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(571 ABSTRACT

An optical communication arrangement (apparatus and
method) employing intensity modulation. The parame-
ters of the optical communication system that impose a
maximum influence on the modulation distortion are
monitored whenever necessary, and the operating pa-
rameters of the optical communication system can be
corrected in accordance with the parameters being
monitored. The system employs the intensity modula-
tion in which a delaying mechanism having a low delay
accuracy and a delaying mechanism having a high delay
accuracy are provided to completely suppress the mod-
ulation distortion.

8 Claims, 6 Drawing Sheets
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OPTICAL COMMUNICATION SYSTEM AND
COMMUNICATION METHOD

This is a continuation of application Ser. No.
07/440,247, filed on Nov. 22, 1989, which was aban-
doned upon the filing hereof.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates in general to optical
communication. More particularly, the invention is
directed to an optical communication system and an
optical communication method. An optical signal is
directly intensity-modulated by an analog signal and is
transmitted through an optical communication means
wherein the modulation distortion of signals being com-
municated is reduced by application -of feedforward
- control.

2. Description of the Prior Art

With the development of optical fiber communica-
tion networks optical cable television - (hereinafter
CATYV), wherein audio/video information is transmit-
ted through an optical fiber instead of a coaxial cable,
has been proposed. Using optical fibers permits trans-
mission of an increased amount of information, enabling
a large number of additional transmission channels as
well as extended transmission distances.’

Known transmission systems for optical CATV in-
clude a wideband frequency modulation method (here-
inafter FM) and a vestigial sideband amplitude modula-
tion system (hereinafter VSB/AM). An FM system is
advantageous in that signal-to-noise ratio is large and
intermodulation distortion is small, but requires an
AM/FM converter for converting an electrical ampli-
tude-modulated signal (hereinafter AM signal) into a
frequency-modulated signal (hereinafter FM signal)

" when injecting the optical signal into the optical fiber as
well as an FM/AM converter for converting the optical
FM signal received over the optical fiber into the elec-
trical AM signal. This necessarily gives rise to the over-
all high cost of the communication system. Conversely,
VSB/AM system requires no converters as discussed
above, thereby allowing both an inexpensive and simple
construction of the communication system. With the
VSB/AM system, the current injected into a light emit-
ting element, for example, a semiconductor laser is di-
rectly modulated to produce the optical signal. How-
ever, the VSB/AM system suffers from a problem that
the light output contains high order distortions that
result in a poor CN (carrire-to-noise) ratio (equivalent
to SNR, signal-to-noise ratio) since the injected current
versus light output characteristic of the light emitting
element such as the semiconductor laser is non-linear.

The amount of light output does not increase in pro-
portion to the amount of current injected into the semi-
conductor but will contain the modulation distortion
components proportional to the square of the injected
current. Therefore, when transmitting information
using a carrier frequency fi, if the frequency compo-
nents of 2fi, 3f2, f1+, 2f1—f2, and so on are developed
and these frequencies exist in the proximity of other
frequencies, the modulation distortion components be-
come a noise source for the other carrier frequencies to
degrade the CN ratio thereof. Thus the following rela-
tion applies to transmitting picture information.
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2

10:logyo (amplitude of carrier/amplitude of
modulation distortion) Z 58 (dB)

1

According to this relation, it is necessary to restrict
the number of channels for transmission. Two ways of
preventing deterioration of CN ratio were known; one
in which the semiconductor laser as a light source is
biased by a constant current and the light developed is
externally modulated using an amplitude modulator
that exhibits a linear modulation characteristic, the
other in which so-called light feedforward (hereinafter
FF) discussed in the paper “ANALOG TRANSMIS-
SION OF TV-CHANNELS ON OPTICAL FIBER
WITH NON-LINEARITIES CORRECTION BY
REGULATED FEEDFORWARD” by J.P. FRAN-
KART et al. REV. HF. ELECTRON TELECOM-
MUNICATION, VOL. 12, Nov. 9, 1984. In the feed-
forward system, the electrical signal to be transmitted is
applied to the semiconductor laser. Part of the main
optical signal through the semiconductor laser is com-
pared with the original electrical signal to obtain a cor-
responding correction signal. Then, the modulation
distortion produced in the semiconductor laser is sup-

- pressed by adding the correction signal thus obtained to

the main optical signal to perform so-called feedfor-
ward control thereof.

It is theoretically possible to greatly reduce the mod-
ulation distortion if the aforementioned feedforward
system is constructed as described. However, deteriora-
tion with age and environmental changes cause alter-
ations in the light emitting characteristics of the light
emitting means such as the semiconductor laser, espe-
cially the slope efficiency (coefficients of the first order
terms of a function of the input current and the light
output). In such cases, with the aforementioned light
feedforward method, operating parameters that have
been initially set to an ideal condition may deviate from
that condition due to the changes in the characteristics,
thereby increasing the modulation distortion. Conven-
tionally, no practical measnres have been taken against
changes in the parameters of the light communication
system due to such environmental changes, as it has not
been possible to sufficiently suppress the modulation
distortion. o

In the feedforward system, since signal propagation
time depends on transmission paths of the respective
signals and signal processing mechanisms inserted
therein, the difference in the signal propagation time
should be taken into consideration. One problem which
has been encountered in connection with the aforemen-
tioned light feedforward system where the correction
signal is added to the main signal in order to eliminate
the distortion modulation, is that signal delay due to
such difference in signal propagation time causes insuf-
ficient suppression of the modulation distortion compo-
nents or even may increase the distortion.

Therefore, in the light feedforward system, an electri-
cal delay circuit is provided at a stage immediately
before the signals are added together to thereby adjust
the propagation time relative to each other. However,
no investigation has been carried out for the signal de-
lay, especially the range of delay and the accuracy of
delay. For this reason, the modulation distortion could
not be suppressed adequately.

