wo 2017/095331 A1 [N P00 OO OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(43) International Publication Date
8 June 2017 (08.06.2017)

(10) International Publication Number

WO 2017/095331 Al

WIPOIPCT

(51) International Patent Classification:
HO2M 1/12 (2006.01) GOSF 1/46 (2006.01)
HO3K 17/16 (2006.01)

(21) International Application Number:

PCT/SG2016/050585

(22) International Filing Date:

30 November 2016 (30.11.2016)
(25) English
(26)

(30)

Filing Language:

Publication Language: English

Priority Data:
62/262,645 3 December 2015 (03.12.2015) Us

Applicant: NANYANG TECHNOLOGICAL UNIVER-
SITY [SG/SG]; 50 Nanyang Avenue, Singapore 639798
(8G).

Inventors: CHANG, Joseph Sylvester; c/o Nanyang
Technological University, 50 Nanyang Avenue, Singapore
639798 (SG). GE, Tong; c/o Nanyang Technological Uni-
versity, 50 Nanyang Avenue, Singapore 639798 (SG).
GUO, Linfei; c/o Nanyang Technological University, 50
Nanyang Avenue, Singapore 639798 (SG).

Agent: FOO, Chee Hiong, Ricky; Marks & Clerk Singa-
pore LLP, Tanjong Pagar, P O Box 636, Singapore 910816
(SG).

1

(72

74

(81) Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
of inventorship (Rule 4.17(iv))
Published:

with international search report (Art. 21(3))

(54) Title: VOLTAGE REFERENCE AND SELF-OSCILLATING AMPLIFIER CIRCUIT

200a

(57) Abstract: A voltage reference (200a) is dis-
closed, which comprises a voltage divider (202) ar-
ranged to be coupled to a voltage supply (204); and a
filter circuit (206) arranged to be coupled to output
of the voltage divider, the filter circuit includes at
least one transistor (208) and a capacitive element
(210). When in use, the transistor is configured to
operate in cut-off mode to enable the filter circuit to
function as an RC low-pass filter to attenuate supply
noise of the voltage supply, and to enable the filter
circuit to generate a reference voltage based on the
voltage supply, the reference voltage substantially
free of the supply noise.




WO 2017/095331 PCT/SG2016/050585

70

15

20

25

30

35

Voltage Reference and Self-Oscillating Amplifier Circuit

Field
The present invention relates to a voltage reference, and a self-oscillating

amplifier circuit.

Background

e Problem 1

Class D amplifiers (CDAs) are becoming ubiquitous, largely due to their higher
power efficiencies compared to their linear counterparts. FIG. 1 shows the
schematics 100 of a typical CDA. However, a potential drawback of CDAs is
their susceptibility to supply noise, which can be qualified and quantified as
Power Supply Rejection Ratio (PSRR) and Power Supply Induced
Intermodulation Distortion (PS-IMD). Poor PSRR and PS-IMD may result in
undesirable audible noise generated at the output stage and is of particular
pertinence when the CDAs are integrated in a system-on-chip (SoC), where the
power supply used tends to be fairly noisy. To achieve high quality device
performance by the SoC, it is thus imperative that both the PSRR and PS-IMD
are high, preferably greater than 100 dB.

To achieve a high PSRR and PS-IMD, particularly for PSRR to be about 100 dB,
it is imperative that the AC ground (V,c) used is reasonably clean, i.e. the supply
noise is highly attenuated in the AC ground. It is also imperative that V,¢ is
approximately half of the supply voltage, Vpp. This is because similar to many
other designs (e.g. linear amplifiers), the range of Vppfor CDAs is usually high.
For instance, low power CDAs (i.e. 2 W rating) are normally designed to operate
at a Vppof between 2.5 V to 5.5 V. Any deviation of V¢ from 0.5Vpp will result

in reduced dynamic range of the CDA.

Preferably, V4c is to have high supply noise attenuation, and be approximately
half Vpp. This can be easily achieved if the V¢ is generated externally (i.e. off-
chip), since a capacitor with large capacitance (e.g. a 1 yF capacitor) can be
employed. However, this is not the case when V,cis generated internally (i.e.
on-chip). Instead, a bandgap voltage reference (or its variations) has to be
used. Although the bandgap voltage reference is virtually supply-noise-free, it is



10

15

20

25

30

35

WO 2017/095331 PCT/SG2016/050585

however largely a fixed voltage (independent of Vpp). An alternative is to adopt
a voltage divider, which is used to provide an approximately half Vpp, but noise
attenuation performance of the voltage divider is poor (particularly when the

supply noise frequency is low, e.g. 217 Hz).

