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Pulse  Width  Modulation for Analog Fiber-optic 
Communications 

s. Y 

Abstract-The  pulse  width  modulation  (PWM)  technique  has  been 
revisited  and  analyzed  to  evaluate  its  merits for application  to  analog 
signal  transmission  in  fiber-optic  links.  Fourier  analysis  of  the  PWM 
signal  reveals  that  it  can  he  used  as a vehicle  to  launch  an  analog  signal 
onto  optical  fiber  when  a  symmetrical  natural  sampling  process is used. 
The SNR of the  modulated  signal  depends on the  timing  jitter of the 
carrier  pulses  and  a  wide-band (45 MHz)  SNR of 45 dB  has  been  ob- 
tained  with  a  commercially  available  multimode  laser  transmitter. A 
linear  dynamic  range of  over 50 dB  has  been  experimentally  demon- 
strated.  The  full  fiber  bandwidth  can  be  utilized by using  a  very  high 
pulse  carrier  frequency, while a more  popular  pulse  frequency  modu- 
lation  technique  provides  about a 10-MHz  analog  signal  bandwidth 
when 1 km of  multimode  fiber  is  used  in  conjunction  with a short wave- 
length (0.87 pm) LED transmitter.  Analog  transmission  capability  was 
experimentally  demonstrated by constructing a simple  video  link  using 
common  laboratory  equipment.  The  performance of the  video  link  sup- 
ports  the  PWM  modulation  theory  developed  here  and  elsewhere.  The 
experimental  results  indicated  that  PWM is potentially‘very  attractive 
for low-cost broad-band  local  area  network  (LAN)  application,  includ- 
ing  future  highly  interactive  offices,  hospitals,  and  automated  factory 
floors. 

A 
I. INTRODUCTION 

LL  DIGITAL  pulse  code modulation (PCM) meth- 
ods  have been the preferred choice of fiber-optic 

transmission technology because of the  inherent nonlin- 
earity of optical  sources (notably for  laser  diode), which 
makes it difficult to use direct analog modulation tech- 
niques for fiber-optic communication systems. Moreover, 
digital systems offer considerable  advantages  over  an  an- 
alog transmission technique.  For  example,  PCM  allows 
the reproduction of the  original  signal at the  repeater  sta- 
tion without sacrificing its quality and  the temporary stor- 
age of the data at any repeater station along  the transmis- 
sion route. 

However, despite the current dominant trend toward all- 
digital transmission in the  optical  communications indus- 
tries,  there may exist many potential  applications where 
analog fiber-optic transmissions systems,  compatible with 
existing analog transmission technology,  are desirable [ 11. 
Examples include  the  transmission of multiplexed video 
signals [2]-[4], microwave radio [5],  satellite terminals 
[6], sensory signals,  and  frequency division multiplexed 
voice channels [7]. 

Voice,  image,  and data transmissions  are c,onverging, 
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and the markets are emerging.  The first, and perhaps the 
largest market, is the  existing  consumer base CATV with 
its pay-TV,  request-TV,  and  special  services subseg- 
ments. But the use of  interactive video is emerging within 
large corporation complexes, universities , government 
sites, and military bases. Beyond these  lie  sectors such as 
the  “back offices” of stock  brokerages,  banks, insurance 
companies,  larger  hospitals,  and real estate offices. The 
delivery of such bidirectional advanced video,  voice, and 
data services will require  a  vast bandwidth and that, by 
definition, requires the use of optical fiber as  the  medium. 

Point-to-point fiber-optic links  have proven to have bet- 
ter performance than copper-based media for long haul 
telephone applications.  Data  rates in the multigigabits per 
second range,  together with repeaterless operations over 
several hundred kilometers,  have been reported.  Fiber- 
optic media offer many desirable properties over conven- 
tional metallic  media: high bandwidth, low loss, noise 
immunity, physical size  (weight), potentially low cost, 
etc.  However, fiber optics is not a technology in wide- 
spread use today,  other than the  long  haul transmission 
market, primarily due to relatively high system cost com- 
pared to the  metallic media-based systems.  Presumably, 
modulators/demodulators (optical transmittedreceivers), 
analog-to-digital/digital-to-analog converters,  time  divi- 
sion multiplexers/demultiplexers, etc.,  are required at the 
terminals of each fiber end and add  considerable cost to a 
fiber-optic system. 

In this paper,  characteristics  of pulse width modulation 
(PWM) were studied to explore  a potentially cost-effec- 
tive analog communication  alternative in fiber-optic links 
to  the predominantly digital techniques presently used. 

11. MOTIVATION TO USE PWM 
Current state-of-the-art in the intensity-modulation of 

optical sources, particularly for the light emitting diode 
(LED),  is  capable of producing an analog  optical  signal. 
However,  the  analog  signal carried by PWM modulation 
can easily pass through digital logic  gates,  allowing  dig- 
itally controlled signal switching by cross-point logic gate 
arrays.  Thus,  the  PWM modulation can be practical ve- 
hicle to mix digital and analog signals into  a common 
switching fabric. 

