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ABSTRACT

A low-power analog core for an implantable RFID-enabled pressure measurement system is
designed. The analog core includes the power generation block for the system, the clock
extractor for the digital core and the pressure sensor data converter. Circuit design constraints of
low-power consumption and small form factor were followed in the implementation of the
analog core. A new low-power analog-to-digital converter (ADC) for the pressure sensor is
designed. The designed data converter is implemented using charge-distribution technique which
consumes 90 uW of power and has a resolution of 12 bits making it suitable for such energy-
constrained applications. The designed ADC is targeted towards a commercially available
passive capacitive pressure sensor (microFab E1.3N). Cadence Virtuoso 6.1 Analog Design
Environment simulators are used to design, test and compare the schematic and post-layout
simulations of the components. The developed analog circuit will be a part of an implantable

RFID chip with passive sensors which can communicate with RFID readers.
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CHAPTER 1

INTRODUCTION

1.1 Implantable Sensors

The last two decades have witnessed a surge in research involving applications of
electronic sensing technology. Electronic sensors measure real-world physical quantities
in both engineering as well as biomedical applications and convert them to signals which
can be processed to develop an understanding of the physical quantity. Many different
types of electronic sensors are classified based on application, form factor, power
requirement and resolution. The ability to measure the smallest change in the physical
quantity is often very important in applications which define the electronic sensor’s
resolution. High resolution sensing applications include biosensors, pressure sensors,
temperature sensors, etc. Form factor and power requirement are other important
parameters which are determined by the location/placement of the sensor. Applications
involving wireless, miniaturized and implantable sensing often require low-power
consumption and small form factor. Many of these power constrained miniaturized-
implantable sensors are passive sensors which do not require a battery for operation.

In recent years greater emphasis is given on research involving low-power,
miniaturized-wireless sensors which can be used in a wide variety of applications where
minimum human intervention and higher mobility is a requirement. A good example of
such a requirement is in biomedical application involving post-op diagnostics of patients

affected by heart failure. According to recent studies [1] — [5], heart failure affects
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approximately 2% of the adult population in developed countries and 6%—10% of people
over the age of 65. During the first year after diagnosis, mortality rates of 30%—40% have
been reported, and after five years, this percentage increases to 60%—70% [5]-[7]. The
burden imposed by advanced heart failure is compounded by frequent hospitalizations
due to congestive or low-output symptoms, renal and respiratory dysfunction, anemia,
arrhythmia, and other systemic complications. Frequent hospitalizations can be
minimized by the use of wireless implantable sensors to remotely monitor vital heart
function and renal function parameters.

Sensors which are widely employed in implantable sensing purposes are broadly
categorized into active and passive types. Passive sensors are advantageous over active
sensors as they do not need power source to generate an output, although the output may
be very low in magnitude and may need amplification before they can be used for signal
processing. To reduce wiring and tethering wireless implantable sensors are often
implemented using passive sensors. Power source for the supporting system used with
these passive sensors is obtained by the use of RF inductive coupling along with full-
wave rectification as is done in Radio Frequency ldentification (RFID). RFID-enabled
sensors are classified into two variants: active and passive sensors. Active sensors have
the advantage of increased communication range but require a battery which limits the
scope of such a device in implantable applications. The lifetime of such a sensor is
limited by the battery capacity. This limitation is compensated by the use of passive
RFID-enabled sensors which use passive circuits that do not require an internal power

source and uses backscattering modulation to transmit data back to the reader, thereby,
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providing unlimited sensor-lifetime, although the communication range is limited.
Comparatively, passive RFID-enabled sensors have longer lifetime and are more
affordable as it does not require regular battery replacements.

Many biomedical diagnostics involve cardiovascular blood pressure measurement
and intraocular fluid pressure measurement. These pressure measurements can be
efficiently addressed by the use of capacitive sensors. A capacitive sensor has a fixed
bottom plate and a flexible top plate whose displacement varies with the application of
pressure on the top plate. This variation in displacement changes the distance between the
two plates which changes the capacitance of the sensor. Commercial miniature capacitive
sensors exhibit a large fixed capacitance and a small variable capacitance. The change in
this small variable capacitance corresponds to the applied pressure or displacement on the
capacitive sensor. The variance in capacitance in the sensor corresponds to the real-world
physical quantity. The analog signal is converted to its digital equivalent by the use of a
Capacitance to Digital Converter (CDC). A digital representation of pressure is preferred

for higher robustness to noise during data transmission and simpler data processing.

1.2 Prior work
A brief literature survey of previously published research work is presented. Some
of the circuits presented in this thesis are based on the research papers presented in the
following paragraphs and on text book material. Some circuits in this thesis are original

and innovative.



One of the earliest works on passive telemetry IC for biomedical applications was
presented by Q. Huang et al [8] in 1998. The authors propose a low-power, single-chip,
one-channel, fully implantable micro-transponder system. The circuit is powered by an
external RF source of 27 MHz or 40 MHz. The circuit is implemented in a 2 pm 40-V
BiCMOS technology. The system uses a magneto-resistive strain gauge bridge to
measure distance between the artery walls after every systole (phase of heart contraction).
The system uses a BiCMOS RF/DC converter. For the analog front end, a fully
differential operational transconductance amplifier with a gain of 26dB and a CMRR of
more than 60 dB is used to amplify the low voltage levels from the sensors. To decrease
the effect of any externally induced noise, a low-pass S0Hz notch filter with a Q factor of
2 is implemented. The authors have designed a 9-bit dual-slope Analog to Digital
Converter (ADC) to digitize the analog signal from the sensor after amplification. The
data from the ADC is placed in a parallel in serial out shift register (PISO) which is then
converted to a low-duty-cycle pulse position modulation (PPM) signal and transmitted
using amplitude modulation. The total power consumption is 0.5mW. The core area of
the chip is 3.6 x 4.3 mm”. The main drawback of this architecture is the use of dual-slope
ADC, which counts in both the charge and discharge phase, requiring up-to 8 ms to finish
one conversion cycle. The ADC also has a high power consumption of 250 uW. Another
drawback is the RF/DC converter which has an efficiency of less than 30% at 27/40
MHz. This causes a decrease in the operating range to maintain adequate power levels for

operation.



Another research paper which is very helpful for the analog front-end design was
presented by Sauer et al [9]. The paper demonstrates power harvesting and telemetry
function in CMOS for implanted devices. The demonstrated testbed comprises a wireless
data communication system which is also used to power the system. The use of sensors to
acquire implantable data is not demonstrated in this paper. The system operates on a
radio frequency of 4 MHz which supplies 2.7 mA at 3.3 V over a distance of 25 mm. The
proposed chip is fabricated on a 0.5 pm CMOS technology. The analog front-end in that
paper elaborates the inductive coupling theory and its application. A generic quad PMOS
transistor rectifier is used with an external RC filter to remove voltage ripples. The
rectified voltage is fed to the voltage regulator and the voltage reference circuit to obtain
a stable voltage supply. A series of inverters are used as a clock recovery circuit to be
used in the data encoding and modulation blocks. The main drawback of this design is
that a minimum of 7 V is required to be present on the coil for an output voltage of 3.3 V.
This limits the range of operation of the sensor. Another drawback is in the design of the
voltage regulator where the pass transistor does not switch on completely. This reduces
the current supplied to the circuit.

Exponential growth in research interest of implantable sensor technology in the
previous few years has produced several research proposals of innovative ADC designs
for sensors.

The research paper by Y. Yanng et al [10] proposes a time based energy efficient
ADC. The authors propose a novel current-mode algorithm which performs the analog to

digital conversion in 5N clock cycles in contrast to the 2™ clock cycles required by a
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conventional dual slope ADC. The proposed system is implemented in a 0.35 um CMOS
technology and has a precision of 12 bits at a sampling frequency of 31.25 kHz. The total
power dissipated is 75 uW with a voltage supply of 3 V. The system uses an alternating
voltage-to-time and time-to-voltage conversion which provides error cancellation of
comparator offset, delay and switching charge-injection. The proposed novel current
mode algorithm consists of two distinct stages. The first stage calculates the first two
most significant bits (MSB) in a method identical to a conventional dual slope ADC. The
second stage iteratively calculates the remaining bits by a subtraction-and-amplification
process similar to the one used in a successive subranging converter. The main drawback
of this system is the assumption of a constant comparator delay which in fact changes
slightly as a function of the voltage at which the comparator is triggered. This causes
discontinuities in the INL plot. Another drawback lies in the algorithm which implements
a time-based converter that digitizes asynchronous time intervals with respect to a clock
period in the second phase. This limits the bit precision scaling like O(N) instead of
O(N?) as in conventional time to digital converters (TDC).

Another paper worth mentioning was presented by B. George et al [11] in 2006. It
reports a triple-slope differential capacitance type ADC specially designed for sensors
used in the measurement of pressure, displacement and acceleration. The authors propose
two innovations from the traditional dual-slope ADC. The first is that the RC in a
conventional dual slope ADC is replaced with a switched-capacitor integrator and the
second deviation is that the control logic is altered to perform three integrations instead of

the two in a conventional ADC. The system consists of two variable capacitors which are
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set by the change in measuring attributes. Using the principles of charge distribution the
charge in both the capacitor is transferred subsequently to a feedback capacitor and
measured for greater accuracy. The drawback of this design is the use of large variable
capacitors of 240 pF. Implantable capacitive pressure sensors have a very small
capacitive component when compared to this, making it difficult to be used with
implanted sensors. The worst case error of the proposed system is less than 0.5%,
however is the use of triple slope technique as it has high power requirements.

Among the most recent research paper on wireless bio-signal acquisition system
implemented on a hawk-moth was presented by Yeager et al [12] in 2010. The authors
present a fully passive 900 MHz RFID tag IC capable of addressability , full EPC Class 1
Generation 2 protocol compatibility , an integrated noise chopper-stabilized micro-power
sensor interface amplifier and an 8 bit ADC. The analog core consists of ultra low-power
linear regulators, band-gap reference and bias current generator to provide a stable bias
and voltage/current supply for the chip. A six stage voltage-doubling charge-pump
topology is used as a RF rectifier. Specially designed zero-Vy, diode connected NMOS
devices are used for high sensitivity and efficiency. The authors use cascode devices in
bias current generators and voltage regulators to maintain a constant output current and
voltage. Three low-drop-out linear regulators provide stable supplies for the 1.2 V analog
core, 0.7 V digital core and an auxiliary 1.8 V supply for any off-chip ICs. Bandgap
references are used to provide stable voltages across 0-100°C temperature ranges. The
sensor input signal (e.g., EEG, EMG, thermocouple) is first amplified with the on-chip

low-noise chopper-stabilized amplifier. An 8-bit successive-approximation (SA) ADC
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then digitizes the sensor data. The sensor data is associated with a person or animal by
means of a unique tag ID (UID). The digital core consists of the on-chip controller logic
that encodes the UID and ADC data into a gen2-compatible packet in response to reader
commands. The UID and sensor data is available for real-time use by a PC through
ethernet connection to the reader. The RF communication range is stated as 3m. The bio-
signal acquisition system consumes 9.2 pA with a voltage supply of 3 V. The system is
fabricated in a 0.13um CMOS process. The total IC area is 2.0 mm®”. The main drawback
of this proposed system is the use of UHF RF signal which is susceptible to attenuation
due to moisture and hence decreasing the signal to noise ratio. In a previous study
conducted by Vaillancourt et al [13] in 1997 it is demonstrated that RF energy between 1
and 10MHz penetrates the body with minimum energy loss. This makes the use of UHF
signal highly inefficient for implantable purposes. Another drawback is the use of the 8
bit SA ADC. For implantable applications a higher resolution ADC is desirable and the
conventional SA ADC architecture can be modified to reduce power consumption and
total conversion time. Although the chip covers a small area, the PCB used to support the
chip is very large at 0.91 cm x 0.73 cm. The use of external micro-powered opamp for
additional thermocouple gain and the off-chip L-match network increases the PCB area.
This makes it undesirable for implantable applications.

