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[57] ABSTRACT 
A device for producing intensity-modulated light over a 
broad frequency range comprising a frequency tunable 
light soruce, a control line for controlling the frequency 
of the light source to provide a ?rst frequency at a ?rst 
time and a second frequency at a second time, and an 
interferometer with a differential path length. The inter 
ferometer functions to recouple the light frequencies 
after propagating along different interferometer paths 
to effect a frequency beating. The resulting beat fre 
quency is the intensity-modulated light. 

12 Claims, 6 Drawing Figures 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory in 
vention registration. For more specific information on the 
rights associated with a statutory invention registration 
see 35 U.S.C. 157. 
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INTENSITY MODULATED LIGHT SOURCE 

BACKGROUND OF THE PRESENT INVENTION 

The present invention relates generally to light mod 
ulators, and more particularly, to light modulators capa 
ble of generating microwave-frequency light signals. 

Present techniques for producing modulation of light 
generally make use of a controlled variation in the elec 
trical signal energy supplied to the light source, or make 
use of electrooptic or acoustooptic interactions with 
light from a continuously emitting source. The maxi 
mum modulation frequency presently obtainable with 
these methods is a few gigahertz at best, and such modu 
lation rates in the gigahertz range require signi?cant 
driving circuits and microwave packaging. Thus, the 
cost size, electrical power dissipation, and complexity 
increase rapidly for modulation frequencies above ap 
proximately 100 MI-Iz. By way of example, it is esti 
mated that a source of modulated light with a 1 GHz 
bandwidth using state-of-the-art technology would cost 
more than $10,000, require an electrical drive power in 
excess of 10 watts, and contain dozens of electronic and 
optoelectronic components. It has been suggested to 
interfere or beat the light from two lasers to produce 
high frequency intensity modulation at the difference 
frequency. However, it is dif?cult to stablize the laser 
frequencies to a degree adequate to insure high spectral 
purity and low FM noise in the beat signal. In this re 
gard, see the article “Optical FSK Heterodyne Detec 
tion Experiments Using Semi-Conductor Laser Trans 
mitter and Local Oscillation”, by S. Saito, Y. Yama 
moto, and T. Kimura, IEEE J. Quantum Electronics, 
1981, QE-l7, pages 935-941. 

OBJECTS OF THE INVENTION 

Accordingly, it is an object of the present invention 
to provide a simple and potentially inexpensive tech 
nique for producing intensity modulation of light over a 
broad range of frequencies in the radio frequency and 
microwave bands. 

It is a further object of the present invention to pro 
vide an intensity modulating device which contains 
only a few inexpensive solid state components and has a 
tunability range in the tens of gigahertz. 
Other objects, advantages, and novel features of the 

present invention will become apparent from the de 
tailed description of the invention, which follows the 
summary. 

SUMMARY OF THE INVENTION 

The present invention describes a method and a 
means for generating intensity modulated light by caus 
ing the frequency of a light source to vary with time and 
then interfering that light with light emitted by the same 
light source at a different point in time. 

Brie?y, the present device for producing intensity 
modulated light over a broad frequency range com 
prises a frequency-tunable light source, circuitry for 
controlling the frequency of the light source with time 
in a desired manner, and an interferometer disposed to 
receive the frequency varying light emitted from the 
light source and to interfere that light with light emitted 
from the light source at a different time, resulting in an 
intensity modulated light signal at the beat frequency of 
the interfering light. 
The interferometer may be realized in one embodi 

ment by a Mach-Zehnder interferometer using either 
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2 
partially re?ecting mirrors as beamsplitter couplers and 
air as the propagating medium, or using one or more 
evanescent-?eld ?ber optic beamsplitter couplers with 
optical ?bers for the propagation paths. In a second 
embodiment the interferometer may be realized with a 
four-port ?ber coupler having a ?ber coil connected 
between one input and one output port. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic block diagram of the intensity 
modulated light source of the present invention. 
FIG. 2 is a schematic diagram of one embodiment of 

the intensity-modulated light source using partially 
re?ecting mirrors as beamsplitters and air as the propa 
gation medium. 
FIG. 3 is a schematic diagram of a second embodi 

ment of the intensity-modulated light source with 
evanescent-?eld ?ber optic 3 dB couplers as beamsplit 
ters and optical fibers as the propagation paths. 
FIG. 4(a) is a frequency versus time graph illustrating 

