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addi ng or dr oppi ng OrbM  (opti cal time-division multiplexing)
channels in an optical tel ecomunications system It has been recogni sed
that in orwlewstassnchi eve the hi ghest possible bit rates (BCHGB Ghit/s
or nore) in 10 optical transm ssion systens it is desirable that
functions such as adding or dropping a channel should be carried out
entirely in the optical domain., It has previously been proposed to carry
out such functions using a non-Iine%ﬁﬁ (NOLM in which the
non-linearity is orOVIded 15 b oen1con uctor gain nmedium which
is positioned S8%¥ Ay = 58p. incoming optical data is split
into two counter-prdﬂagapragewhnﬁmmemtﬁon rémsamset¢hensept¢camuswdtcgaln

medi um | S POST L LADEH ARETSE | Gl Y. £ el G QTR ?.pﬁ.é?téfsfwro“gh

it before the ot ngly, opti cal contro

applied to Phe Bgﬁﬁnﬁedlﬁﬁ1toﬂ§HWH¥ﬂﬁlt OFRM:, (RPYIcad: . H¥PS, Flﬁ&Q“

passed through wultbplexing)hechtmeesls connaar gptigagdattielecommunications
' system.

It has been recognised that in order to achieve the
highest possible bit rates (e.g. of 100 Gbit/s or more) in
10 optical transmission systems it is desirable that functions
such as adding or dropping a channel should be carried out
entirely in the optical domain. It has previously been
proposed to carry out such functions using a non-linear
loop mirror (NOLM) in which the non-linearity is provided
1s by a semiconductor gain medium which is positioned
asymmetrically in the loop. Incoming optical data is split
into two counter-propagating components. Because the
semiconductor gain medium is positioned asymmetrically, one
of these components passes through it before the other.
20 Accordingly, if an optical control signal is applied to the
gain medium to switch it after the first component has
passed through but before the second counter~propagating
component has arrived, then the two components experience
different phase shifts through the semiconductor gain
25 medium, producing a differential phase shift which may used
to switch the signal to determine whether it is transmitted

or reflected by the NOLM.
Although, as described in the present applicant’s co-
pending International application PCT/GB94/02240, it is
30 found to be possible to operate such an NOLM at switching
rates higher than the saturation recovery time of the
semiconductor optical gain medium, nonetheless there
remains a fundamental upper limit to the possible switching
speeds determined largely by the transit time associated
35 with the semiconductor gain medium. In use, there has to
be time for the first pulse to pass through the gain
medium, then for the gating pulse to pass through, and



conponent has arrived, then the two conponents experience different phase
shifts through the sem_conductor. _gain 25 medi um producing a differenti al
phase shift which nay used to switch the signal to determ ne whether it is
transmtted or reflected by the NOLM Al t hough, as described in the present
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sw tch. 5 Accordlng to a first aspect of the present invention,
an optical switch comprising a semiconductor gain medium
and means for applying an optical control signal to the
semiconductor gain medium is characterised by a pair of
arms arranged in a Mach-Zehnder configuration with a
10 respective semiconductor gain medium connected in each arm,
in use respective control signals being applied to each
semiconductor gain medium with a delay between the control
signals selected so that a differential phase shift is
applied to an input optical signal propagating through the
15 arms of the switch, and by a phase control elenment
connected in one of the arms of the switch and arranged to
cancel a phase offset between pulses propagating in the two
arms.
The present invention provides an optical switch using
20 a semiconductor optical gain medium arranged in such a way
that the switching rate is not limited by the transit time
of the gain medium. To this end, a pair of semiconductor
gain elements are used in the two arms of a Mach-Zehnder
interferometer. By appropriate control of the period and
25 relative delay of a sequence of control pulses applied to
the respective gain media, a differential phase shift can
be applied to a selected one or more of the pulses in an
optically encoded data stream so that selected pulses are
output from a different port of the switch. The switching
30 rate is not limited by the transit time of the
semiconductor gain media and so higher rates can be
achieved than hitherto has been possible. Furthermore, the
switch achieves contrast/extinction ratios superior to
those of conventional NOLM switches when used at high bit-
35 rates.
As will be further described below, while the selected
one or more pulses experience a differential phase shift,
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SUMVARY OF THE | NVENTI ON 5 According to a first aspect of the
present invention, an optical switch conp
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Preferably the switch is a demultiplexer arranged to
select one or more pulses from an input optical pulse
strean.

The high switching rates and excellent contrast ratios
obtainable with the switch of the present invention make it
particularly valuable as an optical demultiplexer suitable
for use in optical telecommunication systems. The input
pulse stream might comprise, for example, a series of OTDM
frames with the demultiplexer being used to select a given
one or more channels from each OTDM frame for routing to a
different output port. |

According to a second aspect of the present invention,
there is provided a method of switching an optical signal
to select one or more pulses from a pulse stream, the
method including applying the signal to a semiconductor
gain medium, and applying an optical control signal to the
semiconductor gain medium, characterised by splitting the
optical signal between a pair of arms arranged in a Mach-~
Zehnder configuration and passing the signal in each arm
through a respective semiconductor gain medium, applying
respective optical control signals to each semiconductor
gain medium with a delay between the control signals
selected so that a differential phase shift is applied to
the signal, and applying a further phase shift to cancel a
phase offset between pulses propagating in the pair of
arms.

According to a third aspect of the present invention
an opticél demultiplexer arranged to select one or more
pulses from an input optical pulse stream is characterised

signal s sel ected

a



be.applied to a selected one or nore of the pulses in an optically encoded
data stream so that sel ected pulses are output froma different port of the
switch. The switching 30 rate is not limted by the transit tine
of ° the sem conductor gain nedia and so higher rates can be achieved than
hitherto has been possible. Furthernore, the switch achieves
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Mach- zehnder of the present invention is in signal processing and clock
recovery. The switch may advantageously be substituted for
the non-linear optical modulator (NOM) of a clock recovery
circuit such as those described and claimed in the present
-applicant’s published International application W093/22855
16 2 (PCT/GB93/00863).