MicroFAB, an industry leading manufacturer of pressure sensors, has introduced a
capacitive pressure sensor, E1.3N [14], which can be used in a wide range of

applications. This sensor has a miniaturized form factor of 0.6 x 1.2 x 0.48 mm”>, a high



measuring range of 0.5 to 1.3 bars and a fixed capacitance of 5.7pF. These specifications
enable the use of this pressure sensor with the designed CDC in this thesis.
1.3 Contribution of this thesis
This thesis is part of a project whose long-term goal is to develop a passive RFID-
enabled sensor which can be used in implantable applications. Such a sensor will have
two parts: the analog core and the digital core. The analog core is responsible to provide
the required voltage levels from rectification of the incoming RF input and to convert the
analog signals from the passive sensor to its digital equivalent which will be sent back to
the reader. The digital core is responsible to decode the incoming signal, execute
commands and transmit data back to the reader. In this thesis we have developed an
analog core to be implemented with a passive capacitive sensor powered by inductive RF
coupling. The designed has been sent for fabrication through MOSIS and a chip test bed
has been created.
1.4 Plan of work
A detailed background study on various analog front-end components such as the
RF rectifier, low-drop-out regulator, voltage references, current generators, power-on-
reset circuit and the ADC will be discussed in chapter 2. Chapter 3 will present the design
of the implemented CDC and all the other front-end analog components along with all the
theoretical calculation involved. Results will be discussed in Chapter 4. Chapter 5 will

provide conclusion and future work of this thesis.



CHAPTER 2

BACKGROUND

2.1 Introduction

This chapter focuses on the underlying principles used in the implementation of system
design. Section 2.2 gives an in-detail description of the operating principles involved in an
inductively coupled passive RFID system. Section 2.3 describes different type of sensors
based on different classifications and an in-detail description of the E1.3N capacitance
absolute sensor implemented in this thesis. Section 2.4 gives the conclusion of this chapter.
2.2 Inductive coupling

The analog core designed in this thesis proposal is an integral part of a wirelessly
powered passive RFID transponder. The passive RFID transponder comprises of an
inductively coupled antenna for communication/power generation and an electronic data-
carrying/data-processing chip. Inductively coupled passive transponders derive all the energy
needed for the operation of the chip from a RFID reader.
2.2.1 Magnetic field strength

Inductive coupling uses two inductor coils placed relatively close to each other as

seen in Fig 2.1 [15]. The reader’s antenna coil generates a strong, high frequency magnetic
field which penetrates the cross-section of the coil area and the area around the coil. A small

part of the emitted field pattern penetrates the coil of the transponder which is placed at some

10



Magnetic field H

Chip

Transponder

Fig 2.1. A generic power supply setup for an inductively coupled passive transponder

distance from the reader coil. A voltage V;is generated at the transponder’s coil which is then
rectified to serve as a voltage source for the electronic chip. The capacitor C; is connected in
parallel with the reader’s antenna coil. The value of C; is selected such that it works with the
coil-inductance of the antenna to form a parallel resonant circuit. This circuit will have a
resonance frequency that corresponds to the transmission frequency of the reader. This
resonance set-up creates very high currents at the antenna coil which can be used to set
required field strengths for the operation of a remote transponder. The capacitor C; along
with the antenna coil of the transponder forms another resonant circuit tuned to the
transmission frequency of the reader. A voltage V; is generated at the transponder coil which
reaches its maximum due to the resonant circuit setup in both the reader and the transponder.
An alternating voltage produced at the transponder antenna, in most practical cases where RF

signals are used. This alternating voltage is rectified before it is supplied as a voltage source
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to the chip. Different types of rectifiers are used in practice depending on the type of
application. Fig 2.2 shows different types of rectifiers in use. Fig 2.2 (a) shows the full wave
diode bridge rectifier. This has a higher efficiency over the half wave rectifier shown in Fig

2.2 (b). The full wave rectifier converts the alternating current (AC) to a direct current (DC)

P G, Gy
D: 5! I
g Y D DI Dy D
“ R Vsmjg_ i "LZ L R
Gy Cy
(a) (b) (©)

Fig 2.2. Different types of rectifiers used, (a) full wave diode bridge rectifier, (b) half wave

rectifier, (c) voltage multiplying rectifier

in both its positive and negative phase, thus providing a constant voltage at Vi The
capacitor C; is used as a smoothing capacitor to reduce the ripple after rectification. Whereas,
the half wave rectifier converts the AC into its corresponding DC only in the positive cycle,
thus reducing the rectifier’s efficiency. Fig 2.2 (c) shows a voltage multiplier circuit (Villard
cascade voltage multiplier), which converts AC electrical of low voltage to a higher DC
voltage by means of capacitors and diodes. The voltage multiplier is capable of producing
very high voltages by increasing the number of cascade diode-capacitor combination. Due to
their use in large voltage bearing applications, capacitors with high charge bearing capacity

and diodes capable of withstanding large break down voltages are used.
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The magnetic field strength H depicted by the magnetic flux lines is associated with the

flow of current I [15] which is given by:

1= $Hds (M

Fig 2.3. Magnetic flux around a short cylindrical coil

The magnetic field strength H for a short cylindrical coil antenna shown in Fig 2.3

similar to the type used in the antennas of inductively coupled RFID systems [15] is given as:

H = I.N.r? @)
G aE

13



where N is the number of windings of the coil, r is the radius of the coil and x is the distance
from the center of the coil in the x direction.

From equation (2) we can conclude that if the magnetic flux measuring point moves
away from the center of the coil along the coil’s axis (x axis), then the magnetic field strength
H will decrease as the distance x is increase. The boundary conditions which apply to this
equation are: d << r and x < A/2m. So, at a distance x = 0 from the center of the antenna,

equation (2) can be simplified as:
H=— 3)

For a rectangular conductor loop with edge length a x b at a distance x is given by the

following expression [17]:

N .I.a.b 1 1
H = : _ +

G +@) v \@ @)

2.2.2 Magnetic flux and magnetic flux density

(4)

The total number of lines of magnetic flux that pass through the inside of the cylindrical
coil, in this case, is denoted by magnetic flux ®. The magnetic flux @ is expressed as [15]:
®d=B.A (5)
where, B is the magnetic flux density and A is the effective area of the coil. The magnetic

flux density is related to the magnetic field strength by the following equation [15]:

B= Ho. Ur . H (6)
where, L is the magnetic field constant which describes the permeability of vacuum and p; is

the relative permeability of the dielectric.
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A cylindrical conduction loop is made up of N number of loops of the same area A and
conducts the same amount of current I, each loop contributes same proportion of magnetic
flux @ to a total flux ¥ given by [15]:

Y=YyOy=N.®=N.p,.u..H.A (7)
2.2.3 Self-inductance and mutual inductance

The ratio of total flux ¥ that is generated in an area enclosed by current I, to the current
in the conductor enclosing it is denoted by inductance L. Inductance L can be expressed as
[19]:

v N .©® N .uo.ur .H.A
L:7 Ho -Hr

R — ®)
The coupling of two circuits via a magnetic field is defined by mutual inductance M.
Mutual inductance M as seen in Fig 2.4. [15] is formed by the coupling of partial magnetic
field between the two inductance coil. Fig 2.4 shows two coils 1 and 2 of area A; and A,
respectively. The coil 1 is driven by current I; which generates a magnetic flux of @(l;)
having a total flux of ¥(I;). This flux is partially induced in the coil 2 producing a flux
density of By(I;) and a total induced flux W(I;). The magnitude of the coupling flux ¥,

depends upon the geometry of the conductor loops, the relative position of both the coils and
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O(Ty), )

Total Flux \Pz(Il)

Fig 2.4. Mutual Inductance M,; demonstrated by partial coupling of magnetic flow
the permittivity of the medium between the two coils. This partially induced flux
demonstrates mutual inductance M»,; which is read as the inductance induced in coil 2 due to
the inductance of coil 1. The principle of mutual inductance is responsible for the working of
most inductively coupled passive RFID systems.

Similarly, a mutual inductance M, can also be defined as a setup in which current I,
flows through coil 2, thereby determining the flux ¥, in loop 1. In this setup, the following
relationship applies [15]:

M =M, =My, )

The mutual inductance M, is expressed as [15]:

M, = ‘*’2111(11) _ ﬁ(;‘b 321(111) .dA, (10)
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Considering the case of uniform magnetic field strength H along the x axis the mutual
inductance M;; between the two coils can be calculated using equation (10) and expressed as

[15]:

M, = B3 (11)-N2.Az — Ho-H(I1)-N2-Az (11)

Iy Iy

Replacing H(I;) from equation (2) and assuming the coils are circular in form with area
nr’, equation (11) is written as

Ny.12.Nyrim
M12=llo 1-1'1-4V2:12 (12)
2 /(rlz+x2)3

A few boundary conditions must be satisfied for expression (12): the area A, <= A,
should be maintained and the x axis of both the coils should be placed on the same plane.
2.2.4 Coupling coefficient and Faraday’s law

The coupling coefficient k is a qualitative determination of the flux coupling of two
conductor loops. An expression for K for conductor loops independent of their geometric
dimensions is [15]:

M

k= (13)

where, M is the mutual inductance of the coil, L1 and L2 are the self-inductances of coil 1
and 2 respectively. The coupling coefficient k varies between two extreme cases 0<=k <= 1.
In cases where k = 0, means that there is no magnetic coupling mainly caused due to great
distances between the coils or due to magnetic shielding. In cases where k = 1, means that
100% magnetic coupling caused due to complete flux induction with the coils placed in the

same plane.
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The coupling coefficient k varies according to the distance x between the two coils. An

expression for a circular coil antenna can be given as [15]:

2 2
k(X) ~ Ttransp-Treader (14)

24 42 3
\Ttransp-Treader -(x + Treader)

In equation (14) Iyangp and TIreader denote the radius of the transponder and reader
respectively and x denotes the distance between the reader and transponder. From this
expression it is inferred that k(x) can be 1 i.e. 100% magnetic coupling is only possible if the
distance between the two loops x is 0 and the antenna radius of both the reader and the
transponder are equal. In this case both the conductor loops are in the same plane and are
exposed to the same magnetic flux V. In practical application the coupling coefficient as be
as low as 0.01 [15].

The above discussion demonstrated the induction of magnetic flux to the transponder
coil. The following discussion will demonstrate the formation of electric field at the
transponder coil and hence the generation of voltage.

