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Abstract

Telecommunication services like telephony and television are transported in the
customer's premises. In the future, also switched-based video services like vid
eo-on-demand and tele-shopping will be available. The transport of these signals
requires a future proof Customer Premises Network. Polymer Optical Fiber is
very suitable for use within the customer's premises.
This report focuses on the transmission of analog video signals through a single
polymer fiber.
Recently it has been shown that analog transmission of four fair quality signals
each originating from an observation camera is possible using 95 m polymer fiber
and subcarrier amplitude modulation. This performance is not sufficient for use
within the Customer Premises Network.
In this report the maximum number of analog video signals which can be trans
mitted through a single polymer fiber is investigated.
The performance of a communication system is closely related to the modulation
technique, therefore various modulation techniques are studied. An experiment
successfully demonstrates a single channel video transmission on polymer fiber
using Square Wave Frequency Modulation. Also a theoretical study is carried out
for a multi-channel transmission system for transmission of forty video signals.
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1 Introduction

Telephony and analog television distribution are the most common telecommunication ser
vices today [I]. These services require some communication means inside the home. Further
more an increasing need for communication within the customer's premises (e.g. for surveil
lance, resource sharing and interconnection of audio/video equipment) indicates the need for
a more advanced Customer Premises Network (CPN) than exists today.
Polymer Optical Fibers (POF) ([1],[2]) are very suitable for use within the customer's
premises. The fibers are easy to handle and the components are low-cost owing to the relative
large core diameter as compared to silica fibers. POF combines these advantages over silica
fiber with potentially high bandwidth (GI-POF) and the immunity to EMI. Coaxial cable also
offers a large bandwidth but the cable is not easy to handle and the coaxial cable is not com
pletely immune to EMI.

First of all we have to consider the services to be transmitted inside the home. This is because
of the relationship between the transmitted service and the required transmission bandwidth
of the optical system. The network structure is also related to the transmitted service, there
fore some typical network configuration are described. Then we investigate how to provide
these services inside the home. A model of a communication system is therefore given and
this is followed by a description of a practical communication system using POE

1.1 Customer Premises Network

Typical structures for the network are: point-to-point, tree, bus and ring topology. The best
suited topology depends on the type of application. Data terminals with bursty traffic can for
example best communicate over a shared medium such as bus or ring topology while the dis
tribution of television signals is best done with a tree network. In literature typical in-house
network configurations have been described. In [I] a combination of topologies is discussed:
a point-to-point link for the telephone, a bus topology for TV, and a star topology for compu
ter applications. Another approach [3] uses an active star topology with point-to-point links.
A possible in-house network configuration is shown in figure 1. The customer premises net
work is separated from the public network by the Network Termination (NT).
This report is focused on the distribution of analog video signals from the NT to the televi
sion sets. Usually these analog video signals are supplied by the CATV (Community Antenna
Television) operators to the NT. The network for video distribution in the CPN is normally a
combination of a bus and a tree topology as shown in figure 1. The distribution of these video
signals using a tree topologies is only possible when the network is capable for the transmis
sion of all the video signals provided by the CATV operator.
The goal of the report is to investigate the maximum number of video signals which can be
transmitted through a single polymer fiber.
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NT

PRINTER

Public Network I Customer Premises Network-- ·I~

Figure 1 A possible in-house network configuration

In the next section a model of an optical communication system is studied for the transmis
sion of these video signals.

1.2 Model of an optical communication system

In communication systems it is usually necessary to process the input signal for efficient
transport over the transmission medium as shown in figure 2. In this report the medium is a
Polymer Optical Fiber.

lnPU~ ~.JL ~ rOutput. I Modulator -- -- Demodulator . IsIgna. sIgna

Figure 2 Model of an optical communication system

The signal processing operations performed by the transmitter, i.e. the modulator, include
amplification, filtering and modulation. The inverse process is carried out by the receiver, Le.
the demodulator. The performance of a communication system depends to a large extent on
the modulation technique. Modulation is the systematic variation of some attribute of a carri
er waveform such as the amplitude, phase or frequency in accordance with the input signal
[4]. It is used in communication systems for matching the characteristics of the input signal
to the characteristics of the transmission medium, for reducing noise and interference, for si
multaneously transmitting several signals and for overcoming some equipment limitations.
In the next section the performance of a practical communication system using POF is de
scribed.
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1.3 Practical communication system using POF

CATV operators provide tens of analog video signals to the home these days. The analog-to
digital conversion of these signals for digital transmission (uncompressed) demands high
speed AJD-D/A converters. At present, the cost of these expensive converters can not be jus
tified within the CPN. So analog modulation techniques seems to be the most suitable tech
nique these days for the in-house network.

In [2] it is shown theoretically that analog transmission of four low quality signals of an ob
servation camera is possible over 95 m of POF using SubCarrier Amplitude Modulation
(SCAM). The maximum number of transmitted signals was determined by the noise of the la
serdiode. For small received optical powers this system was shot noise limited (!) and not re
ceiver noise limited, therefore the described system is hard to implement. It was also shown
that non-linearity of the laserdiodes P-I-curve causes distortion in the output signal. It is clear
that the extend of the linear part of this curve is related to the maximum optical transmitted
power by the laserdiode which determines the maximum transmission distance. For the distri
bution of the CATV signal, we need a communication system that can handle all the high
quality video signals. The above referenced system [2] is not sufficient because of the limited
number of transmitted signals and the fair signal-to-noise ratio of the recovered signal.

1.4 Problem definition

As discussed before, the goal of the report is to investigate the maximum number of video
signals which can be transmitted through a single polymer fiber. The costs of the transmis
sion equipment should be justified in the CPN so only analog modulation techniques are per
mitted for the time being.

1.5 Organization

The remainder of this report is organized as follows. First of all a number of analog modula
tion techniques are studied for the transmission of a video signal. The results of this study are
presented in chapter 2. In chapter 3 a theoretical analysis of frequency modulation is given.
The Signal-to-Noise Ratio of a Square Wave Frequency Modulation (SWFM) transmission
system is discussed in chapter 4. Chapter 5 is dedicated to the Polymer Optical Fiber. In
chapter 6 the theoretical performance of a single-channel SWFM system is compared with
the results of a video transmission experiment. At the end of the chapter some multiplexing
techniques and applications are given. Chapter 7 describes a multi-channel SWFM system
and a theoretical approach is made of the performance of such a system. After this chapter
the conclusions are given followed by a chapter about further research necessary in the near
future.
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2 Modulation techniques for the customer premises
network

2.1 Introduction

There are various kinds of modulation/demodulation techniques for the transmission of sig
nals through optical fibers, Le. analog and digital techniques. The analog-to-digital conver
sion of tens of video signals provided by the CATV operator demands high speed A/D-D/A

converters. At present, the cost of these expensive converters can not be justified within the
Customer Premises Network. So analog modulation techniques seems to be the most suitable
technique these days, with analog television distribution to the home, for the CPN. It was
mentioned before that the performance of a communication system depends to a large extend
on the modulation technique. The performance of present-day analog communication systems
using POF is not adequate for the CPN in terms of maximum number of transmitted signals
and signal-to-noise ratio.
In this section a study is used for a comparison of the modulation techniques to find the best
suitable technique for the CPN in terms of signal quality, system complexity and maximum
number of transmitted video signals.

2.2 Direct Intensity Modulation

Direct Intensity Modulation (DIM) ([2],[5],[6]) is one of the simplest forms of analog modu
lation for optical fiber communications. In this technique the optical output of the transmitter
is proportional to the amplitude of the electrical input signal. If the information signal con
sists of only one (baseband) video signal, the modulation technique is called Direct Intensity
Modulation. If more video signals are concerned, it is called SubCarrier Amplitude Modula
tion (SCAM) described in the next section. We would like to transmit more than one video
signal through a single fiber, so direct intensity modulation is not very useful for our purpose.

In [2] the maximum POF length for the transmission of a 5 MHz video signal using DIM is
calculated to be 140 m for a signal-to-noise ratio of 52 dB.

2.3 Subcarrier Intensity Modulation

With the use of frequency division multiplexing we are able to multiplex several baseband
signals. The baseband signals are modulated onto different radio frequency (RF) SubCarriers
by Amplitude Modulation (SCAM like DSB-IM [2], VSB-IM ([7],[8]) and SSB-IM [4]), Fre
quency Modulation (SCFM or FM-IM) ([9],[10]) or Phase Modulation (SCPM or PM-1M)
[11]. In this report DSB-IM is used to indicate SCAM. The performance of AM depends
strongly on the linearity of the optical source and the noise of the laserdiode [2], therefore it
is not suitable for the transmission of several signals in low-cost optical networks. FM has a
superior signal to noise ratio by some 4.77 dB over the corresponding PM and both are less
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affected by the non-linearity of the laser then AM [12]. So SCFM is the preferred subcarrier
modulation technique for the CPN.

In [2] it is shown that one signal of an observation camera (signal-to-noise ratio of 36 dB)
can be transmitted over 178 m using SCAM. Using multiple carriers four of these fair quality
signals can be transmitted over 95 m of POE The maximum number of transmitted signals
was determined by the noise of the laserdiode.

There are no results known in literature of a POF transmission system using SCFM or SCPM.

2.4 Pulse Modulation

The most common forms of pulse modulation are Pulse Frequency Modulation (PFM)
([14],[15],[16],[17],[18]) Pulse Position Modulation (PPM) ([19],[20],[21],[22]) and Pulse
Width Modulation (PWM) [23]. Figure 3 shows the original and the modulated signals in
FM, PFM, PPM and PWM.

Original A
C

FM

PFM

~ W ~ ~
I

.~
I

.~PPM I I
B:.. A :..

PWM

J I I LJl
Figure 3 Original and modulated signals in FM, PFM, PPM and PWM

PWM is inefficient since a large part of the transmitted energy conveys no information as
only variatiou:s of ihe pujse width about a nominal value are of interest [11]. PFM and PPM
provide similar signal to noise ratio to SCFM and SCPM whilst avoiding problems involved
with optical source linearity [11]. The equipment for PPM is rather complex because of the
clock recovery. So PFM is the preferred pulse modulation technique for video distribution
because of its signal to noise ratio and its medium complexity equipment [14].

There are no results in literature of a POF transmission system using pulse modulation.
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2.5 Comparison of analog modulation techniques

In [12] and [13] a comparison is shown of different modulation techniques for the transmis
sion of a HDTV signal of 27 MHz. Using these figures table 1 is derived which shows the
theoretical comparison of the different modulation schemes for a video signal of 5 MHz.

scheme transmission source system signal to
bandwidth linearity complexity noise ratio
[MHz] required [dB]

SCAM 10 high very low 53

SCFM 20 medium medium 57.8

SCPM 20 medium medium 53

PFM 20 low medium 57.8

PPM 50 low high 53

PWM 25 low medium 53

Table 1 Theoretical comparison of modulation schemes for the modulation of
a 5 MHz video signal.

The comparison is made on basis of the recommended 53 dB weighted video signal-to-noise
ratio by the CCIR. The 57.8 dB for the signal-to-noise ratio for SCFM and PFM in table I in
dicates the 4.77 dB over the corresponding SCPM and PPM.
It is clear, even from this limited performance comparison, that there are conflicting require
ments for which trade-offs must be made in order to produce an optimised system. That is
why a comparison of modulation schemes at 'equal circumstances' is rather difficult. There
fore the transmission bandwidth in table I is only shown as an indication.
The transmission bandwidth for SCFM and PFM is the same because in the investigated PFM
system an FM signal is transmitted through the fiber and the conversion of the FM signal into
a PFM signal is done later on by the demodulator.

PFM seems to be the most suitable modulation technique for the Customer Premises Net
work. It offers the best signal-to-noise ratio, immunity to nonlinearity of the optical source
and it is a low cost modulation technique.

