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In the art well-known systems are known e.g. from the
document WO 97/37433. Such a system is illustrated in fig 1, and
comprises a sample rate converter 1, an oversampler 2, a noise
shaper 4 and an error correcting algorithm unit 3.

This prior art approach suffers from several drawbacks.

Firstly, the carrier frequency is dependent on the sample
frequency, making the use of a sample rate converter 1 necessary.
Especially as audio media comes in many different formats, sample
rate conversion becomes mandatory. The sample rate converter 1
can be complex to implement due to high order filtering.
Quantization errors and aliasing will be introduced leading to
reduced dynamic ranges.

Further, in order to increase the dynamic range, an error
correcting algorithm 3 and a noise shaper 4 must be comprised in
the design'leading to unnecessary complexity and cost.

Further, the noise shaper 3 is limited in bandwidth, as the
maximum loop gain to suppress the quantization noise is
constrained by the stability of the noise shaping loop. Therefore,
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mitigate the above problems, and provide a non-complex system

capable of receiving a sampled digital input signal and converting it
to PWM domain.

Summary of the invention

According to a first aspect of the invention, this and other
objects are achieved by a pulse width modulator comprising a
plurality of integrators with integrator gains arranged in series, a
comparator for comparing the output of the last integrator with a
reference, and thereby creating the PWM signal, means for realizing
self-oscillation at a desired switching frequency, and a feedback
path connected to a point down stream said comparator and leading
to a plurality of summing points, each preceding one of said
integrators. The PWM signal is quantized in time by the clock
frequency of the modulator, and the integrator gains are adapted to
reduce any quantization noise.

By choosing an appropriate number of integrators, each
having a suitable gain, the loop gain is thus set to reduce the noise
generated by quantization in the system. At the same time, the
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dramatically. the sampling frequency, the modulator according to the invention
need not to be synchronized with the signal source. This is of great
benefit and eliminates the use of prior art sample rate converters
and oversamplers.

The elimination of noise shapers, sample rate converters and
oversamplers, together with the fact that only integrators are used
for loop shaping, results in a very low system complexity. In fact, it
is possible to implement a complete system according to the
invention without the use of memory circuits. A modulator
according to the invention can be implemented on less than 10% of
the silicon area required for a prior art modulator. Efficiency is
improved and cost is reduced dramatically.

The modulator according to the invention further provides a
carrier frequency (equal to the switching frequency) which varies
with the modulation index. Such Variable carrier Frequency Pulse
Width Modulation (VFPWM) is known from analogue self oscillating
systems, and is of great benefit for the efficiency of the output
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integrator n, and M € [0, =], so that the gains are equal or
separated by a factor of 2. Such gains can easily be realized as a
shifting function, with greatly reduced complexity.

A signal amplitude limiter can be provided following each
integrator gain, preferably with a limitation corresponding to a
dynamic range of the input signal. The amplitude limiters serve to
stabilize the feedback loops in the case of aggressive loop
implementations, implemented to achieve high performance with
very few integrators.

The self-oscillation can be achieved with a positive feedback
of the comparator. This design results in a hysteresis loop which
brings the system to a controlled oscillation and hereby generates
the modulator carrier signal. The switching frequency is determined
by the integrator gain immediately preceding the comparator.

The self-oscillation can alternatively be achieved by a filter or
time delay preceding the comparator, said filter or time delay being
arranged to give the system an open loop phase lag of 180 degrees
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shown in fig 2, COFfE! 3¢ s”c%%n*w‘XﬁE%ﬁSéé %iaogsrca;'rrlmlo taI modulator according
to a first preferred embodiment of the invention.

FIG. 3 shows introduction of quantization noise in the
modulator shown in fig 2.

FIG. 4 is a schematic block diagram of the modulator shown

~in fig 2, comprising voltage limitation of the integrator outputs.

FIG. 5 is a schematic block diagram of the modulator shown
in fig 2, comprising hysteresis oscillation.

FIG. 6 is a schematic block diagram of the modulator shown
in fig 2, comprising non-hysteresis oscillation.