According to Faraday’s law, any change to magnetic flux ® generates an electric field
strength E;. The contour integral of the electric field strength along the surface of the

conductor generates a voltage V; which can be generally expressed as [15]:

Vi=§E.ds = -0 (15)

An effective analysis on the voltage created on the transponder coil can be made with an
electrical equivalent of the circuit involving the inductor coils shown in Fig 2.5. Inductors L,

and L, represent circular coil 1 and 2 of Fig 2.4. Both the coils are placed close to each other
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on the same plane. Resistance R, is the coil resistance of the transponder antenna. The

current consumption of the chip in Fig. 2.1 is symbolized by the load resistor R;.

M
R, O
o ®
C,== Vi Rp V,
L, L,

Fig 2.5. Equivalent circuit for a magnetically coupled conductor loops
A time varying flux in the inductor loop L; induces a voltage V»; in the inductor loop
L, due to mutual inductance M. The flow of current I, creates additional voltage drop across
the coil resistance R, creating voltage V»i. The current through L, also generates a magnetic
flux, which opposes the magnetic flux ¥(I;). Capacitor C, is the tuning capacitor used to
raise the coil voltage. Since, in most practical purposes I; and I, are sinusoidal alternating

currents a complex representation of the voltage generated at the load resistor is obtained.
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The solution to the real part of the complex equation leads to a final answer with respect to

the known parameters of the system [9]:

Vo= ohyials b (16)
J(_ omcs )+ (1 w1 )

where, ® = 2nf. The frequency of the RF signal is represented by f. Based on this equation
system specifications can be chosen.
2.3 Capacitive pressure sensor

In this section different type sensor, their classification and their usage is discussed. We
will focus on the capacitive type pressure sensor in particular. Also, as detailed explanation
of the E1.3N capacitive pressure sensor will be provided.
2.3.1 Sensors

As briefly described in chapter 1, sensors are devices which are capable of converting a
sensed physical quantity into a signal that can be interpreted to meaningful information by a
reader or an instrument. Sensors have a wide variety of applications which include
automobile, machines, aerospace, medicine, manufacturing and robotics, etc. Sensors are
often used in applications to measure very small changes in the physical quantity which
require high sensitivity. Many types of sensor form factor are available ranging from large to
microscopic sensors. Large sensors often have an impact on what they measure for instance
the temperature measurement of a glass of hot water using a mercury thermometer. In this
case heat transfer takes place between the hot water and the mercury thermometer. This
causes the measured temperature to be lower than the actual temperature of the hot water.

Although the magnitude of difference between the actual temperature and measured
20



temperature is not very large, high precision applications demand near-accurate
measurement. This necessitates the design of sensors which have minimum effect on the
measured quantity. Reducing the form factor of sensors often suffice this requirement and
also has many other advantages. Recent advancements have enabled micro-sensors
manufacturing in a microscopic scale using the micro-electro-mechanical systems (MEMS)
technology.

2.3.2 Pressure sensors

Many different types of sensors are developed for specific applications. A few types of
sensors are: chemical sensor, automotive sensor, electric current/potential sensor, flow sensor
and pressure sensor, etc. For the application of sensors in this thesis, a pressure sensor is
chosen. A pressure senor typically measures pressure of liquids or gases. A pressure sensor
usually acts as a transducer which generates an electrical signal as a function of the imposed
pressure. Pressure sensors vary drastically with changes in manufacturing process,
technology, performance requirements, design factor and application suitability. Pressure
sensors are classified in terms of pressure range, temperature of operation and type of
pressure the sensor measures. Based on type of pressure measured, pressure sensors are
divided into five categories [16]: gauge pressure sensor, vacuum pressure sensor, differential
pressure sensor, sealed pressure sensor and absolute pressure sensor. Gauge pressure sensors
are used in applications which need calibration to measure pressure relative to atmospheric
pressure at a given location. A good example of this type is a tire pressure gauge which reads
0 PSI when it is actually 14.7 PSI (atmospheric pressure) in the tire. Vacuum pressure

sensors are used to measure pressure less than the atmospheric pressure, also known as a

21



measurement of negative gauge pressure. Differential pressure sensors are used to measure
the difference between two or more pressures induced as input to the sensing unit. A good
example of this type of sensor is a level detector sensor installed in a pressurized vessel.
Sealed pressure sensors are similar to gauge pressure sensors expect that it has a fixed pre-
calibration to measure pressure relative to pressure at sea-level. The final type of pressure
measurement sensor is the absolute pressure sensor which measures relative pressure to
perfect vacuum (0 PSI) [17]. These sensors are commonly used to measure changes in
barometric pressure or altimeters.

Based on pressure sensing technology, force collector type analog pressure sensors are
widely used to measure strain due to applied force over an area. Absolute pressure sensors
which are fabricated using Si MEMS are usually either piezo-resistance type or capacitance
type. Capacitive pressure sensors are advantageous in many for many applications like
biomedical sensing, automotive sensing, control system applications, etc. This is because of
their relatively high sensitivity, better hysteresis and repeatability characteristics, low-
temperature dependence and low-power consumption compared to piezoresistive pressure
sensors [17]. The structure of a capacitive pressure sensor comprises a cavity Si Layer which
forms the vacuum cavity, a Si diaphragm used with the upper electrode which also provides
the capacitance change, and a glass substrate used to form the lower electrode and provide

the air gap [17].
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Fig 2.6 Capacitive absolute pressure sensor cross-sectional view

Au-Si Alloy

A good example of a capacitive absolute pressure sensor was presented by Lee. K. R., et
al [17] in 2006. The cross-sectional view of the proposed sensor is depicted in Fig 2.6. In this
we can verify the basic building blocks of the pressure sensor. Since this pressure sensor
measures the applied pressure with reference to absolute vacuum, a sealed vacuum cavity is
formed along the inner portion of the Si cavity wafer. This cavity is sealed using silicon
diaphragm which is flexible. The diaphragm is also used as the upper electrode of the
capacitor type pressure sensor. The bottom plate of the capacitive pressure sensor is formed
by a fixed electrode located at the glass seal at the other end. Air pressure applied to the
sensor forms an air gap between the two electrodes which causes the change in capacitance.
Si-Au alloy is used to create the seal between the diaphragm and the Si cavity wafer. When
no pressure is applied the diaphragm returns to a perfectly flat state. In this implementation

an initial capacitance of 2.18pF at absolute vacuum was measured with the diaphragm
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thickness of 20pm. A maximum deflection of 2.57pF in capacitance was measured with a
pressure difference of ShPa to 1000hPa.
2.3.3 Capacitive absolute pressure sensor E1.3N

The pressure sensor implemented in this thesis proposal is the microFAB capacitive
pressure sensor E1.3N [14]. The E1.3N is a surface micro-machined capacitive absolute
pressure sensor fabricated on non-conducting fused silica substrate. The selection of this
pressure sensor was based on the fact that capacitive absolute pressure sensors are
advantageous than their resistive counter parts as discussed previously. The main advantage
of this pressure sensor is its miniature form factor of 0.6 x 1.2 x 0.48 mm”, making it feasible
to be used in implantable applications. The ultra-small size and low-power dissipation of this
device is advantageous for biomedical applications involving wireless system design. The
sensor exhibits a measuring pressure range of 0.5-1.3 bars. The maximum pressure limit for
this sensor is measured at 9 bars with no physical damage. The limited sensing range allows
the measurement of relatively smaller pressure quantities with higher accuracy. This feature
enables its use in low pressure applications like intravascular/intraocular fluid pressure
measurement, storage pressure chambers, etc. The physical design considerations of this
sensor are also advantageous. The choice of non-conducting fuse silica eliminates all
parasitic capacitances to the substrate. Remaining parasitic capacitance is controlled via a
mask design. This maintains high accuracy in sensor design, fabrication and application. The

sensor has large bond pads which allows chip mount by the use of conductive adhesive.
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The enlarged view of the E1.3N pressure sensor is shown in fig 2.7. The sensor is
designed as a surface micro-machined plate capacitor array with deformable pressure
sensitive membranes on top of insulated counter electrodes. The capacitor array sense area is

sensitive to pressure changes and consists of flexible membrane which deflects with increase
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Fig 2.7 Enlarged view of E1.3N

pressure. The top flexible membrane has a dielectric insulation beneath which allows the
sensor to operate in normal and touch-mode. In the normal mode of operation the flexible
diaphragm deflects freely and does not touch the bottom electrode plate. This is when the
applied pressure is below the measurable range of operation. When pressure increases the

sensor enters the touch mode. The flexible membrane sinks down until it touches the bottom
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electrode. This happens when maximum measurable pressure is applied. In case of a further
increase in pressure the stress on the diaphragm does not increase significantly. This enables
the high pressure bearing capacity of the sensor. The normal mode of operation is the
preferred mode of operation for E1.3N which enables high accuracy and very small
hysteresis. Applications which require relatively high pressure measurement can use sensors

which have higher pressure bearing capacity at the expense of reduced accuracy.
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Fig 2.8 Capacitance vs. pressure plots
A sealed vacuum chamber created inside the sensor acts as a reference during
measurement in a capacitive absolute pressure sensor. This vacuum chamber creates a fixed
value of capacitance. The applied pressure on the sensor is determined as a variable
capacitance over the fixed part. In the case of E1.3N the fixed capacitance is determined to

be 5.734pF. The graph plot shown in fig 2.8 elaborates the capacitance vs. pressure plot
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measured in different temperatures. The graph shown in fig 2.8, demonstrates the range of
the variable capacitance component. 0.5 bars of atmospheric pressure correspond to
approximately 5.8pF of total capacitance, which means a variable capacitance of 0.1pF.
Similarly, 1.3 bars of applied pressure corresponds to 6.2pF of total capacitance, which
means a variable capacitance of 0.5pF. Finally, it can be inferred that a pressure
measurement of 0.5 bars - 1.3 bars corresponds to an analog equivalent of 0.1 pF — 0.5pF of
capacitance. This capacitance is converted to its digital equivalent with the use of a
capacitance to digital converter (CDC). The digital signal is suited better than the analog
signal for its higher immunity to noise and to increase communications robustness of the
RFID tag.
2.4 Conclusion

The electromagnetic field theory responsible for power generation in the transponder is
discussed. A detailed description of sensors and its types have been discussed in the earlier
section. The characteristics of the E1.3N capacitive sensor have been analyzed in detail. The
following chapter will discuss the design factor of the analog core involving the design of the

CDC and its supporting blocks.
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CHAPTER 3

DESIGN

3.1 Introduction

This chapter focuses on design aspects of the transponder analog core. The construction
of each analog block is explained in detail.
3.2 Design constraints

Implantable medical electronics are differentiated from most of the other electronic-
system implementations by their unique combination of extreme low-power and high-
reliability requirements [18]. Inductively coupled RF-powered systems are constrained on
power due to the fact that electromagnetic field intensity decays exponentially with distance.
These constraints place a burden on power management within the integrated circuits (ICs).

Many implantable systems widely utilize analog signal processing, due to the fact that
digital signal processing consumes much higher power and area requirements [18]. Most of
this design is done as subthreshold analog design to take advantage of low bias currents and
high gain. The subthreshold regime offers the highest gain at a given current and maximum
headroom due to low Vg and Vg, However, many other analog applications, which are
focused on speed and have moderate power requirements, are operated in strong inversion for
this reason.