The maximum number of channels (or transmitted video signals) is related to the perform
ance of the PFM transmitter and receiver. For use within the customer's premises we need
low cost broadband transmitters and receivers. So we have to compare the different methods
of generating and demodulating PFM signals to find the most suitable method. For a better
understanding the methods of the well-known frequency modulation are also investigated.

In the next chapter a theoretical analysis is made of frequency modulation systems.
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3 Theoretical analysis of frequency modulation

3.1 Introduction

Frequency Modulation (FM) is a widely used modulation technique. FM transmitters are used
in FM radio systems, military- and satellite- communication systems and telemetry systems.
The popularity of FM is due to the fact that it permits a trade-off between bandwidth and
noise immunity.
In the early days of FM, it was thought that a reduction of bandwidth would yield greater im
munity to noise. It was hypothesized that if the carrier-frequency were varied by only small
amounts, the frequency spectrum of this carrier would be smaller than the spectrum for AM.
In 1922 Carson [24] disapproved this hypothesis and showed that an FM signal occupies
more spectrum than an AM signal. It was only in 1936 that Armstrong [25] first showed an
FM system which takes advantage of the trade-off between bandwidth and noise immunity.
This so called processing gain is a well-known phenomenon of spread-spectrum communica
tion, of which FM is one common example. It results in a higher Signal-to-Noise Ratio be
cause the correlated components of the FM signal add coherently, whereas the noise
components are uncorrelated and add in a root mean square (rms) fashion.

For the transmission of multiple video signals, we need a low cost broadband transmitter and
receiver. In this section several FM modulation- and demodulation-principles are discussed
to find the most suitable one for use in the CPN. Furthermore the use of the frequency spec
trum and the implementation issues of various FM-signals is given.

3.2 Generation of FM signals

A frequency modulated signal is given by:

(1)

where
A c Amplitude of the FM signal [V]
roc Carrier frequency (= 21tfc) [rad/s]
kf Frequency deviation constant [radNs]
x (t) Input signal [V]

If the input signal is a tone (or sinusoidal) and given by

(2)

where
Am Amplitude of the input signal [V]
rom Input signal frequency (= 21tfm) [rad/s]
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then the (tone) modulated signal is given by:

Xe{t) = AeCOS{ClV+ kC:· Sinwmt)

= Aecos (Wet+ ~' sinwmt)

= AcCOS( 21tlct +::. Sincomt)

where

~ Modulation index
111 Frequency deviation [Hz]

(3)

Using eq.(3) we can define two categories of FM signals based on the value of J3. The FM
signal is called narrowband FM (NBFM) if J3 « 1 and wideband FM (WBFM) if J3 » 1.

The carrier frequency Ie and the frequency deviation 11[ are characteristic parameters of an
FM system as shown in eq.(3). It will be shown that these parameters determine the signal-to
noise ratio and the transmission bandwidth of the communication system. We need a modula
tor producing a high carrier frequency and a large frequency deviation for our broadband
transmitter.

There are two basic methods for generating FM signals ([4],[26],[27]) known as direct and
indirect method. In this section, these two methods are examined.

3.2.1 Direct frequency modulation

In the direct method, the input signal is directly modulated by a Voltage Controlled Oscillator
(VCO) whose oscillation frequency depends linearly on the modulation voltage, Le. the am
plitude of the input signal.

The main advantage of direct FM is that theoretically large frequency deviations are possible
[4]. The major disadvantage is that the carrier frequency tends to drift as function of the tem
perature and additional circuitry is required for frequency stabilization [4].

3.2.2 Indirect frequency modulation

In the indirect method, an intcgiatoi and a DSB modulatoi are used to produce i1 quadrature
component of the NBFM signal. After the carrier is added to this quadrature component, a
NBFM signal is generated. The NBFM signal is then converted to a WBFM signal by fre
quency multiplication. A frequency multiplier consists of a nonlineair device followed by a
bandpass filter. This method was first suggested by Armstrong [25] in 1936 and is still used
in commercial FM broadcasting.
Disadvantages are that only small frequency deviations are possible and that small phase in-
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stabilities in the multiplication process accumulate and appear as noise in the output signal
[4].

3.2.3 Conclusions

For the transmission of multiple video signals, we need a modulator producing a high carrier
frequency and a large frequency deviation. So in the CPN a modulator using direct frequency
modulation is preferred.

3.3 Demodulation of FM signals

An FM demodulator ([4],[26],[27]) converts the FM signal back to the original input signal.
Circuits that produce an output voltage whose amplitude is linearly proportional to the fre
quency of the input FM signal, are called discriminators. This is the inverse operation of a
VCO used in the modulator. When a frequency modulated signal is given by eq.(l) then the
discriminator output is given by Yd(t) = kdkr(t) , where kd is the discriminator sensitivity. If
the carrier frequency Ie is not too low compared to the highest frequency component of the
input signal, the zero-crossing of the FM signal contains the information of the input signal.
So a limiter is normally used in an FM demodulator to take care of the amplitude variations
of the noisy PM signal. The limiter clips the FM signal and converts it to a square wave PM
(SWFM) signal. After the limiter, depending on the type of demodulator, a bandpass filter
around Ie is used to convert the square wave signal back to the sinusoidal form of eq.(1).

For use within the customer's premises we need a broadband demodulator, to receive multi
ple video signals. In this section several FM demodulators are studied. It should be clear that
the division of the demodulators is not unique, because there is some overlapping of the cate
gories.

3.3.1 Slope detector

A slope detector consists of a differentiating circuit followed by an envelope detector. The
differentiator converts the FM signal to an AM signal and the envelope detector recovers the
original input signal x(t).

The disadvantage of this simple single-tuned circuit is that the linear range of the frequency
to-voltage characteristic is quite small ([4],[26]).

3.3.2 Balanced discriminator

A balanced discriminator uses two single-tuned circuits, one tuned above Ie and the other be
low Ie' This discriminator is widely used in the commercial FM receivers with a resonant cav
ity as tuned circuit and crystal diodes as envelope detector.
A disadvantage of the balanced discriminator is that it is basically a nonlineair device and
consequently produces distortion components in the detection process [27].
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3.3.3 Feedback demodulator

Feedback demodulators mostly consists of a phase comparator and a Voltage Controlled Os
cillator (VCO) and is known ~~ Phase-Locked Loop (PLL) demodulator. PLL's are widely
used in space telemetry, FM receivers (to lock on the carrier) and many other applications re
quiring a high degree of noise immunity and narrow bandwidth.
The advantage of a feedback demodulator is its excellent performance in the presence of
noise [4]. The disadvantage is the limited input bandwidth of these demodulators.

3.3.4 Zero-crossings detector

It was mentioned before that FM demodulators normally include limiters to eliminate ampli
tude fluctuations in the noisy FM signal. These limiters do not influence the information of
the input signal x(t) which are contained in the points at which the FM signal crosses the ori
gin, the zero crossings. In this demodulator a pulse former (a flip-flop and a delay line) is
used after the limiter to generate a pulse at the zero-crossing, Le. the rising edge of the pulse.
The output signal of the pulse former is known as a pulse FM (PFM) signal (see figure 3).
These type of detectors are used in optical communications systems for the transmission of
broadband signals ([14],[15]).

There are two different types of zero-crossing detectors:

Pulse-counting FM demodulator. This demodulators counts the number of pulses in a con
stant period and produces an output signal with an amplitude proportional to this number of
pulses.
The disadvantages of this demodulator is that it must operate at a high signal level in order to
give a high signal to noise ratio. because of its low sensitivity [27].

Delay-line FM demodulator. This demodulator recovers the original input signal by a low
pass filter following the pulse former. It will be shown that the PFM signal (see figure 3) is
containing the original input signal.
This demodulator combines good performance with a very simple structure.

3.3.5 Conclusions

In the CPN we need a broadband demodulator to recover the original (broadband) CATV sig
nal, i.e. a zero-crossings detector. The preferred zero-crossings detector is the delay-line de
modulator due to its simple (i.e. low cost) structure.
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(4)

3.4 Frequency spectrum of frequency modulated signals

In order to evaluate the FM modulators/demodulators, the frequency spectrum of the modu
lated signal xlt) must be known. This frequency spectrum is also very useful to find proper
values for the carrier frequency Ic and the frequency deviation Lil for an experiment.

To simplify the calculations, we assume that the input signal x(t) is a sinusoidal.
The spectral distribution of a sinusoidal FM signal is easily derived [26] by using the Fouri
er-series expansions for the cosine and sine terms.
The analysis of the spectral distribution of SWFM and PFM signals needs another calculation
method, because the difficulty lies in specifying the moments at which the edges of the pulses
(or zero-crossings) occur in an explicit form.

In this section we will derive the frequency spectrum of the various FM signals in order to
evaluate the FM modulators/demodulators.

3.4.1 Frequency spectrum of an FM signal

If the sinusoidal input signal with frequency 1m is given by eq.(2) the frequency modulated
signal, scaled between 0 and Ac' is given in an expand form by

A A A
Xc (t) = 2c + 2ccosroJ. cos (13 sin romt) - 2csinro"t. sin (l3sinromt)

and using the Fourier-series for the cosine and sinus term we get [4]:

A A Ac~ n
'c(t) = 2c + 2"Jo(l3)cosroct+"2 £..J In (l3) {cos [(roc+nrom)t] + (-1) cos[(roc-nrom)t]}

n = 1

where I n (l3) are Bessel functions of the first kind and J_n (l3) = (-I)nJn (I3).

Equation (4) shows that, not concerning the DC-component, the FM spectrum for a sinusoi
dal input signal consists of a carrier component at frequency I c plus an infinite number of
sideband components at frequencies Ic±nlm where n = I, 2, 3, '" The frequency spectrum of a
frequency modulated baseband signal with bandwidth 1m , not concerning the DC-component,
consists of a carrier component and sideband components at frequencies 1c±n1b where n = I,
2, 3, .. and 0 '5.lb '5.lm • So the FM spectrum of a sinusoidal input signal is a discrete spectrum
and the FM spectrum of a baseband input signal is a continuous spectrum. It will be shown in
this section that an FM signal can be treated as a bandlimited signal.

The frequency spectrum IXc (j) I of the frequency modulated baseband signal with bandwidth
1m is shown in figure 4 below for 13 = 1 , i.e. Lil = 1m •
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Figure 4 Frequency spectrum of a frequency modulated baseband signal for ~ = 1.

Equation (4) and figure 4 leads to the following conclusions:

• There are no sidebands accompanying the (not shown) DC-component in the PM spec
trum.

• There is no harmonic distortion because there are no harmonics of the carrier frequency
which sidebands can penetrate into the desired spectrum around the carrier frequency.

• The FM signal can be demodulated using any discriminator.

Bandwidth. Equation (4) shows that the spectrum of a tone modulated FM signal is concen
trated around the carrier frequency fe' Experimental evidence indicates that baseband signal
distortion of the demodulated signal is negligible if 98% or more of the FM signal power is
contained within the transmission band [4]. The signal power contained within the transmis
sion band is called the power ratio Sn' This ratio is defined as the fraction of the total power
contained in the carrier plus n sidebands on each side of the carrier. Using the rule of thumb,
Sn ~ 0.98 always occur just after n = ~ + I . So the bandwidth of an FM signal for tone modu
lation (see eq.(3» is given by:

(5)

For a baseband signal bandlimited to 1m , we can define a deviation ratio D (analogous to ~

for tone modulation) as:

So the FM: bandwidth, kfiOWII as Carson's ruie, is given by:

BT = 2(D+ l)fm

or
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The transmission bandwidth Br of the FM signal shown in figure 4 equals 2 (!il+1m) =4·1m ,

The bandwidth of a NBFM signal is approximately 21m and is the same as the bandwidth of

an AM signal or a double-sideband modulated (DSB) signal. NBFM is seldom used for trans

mission purposes [4] because it has no inherent advantages over AM or DSB modulation ex

cept at UHF frequencies where NBFM signals are easier to generate than AM signals. In

WBFM signals, as shown in section 3.2.2, NBFM signals are used as an intermediate step in

the generation of the WBFM signals.

