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LOW POWER HIGH RESOLUTION SENSOR INTERFACE

FIELD GF INVENTION

“The present invention relates to a sensor interface, in particular, a lower power high

resolufion sensor inderface, and associated sensor system front-end and relaxation

oscillator for various applications such as in biomedical slectronics.

BACKGROUND

Resistive and capacilive sansors are widely used in blomedical applications to measure
various parameters such as flow, pressure, temperature, and chemical species like
glucose, protein and DNA. A conventional sensor interface typically consists of an
analog front-end (AFE}, & programmable gain ampiifier (PGA) and an analog-to-digital
converter {ADC). Such a conventional sensor intetface may provide good performance
in tferms of sensing resciution and dynamic range, but it is not abie o reduce its power
and silicon area consumption to 2 level which is desirable in biomedical applications. A
known approach to address this constraint is o convert the sensor output into & form of
frequency by using an oscillator circuit. A typical choice of oscillator for this application is
an RC type, which features small siiicon area and low power consumplion when
compared with its LC iype courterparl. Among RC oscillators, relaxation oscillator
{ROSC) is preferred due fo its constant freguency tuning gain and continuous phase
readout. However, a major problem associaied with ROSC is its poor phase noise and
jitter performance. This reduces the resolution of the RC relaxation oscillator (RCOSC)
based sensor interface.

Accordingly, it is desirable to provide a low power high resclution RCOSC based sensor
interface.
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SUMMARY

According to a first aspect of the present invention, there is provided a sensor
interface circuit for resolving sensor signals from a piurality of sensors into a digital
sensor signal, the sensor interface circuit comprising:

a relaxation osdillator for receiving and pre-processing the sensor signals 1o
generate an analog sensor signal, the relaxation osciliator comprising one or more
dynamic circuits; and

& monitoring moduls for receiving the analog sensor signal and generating the
digital sensor signal in response thersto.

Preferably, the monitoring module comprises:

a fixed frequency generation device for generating a clock signal héving a fixed
frequancy of clock pulses; and

a variable window frequency counting device for determining a number of clock
pulses within a variable counting window.

Preferably, the variable window frequency counting device varies the variable counting
window between a predetermined minimum osciliator frequency and a predetermined
maximum oscillator frequency, the predetermined minimum oscillator frequency and the
predetermined maximum osciliafor frequency determined in response to operational
parameters of the relaxation osciliator.

Preferably, the fixed frequency generation device has a fixed frequency determined in
response io operational parameters of the relaxation osciliator,

Preferably, the monitoring module further comprises front end circuitry coupled between
the relaxation oscillator and the variable window frequency counting device for pre-
processing the analog signal from the relaxation oscillator for frequency counting by the
variable window frequency couniing device.
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Preferably, the relaxation osciltator further comprises one or more comparators having a

comparator reference voltage, and wherein the one or more dynamic circuits includes a
dynamic capacifor circuit coupied to the comparators, the dynamic capacitor circuit being
configured fo reduce its discharge capatitance in response to a determination that its
capacitor voltage approximates the comparator reference voltage of the one or more
comparalors. '

Preferably, the dynamic capacitor circuit comprises one or more MQOS varactors
respeciively coupled to the one or more comparators.

Preferably, the relaxation oscillator further comprises one or more capacitors, and
wherein the one or more dynamic circuits includes a dynamic current discharge circuit
coupied fo the one or more capacitors, the dynamic current discharge circuit being
configured to increase a discharge current for the one or more capacitors in response o
a determination that a voltage of the one or more capaciiors approximates a comparator
reference voltage.

Preferably, the relaxation oscillator further comprises one or more comparators having
the comparator reference voltage, and wherein the one or more dynamic circuits further
inciudes a dynamic capacitor circuit comprising the one or more capacitors and couptled
to the comparators, and wherein the dynamic curreni discharge circuif is configured fo
increase the discharge current and the dynamic capacior circuit is configurad fo reducs
its discharge capacitance in response io a determination that #ts capacitor voltage
approximates the comparator reference voltage.

According to a second aspect of the present invention, there is provided a sensor
system front-end comprising:

a plurality of sensors; and

a sensor interface for resclving sensor signals from the plurality of sensors into a
digital sensor signal, the sensor interface comprising:
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. & relaxation osdcillator for receiving and pre-processing the sensor signals
to generate an analog sensor signal, the relaxation oscillator comprising one or
more dynamic circuits; and

a monitoring module for receiving the analog sensor signal and
generating the digital sensor signal in response thereto, wherein the monitoring

module comprises a variable window frequency counting device,

Preferably, the plurality of sensors comprises a plurality of resistive sensors,

Alternatively, the plurality of sensors comprise a plurality of capacitive sensors.

Preferably, the monioring module comprises:

a fixed frequency generation device for generating a clock signal having a fixed
frequency of clock pulses; and

a variable window frequency counting device for determining a number of clock
pulses within a variable counting window.,

Preferably, the variable window frequency counting device varies the variable counting
window between a predetermined minimum oscillator frequency and a predetermined
maximum oscillator frequency, the predetermined minimum oscillator frequency and the
predetermined maximum oscillator frequency determined in response to operational
parameters of the relaxation oscillator.

Preferably, the fixed frequency generation device has a fixed frequency determined in
response {0 operational parameters of the relaxation osciliator, and wherein ths
monitoring module further comprises front end circuitry coupled between the relaxation
oscillator and the variable window frequency counting device for pre-processing the
analog signal from the relaxation oscillator for frequency counting by the variable window
frequency counting device.