Various modifications can be implemented in the design of digital blocks for
implantable low-power systems. At the system and IC level, this often includes turning off

blocks and/ or clocks when they are not required to perform a task. Another IC level low-

28



power implementation technique is the lowering of supply voltage down to the sum of the p-
and n-channel thresholds and selective duplication of functions, circuits, or tasks at the
expense of area [18]. Minimization of total power dissipation in the clock network is crucial.
Well-designed clock trees with layers of clock gating along with appropriate selection of

asynchronous circuits greatly contributes to lower power consumption.

3.3 System Architecture
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Fig 3.1a Transponder block diagram
The transponder system architecture is shown in Fig 3.1a. The system is divided into

two fundamental building blocks, namely: the analog core and the digital core.
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The analog core is responsible for system power generation and sensor signal

demodulation. The extended view of the analog core is shown in Fig. 3.1b.
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Fig 3.1b Analog block extended view

It comprises of number of sub-blocks. The transponder antenna is connected to the RF

limiter. The RF limiter acts as a load to the antenna and prevents the internal components

from any damage due to high voltage generated due to near field RF coupling. This is then
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connected to the RF rectifier which provides a rectified voltage from the alternating RF
signals received at the transponder antenna. The power-on-reset (POR) block generates a
positive reset pulse which is applied to the digital core when the system turns on. The reset
pulse ensures the digital core to return to its initial state before data processing. The RF
limiter is further connected to a low-dropout (LDO) voltage regulator. This voltage regulator
provides a precise and stable power supply. A stable power supply is essential for accurate
reference voltages and appropriate functioning of both the analog and digital core. The
corresponding block is responsible for the generation of different voltage and current
references required by the CDC. The low-power CDC is connected to the sensor as its
interface to digitize the real-world physical signals.

The digital core is responsible for transponder communication with a RFID reader.
Transponder communication follows the ISO 15693 standard to extends its compatibility
with commercially available RFID readers. The communication from the reader to the
transponder uses an amplitude shift keying (ASK) modulation technique. The data coded
ASK signal representing a request from the reader is first demodulated using the ASK
demodulator. The data is then extracted from the ASK modulated signal and processed by the
frame decoder to determine the request from the reader. Once the frame bits are identified
they are further provided to the control logic. The control logic performs the instruction in
the frame bits such as read from memory, write to memory, etc. The clock signal to the
control logic is provided by a clock extractor circuit which generates the master clock signal

required by the digital core from the RF signal from the reader.

31



In this thesis, the analog core has been designed and implemented. The following
sections will described design parameters involved in the implantation of the analog core in

detail.

3.4 Full-wave rectifier
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Fig 3.2 Full-wave rectifier schematic view

The full wave RF rectifier shown in Fig 3.2 is implemented in this design to provide the
power supply for the entire system. The full-wave rectification is accomplished by using a
CMOS equivalent of a quad-diode full-wave bridge rectifier configuration. The transistors P1
and P2 are connected in a basic diode configuration while N1 and N2 are connected in a
switching configuration. This configuration achieves higher rectified voltages. The working

of this circuit is as follows. When a positive going RF signal is applied to transistor N1, it
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switches on making the negative going RF pulse applied to the gate of N2 to become zero. At
this time the positive RF pulse appears at the drain of transistor P1. Transistor P1 is
connected in a basic diode configuration which allows the voltage at the drain to appear at
the source with voltage drop approximately equal to the threshold voltage of the PMOS. The
same working continues in the negative cycle of the RF signal when N2 switches on and P2
acts as the diode. The transistor sizes are mentioned in Table 3.1. Large transistor sizes were

selected to provide large output currents to drive the entire system.

Table 3.1 Full-wave rectifier transistor sizes

Transistor \W% L
P1 150 pm 600 nm
P2 150 pm 600 nm
N1 300 um 600 nm
N2 300 um 600 nm

The test circuit shown in Fig 3.3 shows the full-wave rectifier connected to a RF test
signal. The RF test signal has a frequency of 13.56 MHz with amplitude of 20 Vpp to
simulate real world RF conditions. The RC network at the output of the rectifier operates as a
filter to reduce AC ripples after rectification. The resistance of 10 K simulates a load

resistance to test its effect on the output voltage.
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Fig 3.3 Full-wave rectifier test circuit
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Fig 3.4 Full-wave rectified voltage simulation

Fig 3.4 shows the output voltage simulations of the test circuit. The voltage output was
noted as 9.1 V for the given test signal. Fig 3.5 shows the output current at the rectifier. The

output current was noted as 910 pA.
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Fig 3.5 Full-wave rectified current simulation
3.5 RF voltage limiter
Near field RF signal coupling generates high voltages at the transponder coil. The RF
voltage limiter protects the transponder system from damages caused to CMOS gate-oxide
breakdown due to an excessive coupling voltage from the reader for a short operation
distance. The RF voltage limiter circuit is shown in Fig 3.6. The RF signal is sensed by the
RF_IN pin of the circuit which is a stacked diode voltage referenced to the ground of the

chip. The stacked diode PMOS ladder is designed keeping in mind the following

relationship:
Vrect = 7'VGS + ID' R1
2.1p
Where Vaes = Vel + [——w
Hp- Cox- T~
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In the above equation the value inside the square root is minimized by using large transistor
aspect ratios, also in-turn making Ip very small which makes the following relation possible:
Vieet = 7.[Vup|
Vieet =7x0.82V

Vieet = 5.74V

RF_IN o

L

R2
10K

I

f
:
15

I

I

I

'_

a

JE
1

A

2
A
A

—Lgnd

Fig 3.6 RF voltage limiter schematic

This means that when the RF signal goes above 5.74 V then the RF voltage limiter kicks
in reducing the effective voltage. Above 5.74V the additional voltage appears at the gate of
the NMOS NI1. After a certain limit transistor N1 gradually switches on. Once N1 is

completely switched on, the potential at the gate of PMOS P8 starts decreasing. To avoid the
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RF signal to be limited completely, a resistor R2 is used to maintain a voltage drop across the
RF signal and the drain of N1. As the voltage at the gate of P8 continues to drop as the result
of N1 switching on, P8 starts turning on. At this time the transistor P8 acts a shunt and limits
any applied RF signal from increasing largely. The RF voltage limiter acts as a load to the
antenna to limit high amplitude RF signal. As seen in the test circuit in Fig 3.7 the

RF_Limiter is connected to both the positive and negative input of the rectifier.

1y gy

50Q

Rectifier OUT

200pF] <JOKO

50Q

gnd

RF Limiter

Fig 3.7 RF voltage limiter and rectifier test circuit

An off-chip L-match network transforms to 50 Q; alternately, this matching network can
be easily absorbed into the antenna as in commercial designs [12]. The applied test signal is

a 13.56 MHz sine wave with amplitude of 60 Vpp. Fig 3.8 shows the limited voltage at the
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output of the RF limiter. The voltage has been limited to 17 V pp. Fig 3.9 shows the output
voltage of the circuit. It can be seen that the applied RF signal is now reduced to 13 V, which
is below the CMOS gate-oxide breakdown voltage. Fig 3.10 shows the output current after
the test circuit and was measured at 1.25 mA. Table 3.2 shows the aspect ratio of the
transistors used in the RF voltage limiter. It can be noted that the aspect ratio of the
transistors used in the stacked diode ladder are considerably large at 100 um/0.6 um. The
remaining transistors are also large taking into consideration the large amount of voltage to

be regulated.
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Fig 3.8 RF voltage limiter output voltage
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Fig 3.10 RF voltage limiter and rectifier output current
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Table 3.2 RF voltage limiter transistor sizes

Transistor W L
P1 100 pm 600 nm
P2 100 pm 600 nm
P3 100 um 600 nm
P4 100 um 600 nm
P5 100 um 600 nm
P6 100 um 600 nm
P7 100 um 600 nm
P8 150 um 600 nm
N1 100 um 600 nm

3.6 Power-on-reset

The purpose of the power-on-reset circuit is to provide a reset signal to the digital core
when the transponder receives sufficient RF power for operation. This reset signal is
instrumental in setting all the digital components to its initial state. Only after the reset signal

is applied, the digital core can properly starts its operation. The design of the power-on-reset
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involves a non-stable system which comprises two branches containing transistor P2-N1 and
P3-N2 (see Fig 3.11) [20]. When the circuit powers up, either of these branches switches on
and the other branch switches off. The OR gate compares the two signals insuring a power-

on-reset for the logic blocks.

D
V+ :ﬁ
p1|
l_
‘A
- —
—| P2 P3 |P—
— —II—
OR INVI1 INV2 INV3
® ® PoR
[ @
-
~PoR
- —
N2
_|| NI _||_
e
V- IpF
D

Fig 3.11 Power-on-reset schematic

The gate of transistor P1 is connected to the ground at the output of the rectifier.
Transistor P1 switches on. The transistor P1 is chosen to be longer in size to limit the amount
of current supplied to the capacitor C. The capacitor C allows a slow charging of node A to

force a delay between the rise of the voltage supply and the power-on-reset. A large capacitor
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also damps the circuit to avoid parasitic oscillations. The long P1 transistor insures slow
charging of the capacitor. An array of inverters are stacked at the end of the OR gate to
provide a strong reset pulse at the end. The three inverters are arranged in ascending order
according to their sizes. The second inverter is thrice the size of the first one and so on. The

transistor sizes of the power-on-reset circuit in given in Table 3.3.