3.4.2 Frequency spectrum of an SWFM signal

As pointed out in the introduction, if we want to calculate the frequency spectrum of an

SWFM signal, the frequency spectrum of a modulated pulse train must be known. One of the

early methods to calculate this spectrum is the pseudo-static method [28]. This method uses

the formula for the spectrum of a train of unmodulated pulses and modulates any of the re

quired parameters such as duration, phase, etc. of the carrier frequency Ie of the pulse. The

disadvantage of this method is that it is a very complex method.

If we use the Fourier-series approach the SWFM signal should be periodic, i.e. there has to be

a rational relation between the modulating frequency 1m and the carrier frequency Ie But if

such a relation does exist, the spectrum is degenerated because some sidebands of harmonics

of the carrier frequency will coincide. Another approach is to use the Fourier integral ap

proach. The difficulty here lies in specifying the moments at which the edges of the pulses (or

zero-crossings) occur in an explicit form. In [29] this difficulty is overcome by the method of

staircase analysis. In this method the spectrum of an infinite train of pulses is derived from

the sum of the ascending and falling staircase. The spectrum of the modulated pulse train is

then obtained by modulating the time scales of the staircases.

In [27] a modified staircase method is used for the calculations of the frequency spectrum of

an SWFM signal. In this method the positive and negative steps which give rise to the pulse

train are assumed to occur respectively at the positive peaks of a cosine waveform and a de

layed version of this waveform. These two waveforms at frequency Ie are delayed to each

other by an amount 't, the width of an unmodulated pulse. If we modulate these two wave

forms by frequency, the moments at which the positive peaks recur can said to be frequency

modulated.

The expressions for the unmodulated waveforms, not concerning the phase angle of the

waveforms, are given by:

!(t) = Acos [roc( t + ~)J

!(t) =Acos [ roc( t- ~)J

(9)

(10)
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The expression for the corresponding train of pulses with pulse width t and carrier frequency
f e using the Fourier-series is given by:

(11)

where Ac is the amplitude of the pulses, roc is the carrier frequency and 't is the pulse width.
Equation (11) shows the effects of the leading (first part) and trailing (last part) edges of the

pulses. Now we need the expressions for the modulated waveforms, which are given by:

(12)

(13)f(t) = Acos [ coe( t-~) + ~sinCOmtJ

The modulation can be taken into account by substituting for coe~ in the expression for the
leading and trailing edge in eq.(11) respectively the expressions

Using the Bessel function of the first kind and order nand t = 1I2fe the SWFM signal is giv
en by [27]:

The frequency spectrum of a square wave frequency modulated baseband signal with band

widthfm is shown in the figure below for ~ = I.

o

f

Figure 5

16

Frequency spectrum of a square wave frequency modulated baseband signal for

~ = 1.



Equation (14) and figure 5 leads to the following conclusions:

• There are no sidebands accompanying the (not shown) DC-component in the SWFM spec
trum.

• The frequency spectrum of an SWFM signal is composed of only the odd-order FM spec
trum, due to the sin (knl2) factor.

• The amplitude of the carrier and its sidebands will diminish as the order of the carrier fre
quency increases, as shown by the factor sinx/x , where x =kn/2.

• The k'th harmonic of the carrier frequency is frequency modulated, the modulation index
being k~.

• There is no harmonic distortion because there are no harmonics of the carrier frequency
which sidebands can penetrate into the desired spectrum around the carrier frequency.

• For demodulation, the carrier frequency and its sidebands should by applied to a discrimi
nator. So the remaining harmonics do consume power but are not used in the discriminator
demodulator.

Bandwidth. To calculate the bandwidth of an SWFM signal, we could use the same rule of
thumb as for FM signals. Figure 5 shows that, using this rule, the bandwidth of an SWFM
signal is very wide due to the harmonics of the carrier frequency and its sidebands. Normally
a bandpass filter centered onIc is used in the demodulator, so the bandwidth is only related to
the first order of the FM spectrum. This means that the bandwidth of the desired sinusoidal
signal, as for FM signals, is given by Carson's rule as Dr = 2(ill+1m ) = 4·1m ,

3.4.3 Frequency spectrum of a PFM signal

The frequency spectrum of a PFM signal has also been calculated using the staircase method.
The expressions for the unmodulated waveforms are the same as for SWFM and are shown in
eq.(9) and eq.(lO). In the modulated waveform the leading and trailing edges are delayed to
each other by an amount 't .This results in a PFM signal with a fixed pulse width 't. The mod
ulated waveforms are now given by:

l(t) =ACOS[COc(t-~)+~Sin[rom(t-'t)]J

The substitution for coc~ in eq.(ll) can be given respectively by

coc't coc't
""2 + ~sincomt and ""2 - ~sin [com (t - 't)] .

(15)

(16)
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After simplification, the PFM signal is given by [27]:

(17)

Figure 6 shows the frequency spectrum of pulse frequency modulated baseband signal with
bandwidthfm for p = 1.

o fm fc-fm-M fc fc+fm+.1f

2fc-fm-2M

3fc-fm-3M 3fe
2fe 2fc+fm+2M

4fc-fm-4M

f

Figure 6 Frequency spectrum of a pulse frequency modulated baseband signal for p = 1.

Equation (17) and figure 6 leads to the following conclusions:

• There are sidebands accompanying the (not shown) DC-component in the PFM spectrum.
So demodulation by using a low-pass filter is possible.

• Using a low-pass filter (to filter the baseband signal) for demodulation, distortion can only
occur by the penetration from the lower sidebands of the carrier frequency into the filter
passband. Using this demodulator, a lot of (electrical) power is not used and filtered by the
low-pass filter.

• The amplitude of the Fourier-components of the baseband signal is related by ~ro and 't,

as shown by the factor (~ro/21t) 'tsinx/x where x = com-r12 .

• The upper and the lower sidebands of the carrier frequency Ie are not equal in amplitude:
distortion will occur using a discriminator. This effect is shown by eq.(l7) but is not visi
ble in the frequency spectrum of figure 6!
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Bandwidth. Figure 6 shows a difficulty in determining the bandwidth of a PFM signal. This

problem is solved by the demodulator where only the baseband spectrum of the PFM signal is

filtered to recover the original signal with bandwidth 1m'

3.4.4 Comparison of the frequency spectrum of an FM, SWFM and PFM

signal

Figure 7 shows a comparison of four waveforms and their frequency spectra, namely the

modulating signal and the corresponding FM-, SWFM- and PFM-signal.

mod.
signal

FM

SWFM

PFM

~
fm

I 0
fc

I 0 c::: ----.........
fc 3fc

L~ .......
fm fc 2fc 3fc 4fc

Figure 7 Modulating signal, FM-, SWFM-, and PFM-signal and their frequency spectra.

Using FM, it is possible to transmit FM, SWFM or PFM signals through the POE Transmit

ting a PFM signal results in a very simple low bandwidth optical receiver. The desired re

ceived signal of a PFM receiver consists only of the baseband signal as shown in figure 6 and

figure 7. The disadvantage of this method is the lower signal to noise ratio compared to the

transmission of an FM- or SWFM-signal. This is because not only the position, but also the

width of the pulses is affected by noise during transmission.

In FM-receivers normally a bandpass filter centered on Ie is placed before the detector. So it

is useful to compare the spectra of FM and SWFM signals centered onlc at equal average op

tical power. It is clear that the total average electrical power

(18)

of an SWFM signal (given by eq.(14» is larger than of an FM signal (given by eq.(4» at

equal average optical power
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JIxc•0 (t) Idt

where xc. 0 (t) is the transmitted signal by the optical source.

Using Parseval's theorem, given by

J 2 1 J 2Ixc (t) I dt = 21t IF(ro)1 dO)

(19)

(20)

and using eq.(4) and eq.(l4), it can be calculated that the individual Fourier-components

aroundfe are larger for an SWFM signal than for an FM signal. This becomes clear when we

take a look at the Fourier-series of an unmodulated square wave, with amplitude I, given by:

(21)

Equation (21) shows that a square wave at carrier frequency 10 contains sinusoidal compo

nents at frequency nlo where n is odd. This is illustrated in figure 8 below.

JL=~+\J'J\J+~+
Figure 8 Sinusoidal components of a square wave

Using eq.(21) it can be seen that the amplitude of the sinusoidal components at frequency 10
for a unmodulated square wave signal compared to a unmodulated sinusoidal signal at equal

optical power is enlarged by a factor 4/1t.

So the transmission of an SWFM signal has an advantage over the transmission of an FM sig

nal.

3.5 Conclusions

Our goal is to transmit tens of video signals through the POE So we need a broadband trans

mitter and receiver. A broadband transmitter produces a high carrier frequency Ie and a large
frequency deviation !!.f. A modulator that can handle these large frequencies uses direct fre

quency modulation. The core of such a modulator is a simple Voltage Controlled Oscillator.

A broadband signal is best demodulated by a zero-crossing detector. In the CPN we need a

low cost (i.e. simple) demodulator, so the delay-line F~1 demodulator is preferred.

The transmission of a PFM signal results in a lower value of the signal-to-noise-ratio of the

received signal compared to the transmission of an FM- or SWFM-signal.

In an FM-receiver normally a bandpass filter centered on the carrier frequency Ie is used. At

equal optical power, an SWFM signal has larger Fourier-components around Ie than an FM

signal. So for the transmission of tens of video signals the signal to be transmitted is pre

ferred to be an SWFM signal.
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4 Performance analysis of an SWFM transmission
system

4.1 Introduction

At the end of the 1970s field trails were carried out using analog (SWFM) and digital modu
lation techniques in combination with silica fiber. During the 1980s the majority of the high
capacity trunk telephone links became digital and at almost the same time they became opti
cal. These days Fiber-To-The-Curb (FTTC) is a reality in Community Antenna Television
(CATV) networks using YSB-FDM. SCFM techniques are more expensive in this environ
ment because each signal has to be frequency modulated on a different carrier requiring high
quality (and expensive) equipment. In 1991 a scenario of a Fiber-To-The-Curb (FTTC) to
Fiber-To-The-Home (FITH) system was proposed using SWFM [14]. This SWFM system is
relatively low cost compared to SCFM and shows a larger power budget than SCAM. This
technique seems to be the most suitable technique for the CPN.

The performance of an analog transmission system is given by the Signal-to-Noise Ratio
(SNR). The SNR is the most important design factor, because of its relation to the signal
quality. Therefore, the performance is discussed here from the SNR viewpoint. First of all the
system configuration of an SWFM system is given, foIIowed by an analysis of the Carrier-to
Noise Ratio (CNR) of an analog optical system. In the last section, an expression for the SNR
of an SWFM system is derived.

4.2 System configuration

In figure 9 the system configuration, using a direct frequency modulator and a delay-line
zero-crossing demodulator, is shown.

Input~ f'\
CO ~~--

signal POF

Limiter

BPF J
Preamp. Limiter

\
Delay

Output
LPF signal

Figure 9 System configuration of an SWFM system

In the modulator, a limiter is used to convert the FM signal into an SWFM signal. The re
ceived signal is amplified and filtered before a limiter recovers the SWFM signal. A pulse
former, a flipflop and a delay line is used to convert this signal into a PFM signal. The
original signal is then recovered by a low-pass filter.

