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(54) Abstract Title
Optical differential M-ary phase shift keying

{567) A method of transmitting a plurality n data streams comprises modulating an optical carrier using
differential M-ary phase shift key (DMPSK) signalling in which M=2". Advantageously the method comprises
using differential quaternary phase shift keying in which n=2. A particular advantage of the method of the
present invention is that since the data is differentially encoded in the form of phase changes rather than
absolute phase values this enables the modulated optical cater to be demodulated using direct detection
without requiring a phase-locked local optical oscillator. The invention is particularly applicable to WDM

communication systems.
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IMPROVEMENTS IN, OR RELATING TO, OPTICAL COMMUNICATIONS

This invention relates to optical communications and in particular to a method of
modulating and demodulating an optical carrier. More especially the invention concerns a
method and apparatus employing such modulation and demodulation for use in a

wavelength division multiplex (WDM) optical communications system.

With ongoing developments in optically amplified dense wavelength division multiplex
(DWDM) optical links as the backbone of point-to-point information transmission and the
simultaneous increase in bit rate applied to each wavelength and the simultaneous increase
in the number of channels, the finite width of the erbium gain window of conventional
erbium-doped optical amplifiers (EDFAs) could become a significant obstacle to further
increases in capacity. Conventional EDFAs have a 35nm gain bandwidth which
corresponds to a spectral width of 4.4 THz. System demonstrations of several Tbit/s are
already a reality and the spectral efficiency, characterised by the value of bit/s/Hz
transmitted, is becoming an important consideration. Currently, high-speed optical
transmission employs binary amplitude keying, using either non-return-to-zero (NRZ) or
return-to-zero (RZ) signalling formats, in which data is transmitted in the form of optical

pulses having a single symbol level.

In WDM several factors limit the minimum channel spacing for binary amplitude
signalling, and in practice spectral efficiency is limited to ~0.3 bit/s/Hz. Although

increasing the per-channel bit rate tends to reduce system equipment, there are several
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problems that need to be overcome for transmission at bit rates above 10 Gbit/s; these
being:

e dispersion management of the optical fibre links, this becomes increasingly difficult
with increased bit rate;

e Polarisation mode dispersion (PMD) in the optical fibre causes increased signal
degradation;

o Realisation of electronic components for multiplexing, de-multiplexing and modulator

driving becomes increasingly difficult.

One technique which has been proposed which allows an improvement of spectral
efficiency is the use of quaternary phase shift keying (QPSK) [S. Yamazaki and K. Emura,
(1990) “Feasibility study on QPSK optical heterodyne detection system”, J. Lightwave
Technol., vol. 8, pp. 1646-1653]. In optical QPSK the phase of light generated by a
transmitter laser is modulated either using a single phase modulator (PM) driven by a four-
level electrical signal to generate phase shifts of 0, n/2 , ® or 37/2 representative of the
four data states, or using two concatenated phase modulators which generate phase shifts
of 0 or /2 and 0 or 3w2 respectively. A particular disadvantage of QPSK is that
demodulation requires, at the demodulator, a local laser which is optically phase-locked to
the transmitter laser. Typically this requires a carrier phase recovery system. For a WDM
system a phase-locked laser will be required for each wavelength channel. It further
requires adaptive polarisation control which, in conjunction with a phase recovery system,
represents a very high degree of complexity. Furthermore, systems that require a coherent

local laser are sensitive to cross-phase modulation (XPM) in the optical fibre induced by
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the optical Kerr non-linearity, which severely restricts the application to high capacity

DWDM transmission.

It has also been proposed to use differential binary phase shift keying (DBPSK) [M. Rohde
et al (2000) “Robustness of DPSK direct detection transmission format in standard fibre
WDM systems”, Electron. Lett., vol. 36]. In DBPSK data is encoded in the form of phase
transitions of 0 or @ in which the phase value depends upon the phase of the carrier during
the preceding symbol interval. A Mach-Zehnder interferometer with a delay in one arm
equal to the symbol interval is used to demodulate the optical signal. Although DBPSK
does not require a phase-locked laser at the receiver it does not provide any significant

advantages compared to conventional amplitude NRZ signalling.