the generation of a signal-frequency output by means of 
a linear-chirped laser input. 
FIG. 4(b) is a frequency versus time graph showing 

the generation of a single-frequency pulse from a step 
increase in the laser input frequency. 
FIG. 4(a) is a frequency versus time graph showing 

the generation of two single-frequency pulses from a 
step pulse in the input laser frequency. 
FIG. 4(d) is a frequency versus time graph showing 

the generation of a chirped output from a non-linear 
chirped laser input. 
FIG. 5 is a third embodiment of the modulated light 

source of the present invention utilizing a single four 
port coupler and ?ber optic light paths. 
FIGS. 6(a), (b) (c) and (d) are drawings of photo 

graphs of a spectrum analyser display of the output beat 
signal as a function of Ip-p from 0.2 mA through 1.8 
mA. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

As noted above, the present invention describes a 
method and a means for generating intensity-modulated 
light by causing the frequency of the a light source to 
vary with time and then interfering, or beating, light 
from that light source with light emitted from the same 
light source at a different point in time. Referring now 
to the drawings, wherein like reference characters des 
ignate ‘like or corresponding parts throughout the 
views, FIG. 1 shows the present invention in its most 
basic con?guration. Therein, a light source 10, which is 
capable of being tuned in frequency over time, is cou 
pled into an interferometer 12 with unequal optical path 
lengths. If the temporal variation in laser frequency is 
described by the function v(t), then the optical output 
beams from the interferometer are intensity modulated 
at the beat frequency fb of the two interfering beams, 
given by the equation fb(t)=v(t— T 1)—v(t— T 2), where 
T] and T2 are the time delays for the optical paths in the 
interferometer 12. It can be seen that the output I1(t) on 
line 14 and the output I2(t) on line 16 will have the 
following variation: 

where C1, C2, and (i) are constants. 
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The basic device shown in FIG. 1 may be imple 
mented in a variety of con?gurations. FIG. 2 shows one 
such con?guration wherein the light source 10 is imple 
mented by a laser and the interferometer 12 is imple 
mented by a Mach-Zehnder interferometer, A Mach 
Zehnder interferometer typically comprises two optical 
beamsplitter couplers. The ?rst beamsplitter divides the 
input optical power into two beams which traverse 
optical paths of different lengths. The second beamsplit 
ter then recombines the beams to produce a beat signal. 
In FIG. 2 the Mach-Zehnder interferometer comprises 
series of reflecting and partially re?ecting mirrors with 
air as the propagation medium. The light from the laser 
source 10 is directed at a ?rst partially re?ecting mirror 
20 which acts to split the light beam to propagate along 
two paths 22 and 24. One of these light paths is signi? 
cantly longer than the other path, although this has not 
been represented in FIG. 2 for purposes of convenience. 
The light path 22 includes a mirror 26 for re?ecting the 
light propagating thereon to one side of a partially re 
?ecting mirror 28. Likewise, the path 24 contains a 
mirror 30 for re?ecting the light propagating on this 
path to the other side of the partially re?ecting mirror 
28. The partially re?ecting mirror 28 acts to recombine 
and mix the beams to yield the modulated signals I] (t) 
on line 14 and I2 (t) on line 16. 
FIG. 3 shows a second con?guration for the basic 

invention, Therein the interferometer is again realized 
by a Mach-Zehnder interferometer utilizing evanes 
cant-?eld ?ber optic beam splitters with optical ?bers 
for the propagation paths. The light from a laser source 
10 is directed to the input face 42 of an optical ?ber 44 
by means of a lens 40. The light propagating on this 
optical ?ber 44 is then split into two beams by means of 
a 3 db coupler 46. This 3 db coupler 46 may be realized 
in the well-known manner simply by disposing a second 
optical ?ber 46 in parallel proximity to the ?rst optical 
?ber 44 in order to obtain evanescent-?eld coupling. 
Again, one of these two optical ?ber paths 44 and 46 is 
signi?cantly longer than the other. In FIG. 3, the opti 
cal ?ber path 46 includes a coil 48 of ?ber wound on a 
reel to make it the longer path. The optical ?ber paths 
44 and 46 are then bought into parallel proximity to 
form a second 3 db evanescent-?eld coupler 50 to mix 
the light propagating in these paths and thereby gener 
ate the light outputs 11 (t) and I2 (t) intensity modulated 
at the beat frequency f;,. 
The optical laser source of FIG. 2 and FIG. 3 may be 

