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Cross-Reference To Related Application 

	

5 	[0001] This application claims the benefit of priority of Singapore patent application 

No. 10201403087U, filed 10 June 2014, the content of it being hereby incorporated by 

reference in its entirety for all purposes. 

Technical Field 

10 

[0002] Various embodiments relate to an oscillator. 

Background 

	

15 	[0003] Switch mode power converters, especially those featuring multi-phase operation 

require a high frequency on-chip clock source. A relaxation oscillator can be found 

frequently in switch-mode power converters (SMPC) and biomedical IC (integrated 

circuit) designs. It is favorable because it can be fully-integrated in a CMOS 

(complementary metal-oxide semiconductor) process, consumes low power and occupies 

	

20 	a small chip area. Therefore, low cost monolithic relaxation oscillator is widely adopted. 

[0004] A typical relaxation oscillator is constructed by comparators, on-chip resistors and 

capacitors. Other than process and temperature variations of the RC components, the non-

idealities of the comparators limit the accuracy and power optimization of the relaxation 

oscillator. 

	

25 	[0005] FIG. 1 A shows a schematic view of an architecture of a typical relaxation 

oscillator 170. The relaxation oscillator 170 consists of two identical branches A and 

B 172a, 172b. In each branch 172a, 172b, there are a timing capacitor CT  = CTA 173a = 

Cm  173b, a voltage comparator CMPA 174a, CMPB 174b and charge/discharge MOS 

(metal-oxide-semiconductor) switches, for example MOS transistors 175a, 176a, 175b, 

	

30 	176b. Using branch A 172a as an example, the transistors 175a, 176a may be electrically 

coupled to each other, with a source/drain terminal of the transistors 175a, 176a coupled 
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to each other at a node where the timing capacitor CTA  173a and the non-inverting 

input (+) of the voltage comparator CMPA 174a are also connected to. The gate terminals 

of the transistors 175a, 176a are electrically coupled to each other to receive a voltage 

VCLKA. The transistors 175b, 176b, the timing capacitor CTB  173b and the non-inverting 

	

5 	input (+) of the voltage comparator CMPB 174b may be similarly connected as described 

above. The relaxation oscillator 170 also, includes a first current source 177 supplying a 

current IREF) to the other source/drain terminal of the transistors 175a, 175b. The 

relaxation oscillator 170 further includes a second current source 178, supplying a current 

IREFT, connected in series with a resistor RT 179 to provide a reference voltage VREF  to the 

	

10 	inverting inputs (-) of the voltage comparators CMPA I74a, CMPB 174b. The outputs of 

the voltage comparators CMPA 174a, CMPB 174b are connected to a latch circuit 180. 

The latch circuit 180 generates an output VCLKA, which may be provided to the gate 

terminals of the transistors 175a, 176a and another output VCLKB,  which may be provided 

to the gate terminals of the transistors 175b, 176b. 

	

15 	[0006] FIG. 1B shows an operating timing diagram 190 of the relaxation oscillator 170, 

illustrating the capacitor voltage and clock output waveforms. Between To  and T2  

(between T2  and T4), VCLKA as represented by waveform 192a (VCLKB as represented by 

waveform 192b) is low, 'REF] charges CTA  173a (CTB  173b) and therefore VCTA  as 

represented by waveform 193a (VCTB  as represented by waveform 193b) ramps up at a 

	

20 	rate of isen/Cr. At TI (T3), the comparator CMPA I74a (CMPB 174b) detects the 

crossing of VCTA  193a (P.m  193b) and VREF  as represented by the dotted lines 194 (where 

VREF = IREF2 xRT) and sets VCLKA 192a (VCLKB 192b) to high with a finite delay of TD. 

[0007] From T2 to T4  (from T4  to T6), VCLKA 192a (VCLKB 192b) is high and therefore 

VCTA 193a (Vag 193b) is discharged to OV. Preferably, the switching period of the 

	

25 	oscillator, Tsw, depends on only the values of CT  and RT. However, the temperature and 

supply dependent comparator delay TT)  contribute to frequency variations of the switching 

frequency. 

[0008] Relaxation oscillators suffer from problems where the comparator delay extends 

the switching period which decouples the output clock period of the oscillator from the 

	

30 	intended RC time constant. Further, the comparators consume considerable static power 

such that it can toggle its output with a small delay. 
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[0009] Recently, average voltage feedback (AVF) has been proposed to reduce the 

frequency variation of a relaxation oscillator. FIG. 2A shows a simplified schematic view 

of an average voltage feedback (AVF) relaxation oscillator 270 of prior art, while 

FIG. 2B shows a timing diagram 290 of the AVF relaxation oscillator 270. The AVF 

	

5 	relaxation oscillator 270 includes a latch circuit 280 and two identical branches A and 

B 272a, 272b, including the electrical elements and connections, that are similar to the 

relaxation oscillator 170 of FIG. 1A, except for the additional resistors 281a, 281b 

connected to the transistors 275a, 276a, 275b, 276b in each branch A 272a, B 272b. 

[0010] The AVF relaxation oscillator. 270 includes an active-RC filter, including a 

	

10 	resistor RINT 281 and a capacitor Cm. 282, with an operation amplifier 283, where RINT 

and Cm,  are time-multiplexed to extract the DC (direct current) component or average 

value of the capacitor voltages VCTA (as represented by waveform 293a), applied via a 

switch 284a, and VETE (as represented by waveform 293b), applied via a switch 284b. The 

capacitor voltages V&A 293a, VCTB 293b are alternately provided as VINT (as represented 

15 by waveform 295) to the resistor RiNT  281. The resistor RINT  281 and the capacitor 

Cliff 282 are electrically coupled to an inverting input (-) of the operation amplifier 283. 

The AVF relaxation oscillator 270 also includes two resistors 285, 286 which act as a 

potential divider to provide a reference voltage VREF (as represented by the solid 

lines 294) to a non-inverting input (+) of the operation amplifier 283. The error between 

	

20 	the average capacitor voltage and the DC (direct-current) reference voltage VREF is 

integrated and used to adjust the threshold voltage Vc  (as represented by the dotted 

lines 296) to the comparators CMPA 274a, CMPB 274b dynamically. The negative 

feedback action minimizes the error in steady state and therefore the average capacitor 

voltage and so the capacitor voltage swing (CVS) are regulated with the presence of a 

	

25 	finite comparator delay TD. 

[0011] FIG. 3 shows a schematic view of a relaxation oscillator 370 with average voltage 

feedback of the prior art, having a comparator and feedback amplifier design. The 

relaxation oscillator 370 includes one main comparator 374 arranged in an oscillator core 

portion 371 of the relaxation oscillator 370 and two auxiliary comparators 374a, 374b 

	

30 	arranged in respective control logic portions 372a, 372b of the relaxation oscillator 370. 

A switched capacitor error integrator 387 is used in this design as part of a switched 
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capacitor (SC) feedback portion 388 of the relaxation oscillator 370 for a smaller chip 

area. Chopping stabilization is also embedded in the feedback amplifier 389 of the 

switched capacitor error integrator 387 for lowering the flicker noise contributed by the 

error integrator for better noise performance. Since the design of the relaxation 

	

5 	oscillator 370 uses three comparators 374, 374a, 374b for generating the clocks for 

switched-capacitor operation, its power consumption is much higher than other designs. 

However, its noise performance is better than the AVF relaxation oscillator 270 of 

FIG. 2A. 

[0012] The comparators in both of the prior art designs illustrated in FIGS. 2A and 3 

	

10 	work like voltage controlled delay cells, which are not power efficient. The static power 

consumed by the comparators is much higher than the dynamic power required to switch 

their output from one logic level to the other. 

Summary 

15 

[0013] According to an embodiment, an oscillator is provided. The oscillator may include 

a switched capacitor circuit arrangement configured to generate a predetermined voltage, 

a transconductance-capacitor filter configured to receive the predetermined voltage and a 

reference voltage, and to generate an output filter voltage based on a differential result 

	

20 	between the predetermined voltage and the reference voltage, wherein a value of the 

output filter voltage is variable in response to the differential result, and a period control 

circuit arrangement configured to receive the output filter voltage, and further configured 

to generate an oscillator signal, wherein a period of the oscillator signal is variable in 

response to the value of the output filter voltage, wherein the oscillator is configured to 

	

25 	control the switched capacitor circuit arrangement based on the oscillator signal to 

generate the predetermined voltage to be matched to the reference voltage. 

Brief Description of the Drawings 

	

30 	[0014] In the drawings, like reference characters generally refer to like parts throughout 

the different views. The drawings are not necessarily to scale, emphasis instead generally 
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being placed upon illustrating the principles of the invention. In the following 

description, various embodiments of the invention are described with reference to the 

following drawings, in which: 

[0015] FIG. IA shows a schematic view of a relaxation oscillator, while FIG. 1B shows 

	

5 	an operating timing diagram of the relaxation oscillator of FIG. 1A. 

