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38 The MPEG Handbook

performance of the coder. Generally, decoders do not cause significant
loss of quality; they make the best of the data from the coder. Similarly,
DACs cause little quality loss above that due to the ADC. In practical
systems the loss of quality is dominated by the action of the coder. In
communication theory, compression is known as source coding in order to
distinguish it from the channel coding necessary reliably to send data
down transmission or recording channels. This book is not concerned
with channel coding but details can be found elsewhere.?

2.5 Sampling

Sampling is a process of periodic measurement which can take place in
space or time and in several dimensions at once. Figure 2.4(a) shows that
in temporal sampling the frequency of the signal to be sampled and the
sampling rate F; are measured in Hertz (Hz), the standard unit of
temporal frequency. In still images such as photographs there is no
temporal change and Figure 2.4(b) shows that the sampling is spatial. The
sampling rate is now a spatial frequency. The absolute unit of spatial

Space
C * T
JLrrrut
Sampling clock frequency Sampling clock frequency
is temporal (Hz) , is spatial (mm™")
(a) (b)
Subtended

;gle/?// Tcpm
ﬁ / ] CPW

Spatial frequency Display Display
at the eye measured (d)
in cycles/degree ©

c

Figure 2.4 (a) Electrical waveforms are sampled temporally at a sampling rate
measured inHz. (b) Image information must be sampled spatially, but there is no single
unit of spatial sampling frequency. (c) The acuity of the eye is measured as a subtended
angle, and here two different displays of different resolutions give the same result at the
eye because they are at a different distance. (d) Size-independent units such as cycles per
picture height will also be found.
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Figure 2.18 Some examples of sampled systems in which filtering is inadequate or
absent.

little energy in the pulses and noise can be a problem. A practical limit is
around 12.5 per cent where the frequency response is virtually ideal.

It should be stressed that in real systems there will often be more than
one aperture effect. The result is that the frequency responses of the
various aperture effects multiply, which is the same as saying that their
impulse responses convolve. Whatever fine words are used, the result is
an increasing loss of high frequencies where a series of acceptable devices
when cascaded produce an unacceptable result.

In many systems, for reasons of economy or ignorance, reconstruction
is simply not used and the system output is an unfiltered ZOH
waveform. Figure 2.18 shows some examples of this kind of thing which
are associated with the ‘digital look’. It is important to appreciate that in
well-engineered systems containing proper filters there is no such thing
as the digital look.

2.8 Choice of audio sampling rate

The Nyquist criterion is only the beginning of the process which must be
followed to arrive at a suitable sampling rate. The slope of available filters
will compel designers to raise the sampling rate above the theoretical
Nyquist rate. For consumer products, the lower the sampling rate, the
better, since the cost of the medium or channel is directly proportional to
the sampling rate: thus sampling rates near to twice 20kHz are to be
expected.

Where very low bit-rate compression is to be used, better results may
be obtained by reducing the sampling rate so that the compression factor
is not as great.

For professional products, there is a need to operate at variable speed
for pitch correction. When the speed of a digital recorder is reduced, the
offtape sampling rate falls, and Figure 2.19 shows that with a minimal
sampling rate the first image frequency can become low enough to pass
the reconstruction filter. If the sampling frequency is raised without
changing the response of the filters, the speed can be reduced without this
problem. It follows that variable-speed recorders, generally those with
stationary heads, must use a higher sampling rate.
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Figure 2.19 At normal speed, the reconstruction filter correctly prevents images
entering the baseband, as in (a). When speed is reduced, the sampling rate falls, and a
fixed filter will allow part of the lower sideband of the sampling frequency to pass. If
the sampling rate of the machine is raised, but the filter characteristic remains the same,
the problem can be avoided, as in (c).

In the early days of digital audio, video recorders were adapted to store
audio samples by creating a pseudo-video waveform which could convey
binary as black and white levels.® The sampling rate of such a system is
constrained to relate simply to the field rate and field structure of the
television standard used, so that an integer number of samples can be
stored on each usable TV line in the field. Such a recording can be made
on a monochrome recorder, and these recordings are made in two
standards, 525 lines at 60 Hz and 625 lines at 50 Hz. Thus it was necessary
to find a frequency which is a common multiple of the two and also
suitable for use as a sampling rate.
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Fundamentals 51

The allowable sampling rates in a pseudo-video system can be deduced
by multiplying the field rate by the number of active lines in a field
(blanked lines cannot be used) and again by the number of samples in a
line. By careful choice of parameters it is possible to use either 525/60 or
625/50 video with a sampling rate of 44.1 kHz.

