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[57] ABSTRACT 

An attenuator/?lter is disclosed that is inherently tuned and 
provides for a stimulated Brillouin scattering effect having a 
predetermined threshold that ?xes the output thereof at a 
prede?ned poWer level. The stimulated Brillouin scattering 
effect is disclosed as being provided by either a fused silica 
optical ?ber or a ?ber-optic ring resonator both of Which act 
as a ?lter to alloW selected frequencies to pass. The SBS 
threshold is selected to improve the sideband to carrier 
poWer ratio Which, in turn, determines the modulation depth 
for the modulated signal. 

13 Claims, 5 Drawing Sheets 

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 adver 
tisement or the like may use the term patent, or any term 
suggestive of a patent, When referring to a statutory 
invention registration. For more speci?c information on 
the rights associated With a statutory invention registra 
tion see 35 U.S.C. 157. 
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STIMULATED BRILLOUIN SCATTERING 
FOR FIBER-OPTIC LINKS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to sensing, transmitting and 

processing of electrical signals carried by an optical carrier 
Wave. More particularly, the present invention relates to 
modulating optical carriers, having sidebands, With rela 
tively Weak signals, and improving the poWer ratio of the 
sidebands relative to their carrier Wave by the use of a 
Brillouin medium. 

2. Description of the Prior Art 
The processing systems that utiliZe ?ber optics and 

electro-optical modulators to modulate information carried 
by optical carrier Waves and their sidebands are of ever 
increasing importance. The modulation ef?ciency of electro 
optical modulators has a direct impact on the ef?ciency of 
the optical processing systems. One of the contributing 
factors that degrades the modulation ef?ciency is that most 
modulators exhibit large sWitching (on-off) voltages and so 
small input signals have little effect on the optical carrier 
transmitted from the electro-optical modulator. The modu 
lator output commonly consists of a strong unmodulated 
optical carrier With relatively Weak signal sidebands. 

The strong unmodulated optical carrier is further typically 
and undesirably strengthened because it is desired to have 
high optical poWer levels in order to create relatively high 
signal-to-noise ratios of the signals being carried by the 
optical carrier. HoWever, these strong unmodulated optical 
signals that correspond to Weakly modulated optical Waves 
(having small modulation indices, commonly referred to as 
a depth of modulation) leave signi?cant unmodulated signal 
poWer in the original carrier. Hence, despite a high average 
optical poWer needed to increase the electrical signal poWer 
for desired signal-to-noise ratios, the electrical poWer car 
ried by the modulated signals may be quite small. The 
unmodulated signal, that is, eXcess optical poWer not being 
utiliZed for modulation purposes is detrimental in at least 
tWo Ways. First, optical ampli?ers are limited by both their 
average input and output poWers; therefore, optical ampli 
?ers Will have limited use to boost the Weakly modulated 
optical Wave contained in the carrier signal. More 
particularly, the high unmodulated signal sets the operating 
value of the ampli?er Which may not alloW for the ampli 
?cation of the loW modulated signal having a need for 
ampli?cation. Second, and even more important, the average 
optical poWer must be kept beloW approximately 5 milli 
Watts to avoid signal reduction, distortion and damage 
to the photodetector that commonly receives the output of 
the electro-optical modulator. This 5 mW limitation does not 
take advantage of the eXisting optical signal generator 
having average optical poWer outputs approaching 100 to 
200 mW levels. 

Accordingly, it is desired that an apparatus and a method 
of operation thereof be provided to reduce the unmodulated 
carrier poWer so that ampli?ers can be ef?ciently used and 
so that optical carrier generators having relatively high 
output poWer levels may be detected by a photodetector 
Without any operation degradation of the photodetector or 
Without any damage to the photodetector. If such an appa 
ratus and method are provided then optical ampli?ers may 
be more efficiently utiliZed and a corresponding reduction in 
the ?ber-optical link loss may be realiZed. Furthermore, the 
provided apparatus and method may be utiliZed in conjunc 
tion With other optical systems that utiliZe linear carrier 
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2 
?ltering techniques so as to make additional improvements 
in the ?ber-optic link efficiency. If such an apparatus and 
method of operation thereof are provided the sensitivity and 
ef?ciency of the overall ?ber-optical link or its related 
system may be improved. 

OBJECTS OF THE INVENTION 

Accordingly, a principal object of the present invention is 
to provide both an apparatus and a method for increasing the 
sensitivity and ef?ciency of the ?ber-optical transmission 
and processing systems. 
Another object of the present invention is to reduce the 

level of the output poWer of an electro-optical modulator 
forming part of the ?ber-optical system so that the output 
poWer signal does not distort or reduce the output of the 
photodetector receiving the optical modulated signal, nor 
does the output poWer signal damage such a photodetector. 

It is a further object of the present invention to provide for 
optical carrier Wave sources having outputs in eXcess of 5 
milliWatts, yet alloW high speed photodetectors to receive 
and respond to signals of about 1 to 5 milliWatts so as 
to avoid catastrophic damage to the photodetector receiving 
a modulated signal, While at the same time providing for a 
linear response of the photodetector. 