Other reported methods also include solutions based on a switched capacitor, or
a mid-resolution (8-bit) DAC with a counter. Drawbacks of the former method
include generating a large voltage droop at the output of the switched capacitor,
due to the very low clock rate and presence of leakage current in the switched
capacitor (i.e. it is to be noted that this is common in switched capacitor circuits
but is usually inconsequential, if the clock rate is reasonably high). The voltage
droop can be greater than 100 mV, which may result in degraded Total Harmonic
Distortion plus Noise (THD+N) or affect the dynamic range of the CDA. On the
other hand, drawbacks of the latter method include observing a situation where
Vac = 0.5Vpp being true only when Vpp increases, but not when Vpp reduces.
Specifically, when Vppincreases from 0 V to § V (and the circuit operates at Vpp
= 5 V thereafter), a V,c= 2.5 V (i.e. half Vpp) is generated. However, when Vpp
reduces from 5 V to 2.5 V (and the circuit operates at Vpp = 2.5 V thereafter),
Vac cannot be adjusted to the desired 1.25 V (i.e. 0.5Vpp), unless the counter
undergoes a reset, hence requiring further hardware to detect Vpp changes, and
etc. Other drawbacks of both methods also include relatively complex hardware,
and high power consumption — these problems are due to embodying the voltage
reference generator and switched capacitor circuits in the former method, and
then embodying the bandgap voltage reference and DAC in the latter method.

e Problem 2

Modulation techniques commonly used in CDAs include Pulse-Width-Modulation
(PWM), Sigma-Delta Modulation, Bang-Bang control modulation, and etc.
Amongst said modulation techniques, CDAs based on Bang-Bang control
modulation (i.e. Bang-Bang control CDAs) are arguably the most advantageous
for low-power power-critical applications. This is because Bang-Bang control
CDAs have significantly higher power-efficiency (in part due to hardware
simplicity), comparable fidelity (as qualified by THD) and higher noise immunity
(as qualified by PSRR). Specifically, it was reported in literature that for certain
micro-power applications, the power-efficiency of the Bang-Bang control CDAs is
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a high 53%, whilst that of competing and conventional PWM CDAs is
substantially lower at 35%, at the nominal operating condition of Modulation
Index, M = 0.15 (i.e. 15dB below the maximum due to the crest factor of
audio/speech signal). Furthermore, in said reported design, the THD and PSRR
of Bang-Bang Control CDAs are respectively 0.08% and 70 dB, whilst the THD
and PSRR of the competing PWM CDAs are respectively 0.09% and 45 dB. In
short, Bang-Bang control CDAs are arguably the most power-efficient
architecture for low-power power-critical applications, and yet featuring
comparable or better fidelity than PWM CDAs.

At this juncture, it is to be highlighted that the reported Bang-Bang control CDAs
were configured to use the single-ended, or the 2-state Bridge-Tide-Load (BTL)
architecture/topology. A major drawback of the single-ended and 2-state BTL
Bang-Bang control CDAs however is that an output low-pass filter is required to
filter out high frequency carrier components. Using the output low-pass filter is
highly undesirable in this case, as the low-pass filter typically occupies more
than 70% of the PCB area and adds 30% further costs, thus consequently
undesirably substantially increasing the overall form factor and associated costs

of the Bang-Bang control CDAs.

In relation, the schematics 500, 520 of the single-ended and 2-state BTL Bang-
Bang control CDAs and their output waveforms 510, 530 are respectively
depicted in FIGs. 5a to 5d. Briefly, the single-ended and 2-state BTL Bang-Bang
control CDAs each comprises a Bang-Bang controller (realized using a
hysteresis comparator), an output stage, an RC feedback network, a low-pass

filter and a (resistive) loudspeaker load.

The operation of the single-ended and 2-state BTL Bang-Bang control CDAs is
similar: the RC feedback network feeds back the output signal to the Bang-Bang
controller. The Bang-Bang controller then controls an error signal (V) between
the input signal and output signal (ideally a replica of the input signal for Gain =
1), and generates digital-like switching signal(s) by comparing V., with the
hysteresis band. The output stage provides current to drive the loudspeaker
load. The low-pass filter is configured to filter the high frequency switching
components and to recover the desired output signal at the loudspeaker load.
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Further, it can be seen from FIGs. 5d and 5d that the respective output switching
signals of the single-ended and 2-state BTL Bang-Bang control CDAs are
effectively 2-state. Specifically, for the single-ended CDA, the output switching
signal, Vsg, alternates between the two supply rails (i.e. Vpp and 0), regardless
of the magnitude of the input signal. For the 2-state BTL CDA, the resultant
output switching signal, Vastare p-Vastate_n, a@lternates between Vpp and -Vpp, since
two output signals (i.e. Vasire p @and Vasiare n) are always 180° out-of-phase. It is
well-established that in 2-state output signals, the carrier components are large,
and hence an output low-pass LC filter is thus required to filter these carrier

components.

One object of the present invention is therefore to address at least one of the
problems of the prior art and/or to provide a choice that is useful in the art.

Summary

According to a 1% aspect, there is provided a voltage reference comprising: a
voltage divider arranged to be coupled to a voltage supply; and a filter circuit
arranged to be coupled to output of the voltage divider, the filter circuit includes
at least one transistor and a capacitive element, wherein in use, the transistor is
configured to operate in cut-off mode to enable the filter circuit to function as an
RC low-pass filter to attenuate supply noise of the voltage supply, and to enable
the filter circuit to generate a reference voltage based on the voltage supply, the

reference voltage substantially free of the supply noise.

Advantageously, the disclosed voltage reference employs at least one transistor
operating in the cut-off mode to realize a resistor with very high resistance (i.e.
greater than 10 GQ). Consequently, a large RC constant can be realized to
enable the filter circuit to act as an RC low-pass filter, without requiring a large

IC/PCB area or incurring high power dissipation.