The switch may also be used as a correlator for
sampling a repetitive optical signal. Used in this manner
it might form the basis of an "all-optical" oscilloscope
(that is to say an oscilloscope in which signal sampling is

15 carried out in the optical domain) or other test
instrument. In this case the control signals applied to
the semiconductors would take the form of a repetitive
periodic signal having a frequency close to but different
from the frequency of the signal to be sampled, differing,

20 for example, by a few KHz.

ESCRIPTION O E WINGS

Embodiments of the present invention will now be
described in further detail, by way of example only, with
reference to the accompanying drawings in which:

25 Figure 1 is a schematic of a conventional NOLM;

Figure 2 is a graph showing the phase response of the
NOLM of Figure 1;

Figure 3 is a first example of a demultiplexer
embodying the present invention;

30 Figure 4 is a graph showing the phase response of the
demultiplexer of Figure 3;

Figure 5 is a timing diagram showing the data and
control pulses for the demultiplexer of Figure 3;

Figure 6a is a hybrid circuit implementing the

35 demultiplexer of Figure 3 and Figure 6b is a detail of an
alternative topology of the input side of the hybrid
circuit;



interferoneter. Preferably the switch is a denultiplexer arranged to 10

sel ect_one _or nore pul ses from an input optical _pulse stream.The high
switching rates and excellent contrast ratios obtainable with the sw itch of
the present invention nake it particularly valuable as an optical
denul ti pl exer suitable 15 for use in optical tel ecomunication systens.
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a non-linear loop mirror (NOIM). The loop 1 includes a
‘semiconductor optical amplifier SOA which is positioned
asymmetrically in the loop, that is to say the path length

10 from the SOA to one input of the coupler differs from the
path length to the other input of the coupler. Aan optical
pulse stream at wavelength A; is input to the loop via the
coupler 2. It is split into two counter-propagating
portions. Because of the asymmetrical position of the SOA

15 one portion of a given pulse reaches the SOA and passes
through it before the other counter-propagating portion.

The SOA is switched by a stream of optical control
pulses at wavelength A, (where A, is different from Xy)
which are coupled into and out of the loop by wavelength

20 division multiplexers WDM1.

In use, when a control pulse at )\, passes through the
SOA it sweeps out the excess population of carriers in the
SOA and thereby causes a change in the refractive index at
the data wavelength A;. Therefore, when a control pulse is

25 timed to pass through the SOA after one of the counter-
propagating portions and before the other, the different

- portions experience different phase shifts, and this
differential phase change can be used to switch the pulse
to determine whether it is reflected or transmitted at the

30 coupler 2.

In the example shown in PFigure 1, an additional
holding beam at wavelength A, is used to pump the SOA sc as
to speed its recovery time after depletion by a control
pulse. This holding beam at wavelength A, is coupled into

35 and out of the loop by a second pair of wavelength division

multiplexers WDM2 positioned on either side of the SOaA.
The use of the holding beam speeds the recovery of the



selected so that a differential phase shift is applied to the signal, and
applying a further phase_shift to cancel a phase offset. between pul ses

propagating in the pair of arns. 35 According to a third aspect of

t he present invention an optical denmultiplexer arranged to sel ect one or
more pul ses froman input optical pulse streamis characterised WO
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in accordance with the first aspect of the present invention arranged to
switch the selected one or nore pulses in response to the said control
signals. Another inmportant field of use for thé optical switch 5 of the
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International application.

5 Figure 2 shows how the phaée change imposed by the SOA
varies as it is clocked by a regular stream of control
pulses at A,. In order to switch data pulses from being
wholly reflected to being wholly transmitted, it is
necessary to provide a differential phase shift of w. The

10 magnitude of the phase shift is determined by the intensity
of the optical control pulses, by the electrical bias
applied to the SOA and by the length of the SOA. These are
set so that, as illustrated, there is a difference of 7
between the phases experienced by a data pulse arriving at

15 instant Ti1 and a second pulse arriving at T2, T. falling
between Tl and T2 is the time of arrival of the clock
pulse. Ideally data pulses arriving at other times should
experience the same phase shift in the SOA, and so overall
experience no differential phase shift. However, when the

20 switch is operating. over time scales significantly shorter
than its recovery time, in practice the carrier population
and hence the refractive index is varying continuously and
so pulse portions arriving, e.g., at times T3 and T4 still
experience a residual differential phase shift @300 This

25 limits the extinction ratio which the switch can achieve.
Furthermore, as discussed in the introduction, there is a
fundamental limitation of the maximum possible switching
rate as a result of the finite transit time associated with

the SOA.
30 Figure 3 shows a first example of an optical
demultiplexer embodying the present invention. The

demultiplexer is configured as a Mach~Zehnder
interferometer having first and second arms 31, 32.
Respective semiconductor optical amplifiers SOAl, SOA2 are
35 connected in each arm. Inputs are provided in each arm for
a control signal going to each SOA. In use, the data pulse
stream at A; is input at one port Pl of an input coupler



sanpling a repetitive optical signal. Used in this manner it mght formthe
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which signal sanmpling 1s 15 carried out in the optical donain) or
ot.her test instrunent. In this case the control signals applied to the

sem conductors would take the formof a repetitive periodic signal having a
f requency wo ssm9ss20 but different fromthe frequency of tRCHGBAENTZ0 be
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circuit ind enefromerien@r other of its two ports P3, P4 depending upon
the differential phase shift produced by the SOas.

Whereas in the prior art the differential phase shift

was produced by the use of data pulses arriving at

different times at the SOA, using the configuration of the

i0 present invention this is not necessary. The data pulses

can arrive simultaneously at the SOAs and so the bit rate

of the data pulses is not limited by the transit time of

the SOAs. The differential phase shift is achieved by the

use of a time off-set between sequences of control pulses

15 . applied to the different SOAs. A planar optical delay line

may be used to split a control signal from an appropriate

source to provide two control pulse streams with a

predetermined delay between them. Referring to Figure 4,

where curve A is the phase of SOAl and curve B is the phase

20 of SOA2, then a control pulse arrives at SOAl at instant

Tl. The corresponding control pulse for SOA2 is delayed so

that it arrives at a later instant T3. The timing of these

control pulses and their relative delay are chosen so that

they bracket the arrival of a data pulse at the SOAs at

25 time T2. At that time SOAl1 has just been depleted by the

control pulse, while SOA2 has not yet received the control

pulse. The different portions of the pulse in SOA1 and

SOA2 therefore experience different phase shifts, producing

a phase differential of #. As a result of this phase shift

30 when the portions are recombined in the output coupler 34

this selected pulse is output from port P3. By contrast,

a later arriving data pulse at time T5 experiences only a

small differential phase shift é¢ and so is output almost

entirely from port P4.