Preferably, the relaxation oscillator further comprises one or more comparators having a
comparator reference voltage, and wherein the one or more dynamic circuits includes a
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dynamic capacitor circuit coupied to the comparators, the dynamic capacitor circuit being
configured fo reduce is discharge capaciiance in response to a determination that its
capaciior voltage approximates the comparator reference voltage of the one or more
comparators.

Preferably, the dynamic capacitor circuit comprises one or more MOS varaciors
respectively coupled to the one or more comparafors.

Preferably, the relaxation oscillator further comprises one or more capacitors, and
wherein the one or more dynamic circuits includes a dynamic current discharge circuit
coupled to the one or more capaciors, the dynamic current discharge circult being
configured to increase a discharge current for the one or more capacifors in responsa to
a determination that a voltage of the one or more capacitors approximates a comparator
reference veoltage.

Praferably, the retaxation osciliator further comprises one or more comparators having
the comparator reference voltage, and wherein the one or more dynamic circuits further
includes a dynamic capacitor circuit comprising the one or more capacitors and coupled
to the comparators, and wherein the dynamic current discharge circuit is configured o
increase the discharge current and the dynarmic capacitor circuit is configured to reduce
its discharge capaciiance in response to a determination that its capacifor voltage

approximates the comparator reference voitage.

According to a third aspect of the present invention, there is provided a relaxation
oscillator comprising:

comparators, each having a comparator reference voltage input, a signal input
and an output, wherein the comparator reference voltage input of each of the
comparators are connected to a comparator reference voltage source;

variahle capacitors, wherein the number of the variable capacitors is equal to the
number of the comparators, and wherein each of the variabie capacitors is connected
betwesn a ground voltage potential and the signal input of a corresponding one of the
comparators and gach of the variable capacitors is controlled o reduce its discharging
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capacitance only when its capacitor voltage approximates a voltage of the comparator
reference voltage source;

discharge circuits respectively coupled to the variable capacitors, each of the
discharge circuits coupled to the respective variable capacitor is coupled to the ground
voltage potential and an oscillator output, the discharge circuits are configured fo
increase a discharge current for the variable capacitors onlty when a voltage of the
variable capacitors approximates the voltage of the comparator reference voltage
source; _

an oscillator input section for receiving a sensor input from a plurality of sensors
and providing fhe sensor input to each of the signal inputs of the comparators; and

a frequency generation circuit coupled fo the output of the comparators and to
the oscillator input section for generating an analog signal from the sensor input for
provision to an oscillator ouiput of the frequency generation circult by controlling
provision of the sensor input 1o the signail inputs of the comparators.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better undersiood and readily apparent to one
of ordinary skill in the art from the following written description, by way of exampie

anly, and in conjunction with the drawings, in which:

Figure 1 depicts a block diagram of a sensor system front-end including a relaxation
oscillator based sensor interface circuit according to an embodiment of the present

invantion:

Figures ZA and 2B illustrate a conventional output frequency counting scheme and an
oulput frequency counting scheme according to a first embodiment of the present
invention, respectivaly; ‘

Figures 3A and 3B illustrate the relationship between the number of oscillator edges and
the cutput oscillation period for the conventional output frequency counting scheme and

the output frequency counting scheme according to the first embodiment, respectively;
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Figure 4 depicts a block diagram of an exemplary relaxation oscillator including a
dynamic current discharge circuit according to a second embodiment of the present

invention;

Figure 5 iliustrates an exemplary dynamic discharging waveform of the relaxation
oscillator of Figure 4;

Figure € iliusirates exemplary simulation results of the normalized jitter of the
comparator and the dynamic current discharge circuit;

Figure 7 depicts a block diagram of an exemplary relaxation oscillator including a

dynamic capacitor circuit according to the second embodiment of the present invention;

Figure 8 illustrates the discharging capacitance of the dynamic current discharge circuit;

Figure 9 illustrates an exempiary dynamic discharging waveform of the relaxation
osciilator of Figure 7;

Figure 10 itustrates a chip micrograph of an exemplary sensor interface circuit according

to an embodiment of the present invention;

Figures 11A and 11B lllustrate the measured jitter performances of the relaxation

oscillator of Figure 4 and the conventional relaxation oscillator, respectively;

Figure 12 shows a comparison between the phase noise measuremeni resulis of the
relaxation osciliator of Figure 4 and the conventional relaxation osdillator;

Figures 13A and 13B illustrate the measured jitter performances of the relaxation

oscillator of Figure 7 and the conventional relaxation oscillator, respectively;
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Figure 14 shows @ comparison between the phase noise measurement resuits of the
relaxation oscillator of Figure 7 and the conventional retaxafion oscillator; and

Figures 15A and 15B lliustrate the measured dynamic range performance of the sensor
inferface with the output frequency counting scheme according to the first embodiment

and the conventional cutput frequency counting scheme, respectively.

DETAILED DESCRIPTION

As described in the background, 2 major problem asscciated with a conventional
relaxation oscillator (ROSC) based sensor interface is its poor phase noise and jitter
performance, which reduces its resolution. Embodiments of the present invention seek
to improve the resolution of the relaxation osciliator based sensor interface, preferably
without causing an undesirabie increase in its power consumption.