Further, it is an object of the present invention to provide 
for an apparatus and a method of modulating optical signals, 
such as those developed by lasers and alloW for a very 
broadband response of such modulators in forms of tens of 
megahertZ to tens of gigahertZ, so that the practice of the 
present invention may easily ?nd application in Wideband 
systems using optical transmission and receiving techniques. 

SUMMARY OF THE INVENTION 

The present invention is directed to optical systems uti 
liZing a Brillouin medium that has a ?Xed operation at a 
de?nite poWer level so that signals, such as optical carrier 
Waves, above this level are attenuated, While signals beloW 
this level, such as those contained in the sidebands of the 
optical carrier Waves, are alloWed to pass. 
The present invention provides an attenuator and ?lter for 

reducing, passing, and blocking incident optical signals 
comprising carrier Waves having sidebands each having a 
preselected poWer level. The attenuator and ?lter comprise 
a Brillouin medium having a threshold for creating back 
Ward traveling Stoke’s Waves When subjected to a predeter 
mined poWer level of incident optical signals. The threshold 
is selected to increase the poWer ratio of the sidebands to 
their carrier Wave. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects, features and advantages of the 
invention, as Well as the invention itself, Will become better 
understood by reference to the folloWing detailed descrip 
tion When considered in connection With the accompanying 
draWings, Wherein like reference number designate identical 
or corresponding parts throughout the several vieWs and 
Wherein: 

FIG. 1 is a block diagram of prior art arrangement having 
a photodetector at the output stage thereof responsive to 
optical signals. 

FIG. 2 is a diagram illustrating the quadrature biasing and 
output parameter of the electro-optical modulator shoWn in 
FIG. 1. 

FIG. 3 is a schematic of the components making up the 
output poWer signal of the electro-optical modulator of FIG. 
1. 
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FIG. 4 is a block diagram illustrating the general prin 
ciples related to a stimulated Brillouin scattering device 
utiliZed in the present invention. 

FIG. 5 illustrates a schematic related to the generation of 
the Stoke’s Waves of the Brillouin device generally illus 
trated in FIG. 4. 

FIG. 6 illustrates the response of the Brillouin device of 
FIG. 4. 

FIG. 7 illustrates the response of the circuit arrangement 
of FIG. 4. 

FIG. 8 illustrates an alternate embodiment for generating 
the Stoke’s Waves of FIG. 5. 

FIG. 9 illustrates a block diagram of a system utiliZing the 
practice of the present invention. 

FIG. 10 illustrates various responses of the system of FIG. 
9 to corresponding stimulation. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In general, the present invention relates to the use of a 
Brillouin medium, as a ?lter and attenuator, that creates 
Stoke’s Waves When subjected to an optical carrier having 
sidebands, each With a predetermined poWer ratio. The 
Brillouin ?lter and attenuator has a threshold, commonly 
referred to as a stimulated Brillouin scattering (SBS) 
threshold, that ?xes the operation thereof to a predetermined 
poWer level output so that selected signals are attenuated and 
selected signals are alloWed to pass through the ?lter and 
attenuator Without any attenuation thereto. The principles of 
the present invention may be better appreciated by ?rst 
referring to a prior art arrangement 10 illustrating in FIG. 1. 

The prior art arrangement 10 comprises a carrier Wave 
(CW) source 12, and electro-optical modulator 14, an optical 
?ber 16, and a photodetector (PD) 18. The CW source 12 
may have a poWer output of about ?ve to tWenty milliWatts 
(mW) Which is relatively loW considering that presently 
existing laser sources may have poWer levels approaching 
200 mW Which cannot be used, in a manner to be described, 
for the arrangement 10 having the photodetector 18. The 
carrier Wave (CW) source 12 generates an output signal 
indicated in FIG. 1 as Pin and applied on signal path 20 that 
is routed to the electro-optical modulator 14. 

The electro-optical modulator 14 may be a Mach-Zehnder 
modulator Which depends sinusoidally on an input electrical 
signal, such as signal 22 (Vnlnput), that is applied to signal 
path 24 Which, in turn, is routed to the electro-optical 
modulator 14. The electro-optical modulator 14 modulates 
the carrier Wave With the information contained in signal 22, 
thereby, alloWing the carrier Wave having sidebands to serve 
as a vehicle for optically transmitting the information con 
tained in signal 22. The electro-optical modulator 14 gen 
erates an output signal, indicated in FIG. 1 as Pom, that is 
applied to signal path 26 Which is routed to the ?ber optic 16 
Which, in turn, applies an output signal on signal path 28 that 
is routed to the photodetector (PD) 18 Which, in turn, 
provides an output signal 30 (OUT) on signal path 32. The 
carrier Wave (CW) source 12, the electro-optical modulator 
14, ?ber optic 16 and photodetector 18 all operate in a 
manner knoWn in the art. 