V+ PoR

p T Power-on-Reset PoR - C
est -0on- ~Po

C/P Block C IpF

| W]

Signal

Fig 3.12 Power-on-reset test circuit

The test circuit of the power-on-reset block is shown in Fig 3.12. The test signal is an
incremental ramp which stabilized for a certain period of time and then decreases. The output
waveform can be noted from Fig 3.13. The reset signal is activated from 0.7V to 3V of the
input waveform. The Vpp applied to the OR gate and the inverters is the same as that of the
input waveform, so the shape of the output waveform. This is done to eliminate the need of

the LDO voltage regulator to provide a stable supply voltage.
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Fig 3.13 Power-on-reset test circuit waveform

Table 3.3 Power-on-reset transistor sizes

Transistor w L
P1 1.5 pm 8 um
P2 4.8 um 8 um
P3 4.8 um 8 um
N1 4.8 pm 8 um
N2 4.8 pm 8 um
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3.7 Low-drop-out (LDO) voltage regulator

The low-drop-out voltage regulator is used to provide a stable supply voltage to the
entire system, including the analog and the digital core. Fig 3.14 [19] shows the basic
topology of the voltage regulator. A stable voltage reference Vggr is used with an amplifier to
generate a regulated voltage, Vreg [21]. For an ideal case considering a finite open-loop gain

Aor, the generated regulated voltage is given by:

VrReGg = AoL - (Vp - Vm)

Voltage VREF VREG

reference

CL— § R

Fig 3.14 Schematic of a voltage regulator



The negative feedback makes the regulated voltage stable across process and

. . R
temperature changes. Simplifying the above equation, V,, = Vrgg .ﬁ and V,= Vggr.
A B

Substituting these components, we can write:

1
VReG = VREF - 1 R, (3.1)

4, TR+ R;

If we consider an infinite open-loop gain for an ideal case then the above expression can

be written as:

Ra
VREG = VREF . (1 + R_) (32)
B

The schematic of the implemented LDO voltage regulator is shown in Fig. 3.15. An
operational trans-conductance amplifier (OTA) which consists of a differential amplifier with
current mirror loads is used in the LDO. When appropriate voltage levels are applied at the
inputs of the differential stage in the OTA, current flows through both the branches of the
differential pair. Since current mirror loads are used in the construction of the OTA, same
amount of current is forced in each of them respectively. This sets the voltage level at the
gate of transistor N5, since it is in current mirror configuration with N4, which in turn will be

the same as the gate potential of transistor P1.
In saturation for P1: Vsp > Vs - [Vrnpl

Solving: Vb < Vg — [Vrnp|
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We get, Vg>22V

From the above analysis the gate voltage of transistor N5 is also known. This turns on
transistor N5 and the gate of pass transistor P5 is grounded which allows turning it on
completely and is used to provide a significant amount of current to the load. A capacitor
connected between the Vrgg and ground acts as a bypass capacitor which is used to supply
charge to the load for fast current transients and also reduces the required bandwidth of the
regulator. A large Cy is used to filter the load’s fast current transients. To isolate the load
from the second-stage, transistor P5 later forms a common source amplifier with transistor
N6. A large Cp makes the regulator more stable, slowing the response of the op-amp. The
reduction of the speed of the op-amp is offset by the fact that a larger load capacitance can
supply more charge to a fast current transient before the op-amp must respond. The
compensation capacitance Cc is used for large signal purposes. A smaller value of C¢ is used
to avoid the poles associated with the output node to move to a higher frequency. If Vreg
drops suddenly, the decrease in voltage is fed back directly to the gate of P5 through Cc. This
turns P5 on quickly and allows it to pull Vreg back up bypassing the slower feedback of the
op-amp. Large values of R1 and R2 were selected to minimize the flow of current to ground
from the pass transistor. Using equation 3.6.2 and assuming infinite open-loop gain: Vrgr = 2

V, Ry =200 KQ and Rg =400 KQ.

200 KQ
Viec = 2. (1 * 200 KQ)
VrReg =3V
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Thus, the ideal regulated voltage is 3V to be supplied to the whole system. The transistor

sizes are given in Table 3.4.

— VDD

VDD

—— VDD

2pF
¢ l
— - Ce
N1| N2 RI o
€
VRef 7 | B AV c ¢
R2 200KQ 40pF
N ﬂl_ 400KQ GND_|
VBias CO——— GND = )
= GND
— — —
I:"'_J N4 N5 ||_"‘:| 4N6I|_| < |
1 GND GND_|_ GND |
Fig 3.15 LDO voltage regulator schematic
Table 3.4 LDO Transistor sizes
Transistor w L
P1 60 pm 2 um
P2 60 um 2 um
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P3 60 um 2 um
P4 60 um 2 um
PS5 800 pm 1.2 ym
N1 30 um 2 um
N2 30 um 2 um
N3 100 um 2 um
N4 10 pm 2 um
N5 10 pm 2 um
N6 10 pm 2 um

Various test circuits are presented in the following pages to characterize the LDO
completely. Fig 3.16 shows a circuit to test the line regulation. In this test circuit the supply
voltage is applied in the form of a sine wave of 5 V offset with amplitude of 1Vpp. The
frequency of the sine wave is 10 KHz. This test voltage has a 20% change in the line voltage.
The regulated voltage will be measured at the end of the LDO. Fig 3.17 shows the simulated
results of the line regulated voltage. The regulated voltage has a 0.1% change averaging at
3.026 V. This shows that the rate of change in the supply voltage is reduced in the regulated

voltage. That means the LDO is successfully regulating the supply voltage.

48



5.75
5.5
.25

250

4.75

4.5
4.25

3.032|

3.03

an
]
—

£3.026
3.024
3.022

3.02
0

VDD

Vo=35V
Va=500mV
Freq = 10KHz
1 GND
VBias VReg
_drop- Ry Co
v VRef Low-drop-out i
voltage regulator 1KO IoF
p

Fig 3.16 LDO voltage regulator line regulation test circuit
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Fig 3.17 LDO voltage regulator line regulation waveform

The next test circuit shown in Fig. 3.18 is to characterize load regulation. In this test

circuit, an alternating current is applied as a load to the LDO. The alternating load current is

a sine wave of 10 KHz frequency, 500 pA of offset current with 20% variation of 100 pA. A

stable supply of 4V is used in this test circuit. The simulated waveform of this test circuit is
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shown in Fig. 3.19. It is observed from the simulation that a 20% change in load current

generated a 0.0073% change in the regulated voltage averaging at 3.0193 V.

VDD
4v
L GND
VBias VReg
700mV, _
W[ vea| e | (@),

Fig 3.18 LDO voltage regulator load regulation test circuit
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Fig 3.19 LDO voltage regulator load regulation waveform
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Fig 3.20 LDO voltage regulator ramp input test waveform

The main function of the LDO is to provide a stable output voltage even when the
supply voltage is changing. To test this condition a ramp wave is applied as a supply voltage.
A ramp wave of 0-10 V in a time period of 50 ps is applied as test supply voltage. Fig 3.20
shows the simulated waveform of the supply voltage and the regulated voltage. It can be
clearly noted that the LDO starts regulating at 3.3 V of supply voltage proving a stable 3.05
V at the output. The regulation is stable even though the applied supply voltage is increasing
continuously. Also the design has been tested to provide a stable regulated voltage even

when greater than 20 mA of current appears at the load.
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3.8 Master-Bias voltage reference

Voltage references are an integral part of analog and mixed signal systems like the one

designed in this thesis. In most system design there are requirements of different voltage

levels by different functional blocks in the system. A master-bias voltage reference generator

provides a fixed voltage value which is then used to generate other required bias voltage

levels.

Start-up Circuit Master-Bias

VDD | T VDD — VDD
C :
500fF i l 1S
‘ . ! P3 P4 25pF
Pl vbb — —
— !
— : |
P2 | i BiasP
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_ 1
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|
: N2 N3 25pF
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|
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|
ND ND GND
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€ 4 ! 1

Fig 3.21 Master-bias voltage reference generator
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The master-bias voltage reference generator is shown in Fig 3.21 [19]. This voltage
reference consists of a start-up circuit and the master-bias circuit. At start-up, there is no
current flowing through R. For this reason a startup circuit is used to provide the required
current flow. At power-up C, is discharged and C, holds the source of Plat VDD keeping P1
off. When the circuit is switched on, current flows through transistor P2 and charges
capacitor C,. Once this capacitor is charged to VDD by P1, transistor P2 shuts off. C1 and
C2 are selected to be large enough to be able to supply the master-bias loop with sufficient
charge to operate. The gate of transistor N1 is tied to ground keeping it off. The gate can be
connected to VDD to provide a reset to the master bias reference circuit. After the master-
bias loop has enough charge in it, the startup circuit shuts down. During the operation of the
reference circuit, no current flows in the startup circuit.

The master-bias voltage reference is a beta-multiplier biasing circuit [19] with the
multiplying factor K = 4, because the size of N3 is four times the size of N2. To reduce the
sensitivity of the voltage reference generator to changes in VDD the variations in the drain-
to-source voltages of the NMOS devices are needed to be reduced. For this purpose a basic
single stage op-amp is used. The amplifier is used to compare the drain voltage of the
transistor N2 with the drain voltage of transistor N3 and regulate them to be equal. N3’s
output resistance increases due to this. When the gate voltage of N3 is above the gate voltage
of N2, the amplifiers output voltage increases. This increases the gate voltage at P3 and P4,
lowering the current it supplies and causing N3’s gate to drop. The same happens with the
current sourced by P3 which inturn decreases N2’s gate voltage. Both the gate voltage drops

are symmetrical because the gates of both P3 and P4 are tied together. The beta-multiplier is
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an example of a positive feedback circuit. The addition of a resistor kills the open loop gain
making it less than one which makes it stable. The size of the resistor cannot be too small or
the system can become unstable. The resistor R is also used to set the current in the beta-

multiplier given by the expression:

2 1
"= \/IREF Bz (- \/_E) (33)

where, Irgr is the current flowing through R, K is the beta factor, fn2 = KPn» . %

For a desired Iggr of 200 nA in each of the branches of the master-bias generator a resistor
value of 267 KQ was used. For a feedback amplifier with only single high-impedance node,
to make it stable the gate of N3 is connected to its drain. This also reduces the gain around
the loop. To make the reference even more stable capacitors C; and C4 are added. The high-
impedance node is a critical point to add the compensation capacitor. Without these
capacitors an applied step voltage makes the currents to oscillate showing it to be unstable.

The transistor sizes are shown in Table 3.5.

Table 3.5 Master-bias voltage regulator transistor sizes

Transistor w L
P1 6 um 6 um
P2 6 um 6 um
P3 100 pm 2 um
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P4 100 pm 2 um

N1 6 pm 6 um
N2 50 um 2 um
N3 200 pm 2 um

The test circuit of the master voltage reference is shown in Fig 3.22. The simulations are

shown in Fig 3.23. It should be noted that it takes about 500 ps to start the circuit.

[ VDD
<+> 3V
_| GND
BiasN
Co
Master Voltage J—
Reference BiasP 1pF
Cu
IpF | GND
GND

Fig 3.22 Master-bias voltage reference test circuit
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Fig 3.23 Master-bias voltage reference output voltage simulated waveform
The Bias N reference voltage was measured to be 550 mV and Bias P was measured to
be 2.2 V. Bias_N will be used as a voltage reference for other reference circuits. The current

consumption is shown in Fig 3.24. The current consumption was measured at 871.1 nA.

= Current Consumption \
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<
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Fig 3.24 Master-bias voltage reference current consumption simulated waveform
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3.9 Voltage references

The analog core of the transponder system consists of two voltage references which are
driven by the master bias voltage reference. These voltage references are used to supply the
required voltage levels to other circuits in the transponder. The first voltage reference is
shown in Fig. 3.25. This voltage reference is designed using a stack of diode connected
PMOS transistors (P1-P3) which are then connected to the NMOS transistor N1. Transistor
N1 is driven by the Bias N from the master bias voltage reference. The voltage levels at the
gate of N1 determine the amount of current flowing through it. The stacked diode
configuration experiences a Vs drop after on PMOS transistor. The drop in voltage can be
calculated by the following equation:

— 2 _ (3.4)
L

Hp. Cox. 7

Vas = |Vrup| +

It should be noted from equation 3.4 that the required voltage drop can be achieved by
adjusting the aspect ratio (W/L) of the transistor. The output voltages are taken at the gate of

each PMOS transistor. The transistor sizes of this design are shown in Table 3.6.