[0016] FIG. 2A shows a schematic view of an average voltage feedback (AVF) 

relaxation oscillator of prior art, while FIG. 2B shows a timing diagram of the AVF 

relaxation oscillator of FIG. 2A. 

[0017] FIG. 3 shows a schematic view of a relaxation oscillator with average voltage 

	

10 	feedback of prior art. 

[0018] FIG. 4 shows a schematic cross-sectional view of an oscillator, according to 

various embodiments. 

[0019] FIG. 5A shows a schematic view of an oscillator, while FIG. 5B shows the 

corresponding voltage waveforms, according to various embodiments. 

	

15 	[0020] FIG. 6A shows a schematic view of a current controlled delay cell (CCDC), while 

FIG. 6B shows the corresponding voltage waveforms, according to various embodiments. 

[0021] FIG. 7 shows a schematic view of a voltage generator, according to various 

embodiments. 

[0022] FIG. 8 shows a plot of startup transient simulation results of the relaxation 

	

20 	oscillator of various embodiments. 

[0023] FIG. 9 shows a plot of measurement results of the oscillator frequency versus the 

supply voltage, according to various embodiments. 

Detailed Description 

25 

[0024] The following detailed description refers to the accompanying drawings that 

show, by way of illustration, specific details and embodiments in which the invention 

may be practiced. These embodiments are described in sufficient detail to enable those 

skilled in the art to practice the invention. Other embodiments may be utilized and 

	

30 	structural, logical, and electrical changes may be made without departing from the scope 

of the invention. The various embodiments are not necessarily mutually exclusive, as 
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some embodiments can be combined with one or more other embodiments to form new 

embodiments. 

[0025] Embodiments described in the context of one of the methods or devices are 

analogously valid for the other methods or devices. Similarly, embodiments described in 

	

5 	the context of a method are analogously valid for a device, and vice versa. 

[0026] Features that are described in the context of an embodiment may correspondingly 

be applicable to the same or similar features in the other embodiments. Features that are 

described in the context of an embodiment may correspondingly be applicable to the 

other embodiments, even if not explicitly described in these other embodiments. 

	

10 	Furthermore, additions and/or combinations and/or alternatives as described for a feature 

in the context of an embodiment may correspondingly be applicable to the same or 

similar feature in the other embodiments. 

[0027] In the context of various embodiments, the articles "a", "an" and "the" as used 

with regard to a feature or element include a reference to one or more of the features or 

	

15 	elements. 

[0028] In the context of various embodiments, the phrase "at least substantially" may 

include "exactly" and a reasonable variance. 

[0029] In the context of various embodiments, the term "about" or "approximately" as 

applied to a numeric value encompasses the exact value and a reasonable variance. 

	

20 	[0030] As used herein, the term "and/or" includes any and all combinations of one or 

more of the associated listed items. 

[0031] As used herein, the phrase of the form of "at least one of A or B" may include A 

or B or both A and B. Correspondingly, the phrase of the form of "at least one of A or B 

or C", or including further listed items, may include any and all combinations of one or 

	

25 	more of the associated listed items. 

[0032] Various embodiments may provide a low power relaxation oscillator with current 

mode delay cell (or current controlled delay cell). 

[0033] In the relaxation oscillators of the prior art, the comparators work like voltage 

controlled delay cells, which is not power efficient. The static power consumed by the 

	

30 	comparators is much higher than the dynamic power required to switch their output from 

one logic level to the other. In contrast, various embodiments may provide a low-power 
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relaxation oscillator with a current controlled delay cell (CCDC). The CCDC may be 

embedded in the capacitor voltage swing (CVS) regulation loop such that the oscillator 

frequency may be stabilized with low sensitivity to the supply voltage variation. 

[0034] Various embodiments may provide a 32.5 MHz low power, supply insensitive 

5 monolithic CMOS (complementary metal-oxide semiconductor) relaxation oscillator. 

Instead of using voltage-mode comparators for cycle-by-cycle capacitor voltage 

swing (CVS) threshold voltage comparison, the CVS in various embodiments is regulated 

by a low-power CVS regulation feedback loop which may include or consist of a current-

controlled delay cell (CCDC) and a gm-C (transconductance-capacitance, or 

10 transconductance-capacitor) CVS error integrator. The CCDC and all switching logics 

may be powered by a CMOS threshold-voltage referenced regulated supply voltage for 

reducing switching-losses and supply-induced delay variations. The oscillator may 

consume about 16.6 AW from a 1.5 V supply voltage at room temperature, achieving a 

figure of merit (FOM) of about 0.51 µW/MHz. The measured output frequency variation 

15 	may be approximately <± 0.13%/V at approximately 32.75 MHz, for a supply range of 

about 1.5 V to about 3.6 V. The oscillator may occupy approximately 0.0132 mm2  in a 

0.18 Am CMOS process. 

[0035] Various embodiments may include one or more of the following: (1) the use of a 

gm-C (transconductance-capacitance) filter to integrate the error between the capacitor 

20 	voltage swing magnitude and the reference voltage; (2) the use of the integrated error 

signal from the gm-C filter to control the delay or timing of the capacitor charge period 

through a current programmable delay cell; (3) the application of a low static power, 

current programming delay cell (e.g., a current controlled delay cell (CCDC)) in the 

capacitor voltage swinging regulation loop for oscillator output frequency regulation; or 

25 	(4) the application of a CMOS threshold voltage referenced on-chip supply for powering 

the CCDC and all the major logic cells for the purpose of low power consumption and 

supply insensitive operation. 

[0036] In various embodiments, the current controlled delay cell (CCDC) may consume 

no static current, which is much more energy efficient than those prior art relaxation 

30 oscillators with comparators. The SC gm-C (switched capacitor transconductance-

capacitance) error integrator with grounded capacitors in various embodiments may allow 
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area and cost efficient MOSCAP (MOS capacitor; metal-oxide semiconductor capacitor) 

as integration capacitor(s). 

[0037] Various embodiments may provide one or more approaches to identify the most 

power consuming building blocks in the system which is the voltage comparator for 

5 comparing the capacitor voltages with the reference voltage, and/or to review the 

operation of the relaxation oscillator and come up with a strategy to eliminate the use of 

the energy inefficient voltage comparator, and/or to identify the parameters that are more 

critical for power management applications which are the area (of the oscillator) and 

power (consumption). The design of various embodiments may be optimized towards the 

10 	two critical parameters. 

[0038] FIG. 4 shows a schematic cross-sectional view of an oscillator 400, according to 

various embodiments. The oscillator 400 includes a switched capacitor circuit 

arrangement 402 configured to generate a predetermined voltage, a transconductance-

capacitor filter 410 configured to receive the predetermined voltage and a reference 

15 	voltage, and to generate an output filter voltage based on a differential result between the 

predetermined voltage and the reference voltage, wherein a value of the output filter 

voltage is variable in response to the differential result, and a period control circuit 

arrangement 420 configured to receive the output filter voltage, and further configured to 

generate an oscillator signal, wherein a period of the oscillator signal is variable in 

20 	response to the value of the output filter voltage, wherein the oscillator 400 is configured 

to control the switched capacitor circuit arrangement 402 based on the oscillator signal to 

generate the predetermined voltage to be matched to the reference voltage. The line 

represented as 401 illustrates the coupling among the switched capacitor circuit 

arrangement 402, the transconductance-capacitor filter 410 and the period control circuit 

25 	arrangement 420, which may include electrical coupling and/or mechanical coupling. 

[0039] In other words, the oscillator 400 may include a transconductance-capacitor (gm-

C) filter 410, and a switched capacitor circuit arrangement 402 which may supply a 

predetermined voltage (e.g., VPEAK)  to the transconductance-capacitor filter (or gm-C 

filter) 410, e.g., to one input of the gm-C filter 410. The gm-C filter 410 may be 

30 	electrically coupled to the switched capacitor circuit arrangement 402. The grn-C 

filter 410 may be directly connected to the switched capacitor circuit arrangement 402. 

8 



The gm-C filter 410 may also receive a reference voltage (e.g., VREF), for example, at 

another input of the gm-C filter 410. The gm-C filter 410 may compare the predetermined 

voltage to the reference voltage, and based on the comparison, resulting in a differential 

result, the gm-C filter 410 may generate an output filter voltage (e.g., Vc). The value of 

5 the output filter voltage may depend on the differential result, and therefore may be 

changed corresponding to the differential result obtained. The output filter voltage may 

be an analog voltage or signal. 

[0040] In various embodiments, when the differential result between the predetermined 

voltage (or its associated value) and the reference voltage (or its associated value) is non- 

10 	zero, there is an error between the predetermined voltage and the reference voltage. The 

gm-C filter 410 may act as an error integrator, where the output filter voltage may 

represent the average error between the predetermined voltage and the reference voltage. 

This may mean that the gm-C filter 410 may integrate the error between the 

predetermined voltage and the reference voltage. 

