
1 

tow POWER HIGH RESOLUTION SENSOR INTERFACE 

FIELD OF INVENTION 

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

resolution sensor interface, and associated sensor system front-end and relaxation 

oscillator for various appiications such as in biomedical electronics. 

BACKGROUND 
10 

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 typicaliy consists of an 

analog front-end (AFE), a programmable gain amplifier (PGA) and an anaiog-to-digita! 

15 converter (ADC). Such a conventional sensor interface may provide good performance 

in terms of sensing resolution and dynamic range, but it is not able to reduce its power 

and silicon area consumption to a level which is desirable in biomedical applications. A 

known approach to address this constraint is to convert the sensor output into a form of 

frequency by using an oscillator circuit. A typical choice of oscillator far this application Is 

20 an RC type, which features small silicon area and low power consumption when 

compared with its LC type counterpart- Among RC oscillators, relaxation oscillator 

(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) 

25 based sensor interface. 

Accordingly^ it is desirable to provide a low power high resolution RCOSC based sensor 

interface. 

30 



SUMMARY 

2 

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 

5 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 osciiiator comprising one or more 

dynamic circuits; and 

a monitoring moduie for receiving the anaiog sensor signal and generating the 

10 digital sensor signal in response thereto, the monitoring moduie comprising: 

a fixed frequency generation device for generating a ciock 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. 

15 
Preferably, the variable window frequency counting device varies the variable counting 

window between a predetermined minimum oscillator frequency and a predetermined 

maximum osciiiator frequency, the predetermined minimum osciiiator frequency and the 

predetermined maximum osciiiator frequency determined in response to operational 

20 parameters of the relaxation osciiiator. 

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

response to operational parameters of the relaxation osciiiator. 

25 Preferably, the monitoring moduie further comprises front end circuitry coupled between 

the relaxation oscillator and the variable window frequency counting device for pre­

processing the anaiog signal from the relaxation osciiiator for frequency counting by the 

variable window frequency counting device, 
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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 

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 

5 capacitor voltage approximates the comparator reference voltage of the one or more 

comparators. 

Preferably, the dynamic capacitor circuit comprises one or more MOS varactors 

respectively coupled to the one or more comparators. 

10 
Preferably, the relaxation osciiiator 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 

15 a determination that a voltage of the one or more capacitors approximates a comparator 

reference voltage. 

Preferably, the relaxation osciiiator further comprises one or more comparators having 

the comparator reference voltage, and wherein the one or more dynamic circuits further 

20 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. 

25 

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 resolving sensor signals from the plurality of sensors into a 

30 digital sensor signal, the sensor interface comprising: 
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a relaxation osciiiator for receiving and pre-processing the sensor signais 

to generate an analog.sensor signal, the relaxation oscillator comprising one or 

more dynamic circuits; and 

a monitoring moduie for receiving the analog sensor signal and generating the digital 

5 sensor signal in response thereto, wherein the monitoring moduie 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 ciock puises; and 

a variable window frequency counting device for determining a number of 

10 clock puises 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. 

15 

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 osciiiator frequency and the 

predetermined maximum oscillator frequency determined in response to operational 

20 parameters of the relaxation osciiiator. 

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

response to operational parameters of the relaxation osciiiator, and wherein the 

monitoring module further comprises front end circuitry coupled between the relaxation 

25 oscillator and the variable window frequency counting device for pre-processing the 

anaiog signal from the relaxation osciiiator for frequency counting by the variable window 

frequency counting device. 

Preferably, the relaxation oscillator further comprises one or more comparators having a 

30 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 voltage approximates the comparator reference voltage of the one or more 

comparators. 

5 

Preferably, the dynamic capacitor circuit comprises one or more MOS varactors 

respectiveiy coupled to the one or more comparators. 

Preferably, the relaxation osciiiator further comprises one or more capacitors, and 

10 wherein the one or more dynamic circuits includes a dynamic current discharge circuit 

coupied 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 

reference voltage. 