35 The residual differential §¢ is eliminated entirely so

that for data pulses other than the selected pulse the

phase differential is zero. This is achieved by adding in



35 denmul tipl exer of Figure 3 and Figure 6b is a detail of an alternative
topol ogy of the input side of the hybrid circuit; WO 96/ 22562

PCT/ GB96/ 00072 5 Figure 7 is a detail showing the interface between the
ptanar circuits and the SOA; and, Figure 8 is a circuit diagramof an
optical clock recovery circuit. 5 DESCRI PTI ON OF EXAMPLES Figure 1 shows
aprior art opwoossiz2séerrul ti pl exer using a non-linear |oop mrM® 2
The loop 1 includes a sem conductor optical anplifier SOA which is
positioned asymretrically in the loop, that is to say the path Ilength 10
fromthe SOA to one input of the coupler diffefs fromthe path length to
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differential phase shift of @ for the selected pulses and

5 0 for the other pulses. The addition of the phase shifting
element PE is equivalent in effect to shifting curve B
upwards by &¢, thereby eliminating the difference in the
phase shift experienced by the pulse portions in the
different SOAs at, e.g., time TS.

10 The phase shifting element PE may be formed, for
example, from a length of germanium-doped silica waveguide
having a length and doping level chosen to provide the
desired phase shift. Alternatively the element PE may be
formed from a photosensitive glass. Then in the

15 fabrication of the circuit, after the completion of the
other elements, the switch may be operated and the output
levels from one or other of the output ports P3, P4
monitored. The photosensitive glass is then illuminated at
an appropriate ultra-violet wavelength and the intensity of

20 the illumination increased until the monitored circuit
output from P3 and/or P4 is optimised. An appropriate
photosensitive glass for these purposes is described in
reference (3) cited on page 10 below.

In some fields of use it may be desirable for the

25 phase element PE to be adjustable after fabrication. 1In
this case it may take the form of an electro-optic element
such as a lithium niobate cell. Alternatively the element
may be provided by a further semiconductor optical
amplifier whose phase delay is adjustable by adjusting its

30 electrical drive current. Where such an adjustable phase
element PE is used, then a control circuit (PEL) using a
feedback loop from the output of the switch may be used to
provide the control signal to the phase element to ensure
that the phase differential is always optimally cancelled.

35 The control circuit may include a photodetector which
detects the output of the switch.



through it before the other counter-propagating portion. The SCQA is
switched by a stream of optical control pu

[err] is different from[err]) which are coupled into and out of the |oop
by- wavel engt h 20 division multiplexers WDML. In use, when a control pulse
at [err] passes through the SOA it sweeps out the excess popul ati on of
carriers | wo%sm6@A and thereby causes a change in the ref B0 dex at
the data wavel ength [err]. Therefore, when a control pulse is 25 timed to
pass through the SOA after one of the counter- propagating portions and
before the other, the different portions experience different phase shifts,
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OTDM frame period. The time off-set between the pulses
applied to SOAl1 and SOA2 is chosen to be greater than the
data pulse width but less than the data bit period. It can
10 be seen that any other arbitrary channel may be selected by
advancing the timing of the control pulses appropriately
with respect to the data pulses.
Figure 6 shows a circuit implementing the multiplexer
shown schematically in Figure 3. This is a hybrid circuit
15 combining planar silica technology with discrete
semiconductor components for the SOAs. Each SOA is an InP-
based semiconductor laser amplifier with the gain medium
angled at 10° with respect to the faces of the silica
substrate and tapered at its ends. Where the SOA is, for
20 example, 2mm long, then the gain medium ‘has a taper of
500um length at each end. In this example, the width of
the gain medium reduces from 1.3um to 0.2um along the
length of the taper. These SOAs are sandwiched between a
pair of planar silica circuits which provide the input and
25 output ports of the demultiplexer as well as the couplers
and splitters illustrated in Figure 3. The tapering of the
SOA gain medium at its ends improves the efficiency of the
mode coupling between the SOA and the silica circuit. The
angle of the SOA gain medium with respect to the normal to
30 the end faces of the SOA, and of the waveguides, serves to
reduce internal reflections, which otherwise might cause
feedback in the devices
The couplers in this example, are all directional
couplers arranged to provide a 50:50 coupling ratio. On
35 the input side of the planar silica there are provided
input ports for a holding beam H and control signal C
respectively for the first SOA and a corresponding pair of
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'popul ation levels after_depletion_by the passage of a control pulse and
makes possible i ncreased swit chi ng rates, as described in _our
above-cited co-pending International appl ication. 5 Figure 2 shows
how t he phase change inposed by the SOA varies as it is clocked by a

regul ar streamwboegmsssz ol pul ses at [err]. In order to sw tch PeI/GBYsIRERS
frombeing wholly reflected to being wholly transmtted, it is necessary to
provide a differential phase shift of [err]. The 10  magnitude of the
phase shift is determ ned by the «intensity of tZWe optical control pulses,

by the electrical blasa lied to the SOA and the | ength of .t he SOA
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In an alternative configuration shown in Figure 6b, a

looped path may be provided in the silica for the holding

and control beams using a reflection grating etched in the
waveguide core between pairs of directional couplers.

10 Alternatively, a photo-refractive grating might be usead.
The two directional couplers €01, CO2 and the arms of the
waveguides between the couplers are in the form of a Mach-
Zehnder interferometer and the reflection gratings control

the phase bias of the different arms of the interferometer.