15 	[0041] In various embodiments, based on the differential result between the 

predetermined voltage (or its associated value) and the reference voltage (or its associated 

value), the output filter voltage may have a respective or predetermined value. For 

example, where the predetermined voltage is lower (or less) than the reference voltage 

such that the differential result is non-zero (e.g., a negative differential result), the output 

20 	filter voltage may have a value that is lower (or less) as compared to a value of the output 

filter voltage when the differential result is zero. Further, where the predetermined 

voltage is higher (or more) than the reference voltage such that the differential result is 

non-zero (e.g., a positive differential result), the output filter voltage may have a value 

that is higher (or more) as compared to a value of the output filter voltage when the 

25 	differential result is zero. 

[0042] The oscillator 400 may include a period control circuit arrangement 420 which 

may receive the output filter voltage provided by the gm-C filter 410. The period control 

circuit arrangement 420 may be electrically coupled to the gm-C filter 410. The period 

control circuit arrangement 420 may be directly connected to the gm-C filter 410. The 

30 period control circuit arrangement 420 may be coupled to the output of the gm-C 

filter 410. The period control circuit arrangement 420 may provide an oscillator signal 
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(e.g., Vaxoun  as an output in response to the output filter voltage. The period of the 

oscillator signal may depend on the value of the output filter voltage, and therefore may 

be changed corresponding to the value of the output filter voltage generated. In various 

embodiments, the oscillator signal may be a periodic signal. 

	

5 	[0043] In various embodiments, the gm-C filter 410 may be connected to the switched 

capacitor circuit arrangement 402 and the period control circuit arrangement 420, in 

between the switched capacitor circuit arrangement 402 and the period control circuit 

arrangement 420. 

[0044] In various embodiments, the oscillator 400 may further control the switched 

	

10 	capacitor circuit arrangement 402 based on the oscillator signal generated by the period 

control circuit arrangement 420 so as to generate the predetermined voltage to be 

matched to the reference voltage. 

[0045] Depending on the value of the output filter voltage, the period of the oscillator 

signal be maintained or may be correspondingly changed. For example, where the 

	

15 	differential result between the predetermined voltage and the reference voltage is non- 

zero, the period of the oscillator signal may be correspondingly changed (e.g., increased 

or decreased) so that the switched capacitor circuit arrangement 402 may be controlled 

based on the oscillator signal such that the predetermined voltage may be at least 

substantially matched to the reference voltage, and consequently a zero differential result 

	

20 	may be achieved. 

[0046] As non-limiting examples, the switched capacitor circuit arrangement 402 may 

include at least one capacitor, wherein the switched capacitor circuit arrangement 402 

may be configured to control charging of the at least one capacitor (e.g., the charging 

time) to generate the predetermined voltage. In various embodiments, at least one of 

	

25 	charging or discharging of the at least one capacitor (e.g., the charging time and/or 

discharging time) of the switched capacitor circuit arrangement 402 may be controlled 

based on the oscillator signal. 

[0047] In various embodiments, a delay or timing (e.g., duration) of the charging period 

of at least one capacitor of the switched capacitor circuit arrangement 402 may be 

	

30 	controlled based on the oscillator signal so that the predetermined voltage that may be 

generated may be matched to the reference voltage. In various embodiments, the output 
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filter voltage generated by the gm-C filter 410 may be used to control the switched 

capacitor circuit arrangement 402, for example, to control a delay or timing 

(e.g., duration) of the charging period of the at least one capacitor of the switched 

capacitor circuit arrangement 402 through the period control circuit arrangement 420. 

	

5 	[0048] In the context of various embodiments, the period control circuit arrangement 420 

may act as a switching period control element for the switched capacitor circuit 

arrangement 402, for example, for controlling at least one of charging or discharging of at 

least one capacitor of the switched capacitor circuit arrangement 402. 

[0049] In the context of various embodiments, the period control circuit arrangement 420 

	

10 	may be a delay circuit or a delay cell, for example, a current controlled delay 

cell (CCDC). 

[0050] The oscillator 400 may further include a feedback path (electrical feedback path) 

connected to the period control circuit arrangement 420 and the switched capacitor circuit 

arrangement 402, wherein the oscillator 400 may be configured to feed back, through the 

	

15 	feedback path, the oscillator signal for controlling the switched capacitor circuit 

arrangement 402 to generate the predetermined voltage to be matched to the reference 

voltage. 

[0051] The oscillator 400 may further include a pulse generating circuit (e.g., a "logic 

and pulse gen" circuit) in the feedback path, wherein the pulse generating circuit may be 

	

20 	configured to receive the oscillator signal that is fed back and further configured to 

generate at least one control signal (e.g., VaKA, VaKB, VaKBA, etc.) based on the oscillator 

signal for controlling the switched capacitor circuit arrangement 402 to generate the 

predetermined voltage to be matched to the reference voltage. This may mean that the at 

least one control signal (generated or derived based on the fed back oscillator signal) may 

	

25 	be used to control the switched capacitor circuit arrangement 402, for example, to control 

at least one of charging or discharging (e.g., the charging time and/or discharging time) of 

at least one capacitor of the switched capacitor circuit arrangement 402. The pulse 

generating circuit may include at least one logic element. 

[0052] In various embodiments, the switched capacitor circuit arrangement 402 may 

30 include two capacitor circuit branches configured to alternately generate the 

predetermined voltage to be received by the gm-C filter 410, wherein each capacitor 
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circuit branch may include a timing capacitor (e.g., CT) for generating the predetermined 

voltage. The two circuit branches may be connected in parallel to each other. Each timing 

capacitor may be a grounded capacitor. 

[0053] In various embodiments, each capacitor circuit branch may further include a first 

	

5 	switch and a second switch, wherein the timing capacitor may be connected in between 

the first switch and the second switch, wherein the first switch may be adapted for 

controlling charging of the timing capacitor for generating the predetermined voltage, and 

wherein the second switch may be adapted for controlling supply of the predetermined 

voltage that is generated to the gm-C filter 410. Each capacitor circuit branch may further 

	

10 	include a third switch adapted for controlling discharging of the timing capacitor. 

[0054] Each of the first switch, second switch and third switch of each of the two 

capacitor circuit branches may receive respective control signals generated based on the 

oscillator signal, e.g., control signals generated by the pulse generating circuit. 

[0055] In various embodiments, the switched capacitor circuit arrangement 402 may 

	

15 	include a storing capacitor to store the predetermined voltage to be received by the gm-C 

filter 410. The storing capacitor may be connected to an input of the gm-C filter 410. The 

storing capacitor may be connected in between the second switch of each capacitor circuit 

branch and the gm-C filter 410. The storing capacitor may be a grounded capacitor. 

[0056] In various embodiments, the oscillator 400 may further include a current source 

20 configured to supply a current to the switched capacitor circuit arrangement 402 for 

generating the predetermined voltage. The current source may be electrically coupled to 

the switched capacitor circuit arrangement 402. The current source may be directly 

connected to the switched capacitor circuit arrangement 402. The current source may be 

connected to between a power supply voltage (e.g., VDD) and the switched capacitor 

	

25 	circuit arrangement 402. 

[0057] In various embodiments, the gm-C filter 410 may include a transconductance 

amplifier (gm) configured to receive the predetermined voltage and the reference voltage 

and further configured to provide an output filter current based on the differential result 

between the predetermined voltage and the reference voltage, and an output capacitor 

	

30 	connected to an output of the transconductance amplifier, the output capacitor configured 

to receive the output filter current and to generate the output filter voltage from the output 
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filter current received by the output capacitor. The output filter current may cause 

charging of the output capacitor to generate the output filter voltage. 

[0058] The transconductance amplifier of the gm-C filter 410 may include one input 

(e.g., non-inverting input) connected to the switched capacitor circuit arrangement 402 to 

	

5 	receive the predetermined voltage, and another input (e.g., inverting input) connected to a 

reference circuit to receive the reference voltage. The storing capacitor of the switched 

capacitor circuit arrangement 402 may be connected to the one input (e.g., non-inverting 

input) of the transconductance amplifier. The output capacitor may be connected to an 

output of the transconductance amplifier. The output capacitor may also be connected to 

	

10 	the period control circuit arrangement 420, for example, connected to an input of the 

period control circuit arrangement 420. The output capacitor may be a grounded 

capacitor. 

[0059] In various embodiments, the period control circuit arrangement 420 may include a 

current mirror circuit having a first current branch and a second current branch, a 

	

15 	switching element arrangement electrically coupled to the current mirror circuit, a delay 

capacitor (e.g., Cp) connected to the second current branch of the current minor circuit, 

wherein the switching element arrangement may be configured to control current flow 

through the current mirror circuit for charging and discharging of the delay capacitor, and 

a Schmitt trigger connected to the delay capacitor, the Schmitt trigger configured to 

	

20 	generate the oscillator signal based on a voltage state of the delay capacitor in response to 

the charging and the discharging of the delay capacitor. The Schmitt trigger may be 

connected to the second branch of the current mirror circuit. The delay capacitor may be 

a grounded capacitor. 