Moreover, thé signal delay is adjusted at the receiv-
ing end, requiring a large construction of the receiving
station. The miniaturization of the receiving station has
been difficult.
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SUMMARY OF THE INVENTION

For overcoming the aforementioned drawbacks, an
object of the present invention is to provide a light
communication system and a light communication
method employing the intensity modulation in which
the parameters in the light communication system that
imposes a maximum influence on the modulation distor-
tion are monitored whenever necessary, and the operat-
ing parameters of the light communication system can
be corrected in accordance with the parameters being
monitored.

Another object of the invention is to provide an opti-
cal communication system employing the intensity
modulation in which a delaying mechanism having a
Jow delay accuracy and a delaying mechanism having a
high delay accuracy are provided to completely sup-
press the modulation distortion.

To achieve the first object of the invention, the pres-
ent invention provides an optical communication sys-
tem for transmitting an optical signal directly intensity-
modulated by an analog signal. The system comprises: a
first branching means for branching the analog signal
into a first signal and a second signal; a main light emit-
ting means for intensity-modulating an optical signal
with the first signal and outputting the modulated opti-
cal signal; a second branching means for branching the
optical signal output from the main light emitting means
into a first optical signal and a second optical signal; a
first light receiving means for generating an electrical
signal in accordance with the first optical signal; a sec-
ond light receiving means for generating an electrical
signal in accordance with the second optical signal; a
comparison means for comparing the electrical signal
from the first light receiving means and the electrical
signal from said second electrical signal, and outputting
a comparison electrical signal; an auxiliary light emit-
ting means for emitting an optical signal in accordance
with the comparison electrical signal from the compari-
son means; a third light receiving means for producing
an electrical signal in accordance with the optical signal
from the auxiliary light emitting means; a superimpos-
ing means for superimposing the electrical signal from
the second and third light receiving means; and an ad-
justing means for calculating parameters of an input-
/output characteristic of the auxiliary light emitting
means to adjust operating parameters in the optical
communication system.

Further, the system according to the present inven-
tion comprises: a first branching means for branching
the analog signal into a first signal and a second signal;
a main light emitting means for intensity-modulating an
optical signal with the first signal and outputting the
modulated optical signal; a second branching means for
branching said optical signal output from said main light
emitting means into a first optical signal and a second
optical signal; a first light receiving means for generat-
ing an electrical signal in accordance with the first opti-
cal signal; a second light receiving means for superim-
posing the optical signals from the second optical signal
and the optical signal from the auxiliary light emitting
means, and generating an electrical signal in accordance
with the second optical signal; a comparison means for
comparing the electrical signal from the first light re-
ceiving means and the electrical signal from the second
electrical signal, and outputting a comparison electrical
signal; an auxiliary light emitting means for emitting a
light in accordance with the comparison electrical sig-
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4

nal from the comparison means; and an adjusting means
for calculating parameters of an input/output character-
istic of the auxiliary light emitting means to adjust oper-
ating parameters in the optical communication system.

The invention also provides an optical communica-
tion method. An analog signal is optically transmitted
by directly intensity-modulating an optical signal using
the analog signal. The method comprises the steps of:
converting part of an optical signal, from a main light
emitting means, that is intensity-modulated by a signal
to be transmitted to an electrical signal; comparing the
electrical signal with the signal to be transmitted and
outputting a comparison result; intensity-modulating an
optical signal with the comparison result and adding the
optical signal intensity-modulated with the comparison
result to part of the output of the main light emitting
means; performing feedforward processing of the ana-
log signal; and measuring characteristic parameters of a
correction light emitting means whenever necessary,
and updating operating parameters of the communica-
tion system whenever necessary on the basis of the
characteristic parameters.

To achieve the aforementioned second object, there
is provided an optical communication system for trans-
mitting optical signals directly intensity-modulated by
an analog signal. The system comprises: a first branch-
ing means for branching the analog signal into a first
signal and a second signal; a main light emitting means
for intensity-modulating an optical signal with the first
signal and outputting the modulated optical signal; a
second branching means for branching the optical sig-
nal output from the main light emitting means into a
first optical signal and a second optical signal; an optical
signal delaying mechanism connected to the second
branching means for delaying the first optical signal to
a first delay accuracy; a first light receiving means for
generating an electrical signal in accordance with the
second optical signal; a second light receiving means for
generating an electrical signal in accordance with the
optical signal from the optical signal delaying mecha-
nism; a comparison means for comparing the electrical
signal from the first light receiving means and the elec-
trical signal from the second electrical signal, and out-
putting an comparison electrical signal; an auxiliary
light emitting means for emitting an optical signal in
accordance with the comparison electrical signal from
the comparison means; a third light receiving means for
producing an electrical signal in accordance with the
optical signal from the auxiliary light emitting means; an
electrical signal delaying mechanism for delaying the
electrical signal for the second light receiving means to
an accuracy higher than the first delay accuracy; a
superimposing means for superimposing the electrical
signals from the third light receiving means and the
electrical signal delaying mechanism; wherein modula-
tion distortion contained in the intensity-modulated

-optical signal being transmitted is suppressed.

The optical communication system and method, ac-
cording to the invention, employ the optical feedfor-
ward system. Feedback control is carried out in which
the input current versus optical output characteristic of
the light emitting means for correction that affects the
modulation distortion most seriously, is monitored to
correct the parameters of the communication system in
accordance with the change in the input current versus
optical output characteristic, thereby minimizing influ-
ences of the changes in characteristic of the semicon-
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ductor laser due to the environmental changes and also
deterioration with age.

The optical communication system employs the opti-

cal feedforward system and the signal delay having a
high accuracy between the main signal and the correc-
tion signal is obtained by providing delaying mecha-
nisms. One mechanism has a wide range of adjustment
but has a low delay accuracy and the other has a narrow
range of adjustment but has a high delay accuracy,
thereby suppression of the modulation distortion is
made possible. '

BRIEF DESCRIPTION OF THE DRAWING

Other objects, features and characteristics of the pres-
ent invention, as well as functions of the related ele-
ments of the structure, and to the combination of parts
and the economics of manufacture, will become appar-
ent upon consideration of the following description and
the appended claims with reference to the accompany-
ing drawings, all of which form a part of this specifica-
tion.

