set to be 2 MHz. At this frequency, the sampling rate
could go as high as 1000 times per second. In case we don’t need such high rate, the clock

frequency can be reduced to save power.

5.2.3 Digital Control Unit Design

The digital control unit was a digital ASIC circuit, designed in Verilog and synthesized in
Synopsys. Figure 5.5 shows the high level block diagram of the ASIC. It had 3 inputs,
including clock, sensor frequency output, and a 3-bit “Delay Control” signal which

determined the sampling rate of our CMOS sensor.
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Figure 5.5: Block diagram of digital control unit.

This ASIC consisted of four main parts, pre-counter, counter, selectable delay line, and
address generator. When the circuit started to work, the “pre-counter” determined when the
counter should begin (it began at the next rising edge of the sensor signal). The “counter”
was the block where 12-bit ADC was done. When “counter” received the “count start”
signal, it began counting at every rising edge of the clock for 255 cycles of the temperature

sensor’s output. At the 256" rising edge of the sensor signal, the ADC was finished and thus

the frequency signal was converted to a 12-bit digital result.

The “selectable delay line” let user to decide the length of the delay by altering the 3-bit
“Delay_Control” signal. Therefore users were able to change the sampling speed of the

CMOS sensor. When “selectable delay line” ended, the “address generator” started to work.
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It first generated the appropriate page and byte addresses, and then clocked the ADC results
into the flash memory through three pins, CS, SI and SCK. When it finished, it sent out a

“start over” signal and a new round began until the end of the memory was reached.

5.2.4 Simulation Results

A. Performance

The clock circuit generated a clock signal a 2 MHz. It was very stable over temperature
variations, with sensitivity less than 0.02 %/°C. The simulated frequency output of the
temperature sensor versus ambient temperature is shown in Figure 5.6. The frequency varied
from 0.98 MHz to 0.21 MHz at the temperature range of 0°C to 150°C. The slope was about

-0.97 %/°C.
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Figure 5.6: Freguency output versus ambient temperature.
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Figure 5.7 shows the waveforms of the ASIC circuit over first a few sample cycles, and
Figure 5.8 focuses on the output waveforms of the address generator. When the ADC was
done and “count finish” signal was on, the address generator started to work by sending out
opcode 82H, followed by 11-bit page address and 9-bit byte address. Then the 12-bit ADC
result had been clocked out. After that it set “start over” signal high and new A/D conversion

began. The sampling speed could change from 1 to 1000 samples per second, selectable by

end users. The ADC accuracy was less than 0.1°C.
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Figure 5.7: ASIC circuit waveforms.
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Figure 5.8: Detailed ASIC circuit output waveforms.



B. Layout and Size
The layout of both of the clock and the temperature sensor was completed in IBM 7RFML

180nm process. The layout is shown in Figure 5.9, with a total area of 0.0085 mn.

Figure 5.9: Layout of the clock and the temperature sensor.

The ASIC was synthesized in Synopsys, and then placed and routed in Encounter with iit018

standard cell library. The final layout is shown in Figure 5.10, with atotal area of 0.045 mm?.

C. Power
Power consumption is a very important parameter in our project. The power of the sensing
circuit was 0.015 - 0.019 mW, and the power of the clock circuit was 0.47 - 0.51 mW. The

power consumption of clock circuit was a little high due to the temperature compensation.
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Without that, the clock was able to run at extremely low current. The evaluation of the power
consumption of the ASIC was little more complicated. It involved the determination of the
switching activity associated with the nets in the design, so it had to be done after routing,
with a test fixture of its typical activities. Simulation in design complier showed that the

whole power consumption was 0.284 mW, with 0.193 mW on clock.

-211.300

Figure 5.10: Layout of the digital control unit.
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D. Summary
Table 5.1 contains the summary of our CMOS sensor, over atemperature range from 0°C to
150°C. The CMOS sensor had a total area of 0.054 mm?, an averaged power consumption of

0.8 mW, and an accuracy of less than 0.2°C.

Table 5.1: Technical summary of CMOS sensor.

Size(mm®) | Power (mW) | Output (Hz) Sensitivity
Temp Sensor 0.0085 0.015-0.019 | 0.21IM — 0.89M Af/(f*AT) = 0.97 %
Clock ' 0.47 - 0.51 2.0M Af/(f*AT) < 0.02 %
Digital Unit 0.045 0.284 1- 1000 ADC Accuracy < 0.1°C
Total 0.054 0.76 -0.91 - Accuracy < 0.2°C
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CHAPTERG6

Conclusion and Future Work

5.1 Conclusion

Food safety is rapidly becoming one of the most critically important issues in food industry.
With the increasing consumer demand for convenient, high quality, and healthy foods,
aseptic processing was proposed as a potential option to meet these demands. In order to
validate such a system and also make the process relatively inexpensive, researchers have to
find out the “critical particle” in the processing system and determine its time-temperature

history.

To address this problem, we started to develop low-power and high-performance sensors that
could be applied to monitor the internal temperature of particulates, as they went through the
heating, holding, and cooling sections of an aseptic processing system. Battery-powered off-
the-shelf sensor had been successfully designed and tested. It was packaged in 1” plastic
sphere, and the density was neutrally buoyant with water. It was able to work in the
temperature range of 10°C to 150°C, with a potential accuracy of less than 1°C. The battery

could last more than 20 hours.