As previously discussed in the “Background” section, a 
photodetector, such as the photodetector 18, is typically a 
high-speed device that cannot receive a signal at its input 
stage carrying more than about 1 to 5 mW of optical poWer 
before nonlinearities, bandWidth reduction, or catastrophic 
damage occurs to the operation of photodetector 18, or the 

10 

15 

25 

35 

45 

55 

65 

4 
photodetector 18 itself. Therefore, the presently available 
high-poWer (approximately 200 mW) laser sources serving 
as a carrier Wave (CW) source, such as source 12, cannot be 
utiliZed by the circuit arrangement 10. In addition to carrier 
Wave (CW) source 12 limitations, the usage of the electro 
optical modulator 14 of FIG. 1 has limitations With regard to 
its linearity of operation Which may be described With 
reference to FIG. 2. 

FIG. 2 has a Y axis, indicated as the optical through put 
of the electro-optical modulator 14, and a X axis indicated 
as being the sinusoidal input signal 22 (V“(Input Voltage)). 
For linearity operation of the electro-optical modulator 14 
and for maximum differential change in the optical output 
signal of the electro-optical modulator 14 per input volt of 
the input signal 22, the electro-optical modulator 14 is 
typically biased at a point 34 corresponding to one-half of 
the maximum output signal 36. The bias point 34 is called 
quadrature and is typically accomplished by applying a bias 
voltage to the electro-optical modulator 14 in a manner 
knoWn in the art. When biased at quadrature (34), the 
electro-optical modulator 14 optical output signal Pom may 
be given by the beloW expression 1: 

Pin (1) 
Pour: 2 [1 : s1n(kx)] 

Where PM is the input optical poWer generated by the CW 
source 12 and applied to signal path 20 of FIG. 1, k is a 
constant, x is the input signal voltage (signal 22) applied to 
the electro-optical modulator 14 on signal path 24, and the 
sign (1) of expression (1) depends on the slope of the 
quadrature point 34 chosen in a manner knoWn in the art. 
The sinusoidal function of the input signal 22 introduces 
compression in the output signal Pom, unless the modulator 
depth, m, that is, the degree to Which the carrier Wave from 
the CW source 12 is modulated by the input signal 22, is 
kept beloW about 71%. The modulation depth, m, may be 
de?ned by expression 2: 

Pmux — Pmin 

Pmux + Pmin 

(2) 
m: 

When kx is small the output signal (Pom) may be approxi 
mated by expression 3: 

Pin (3) 

Where the positive sign of expression (3) is taken Without 
loss in generality or approximation. Under such as 
assumption, expression (3) may be reWritten as the beloW 
expression 4 Which is also generally illustrated in FIG. 3. 

Pmod (4) 
Pour = Pexcess + 2 

FIG. 3 illustrates as its Y axis the POW signal from the 
electro-optical modulator 14, as Well as illustrates the ?rst 
component of the right hand side of expression (4) identi?ed 
by reference number 38, the second component of the right 
hand side of expression (4) identi?ed by reference number 
40, and a band of the component 40 identi?ed by reference 
number 42. The band 42 of component 40 contains the 
maximum peaks and valleys of the output signal Pom, ie the 
portion of the optical carrier 20 modulated by RF signal 24, 
in electro-optic modulator such as member. HoriZontal lines 
42 bracket the maximum and minimum extent of the modu 
lated RF signal onto the carrier, and is the depth of modu 
lation. Line 38 extends up to the minimum of the modulation 
(bottom line of lines 42), and represents the unmodulated 
carrier, or excess carrier. 
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Component 40 is the portion of the curve in FIG. 3 
disposed between horizontal lines 42, and is the sum of the 
signal kx, Which may be positive or negative, and is typically 
just enough of an input optical carrier kxavemge to insure that 
the modulation depth of the component 40 does not exceed 
100%. The component 38 identi?ed as Pexcm is commonly 
called the “excess carrier” and represents the undesired 
unmodulated optical poWer previously described in the 
“Background” section having undesired aspects. If this 
excessive carrier, that is, component 38 is considered to be 
a separate optical component, as expression (4) suggests, the 
excessive carrier increases the signal that the photodetector 
18 is subjected to since the photodetector 18 acts like a 
coherent high-poWer local oscillator to further increase the 
poWer level of the excessive carrier. HoWever, the output of 
the photodetector 18 and its “gain” is linearly proportional 
to the excess carrier poWer (component 38) Which is limited 
by the photodetector 18 poWer handling capabilities, that is 
in the range of 1 to 5 mW. The limitation to the photode 
tector 18, as Well as the inability to effectively utiliZe the 
excess carrier component 38, in addition to the incapability 
of utiliZing the existing CW sources 12 having a laser output 
of approximately 200 mW, increase the ?ber-optic link 
losses that a system employing the circuit arrangement of 
FIG. 1 may experience. 

The input electrical poWer, such as signal 22 of FIG. 1, 
can be expressed by expression 5 given beloW: 

vipmkipmk (5) 
P Win: 
H , ZRin 

Where RIN is the input resistance, and Vin peakweak is the 
peak-to-peak input voltage. The output poWer from the 
photodetector 18, that is, signal 30 (OUT) of FIG. 1 may be 
calculated from the peak modulation current, mlpDmver, and 
may be expressed by expression 6 given beloW: 

Where RLOAD is the load resistance. The ?ber-optic link loss 
is the ratio of the output poWer to the input poWer and may 
be expressed by expression 7 given beloW: 

Which reduces to 200 IZPD, aver. With typical values of 
RLOAD=RIN=SOQ and With a modulator V“ of 10 volts (at 
Vin=Vn/4, m=0.71). 