15 The bias is set so that both of the input signals C and D
are output from a single arm of the interferometer system

and fed to the SOA. This system allows coupling of C and

D with close to 100% efficiency. Where a holding beam H is
used, then this in general will be at a different

20 wavelength for which the grating functions as a reflective
grating. The holding beam may be longer or shorter in
wavelength but within the gain. bandwidth of the SOA, which

is typically around 50nm. The data pulses may be within

the gain bandwidth or at longer wavelengths. As shown, H

25 is introduced into the coupler/interferometer system in the
opposite direction to the data and control signals.
Circuits of this type are described in further detail in:

(1) "Integratead four channel Mach~Zehnder
multiplexer/demultiplexer fabricated with phosphorous

30 doped Si0, waveguides on Si" by Verbeck et al, Journal
of Lightwave Electronics pp1011-1015, 6(6), ‘88.
(2} "Silica-based integrated optic Mach-Zehnder

multiplexer/demultiplexer family with channel spacing
of .01-250nm" by Takato et al, IEEE Journal on

35 selected areas in communications, pp1120-1127 8(6),
’90.
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recovery tine, in practice the carrier population and hence the refractjve
index 1s varying continuously and so pul se portions arriving, e.g., at

ti.mes T3 and T4 still experience a residual differential phase shift [err].
This 25 limts the extinction ratio which the swtch can achi eve.
Furthernnrﬁkﬁﬁﬁ$ﬁgscussed in the introduction, there i s aptucBssesnal
limtation of the maxi num possible switching rate as a result of the finite
transit tine associated with the SOA 30 - Figure 3 shows a first
exanple of an optical denultiplexer emwpdying the present invention.
The demul ti pl exer Is configured as a Mach- Zehnder interferoneter

having first and3becthaserriyidmedsfourcpert brndpassni Liditarcfabr tpatedin
anplifiers SOAL, SO“Q;ﬁéEh—Qﬁ:de Fﬁ6ﬂ6§éﬁ§1ti‘v£wd&bﬁﬂ plapar vaeguiaevi ded

Slreamat Lerr] is iPpoearanes A% "Spes FaRtonity ddaltifody Ietels)osc)

PCT/ GB96/ 00072 7 PP 191-194, 5(2): Feb ’93.

D}

5 It should be noted in relation to this and to the
other embodiments described that the use of a holding beam
H is not essential, but may be omitted. In many

circumstances, sufficient switching speed can be cbtained
simply by appropriate electrical bias of the SOAs without

10 use of an optical holding beam.

In this example, the waveguide channels in the planar
waveguide have a width and depth of 5 microns and a
refractive index gradient An=0.01. As shown in Figure 7,
at the interface with the SOAs the facet of the silica

15 waveguide is angled at 22%°. This geometry combined with
the tapering of the core of the SLA at its ends to provide
mode matching between the SOA active channel and the
waveguides ensures maximum coupling efficiency between the
planar circuits and the SOA devices. .

20 The switch of the present invention is by no means
limited in use to optical demultiplexing. Another
important field of application is in optical clock
recovery. Our above-cited earlier International
application describes and claims a number of circuits for

25 recovering a timing waveform for wuse in subsequent
processing of an optical signal. The circuits are based
upon the use of a non-linear optical modulator (NOM)
connected in the optical cavity of a mode-locked laser.
The optically encoded signal is applied to the optical

30 modulator and modulates the phase and/or amplitude of light
in the optical path of the laser cavity thereby locking the
phase and fregquency of the output pulse stream to the
timing wave of the optically encoded signal. Figure 8
shows a clock recovery circuit using the optical switch of

35 the present invention as the non-linear optical modulator.
The switch of Figure 3 in this case is connected into the
optical cavity of a fibre-ring laser via ports P2 and P4.



33, This is a 50:50 directional coupler which splits the input signal
equal ly between the two_arns of the interferoneter. After passing through
the SOAs the optical signals are reconbined at the output coupler 34 and
out put 5 fromone or other of its two ports P3, P4 dependi ng upon the
differential phase shift produced by the SOAs. Wereas in the prior art the
di'f ferential plwoesmséft was produced by the use of data pul sdCTGBINIY at
different tines at the SOA, using the configuration of the 10 pr esent
invention this is not necessary. The data pul ses can arrive simultaneously
.at the SOAs and so the bit rate of the data pul€es is not linmited by the

transit time of the SOAs. The differ I_a hift LS hi eved {
use of a tine off-se ?)e‘ﬁﬂéé’r?lsﬁhﬂﬂﬂﬁ ro#hggﬁf%ﬁspaﬁgégeqéy _5836?‘%89{%‘9
the different SOAs. ivpwt adlatastreagal(tbetays|the skreave fromdwhachpthe glock
C?“t rol si tgﬂf'ﬂ fro(rjn ?é‘ @&Fﬁé)%bi%b@r%@%”aﬁﬁi taf(i:r;]ﬂrﬂ‘x‘: d?ttw ‘9“‘{“”"’? sbkllssgia an
streans wi a predeterm ned, del ay,bet ween ef erri o Figure
where curve A is t he®PFH% %feq‘g@ilﬁﬁdt%lﬂ’%? %mfsrfﬂ‘élﬁﬁggleel%' @?ejﬁ&?“t
then a control p8l secemplerr$3k isOshoseni hetprevitde, Bha.copfr 69psAdsplitting

control pulse for SQhtis withvaedd poetsNBs ahd B4) VeTcRirdingdyCtné & #dn Tih

The timng of these copliol pUl3ezeald i Lnpfl alde ®of®! dle “teBle>Bigtar

depending on which port it is switched to.
The other components for the clock recovery circuit
10 are conventional and are described in further detail in our
above-cited International application. In the example
shown in the Figure, they include an isoclator and an Er-
doped fibre amplifier. Alternatively, the mode-locked
laser may use a Semiconductor Laser Amplifier to provide
15 the active medium, and in this case advantageously the SLA
and the switch may be formed as an integrated semiconductor
device.
A further use for the switch is in an "all-optical"
oscilloscope or other test instrument. In this case the
20 switch acts as a correlator. A circuit in the form shown
in Figure 3 is used, with an optical signal to be sampled
input at port P1. The control signal is then a repetitive
optical signal with a frequency different from but close to
the repeat period of the data to be sampled. There is then
25 a "walk-through" effect as the switch samples and outputs
from port P4 successive portions of the signal input at Pl.

