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1. Intreduction

Earlicr work [1,2] has shown that intcrpolative noise shaping lechniques make PWM more suitable for
high quality Digiial Power Amplification. (See Fig. 1) Oversampling the input (0 a pulse widlh modulator
reduces the nonlinearily inherent 10 the PWM process, while noise shuping the inpul can reduce its
wordlength with no delerioration of audio band signal quality. This, in turn, reduces modulator clock speed
making the modulator wnorc practical 10 build. In [2] we have described the performance of sofiware simula-
tions for most of the various types of PWM cxcept so-called *iwo sample conscculive® PWM. Here we con-
centrate on this lype of modulator with Lhe aim of making a broad comparison of the major PWM configura-
lions, Wc begin with a bricl descripion of each modulation type considercd and continue by examining
their performance and relative casc of construclion,.

2. Major PWM Conligurations

PWM is, in general, a process whereby informalion-bearing signals are represented (at least in pant) as
varialions in the width of high frequency pulscs. PWM schemes may be divided into two broad categorics:
two level, "AD* type modulation or three level, ‘BD' type modulation. With the lader, the sign of a given
input sample dewermines the polurity of the corresponding PWM pulse, Tn cither case, however, we may
choose to mudulasie ane or both cdges of the PWM pulsc as is shown in Fig. 2. In two sample consecutive
PWM the position of each pulse cdge in time is a function of different sample values. Each two sample con:
sccutive PWM pulse can be thought of as a combination of we ‘sub-pulscs’ on cither side of the regular
tming marker with the width of each sub-pulsc corresponding to the value of onc of (wo adjacent input sam-
ples. (Iv should be noted that, for reasons of increased power swilch complexily, we consider only type AD
two-sample consceutive FWM.) As implicd above, and as shown in Fig. 3, there is only one pulse for cvery
iwo input samples. Two-sanple conscculive PWM stands oul as it is the only PWM configuration we have
considered where the pulse repelition frequency, F,, is different from the input signal sampling frequency,
fe. Gn this case f,,=¥f. ) ' .

In all types of PWM the levels of harmonic distorlion arc functions of the sampling frequency, w,, the
signal frequency, @y, and the modulalion depth, M. In (2,3) we have shown that simple but accuratc
approximations for the levels of harmonic distortion associated with some of the PWM varianis can be
. derived casily. They arc, in fact, functions of:

Mo, T, g
and G=2m +2 (1,2)

(3 c

r=

and have been reprinted in Table i.

Table I: PWM Distortion Level Approximutions i
m‘(\dul:llinn lype Failf, FyF, Fyify FJF,
AD single sided 1.51r 3.51r° 973} -
AD doublc sidcd LStrcos0 | 08828030 12273 5040 .
: sinf sin@
RD double sided - 3512 - 29.73r*
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3. Interpolative Nuise Shaping

An intcrpolative noise shaper is a device which uses feedback around a quantizer o frequency shape
quantization crror. It accepts a fincly quantized & bit input and produces a more coarsely quantized & bit
outpul. When the input o the noisc shaper is sullicicntly oversampled, it is possible to retain that high & bit

resolution over the audio band with only the 4 bil output at the capense of raising noise power al frequen--

¢ics above the audio band. So, for a given SNR requirement, noisc shaping permits o reduction in signal
waordlength at the expense of additional circuitry operating at a high sampling raie. The size of the reduction
is a function of the oversampling factor and the filier used in the neisc shaper feedback loop. Here we use a
a third order filier of the form: : :

Hz) =373 %3 3
to reducc (he wordlength from 16 10 six bits (assuming a 16X oversampled input).

4. Implicativns fur M'WM

In gencral, noisc shaping helps to make an audio quality (lype AD or BD) pulsc widih modulator morc
practical to build by reducing the ralc at which it must operate. The clock speeds associated with & bit AD
and BD modulators preceded by b bil third order noise shapers operating at various f, are shown in Table
2. .