The present invention has arisen in an endeavour to provide a signalling format for use in

WDM which in part, at least, overcomes the limitations of the known arrangements.

According to the present invention a method of transmitting a plurality n data streams
comprises modulating an optical carrier using differential M-ary phase shift key (DMPSK)
signalling in which M=2". Advantageously the method comprises using differential
quaternary phase shift keying in which n=2. A particular advantage of the method of the
present invention is that since the data is differentially encoded in the form of phase
changes rather than absolute phase values this enables the modulated optical carrier to be
demodulated using direct detection without requiring a phase-locked local optical

oscillator.
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The present invention finds particular application in WDM communication systems and
according to a second aspect of the invention an optical wavelength division multiplex
communication system is characterised by the optical wavelength channels being
modulated in accordance with the above method. To improve spectral efficiency by
reducing wavelength channel separation the WDM system advantageously further
comprises optical filtering means for optically filtering each DMPSK modulated
wavelength channel before multiplexing them to form a WDM signal and wherein the
optical filtering means has a characteristic which is selected such as to minimise inter-
symbol interference at the sample time for each symbol. Preferably the optical filtering
means has a characteristic which is a squared raised-cosine. Advantageously the filtering

means has a transmission characteristic G(f) given by:

Lfor0<f —f,| <122

2T
2
G(f)z«l[l-—sm{ (lf f|~——]D forl—a<|f fI<l+—a—
4 2T
omm ﬂ>““

where T is the sampling period at the demodulator (ie 1/line symbol rate), o the excess

bandwidth factor of the filter and f, the centre frequency of the WDM channel.

Preferably the filter has an excess bandwidth factor of between 0.2 and 0.8.
Advantageously the optical filtering means comprises a respective optical filter for each
wavelength channel. For ease of integration each filter advantageously comprises an

optical fibre Bragg grating.
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According to a further aspect of the invention a modulator arrangement for modulating an
optical carrier using a quaternary differential phase shift key in dependence upon two data
streams comprises: two Mach Zehnder interferometers operable to selectively modulate the
phase by +n radians in dependence upon a respective drive voltage; a fixed phase shifter
for applying a phase shift of 7 /2 and means for generating the respective drive voltages in
dependence upon the two data streams and are such that the data streams are encoded in

the phase transitions generated by the interferometers.

Advantageously each interferometer has an optical transmission versus drive voltage
characteristic which is cyclic and which has a period of Vj; volts and in which the
modulators are operable on a part of said characteristic to give minimum transmission and

in which the drive voltages have values of £V,

According to yet a further aspect of the invention a modulator arrangement for modulating
an optical carrier using a quaternary differential phase shift key (QPSK) in dependence
upon two data streams comprises: phase modulating means operable to selectively
modulate the phase of the optical carrier with phase shifts of 0, /2, n, 3n/2 radians in
dependence upon the two data streams. Advantageously the phase modulating means
comprises optical splitting means for splitting the optical carrier into two optical signals
which are applied to a respective Mach Zehnder modulator which is operable to selectively
modulate the phase of the optical signal by +n radians in dependence upon a respective

drive voltage; a fixed phase shifter for applying a phase shift of /2 to one of said optical
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signals; and means for combining said modulated optical signals to produce the DQPSK

modulated signal.

Preferably with such an arrangement each Mach Zehnder modulator has an optical
transmission versus drive voltage characteristic which is cyclic and which has a period of
2V, and in which the modulators are operable on a part of said characteristic to give

minimum transmission and in which the drive voltages have values of =V,

According to a further aspect of the invention a demodulator arrangement for
demodulating a quaternary differential phase shift key (DQPSK) modulated optical signal
comprises: optical splitting means for splitting the DQPSK modulated optical signal, two
unbalanced Mach Zehnder interferometers to which respective parts of the modulated
optical signal are applied; and a respective balanced optical to electrical converter
connected across the optical outputs of each interferometer; wherein each Mach Zehnder
interferometer has an optical path length difference between its respective arms which
corresponds with substantially the symbol period of the modulated signal and in which one
interferometer is operable to further impart a relative phase shift of n/2 radians. In a
particularly preferred arrangement the Mach Zehnder interferometers are respectively
operable to impart phase shifts of n/4 and -n/4 radians. Such an arrangement ensures that

the demodulated outputs are symmetrical NRZ signals.

