
EP 0 491 796 B1 Description This invention relates to square optical pulse
generators. Considerable effort has been employed in generating square
optical pulses for all-optical switching pur- 5   poses using spatial
transform techniques as discussed for example in an article by A.M. Weiner
et al entitled "Femtosecond Pulse Tailoring" published in Optics Letters
13, 300 (1988). This method requires suitable mask to be made which is an
involved procedure and the transformation must be carried out in bulk
optics which is inconvenient when the square pulses produced are to be used
in optical fibre devices or networks. 10      According to the present
invention an optical pulse generator comprises a first optical coupler
having a first and a second pair of optical communication ports in which
substantially equal first signal portions of an optical signal at a first
wavelength received at a port of one pair are coupled to the two ports of
the other pair of ports; an optical waveguide coupling together the second
pair of ports having an interaction section which in- 15  cludes a material
having a non-linear refractive index; a cw optical source for providing a
cw optical signal at the first wavelength optically coupled to a first port
of the first pair of ports; a pulsed optical source for providing a pulsed
optical signal at a second wavelength optically coupled to the interaction
section so the pulsed optical signal propagates along it in substantially
one direction; 20        the intensity of the pulsed optical signal being
sufficient to provide a relative phase shift between the first signal
portions as they counter-propagate round the optical waveguide and the
interaction section being longer than the inverse of the absolute
difference in group delays of the cw and pulsed optical signals. In this
specification by "non-linear" we mean that the refractive index of a
material varies with the intensity of the transmitted signal. Typically the
refractive index n is given by the formula - 25
n = [err] where [err] is the linear refractive index, [err] is the Kerr
coefficient and [err] the intensity of the transmitted signal. In the
absence of the pulsed optical signal the first optical coupler and the
optical waveguide, which form a Sagnac antiresonant interferometer, act as
a loop mirror to the cw optical signal in that the signal entering the
coupler at the first port will be reflected i.e. It will exit from that
same port. This is because the two counter- 30   propagating portions
maintain the same relative phase. When the pulsed optical signal propagates
along the interaction section of the waveguide-so Inducing a phase shift in
that first portion which co-propagates with it in the same direction-the
condition for reflection is broken and some of the cw optical signal will
exit the second port. The present invention relies on the realisation that
the group delays of the cw and pulsed signals are dif- ferent so that for a
sufficiently long interaction section the pulse can effect switching to the
other port pulse 35   of cw optical signal wider than the width of the
pulse from the pulsed source. Thus a short pulse at the second wavelength
can be used to provide a square optical pulse at the first wavelength which
will have a rise and fall time of the order of the short pulse and a width
dependant on the length of the interaction section. Preferably, the first
optical coupler is a dichroic optical fibre coupler coupling substantially
all of the pulsed optical signal received atone port of one pairto one port
of the other pair and the optical waveguide is an optical 40  fibre. The
pulsed optical source being optically coupled to the first port as this
provides in a simple manner both the two counter propagating cw portions at
the first wavelength and propagation of the pulsed signal in a single
direction around the optical fibre. The pulsed optical source can be
coupled to the interaction portion by other arrangements, for example by
means of dichroic couplers in the optical fibre loop. 45      Other
waveguides providing the necessary non-linearity may also be employed
within the scope of the present invention. Embodiments of the present
invention and its principle of operation will now be described in more
detail with reference to the accompanying drawings in which - Figure 1 is a
schematic diagram of an experimental square optical pulse generator
according to the present 50      invention; Figure 2 is a graph of the
calculated non-linear phases imposed on the cw optical signal by an optical
pulse for different lengths of interaction section; and 



Figure 3 are photographs of square pulses generated by the apparatus of
Figure 2 for different powers of pulsed optical signal. 55      Referring
to Figure 1 a Sagnac antiresonant interferometer 2 is defined by a single
silica optical fibre 4 formed into an optical fibre loop 6 with portions of
the optical fibre being formed into a fused optical fibre coupler 8 having