Figure 1 illustrates a block diagram of a sensor system front-end 5 comprising a
relaxation osciliator based sensor interface circuit 10 according to an embodiment of the
present invention for resolving (e.g.., processing or converting) sensor signals from a
plurality of sensors 14 into a digital sensor signal. The sensor interface circuit 10
comprises a relaxation oscillator 16 for converting the outputs of the sensors 14 into
frequency forms. in particular, the relaxation oscillator 16 is operable for receiving and
pre-processing ihe sensor signals to generate an analog sensor signail, and comprises
one or more dynamic circuits 18, 20 for improving phase noise and jitter performance of
the relaxation osciliator 16. Details of the dynamic circuits 18, 20 will ba described iater
below according to embodiments of the present invention. The sensor interface circuit 10
further comprises a monitoring module 24 for recelving the analog sensor signal from the

relaxation oscillator 16 and generating the digital sensor signal in response therato.

The relaxation oscillator 16 comptises one or more comparators 42 respectively coupled
to signal inputs of a frequency generafion circult 44. For simplicity and sase of
understanding, the present invention will be described whereby the relaxation oscillator

16 comprises itwo comparators 42 as shown in Figure 1 according o a preferred
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embodiment. However, it is apparent o a person skilled i the art that the number of
comparators in the relaxation osciliaior is not limited o two, and more or less
comparators {and thus more or less associated components) may be provided in ths
refaxation oscillator for various purposes. Each of the comparators 42 has a comparator
reference voltage input (e.g., at its positive terminal {+)), a signal input (e.g., at its
negative terminal (-)) and an oufput. The comparator reference voltage input is
connecled to a comparator reference voltage source V. The frequency generation
circuit 44 comprises signal inputs respectively coupled 1o the outpuis of the comparators
42, and signal outputs respectively coupled to corresponding oscillator input sections 46,
For examptle, the frequency generation circuit 44 can be a RS flip-flop or varicus other
suitable frequency generation circuits 44 known {0 g person skilled in the art, In the case
of an RS flip-flop 44, the set and reset signal inputs SE, RS of the RS flip-flop 44 are
respectively coupled to the outputs of the comparators 42, The signal outpuis Qn, Q of
the RS flip-flop 44 are respectively coupled to the corresponding oscillator input sections
46 as shown in Figure 1. The relaxation oscillaior 16 comprises two capacitors Cs, C,
alternatively charged to voliage supply Vg and discharged by current | depending on
ihe staie of the frequency generation circuit 44. Complementary square-wave clock
signals are generated at the frequency generation circuit 44 in which the oscillation
frequency is determined by Le V., Ci, and C,, Each osciliator input section 46 is
configured o receive a sensor input from the plurality of sensors 14 and a corresponding
asciiiator output Q, Qn from the frequency generation circuit 44, The osciliator input
section 4€ is configured to provide the sensor input to the signal input of the
corresponding comparator 42. For example, referring to oscillator input section 46
coupied to the capacitor C,, the oscillator input section 46 inciudes a PMOS fransistor
MP, connected in series with an NMOS transistor MN,. The PMOS transistor MP; has a
source coupled to the voliage supply Vg, & gate coupled to the oscillator output Q,, and
the gate of the NMOS transisior MN;, and a drain coupled o the signal input of the
corresponding comparator 42 and the drain of the NMOS fransistor MN,. The NMOS
transistor MN; has a source coupled {o the plurality of sensors 14 for receiving the
sensor input, a gate coupled to the oscillator output Q, and the gate of PMOS transistor
MP;, and & drain coupied to the signal input of the corresponding comparator 42 and the
drain of the PMOS transistor MP,. The oscillator input section 46 coupled fo the
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capacitor Cy comprises the same components and is configured in the same manner,
with the mere exception that it is insiead coupled to the escillator output Q, and the
signal input of the other comparator 42. With this configuration, the frequency generation
circuit 44 is operable to generate an analog signal from the sensor input for provision to
the oscillator output by controlling the provision of the sensor input to the signal inputs of
the comparators 42. Details of the dynamic circuits 18, 20 for improving phase nolse and
jitter performance of the refaxation oscillaior 16 will be described iater below according
fo embodiments of the present invention.

An éxemplary technique for improving the resolution of the sensor interface circuit 10
according to a first embodiment of the present nvention will now be described. In this
embadiment, the present inventors have identified that a major factor which limits the
resotution of an oscillator based sensor interface circuit is s output frequency counting
scheme. The output frequency from the sensor inferface circuit is obtained by counting
the number of posiiive-edges within a fixed peried of ime. The overall system resciution
is limited by both the minimum Least Significant Bit (LSB) steps of the positive-adges
number and its dynamic range. The present inveniors have identified that slhce tha
number of positive-edges Is indirectly proportional to the ouiput oscillation period, the
minimum LSB step of the positive-triggered edges number becomes the dominant factor
for fimiting the system resolution.

In this embodiment, 1o improve the resolution of the sensor interface circuit 10, the
monitoring module 24 comprises z fixed frequency generation device 26 for generating a
clock signal having a fixed frequency of clock pulses, end a variable window frequency
counting device 28 for determining a number of clock puises within a vartable counting
window. In the sensor interface circuit 10, the oufput frequency is direcily related to the
sensor information. Furthermore, the variable window frequency counting device 28
varies the variable counting window between a predetermined minimum oscillator
frequency and a predetermined maximum osciliaior frequency, the predetermined
minimum osciliator frequency and the predefermined maximum oscillator frequency
determined in response to operational parameters of the relaxation oscillator 16. The
fixed frequency generation device 28 has a fixed frequency determined in response fo
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operational parameters of the relaxation oscillator 18. For better understanding, a
specific example will now be described with reference to Figure 2B in comparison o a
conventional output freguency counting scheme shown in Figure 2A

Figure 2A lllustrates an exemplary conventicnal output frequency counting scheme
whereby the output frequency from the sensor interface circuit is obtained by counting
the number of positive-edges within a fixed period of timing window {or counting window
period). The fixed counting window period is usually generated using an external crysial
with a higher osciliation frequency. The number of oscillator edges during a fixed
counting window period is given by:

TCN}"

TGS c

N= (1)

The number of osciliator edges (N} is indirectly proportional o the output osciliation
period (Tee). In order o achieve M-bit resolution In the sensor interface, the output
frequency counting scheme must satisfy the following requirements:

1} The dynamic range of the counting scheme must be larger than 2" steps:
N MAX T NMJN 22" (2)

where Nyux and Ny correspond to the number of osciltator edges at the shortest
and longest output period respectively.