Table 3.6 Transistor sizes of the voltage reference 1

Transistor \\% L
P1 17 pm 1.2 pm
P2 67.2 um 1.2 um
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P3 67.2pm 1.2 pm
N1 17 pm 2 um
VDD

E:‘
P1
—

Vin N

Fig 3.25 Voltage reference 1 schematic diagram

| GND
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The test circuit for the voltage reference is shown in Fig 3.26. In this the master voltage

reference output BiasN is connected to the voltage reference circuit. The generated voltage

references are simulated across a capacitive load can be seen in Fig 3.27 with V1 =145V,

V2 =782 mV and BiasN = 550 mV. The current consumption of the entire system can be

seen in Fig 3.28 which equals to 916.27 nA.
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Fig 3.27 Voltage reference 1 simulated waveform
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= Current consumption
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Fig 3.28 Voltage reference 1 current consumption
The second voltage reference is shown in Fig. 3.29. This voltage reference works on the
same principles as the first voltage reference. This voltage reference circuit is used to design
only one voltage level. The reason for the design of this voltage reference is to providea 1 V
supply voltage for the analog buffer used in the discharge phase of the CDC, which will be
explained in detail later. This voltage reference is also driven by the BiasN output voltage of

the master bias. The transistor sizes are given in Table 3. 7.
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Fig 3.29 Voltage reference 2 schematic diagram

Table 3.7 Transistor sizes of the voltage reference 2

Transistor W L
P1 14pm 0.6um
P2 14pum 0.6pum
P3 14pm 0.6um
N1 16pum 2um
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Same test circuit is implemented to test this reference circuit as that of the earlier one.
Fig 3.30 shows the output voltage of the reference circuit. It can be noted that the output
voltage is measured at 1.007 V. Fig 3.31 shows the total current consumption of the entire

circuit. The current consumption is measured at 913.2622 nA.

3.10 Wide-swing Current Source

The wide-swing current source is used in the discharge phase of the CDC. The designed
current source is shown in Fig. 3.32. The current source comprises of two current mirror
branches. The current flowing in these branches is controlled by the voltage at the gate of
transistor N1 and N2. These NMOS transistors are driven by the BiasN voltage from the
master voltage bias circuit. The aspect ratio of the transistor P1 and P3 have to be designed
for desirable current source operation. The procedure is as follows:
Let us assume current I.r flowing in the branches of the current mirrors.

For PMOS P3 we have,

1 w
lier =2 - Hn - Cox L—: . (Vgsz — Vrps)? (3.5)
Rewriting this as,
1 W3 2
Iref_ E - Hn -Cox L_3 . (VG51 + VDS sat2 — VTH3) (36)

Since the gate of P2 and P1 are tied and both have the same aspect ratios,

Vasi = Vas2
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Fig 3.32 Wide-swing current source

Thus, Vbssatz = Vasi — V2

W3

1
Ler== . 1p - Cox - . .(Vgs1 + Vgs1 — Vruz — Vrus)?

2

If V1uz = Va3, then,

1 w
Lier =3 - Hn - Cox L—: . (2Vgs; — 2Vgy)?

Thus,

1 A\
Ler == . Un -Cox L_33 -4’(VG51 - VTH)2

2
64
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Now, for PMOS transistor P1:

(Vast — Vipuy)? = —rel (3.10)

Hn -Lox - L.
Replacing in the earlier equation, L; =4 L;, (if W; = W3)

Also we take L3 =5 L1, to ensure that P1 and P3 are in saturation.

Table 3.8 Transistor sizes of the wide-swing current source

Transistor Y L
P1 30um 2um
P2 30um 2um
P3 30um 10pm
P4 30um 2um
N1 7.65um 2um
N2 7.65um 2um
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Fig 3.33 Wide-swing current source test circuit
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Fig 3.34 Wide-swing current source output simulation and current consumption
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The transistor sizes are shown in table 3.8. It can be noticed that L; = 5 L;. The test
circuit is shown in Fig 3.33. The test circuit consists of the current source being driven by the
master voltage bias. The value of the current sourced is measured across an ideal voltage
source connected in the opposite direction. Fig 3.34 shows the current sourced by the
designed circuit as well as the total current consumption of the current source. The current
sourced is measured at 10.24 nA and the total current consumption is measured at 31.323 nA.
3.11 Capacitance to digital converter:

The data converter for this system is selected to be a capacitance to digital converter
(CDC). The schematic of the CDC is shown in Fig. 3.35. The passive capacitive sensor is
shown as capacitor Cs in the CDC. Cg is a variable capacitor which changes its value
proportional to the applied pressure. These type of capacitve pressure sensor exhibits a large
fixed value of capacitance and a small variable value of capacitance. Capacitance C,s has a
value equal to the nominal fixed capacitance of Cs. A feedback capacitor Cg, is connected in
the negative feedback loop of the integrator. The wide swing current sorce is shown as I;.¢ in
the schematic. Voltage levels Vi, Viias1 and Vyiaso are derived from the voltage references.
The switches are designed using transmission gates (TG).

The working of the CDC is divided into four phases. These different phases of operation
are shown in Fig. 3.36. In reset phase, ®r and @’ are closed discharging Cyg,. In charging
phase, @4, ®; and Op are closed. In this phase Cs is charged to V.. and C,.¢ is charged to Vy,.
In charge distribution phase, ®5, ®’s and @, are closed. In this phase charge distribution

takes place between Cg and C,.r. The residual charge is accumulated in Cg,. The total amount
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of variable charge accumulated in Cy, will be further converted into time in the discharge

phase.
Iref
¢py' TG0 /(I) "
¢2 Cref (I)A TG,
. ® | | . )
TGI +' ! - TG5 Cfb A
—
b1\ 16, -1 TG, oV out
ol -
vV
ref v VX +/ Vcomp
O Cs d2
S e | ¢
TG3 + - TG6 V
bias2
02\ 16, O\ TG,
Viiast
Viias2 o— bias
v

Fig 3.35 Capacitance to digital converter schematic
In the last phase, the discharge phase, switches ®p and @’ 4 are closed. In this phase the
current source is used to drain the charges from Cg. The time taken to discharge this amount
of charge is measured. The output of the integrator is given to a comparator which produces a
clean pulse when Vo, moves below Viiaso. This pulse at Veomp can be given to a counter as an
enable signal which will produce digital outputs. The CDC resolution was calculated to be 12

bits on 13.56 MHz clock.
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Fig 3.36 CDC operating phases and clocking
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Analog buffer:

During charging and discharge phase it can be noted that @, is active. To avoid the
loading of the voltage reference 1 supplying 1.5 V to Vi, input of the op-amp an analog
buffer is used while @, is active. The analog buffer is shown Fig 3.37. The analog buffer
consists of a 2:1 multiplexer (MUX), the output of which is connected to the bias of the op-
amp. The MUX has its select pin connected to the ®,. The two inputs of the MUX are
provided by two voltage levels. The connectivity can be noted from Fig 3.1b. The op-amp
used as the buffer is in negative feedback configuration. The positive terminal of the op-amp
is connected to the voltage reference 1 supplying 1.5 V. When @, is active the bias is
increased to a higher voltage level providing an increased amount of current in the branches
of the op-amp increasing its gain and increasing its response time, thus, providing a stable

voltage to the CDC op-amp. The internal schematic of the MUX is shown in Fig. 3.38.

Vbias2In= -
PA | Op-amp —{> Vbias2out

+/ Bias

VB1EO—8B

MUX  out
VB2EO— A

Bias >

Fig 3.37 Analog buffer schematic
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Fig 3.39 Op-amp schematic
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Fig 3.40 Op-amp test circuit
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Fig 3.41 Op-amp amplified waveform
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Fig 3.42 Op-amp gain and stability waveform

The transmission gates (TGs) used in the MUX are constructed using minimum device
sizes of both NMOS and PMOS. The pin named bias in the analog buffer is internally
connected and is also given as a separate pin for testing purposes in chip testing utilities. The
schematic of the op-amp used in the construction of the CDC and analog buffer is shown in
Fig. 3.39. The op-amp is a 2-stage differential amplifier having a gain of 70 dB and a phase
margin of 60°. A test circuit for the op-amp is shown in Fig 3.40. The open loop gain of the
op-amp is measured in this setup. A 13.56 MHz sine wave of 100 mV with a DC component
of 2.5V is applied to the positive terminal. The negative terminal is connected to a DC supply
of 2.5 V. The amplified signal is seen in Fig. 3.41. The simulations of gain and stability is
shown inn Fig. 3.42. The op-amp is designed to have low-power consumption at 7 pW. The

transistor sizes in the op-amp are given in table 3.9.
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Table 3.9 Transistor sizes of op-amp

Transistor W L
P1 50 um 1.2 um
P2 50 um 1.2 ym
P3 120 um 1.2 pm
N1 100 um 1.2 pm
N2 100 um 1.2 pm
N3 9 um 1 um
N4 15 pm 1.2 pm

The simulation of a 6.2 pF of test capacitance for Cg is shown in Fig. 3.43. The
four phases of operation are shown in Fig 3.43. The waveform depicts Vout which is taken at
the output of the integrator. It can be seen that the voltage level gradually decreases in the
discharge phase. All the voltage levels at different phases can be theoretically calculated as
shown below in the calculation section. Also noted in the waveform is the effect of charge
injection from switches involved in the change in phases. The waveform marked Vcomp is
taken at the comparator output. A clean pulse is obtained by using an AND gate at the output

of the comparator and the discharge phase clock pulse. The width of the pulse generated is
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proportional of the variable part of Cs. The pulse waveform can be fed to a counter with a

desired clock frequency to obtain the digital equivalent.

Charge

Charging Distribution

Phase

Phase
Reset \l \/
Phase
4 Feo

2.2
2.0 1
1.8 1
1.6

1.4

1.2
357
3.0 1

2.5 1
2.0
1.5 1
1.0
0.5 1

Discharge
Phase

= Vout /
- Vcomp/

- e - - - -

V (V)

-0.5

T bt e ek e e
[ g R A A NN R R BRGNP IR IR IpEgE Nl R RN RN Ay SR yug g

50.0 100.0  time(us) 150.0 200.0 250.0

Fig 3.43 CDC waveform for 6.2 pF of Cg

Capacitance to Digital Converter Calculations:

In this section we present the capacitance to time conversion calculations. Two types of
calculations are presented, ideal case calculation and calculations involving charge injection
and op-amp offset.

Ideal CDC case: (without op-amp offset and charge injection)

Reset phase: switches TGg and TG are closed, all other switches are open.
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Equivalent Circuit:

VX \ o Vout

o
V2
Fig 3.44 CDC reset phase equivalent circuit
At this time: Qg =0 (charge in Cg,)
Vi, =0 (voltage across Cy)

Vi = V2 = Vou

Charging phase: switches TGs, TG;, TG;, TG; and TGg are closed, all other switches are

open. Equivalent Circuit:

1
= Vx
C|S _ovout
Vref ° +|[- >
Vi

Fig 3.45 CDC charging phase equivalent circuit
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At this time: V4 =V,
Qrefl = 'Vb2 . Cref (31 1)
Qsl = Vref . Cs = Vref . (Cx + Cref) (3 12)

Charge distribution phase: Switches TGs, TGy, TG, TG4 and TG are closed, all other

switches are open

Equivalent Circuit:

° Vout

|l
o
Vi +|[=-

V o
b2
Fig 3.46 CDC charge distribution phase equivalent circuit
At this time: Vou = Vi + Vi,
Q2 =(Via— Vi) . C,=0 (3.13)
Qrer2 = (Vrer = Vi) + Crer (3.14)
The difference in charges between the charging phase and charge distribution phase is given
by the following equations:
AQs = Qs1 — Qp (3.15)
= Vier. (Cx+ Crer) — 0
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AQs = Vier . (Cx + Crep) (3.16)

Thus, Cgis fully discharged.
Also, AQret = Qreft — Qref2 (3.17)

== V2.Cret = (Vier = V2)Crer

— Ver. Cur (3.18)
Therefore, total charge accumulated in the feedback capacitor:

Qb = AQs + AQres
= Vier . (Cx + Cref) = Vier - Crer

be = Vier . Cx (319)
Re-writing Vou = Vo + Qb
Crb
=V, + xefCx (3.20)
Crb

Discharge phase: switches TG, TGy are closed, all other switches are open

At this time: positive charges from the current source I..r are supplied to the feedback

capacitor.