[0060] In various embodiments, the current mirror circuit of the period control circuit 

	

25 	arrangement 420 may include a transistor (e.g., transistors Mph Mn, FIG. 6A) in each of 

the first current branch and the second current branch. Each of the respective transistors 

in the first current branch and the second current branch may be a PMOS transistor (p-

channel metal-oxide-semiconductor field-effect transistor, p-channel MOSFET). The first 

current branch and the second current branch are parallel current branches. 

	

30 	[0061] In various embodiments, the switching element arrangement may include a first 

transistor (e.g., transistor MN', FIG. 6A) and a first switch (e.g., SI, FIG. 6A) connected 
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in series, and coupled to the first current branch of the current mirror circuit, and a second 

transistor (e.g., transistor MN2, FIG. 6A) and a second switch (e.g., S2, FIG. 6A) 

connected in series, and coupled to the second current branch of the current minor 

circuit, wherein respective gate terminals of the first transistor and the second transistor 

5 may be connected to each other to receive the output filter voltage, and wherein the 

period control circuit arrangement 420 may be configured to generate respective control 

signals based on the oscillator signal to alternately activate the first switch and the second 

switch. Each of the first transistor and the second transistor of the switching element 

arrangement may be an NMOS transistor (n-channel metal-oxide-semiconductor field- 

10 	effect transistor, n-channel MOSFET). In various embodiments, the first switch and the 

second switch may not be simultaneously activated. In various embodiments, the term 

"activate" as applied to an electrical element means to "turn on" or "close" the electrical 

element to allow a current flow through the electrical element, meaning providing an 

electrical path through the electrical element. 

15 	[0062] In various embodiments, the period control circuit arrangement 420 may further 

include a logic arrangement (e.g., a "deadtime logic" circuit) configured to generate the 

respective control signals, based on the oscillator signal, for alternately activating the first 

switch and the second switch. 

[0063] In various embodiments, the oscillator 400 may further include a voltage 

20 generator configured to provide a regulated supply voltage (e.g., VDIG) to the period 

control circuit arrangement 420. For example, the current mirror circuit of the period 

control circuit arrangement 420 may be connected to the regulated supply voltage. The 

regulated supply voltage may also be provided to the pulse generating circuit. 

[0064] In various embodiments, the voltage generator may include a voltage follower 

25 	circuit connected to a power supply voltage (e.g., VDD), the voltage follower circuit 

having a first voltage branch and a second voltage branch, a first transistor 

(e.g., transistor MP1, FIG. 7) and a second transistor (e.g., transistor MN3, FIG. 7) 

connected in series with each other and further connected between a first node of the first 

voltage branch and ground, wherein respective gate terminals of the first transistor and 

30 the second transistor may be connected to each other and further connected to a 

connection node between the first transistor and the second transistor, a third transistor 
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(e.g., transistor MP2, FIG. 7) and a fourth transistor (e.g., transistor MN4, FIG. 7) 

connected in series with each other and further connected between a second node of the 

second voltage branch and ground, wherein respective gate terminals of the third 

transistor and the fourth transistor may be connected to each other and further connected 

	

5 	to a connection node between the third transistor and the fourth transistor, wherein the 

voltage generator may be configured to generate a threshold voltage (e.g., VT/me') at the 

first node, and to supply the threshold voltage to the second node through the voltage 

follower circuit, the threshold voltage being at least substantially equal to a voltage sum 

of the absolute threshold voltages of the first transistor and the second transistor, and 

	

10 	wherein the voltage generator may be configured to provide the threshold voltage as the 

regulated supply voltage (e.g., VD/D) at an output of the voltage generator. The output of 

the voltage generator may be connected to the second node. The first voltage branch and 

the second voltage branch are parallel voltage branches. 

[0065] In various embodiments, each of the first transistor and the third transistor of the 

	

15 	voltage generator may be a PMOS transistor. Each of the second transistor and the fourth 

transistor of the voltage generator may be an NMOS transistor. The first transistor and the 

third transistor may be directly connected to the voltage follower circuit. 

[0066] In various embodiments, the voltage follower circuit may include a transistor 

(e.g., transistors MNI, MN2, FIG. 7) in each of the first voltage branch and the second 

	

20 	voltage branch. Each of the respective transistors in the first voltage branch and the 

second voltage branch may be an NMOS transistor. 

[0067] In the context of various embodiments, the tenn "threshold voltage" as applied to 

a field-effect transistor (FET) may mean the minimum gate-to-source voltage differential 

that may be needed to create a conducting path between the source and drain terminals of 

	

25 	the FET. 

[0068] In various embodiments, the voltage generator may further include an error 

amplifier (EA) having a first input (e.g., an inverting input) connected to the first node, 

and a second input (e.g., a non-inverting input) connected to the second node, and a 

feedback transistor (e.g., transistor MP3, FIG. 7) connected between the power supply 

	

30 	voltage (e.g., VDD) and the output of the voltage generator, wherein a gate terminal of the 
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feedback transistor may be connected to an output of the error amplifier. The feedback 

transistor may be a PMOS transistor. 

[0069] In various embodiments, the oscillator 400 may further include a reference circuit 

having a current source, the reference circuit configured to generate the reference voltage 

	

5 	(e.g. V REF) based on a current supplied by the current source. The reference circuit may 

include a resistor connected in series with the current source. The reference circuit may 

be connected to a power supply voltage (e.g., VDD)• 

[0070] In the context of various embodiments, the oscillator 400 may include or may be a 

relaxation oscillation. A relaxation oscillator may mean an oscillator that may produce an 

	

10 	non-sinusoidal oscillator signal, for example, a periodic triangular wave oscillator signal 

or a periodic square wave oscillator signal. This may mean that the oscillator 400 may be 

a non-linear oscillator. 

[0071] In the context of various embodiments, the oscillator 400 may be free of a voltage 

comparator that outputs (directly) an output voltage or a digital signal (output digital 

	

15 	signal). A "conventional" voltage comparator typically provides digital values (low or 

high) as its output according to the comparison carried out by the "conventional" voltage 

comparator. Therefore, the "conventional" voltage comparator is unable to provide any 

(analog) voltage values, for example, a voltage that is lower than a power supply voltage 

or in the middle of the power supply voltage. A "conventional" voltage comparator works 

	

20 	like a voltage controlled delay cell. In contrast, in various embodiments, the 

oscillator 400 may include a period control circuit arrangement 420 (e.g., a current 

controlled delay cell (CCDC)) instead of "conventional" voltage comparators used in 

conventional relaxation oscillators. 

[0072] In the context of various embodiments, the term "coupled" may include electrical 

	

25 	coupling and/or mechanical coupling. 

[0073] In the context of various embodiments, the term "coupled" with regard to two or 

more components may include direct coupling and/or indirect coupling. For example, two 

components being coupled to each other may mean that there is a direct coupling path 

between the two components and/or there is an indirect coupling path between the two 

	

30 	components, e.g. via one or more intervening components connected therebetween. 
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[0074] In the context of various embodiments, the term "grounded capacitor" may mean 

that one terminal or end of the capacitor is grounded, i.e., connected to ground. 

[0075] In the context of various embodiments, a "circuit" may be understood as any kind 

of a logic implementing entity, which may be special purpose circuitry or a processor 

	

S 	executing software stored in a memory, firmware, or any combination thereof. Thus, in 

an embodiment, a "circuit" may be a hard-wired logic circuit or a programmable logic 

circuit such as a programmable processor, e.g. a microprocessor (e.g. a Complex 

Instruction Set Computer (CISC) processor or a Reduced Instruction Set Computer 

(RISC) processor). A "circuit" may also be a processor executing software, e.g. any kind 

	

10 	of computer program, e.g. a computer program using a virtual machine code such as 

e.g. Java. Any other kind of implementation of the respective functions which will be 

described in more detail below may also be understood as a 'circuit' in accordance with 

an alternative embodiment. 

[0076] In the context of various embodiments, the term "source/drain terminal" of a 

	

15 	transistor may refer to a source terminal or a drain terminal. As the source terminal and 

the drain terminal of a transistor are generally fabricated such that these terminals are 

geometrically symmetrical, these terminals may be collectively referred to as source/drain 

terminals. In various embodiments, a particular source/drain terminal may be a "source" 

terminal or a "drain" terminal depending on the voltage to be applied to that terminal. 

	

20 	Accordingly, the terms "first source/drain terminal" and "second source/drain terminal" 

may be interchangeable. 

[0077] In various embodiments, as non-limiting examples, for a switch-mode power 

converter (SMPC) design, the power consumption of the oscillator and its output 

accuracy with respect to RC values may be much more critical than its noise 

	

25 	performance. In addition, a high frequency (> 10 MHz) clock output may be required for 

high power density SMPC. The oscillator (e.g., a relaxation oscillator) of various 

embodiments may be designed, taking into consideration the above requirements. 