The switch of Figure 3 may be used with a continuous
wave input at Pl rather than a pulsed datastream. The
switch then functions as a pulse width modulator with the

30 width of an output pulse from P4 determined by the relative
delay between the two input control signals.



63}

they bracket the arrival of a datalmu ﬁllglumﬁ“ﬂms at 25__time T2. At
that tine SOA1l has just been depl et pul se; k
not yet recei ved the control pul se. The i f1erent portiops o { : e
SOAL and SOA2 therefore experience different phase shiftslwpra i
phase differential of [err]. As a result of this phase shift 30 when the

portions av@ogre@bi ned in the output coupler 34 this selRCH/GEI6NHNT3c | s
output fromport P3. By contrast, a later arriving data pulse at tine T5
experiences only a small differential phase shift [err] and so is output

al nost entirely fromport P4. 35 THS residual differential [err] is
elimnated entirely so that for data pulmher than the sel ected pul se
the phase differential is zero. This is ¥ved by adding in WO

96/ 22562 PCT/ GB96/ 00072 8 one of the

arms of the int ‘irferﬂﬁeﬁﬁaﬁh%&!ﬂ f%igff‘éfﬂ@”& %Em%bﬁhuéégi Yain

per manent phase differe equal to Then, the denul ti r
produces an opt MREARR.ARE %%F@ﬁt FHP &nsepticad eentro} £19‘??§‘ to

sel ect ed pubsesthed semiconductor gain medium characterised in that the
non-linear optical switch comprises a pair of arms (31, 32)
arranged in a Mach-Zehnder configuration with a respective
semiconductor Qain medium (SOAl, SOA2) connected in each
arm, in use respective control signals being applied to

10 each semiconductor gain medium with a delay between the
control signals selected so that a differential phase shift
is applied to an input optical signal propagating through
the arms of the switch, and in that a phase control element
(PE) is connected in one of the arms (32) of the switch and

15 arranged substantially to cancel a phase offset between
pulses propagating in the two arms. '

2. A switch according to claim 1, including waveguides
formed on a planar substrate.

20
3. A switch according to claim 2, in which the
semiconductor gain media are provided by one or more
discrete semiconductor devices (SOAl, SOA2) coupled to the
said waveguides on the planar substrate,

25

4. A switch according to claim 3, in which the discrete
semiconductor device (SOAl, SOA2) is coupled between a
first planar substrate (PS1) providing inputs for the input
optical signal and for the control signal and including

30 waveguides configured to provide the input side of the two
arms of the Mach-Zehnder interferometer and a second planar
substrate (PS2) including waveguides configured to provide
the output side of the two arms of the Mach-Zehnder
interferometer and outputs for the optical signal.

35
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5. 0 for the other pulses. The adduulmmm“m:ﬂlﬂume shifti ng el ement PE
is equivalent in effect to shifting y [er @w -L??'
elimnating the difference in the phase Shi'ft "exferf enced § s"bs BEEN
portions in the different SOAs at, e.g., time T5. 10 The D
shifting el enment PE may be forrred, for example, froma length of

ger mani um dopedwi dengss2Wwavegui de having a | ength and dopi ng | ePER/GBPERIBT? t O
provi de the desired phase shift. Alternatively the el enment PE nay be forned

from a photosensitive glass. Then in the 15 fabrication of the
circuit, after the corrpletion of the other elenmdfits, the svmtch may be
operated and the output vel g om one. or of the orts P3,

t her put
noni tored. The phot oS 'nS| 1§F£l §°‘F‘§r4%%ﬂ AO¥i Aot &Ff ﬁrﬁgﬁ?b'b‘il%&aéms
ultra-violet wavel eng\turiamr thupr be beg iany ippuRO(H) for & |Haldimgt beam arranged

increased until the nedligunpeene senisoritidtlr fg0m Réagpd/ or P4 is
opti m sed. An appropriate photosensitive glass for these purposes is

described in reference (3) cited on page 10 below. In sone fields of use it
may be desirabl e For €he 2oswipbhsacadmbing tBEclaime adnedudbhg aftespective

fabrication. In thi R beaﬁylﬁﬁh? (H)e £her dadt saéh%%aheeoepé&n AR,

such as a lithiumniobate Cell. Alternatively the e

7. An optical demultiplexer arranged to select one or

10 more pulses from an input optical pulse stream,
characterised by a switch according to any one of the
preceding claims arranged to switch the selected one or
more pulses in response to the said control signals.

15 8. A clock recovery circuit comprising a non-linear
optical modulator (NOM) connected in the optical path of
the laser cavity of a mode-locked laser, the modulator in
response to an optically encoded input signal modulating
pulses propagating in the cavity thereby locking the phase

20 and frequency of the pulses to the timing wave of the
optically encoded signal, characterised in that the non-
linear optical modulator comprises a switch according to
any one of claims 1 to 6.

25 9. A method of switching an optical signal thereby
selecting one or more pulses from a pulse stream including
applying the signal to a semiconductor gain medium (SOA1l,
SOA2), and applying an optical control signal to the
semiconductor gain medium, characterised by splitting the

30 optical signal between a pair of arms (31,32) arranged in
a Mach-Zehnder configuration and passing the signal in each
arm through a respective semiconductor gain medium,
applying respective optical control signals to each
semiconductor gain medium with a delay between the control

35 signals selected so that a differential phase shift is
applied to the signal, and applying a further phase shift

ThlS Sheet Has Been Reilaced
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may be provided by a further semic lifier whose phase
del>/ay |g ad] ustabl>/e by adjusting i Cu“ﬂlltm'"(lmmlllﬂmrngrl Vi

such an adj ust abl e phase elenent PE 1s ‘uséd, "thtn "a contrdl ci rﬁf_'PEA({ E
usi ng a feedback | oop from.the out put of the switch may b provi-de
the control signal to the phase elenent to ensure that the phase

di-ff erentig@igdgargpways optimally cancelled. 35 The cont PET/GRHMYZ ay

i nclude a phot odet ector which detects the output of the swtch. WO

96/ 22562 PCT/ GB96/ 00072 9 Typically
the pulses to be selected by the denﬁﬁtlplexer will be one or nDre
tinme slots corresponding to specifi channel at a bit-rate of,

100 coi 11 3. “Ph CER et b ubse qeruet BHLORSR TRTad o elgIng S ve
channels is to lpaielcfctaems. The control pul ses therefore conprise a
sequence With a period equal to the OTDNIfrane period The tinme off-set

bet ween the pul ses appli %t o SCAl t han

QA2 i S 0s eater
the data puI se vt hdhie gsaf:ﬁgﬁdt‘ﬂg gﬁt ﬁlﬁ er Bd" f‘?hcgﬁe bifene?
phase shift is applied in one only of the arms of the Mach-

Zehnder interferometer, thereby substantially cancelling a
residual phase differential.

