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LOW POWER HIGH RESOLUTION SENSOR INTERFACE

FIELD OF INVENTION

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

resolution sensor interface, and associgted sensor system front-end and relaxation
oscillator for various applications such as in biomedical electronics.

BACKGROUND

Resistive and capacitive sensors are widely used in biomedical 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 amplifier (PGA) and an analog-{o-digital
converter {(ADC). Such a conventional sensor intetface may provide good performance
in ferms of sensing resolution and dynamic range, but it is not able fo reduce s power
and silicon area consumption to a level which is desirable in biomedical applications. A
known approach to address this constraint is fo convert the sensor output into g form of
frequency by using an osciitator circuit. A typical choice of osciliator for this application is
an RC type, which features small siicon area and low powsr consumplion when
compared with its LC fype counterpart. Among RC osciliators, relaxation osciliator
(ROSC) is preferred due to its constant frequency tuning gain and continuous phase
readout. However, a major problem associated 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 1o provide a low power high resolution RCOSBC based sensor
irnterface,
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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 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 osciliator comprising one or more
dynamic circuits; and

a monitoring module for receiving the analog sensor signal and generating the
digital sensor signal in response thersto, the monitoring module comprising:

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 osciliator frequency, the predetermined minimum oscillator frequency and the
predetermined maximum oscillator frequency determined in response to operational
parameters of the relaxation osciliator.

Preferably, the fixed frequency generation device has a fixed frequency determined in

response to operational parameters of the relaxation oscillator.

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 counting device.
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Preferably, the relaxation oscillator further comprises one or more c;omparators having a
comparator reference voltage, and wherein the one or more dynamic circuits includes a
dynamic capacitor circuit coupled to the comparators, the dynamic capacitor circuit being
configured to reduce its discharge capaciténce in response o a determination that its
capacitor 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 capacitors, the dynamic current discharge circuit being
configured fo increase a discharge current for the one or more capacitors in response o
a determination that a voltage of the one or more capacitors 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
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 to reduce
its discharge capacitance in response to a determination that its 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 df sénsors; and

a sensor interface for resolving sensor signals from the plurality of sensors into a
digital sensor signal, the sensor interface comprising:
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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 circ_;uits; 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, the monitoring 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 plurality of sensors comprises a plurality of resistive sensors.
Alternatively, the plurality of sensors comprise a plurality of capacitive sensors.

Preferably, the variable window freguency 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 to operational parameters of the relaxation oscillator, and wherein the
monitoring module further comprises front end circuitry coupled between the relaxation
oscillator and the variable window frequency counting device for pre-processing the
anailog signal from the relaxation oscillator for frequency counting by the variabie 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 coupled to the comparators, the dynamic capacitor circuit being
configured to reduce its discharge capacitance in response to a determination that its
capacitor voliage approximates the comparator reference voltage of the one or more
comparators. A

Preferably, the dynamic capacitor circuit comprises one or more MQOS varactors
respectively coupled fo the one or more comparators.

Preferably, the relaxation oscillator further comprises one or more capacitors, and
wherein the one or more dynamic circuits inciudes a dynamic current discharge circuit
coupled to the one or more capaciiors, 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 capacitors 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
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 to reduce
its discharge capacitance in response to a determination that its capacitor voltage
approximates the comparator reference voltage,

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 oufput, whérein the comparator reference voltage input of each of the
comparators are connected to a comparator reference voltage source;

variable capacitors, wherein the number of the variable capacitors is equal fo the
number of the comparators, and wherein each of the variable capacitors is connected
between a ground voltage potential and the signal input of a corresponding one of the

comparators and each of the variabie capacitors is controlled to 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 only when a voitage of the
variable capacitors approximates the voltage of the comparator reference voltage
SOUrCce;

‘an oscillator input secfion for receiving a sensor input from 2 plurality of sensors
and providing the sensor input to each of the signal inputs of the comparators; and

a frequency generation circuit 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 to the sighal inputs of the comparators.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent to one
of ordinary skill in the art from the following written description, by way of exampie
only, and in conjunction with the drawings, in which:

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

invention;

Figures 2A and 2B illusirate a conventional output frequency counting scheme and an
output frequency counting scheme according to a first embodiment of the present
invention, respeciively;

Figures 3A and 3B illustrate the relationship between the number of osciliator edges and
the output osciliation 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 2 block diagram of an exemplary relaxation oscillator including a
dynamic current discharge circuit according to a second embodiment of the present
invention;