[0078] FIG. 5A shows a schematic view of an oscillator 500, according to various 

embodiments, illustrating a design of a (low-power) relaxation oscillator with a current-

30 controlled delay cell (CCDC), while FIG. 5B shows the corresponding critical voltage 

waveforms for the oscillator 500. 
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[0079] The oscillator 500 may include a switched capacitor circuit arrangement 502, a 

transconductance-capacitor (gm-C) filter 510 and a period control circuit arrangement 

(e.g., current controlled delay cell, CCDC) 520 connected to each other. The gm-C 

filter 510 may be coupled in between the switched capacitor circuit arrangement 502 and 

	

5 	the CCDC 520. 

[0080] The switched capacitor circuit arrangement 502 may include two capacitor circuit 

branches 503a, 503b. The two capacitor circuit branches 503a, 503b may be connected to 

each other in parallel. Each capacitor circuit branch 503a, 503b may include a timing 

capacitor, CT, 504a, 504b, which may be connected between two switches, e.g., a first 

	

10 	switch 505a, 505b, and a second switch 506a, 506b. This may mean that a first end of the 

respective timing capacitor (CT) 504a, 504b may be connected to the respective first 

switch 505a, 505b, and the respective second switch 506a, 506b at a respective node. The 

second (opposite) end of the respective timing capacitor, CT, 504a, 504b may be 

grounded. Therefore, each timing capacitor, CT, 504a, 504b may be a grounded capacitor. 

	

15 	[0081] Each capacitor circuit branch 503 a, 503b may further include a third switch 507a, 

507b. The respective third switch 507a, 507b may be connected to the first end of the 

respective timing capacitor, CT, 504a; 504b. The respective third switch 507a, 507b may 

also be connected to the respective first switch 505a, 505b. 

[0082] The switched capacitor circuit arrangement 502 may further include a storing 

	

20 	capacitor 508 at an output end of the switched capacitor circuit arrangement 502. Each 

capacitor circuit branch 503a, 503b may be connected to the storing capacitor 508. The 

storing capacitor 508 may be a grounded capacitor. 

[0083] An input end of the switched capacitor circuit arrangement 502 may be connected 

to a current source 530 which may supply a current, 'REF, to the timing capacitors, CT, 

	

25 	504a, 504b. The current source 530 may be connected to a power supply voltage, VDD• 

[0084] The gm-C filter 510 may include a transconductance (gm) amplifier 511 and an 

output capacitor 512 connected to an output terminal of the transconductance 

amplifier 511. The node where the output terminal of the transconductance amplifier 511 

and the output capacitor 512 are connected to each other may form the output of the gm- 

	

30 	C filter 510. The output capacitor 512 may be a grounded capacitor. The gm-C filter 510 

may provide an output voltage, Vc, which may be stored at the output capacitor 512. 
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[0085] The transconductance amplifier 511 may include two input terminals, for 

example, an inverting input (-) terminal and a non-inverting input (+) terminal. The non-

inverting input (+) terminal may be connected to the output of the switched capacitor 

circuit arrangement 502, for example, connected to the storing capacitor 508. 

	

5 	[0086] The oscillator 500 may further include a reference circuit 534. The reference 

circuit 534 may include a current source 535 and a resistor, RT, 536 connected to each 

other in series, and connected in between a power supply voltage, VDD,  and ground. A 

connection may be provided from a node located between the current source 535 and the 

resistor, RT, 536 to the inverting input (-) terminal of the transconductance amplifier 511 

	

10 	so that the reference circuit 534 may provide a reference voltage, VREF, to the inverting 

input (-) terminal of the transconductance amplifier 511. 

[0087] The CCDC 520 may be connected to the output of the gm-C filter 510. This may 

mean that an input terminal of the CCDC 520 may be connected to the output node of the 

gm-C filter 510. The CCDC 520 may be connected to a supply voltage (e.g., a regulated 

	

15 	supply voltage), VDIG. The CCDC 520 may supply an oscillator signal, VaKouT, at its 

output, as an output signal. 

[0088] The oscillator 500 may include a feedback path 540 arranged between the 

CCDC 520 and the switched capacitor circuit arrangement 502. The electrical feedback 

path 540 may feed back the oscillator signal, VaKouT, generated by the CCDC 520 in a 

20 feedback direction from the CCDC 520 towards the switched capacitor circuit 

arrangement 502. 

[0089] The oscillator 500 may further include a pulse generating circuit (represented as a 

"Logic and Pulse Gen" block) 542 in the feedback path 540. The pulse generating 

circuit 542 may be connected to the output of the CCDC 520 to receive the oscillator 

	

25 	signal, VaKour, as an input signal. This may mean that an input terminal of the pulse 

generating circuit 542 may be connected to the output of the CCDC 520. The pulse 

generating circuit 542 may be connected to a supply voltage (e.g., a regulated supply 

voltage), VDIG,  which may be the same supply voltage provided to the CCDC 520. The 

pulse generating circuit 542 may include an arrangement of logic elements (not shown). 

	

30 	[0090] The pulse generating circuit 542 may generate at least one control signal based on 

the oscillator signal, VCLKOUT,  for example, by means of the arrangement of logic 
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elements in the pulse generating circuit 542. As non-limiting examples, the pulse 

generating circuit 542 may generate, based on the oscillator signal, VCLKOUT,  a plurality of 

control signals (e.g., VCLKA, VCLKB, VCLKSA, VCLKSB, V CLKIDA) VCLKDSR) as output signals. The 

plurality of control signals may be used to control operation of the respective 

	

5 	switches 505a, 505b, 506a, 506b, 507a, 507b of the switched capacitor circuit 

arrangement 502. For example, for the first capacitor circuit branch 503a, the first 

switch 505a may be operated by or activated in response to the control signal, VCLKA, the 

second switch 506a may be operated by or activated in response to the control signal, 

VCLKSA, and the third switch 507a may be operated by or activated in response to the 

	

10 	control signal, VCLKDA, while for the second capacitor circuit branch 503b, the first 

switch 505b may be operated by or activated in response to the control signal, VCLKB, the 

second switch 506b may be operated by or activated in response to the control signal, 

V aKSB,  and the third switch 507b may be operated by or activated in response to the 

control signal, Vane. 

	

15 	[0091] Operation of the oscillator 500 will now be described by way of the following 

non-limiting example, with reference to FIGS. 5A and 5B. FIG. 5B shows the 

corresponding voltage waveforms for the plurality of control signals. 

[0092] Consider a clock period starting at the rising edge 550a of signal VCLKA  550, where 

signal VCLKA 550 changes to high. As a result, the first switch 505a is closed, and the 

	

20 	current 'REF from the current source 530 may flow through the first switch 505a to the 

timing capacitor 504a. At the same time, signal VCLKB  551 has a falling edge 551a and 

signal VCLKB 551 changes to low. The first switch 505b is open, preventing current flow 

through the second capacitor circuit branch 503b. Signals VCLKA  550 and Van 551 may 

be opposite to each other, meaning that while one signal is high, the other signal is low. 

	

25 	[0093] Subsequently, the capacitor voltage V RA 560 of the timing capacitor 504a charges 

from OV at a rate of /REF/CT in the charge phase 570. The charge duration (during the 

charging phase 570) may be timed by the CCDC 520 with its timing controlled by a 

control voltage, Vc, generated by the gm-C filter 510. 

[0094] When the charge phase 570 expires, by means of the feedback path 540 and the 

	

30 	pulse generating circuit 542, signal VCLKA 550 may be reset by the CCDC 520, and the 

CCDC 520 may trigger a short pulse for signal VCLKSA 552 (which, as a result, the second 
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switch 506a is closed) to sample and store the peak of VRA 560 at the storing 

capacitor 508 as VPEAK 562. This may be carried out during a peak sampling phase 571. 

At the same time, the charge phase of VRB 561 may be started, with signal Van 551 in a 

high state, such that the first switch 505b is in a closed position, and the current IREE from 

5 the current source 530 may flow through the first switch 505b to the timing 

capacitor 504b. Before VRB 561 reaches its peak, VRA 560 is discharged to ground by 

asserting signal VCLKDA  554 during a discharge phase 572. In this way, as signal 

VCLKDA 554 is high, the third switch 507a may be activated to be in a closed position to 

provide an electrical path between the timing capacitor 504a and ground. Similar 

10 	operation, e.g., charging and discharging, of the timing capacitor 504b may be performed 

based on the signals VCLKB 551, VCLKSB 553 and VCLICDB  555. 

[0095] The peak voltages of VRA 560 and VRe 561, which are stored as VPEAK at the 

storing capacitor 508, may be compared with the reference voltage, VREF,  by the gm-C 

filter 510. The output, Vc, of the gm-C filter 510 represents the average error between 

15 	VPEAK and VREF. As examples, the transconductance amplifier 511 may compare VPEAK 

received at its non-inverting input (+) terminal with VREF received at its inverting input (-) 

terminal, and based on the differential result between VPEAK and the VREF, may provide a 

current (or output filter current) at the output of the transconductance amplifier 511. The 

current generated by the transconductance amplifier 511 may be received by the output 

20 	capacitor 512 for charging the output capacitor 512. As a result, the output capacitor 512 

may generate the output filter voltage Vc. The error integration operation with regard to 

VRA 560 may be performed during the error integration phase 573. 