Preferably, the transistor may be an n-type transistor or a p-type transistor.

Preferably, the capacitive element may include being in a series circuit

arrangement with the transistor.
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Preferably, the voltage reference may further include a buffer circuit coupled to
the filter circuit to receive and store the reference voltage from the filter circuit.

Preferably, the buffer circuit may be an amplifier configured in negative feedback

arrangement.

Preferably, the at least one transistor may include at least first and second

transistors in a parallel circuit arrangement.

Alternatively, the at least first transistor may include a plurality of transistors in a

series circuit arrangement.

Similarly, the at least second transistor may preferably include a plurality of

transistors in a series circuit arrangement.

According to a 2" aspect, there is provided a method of generating a reference
voltage using a voltage reference, which includes a voltage divider arranged to
be coupled to a voltage supply, and a filter circuit arranged to be coupled to
output of the voltage divider, the filter circuit includes at least one transistor and
a capacitive element. The method comprises: operating the transistor in cut-off
mode to enable the filter circuit to function as an RC low-pass filter to attenuate
supply noise of the voltage supply; and generating the reference voltage by the
filter circuit based on the voltage supply, the reference voltage substantially free

of the supply noise.

According to a 3™ aspect, there is provided a self-oscillating amplifier circuit
comprising: a hysteresis controller for receiving a pair of input signals, the
controller includes first and second hysteresis comparators to generate first and
second output signals; a synchronization module configured to synchronize high
frequency carrier components of the first and second hysteresis comparators by
providing the first and second output signals as feedbacks to the second and
first hysteresis comparators respectively; and first and second output stages
respectively coupled to the first and second hysteresis comparators, and
configured to generate third and fourth output signals based on the first and
second output signals to provide a resultant switching signal for driving a load,
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wherein the resultant switching signal alternates between 3-states in

dependence of the input signals.

Beneficially, the proposed amplifier circuit does not require usage of an output
low-pass filter, because ability to generate the 3-state switching signal means
the signal itself has significantly reduced carrier components, thereby eliminating

need to include the output low-pass filter.

Preferably, the first and second hysteresis comparators may be configured in a

parallel arrangement.

Preferably, the amplifier circuit may further comprise first and second feedback
modules arranged to respectively feedback the third and fourth output signals.

Specifically, each feedback module may be in an RC network configuration.

Preferably, the third and fourth output signals may include in-phase high

frequency components, and out-of-phase low frequency components.

Preferably, the synchronization module may comprise a pair of resistors in

parallel circuit arrangement.

Preferably, each output stage may include a driver module coupled to an output

module, which includes a pair of transistors.
Preferably, the 3-states may include Vpp, 0 V, and —Vpp.

According to a 4™ aspect, there is provided a method of generating a resultant
switching signal that alternates between 3-states using a self-oscillating
amplifier circuit, which includes a hysteresis controller having first and second
hysteresis comparators, a synchronization module, and first and second output
stages respectively coupled to the first and second hysteresis comparators. The
method comprises: receiving a pair of input signals by the hysteresis controller
to enable the first and second hysteresis comparators to generate first and
second output signals; providing the first and second output signals as
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feedbacks by the synchronization module to the second and first hysteresis
comparators respectively to synchronize high frequency carrier components of
the first and second hysteresis comparators; and generating third and fourth
output signals by the first and second output stages based on the first and
second output signals to provide the resultant switching signal for driving a load,
wherein the resuitant switching signal alternates between the 3-states in

dependence of the input signals.

It should be apparent that features relating to one aspect of the invention may

also be applicable to the other aspects of the invention.

These and other aspects of the invention will be apparent from and elucidated

with reference to the embodiments described hereinafter.

Brief Description of the Drawings

Embodiments of the invention are disclosed hereinafter with reference to the
accompanying drawings, in which:

FIG. 1 shows the schematics of a typical Class D amplifier (CDA), according to
prior art;

FIG. 2a shows the schematics of a voltage reference, according to a first
embodiment;

FIGs. 2b to 2f show the respective schematics of voltage references, according
to variant embodiments;

FIGs. 3a to 3b show the respective schematics of voltage references, according
to further variant embodiments;

FIG. 4 depicts a method of generating a reference voltage using the voltage
reference of any of FIGs. 2a-2f, or FIGs. 3a to 3b;

FIG. 5a shows the schematics of a single-ended Bang-Bang control CDA,
according to prior art, and FIG. 5b shows output waveforms generated by the
single-ended Bang-Bang control CDA;

FIG. 5¢ is a schematic diagram of a 2-state Bridge-Tied-Load (BTL) Bang-Bang
control CDA, according to prior art, and FIG. 5d shows output waveforms
generated by the 2-state BTL Bang-Bang control CDA;

FIG. 6 is a block diagram of a seif-oscillating amplifier circuit, according to a

different embodiment;
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FIG. 7a shows the schematics of the amplifier circuit of FIG. 6, and FIG. 7b
shows output waveforms generated by the said amplifier circuit;

FIG. 8 shows waveforms generated in the upper branch of a hysteresis controller
used in the amplifier circuit of FIG. 6;

FIG. 9 depicts a method of generating a resultant switching signal that alternates
between 3-states using the amplifier circuit of FIG. 6;

FIG. 10 is a table showing different sets of circuit parameters adoptable for
components in the self-oscillating amplifier circuit of FIG. 6 for purpose of
conducting evaluations;

FIG. 11 shows output signal waveform (Vou ,-Vou n) corresponding to the
resultant switching signal generated; and

FIG. 12 shows results of Total Harmonic Distortion (THD) versus modulation
index, M, based upon evaluation of the amplifier circuit of FIG. 6 using the

different circuit parameters set out in the table of FIG. 10.