15 

Preferably, the relaxation osciiiator 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 

20 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 

25 osciiiator 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; 

variable capacitors, wherein the number of the variable capacitors is equal to the 

30 number of the comparators, and wherein each of the variable capacitors is connected 

between a ground voitage potential and the signal input of a corresponding one of the 

comparators and each of the variable 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 

5 voltage potential and an osciiiator output, the discharge circuits are configured to 

increase a discharge current for the variable capacitors only when a voltage 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 

10 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 signal inputs of the comparators. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the invention wili be better understood and readily apparent to one 

of ordinary skill in the art from the following written description, by way of exampie 

20 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; 

25 
Figures 2A and 2B illustrate a conventional output frequency counting scheme and an 

output frequency counting scheme according to a first embodiment of the present 

invention, respectively; 

30 Figures 3A and 3B illustrate the relationship between the number of osciiiator edges and 

the output 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; 

5 
Figure 5 illustrates an exemplary dynamic discharging waveform of the relaxation 

oscillator of Figure 4; 

Figure 6 illustrates exemplary simulation results of the normalized jitter of the 

10 comparator and the dynamic current discharge circuit; 

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

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

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

Figure 9 illustrates an exemplary dynamic discharging waveform of the relaxation 

oscillator of Figure 7; 

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

to an embodiment of the present invention; 

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

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

25 
Figure 12 shows a comparison between the phase noise measurement results of the 

relaxation oscillator of Figure 4 and the conventional relaxation oscillator; 

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

30 oscillator of Figure 7 and the conventional relaxation oscillator, respectively; 
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Figure 14 shows a comparison between the phase noise measurement results of the 

relaxation oscillator of Figure 7 and the conventional relaxation osciiiator; and 

Figures 15A and 15B illustrate the measured dynamic range performance of the sensor 

5 interface with the output frequency counting scheme according to the first embodiment 

and the conventional output frequency counting scheme, respectively. 

DETAILED DESCRIPTION 

10 As described in the background, a major problem associated with a conventional 

relaxation osciiiator (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 oscillator based sensor interface, preferably 

without causing an undesirable increase in its power consumption. 

15 
Figure 1 illustrates a block diagram of a sensor system front-end 5 comprising a 

relaxation oscillator 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 

20 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 the sensor signals to generate an analog sensor signal, and comprises 

one or more dynamic circuits 18, 20 for improving phase noise and jitter performance of 

the relaxation oscillator 16. Details of the dynamic circuits 18, 20 will be described later 

25 below according to embodiments of the present invention. The sensor interface circuit 10 

further comprises a monitoring module 24 for receiving the anaiog sensor signal from the 

relaxation osciiiator 16 and generating the digital sensor signal in response thereto. 

The relaxation osciiiator 16 comprises one or more comparators 42 respectively coupled 

30 to signal inputs of a frequency generation circuit 44. For simplicity and ease of 

understanding, the present invention will be described whereby the relaxation osciiiator 

16 comprises two comparators 42 as shown in Figure 1 according to a preferred 
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embodiment. However, it is apparent to a person skilled In the art that the number of 

comparators In the relaxation oscillator is not limited to two, and more or less 

comparators (and thus more or less associated components) may be provided in the 

relaxation oscillator for various purposes. Each of the comparators 42 has a comparator 

5 reference voltage input (e.g., at its positive terminal (+)), a signal input (e.g., at its 

negative terminal (-)) and an output. The comparator reference voltage input is 

connected to a comparator reference voltage source Vref. The frequency generation 

circuit 44 comprises signal inputs respectively coupled to the outputs of the comparators 

42, and signal outputs respectively coupled to corresponding oscillator input sections 46. 

10 For example, the frequency generation circuit 44 can be a RS flip-flop or various other 

suitable frequency generation circuits 44 known to a 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 outputs Qn, Q of 

the RS flip-flop 44 are respectively coupled to the corresponding oscillator input sections 

15 46 as shown in Figure 1. The relaxation oscillator 16 comprises two capacitors Ci, C2 

alternatively charged to voltage supply Vati and discharged by current lre1 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 1^, Vre;, C1( and C2, Each osciiiator input section 46 is 

20 configured to receive a sensor input from the plurality of sensors 14 and a corresponding 

osciiiator output Q, Qn from the frequency generation circuit 44. The oscillator input 

section 46 is configured to provide the sensor input to the signal input of the 

corresponding comparator 42. For example, referring to oscillator Input section 46 

coupled to the capacitor C2, the osciiiator Input section 46 includes a PMOS transistor 