The use of optical filtering as described above is considered inventive in its own right
irrespective of the modulation format. Thus according to yet a further aspect of the

invention a WDM communications system of a type in which data is transmitted in the
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form of a plurality of modulated optical carriers of selected wavelengths is characterised
by optical filtering means for filtering each modulated carrier before multiplexing them to
form a WDM signal and wherein the optical filtering means has an optical characteristic
which is selected such as to minimise inter-symbol interference at the sample time for each

symbol.

Preferably the optical filtering means has a characteristic as described above.
Advantageously the optical filtering means comprises a respective optical filter, preferably

a fibre Bragg grating, for each wavelength channel.

In order that the invention can be better understood a modulator and demodulator
arrangement in accordance with the invention will now be described by way of example

only with reference to the accompanying drawings in which:

Figure 1 is a schematic representation of an optical modulator arrangement in accordance

with the invention;

Figure 2 is a representation of the functional elements of the pre-coding circuitry of the

modulator arrangement of Figure 1;

Figure 3 is a schematic representation of an optical demodulator arrangement in

accordance with the invention;
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Figure 4 is a simulated 20 Gbit/s “eye” diagram for one output of the demodulator

arrangement of Figure 3;

Figure 5 is a simulated 20 Gbit/s “eye” diagram for transmission over a 600km optically
amplified, dispersion-managed optical fibre link and includes Signal-ASE (Amplitude

Spontaneous Emission) noise;

Figure 6 shows optical transmission characteristics for (a) a transmitter optical filter in
accordance with the invention and (b) a receiver optical filter in accordance with the

invention;

Figure 7 is a simulated 20 Gbit/s “eye” diagram of Figure 4 and further including optical

filtering in accordance with the invention;

Figure 8 is a simulated 20 Gbit/s “eye” diagram of Figure 4 and further including

conventional (Butterworth response) optical filtering; and

Figure 9 shows simulated 20 Gbit/s “eye” diagrams for amplitude modulated NRZ data
with (a) conventional (Butterworth response) optical filtering and (b) optical filtering in

accordance with the invention.

Referring to Figure 1 there is shown an optical phase shift key modulator arrangement in
accordance with the invention for encoding two 20 Gbit/s NRZ data streams d;(r), dx(f)

onto a single optical carrier. Typically the modulator arrangement would be used as part of
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a transmitter in a WDM optical communications system with a respective modulator

arrangement for each WDM wavelength channel.

The modulator arrangement comprises a single frequency laser 2, for example a distributed
feedback (DFB) semiconductor laser due to its stable optical output for a given
wavelength, which is operated to produce an unmodulated optical output of a selected
wavelength, typically a WDM wavelength channel. Light from the laser is divided by an
optical splitter 4 into two parts and each part is applied to a respective phase modulator 6,
8. Each phase modulator 6, 8 is configured such that it selectively modulates the phase by
0 or = radians in dependence upon a respective binary (bipolar) NRZ drive voltage Vi(t),
Vq(t). In the preferred arrangement illustrated in Figure 1 the phase modulators 6, 8 each
comprise a Mach-Zehnder electro-optic modulator (MZM) which is fabricated for example
in gallium arsenide or lithium niobate. As is known MZMs are widely used as optical
intensity modulators and have an optical transmission versus drive voltage characteristic
which is cyclic and is generally raised cosine in nature. The half period of the MZM’s
characteristic, which is measured in terms of a drive voltage, is defined as V,. Within the
modulator arrangement of the present invention each MZM 6, 8 is required to operate as a
phase modulator without substantially affecting the amplitude (intensity) of the optical
signal. To achieve this each MZI 6, 8 is biased for minimum optical transmission in the
absence of a drive voltage and is driven with a respective drive voltage Vi(t), Vq(t)= £V,
to give abrupt phase shifting with a minimum of amplitude modulation. The two phase

modulators 6, 8 have matched delays (phase characteristics).
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The optical output from the phase modulator 6 is passed through a fixed phase shifter 10
which applies a fixed phase shift of 7t/2 such that the relative phase difference between the
optical signals passing along the path containing the modulator 6 and that passing along the
path containing the modulator 8 is +x/2. The optical signals from the fixed phase shifter 10
and phase modulator 8 are recombined by an optical recombiner 12, for example a 3dB

coupler, to form an optical phase shift key (PSK) output 14.