PWM modulation makes sense as an economic alter- 
native to PCM  for  video signal transport from the remote 
node to the  customer premises link of the local access 
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Fig. 1. Wide-band  multiservices  distribution  systems.  Fully  integrated 
data/voice/video  services by a  pair of optical  fiber  to  customer’s  prom- 
ise.  Information  vendors  will be able to connect  up  their  trunk  line  to 
central  office.  Central office will  provide  wide-band  switching  service. 
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Fig. 2 .  Active  star  local  area  network  architecture. h, = short  wavelength 
channel; hz = long  wavelength  channel.  WDM = wavelength  division 
multiplexer.  WDDM = wavelength  division  demultiplexer.T,, R,  = 
short wavelength  transmitter  and  receiver  pairs. T2, Rz = long  wave- 
length  transmitter  and  receiver  pairs.  Receivers at the  hub  can  be in in- 
dividual  receiver  arrays or a  large  area  photo-detector  single  receiver. 

wideband video/voice/data  distribution  system  illustrated 
in Fig. 1. However,  PCM may be  the preferred way for 
signal transport from the  remote  node to the central office 
due to possible jitter accumulations.  Of  course,  this  re- 
quires a  conversion of PCM signal to PWM at the  remote 
terminals. Nevertheless,  the use of PWM  allows mainte- 
nance of the  expensive  equipment by the  service  vendor. 

Bursty data traffic tends to prefer packet switching  tech- 
nology, while real time  voice  and video can be handled 
more easily by circuit  switching  networks or frequency 
division multiplexed (FDM)  systems.  For  this  reason,  the 

fiber-optic LAN concept  shown  in Fig. 2 may be well 
suited for integrated information  service by taking advan- 
tage of the  wavelength  division  multiplexing  capability of 
lightwave  media. A unique characteristic of the topology 
shown in  Fig. 2, and  variations  thereof,  is  that it allows 
us a  separate  operation of two different kinds of data in  a 
single physical medium. The necessary hardware  com- 
ponents, network protocol, etc. , are  discussed  elsewhere 
[8]. It  is sufficient for  our  purpose to point  out  here  that 
PWM analog  communication  techniques  can be a  vehicle 
to provide voice  and  video  service  in  one wavelength 
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channel (say A2), while  the  other wavelength channel (A,) 
can be used to  implement  a conventional digital data 
packet switching LAN protocol. 

It is also  a worthwhile consideration  that currently in- 
stalled base broad-band systems use analog modulation 
techniques. PWM can provide  a  suitable  interface be- 
tween these  current  analog  devices to fiber-optic media 
without making the existing  equipment  obsolete,  at  least 
for  the transitional period.  This will enable fiber-optic 
media to penetrate  into such a  market  segment. 

In summary,  the  advantages of digital  switching and 
fiber transport can be realized along with the  economies 
of a simplified modulator  and  demodulator  circuit. PWM 
circuitry is more cost effective than similar  PCM digital 
circuitry on a  per-customer  basis  at  present whenever it is 
applicable. 

111. PULSE WIDTH MODULATION 
A .  Modulation  Method 

The modulation process itself is well known [9] but, 
for completeness,  we will describe it here briefly. The 
generation of a  pulse width modulated signal requires that 
the  amplitude of the input analog signal be sampled pe- 
riodically.  The sampled amplitude  is  then  converted  into 
a pulse width.  The  sampling  process  does not quantize  the 
analog signal  as  a  PCM digital encoder  must,  but  instead, 
continually varies the output pulse  width. For purposes of 
illustration,  Fig. 3 depicts  a  particular  procedure wherein 
both the  leading  and  trailing  edges  are  modulated.  The 
amplitude of the  triangular  wave  is slightly greater than 
the  peak-to-peak excursion of the signal itself.  This 
method results in a natural sampling  in which the message 
wave varies during the  sweeping  process,  and  the length 
of a width modulated pulse is proportional to the magni- 
tude of the message wave  at  the pulse edges. 

B. Spectra of PWM Signals 
Using a  double  Fourier  series method taken from an 

unpublished paper by W. R. Bennett, Black [lo] arrived 
at the following series for PWM pulses which were  trail- 
ing  edge modulated by natural samples of a  sinusoidal 
modulating wave: 

1 
m 

F(t) = - S(t) + c sin (mast) 
2a m = l  m r  

where the message signal is 

S(t) = M r  COS (w,t) (2) 

and the  carrier is assumed  to  be  a sawtooth waveform with 
the repetition rate of wc/2a. By symmetry argument,  the 
spectra of pulse width modulated pulses with both edges 
modulated can be  obtained easily from ( 1 ) :  
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t 
I 
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Fig. 3. Generation of pulse  width  modulated pulses: (a) block diagram, 
(b) summation of signal  and carrier, (c) PWM output. 

1 c a m  

MJt) = - S(t) + 4 c c ( - l ) m + k  J2k + 1 (mr') 
a m = l  k = O  mr 

x [cos (mw,t) cos ((2k + l)U$t)]. ( 3 )  

Equation ( 3 )  represents a  fundamental  advantage of both 
edge modulated pulses with natural samplings. The har- 
monic interference (the second term in (1)) is completely 
suppressed, and all  the  even  order  sidebands of the mod- 
ulated signal around the  carrier frequency are also elimi- 
nated. This will reduce the  crosstalk between adjacent 
multiplexed channels. 

In  general, we require 

w, 1 2w, (4) 
to faithfully reproduce  the  original  signal.  Therefore, 
PWM will be free  from intermodulation as long as the 
Fourier components of (w, - nu,) in ( 3 )  are negligible for 
n > 3 .  The  conditions will be easily met if the modulation 
index M is small,  since  higher  order Bessel functions van- 
ish for small arguments.  For  a multichannel system, M is 
inevitably small so that  the  interference of the intermod- 
ulation products with the baseband signal will be small. 
It should be noted,  however,  that  as A4 decreases, the sig- 
nal-to-noise ratio SNR will proportionally suffer. 