4 Table 2. Modulator Clock Rales
FPR(1I7)) i ) AD Rate (MHz) BD Ratc (Milz)
176.4 12 722.5 : 361.3
352.8 g 1R0.6 90.3
H)5.6 & 45.2 226

The combinations of noise shaper wordlength and sampling frequency have been chiasen 1o give roughly the
same effeclive SNR as 16 bit quantization with no oversampling. The rales quoled for AD and BD modula-
wrs are applicable 1o all e specific AD and BD medulation types respectively, The Fictor of two reduction

in clock rate for the BD modulators is, of course, because part of the information containcd in an inpul sam-~

ple is reflectcd in the polusity (i.c., in the amplitude domain rather than the time domain) of the corrcspond-
ing BD PWM pulse,

S. Investigations :

The simulator described in [1] has been expanded 1o gencrale single and double sided cliss BD PWM
wavcforms so 1hat [ull comparisons between all te specific AD and BD modulation types considercd is pos-
sible. The noisc shaper has also been cxpanded o operale with a third order filier in its fecdback loop. Fig.
4 shows the complete block diagram for the power amplifier. (I should be noted that te non-idealitics of
the power switch arc nat included in the simulation,) We shall compare the cffccts of varying the frequency,
Sy amplitude, M, and sampling rate, £, of a single, noise shaped, 1onc input to the AD and BD modulors.

6. Results

The output tone specura for the various Lypes of AD and BD PWM arc shown in Fig. 5. Pars (a)
through (dJ) have been reprinied from [2]. The inpul to cach modulalor is a 16 bit, 16 Lmes oversampled,
ncar full scale, 2kHz wne first passed through a third order noise shaper 1© reduce Lhe wordlcngih 10 6 bils.
These four plots imply that the single sample, singlc sided and double sided AD modulators exhibit odd and
even order hurmenic distortion while the single sample, single sided and double sided BD modulators cxhibil
only odd order harmonic distortion,
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Part (c) displays the output spectrum for two sample consccutive AD PWM. Comparing this with the
othcrs, we immediately nolice somcthing unuswal; the noise ffoor is significandy higher. This problcm is
currently being investigatcd and an explanation along with a solulion, il possible, will be rcponod in fulurc
publications. In the meantime, we note that when more bits are rewained from the output of the noisc shaper
{i.c., more than arc required o preserve 16 bit signal guality) the neise level decrcases, Fig. 6 shows the
tonc speclum of a two sample consceulive modulator preceded by a efeven bit third order noise shaper.
Whilc this would be less acceprable {rom an implemcriation perspective, we may still comparc the modula-
Lion types. So for the lime being we clearly sce a distortion teem at 6kHz whilc also noling the absence of
the even order distortion terin at 4kHz,

The remaining experiments show the effect of varying signal frequency, f o, signal level, M, and sam-
pling rale, £, for two sumple consecutive AD PWM along with regular double sided AD and BD PWM.
(Duc 1o the poorer relative performances of single sided modulators, we no longer consider them as realistic
options.) Fig. 7 shows how, for a f y=2kHz, M =0.90, 1on¢ input, harmonic distortion levels fall for increasing
f.. Porhaps the most interesting thing to note heee is the strong similarity of the performance of (wo sample
consccutive AD PWM 1o that of two sided BD PWM. They both, of course, differ from (wo sided AD
PWM by cahibiting only odd order harmonic distortion. The first harmonic distorlion term levels for double
sidcd AD PWM [ollow those of two sample consceutive AD PWM and double sided BD PWM yuite clescly
wilh the former some twe of threc dB lower than the [atter 1wo. However, the level of the sccond doublo
sided AD PWM distortion term is larger than, and falls much slower than, ihat of the other two. Wilh 16X
oversampling, all the distortion torms for all the modulation ypes arc nearly (or fully) beneath the quantiza-
tion noisc toor.

