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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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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




frequency of the nodul ator, and the integrator gains
are adapted to reduce any quantization noise. By
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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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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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of quantfFIGt 3 shows sftrbduttion odubatigativhomsisennf the
2. 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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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 500KHz.

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,




chain with a reference. Preferably, the conparator 17
is a sinple sign detector, in which case the

w0 edoanggse®e i s the ground level. The result of P¢hiBE004/000852
conparison is the PWM signal, which can be supplied
to a swtching anplifier power stage, as illustrated
in fig 8 A feedback path 14 is connected to a point
downstream the oscillation control, and arranged to
pr 00T de9bikeghbis/eupetiantion rasyita in guastizationonoise in the
o B B e OR e o reaRIbIRs dTasitor art, Tio 3
N Wlstertes) sssrmaticaly haw pecBvagtizagopraoisR s Jraasiuced

gai imtolthd pystesni t abl e way, where the number of

i nt t f . .
out put By SHamfig R, b, Rt oyl fledis bE Bhe iniSarator gains
| oop2t Sheegguamdézathvr Naisel canebe esyppriesgeddoi am &l most

f st ' typically in th

" SN RILIBRSERl $hetordr SGuRDGNnal VBl oal Y | 1 Lhe

quant i zedSiShowRdn §ig th & ollags: imirersuea PeoPrevided on the

di gotiBputsys eatth ihyegﬁatblrxfin i1he area of 100- 200MHz.

Wth a carrie tchin freguency of around.5Q0

e i Giiluserates Ao tog G At idn ComfSILs iR die 2 can be
cy cireptgmenbed 28 thryEteresi cabtiol08Ba29 positive feedback 16 is
PCTéf'(E\%Q%’ A% Re utg)rut7c51‘9tl'hal Ean}ig}‘ﬁoﬂlﬁnfd 23 ) Piation
results I'n quant| Zatl on noi Se I'n e Same way as In

t hePeiiel Bfpreredig:Ramainapacatas: The Aysterrsis gscillation

s B R Bl rangret At R o =

f uniBeeAlias fxRrEson QTN taig) SYSregatragsraniuRgtisn can be
quantrittest igd noi se can be suppressed to an al nost
infinitesimal level xin the total audio band. As shown

in fig 4, voltage |} pGlers can be provided on the

out put ohgsg)a_ch integiator gain 12. Fig 5 iIIustr?t es
how t he © 'leagi on reient ?Jol 13/in fig 2 can be 1)

i npl emrented a sﬁ'&?‘s GgsHssbtont rol 13a. A positive
feedback 16 i s=t\provkded /fromthe output of the
conparator 17 to a summation point 18 preceding the
conparator. The hysteresis oscillation control 13a

has t he whiesedbj iethe irtregfratof gain ofnntEgrater k. The skilled

:c i b@%i’édﬁ%ﬂll%ﬁe@ﬂﬁﬂ e adder FOhatioRYS L BeherISW pass
unttion can be )
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 3, the switching frequency is determined by the
gain G; of the first integrator 11’ and can be calculated easily as
follows:

Foy = [H2] (2)

This constraint, that 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
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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 G; according to following expression:

G, =4*F,, (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
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H&oop 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:

n

G, = Gzn; , where M € [0, =]

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
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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 loop
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
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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,

M

where the integrator gains are selected according to G_ = Gz“-' ,

where G, 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.

7. A modulator according to any of the preceding claims,
wherein the means (13a) for self-oscillation comprises a positive
feedback (16) of the comparator (17).
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