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Like
MICroprocessors,
DSP chipsets
are found in
many of today’s
electronic
devices.

By Jim Boston

THE BOTTOM LINE:
DSEP technology IS one reason why
loday's electronic systems are smaller

igntal signal processing (D3P is one of oar mdostry’s most over-
used scronyms. It is generally believed to be a good thing and can
and lighter than moest of thedr be found throughour professional video facilivies; digital video
predecessors, despite being mora switchers, audio mixers, processing amps and digital cameras are
compiex. DSP circults provide a few obvious places. Some not so obvious places include PC
powerful signal-conditioning toals in a modems, some camera robotics systems, cellular phones and VTR video, audio

small package, making it possibla o and servo paths, Common DSP functions can be broken down into mixing,
build compact, cost-effactive fileerirg, lewel manipulation and frequency conversion of digital signals. This
equipment that can be used throughou article looks at why DSP can be beneficial to a system, how DSP performs its
& wids veriety of applications. § magic and bow engineers implement a DSP design.
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tronics processed and combined che

cally a sample-and-held circuit. In the

signals into a composite signal output.  case of the common 520k imager, the
With the introduction of CCD imagers sy & 1,038 wide by 504 wall (the
Camora DEPs the camera moved from the continuous  active picoure area is 980 x 494), Pho-
Before covering the DSParenain gen-  analog domain into the discrete analog,  ton energy s captured and converted
eral, let’s start by looking at how DSP domain, The signal from the OCD im-  into a volume of electrons representing
can benefit a particular picce of equip-  agers was no longer one continuous  the amount of light himing that cell. The
micnt, in this casc a camera. Figure 158 enriry, but a series of samples, resultant 523,152 pixels are marched
a functional block diagram of a DSP Looking at a ©CD's ourput revealsa  our 30 rimes each second, translating ro
camera, It must perform most of the  geries of analog values, These values  approximately 15.7 million pixels or
same functions as 2 non-DSP camera, qn change only at & predetermined  discrete samples every second. With
albeit with a different approach. In  gample rate. The sample rate, in the the addition of horizontal and vertical
older analog tube cameray, the signal  case of a OCID camera, is dependent on  blanking, the overall pixel rate is ap-
was continuous and remained entirely  the number of cells ( pixels) in the CCI
within the analog, domain. The pickup  imager. Today, the number of cells in 7 PLARE
tubes developed continuous snalog sig-  studio cameras generally ranges from T
nals from incoming light. Camera elec- 400k to 640k. The CCD block is basi- bl
o
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By Kenneth Hurnold

Absalutely?

Incroasimply, diptal systems e beng metalled i
facalities acioss e countey (and also arcuml (he waild
with goed neason, Pound for pownd (or rack wnit for rack
umit], efigital syuteme are often wmaller and lighter than their
aralog equivalents, They tipacally cormme less power, are
miee reliable and are e expemsve. Analag fcilties ane
ofen looked won 3 nslficient, sobsandird and oul aof
dhane. 16 such a charactedzaion valkil Aboolutshy noe! Are
there areas whers analog systems make perieot sensef

Even if digital transmission systems have significant
atvamMages ower analog transmission syslems, there are il
places whene analog systems can be used successfully and

Where does analog make sense?

defings usnp snapibols, ple-es and scene hles allws ihe
beendies of adigital comrid xe be appdien! 1o analog sysiens,
For bowelewel audio and video signak, apalog processing
i= still the snly way o gn, The finy signals peoduced by
micrmphones and video carmera pickup devices must be
amplified considerably bedore they can be disinbuted with
comparatively lifile boss, Microphone pre-amps, even the
ones with digital outputs, amplify the signal from the
transducer using analog cincwilts, The trpes of cleouits used

il vary, and there are branches of awdio philosophy

processe] (o,

CoOmUCIoNrs, o).