25 MP2 connected in series with an NMOS transistor MN2. The PMOS transistor MP2 has a 

source coupled to the voltage supply Vddt a gate coupled to the osciiiator output Gn and 

the gate of the NMOS transistor MN2, and a drain coupled to the signal input of the 

corresponding comparator 42 and the drain of the NMOS transistor MN2. The NMOS 

transistor MN2 has a source coupled to the plurality of sensors 14 for receiving the 

30 sensor input, a gate coupled to the osciiiator output Qn and the gate of PMOS transistor 

MP2, and a drain coupled to the signal input of the corresponding comparator 42 and the 

drain of the PMOS transistor MP2. The oscillator input section 46 coupled to the 
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capacitor Ci comprises the same components and is configured in the same manner, 

with the mere exception that it is instead coupled to the osciiiator output Qn 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 

5 the osciiiator 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 noise and 

jitter performance of the relaxation oscillator 16 will be described later beiow according 

to embodiments of the present invention. 

An exemplary technique for improving the resolution of the sensor interface circuit 10 

according to a first embodiment of the present invention wiii now be described, in this 

embodiment, the present inventors have identified that a major factor which limits the 

resolution of an oscillator based sensor interface circuit is its output frequency counting 

scheme. The output frequency from the sensor interface circuit is obtained by counting 

the number of positive-edges within a fixed period of time. The overall system resolution 

is limited by both the minimum Least Significant Bit (LSB) steps of the positive-edges 

number and its dynamic range. The present inventors have identified that since the 

number of positive-edges is indirectly proportional to the output oscillation period, the 

minimum LSB step of the positive-triggered edges number becomes the dominant factor 

for limiting the system resolution. 

In this embodiment, to improve the resolution of the sensor interface circuit 10, the 

monitoring moduie 24 comprises a fixed frequency generation device 26 for generating a 

clocK signal having a fixed frequency of clock puises, and a variable window frequency 

25 counting device 28 for determining a number of clock puises within a variable counting 

window. In the sensor interface circuit 10, the output 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 osciiiator 

frequency and a predetermined maximum oscillator frequency, the predetermined 

30 minimum osciiiator frequency and the predetermined maximum oscillator frequency 

determined in response to operational parameters of the relaxation oscillator 16. The 

fixed frequency generation device 26 has a fixed frequency determined in response to 

10 

15 

20 
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operational parameters of the relaxation oscillator 16. For better understanding, a 

specific example will now be described with reference to Figure 2B in comparison to a 

conventional output frequency counting scheme shown in Figure 2A. 

5 Figure 2A illustrates 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 timing window (or counting window 

period). The fixed counting window period is usually generated using an external crystal 

with a higher oscillation frequency. The number of oscillator edges during a fixed 

10 counting window period is given by: 

The number of osciiiator edges (N) is indirectly proportional to the output osciiiaiion 

15 period (Tcsc). In order to achieve M-bit resolution in the sensor interface, the output 

frequency counting scheme must satisfy the following requirements: 

(D 

1) The dynamic range of the counting scheme must be larger than 2U steps: 

20 

where NMAX and correspond to the number of oscillator edges at the shortest 

and longest output period respectively. 

25 2) The minimum LSB of step NMIN. must be larger than 1. 

( 

1 (3) 
OSC.MAX 
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The second requirement is usually the dominant factor in the conventional frequency 
counting scheme. In this example, the counting window period is fixed at 20 ms. The 
sensor interface output period varies from 11.11 ps to 15.38 ps and the corresponding 
the maximum and minimum number of edges, NMAx and NMIN» is 1800 and 1300 

5 respectively. From Equation (3), it is determined that the exemplary conventional sensor 
interface can only achieve 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 timing window 

10 is generated using the sensor interface circuit while an externa! crystal oscillator with 
higher frequency operates within the fixed period of timing window. The output frequency 
from the sensor interface circuit is obtained by counting number of positive-edges from 
the crystal oscillator within the fixed period of timing window as shown in Figure 2B. The 
number of positive-edges from the crystal osciiiator is directly proportional to the sensor 

15 interface output oscillation period and is given by: 

N='^ (4) 
^CIK 

where TCLK is the period of the external crystal oscillator. The length of the counting 
20 window becomes variable and depends on the maximum osciiiator output period: 

TCNT ^ T0SCrMAx x Sample {5} 

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

in order to achieve M-bft 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 NMiN is 

30 always 1 since the relationship between the number of oscillator edges (N) and the 
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output oscillation period (TGSC) is now iinear 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 ps respectively. 

