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DESCRIPTION

FIELD OF THE INVENTION

[0001] The present invention relates to controlling bias voltages supplied to optical modulators.

BACKGROUND

[0002] The use of bias controllers and (e.g. Mach-Zehnder (MZ)) modulators in communications systems is known. Controllers
and modulators may be used to modulate an input optical carrier signal with a radio frequency (RF) communications signal.

[0003] Figure 1 is a schematic illustration (not to scale) of an MZ modulator 1.

[0004] The MZ modulator 1 provides a mechanism whereby an input optical carrier signal may be modulated with a
communications signal, for example with an RF communications signal. In this example the modulator is effectively an
interferometer, created by forming an optical waveguide in a suitable substrate such as Lithium Niobate (LiNbO3) or Gallium
Arsenide (GaAs) or Indium Phosphide (InP).

[0005] A waveguide 11 of the MZ modulator 1 is split into two branches 11 a, 11 b before recombining at an optical coupler 13.
An optical carrier signal in the form of a beam of light enters one side of the modulator 1 (as indicated by an arrow at the left-hand
side of Fig. 1) and exts the modulator 1 at the opposite side (i.e. at the right-hand side of Fig. 1) having passed through both
branches 11 a, 11 b of the waveguide 11.

[0006] One of the waveguide branches 11a includes an asymmetry 15 that functions to introduce a phase difference between
light travelling down respective branches 11 a, 11 b of the waveguide 11. The phase difference is chosen to be approximately 90
degrees at the wavelength of operation, which is typically in the region of 1300 or 1550 nanometres. This induces quadrature
bias where the optical output is nominally 50% of its maximum.

[0007] Lithium Niobate (in common with other similar materials such as GaAs or InP) is a glass-like material with a crystal
structure that exhibits an electro-optic effect whereby the refractive index of the crystal structure changes as a voltage is applied
thereto. In particular, the direction of the electric field induced by the applied voltage causes an increase or decrease in refractive
index. An increased refractive index acts so as to slow light travelling through the crystal, and a decreased refractive index acts so
as to increase the speed of light travelling through the crystal. In MZ modulators, the Lithium Niobate material is usually arranged
so as to have an Xcut, Y propagate crystal orientation with respect to the input optical signal, and in this context an electric field
applied in the X direction (positive or negative) causes a change in the refractive index of the material that affects the speed of
the light passing along the Y axis.

[0008] As shown in Figure 1, a modulating electrode 7 is provided between the branches 11 a, 11 b of the waveguide 11. When
the modulating electrode 7 is energised by an applied signal (e.g. a radio frequency or digital communications signal), positive
and negative electric fields are established between the modulating electrode 7 and, respectively, a first 3 and a second 5 ground
plane. The modulating electrode 7 is designed as a transmission line so that the modulating signal travels with the optical carrier
signal through the MZ modulator 1, thereby enabling high modulating frequencies to be achieved.

[0009] The positive and negative electric fields cause the refractive index of the two branches 11 a, 11 b of the waveguide 11 to
change (the positive field causing an increase in refractive index for branch 11 a, and the negative field causing a decrease in
refractive index for branch 11 b), and the resulting different propagation speeds of the optical carrier signal through each branch
cause a change in phase in the signals output to the optical combiner 13, which phase change causes the output level of light
from the optical combiner 13 to change. In effect, as the electric fields experienced by each branch varies with the
communications signal applied to the modulating electrode 7, so the phase difference between light passing through the two
branches changes and the output level of the optical signal output from the combiner 13 varies accordingly. The net effect of this
is that the input optical carrier signal is modulated with the communications signal applied to the modulating electrode 7.

[0010] Figure 2 is a schematic illustration (not to scale) showing a modulator transfer function. This transfer characteristic of the
MZ modulator 1 is approximately sinusoidal. The most linear modulation tends to be achieved in and around the quadrature point
(also known simply as "quadrature"). The quadrature point is the point where there is a 90 degree phase relationship between
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light travelling through respective branches 11 a, 11 b of the waveguide 11. The transfer function is a repeating function, and as
such there are many quadrature points at different bias voltages but all with the same power output. Indicated in Figure 2 by the
reference sign A is a first quadrature point. At this first quadrature point A the output power is increasing with bias voltage, and
hence this quadrature paoint Ais referred to as a positive slope quadrature bias point. Indicated in Figure 2 by the reference signs
B and C are two further quadrature points B and C where the output power is decreasing with bias voltage. These quadrature
points B, C are each referred to as negative slope quadrature bias points.