Expression (7) indicates that the ?ber-optic link loss 
transmission coef?cient is proportional to the photodetector 
18 average current squared. For high-speed photodetectors 
18 With an average current limited to 1 mA, conventionally 
the minimum ?ber-optic link loss is approximately 37 dB. 
So very little output microWave poWer from photodetector 
18 is available from signals With small modulation depths. 
This also results in very little optical poWer in the modula 
tion sidebands on the optical carrier Wave. If a photodetector 
18 Was available Which could detect 70 mA Without damage 
or responsivity reduction, the ?ber optic link loss Would 
decrease to 0 dB, resulting in more output poWer from 
photodetector 18. HoWever, they do not exist yet at micro 
Wave frequencies. Therefore, if a technique Was available to 
attenuate the optical carrier Wave to create 1 mA photode 
tector currents and not attenuate the modulation sidebands, 
more signal poWer Would be available from photodetector 
18. 
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6 
Fiber-optic link loss may also be further considered from 

a modulation depth m, analysis. For example, consider an 
optical signal of 100 MW (—10 dBm average optical poWer 
output from the electro-optical modulator 14, Where dBm is 
absolute poWer measured in decibels, and referenced to 1 

Consider further that this optical signal contains 
sinusoidal optimal optical modulation With a 100% modu 
lation depth, m. If the average poWer yielded by electro 
optical modulator 14 is increased by a factor of N=10 to 1 
mW (0 dBm) by ampli?cation at the output stage of the 
electro-modulator 14, the output signal of the optical 
modulator 14 detected by the photodetector 18 Would be 
increased by G=100 (20 dBe). That is, assuming a photo 
detector 18 has a responsivity of 1 A/W and a 509 load, the 
original (no ampli?cation) post-detection electrical poWer of 
—36 dBm Would be increased to —16 dBm. HoWever, if an 
optical signal of 100 MW (—10 dBm average optical poWer 
output from the electro-optical modulator 14) containing 
sinusoidal optical modulation of only 1% modulation depth 
Was similarly ampli?ed, the corresponding original (no 
ampli?cation) post-detection electrical poWer of —76 dBm 
Would be increased to —56 dBm. The reduced modulation 
depth, m, of 1% instead of 100% has reduced the output 
poWer of the electro-optical modulator 14 by 40 dB. Thus, 
for these assumptions, a 40 dB improvement in the ?ber 
optical link loss could be realiZed if the modulation depth, 
m, could be increased to its optimum value of 100%. The 
present invention provides for an apparatus and a method 
both that increase the modulation depth, m, to keep the 
?ber-optic link loss to a relatively small amount, and, in fact, 
the output of the electro-optical modulator 14, or a similar 
device, after being conditioned by the present invention, that 
is applied to the photodetector 18 can be reduced to a point 
that the overall insertion loss of the ?ber-optical link may be 
eliminated altogether, thereby, decreasing the ?ber-optic 
link loss of the system embodying the present invention. The 
present invention may be ?rst described With reference to 
FIG. 4. 

FIG. 4 illustrates an arrangement 44 having a Brillouin 
medium 46, knoWn in the art and is further described, for 
example, in the text “The Principles of Nonlinear Optics,” of 
Y. R. Shen published by John Wiley and Sons, NeW York, 
1984 and, also in the text “Quantum Electronics,” of A. 
Yariv published by John Wiley and Sons, NeW York, 1989, 
both of Which are herein incorporated by reference. The 
Brillouin medium 46 acts as an attenuator and ?lter for 
reducing, passing and blocking incident optical signals 
comprising carrier Waves having sidebands each having a 
preselected poWer level. The Brillouin medium 46 has a 
threshold for creating backWard traveling Stoke’s Waves 
When being subjected to a predetermined poWer level of 
incident optical signals. As Will be further described, the 
threshold of the Brillouin medium 46 is selected to increase 
the sideband to carrier Wave poWer ratio so as to increase the 
modulation depth, m, of the systems in Which the Brillouin 
medium 46 is used, such as Wideband ?lter-optic systems. 
The circuit arrangement 44, in addition to the Brillouin 

medium 46, comprises a carrier Wave source 48, a ?ber-optic 
coupler 50 having four signal paths or ports 50A, 50B, 50C, 
and 50D, a 50 dB isolator 52, back scattering light 54 
generated by the operation of the Brillouin medium 46, and 
a mirror 56 used in the generation of the electrical signal 
from the back scattering light 54 in cooperation With the 
Brillouin medium 46. The carrier Wave source 48 generates 
the optical carrier that is applied to the ?ber-optic coupler 
50, via signal path 50A. The ?ber-optic coupler 50 transfers 
the carrier Wave signal to its output path 50C that is applied 
to the Brillouin medium 46. The Brillouin medium 46 
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generates an output signal that is applied to the 50 dB 
isolator 52, via signal path 58 Which, in turn, develops an 
output signal 60 (OUT) on signal path 62. The signal path 
50C is bidirectional because the Brillouin medium 46 cre 
ates backward traveling Stoke’s Waves that are directed back 
into the ?ber-optic coupler 50. The general operation of the 
Brillouin medium 46 may be further described With refer 
ence to FIG. 5 having a schematic 64 comprised of direc 
tional arroWs or Wave vectors, kind-dent, ksound and kswk?. 
The relationship of these Wave vectors may be given in the 
beloW expression 8 Where k is a Wave vector: 