In 60 Hz video, there are 35 blanked lines, leaving 490 lines per frame,
or 245 lines per field for samples. If three samples are stored per line, the
sampling rate becomes

60 x 245 x3 = 441kHz

In 50 Hz video, there are 37 lines of blanking, leaving 588 active lines per
frame, or 294 per field, so the same sampling rate is given by

50 x 294 x 3 = 44.1kHz

The sampling rate of 44.1kHz came to be that of the Compact Disc.
Even though CD has no video circuitry, the equipment used to make CD
masters was originally video-based and determined the sampling rate.

For landlines to FM stereo broadcast transmitters having a 15kHz
audio bandwidth, the sampling rate of 32 kHz is more than adequate, and
has been in use for some time in the United Kingdom and Japan. This
frequency is also used in the NICAM 728 stereo TV sound system, in DVB
audio and in DAB. The professional sampling rate of 48kHz was
proposed as having a simple relationship to 32kHz, being far enough
above 40kHz for variable-speed operation, and having a simple
relationship with 50 Hz frame rate video which would allow digital video
recorders to store the convenient number of 960 audio samples per video
field. This is the sampling rate used by all production DVTRs. The field
rate offset of 59.94 Hz video does not easily relate to any of the above
sampling rates, and requires special handling which is outside the scope
of this book.™

Although in a perfect world the adoption of a single sampling rate
might have had virtues, for practical and economic reasons digital audio
now has essentially three rates to support: 32 kHz for broadcast, 44.1kHz
for CD, and 48 kHz for professional use.* In MPEG these audio sampling
rates may be halved for low bit rate applications with a corresponding
loss of audio bandwidth.

29 Video sampling structures

Component or colour difference signals are used primarily for post-
production work where quality and flexibility are paramount. In colour
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52 The MPEG Handbook

difference working, the important requirement is for image manipulation
in the digital domain. This is facilitated by a sampling rate which is a
multiple of line rate because then there is a whole number of samples in
a line and samples are always in the same position along the line and can
form neat columns. A practical difficulty is that the line period of the 525
and 625 systems is slightly different. The problem was overcome by the
use of a sampling clock which is an integer multiple of both line rates.

ITU- 601 (formerly CCIR-601) recommends the use of certain sampling
rates which are based on integer multiples of the carefully chosen
fundamental frequency of 3.375 MHz. This frequency is normalized to 1
in the document.

In order to sample 625/50 luminance signals without quality loss, the
lowest multiple possible is 4 which represents a sampling rate of
13.5MHez. This frequency line-locks to give 858 samples per line period in
525/59.94 and 864 samples per line period in 625/50.

In the component analog domain, the colour difference signals used for
production purposes typically have one half the bandwidth of the
luminance signal. Thus a sampling rate multiple of 2 is used and results
in 6.75 MHz. This sampling rate allows respectively 429 and 432 samples
per line. Component video sampled in this way has a 4:2:2 format. Whilst
other combinations are possible, 4:2:2 is the format for which the majority
of digital component production equipment is constructed. The D-1, D-5,
D-9, SX and Digital Betacam DVTRs operate with 4:2:2 format data.
Figure 2.20 shows the spatial arrangement given by 4:2:2 sampling.

Co-sited sample

Y Y Y Y [/ Y N Y
Line n sk ¥ e L etc
Cr|Cs Cr | Cs \Cr|Cg/
Y Y Y N Y Y
Line n + 1 sk ¥ Sk s s etc
Cr|Cg Cr| Cs Cr|Cs
Y Y /v Y, ¥y Y, N\
Linen + 2 K- *— > 2 % ¥— etc
Cr| Cg \Cri | Cp1 Crz | Cg2 Y,
L N e | IR _"\
Y: CR: CB
4:2:2

Figure 2.20 In CCIR-601 sampling mode 4:2:2, the line synchronous sampling rate of
13.5MHz results in samples having the same position in successive lines, so that vertical
columns are generated. The sampling rates of the colour difference signals Cg, Cg are
one-half of that of luminance, i.e. 6.75MHz, so that there are alternate Y only samples
and co-sited samples which describe Y, Cg and Cg. In a run of four samples, there will
be four Y samples, two Cg samples and two Cg samples, hence 4:2:2.
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Luminance samples appear at half the spacing of colour difference
samples, and every other luminance sample is co-sited with a pair of
colour difference samples. Co-siting is important because it allows all
attributes of one picture point to be conveyed with a three-sample vector
quantity. Modification of the three samples allows such techniques as
colour correction to be performed. This would be difficult without co-
sited information. Co-siting is achieved by clocking the three ADCs
simultaneously.