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

Figure 6 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 relaxgtion oscillator including a
dynamic capacior circuit according to the second embodiment of the present invention,

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

Figure 8 illusirates an sexemplary dynamic discharging waveform of the relaxation
oscillator of Figure 7,

Figure 10 iHlustrates a chip micrograph of an exemplary sensor interface circuit according
fo an embodiment of the present invention,;

Figures 11A and 11B fllustrate the measured jittar performances of the relaxation
oscillator of Figure 4 and the conventional relaxation osciliator, respectively;

Figure 12 shows 2 comparison between the phase noise measurement resuits of the
relaxaiion oscillator of Figure 4 and the conventiona! rataxation osciliator;

Figures 13A and 138 illustrate the measured jitier performances of the relaxation
oscillator of Figure 7 and the conventional relaxation oscillator, respectively;
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Figure 14 shows a comparison between the phase noise measurement resulfs of the
relaxation oscillator of Figure 7 and the conventional retaxation oscillator; and

Figures 15A and 158 iilustrate the measurad dynamic range performance of the sensor
interface with the output frequancy counting scheme according to the first embodiment
and the conventional output frequensy counting scheme, respectively.

DETAILED DESCRIPTION

As dascribed in the background, a major problem associated with a conventional
relaxation oscillator (ROSC) based sensor interface is its poor phase nolse and jitter
performance, which reduces its resolution. Embodiments of the present invention seek
{o improve the resolution of the relaxation osclliator based sensor interface, preferably
without causing an undesirable increase in its power consumption.

Figure 1 lHustraies a block diagram of a sensor system front-end 5 comprising a
relaxation osciliator based sensor interface circult 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 digitel sensor signal. The sensor interface circuit 10
comprises a relaxation oscillator 16 for converting the ouiputs of the sensors 14 into
frequency Torms. in particular, the relaxation oscillator 16 Is operable for receiving and
pre-processing the sensor signals to generate an analoy sensor signal, and comprises
one or more dynamic circults 18, 20 for improving phase noise and jitter performance of
the relaxation oscillator 16. Details of the dynamic circuits 18, 20 will be describad later
below according o embodiments of the present invention. The sensor interface circuit 10
further comprises a monitoring module 24 for receiving the analog sensor signal from the
relaxafion oscillator 16 and generaling the digital sensor signal in response thereto.

The relaxation oscillator 16 comprises one or more comparators 42 respectively coupled
to signal inputs of a frequency generation circuit 44. For simplicity and sase of
understanding, the present invention will be described whereby the relaxation osciliator
16 comprises two comparators 42 as shown in Figure 1 according to a preferred
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embodiment. However, i is apparent {0 a person skilled in the art that the number of
comparators in the relaxation oscilator is not limited io two, and more or less
comparators {and thus more of less assoclated components) may be provided in the
relaxation osclllator for various purposes. Each of the comparators 42 has a comparaior
reference voitage input (e.g., at its positive terminal (+)), a signal inpuf (e.g., at its
negative terminal (-)) and an ouiput. The comparator refersnce voltage input is
connected to a comparator reference voltage source Vi The frequency generafion
circuit 44 comprises signal inputs respectively coupled fo the outputs of the comparaiors
42, and signal outputs respectively coupled o corresponding osciliator input sections 46.
For exampie, the frequency generation circuit 44 can be a RS flip-flop or various other
suitable frequency generation ciroults 44 Known {o a person skilied in the art. n the case
of an RS flip-fiop 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 outputs Qn, Q of
the RS flip-flop 44 are respectively coupled io the corresponding osciflator input sections
46 as shown in Figure 1. The relaxafion oscillaior 16 comprises fwo capacitors C4, Cs
atternatively charged o voltage supply Vg and discharged by currant | depending on
the state of the frequency generation circuit 44. Complementary square-wave ciock
signals are generated at the frequency generation circuit 44 in which the oscillation
frequency is determined by L Ve, Cq, and C,, Each oscillator input section 48 is
configured to receive a sensor input from the plurality of sensors 14 and a corresponding
oscifiator cutput Q, QOn from the frequency generation circuit 44, The oscillator input
section 46 is configured to provide the sensor input fo the signal input of the
corrsgponding comparater 42. For example, referring to oscillator input section 46
coupled to the capacitor C,, the osaciliator input section 48 inctudes s PMOS fransistor
MP; connected in series with an NMOS fransistor MN,. The PMOS transistor MP; has a
source coupled 1o the voltage supply Vag, 2 gale coupled 1o the oscillator output Q, and
the gate of the NMOS fransistor MN,, and a drain coupled to the signal input of the
corresponding comparator 42 and the drain of the NMOS transisior MN,. The NMOS
fransisior MN, has a source coupled fo the plurality of sensors 14 for recelving the
senser input, a gate coupled 1o the oscillator output Q, and the gate of PMOS transisior
MP,, and a drain coupled o 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 i is instead coupled to the osciliator output Q, and the
signal input of the other comparator 42, With this configuration, the frequency generation
circult 44 is operable to generate an analog signal from the sensor input for provision to
the oscillator output by controliing the provision of the sensor input to the signal inputs of
the comparators 42. Details of the dynamic circuits 18, 20 for improving phase noise and
jitter performance of the relaxafion oscillaior 16 will be described later below according
to embodiments of the present invention.