VietCx 1 T
Thus, Vou= Vi + T [ gt (3.21)

I

Vrer-Cx
Vour= V2 + ﬁ " (T,— Ty) (3.22)

Where, T, is the time when positive charges from the current generator start discharging the

feedback capacitor Cg,. We will set T; = 0. T is the time when Vg = Vi

Thus, Vour = Vo + et L (1) (3.23)
Cp  Cpp
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Equivalent circuit:

—

o)

Iref

oVout

V

(o]
Vi

Fig 3.47 CDC discharge phase equivalent circuit

Finally, rearranging and cancelling similar terms:

T, = 2xef (3.24)

From the above equation we show that the variable part of Cs is converted to time by the
proposed CDC circuit.

Non-Idealities:

In this section we will perform calculations considering charge injection and opamp offset:

The charge injection of a transmission gate (TG) is calculated.
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Fig 3.48 Transmission gate charge injection setup
Charge accumulated in NMOS when transistor is on:
QOn=-Cox.W.L.(Vew)
=-Cox.W.L.(Vgs - Vrun)
=-Cox-W.L.(Vpp - Vin- Vi)
Charge accumulated in PMOS when it is on:
Qp=Cox.W.L.(Vepr)
=Cox- W.L.(VsG-|Vrur|)
=Cox- W.L.(Vin-|Vrup|)
Total charge accumulated:

QrotaL = Qn + Qp

= - Cox .W.L. (VDD 'Vin'VTHN) +C0X .W.L. (Vin' |VTHP|)
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QrotaL= Cox . W . L. (- Vpp + 2Viy + Viun - [V1up|)
The effective charge injection is given by:

_ QroTaL
Quy = oA

_ Cox W.L.(=Vpp +2Vj + Vrun — |[VTHPI)
Qny = -= 2‘“ (3.25)

Therefore, the effective voltage change at Cx:
A Vy = QroTaL

2.Cx

Reset phase: Switches (TGg and TGy) are closed, all other switches are open

Equivalent Circuit:

VX \ ° Vout

(o]
9
Ve

Fig 3.49 CDC reset phase equivalent circuit — charge injection model
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Taking opamp offset into consideration: V’py = Vi + Vogp
At this time: Qg =0
Vfb =0

Vi =V’h2 =V + Vo1 = Vour

So, charge accumulated in TGg:

Qs=Cox.W.L.(- Vbp+2V’p2 + Vun - [Vrnp|)
Also, charge accumulated at TGo:

Qo=Cox.W.L.(- Vbp+2V’p2 + Vun - [Vrnp|)

Charging phase: Switches ®,, @; and Og (TGs, TG,, TGs, TG; and TGy) are closed, all other

switches are open.

Equivalent Circuit:

: TGg

TGy

g
Lk

O

o
o

Fig 3.50 CDC charging phase equivalent circuit — charge injection model

O
+

oV
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At this time: TGy opens (during @’ ).

Thus, the effective charge injection becomes %

And the charge accumulated in Cy, is:

2 2

Q1 = Qo _ Cox.-W. L. (=Vpp +2V'y, + Vrun = [Vrupl)

AlSO, Qrefl =- V,bZ . Cref
Qsl = Vref . Cs = Vref (Cref + Cx)

The, charge accumulated in the various TGs in this phase is:

At TGs; Qs=Cox.W.L.(- Vbbb + 2V’ + Vrun - [Vue|)
At TG, Q2=Cox . W. L. (- Voo *+ Viax - [V1up|)
At TG; Q3=Cox.W.L.(- Vbp + 2Vies + Vrun - [Vrap|)
At TG, Q7=Cox . W.L. (- Voo *+ Viax - [V1up|)

Charge distribution phase: Switches TGs, TGy, TG, TG4 and TG are closed, all other

switches are open.
First, consider when TG;, TGs, TGy, TGg are open charge injection from TGg enters Cy, at

the negative terminal.

BW_
2

Thus, Qm2 = Q1 -

It can be inferred from the above equation that Cyg, is fully discharged.
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Equivalent Circuit:

O

TG1 TGS SrTGS
Vrsf—")V |—" S C.n TE;
G, 4-”;0)(&

L Vx D
TG3 S TG6 + —oVout
Vie \ T+ || ; i ©
' oV
Gy TG,

Fig 3.51 CDC charge distribution phase equivalent circuit — charge injection model

Charge injection from TG; flows into Cper.

Q
Thus, Q2 = 72 + Qref1

_ Cox. W. L. (=Vpp +Vrun — [VTHP) V', C
Qreﬁ - 5 - b2 - L“ref

Also, charge injection from TGj; and TG flows to Cs.
So, Qo = Vier (Crer+ C) + “2 . W. L. (- Vip + 2Vrer + Vi - [Vre))
- £ W. L. (- Voo + Vi - [Vrie))

Vref (Cref + Cx) + Cox . W L Vref
Consider TGy, TGs, TGy, TGg, TGg are closed.

Thus, Vour=V’p2 + Vg,
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Qi = Verr. Cs = (Vi = V'2) . Cs = - Vorrr . Cs
Qrers = Vetr - Crer = (Vier— V'p2) « Crer
Thus, change in charge in Cs is:
AQs = Qs — Qs
= Vief (Crer + Cx) + Voft (Crer T Cx) + Cox W. L. Vit (3.26)

AQref = Qref2 - QrefS

_Cox. W. L. (~Vpp +Vrun — [Vrpl)
2

- V,b2 . Cref - (Vref_ V,bZ) . Cref

_ Cox. W. L. (~Vpp +Vrun — [VTHP])
2

- Vref . Cref (327)

Thus, the total charge transferred to the feedback capacitor is:
bel = AQS + AQref
= Vier (Cref + Cx) + Vo (Cref + Cx) + Cox W. L. Vi

Cox- W. L. (~Vpp +VruNn ~ [VTHpD) \V
2

+

ref - Cref

bel = Vref . Cx + Voff . CS + Cox- W. L. (Zvref_ \;DD + VruN — |VTHP|) (3.28)
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Discharge phase: Switches TGy, TGy are closed, all other switches are open.

Equivalent circuit:

TG

TGs
Cref
Vet C)_'|'| | - \ 7 Cp TGy

—
t Vout

Cs TGe .
ell=1

TGy

Fig 3.52 CDC discharge phase equivalent circuit- 1 — charge injection model

First, taking into account total charge injection from TGs and TGg:

Q
2

Qtotal = % +
=Cox. W. L. (2V’b2 — VDD + VTHN - |VTHP|) (329)
So, effect of calculated charge injection on feedback capacitor Cy:

bez = bel - Qtotal

W. L. [2Vyef— Vpp + VrHN — |VTHPI]
2

Cox -
= Vier. Cx + Vorr . Cs + =
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-Cox. W. L. (ZV’bz — VDD + VTHN - |VTHP|) (330)
At this time, consider TGy is closed.

Equivalent circuit:

Iref

Ch
TGy - | L+
s

TGy

out Vcomp

/

Vb V2 + Vo

Fig 3.53 CDC discharge phase equivalent circuit 2 — charge injection model

Calculations:

s Qmz 1 T2
= + [
Vour = Vb2 o C ITs I dt

=V’b2+chb2 (T~ T)) (3.31)
fb fb

Assume T =0 and T, when Vyu = Vi + Vo

Where, Vs is the offset of the comparator op amp.
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Thus, Ty=- (Vout - Vi + @) . &
Cep I

Q C
- (Vb2 + Voo — Vo — Vosr - Cf:bz ). be

_ (Vo1 =Vorr2)Cry | Qfb2
= " + " (3.32)

For simplification of calculation if the following conditions are considered:
Vrun = [Vrap| and 2V, = Vpp and Vier = Vpp

Then, the total time taken for capacitance to digital conversion can be expressed as:

T, = Vref Cx | Voff1-Cs | Cox W.LVref  Cox W.L2.Voi1 | (Vo1 =Voff2)Cen (3.33)
I I 2.1 I I ’

Where, I is the supplied current from the current source.

Equation 3.33 shows the time equivalent of the capacitance taking into account the
charge injection and opamp offset.
3.12 Clock Extractor:

The clock extractor circuit is responsible for the master clock generation for the digital
block. The clock extractor circuit is designed using an inverter chain containing three
inverters as shown in Fig. 3.54. The first inverter branch prevents the transponder antenna
from being loaded by the internal circuitry. The effect is cascaded by the third branch as well
which separates the internal circuitry from the transponder antenna. The second inverter
branch inverts the signal coming from the first inverter. The in-coming RF wave is inverted
multiple times to achieve a clock pulse of the same frequency, which can be later converted
into required frequencies by the use of frequency dividers. The schematic simulation of the
clock extractor involves the RF input of 13.56 MHz to the RF IN pin and the clock pulse is

observed at the CLK OUT pin which can be seen Fig 5.55.
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Fig 3.54 Clock extractor schematic

Test Signal

1.5
1.0
0.5

Clock

100.0 2000 fime(ns) 300.0 400.0

Fig 3.55 Clock extractor schematic simulation
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Table 3.10 Transistor sizes of cock extractor

Transistor W L
P1 13.5 um 600 nm
P2 40.5 pm 600 nm
P3 121.5 pm 600 nm
N1 4.5 pm 600 nm
N2 13.5 um 600 nm
N3 40.5 um 600 nm

The transistor sizes of the clock extractor schematic are given in Table 3.10.
3.13 Modulator and Demodulator:

Both the modulator and demodulator circuits are designed in collaboration with my
colleague H.S. Kumar Swamy. In this section the schematic of both the circuits are shown.
The modulator performs load modulation and consists of a single-large NMOS transistor.
The RF signal is fed to the drain of N1 and the control signal is provided to the gate of the
transistor. When the gate is high a dip in voltage of the applied RF waveform is observed
showing load modulation is performed. The control signal can be an encoded digital signal
from the digital core. The schematic of the modulator is shown in Fig. 3.56. The simulated

waveform is shown in Fig 3.57. The transistor size of N1 is given in Table 3.11.
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Fig 3.56 Modulator schematic
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Fig 3.57 Modulator schematic output waveform
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Table 3.11 Transistor size of modulator

Transistor \Y L

N1 60 um 600 nm

The demodulator schematic is shown in Fig 3.58. The in-coming RF signal which
contains encoded data is fed to an envelope detector. The envelop detector consists of a diode
which removes the modulation envelope and it is fed to the input of the demodulator. The
demodulator consists of a voltage divider circuit and a large capacitor C1. Due to large sized
resistor R1 and R2, the capacitor charges very slowly. R3 and C2 form the matching network
for the external transponder antenna. The op-amp used is the same as the one used in the
CDC. The op-amp is used to detect the bits in the in-coming RF transmission. A clear bit is
produced at Demod Out pin when the voltage across the capacitor C1 which is given to the

positive input of the op-amp is greater than the negative input.