11. A method according to c¢laim 9 or 10, further
10 comprising applying a holding beam to each semiconductor
gain medium, thereby pumping the semiconductor gain medium.

12. A method of demultiplexing an optical pulse streanm
thereby selecting one or more pulses from the pulse strean,

15 characterised by switching the optical pulse streanm thereby
selecting the said one or more pulses by a method according
to any one of claims 9 to 11.

13. A method according to claim 12, in which the selected -

20 one or more pulses correspond to one or more OTDM channels
and the control signal comprises a repetitive optical
signal having a period corresponding to the frame
repetition period of the OTDM pulse stream.

25 14. A method of recovering an optical clock signal
including a step of driving a modulator in a mode-locked
laser with the optically encoded signal, thereby generating
in the laser a pulse train locked in phase and fregquency to
the timing wave of the optically encoded signal,

30 characterised in that in the optical modulator the pulses
propagating in the laser cavity are switched by a method
according to any one of claims 9 to 11.

15. An optical correlator including a switch according to
35 any one of claims 1 to 6.
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10  be seen that any ot her arbitrjmu Iml lﬂwﬂtmme sel ected by advanci ng
the timng of the control pulses _apm M resp C:ItH|$% ? @EEN
pul ses. Figure 6 shows a circuit inplenmenting the multipliexe §$
schematically in Figure 3. This is a hybrid circuit 15 |lcoohjdry EDpl ana
silica technol ogy W th di screte sem conductor conponents for the

SGAs. Each SOAwgesaseknP- based semi conductor |aser anplifier PGRIGHIRTy i n
medi um angl ed at 10[err] with respect to the faces of the silica substrate
and tapered at its ends. Were the SOAis, for 20 exanple, 2nmlong, then
the gain medium has a taper of 500Mn|ength atl®ach end. In this exanple,
the wdth of the gain nmedi umreduces from err 0.0 . 2[er al ong_ th

l ength of the taper.lsl'heg@g@&éc& eP¥ ﬁ%lvﬂ'%?é{j nboé%‘\rgg%ﬁ’racﬁﬁﬂ"i%&%l%r%itc
silica circuits whi chegamiiinge tohenynpne efidclzsins guthou prrapged tdcreceive
dermul tipl exer as veld @sntiHickiRURa%eSopRfcall s1§RaF at|awiimhed ddktidhd &o
3. The tapering of the SOA gain nedi umgt |t§ engs |£r$rov s, the efficien

of the mode coupl i nPHRWed QRF1SAL RHASEHET | FUEALIOR deterpined, Y, Jiie
t he SOA gai n nedd ummwelatives dedeyt oft tiee neairhlcandx®Q sighelsnd faces of the

SOA, and of the wavegui des, serves to reduce internal reflections, which

ot herwi se m ght cause feedback in the devices )
17. A switch according to any one of claims 1 to 6,

including control means (PEC) for applying a control signal
to the phase element (PE), thereby maintaining a desired
10 phase offset.

18. A switch according to claim 17, in which the control

means (PEC) include means responsive to the optical output

of the switch arranged to generate a feedback control
15 signal for the phase element (PE).

. This Sheet Has Been Re’ilaced




The couplers in this exanple, are all directional couplers arranged to
prowide—a-50.80 coupling ratio, 35 the ipput side of the planar silica

there are provided input ports for a holding beamH and control signal C
respectively for the first SOA and a correspondi ng pair of WO 96/ 22562
PCT/ GB96/ 00072 10 inputs for the second SOA together with an input for the
dat a pul se WQ 835620, on the output side there are correRCVGCENHOG2L put
ports for control and hol ding beans together with the straight-through and
cross-over output 5 ports for the data. In an alternative configuration
shown in Figure 6b, a | ooped path may p¢?provided inthe silica for the

hol ding and control beans using a reflection grating etched in the
wavegui de core between pairs of directional couplers. 10 Al ternatively, a
photo-refractive grating m ght be used. The two directional couplers COL,
C02 and the arns of th eiuides bet ween the couplers are in the formof
a Mach- Zehnder interfdr . and the reflection gratings control

WDM1, A1 WDM2 A
CONTROL
"PULSE —
A2 SOA
WOM? oM
Oo OO
2 \1
DATA DATAT
A3 DATAR

PHASE
R
(¥

T T T2 _f3 Tq
TIME



t he phase bias of the different arms of the interferometer. 15 The bias

is.set _sothat.hoth of the input sigpnals Cand D are output froma single

armof the interferometer systemand fed to the SOA. This system al |l ows
coupling of Cand Dwith close to 100% efficiency. Were a holding beamH
is used, then this in general will be at a different 20 wavel ength for

whi ch t he Woaéasee f unctions as a reflective grating. The RCTGBHPOPRam nay
be | onger or shorter in wavel ength but within the gain, bandw dth of the
SOA, which is typically around 50nm The data pul ses may be within the gain

bandw dth or at |onger wavel engths. As2g¢Bown, H 25 is introduced into the
coupler/interferoneter.systemin the opposite direction to the data and
control signals. GCrcuits of this type are described in further detail in
(1) "Integrated f our channel Mach- Zehnder

mul ti pl exer/denmul tipl exer fabricated with phosphorous 30 doped
Sigerr] waveguides on Si" by Verbeck et al, Journal of Lightwave