It is interesting to compare (3) with typical frequency 
modulated (FM) signal spectra: 

m 

~ ~ ( t )  = const C J ,  
n =  -m 

(5)  
As anticipated,  there  exists  a  considerable similarity be- 
tween (3) and (5) .  It should be  noted,  however, that ( 5 )  
contains the even  order  sidebands  of  the modulated signal 
around the  carrier  frequency, while they are missing in 
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( 3 ) .  It can  be  shown  that  pulse  frequency modulation 
(PFM) may contain  even  more  complicated  spectra  than 
(5 )  implies,  and may be more prone to the  crosstalk than 
conventional FM. By choosing w, very high,  the base- 
band signal M.rr cos (w,t) in (3) can  almost  always  be  sep- 
arated  from  the unwanted sidebands  signals (the second 
term in (3)). On the  contrary,  the  suppression of side- 
bands in FM can only be  achieved by reducing the mod- 
ulation index ( A w J q ) .  Unfortunately,  such  a narrow- 
band FM signal does not provide  an FM advantage of 
SNR.  Thus,  for  larger multichannel systems,  the  PFM 
technique is less  attractive. 

C. Demodulation  Method 
By far  the most common  scheme for extracting  the  sig- 

nal from PWM pulses is to use low-pass filter. An ideal 
filter has a very sharp  cutoff  characteristic at frequencies 
above 4271. as implied by (3). For multiple signal sources 
such as  voice video and  data,  the  signals  are first fre- 
quency division multiplexed electronically.  The resulting 
signal is then modulated by PWM.  A  series of bandpass 
filters is connected to  the output of the  receiver. Each fil- 
ter  serves as both demodulator  and  demultiplexer of the 
wanted signal. 

D. SNR of PWM  Signals 
Even when the noise is small compared with the wanted 

signal,  the noise manifests itself as time  jitter  in  the  lead- 
ing and trailing edges of the recovered pulses.  Thus,  there 
exists  a  direct  relationship between time jitter and ulti- 
mate SNR in  the  PWM  signals. 

Fig.  4(a)  shows how a  small noise voltage (N,), when 
superimposed on  a PWM pulse of peak  value of Sf, acts 
to  change  the  slicer  triggering  time by an  amount E .  

From  the  geometry of the figure 

where Tmin is the minimum pulse width which can be pro- 
duced by the  transmitter. When the PWM signal is trans- 
mitted to  the receiver,  the  error  in  timing E will cause  a 
noise voltage No in  the  output  of  the  low-pass filter. When 
the pulses are  modulated fully by a  test signal which has 
a uniform amplitude probability distribution,  the corre- 
sponding rms pulse width displacement ( S)ms ap- 
proaches 

~ pATl2 * 1-2 

where AT is the maximum pulse width excursion shown 
in  Fig.  4(b).  In deriving (7), we  have  assumed symmetric 
pulses for  simplicity.  This  is  a  more  conservative signal 
intensity estimation  than  a  conventional  single  tone  sine 
wave  test  signal. If So denotes  the  corresponding rms sig- 
nal voltage in  the  output  of  a  low-pass filter 

AT so = c y  
4 6  
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Fig. 4.  SIN considerations  in PWM pulses. (a) relation  between  time  jitter 
and  noise; (b)  maximum  exclusion  of PWM signal  from  its  unmodulated 
position (To). For  the  sake of brevity,  square  pulse  waveforms  are  drawn. 

where C is a  constant. Similarly,. No can  be  expressed  as 

Nt 
sr Tmin 

No = c-. (9) 

Hence,  we  have 

where SIN is the SNR of the  message  waveform, B,(= 
l/Tmin) is the  bandwidth of the  transmitter,  and B, is  the 
bandwidth of the  carrier.  It  has been implicitly assumed 
that the bandwidth of the  message waveform is BJ2.  The 
relationship shown in (IO) illustrates  a  general  principle 
common to all pulse systems:  namely,  that  the rms SNR 
at the  output is approximately proportional  to  the ratio of 
the total bandwidth gainfully used to the  signal band- 
width. 

A  more useful relationship  can be obtained by combin- 
ing (6) and (10) 

r- 

A typical  multimode  short  wavelength  laser  transmitter 
designed for  a  90-MbitIs  system has a B, of 180 MHz  and 
an e of 50 ps [l 11 . If we  choose  a 45 MHz  carrier, 46 dB 
of SNR can be achieved.  It should be  emphasized  here 
that  the  SNR in (1  1) is  a  wide  band  SNR. 