[0011] In practice, the preferred 90 degree phase shift is rarely, if ever, achieved. To compensate for this, it is usual to include a
biasable component 9, and to apply a DC bias voltage to the biasable component 9, to return the MZ modulator 1 to or near to
one of the aforementioned quadrature points. In the arrangement depicted in Fig. 1, the biasable component 9 comprises a
discrete bias electrode (this is merely illustrative as a number of alternative arrangements are known to persons skilled in the art).
For example, a bias voltage may be applied directly to the modulating electrode 7 by means of a so-called bias-Tee. In such an
arrangement, the DC bias is coupled to the electrode via an inductor, and the applied signal (for example an RF communications
signal) is coupled to the electrode via a capacitor.

[0012] A problem with this arrangement is that the bias point, i.e. the voltage that needs to be applied to the biasable component
9 to return the MZ modulator 1 to or near the quadrature point, shifts over time. For example, so-called trapped charges (e.g. that
exist in the regions between electrodes, e.g. in a silicon dioxide buffer layer on the surface of the device) and temperature
variations can each cause the bias point to shift at a rate of anything from a few millivolts per hour to several volts per hour. Thus,
conventionally it tends not to be possible to provide a system where the bias voltage, once set, need not be changed. As such it
is usual to provide some sort of dynamic bias control to enable modulator linearity to be maintained over an extended period of
time.

[0013] In the analogue domain, dynamic bias control has previously been achieved by applying a pilot tone (for example a 10kHz
tone for a multi-GHz communications signal of interest) to the modulating electrode, by monitoring the output of the modulator and

by adjusting the bias voltage based on that output. For example, as the 2"d harmonic of the pilot tone usually tends to be minimal
at or around the quadrature point, one previously proposed approach monitors this second harmonic and adjusts the applied DC
bias voltage to minimise the second harmonic. A similar approach has previously been proposed for the digital domain, but in this
instance the signal applied is typically a square wave dither signal, and the output is monitored by a digital signal processor.

[0014] Whilst each of these approaches do enable a form of dynamic bias control to be provided, they each have attendant
disadvantages. For example, the application of a pilot tone necessarily gives rise to modulation products (for example sidebands)
that limit the performance of the system, and for high-fidelity optical links this reduction in performance is unacceptable. In very
highspeed links (for example, digital links with speeds of up to 100 GBit/s and analogue links with frequencies of up to 60GHz),
the application of a dither can adversely affect the achievable data rate and the length of link that is achievable. Another
disadvantage particularly prevalent in instances where multiple channels are required, for example in a phased array antenna
system, is that as each modulator is different the bias control hardware needs to be fully replicated for each and every modulator.
This increases system bulk, complexity and cost.

[0015] WO 2008/059198 discloses a bias controller for an optical modulator. The modulator includes a bias electrode that is
operable when appropriately biased by an applied bias voltage to configure the modulator to operate at quadrature. The bias
controller comprises means for generating power signals indicative of the optical output power of the modulator, and a processor
operably connected to the generating means and the bias electrode. The processor is arranged to receive the power signals from
the generating means and to control the bias voltage applied to the bias electrode. The processor is configured to vary the bias
voltage applied to the bias electrode and to determine (from power signals received from the generating means) a peak optical
output power for the modulator. The processor is further configured to determine, in dependence upon the peak optical power, a
target optical power for quadrature with reference to a store of predetermined values for peak output power and respective
corresponding values of target optical power for quadrature.