kincident-l-ksounfkStokes (8) 
The Brillouin medium 46 upon being subjected to an 

optical signal (king-dent) of moderate to high poWer (to be 
described) generates sound Wave kmmd. As the poWer in the 
optical signal king-den, increases the optical Wave king-dent 
interacts With the sound Wave ksound in the Brillouin medium 
46. This interaction causes the incident light king-dent to be 
scattered in accordance to the conservation of energy, some 
times referred to as conservation of momentum, thereby, 
doWnshifting, that is, decreasing, the frequency of the scat 
tered signals. From expression (8) it should be seen that 
incident and sound Wave vectors are additive to each other 
to form the Stoke’s Wave vector. The presence of the Stoke’s 
Wave (kswk?) regenerates the sound Wave (ksound) and 
results in positive feedback so as to result in a threshold 
effect, Whereby above a given poWer of the incident signal 
(king-dent) the Stoke’s Waves groW Without bounds. The 
Stoke’s Wave output is limited solely by the depletion of the 
pump, that is, the input signal, such as that supplied from a 
carrier Wave (CW) source 48, having a single-frequency 
1550-nm Erbium laser With a lineWidth less than 100 kHZ. 
The Brillouin medium 46 of FIG. 4 may comprise a 25 km 

length of dispersion shifted single mode optical ?ber having 
a predetermined stimulated Brillouin scattering (SBS) band 
Width. The SBS bandWidth and a typical input-output 
scattered poWer representation process related to the Bril 
louin medium 46 may be further described With reference to 
FIG. 6. 

FIG. 6 has an X aXis indicating the input optical poWer in 
milliWatts (mW), and a Y aXis indicating the poWer output 
of the Brillouin medium 46 given in milliWatts . The 
overall operation of the Brillouin medium 46 is indicated by 
response 66 Which comprises tWo plots 68 and 70 that are 
respectively representative of the backWard traveling poWer 
(Stoke’s) present on signal path 50C of FIG. 4, and the 
forWard traveling poWer (output) that is present on the signal 
path 62 of FIG. 4 and corresponds to signal 60 (OUT) of 
FIG. 4. 

FIG. 6 further illustrates a point 70 corresponding to a 
typical SBS threshold having a typical value of 8 mW, as 
identi?ed by vertical dimensional line 72. As seen in FIG. 6, 
the input optical poWer corresponding to the SBS threshold, 
that is, 8 mW represents the point 70 that the Stoke’s 
backWard traveling (poWer plot 68) increases rapidly (this 
actually de?nes the SBS threshold). The SBS threshold also 
indicates the point 70 that the transmitted poWer, that is, plot 
60, is effectively clamped. Incident light, that is, the output 
of the CW source 48 reaching the Brillouin medium 46 as 
incident light, kincidem, above the SBS threshold (8 mW) and 
Within the SBS bandWidth, is scattered backWards. More 
particularly, incident light above the SBS threshold does not 
get past the Brillouin medium 46, but rather is directed 
backWard to the ?ber-optic coupler 50, via signal path 50C. 

The SBS bandWidth is measured by measuring the band 
Width of the scattered light (see backscattering light 54 of 

10 

15 

25 

35 

45 

55 

65 

8 
FIG. 4). The measuring is accomplished by heterodyning the 
Stoke’s Wave, Which is developed by the interaction of the 
sound Wave (ksound) of the Brillouin medium 46 With the 
incident Wave (kincidem) generated by the carrier Wave 
source 48, With additional light Waves from a mirror 56 that 
may be developed by a high speed photodetector and applied 
to the ?ber-optic coupler 50, via signal path 50D. The 
heterodyning results in a beatnote frequency centered 
around the difference frequency betWeen the Stoke’s Wave 
and the input signal, for eXample, the signal supplied by the 
carrier Wave source 48. The beatnote frequency is dependent 
upon the Brillouin medium 46, and for the Brillouin medium 
46 comprised of fused silica, the beatnote frequency is 
betWeen 10 and 12 GHZ. More particularly, for the fused 
silica Brillouin medium 46 of FIG. 4 having a length of 25 
km, the beatnote frequency is 10.54 GHZ and is shoWn in 
FIG. 7. 

FIG. 7 shoWs a resulting beatnote frequency signal or 
heterodyne signal 74 Where it is seen that the Stoke’s shift 
for the Brillouin medium 46 is at the center point 76 
corresponding to the frequency of 10.54 GHZ. The 3 dB 
bandWidth of the signal 74 developed by the circuit arrange 
ment of FIG. 4 is less than 10 MHZ. The stimulated Brillouin 
scattering provided by the Brillouin medium 46 may also be 
provided by a ?ber-optic ring resonator (FORR) Which may 
be described With reference to FIG. 8. 