FIG. 1is a schematic block diagram of a first embodi-
ment of an optical communication system according to
the present invention;

FIG. 2 is an illustrative diagram for discussing the
principle of feedforward in the optical communication
system shown in FIG. 1; _

FIG. 3 illustrates a table for showing the influences of
operating parameters of the respective structural ele-
ments on the modulation distortion in the optical com-
munication system of FIG. 1;

FIG. 4 is a diagram for showing the temperature
dependency of the characteristics of a semiconductor
laser; .

FIG. 5 is a diagram for explaining the effect of the
optical communication system according to the present
invention; .

FIG. 6 is a schematic block diagram of a second
embodiment;

FIG. 7is a diagram for showing a model system. used
for investigating the delay time of signals in the optical
communication system in FIG. 6; and

FIG. 8 is a table for showing the result of investiga-
tion of the model system in FIG. 7.

DETAILED DESCRIPTION OF THE
PRESENTLY PREFERRED EXEMPLARY
EMBODIMENT

Embodiments of the invention will now be described
with referenced to the drawings. Like elements having
like numerals have similar functions and thus duplicated
description has been omitted.

FIG. 1 shows a general construction of a first em-
bodiment of an optical communication according to the
present invention.

The optical communication system shown in FIG. 1
includes a main semiconductor laser 2 for directly inten-
sity-modulating an optical signal by an analog signal to
be transmitted, output from a signal generator 11, a
main optical fiber line 4 for transmitting the intensity-
modulated optical signal, and a main light receiving
element 9 for demodulating the intensity-modulated
optical signal into an electrical signal. The optical com-
munication system is provided with a branching line 30
for branching part of the analog signal to be transmitted
and a branching line 31 for branching part of the optical
signal that is intensity-modulated by the semiconductor
laser 2. The branching line 31 is provided with a branch

—
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element 3 for branching part of the optical signal, for
example, half of the intensity-modulated optical signal,
from the semiconductor laser 2 into the branching line
31 and the other half into the main optical fiber line 4.

Branching line 31 is connected to a first sublight
receiving element 5 for demodulating the branched
optical signal into an electrical signal, and an amplifier 6
for amplifying the demodulated signal by a predeter-
mined amplification factor and then transmitting the
amplified signal over the branching line 30. At a junc-
tion point of the branching line 30 and the branching
line 31 a feedforward line 33 is connected that is pro-
vided with a subsemiconductor laser 7 for intensity-
modulating the electrical signal into the optical signal.
A suboptical fiber line 8 for transmitting the optical
signal output from the subsemiconductor laser 7, and a
second sublight receiving element 10 for demodulating
the optical signal transmitted over the suboptical fiber
line 8 into the electrical signal are attached to laser 7.
The other end of the feedforward line 33 is connected to
an output line 34 of the main light receiving element 9.
A receiving unit 21 of the optical communication sys-
tem of the first embodiment is connected to the junction
point 35 of the output line 34 and the feedforward line
33.

The optical communication system is provided with a
third sublight receiving element 16 which receives the
light emitted from the subsemiconductor laser 7 and
converts it into the electrical signal to measure the pa-
rameters such as the slope efficiency and the threshold
current of the input current-optical output characteris-
tic of the subsemiconductor laser 7. A current sweeping
mechanism 19, capable of applying a sweeping current
for inspection to the subsemiconductor laser 7, is pro-
vided off of line 33. Parameter calculation mechanism
18 for calculating parameters of the input current versus
optical output characteristic is provided off of receiving

" element 16. The characteristic parameters of the sub-
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semiconductor laser 7 are obtained by the parameter
calculating mechanism 18 on the basis of the input cur-
rent (sweeping current being applied) versus optical
output (the output of the third sublight receiving ele-

“ment 16).

The optical communication system is provided with
the signal generator 11 and a computer 20 for control-
ling the operating parameters of the optical communica-
tion system. For example, the amplification factor of the
amplifier 6 is such that the aforementioned current
sweeping mechanism 19 and the parameter calculating
mechanism 18 are controlled by the signal generator 11
and the computer 20 so as to suppress the modulating
distortion in accordance with the thus obtained parame-
ters of the input current versus optical output character-
istic of the subsemiconductor laser 7. That is, on the
basis of the parameters obtained from the parameter
calculating mechanism 18, a feedback control is per-
formed for correcting the operating parameters of the
optical communication system to suppress the modula-
tion distortion. The calculation of the parameters and
the feedback control based thereon are carried out
whenever necessary, for example, with a predetermined
time interval. The characteristics of a semiconductor
laser generally vary with an ambient working tempera-
ture. For example, an InGaAsP Fabry-Perot semicon-
ductor laser exhibits a change of 10% in the slope effi-
ciency and a change of 30% in the threshold current
when the ambient working temperature changes from
20° to 50° C. Thus temperature control mechanisms 14,
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15. so-called automatic temperature control (ATC)
circuits, are preferably connected to the main semicon-
ductor laser 2 and the subsemiconductor laser 7, respec-
tively, so that the temperature is maintained constant.
Also, the characteristics of a semiconductor laser gener-
ally vary due to deterioration with age. For example, an
InGaAsP Fabry-Perot semiconductor laser has been
found to exhibit changes of more than 50% both in the
slope efficiency and its threshold current over a ten-
year use. Thus there is a possibility that the output of
the semiconductor laser operating at a contrast current
may possibly vary a lot. The optical communication is
preferably provided with automatic power stabilizing
mechanism 13, 17 or so-called automatic power control
(APC) 1o stabilize the optical output so that the optical
outputs from the rear surface of the main and subsemi-
conductor lasers are respectively monitored by a light
receiving element 12 for monitoring and the third sub-
light receiving element 16 to thereby adjust the forward
current for a constant optical output.

The principle of the aforementioned embodiment of
the optical feedforward system has been discussed in
detail in the previously mentioned documents.

