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Abstract—In broadband networks, there is an increasing need
for the transmission of more and more television channels with
a higher quality. For this purpose the optical transmission
proved to be one of the best solutions. However, when the num-
ber of TV channels is high, a significant harmonic and inter-
modulation distortion will arise. These distortions can be re-
duced by improving the modulation linearity of the laser or by
applying a more appropriate modulation method. In this paper
both solutions will be discussed and evaluated in detail. The
linearity has been significantly improved by applying an active
matching technique. The improvement achieved via the new
driving circuit over the conventional one is 15 dB considering
the third harmonic distortion. The sensitivity of QPSK TV
transmission to disturbing interferences has been investigated.
A new so called ‘‘group modulation’’ method offers a better
approach for optical multi-carrier TV transmission.

I. INTRODUCTION
N BROADBAND networks, there is an increasing need

for the transmission of more and more TV (television)

channels with a higher quality. For this purpose the op-
tical transmission proved to be one of the best solutions.
The fiber-optic link offers a very wideband transmission
with adequate signal-to-noise ratio [1]. However, when
the number of TV channels is high a significant harmonic
and intermodulation distortion will arise because of the
nonlinearities in the fiber-optic link [2], [3]. However,
the modulation nonlinearity of the semiconductor laser is
the dominant factor [4]-[7].

The distortions can be reduced by improving the mod-
ulation linearity of the laser or by applying a more appro-
priate modulation method. In this paper both solutions are
discussed and evaluated in detail. The different system
arrangements are compared.

The linearity has been significantly improved by apply-
ing an active matching technique. The sensitivity of QPSK
(quadrature phase shift keying) TV transmission to dis-
turbing interference has been experimentally investi-
gated. A new ‘‘group modulation’” method offers a better
approach for optical multi-carrier TV transmission.
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II. IMPROVEMENTS IN THE TRANSMITTER LINEARITY

At the transmitter side, a linear transfer is needed from
the microwave input to the optical output. In the generally
used cases, at the input of the transmitter dozens of TV
channels are multiplexed utilizing individual subcarriers.
Thus the band lies in the lower UHF frequency range, the
spectrum is confined to a band of several hundred MHz.
When the number of TV channels or their bandwidth is to
be increased, the overall band is extended into the higher
UHF or microwave frequency range. However, the spec-
trum has no components below a few hundred MHz.

The nonlinearity of the transmitter provides the most
significant contribution to the nonlinearity of the complete
fiber-optic link. Therefore, any improvement in the trans-
mitter linearity has a great significance [8]. The linearity
of the transmitter is influenced by the modulation char-
acteristic of the laser and the transfer function of the driv-
ing circuit. The laser linearity is dependent mainly on its
inner construction. Thus the transmitter linearity can be
improved significantly by the proper choice of the laser
construction. However, this paper will be concentrated on
the improvements achieved by a more appropriate driving
circuit.

A. Laser Input Impedance

For improving the linearity of the transmitter, the mi-
crowave input impedance of the semiconductor laser has
to be determined first. This measurement was carried out
on a double heterostructure diode laser in the frequency
range of 100 to 1500 MHz at several bias currents. The
laser was operated around 800 nm wavelength. A typical
result measured at 300 MHz is plotted in Fig. 1 showing
the real and imaginary parts of the input impedance of the
laser diode as a function of the bias current. As seen in
this figure, the real part of the input impedance is signif-
icantly decreased with increasing laser current, however,
the imaginary part of the input impedance depends on the
bias current only when it is not high enough.

The nonlinear input resistance contributes significantly
to the nonlinearity of the modulation characteristics of the
laser if the usual passive matching techniques are applied
[91, [10]. Therefore, an active matching technique has
been developed to obtain a better linearity.

The microwave input impedance of the semiconductor
laser also shows a significant frequency dependence as
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Fig. 1. The real and imaginary parts of the microwave input impedance
versus the laser bias current..
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Fig. 2. The treal and imaginary parts of the microwave input impedance
versus modulation frequency.

seen in Fig. 2 where the real and imaginary parts of the
laser input impedance are plotted as functions of the fre-
quency for a laser bias current of 50 mA. Both the real
and imaginary parts of the laser input impedance are in-
creasing with the frequency. However, around 1250 MHz
a discrepancy is observed both in the real and imaginary
parts of the laser input impedance because the real part
shows a local maximum and the imaginary part exhibits a
local minimum there. That refers to a resonance at this
frequency. ~
The goal is to obtain a wide transmission band with a
high linearity. To design the matching circuit in accor-
dance with this goal, anaccurate equivalent circuit for the
- microwave input impedance of the laser has been derived.
Based on the measured data, a six element equivalent cir-
cuit has been derived applying a curve fitting method uti-
lizing the Nelder-Mead algorithm and MatLab software.
The derived equivalent circuit is presented in Fig. 3. The
parasitic elements are constant: L, = 2.9 nH and C, =
1.6 pF. The other elements of the equivalent circuit are
level dependent. These are plotted in Figs. 4 and 5.
_Fig. 4 presents R, and C, while Fig. 5 L, and R, as
functions of the laser bias current. R, shows a significant
decrease with increasing laser bias current. However, -Cj
_depends on the bias current only- when it is not high
enough. That statement is valid for L, and R, as well. A
nonlinear inductance is usually representing an avalanche
effect.
The result of curve ﬁtting is seen in Fig.. 6 where the