5 From Equation (3), the fixed number of ciock edges from the sensor interface to 

generate the counting window is 1250. Thus, the longest iength 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 

edgss, NMJN and NWAx, are 111,100 and 153,840 respectively. A person skilled in the art 

10 wilt appreciate that the fixed frequency generation device 26 is not limited to an 8MHz 

osciiiator 26 and other frequencies can be used as appropriate. As a result, the 

exemplary sensor interface 10, by employing s modified novef counting scheme 

according to the embodiment, can be shown to achieve 15.5 bits in resolution in the 

example. This represents a significant improvement when compared with the 

15 conventional example described hereinbefore. It will be appreciated to 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 

bas&d on operational parameters of the relaxation oscillator 16. 

20 As shown in Figure 1, the monitoring module 24 further comprises a front end circuitry 

30 coupled between the relaxation osciiiator 16 and the variable window frequency 

counting device 28 for pre-processing the anaiog signal from the relaxation oscillator 16 

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

25 An exemplary technique for Improving the resolution of the relaxation oscillator based 

sensor interface circuit 10 according to a second embodiment of the present invention 

wiii now be described. In this embodiment, the present inventors have identified that one 

of the major factors which limits the resolution of a conventional relaxation oscillator 

based sensor interface circuit is the phase noise and jitter performance of the relaxation 

30 oscillator. The present inventors have identified that the main contributors to the jitter In 

the conventional relaxation osciiiator are the noise from the comparator and VrSf 

generator (which can be represented as a voltage noise source vn in series with Vref}, 
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and the noise from the iref circuit (which can be represented as a current noise source in 

in paralief with Vc). The variance of the oscillation period error due to vn can thus be 
calculated as: 

2 2SV 
Kw,) = ̂ dVjdrf 'B (6) 

where SVr) is the power spectral density of the white noise voltage Vn and BWn,comp is the 
noise bandwidth of the comparator which has a direct relation with the comparator delay. 

10 The discharging rate of the capacitor voltage Vc can be expressed as: 

dVc _ hef 
dt C V) 

Therefore, Equation (8) can be expressed as: 

C2 

15 Tosc.,vn) 2,SVn -BWn^comp (8) 
iref 

The noise current in affects the moment when the Vc crosses the Vref as it Is integrated 
by the capacitor during the discharging phase. The variance of the resulted osciliation 
period error is calculated as: 

20 

(a 2 (SJl)-(Tosclc-) 5, Tnr 

(dVcjdt)2 2 Ilf (9' 

in which Sin is the power spectra! density of the white noise current iri! and the osciliation 
period TQSC is given by 

25 
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(10) 

From (8) and (9), the periodic RMS jitter o-ATt)SC can thus be expressed as; 

°Araw; ~ fa&Tascv,,)2 +(^rosc,^)2 

= ~^TJ^ • + (S,; /2>-(TosJC2) 

-i- • ^C2 • BWn-amp + (S. /2) • rosc) (11) 

10 

15 

20 

From the jitter analysis result given by Equation (11), the present inventors discovered 
that the jitter oATosc can be improved by increasing the discharging rate of the 
capacitor(s) C-„ C2 (i.e., dVc /dt). However, since the oscillation period lose also 
decreases proportionally, ?! cannot reduce the normalized jitter crATos,/TOSC. Therefore, 
according to the second embodiment to improve the normalized jitter in the relaxation 
osciiiator, a dynamic discharging jitter improvement technique is developed to increase 
dVc/dt only when the discharge capacitor voltage Vc approximates (i.e., is in the vicinity 
of) the comparator trip voltage (Vrsf). As a result, the T0sc remains unchanged and the 
normalized jitter performance can therefore improved. For better understanding, two 
specific examples for increasing the discharging rate (dVc/dt) of the capacitors) C-,, C2 

only when Vc is in the vicinity of the comparator trip voltage will now be described beiow. 
Specifically, a dynamic current discharge circuit 20 is provided which is configured to 
increase the discharging current, and/or a dynamic capacitor circuit 18 is provided which 
is configured to reduce its discharging capacitance, when the Vc is in the vicinity of the 
comparator reference. However, it will be apparent to a person skilled in the art tie 
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 manner, i.e., increase the discharging rate (dVc/dt) of the 
capacitors) Ci, C2, when Vc approximates (i.e., in the vicinity of) the comparator trip 
voltage Vrof. 
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Dynamic Currant Discharge implementation 