delicated o the warows ways that thess amalog signals ane
vacuwm fubes or iransstors, discree
devices or insgrated clrcuils, ovygen-ires copper o gold

appropnately. For awdio, o the sources are primarily analog
tswch as microghones o analog YTRs) ard the destinations
are analog (swch as analog VTRs, shielle uplaks or many
fiber ciroumind, them i ma reguiremesnt foc the proguiction
system b b digial, This asumes the production system i
rexsonably compact ard extensive pre- or post-prodscion
i e peedled. I the matenal will selsequently ndergn
exiensive posi-prodection, 1 makes seme 0 aoquine this
malesial in & formal imost ikely digiall that could later be
manipulsted with as itk poneraton loss as poscibbe,
Mothing hem precludes the wse of digital contmbs over
aralog processes. The concept of digital storage for amlog
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Low-level vadesn processamg, such as

Black shoding arcl pre-gamemy processing even from such
allegedly digital devices s COD imagers, is still performed
im the analog domain. Digital fechniques have not
progressed Ear enough 1o allow these kwdevel signals (a
these frequencied b be digiticed a1 sufficient resolution o
avoid visual distortion, Audio signals ane commenly
cigehizedl at resoluions approaching 20 bes, whale vidoo
sgpials are conueonly digifoed, for mansmisshon, a1 eight o
10 lsits,

Ir minelice sl vardosn effincis prococing, thane appears o b

Cnnfine oer prage 64
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proximately 18MH:,

The analog value of the pixel owrpat
of these cameras can change every
55.555ns or 980 cmes per active fine,
Because thisisa discrete signal, itcomes
with a potential problem — aliasing.
When the Nyquist sample theorem is
applied o this situation, scenes with
the equivalent of 490 vemical lines o
mgre will resule in aliasing. To reduce
the amount of frequencies above half

sampled ar 368Hz. The groen TCD is
spatially offset by half a pixel from red
and blue and is delayed by half a pixel

- when it is converted to a digital signal.

Double sampling allows the pixels to
be properly aligned spatially, Thes is
onc of the “tricks™ camera manufactur-
ersuse to coax resolutions of more than
800 TV lines from these cameras, [For
meare information, see “CCD Technol-
ogy,” July 1993,) The analog values are
then converted into 10-bit binary mam-
bers {many new cAmMEras Are MOVINE (o
12-bit samples) and the signal, now

the sampling rate, the mage is fltered | - — digital, consists of three (B, G, B) 10-bit
optically (and electrically] at the front  Figurs 4, The first stap In convelution iste  parallel number sequences.
of the camera, The optical filtering is  reverse {in trme) 8 Circult’s time
accomplished through the creative se “‘“:“"*f"'“ﬂ"'m" Processing In the digital domain
of birefringence {variable refrac- L Let's explore how a digital system pro-
tion based on light polarization) — — - omscs these number sequences,
within piccrs of glass. This works | [ ||| The snap answer is with digital
our o be an optical low-pass SEBLES | | E—— | adders and subtractors (or two's
fileer 1 ) |_..-e-" i addition), cght? Ac-
From the discrere analog do- SAMPLE LAMPE SAMAE qu_n_-l_uunmm_z tually, the heart of most DSP al-
main our of the imagez, the sig- —"""H'EE i Tt TME TME | gorithms @ the multiply and ac-
nal moves to the discrere digital | saweuie | | swmEs 1 cumulste funcrion. This funcrion
domain. However, while still in _ ) takes succesmive digital words
the analog domain, video high- - e {pivce] values in the case of a cam-
lights a: high as six rimes noc- - Lt s || s : _ cra) and muloplics them with
mal are compressed o nearly .h=rl B some valuc or cocfficient at each
200% of normal, This lowers, | Nt « MAGETIOE BAMPLE # stage of o DEP pipelme. These
1o handle extreme overexposure. . .'— el -‘H‘#—""‘ stage and multiplicd with ancth-
Ten bits can adequately handle ﬁ_ 'Ehlﬂ-lTII' "';:;‘- er valuwe, The multphcation re-
the range from 0 o approxi- ﬂu’ﬂ"hnmmmmmplmmum Silin 9f R e vyt oo i
mately 200IRE. Then each ana-  the responss curve that an equivatent digital curve must  summsd for a final cutpur.