2} The minimum LSB of step Ny must be larger than 1.
T 1

: N
T _ T OSC MAX T OSC.HIN | 7 OSCMAX
E A oso mMax M i

\ 2 J

{3)

TCNT
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The second requirement is usually the dominant factor in the conventional frequency
counting scheme, In this exampie, the counting window period Is fixed at 20 ms. The
sensor inferface oufput pertod varies from 11,11 ps to 15.38 ps and the corresponding
the maximum and minimum number of edges, Ny and Ny, 18 1800 and 1300
respectively. From Equation (3), it is determined that the exemplary conventional sensor
interface can only achicve 8.5 bits in resolution.

To improve the resolution of the sensor interface circuit according to the embodiment, an
output frequency counting scheme is developed whereby a fixed period of fiming window
iz gensraled using the sensor interface circuit while an exiemal orystal oscillator with
higher frequency operates within the fixed period of timing window. The outpuf frequency
from the sensor interface circuit is obtained by counting number of positive-edges from
the crystal osciliator within the fixed period of timing window as shown in Figure 28, The
numbet of positive-edges from the crystal oscillalor is directly proportional to the sensor
interface output osciliation period and is given by:

N === {4

where Tgx is the peatiod of the external crystal osciliator, The length of the counting

window becomes variable and depends on the maximum osciliator output peried;
Tenr S Togomax X Sample (5}

where Sample is the fixed number of clock edges from the exemplary sensor interface
circuit 10 o generate the counting window.

in order to achieve M-bit resolution in the exemplary sensor interface 10 according to the
embodiment, the output frequency counting scheme must satisfy the dynamic range
requirement only {i.e., Equation (2}). This is because the minimum LSB of step Nyy is

atways 1 since the relationship between the number of oscillator edges (N} and the
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output oscillation period (T ) I8 now linear as shown in Figure 3B (in the conventional
example, this relationship is not linear as shown in Figure 3A), In the example of Figure
2B, the maximum counting window period must be less than 20ms, The minimum and
maximum output period of the sensor interface is 11.11 ps and 15.38 us respectivealy.
From Eguation (3), the fixed number of clock edges from the sensor interface for
generate the counting window is 1250. Thus, the longest length of the counting window
is 19.23 ms. By counting number of edges from, for example, an 8MHz external crystal
oscillator 26 within these counting windows, the minimum and maximum number of
edges, Nuw and Nuax, are 111,100 and 153,840 respectively. A person skilled in the art
will appraciate that the fixed frequency generation device 26 is not limiied to an 8MHz
ascifiator 26 and other frequencies can be used as appropriate. As a resulf, the
exemplaty sensor inferface 10, by empioving a modified noval counting scheme
according ic the embodiment, can be shown o achieve 15.5 bits in resolution it the
example. This represents a significant improvement when compared with the
conventionat exampie described hereinbefore. It will be appreciated to & person skilied in
the art that the values usedidetermined in the example are for illustration purposa only
and the present invention is not limited to such values as they are used/determined
based on operational parameters of the relaxation osciliator 16,

As shown in Figure 1, the monitoring module 24 further comprises a front end circuitry
30 coupled between the relaxation oscillator 18 and the vartiabie window frequency
counting device 28 for pre-processing the analog signal from the relaxation oscillator 16

for frequency counting by the variable window fregquency counting device 24.

An exemplary technique for improving the resoluiion of the relaxation oscillator based
sensor interface circuit 10 according 1o a second embodiment of the present invention
will how be described. in this embodiment, the present inventors have identified that one
of the major factors which limits the resolution of a conventional relaxation oscillaior
based sensor interface circuit is the phase noise and jitter performance of the relaxation
oscillator. The present inveniors have identified that the main contributors to the jitter in
the conventional relaxation oscillator are the noise from the comparator and Vi

generator (which can be represented as & voltage noise source v, in series with V),
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and the noise from the | circuit (which can be represented as a current noise source i,
in parallel with V). The variance of the osciliation period error due to v, can thus be
calcuiated as:

28,

V=" BW
(O.AToscf'm) (dVC /CZL‘)Z n,comp (6}

where S, is the power spectral density of the white noise voltage V, and BW o comp I8 the

noise bandwidth of the comparator which has a direct relation with the comparator delay.