The reason why the characteristic parameters of the
subsemiconductor laser, in particular, are measured
whenever necessary and the measurement is fed back to
the optical feedforward control, will be described with
references to FIG. 2-3.

FIG. 2illustrates a model system for investigating the

10

25

30

optical feedforward control. In FIG. 2, elements corre-

sponding to elements in FIG. 1 have identical reference
designations.
We assume that the relationship of input current x

versus optical outputs O1(x) of the main semiconductor :

laser 2, and O3(x) of the subsemiconductor laser 7 as
follows:

O1(xy=Py(x~Ithy)— Qa(x—Ithy)?
Osx)= Po(x— Ith)— Qx(x—Fthz)?

where Py, P2, Q1, Q; are characteristic parameters and
Ith; and Ith; are threshold currents.

Assuming that branch ratio of the branch element 3 is
1:1, the output Y’s corresponding to the inputs to the
main light receiving element 9, the first sublight receiv-
ing element 5, and the second sublight receiving ele-
ment 10, are respectively,

Yy=rnx
Yi=rpx
Yy=r3x

The amplification factor of the amplifier 6 is b, and the
relationship of the output versus input x is expressed by
W=bx .
Further assuming that a current I;+ki(t) flows
through the branching point 1 into the main semicon-
ductor laser 2 side and a current Iz+kj(t) into the

branching line 30 side, the output Z at the junction point
35 is given as a function of S(t) as follows:

Z=Z(S(1) )
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If b, k;, and kj are selected values thereof such that the
coefficients of the terms other than the first order terms
of S(1), i.e., those of non-linear terms, are zeroes, then

b=r1/(P2X nX r3) 3)

ka/ky={(}) (P1X r)}/(P2X r3) 4)

Thus the theory indicates that the modulation distor-
tion can be suppressed by selecting the parameters as
mentioned above.

However, calculating the influence of the variations
of the respective parameters of the first and second
subsemiconductor lasers to the output Z(S(t)) using
Eqgs. (1) and (2) after the parameters as shown by Eqgs.
(3) and (4) have been set, yield the results shown in
FIG. 3. This table shows an allowable range of varia-
tion in which the modulation distortion can be sup-
pressed 15 dB less than that in the case where the feed-
forward is not applied. As is seen from the table, the
parameter that affects the modulation distortion most
significantly is the slope efficiency of the subsemicon-
ductor laser 7 which must be corrected taking the stabil-
ities of the respective elements into consideration. Thus
in the optical communication system, the characteristic
parameters of the subsemiconductor laser are moni-
tored whenever necessary and the operating parameters
of the optical communication system, for example, the
amplification factor of the amplifier is corrected to
efficiently suppress the modulation distortion in accor-
dance with the variation of the parameters.

For such parameter variations of the subsemiconduc-
tor laser 7, especially for the variation of the slope effi-
ciency, the aforementioned automatic optical output
control mechanisms 13, 17 etc. cannot modify the varia-
tions and the amplitude output of the output signal from
the semiconductor laser, which remains uncorrected.
The optical feedforward method, too, cannot suppress
the modulation distortion due to the variation of the

slope efficiency.

An optical communication system according to the
aforementioned embodiment was manufactured as an
experiment ‘with the following specifications and was
compared with a prior art optical communication sys-
tem which employs the feedforward method.

The main semiconductor laser 2 was constructed of
an InGaAsP Fabry-Perot semiconductor laser having
an oscillation wavelength of 1308 nanometers and the
subsemiconductor laser 7 was formed of an InGaAsP
Fabry-Perot semiconductor laser having an oscillation
wavelength of 1314 nanometers. An InGaAs-PIN pho-
todiode was used for the main light receiving element 9,
the first, second, and third sublight receiving elements
5, 10, 16, and the light receiving element 12. The optical
fiber lines 4, 8 are formed Of a single mode optical fiber
for 1.3 um band having a 9 um core diameter and a 125
pm clad diameter. The video carrier of Channel 40
(channel: 4-12, M5-M10, S24-S33) was synthesized as a
transmission signal. A spectrum analyzer was -con-
nected with the receiving unit 21. In transmission exper-
iments, the temperature controlling mechanism 15 was
used for varying the temperature environment of the
subsemiconductor laser 7 to adjust the optical output
characteristic so as to simulate deterioration of the opti-
cal output characteristic with age. The deterioration of
the semiconductor with age exhibits a tendency similar
to the case when the environmental temperature is
raised. Thus the model was not subjected to actual
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deterioration with age in the experiment but rather the
deterioration was. simulated by varying the environ-
ment temperature. In the experiment, the-optical com-
munication system of the aforementioned embodiment
was simulated by carrying out the following steps.

In step 1, the temperature controlling mechanism 15
was used to set the environment temperature of the
subsemiconductor laser 2 to 0° C. In step 2, the input
current versus optical output characteristic of the sub-
semiconductor laser 7 was measured to calculate the
characteristic parameters, for example, the slope effi-
ciency, the threshold current and so on. In step 3, the
previously described parameters ki, k2, and b were set
on the basis of the characteristic parameters obtained in
step 2. Then in step 4, a signal was actually transmitted
to measure the modulation distortion thereof.

The above-described steps 1-4 were then carried out
while varying the temperature environment of the sub-
semiconductor laser 7. The environment temperature
was increased in steps, for example 25° C,, 50° C., 70° C.
s0 as to measure the modulation distortion at the respec-
tive temperatures.

FIG. 4 shows temperature dependency of the input
current versus optical output characteristic of the sub-
semiconductor laser 7 obtained in this manner. The
solid line in FIG. § illustrates the values on the left-hand
side of the Eq. (1) at the respective temperature. For the
purpose of comparison, only step 4 was carried out for
the conventional optical communication system and the
values on the left-hand side of the Eq. (1) at that time
are depicted by a dotted line in FIG. 5. A dashed line in
FIG. 5 represents 58 dB, i.e., an allowable limit. As seen
~ from FIG. 5, the optical communication system accord-

ing to the invention was verified to be capable of sup-
pressing the modulation distortion against changes in
characteristics of the subsemiconductor laser 7 due to
the deterioration with age.