a first pair of ports 10,12 and a second pair of ports 14, 16. In this
embodiment the loop 6 provides an interaction section by providing an
optical fibre exhibiting a non-linear refractive Index. The fibre loop 6
was 2    EP 0 491 796 B1 500m long and polarisation maintaining. A
modelocked Nd : YAG laser 20 provides a pulsed optical signal of 130ps
pulse width at 1.3[err] which is coupled into the first port 10 by means of
a dichroic coupler 18. A continuous wave (cw) F-centre laser 16 provides a
cw optical signal at 1.53[err] which Is also coupled to 5   the port 10 of
the coupler 8 by means of the optical couplers 18 and 22. The coupler 8 is
manufactured in well known mannerso as to couple equal portions of the cw
optical signal coupled to port 10 to the ports 14 and 16 to produce two
counterpropagating, equal intensity cw portions in the loop 6 and to couple
substantially all of the pulsed optical signal into port 14 (an extinction
ratio of 37dB at 1.3[err]) so the pulsed signal propagates in only one
direction round the loop 6. 10     The coupler 22 has a 50:50 splitting
ratio at 1.53[err] and is included in this experimental arrangement to
provide a monitoring point for the backreflected signal. The coupler 18 is
a dlchroic coupler in which both the 1.53[err] and 1.3[err] optical signals
are combined. The performance of the device was monitored at coupler 22
with a photodiode 24 which had a pulse re- sponse of 70ps FWHM and the
output displayed on a sampling oscilloscope (not shown). The signal at this
15  monitor diode is the 1.53[err] signal alone because none of the
1.3[err] pulsed optical signal returns to this port. The average power of
the 1.3[err] signal in the loop is measured at the free output port 12 of
coupler 8. Consider now when a cw optical signal at 1.531[err] and a pulsed
optical signal at 1.3[err] are propagating round the loop 6. Underthese
conditions the portion of the cw signal co-propagating in the same
direction and with the pulsed optical signal can be described by the
following pair of coupled equations in normalised units. 20 [err] 25 30 In
equations 1, A is the pulse signal (high power) and B is the cw signal (low
power) which is propagating in the same direction as A. The group delay is
given by [err] and [err] for the appropriate waves. since B is small we can
neglect terms of order B2. In addition, if we transform into the frame
moving with the group velocity of the B wave then equation (1) becomes 35
[err]                           (2a) 40 45  is the difference in group
delays of the two waves. Note, we have also neglected the SPM of the pulse
signal since the nonlinear response is unaffected by this term. The
solution for A is simply a travelling wave given by 50
[err] The equation for B can now be integrated to give 55 [err] 3    



EP 0 491 796 B1 where L is the length of the loop 6. Equation (5) is exact
even when SPM is included in the pump. The expression in brackets in
equation (5) represents the phase change [err] of the CW B signal caused by
the pulse signal [err]. The reflected B signal from the loop mirror can be
simply expressed in terms of this phase as [err] 5   (see N.J. Doran and D.
Wood, Non-linear Optical Loop Mirror" Optics Lett 13 56-58 (1988).). This
expression shows that the low power B signal is modulated by the high power
A signal pulse. In addition, the difference in group delay between the two
signals leads to a broadening of the reflected pulse because the phase
[err] de- pends upon the integral of the pump pulse PA(t). As an example,
if the A signal is given by A(t) = U sech(t)  (7) 10  then the nonlinear
phase change is given by [err]   (tanh(t) - [err] (8) Referring to Figure 2
there is shown the nonlinear phase for two loop lengths. Figure 2a is the
result for a loop length which is small compared to the pulse walk off
length [err]. The nonlinear phase is similar to the SPM result in which the
phase Is proportional to the pump pulse shape. In figure 2b the loop length
is large compared 15  to the walk off length. The peak phase change Is
larger, since we are now utilising all the available interaction length,
and is constant between the leading and trailing edge so forming the
required square optical pulse. The results for a number of different pump
powers are shown in figure 3. At an average (peak) power of 20mW (2W) at
1.3[err] (figure 3a) we observe complete switching of the  1.53[err] probe
signal. However, inspec- tion of figure 3a shows the 1.5[err] pulse to be
flat topped with a width of 300ps. This is due to the difference 20  in
group delay between the two signals as explained above. As the pump power
is further increased (figures 3bc) we start to observe the periodic
intensity response of the nonlinear loop mirror. In figure (3b) the central
part of the pulse is nowfully reflected. However, the leading and trailing
edges which should go through a state of zero reflection appear not to.