An éxempiary technique for improving the resoiution of the sensor interface circuit 10
according to a first embodiment of the present invention will now be describad. in this
embodiment, the present inventors have identified that a major factor which fimits the
resofution of an oscillator based sensor interface circuit is its output frequency counfing
scheme. The output frequency from the sensor inferface circuit is obtained by counting
the number of positive-edges within a fixed period of time. The overall system resolution
is jimited by both the minimum Least Significant Bit (LSE) sisps of the posiiive-edges
number and fts dynamic range. The present inveniors have identified that since the
number of positive-edges is indirectly proportional o the output oscillation period, the
minimurn LSB step of the posifive-triggered edges number becomes the dominant factor
for fimiling the system resolution.

in this embodiment, 1o improve the resolution of the sensor interface circuit 10, the
monitoring module 24 comprises a fixed frequency generation device 26 for generating a
clock signal having & fixed frequency of clock pulses, and a variable window frequency
courting device 28 for determining a number of clock puises within a variable counting
window. In the sensor interface circult 10, the ouiput frequency is directly 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 osciliator frequency, the predetermined
minimurn oscillator frequency and the predetermined maximum oscillator frequency
determined in response to operational parameters of the relaxation oscillator 16. The
fixad frequency generation davice 28 has a fixed frequency determined in response fo
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operational parameters of the relaxation oscillator 16, For better understanding, a
specific examplé will now be described with reference to Figure 2B in comparison to a
conventional output frequency counting scheme shown in Figure 2A.

Figure 2A Hlustrates an exemplary conventional 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 fiming window {or counting window
period). The fixed counting window period is usually generated using an external crystal
with a higher osciliation frequency. The number of oscillator edges duting a fixed
counting window period is given by:

The nurnber of oscillator edges (N} is indirectly proportional 1o the output osciliation
period (T I order to achieve M-bit resclution 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:
Nywr =Ny 227 (2)

where Nyax and Ny cerres;iond to the number of oscillator edges at the shortest
and longest output period respectively.

2} The minimum LSB of step Ny must be larger than 1.
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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 output period varies from 11.11 us fo 15.38 us and the corresponding
the maximum and minimum number of sdges, Ny and Nuw, Is 1800 and 1300
respectively. From Eguation (3), it is determinad that the exemplary conventional sensor
interface can only achieve 8.5 bits in resolution.

To improve the resclution of the sensor interface circuit according to the embodiment, an
output frequency counting scheme is developed whereby a fixed period of timing window
is generated using the sensor interface circuit white an extemnal crystal oscillator with
higher frequency operates within the fixed period of timing window. The outpul frequency
from the sensor interface circult is obtained by counting number of pusitive-edges from
the crystal osciltator within the fixed period of timing window as shown in Figure 2B. The
number of positive-adges from the crystal oscillator is directly proportional 1o the sensor
inierface output oscillation period and is given by,

N :%; 4)
Ly

where Te Is the period of the extemal crystal oscillator. The length of the counting
window becomes variable and depends on the maximum oscillator output period:

Tenr & Toge pax X Samiple (5)