Detailed Description of Preferred Embodiments

e A Voltage Reference

FIG. 2a is a schematic diagram of a first voltage reference 200a, according to a
first embodiment. The first voltage reference 200a comprises a voltage divider
202 arranged to be coupled to a voltage supply 204; and a filter circuit 206
arranged to be coupled to output of the voltage divider 202, the filter circuit 206
includes at least one transistor (M, or M;) 208 and a capacitive element (C,)
(e.g. a capacitor, and referred to as such hereinafter) 210. When in use, the
transistor 208 is configured to operate in cut-off mode to enable the filter circuit
206 to function as an RC low-pass filter to attenuate supply noise of the voltage
supply 204, and to enable the filter circuit 206 to generate a reference voltage
based on the voltage supply 204, in which the reference voltage is consequently
substantially free of the supply noise. The voltage divider 202 comprises two
resistors 202a, 202b (R,.s) arranged in circuit series, and the transistor 208 is a
p-type transistor. Then, the capacitor 210 is in a series circuit arrangement with
the transistor 208. Also, the first voltage reference 200a optionally includes a
buffer circuit 212 coupled to the filter circuit 206 to receive and store the
reference voltage from the filter circuit 206. In this case, the buffer circuit 212 is
an amplifier configured in negative feedback arrangement. Also, output voltage
generated by the buffer circuit 212 is labelled as Vac.
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To explain, the transistor 208 is switched on (i.e. in active mode) when a supply
voltage (Vpp) from the voltage supply 204 increases, e.g. from 0 Vto 5 V. The
transistor 208 then charges the capacitor 210, and so V, (i.e. the voltage across
the capacitor 210) and V,c are also increased correspondingly. When V,
reaches about 0.5Vpp, the transistor 208 turns off (i.e. in cut-off mode) and then
functions as a resistor with an effective large resistance (R.x) greater than 10
GQ. Hence, the transistor 208 and capacitor 210 work in tandem to function as
an RC low-pass filter to attenuate the supply noise. Depending on configured
values of the transistor 208, voltage supply 204 and capacitor 210, the supply
noise attenuation at 217 Hz may be greater than 40 dB.

When the supply voltage is reduced from 5 V to 2.5 V (where the first voltage
reference 200a operates at 2.5 V thereafter), the transistor 208 remains in the
cut-off mode, and the capacitor 210 then discharges at a very low current (e.g.
tens of pA or even lower). Hence the first voltage reference 200a takes a longer
time (i.e. about 1 s) to reach steady state operation (whose output V¢ is about
1.25 V).

FIG. 2b shows schematics of a second voltage reference 200b, according to a
second embodiment, and it is to be appreciated that the second voltage
reference 200b is entirely similar in configuration to the first voltage reference
200a, except that an n-type transistor is now used as the transistor 208.

FIGs. 2¢c and 2d show respective schematics of third and fourth voltage
references 200c, 200d, according to third and fourth embodiments. The third
voltage reference 200c is based on the first voltage reference 200a, except that
the p-type transistor is now configured differently as opposed to that in FIG. 2a.
Specifically, in FIG. 2a, the source terminal of the p-type transistor M, is
connected to the voltage divider 204, and the gate and drain terminals are
connected to the capacitor 210. But in FIG. 2c, the gate and drain terminals of
p-type transistor M, are connected to the voltage divider 204, whereas the
source terminal of M, is connected to the capacitor 210. Then, the fourth
voltage reference 200d is based on the second voltage reference 200b of FIG.
2b, except that the n-type transistor is now configured differently as opposed to
that in FIG. 2b. More specifically, in FIG. 2b, the gate and drain terminals of n-
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type transistor M, are connected to the voltage divider 204, while the source
terminal of M, is connected to the capacitor 210. On the other hand, in FIG. 2d,
the source terminal of the n-type transistor M, is connected to the voitage divider
204, whereas the gate and drain terminals are connected to the capacitor 210.
The operations of the third and fourth voltage references 200c, 200d are largely
similar to the first and second voltage references 200a, 200b, except that the
transistor 208 is in the cut-off region when the supply voltage increases (e.g.
from Vpp= 0 V to Vpp = 5 V and the third and fourth voltage references 200c,
200d respectively operates at Vpp = 5 V thereafter) and the transistor 208 is in
the above-threshold region when the supply voltage decreases (e.g. from Vpp =
5V to Vpp = 2.5 V and the third and fourth voltage references 200c¢, 200d
respectively operates at Vpp = 2.5 V thereafter). As a result, the third and fourth
voltage references 200c, 200d respectively take a longer time to charge the
capacitor 210 for V; to reach about 0.5Vpp, but takes a shorter time (e.g. a few
us) to reach steady state operation when the supply voltage decreases. It is to
be appreciated that when the third or fourth voltage reference 200c, 200d
approaches steady state (i.e. when the voltage from the voltage divider 204 is
0.5Vpp and the capacitor 210 is 0.5Vpp = the threshold voltage of the transistor
208), the transistor 208 electrically switches to then operate in the cut-off region,

hence functioning as a large resistor.