The discharging rate of the capaciior voltage V¢ can be expressed as:

d Ve — U ref
dt  C 9
Therefore, Equation (8) can be expressed as:
2
P C
(JATOSC ,vn) = ZS% U BWn,comp {8}
I ref

The neise current i, afiects the moment when the V¢ crosses the V. as it is integrated
by the capacitor during the discharging phase. The variance of the resulted oscillation
period error is calculated as:

2 80/ Tosc /€Y Sy, Ty 9
(Ve fd)’ 2 Iy N

(U&Tosc sy )

in which S;_ Is the power spectral density of the white noise current i,., and the osclliation

period Tgec iS5 given by
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ose = (16
Ir@,r
From {8} and (8), the periodic RMS jitter .7, can thus be expressed as:
G pTee = 'J(UATGSC.N" ) 24 {JAT?J.!;(: e ) :
1 j )
B atteutt] 2;5', . BW 7 N 2 . T
regan Vo e p + (S5, [2)(Tose /C7)
1 - ;
= T 1,,;25’.;,, C? B, oy + (S [2) T 11

From the jitter analysis result given by Equation (11), the present inventors discovered
that the jitter o, can be improved by increasing the discharging rate of the
capacitor(s) Cs, Cy (e, dV¢ /di). However, since the cscillation period Tese also
decreases propottionally, it cannot reduce the normalized jitter TuTos! Toso. 1 Nerefors,
according to the second embodiment, to improve the normalized jitter in the relaxation
osciliator, & dynamic discharging fitter improvement technique is developed fo increase
dV/dt only when the discharge capacitor voltage V¢ approximates (i.e., is in the vicinity
of) the comparator trip voltage (V). As a result, the Tggc remains unchanged and the
normalized jitter performance can therefore improved. For beiter understanding, two
specific examples for increasing the discharging rate (dVq/dt) of the capacitor(s) Cy, G,
only when V¢ is in the vicinity of the comparator trip voltage will now be described below.
Specifically, a dynamic current discharge circuit 20 is provided which is configured fo
increase the discharging current, and/or a dynamic capacitor circuit 18 is provided which
is configured to reduce its discharging capacitance, when the V¢ is in the vicinity of the
comparator reference. However, it will be apparent io a person skilled in the art the
present invention is not limited to the specific sxamples described herein and other
implementations are within the scope of the present invention as long as they function in
the same or similar manner, ie., increase the discharging rate (dVg/dt) of the
capacitor(s) Cs, Cz, when V¢ approximates (i.e., in the vicinity of} the comparator trip
voltage V.



10

15

20

25

30

16

Dynamic Current Discharge Implementation

Figure 4 lllustrates an exemplary relaxation oscillator 16a with a dynamic current
discharge circuit 20. The relaxation oscillator 16a comprises ona or more comparators
42 sach having an input (e.g., the posifive terminal {+)) coupled to a comparator
reference voltage Vi and cne or more capacitors C,, C,. The components of the

reiaxaiion oscillator 18a the same as the componeﬁts of the relaxation osciligtor 16 -«

described hereinbefore are denoted by the same reference numbers and have the same
consiruction and same function unless otherwise specified. The relaxation oscillator 16a
comprises one or more dynamic current discharge circuit 20 respeciively coupled to the
one or more capacitors Cy, C,. The dynamic current discharge circuit 20 Is configured to
increasa a discharge current for the one or more capacitors Cy, G in response o a
determination that a voliage of the one or more capacitors approximates {i.e., is in the
vicinity of) the comparator reference voltage V.

As shown in Figure 4, the relaxation osciliaior 16a may comprise two dynamic current
discharge circuits 20 respectively coupled to the two capacitors Cq, Ca. The dynamic
current discharge circult 20 coupled o the capacitor C, comprises the same components
and functionaiity as the dynamic current discharge circuit 20 coupled to the capacitor C..
Therefore, for conciseness, only the dynamic cumrent discharge circuit 20 coupled {o the
capacitor C, will described in further detalls below. The dynamic current dischargs circult
20 comprises a PMOS transistor MP,, a first NMOS transistor MNs, and a second NMOS
transisior MN; as shown in Figure 4. The PMOS transistor MP, has & gale which is
coupled fo the capacitor C; (i.e,, Ve and the drain of the first NMOS transistor MNs, a
source which is coupled o the voltage supply Vg, and a drain which is coupled to the

“drain of the second NMOS transistor MNs and the gates of the first and second NMOS

fransistors MNg, MNg. The first NMOS transistor MNg has a drain which is coupled to the
capacitor C, (L.e., V) and the gate of the PMOS transistor MP,, a gate which is coupled
to the gate of the second NMGS transistor MiNg and the drains of the PMOS transistor
MP, and the second NMOS transistor MNg, and a source which is coupled o the ground.

The second NMOS transisior MNg has a drain which is coupled fo its gaie and the
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source of the PMOS fransistor MP,, a gate which is coupled {o its drain and the gaie of

the first NMOS transistor MN;, and a source with is coupled fo the ground,

The PMOS transistors MP; and MP, are employed to monitor the voltages across the
capacitors C; and C, respectively. For better understanding, the opsrations of the
dynamic current discharge circuit 20 coupled to the capacitor C, will now be described.
Assuming that Voure {i.e., output of Q) is low and Vgury (i.e., output of Qnj is high,
capaciior C; starts to be discharged by the main discharging current | and Vg is
moniioted by PMOS transistor MP.. When Vg, is targer than Vpp — Vips (threshold
voltage of PMOS ftransistor MP4), the current flowing through PMOS transistor MP, can
be neglected. However, as V¢, approaches Vop — Virps, the extra discharging current |
starts to be generated and added to 1 When V. (gate-source threshold voltage of

MP4) is larger than Vi, this dynamic extra current can be expressed as:
2
jrJ" zKp‘i(Vgsp‘i ~P;hp4) (12}

where Ky = 0.5u,CodWoallos). Once MP, is turned on, MP,, MN; and MNg form a
positive feedback ioop and the discharging rate of Vg increases rapidly while the overall
osiliation frequency remains almost unchanged. Consequently, the normalized jitter
IMproves.