FIG. 7 is a block diagram of a digital implementation of the
modulator shown in fig 5, N=2.

FIG. 8 is a schematic block diagram of a power conversion
system according to a second preferred embodiment of the
invention.

FIG. 9 shows the frequency response of a modulator with
Butterworth configurations up to fifth order (N=5).

FIG. 10 shows the sensitivity response of a modulator with
Butterworth configuration up to fifth order (N=5).
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nmodul ator shown in fig 5 N=2. FIG 8 is a schematic bl ock di agram of
a power conversion system according to a second preferred enbodi nent
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15 provi ded i nfadeanelayingrthecdutputesitthe last integrator 11’ in the integrator
chain with a reference. Preferably, the comparator 17 is a simple
sign detector, in which case the reference is the ground level. The
result of this comparison is the PWM signal, which can be supplied
to a switching amplifier power stage, as illustrated in fig 8. A
feedback path 14 is connected to a point downstream the oscillation
control, and arranged to provide a negative feedback signal to
summation points 15 provided immediately preceding each
integrator 11.

The system is implemented as a general N'th order lowpass
system by selecting the integrator gains 12 in a suitable way,
where the number of integrators N equals the order of the system.
The output carrier is created by deliberately causing the loop to be
unstable, and the resulting oscillation frequency is the carrier
frequency, typically in the area of SO00KHz.

The generation of the PWM signal is quantized in time by the
clock frequency of the digital system, typically in the area of 100-
200MHz. With a carrier (switching) frequency of around 500 kHz,
this gives a time resolution of each carrier cycle of around 200-400,




integrator 11. The systemis inplenented as a general N th order
| owpass system by selecting the integratlor gains 12 in a suitable
way, Wwhere the nunber of integrators N equals the order of the
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liberalized expression of the total system transfer function can be
written as:

ITe.
H(S) = k;-lrl—m 7 (1)
Z[ s™! HGk]+ s"

N
m=1

where Gy is the integrator gain of integrator k. The skilled
person will see that the transfer function is a general low pass
function, and by adjusting the integrator gains the pole
configuration can be set to form for example a Butterworth or
Bessel filter characteristic. '

In the case of a hysteresis controlled self oscillation, as
illustrated in fig 5, the switching frequency is determined by the
gain G; of the first integrator 11’ and can be calculated easily as
follows:

Fyy =22 [Hz] ()

This constraint, th.at the gain G; of the integrator 11’
immediately preceding the oscillation control 13a is fixed, will cause
the pole configuration to result in lower cut off frequency as the



where &k is the integrator gain of integrgtor k. The skilled person
will see that the transfer function is a general | ow pass function,
and by adjusting the integrator gains the pole configuration can be
set to formfor exanple a Butterworth or Besse) filter
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For exanple, for a fifth. m any

Fig 10 shows the sensitivity response S(s) for the system in
fig 5 with Butterworth configuration, order N=1,2,3,4 and 5. The
diagram shows the reduction of the quantization noise and other
distortion components. For example, for a fifth order system, any
errors will be reduced with up to 69 dB at 20 KHz.

The frequency response and the sensitivity response as seen
in figs 9 and 10 are obtained using the gain coefficients for
Butterworth characteristics given in fig 11, where different filter
coefficients are given for orders N=1-5. The gain coefficients ky in
fig 11 are normalized with respect to G;.The relation between G
and the switching frequency given above (Eq. 2) results in a
integrator gain Gy according to following expression:

4

E*st (4)