In a communication system the Carrier-to-Noise Ratio (CNR) is closely related to the SNR of
the output signal. In the next section an expression is presented for the CNR of an analog op
tical system.
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4.3 Carrier-to-noise ratio of an analog optical system

In optical systems where high signal-to-noise ratios are required, CNRsYSl of the complete
system is determined by the CNRTofthe-transmitter and the CNRR of the receiver. The noise
generated by the transmitter and the receiver is assumed to be white and uncorrelated. Then,
the reciprocal of the CNRsYSl = (Nf ) is given by [35]:

syst

(22)

The noise generated by the transmitter is due to RIN of the laser. The CNRT can be written as
[35]:

(C) 1 1
N T = 2B' R/N (23)

where B is the receiver bandwidth. For a receiver employing a PIN photodiode, CNRR can be
given by [35]:

1 2

(C) 1. (RPo)

N R = -[2-q-(-/-d+-R-P-o)-+--<--::i;:->----J-B

and the responsivity R of the photodiode is given by:

R = TlqA.
ch

where

Po Average received optical power [W]
i; Noise current spectral density of the receiver [Al./iii.]

Tl Quantum efficiency of the photodiode
I.. Wavelength [m]
c Light velocity [mls]

h Planck's constant [J.s]

(24)

(25)

In implemented systems the noise bandwidth of the transmitter and the receiver is determined
by the bandpass filter B of the receiver. So the CNRsYSl can be given by:

.2 , ~

<1/ > JD

(26)

Equation (26) shows that for large values of Po the CNR is determined by the RIN of the la
serdiode. For small values of Po the thermal noise of the receiver is dominating.

Equation (26) shows that the CNR is determined by the amount of the noise sources in the
SWFM system. These noise sources can cause a random error in determining the position of a
zero-crossing of the SWFM signal at the pulseformer. This effect is called pulse jitter and is
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closely related to the performance of an SWFM system. In Appendix A the most important
pulse jitter sources are described in detail.

In the next section the effect of pulse jitter is described and the SNR of an SWFM system is
derived.

4.4 SNR of a transmission system using SWFM

To calculate the Signal-to-Noise Ratio (SNR), we have to obtain the signal power and the
noise power at the output of the SWFM system.

Signal power. In an SWFM system, a low-pass filter is used to recover the original signal. So
we have to calculate the signal power at the output of the unity gain filter. The AC-signal at
the output of the low-pass filter using eq.( 17) for tone modulation is given by:

(21)

In PAL video only 70% of the amplitude of the signal is used for the picture signal. This per
centage is called the luminance to composite video ratio. The other 30% is used for timing in
formation like line synchronisation. Assuming Im't« 1, i.e. a typical condition found in
practical SWFM systems (see section 6.2.2 concerning the pulseformer), the peak-to-peak
power of this signal at the output of the filter can be expressed as:

(28)

Noise power. To calculate the noise power, we have to analyse the effects of noise on the
PFM signal at the input of the low-pass filter. An error in determining the position of a pulse
edge is caused by edge noise or impuls noise, as shown in figure 10 below.

(a)~

(b) - ___

(c)

(d)

(e)

L

Figure 10

(0

.__n nL....--
(a) Transmitted SWFM signal. (b) Desired PFM signal. (c) Received signal plus
noise. (d) Pulse former output. (e) Edge noise. (f) Impuls noise.
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Edge noise (see figure toe) is caused by noise present on the edge of the pulse and impulse
noise (see figure 10f) is caused by occasional noise impulses present when the signal is either
in a 'high' or 'low' state. The SNR threshold is defined as the value of the input SNR for
which the output SNR falls 1 dB below the value of the output SNR determined by edge noise
alone. Typically, input SNR and the detection threshold of an SWFM system are such that
edge noise determines the performance of the system.

Edge noise power spectral density was obtained in [16] by the Fourier transformation of the
autocorrelation function of the pulse train shown in figure 10e as:

2 ~
P t (f) = 2Ale9 (1 - cos2nft)

or using ft« 1

(29)

where E? is the edge jitter power. Edge noise power at the output of the low-pass filter can be
evaluated by integrating eq.(29) over the passband 1m of the filter and is given by:

(30)

(31)

(33)

Signal-to-noise ratio. Using eq.(28) and eq.(30), SNR can be written as;

SO.7Vp-p ..i.... _1_. (0.7. f![)2 . .!.-
Nrms 4x2 11m 1m -) 92

The edge jitter power E? of the generated pulses at the output of the pulse former, can be ap
proximated by [16]:

-r:-:-
E? "" n (ts) = Nrms (32)

s(ts)2 s(ts)
2

where n (ts) is the noise voltage and s(ts) is the gradient of the carrier signal ~cp_pcosroet at
the jitter-free threshold crossing at the output of the bandpass filter.

The gradient s(ts) of the carrier signal is given by:

s(ts) =x· Ie . Cp _ p

where Cp _ p is the peak-to-peak amplitude of the carrier signal.

Equation (21) shows that the amplitude of the fundamental carrier frequency component of
the SWFM signal with amplitude 1 is equal to 4/n. Now a detected rms carrier-to-noise ratio
can be obtained [9] as:

(34)
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Using eq.(32), eq.(33) and eq.(34), we obtain:

I 2 r,. 2 Crms- = (refc) . (2",2) '-
E? Nrms

r,. 2 C= (8",2 'fc ) . N
(35)

By increasing the bandwidth of the bandpass filter by a factor three, the third-order carrier

frequency also passes the filter (see figure 5). Investigating eq.(21), we see that s(ts) doubles

and the edge noise power is decreased by a factor four while the noise bandwidth only triples.

So it is profitable to remove the bandpass filter before the limiter (see figure 9). It is clear that

the noise bandwidth is then determined by the bandwidth of the receiver.

So the SNR of the total SWFM system can be written as:

(36)

where CIN is as defined in eq.(26).

To prevent distortion in the baseband of the PFM signal due to penetration of the lower side

bands of the carrier frequency into the filter pass-band (see section 3.4.3) we have to satisfy

Ie - 1m-l1/~fm .

Equation (36) shows that the performance of the SWFM system is closely related to the value

of the carrier frequency Ie and the frequency deviation l11. By increasing these two parame

ters, the SNR and as a result the maximum transmission distance can be enlarged.

As for the CNR (see eq.(26», the SNR is also determined by the RIN for large values of Po

and determined by the thermal noise for small values of Po'

In this calculation we assumed that the pulseformer generates a pulse at each rising edge of

the SWFM-signal. Using an EXOR in combination with a delay line as pulseformer, a pulse

is generated at the rising and the falling edge of the SWFM-signal. Equation (28) shows that

this frequency-doubling technique increases the signal power four times because l1f doubles.

On the other hand, the edge noise power eq.(30) will only increase twice because this noise is

uncorrelated. It should be mentioned that the edge jitter power eq.(35) remains constant, be

cause it is related to the carrier frequency of the SWFM-signal and not to the carrier frequen

cy of the frequency doubling PFM-signal. So the frequency-doubling technique provides a 3

dB gain in the SNR. Using this technique, the carrier-frequency can be lowered, Le. the trans
mission bandwidth narrows, while the SNR is not reduced. Attention must be paid by lower

ing the carrier frequency to avoid frequency overlapping in the baseband of the PFM-signal.

The frequency spectrum of a frequency-doubling PFM-signal is the same as shown in figure 6
where the odd carrier frequency components are deleted.
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SNR of a multi-channel SWFM system. In a multi-channel SWFM system, we have to di

vide the frequency deviation by the number of channels. Due to the statistic behaviour of vid

eo signals, not all the signals reach their maximum at the same time. Therefore

overmodulation can be applied ([36],[37]). Using a veo the frequency deviation caused by

the input signal is linearly related to the amplitude of the input signal. The channel frequency

deviation !:J.ln , if the number of channels Nm is larger than 10, using [37] becomes:

(37)

where mrms is the rms modulation index. For values of m,ms is 0.5 and 0.7, respectively, the
probability that total frequency deviation will be exceeded equals 0.7· to-3 and 0.6 . to-2

• For

mrms is 0.5, the channel frequency deviation is enlarged by a factor (Nm • mrms) / IN:,. = 3.16

for 40 channels by overmodulation. This results in a 10 dB SNR improvement for all chan
nels.

Equation (29) shows that the edge noise power is proportional to I. SO the noise contribution

of a particular channel varies with the position of the channel in the baseband, being greater

for the high frequency channels. The noise contribution of a channel occupying the frequency

range from II to 12 , using eq.(29), is given by:

/2

J 2 2 2:2,2
Nrms = 2 41t AJc't (} J dl

/.

= 8~2AYe't2(~ -I.)l?
(38)

It is clear that 12 5.l
m

where 1
m

is the maximum frequency of the input signal. As for a single

channel SWFM system, no distortion due to penetration of sidebands occurs when

Ie -1m-!:J./~/m·

So the edge noise power of a single-channel SWFM system (see eq.(30» is related to l""
while the edge noise power of a multi-channel SWFM system (see eq.(38» is related to the

l~-I.J. Therefore the SNR of a channel between II and /2 in a multi-channel SWFM-sys
tern is given by:

(39)

where CiN is as defined in eq.(26) and Nm > to.
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SNR improvement through pre- and de-emphasis. Equation (38) shows that the noise con
tribution for higher frequency channels increases. For improvement pre- and de-emphasis fil
ters can be used. A pre-emphasis filter emphasises the higher signal frequency of the original
signal. The inverse process is carried out at the output of the pulseformer by the de-emphasis
filter resulting in a SNR similar for each channel. Commonly used pre- and de-emphasis are
respectively a differentiator and an integrator. By differentiating of the input signal of an FM
system along with integrating the output results in a PM system. Pre- and de-emphasis is
commonly used in FM transmission and reception and provides 13 to 16 dB of noise im
provement [26].

4.5 Conclusions

The performance of an analog transmission system is given by the SNR. Therefore, the per
formance was discussed from the SNR viewpoint.
First of all a system configuration of an SWFM system is given and the CNR of an analog op
tical system is presented (eq.(26)). This is followed by an analysis of the SNR of an SWFM
system. The SNR of a single-channel SWFM system is given (eq.(36)) and also the SNR of a
multi-channel SWFM system is derived (eq.(39)).
At the end of the chapter, SNR improvement by pre- and de-emphasis filters is discussed. For
a multi-channel SWFM system the implementation of these filters results in a SNR similar
for each channel.
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5 Polymer Optical Fiber

5.1 Introduction

Polymer Optical Fiber is easy to handle due to the relatively large core diameter of approxi
mately 1000 microns (10 microns for single-mode silica fiber). The only commercially avail
able type of POF these days is a step-index multi-mode fiber (SI-POF). The disadvantage of
POF is the high attenuation, typical 200 dB/Km, compared to 0.2 dB/Km for silica fiber.
During our experiment we will use the Hoechst Infolite fibre EN5l with a polymethylmeth
acrylate (PMMA) core. Table 2 shows some characteristics of this fiber.

Symbol Parameter Value Unit

a Attenuation (at 650 nm) 150 dB/km

B Bandwidth >90 MHz.I00m

d, Core diameter 1.0 mm

n. Core refraction index 1.492 -

NAf Numerical aperture 0.46 -

Table 2 Characteristics of Hoechst Infolite fibre EN5l

Two important parameters of POF are its attenuation and its bandwidth. These parameters are
described in the two sections below.

5.2 Attenuation

The mechanisms of attenuation in POF may be classified broadly into two groups [38]:

• Absorption. This is basically a material property and is caused by the high harmonics of
infrared vibrational absorption of CH bounds in the fiber.

• Scattering. This is pardy a material property (Rayleigh scattering) but is also caused by
imperfections of the fiber like micro voids, fluctuations of the core diameter and imperfec
tions at the core-cladding boundary.

As a result, POF has three low loss spectral windows [2) as shown in table 3.