The phase modulator drive voltages Vi(t), Vq(t) are generated by pre-coding circuitry 16 in
dependence upon the two binary data streams dj(z), d2(f). According to the modulator
arrangement of the present invention the two data streams d;(7), d2(t) are differentially
encoded such that these data are encoded onto the optical signal 14 in the phase transitions
(changes) rather than in the absolute phase value. As a result it will be appreciated that the
optical signal 14 is differential quaternary phase shift key (DQPSK) encoded. The use of

DQPSK to moduiate an optical signal is considered inventive in its own right.

The DQPSK optical signal 14 is ideally given by E, exp(icot+0+0,.), where o is the

mean optical angular frequency, ¢ is time, 8 the carrier phase (NB: as discussed below this
is arbitrary in that it is does not need to be known to subsequently demodulate the signal)
and €a data dependent phase modulation for the i-th data symbol d;. In the general

cased; € {0,1,....M —1)} and for quarternary phase shift keying M=4, that is the data symbol

has four values. The phase modulation term is given by 6, =0,_, + Af,(d;) in which 8., is

the phase term for the previous data symbol d;; and A, the change in phase between the
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i-; and i-th data symbols. The relationship between data symbol d; and phase shift Ag, for

QPSK is tabulated below.
di(t) dy(1) d; A, (d)
0 0 0 0
0 1 1 /2
1 0 2 n
1 1 3 3n/2

Table 1 Values of data d/(t), da(t) ,data symbol d; and phase change A@,(d:) for DQPSK.

It is to be noted that the mapping between data, data symbol and phase change is just one
example and that other mappings can be used. The pre-coding circuitry 16, a functional
representation of which is shown in Figure 2, is configured such as to produce the
appropriate drive voltages V(#), Vo(?) in dependence upon the two data streams d; (), da(2)
according to the relationships:

Vi(@) = Vi(i - I) cosAB(d:) - V(i - 1)sinAB(di) Eq. 1

V(i) = Vi(i - 1) sinAB(di) + V(i - DcosAB(di) Eq. 2.
In Figure 2 elements having the same functionality are given like reference numerals and
respectively comprise an inverter 18, summing elements 20, multiplying elements 22,
subtracting elements 24 and delay elements 26. The delay elements 26 have a delay T

corresponding to symbol period which for a 20 Gsymbol/s line rate is approximately 50 ps.

Referring to Figure 3 there is shown a demodulator arrangement in accordance with the
invention. The demodulator comprises an optical splitter 28 for splitting the received

DQPSK modulated optical signal 14 into two parts which are applied to a respective
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unbalanced Mach-Zehnder interferometer (MZI) 30, 32. Typically the MZIs are fabricated
in gallium arsenide or lithium niobate. A respective balanced optical to electrical converter
34, 36 is connected across the optical outputs of each MZI 30, 32. Each MZI 30, 32 is
unbalanced in that each has a time delay 7 nominally equal to the symbol period (50 ps for
a 20 Gsymbol/s line rate) of the data modulation rate, in one arm 30a, 32a relative to that
of the other arm 30b, 32b. The time delay 7 is introduced by making the optical path length
of the two arms different and for ease of fabrication is introduced by making the physical
length of the MZI’s arm 30a, 32a longer than the other arm 30b, 32b. Each MZI 30, 32 is
respectively set to impart a relative phase shift of n/4 and -n/4 by the application of an
appropriate voltage to electrodes on the shorter arm 30b, 32b. With balanced detection the

output electrical signals x;(2), y2(f) from the converters 34, 36 is given by:

x1(2), ya(t) = cos(A8(d, ))  sin(Ad(d, ) Eq.3

For DQPSK where A0(d:) takes the possible values {0, n/2, &, 3n/2} the outputs are hence

binary (bipolar) signals given by:

x1(®)= di(2) and y()=d2(2).