This is merely due to the limited response of the photodiode. The
photodiode response time is not a problem in the central part of the pulse
since the flat region of phase (see figure 1 b) is 25  longer than this
response time. Similar instrument limited features can also be seen in
figure (3c). The number of cycles we can observe is limited by the onset of
stimulated Raman scattering which occurs here at an aver- age power of
110mW. Any further increase in power above this value does not produce any
increase in peak power at 1.3[err] but simply transfers power to the longer
wavelengths. 30 Claims 1. A square optical pulse generator comprising:- a
first optical coupler (8) having a first and a second pair of optical
communication ports (10, 12 35       and 14, 16) in which substantially
equal first signal portions of an optical signal at a first wavelength re-
ceived at a port (10) of one pair are coupled to the two ports (14, 16) of
the other pair of ports; an optical waveguide (6) coupling together the
second pair of ports having an interaction section which includes a
material having a non-linear refractive index; a cw optical source (16) for
providing a cw optical signal at the first wavelength optically coupled 40
to a first port (10) of the first pair of ports (10, 12); a pulsed optical
source (20) for providing a pulsed optical signal at a second wavelength
optically coupled to the interaction section (6) so the pulsed optical
signal propagates along it in substantially one direction; the intensity of
the pulsed optical signal being sufficient to provide a relative phase
shift between 45      the first signal portions as they counter-propagate
round the optical waveguide (6) and the interaction section being longer
than the inverse of the absolute difference in group delays of the cw and
pulsed opt- ical signals. 2.  A pulse generator as claimed in claim 1 in
which the first optical fibre coupler is a dichroic optical coupler 50
(8) coupling substantially all of the pulsed optical signal received at one
port of one pair (10, 12) to one port of the other pair (14, 16), the
pulsed optical source (20) being optically coupled to the first port (10).
3.  A pulse generator as claimed in claim 2 in which the pulsed optical
signal and cw optical signal are com- bined by means of a second dichroic
optical coupler (18) having an output port coupled to the first port 55
(1 0) of the first optical coupler (8). 



4.  A pulse generator as claimed in claim 2 in which the pulsed optical
source (20) is coupled into the optical waveguide (6) by means of a
dichroic coupler (8). 4    EP 0 491 796 B1 where L is the length of the
loop 8. Equation (5) is exact even when SPM is included in the pump. The
expression in brackets in equation (5) represents the phase change [err] of
the CW B signal caused by the pulse signal [err]. The reflected B signal
from the loop mirror can be simply expressed in terms of this phase as
[err] = B (1 + cos [err]  (6) 5   (see N.J. Doran and D. Wood, "Non-linear
Optical Loop Mirror' Optics Lett 13 58-58 (1988).). This expression shows
that the low power B signal is modulated by the high power A signal pulse.
In addition, the difference in group delay between the two signals leads to
a broadening of the reflected pulse because the phase [err] de- pends upon
the integral of the pump pulse PA(t). As an example, if the A signal is
given by A(t) = U sech(t) (7) 10 then the nonlinear phase change is given
by [err]   (tanh(t) - tanh(t - [err] (8) Referring to Figure 2 there is
shown the nonlinear phase for two loop lengths. Figure 2a is the result for
a loop length which is small compared to the pulse walk off length [err].