E. Modulation  With  Sine  Wave  Carrier 
For  small  signals  relative  to  the  carrier p-p amplitude, 

a  sine wave may be used as  a  carrier  source,  since  sin 0 
= 8 for small 8. It  is  also  conceivable that the  amplitude 
distortion can be  easily  calculated  given  the  fact  that  the 
pulse width change is proportional to sin-' (Vi,/Vc) ior a 
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sine wave carrier with p-p voltage V, and  an input signal 
with p-p voltage vi, and, given that  the output voltage V, 
after  demodulation, (i.e., pass-through  the low-pass fil- 
ter)  is proportional to the  pulse width variations, i.e. 

where Vi,/V, can  be interpreted as a modulation index. If 
we define a relative instantaneous  amplitude  distortion 
W )  by 

where vo( t )  is the expected distortion-free  output  voltage, 
then the  amplitude  distortion caused by the  sine  wave car- 
rier can be obtained easily: 

F. Multiplexing  Scheme 
Both frequency division multiplexing (FDM)  and  time 

division multiplexing (TDM) can be implemented within 
the  framework of PWM modulated optical  communica- 
tion channels.  Since  these  techniques  are well known and 
fully described in many communication text books,  we 
will omit our discussion on these  subjects. 

IV. FIBER-OPTIC ANALOG SIGNAL TRANSMISSION 
EXPERIMENT 

A. Simple  Analog  Signal  Transmission 
Fig. 5 shows the  experiment  setup used to test the  an- 

alog transmission capability of optical fiber using the 
PWM technique. In  order  to  separate  high-order harmon- 
ics of an analog baseband signal  from  the  carrier  side- 
bands,  the  carrier frequency (50 MHz) was chosen much 
higher than test  signals (5  MHz).  In this experiment,  a 
HP-8640B sine wave generator  and  a Tektronix FG-504 
function generator were used as  carrier and signal sources , 
respectively. The  carrier  voltage input to the  adder  circuit 
was 1 V p-p and  the signal voltage  level was limited to 
0.2 V p-p to avoid the nonlinearity associated with the 
sine wave carrier. As shown in Fig. 6, both the  triangular 
and square wave  test  signals  were reproduced with little 
distortion.  The  comers  and  peaks  were probably rounded 
off by the  low-pass filter (BW = 20 MHz). 

B. Linear  Dynamic  Range 
Another  important  consideration  in  analog  signal  trans- 

mission is  the  linear  dynamic range of the communica- 
tions system.  It was measured using a 1.0-V p-p trian- 
gular waveform (40-MHz repetition rate) obtained from a 
Tektronix FG-504  function  generator as a  carrier signal 
and a continuously varying  1.6-MHz  sine wave from a 
HP-8640B as  a  test  signal. An almost  constant ratio be- 
tween the ipput test signals and output  signals at the low- 
pass filter was observed  as  long  as  the p-p input signal 
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GENERATOR 
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Fig. 5 .  Block  diagram  of  optical  analog  signal  transmission  experimental 
system.  Analog  signal  source;  VP-1000  Pioneer  laser  disk  player  and 
Tektronix  FG-504  function  generator.  Carrier  generator;  Hewlett-Pack- 
ard HP-8640B  sine  wave  generator  and  Tektronix  FG-504  function  gen- 
erator  for  triangular  carrier.  Signal  adder;  Passive  resistor  network. 
Threshold  detector;  Hewlett-Packard  HP-8082A  pulse  generator,  using 
external width control  mode.  Laser  transmitter;  Designed  for  90-Mbitis 
long-haul  multimode  transmission  system  (AT&T).  It  can  produce  over 
400  Mbitis  pulses.  Fiber;  62.5/120-pm  loop  feeder fiber  (AT&T).  Op- 
tical attenuator:  Photodyne  1950XR  continuously variable  optical atten- 
uator. Optical  receiver;  Optical receiver  designed  for  long-haul  trans- 
mission  system  (AT&T), bandwidth 25  MHz.  Low-pass filter; optical 
receiver itself  acts as a  low  pass filter.  Additional  filtering  was  done by 
the plug-in  amplifiers  of  Tektronix  7904  oscilloscope (20 MHz  Band- 
width), if necessary.  Transient  digitizer;  Tektronix  7912  AD  transient 
digitizer with  4052A  waveform  processor. 

4 

1- 
z 
3 

$ 3  a 
e 
m 

Q 

LT 

[L 

2 
W a a 
5 

5 1  

0 > 

a c 
0 
3 

0 
0 100 2 DO 300 400 

T IME (nsec) 

Fig.  6.  Examples of  analog  signal  transmission  by  PWM.  Signal  source; 
Hewlett-Packard  HP-8082A  function  generator. Camer source:  Hew- 
lett-Packard  HP-8640B  sine  wave  generator.  Modulation index  was 
maintained  at  less  than 10 percent to reduce  distortion  caused by the sine 
wave  carrier.  Single  shot  waveforms  are  captured by Tektronix  7912AD 
transient  digitizer. 

was less than 0.95 V and greater than 0.0025 V. This 
represents a  linear  dynamic  range of 5 1.6 dB.  The output 
signal waveforms at both extremes  are plotted in Fig. 7. 
Test  signals between 0.95  and  1.0  V displayed an appar- 
ent  distortion, probably due  to  the rounded peaks of the 
triangular carrier waveform. At the lower input signal end, 
the SNR was the limiting factor, particularly carrier  leak- 
age.  The dynamic range  could be further extended by 
using a  better  low-pass filter. 
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Fig.  7.  Dynamic  range of PWM analog  signal.  Signal  source;  Hewlett- 
Packard HP-8640B sine  wave  generator.  Carrier  source;  Hewlett-Pack- 
ard  HP-8082A  function  generator.  Triangular  carrier  was  used  to  mini- 
mize  signal  distortion.  Single shot waveforms  are  captured by Tektronix 
7912AD  transient  digitizer. 