A particular benefit of setting the MZIs 30, 32 to impart relative phase shifts between their
arms of n/4 and —n/4 respectively is that this results in the de-modulated signals x;(?), y2(r)
being symmetrical bipolar NRZ signals. It will be appreciated that the in-phase and
quadrature components of the DQPSK signal can also be demodulated using other relative

phase shifts provided there is a difference of n/2 between the respective MZIs, though the
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resulting signals will not be symmetrical bipolar NRZ signals. In the general case,
therefore, the MZI 30 is set to impart a phase shift ¢ and the MZI 32 set to impart a phase

shift @+m/2.

Referring to Figure 4 there is shown a simulated “eye” diagram for one of the demodulated
electrical signals x;(7) or y,(#) for a 20Gbit/s data stream for a communications system
incorporating the DQPSK modulator and demodulator arrangement of the Figures 1 and 3.
Figure 5 shows a further simulated “eye” diagram for the same system for transmission
over a 600km optically amplified, dispersion managed optical fibre link and further

includes Signal-ASE (Amplitude Spontaneous Emission) noise.

A particular advantage of the signalling format of the present invention is its improved
spectral efficiency. Simulations of a DWDM optical link comprising 40 Gbit/s channels
with a 50 GHz spacing (0.8 bit/s/Hz spectral efficiency) indicate that such a system is quite

viable without requiring polarisation multiplexing/interleaving.

As well as improved spectral efficiency DQPSK offers a number of advantages compared
to other signalling formats such as binary amplitude and binary phase shift signalling.
Optical DQPSK provides a higher tolerance to chromatic dispersion and a higher tolerance
to polarisation mode dispersion. A further advantage is that the electrical and opto-
electronic components operate with a bandwidth commensurate with half the line bit rate,
Compared to coherent QPSK, optical DQPSK provides improved tolerance to cross-phase
modulation (XPM) since the signal is differentially encoded as a phase difference (change)

between successive data bits whilst XPM will in general be common to successive data
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bits. Since optical DQPSK does not require a phase-coherent local oscillator for
demodulation this eliminates the need for adaptive polarisation control. Since modulation
and demodulation for optical DQPSK is functionally relatively straightforward it can
readily be implemented using robust and compact electro-optic compact circuits such as
phase modulators, optical couplers, splitters etc which can be readily integrated in the form

of monolithic waveguide devices.

Initial simulations indicate that optical DQPSK is a viable signalling format for
transmission of multiple 40Gb/s DWDM communication channels with tera bit/s capacity
over a single optical fibre. It is also envisaged that combined with Raman amplification
and forward error correction (FEC), optical DQPSK signalling offers the potential for tera

bit/s transmission over several thousands of kilometres of optical fibre.

One of the limiting factors for improving spectral efficiency in WDM systems is that tight
optical filtering of the modulated wavelength channels before multiplexing using known
optical filters (Butterworth) causes inter-symbol interference (ISI) thereby degrading
system performance. To overcome this problem the inventor has appreciated that the
system performance can be further improved by using optical filtering if its characteristic
is carefully selected such as to minimise ISI at the sampling times #; for the data symbols.

For DQPSK the optical spectrum is close to an ideal “sinc” (sinx/x ) function and

consequently the side lobes are quite high compared to other signalling formats. By
optically filtering each DQPSK wavelength channel using an optical filter whose optical
characteristic (response) is tailored (shaped) such as to minimise ISI for each symbol at the

sampling times this reduces spectral overlap of adjacent channels and limits the amount of
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received noise. Ideally the filter response should achieve pulse shaping such that the
received pulse shape p satisfies:

Li-k
0,i#0

p(iT —kT)= {

where T is the sampling period (line symbol period=1/line rate).