[0016] EP 0 631 169 A2 discloses a method of dynamically controlling a bias voltage of a Mach-Zehnder modulator involving
monitoring the optical output power and comparing it with a reference value that corresponds to the Mach-Zehnder modulator
operating at quadrature, said bais voltage being adjusted dependent on the detected difference between the monitored optical
output power and the reference value. According to EP 0 631 169 A2 , the bias voltage EB is a applied to the Mach-Zehnder
modulator such that a difference voltage between the operative point voltage and a bias voltage is kept within the voltage
difference AE. The MZ modulator is designed so as to have an infrinsic quadrature bias voltage different from zero, namely
+0.15V. The initial bias voltage EB is set so as to fulfil the equation ECNT +EB< AE, e.g. ECNT =EB =0.2V and AE=0.5V. The
control circuit now only changes the polarity of the bias voltage EB when the operative point is detected to be over +ECNT or less
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than -ECNT , thereby, due to the DC drift of the modulator, the difference between the operative point voltage and the bias
voltage is constantly kept within the tolerable value AE. The dynamic control of the bias voltage of EP 0 631 169 A2 is thus such
that the output power of the modulator is within a pre-determined range of the target output power, this range being explicitly
given as the range [-ECNT ,+ECNT].

[0017] US 4 162 398 A discloses a method of dynamically controlling a bias voltage of a Mach-Zehnder modulator involving
monitoring the optical output power and comparing it

with a reference value that corresponds to the Mach-Zehnder modulator operating at quadrature, said bais voltage being
adjusted dependent on the detected difference between the monitored optical output power and the reference value. US 4 162
398 A discloses furthermore a bias control that maintains the quadrature control point regardless of variations of the optical input
power.

[0018] WO 02/063381 A1 discloses a method of setting an operating or bias voltage of a Mach-Zehnder optical modulator
including a step of setting the bias voltage applied to the MZ modulator to a predetermined initial value, a step of measuring the
optical output power of the MZ modulator, a step of sequentially progressively increasing and decreasing the bias voltage with
respect to the predetermined value, a step of determining respective voltage values which produce maximum and minimum values
of the optical output power, and a step of setting the bias voltage to a value intermediate the maximum

and minimum voltage values. A similar bias control method is also disclosed in US 2003/107791 A1.

[0019] US 6 700 907 B2 discloses a MZ modulator bias and driver gain control mechanism which sets initial values for the bias
and gain of an MZ modulator to prescribed best guess parameters and thereafter adjusts the bias voltage to quadrature with
microcontroller using an output power feedback.

SUMMARY OF THE INVENTION

[0020] In a first aspect, the present invention provides a method of controlling a bias voltage supplied to an optical Mach-
Zehnder modulator according to appended independent claim 1.

[0021] Preferred embodiments of said first aspect are defined in the appended dependent claims 2-11.

[0022] In a further aspect, the present invention provides a method of controlling a modulating unit for an optical communications
system according to appended claim 12.

[0023] In a further aspect, the present invention provides a bias controller for an optical modulator according to appended claim
13.

[0024] In a further aspect, the present invention provides a modulating unit for an optical communications system according to
appended claim 14.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025]
Figure 1 is a schematic illustration (not to scale) of an MZ modulator;
Figure 2 is a schematic illustration (not to scale) of a modulator transfer function;

Figure 3 is a schematic illustration (not to scale) of a first example network in which an embodiment of a bias controller is
implemented,;

Figure 4 is a schematic illustration (not to scale) of a second example network in which the bias controller is implemented;
Figure 5 is a process flow chart showing certain steps of an embodiment of a control algorithm;
Figure 6 is a schematic illustration (not to scale) of a graph showing a bias point search;

Figure 7 is a process flow chart of an example tracking or chase process;
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Figure 8 is a schematic illustration (not to scale) of a further graph showing a bias point search; and

Figure 9 is a process flow chart showing certain steps of a process that may be performed by the bias controller if a laser is
disabled.

DETAILED DESCRIPTION

[0026] Preferred embodiments of the present invention will be described hereafter with particular reference to a bias controller
for a modulator. Such controllers and modulators are typically employed in communications systems to modulate an input optical
carrier signal with a radio frequency (RF) communications signal. Whilst the teachings of the present invention have great utility in
optical communications systems, i.e. communications systems where the nodes of the system are optically connected, it will be
immediately appreciated by persons of ordinary skill in the art that the teachings of the invention may otherwise be applied.
Accordingly, the following illustrative description should not be read as being limited solely to communications systems.