C. Baseband  Video  Signal  Transmission 
The experimental setup used to demonstrate a video link 

is identical to that  shown  in  Fig. 5 ,  except that the signal 
source,  low-pass  filter, and transient  digitizer were re- 
placed by VP-1000  video  disk  player  (Pioneer), 
CLC104A1 linear amplifier (ComLinear), and CVM-1250 
TV monitor  (Sony),  respectively.  The baseband video 
signal (1  V  p-p),  a still video  frame (typical movie scene) 
obtained from a commercial  video  disk  player,  was  mod- 
ulated by PWM using a  1.5-V p-p, 15-MHz triangular 
waveform carrier. As shown  in  Fig. 8, there was no 
noticeable  picture quality degradation in the  video  link 
(2-km fiber plus 6-dB  attenuation)  compared to the  direct 
connection between the  video  disk  player and the TV 
monitor.  When  the  carrier  frequency was varied from  8 
MHz to 50 MHz, again  the  picture quality was not af- 
fected. For carriers below 8 MHz, some alterations of 
colors,  as well as  contrast, began to  appear;  and  for  car- 
riers below 5 MHz,  the picture quality was totally unac- 
ceptable. However,  the  minor degradations cannot be seen 
in the photographed picture.  This may be  due to the fact 
that the  exposure  time used to take  the  picture was 1 s, 
which is effectively a  signal  averaging. It is worthwhile 
to mention here  that  there  exists  an  observable difference 
when a  sine  wave  carrier was used in  place of a  triangular 
wave.  Nevertheless,  the  picture quality was entirely ac- 
ceptable. For  the  same reason mentioned above,  the  dif- 
ference  did not show up  in  the photographed pictures. In 
future  work, standard video measurements should be pro- 
vided to allow  quantitative  judgment as to applicability 
for  CATV,  video  conferencing,  graphics,  etc. In this pa- 
per,  we will merely demonstrate  the  feasibility by simple 
power spectra  measurements. 

Fig.  9(a)  shows  the  power  spectrum of the unmodulated 
NTSC baseband video  signal  and  a  single-tone test signal 
at 10 MHz  obtained by HP-8557A  spectrum  analyzer. It 
is virtually identical to that of the  same  signal modulated 

by PWM, transmitted  through the fiber link, and followed 
by detection at  the  receiver within a dc to 2Cl-MHz spec- 
tral  window. The carrier  was  a  40-MHz  triangular  wave 
and the  modulation  index was about 80 percent.  When  the 
carrier frequency was reduced to  15 MHz  whjle maintain- 
ing the  same modulation index,  the  sideband:$  around  the 
carrier  frequency predicted by (3) appeared within the 20- 
MHz window,  as  shown in Fig.  9(b). In this  experiment, 
the 10-MHz test signal was removed. It is interesting to 
note that, when the  carrier was replaced by a  sine  wave 
of the same  amplitude,  the  intensity of the  sidebands was 
diminished (Fig.  9(c)). At the  same  time,  the signal in- 
tensity was also  considerably  reduced.  This may be ex- 
plained by the  fact  that  the  slope of a  sine wilve near the 
zero crossing is somewhat  higher  than  that of a  triangular 
wave.  This results in an effective reduction of the modu- 
lation  index  which,  in  turn, results in  a  suppression of the 
sidebands as expected from (3) .  
D. RF Video Signal Transmission 

In  the  consumer-oriented CATV application,  the sub- 
scriber premises equipment  cost  is  the most critical  issue. 
One of the most cost effective approaches would be the 
transmission of RF video  signals using standard  airway 
broadcasting TV channels so that  the  customers can con- 
nect the optical receiver  output directly to their TV sets. 
Using the identical  experimental  setup  as  the PWM base- 
band video transmission,  a PWM RF video  signal  (CH 3)  
was transmitted through fiber. The  received RF video  sig- 
nal, without bandpass filter, was fed directly  into  the TV 
monitor.  The TV tuner itself was acting  as  the bandpass 
filter. The  picture quality was almost  as good as  direct 
connection, but a  slight  distortion of the sound was noted. 
The  carrier was a  0.5-V p-p 185-MHz  sine  wave,  and  the 
video RF signal  (10 mV p-p) was amplified by a wide- 
band RF amplifier (HP-8447F)  to  about 0.25 V p-p. 

The  power  spectrum  of  the  received signall shown in 
Fig. 10(a) is identical  to  that of the direct  RF  signal from 
the video disk  player (figure not shown). W:hen the RF 
input signal  was  attenuated by about 22  dB, two  extra 
spectrum components  appeared  as  indicated by two  ar- 
rows in  the  same figure (Fig.  10(b)).  Nevertheless,  the 
picture quality remained very good,  as  expected,  since  the 
TV tuner  does not use the  lower sideband of the  video 
signal. It should be noted here  that  the  actual  NTSC  video 
format requires  a  partial  suppression of the  lower side- 
band of the  video  signal. When the  RF  video signal was 
further  reduced, say more than 26  dB, a  large number of 
spectral peaks  appeared  in  the  power  spectrum  and  the 
picture quality became  poor. The additional  peaks  origi- 
nated from the  carrier  itself.  Fig. lO(c) shows  the  power 
spectrum of the  carrier.  This  clearly  demonstrates that 
SNR was limited by the purity of our  carrier  generator and 
not  by the fiber link or modulation  method. 
E. Multichannel RF Video Signal Transmission 

With a  carrier  frequency of 185 MHz, the useful signal 
bandwidth is  about 90  MHz. This  allows multiplexing of 
TV channels 2-6 (54-88 MHz). Any wide band optical 

Authorized licensed use limited to: Univ of California-Santa Barbara. Downloaded on March 21, 2009 at 16:23 from IEEE Xplore.  Restrictions apply.