FIGs. 2e and 2f show respective schematics of fifth and sixth voltage references
200e, 200f, according to fifth and sixth embodiments. The fifth voltage reference
200e is based on the first voltage reference 200a and the third voltage reference
200c, except that two p-type transistors in parallel circuit arrangement now
replace the single p-type transistor used in FIG. 2a and FIG. 2c. This
configuration ensures that the fifth voltage reference 200e takes a shorter time
to reach steady state operation, when the supply voltage increases and
decreases. Similarly, the sixth voltage reference 200f is based on the second
voltage reference 200b and the fourth voltage reference 200d, except that two n-
type transistors in parallel circuit arrangement now replace the single n-type
transistor used as shown in FIG. 2b and FIG.2d.

Separately, it is to be highlighted that one potential drawback of the voltage
references 200a-200f in FIGs. 2a to 2f is that the disclosed voltage references
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200a-200f are able to provide high supply noise attenuation, only when the
supply noise on the supply voltage is smaller than 2x of the threshold voltage of
the transistor(s) 208. When the supply noise is larger than 2x of the threshold
voltage, the transistor(s) 208 will then turn on, and hence the supply noise will
undesirably appear at V4. This is usually inconsequential for designs intended
for low power applications, as the supply noise is usually smaller than 200 mV
and is substantially lower than 2x of the threshold voltage (e.g. 0.5 V) of the
transistor(s) 208. But in cases when the supply noise on the supply voltage is
potentially higher than 2x of the threshold voltage, two or more transistors can
beneficially be connected in circuit series to provide increased supply variation
tolerance, as depicted in seventh and eighth voitage references 300, 350, based
on seventh and eighth embodiments (see FIGs. 3a and 3b). Simply, the seventh
voltage reference 300 only differs from the first voltage reference 200a, in that
the two separate rows of p-type transistors, each row in series circuit
arrangement, are adopted as a configuration for the transistor 208, and more
specifically, the two rows of p-type transistors are in parallel circuit arrangement
to each other. Then, the eighth voltage reference 350 is largely similar to the
seventh voltage reference 300, except that n-type transistors replace all the p-
type transistors. In this fashion, the supply noise can be tolerated up to 2nx of
the threshold voltage, where n is the number of (p-type/n-type) transistors within

the series circuit arrangement of each row.

Referring to FIG. 4, there is disclosed a method 400 of generating the reference
voltage, using the voltage reference 200a-200f, 300, 350, in which the method
400 comprises: at step 402, operating the transistor(s) 208 in cut-off mode to
enable the filter circuit 206 to function as an RC low-pass filter to attenuate
supply noise of the voltage supply 204; and at step 404, generating the
reference voltage by the filter circuit 206 based on the voltage supply, in which

the reference voltage is substantially free of the supply noise.

Hence, the proposed voitage references 200a-200f, 300, 350 address drawbacks
of conventional voltage references, and have the following advantages: (i).
simple hardware, (ii). negligible power dissipation, (iii). no voltage droop, and
(iv). ability to track the supply voltage, when the supply voltage increases or

decreases.
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In summary, the proposed voltage references 200a-200f, 300, 350 employ at
least one transistor 208 (or a plurality of transistors) operating in the cut-off
mode to realize a resistor with very high resistance (i.e. greater than 10 GQ). As
a result, a large RC constant (and hence a low cut-off frequency of smaller than
10 Hz, with high noise attenuation (e.g. at 217Hz)) is realized, without requiring
a large IC/PCB area or incurring high power dissipation. The proposed voltage
references 200a-200f, 300, 350 may usefully find usage in Class D amplifiers, or

other suitable applications.

o A Self-Oscillating Amplifier Circuit

With reference to FIG. 6, a block diagram of a self-oscillating amplifier circuit
600 (also known as a 3-state Filter-less Bang-Bang Control CDA) is depicted,
according to a different embodiment. In relation, FIG. 7a shows schematics of
the amplifier circuit 600 and FIG. 7b shows output waveforms 700 generated by
the amplifier circuit 600. Broadly, the amplifier circuit 600 comprises a
hysteresis controller 602 (also known as a Bang-Bang controller) for receiving a
pair of input signals (provided by first and second input modules 604a, 604b as
Vin, Viprespectively — see FIG. 7a), the controller 602 includes first and second
hysteresis comparators 606a, 606b to generate first and second output signals;
a synchronization module 608 configured to synchronize high frequency carrier
components of the first and second hysteresis comparators 606a, 606b by
providing the first and second output signals as feedbacks to the second and
first hysteresis comparators 606a, 606b respectively; and first and second output
stages 610a, 610b respectively coupled to the first and second hysteresis
comparators 606a, 606b, and configured to generate third and fourth output
signals based on the first and second output signals to provide a resultant
switching signal for driving a load 612 (e.g. a loudspeaker). The third and fourth
output signals (i.e. Vou p, Vour n) share in-phase high frequency components, and
out-of-phase low frequency components. It is to be appreciated that
synchronizing the high frequency carrier components of the first and second
hysteresis comparators 606a, 606b by the synchronization module 608
specifically means synchronizing the high frequency carrier components in the
first and second output signals generated by the first and second hysteresis