log signal (R, G, B) is double ™imie

The most common use for DSP

Cionfinied from page 56

raises the anakog “boat™ in the process. Properly desigred

a splt persenality regasding the anabop-digital question.
Soime indist on analog melbods 10 atain the eflecs tat
were used i the past and, perhaps, define the concept of
“good gound.” Cthen use digital methods to ensure that
the effect that was created in a particular session o
location can be repeated tomorrow, neat week or next
year, either in the same facility or in one on the other side
of the globe. Some, howewer, say the effect made 20 bo 40
yedis ago were made 0 spete of te eguipment avallabde
then, mol because of it — talent abways overcomss
teg o gy

A Himes, i@ seems analog makes sense only when “digital®
his ot progressed far enough o be economically imple-
menled. Digital means of modulating AM frarsmitiers have
been availalsle for yeass. B exciers thal ogeenate in the
digital domain have become available o complete the
digital chain frem CT) 1o tranemitter. Even the 8-VSH
modulation scheme developed for the new digtal TV
service selected by the ATSC uses analog wrarsmission
methads 10 ransmit digidal data,

But jud at “a rising ticke ks all boats,” the same rising
tide: that bongs digital technigues o more applications alw

analog audio circuits can exceed the 105dB (or s0)
dynamic range of realaworkd digieal circuiss, The same
advancing technology has abo sllowed notebook-sized
audio mixers to meal the ip-u:ifil:a!infu al the bt si.'nl.-ll'm,url:
consoles of a few wears ago. (But don't base afl of your
decisions o the price tag alone.)

Going analog doesn't necessarily mean going cheap,
Even the latest high-defmiton video gear uses analog
distribution b reference sync. The rhlevel sync sighald was
developed specifically for analog distribation, |ronically, it
reaghl ool extia 1o integrate this analog sipnal ino an
aothenvise digital ety even thowgh B 5 curently
assimed that there 4 o premium o be paid for “going
dhigatal.”

Analog of “analogous” signals wese developed 1o mimic
real-woald phenomenon. Especially in teems of the
"traneduren” med 16 capisng and radiate wand and light
energy, those processes ane fikely o remain anabog for
some time 1o come, However, many of the methads used
to process those signals will become digilad as Langer
amounts of processing are needed, and are [ieely o remain
analog when the processing reguilred i+ rainimal, u
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Using DSP
technology

is in filtering. In the lower left quadrant
of Figure 1 are instances of bandpass
fileering. Addirionally, the encoder block
must bow-pass the two chroma chan-
nels o meet ourput Pequirements. In
the case of cameras that ourpur digiral
component signals, the data must be
converted from a 72MHz paralle] byte
rare (36MHz for Y, plus 18MHz each
for R-Y and B-T) to the equivalent of
RP-125 4:3:2 ar 27MH:.

Many DSF desaigns start with an ana-
log perspective and then ransform or
equate the analog design o a digital
design. For signal processing, iv is often
casicr vo work in the frequency domain
and some newer DSP [Cs can do this.
As an example, a DSP sysrem i the
frequency domain could demodulare
an AM signal simply by breaking a
received signal into its frequency com-
ponents and placing them in “bins, "
The DSP system would simply have to
look ar these bing to determine the
baseband (demodalated) signal. This is
dmpler than the envelope detection
miethad used 1n the time domain.