FIG. 8 illustrates the ?ber-optic ring resonator (FORR) 
comprising a ?ber-optic coupler 78 having a loW coupling 
ratio. The ?ber-optic ring resonator (FORR) 78 recirculates 
light, indicated by directional arroW 80, in a manner knoWn 
in the art. The FORR device 78 has many useful 
applications, also knoWn in the art, and is more fully 
described in the technical article “Filter Response of Single 
Mode Fiber Recirculating Delay Lines,” of J. E. BoWers, S. 
A. NeWton, V. M. Sorin, and H. J. ShaW, published in the 
Electronic Letters 18, pp. 110—112, 1982, and herein incor 
porated by reference. The FORR device 78 operates in a 
similar manner to that of the Brillouin medium 46 of FIG. 
4, but has a loWer SBS threshold Which could be as loW as 
100 MW. Resonant cavity loop 80 is of Brillouin material, 
and as light circulates in the loop the buildup of energy in the 
cavity Will cause Brillouin scattering to occur at loWer input 
poWer than Would occur Were no energy stored in the 
Brillouin material (e.g., as in embodiments described 
above). Because of this, one Would Wish the Q of loop cavity 
80 to be as high as possible to maXimiZe energy stored in the 
loop per unit of input energy to the loop, so as to make the 
?ber reach its Brillouin threshold at as loW an input poWer 
as possible, maXimiZing ?lter sensitivity. Stated 
alternatively, the FORR device 78 doesn’t require the same 
relatively long length, e.g., 25 km, as that of the Brillouin 
medium 46 of FIG. 4, to produce the same amount of signal 
?ltering. 

It should noW be appreciated that the practice of the 
present invention provides for various devices such as the 
Brillouin medium 46 of FIG. 4 or the FORR device 78 of 
FIG. 8, both of Which act as a ?lter to reject a particular band 
of signals having a particular level of poWer. Each of these 
devices 46 and 78 has a very narroW bandWidth, such as the 
10 MHZ bandWidth of FIG. 7 for the Brillouin medium 46, 
and effectively clamp the input poWer of the incident light, 
that is, the poWer of the signal supplied by the CW source 
48 so that light sources producing incident light having a 
poWer rating approaching 200 mW may be utiliZed by the 
practice of the present invention Without causing any detri 
mental effects to a conventional high speed photodetector. 
One application of the present invention may be described 
With reference to FIG. 9. 
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FIG. 9 illustrates an arrangement 82, Wherein the Bril 
louin medium 46 of FIG. 4 is interposed betWeen an optical 
transmitter 84 and an optical receiver 86. The optical trans 
mitter 84 comprises a laser source 88, an electro-optical 
modulator 90, a ?ber-optic isolator 92, an ampli?er 94 (340 
mW) that may comprise an Erbium-doped ?ber ampli?er, 
and a ?ber-optic isolator 96. The laser source 88 may be a 
single-frequency 1550-nm Erbium laser With a lineWidth 
less than 100 kHZ and With a poWer output of about 50 mW 
and may be of a type made available by AT X Telecom as 
their model 1535-EHA. The laser source 88 provides a 
forWard-traveling carrier Wave that is applied to the electro 
optical modulator 90 via signal path 98. The electro-optical 
modulator 90 may be a Mach-Zehnder modulator, knoWn in 
the art, that receives an RF signal (RF IN) 100 via signal path 
102. The signal 100 (RF) that modulates the forWard 
traveling carrier Wave from the source 88 may have a typical 
amplitude of 14 volts at a frequency of about 18 GHZ. The 
electro-optical modulator 90 modulates the carrier Wave 
generated by the laser source 88 With the signal 100 (RFIN) 
and provides an output on signal path 104 that is routed to 
the ?ber optic isolator 92 Which, in turn, provides an output 
on signal path 106 that is routed to the ampli?er 94. The 
ampli?er 94 ampli?es and isolates its received signal and 
generates an output signal on signal path 108 that is applied 
to the optical ?ber isolator 96 Which, in turn, provides an 
output signal comprised of the carrier Wave of laser source 
88 modulated by the information contained in the signal 100 
(RFIN) and having sidebands. The ?ber-optic isolator 96 
delivers its output on signal path 110 that is routed to the 
Brillouin medium 46 Which, in turn, provides an output 
signal that is applied to the optical ?ber isolator 114 of the 
optical receiver 86, via signal path 112. The optical ?ber 
isolator 114 applies its received signal to a photodetector 
116, via signal path 118. The photodetector 116 develops an 
output signal 120 (RFOUT) that is applied to signal path 122. 

In general, the method of operation for the arrangement of 
FIG. 9 is to provide a Brillouin medium having a threshold 
for creating backWard traveling Stoke’s Waves When sub 
jected to a predetermined poWer level of incident optical 
signals. Further, the method of operation for the arrangement 
of FIG. 9 includes selecting the threshold at a poWer level so 
that optical carriers above this threshold are attenuated and 
sidebands of the optical carriers are alloWed to pass. The 
selected threshold establishes a depth of modulation of the 
information 100 (RFIN) that is carried by the optical signals 
generated by the laser source 88. 