comparators 606a, 606b.
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The resultant switching signal alternates between 3-states (i.e. Vpp, 0 V, and —
Vpp) in dependence of the input signals. That is, when the resultant input signal,
Vip-Vin, is positive, the generated switching signal, Vo, p-Vou n, alternates
between Vppand 0. But when the resultant input signal, V-V, is negative, the
generated switching signal, Vou p-Vour n, then alternates between Oand -Vpp. An
advantage of the 3-state switching signal is having significantly reduced carrier
components, thereby eliminating need to include an output low-pass filter in the

proposed amplifier circuit 600.

Moreover, it is to be appreciated that the third and fourth output signals are
further arranged to be feedback to the first and second hysteresis comparators
606a, 606b respectively, via first and second feedback modules 614a, 614b
respectively. Each feedback module 614a, 614b is arranged in an RC network
configuration. More specifically, the first feedback module 614a, which is
coupled to the negative input terminal of the first hysteresis comparator 606a,
comprises a feedback resistor Ry, arranged in parallel with another feedback
resistor R;,1 and a capacitor Cg¢. Similarly, the second feedback module 614b,
which is coupled to the negative input terminal of the second hysteresis
comparator 606b, comprises a feedback resistor Ry, arranged in parallel with

another feedback resistor R;,, and a capacitor Cy,..

Further, it is to be appreciated that the first and second hysteresis comparators
606a, 606b are configured in a parallel arrangement, and also that the controller
602 also includes four feedback resistors (i.e. labelled as Rpy1, Rn21, Rni2 and
Rpz2in FIG. 7a), where Rpq4, Rp2q are arranged at the first hysteresis comparator
606a, and Ry and Ry, are arranged at the second hysteresis comparator 606b.
Particularly, Rn11, Rn21 and the first hysteresis comparator 606a forms the upper
branch of the controiler 602, whereas R, and R, and the second hysteresis
comparator 606b then forms the lower branch of the controller 602. The
synchronization module 608 includes a pair of resistors (i.e. labelled as Ry3; and
Rps2 in FIG. 7a) in parallel circuit arrangement. Then, each output stage 610a,
610b includes a driver module 614a, 616a coupled to an output module 614b,
616b (which is in the form of a pair of transistors in parallel circuit arrangement).
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For the amplifier circuit 600, the hysteresis (V,) of the controller 602 is
generated by the feedback resistors, Rpi1, Rpzi, Rmiz and Rpe, and the
synchronization module 608. The synchronization module 608 feeds back the
output signal of the opposing branch of the controller 602 as inputs to the
controller 602, and synchronizes the high frequency carrier components of the
two branches of the controller 602, thereby generating the 3-state switching
signal by comparing the error signal (Ve and V,.) with the hysteresis band
(Vni', V™, Vo', Via") of the first and second hysteresis comparators 606a, 606b.
The nomenclatures V,, and V,," are the hysteresis bands of the first hysteresis
comparator 606a; V,, is the lower limit and V" is the upper limit; and V,," and
V,." are the hysteresis bands of the second hysteresis comparator 606b. FIG. 8
shows waveforms 800 generated in the upper branch of the controller 602. For
completeness, it is worth noting that in the reported single-ended and 2-state

BTL Bang-Bang control CDAs, the synchronization module 608 is absent.

Consequent to the function of the synchronization module 608, the high
frequency carrier components of the third and fourth output signals, V,. , and
Vout n, are in-phase, whereas the low frequency audio components are out-of-
phase. Put simply, the resultant switching signal is 3-state (i.e. see FIG. 7b).

On the basis of FIG. 7a and adopting a derived analytical methodology disclosed
in a journal paper: “T. Ge and J. S. Chang, "Bang-Bang Control Class-D
Amplifiers: Power-Supply Noise," IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 55, pp. 723-727, 2008”, the ‘on’ and ‘off’ period, t,, and f.s,
can be derived as follows: t,, is the period when V), = Vpp, and s is the period
when Vi, = -Vpp. By straightforward analysis, it can be shown that {,,; and tm
respectively (as shown in FIG. 8), which are the ‘on’ and ‘off’ periods for the

upper branch of the controller 602 can be derived as follows:
By application of Kirchhoff’'s Current Law,

|4 dv.

Vin = Vern 1 V;mt_p T Yerel _ c errl (1)
B 5
Riny Repy dt
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By re-arranging and integration,
f at
Relcfbi
(2)
f d‘*e»rri
— Ring v £ ____EZLV, -V
Riﬂl —E_bei ouey Riﬂi + bei " errd

wherein R_; = R,,.,//R;,, is the equivalent resistance of Ri,; and Ry in parallel.

Hence,
4
—R . L B » —_ z r (3)
e “ertfbr ¥ const = mb,,,, v + (1 “"J’H)V;n_ ered
. Bine - . .
wherein m = —#&&— ig the resistance ratio.