The nonlinear phase is similar to the SPM result in which the phase is
proportional to the pump pulse shape. In figure 2b the loop length is large
compared 15 to the walk off length. The peak phase change is larger, since
we are now utilising all the available interaction length, and is constant
between the leading and trailing edge so forming the required square
optical pulse. The results for a number of different pump powers are shown
in figure 3. At an average (peak) power of 20mW (2W) at 1.3[err] (figure
3a) we observe complete switching of the 1.53pm probe signal. However,
inspec- tion of figure 3a shows the 1.5[err] pulse to be flat topped with a
width of 300ps. This is due to the difference 20 in group delay between the
two signals as explained above. As the pump power is further increased
(figures 3b,c) we start to observe the periodic Intensity response of the
nonlinear loop mirror. In figure (3b) the central part of the pulse is
nowfully reflected. However, the leading and trailing edges which should go
through a state of zero reflection appear not to. This is merely due to the
limited response of the photodiode. The photodiode response time is not a
problem in the central part of the pulse since the flat region of phase
(see figure 1b) is 25  longerthan this response time. Similar instrument
limited features can also be seen in figure (3c). The number of cycles we
can observe is limited by the onset of stimulated Raman scattering which
occurs here at an aver- age power of 110mW. Any further increase in power
above this value does not produce any increase in peak power at 1.3pm but
simply transfers power to the longer wavelengths. 30 Claims 1. A square
optical pulse generator comprising:- a first optical coupler (8) having a
first and a second pair of optical communication ports (10, 12 35       and
14, 16) in which substantially equal first signal portions of an optical
signal at a first wavelength re- ceived at a port (10) of one pair are
coupled to the two ports (14,18) of the other pair of ports; an optical
wavegulde (6) coupling together the second pair of ports having an
Interaction section which includes a material having a non-linear
refractive index; a cw optical source (16) for providing a cw optical
signal at the first wavelength optically coupled 40      to a first port
(10) of the first pair of ports (10, 12); a pulsed optical source (20) for
providing a pulsed optical signal at a second wavelength optically coupled
to the Interaction section (6) so the pulsed optical signal propagates
along it in substantially one direction; the intensity of the pulsed
optical signal being sufficient to provide a relative phase shift between
45      the first signal portions as they counter-propagate round the
optical waveguide (6) and the interaction section being longer than the
inverse of the absolute difference in group delays of the cw and pulsed
opt- ical signals. 



2.  A pulse generator as claimed in claim 1 In which the first optical
fibre coupler is a dichroic optical coupler 50      (8) coupling
substantially all of the pulsed optical signal received at one port of one
pair (10, 12) to one port of the other pair (14, 16), the pulsed optical
source (20) being optically coupled to the first port (10). 3.  A pulse
generator as claimed in claim 2 in which the pulsed optical signal and cw
optical signal are com- bined by means of a second dichroic optical coupler
(18) having an output port coupled to the first port 55      (10) of the
first optical coupler (8). 4.  A pulse generator as claimed in claim 2 in
which the pulsed optical source (20) is coupled into the optical waveguide
(6) by means of a dichroic coupler (8). 4    EP 0 491 796 B1 5. A pulse
generator as claimed in any preceding claim in which the optical waveguide
(6) comprises an opt- ical fibre. 6. Apulse generatoras claimed in any
preceding claim in which each optical coupler (8) comprises an optical 5
fibre coupler. 7. A method of generating a square pulsed optical signal
comprising: coupling a cw optical signal at a first wavelength from a cw
optical source (16) into one port (10), of a first pair of ports (10,12),
of an optical coupler (8), the optical coupler having two pairs of optical
ports 10     (10, 12 and 14, 16), to split the cw signal into two
substantially equal signal portions; coupling one of the signal portions
from one port (14) of the second pair of ports (14, 16) into one end of an
optical waveguide (6) having an interaction section which includes a
material having a non-linear refractive index and coupling the other of the
signal portions from the other port (16), of the second pair of ports (14,
16), into the other end of the optical waveguide whereby the two signal
portions counter- 15      propagate round the optical waveguide; and,
coupling a first pulsed optical signal at a second wavelength into the
optical waveguide so that the pulsed optical signal propagates in
substantially one direction round the optical waveguide, the intensity of
the pulsed optical signal being sufficient to provide a relative phase
shift between the two signal por- tions as they counter-propagate round the
optical wavegulde, the Interaction section of the optical wave- 20
guide being longer than the inverse of the absolute difference in group
delays of the cw and pulsed optical signals. Patentansprfche 25 1.