108 JOURNAL OF LIGHTWAVE TECHNOLOGY,  VOL. LT-5, NO. 1, JANUARY 1987 

(b) 

Fig. 8. Photograph of TV monitor.  (a)  Direct connection.  (b)  2-km video 
link +6 attenuation with 15-MHz triangular  carrier.  The optical  receiver 
sensitivity  limit  was  not reached.  The  attenuation of 6 dB  was  necessary 
to adjust  output baseband  video  signal  level to  NTSC  format (1 V p-p) 
due to  a very  high  gain  in  the optical  receiver. 
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Fig. 9. Power  spectrum of  PWM  modulated  NTSC  baseband  video  signal 
at 30-KHz  resolution  bandwidth. (a)  Baseband  video  signal  plus  10-MHz 
single-tone test  signal.  (b)  The  video  signal  was modulated by 15-MHz 
triangular  waveform  carrier. (c) Same  as  (b),  except  the  carrier  wave- 
form  was  replaced by sine wave. Power  spectra were  taken by Hewlett- 
Packard  HP-8S57A  spectrum  analyzer. 
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Fig. 10. Power  spectrum of PWM modulated RF  video  signal.  (a) PWM 

modulated RF video  signal with  48-dB  gain.  (b)  Same  as  (a), but  with 
26 dB  gain.  Lines  indicated by arrows represent the  components  origi- 
nating from  the  carrier. (c) Power  spectrum of carrier  wave  itself. 

receiver (dc-90  MHz)  with  a  moderate gain would  be 
sufficient, since  the  TV  tuner will provide  enough  gain, 
as well as automatic gain control  (AGC) in addition to the 
channel selection function (effective bandpass filter). To 
illustrate this point,  both  the  RF outputs of the video disk 
player (CH 4) and  a  video  cassette  recorder  (CH 3) were 
added together after suppression of the lower  sideband  and 
sent the resultant signal through the fiber link.  The fiber 
link faithfully regenerated both  video  signals.  Again,  a 
quantitative video  signal  measurement  should  be  done in 
the future. 

As the number of video  channels  increases, in general 
the probability of crosstalk between  channels proportion- 
ally increases.  In  the  PWM  scheme,  the strongest source 
of the crosstalk is  the third harmonic  lower  sideband  term 
( k  = 1) in (3). Thus,  for all practical  purposes (3) can  be 
rewritten as: 

1 
MJt )  = - S(t) + 2 J3(7rM) ___ cos [(w, - 30,t)l (15) 

T 7r 

for  the  frequency  components within the receiver band- 
width. Using (2) and (15), the  power ratio (y) of the sig- 
nal to the third harmonic  interference  term  can  be calcu- 
lated as 

For small M ,  y decreases  very  rapidly,  as  shown  in  Fig. 
11. Even at 90-percent  modulation, y (expected crosstalk) 
is less than -55 dB. 

In  deriving (3) from ( l ) ,  it was  assumed that carrier 
waveform is a perfect triangular shape.  For  a nonideal 
triangular carrier,  all  terms  appearing in (1) would  be pre- 
sented in PWM modulated  signal.  Because of this, it is 
expected that harmonic  interference may arise  from the 
second  term in (1). Therefore,  a  nonideal  carrier  wave- 
form  could  generate intermodulation products within the 
signal’bandwidth.  Thus,  a  generation of pure triangular 
waveforms dictates the successful implementation of the 
multichannel  video signal transmission by  a  PWM tech- 
nique. 
F. Integration of Voice Video and  Data 

The concept of local area networks  (LAN’s)  is well de- 
veloped in the field  of digital computing  and  data  com- 
munication. LAN’s are  mainly  used  for sharing comput- 
ing resources and  exchanging  data  among a number of 
users in a limited geographic  span.  Adding real time  voice 
and  video capability to  these  networks  makes  them  very 
attractive for the office information  systems of the  future, 
including hospital and clinical information  systems  and 
automated factory floors. 

For the purpose of demonstration, the following three 
types of signals were  multiplexed by simply  adding  them 
together,  followed by PWM  modulation,  and sent through 
the fiber link: 

1) zz3 - 1 bits  long, 5 Mbit/s psuedorandom NRZ data 
pattern obtained from  Tautron  BERT-325C  data 
generator, 
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Fig. 11. Power  ratio  between  baseband  signal  and  the  third  harmonics. 

2)  An FM modulated (10.7-MHz  carrier)  audio  signal, 

3) RF video  signal  (CH 3) obtained from  the video disk 

Fig. 12 shows the  audio  modulator  and  demodulator used 
in this experiment. The 1648  type of voltage controlled 
oscillator (VCO) is used in  conjunction with a  tank circuit 
to set the  frequency of operation  and  a  variactor  diode 
to modulate the  tank’s  capacitor  value  and,  hence,  the  fre- 
quency deviation was limited to k 7 5  kHz.  The sound de- 
modulator uses a readily available  10.7-MHz  ceramic fil- 
ter to limit  the bandwidth of the sound carrier, a 
preamplifier, and a phase-locked loop running at 10.7 
MHz. 

and 

player. 