El ectronics ppl d1-1015, 6(6), '8 (2) "Siliga-based i ntegrated

optic Mach- Zehnder nul ti pl exer®denul tipl ex@& fam |y with channel spacing
of .01-250nm" by Takato et al, |EEE Journal or§ 35 selected areas in

communi cations, ppll20-1127, 8(6)
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11 CLAIMS . 1. An optical switch conprising: a) a pair of arms (31, 32)
arran i -Zehnder configuration with a 5 respective senconductor

gai n nmedi um ( SOAL, SOA2) connected in each arm and b) means for applying
an optical control signal to the sem conductor gain nedia, in use
respective control signals being applied to each sem conductor gain medi um
wi'th a del wodsasssgen the control signals sel ected so that PETGEBY Eht i al
phase shift is applied to an input optical signal propagating through the
arms of 10 the switch, and c) a phase control element (PE) connected in one
of the arms (32) of the switch and argagfed substantially to cancel the
resi dual phase offset, due to the rec y characteristic of the

sem conduct or gai n nedium between pul ses propagating in the pair of arns.
15 2. A switch according to claim1l. including wavegui des fornmed on a
pl anar substrate. 3. A switch according to claim2, in which the

sem conduct or gain nedi a arF:@gAé?rovided by one or nore discrete

coupl ed to the said wavegui des on the

/

sem conduct or devi ces (SQOA1,
pl anar substrate. -

;]
<L
Xz
a.
Fig.5.
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4 A switch according to claim3, In which the discrete sem conductor

devi ce (SOAl, SOA2) s coupled between_a first planar substrate (PS1)
ptoviding inputs 25 for the input optical signal and for the control

signal and includi ng wavegui des configured to provide the input side of the
two arns of the Mach-Zehnder interteronmeter and a second planar substrate
(PS2) i nabeedmssanavegui des configured to provide the outRER/GBISHBORT the two
arnms of the Mach-Zehnder interferoneter and outputs for the optical signal.
30 5. A switch according to any one of the preceding clains further
conprising an input (H) for a hol di lr_léégeam arranged to punp the

sem conduct or gain nmedia. AMENDED S 12 6. A switch according to
claimb5, including a respective holding beaminput (H for each

sem conduct or gai n nedi F\- 7. An optical demultiplexer arranged to

sel ect one or nore puls slgcﬁn.an 5 input optical pulse stream
characterisedgpy a switch according to any one of the preceding clains

arranged to s or_nore pl e said
control sign 8. A clock P8tevery circhit -conpri BS@y a non-l1 near
opti cal rmdulnél or (NOV) 10 \.con?'e'é'f din the pptical path of the | gser
cavity of zb Te-1TocKea fase he =
T S . SOA1 T_—U
J\
S0A2 |[f—" \ a

N

PS1
SOA —T122%

e e e s e -_/._.ﬁ
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nodul ator in response to an optically encoded input signal nodul ating

“pul ses _propagating in the_cavity thereby | ocking the phase and freguency of

the pulses to the timng wave of the optically encoded signal,

characterised in that the non-linear. optical nodul ator conprises a switch
according to any one of clains 1 to 6. 15 9. A nmet hod of swi tching an
optical sivwoaeriseer eby sel ecting one or nore pul ses from RCPGBI&OI2r eam
including: a) splitting the optical signal between a pair of arnms (31, 32)
which are arranged in a Mach-Zehnder configuration; 20 b) passing
the signal in each armthrough a respe e sem conductor gain nedium c}
appl yi ng respective optical control sdgys to each sem conductor gain
mediumwi th a del ay between the control signals selected so that a
differential phase shift is applied to the signal, and 25 d)
applying to the optical signal in one of the arns a further phase shift and
thereby cancelling the residual phase offset due to the recovery
characteristic of the sem conductor gain nedi um between pul ses propagati ng
in the pair of arms. 10. A net hod according to claim9, in which the
further phase shift is applied 30 in one only of the arns of the

Mach- Zehnder interferoneter, thereby substantially dghcelling a residual
phase differential. AMENDED SHEET o
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13 11. » A met hod according to claim9 or 10, fur_ ' ppl yi ng
a hol ding beamto each sem conductor gai n nedi um'ﬂ Hmrﬂm“'ﬂ'ﬂ;urhe
sem conductor gain nedium 5 12. A net hod of d I opti cal

pul se streamthereby selecting one or norg pul ses fromthe pul se stream
characterised by switching the optical pulse streamthereby selecting the
said one or nore pulses by a nethod according to any one of clains 9 to 11.
10 13. A et hod according to cl ai mCLAIMSn which the sel ected one or
nore pul ses correspond to one or nore OTOM channel s and the control signal
conprises a repetitive optical signal having a period corresponding to the
frame repetit]ion pan gdicaf swikeh §dMprising; se stream 1 5 14, A net hod of
recovering an optical c]ock signal_jncluding a step of driving a nodul ator
in a node- | ocked | @5&pPaffiof gep# brﬁ%’@érlai‘?ﬁde‘ﬁdbﬂ‘éah'gﬁ_@ﬁ’&r copfiuiratign with a
generatings i pedpaBtile8&thicandUtksreaid MeBiuhP@OR , ISD A 22RNERED I &ANERRY ah@ The
timng wave of the optically encoded signal, characterised in that in the
optical nodul ator th&egns Sersanplyipg gataptigali gentrieb sigaaldio hg\semjcanductsyigeished
byanethodm ' t : cl. A : : j.cal
correlator inc udiqhggg rg%m&tggﬁégggtgéﬁ'%lst%égdr:%p@ﬁgqggéagréﬁi%cofdtﬁgmg% 6 1
6. An opti calmesiitn ewith dt Helay detwiean theoognticl ishipabe salgdated sacthet di ditfetentiahny
one of cl ai My Jod ghift i bpAESE shnpiGhkke orPHbAYRIG RGN RS Wikl of' 9na
at an input POFt _ !

10 the switch, and

c) a phase contrbl element (PE} connected in one of the arms {32) of the
switch and arranged substantially to cancel the residual phasc offset, due to the
recoven} characteristic of the semiconductor gain medium, between pulses -
propagating in the pair of arms. '

15 _
2. A switch according to claim 1, including waveguides formed on

a planar substrate. -

3. A switch according to claim 2, in which the semiconductor gain media are
20 provided by one or more discrete semiconductor devices {SOA1, SOA2) coupled to

the said waveguides on the planar substrate.