Figure 4 illustrates an exemplary relaxation osciiiator 16a with a dynamic current 

5 discharge circuit 20. The relaxation oscillator 16a comprises one or more comparators 

42 each having an input (e.g., the positive terminal (+)) coupled to a comparator 

reference voltage Vre*, and one or more capacitors Ci, C2. The components of the 

relaxation osciiiator 16a the same as the components of the relaxation oscillator 16 

described hereinbefore are denoted by the same reference numbers and have the same 

10 construction and same function unless otherwise specified. The relaxation osciiiator 16a 

comprises one or more dynamic current discharge circuit 20 respectively coupled to the 

one or more capacitors C2. The dynamic current discharge circuit 20 is configured to 

increase a discharge current for the one or more capacitors C,, in response to a 

determination that a voltage of the one or more capacitors approximates (i.e., is in the 

15 vicinity of) the comparator reference voltage Vref. 

As shown in Figure 4, the relaxation osciiiator 16a may comprise two dynamic current 

discharge circuits 20 respectively coupled to the two capacitors C2. The dynamic 

current discharge circuit 20 coupled to the capacitor C-, comprises the same components 

20 and functionality as the dynamic current discharge circuit 20 coupled to the capacitor C2. 

Therefore, for conciseness, only the dynamic current discharge circuit 20 coupied to the 

capacitor C2 wiii described in further details below. The dynamic current discharge circuit 

20 comprises a PMOS transistor UP&, a first NiVIOS transistor MN5, and a second NMOS 

transistor MN6 as shown in Figure 4. The PMOS transistor MP4 has a gate which is 

25 coupied to the capacitor C2 (i.e., Vc2> and the drain of the first NMOS transistor MN5, a 

source which is coupied to the voltage supply V^, and a drain which is coupied to the 

drain of the second NMOS transistor MNe and the gates of the first and second NMOS 

transistors MN5, MNe. The first NMOS transistor MNe has a drain which is coupled to the 

capacitor C2 (i.e., VC2) and the gate of the PMOS transistor MP4, a gate which is coupled 

30 to the gate of the second NMOS transistor MN6 and the drains of the PMOS transistor 

UPA and the second NMOS transistor MN6, and a source which is coupled to the ground. 

The second NMOS transistor MNS has a drain which is coupled to its gate and the 
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source of the PMOS transistor MP4r a gate which is coupled to its drain and the gate of 

the first NMOS transistor MN5» and a source with is coupled to the ground. 

The PMOS transistors MP3 and MP4 are employed to monitor the voltages across the 

5 capacitors Ci and C2 respectively. For better understanding, the operations of the 

dynamic current discharge circuit 20 coupled to the capacitor C2 will now be described. 

Assuming that V0UTP (i.e.. output of Q) is low and VOUTN (i.e., output of Qn) is high, 

capacitor O2 starts to be discharged by the main discharging current lref and Vc2 is 

monitored by PMOS transistor MP4, When VC2 is larger than VDD - (threshold 

10 voltage of PMOS transistor MP4), the current flowing through PMOS transistor MP4 can 

be neglected. However, as V02 approaches V0D - Vthp4, the extra discharging current lr 
starts to be generated and added to Iref. When Vgs|>4 (gate-source threshold voltage of 

MP4) is larger than VV^, this dynamic extra current can be expressed as: 

15 Ir~Kp4(^4-^p4)2 (12)-

where = 0.5j.ipCox(Wp4/l_p4). Once MP4 is turned on, MP4, MHS and MNe form a 

positive feedback loop and the discharging rate of VC2 increases rapidly while the overaii 

osiliation frequency remains almost unchanged. Consequently, the normalized jitter 

20 improves. 