In a practical optical communication system, the
environment temperature of the semiconductor laser is
controlled with precision primarily by the temperature
controlling mechanisms 14, 15 and the deterioration
with age causes a change in the input current versus
optical output characteristic. However, the degradation

" with age is a rather gradual change, thus the input cur-
rent versus optical output characteristic of the subsemi-
conductor laser 7 may be measured automatically at a
predetermined internal time, for example, a weekly or a
monthly measurement to again set the operating param-
eters of the optical communication system. Thereby the
optical feedforward at an optimum condition may be
performed at all times. )

The above-described embodiment of the invention is
only exemplary and various modification may be made.

Specifically, while the input current versus optical
output characteristic of the subsemiconductor laser 7 is
measured whenever necessary and the characteristic
parameters obtained are fed back to the optical feedfor-
ward control, the input versus optical output character-
istic may be fed back to the main semiconductor laser 2
as well.

While the main optical fiber line 4 and the suboptical
fiber line 8 are separately provided, a single fiber line
may be shared by the main and sublines by using. an
optical synthesizer and a branch element.

Although the optical signals issued from the main
semiconductor laser 2 and the subsemiconductor laser 7
are transmitted over the optical fiber lines 4, 8, respec-
tively, and the optical signals are converted into.the
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electrical signals by the main light receiving element 9
and the second sublight receiving element 10, respec-
tively, and are then synthesized later, these optical sig-
nals may be synthesized and then converted into the
electrical signals by a single light receiving element
rather than being transmitted separately.

FIG. 6 illustrates a general arrangement of a second
embodiment of the present invention.

The optical communication system in FIG. 6 is made
up of a main semiconductor laser 102 for directly inten-
sity-modulating the optical signal by an analog signal to
be transmitted which is input through an input port 101. °
An optical fiber delay line 1164 having a predetermined
length, enough for delaying the intensity-modulated
optical signal by a predetermined length of time, is
provided with line 104 before main light receiving ele-
ment 105 which demodulates the intensity-modulated
optical signal into an electrical signal. An electrical
signal delaying mechanism 1165 for delaying the electri-
cal signal demodulated by the main light receiving ele-
ment 105 is provided after main light receiving element
105. The optical fiber delay line 116a is arranged to
have a delay accuracy of 0.5 nanoseconds and a maxi-
mum adjustment range of 5-200 nanoseconds. Specifi-
cally, an optical fiber having a desired length is selected
from a group of fibers in predetermined lengths, or an
optical fiber is cut to a predetermined length, the fiber
thus obtained is inserted into the system. The electrical
signal delaying mechanism 116b is arranged by an elec-
trical circuit to have a maximum adjustment range of
1-2 nanoseconds and an adjustment accuracy of £0.5
picosecond. By this arrangement, the signal delaying
mechanism 116a, 1165, which are different in the delay
accuracy, are provided to improve the accuracy of
delay time and also to ensure a wide range of adjust-

" ment. Generally, it is extremely difficult to form a de-

laying mechanism having a high delay accuracy over a

- wide range. Thus in the present invention, a coarse
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adjustment in a wide range is carried out by a mecha-
nism having a low-accuracy and a fine adjustment in a
narrow range is performed by a mechanism having a
high accuracy, thus implementing a delay mechanism
having a high delay accuracy over a wide range.

The second embodiment is provided with a branch
line 130 for branching part of the analog signal that is to
be transmitted. The system further has a branch line 131
for branching part of the optical signal that has been
intensity-modulated by the semiconductor laser 102.
The branch line 131 is provided with a branch element
103 for branching part of the optical signal from the
semiconductor laser 102, for example, half of the inten-
sity-modulated optical signal into the branch 131 and
another half into the main optical fiber line 104. A first
sublight receiving element 109 for demodulating the
branched optical signal into the electrical signal, and an
amplifier 110 for amplifying the demodulated signal
with a predetermined amplification factor and then
transmitting the amplified signal to the previously de-
scribed branch line 130 are provided along line 131. At
the input terminal of the branch line 130 is provided a
branch operational circuit 10la by which the input
signal is branch-operated to be directed to the branch
line 130. Further, on the part way of the branch line 130
is provided a signal delaying unit 106 for aligning phase
with the signal being transmitted from the branch line
131. At the junction point of the branch line 130 and the
branch line 131 is provided a subtractor 132 to take the
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difference between the signals from both the branch
lines 130 and 131.

To the output terminal of the subtractor 132 is con-
nected a feedforward line 133 to which an amplifier 111,
for amplifying the electrical signal transmitted thereto,
is connected. A subsemiconductor laser 112 for intensi-
ty-modulating the amplified electrical signal into the
optical signal and suboptical fiber line 113 for transmit-
ting the optical signal provided by the subsemiconduc-
tor laser 112, and a second light receiving element 114
for demodulating the optical signal transmitted over the
suboptical fiber line 113 into the electrical signal are
provided along line 133 after amplifier 111. An attenua-
tor 115 is provided for adjusting the amplitude of the
electrical signal demodulated by the second sublight
receiving element 114,

On the other end of the feedforward line 133 is con-
nected one of input terminals of an adder 117. To the
other input terminal of the adder 117 is connected the
output line 134 of the previously described electrical
delay circuit 116. To the output terminal of the adder
117 is connected the receiving unit 121 of the optical
communication system.

By this arrangement, when the modulation is per-
formed by the main light emitting element 102, the
modulation distortion contained in the intensity-
modulated signal is eliminated with the aid of the cor-
rection signal transmitted over the suboptical fiber line
113.

If the phase of the correction signal is shifted from
that of the main signal due to the delay of the signal,
then the modulation distortion cannot be eliminated.
Thus to eliminate such delay of the signal, a delaying
mechanism having a high delay accuracy and a wide

delay range needs to be constructed and inserted. In the

second embodiment described above, two delaying

mechanisms 1164, 116b are inserted to implement a
highly accurate delay over a wide range.