Generator fMr rechteckffrmige optische Impulse mit einem ersten optischen
Koppler (8) mit einem ersten und einem zweiten Paar optischer
Verbindungsan- schliOsse (10, 12 und 14, 16), in dem naherungsweise gleiche
erste Signalteile elnes optischen Signals einer ersten Wellenlange, das an
einem Anschlul3 (10) eines der Paare empfangen wurde, an die zwei 30
AnschlOsse (14, 16) des anderen Anschlugpaars gekoppelt wird; einem
optischen Wellenleiter(6), derdie Anschlflsse des zweien Paars
mitelnanderkoppelt und der einen Wechselwirkungsbereich hat, der ein
Material mit einem nicht linearen Brechungsindex aufweist; einer optischen
CW-Quelle (16) zur Bereltstellung elnes optischen CW-Signals (continues
wave-Signal) der ersten Wellenlange, das optisch an einen ersten AnschluiS
(10) des ersten Anschlu~paars (10, 12) 35      gekoppelt wird; einer
gepulsten optischen Quells (20) zur Bereitatellung eines gepulsten
optischen Signals einer zweiten Weilenlange, das optisch in den
Wechselwirkungsbereich (6) gekoppelt wird, so daB das gepulste opti- sche
Signal langs dieses Bereichs Im wesentlichen in eine Richtung lauft; wobei
die Intensitat des gepulsten optischen Signals ausreicht zwlschen den
ersten Signalteilen eine re- 40      lative Phasenverschlebung
hervorzurufen, wenn sle um den optiachen Wellenleiter (6) herum gegenein-
ander laufen, und wobei der Wechselwirkungsberelch linger Ist als der
Kehrwert des Betrags der Diffe- renz der Gruppenverzdgerungen des optischen
CW-Signals und des gepulsten optischen Signals. 2.  Impulsgenerator nach
Anspruch 1, bei dem die erste optische Faserkopplung eine dichroische
optische 



Kopplung (8) ist, die imwesentlichen das gesamte gepulste optische Signal,
das an einemAnschlulleines Paars (1 0, 12) empfangen wird, an einen
Anschlul des anderen Paars (14,16) koppelt, wobei die gepulste optische
Quells (20) optisch mit dem ersten AnschluBl (10) gekoppelt ist. 3.
Impulsgenerator nach Anspruch 1, bei dem das gepulste optische Signal und
das optische CW-Signal mit- tels eines zweiten dichroischen optischen
Kopplers (18) miteinander kombiniert werden, der einen Aus- gangsanschlul&
hat, der mit dem ersten Anschlui (10) des ersten optischen Kopplers (8)
gekoppelt ist. 4.  Impulsgenerator nach Anspruch 2, bel dem die gepulste
optische Quelle (20) an den optischen Wellen- leiter (6) mit einem
dichroischen Koppler (8) gekoppelt ist. 55   5.  Impulsgenerator nach elnem
der vorhergehenden Ansprflche, bel dem der optische Wellenleiter (6) eine
optische Faser aufweist. 6.  Impuisgenerator nach einem der vorhergehenden
Anspr~che, bei dem jeder optische Koppler (8) einen 5    optischen
Faserkoppler aufweist. 7. Verfahren zum Erzeugen optischer Signale in Form
von Rechteckimpulsen, mit Koppeln sines optischen CW-Signals einerersten
Wellenlinge aus eineroptischen CW-Quelle (16) In ei- 5       non AnschluS
(10) sines ersten Paars von AnschlOssen (10, 12) sines optischen Kopplers
(8), wobei der optische Koppler zwel Paare optischer AnschlOsse (10, 12 und
14, 16) hat, um das CW-Signal in zwei im wesentlichen gleiche Signalteile
aufzuspalten; Koppein sines der Signalteile von einem Anschlul (14) des
zweiten Paars von Anschlussen (14, 16) in ein Ends sines optischen
Wellenleiters (6), der einen Wechselwirkungsberelch hat, der sin Material
mit 10      sinem nicht linearen Brechungsindex aufweist, und Koppeln des
anderen Signaltells vom anderen An- schluB (16) des zweiten Paars von
AnschlOssen (14, 16) in das andere Ends des optischen Wellenleiters,
wodurch die zwel Signalteile um den optischen Wellenlelter herum
gegeneinander laufen; und Koppeln sines ersten gepulsten optischen Signals
einer zwelten Wellenlange in den optischen Wellenlei- tsr, so dal sich das
gepulste optische Signal im wesentlichen in sine Richtung um den optischen
Wel- 15     lenlelter herum ausbreltet, wobei die Intonsitfit des gepulsten
optischen Signals ausreicht, sine relative Phasenverschiebung zwischen den
zwei Signaltblien hervorzurufen, wenn sie um den optischen Wellen- leiter
herum gegeneinander laufen, wobei der Wechselwirkungsbereich des optischen
Wellenleiters lAn- geristals der Kehrwertdes BetragsderDifferenz
derGruppenverz8gerungen des optischen CW-Signals und des gepulsten