[0096] If VPEAK is lower (or higher) than VREF, the oscillator 500 is running too fast (or 

slow), and as a result, Vc is reduced (or increased) by the gm-C filter 510 to extend (or 

25 	shorten) the delay in the CCDC 520. This negative feedback action drives VPEAK  to match 

VREF that may lead to successful capacitor voltage swing (CVS) regulation for stable 

output frequency (for the oscillator signal, Varcour). 

[0097] Prior art oscillators employ an active-RC filter in a negative feedback loop which 

requires an on-chip capacitor with two floating terminals. In contrast, the gm-C filter 510 

30 	in the oscillator 500 of various embodiments requires only a grounded capacitor 512 

which may be implemented by a low-cost and area efficient MOS capacitor. 
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[0098] FIG. 6A shows a schematic view of a current controlled delay cell (CCDC) 620 

design, according to various embodiments, while FIG. 6B shows the corresponding 

critical voltage waveforms for the CCDC 620. The design of the CCDC 620 illustrated in 

FIG. 6A may contribute to significant power saving. 

5 [0099] The CCDC 620 may include a current mirror circuit 630 having a pair of 

transistors (e.g., PMOS transistors) Mpi 631a and Mn  63 lb. The transistor Mpi 631a may 

be arranged in a first current branch 632a of the current mirror circuit 630, while the 

transistor Mp2 631b may be arranged in a second current branch 632b of the current 

mirror circuit 630. The transistors Mpi 631a, Mp2 631b may be connected to a supply 

10 	voltage (e.g., a regulated supply voltage), VDJG. For example, respective first source/drain 

(S/D1) terminals of the transistors Mp1 631a, Mp2  63 lb may be connected to VDJG. 

Respective gate (G) terminals of the transistors MN 631a, Mp2 631b may be connected to 

each other. The gate (G) terminal of the transistor Mn  631a may be connected to a 

second source/drain (S/D2) terminal of the transistor Mpi 631a. 

15 [0100] The CCDC 620 may further include a switching element arrangement 640 

connected or electrically coupled to the current mirror circuit 630. The switching element 

arrangement 640 may include a first transistor (e.g., an NMOS transistor) MNI 641a and a 

first switch Si 642a connected to each other in series. The first transistor MNI 641a and 

the first switch Si 642a may be coupled to the first current branch 632a. The switching 

20 element arrangement 640 may further include a second transistor (e.g., an NMOS 

transistor) MN2 641b and a second switch S2 642b connected to each other in series. The 

second transistor MN2 641b and the second switch S2 642b may be coupled to the second 

current branch 632b. Respective first source/drain (S/D1) terminals of the transistors 

MN! 641a, MN2 641b may be connected to respective second source/drain (S/D2) 

25 	terminals of the transistors Mn 631a, Mp2 63 lb. Respective second source/drain (S/D2) 

terminals of the transistors MNI 641a, MN2 641b may be connected to respective 

switches 642a, 642b. Respective gate terminals of the transistors MN! 641a, MN2 641b 

may be connected to each other. Further, the respective gate terminals of the transistors 

MNI 641a, MN2 641b may be connected to an input terminal 650 of the CCDC 620 to 

30 	receive a voltage, Vc, for example, generated by the gm-C filter 510 (FIG. 5A). This may 
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mean that the voltage Vc may act as a control signal for the transistors MN1 641a, 

MN2 641b. 

[0101] The CCDC 620 may further include a delay capacitor (e.g., a small parasitic 

capacitor) Cp 651 connected to the second current branch 632b of the current minor 

	

5 	circuit 630. The CCDC 620 may further include a Schmitt trigger 652 connected to the 

delay capacitor Cp 651. An input terminal of the Schmitt trigger 652 may be connected to 

the delay capacitor Cr 651 and to the second current branch 632b. An output terminal of 

the Schmitt trigger 652 may be connected to an inverter, for example, a NOT gate (or 

NOT logic element) 653. The circle (inverter mark) illustrated at the output of the 

	

10 	Schmitt trigger 652 represents an inversion operation. An output terminal 654 of the 

CCDC 620 may be connected to the output of the NOT gate 653. An output signal, for 

example, in the form of an oscillator signal Vcacour  670, may be generated by the 

CCDC 620 and provided to the output terminal 654. 

[0102] The CCDC 620 may include a feedback path 655 to feed back the oscillator signal 

	

15 	VCLKOUT 670 to the switching element arrangement 640. An inverter, for example, a NOT 

gate (or NOT logic element) 656 and a logic arrangement (represented as a "Deadtime 

Logic" block) 657 may be arranged in the feedback path 655. A first input terminal 658a 

of the Deadtime Logic 657 may be connected to an output of the NOT gate 656 while a 

second input terminal 658b of the Deadtime Logic 657 may be connected to an input of 

	

20 	the NOT gate 656. A first output terminal 659a of the Deadtime Logic 657 may be 

associated with the first switch Si 642a, while a second output terminal 659b of the 

Deadtime Logic 657 may be associated with the second switch S2 642b. For example, the 

first output terminal 659a of the Deadtime Logic 657 may be connected to the first switch 

Si 642a to provide a first control signal VOLKOUT )  (or "IValcour'") 671 for controlling the 

25 	first switch S1  642a, based on the signal received at the first input terminal 658a of the 

Deadtime Logic 657, while the second output terminal 659b of the Deadtime Logic 657 

may be connected to the second switch S2 642b to provide a second control signal 

VaKoUrt  672 for controlling the second switch S2 642b, based on the signal received at 

the second input terminal 658b of the Deadtime Logic 657. The first switch SI  642a and 

30 	the second switch S2 642b may be alternately activated or operated to be in the closed 
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position. The Deadtime Logic 657 may include an arrangement of one or more logic 

elements to generate the control signals 671, 672. 

[0103] In operation, the delay capacitor Cp 651 is charged or discharged by a current, 

'DELAY, provided by the current mirror circuit 630 through the second current branch 632b, 

	

5 	and which may be controlled by the control voltage Vc through the transistors MNI 641a, 

MN2 641b. When the control voltage Vc is applied to the gate (G) terminals of the 

transistors MNI 641a, MN2 641b to turn on the transistors MNI 641a, MN2 641b, and when 

the first switch Si  642a is closed (e.g., when IV CLKOUT 7  671 is in a high state) and the 

second switch S2 642b is open (e.g., when VCLKOUT'  672 is in a low state), a current may 

	

10 	flow through the first current branch 632a and through the first transistor MNI 641a and 

the first switch SI  642a to ground, while a similar current may flow through the second 

current branch 632b to the delay capacitor Cp 651 to charge the delay capacitor Cp 651. 

The charging speed is determined by the ratio of IDELA yt0 Cp as shown in FIG. 6B. When 

the voltage of Cp, VDELA y, reaches a higher threshold level (e.g., first threshold level) of 

	

15 	the Schmitt trigger, 652, the output of the Schmitt trigger 652 is toggled to ground and 

VCLKOUT 670 goes high. Subsequently, when the first switch Si  642a is open (e.g., when 

/VaKourt  671 is in a low state) and the second switch S2 642b is closed (e.g., when 

Vapor' 672 is in a high state), the delay capacitor Cp 651 may be discharged and the 

resulting current, 'DELAY, may flow through the second transistor MN2 641b and the second 

20 switch 52 642b to ground. When VDELAY is decreased to a lower threshold level 

(e.g., second threshold level, being lower than the first threshold level) of the Schmitt 

trigger, 652, the output of the Schmitt trigger 652 is toggled to high and VoLsour 670 goes 

low, accordingly. The resulting voltage, VDELAy, may have a waveform 673 illustrated in 

FIG. 6B. In various embodiments, the Deadtime Logic 657 avoids simultaneous turn on 

	

25 	of both switches Si  642a, S2 642b. VCLKOUT' 672 is an in-phase signal of VCLKOUT 670 with 

the deadtime, while IV =our' 671 is an out-of-phase signal of VCLKOUT  670 with the 

deadtime. These signals may be the same as VCLWB  555 and VCLKDA  554 in FIG. 5B, 

respectively. 

[0104] In various embodiments, the CCDC 620 is current controlled as its operation may 

	

30 	be determined by 'DELAY. The higher the control voltage Vc is supplied, the higher the 

current IDELA y may be generated. Further, IDEL,Ay may control the duration of turn-on time 
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(high state or high level) of IllaKours  671 and VCLKOUT1672. The higher the current 'DELAY 

is, the shorter the duration of turn-on time may be achieved. 