Figure 5 shows the approximated dynamic discharging waveform of the relaxation 

osciiiator 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 af 

25 the end of the discharging period, i.e., when Vc approaches the vicinity of Vref. It will be 

assumed that the noise current im from the dynamic discharging current source is 

negligible during T1 and equai to im,ayg during T2. The slope S2 represents the discharging 

rate when Vc is in the vicinity of the comparator trip point The im,evg is integrated by the 

capacitor over the period of T2 and results in the variance of the capacitor voltage error 

30 given by 
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ft can be shown that (13) gives 
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1 fi ®AFC ~ | ̂rn,cwg^ . (13) 

71 2 {U) 

where Sim is the noise power spectral density of sm when Vc is equal to the Vrsf. The jitter 

due to the dynamic discharging current circuit is given by: 

^ ^ =-L.pA {15) 
(dVcjdt) S2C\ 2 1 ; 

The normalized jitter caused by the dynamic discharging current circuit is expressed as: 

„ „_J pJl (16) 
TOSc (T^T2)S2C^ 2 v ; 

Similarly, the normalized jitter due to the i0 integrated over Ti can be written as 

cr^, 1 IS, . % 
^OSC 1'n f I W« • MT\ 

rosc ~ <T, +rj)SjCV 2 

where SirBfrl rs the power spectra! density of the white current noise trefn from the current 

source Wr. 

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

(18) 
aA?0SC,v„ __ V ^v« ^^n,comp Si 

T0Sc 2(VDD~V^) S2 

where S2 » St. By combining (16), (17) and (18), the tola! jitter of the relaxation 
osciiiator 16a with the dynamic capacitor discharging circuit 20 is: 

®'t&osc 

T 1 osc 

f 1 Y ^ 1 V 5" -BW ft; \2 

2(s(i>rJ+1s r,)-!-! + j, r?H£| I d») 7" r K1 osc ̂  j s,J 
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Figure 6 presents the simulation results of the normalized jitter of the comparator and 

the relaxation osciiiator 16a with a dynamic current discharge circuit. The dynamic 

current discharge circuit 20 generates a normalized jitter of about 200 ppm across 

5 different S2/S1 ratios. The jitter from the comparator input-referred noise is towered 

significantly as the ratio of S2/Si is increased. However, when S2/Si is iarger 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, S3/S1 ratio of 2.5 is selected in 

a preferred embodiment of the present invention and the normalized jitter due to the 

10 comparator input-referred noise is reduced by 2.5 times. 

Dynamic Capacitor implementation 

Figure 7 illustrates an exemplary relaxation osciiiator 16b with a dynamic capacitor 

15 circuit 50 for reducing the discharging capacitance when the Vc approximates (i.e., is in 

the vicinity of) the comparator reference Vref. The components of the relaxation osciiiator 

16b the same as the components of the relaxation oscillator 16 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 one or more 

20 comparators 42 each having an input (e.g., the positive terminal (+)) coupled to a 

comparator reference voltage The relaxation oscillator 16b further comprises a 

dynamic capacitor circuit 50 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 to reduce its discharge capacitance in response to a 

25 determination that its capacitor voltage approximates the comparator reference voltage 

Vraf of the one or more comparators 42. 

In a preferred embodiment, the dynamic capacitor drcuit 50 comprises one or more 

variable capacitors (e.g., MOS varactors) C-„ C2 respectively coupied to the signal input 

30 of the one or more comparators 42. For example, this can be achieved by replacing the 

conventional discharging capacitors Ci, C2 with NMOS varactors Ci, C2 with the same 
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capacitance. As shown in Figure 8, each of the MOS varactors Ci, C2 is coupied 
between a corresponding signal input of the comparator 42 and the ground. 

As an example shewn in Figure 8, during the start of an operation, the discharging 
5 capacitance is 3.6pF. The discharging capacitance is reduced significantly as the 

operation continues. It can be seen that when Vc approaches V,*, the discharging 
capacitance is 1.5pF, which is around 2.4 times iower than the capacitance when the 
operation started. This capacitance reduction increases the discharging slope by 2.4 
times. As a result, the normalized jitter due to vn is the same as (18) which is derived 

10 from dynamic current discharge circuit 20. By combining (9) and (18), the total jitter of 
the relaxation osciiiator 16b with the dynamic capacitor circuit 50 can be expressed as: 

Tosc s, Tn 

T <*• i osc 12 
1ref J 

! -Tx 
Wao-^r \.SJ 

C \2 "u i (20) 

15 Figure 9 illustrates the approximated dynamic discharging waveform 48 of the relaxation 
osciiiator 16b with the dynamic capacitor circuit 50 for jitter analysis. Similar to the 
approximated dynamic discharging waveform of the relaxation osciiiator 16a shown in 
Figure 5, it can be observed that the rate of capacitance discharge increases 
dramatically in a quadratic manner at the end of the discharging period, i.e., when Vc 

20 approaches the vicinity of V^. In contrast, the rate of capacitance discharge of the 
conventional relaxation oscillator is linear as Illustrated in the conventional waveform 49 
in Figure 9. 