In operation, as the optical transmitted poWer increases, 
that is the poWer on signal path 110, the Brillouin medium 
46 operates, in a manner as described With reference to 
FIGS. 4—8, so as to scatter all optical signals (into their 
respective Stoke’s Waves) Which are de?ned by a poWer 
level above the SBS threshold of the Brillouin medium 46. 
The Brillouin medium 46 scatters signals that have a poWer 
level greater than, for example, 8 mW and for the laser 
source 88 this poWer level corresponds to carrier Wave 
signals having a frequency Within 25 MHZ of the carrier 
Wave. Therefore, if the modulation sidebands, contained on 
the carrier Wave applied to the Brillouin medium 46 are 
greater than 25 MHZ of the incident signal (the signal 
developed by laser source 88) and if the sidebands do not 
contain sufficient poWer (8 mW) to activate the (SBS) 
threshold for the Brillouin medium 46 described With ref 
erence to FIG. 6, the sidebands are transmitted Without loss 
of poWer. That is to say that if the sidebands of the input 
signal are spaced from the unmodulated optical carrier by 
more than the Brillouin lineWidth, and the carrier contains 
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more poWer than the sidebands, and suf?cient poWer to drive 
the Brillouin material into stimulated scattering, the carrier 
Will trigger stimulated Brillouin scattering at its frequency, 
and at all frequencies Within the Brillouin lineWidth. If the 
sidebands do not contain suf?cient poWer to drive the 
Brillouin medium into stimulated scattering, the sidebands 
do not experience stimulated Brillouin scattering and pass 
Without added attenuation, thus increasing system sensitiv 
ity. The sidebands and the information they contain are 
alloWed to pass the Brillouin medium 46 Without any 
attenuation thereto and are directed to the optical receiver 
86, in particular, the photodetector 116. Furthermore, since 
the carrier poWer, that is, the output poWer of the laser source 
88 having a typical value of 50 mW, is above the SBS 
threshold (8 mW) , the transmitted carrier poWer, that is, the 
poWer made available on signal path 112, is clamped to the 
8 mW quantity (SBS threshold) . The net effect is to increase 
the received sideband to carrier Wave poWer ratio, thereby 
increasing the modulation depth, m, and also decreasing the 
?ber-optic link loss of the optical system embodying the 
practice of this invention, such as circuit arrangement 82 of 
FIG. 9. 
The circuit arrangement 82 is advantageous in that it is 

self-regulating because no stabling bias control is required. 
Further, the circuit arrangement 82 is advantageous in that it 
is self-tuning because the threshold of the Brillouin medium 
46 is at the carrier Wavelength, provided the lineWidth of the 
laser source 88 is less than the SBS threshold bandWidth. 
The operation of the SBS threshold to reduce the carrier 
Wave is immune to laser (carrier) drift, provided the drift rate 
is sloWer than the order of the SBS threshold bandWidth 
divided by the propagation delay, e.g., for FIG. 9, 8 MHZ/ 
(25km ' 5 ps/km)=64 MHZ. The operation of the circuit 
arrangement 82 of FIG. 9 Was experimentally veri?ed and 
the results of Which are shoWn in FIG. 10. 

FIG. 10 illustrates the system 82 responses represented by 
plots 124, 126, 128, and 130 each indicative of particular 
operational parameters selected for the system 82 and given 
in Table 1. 

TABLE 1 

PLOT SYSTEM OPERATION 

124 JUST BELOW AN SBS THRESHOLD (8 
mW INPUT) 

126 FOUR (32 mW) TIMEs THE SBS 
THRESHOLD POWER 

12s EIGHT (64 mW) TIMES THE SBS 
THRESHOLD POWER 

130 EIGHT (64 mW) TIMES THE SBS 
THRESHOLD AND WITH THE ELECT RO 
OPTICAL MODULATOR 9O BIAS BELOW 
QUADRATURE VIA THE TRANSMISSION 
OF APPROXIMATELY 5% 

Table 1 indicates the set of conditions that the Brillouin 
medium 46 is subject to at its input stage. For example, plot 
124 (response shoWn in FIG. 10) illustrates the response of 
system 82 When the Brillouin medium 46 is subjected to 
incident optical signals having a poWer level of just beloW 
the SBS threshold of 8 mW. 
The plots 126 and 128 respectively represent gains of 6 

and 8 dB, Whereas plot 130 represents an effective gain of 
19 dB, as Well as a state of operation, and Wherein each gain 
corresponds to the gain in the ratio of sideband poWer 
relative to the carrier Wave poWer.All the plots 124, 126, 128 
and 130 represent system responses for the circuit arrange 
ment 82 in Which the photodetector 116 of FIG. 8 has the 
same operating current because the transmitted output, that 
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is, the power made available at signal path 112 is clamped 
by the operation of the Brillouin medium 46 in a manner as 
previously described With reference to FIG. 6. Further, all of 
the plots 124, 126, 128 and 130 have a gain factor for the 
sideband to carrier Wave poWer ratio increases Whose 
response is very broad, such as that betWeen 45 MHZ to 20 
GHZ. The plots 124, 126, 128 and 130 could be duplicated 
by the use of the FORR device 78 of FIG. 8 With even still 
further possible increases in gain factors. 