Fig. & summarizes the resulis of a similar sct of simulations, this ime with a 5kHz input The paitem
is e same as that in Fig. 7, bul, as is always the case with PWM, harmonic distortion levels rise with signal
[eesuency.

Next, Fig. 9 shows how hannonic distortion levels vary with signal amplitude. Here it is intcresting (o
nolc that as M is reduced, the BD and two sample consccutive AD distortion Jevels [all more mpidly than
dic double sided AD levels and aclually become lower than these levels for M <0.50. So for lower signhal
levels two sumple consceulive AD and double sided BD modubators pesform beuter Lthan the double sided AD
modulator.  As explained in 2], this effect is accounted for by the fact that thie double sided BD and the two
sample consceutive AD distortion tenis (all with higher powers of M than those associaled with double
sided AD modulation.

Lasily Fig. 10 presents the results of @ *DIN' type intermodulation distortion wst pesformed on the
three modulators. A 250Hz and an 8kliz one in amplilude ratio of four 10 one are sampled at 705.6kHz. In
all cases the intermodulation products are centred about the 8kHz tone.and its second harmonic al 16kHz.
Ayain, the performance of (he (wo sample conscculive AD miodutater is very similar to that of the double
sided BD modulalor. Although both of these perfarm slightly betler in this test than the double sided AD
modulitor, all three modulitors secnl (o possess guite low evel intcrmodulation distortion,

7. Conclusions

Perhaps the mast inleresting immediale result of these eaperiments is the similarity of two sample con-
sccutive AD and double sided BD PWM. Both of these modulation Lypes have an additional degree of frec-
dom over double sided AD PWM, (In double sided BD PWM we use pulse pelarity 1o convey information
and in wo sample consceutive PWM wce use boih edges of the pulse to convey information.) As a conse-
quenee, both these imodulation types cahibit only odd order harmonic distortion 3s comparcd with double
sidcd AD PWM which exhibits odd and cven order harmonic distortion,

However, sinee under somc conditions the performance of double sided AD modulator was somewhat
belier than that of te otlier two modulation types while under other conditions the converse was brug, il is
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reasonable 1o regard all three modulation types to be of ‘comparable’ performance, There are, however,
potentiully scrious disadvantages associated with two of these modulation types. Specifically, while the dou-
ble sided BD modulator has the advaniage of lower clock speeds, n three lovel power switch will be signilfi-
cantly more difficult 10 build than a two level switch, Furthermore, while the Lwo sample consecutive AD
systcm would not have this problem, this modulation type docs suffer from the nuise fioor problem explained
in Section 6. -

In sumimary, the final conclusions we can draw from these experiments as 1o a clear preference for one
modulation type over another are resiricicd somewhat by caacily which factors will be the most critical lioyi-
stion for a hardware implementation of the PWM paower swilch. For this reason, it is felt that futare work
should now concentraic an full hardware prototype ‘implencatations for the double sided AD and BD and
lwo sample conscculive madulution AD types (along with work addressed toward solving the noise Moor
problem associated with a two sample consccutive modulator precedes by a noisc shaper). This work would
help 1o expose which practical limitations pluce the striclest constraints on overall performance, To this end
a deuble sidedfwo sanple consecutive AD modulator is being consuructed [4). This will be used in conjunc-
lion with a sccond order noise shaper interficed with a real lime audio source. Past this, the construction of -
an AD powcer swilching stage is of prime importance,
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Fig. 5: PWM Output Spectra

(a) single sided AD, (b) double sided AD
(¢) single sided BD, (d) double sided BD
{e) two sample consecutive AD
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Fig. 6: Output Spectrum of Twe Sample Conseeutive
Pulse Width Modulator preceded by
Third Order, Eleven Bit Neise Shaper
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Fig. 10: Intermodulation Distortion Test Results
(a) double sided AD, (b) double sided BD
ic) two sample consecutive AD
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