The following is the summary of the  test  results: 

1) BER of less than in the digital data channel, 
2) over  60-dB SNR at 10-kHz BW on the  audio  chan- 

nel,  audio frequency ranging from  100  Hz to 10 
kHz,  and 

3) no visible  degradation  in the video  quality. 
The length of the  optical fiber used in this  experiment was 
about 2 km. The  experimental  evidence presented here 
showed the feasibility for  the  integration of the bursty dig- 
ital data, and real time  voice and video information into 
a  single medium by PWM. As mentioned in Section 11, 
however, PWM in  combination with the  WDM capability 
of fiber-optic technology may provide  a  more  cost effec- 
tive means to achieving the  integration. 

V. COMPARISON BETWEEN PWM AND PFM 
It is conceivable  that  PFM  technique could provide  a 

similar analog transmission  capability.  However,  there 
exists  one  major difference in that  the information is car- 
ried by the base-band components in  PWM, while it is 
contained in the  sidebands of the  carrier in PFM.  Thus, 
the transmission of carrier is not necessary for  PWM, re- 
sulting in  a much wider usable bandwidth. 

In order to demonstrate this point,  a  PFM  modulator/ 
demodulator  described  in  open  literature was built  and 

compared with the PWM system.  Fig.  13 illustrates the 
block diagram of the  PFM  system used in this  experi- 
ment. The modulator uses a voltage controlled multivi- 
brator (F 1 1C58  Fairchild  Emitter-Coupled  Oscillator). 
The frequency control is accomplished with voltage vari- 
able current sources that control  the slew rate of a single 
external timing capacitor. The maximum frequency ca- 
pability is  150  MHz.  In  order  to  ensure  the linearity of 
the modulation, the input video signal was attenuated to 
limit its peak-to-peak swing within 0.4 V.  The  demodu- 
lation was achieved by generating fixed width pulses on 
both trailing and leading edges of  the input signal.  This 
was accomplished by delaying the  input  signal  two  ECL 
gates delay (approximately 6-ns) and  exclusive ORing the 
delayed signal with the undelayed signal resulting in a 
train of fixed width pulses ( - 6 ns of the  gates delay) that 
occur  at  each input signal  transition. As the frequency of 
the input signal increases,  the  number of fixed width 
pulses increases as does the average voltage level.  The 
resulting PFM signal has baseband components. A low- 
pass filter removes everything but  the baseband signal, 
which is amplified to standard voltage (1 V p-p) and 
impedance (75 0) levels.  The circuitry for this PFM 
scheme is simple  and  straightforward;  still,  the number of 
parts counts is considerably greater than that needed for 
PWM. 

Using a  short wavelength (0.87  pm)  LED based optical 
data link  transmitter designed for  50  Mbit/s operation,  an 
NTSC video signal obtained from video disk player was 
transmitted through fiber. In up to 1 km fiber link  length, 
no obvious difference in the reproduced video picture 
quality between the  two modulation techniques was ob- 
served.  However, as the  link  distance increased beyond 1 
km, no degradation in the  video  picture quality was ob- 
served  for PWM link,  while  a  severe  degradation in the 
picture quality was noted in  the  PFM  link.  The  linear front 
end preamplifier output signal of the optical receiver 
showed the  severe degradation in  the rise time of the 
pulses. This may explain the poor performance of the 
PFM video link,  since  the  pulse train is  sensitive to cross- 
talk  and noise ingress during the  transition  time when the 
signal is passing through the  linear portion of the circuit 
transfer  characteristic. When the  link  distance increased 
over 3 km, the signal was completely lost in the  PFM 
system, while the PWM system still showed little sign of 
the  degradation.  This result can  be explained by the  fact 
that the graded index multimode fiber (62.5/120 pm, 
AT&T loop  feeder fiber) bandwidth is limited to about 25 
MHz * km due  to  chromic  dispersion of LED. In order  to 
confirm it, after  the  optical  source was replaced by a  laser 
transmitter,  all of the  above  experiments were repeated. 
As expected, no performance difference between PFM and 
PWM was .noted. 

The effect of the  carrier  frequency on the modulation of 
the video signal was studied using the 1-km fiber link  and 
the LED transmitter.  Carrier frequency was varied from 
10 MHz to the  absolute  upper  attainable frequency (100 
MHz) from the  transmitter.  For  the PWM system,  the 
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video signal was not affected by the  carrier  frequency. 
However, it was found that  the quality of the video pic- 
ture was dependent  on  the  choice of the  carrier frequency 
for  the  PFM  system, probably due  to its effect on  the phase 
of the  color  subcarrier. An analysis of intermodulation 
products in the  video  disk  player system by DeHaan [12] 
also predicted that a  judicious  choice of the frequencies 
of the  luminance,  color,  and sound components of the  re- 
corded signal  was necessary to obtain TV pictures of good 
quality.  Thus  multichannel  PFM may become  increas- 
ingly more difficult as  the  number of video  channels  in- 
creases. For a  carrier  frequency  above 50 MHz,  the  PFM 
scheme did not work  due to an inability to transmit the 
carrier through the fiber link. 