It should noW be appreciated that the practice of the 
present invention provides for a stimulated Brillouin scat 
tering effect produced by Brillouin medium that acts as an 
attenuator and ?lter passing and rejecting selected 
frequencies, While clamping or ?xing the poWer output of 
the Brillouin medium.The selection of the Brillouin medium 
alloWs for the increase of the sideband to carrier Wave poWer 
ratio Which, in turn, increases the depth of modulation, m, 
experienced by the information carried by the optical carrier 
Wave. 

Further, the practice of the present invention effectively 
clamps the output poWer of an optical transmitter so as to 
provide protection against photodetector catastrophic fail 
ures or operation degradations of the photodetector. 
Furthermore, the practice of the present invention provides 
for an arrangement that is inherently self-tuning in that the 
Brillouin medium serving as the ?lter is alWays centered on 
the carrier Wavelength having parameters that correspond to 
the SBS threshold. This centering is maintained so long as 
the Wavelength of the carrier Wave does not drift rapidly. 

Furthermore, the present invention alloWs for the use of 
microWave poWer from microWave optical carrier Wave 
sources having an output poWer level approaching 200 
mW.HoWever, if desired, a FORR device 78 may be utiliZed 
and still provide for a SBS poWer threshold of a relatively 
loW value so that the practice of the present invention may 
be utiliZed for optical carrier Wave sources having a poWer 
rating of 1—5 mW. 

Although the hereinbefore given description is related to 
a Brillouin medium comprised of silica or the FORR device 
both having the stimulated Brillouin scattering effect, other 
Brillouin mediums, knoWn in the art, may be used to 
accomplish the same stimulated Brillouin scattering effect. 

It should, therefore, readily be understood that many 
modi?cations and variations of the present invention are 
possible Within the purvieW of the claimed invention.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 I claim is: 
1. An attenuator and ?lter for reducing, passing and 

blocking incident optical signals comprising carrier Waves 
having sidebands each having a preselected poWer level, 
said attenuator and ?lter comprising a Brillouin medium 
having a threshold for creating backWard traveling Stoke’s 
Waves When subjected to a predetermined poWer level of 
incident optical signal, said threshold being selected to 
increase the sideband to carrier Wave poWer ratio. 

2. The attenuator and ?lter according to claim 1, Wherein 
said predetermined poWer level is in eXcess of about 5 
milliWatts 
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3. The attenuator and ?lter according to claim 1, Wherein 

said incident optical signal is generated by a laser source 
having an operating Wavelength of about 1550 nm With a 
lineWidth less than about 100 kHZ. 

4. The attenuator and ?lter according to claim 3, Wherein 
said Brillouin medium is a dispersion shifted single mode 
optical ?ber comprised of fused silica and has a length of 
about 25 km. 

5. The attenuator and ?lter according to claim 3, Wherein 
said Brillouin medium is a ?ber-optic ring resonator. 

6. A method of increasing the poWer ratio of sidebands to 
their incident optical carrier Waves comprising the steps of: 

(a) providing a Brillouin medium having a threshold for 
creating backWard traveling Stoke’s Waves When sub 
jected to a predetermined poWer level of incident 
optical signals; and 

(b) selecting said threshold at a poWer level so that optical 
carrier signals above this threshold are attenuated and 
the sidebands of said optical carrier Waves are alloWed 
to pass. 

7. The method of claim 6, Wherein said selecting step 
further comprising selecting the threshold to establish a 
depth of modulation of the information carried by said 
incident optical signals. 

8. The method of claim 6, Wherein said predetermined 

poWer level has a value greater than about 5 milliWatts but less than 50 milliWatts 

9. The method of claim 6, Wherein said predetermined 
poWer level has a value of about 10 milliWatts. 

10. The method according to claim 6, Wherein said 
Brillouin medium is a dispersion shifted single mode optical 
?ber comprised of fused silica and having a length of about 
25 km. 

11. The method according to claim 6, Wherein said 
Brillouin medium is a ?ber-optic ring resonator. 

12. An attenuator and ?ltering system for reducing, pass 
ing and blocking optical signals generated by an optical 
transmitter and received by an optical receiver, said optical 
transmitter having a source providing optical carrier Waves 
in eXcess of about 5 milliWatts With sidebands thereof 
and an electro-optical modulator, said optical receiver hav 
ing a photodetector responsive to received optical carrier 
Waves and said sidebands thereof, said attenuator and ?l 
tering system being interposed betWeen said optical trans 
mitter and said optical receiver and comprising a Brillouin 
medium having a threshold for creating backWard traveling 
Stoke’s Waves When subjected to a predetermined poWer 
level in eXcess of about 5 milliWatts (mW), said threshold 
being selected to establish a predetermined ratio of said 
sidebands and said carrier Waves. 

13. The attenuator and ?ltering system according to claim 
12, Wherein said threshold is further selected to determine 
the depth of modulation of the information carried by said 
carrier Wave and said sidebands and received by said pho 
todetector. 