Figure 5 shows the approximated dynamic discharging waveform of the relaxation
oscillator 16a with the dynamic current discharge circuit 20 for the jitter analysis. It can
be observed that the discharging current increases dramatically in a quadratic manner at
the end of the discharging period, i.e., when V, aporoaches the vicinity of Vi 1t will be
assumed that the noise current i, from the dynamic discharging current source is
negligible during T+ and equal 10 iy during T,. The slope S, represents the discharging
rate when Ve Is in the vicinity of the comparator trip poini. The in .y 18 infegrated by the
capacitor over the period of T, and results in the variance of the capacitor voitage error
given by
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Tap, = '"E Gim,wgdt . (13)

It can be shown that (13} gives

18 1

Fav, TV (14}

where 3, is the noise power spectral densily of I, when V¢ is equal to the V. The jitter

due to the dynamic discharging current circuit is given by:

Sap, toIS T

O alosci, ™ (V- jdr) = _&:&-ﬁ 5

(15)
The normmalized jitter caused by the dynamic discharging current circuit is expressed as:

aAT;}XC1in = i i SimTz (16)
Tose  (M+T)5CY

Simitarly, the normalized jitier dus to the |, infegraied over T4 can be writien as

G"Arosc'fn — 1 \/ S;-WTE
Tme @050V 2

whers 8, I8 the power spectral density of the white current nofse i from the current

(17}

SOUICE e

From Equations {1) and (5}, the normalized jitter due to v, is derived as

JaTOSC::",, A 2SVn 'BW;,comp Ei_ (1 8}

Tosc E(Vm)“ rqf) -Sz
where S, >> 8, By combining {16), (17) and {18}, the tolal jitler of the relaxation
oscillaior 18a with the dynamic capaciior discharging circult 20 is:

) 2
o . : - |
H T s (L] e 8T oo

[y ™

TOSC EM{]‘.’)‘(,'Cr SZ j Q(VDD - me}z KS_E
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Figure 6 presents the simulation results of the normalized jitler of the comparator and
the relaxation oscillator 16z with a dynamic current discharge circult. The dynamic
current discharge circuit 20 generates a normalized jiter of about 200 ppm across
different S./S. ratics. The jitter from the comparafor input-referred noise is lowered
significantly as the rafio of 5,/8, is increased. Mowever, when 5y/8; is larger than 2.5,
the jitter improvement saturates because the overall jitter is now dominated by the noise
from the dynamic current discharge circuit 20. Therefore, $/S; ratio of 2.5 is selected in
a preferred embodiment of the present invention and the normaiized jitter due to the
comparator input-referred noise is reduced by 2.5 fimes,

Dynamic Capacitor Implementation

Figure 7 illustrates an exemplary relaxation oscillator 16b with a dynamic capacitor
circuit 50 for reducing the discharging capacitance when the V¢ approximates {f.e., is in
the vicinidy of) the comparator reference V. The components of the relaxation oscillator
16b the same as the components of the relaxation osciliator 18 described hereinbefore
are denoted by the same reference numbers and have the same construction and same
function unless otherwise specified. The relaxation oscillator 16b comprises oneg or more
comparafors 42 each having an input {(e.g., the positive terminal {+}) coupled {0 a
comparator reference voliage Ve The relaxation oscillator 16b further comprises a
dynamic capacifor circuit 5¢ coupled to the comparators 42, in particular, the signal
inputs {e.g., the negative terminals (-)} of the comparators 42. The dynamic capacitor
circuit 50 is configured fo reduce its discharge capacitance in response fo &
determination that its capacitor voltage approximates the comparator reference voltage
Ve OF the ong or more comparators 42,

In a preferred embodiment, the dynamic capacitor circuit 50 comprises one or mors
variabie capacitors {e.g., MOS varactors} Gy, G, respectively coupled to the signal input
of the one or more comparators 42. For exampie, this can be achieved by replacing the
conventional discharging capacitors G4, Cz with NMOS varactors €4, C, with the same
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capacitance. As shown in Figure 8, each of the MOS varactors C4, C; Is coupled

between a corresponding signal input of the comparator 42 and the ground.

As an example shown in Figure 8, during the start of an operation, the discharging
capacitance is 3.6pF. The discharging capacitance is reduced significantly as the
operafion continues. K can be seen that when V¢ approaches V., the discharging
capacitance is 1.5pF, which is around 2.4 fimes lower than the capacitance when the
operation staried. This capacitance reduciion increases the discharging slopes by 2.4
times. As a result, the normalized jitter due to v, is the same as (18) which is derived
from dynamic current discharge circuit 20. By combining (9) and {18), the total jitter of

the relaxation osciliator 16b with the dynamic capacitor circuli 50 can be expressed as!

i 1

/ ( .
5, ' S, xBW, ALRE
=1 _!LX TO:;S'C } e vnl x,cum]; X[Si ’ (20}
Tosc L\ 20 Iy ) | 20 =) i

S, )

Figure 9 llustrates the approximated dynamic discharging waveform 48 of the relaxation
oscillator 16b with the dynamic capacitor circult 50 for jitter analysis. Similar 1o the
approximated dynamic discharging waveform of the relaxation osciliator 16a shown in
Figure 5, it can be observed that the rate of capacitance discharge increases
dramatically in & guadratic manner at the end of the discharging period, i.e., when V,
approaches the vicinity of V.. In conirast, the rale of capacitance discharge of the
conventional relaxation osciliator is near as Hustrated in the conventional waveform 48
in Figure 9.

Accordingly, three implementations or fechniques (i.e., the modified output frequency
counting scheme, the dynamic current discharge fechnique and the dynamic capadcitor
technique) have been described hereinbefore for improving the resolution of the
relaxation oscillator based sensor interface according fo embodiments of the present
invention. In a preferred embodiment, the three technigues ate implemented in the

sensor interface circuit 10 in conjunction as shown in Figure 1. Howaver, # is apparent to



10

15

20

25

30

21
a person skilled in the art that nof all of the techniques disclosed herein need to be
implemented in a sensor interface circult In conjunction, and fewer techniques may be
implemented without deviating from the scope of the present invention.