Accordingly, three implementations or techniques (i.e., the modified output frequency 
2.5 counting scheme, the dynamic current discharge technique and the dynamic capacitor 

technique) have been described hereinbefore for improving the resolution of the 
relaxation oscillator based sensor interface according to embodiments o? the present 
invention, in a preferred embodiment, the three techniques are implemented in the 
sensor interface circuit 10 in conjunction as shown in Figure 1. However, it is apparent to 
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a person skilled in the art that not all of the techniques disclosed herein need to be 

implemented in a sensor interface circuit in conjunction, and fewer techniques may be 

implemented without deviating from the scope of the present invention. 

5 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 mm2 excluding pads. The measured jitter performance of 

both the relaxation osciiiator 16a with the dynamic current discharge circuit 20 and the 

conventional relaxation oscillator are presented in Figures 11A and 11B respectively. 

10 When both oscillators operate at 6 J 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 osciiiator. Figure 12 illustrates the phase noise 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 

15 osciiiator 16a and conventional relaxation osciiiator is -95.8 and -92.43 dBc/Hz 

respectively at 10-kHz offset when the osciliation frequency is 6.7MHz. This result 

agrees with the 20% improvement obtained in the jitter measurement. 

The measured jitter performance 56 of the relaxation oscillator 16b with the dynamic 

20 capacitor circuit 50 and the measured jitter performance 58 of the conventional 

relaxation oscillator are presented in Figures 13A and 13B respectively. When both 

oscillators operate at 64 kHz, the measured periodic RMS jitter of the relaxation 

oscillator 16b is 175ppm, which is 40% better than 285.7ppm jitter of the conventional 

relaxation osciiiator. Figure 14 illustrates the phase noise measurement result from the 

25 relaxation oscillator 16b and the conventional relaxation oscillator. The measured phase 

noise of the relaxation osciiiator 16b with dynamic capacitor and the convention 

relaxation osciiiator is -107.9 and -103.9 dBc/Hz respectively at 10-kHz offset when the 

oscillation frequency is 64 kHz. This result agrees with the 40% improvement obtained in 

the jitter measurement 

30 

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 modified counting 
scheme achieves 8.1 and 10.55 bits resolution respectively. This shows that the 
modified counting scheme has improved resolution. However, the improvement is iimited 

5 due to the jitter performance of the relaxation osciiiator. Accordingly, the resolution can 
be further improved when combined with the jitter improvement technique(s) described 
hereinbefore in the second embodiment. 

Accordingly, a low power high resoiution relaxation osciiiator based sensor interface 
circuit is provided according to embodiments of the present invention, in particular, a 
modified output frequency counting scheme has been described hereinbefore along with 
dynamic discharging jitter improvement techniques for improving the resolution of the 
relaxation osciiiator based sensor interface circuit in an example, the resolution of the 
sensor interface circuit can be improved to 10.55 — 15.5 bits, while consuming only 
12.5uW with a die size of only 0.03mm2. 

it wiii be appreciated by those skilled in the art that modifications and variations to the 
present invention described herein will be apparent departing from the scope thereof. 
For example, although the Figures illustrate that the sensors 14 are resistive sensors, it 

20 witl be apparent to a person skilled in the art resistive sensors can be replaced with 
capacitrve sensors. The variations and modifications as wouid be apparent to persons 
skilled in the art are deemed to fall within the broad scope and ambit of the present 
invention as herein set forth. 

10 

15 
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CLAIMS 

What is claimed is: 

5 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 anaiog sensor signal, the relaxation osciiiator comprising one or more 

dynamic circuits; and 

10 a monitoring moduie for receiving the analog sensor signal and generating the 

digital sensor signal in response thereto, the monitoring moduie comprising: 

a fixed frequency generation device for generating a clock signal having a fixed 

frequency of ciock pulses; and 

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

15 pulses within a variable counting window. 

2. The sensor interface circuit in accordance with Claim 1 wherein the 

variabie window frequency counting device varies the variable counting window between 

a predetermined minimum oscillator frequency and a predetermined maximum osciiiator 

20 frequency, the predetermined minimum oscillator frequency and the predetermined 

maximum osciiiator frequency determined in response to operational parameters of the 

relaxation osciiiator. 