In the analog domain, functions are
usually thought of in terms of frequen-
oy, In the carly part of the 1%th cenmary,
Baron Jean Fourier found char overall
thermodymamic cycles could be ex-
plained by breaking out the individual
temperature cycles thar combined to
make the complex thermal function.
The came can be done with electracal
functions [i.e., video waveforms), He
found that harmonic sine waves of the
proper amplitude and phase can be
added with a sine wave ax the funda-
mental rate to build any periodic {re-
peating) function,

A designer of & wideband analog sys-
tem [like a video camera) might first
determine the highest-frequency fumc-
tion 4 system needs 1o pass and then
create @ system to pass the harmonics
required to realize a reasonable repre-
scnganon ar the ourpur. Designers also
rypically limir the passband in dhe sys-
rem, mainly 1o minimize noise.

In our simplistic explanarion, a trans-
fier funcrion would be determined and
a Bode plot {response vs. frequency
chart) would be crafeed. This is usually
done in the frequency domain because
ini the rime domain. dhe math is much

toughee It is possible to create a math-
ematical function of the bandpass you
wank in the time domain, but the prob-
kem of creaning such a signal or just
about any signal, requires capacitance
andindwotance, Most cincuins have bodh
and capacitors fend to integrate the
signal over rime, while inductors differ-
entiate the signal over time. Differen-
tial equations are wsed o cope with
such circumstances, bar not many en-
gincers enjoy such endeavors.
Thereare techniqoes that convert these
protlems to algebrake exercies, among
them are Laplace transforms. Mathe-
matically, designers can take standard
wave shapes in the time domain requir-
ing differential equations and transform
ithem to 2 simpler algebraic function in
the frequency domain. This is done by
maving functions char are dependent on
time, 10 omnes that are dependent on

Eimp{"”-:m,: transfer function is a
fraction representing the vutput vs. the
impar.

Imwm-—%

Onice a transfer funcrion is reduced to
its simplest form, the roos of the nu-
meratorand the denominatorare found,
Roots in the numeraro: are called zercs
and roos in the denominaror are called
poles. Poles make the response curve in
a Bode plot break upward, while zeros
auake the carve break downward, Gen-
erally, the more zeros the fasver the
pallodf, Realistc rransfer funcdons can-
not have more poles than peros. Onoe
poles and zerus are found, actual val-
uwes for inductance, apaciance and
resistance, along with the system gain
can be derermined.

This explanation is greatly amplified,
and in reality, each blodk on a block
diagram would have ity awn individual
transfer function, In many cases, blocks
are broken down into subblocks, cach
with ity owmn transfer function. Once
every block and subblock’s furction is
determined, they could all be muls-
plied together (as any cascaded system)
o determine & system transfer func-
don. However, the resulr would maost
likely be 100 cumbefscme [0 UsE OF
understand:

Today, computer tools have replaced
the manual analysis required o check
designg. A program called Spice rakes
all the components m a circuir and
through nodal analysis (based on Kir-
choffs current law) produces nme do-
main and freqoency doman analyss
of proposed circuit designs. Spice has
been in widespread use for more than
20 years and is slowly being replaced
by more advanced analysis packages.
Today, engineers can describe the ex-
ternal specifications of a proposed de-
taal circuitry needed. Two of the best-
known programs of this type are Ver-
ilogand VHDL, both of which are konown
s hardware-descriptive languages.

A different set of tricks are vsed for
circuitry that does processing in the
digital domain. Insead of the Laplace
transform, the Z transform is the rans-
form of choice. Like Laplace transforms,

the Z tramsform allows designers o
move from the dme domain to the fre-
quency domain and vice versa, Instead
of & horizontal frequency display (as
en on 3 specrrum anabyzer), the Z
transhorm rolls the specorum response
into a circle, somewhar like a wector-
scope display, as shown in Figure 2.

Designers cakulate the desired re-
sponse, craft 2 cransfer function in the
frequency domain of the Z tramform
(see Z tramsform sidebar) and then
perform an inverse £ transform o0 get
Back o vhe time domain. At this paint,
deglgners can use the funcrion, now
deseribed in rerms of rime instead of
frequency, to find the impulie response.
Imipulse retponee it deermined by pass-
ing 2 narrow palees through an equiva-
lent analog circuit. In the case of 3 low-
pass filter the Hme response might loak
likee che funchion on-the oght o Figae
3, with the impulse signal on the left.