realized by any type of tunable laser such as, for exam 
ple, a tunable dye laser, or a tunable semiconductor 
diode laser. Best performance will require the use of 
lasers which emit in a single mode to give a high degree 
of spectral purity. Spectral purity is desired in order to 
obtain a narrow laser line to control the width of the 
modulated beat frequency signal. The presently de 
scribed process entails the beating of two spectra from 
the same laser together such that the convolution of the 
two waveforms will determine the spectral width of the 
beat frequency signal generated. 
The semiconductor diode laser appears particularly 

attractive from a practical standpoint because of its 
small size, low cost, high electrical-to-optical conver 
sion frequency, and rapid tunability over a wide range 
of frequencies. Frequency tuning of the diode laser can 
be accomplished by varying the ambient or heat~sink 
temperature or by varying the diode current. It is noted 
that a typical semiconductor diode laser in thermal 
equilibrium with its heat sink changes in frequency at a 
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4 
rate of about 1 GHz per mA change in current. Thus, 
this statistic gives some idea of the magnitude of the 
tuning which can be obtained by varying the current to 
the diode. As an example, it can be seen that only a 10 
mA change in driving current is required to obtain a 10 
GHz frequency change in the intensity modulation of 
the interferometer output. 
A wide variety of single-frequency, chirped, pulsed, 

and frequency hopping waveforms can be obtained, 
depending on the temporal variation in the laser fre 
quency. Some of these waveforms are illustrated in 
FIG. 4. More speci?cally, in FIG; 4(a), there is shown 
the generation of a single frequency output fb (t) by 
means of a linear-chirped laser input. In FIG. 4(b) the 
generation of a single-frequency pulse f[, (t) is shown by 
means of a step increase in the input laser frequency. In 
FIG. 4(a) the generation of two single~frequency pulses 
is illustrated by means of a step pulse in the input laser 
frequency. In FIG. 4(d) the generation of a chirped 
output signal is illustrated by means of a non-linear 
chirped laser input. 
An experimental set-up for the device is shown in 

FIG. 5 and comprises a third embodiment of the present 
invention. This con?guration comprises a laser diode 10 
as the light source and a four-port evanescent-?eld ?ber 
coupler 60 in combination with a length of single-mode 
?ber 62 as the interferometer. The length of optical 
?ber utilized in the experiment was 1.1 km which pro 
vided a 5.5 us time delay. The device is connected as 
follows. Light from the laser diode 10 is applied via an 
optical ?ber 64 into one of the input ports of the coupler 
60. The length of optical 62 is connected between one of 
the output ports of the coupler 60 and the second of its 
input ports. Thus, light from the laser injected into the 
?rst input port is coupled into both output ports such 
that part of the laser light propagates through the opti 
cal ?ber 62. After propagation through the ?ber 62, the 
light enters the second input port of the coupler 60, 
where it mixes with the undelayed emission from the 
laser applied on the optical ?ber 64. Light from the 
other output port of the coupler 60 is focused in the 
experiment onto a photodetector 66, which may be 
realized by a silicon avalanche photodiode with a re 
sponse bandwidth of 2 Ghz. The photodiode 66 pro 
duces an electrical signal at the difference frequency for 
the delayed and undelayed laser emission. The micro 
wave spectrum of this difference frequency was then 
observed on a Hewlett Packard spectral analyzer 68. 

It should be noted that a beat frequency component 
will also be coupled back into the ?ber coil 62. How 
ever, this beat frequency component will be signi? 
cantly weaker than the most recently coupled signal 
propagating therein due to attenuation of the beat signal 
in the optical ?ber and in the four-port coupler 10. This 
beat frequency component is not present in the Mach 
Zehnder interferometer con?gurations of FIG. 2 and 
FIG. 3. 