optischen Signals. 20 Revendicatlons 1. Generateur d'impulsions optiques
carrees comprenant: 25      un premier coupleur optique (8) ayant une
premlire et une seconds paires de bornes de communication optique (10,12 et
14,16), dans lequel des premieres portions de signal sensiblement 6gales
d'un signal optique a une premiere longueur d'onde, recues A une borne (10)
d'une pairs, sont coupl6es aux deux bornes (14,16) de I'autre pairs de
bornes; un guide d'onde optique (6) couplant ensemble la seconds pairs de
bornes ayant une section d'interaction 30      qul inclut un materiau ayant
un indice de refraction non lineaire: une source optique A onde continue
(16) permettant de fournir un signal optique A onde continue a la prerniere
longueur d'onde, couplee optique- ment A une prerniere borne (10) de la
premlbre pairs de bornes (10,12); une source optique puls6e (20) permettant
de fournir un signal optique pulse A une seconds longusur d'onde, couplee,
optiquementA la section d'interaction (6), de sorte quo le signal optique
pulsese propage 35      le long de celle-ci selon sensiblement une
direction; l'intensite de signal optique pulse etant suffisante pour
fournir un decalage de phase relative entre les premieres portions de
signal lorsqu'elles se propagent en sens inverse autour du guide d'onde
optique (6), et la section d'interaction etant plus longue quo l'inverse de
la differencoe absolue en phase des si- gnaux respectivement A onde
continue et optique pulse. 40 



2. Generateur A impulsion selon la revendlcation 1, dans lequel le coupleur
optique eat un coupleur (8) op- tique dichroTque couplant sensiblement tous
les signaux optiques pulses recus A une borne d'une pairs (10,12), a une
borne de l'autre pair. (14,16), Ia source optique pulsee (20) etant couplee
optiquement A la premiere borne (10). 3. Generateur A impulsion selon la
revendication 2, dans lequel le signal optique pulse et le signal optique A
onde continue sont combinis au moyen d'un second coupleur optique
dichroTque (18) ayant une borne de sortie couplee A la premiere borne (10)
du premier coupleur optique (8). 4. Generateur A impulsion selon la
revendication 2, dans lequel la source optique pulsee (20) est couplee 50
A l'interieur du guide d'onde optique (6) au moyen du coupleur optique
dichroTque (8). S. Generateur a impulsion selon l'une des revendications
precedentes, dans lequel le guide d'onde optique (6) comprend une fibre
optique. 56  6. Generateura impulsion solon l'une des revendications
precedentes, dans lequel chaque coupleuroptique (8) comprend un coupleur A
fibres optique. 7.  Procede de generation d'un signal optique carre pulse,
comprenant: 6    C   L   M - le couplage d'un signal optique A onde
continue, provenant d'une source optique A onde continue (16) A une
premiere longueur d'onde jusqu'a une borne (10), d'une premiere paire de
bornes (10, 12) d'un coupleur optique (8), le coupleur optique ayant deux
paires de bornes optiques (10, 12 et 14, 16), afin de diviser le signal A
onde continue en deux portions de signal sensiblement egales; 5         -
le couplage d'une des portions de signal provenant d'une borne (14) de la
seconds paire de bornes (14, 16), A l'interieur d'une extremite d'un guide
d'onde optique (6) ayant une section d'interaction qui inclut un materiau
ayant un indice de refraction non-lIlneare, et le couplage de l'autre des
portions de signal provenantde l'autre borne (16) de laseconde pairede
bornes (14,16), Al'interieurdel'autre extrWmiti du guide d'onde optique,
lea deux portions de signal se propageant en sons inverse autour 10
du guide d'onde ; et - Is couplage d'un premier signal optique pulse A une
second. longueur d'onde A l'int6rieur du guide d'onde de sorte quo le
signal optique pulse se propage selon sensiblement une direction autour du
guide d'onde optique, I'intenstit du signal optique pulse etant suffisante
pour fournir un decalage de phase relative entre les deux portions de
signal lorsqu'elles se propagent en sens inverse autour 15          du
guide d'onde optique, la section d'intraction du guide d'onde optique etant
plus longue quo I'in- verse de la difference absolue on phase des signaux
respectivement A onde continue et optique pul- se. 20 25 30 35 40 45 50 55
7    