Ring THypy

During t;—t;, which is the ‘on’ period t,,1 based on the waveform 800 depicted in

FIG. 8, the error signal V,.+ can be derived as follows:

Att=t,,

Verrs = Vi
Att=t,

Verrs = Vh1+

Hence, const in equation (3) and t,,; and f.s can be derived as:

const = mlpp + (1 —m)V,,~V, "~ (4)

iV, + (1 —m)V, -V, 7]
ot =R51Cﬂ:1 In :m ( ) :n h1+ (5)
mVpp + (1 —m)V,,— Vs |

(mVpp — (L —m)V, +Vy (6)
mVpp = (1 —m)Vi V)

topr1 = Rey CppyIn
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Similarly, t,,» and t,m, the ‘on’ and ‘off’ period of the lower branch of the
controller 602, can be derived as:

oNe

[mV,, +(1— m),xf;p—vu’] (7)

tonn = R_2Cryalnn :
SR mvp + (1 —m)V,, =Vt

t = RyoCspalnn mVpp — (1 —m)"'ip'i‘vh; | ®
of F2 e2™fbl mpp — (1 —m)V, +Vi™
wherein,
Ryyy Ry
ho_ B B 9)

{)hi - ! 2
Ryq1 + Rypy Rpyy +Rygy

Ry Ryq4
Viam = — — Voo + fasa (10)
Ry T Rymy Ry + Ryny
Vot =_R7E_1_2_._..__V ___LV (11)

R ” R -
th_ - h12 hlZ "{u;{ (12)
Ry12 T Ry Rypy2 T Rygy

From equations (9) to (12), it can be noted that the hysteresis band of the
controller 602 is determined by the feedback resistors, Ru11, Rr21, Rni2 and Ryao,
and the synchronization module 608. As mentioned, the synchronization module
608 synchronizes the high frequency carrier components by feeding the output
signal of the opposing branch back to the controller 602. Hence, this feedback
mechanism forces the synchronization of the signals at the two branches of the
controlier 602.

Based on the equations (5) to (8) and by using Taylor Series, when the input
signal is 0, the idle switching frequency, f;, can be easily derived as:

mVyp

- =D (13)
™ 2R, Cpy Vi
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wherein R, and Cj;, are the designed values of R (or Rez), Cpi (Or Cpa),
respectively. V, is the average value of V,;"and Vp," (or -V and -Vpy).

So, with reference to FIG. 9, a method 900 of generating the resultant switching
signal using the proposed amplifier circuit 600, comprises: at step 902, receiving
the pair of input signals by the hysteresis controller 602 to enable the first and
second hysteresis comparators 606a, 606b to generate the first and second
output signals; at step 904, providing the first and second output signals as
feedbacks by the synchronization module 608 to the second and first hysteresis
comparators 606a, 606b respectively to synchronize high frequency carrier
components of the first and second hysteresis comparators 606a, 606b; and
generating third and fourth output signals by the first and second output stages
610a, 610b based on the first and second output signals to provide the resultant
switching signal for driving a load, and feedback the third and fourth output
signals to the first and second hysteresis comparators 606a, 606b respectively,
wherein the resultant switching signal alternates between the 3-states in

dependence of the input signals.

e Results and Verification

The proposed amplifier circuit 600 is evaluated by simulations using software
from Cadence™ based on a commercial 65 nm CMOS process. Different sets of
circuit parameters for simulating four cases (i.e. Cases 1, 2, 3 and 4) of
feedback and synchronization module block 608 designs of the amplifier circuit
600 are set out in a table 1000 depicted in FIG. 10 — the intention is to ascertain
the important parameters thereto. Also, the input frequency f, used is 2 kHz and

supply voltage Vppis 3.6 V.

FIG. 11 shows output signal waveform 1100 (Vo o-Vou n) corresponding to the
resultant switching signal generated (based on Case 1 in the table 1000 of FIG.
10, M = 0.7), and as expected, the output obtained indeed is that of a filter-less
3-state Bang-Bang control CDA.

FIG. 12 shows evaluation results 1200 of Total Harmonic Distortion (THD)
versus modulation index, M, of the amplifier circuit 600 for the four cases of
circuit parameters provided in the table 1000 of FIG. 10. It can be seen from
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FIG. 12 that unlike conventional PWM and Sigma-Delta CDAs, the THD of the
proposed amplifier circuit 600 increases with decreasing M. The comparison
between Case 1 and Case 2 (or Case 3 and Case 4) shows that a lower
hysteresis band results in a lower THD. The comparison between Case 1 and
Case 3 (or Case 2 and Case 4) shows that a smaller value of Cy¢ and Cpy
results in reduced THD. This is somewhat expected, because with a lower
hysteresis band and a smaller value of Cy¢ and Cypy, the proposed amplifier
circuit 600 switches at a higher frequency (i.e. refer to equation (13)), but at the

cost of higher switching power loss at the output stages 610a, 610b.

Although the THD performance is somewhat compromised in all four cases — the
best being Case 1, the THD obtained is usually sufficient for a number of low-
power power-critical applications. For example, as the signal-to-noise
ratio/dynamic range of a sub-miniature loudspeaker in many wearable devices is
smaller or equal to 40 dB, a THD of about 1 % is usually acceptable —
particularly in view of the requirement of much desired hardware simplicity (with

accompanying high power-efficiency).