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

in order to achieve M-bit reschution in the exempiary sensor interface 10 according to the
embodiment, the output freguency counting scheme must satisfy the dynamic range
requirement only {i.e., Equation {2}). This is because the minimum LSB of step Ny is
always 1 since the relafionship between the number of osciflator edges (N) and the
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output oscillation period (Tese) is now lingar as shown in Figure 3B (in the conventional
example, this relationship is not linear as shown in Figure 3A). In the exampile 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 ps respectively.
From Equafion (3), the fixed number of clock edges from the sensor interface to
generate the counting window is 1250. Thug, the longest iength of the counting window
is 14.23 ms. By counting number of edges from, for example, an 8MHz external crystal
osciliator 26 within these counting windows, the minimum and maximum number of
edges, Nun and Nuax, are 111,100 and 153,840 respectively. A person skilied in the art
will appreciate that the fixed frequency generation device 26 is not limited to an 8MHz
oscillator 26 and other frequencies can be used as appropriate. As a result, the
exemplary sensor interface 10, by employing a modified novel counting scheme
according to the embodiment, can be shown fo achieve 18.5 bits in resolution in the
example. This represents a significanl improvement when compared with the
conveniional example described hereinbefore. It will be appreciated o a person skilled in
the art that the values used/determined in the example are for illustration purpose only
and the present invention is not limited to such values as they are used/determined
based on operational parameters of the relaxation oscillator 18.

-+ As shown in Figure 1, the monitoring module 24 further comprises a front end circuiiry

30 poupled between the relaxation oscillator 16 and the variable window frequency
counting device 28 for pre-processing the analog signal from the relaxation oscillator 18
for frequency counting by the variable window frequency counting device 24.

An exemplary technigue for improving the resoluiion of the relaxation oscillator based
sensor interface circult 10 according to a second embodiment of the present invention
will now be described. In this embodiment, the present inventors have identified that one
of the maijor factors which limits the resolution of a conventional relaxation oscillator
based sensor interface circuit is the phase noise and jitfer performance of the relaxation
oscliator, The present inventors have identified that the main contributors (o the jftter in
the conventional relaxation oscillator are the noise from the comparaior and Vi
generator (which can be represented as a voltage noise source vy in series with Ve,
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and the nolse from the | circuit (which can be represented as a current noise source iy
in parallel with V¢). The variance of the oscillalion petiod error due 10 v, can thus be
calcutated as:

, 28,

) ‘= nsmamesiti——— « T
(O“AToscm } ( dlr‘;c !,I df)z n,commp (6}

where 8, is the power spectral density of the white noise voltage V;, and BW, com, s the

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

The discharging rate of the capacitor voliage V¢ can be expressed as:

dre _ Lot
a C )
Therefore, BEquation (8) can be expressed as:
2 :
.2 C
{JATOSCJ:" )= 28&!,, i B Wn,comp 8
I ref

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

(5, /2 Tosc /TP 8, Tpee
(@vejd® 2 I

2
(QATM iy )

in which S, is the power spectral density of the white noise current i, and the oscillation

pariod Tosc is given by
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- {10
osc 7 (10}
From (8) and {9), the periodic RMS jitter o,r,,, can thus be expressed as:
G-AT()."(I = \,{GATLISC:":: ) 4 (GATDK(.' vy ) :
1
T 28, B, o + (5, [2(Tpse/ €
1 " £
= 28, CF B, oy (8, [2)Tosc) (1
'?Ef

From the jitter analysis result given by Equalion {11), the present inventors discovered
that the jitter our,. can be improved by increasing the discharging rate of the
capacitor(s) Cs, C, (Le., dV¢ /df}. However, since the oscillation period Tese also
decreases proportionally, it cannot reduce the normalized jitter or, /Tese. Therefore,
according to the second embodiment, to improve the nommalized jitter in the relaxation
oscillator, a dynamic discharging jitter improvement technique is developed to increase
dV/dt only when the discharge capacitor voltage Ve approximates (i.e., is in the vicinity
of) the comparator irip voltage {(Ver). As a result, the Toge remains unchangad and the
normatized jitter performance can therefore improved, For better understanding, two
specific examples for increasing the discharging rate (dV/dt) of the capacitor{s) C4, Gy
only when V¢ is in the vicinity of the comparator irip voltage will now be described below.
Specifically, a dynamic current discharge circult 20 is provided which is configured to
increase the discharging current, and/or a dynamic capacitor circuit 18 is provided which
is configured o reduce its discharging capacitance, when the V¢ is in the vicinity of the
comparator reference. However, it will be apparent lo a person skilled in the art the
present invention is not limited to the specific examples described herein and other
implementations are within the scope of the present invention as long as they function in
the same or similar mannsr, iLe. increase the discharging rate (dVu/dt) of ths
capacitor{s} Cs, Cp, when V¢ approximates (i.e., in the vicinity of) the comparator trip
voltage V.
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Dynaric Current Discharge implementation