While the off-the-shelf sensors being designed and tested, integrated CMOS temperature
sensor had also been investigated. Compared to off-the-shelf temperature sensors, the CMOS
sensors have the advantages of smaller area and lower power consumption. The CMOS
sensor design and simulation results have been presented in details in Chapter 5. It had atotal
area of 0.054 mm?, an averaged power consumption of 0.8 mW, and an accuracy of less than

0.2°C.

The significance of this study lies in the development of a validated tool and technique that
can be used to facilitate validating aseptic processing of multiphase foods and thereby
provide the health-conscious consumer with a high quality food product. The results of our
project can be useful to food processors for conducting validation studies as part of the
process filing procedure for multiphase food products. Our sensors and testing methodology
can be used to demonstrate to the FDA or USDA that the simulated particle will have
conservative heating and flow characteristics which will ensure the adequacy of the process

and the safety of the food product.

The sensor will be useful not only for validating aseptic processing of low-acid foods
containing particulates, but also in improving the quality of high-acid foods undergoing a
hot-fill process and for low-acid refrigerated foods. It can also be used in applications where
temperature “indicators” are used instead of actual time-temperature data. Thus, the demands
of the consumer for convenient and high quality foods can be met. An additional benefit of

the success of this technology would be the development of new food products that were
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hitherto unavailable due to their potentially low quality (due to the inherent over-processing

in atypical retort canning process).

5.2 Future Work

Apart from the work that has been done with respect to the development of temperature
sensors for food processing, the future work will involve additional testing and validation,
device miniaturization and optimization, and design of CMOS sensor with on-board memory

and RF telemetry.

5.2.1 Off-the-shelf Sensor

Modification is needed to help reduce the noise in temperature recording. With a well-
controlled furnace and a precise thermal sensor, the off-the-shelf sensor can be re-calibrated
and its overall performance will be improved. More batch tests need to be done, and
continuous flow tests also need to be started to ensure that the sensor system would
conservatively determine the temperature within the particle at any intermediate processing

condition, over the widest possible range of parameters.

Off-the-shelf sensor needs to be optimized and miniaturized, while satisfying the density and
function requirements. Under current size, we can consider some new components, such as
digital temperature sensor, to improve the performance of the sensor. With the help of new
technology and product, thin-film battery for instant, we can further shrink the size of our

sensor to lessthan % in diameter.
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5.2.2CMOS Sensor and RFID

CMOS temperature sensor has been design in this thesis. However it is just a prototype
without on-board memory and RF telemetry, which are desired for our project. Further
research has to be done to incorporate these elements in the CMOS sensor. Other techniques
including on chip antenna, battery-less operation and position tracking system may also be

investigated for this project.

As being discussed before, accurate determination of the time-temperature history at critical
point in a system will greatly simplify the validation process for any aseptic food processing.
The use of RFID (Radio Frequency Identification) combined with our temperature sensor is a

promising technigque to solve this problem [45-46].

RFID is a general term that is used to describe a system that transmits the identity of an
object using radio waves [47]. Communication takes place between a reader and a
transponder often called a tag. Tags can either be active (powered by battery) or passive
(powered by the reader field), and come in various forms including smart cards, tags, labels,
watches and even embedded in mobile phones. The communication frequencies used
depends to a large extent on the application, and range from 125 KHz to 2.45 GHz. RFID has
many applications including many familiar ones such as vehicle security, commuter tags and

security badges for access control into buildings.
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An RFID system is used not only to transmit signals, or to indicate its location. When the
RFID is combined with other sensory systems, its application area can be wildly extended to
environmental monitoring such as temperature, humidity and pressure sensing, as well as
wireless data transmission [48-49]. All these features therefore make it very attractive in the

area of food industry and retail supply chain management.

In our project, we plan to take the advantage of RFID technology to capture and transmit
internal temperatures of food particles while they are travelling through food processing
system. The easiest way to accomplish this is to incorporate a passive RFID tag in our off-
the-shelf sensor package, so that it could “tell” the detector outside of the tube when it passes
certain locations. An off-the-shelf transponder could be a better alternative, since it will not
only report the location but also transmit the instantaneous temperature readings to the

detector.

For our CMOS sensor design, we have also proposed several methods to incorporate RFID in
our design. Figure 6.1 presents a simple design with a RC rectifier. When receiving RF
signals from outside RF transmitter, it converts the RF power to a digital “1” and this will be
save in the flash memory together with the temperature records. So if we search the memory
after tests we can find out when it comes cross the RF transmitter. Another plan isto have an
on-board RF transmitter, as shown in Figure 6.2, s0 that it enables on-line wireless

temperature datatransfer. A basic design of the transmitter includes just a mixer and a power
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amplifier. The clock signal that has been generated in the digital control unit can be used as

carrier wave.
RF |
! m Transmitter
' | Oscillator
| 3 > e _
: Digital P ;
Temp Internal Control Unit R
| | Sensor Clock . ——> FleshMemory |
Figure 6.1: CMOS sensor with simple RF receiver.
> RF o Receiver |
Transmitter o !
Oscillator
| t > Digital R i
Temp Internal Control Unit
. | Sensor Clock . ——*| Flash Memory |

Figure 6.2: CMOS sensor with on-chip RF transmitter.
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With the help of RFID technology, we would be enabled to the process lethality, cook value
and perform an optimization to maximize product quality. If we can develop a validated
RFID system that can be used to transmit information regarding the internal temperatures of
particles, it will be very helpful in process filing, improving quality of food products, and
enhancing the safety of a continuous thermal process. It will also be very valuable in
ascertaining the degree of product deterioration during transportation and storage, thereby
enabling the processor & retailer to modify the transportation and storage conditions to

improve quality and enhance shelf-life of food products.
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