We will make use of the red window for our experiment. The attenuation of 150 dBlkm at this
window is near the theoretical limit of 100 dBlkm calculated in [39). So much improvement
at this point is not very likely in the near future.
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Wave- Name Attenuation Comments
length

570nm Green window 85 dB/km Only slow, low-power
LED's available

650nm Red window 150 dBlkm Commonly used

770nm Infra-red window 650 dBlkm Very high attenuation

Table 3 Characteristics of the low loss spectral windows of POF.

To give an indication of the width of the red window; at 640 nm and 663 nm the attenuation

has a value of 200 dB/km. So attention must be paid to the temperature coefficient of the

wavelength at peak emission of the laser diode.

Measurements [2] show that the specification of the attenuation by the manufacture (150 dB/

km) is met.

5.3 Bandwidth

In POF, bandwidth is limited by pulse broadening due to dispersion. There are three factors

to be considered for dispersion [40]:

• Multi-mode dispersion. Multi-mode or intermodal dispersion is caused by the difference

in time delay between the fundamental mode and the higher order modes in the POF and is

related to the square of the numerical aperture of the fiber.

• Material dispersion. The cause of material dispersion is the wavelength-dependence of

the refraction index of the fiber and is linearly related to the spectral width of the optical

source.

• Waveguide dispersion. This dispersion arises because the velocity of propagation of any

particular mode varies with the frequency. Waveguide dispersion is closely interweaved

with material dispersion and it is small enough to be negligible [40].

Material and waveguide dispersion contributes to chromatic dispersion. This effect is a result

of the wavelength dependence of the velocity at which an optical pulse travels on a fiber. In

practice material dispersion determines iilt: I.:hromatic dispersion.

In 51-POF dispersion is determined mainly by multi-mode dispersion. The effect of multi

mode dispersion is reduced by effects like mode-coupling and differential mode loss [2].

Measurements [2] show a bandwidth of 80 MHz.I OOm for 51-POF EN5!. The bandwidth of a

multimode fiber can be increased by using a refractive index that varies with the distance

from the axis of the fiber. Such a fiber with a graded index, GI-POF, is now available for re

search [1] with an intrinsic bandwidth of 2 GHz.km and a numerical aperture of about 0.2.
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5.4 Conclusions

A communication system using POF as a transmission medium has the following features:

• POF is very easy to handle, has a smaller diameter compared to coaxial cable and is a low
cost transmission medium.

• Currently available POF is only suitable for a transmission up to several hundreds of
metres due to its high attenuation.

• Potentially high bandwidth (2 GHz.km for GI-POF!)

• The fiber itself is not affected by EMI

As mentioned before, these features makes POF very suitable for use within the CPN.

31



6 Single-channel SWFM system

6.1 Introduction

In this experiment a video signal is transmitted through a SI-POF fiber using a so-called sin
gle-channel SWFM system. It is important to know, that the goal of this experiment is to ver
ify the theoretical results and to measure the harmonic distortion of the SWFM system rather
than to produce an optimised system in terms of SNR and transmission bandwidth. Therefore
de-/pre-emphasis and frequency-doubling techniques have not been employed. In the figure
below the system configuration used for the experiment is illustrated.

InPut~ -lL. eo -- --sIgnal POF

Laserdriver

Pulsefonner

n
Preamp.

LPF

Amp.

Figure 11 System configuration of a single-channel SWFM system

The modulator consists of a veo whose oscillation frequency depends linearly on the ampli
tude of the input signal. Normally the limiter following the veo, as shown in figure 9, is in
cluded in the veo's circuit. So the veo generates the SWFM signal (see figure 7). The
laserdiode, driven by a laserdiode driver, is used to convert the electrical SWFM signal into
an optical SWFM signal. After transmission, a photodiode and a preamplifier are used to de
tect the original SWFM signal. This SWFM signal is converted into a PFM signal by the
pulseformer. A low-pass filter is used to pass only the baseband spectrum of the PFM signal
(see figure 7). After amplification the original input signal is recovered.
It was shown in section 4.5 that the carrier frequency f e and the frequency deviation !1f are
the characteristic parameters of the SWFM system. In comparable SWFM systems in litera
ture ([15],[16]) f e =25 MHz and Af=5 MHz. These values are used to select the proper
hardware components.

In this section a description of the hardware is made and the results of the experiment are giv
en followed by a description of multiplexing techniques and some applications.

6.2 System hardware

An attractive feature of SWFM is the simplicity of its system hardware. The devices used in
the system are easy to obtain and were based on the requirements described above. In the
next section, the transmitter and receiver unit are described.
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6.2.1 Transmitter unit

The SWFM transmitter uses direct frequency modulation and it consists only of a VCO, a la
serdriver and a laserdiode.

Voltage Controlled Oscillator. The NE 564 is a versatile Phase-Locked Loop (PLL) de

signed for operation up to 50 MHz. It consists of a square wave Voltage Controlled Oscillator
(VCO), a limiter, a phase comparator and a postdetection processor. For our purpose only the
VCO is used. The centre frequency of the VCO is determined by the value of an external ca
pacitor. An approximation of the free-running centre frequency of the veo is given by [41]:

(40)

where
fo centre frequency [Hz]

R j internal resistance ( == 100 Q)

Ce external frequency setting capacitor [F]

For fo== 25 MHz, the external capacitor has a value of approximately 18 pF. The slope of the
VCO transfer function, Le. the function between output frequency and input signal, is termed
conversion gain Ko and it depends almost linearly on the control bias current. Figure 12
shows the detailed VCO [42]. PI is used for the adjustment of the conversion gain. To obtain
the magnitude of the differential voltage vD for a given frequency deviation /11 the relation

ship below is used:

(41)
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In figure 13, the frequency of the veo as function of the input voltage is shown.
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Figure 13 veo transfer function
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The conversion gain is related to the frequency deviation of the veo. An increasing conver
sion gain results in a higher deviation of the veo's frequency per Volt of the input signal.
The NE 564 shows the maximum frequency deviation for PI is set to 5.0 V. P2 is used for the
adjustment of a reference signal (see figure 12). The other differential input is used for the in
put signal. Measurements show the smallest harmonic distortion, i.e. the highest linearity of
the veo's transfer function, for P2 =4.0 V.

The straight line in figure 13 shows the desired behaviour of the veo curve. The measured
veo transfer function can be written as: f vco =a + bVin + cV:n + d¥:n + ... This results in har
monic distortion of the input signal at the output of a linear demodulator.
Figure 13 shows that for the required carrier frequency f e ::: 25 MHz , the De voltage Vin
should be adjusted to approximately 3.5 V. For a frequency deviation of tif:= 5 MHz, the
maximum voltage deviation of the input signal should be about 0.2 V. During our experiment
3.25 < ~n < 3.75 where 17 MHz <fvco < 30 MHz, i.e. f e =23.5 MHz and tif =6.5 MHz.

It was mentioned in section 3.4.3 that distortion in a PFM-signal can occur by the penetration
of harmonics of the carrier frequency from the lower sidebands into the low-pass filter. In our
system fmin = f e -tif-f m = 23.5 - 6.5 - 5.0 =12 MHz is greater than the baseband video signal
with f m =5 MHz. So no penetration from the lower sidebands of the carrier frequency into
the filter's low-passband occurs.
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Laserdiode driver. The SWFM signal to be transmitted consists of only two levels, so we
can use laserdrivers designed for digital transmission systems as shown in figure 14.
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Figure 14 Laserdiode driver

The driver makes use of two BFR 96S high frequency transistors. The lower transistor T2,
which is connected to the NE 564, is used as a switch. The turn-off time of this transistor is
improved with a diode connected between the base and collector. This prevents the transistor
from saturating; hence there is no saturation storage time. The other transistor is used as a
current source which is driven by an OP 27. This feedback system keeps the average trans
mitted optical power by the laser diode at a constant level.

Laserdiode. As mentioned before, the red window at 650 nm is the most commonly used
window for POF communication systems. There are low cost LED's specially designed for
POF provided with a special package for easy coupling to the fiber. The available LED's have
a bandwidth of only several MHz so they are not suitable for our experiment.
In [2] a low cost 656 nm laserdiode CQL-820 is used with a bandwidth of approximately 160
MHL. For our experiment we use a new type laser diode (POC internal reference: CQL-821)
with only a slightly different current-optical power curve. This diode has a ridge structure
and is designed for use in bar code reader systems, laserprinters and target markers. It is sup
plied with a built-in monitor diode. This diode is normally used to control the optical output
power of the laser diode.
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In table 4 some characteristics of the laser diode are shown.

Symbol Parameter Conditions Typ. Max. Unit

Po Optical output pow- - 5 mW
er

I th Threshold current T = 25°C 48.9 50 rnA

Imax Maximum current T = 25°C 55 rnA

A.p Wavelength at peak Po=3mW 656 - nm
emission

dA.p
Temperature coeffi- 0.25 - nmlK
cient of wavelength

dT at peak emission

Table 4 Characteristics of the CQL-821 laser diode.

Figure 15 shows the optical output power of the laserdiode as a function of the diode current.
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Optical output power as a function of the CQL-821 diode current.

The curve depends on the temperature and the device. In our experiment the monitor diode is
used to adjust the DC-lasercurrent to keep the average optical output power on a constant lev
el.

In our experiment Imax is set to 52 rnA, so the maximum optical output power of the square
wave signal is equal to 4.0 mW.
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In table 4 it is shown that the temperature coefficient of the wavelength at peak emission of
the laserdiode is 0.25 nm/K. So a temperature change of 25 K of the laserdiode will cause a
deviation of the peak wavelength of 6.3 nm. At 656 nm the fiber has an attenuation of 170
dBlkm. So a deviation of 25 K of temperature will change the attenuation of the POF between
150 dB/km and 200 dB/km due to the temperature coefficient of the laserdiode. This effect is
of minor influence in the customer premises where the maximum transmission distance is ex
pected to be smaller than about 50 m.

In [2} the RIN of the CQL-820 was measured and was found to vary between -122 and -129
dBlHz at frequencies between 40 and 100 MHz and depending on the device. During these
measurements, noise with periodic peaks caused by reflections at the photodiode was ne
glected. According to the supplier, the RIN of the CQL-821 will be in the same order of mag
nitude. During the experiment RIN is assumed to be -120 dB/Hz.

Appendix B shows the total circuit of the transmitter.

6.2.2 Receiver unit

The transimpedance receiver is widely used in optical communication systems. The major ad
vantage of this receiver is the division of the feedback resistor of the amplifier by the open
loop gain providing a low input resistance, i.e. a potentially high bandwidth.

Photodiode
The SFH 250V is a low-cost silicon PIN photodiode for use in short distance data transmis
sion using 1000 micron plastic fiber. Typical applications are: fast optocoupling, transmis
sion of analog/digital signals and isolation in measurement instruments. In table 5 below the
characteristics of the photodiode are shown.

Using table 5, the responsivity of the photodiode is given by:

SrelTlqA.
R = .....:...:.:...,....

ch
-19 -9= 0.75· 0.89 . 1.6· 10 ·656· 10 =0.35 [AIW]

3.0 . 108
. 6.63 . 10-34

(42)

Preamplifier
The NE 5211 is a wideband, low-noise transimpedance amplifier and is particularly suitable
for signal recovery in fiber optic receivers. The amplifier is also suitable for current-to-volt
age converters, wide-band gain blocks and low-noise RF amplifiers. In table 6 below some
typical data of the NE 5211 is shown.
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Symbol Parameter Conditions Typ. Unit

Amax Wavelength of 850 nm
max. photosensitiv-
ity

A Spectral range of S~ 0.1 . Smax 400 to 1100 nm
photosensitivity

Id Dark current VR = 5V 0.2 nA

11 Quantum efficiency A = 850nm 0.89 Electronsl
photon

S", Relati ve spectral A = 650nm 75 %
sensitivity

f R• tF Rise and Fall time RL =son 10 ns

VR = 30V

A = 880nm

Cd Capacitance VR = 5V 3 pF

NEP Noise Equivalent A = 850nm 2.9.10-14 W

Power ./Hz

Table 5 Characteristics of the SFH 250V photodiode.