In an idealised system in which the symbols have a perfect impulse response the filter
function is required to have a linear phase and frequency-dependent transmission

characteristic G(f) which is a squared raised cosine which is given by:

for 0 <|f -, < =2
2T

2
1 . | T 1 1-a 1+a
G(f)= *Z(l— SIH[T{(lf - fo‘——zTr-):l] for T < |f - fOI < T Eq 4

I+a
2T

0 for |f —f,|>

where « is the roll-off factor or excess bandwidth factor and f is the centre frequency of
the WDM channel. Typically the filter is selected to have an excess bandwidth factor of
0.2 to 0.8. By analogy with RF signalling the optical filtering in accordance with the

present invention with hereinafter be referred to as optical Nyquist filtering.

Preferably the optical nyquist filtering function is split between optical Nyquist filters
located at the transmitter and receiver. The transmitter optical filter is preferably connected
to the output of the modulator arrangement such that each wavelength channel is filtered
before multiplexing the channels and the receiver optical filter located after de-

multiplexing of the WDM optical signal and before demodulation of the DQPSK signal.
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The optical characteristics of the transmitter and receiver Nyquist filters are illustrated in
Figures 6(a) and 6(b). Referring to Figure 6(b) the receiver Nyquist filter characteristic
comprises a squared raised cosine function, as defined by Eq. 4, with a total bandwidth of
30GHz that is centred about the WDM wavelength channel (the WDM wavelength channel
fo is indicated as zero on the frequency axis of Figure 6), that is the excess bandwidth
factor o. is 0.5 for a 20 Gsymbol/s line rate. The transmitter filter characteristic, Figure

6(a), also essentially comprises a squared raised-cosine function but is further modified in

1-a

2T

the bandpass region 38 (O < ]f —-f ol < ] to have a 1/ “sinc” function to take account of

the finite pulse width of the transmitted symbols. Preferably the transmitter and receiver
Nyquists are fabricated in the form of optical fibre Bragg gratings or a grating structure

defined within an optical waveguide.

Referring to Figure 7 this illustrates the resulting effect on the simulated eye of Figure 4 of
the transmitter and receiver Nyquist filters. It is to be noted that the filters have the effect
that the “eye” has near zero ISI at the sampling times #. For comparison Figure 8 shows

the same “eye” for conventional filtering (Butterworth response).

It is further found that the use of optical Nysquist filtering can also improve the system
performance for other signalling formats such as binary amplitude keying as is illustrated
with reference to Figure 9(a) and (b) which respectively show 20 Gbit/s “eye” diagrams for
amplitude NRZ modulated data with conventional filtering (Butterworth response) and
with Nyquist filtering in accordance with the invention. The use of Nyquist filtering, that

is optical filtering using a filter having a response which is selected to minimise inter-
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symbol interference for each symbol at the sampling time, is considered inventive its own

right irrespective of the modulation format.

It will be appreciated that the present invention is not limited to the specific embodiment
described and that variations can be made which are within the scope of the invention.
Whilst the use of optical differential quaternary phase shift keying (DQPSK) to modulate
an optical carrier is considered inventive in its own right it is also envisaged to use other
multi-level (M-ary) DPSK in which M=2" where n is an integer n=2, 3, ... . Furthermore,
whilst the use of MZIs in the modulator arrangement is particularly preferred, other phase
modulators can be used to phase modulate the optical carrier. These include, for example,
concatenated phase modulators or a single phase modulator driven with a multi-level drive

signal.
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A method of transmitting a plurality n of data streams comprising modulating
an optical carrier using differential M-ary phase shift key (DMPSK) signalling

in which M=2".

A wavelength division multiplex (WDM) optical communication system
characterised by the optical wavelength channels being modulated in

accordance with the method of Claim 1.

A WDM communications system according to Claim 2 and further comprising
optical filtering means for filtering each DMPSK modulated wavelength
channel before multiplexing them to form a WDM signal and wherein the
optical filtering means has an optical characteristic which is selected such as to

minimise inter-symbol interference at the sample time for each symbol.

A WDM communications system according to Claim 3 in which the optical
filtering means has a characteristic which is substantially a squared raised-

cosine.