The feedforward principle for the embodiment de- ,,

scribed has been discussed in the previously referred
documents in detail, thus detailed illustration will not be
presented here. v

FIG. 7 shows a mode! system for investigating the
delay adjustment range and the delay accuracy of the
delaying mechanism 106, 1164, 1165 used in the optical
communication system of the second embodiment.

In FIG. 7, elements corresponding to elements in
FIG. 6 have identical reference designations. Further,

the delaying mechanisms 1164, 1165 of the second em-

bodiment are labelled as a delaying mechanism 116.

Assuming the time function of the input signal is S(t)
and the delay time T from input to output is T, the
output signal is represented by Z(t+T).

Here, we assume that the input current x into the
main semiconductor laser 102 and the output Oj(x)
thereof and the input x into the subsemiconductor laser
112 and the output Ox(x) thereof are as follows:

O1(x)=Py(x~ Ith{)— Qi(x—Ith1)?
O(x)=Py(x—Ith) —Qa(x—Ithy)?

where Pj, Py, Q), and Q; are characteristic parameters
and Ith; and Ith; are threshold currents.

It is assumed that the branch ratio of the branch ele-
ment 103 is 1:1, the respective output Y that corre-
. sponds to the optical inputs x to the main light receiving
element 105, the first sublight receiving element 109,
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and the second sublight receiving element 210, respec-
tively, are

Yi=rx
Yo=rx
Yi=rx,

and the attenuation of the main optical fiber line 104 and
the suboptical fiber line 113, i and f3, respectively.

We also assume that the delay time by the delaying
mechanism 105 is 71 and the delay time by the delaying
mechanism 116 is 72. The relation of the output Y4 of
the amplifier 110 and the input x to the amplifier 110 is
Y4=bx and the relation of the input x to the attenuator
115 and the output Y5 of the attenuator is Y5=byx. For
a given input S(t), a current I;+ki(t) flows into the
main semiconductor laser 102 and a current L +ka(t)
into the branch line 130, then an output Z=(t+T) is
obtained.

Relating the respective constants by, by, ki, ka, P1, Pa,
fi, f3, r1, 12, and r3 as follows:

h=1/(@1Xr)
b=(6iX X )/ARX PaX nX 1)

ky=ky/2

and the output function Z(t+T) is obtained as follows:

Za+ D= X P Xn/r)- [¥3)

{Iy — Ithy + k28(t — AT} — {fi X Py X G2 X n/Py/ni} X
{1 ~ Ithy - kll — 2+ i X ki X Py X +2} X
{S¢ — A7) — SO} + Vi X k1 X Q1 X /2} X

>~ [{soh - {S¢ - A7)}
In the above equation (2),
An=T~(N+T)
An=T4—(T2+Ts)
T=T+D1+Ts

where
Ti: delay time from the branch operational circuit
1014 to the branch element 103,
Ta2: delay time from the branch element 103 to the
substractor 132,
Ts: delay time from the output of the branch opera-
tional circuit 101 to the subtractor 132,
‘Ta: delay time from the branch element 103 to the
adder 117, .
Ts: delay time from the subtractor 132 to the adder
117
The investigation of the output signal with respect to
changes in delay times A7j, A7; of the delaying mecha-
nisms 106, 116, respectively produced the result shown
in a table in FIG. 8. As can be seen from the table,
allowable delay accuracy of the delaying mechanism
116 is £8 picoseconds which revealed that the delay
time must be aligned within this allowable range.
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The following is the investigation of the range of
delay time adjustment of the delaying mechanisms 106,
116.

In the delaying mechanism 106, the signal through
the delaying line 130 needs to be delayed by the drive
delay time of the main light emitting element 102 plus
the response time of the first sublight receiving element
109 and the amplifier 110, and the amount of delay time
is only about 2 nanoseconds.

On the other hand, in the delaying mechanism 116,
the signal must be delayed by the amount of the delay
time due to the response time of the adder 108 and the
amplifier 111, the drive delay time of the subsemicon-
ductor laser 112, the overall delay time due to the re-
sponse time of the second sublight receiving element
114 and the delay time due to the response time of the
attenuator 115, and the relative signal delay time of the
main optical fiber line 104 and the suboptical fiber line
113. Of the respective delay times, the largest are the
relative signal delay time of the main optical fiber line
104 and the suboptical fiber line 113. Even if two optical
fibers are used within a signal optical fiber cable, a
signal transmission over, for example, 20 km, causes the
transmission time difference of up to about 200 nanosec-
onds for different strand rates and up to above several
nanoseconds for different wavelengths, depending on
the signal transmission system.

From the above-described investigation, it is required
of the delaying mechanism 106 that its performance is of
a maximum range of adjustment of 2 nanoseconds and a
delay accuracy of =130 picoseconds. It is easy for one
skilled in the art to arrange a delaying mechanism in the
form of an electrical circuit having such performance.

In the meantime, it is required of the delaying mecha-
nism 116 that its performance is of a maximum range of
adjustment of 200 nanoseconds and a delay accuracy of
=8 picoseconds. A delay mechanism of adjustment and
a high accuracy is difficult to realize by simply cascad-
ing conventional electrical delay circuits.

Thus from the described investigation, the delaying
mechanism is made up of two delaying mechanisms
1162 and 116b. 1164 is a mechanism that a small delay
accuracy but a wide range of adjustment while 1165-is
a mechanism that has a small range of adjustment for
delay time and a high delay accuracy. By this arrange-
ment, the coarse adjustment is performed by the delay-
ing mechanism 116a and the fine adjustment is per-
formed by the delay mechanism 1164, thereby enabling
the required accurate adjustment of delay time over a
wide range. .

An electrical delaying circuit may be used as delaying
mechanism for coarse adjustment but an optical fiber

"may also be used as mentioned previously if the delay-
ing is to be performed on the optical signals. When the
optical fiber is used, a signal delay of 200 nanoseconds is
equivalent to the time required for the optical signal to
travel a distance of 41 meters.