[0105] Since the CCDC 620 requires no other static bias current other than the current 

'DELAY, it consumes much less current than voltage comparators. In addition, the 

	

5 	magnitude of the current 'DELAY scales with the switching frequency of the oscillator 

(e.g., 500, FIG. 5A) and therefore its power consumption may be automatically optimized 

for a wide output frequency range. 

[0106] In various embodiments, in order to stabilize the current consumption and the Vc  

to 'DELAY  relationship over a wide supply voltage range, the CCDC (e.g., 520, 620) may 

	

10 	be powered by a regulated supply voltage VD1G. FIG. 7 shows a schematic view of a 

voltage generator 780, according to various embodiments, illustrating a non-limting 

example of a design of a VD1G voltage regulator. 

[0107] The voltage generator 780 may include a voltage follower circuit 730 having a 

pair of transistors (e.g., NMOS transistors) MN1 731a and MN2 731b. The transistor 

	

15 	MN1 731a may be arranged in a first voltage branch 732a of the voltage follower 

circuit 730, while the transistor MN2 73 lb may be arranged in a second voltage 

branch 732b of the voltage follower circuit 730. The transistors MN1 731a and 

MN2 73 lb may be connected to a power supply voltage, VDD, with a current source 733a 

connected in between the power supply voltage VDD and the transistor MN1 731a. For 

	

20 	example, the first source/drain (S/D1) terminal of the transistor MN1 731a may be 

connected to a terminal of the current source 733a, with the other terminal of the current 

source 733a connected to the power supply voltage, VDD, while the first source/drain 

(S/D1) terminal of the transistor MN2 731b may be connected directly to the power 

supply voltage, VDD. Respective gate (G) terminals of the transistors MN1 731a and 

	

25 	MN2 73 lb may be connected to each other. The gate (G) terminal of the transistor 

MN1 731a may be connected to the first source/drain (S/D1) terminal of the transistor 

MN1 731a. 

[0108] The voltage generator 780 may further include another current source 733b 

connected in parallel to the current source 733a and the transistor MN1 731a, and 

	

30 	connected between the power supply voltage, VDD and the second source/drain (S/D2) 
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terminal of the transistor MN1 731a at a first node n1. Each of the current sources 733a, 

733b may supply a current of about 250 nA. 

[0109] The voltage generator 780 may further include a first transistor (e.g., a PMOS 

transistor) MP1 736a and a second transistor (e.g., an NMOS transistor) MN3 738a 

5 connected in series with each other. The transistors MP1 736a, MN3 738a may be 

connected to and between the first node n1 and ground. The first source/drain (S/D1) 

terminal of the transistor MP1 736a may be connected to the first node nl, the second 

source/drain (S/D2) terminal of the transistor MP1 736a and the first source/drain (S/D1) 

terminal of the transistor MN3 738a may be connected together at a connection node cnl, 

10 and the second source/drain (S/D2) terminal of the transistor MN3 738a may be 

connected to ground. Respective gate (G) terminals of the transistors MP1 736a, 

MN3 738a may be connected to each other and further connected to the connection 

node cnl between the transistors MP1 736a, MN3 738a. 

[0110] The voltage generator 780 may further include a third transistor (e.g., a PMOS 

15 transistor) MP2 736b and a fourth transistor (e.g., an NMOS transistor) MN4 738b 

connected in series with each other. The transistors MP2 736b, MN4 738b may be 

connected to and between a second node n2 connected to the second source/drain (S/D2) 

terminal of the transistor MN2 73 lb, and ground. The first source/drain (S/D1) terminal 

of the transistor MP2 736b may be connected to the second node n2, the second 

20 	source/drain (S/D2) terminal of the transistor MP2 736b and the first source/drain (S/D1) 

terminal of the transistor MN4 738b may be connected together at a connection node cn2, 

and the second source/drain (S/D2) terminal of the transistor MN4 738b may be 

connected to ground. Respective gate (G) terminals of the transistors MP2 736b, 

MN4 738b may be connected to each other and further connected to the connection 

25 	node cn2 between the transistors MP2 736b, MN4 738b. 

[0111] The voltage generator 780 may further include an error amplifier (EA) 750 having 

a first input (e.g., an inverting (-) input) connected to the first node nl, and a second input 

(e.g., a non-inverting (+) input) connected to the second node n2. The voltage 

generator 780 may further include a feedback transistor (e.g., a PMOS transistor) 

30 	MP3 752 connected between the power supply voltage VDD and the output 760 of the 

voltage generator 780. The first source/drain (S/D1) terminal of the feedback 
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transistor 752 may be connected to the power supply voltage VDD, the second 

source/drain (S/D2) terminal of the feedback transistor 752 may be connected to the 

output 760, while the gate (G) terminal of the feedback transistor 752 may be connected 

to the output of the EA 750. A capacitor 754 may be connected between the gate (G) 

	

5 	terminal of the feedback transistor 752 and the power supply voltage Tim. 

[0112] In various embodiments, VDTD, provided at the output 760 of the voltage 

generator 780, may be regulated to a voltage level that equals to the sum of the absolute 

threshold voltages of a PMOS transistor and a NMOS transistor, e.g., the transistors 

MP1 736a, MN3 738a. The voltage generator (or regulator) 780 requires no external 

	

10 	decoupling capacitor for stability. The VD10 voltage regulation may be achieved by two 

mechanisms: 

[0113] 1) VTHREF, at the first node n1 and approximately equal to the voltage sum of the 

threshold voltages of the transistor MP1 736a and the transistor MN3 738a, may be 

buffered to VDID at the output 760 through the NMOS voltage follower 730 constructed 

	

15 	by the transistors MN1 731a, MN2 731a. The impedance at the VOID output 760 may be 

kept to be low. 

[0114] 2) Negative feedback loop formed by the error amplifier 750 and the feedback 

transistor MP3 752 may improve the accuracy of the NMOS voltage follower circuit 730 

further for a wider load current range. For example, consider a large voltage drop in VD10 

	

20 	due to high transient current pulling out of the regulator 780. Because the voltage of the 

non-inverting input of the error amplifier 750 is smaller than that of the inverting input, 

its output voltage may be decreased. Accordingly, the gate-source voltage (VGE) in the 

feedback transistor MP3 752 may also be decreased so that the current supplied from VDD 

via the feedback transistor MP3 752 may be increased. As such, VD10 may be recovered 

	

25 	shortly by this negative feedback loop. 

[0115] In various embodiments, the VD10 generator 780 may consume about 1 µA 

quiescent current from VDD. The voltage VD10 may power also all the digital logic circuits 

(e.g., including the "Logic and Pulse Gen" circuit 542) that are essential for generating all 

the clock signals to the switches (e.g., 505a, 505b, 506a, 506b, 507a, 507b, FIG. 5A). 

	

30 	[0116] FIG. 8 shows a plot 850 of startup transient simulation result of the relaxation 

oscillator of various embodiments, illustrating the startup waveform of the oscillator 
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programmed to approximately 32.8 MHz. Plot 850 shows results 852 for frequency, 

results 854 for Vc (output voltage of the gm-C filter, e.g., 510, FIG. 5A) and results 856 

for VCLKA (e.g., voltage applied to switch 505a for enabling charging of the capacitor 

CT 504a, FIG. 5A). VREF and CVS may be designed to be about 200 mV. The magnitudes 

5 of VRA  (e.g., corresponding to the capacitor CT 504a, FIG. 5A) and V12.9 

(e.g., corresponding to the capacitor CT 504b, FIG. 5A) take about 5µs to reach the 

steady state, programmed by Vc. As shown by the results 852, the clock frequency settles 

at approximately 32.75 MHz. 

[0117] FIG. 9 shows a plot 950 of measurement results of the oscillator frequency versus 

10 	the supply voltage, according to various embodiments, illustrating the relationship 

between the oscillator switching frequency and the supply voltage for the oscillator. It 

may be observed from plot 850 that for a supply voltage in a range from about 2 V to 

about 3V, the total frequency variation is approximately <±0.05%. The total frequency 

variation may increase slightly to approximately < ±0.28% for a wider supply voltage 

15 	range of about 2 V to about 3.6 V. 

[0118] Table 1 summarises the performance of the relaxation oscillator of various 

embodiments. The design of various embodiments may achieve the best figure of 

merit (FOM) for power and low supply sensitivity at the same time as compared to prior 

art designs. The chip area is the smallest as compared to the oscillators of prior art 

20 	developed in a 0.18 Am CMOS process and it may be comparable to oscillators of prior 

art in a 65 nm process. 

Table 1 : Performance summary 

This work 
(Includes on-chip Vim regulator) 

Technology 0.18M11 
Area 0.0132mm2  
Frequency 32.75MHz 
Supply Voltage 1.5V to 3.6V 
Freq. variation with VDD ± 0.13%/V 
Power consumption 16.6FtW 
FOM (1W/MHz) 0.51 
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[0119] As described above, various embodiments may provide low-power consumption 

at high output frequency, and/or a small-area oscillator because of the elimination of 

high-speed high accuracy comparator and the use of a gm-C filter instead of an active-RC 

filter, and/or the power consumption of the current controlled delay cell (CCDC) may 

	

5 	adapt to the change of the oscillator frequency automatically, which is suitable for the 

design of a relaxation oscillator with programmable frequency (or an output frequency 

programmable relaxation oscillator). 