reflection coefficients are plotted in a polar diagram. The °

crosses show the measured values, and the solid curve
gives the reflection coefficient of the six element equiva-
lent circuit. The parameter of the curve is'the frequency.
The agreement between the measured data and that of the
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Fig. 4. The R, and Cj elements of the equivalent circuit as functions of
. the laser bias current.
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Fig. 5. The R, and L, elements of the equivalent circuit as functions.of the
laser bias current.
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Fig. 6. The reflection curve of the ‘equivalent circuit with the measured
values. :

~ equivalent circuit is excel_ient. Ardund 1.25 GHz the pre-

viously mentioned resonance effect is observed because
there is a sudden change in the reflection curve.

~ Referring to Fig. 6 it is seen that a much better match-
ing can be achieved when the transmission is carried out
in two separated bands: one below 1.25 GHz and another
one above 1.25 GHz. In this case the effect of the reso-
nance in the input impedance around 1.25 GHz can be
avoided. ' ‘
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B. Driving Circuit

The active matching has been performed by a new driv-
ing circuit. The main task of that driving circuit is to pro-
vide-a good transfer from its voltage driven input to its
current driven output for the laser diode. This goal has
been achieved by the active matching technique what is
needed because the load of the driving circuit, i.e., the
microwave input impedance of the laser is nonlinear. As
this impedance is frequency dependent as well the proper
frequency response of the driving circuit is also necessary
for a higher linearity. Utilizing these matching processes,
a significant improvement has been attained in the mod-
ulation linearity of the laser.

The new driving circuit is shown in Fig. 7. It contains
a MESFET and two bipolar transistors, providing the ap-
propriate feedback and input-output matching. A photo-
diode (PD) is used for the indication of the output optical
power. An operational amplifier serves for protecting the
laser diode (LD) utilizing the signal of the monitoring
photodiode. The microwave part of the driving circuit was
built in a microstrip construction with direct connection
to the laser diode.

The inner conductance of the driving circuit has to be
chosen properly as well because the load is nonlinear. The
nonlinear load generates harmonics, thus the level of the
harmonics characterizes the nonlinearity.

First, only a second power nonlinearity is assumed for
the load:

I = V@) + a,V()? (1)

where I(z) is the time function of the current flowing
through the nonlinear load, V(¢) is the time function of
the voltage across the terminals of the nonlinear load, and
a; and a, are coefficients.

The nonlinear load is driven by a current source with a
source current /p and with an inner conductance G,. For
the second harmonic generated in the laser G, represents
the load as well. The transfer function is given as the ratio
of the fundamental frequency voltage V| across the ter-
minals of the nonlinear load and the source current I,
which is given as follows:

Ao : @
L a+G 1 a3 VZ.
2(a; + G !

The transfer function is nonlinear because it is dependent
on V,. With increasing V; the nonlinearity of the transfer
function is enhanced. If G, is increasing the nonlinearity
will be smaller. A higher G, means a lower parallel re-
sistance which provides a better linearity, however, a
lower transfer at the same time.

A similar relationship is obtained for the third harmonic
distortion as well. However, the case of the intermodu-
lation distortion is more complicated because it is de-
pendent on the spectrum of the modulating signal, too.

Both the input impedance of the laser and the output
impedance of the driving circuit are nonlinear. These two
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Fig. 7. Circuit diagram of the driving circuit.

parallel connected nonlinear elements can be combined
and described by a single nonlinear element representing
the resultant nonlinearity. By this way some compensa-
tion can also be achieved with the aim to linearize the
complete transfer function.

The bias current of the laser has to be chosen properly
as well. The most linear section of the modulation char-
acteristic is to be used and special care is needed to keep
the bias current unchanged under a high level modulation
as well.

The distortion of the transmission is also dependent on
the width and center of the band to be transmitted. The
adequate separation from the relaxation oscillation is a
further relevant requirement because the transfer function
of the laser is significantly affected by the relaxation os-
cillation, and that is contributing to the nonlinear distor-
tion as well.

III. MEASUREMENT OF NONLINEARITY

Many well established methods are available to mea-
sure the nonlinearity or its result. The nonlinearity gives
rise to harmonic and intermodulation distortions and in-
terferences between the channels.

The characterization of the nonlinearity is influenced
by the specific type of application. First, the harmonic
distortion measurement method has been applied to de-
termine the linearity as a function of the modulating sig-
nal level. The harmonic content of the output spectrum
has been measured for that purpose. The result is shown
in Fig. 8 where the output levels of the fundamental, sec-
ond and third harmonic frequency signals are plotted as
functions of the 70 MHz fundamental frequency input
level. The harmonic levels are small enough. E. g. with
an input signal at —5 dBm level, the third harmonic dis-
tortion is at —50 dBc. That is a very low level indeed.
This result can be used in general as a measure of the
improvement achieved via the new driving circuit over the
conventional one which provided only a —35 dBc level
for the third harmonic distortion with the same input sig-
nal level. Thus the improvement is 15 dB. At the —5 dBm
input signal level the optical modulation depth (OMD) was
approximately 12%.