Symbol Parameter Typ. Value Unit

RT Transresistance 14 kn
(differential output)

Ro Output resistance 30 n
(differential output)

AVOL Open-loop gain 70 -

f 3dB Bandwidth 180 MHz

C jfl Input capacitance 4 pF

IN RMS noise current 1.8 pA/./Hz
spectral density

Table 6 Typical data of the NE 5211 transimpedance amplifier.
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The bandwidth of the transimpedance amplifier, including the photodiode, can be calculated
as [42]:

=

- 1
f3dB = 21tR C

IN IN

1 +AVOL=---....;;...;;;.-
21tRT (Cln + Cd)

1
3
+ 70 12 =115 [MHz]

21t . 14 . 10 (4 + 3) . 10-

(43)

The output signals of the NE 5211 are very small, so we need a postamplifier. The NE 5217 is
a 75 MHz amplifier designed to accept low level high speed signals. It can be DC coupled
with the NE 5211 transimpedance amplifier. Some applications are: fiber optics, Local Area
Networks (LAN), and Synchronous Optical Networks (SONET).

The NE 5217 contains a Schmitt trigger to convert the differential output signals to a TTL
signal. The Printed Circuit Board (PCB) containing the NE 5211/NE 5217 combination is
also used in other optical systems [42]. That's why the PCB has only a connection to the dif
ferential outputs of the NE 5217. So in our purpose we need a limiter (NE 521) to convert the
output signals of the PCB to a TTL signal.

In figure 16 below a part of the optical receiver is shown.
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Figure 16 Optical receiver using SFH 250V photodiode

In a SWFM system also the higher order frequencies should be received. Because the limited
bandwidth of the used SI-POF of 80 MHz. 100m only the first order carrier frequency compo
nents can be received totally. That's why capacitor C4 is used to decrease the bandwidth of
the output signal of the NE 5211 to improve the overall SNR.
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It acts as a low-pass filter with a cut-off frequency of

1
f3dB = 21tR Co 4

1= -12 =53 [MHz]
21t· 30· 100· 10

(44)

It should be mentioned that although we use only the first order harmonics of the carrier fre

quency, Le. the FM signal, this system is known as SWFM system due to his specific zero

crossings demodulator.

pulseformer
The pulseformer converts the SWFM-signal into a PFM-signal using a D-ftipftop and an in

verter. The inverter acts as a delay line and determines the width t of the pulses.

The pulseformer is shown in figure 17.
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Figure 17 Pulseformer to convert SWFM signal into PFM signal

The pulseformer can convert SWFM-signals with a maximum frequency of fmax = 1I2t. So

the width of the pulse should be smaller than:

1 1
'::""""'"-::----=-::-:--:----:-:--':"'"':"'"
2 .I vco.MAX 2 (Ie + AI+1m)

1= ----------::6 =14.3
2 (23.5 + 6.5 + 5.0) . 10

[ns]
(45)

Equation (36) shows that the signal-to-noise ratio has no relation to the pulse width t. The

used inverter has a propagation delay time of 10 ns. In section 4.5 concerning the signal pow

er. it was assumed that fm't« 1 (see eq.(28». For transmission of a 5 MHz video signal

fmt = 5· 106
. 10 . 10-9 = 0.05 « 1 , so the assumption was valid. To recover the original signal

the PFM-signal needs to be filtered by a low-pass filter.
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Low-pass filter

The logarithm of the transmission factor of a filter consists of two components: the
attenuation and the phase. The derivative of the phase to the frequency, the group delay, is a
very important factor. If the group delay is not constant, the network would produce
unwanted phase distortion in the video signal. A filter with an approximately constant group
delay, is the so-called Bessel filter. For our experiment we used a fourth order Bessel filter
with a cut-off frequency of 5.5 MHz as shown in figure 18.
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Figure 18 Fourth order 5.5 MHz low-pass Bessel filter.

After filtering, an video-amplifier is needed to amplify the signal up to the standarized 1 Vp_p

at RL = 75 n.

Amplifier
The NE 5539 is a broadband amplifier often used in video amplifiers, RF amplifiers, and
extremely high slew rate amplifiers. It has an unity gain bandwidth of 350 MHz and typical
applications are: high speed datacomrnunication, video monitors, satellite- and military
communications.

In Appendix C the total receiver is shown.
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6.3 Rise time budget

For proper operation the overall system bandwidth B
SYS

should be greater than the maximum
frequency component of the SWFM signal given by:

ImaJC =Ie +1m+ AI
= 23.5 + 5.0 + 6.5 = 35 [MHz]

The bandwidth Bsys of a system is related to the system rise time tsys as [II]:

B = 0.35
sys t

sys

The system rise time is calculated using:

where
tyeo VCO rise time =4.5 ns (measured)

tlam Laser rise time =0.35/160MHz =2.2 ns
tpOF POF rise time =0.35/80MHz =4.4 ns (for 100 m SI-POF!)
tm Receiver rise time =0.35/53MHz = 6.6 ns

(46)

(47)

(48)

It should be mentioned that response time of the photodiode is normally limited by the RC
time of the receiver and not by the rise time of the photodiode which equals IOns (table 5).
We use edge detection so the RC-time of the receiver determines the rise time.

Using eq.(47) and eq.(48), the overall system bandwidth is given by:

B
SYS

= 0.35 = 37.2 [MHz]
2 2 2 2 -9J4.5 + 2.2 + 4.4 + 6.6 . 10

(49)

So the overall system bandwidth is greater than the maximum frequency component of the
SWFM signal using 100 m of POF or less.

6.4 Power budget

In transmission systems using POF, the rise time budget and the power budget normally de
termine the maximum transmission distance.
In chapter 4 the SNR of a single-channel SWFM system was derived and is given by:

SO,7Yp_p = 192. Ie . (0.7 ·A['? . f
Nrms rr? 1m 1m -) N

C ~(RPO)2

N = [RIN(RPo)2+2q(ld+RPo) + <i:> ]B

(50)
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The parameters used for the calculations are listed in table 7.

Parameter Symbol Yalue Unit

Input signal:

Video signal bandwidth fm 5 MHz

yeo:
Carrier frequency f e 23.5 MHz

Frequency deviation Af 6.5 MHz

Laser diode:

Relative intensity noise RIN -120 dB/Hz

Photodiode:

Responsivity R 0.35 NW

Dark current Id 0.2 nA

Receiver:

RMS noise current spectral it 1.8 pA/JHz
density

Noise bandwidth B 53 MHz

Table 7 Parameters used for SNR calculations

Figure 19 shows the SNR of the SWFM system as a function of the average received optical

power at the receiver, using eq.(50).
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Figure 19 SNR, RIN-, shot- and receiver- noise limit versus average received optical pow

er for video transmission.
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The CCIR recommends a weighted SNR of 53 dB (rec. 567) for a 5 MHz video baseband sig
nal. The weighting factor for triangular noise, which appears in FM systems, is 12.2 dB. So
the required signal-to-noise ratio for a SWFM system transmitting video signals is 40.8 dB.
In practice a limit of 40 dB is used in experiments.
Figure 19 shows that the receiver noise determines the SNR at this point.

The average received optical power Po can be calculated by:

(51)

where
P1am Average optical laser power "" 3 dBm (= 2 mW)

L, Transmitter coupling loss "" 5 dB

La Fiber loss = L· <X where L = fiber length and <X = 0.15 dB/m

L r Receiver coupling loss "" 2 dB

Figure 20 illustrates the SNR as a function of the fiber length using eq.(50) and eq.(51).
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Figure 20 Calculated and measured SNR versus fiber length for video transmission.

The system is theoretically useful for video transmission over a distance of 185 m POE Us
ing 185 m SI-POF with a bandwidth of 43.2 MHz the bandwidth Bsys of the system will be
smaller than the maximum frequency component of the SWFM signal (see section 6.3). As a
consequence distortion will occur for these high transmission distances. In the CPN this
transmission distance will normally never be met. If the SWFM-system is used for other pur
poses and the rise time budget is too small, GI-POF can be considered.
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6.5 Experimental results

It was mentioned in section 6.3 that the overall system bandwidth is only slightly greater than
the maximum frequency component of the SWFM signal using 100 m of POF. Measurements
at larger transmission lengths were simulated by a reduction of the transmitted power of the
laser diode. The transmitted power was measured by an optical power meter at the end of the
fiber.

The difference between the calculated and measured values is about 2.5 dB. This is probably
due to the fact that there are differences between the assumed values of the parameters shown
in table 7 and the realized values. The value of carrier frequency and the frequency deviation
are for instance functions of temperature. Besides this approximation the noise bandwidth of
the receiver is determined by the first order low-pass of the receiver with a cut-off frequency
of 53 MHz. So higher frequency noise (f> 53 MHz) which still passes the low-pass filter is
neglected.

With a I MHz input signal the 2nd harmonic component at 2 MHz was found to be at least 25
dB below the fundamental signal after demodulation. Calculations, using the VCO's transfer
function (see figure 13), show that this harmonic distortion is determined by the non-linearity
of the VCO's transfer function.

The picture quality of the video signal for an average received optical power by the photodi
ode of about -29 dBm (= 165 m POF) was of fair quality. The measured SNR equals 44.1 dB
and is approximately 4 dB above the recommended SNR of the CCIR (rec. 567).

6.6 Multiplexing techniques

The transmission of several signals simultaneous over a transmission medium is called multi
plexing. The most important ones are listed below:

Frequency Division Multiplexing (FDM). Compared to SCFM systems, multiple carrier
transmission using FOM is not very efficient for SWFM systems. This is due to the relatively
large bandwidth of a SWFM signal caused by the higher order frequency components. Of
course it is possible to transmit only the first order frequency components, i.e. the FM signal,
but then the receiver complexity will increase. This is because we need an analogue receiver
in a multi carrier system to divide the multiple carriers instead of a simple digital receiver
used in a single carrier system. Another disadvantage of this method is the fact that we need
a carrier (or channel) selector or tuner.

Time Division Multiplexing (TDM). TOM is normally used in digital communication sys
tems because of their fixed frame timing intervals. An SWFM signal is rather difficult to mul
tiplex in the time domain because of the variable timing intervals.

Space Division Multiplexing (SDM). In guided transmission systems SOM is a very simple
technique to increase the transmission capacity by using several transmission mediums
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(wires or fibers) simultaneously. The disadvantage of this method is the need of a transmitter
and receiver for each transmission medium.

Wavelength Division Multiplexing (WDM) and Polarisation Division Multiplexing

(PDM). Currently, WDM and PDM are relatively expensive multiplexing techniques and

that's why it is scarcely employed even in silica fiber transmission systems.

FDM seems to be the most suitable multiplexing technique in terms of simplicity, capacity

and low costs.

6.7 Applications

A single-channel SWFM system using SI-POF has the following features:

• Superior qualities in terms of:

o SNR

o Degree of simplicity of transmitter and receiver

o Tolerance to non-linearity of optical source

• Potentially low costs

• Harmonic distortion is determined by the non-linearity of the VCO's transfer function.

POF is used these days in a lot of different applications using digital modulation techniques.

The data rate of these applications is relatively low and mostly less than 1 Mbps over a max

imum distance of about one hundred metres. Examples of current applications are: industrial

equipment (isolation and anti-noise), medical equipment (isolation and anti-noise) and power

plants (isolation). Data transmission within automobiles, trains and ships are also good appli

cations for POF because of the presence of magnetic noise producers like ignition, motors

and relays. Other applications are the DAI system (Digital Audio Interface) for data trans

mission (- 6 Mbps) between amplifier (with D/A-converter) DAT deck, CD player and BS
tuner and in computer networks (10 kbps) between CPU and printer.