4, A switch according to claim 3, in which the discrete semiconductor device
(SOA1, SOA2) is coupled between a first planar substrate (PS1) providing inputs
25 for the input optical signal and for the control signal and including waveguides
configured to provide the input side of the two arms ot the Mach-Zehnder
interferometer and a second planar.;substrate (PS2) including waveguides
configured to provide the output side of the two arms of the Mach-Zehnder
interferometer and outputs for the optical signal.
30 |
B. A switch according to any one of the preceding claims further comprising

an input (H) for a holding beam arranged to pump the semiconductor gain media.

- AMENDED SHEET
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and to oUtput an optlcal "pulse of a duration determmed by the retative

delay of - the said control signals. 30 17. A swi ' any one
of clainms 1 to 6. including control neans (PEC) f JlmHmmmﬂ’maWrol
signal to the phase el enent (PE). therebyg:ai ntai-ni’hg @ destred phase -

of fset. AMENDED SHEET 14 18. A swit according to claim17, in which

the control nmeans (PEC) include neans responsive to the optical output of
tlhe SW tgh ;ﬂe.a_nged\ %wugaraewulmgamf ﬂ&idb&phcmn{grb@kea‘bie@ﬁw =\<f)|6fngtlhi§%\rrph'@ﬁe
element (PE). 5 15 to, cancel a phasge offset between pul ses propagating
in the pair df Q’rﬁ?.cﬁfe'.“'%“ ‘E‘Hbaa'gé"&‘?ﬁ“ﬂﬁ‘ng to claim9, in which the
further 5 phase shift is applied in one only of the arns of the Mch-

Zehnder interferoneter, thereby substantially cancelling a
7. An optical demultiplexer arranged 10 select one or more pulses from an

5 input optical pulse stream, characterised by a switch a_n&cording to any one of the
preceding claims arranged to switch the selected one or more pulses in response to

the said control signals.

8. A clock recovery circuit comprising a norr-linear optical modulator (NOM)
10 connected in the optical path of the laser cavity of a mode-locked laser, the
modulator in response to an optically encoded input signal modulating puises
propagating in the cavity thereby locking the phase and frequency of the pulses to
the timing wave of the optically encoded signal, characterised in that the ndn-linear.
optical modula!tor -compri-ses' a swﬁch according to any onc of claims 11to 6.
16 _ |
9. A method of switching an optical signal thereby selecting one or more
pulses from a pulse stream including: —
a) splitting the optical signal between a pair of arms (31,32) which are
arranged in a Mach-Zehnder configuration;
20 b) passing the signal in each arm through a respective semiconductor gain
medium, |
_ c) applying respective optical control signals 1o each semiconductor gain
medium with a delay between the control signals selected so that a differential
phase shift is applied to the signal, and .
25 d) applying to the optical signal in one of the arms a further phase shift
and thereby cancelling the residual pha;e offset due to the recovery characteristic

of the semiconductor gain medium between pulses propagating in the pair of arms.

10. A method according to claim 9, in which the further phase shift is applied
30 in one only of the arms of the Mach-Zehnder interferometer, thereby substantially
cancelling a residual phase differential.
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résraual hgunﬁw"f?erentlal 11. A nethod according to clraim9 or 10,

further 10 conpri sing applying a holding beamt | tor gain
nedi um thereby punping the sem conductor gain memmm uﬁm mﬂmd of
denul ti pl exi ng an optical pul se stream tg%eby sel éct fngtorfe &r tore pul ses
fromthe pul se stream 15 - characterise y switching the optical pulse
stream thereby selecting the said one or nore pul ses by a method according
to any one off1¢l ai M6 nfethéd labcorkithg Ao N@dimod ac aQ; tunged @oipakiny 1&1p|\}|ﬂi‘qvﬂ’1i ch
the sel ected 20 one or nore pul ses corres one or nor

channel s and helding obRamy| 1% A% sE’SWBFﬁ%‘EE’ ﬁ"ép@‘[eai“f'\/et'b"df'l’\ba?“'g?'ﬁﬂalthe
havi ng a per |sgg,,m[,@@pggﬂlrngm§,q the frame repetition period of the OTDM
pul se stream 25 A nmet hod of recovering an optical clock signal
including a step of dr|V| ng a nodul ator in a node-|ocked l'aser with the
optically gnooded E{éﬁkod 3#‘&&%@@%@%@\% Ral ﬁhl&é‘?tréﬁﬁ‘i‘ﬁer@mp!{ﬂﬁé‘n&gr é‘ﬁeﬂ

| ocked in phase and frequency t wave of the optically encoded
signal, 30 ofmgradguisesfeam the puise stream, hdwaozprter@@ri hyowviteliing thetaptisal puise
propagating | ny
one of clai nsqrggp'ethf%%gﬁgﬁgﬁhé g’?o |a§% mc%f&éﬂ '?% n‘%?'?\%c%%m ﬁ%hot v’
accordi ng to one of claims 910 11.

10 13. A method according to claim 12, in which the selected one or more pulses
correspond to one or more OTDM channels and the control signal comprises a
repefitive optical signal having a period corresponding to the frame répetition
period of the OTDM puise stream.

15 14, A method of regovering an optical clock signal including:é step of driving a
modulator in a modec-locked laser with the optically encoded signal, thereby
generating in the laser a pulse t_rain locked in phase and frequency to the timing
wave of the optically encoded signal, characterised in that in the optical moduiatar
the pulses propagating in the laser cavity ar¢ switched by a method according to

20 any one of claims 9 to 11.

16, An optical carreiator including a switch according to any one of claims 1
to 6.

25 16. An optical pulse width modulator comprising a switch according to any one of
claims 1 to 6 arranged to receive a congiduous wave optical signal at an input port
and to output an optical pulse of a duration determined by the relative délay of the
said control signals. '

30 17. A switch according to any one of claims 1 to 6, including control means
{PEC) for applying a control signal to the phase element (PE), thaercby maintaining a
desired phase offset.
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duration determi ned by the 5 relative delay of the said control signals.
17. A switch according to any one of clains 1 to 6, including control neans
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opt| cal out pigedBickt duntfolsighsl foF thadRde tRm@sn@Ert € a feedback control 15
signal for the phase el enent (PE).
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