The  experimental  evidence presented here clearly dem- 
onstrated  that  the PWM method  is  preferable  over PFM 
for  a multichannel analog  transmission  system.  Another 
important practical advantage is that the  LED based PWM 
method is still useful,  even when the  link  distance spans 
several kilometers. For the  same  reason, PWM can pro- 
vide  a high-resolution video  transmission capability in 
LED based fiber-optic links.  It  should be noted,  however, 
that the multichannel capability (i.e., wide bandwidth) of 
PWM readily vanishes with the nonsymmetric carrier, 
such as  the  more commonly used sawtooth  waveform,  due 
to harmonic  interference  arising  from  the second term in 
(1). Pure analog video  is  very  susceptible  to  the ravages 
of crosstalk,  distortion,  and  noise  ingress. Because of  the 
baseband nature of the PWM signal,  it is expected  that  a 
similar noise problem may be encountered  as it passes 
through a  large  scale  digital switching fabric.  Therefore, 
PWM  may be well suited  for  a point-to-point signal  trans- 
port and  a  small  scale  switching  system. 

VI. DISCUSSION 

The  analysis of the PWM signal revealed that the use 
of a PWM provides a  simple,  straightforward method of 
converting an  analog  signal  into  a  digital-like  pulse  train, 
and of subsequently receiving the baseband signal. When 
a uniform sampling i s  used,  the resulting PWM  signal 
contains not only the wanted message  wave, but its  har- 
monics-with natural sampling,  these  harmonics  are 
missing. This would lead one  to  expect  a net deterioration 
of signal fidelity when the sampling is uniform  instead of 
natural.  This  explains why our  earlier unpublished results 
on PWM video  link  experiments,  using  a  sawtooth wave- 
form as a  carrier, showed a  severe  intermodulation prob- 
lem and were totally unacceptable  for fiber-optic video 
link  application. When the  sawtooth  waveform  carrier was 
replaced by a  triangular  waveform  carrier,  the  intermod- 
dation interference problem disappeared. By modulat- 
ing both leading  and trailing edges with a  symmetrical 
triangular waveform carrier,  a  natural sampling can  be  ac- 
complished,  and  thus, virtually all of the  potential  inter- 
fering Fourier  components in the modulated signal  are 
eliminated. No evidence of the  existence of the inter- 
modulation products was observed when a symmetric  tri- 
angular  carrier was used. 

A  linear  dynamic  range of more  than 5 1.6 dB was ex- 
perimentally observed in the  analog  signal.  The  leakage 
of the  carrier  components  through  the low pass filter used 
in  the  experiment was the  main  source of noise.  It  has  also 
been noted that any low frequency  components of the  car- 
rier itself could interfere with the baseband signal.  Data 
presented in this  work  are  somewhat  qualitative,  and  a 
more careful SNR study should be conducted to take  full 
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advantage of the  analog  transmission capability of PWM 
techniques in fiber-optic communication  links. 

The intermodulation-free  characteristic of PWM makes 
it a very attractive  vehicle  to implement broad-band ser- 
vice  in fiber optic  links.  Applications may include low- 
cost  video  links  in fiber-optic subscriber  loop  systems  and 
service integrated optical  broadband  communication  sys- 
tems, such as hospital and  clinical information systems, 
factory  automation,  etc.  However, it should be mentioned 
here that  the PWM signal  is  fundamentally  analog  in na- 
ture.  Thus it is susceptible to crosstalk,  noise, power- 
supply rejection, etc. This may severely limit  the use of 
PWM to a relatively small and compact sized network. 
On the  other  hand,  in  the  broad-band LAN application 
shown in  Fig. 2, network protocol will control the usage 
of the channel in such a way that  a  particular  channel will 
be available to a specified node at a given time.  This could 
alleviate  the noise problem mentioned above. 

The more widely publicized PFM  [13], [14] technique 
also provides an analog capability in fiber-optic links. For 
a  single  channel  link,  the SNR advantage of PFM may be 
a more attractive  alternative  than PWM for  a relatively 
large  scale  system,  whenever  its use is permitted.  How- 
ever, PWM allows  the  use of the fiber bandwidth more 
efficiently. This  is particularly important when an LED is 
used as  an  optical  source,  since  the  chromic  dispersion 
generally limits  the fiber bandwidth length product to 
about 20-25 MHz km for  a  short wavelength LED based 

. system.  For  example,  a high resolution video  signal re- 
quires a modulation carrier  frequency considerably higher 
than 25 MHz.  Thus,  a  PFM  system cannot be used for 
the high resolution video  signal  transport through the long 
fiber-optic link, while this limitation does not apply for 
the PWM system. 

One of the serious drawbacks of the  analog  technique, 
whether PFM or  PWM,  is that it does not allow noise- 
free regeneration of the signal in  cases where repeaters 
are  required.  Thus,  the  PCM may remain the modulation 
technique  that is chosen in many fiber-optic links.  Fi- 
nally,  it should be  emphasized  here  that  our goal was to 
demonstrate PWM’s feasibility  and to suggest  applica- 
tions for its use in fiber-optic links.  The  true merit of 
PWM should be critically  reevaluated to determine its 
usefulness in the  wide range of applications  from  a con- 
sumer-oriented subscriber  loop plant [15], [16] to sophis- 
ticated industrial data services, i.e., fully integrated voice/ 
video/data  service LAN’s for  the offices [17], hospitals 
[18],  [19], and automated factories  [20], [21] of the 
future. 
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