A circuits impulse response can be
used ro devermine the circuit’s response
to a rectangular pulse. A process
known as comvolsdion s wed to get
from one responses curve oo the othee
Convolution works as follows (refer
to Figures 4-6}):

# First, the fime response is reversed in
rime [Figure 4}).
* Mext, the square wave is moved
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through the response in time steps equoal
v the sampling rate (Figure 5).
* At cach point the arca of overlap
berween the square ware and the re-
sponse is integraced.
= The area found by integration is used
a3 the magnitade ar chat point in time.
The digital cirenit must mimic this
response characrerisde. The circair
shown in Figure 6 s one possible solu-
tion. The magninade ar each sample
point found by convoludon becomes a
coefficient used by the muldpliers. The

ciredt shown handles only sighe bits,
bat it could casily be expanded. For
instance, most professional cameras
currently vse a minimum of 10 bies and
a3 many 3 14 bits to minimire round-
ing ecrors in gamemd and detail crenin.

Figure § depicts a simple diginal filtee.
With only the last four samples sommed
‘arany onc time this cirouit could only
mimic a singk-polke low-pass filter To
mimic filoers with more complex anc-
dons, addidonal samples would have
o be summed concurrendy, requiring a
wider array of regisers. These regis-
rers are often referred to as caps and
iome off-the-ghelf DSP filters use a8
many as 35 horizontal taps. Taller
arrays are used oo handle maore bits.
Off-che-ghelf field-programmabie gate
arrays (FPGAS) are often used to pro-
duce sngle-chip arcuits, such as the
one in Figure 6. This allows a single IC
type to be used to craft many different
flver responses.

The mubipliers allow this carcuit o
act Eke a low-pass filiee. Going back 1o
Figure 5 and examinmg the resultant
respomse obtained from convolution,
the first sample is the highest. If thax is
called unity {or 1), cach socceeding
smple is ing kess than unity.
The second is two-thirds of the first,
the third is rwo-thirds of the second

and so on, To mimic the required re-
sponse, mubiplier 1 1 set to 1, muld-
plies 2 100.66, multiplier 3 ro 0.44 and
mubtiplier 4 vo 0.29. If an impubse or
any other signal arrives at the inpuor, it
will produce an output thar acts like a
simple one-pole low-pass fileer That
can be extrapolated to mean this digi-
tal cironithas a transfer function march-
ing its analog equivalent. Be aware the
circuirshown is simplified, because the
gates required oo implement the Bool-
ein algebra for the moltpliers and the
summer ane noc abown.

This flwer i+ known as a finite Im=
pulse respomse (FIR) fileer becamse it
responds to a given input for a Finite
length of ime, m&kuu,mcdrinur
clock [or sample) periods

Mu-nhﬂpl:rmldhthmﬁnu
impulie response (IIR) Slter shown in
Figure 7. The transfer function found
from convolution had a 0,66 multipli-
cation factor Therefors, the multipli-
cation shown in Figure 7 could sp-

proximare our simpk FIR low-pass
filver. For Figure 7, the inpaw, output,
mvuliplicr, adder and regisrer handle &
singhe bit and must be repeated for the
additional bits of an eighr-, 10- or even
14-bir signal. The [IR. approach works
well for gimple funcrions, whereas the
FIR. approach is needed for more com-
phex fanctions,