[0027] Figure 3 is a schematic illustration (not to scale) of a first example network 100 in which an embodiment of a bias
controller 4 is implemented.

[0028] In the first network 100, the bias controller 4 is coupled to a modulator, e.g. an MZ modulator of the type depicted in
Figure 1. The modulator in Figure 3 is driven by a continuous wave laser that is operable to provide an optical carrier signal with
which a communications signal (such as an RF communications signal) is to be modulated. In this example, the modulator
includes a separate bias electrode, however other arrangements are possible.

[0029] The bias controller 4 comprises a photodiode 6 that is coupled to the modulator output by means of an optical tap coupler
5. The optical tap coupler 5 is operable to monitor the optical signal output of the modulator and pass approximately 1 to 5% of
that output to the photodiode 6. The photodiode 6 and coupler 5 may be combined in a single unit (for example the unit may
comprise a partially reflective mirror and may be arranged so that light enters the unit via a first fibre and most (e.g. 95%) is
reflected into another fibre; a proportion of that light (e.g. 5%) being transmitted through the mirror to be incident upon the
photodiode 6). As an alternative, the photodiode 6 may be integrated into the modulator i.e. in other embodiments, the bias
controller 4 does not comprise a photodiode 6 which is instead integrated with the modulator. An integrated photodiode may be
arranged to capture an evanescent field from the output waveguide, or alternatively may be arranged to face the end of the
modulator so as to capture light output from a dump port of the modulator. Use of an integrated photodiode advantageously tends
to minimise output losses. Furthermore, if the integrated photodiode is arranged to capture light output from a dump port of the
modulator, the photodiode tends to be exposed to a much higher optical input. Thus, a need for subsequent sensitive detection
circuitry tends to be reduced or eliminated.

[0030] The photodiode 6 is reverse-biased. Light incident on the photodiode 6 is converted to current, proportional to the
incident light. The photodiode 6 is a relatively large area, low bandwidth device, which prevents it from detecting the radio
frequency (RF) component of the modulated signal. Thus, the photodiode 6 advantageously tends only to return the direct
current (DC) component of the signal.

[0031] The output of the photodiode 6 is coupled to a resistor 8. The resistor 8 converts current (passed to the resistor 8 from
the photodiode 6) to a voltage. The resistor 8 tends to advantageously provide a relatively simple and cheap means of converting
current to voltage. In other embodiments, such conversion may be performed by different means, e.g. a transimpedance amplifier.
This would tend to provide higher sensitivity than a resistor, thereby allowing for smaller amounts of optical power to be tapped off
from the modulator output.

[0032] The output of the resistor 8 is coupled to a window comparator 10. In other words, an input of the window comparator 10
is the voltage supplied by the resistor 8. A further input of the window comparator 10 is a voltage supplied by a potentiometer 12.
The potentiometer 12 supplies a voltage, for use as a target voltage, to the window comparator 10. The target voltage supplied
by the potentiometer is a signal that is indicative of a target optical power for the modulator for quadrature. In other embodiments,
the target voltage may be set by a different means. For example, the target voltage may be set using a digital-to-analogue
converter (DAC). This would tend to advantageously allow for remote adjustment of the bias point of the modulator. Also for
example, the target voltage could take a fixed value, e.g. if the resistor 8 was a variable resistor.

[0033] The window comparator 10 compares the voltage supplied by the resistor 8 against the target voltage supplied by the



DK/EP 2845048 T3

potentiometer 12. This is done to determine whether the reference voltage (i.e. the voltage supplied by the resistor 8) is "too
high", "too low", or "acceptable” relative to the target voltage. The terminology "acceptable" may, for example, be used to refer to
reference voltages within 1% of the target voltage. The terminology "too high" may, for example, be used to refer to reference
voltages that are greater than or equal to the target voltage plus 1%. The terminology "too low" may, for example, be used to
refer to reference voltages that are less than or equal to the target voltage minus 1%. The use of a window comparator 10 in
performing the aforementioned comparison advantageously tends to alleviate problems caused by oscillations in the bias voltage
(e.g. that may occur when the reference voltage is repeatedly adjusted to be too high, then too low etc.) that may result if, for
example, a single point comparator were used. Nevertheless, in other embodiments, a single point comparator or other type of
comparator may be used to compare the reference and target voltages.