In an exemplary embodiment, a relaxation oscillator based sensor interface circuit 10
was fabricated in 0.18-um CMQOS process and the chip micrograph is shown In Figure
10. The core die area is 0.03 mm? excluding pads. The measured jitter performance of
both the relaxation osciliator 16a with the dynamic current discharge circuit 20 and the
conventional relaxation oscillator are pre_sented in Figures 11A and 11B respectively.
When both oscillators coperate at 6.7 MHz, the measured periodic RMS jitter of the
relaxation oscillator 16a is 168 ps, which is 20% better than 205-ps jitter of the
conventional relaxation oscillator. Figure 12 illustrates the phase nolse measurement
result 52 from the relaxation oscillator 16a and the phase noise measurement result 54
from the conventional relaxation oscillator. The measured phase noise of the relaxation
oscillalor 18a and cenventional relaxation oscillator is ~95.8 and -82.43 dBo/Mz
respeciively at 10-kHz ofiset when the oscillation frequency is 6.7MHz. This result

agrees with the 20% improvement obtained in the jitler measurement,

The measured jitier performance 56 of the relaxation oscillator 16b with the dynamic
capacitor circuit 50 and the measured jilier performance ‘58 of the conventional
relaxation oscillator are presented in Figures 13A and “135 respectively. When both
oscillators operate at 64 kHz, the measured periodic RMS jitter of the relaxation
oscillator 16b Is 175ppm, which is 40% betler than 285 7ppm jifter of the conventional
relaxation osciliator. Figure 14 illusirates the phase noise measurement result from the
relaxation osciliator 18b and the conventional relaxation oscillator. The measured phase
noise of the relaxafion oscillator 16b with dynamic capacitor and the convention
relaxation oscillator is —107.9 and —103.% dBc/Hz respectively at 10-kHz offset when the
oscillation frequency is 64 kHz. This result agraes with the 40% improvement obtained in
the iitler measurement.

The measurad dynamic range performance of the relaxation oscillator based sensor
interface with the modifled output frequency couniing scheme as described inthe first
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embodiment and the conventional output frequency counting scheme are presented in
Figures 15A and 158. The sensor interface with the convantional and modified counting
scheme achieves 8.1 and 10.55 bits resoiution respectively. This shows that the
modifizd counting scheme hasg improved resolution, However, the improvernent is fimited
due to the jitter performance of the relaxation oscillator. Accordingly, the resolution can
be further improved when combined with the jitter improvement technigue(s} described
hereinbefore in the second embaodimant.

Accordingly, a jow power high resolution relaxation osciliator based sensor interface
circult is provided according to embodiments of the present invention, In particular, a
modified output frequency counting scheme has been described hersinbefore along with
dynamic discharging jitter improvement techniques for improving the resolution of the
retaxation osclilator based sensor interface circuit In an sxample, the resolufion of the
sensor interface cirouit can be Improved o 10.55 — 15.5 bils, while consuming only
12.5uW with a die size of only 0.03mm>.

it will be appreciated by those skilled in the art that medifications and variations 1o the
present invention described herein will be apparent depariing from the scope thareof.
For example, although the Figures lllustrate that the sensors 14 are resistive sensors, it
will be apparent {0 a person skilled in the art resistive sensors can be replaced with
capacitive sensors. The variations and modificalions as would be apparent to persons
skilied in the art are deemed io fall within the broad scope and ambit of the present
invention as herein set forth.
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CLAIMS

What is claimed is:

1. A sensor interface circuit for resolving sensor signals from a plurality of
sensors into a digital sensor signal, the sensor interface circuit comprising:

a relaxation oscillator for receiving and pre-processing the sensor signals to
generate an analog sensor signal, the relaxation oscillator comprising one or more
dynamic circuits; and

a monitoring module for receiving the analog sensor signal and generating the

digital sensor signal in response thereio.

2. The sensor interface circuit in accordance with Claim 1 wherein the
monitoring moduie comprises:

a fixed frequency generation device for generating a clock signal having a fixed
frequency of clock pulses; and

a variable window frequency counting device for determining a number of ciock

pulses within a variable counting window.

3. The sensor interface circuit in accordance with Claim 2 wherein the
vartable window frequency counting device varies the variable counting window between
a predetermined minimum oscillator frequency and a predetermined maximum oscillator

frequency, the predetermined minimum oscillaior frequency and the predetermined
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maximum osciliator frequency determined in response to operational parameters of the

retaxation osciltator,

4, The sensor interface circuit in accordance with Claim 2 wherein the fixed
frequency generation device has a fixed frequency deiermined in response fo

operational parameters of the relaxation oscillator.

5. The sensor interface chreull in accordance with Claim 2 wherein the
maonitoring module further comprises front end circuitry coupled between the relaxation
oscillator and the variable window frequency courting device for pre-processing the
analog signal from the relaxation oscillator for frequency counting by the variable window

frequency counting device.

6. The sensor interface circuit in accordance with Claim 1 wherein the
refaxation oscillaior further comprises one or more comparators having a comparator
reference voltage, and wherein the one or more dynamic circuils includes a dynamic
capacitor circuit coupled fo the comparators, the dynamic capacitor circuit being
configured o reduce its discharge capacitance in response to a determination that its
capacitor voltage approximaies the comparator reference voltage of the one or more

comparators.