In the experiment actually performed, a single mode 
CSP GaAlAs laser diode with a dc bias current 20-30 
percent above threshold was used as the laser source. 
Frequency tuning of the laser was accomplished by 
superimposing a time-varying current I(t) 70 through a 
bias tee. Time-dependent changes in the emission fre 
quency v(t) of a laser operating under various modulat 
ing conditions are shown in the article “Microwave 
Signal Generation Using An Optical Self-Heterodyne 
Technique” by L. Goldberg, J. F. Weller, H. F. Taylor, 
Electronics Letters, Apr. 15, 1982, Vol. 18, No. 8, pages 
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317-319. Frequency tuning in the laser diode is due to 
both changes in carrier density and in the laser diode 
temperature, with the thermal effect dominant for times 
greater than '100 ns after the beginning of a current 
pulse. 
As noted above, to obtain a spectrally narrow micro 

wave signal with low FM noise, the laser emission line 
width should be small. Also, the center frequency 
should be constant over most of the current modulation 
cycle. To narrow the laser emission line width, optical 
feedback from an optical cavity is used. In the embodi 
ment shown in FIG. 5, a mirror 72 is located 60 centi 
meters from the laser facet in order to provide a feed 
back signal on the order of 10-4. A lens 74 is utilized to 
focus the light from the laser diode on to the feedback 
mirror 72. This feedback causes the laser line to narrow 
considerably and the center frequency to vary in step 
wise fashion as a function of current. The time depen 
dence of the frequency for a square-wave modulated 
laser operating with feedback is shown in FIG. 2(b) of 
the aforementioned Goldberg article. Discrete jumps of 
250 MHz corresponding to the frequency spacing of the 
external modes given by C/2L, were observed. Be 
tween these jumps, the emission frequency remained 
relatively constant. To achieve more abrupt transitions 
in v(t), prebias pulses may be superimposed on the 
square wave so that the laser temperature and emission 
frequency are brought to their equilibrium levels more 
quickly. With the addition of feedback, the v(t) of the 
laser more closely approaches the ideal square-wave 
pattern. 
The actual output of the microwave spectrum analy 

zer 68 is shown in FIG. 6. A square-wave at 0.5 GHzis 
used as the modulating waveform with a period of 11.0 
us. The prepulse amplitude and length 10 were I; _p and 
0.3 us, respectively. The spectrum analyzer display‘of 
FIG. 6 indicates that the diode photodetector output 
occurs in a single dominant peak v0, and with smaller 
signals at v0i250 MHz. These additional peaks are due 
to the fact that in the presence of feedback the laser 
emission spectrum contains several weak external cav 
ity modes in addition to the single dominant mode. By 
changing the Ip-p, the v0 is tuned at a rate of 1.0 
GHz/mA. Since with feedback the laser emission fre 
quency varies in a stepwise fashion as a function of 
current, only integral multiples of 250 MHz are ob 
served in the photodetector output signal. 

In conclusion, a simple technique for obtaining opti 
cal beat signals at microwave frequencies using a tuned 
diode laser has been disclosed. A narrow microwave 
spectrum may be obtained by feeding a portion of the 
laser emission back into the cavity. With proper current 
tuning, it should not be dif?cult to obtain modulation at 
several tens of gigahertz by this technique. 
The primary advantages of the present intensity mod 

ulation technique include low cost, small size, low elec 
trical power dissipation, and broad frequency tuning 
range. Applications of this technique are foreseen in 
transmitters for optical ?ber communications and in the 
generation of microwave signals for radar and elec 
tronic warfare. In communications, the intensity modu 
lated light source would be an ideal FM transmitter for 
either analog or digital transmission, since the modula 
tion could be accomplished with milliwatt changes in 
electrical current. An equivalent system with conven 
tional components would require complex and expen 
sive oscillators and switches, and dissipate orders of 
magnitude more electrical power. 
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6 
It is also noted that when a photodetector is used with 

this device, the optical signal generated thereby can be 
converted to a microwave signal, which can thenbe 
ampli?ed and transmitted. The frequency of the inten 
sity modulated source can be varied over tens of giga 
hertz in times much less than one microsecond, thereby 
providing a versatile technique for producing complex 
chirped, pulsed, and frequency hopping waveforms for 
radar transmitters and for jamming enemy signals in 
electronic warfare. 