[0034] The output of the window comparator 10 is coupled to a processor 14. An output of the window comparator 10 may be an
indication as to whether the reference voltage is too high, too low or acceptable relative to the target voltage. In other
embodiments, the result of the comparison of the reference and target voltages may be indicated to the processor 14 in a
different way. For example, if the reference voltage is either too high or too low in relation to the target voltage, the window
comparator 10 may send a corresponding signal to the processor 14 informing the processor 14 that the reference voltage is
either too high or too low, whereas if the reference voltage is within an acceptable range of the target voltage, no such indication
would be sent. Thus, the processor 14 is able to ascertain, using the output of the window comparator 10, whether the reference
voltage is too high, too low or adequate relative to the target voltage.

[0035] In this embodiment, the processor 14 is a Field Programmable Gate Array (FPGA). In other embodiments, the processor
14 is a different type of processor, e.g. a Complex Programmable Logic Device (CPLD), Microcontroller, Digital Signal Processor
(DSP) etc.

[0036] The processor 14 is configured to perform a control algorithm using the output of the window comparator 10. An
embodiment of the control algorithm used by the processor 14 is described in more detail later below with reference to Figure 5.
The control algorithm is performed to, using the output of the window comparator 10, set and/or adjust a bias voltage supplied to
the modulator until the modulator reaches a quadrature point (or other bias point). The bias voltage is supplied to the modulator
by the processor 14 by means of a digital to analogue convertor (DAC) 16 and an amplifier 18. The DAC 16 may be, for example,
a single-ended (positive output only) device. The amplifier 18 may introduce an offset voltage to allow for the generation of
negative as well as positive bias voltages.

[0037] The processor 14 may additionally be connected to a host system (not shown in the Figures). This connection may be
such that information may be sent between the processor 14 and the host system. For example, the processor 14 may report, to
the host system, the state of the laser and/or indicate the value of the bias voltage supplied by it to the modulator. Also for
example, the host system may send instructions to the processor 14, e.g. an instruction that the processor 14 should "reset" the
bias voltage to its initial, i.e. starting value, e.g. OV. The host system may, for example, be a health monitoring system, or an
overall control system for a radar system. Also, as described in more detail later below, the host system may be configured to take
control of iffwhen the bias voltage is adjusted.

[0038] Figure 4 is a schematic illustration (not to scale) of a second example network 101 in which the bias controller 4 is
implemented.

[0039] In this further embodiment, the laser, modulator, bias controller 4, and optical tap coupler 5 are arranged as described
above with reference to Figure 1. The second network 101 additionally comprises a laser controller for controlling the laser. In
addition to being operatively coupled to the laser, the laser controller is coupled to processor 14 such that signals indicative of
the state of the laser may be sent from the laser controller to the processor 14. Using these signals, the processor 14 may, for
example, determine when the laser has been enabled/disabled, when the laser power has stabilised etc. The processor 14 may
relay information relating to the status of the laser to remote systems or apparatus (e.g. the host system).

[0040] Apparatus, including the processor 14, for implementing any of the above arrangements, and performing the method
steps to be described later below, may be provided by configuring or adapting any suitable apparatus, for example one or more
computers or other processing apparatus or processors, and/or providing additional modules. The apparatus may comprise a
computer, a network of computers, or one or more processors, for implementing instructions and using data, including instructions
and data in the form of a computer program or plurality of computer programs stored in or on a machine readable storage
medium such as computer memory, a computer disk, ROM, PROM etc., or any combination of these or other storage media.

[0041] Figure 5 is a process flow chart showing certain steps of an embodiment of the control algorithm performed by the
processor 14 to set and/or adjust the bias voltage applied to the modulator.
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[0042] At step s2, the processor 14 sets bias voltage of the modulator to OV.

[0043] At step s4, the processor 14 waits for the laser to be enabled, i.e. turned on, and for the laser to stabilise. For example,
waiting for the laser to stabilise may be achieved by the processor 14 in the first network 100 by waiting a predetermined amount
of time. Also for example, in the second network 101, the processor may be sent one or more signals (from the laser controller)
indicating that the laser has been enabled and/or that the laser power has stabilised.