[0120] In various embodiments, a low power current controlled delay cell (CCDC) may 

be employed as the switching period control element, which may lower the power 

	

10 	consumption of the oscillator. 

[0121] The oscillator of various embodiments does not require any voltage comparator 

(which outputs voltage) and therefore power consumption may be reduced. 

[0122] The oscillator of various embodiments may work efficiently at a frequency band 

of about 50 MHz or lower (i.e., •_.50 MHz) for different applications. 

	

15 	[0123] The oscillator of various embodiments may provide a measured result for current 

consumption, IQ  = 11 µA for generating the target clock (e.g., oscillator signal). The 

oscillator of various embodiments may provide a switching frequency Fsw = 32 MHz. 

The oscillator of various embodiments may occupy a chip area of about 0.013 mm2  @ 

0.18 itm CMOS technology. 

	

20 	[0124] However, there may be challenges in that the noise performance of the design of 

various embodiments may not be optimised. The noise from the gm-C filter may not be 

optimized as it is optimized for low-power and small area instead of for power 

management applications, where the noise may lower the quality factor of the output 

clock signal. Nevertheless, a chopper stabilized gm-C filter may be employed in the 

	

25 	design of various embodiments for better noise performance at the expense of slightly 

larger chip area and power. 

[0125] Further, a finite startup time may be required for the output clock signal to be 

stabilized by the feedback loop which is similar to prior art oscillators with feedback 

regulation, where a typical relaxation oscillator without feedback loop may start-up 

	

30 	almost instantly. 
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[0126] While the invention has been particularly shown and described with reference to 

specific embodiments, it should be understood by those skilled in the art that various 

changes in form and detail may be made therein without departing from the spirit and 

scope of the invention as defined by the appended claims. The scope of the invention is 

5 

	

	thus indicated by the appended claims and all changes which come within the meaning 

and range of equivalency of the claims are therefore intended to be embraced. 
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CLAIMS 

1. 	An oscillator comprising: 

a switched capacitor circuit arrangement configured to generate a predetermined 

	

5 	voltage; 

a transconductance-capacitor filter configured to receive the predetermined 

voltage and a reference voltage, and to generate an output filter voltage based on a 

differential result between the predetermined voltage and the reference voltage, wherein a 

value of the output filter voltage is variable in response to the differential result; and 

	

10 	a period control circuit arrangement configured to receive the output filter 

voltage, and further configured to generate an oscillator signal, wherein a period of the 

oscillator signal is variable in response to the value of the output filter voltage, 

wherein the period control circuit arrangement comprises: 

a current mirror circuit having a first current branch and a second current 

	

15 	 branch; 

a switching element arrangement electrically coupled to the current mirror 

circuit; 

a delay capacitor connected to the second current branch of the current 

mirror circuit, 

	

20 	 wherein the switching element arrangement is configured to control 

current flow through the current mirror circuit for charging and discharging of the 

delay capacitor; and 

a Schmitt trigger connected to the delay capacitor, the Schmitt trigger 

configured to generate the oscillator signal based on a voltage state of the delay 

	

25 	capacitor in response to the charging and the discharging of the delay capacitor, 

and 

wherein the oscillator is configured to control the switched capacitor circuit 

arrangement based on the oscillator signal to generate the predetermined voltage to be 

matched to the reference voltage. 

30 
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2. The oscillator as claimed in claim 1, further comprising a feedback path 

connected to the period control circuit arrangement and the switched capacitor circuit 

arrangement, wherein the oscillator is configured to feed back, through the feedback path, 

the oscillator signal for controlling the switched capacitor circuit arrangement to generate 

	

5 	the predetermined voltage to be matched to the reference voltage. 

3. The oscillator as claimed in claim 2, further comprising a pulse generating circuit 

in the feedback path, wherein the pulse generating circuit is configured to receive the 

oscillator signal that is fed back and further configured to generate at least one control 

	

10 	signal based on the oscillator signal for controlling the switched capacitor circuit 

arrangement to generate the predetermined voltage to be matched to the reference 

voltage. 

4. The oscillator as claimed in claim I, wherein the switched capacitor circuit 

	

15 	arrangement comprises two capacitor circuit branches configured to alternately generate 

the predetermined voltage to be received by the transconductance-capacitor filter, 

wherein each capacitor circuit branch comprises a timing capacitor for generating the 

predetermined voltage. 

	

20 	5. 	The oscillator as claimed in claim 4, wherein each capacitor circuit branch further 

comprises: 

a first switch and a second switch, wherein the timing capacitor is connected in 

between the first switch and the second switch, 

wherein the first switch is adapted for controlling charging of the timing capacitor 

	

25 	for generating the predetermined voltage, and 

wherein the second switch is adapted for controlling supply of the predetermined 

voltage that is generated to the transconductance-capacitor filter. 

6. 	The oscillator as claimed in claim 5, wherein each capacitor circuit branch further 

	

30 	comprises a third switch adapted for controlling discharging of the timing capacitor. 
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7. 	The oscillator as claimed in claim 1, wherein the switched capacitor circuit 

arrangement comprises a storing capacitor to store the predetermined voltage to be 

received by the transconductance-capacitor filter. 

	

5 	8. 	The oscillator as claimed in claim 1, further comprising a current source 

configured to supply a current to the switched capacitor circuit arrangement for 

generating the predetermined voltage. 

9. The oscillator as claimed in claim 1, wherein the transconductance-capacitor filter 

	

10 	comprises: 

a transconductance amplifier configured to receive the predetermined voltage and 

the reference voltage and further configured to provide an output filter current based on 

the differential result between the predetermined voltage and the reference voltage; and 

an output capacitor connected to an output of the transconductance amplifier, the 

	

15 	output capacitor configured to receive the output filter current and to generate the output 

filter voltage from the output filter current received by the output capacitor. 

10. The oscillator as claimed in claim 1, wherein the switching element arrangement 

comprises: 

	

20 	 a first transistor and a first switch connected in series, and coupled to the first 

current branch of the current minor circuit; and 

a second transistor and a second switch connected in series, and coupled to the 

second current branch of the current minor circuit, 

wherein respective gate terminals of the first transistor and the second transistor 

	

25 	are connected to each other to receive the output filter voltage, and 

wherein the period control circuit arrangement is configured to generate 

respective control signals based on the oscillator signal to alternately activate the first 

switch and the second switch. 
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11. 	The oscillator as claimed in claim 10, wherein the period control circuit 

arrangement further comprises a logic arrangement configured to generate the respective 

control signals. 

	

5 	12. 	The oscillator as claimed in claim 1, further comprising a voltage generator 

configured to provide a regulated supply voltage to the period control circuit 

arrangement. 

13. The oscillator as claimed in claim 12, wherein the voltage generator comprises: 

	

10 	 a voltage follower circuit connected to a power supply voltage, the voltage 

follower circuit having a first voltage branch and a second voltage branch; 

a first transistor and a second transistor connected in series with each other and 

further connected between a first node of the first voltage branch and ground, wherein 

respective gate terminals of the first transistor and the second transistor are connected to 

	

15 	each other and further connected to a connection node between the first transistor and the 

second transistor; 

a third transistor and a fourth transistor connected in series with each other and 

further connected between a second node of the second voltage branch and ground, 

wherein respective gate terminals of the third transistor and the fourth transistor are 

20 connected to each other and further connected to a connection node between the third 

transistor and the fourth transistor, 

wherein the voltage generator is configured to generate a threshold voltage at the 

first node, and to supply the threshold voltage to the second node through the voltage 

follower circuit, the threshold voltage being at least substantially equal to a voltage sum 

	

25 	of the absolute threshold voltages of the first transistor and the second transistor, and 

wherein the voltage generator is configured to provide the threshold voltage as the 

regulated supply voltage at an output of the voltage generator. 

14. The oscillator as claimed in claim 13, wherein the voltage generator further 

	

30 	comprises: 
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an error amplifier having a first input connected to the first node, and a second 

input connected to the second node; and 

a feedback transistor connected between the power supply voltage and the output 

of the voltage generator, wherein a gate terminal of the feedback transistor is connected 

5 	to an output of the error amplifier. 

15. 	The oscillator as claimed in claim 1, further comprising a reference circuit 

comprising a current source, the reference circuit configured to generate the reference 

voltage based on a current supplied by the current source. 

10 

16. The oscillator as claimed in claim 1, wherein the oscillator comprises a relaxation 

oscillation. 

17. The oscillator as claimed in claim 1, wherein the oscillator is free of a voltage 

15 	comparator that provides an output digital signal. 
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