7. The sensor interface circuit in accordance with Claim 6 wherein the
dynamic capacitor circuit comprises one or more MOS varaciors respeciively coupled to

the one or more comparators.
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8. The sensor interface circuif in accordance with Claim 1 whersin the
relaxation oscifator further comprises one or more capacitors, and wherein the one or
more dynamic circuits includes a dynamic current discharge circuit coupled to the one or
more capacitors, the dynamic current discharge circuit being configured to increase a
discharge current for the one or more capacitors in response to a determination that a

voltage of the one or more capacitors approximates a comparator raference voltage.

9. The sensor interface circuit in accordance with Claim 8 wherein the
relaxaton oscillator further comprises one or more comparators having the comparafor
reference voltage, and wherein the onhe or more dynamic circuits further includes a
dynamic capacitor circuit comprising the one or more capacitors and coupled to the
comparators, and wherein the dynamic current discharge circuit is configured to increase
the discharge current and the dynamic capacitor circuit is configured fo reduce its
discharge capacitance in response o a determination that its capacitor voltage

approximates the comparator reference voliage.

16, A sensor system front-end comprising:
a piurality of sensors; and
a sensor interface for resolving sensor signals from the plurality of sensors infoc a
digital sensor signal, the sensor interface comprising:
a relaxation oscillator for receiving and pre-processing the sensor signals
to generate an analog sensor signal, the relaxation oscillator comprising one or

more dynamic circuits; and
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a monitoring moduie for receiving the anaiog sensor signal and
generating the digital sensor sighal in response thereto, wherein the monitoring

module comprises a variable window freguency counting device.

11. The sensor system in accordance with Claim 10 wherein the plurality of

sensors comprise a piurality of resistive sensors.

i2. The sensor system in accordance with Claim 10 wherein the plurality of

sensors comprise a piurality of capacitive sensors.

13.  The sensor system in accordance with Claim 10 wherein the monitoring
module comprises:

z fixed frequency generation device for generating a clock signal having a fixed
frequency of clock pulses; and

a variable window frequancy counting device for determining a number of clock

pulses within a variable counting window.

14,  The sensor system in accordance with Claim 13 wherein the variable
window frequency counting device varies the variable counting window between a
predetarmined minimum osciilator frequency and a predetermined maximum osciiator
frequency, the predetermined minimum osciliator frequency and the predetermined
maximum osciliator frequency determined in response o operational parameters of the

relaxation oscillator,



10

15

20

27

15.  The sensor sysiem in accordance with Claim 13 wherein the fixed
frequency generation device has a fixed frequency determined in response to
operational parameters of the relaxation osciliator, and wherein the monitoring module
further comprises front end circuiiry coupled befween the relaxation oscillator and the
variable window frequency counting device for pre-processing the analog signal from the
relaxation oscilistor for frequency counting by the variabie window frequancy counting

device,

16. The sensor systam in accordance with Claim 10 wherein the relaxation
oscillator further comprises one or more comparators having a comparator reference
voltage, and wherein the che or more dynamic circuits includes a dynamic capacitor
circult coupled to the comparators, the dynamic capacitor circuit being configured to
reduce its discharge capacitance in response 0 a determination that its capacifor

voltage approximates the comparator reference voltage of the one or more comparators.

17.  The sensor system in accordance with Claim 16 wherein the dynamic
capacitor circuit comprises one or more MOS varactors respectively coupled to the one

or more comparators.

18.  The sensor system in accordance with Claim 10 wherein the relaxation
oscillator further comprises one or more capacitors, and wherein the one or more
dynamic circuits includes a dynamic current discharge circuit coupled to the one or more

capacitors, the dynamic current discharge circuit being configured to increase a
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discharge current for the one or more capacitors in response to a determination that &

voltage of the one or more capacitors approximates a comparator reference voltage.

19.  The sensor system in ascordance with Claim 18 wherein the relaxation

“oscillator further comprises one or moere comparators having the comparator reference

voltage, and wherein the one or more dynamic circults further includes a dynamic
capacitor circuit comprising the one or more capacitors and coupled to the comparators,
and wherein the dynamic current discharge circuit is configured to increase the
discharge current and the dynamic capacifor circuit is configured to reduce its discharge
capacitance in response (o g deteminaﬁon that ite capacitor voltage approximates the

comparator reference voliage.

20. A refaxation oscillator comprising:

comparators, each having a comparator reference voltage input, a signal input
and an output, wherein the comparator reference voltage input of each of the
comparators are connected {0 a comparator reference voltage source;

vatiable capacitors, whersin the number of the variable capacitors is equal fo the
number of the comparators, and wherain each of the variable capacitors i3 connected
between a ground voltage potential and the signal input of a corresponding one of the
comparators and each of the variable capacitors is confrolled to reduce its discharging
capacitance only when its capacitor voltage approximates z voltage of the comparator
reference voltage source,

discharge circuits respeciively coupied to the variable capacitors, each of the

discharge circuits coupled to the respective variable capacitor is coupled fo the ground
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voltage .potenﬁal and an oscitator oufput, the discharge circuits are configured io
increase a discharge current for the variable capacitors only when a voltags of the
variable capacitors approximates the voitage of the comparator reference voltage
source;

an oscillator input section for receiving a sensor input from a plurality of sensors
and providing the sénsor input to each of the signal inputs of the comparators; and

a frequency generation circuil coupled to the output of the comparators and to
the oscillator input section for generating an analog signal from the sensor input for
provision to an oscillator output of the frequency generation circuit by controlling

provision of the sensor input fo the signal inputs of the comparators.