[0044] At step s6, the processor 14 searches for the bias point of the modulator that is closest to OV. In this embodiment, this is
performed by the processor 14 sweeping the bias voltage of the modulator in a zZgzag fashion, starting at 0V with gradually
increasing amplitude.

[0045] In this embodiment, the bias voltage of the modulator is swept in a zigzag fashion with gradually increasing amplitude. In
comparative examples not according to the invention, this search for a bias point may be performed in a different way, for
example by alternately increasing and decreasing (or decreasing and increasing) the bias function, e.g. with increasing amplitude,
in a different pattern (i.e. a pattern other a zigzag). For example, in such a comparative example, the bias voltage may be swept in
the pattern of a sine function that has increasing amplitude in time.

[0046] Figure 6 is a schematic illustration (not to scale) of a graph 102 showing the bias voltage 20 supplied by the processor
14. The bias voltage 20 is swept in a zigzag fashion, starting at 0V and with gradually increasing amplitude. In this embodiment,
the bias voltage 20 of the modulator is swept in this Zigzag fashion until the output of the window comparator 10 changes state,
i.e. until the window comparator 10 changes from indicating to the processor 14 that the output voltage of the modulator is too low
(relative to the target voltage) to indicating to the processor 14 that the output voltage of the modulator is too high (relative to the
target voltage). This change of state of the output of the window comparator 10 occurs as the output voltage of the modulator
passes the target voltage supplied to the window comparator 10 by the potentiometer 12. Thus, a bias point or quadrature point
of the modulator is located.

[0047] At step s8, the direction/slope (i.e. positive or negative) of the output of the modulator at the bias point is determined by
the processor 14. In this embodiment, this is determined by determining whether the output of the window comparator 10 changes
from too high to too low (in which case the slope of the graph 102 at the bias point is negative) or from too low to too high (in
which case the slope of the graph 102 at the bias point is positive). The determination of the direction of the slope of the
modulator output at the bias point advantageously tends to facilitate the tracking of the bias point by the processor 14.

[0048] The bias point of the modulator will initially tend to drift, e.g. due to changes in short-term average applied bias voltage.
To account for this (relatively rapid) drifting of the bias point, at step s10, the processor 14 performs a so-called "chase" process.
This chase process is performed by the processor 14 for a pre-defined period of time (e.g. a period of time that has been
empirically determined, e.g. 20 seconds).

[0049] Further information regarding the chase process is provided later below with reference to Figure 7. The process
described with reference to Figure 7 may also be used to perform the later described "fast-tracking” process (performed at step
s18) and the later described "slow-tracking" process (performed at step s20). Basically, in this embodiment the chase process
comprises continually adjusting (i.e. increasing or decreasing) the bias voltage in relatively large steps over a period of time (e.g.
an empirically determined period of time, e.g. 20 seconds). The steps by which the processor 14 adjusts the bias voltage during
the chase process are large relative to the steps that the processor 14 adjusts the bias voltage in other bias point tracking
processes e.g. the fast-tracking process performed at step s18 and the slow-tracking process performed at step s20 (which
processes are described in more detail later below). Also, the chase process comprises adjusting the bias voltage depending
upon the output of the window comparator 10. For example, if the window comparator 10 indicates that the output voltage of the
modulator is too high, and the processor 14 determines that the slope of the graph 102 is currently positive, then the processor
14 reduces the bias voltage supplied to the modulator by a relatively large amount. Likewise, if the window comparator 10
indicates that the output voltage of the modulator is too low and the processor 14 determines that the slope of the graph 102 is
currently positive, then the processor 14 increases the bias voltage supplied to the modulator by a relatively large amount. The
relatively large step sizes by which the bias voltage is adjusted during the chase phase, and the duration of the chase phase may
be determined empirically. For example, a step size for the chase process may be determined to be approximately 125mV.
Empirically determining the step sizes used during the chase phase, and/or the duration of the chase phase advantageously
tends to provide that the process of Figure 5 may be implemented using any appropriate components, e.g. using a modulator
from one or a plurality of different manufacturers.
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[0050] The output of the modulator may lag behind the bias input by a significant but variable period of time (e.g. 100-500ms).
Thus, it tends to be possible for the processor 14 to miscalculate the bias slope (i.e. the processor 14 may determine the slope of
the modulator output at the bias point to be positive when it is actually negative, and vice versa). As a result of this, during the
chase process, the processor 14 may "chase" the bias point in the wrong direction. This may occur, for example, if the bias point
of the modulator is immediately before a corner of the zigzag portion of the bias voltage 20.