A WDM communications system according to Claim 3 or Claim 4 in which the

filtering means has a transmission characteristic G(f) given by:
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1for 0<f —f,| <=2
2T

2
G(f)= —l—(l—sin[ﬂ(ﬁ—fo]—-l—ﬂ) for 1-o <|f -f, Sli‘f
4 o 2T 2T 2T

1+a
2T

0 for |f - f,| >

where T is the sampling period, o the excess bandwidth factor of the filter and

fo the centre frequency of the WDM channel.

A WDM communications system according to Claim 5 in which the filter has

an excess bandwidth factor of between 0.2 and 0.8

A WDM communications system according to any one of Claims 3 to 6 in
which the optical filtering means comprises a respective optical filter for each

wavelength channel.

A WDM communications system according to Claim 6 in which the, or each,

filter comprises an optical fibre Bragg grating.

A modulator arrangement for modulating an optical carrier using a quaternary
differential phase shift key (QPSK) in dependence upon two data streams
comprising: phase modulating means operable to selectively modulate the
phase of the optical carrier with phase shifts of 0, 7/2, w, 3n/2 radians in

dependence upon the two data streams.
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A modulator arrangement according to Claim 9 in which the phase modulating
means comprises optical splitting means for splitting the optical carrier into two
optical signals which are applied to a respective Mach Zehnder modulator
which is operable to selectively modulate the phase of the optical signal by +n
radians in dependence upon a respective drive voltage; a fixed phase shifter for
applying a phase shift of 7/2 to one of said optical signals; and means for
combining said modulated optical signals to produce the DQPSK modulated

signal.

A modulator arrangement according to Claim 9 in which each Mach Zehnder
modulator has an optical transmission versus drive voltage characteristic which
is cyclic and which has a period of 2V, and in which the modulators are
operable on a part of said characteristic to give minimum transmission and in

which the drive voltages have values of +V

A modulator arrangement for modulating an optical carrier using a quaternary
differential phase shift key in dependence upon two data streams substantially
as hereinbefore described with reference to, or substantially as illustrated in,

Figures 1 and 2 of the accompanying drawings.

A demodulator arrangement for demodulating a quaternary differential phase
shift key (DQPSK) modulated optical signal comprising: optical splitting means
for splitting the DQPSK modulated optical signal, two unbalanced Mach

Zehnder interferometers to which respective parts of the modulated optical
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signal are applied; and a respective balanced optical to electrical converter
connected across the optical outputs of each interferometer; wherein each Mach
Zehnder interferometer has an optical path length difference between its
respective arms which corresponds with substantially the symbol period of the
modulated signal and in which one interferometer is operable to further impart a

relative phase shift of n/2 radians.

A demodulator arrangement according to Claim 13 in which the Mach Zehnder
interferometers are respectively operable to impart phase shifts of n/4 and -n/4

radians.

A demodulator arrangement for demodulating a quaternary differential phase
shift key modulated optical signal substantially as hereinbefore described with
reference to, or substantially as illustrated in, Figure 3 of the accompanying

drawings.

A WDM communications system of a type in data is transmitted in the form of
a plurality of modulated optical carriers of selected wavelengths and
characterised by optical filtering means for filtering each modulated carrier
before multiplexing them to form a WDM signal and wherein the optical
fillering means has an optical characteristic which is selected such as to

minimise inter-symbol interference at the sample time for each symbol.



17.

18.

19.

20.

22 P/63181.GBA
A WDM communications system according to Claim 16 in which the filtering

means has a transmission characteristic G(f) given by:

I-a
2T

2
G(f)=< 1(1 sm[ (lf —f |————):|) fo 1.1 o If ~f |<1+(x
4 2T 2T

1+
2T

1for0<|f fo] S ——

Oforlf fo] > ——

where T is the sampling period, a the excess bandwidth factor of the filter and

fo the centre frequency of the WDM channel.

A WDM communications system according to Claim 17 in which the filter has

an excess bandwidth factor of between 0.2 and 0.8

A WDM communications system according to any one of Claims 16 to 18 in
which the optical filtering means comprises a respective optical filter for each

wavelength channel.

A WDM communications system according to Claim 19 in which the, or each,

filter comprises an optical fibre Bragg grating.
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