For lower bandwidths, particularly in prefiltering operations prior to
compression, the sampling rate of the colour difference signal can be
halved. 4:1:1 delivers colour bandwidth in excess of that required by the
composite formats and is used in 60 Hz DV camcorder formats.

In 4:2:2 the colour difference signals are sampled horizontally at half
the luminance sampling rate, yet the vertical colour difference sampling
rates are the same as for luma. Whilst this is not a problem in a
production application, this disparity of sampling rates represents a data
rate overhead which is undesirable in a compression environment. In this
case it is possible to halve the vertical sampling rate of the colour
difference signals as well, producing a format known as 4:2:0.

This topic is the source of considerable confusion. In MPEG-1, which
was designed for a low bit rate, the single ideal 4:2:0 subsampling
strategy of (Figure 2.21(a) was used. The colour data are vertically low-
pass filtered to the same bandwidth in two dimensions and interpolated

X X X X X = Luma sample
O O ()=C,, C, sample
X X X X
0 0
X X X X

(a) MPEG-1 chroma downsampling (4:2:0)

X X X X X = Luma sample
( ) ( ) ()= Cr! Cb sample
X X X X

0 ()

X X X X

(b) MPEG-2 chroma downsampling (4:2:0)

Figure 2.21 (a) In MPEG-1, colour difference information is downsampled and shifted
so that it is symmetrically disposed about the luminance pixels. (b) In MPEG-2 the
horizontal shift was abandoned.
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54 The MPEG Handbook

so that the remaining colour pixels are equidistant from the source pixels.
This has the effect of symmetrically disposing the colour information
with respect to the luma. When MPEG-2 was developed, it was a
requirement to support 4:4:4, 4:2:2 and 4:2:0 colour structures. Figure
2.21(b) shows that in MPEG-2, the colour difference samples require no
horizontal interpolation in 4:4:4 or 4:2:2 and so for consistency they don’t
get it in 4:2:0 either. As a result there are two different 4:2:0 structures,
one for MPEG-1 and one for MPEG-2 and MPEG-4. In vertical
subsampling a new virtual raster has been created for the chroma
samples. At the decoder a further interpolation will be required to put the
decoded chroma data back onto the display raster. This causes a small
generation loss which is acceptable for a single-generation codec as used
in broadcasting, but not in multi-generation codecs needed for produc-
tion. This problem was one of the reasons for the development of the 4:2:2
Profile of MPEG-2 which avoids the problem by retaining the colour
information on every line.

The sampling rates of ITU-601 are based on commonality between 525-
and 625-line systems. However, the consequence is that the pixel spacing
is different in the horizontal and vertical axes. This is incompatible with
computer graphics in which so-called ‘square’ pixels are used. This
means that the horizontal and vertical spacing is the same, giving the
same resolution in both axes. However, high-definition TV and computer
graphics formats universally use ‘square’ pixels. MPEG can handle
various pixel aspect ratios and allows a control code to be embedded in
the sequence header to help the decoder.

2.10 The phase-locked loop

All digital video systems need to be clocked at the appropriate rate in
order to function properly. Whilst a clock may be obtained from a fixed
frequency oscillator such as a crystal, many operations in video require
genlocking or synchronizing the clock to an external source.

In phase-locked loops, the oscillator can run at a range of frequencies
according to the voltage applied to a control terminal. This is called a
voltage-controlled oscillator or VCO. Figure 2.22 shows that the VCO is
driven by a phase error measured between the output and some
reference. The error changes the control voltage in such a way that the
error is reduced, so that the output eventually has the same frequency as
the reference. A low-pass filter is fitted in the control voltage path to
prevent the loop becoming unstable. If a divider is placed between the
VCO and the phase comparator, as in the figure, the VCO frequency can
be made to be a multiple of the reference. This also has the effect of
making the loop more heavily damped, so that it is less likely to change
frequency if the input is irregular.
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