[0051] This problem may be solved by performing steps s12 to s16, as described below. Alternatively, this problem may be
solved for example by, when sweeping the bias voltage of the modulator (as performed at step s6), maintaining a substantially
constant bias voltage for a certain period of time between increasing the bias voltage and decreasing the bias voltage, and
between decreasing the bias voltage and increasing the bias voltage. In other words, when the bias voltage is swept in a zigzag
fashion, at each corner of the zigzag, the bias voltage may be maintained for a certain amount of time. However, this tends to
increase the length of time that it takes to find a bias point.

[0052] At step s12, the processor 14 determines whether or not, during the chase process, the output of the window comparator
10 continually changes between being indicative of the output voltage of the modulator being too high and being indicative of the
output voltage of the modulator being too low.

[0053] If, at step s12, it is determined that the output of the window comparator 10 does continually change between being
indicative of the output voltage of the modulator being too high and being indicative of the output voltage of the modulator being
too low, it is determined that the slope of the graph 102 (determined at step s8) is correct. In this case, the process of Figure 5
proceeds to step s18 which will be described in more detail later below after the description of steps s14 and s16.

[0054] However, if, at step s12, it is determined that the output of the window comparator 10 does not continually change
between being indicative of the output voltage of the modulator being too high and being indicative of the output voltage of the
modulator being too low (i.e. the window comparator 10 indicates that the output voltage of the modulator is too low or too high
throughout the chase process), it is determined that the slope of the graph 102 (determined at step s8) is incorrect. In this case,
the process of Figure 5 proceeds to step s14.

[0055] At step s14, the processor 14 the bias voltage is reverted to the level it had at the start of the chase process, i.e. the
processor 14 sets the bias voltage to be equal to the bias voltage at the beginning of the chase process. In other words, if, during
the chase process, the bias voltage has been increased, the processor 14 decreases the bias voltage by the amount that it had
been increased during the chase process. Likewise, if, during the chase process, the bias voltage has been decreased, the
processor 14 increases the bias voltage by the amount that it had been decreased during the chase process. This reversion of
the bias voltage to its original level may be performed over a period of time to avoid the application of a step change in voltage to
the modulator.

[0056] At step s16, the chase process of step s10 is re-performed using the corrected slope of the modulator output at the bias
point, i.e. using the opposite slope to that determined at step s8.

[0057] Thus, after step s16, the bias point of the modulator has been tracked as it would have been had the correct slope has
been determined by the processor 14 at step s8. After step s16, the method proceeds to step s18.

[0058] At step s18, after the chase process has been performed for a predetermined period of time, the processor 14 performs a
so-called "fast-tracking” process. In this embodiment, the fast-tracking process is the same as the chase process except that the
steps by which the processor 14 adjusts the bias voltage during the fast-tracking process are relatively small compared to those
used during the chase process. For example, a step size for the fast-tracking process may be empirically determined to be, e.g.,
approximately 4mV. Empirically determining the step sizes used during the fast-tracking process phase, and/or the duration of the
fast-tracking process phase advantageously tends to provide that the process of Figure 5 may be implemented using any
appropriate components, e.g. using parts from a variety of different manufacturers.