Envelope In Demod Out
=
R1 R3
2MQ ::cz
33KQ 10 pF Bias In
cl R2

1105 pF _>,010 1 £

Fig 3.58 De-modulator schematic
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3.14 Conclusion:
The analog blocks have been explained in detail. The following chapter discusses about
the layout of the analog core. The entire layout and total current consumption is shown and

the final chip is also shown.
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CHAPTER 4

RESULTS

4.1 Introduction

In this chapter the results of the entire analog core are discussed. The layout of each
analog block is shown along with all the post-layout simulations. The layouts were designed
using the NCSU kit with a 0.6 pum CMOS target process.
4.2 RF Rectifier

The RF rectifier layout is shows in Fig 4.1. The layout of the PMOS and NMOS
transistors have been broken down into multiple number of fingers and guard rings have been
placed to reduce effect of etching. The whole layout is surrounded by guard rings of ground
connectivity for better substrate connection. Voltage and current simulations are shown in

Fig 4.2 and 4.3 respectively. The layout measures 96.3 pm x 89.7 um.

Fig 4.1 RF Rectifier layout
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Fig 4.2 RF Rectifier post-layout voltage
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Fig 4.3 RF Rectifier post-layout output current
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4.3 RF Limiter
The layout of the RF limiter is shown in Fig. 4.4. Same methodologies are used in the
layout of this as of the earlier layout. The resistor layout is made in serpentine form. The

layout measures 79.8 um x 132.3 pm. The output voltage simulation of the RF Limiter is

shown in Fig. 4.5.

Fig 4.4 RF Limiter layout

40.0
30.0-
200
1007+

-10.01
-20.01
-30.0
-40.0
1757

15.01

12,5
_10.01
\Z/ 75
~5.01
= |
& 251

Test Signal(V)
S
S

25 — : : :
0 25.0 50.0 75.0 100.0 125.0 150.0
Time (ns)

Fig 4.5 RF Limiter post-layout voltage
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The output current and voltage simulation of the RF rectifier, post RF limiter is shown in Fig.

4.6 and 4.7 respectively.

1.50

1.25

1.0

750

I
S(mA)

5

.250

-.250
0 25 50 75 100 125 150

Time (ns)

Fig 4.6 RF Limiter post-layout current

15.0°

12.5 1

-2:30 0 25 50 75 100 125 150

Time (ns)

Fig 4.7 RF Limiter post-layout voltage
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4.4 Power-on-Reset
The power-on-reset layout is shown in Fig. 4.8. The test signal and output voltage

simulations are shown in Fig 4.9. The layout measures 72.750 pm x 157.65 um.

Fig 4.8 Power-on-reset layout

LN

Test Signal

—~

0 2.5 5.0 7.5 10.0 12.5 15.0
Time(pus)
Fig 4.9 Power-on-reset post-layout voltage
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4.5 Low-Drop-Out Voltage Regulator

Two LDOs have been constructed. The first one, does not include the feed-back
resistors and thus, can be used to provide any required voltage level by using external
resistors. This is done to increase the flexibility in LDO output-voltage configuration. The
second layout includes the feed-back resistor and corresponds to the schematic design.
451 LDO 1

The layout of the low-drop-out voltage regulator without the feed-back resistors is

shown in Fig. 4.10. The layout measures 295.200 pm x 341.850 pm.




4.5.2 Low-drop-out voltage regulator 2
The layout of the low-drop-out voltage regulator is shown in Fig. 4.11. This layout is
made with the resistors for the feed-back voltage for fixed output-voltage purposes. The

layout measures 297 um x 342.150 pm.

Fig 4.11 Low-drop-out voltage regulator 2 layout

The post layout simulations of the re-configurable LDO1 with same R1 and R2 value as
the schematic is shown in Fig 4.12. Post layout simulation of the LDO2 is shown in Fig.
4.13. Both the post-layout and pre-layout simulations match, showing the layouts are

operational.
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Fig 4.12 LDO 1 post-layout output voltage simulation
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Fig 4.13 LDO 2 post-layout output voltage simulation



4.6 Master bias voltage reference

The layout of the master bias voltage reference is shown in Fig. 4.14. The layout

measures 315.450 um x 306.150 pm.

Fig 4.14 Master-bias voltage reference generator layout
The post-layout output voltage simulations are shown in Fig 4.15. This simulation
matches with the pre-layout schematic simulation, showing the layout is operational. The

current consumption is shown in Fig. 4.16.
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Fig. 4.15 Master-Bias Post-layout output voltage simulation
-566.9151
56691761
= Current Consumption
-566.9201
—566.9226
-566.9251
-566.9276
-566.9301
-566.9326
0 25 5.0 7.5 10.0
time(ms)

Fig. 4.16 Master-Bias Post-layout current consumption
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4.7 Voltage reference 1
The layout of the voltage reference 1 circuit is shown in Fig. 4.13. The layout

measures 98.550 pm x 74.400 um.

Fig 4.17 Voltage reference 1 layout

The post-layout output voltage simulation is shown in Fig 4.18, confirming a functional

layout construction.
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Fig 4.19 Voltage reference 2 post-layout output voltage simulation
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4.8 Voltage reference 2

The layout of the voltage reference 2 circuit is shown in Fig. 4.20. The layout

measures 65.250 pm x 66.30 pm.

Fig 4.20 Voltage reference 2 layout
The post-layout output voltage simulation is shown in Fig 4.19, confirming a functional

layout construction.
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4.9 Wide-swing current source
The layout of the wide swing current source is shown in Fig. 4.21. The layout
measures 89.850 um x 74.40 um. The post-layout output current simulation is shown in Fig

4.22, confirming a functional layout construction

Fig 4.21 Wide-swing current source layout
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Fig 4.22 Wide-swing current source post-layout output current simulation
4.10 Capacitance to digital converter

The layout of the capacitance to digital converter is shown in Fig. 4.23. Post-layout
simulations of test values of Cs = 6.2 pF and 5.8 pF are shown in Fig 4.24 and Fig 4.25

respectively, confirming the functionality of the layout construction. . The layout measures

500 pm x 123.75 pm.

Fig 4.23 Capacitance to digital converter layout
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Fig 4.26 Total current consumption of the CDC
The total current consumption of the CDC is shown in Fig 4.26 and noted at 30.1 pA.

Analog Buffer:

Fig 4.27 Analog buffer layout design
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The layout of the analog buffer is shown in Fig. 4.27. The layout measures
154.25 pm x 220.15 um. The post-layout simulation along with the CDC confirms a
functional layout construction. The pin marked Bias is internally connected to the out of the
MUX but has also been an external on-chip connection for flexibility in verification during
chip testing. The Bias pin may be left un-connected.

Op-amp:

Fig 4.28 Op-amp layout design

The layout of the op-amp is shown in Fig. 4.28. The layout measures 120.45 pm x

145.25 pum. The post layout simulations of the amplified voltage and the gain/stability plots
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are shown in Fig 4.29 and Fig 4.30 respectively. Both the plots correspond to the schematic

waveforms confirming a functional layout design.
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Fig 4.29 Op-amp post-layout amplified signal
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Fig 4.30 Op-amp post-layout gain and stability plot
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4.11 Clock Extractor

Fig 4.31 Clock extractor layout design
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Fig 4.32 Clock extractor post-layout simulation
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The layout of the clock extractor is shown in Fig. 4.31. The layout measures 86.25 um x
65.75 um. The post layout simulation of the clock extractor is shown in Fig 4.32. The post
layout plots correspond to the schematic waveforms confirming a functional layout design.

4.12 Modulator and Demodulator

Fig 4.33 Modulator layout design

The modulator layout is shown in Fig 4.33. The layout measures 30.25 um x 28.5 pm.
Post-layout simulation is shown in Fig 4.34 which corresponds to the pre-layout simulation
confirming a functional layout design. The demodulator layout is shown in Fig 4.35. The

layout measures 355.260 pum x 441.400 um.
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ig 4.35 De-Modulator layout design
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4.13 Final chip layout

The layout of the entire analog core is shown in Fig 4.36. This shows the final chip

submission layout. The final layout measures at 3.0 mm x 2.4 mm and was designed on 0.5

pum CMOS technology. An in-detail pin configuration and description is provided in Table

1.
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Fig 4.36 Final chip layout of the analog core
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Table 4.1 In-detail pin configuration for final chip layout

117

bA Digital 0V-3V input
¢B Digital 0V-3V input
b1 Digital 0V-3V input
b2 Digital 0V-3V input
dR Digital 0V-3V input
d'A Digital 0V-3V input
8 Varcap - Analog 5.71 pF - 6.2 pF in/out
O | Varcap + Analog 5.71 pF - 6.2 pF in/out
lin Analog 10 nA input
Vref Analog 3V input
Vbiasl Analog 750 mV input
Vbias2 Analog 1.5V input
Vout Analog 1.5V-2V output
Vcomp Analog 0V -3V output
Vreg Analog 3V output
S 5 [ VDD Analog oV - 10V input
8 % Vib Analog From resistors input
— = | Vref Analog 2V input
Vbias Analog 750 mV input



RF In 0V-10V,13.56 MHz
Clk Out 0V-3V,13.56 MHz

4.14 Conclusion
The layouts of all the analog blocks were designed and the chip to be submitted was also

designed. The following chapter will give concluding remarks on the thesis research work.
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CHAPTER 5
CONCLUDING REMARKS AND FUTURE WORKS

5.1 Concluding Remarks

The entire analog core for an implantable RFID-enabled pressure measurement system
is designed. The designed analog core includes the power generation block for the system,
the clock extractor for the digital core and the pressure sensor data converter. Circuit design
constraints of low-power consumption and small form factor were achieved in the
implementation of the analog core. A novel low-power analog-to-digital converter (ADC) for
the pressure sensor is designed which consumes only 90 uW and has a resolution of 12 buts.
This makes the implementation of the entire system suitable for such energy-constrained
applications. Cadence Virtuoso 6.1 Analog Design Environment simulators are used to
design, test and compare the schematic and post-layout simulations of the components. The
final chip layout measured at 3.0 mm x 2.4 mm.
5.2 Future Work

Due to an oversight, the generation of Vs and Vy;,s inputs to the LDO (see Fig 3.1b)
requires an LDO output. These signals should have been generated by the master bias circuit.
The chip can still be tested by generating a stable 3 V supply from the output of the rectifier
using a zener diode.

Post-fabrication chip-testing and verification has to be performed to test chip
functionality. The long-term implementation of this thesis will be its integration with the
digital core to build the RFID transponder. Also, real time pressure measurement and

wireless data transmission will be the ultimate goal of the whole implementation.
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