Therefore, a delay time of 0.5 nanoseconds corre-
sponds to the time required for the optical signal to
travel through an optical fiber of 0.1 meter. Since it is
rather easy to cut the optical fiber of several tens of
meters to an accuracy of 0.1 meter, it is easy and also
simple to construct a delaying mechanism (corresponds
to the optical fiber delay line 116a of the second em-
bodiment) for performing coarse adjustment. If the
delay line is constructed of the optical fiber, there is an
advantage that the adjustment of accuracy within a
tolerance can be performed very easily by adjusting the
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delay time using the optical pulse testing device. The
delaying mechanism for fine adjustment (corresponding
to the electrical circuit 1166 of the second embodiment)
can be constructed of electrical circuit components
without difficulty.

Constructing the coarse delaying mechanism by
winding a long optical fiber or an electrically conduc-
tive wire in the form of a coil or constructing the same
using multiple stages of electrical delay circuits does not
permit a delaying mechanism of a small size. Thus pro-
viding the delaying mechanism in the transmitter station
side as described above will permit a receiving station
to be miniaturized as compared to the prior art dis-
cussed earlier. In the above-mentioned embodiments,
the delaying mechanism for fine adjustment is con-
structed of an electrical circuit and is disposed immedi-
ately before the adder 117 in the receiving station,
thereby allowing fine adjustment to be performed.
Thereby miniaturization of the receiving station and
fine adjustment with a high degree of accuracy are
made possible. With the optical communication system
according to the above-described embodiment, the
main semiconductor laser 102, the subsemiconductor
laser 112, the main light emitting element 105, the first
and second sublight receiving elements 109, 114, the
optical fiber lines 104, 113, and the transmitted signals
were constructed of those used for the first and second
embodiments to build a trial model system.

The signal delay adjustment for the main signals that
is transmitted over the main optical fiber line 104 and
the correction signal that is transmitted over the subop-
tical fiber line 113 was performed in the following man-
ner. :

First, when inputting a pulse signal through the input
terminal 101, the time difference between the optical
signal input into the main fiber line 104 and the optical
signal input into the suboptical fiber line 113 was mea-
sured and a time difference of D1(2.8 nanoseconds) was
obtained. Then an optical pulse signal of a wavelength
of 1310 nanometers is input into the OTDR (pulse light
testing device) through the input terminals of the main
optical fiber line 104 and the suboptical fiber line 113,
the lengths of the light paths to the Fresnel reflection at
the outputs of the main optical fiber line 104 and the
suboptical fiber line 113 were measured, the relative
time difference D3(30.8 nanoseconds) between the main
and suboptical fiber lines 104, 113 was measured. A
delay time D3(0.2 nanoseconds) due to the wavelength
dispersion characteristic of the main and suboptical
fiber lines 104, 113 and the difference in oscillation
wavelengths of the main and subsemiconductor lasers
102, 112 was calculated. Then, the sum of these three
delay times, i.e., D1+ Dy+Dj3=133.8 nanoseconds, was
divided by the delay time F=4.88 nanoseconds per
meter of the optical fiber to determine the required
length of the delay line 116a. The length of the optical
fiber delay line 116a thus determined was 6.95 meters.

An optical fiber was cut to this length and was con-
nected as the optical fiber delay line shown in FIG. 6 to
the input terminal of the main optical fiber lines 104.
Thereafter, the difference in delay time between the
main signal and the correction signal was measured by
again applying the optical pulse signal to the input ter-
minals 101 before the adder 117, the measurement was
0.8 nanoseconds which was again adjusted by the elec-
trical delay circuit 1165. With the delay time thus ad-
justed, the modulation distortion was 18.5 dB less than
that when the feedforward system was not used.
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The embodiments described are only exemplary and
a variety of modifications may be made.

For example, while separate optical fibers, i.e., the
main optical fiber line and the suboptical fiber line are
used to form the optical fiber line through which the
main signal and the correction signal are transmitted, a
single optical fiber line can be shared by the main and
sublines. In which case, the main signal and the correc-
tion signal are of wavelengths different from each other
and these signals are synthesized by the synthesizer to
subsequently feed the optical fiber line. The synthesized
signal, which is received at the receiving station, is
branched by a branching filter and the branched optical
signals are converted into electrical signals, subse-
quently by superimposition.

In an optical communication system and optical com-
munication method according to the invention, as de-
scribed previously, when the modulation distortion is to
be suppressed by utilizing the optical feedforward
method in transmitting the analog signal through the
intensity modulation, the characteristic parameters of
the semiconductor laser used for generating the correc-
tion signal are monitored whenever necessary. The
operating parameters, the optical feedforward, are cor-
rected on the basis of the characteristic parameters
measured. Thus the modulation distortion developed
during transmission can be suppressed to a very small
amount at all times.

Therefore the invention is effective in transmitting
picture signals in, for example, CATV.

Further, in the optical communication system ac-
- cording to the present invention, as described previ-
ously, when the modulation distortion is to be sup-
pressed by utilizing the optical feedforward method in
transmitting the analog signal through intensity modu-
lation, the combined usage of a delaying mechanism in
which delay accuracy is not so high but the range of
delay adjustment is wide and a delaying mechanism in
which the range of delay adjustment is narrow but
delay accuracy is high, permits a highly accurate and
wide range of delay time control as well as enables
suppression of the modulation distortion developed
during the intensity modulation to a very low level.

Therefore the invention is extremely effective in
transmitting the picture signals in, for example, CATV.