Fig 6 illustrates how the oscillation control 13 in fig 2 can be
implemented as a non-hysteresis control 13b. The oscillation
control 13b now includes a control block 20 for creating an open
loop phase lag. The self-oscillation can be achieved by providing
phase lag of 180 degrees or a delay corresponding to a 180-degree
phase lag at the preferred carrier frequency. The purpose of this



errors will be reduced with up to 69°%B at 20 KHz. The frequency
response and the sensitivity response as seen in figs 9 and 10 are
obt ai ned using the gain coefficients for Butterworth characteristics
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i nto oscil | at iahideahdinpg delaynWid éé%ﬁ?%'%th%’gF%@ b&?’épr@égﬁg,
integrating fyetions or local filter systenms. The control block 20
infig6is alocal filter s) of a general all pass filter type.
This filter type is preferre ecguse i{ has an absolute gain of 1,
whi ch means that this inpse t ati gy ha$ the same transfer function
H(s) as the hysteresis sYysief|(see k1). The all pass filter of
P'th order is basi (@{SI v At iPe @ideran i deal tine del ay,
wth a transfer function fh C%Iﬁ’" xjressed as: - ZCpP¥~ 1 /111
oY deq |(

SP Sm| Gk p(s) P1 P+l'nf) ) | SP+ZI Sm1 ~GA M=1 k=1 The
different inplenentations (fi=gs 5 ard 6) of the oscillation control
13a, 13b have equal system perfornmance. However, an
The different implementations (figs 5 and 6) of the oscillation
control 13a, 13b have equal system performance. However, an
additional P integrators will be required for the filter 20 in the case
of the non-hysteresis approach, for the same performance. The
loop gain is determined by the number of integrators in the global
loop. The benefit of a non-hysteresis control (fig 4) is the possibility
of a very steep phase characteristic around the carrier frequency to
achieve low variation of the carrier frequency as function of the
modulation index. This property can be valuable in some
applications.
According to a further preferred embodiment of the invention,
the integrator gains are selected to have a ratio of a multiple of 2.
The integrator gains G, can then be written as:

G, = ot where M € [0, =]

n 2M'

Following this approach the integrator gains G, will be
multiplications of a factor of two, and can be realized with the help
of a shifting function, leading to reduced complexity. The system
characteristics will of course be constrained by the combinations



additional P integrators will be regWired for the filter 20 in the
case of the non-hysteresis approach, for the same perfornmance. The
| oop gain is determ ned by the nunber of integrators in the gl obal
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shifting regi T erbe arranged to perform one shifting operation less than the
register 25b, in order to realize a first integrator gain G; equal to
twice the second integrator gain G,. In a similar manner, further
gain coefficients according to e.g. fig 12 may be accomplished by
further adders and shifting registers.

The modulator further has a feedback path 26 connected to
the output 22 of the adder 21. This feedback 26 has two separate
objectives: Firstly, it provides an oscillation control by providing a
feedback 27 to itself. This corresponds to the hysteresis control oop
16 in fig 5. Secondly, it provides a feedback 28 of the output 22 to
the two adders 23a, 23b, corresponding to the multiple feedback
loop 14 in fig 5.

An interface block 29 is arranged to receive a serial data
stream and placing a sample in a parallel register, here a 24-bit
register, which is connected to the adder 23b.

Synchronization of one or a plurality of modulators can be
achieved by applying phase lock loops 30 to each of the



25a, which is the gain i mediately plhceding the conparator 21, can
be arranged to performone shifting operation |l ess than the register
25b, in order to realize a first integrator gain GL equal to twce
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anal og conversion systens al so where hi ghldynanic range and high
linearity are required as e.g. audio systens and in particular in
switching power anplifiers for audi o use or any other power
conversion system Further, the invent :I\EE ﬁﬁ&obe used for general
D/ A conversion. 12 CLAIMS 1. A pul se f dul ator (10) having a
cl ock frequency for converting a digital signal into a PWM signal

blurality of i nteghaor & paist Wk rip@gesob DTG Riad: Bkadeney
?ﬁ[ iae?ét gr c?rlrﬁlaur ao_n;veftﬁm? ai]; digitahpegmatdntda memi%??LWt?ﬁtdgmantlzed
Si gngl , a feemém‘ep@( %aﬁﬁ&ggﬁﬁeeac@ﬁm{’ﬁrﬁgﬁsm&downgst ream sai d
conpar at or and | eadi plpratity oflintegratpref 1dymithgnpegrator gaios (12)

precedi ng one Ld tors, and wherein the integrator gains
(12) are adaptagga'?@é&éh}f:egg%%y uanti zation noise to |levels