Figure 4 fliustrates an exemplary relaxation oscillaior 16a with a dynamic current
discharge circuit 20. The relaxation oscillator 16a comprises one or more comparators
42 each having an input {e.g., the posilive {ferminal {+)) coupled to a comparator
reference voltage V. and one or more capacitors €y, C,. The components of the
refaxation oscillator 16s the same zs the componei‘tts of the relaxation osciliator 16
described herainbefore are denoted by the same reference numbers and have the same
consiruction and same function uniess otherwise specified. The relaxation osciliator 16a
comprises one or more dynarmic current discharge circuit 20 respectively coupled to the
one or more capacitors Cs, Ce. The dynamic current discharge circuit 20 is configurad to
increase & discharge current for the ons or more capacitors Ty, G, in response to &
determination that a voltage of the one or more capacitors approximates (i.e., is in the
vicinity of} the comparator reference voltage Vier

As shown in Figure 4, the relaxation oscifiefor 16a may comprise two dynamic current
discharge circuits 20 respectively coupled to the two capacifors C,, Cs. The dynamic
current discharge circuit 20 coupled to the capacitor C, comprises the same components
and functionality as the dynamic current discharge circuit 20 coupled 1o the capaciior Cq.
Therefore, for conciseness, only the dynamic current discharge circuit 20 coupled to the
capaciior C, will described in further details below. The dynamic current discharge circuit
20 comprises a PMOS transisior MP,, a first NMOS transistor MN;, and a second NMOS
transistor MNg as shown in Figure 4. The PMOS transistor MP, has a gate which is
coupied fo the capacitor C, (i.&., Veo} and the drain of the first NMOS transistor MN;, &
source which is coupled to the voltage supply Vg, and a drain which is coupled to the
drain of the second NMOS transistor MNg and the gates of the first and second NMOS
transistors Mg, MNg. The first NMOS transistor MN; has a drain which is coupled to the
capacitor C, (i.e., Vg,) and the gate of the PMOS transistor MP,, a gate which is coupled
{0 the gate of the second NMOS 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 MNs has a drain which is coupled fo #is gale and the
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source of the PMOS transistor MP,, a gate which is coupled io its drain and the gate of
the first NMOGS transistor MN;, and a source with is coupled o the ground.

The PMOS transistors MP; and MP, are employed to moniior the voltages across the
capacitors Cq and C, respectively. For better understanding, the operations 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 Veurn (i, output of Qn) is high,
capacitor C; starts to be discharged by the main discharging current i and Ve s
monitored by PMOS transistor MP. When V¢, is farger than Vpp =~ Vi (threshold
voltage of PMOS transistor MP4), the current flowing through PMOS fransistor MP, can
be neglected. Howeaver, as V¢, approaches Vop — Vinpe, the extra discharging current |
starts to be generated end added 1o . When Ve (gate-source threshold voltage of
MP4) is larger than Vi, this dynamic extra current can be expressed as:

I, = K o Vgsps = Vippa)* {12y

where Ky = 0.5u,CrdWpllos). Once MP, is tumed on, MP,, MN; and MN; form a
posiiive feedback foop and the discharging rate of Vg, increases rapidly while the overall
osiliation frequency remains almost unchanged. Consequently, the normalized jitter
improves.

Figure & shows the approximated dynamic discharging waveform of the relaxation
osciflator 162 with the dynamic current discharge circuit 20 for the jitter analysis. It can
be observed that the discharging current increases dramatically in a quadrafic manner at
he end of the discharging period, Le., when V., approaches the vicinity of Vi, 1t will be
assumed that the noise current i, from the dynamic discharging current source is
negligible during Ty and equal 10 I 4y during T, The slope S, represents the discharging
rate when Vg I8 in the vicinity of the comparator trip point. The inav IS integrated by the
capacitor over the period of T, and results in the variance of the capacitor voltage error
given by
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Tay, = “Ej;lm,avgdt . {13)
it can be shown that (13} gives
1 S-MT2
T ap, z"é“v"“'_"zz {14)

where S, is the noise power spectral density of i, when V¢ is equal to the Vi The jitter

due to the dynamic discharging current circuit is given by:

- L ;S;,Tz
Mosch = (qv.jdny §CN 2

(15)

The normalized jitter caused by the dynamic discharging current circult is expressed as;

Oy 15,5

Tose (h+D5C ¥ 2 (18)
Similarly, the normalized iitter due to the |, integrated over T4 can be writlen as
GATostn - 1 ; Si'-’ﬁ‘ T; (‘g 7)

Tosc  (G+D0)S,CYV 2
where 8, is the power speciral density of the white current noise iy, from the current

SQUICe ‘iref‘

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

P————
- }f'zsvn 'BWn,wmp. .'..gl_

Tosc Wpp~Ver) &
where 8, »> By. By combining (18), (17) and (18}, the tolal jitter of the relaxation

oscillator 18a with the dynamic capacior discharging cirouit 20 is:

TaZyoey

(18)

T ar, ] 1 : [ 1 \iz 5 .BW s \ﬂé
£ o5 _ (T C} .2(SjmT2+SmT1)‘;.§_i ,,.Wmf_se%(s_lj | {19)
0S¢ osC Y, 2Wop =Vl 57 ]
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Figure 6 presents the simulation results of the normalized jitter of the comparator and
the relaxation osciflafor 162 with a dynamic current discharge- cireuit. The dynamic
current discharge circuit 20 generates a normalized jitter of about 200 ppm across
diffierant S,/S, rafios. The jitter from the comparator input-referred noise is lowered
significantly as the rafio of $,/S; is increased. Howevar, when $,/S, 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, S4/S; ratio of 2.5 Is selected in
a praferred embodiment of the present invention and the normalized jitter due to the
comparator input-referred noise is reduced by 2.5 fimes.

Dynamic Capacitor implementation

Figure 7 Hlustrates an exemplary relaxation osciliator 16b with a dynamic capacitor
gircuit 50 for reducing the discharging capacitance when the V¢ approximates (i.e., is in
the vicinity of) the comparator reference V. The components of the relaxation oscillator
16b the same as the components of the relaxation osciilator 16 described hereinbafore
are dencted by the same reference numbers and have the same construction and same
function uniess otherwise specified. The retaxation oscillator 16b comprises one or more
compatators 42 each having an input {e.g., the positive taminal (+)) coupled to 2
comparator reference voltage Ve The relaxation oscillator 16b further comprises a
dynamic capacitor circuit 50 coupled to the comparafors 42, in parficular, the signal
inputs (e.g., the negative terminals (-)) of the comparators 42. The dynamic capacitor
circuit 50 s configured to reduce its discharge capacitance in response fo g
determination that its capaciior voltage approximates the comparafor reference voltage
Vet Of the one or more comparators 42,

In a preferred embodiment, the dynamic capacifor circuit 50 comprises one or more
vartable capacitors {e.g., MOS varactors) Cs, C; respectively coupied to the signal input
of the one or more comparators 42. For exampie, this can be achieved by replacing the
conwentional discharging capacitors Cq, Cp with NMQOS varaciors C4, C, with the same
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capacitance. As shown in Figure 8, each of the MOS varactors Cq, 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
operation continues. it can be seen that when Ve approaches Ve, the discharging
capacitance is 1.5pF, which is around 2.4 fimes lower than the capacitance when the
operation started. This capacitance reduction increases the discharging slope by 2.4
fimes. As a resulf, the normatized jitter due to v, is the same as (18) which is derived
from dynamic current discharge circult 20. By combining (9) and (18), the total jitter of
the retaxation oscillator 166 with the dynamic capacitor circult 50 can be expressed as!

n

[*1 *

g"'i"’ ]f,f j iz{Vo,o“V;gF)z

4 . N2
7 osc\x Sy X B, comp (..‘EL\E r (203

Figure 9 Hustrates the approximated dynamic discharging waveform 48 of the relaxation
oscitlator 16b with the dynamic capacitor circult 50 for jitter analysis. Similar to the
approximated dynamic discharging waveform of the relaxation osclllator 18a shown in
Figure 5, it can be observed that the rate of capacitance discharge increases
dramatically in a guadratic manner at the end of the discharging period, i.e., when V,
approaches the vicinity of V. In conirast, the rate of capacitance discharge of the
sonventional relaxation oscillator is linear as Hustrated in the conventional waveform 48

in Figure 8.