What is claimed is:

1. An optical communication system for directly
intensity-modulating an optical signal in response to an
analog signal and transmitting the intensity-modulated
optical signal, said optical communication system com-
prising:

means for generating said analog signal;

first branching means for branching said analog signal

into a first signal and a second signal;

main light emitting means for intensity-modulating an

optical signal with said first signal and outputting
the modulated optical signal;

second branching means for branching said modu-

lated optical signal output by said main light emit-
ting means into a first optical signal and a second
optical signal;
first light receiving means for generating a first elec-
trical signal in accordance with said first optical
signal; ,

second light receiving means for generating a second
electrical signal in accordance with said second
optical signal; '
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comparison means for comparing said first electrical
signal and said second signal of said analog signal,
and outputting a comparison electrical signal;
auxiliary light emitting means for emitting a light in
accordance with said comparison electrical signal
from said comparison means;
third light receiving means for producing an electri-
cal signal in accordance with said light from said
auxiliary light emitting means;

superimposing means for superimposing the electrical

signals from said second and third light receiving
means; and

adjusting means connected between said auxiliary

light emitting means and said analog signal generat-
ing means for calculating parameters of an input-
/output characteristic of said auxiliary light emit-
ting means to adjust operating parameters in said
optical communication system, said parameters
being calculated via a predetermined mathematical
algorithm, said adjusting means comprising:
sweep means for sweeping an input current into
said auxiliary light emitting means;
fourth light receiving means for receiving said
optical signal emitted from said auxiliary light
emitting means and for generating a current in
accordance with said optical signal; and
arithmetic - operating means connected to said
fourth light receiving means and said sweep
means for calculating parameters of an input-
/output characteristic of ‘said auxiliary light
emitting means.

2. An optical communicdtion system according to
claim 1, wherein said parameters of the input/output
characteristic are a threshold current and a slope effi-
ciency.

3. An optical communication system for directly
intensity-modulating an optical signal with an analog
signal and transmitting the intensity-modulated optical
signal, said optical communication system comprising:

means for generating said analog signal;

first branching means for branching said analog signal

into a first signal and a second signal;

main light emitting means for intensity-modulating an

optical signal with said first signal and outputting
the modulated optical signal;

second branching means for branching said modu-

lated optical signal output by said main light emit-
ting means into a first optical signal and a second
optical signal;
first light receiving means for generating an electrical
signal in accordance with said first optical signal;

second light receiving means for generating an elec-
trical signal in accordance with said second optical
signal;

comparison means for comparing said electrical sig-

nal from said first light receiving means and said
electrical signal from said second light receiving
means, and outputting a comparison electrical sig-
nal;

auxiliary light emitting means for emitting an optical

signal in accordance with said comparison electri-
cal signal from said comparison means; and
adjusting means connected between said auxiliary
light emitting means and said analog signal generat-
ing means for calculating parameters of an input-
/output characteristic of said auxiliary light emit-
ting means to adjust operating parameters in said
optical communication system, said parameters
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being calculated via a predetermined mathematical
algorithm, said ad_]ustmg means comprising:
sweep means for sweeping an input current into
said auxiliary light emitting means:
fourth light receiving means for receiving said
optical signal emitted from said auxiliary light
emitting means and for generating a current in
accordance with said optical signal; and
arithmetic operating means connected to said fourth
light receiving means and said sweep means for
calculating parameters of an input/output charac-
teristic of said auxiliary light emitting means.

4. An optical communication system according to
claim 3, wherein said parameters of the input/output
characteristic are a threshold current and a slope effi-
ciency.

§. An optical communication method using an optlcal
communication system in which an analog signal is
optically transmitted by directly intensity-modulating
an optlcal signal by the analog signal, said method com-
prising the steps of:

producing the optical signal using a main light emit-

ting means;

converting a first part of the optical signal into a first

electrical signal;

converting a second part of the optical signal into a

second electrical signal;

comparing said first electrical signal with said analog

signal and outputting a comparison result;
mtensity modulating an optical signal with the com-
parison result and adding the mtensnty-modulated
optical signa! with said comparison result to part of
the output of said main light emlttmg means;
performing feed forward processing of the analog
signal, wherein said feed forward processing is
based on a predetermined mathematical model;
measuring characteristic parameters of a correction
light emitting means consisting essentially of an
auxiliary light emitting means, and substituting
current operatmg parameters of said optical com-
munication system for the measured characteristic
parameters, said measuring and substituting steps
comprxsmg
sweeping an input current into said correcting light
emitting means;
generating a current in accordance with the optical
signal; and
calculating parameters of an input/output charac-
teristic of said correcting light emitting means;
converting the optical signal of said correction light
emitting means into a third electrical signal; and
superimposing the second electrical signal and the
third electrical signal.
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6. An optical communication system for directly
intensity-modulating an optical signal with an analog
signal and transmitting the intensity-modulated optical
signal, comprising:

first branching means for branching said analog signal
into a first signal and a second signal;

main light emitting means for intensity-modulating
the optical signal with said first signal and output-
ting a modulated optical signal;

second branching means for branching said modu-
lated optical signal output by said main light emit-
ting means into a first optical signal and a second
optical signal;

a first optical signal delaying mechanism connected
to said second branching means for delaying said
first optical signal to a first predetermined amount
having delay accuracy within a predetermined
range, said optical signal delaying mechanism com-
prising an optical fiber line having a predetermined
length;

a first light receiving means for generating a first
electrical signal in accordance with said second
optical signal,

second light receiving means for generating a second
electrical signal in accordance with the delayed
first optical signal from said first optical signal
delaymg mechanism;

comparison means for comparing sa:d first electrical
signal and said second electrical signal, and output-
ting a companson electrical signal;

auxiliary light cmmmg means for emitting a third
optical signal in accordance with said comparison
electrical signal from said comparison means;

third light receiving means for producing a third
electrical signal in accordance with the third opti-
cal signal from said auxiliary light emitting means;

an electrical signal delaying mechanism for delaying
the second electrical signal to a second predeter-
mined amount higher than said first predetermined
amount, said electrical signal delaying mechanism
being constructed of an electrical delay circuit and
outputtmg a fourth electrical sxgnal and

superimposing means for superimposing said third
electrical signal and said fourth electrical signal.

7. An optical communication system according to
claim 6, wherein said optical signal delaying mechanism
is provided at a transmitting side of the optical commu-
nication system.

8. An optical communication system according to
claim 6, wherein said first predetermined delay accu-
racy is 130 picoseconds of the first predetermined

amount.
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