The linearity has been checked by investigating the
mixing effect as well. A 350 MHz signal with 0 dBm con-
stant input level served as a local oscillator signal, and
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Fig. 9. The input-output curve in case of mixing two signals.

the input level of the other signal with a frequency of 140
MHz was varied. The output was obtained at 210 MHz.
The result of this investigation is presented in Fig. 9. As
seen the mixing product is extremely small indicating a
very low nonlinearity.

IV. MORE APPROPRIATE MODULATION METHODS

The linearity requirement can be less stringent whien a
more appropriate modulation method is used.

In the widely used arrangements, the TV channels are
transmitted in their original form containing AM (ampli-
tude modulated) video and FM (frequency modulated)
sound channels. For combining several tens of TV chan-
nels subcarriers are applied and the combined signal is
then used to modulate the optical transmitter.

A significant improvement can be obtained if analog or
digital frequency or phase modulation is applied for the
individual video channels. The frequency or phase mod-
ulation is less sensitive to the nonlinearities as it was al-
ready demonstrated [11]-[14].

In many cases the source of the television signals is an
earth station of a direct broadcasting satellite system, and
there frequency modulated TV signals are received. Thus
the FM-AM conversion is preferably made not at the earth
station but at the other end of the optical link, and this
way FM TV signals are transmitted via the optical fiber
link.

A further approach offers a good transfer for digitalized
TV signals. A QPSK (quadrature phase shift keying)
modulation method can be used for the individual TV
channels because this modulation method is also not sen-
sitive to the nonlinearities. In our experiments the optical
transmission of a pseudo-random QPSK signal with a fre-
quency of 70 MHz and with a bit rate of 34 Mbit /s was

Bit error rate
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Interference level, dB

Fig. 10. Bit error rate as a function of the distorting signal level.

investigated concerning the interference effects. The im-
pairment in the bit error rate was measured as a function
of the distorting signal level at 70 MHz obtained from the
other unmodulated carriers via the nonlinear conversion.
That is shown in Fig. 10 where the bit error rate (BER)
is plotted as a function of the distorting interference level.
As seen in this Figure the interfering signal is at a very
high level when the impairment in the bit error rate is
noticeable.

Finally, by an appropriate allocation of the subcarrier
frequencies, the intermodulation distortion and the inter-
ference can be reduced significantly.

V. Grour MODULATION

Now another new approach is presented which will be
called ‘‘group modulation.”’ In this case, 5 to 10 TV
channels with different subcarriers create a group, and this
group is put on a second subcarrier modulating its fre-
quency. That is shown in Fig. 11 providing the block dia-
gram of a complete optical link applying the new group
modulation technique. In a group the analog or digital TV
channels are combined by having different subcarriers.
The output signals of the group modulators with the sec-

-ond subcarriers are led via a branching filter to the laser

diode which is modulated in intensity. At the receiver side
after the optical detection group discriminators are used
to regain the TV signals with the first subcarriers. To
achieve not too wide relative bandwidth in the group mod-
ulation, the second subcarrier frequency has to be high
compared with the bandwidth of a group.

The group modulation is more advantageous because
the linearity requirement in a group is less stringent and
it can easily be met by the group modulator and demod-
ulator. The frequency modulated groups are much less
sensitive to the nonlinearity of the optical transmission
considering the interference problems. Further, the sig-
nal-to-noise ratio can be enhanced by increasing the fre-
quency deviation. Creating the groups also offers new
possibilities: the proper choice of the frequency bands for
the groups assures a lower interference level.

The group modulation is a good approach to ease the
linearity requirements when the number of TV channels
is very high [15]. The reason is that the modulation non-
linearity of the group modulator and demodulator can be
kept at a very low level. This technique has another ad-
vantage: the groups can be separated by branching filters
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Fig. 11. Block diagram of the optical link applying group modulation.

which makes possible a more flexible operation, e.g.,
. when a group is to be dropped out or a new group has to
be inserted. The advantages of the group modulation are
more remarkable if HDTV channels are to be transmitted.
Certainly, the best solution is achieved by the applica-
tion of all distortion reduction approaches presented in
this paper. However, the linearity improvement obtained
by the active matching technique presumably will be ap-
plied in most cases because of its relative simplicity, while
the group modulation technique can get an application
mainly in the trunk lines, e.g., for the transmission of
HDTYV channels.

VI. CONCLUSION

The demand for higher transmission capacities is based
on the need for more available TV channels, and also on
the wish for improving the quality of the TV transmis-
sion. In the future, more and more HDTV programs will
be distributed which require a wider bandwidth. Another
trend is the application of digital modulation for the trans-
mission of TV channels which also needs a wider band.

The increase in the capacity of the fiber-optic links
achieved by improved linearity and by applying a new
modulation method can be exploited for the transmission
of more analog or digital TV or HDTV channels. That
will be a relevant application in the near future. '
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