It is clear that SWFM has no inherent advantage over digital modulation techniques used in

low data rate applications. SWFM is only preferred in relatively high speed video transmis

sion like remote monitoring in hospitals, on ships and for security.
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6.8 Conclusions

In our experiment we demonstrated the transmission of a single video signal over 175 m of
POF using SWFM. The measured SNR's agreed well with the theoretical results. The experi
mental configuration is capable of video transmission over 185 m of POE In [2] calculations
showed a maximum fiber length of 140 m using DIM for a 52 dB video signal and 178 m us
ing SCAM for a low quality 34 dB signal. In the SCAM system, the SNR was shot noise lim
ited as a result of a very small (!) chosen receiver noise. The transmitted optical power of a
transmission system using DIM or SCAM depends heavily on the linearity of the optical
source. In [2] only the relatively linear part of the current versus optical power curve of a la
ser diode is used for DIM and SCAM experiments. Because the performance of a SWFM sys
tem is hardly affected by the non-linearity of the optical source, a higher optical power can be
coupled into the fiber using a laser diode. This results in a larger transmission distance. So
the maximum transmission distance using POF can be enlarged by using SWFM instead of
DIM or SCAM.
Non-linearity in the VCO transfer curve causes harmonic distortion in the video signal. Dur
ing our experiment the second harmonic distortion component was found to be at least 25 dB
below the fundamental component after demodulation. De- and pre-emphasis for SNR im
provement were not used, but they will reduce the effect of harmonic distortion. It is shown
that the SNR of an FM system is related to the carrier frequency and the frequency deviation.
This means that the maximum transmission distance also is related to these parameters. Be
cause there is a large diversity of VCO's up to 50 MHz, i.e. with various values of the carrier
frequency and the frequency deviation, these parameters are 'adjustable'. This is another ad
vantage over DIM and SCAM whose parameters are very static and don't show very much di
versity for different systems using DIM or SCAM.
The difference in performance between SCFM and SWFM is very small [12]. The SWFM
system does, however, have the advantage of a more economic (digital) optical receiver con
figuration. This is because a SWFM signal allows clipping by a fixed gain receiver configura
tion without the additional complication of an Automatic Gain Control (AGC) circuit.
Theoretically SWFM is also less effected by the optical source non-linearity than SCFM due
to the higher order frequency components present in the SWFM signal [13].
Concerning the multiplexing techniques, FDM seems to be the most suitable technique for a
single-channel SWFM in terms of simplicity, capacity and low costs.
SWFM is a proper modulation technique in relatively high speed video transmission like re
mote monitoring in hospitals, on ships and for security.
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7 Multi-channel SWFM-system

7.1 Introduction

As mentioned before, this report is focused on the transmission of analog video signals

through a single polymer fiber. In the CPN we would like to transmit all the video signals

provided by the CATV operators. Therefore the CATV signal (VSB-FDM) is used as input

signal for the multi-channel SWFM system. A SWFM system which is capable of the trans

mission of multiple video signals is the so-called multi-channel SWFM system. The system

configuration of such a system is shown in figure 21 below.
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Figure 21 System configuration of a multi-channel SWFM system

Compared to the single-channel SWFM system (see figure 11), pre- and de-emphasis filters

have been employed. It was shown in section 4.5 that the noise contribution for the higher

frequency channels increases. For SNR improvement pre- and de-emphasis filters are used,

resulting in a SNR similar for each channel. Commonly used emphasis filters are respectively

a differentiator and an integrator.

It was mentioned before that the carrier frequency Ie and the frequency deviation ~I deter

mines the performance of a SWFM system. In a multi-channel SWFM system, this makes

high demands to the performance of the VCO. As a rude approximation ~I will be in the

same order of magnitude as the maximum frequency component of the input signal 1m • For an

estimation of the values for Ie' the frequency spectrum of the PFM signal should be known.

The frequency spectrum of a PFM signal is shown in figure 22 using eq.( 17) and ~I = 1m •

IXe(f)1

Figure 22 Frequency spectrum of a PFM signal

f
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The figure shows that no penetration of the sidebands of the carrier frequency occur when
f e- f m- !:if~fm' So the minimum value of the carrier frequency equals 3fm for !:if = f m . For
transmission of a CATV signal with a bandwidth of about 900 MHz, we need a VCO with a

carrier frequency Of about f e = 3 .f m = 2.7 GHz and a frequency deviation of about 900 MHz.
It will be shown in this section that the required VCO is hard to find in practice.
In this section the SNR performance of a multi-channel SWFM system is investigated, using
an available VCO with f e = 1 GHz and !:if = 250 MHz. This is followed by a description of
the hardware of a multi-channel SWFM system.

7.2 Power budget

In CATV systems the UHF band (460 MHz-860 MHz) is theoretically able to transport 50
video signals. So for each video signal 400/50 = 8 MHz is available. In our calculation the in
put signal consists of several video signal every 8 MHz bandwidth. The CCIR (rec. 567) rec
ommends a (unweigthed) SNR of 40 dB for a 5 MHz video signal. Therefore in our
calculations, the video signals are occupying the frequency range from 3 to 8 MHz, 11 to 16
MHz, 19 to 24 MHz etc. These video signals are enumerated where the lowest frequency
channel (3-8 MHz) is indicated by n = 1, the next video signal by n =2 and so on.
The bandwidth of an input signal containing 40 video signals equals 40· 8MHz = 320 MHz.

The SNR of an overmodulated multi-channel SWFM system is given by (see chapter 4):

2
SO.7Vp-p _ 192 f e (0.7· !:if") C

N
rms

- 7 . A_~ .N
(52)

where C/N is as defined in eq.(50) and n is the channel number. It was mentioned before that
for overmodulation the number of channels Nm should be larger than 10.

The new parameters used for the SNR calculations are listed in table 8.
The RIN of the high speed laser diode equals -130 dB/Hz (according to supplier, i.e. POC)
and the average transmitted optical power is set to 2 mW. It is expected that the RMS noise
current spectral density of the receiver is approximately 5.0 pAlJiiZ. The noise bandwidth is
set to 1.6 GHz to satisfy the rise time budget. It is clear that the bandwidth of SI-POF is not
sufficient, so GI-POF should be used in experiments. The other parameters as listed in table 7

are supposed to be constant.
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Parameter Symbol Value Unit

VCO:

Carrier frequency f e 1.0 GHz

Frequency deviation !!.f 250 MHz

Laser diode:

Relative intensity noise RIN -130 dBlHz

Receiver:

RMS noise current spectral it 5.0 pAI./Hz
density

Noise bandwidth B 1.6 GHz

Table 8 Parameters used for SNR calculations

Figure 23 shows the performance of a multi-channel SWFM-system assuming overmodula
tion with mrms = 0.5 and 10 dB SNR improvement [14] (for the highest frequency channel!)
by postdetection deemphasis.

70
n=1

60
n=

iii
n=3O

:!:!. 50a:
z n=40II)

·5

average received optical power Po [dBm)

o

Figure 23 SNR versus average received optical power for an-channel SWFM-system.

Figure 23 shows that for SNR = 40 dB the noise of the receiver is the dominating (see figure
19). So the maximum transmission distance in a multi-channel SWFM system is determined
by the receiver noise.When the received average optical power is larger than approximately 
12 dBm, i.e a transmission distance of 50 m or less, the RIN dominates the SNR and deter
mines the maximum number of transmitted channels.

In figure 24 the maximum transmission distance is shown as a function of the number of
transmitted video signals for SNR = 40 dB.
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So 30 video signals can be transmitted over 104 m GI-POF and 40 video signals over 90 m
GI-POF using SWFM. It is assumed that the transmission distance in the ePN will never ex
ceeds_50 m. In a bus or tree topology for video distribution, splitters are implemented. The
loss in optical power for an available I-to-2 (50%:50%) splitter is about 6 dB corresponding
with 40 m POF. So 40 video signals can be transmitted over 50 m of POF to two different sit
uated TY-sets. When three TY-sets are involved the transmission distance will be about 10 m!
At this point, research is necessary in the near future to find a proper network configuration.

Using these parameters no frequency overlapping will occur because the highest modulation
frequency of a 40-channel system equals Im=40· 8 == 320 MHz and is smaller than the lowest
yeO frequency Ie-til-1m == 1000-250- (40·8) =430 MHz.
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Figure 24 Maximum transmission distance as a function of the number of transmitted
5 MHz video signals.

7.3 System hardware

As shown in the former section we need a high-frequency transmitter and receiver for a mul
ti-channel SWFM-system. In this section the components of these units are discussed.

Voltage Controlled Oscillator. For our purpose we need a yeO with a large frequency devi
ation and a linear frequency response which can handle input signals with a high frequency.
YeO's with a large frequency deviation of about 100 MHz are used in television sets for
channel tuning. This is a relatively slow process so these YeO's are only capable for low fre
quency input signals.
In FM satellite systems only one video signal is transmitted per carrier. These modulators use
only small frequency deviations of approximately 12 MHz.
In practical systems the frequency of the input signal of a yeO is relatively low. That's why
the maximum input frequency of a yeO often is unknown and is not specified in databooks.
In [43] YeO's are described with a hyperabrupt varactor diode as tuned circuit. The HTO-
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2000 oscillator has a frequency range of 2-4 GHz. and a conversion gain of around 250 MHz!
V. The limiting factor of the tuning or modulation speed is the ability of the external tuning
voltage source to change the voltage across the varactor diode. This is primarily controlled
by the tuning source impedance and the bypass capacitor (- 55 pF) in the tuning circuit. The
hyperabrupt varactor produces a greater capacitance change in tuning voltage and a far more
linear voltage-versus-frequency curve than the conventional (abrupt) varactor. Harmonic dis
tortion caused by the non-linearity of the VCO-curve should be investigated in the near fu
ture.

It was mentioned before that the VCO transfer function should be linear to avoid harmonic
distortion. Of course we could add a system which produces the inverse of the transfer func
tion before the VCO, but in practice this is very difficult because the transfer function de
pends on the device, temperature etc. In theory a fast feedback system should result in a
linear transfer function, but this is practically difficult to realise.

Another way to get a large and flat frequency response is to use two VCO's and a mixer as
PM modulator as shown in figure 25 below.

input signal ro =f1 - f2 PM-signal

Figure 25 FM modulator using two VCO's and a mixer

The frequency deviation of the FM modulator becomes !!.fo = !!.fl + !!.f2 and there is partly a
cancellation of the even order distortion components of the VCO's because of the inverted
behaviour of VCO 2. The odd order distortion components of the VCO's are accumulated.

Laserdiode. These days high frequency laserdiodes up to 2.5 GHz with a wavelength at peak
emission of 650 nm are available. High frequency laserdiode drivers are used in digital silica
fiber transmission systems. These drivers are also useful in our high frequency SWFM sys
tem.

GI-POF. It was mentioned before that GI-POF is available for research. For an experiment
we are able to use 100 m 3.0 GHz.km GI-POF of EUT, the Eindhoven University of Technol
ogy.

Photodiode. Using 1.0 mm POF the active area of the photodiode should be in the same or
der to get a high coupling efficiency. The problem is the value of the diodes capacitance
which is related to the size of the active area. In silica fiber transmission system active areas
are in the order of 80 micron diameter for transmission of several Gb/s. These days high
speed photodiodes (2 GHz) are available with an active region of 0.5 mm in diameter. So
high speed photodiodes are available, but we need lenses to achieve efficient coupling of the
fiber output into the photodiode.
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It is clear that the pulse former (fast ECL-Iogic), the amplifiers and the filters (in CATV net
works) are available for these high frequencies.

7.4 Applications

For a multichannel SWFM system, the same multiplex techniques can be used as shown in
section 6.8.