correspondi ng to adreRFAATAEAI 61% fer cengpaengstingamtpuhaf dbedasted
by: means (13,intﬂe§arﬁ§§.3fe)l 1hpivitteal ﬂe?fgﬁawé@,l 4n@3PlerbBy| @Ratingithe PWM

oscillation freque a swtching frequency of said nodul ator being
defined by saibtd lei 11 ation frequency. 2. A nodul ator according to

claim1, wherein sa feedssclbpekh fau) dofhedtedcienaessied dowhhstreatpsaid
of the conparator. %o A naiulgt or acco&{dl g%ét? clainms 1 or t2,

wherei n the i MPEIPATOrRIALERGHY 10 @ BIYTAUPL QT R B PAINtSweFEEs
filter behaviprecedind\omedof sttt irtegeatonsg to any of the preceding

cl ai ns, wherealgae integrator gains are selected according to G- =

G _1 where Gn the gain of integrator n, and Me [0, o00]. 5. A
modul at or accor di ngvhereinythenmterater gaimse(ll 2pare adapted to reduce any

quantization noise to levels corresponding to a resolution of the
digital signal,

characterized by:

means (13, 13a, 13b) for realizing self-oscillation at an
oscillation frequency, a switching frequency of said modulator being
defined by said oscillation frequency.

2. A modulator according to claim 1, wherein said
feedback path (14) is connected to the output of the comparator.

3. A modulator according to claims 1 or 2, wherein the
integrator gains (12) are selected to obtain a low pass filter
behavior.

4, A modulator according to any of the preceding claims,

where the integrator gains are selected according to G, = Coy ,

2M

where Gy, is the gain of integrator n, and M ¢ [0, «].

5. A modulator according to any one of the preceding
claims, further comprising a signal amplitude limiter (19) following
each integrator gain (12).

6. A modulator according to claim 5, wherein the limitation
of the signal amplitude corresponds to a dynamic range of the input
signal.



claims, further conprising a signal anpli gade limter (19) follow ng
each integrator gain (12). 6. A nodul ator according to claimb5,
wherein the limtation of the signal anplitude corresponds to a

dynam c range of the inpu i ; i :
a%y of the gr ecedi Zg cl &'ﬁrqsqﬁv!ﬁg@eﬁﬁ&?%déﬁﬁe@ngﬂgl&%% g?_gegamdﬂlglétl_ﬁls’
sel f- osci | | at Whereédmtheseeansob3a) fer sebeascidationegomprisas a positive
conparator (1 i gygyclainse 1 - 7, wherein
the nmeans (1?%%?(:“?%? églgg%oﬁﬁ Fgmﬁgg%rl?gés .a filter (20) or tine
del ay, said filter8¢20)AoMaduateepasoRtingdariaimsed 1 6, §iReraindhe
Sui Lohi ng 11 e (o o e e er (2 M
modul ator  (16Pdbesad fifeld 2B ooRETetelae Hiag i AgBeckiagive the

swi tching stagstddlanaperetdsy phadehrpsetillgrtiegneeonitittle desidedn
output filter Y‘éecr?ﬁ cofnnect ed to the swmtching stage. 10. A system
according to € 189 \WREHENGYt he feedback path (14) is connected to
t he output of the 9w tclN pgwarageny&kion syster sysimisiagcamdodgldtor

the S’U?but“’i‘?{??Q?%8%9}.8%‘@5E&Z&eéﬁfé@%iﬂ(%?ﬁéﬁfiﬁﬁﬂéﬁ’%%‘%@#’é@”é i
11, i npl erenstagad3d )comeded to the dssillatien canteobrand ansaukitofilter
line drivers. (32) connected to the switching stage.
10. A system according to claim 9, wherein the feedback
path (14) is connected to the output of the switching stage (31).
11. A system according to claim 9, wherein the feedback
path (14) is connected to the output of the output-filter (32).
12. A system according to one of claims 9 - 11,
implemented as a DC-AC converter for audio use or transmission
line drivers.