Othar DEP uses

Anocher function necessary in digital
carmeras is rate conversion, which ako
uses low-paes hleering. The camera
shovan m Figure 1 converss a TIMBS
parallel dametrwanm down o the 2 7TMH2
rate needed by the component digiral
output. It would appear all that is need-
ed is to subsample (or throw away some
current samples — 2 process known as
decimation) the incoming stream at a
three-cights rate and the result would be
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a parallel bitstream at the correct rate.
Inzerpodation could be used, raking ev-
ery cight samples, weighing them and
creating three samples, But these solu-
tions are no different than sampling the
18MHz pixel rate at 17MHz, which is
bedow the required Nyquist ratre and
will resukt in aliasing. Whether the sig-
nal is initially undersampled or sampled
adequately ininially and subsampled kat-
ex, the results are the same. Rate conver-
Iﬂ'lml.ll’ltd‘:lﬂl bow-pass filtering

Another operation performed exten-
sively in DSF cameras is the nse of look-
up tables. Values in the look-up tables
are added to video pixel values. Here,
multiplication and the overall summa-
tion functions are typically not needed.
Arcas that make use of look-up tables
inchade:

* Shading. Values are added to pixel
valuwes based on the pixel’s spatial loca-
tion.

* Masking. Correction values are add-
ed to each channels (R, G, B) pixel
value to correct for imperfections in the
prism's ability to separate the primary
colors,

* Flares. Correction values are

S Tk |
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Flgure 6. Ueing digital elrcuits, a digital equivalient of sn anaiog ffer can be constructed.

This circult, with the proper costficients scts as a low-pass FIF Flter.

chips, which rely heavily on hardware
{with lots of intermal microcode) for
speeid, the gencric DSP chips rely on a
generic hardware architecoune and spe-
cialized software written for the specific
:pplﬂnnm'l‘l:u!pu:ﬂhﬂd software

added based on pixel intensity
due 1o optic imperfections.

* Gramemea, Values are added based
on pixel intensity to achieve the
desired intensity transfer func-
tion. Multiple gamma look-up
tables are generally available.

ICs can perform multiple operations
and inseruction caches as large as 2k
can be found. Although clock speeds
can be as high as 200MHz, simulra-
neous command execution allows a
single IC to perform on the order of
1.6 billion instructions per second.
Most ICs also allow commands o
be issued once and repeated
many times. Today, many of the
bottlenecks are not due to data
processing, but are caused by
data movement around the IC or
between other DSP 1Cs that come-
| prisc a system. Some implemen-
tations leave the data in a com-

* [mage capture smoothing. Cor-
rection values are used for pixel
imperfections in the CCD block.
* Knee. Values are added 1o achieve
the desired intensity mon-linearity
above the desired pixel intensiry.

Maost camera manufacturers use pro-
prietary D5P chipeets railored to per-
form the described camera functions.
These sets, often referred to as DSP
engines, are used mainly for speed.
Many DSP designs use generic DSP
processors from s number of manu-
facturers, such a3 Motorola, Analog
Devices, Tl and [BM. These ICs are
specialized microprocessors geared for
dars (such a3 CCD pixel data) through-
put. In contrast to the dedicated DSP

TO

Figure 7. A single-bit low-pans ﬁhmhm
wirucied with s simpie set of components.

languages such as C, using compilers
supplied by the DSF chip manafachures

DsSp

Todays generic DSP IC oses an ar-
chitecture commonly called Harvard
architecture, which has separate infer-
nal buses for prooess data and D5SP
control operations. Some of these DSP
ICs use as many as eight separare
imternal buses. Bug widths can be as
wide as 64 bits, but 16 and 32 are the
most common. The multiply and aceu-
mulate sections of these ICs can have
data paths as wide as 36 bits,

To ncrease throughput, most DSP
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mon memory and allow other
DSP components to look ar and
change, but not 1o physically move
the data.

The $1.5 bilion generic DSP chip
industry still has many advantages over
what can be done with a standard PC
or even 3 workstation platform. In
fact, more than half of roday's generic
[5Ps are used in PCs. The DSP market
s expected to quadruple by 2000,
More and more, expect to see these
ICs in various forms of professional
TV equipment. |

Jrm Bistian 1  comleing enguracer based s the
Weeat Coaat,