A multi-channel SWFM system using GI-POF has the following features:

• Superior qualities in terms of:

o SNR

o Degree of simplicity of transmitter and receiver

o Tolerance to non-linearity of optical source

• Potentially high bandwidth

• Potentially low costs

• If the SWFM system is capable of the transmitting the complete CATV signal;
No channel selector is necessary in the receiver

• Harmonic distortion is determined by the non-linearity of the YCO's transfer function

It was mentioned that an SWFM system has inherent advantages over other analog and digital
transmission systems for video transmission applications.

Some applications are:

• Network within the customer premises

• TV distribution within schools, hospitals etc.

• CATV distribution system with a Fiber-To-The-Home (FTTH) architecture.

Two important applications are described below.

Network within the customer premises. A SWFM system seems to be a cheap and broad
band transmission system for TV distribution within the customer premises as mentioned be
fore. At this moment it is not clear what the limitations are of a high frequency SWFM
system. In theorie even telephones, personal computers etc. can be included in a multi chan
nel SWFM system. It is clear that this requires a lot of research in the near future.

CATV distribution system with a Fiber-To-The-Home (FTTH) architecture (14],[44].
The CATV service is expected to be the strongest motive force for extending the optical fiber
to the home [14]. The current high cost of digital optical transmitters and receivers and the

54



limited power budget of AM systems makes it difficult to extend the fiber network to the in
dividual customer premises. So only cheap transmission techniques with a relatively large
power budget are justified within this FTTH architecture. SWFM seems to be a good alterna
tive, but it is yet unknown if a practical SWFM system is capable of transmitting the com
plete CATY signal.

7.5 Conclusions

Theoretically it is possible to transmit 30 video signals over 104m GI-POF and 40 video sig
nals over 90 m GI-POF using SWFM with a 1 GHz carrier frequency.
In commercial FM systems each video signal is transmitted by a different carrier. So there is
a YCO for each video signal in the transmitter and the receiver needs a channel selector or
tuner. In a high frequency SWFM system several frequency multiplexed video signals are
modulated by one YCO in the transmitter. Another advantage is the absence of a channel se
lector in the demodulator. So if the input signal originates from a CATY system (YSB-FDM)
the tuner of the TY set can be used as a channel selector.
A high frequency YCO seems to be the only hardware problem. In practice no information is
known about the linear behaviour of the YCO and the maximum input frequency of a VCO
with a high frequency deviation so further research is necessary at this point.
It was shown that an SWFM system has inherent advantages over other analog and digital
transmission systems for video transmission applications. Some applications are: network
within the customer premises, TV distribution within schools, hospitals etc. and CATV distri
bution system with a Fiber-To-The-Home (FTTH) architecture.
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8 Conclusions

Polymer Optical Fiber seems to be very suitable for use within the customer's premises. The
fiber has the advantage of potentially low cost, immunity to EMI and easy installation com
pared to coaxial cable.
In this report the maximum number of video signals which can be transmitted through a sin
gle polymer fiber is investigated.
The performance of a communication system depends to a large extend on the modulation
technique. Therefore various modulation techniques are discussed in this report.
The digital transmission of several analog video signals needs high speed ND-D/A convert
ers in the conversion process when these signals are simultaneously converted. At present,
the costs of these converters can not be justified in the Customer Premises Network.
Analog transmission requires high signal-to-noise ratios and high linearity of the transmitter
circuit.
In this report it is shown that SWFM seems to be the most suitable modulation technique for
use within the Customer Premises Network. It offers the best signal-to-noise ratio, immunity
to non-linearity of the optical source and it is a low cost modulation technique.
The difference in performance between SWFM and the well-known SCFM is very small for
the transmission of one video signal. However the SWFM system has the advantage of a
more economic (digital) optical receiver configuration. Theoretically SWFM is also less ef
fected by the optical source non-linearity than SCFM due to the higher order frequency com
ponents present in the SWFM signal.
Video transmission experiments have demonstrated the advantages of SWFM using POF and
the measured SNR shows good agreement with the expected values. A successful demo of the
transmission of a video signal over 185 m SI-POF is described. It is shown in this report that
the performance of an SWFM system is closely related to the value of the carrier frequency
and the frequency deviation. By increasing these two parameters, the SNR and as a result the
maximum transmission distance can be enlarged.
The performance of a multi-channel SWFM system for the transmission of several video sig
nals was theoretically investigated. Transmission of 30 video signals is possible over 104 m
GI-POF and 40 video signals over 90 m GI-POF using a 1 GHz carrier frequency.
If the multi-channel SWFM system is capable of CATV distribution, the SWFM system has
the advantage over a multi-carrier FM system of the absence of a carrier (or channel) selec
tion thus providing a transparent link.
In practice, linear VCO's which can be modulated by an input signal with a frequency of
about 300 MHz are rarely used. In the future research has to be done at this point.
It is clear that also a lot of research is necessary on the non-linear behaviour of the modula
tor. This non-linear behaviour is affected by the non-linearity of the VCO-curve and the la
serdiode's P-I curve.
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9 Further research

In the near future experiments should verify the theoretical analysis of the multi-channel
SWFM system. To verify the theoretical results of the 40-channel SWFM system, we have to
find a YCO with the following characteristics:

• Modulation frequency 1m = 320 MHz

• Carrier frequency f e = 1.0 GHz

• Frequency deviation !1f = 250 MHz

It was mentioned before that for the CPN we need a communication system that can handle
all the video signals provided by the CATV operator. For such a system we need a YCO with
a carrier frequency of about 2.7 GHz and a frequency deviation of about 900 MHz. First of
all, as an intermediate phase, research should be concentrated on the 40-channel SWFM sys
tem.

It was shown in this report that the non-linear behaviour of the YCO causes harmonic distor
tion in the demodulated signal. Currently the allowed harmonic distortion in an SWFM sys
tem is unknown and has to be investigated in the near future. The results of this investigation
will give an indication of the required linear behaviour of the YCO.

The second step is to investigate the bandwidth and the RIN of high speed laser diodes with a
wavelength of about 650 nm. For our experiment we need a laserdiode with a bandwidth of
B ~fc +f m+ !1f= 1.6 GHz and a RIN s; -130 dBlHz.

It is clear that there has been a lot of progress at this point in the last years.
High speed B ~ 1.6 GHz photodiodes are available, but lenses are needed to achieve efficient
coupling to the fiber. Also at this point, research is necessary in the near future.

Finally a multi-channel SWFM system should be built and SNR and distortion measurements
should be carried out. This experiment will give an indication of the limits of such a system.
These results can then be used to select a proper network configuration for the CPN.
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Appendix A Pulse jitter sources

Pulse jitter sources can cause a random error in determining the position of a zero-crossing of

the SWFM signal by the limiter. This effect is closely related to the performance of an
SWFM system. If the origin of pulse jitter sources is known we can obtain a better view of
the performance and the limitations of an SWFM system. In this section these jitter sources
are investigated.

These pulse jitter sources could be classified into three categories; jitter generated by the

transmitter, by the transmission medium and by the receiver [30]. The pulse jitter sources are
shown in figure 26.

Transmitter

SWFM modulator jitter.--------'

Optical pulse jitter

Relative intensity noise

Pulse jitter

Transmission
medium

Receiver

Mode partition noise

Modal noise

Shot noise

Thermal noise

Amplitude-phase
conversion

Amplitude noise

Figure 26 Noise sources that generate pulse jitter

All the jitter sources contribute directly to the pulse jitter. Some sources generate also ampli
tude noise which is converted into pulse jitter by the limiter. The variance in pulse jitter
caused by amplitude noise is proportional to the noise power [30]. It is shown in chapter 4
that this variance, Le. the jitter power, caused by amplitude noise is also inversely propor
tional to the square of the SWFM signal's slope.

A.I Pulse jitter generated by the transmitter

SWFM modulation jitter & optical pulse jitter [30]. SWFM modulator jitter and optical

pulse jitter generated by the transmitter are very small compared to other types of jitter, and
can therefore be neglected.
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Relative Intensity Noise (RIN) ([31],[32]). Laser diodes display fundamental intensity fluc
tuations in light output. These fluctuations are intrinsic to the statistical nature of the carrier
recombination process. This laser diode noise is generally known as Relative Intensity Noise
(RIN). The spectral noise current density is given by:

(53)

where lp is the mean photocurrent. It is known that RIN increases significantly when there
are reflected waves from discontinuities of the refractive index in the optical transmission
path [31]. The amount of reflections which can be tolerated depends critically on the degree
of coherence of the laser light. In general, the more coherent a laser is, the more sensitive it
will be to optical reflections. As a rough estimate, the reflection will affect the laser device
behaviour more significantly if the optical feedback is much greater than the amount of spon
taneous emission [32]. In optical systems, reflections at laser-fiber coupling and at optical
components (optical connectors, photodiode etc.) and by Rayleigh backscatering are the main
feedback light sources. Reflections at the laser-fiber coupling causes low frequency noise up
to somewhere about I MHz. The spectrum of this noise strongly depends on the reflection
conditions and can be suppressed by antireflection coating and spherical face formation andl
or oblique face formation of lenses and fiber end. Noise by Rayleigh backscatering is induced
randomly in time with an almost flat frequency spectrum and can be reduced by the use of an
optical isolator. The reflection at an optical component causes noise with periodic peaks at

frequency fpeak given by:

Nc
f peak = 2nL

where

N Integer
c Light velocity [mls]
n Refractive index of the fiber
L Distance of reflection point to the laser [m]

(54)

Equation (54) shows that the frequency of the fundamental component (i.e. for N = 1) of the
noise spectrum is nearly equal to the reciprocal of the round-trip time. This noise can be re
duced using antireflection coating, optical isolators and fiber end face formation as men
tioned before.

A.2 Pulse jitter generated by the transmission medium

These days there is not much known about jitter sources generated by POF. The sources listed
below occur in multimode silica fiber transmission systems and they are likely present in
POF transmission systems. In our SNR calculation, mode partition noise and modal noise are
neglected. Using silica fiber, mode partition noise generally cannot be neglected in the short
wavelength (850 nm) transmission system [30].
For completeness these jitter sources are also described below.
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Mode partition noise [33]. The spectrum of a laser diode contains a number of spectral
lines. The wavelength-dependence of the refraction index of the fiber, i.e. material disper
sion, causes a difference in time delay between the different modes of the laser diode. Parti
tion noise originates from the fact that the power in these individual modes varies.

Modal noise [34]. Because of the difference in time delay between the fundamental mode
and the higher order modes, constructive and destructive interference occurs causing speck
les on the end-face of the fiber. A disturbance of this speckle pattern produces modal noise in
those devices where a part of the speckle pattern is spatially filtered due to the mode-depend
ent losses. These disturbances are caused by externally applied fiber stress and laser diode
wavelength changes. A typical spatial filter is a less than perfect connector.
The avoidance of modal noise is of considerable importance in system design, particularly in
analog systems where large signal-to-noise ratios are required. In an SWFM system changes
in the speckle pattern causes a change in gradient of the transmitted SWFM pulse at the
threshold crossing resulting in SNR fluctuations. This SNR fluctuation can be minimized by
employing a less coherent optical source such as a multilongitudinal mode oscillating LD.

It was mentioned before that in our SNR calculation, mode partition noise and modal noise
are neglected. In this report we are looking at a point-to-point topology for video transmis
sion. In a CPN with a combination of a bus and a tree topology, several connectors are neces
sary. It is currently not known if modal noise can be neglected in that situation.

A.3 Pulse jitter generated by the receiver

Shot noise. This noise is a result of the quantum effects in the detector due to the photocur
rent Ip, the dark current Id and the leakage current Il' Normally the leakage current can be ne
glected, so the shot noise is given by:

(55)

where q is the electron charge.

Thermal noise. Thermal noise is produced by the random motion of charged particles, usual
ly electrons, in conducting media. It is defined to originate from the input of the receiver and
is also known as receiver noise.
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