Accordingly, three implementations or techniques (i.e., the modified output freguancy
counting scheme, the dynamic current discharge technique and the dynamic capacior
technique) have been described hereinbefore for improving the resolution of the
relaxation oscillator based sensor inferface according fo embodiments of the present
invention. In a preferred embodiment, the three fechniques are implemented in the
sensor interface circuit 10 in conjunction as shown in Figure 1. However, it ia apparent fo
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a person skilled in the art that not ail of the techniques disclosed herein need fo be
implemented in a sensor interface circuit 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 CMOS process and the chip micrograph is shown in Figure
10. The core die area is 0.03 mm?® exciuding pads. The measured jitter performance of
both the relaxation osciltator 16a with the dynamic current discharge circuit 20 and the
conventional relaxation oscillator are presented in Figures 11A and 11B respectively.
When both oscillators operate at 6.7 MMz, the measured periodic RMS jitter of the
relaxation oscillator 16a is 168 ps, which is 20% better than 205-ps jitter of the
conventional refaxation oscillator. Figure 12 Blustrates 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 phasa noise of the relaxation
osciliator 162 and conventional relaxation oscliiiator is ~85.8 and -82.43 dBofMz
respeciivaly at 10-kHz offset when the osciliation frequency is 6.7MHz. This result
agrees with the 20% improvement obtained in the iitter measursment.

The measured jiiler parformance 56 of the relaxation oscillator 18b with the dynamic
capacitor circuit 530 and the measwed jitier performance .58 of the conventional
retaxation pscillator are presented in Figures 13A and ‘13S respeciively. When both
oscillators operate at 64 kMz, the measured pericdic RMS jitter of the relaxation
oscillator 16b Is 175ppm, which Is 40% better than 285.7ppm jitter of the conventional
relaxation osciliator, Figure 14 illustrates the phase noise measurement resull from the
refaxation oscillator 18b and the conventional relaxation oscillator, The measured phase
noise of the relaxation oscillator 18b with dynamic capacitor and the convention
relaxation oscillator is ~107.8 and —103.8 dBc/Mz respectively at 10-kHz offset when the
oscillation frequency is 64 kHz. This result agrees with the 40% improvement obtained in
the jitter measurement.

The measured dynamic range performance of the relaxation oscillator based sensor
interface with the modified output frequency counting scheme as described in the first
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embodiment and the conventional output frequency counting scheme are presented in
Figures 15A and 15B. The sensor interface with the conventional and medified counting
scheme achisves 8.1 and 10.55 bits resolution respectively. This shows that the
modified counting scheme has improved resolution, However, the improvement is fimited
due to the jitter performance of the relaxation oscillator. Accordingly, the resolution can
be further improved when combined with the jitter improvement techinique(s) described
hereinbefore in the second embodiment.

Accordingly, a low power high resolution relaxation osciliator based sensor interface
circuit is provided according 1o embodimenis of the present invention, In particular, a
modified output fraquency counting scheme has been described hereinbefore along with
dynamic discharging jitter improvement techniques for improving the resolution of the
refaxation oscillator basad sensor interface circuit. In an example, the resolution of the
sensof interface circuit can be improved io 10.85 — 15.5 bits, while consuming only
12.5UW with a die size of only 0.03mm?.

it will be appreciated by those skilled in the art that modifications and variations 1o the
present invention described herein will be apparent departing from the scope thereot.
For example, although the Figures iliusirate that the sensors 14 are resistive sensors, it
will be apparent 1o a person skilled in the art resistive sensors can be replaced with
capacitive sensors. The variations ang modifications as would be apparent o persons
skilled in the art are deemed fo fali within the broad scope and ambi of the present
invention as herein sat forth.
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CLAIMS

What is claimed is:

1. A sensor inferface 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 sighal in response thereto, the monitoring module comprising:

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

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

pulses within a variable counting window,

2. The sensor interface circuit in accordance with Claim 1 wherein the
variable window frequency counting device varies the variable counting window between
a predetermined minimum oscillator frequency and a predetermined maximum oscillator
frequency, the predeiermined minimum oscillator frequency and the predetermined
maximum oscillator frequency determined in response {o operational parameters of the

relaxation osciliator.
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3. The sensor interface circuit in accordance with Claim 1 wherein the fixed
frequency generation device has a fixed frequency determined in response to

operational parameters of the relaxation osciliator.

4. The sensor interface circuit in accordance with Claim 1 wherein 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 counting device.