In summary, the proposed amplifier circuit 600 is the first-ever filter-less 3-state
Bang-Bang control CDA where an output low-pass filter (typically bulky in terms
of PCB area needed, and also costly to make) is not required. Compared to the
the single-ended and 2-state counterpart Bang-Bang control CDAs, the proposed
amplifier circuit 600 features the simplest hardware (and highest power-
efficiency), but with somewhat compromised fidelity. Nevertheless, the reduced
fidelity is deemed sufficient for most ultra-low-power or power-critical
applications such as in low-to-mid performance wearable devices, hearing aid

devices, and the like.

While the invention has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered
illustrative or exemplary, and not restrictive; the invention is not limited to the
disclosed embodiments. Other variations to the disclosed embodiments can be
understood and effected by those skilled in the art in practising the claimed

invention.
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For example, with reference to FIG. 6, the first and second feedback modules
614a, 614b can be optional in certain variant embodiments, and so there is
therefore no feedback of the third and fourth output sighals back to the first and

second hysteresis comparators 606a, 606b for those cases.
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Claims

1. A voltage reference comprising:

a voltage divider arranged to be coupled to a voltage supply; and

a filter circuit arranged to be coupled to output of the voltage divider, the
filter circuit includes at least one transistor and a capacitive element,

wherein in use, the transistor is configured to operate in cut-off mode to
enable the filter circuit to function as an RC low-pass filter to attenuate supply
noise of the voltage supply, and to enable the filter circuit to generate a
reference voltage based on the voltage supply, the reference voltage

substantially free of the supply noise.

2. The voltage reference of claim 1, wherein the transistor is an n-type

transistor or a p-type transistor.

3. The voltage reference of any preceding claims, wherein the capacitive

element includes being in a series circuit arrangement with the transistor.

4. The voltage reference of any preceding claims, further includes a buffer
circuit coupled to the filter circuit to receive and store the reference voltage from

the filter circuit.

5. The voltage reference of claim 4, wherein the buffer circuit is an amplifier

configured in negative feedback arrangement.

6. The voltage reference of any preceding claims, wherein the at least one
transistor includes at least first and second transistors in a parallel circuit

arrangement.

7. The voltage reference of claim 6, wherein the at least first transistor

includes a plurality of transistors in a series circuit arrangement.

8. The voltage reference of claim 6, wherein the at least second transistor

includes a plurality of transistors in a series circuit arrangement.
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9. A method of generating a reference voltage using a voltage reference,
which includes a voltage divider arranged to be coupled to a voltage supply, and
a filter circuit arranged to be coupled to output of the voltage divider, the filter
circuit includes at least one transistor and a capacitive element, the method
comprises: -

operating the transistor in cut-off mode to enable the filter circuit to
function as an RC low-pass filter to attenuate supply noise of the voltage supply;
and

generating the reference voltage by the filter circuit based on the voltage
supply, the reference voltage substantially free of the supply noise.

10. A self-oscillating amplifier circuit comprising:

a hysteresis controller for receiving a pair of input signals, the controller
includes first and second hysteresis comparators to generate first and second
output signals;

a synchronization module configured to synchronize high frequency
carrier components of the first and second hysteresis comparators by providing
the first and second output signals as feedbacks to the second and first
hysteresis comparators respectively; and

first and second output stages respectively coupled to the first and
second hysteresis comparators, and configured to generate third and fourth
output signals based on the first and second output signals to provide a resultant

switching signal for driving a load,
wherein the resultant switching signal alternates between 3-states in

dependence of the input signals.

11.  The amplifier circuit of claim 10, wherein the first and second hysteresis

comparators are configured in a parallel arrangement.

12. The amplifier circuit of any of claims 10-11, further comprising first and
second feedback modules arranged to respectively feedback the third and fourth

output signals.

13. The amplifier circuit of claim 12, wherein each feedback module is in an

RC network configuration.
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14, The amplifier circuit of any of claims 10-13, wherein the third and fourth
output signals include in-phase high frequency components, and out-of-phase

low frequency components.

15. The amplifier circuit of any of claims 10-14, wherein the synchronization

module comprises a pair of resistors in parallel circuit arrangement.

16.  The amplifier circuit of any of claims 10-15, wherein each output stage
includes a driver module coupled to an output module, which includes a pair of

transistors.

17.  The amplifier circuit of any of claims 10-16, wherein the 3-states include
Voo, 0V, and "‘VDD-

18. A method of generating a resultant switching signal that alternates
between 3-states using a self-oscillating amplifier circuit, which includes a
hysteresis controller having first and second hysteresis comparators, a
synchronization module, and first and second output stages respectively coupled
to the first and second hysteresis comparators, the method comprises:

receiving a pair of input signals by the hysteresis controller to enable the
first and second hysteresis comparators to generate first and second output
signals;

providing the first and second output signals as feedbacks by the
synchronization module to the second and first hysteresis comparators
respectively to synchronize high frequency carrier components of the first and
second hysteresis comparators; and

generating third and fourth output signals by the first and second output
stages based on the first and second output signals to provide the resultant
switching signal for driving a load,

wherein the resultant switching signal alternates between the 3-states in

dependence of the input signals.
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3. I:I Claims Nos:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a)
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searchable claims.
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4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
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I:I No protest accompanied the payment of additional search fees.
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