24 

3. The sensor interface circuit in accordance with Ciaim 1 wherein the fixed 

frequency generation device has a fixed frequency determined in response to 

operational parameters of the relaxation osciiiator. 

5 4. The sensor interface circuit in accordance with Claim 1 wherein the 

monitoring module further comprises front end circuitry coupied between the relaxation 

oscillator and the variable window frequency counting device for pre-processing the 

analog signai from the relaxation oscillator for frequency counting by the variable window 

frequency counting device. 

10 

5. The sensor interface circuit in accordance with Claim 1 wherein the 

relaxation osciiiator 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 

15 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 

20 dynamic capacitor circuit comprises one or more MOS varactors respectively coupled to 

the one or more comparators. 

7. The sensor interface circuit 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 capacitors in response to a determination that a 

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

5 

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

relaxation osciiiator 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 coupied 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 to 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 signals from the plurality of sensors into a 

digital sensor signal, the sensor interface comprising: 

a relaxation osciiiator for receiving and pre-processing the sensor signals 

20 to generate an analog sensor signal, the relaxation osciiiator comprising one or 

more dynamic circuits; and 

a monitoring module for receiving the anaiog 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: 
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a fixed frequency generation device for generating a ciock 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. 

5 

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 

10 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 osciiiator 

15 frequency, the predetermined minimum oscillator frequency and the predetermined 

maximum oscillator frequency determined in response to operational parameters of the 

reiaxation oscillator. 

13. The sensor system in accordance with Claim 10 wherein the fixed 

20 frequency generation device has a fixed frequency determined in response to 

operational parameters of the relaxation osciiiator, 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 analog signal from the 
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relaxation osciiiator for frequency counting by the variabie window frequency counting 

device, 

14. The sensor system in accordance with Claim 9 wherein the reiaxation 

5 osciiiator further comprises one or more comparators having a comparator reference 

voitage, and wherein the one or more dynamic circuits includes a dynamic capacitor 

circuit coupied to the comparators, the dynamic capacitor circuit being configured to 

reduce its discharge capacitance in response to a determination that its capacitor 

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

10 

15. The sensor system in accordance with Claim 14 wherein the dynamic 

capacitor circuit comprises one or more MOS varactors respectively coupied to the one 

or more comparators. 

15 16. The sensor system in accordance with Claim 9 wherein the reiaxation 

osciiiator further comprises one or more capacitors, and wherein the one or more 

dynamic circuits includes a dynamic current discharge circuit coupied 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 

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

17. The sensor system in accordance with Claim 16 wherein the reiaxation 

osciiiator further comprises one or more comparators having the comparator reference 

voltage, and wherein the one or more dynamic circuits further includes a dynamic 
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capacitor circuit comprising the one or more capacitors and coupied 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 voitage approximates the 

5 comparator reference voltage. 

18. 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 

10 comparators are connected to a comparator reference voltage source; 

variabie 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 voltage potential and the signal input of a corresponding one of the 

comparators and each of the variable capacitors is controlled to reduce its discharging 

15 capacitance only when its capacitor voltage approximates a voltage of the comparator 

reference voltage source; 

discharge circuits respectively coupied to the variabie capacitors, each of the 

discharge circuits coupled to the respective variable capacitor is coupled to the ground 

voltage potential and an osciiiator output, the discharge circuits are configured to 

20 Increase a discharge current for the variabie capacitors only when a voltage of the 

variabie capacitors approximates the voltage of the comparator reference voltage 

source; 

an osciiiator 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 osciiiator input section for generating an analog signal from the sensor input for 

provision to an osciiiator output of the frequency generation circuit by controliing 

provision of the sensor input to the signal inputs of the comparators. 
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LOW POWER HIGH RESOLUTION SENSOR INTERFACE 

5 ABSTRACT 

A sensor interface circuit is provided for resolving sensor signals from a plurality of 

sensors into a digital sensor signal, the sensor interface circuit comprising; a relaxation 

osciiiator for receiving and pre-processing the sensor signals to generate an anaiog 

10 sensor signal, the relaxation osciiiator comprising one GT more dynamic circuits; and a 

monitoring module for receiving the anaiog sensor signal and generating the digital 

sensor signal in response thereto. There is also provided a sensor system front-end 

and a relaxation osciiiator. 

15 
FIG. 1 