Obviously many modi?cations and variations of the 
present invention are possible in light of the above 
teachings. It is therefore to be understood that within 
the scope of the appended claims the invention may be 
practiced otherwise than as speci?cally described. 
What is claimed and desired to be secured by Letters 

Patent of the United States is: 
1. A device for producing intensity modulated light 

over a broad frequency range comprising: 
a frequency-tunable light source; 
a control line for varying the frequency of said light 

source with time in a desired manner such that light 
of a ?rst frequency f] is provided by said light 
source at a ?rst time and light of a second fre 
quency f2, different from said ?rst frequency, is 
provided by said light source at a second time; and 

an interferometer with different optical path lengths 
disposed to receive said ?rst frequency light from 
said light source and to interfere that light with said ' 
second frequency light emitted from said light 
source at said second time, resulting in an intensity 
modulated light signal at the beat frequency of 
|f1—f2|. 

2. A device as de?ned in claim 1, wherein said light 
source is a tunable laser. 

3. A device as de?ned in claim 2, wherein said inter 
ferometer is an Mach-Zehnder interferometer compris 
mg: 

a ?rst optical path; 
a second optical path with a longer optical length 

length then said ?rst optical path; 
a ?rst beamsplitter for splitting the light beam from 

said light source to propagate along said ?rst and 
second optical paths; and 

a second beamsplitter for combining the beams after 
they have traversed said ?rst and second optical 
paths to yield a resultant intensity modulated light 
signal. 

4. A device as de?ned in claim 2, wherein said inter 
ferometer is a Mach-Zehnder interferometer compris 
mg: 

a ?rst optical ?ber path; 
a second optical longer ?ber path with a longer 

length then said ?rst optical ?ber path; 
a ?rst 3 dB coupler for coupling light from said light 

source into said ?rst and second optical ?ber paths; 
and a 

a second 3 dB coupler for coupling the light after 
propagating through said ?rst and second optical 
?ber paths to yield a resultant intensity modulated 
light signal. 

5. A device as de?ned in claim 2, wherein said inter 
ferometer comprises: 

a four-port evanescant ?eld ?ber coupler with an 
input ?rst port connected to said light source, with 
an output third port connected to an output line; 
and 
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an optical ?ber coil connected between an input sec~ 
ond port and an output fourth-port of said four 
port ?ber coupler. 

6. A device as de?ned in claim 5, further comprising 
a transducer connected to the output line for converting 
light propagating on said output line to an electrical 
signal at the beat frequency of the interfering beams. 

7. A method of generating intensity-modulated light 
over a broad frequency range comprising the steps of: 

temporally varying the frequency of a light source in 
a predetermined manner to yield a ?rst frequency 
f 1 at a ?rst time and to yield a second frequency f;;, 
different from f1, at a second time; and 

interfering the light at frequency f 1 emitted from the 
light source at said ?rst time with the light at fre 
quency f2 emitted from the light source at said 
second time to yield an intensity modulated light 
signal at the beat frequency of the interfering light. 

8. A method as de?ned in claim 7, wherein said inter 
fering step comprises the steps of; 

splitting the light emitted from the light source into 
two beams which propagate on different paths; 

delaying the light propagating on one path relative to 
the other path; and 

coupling the light on the two differentially delayed 
paths together to yield a resultant light output. 

9. A device as de?ned in claim 3, wherein said fre 
quency-tunable light source laser includes means for 
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8 
applying a prebias pulse to said laser so that the laser 
temperature and emission frequency are brought to 
their equilibrium levels quickly. 

10. A device as de?ned in claim 4, wherein said fre 
quency-tunable light source laser includes means for 
applying a prebias pulse to said laser so that the laser 
temperature and emission frequency are brought to 
their equilibrium levels quickly. 

11. A device for producing intensity-modulated light 
over a broad frequency range, comprising: 

a single frequency-tunable laser; 
a control line for varying the frequency of said laser 

with time to obtain light of a ?rst frequency f1 at a 
?rst time and light of a second frequency f2, differ 
ent from said ?rst frequency, at a second time; 

delay means for delaying light of said ?rst frequency 
emitted from said single laser at said ?rst time; and 

mixing means for mixing the delayed light of said ?rst 
frequency from said delay means with said light of 
said second frequency obtained directly from said 
single laser, resulting in an intensity-modulated 
beat signal. 

12. A device as de?ned in claim 11, wherein said 
frequency-tunable light source laser includes means for 
applying a prebias pulse to said laser so that the laser 
temperature and emission frequency are brought to 
their equilibrium levels quickly. 

* 1k * * * 