5. The sensor interface circuit in accordance with Claim 1 wherein the
relaxation oscillator further comprises one or more comparators having a comparator
reference voltage, and wherein the one or more dynamic circuits inciudes a dynamic
capacitor circuit coupled to the ‘comparators, the dynamic capacitor circuit being
configured to reduce its discharge capacitance in response to a determination that its
capacitor voltage approximates the comparator reference voltage of the one or more

comparators.

6. The sensor interface circuit in accordance with Claim 5 wherein the
dynamic capacitor circuit comprises one or more MOS varactors respectively coupled to

the one or more comparators.

7. The sensor interface circuil in accordance with Claim 1 wherein the

relaxation oscillator further comprises one or more capacitors, and wherein the one or
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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 capaciiors in response 1o a determination that a

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

8. The sensor interface circuit in accordance with Claim 7 wherein the
relaxation oscillator 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

10 comparators, and wherein the dynamic current discharge circuit is configured to increase
the discharge current and the dynamic capacitor circuit is configured to reduce its
discharge capacitance in response fo a determination that its capacitor voltage

approximates the comparator reference voltage.

15 9. A sensor system front-end comprising:
a plurality of sensors; and
a sensor interface for resolving sensor signais from the plurality of sensors into a
digital sensor signal, the sensor interface comprising:
a relaxation oscillator for receiving and pre-processing the sensor signals
20 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, wherein the monitoring module comprises:



10

20

26

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

puises within a variable counting window.

10.  The sensor system in accordance with Claim 9 wherein the plurality of

sensors comprise a plurality of resistive sensors,

11. The sensor system in accordance with Claim 9 wherein the plurality of

sensors comprise a plurality of capacitive sensors.

12.  The sensor system in accordance with Claim 10 wherein 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 osciliator frequency and the predetermined
maximum osciliator frequency determined in response o operational parameters of the

relaxation oscillator.

13. The sensor system in accordance with Claim 10 wherein the fixed
frequency generation device has a fixed frequency determined in response to
operational parameters of the relaxation oscilator, and wherein the monitoring moduie
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
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relaxation oscillator for frequency counting by the variable window frequency counting

device.

14, The sensor system in accordance with Claim 8 wherein the relaxation
oscillator further comprises one or more comparators having a comparator reference
voltage, and wherein the one or more dynamic circuits includes a dynamic capacitor
circuit coupled to the comparators, the dynamic capacitor circuit being configured to
reduce its discharge capacitance in response to a determination that its capacitor

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

15. The sensor system in accordance with Claim 14 wherein the dynamic
capagcitor circuit comprises one or more MOS varactors respectively coupled to the one

or more comparators.

16.  The sensor system in accordance with Claim 9 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
discharge current for the one or more capacitors in response {0 a determination that a

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

17, The sensor system in accordance with Claim 16 wherein the relaxation
oscillator further comprises one or more comparators having the comparator reference

voltage, and wherein the one or more dynamic circuifs further includes a dynamic
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capacitor circuit comprising the one or more‘capacitors and coupled to the comparators,
and wherein the dynamic current discharge circul is configured to increase the
discharge current and the dynamic capacifor circuit is configured {o reduce its discharge
capacitance in response to a determination that its capacitor voltage approximates the

comparator reference voltage.

18. A relaxation oscillator comprising:

comparators, each having a comparaior 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;

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

discharge circuits respectively coupled to the variable capacitors, gach of the
discharge circuits coupled to the respective variable capacitor is coupled to the ground
voliage potential and an osciliator ouiput, the discharge circuits are configured fo
increase a discharge current for the variable capacitors only when a voltage of the
variable capacitors approximates the voltage of the comparator reference voltage
saurce;

an osciliator input section for receiving a sensor input from a plurality of sensors

and providing the sensor input to each of the signal inputs of the comparators; and
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a frequency generation circuit 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 to the signal inputs of the comparators,
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LOW POWER HIGH RESOLUTION SENSOR INTERFACE

ABSTRACT

A sensor interface circuit is provided for resolving sensor signals from a plurality of
sensors into a digital sensor signal, the sensor interface circult comprising: & relaxation
oscillator for receiving and pre-processing the sensor signals to generafe an analog
sensor signal, the relaxation cscillator comprising one or mors dynamic circuits; and &
manitoring module for receiving the analog sénsar signal and generating ithe digital
sensor signal in response thereto. There is also provided a sensor system front-end

and a relaxation oscillaior.

FIG. 1