[0059] Further information regarding the fast-tracking process is provided below with reference to Figure 7. The process
described with reference to Figure 7 may also be used for the chase process (performed at step s10) and the later described
slow-tracking process (performed at step s20)

[0060] Basically, in this embodiment, the fast-tracking process comprises continually adjusting (i.e. increasing or decreasing) the
bias voltage in relatively small steps over a period of time (e.g. an empirically determined period of time, e.g. 2 minutes) and
depending upon the output of the window comparator 10. The period of time for which the fast-tracking process is performed may
be the same as or different to the period of time for which the chase process is performed.
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[0061] At step s20, after the fast-tracking process has been performed for a predetermined period of time, the processor 14
performs a so-called "slow-tracking" process. In this embodiment, the slow-tracking process is the same as the fast-tracking and
chase processes except that the steps by which the processor 14 adjusts the bias voltage during the slow-tracking process are
relatively small compared to those used during the fast-tracking and chase processes. For example, a step size for the slow-
tracking process may be empirically determined to be, e.g., approximately 2mV. Empirically determining the step sizes used during
the slow-tracking process phase advantageously tends to provide that the process of Figure 5 may be implemented using any
appropriate components, e.g. using parts from a variety of different manufacturers. The slow-tracking process may be performed
for as long as desired e.g. for as long as the system remains operational.

[0062] Further information regarding the slow-tracking is provided later below with reference to Figure 7. The process described
with reference to Figure 7 may also be used for the chase process (performed at step s10) and the fast-tracking process
(performed at step s18).

[0063] Basically, in this embodiment, the slow-tracking process comprises continually adjusting (i.e. increasing or decreasing) the
bias voltage in relatively small steps over a period of time (e.g. whilst the laser is enabled or switched on) and depending upon
the output of the window comparator 10. During the slow-tracking process, the window comparator 10 tends to only occasionally
report that the bias condition of the modulator is too high or too low, if at all. In other words, during the slow-tracking process and
for the majority of the slow-tracking process, the output of the window comparator 10 tends to indicative that the output voltage of
the modulator is adequate.

[0064] Thus, an embodiment of the control algorithm performed by the processor 14 to set and/or adjust the bias voltage applied
to the modulator is provided.

[0065] Figure 7 is a process flow chart of an example tracking or chase process. The process of Figure 7 may be used to
perform the chase process (performed at step s10 of Figure 5), the fast-tracking process (performed at step s18 of Figure 5),
and/or the slow-tracking process (performed at step s20 of Figure 5).

[0066] In this embodiment, the process of Figure 7 is performed by the processor 14.

[0067] At step s22, the pracessor 14 receives the latest output of the window comparator 10. The received output of the window
comparator 10 is an indication as to whether the output voltage of the modulator is too high, too low, or acceptable relative to the

target voltage.

[0068] At step s24, the processor 14 determines whether the output voltage of the modulator is too high, too low, or acceptable
relative to the target voltage.

[0069] If, at step s24, the output voltage of the modulator is too high, the method proceeds to step s26.
[0070] If, at step s24, the output voltage of the modulator is too high, the method proceeds to step s28.
[0071] In this embodiment, if, at step s24, the output voltage of the modulator is neither too high nor too low (i.e. the output
voltage of the modulator is acceptable relative to the target voltage) no action is taken and the processor 14 waits to receive the

next output of the window comparator 10 (i.e. in effect, the method proceeds back to step s22).

[0072] At step s26, it is determined whether the direction/slope of the graph 102 of the bias voltage 20 at the bias point (as
determined at step s8 above) is positive or negative.

[0073] If, at step s286, it is determined that the slope of the graph 102 at the bias point is positive, the method proceeds to step
s30.

[0074] If, at step s26, it is determined that the slope of the graph 102 at the bias point is negative, the method proceeds to step
832.

[0075] At step s28, it is determined whether the direction/slope of the graph 102 of the bias voltage 20 at the bias point (as
determined at step s8 above) is positive or hegative.



DK/EP 2845048 T3

[0076] If, at step s28, it is determined that the slope of the graph 102 at the bias point is negative, the method proceeds to step
s30.

[0077] I, at step s28, it is determined that the slope of the graph 102 at the bias point is positive, the method proceeds to step
s32.

[0078] At step s30, the processor 14 decreases the bias voltage supplied to the modulator.

[0079] For the chase process of step s8 of Figure 5, the processor 14 decreases the bias voltage by a relatively large amount,
i.e. the bias voltage is decreased by a relatively large step. The steps by which the processor 14 decreases the bias voltage
during the chase process are large relative to the steps that the processor 14 adjusts the bias voltage during the fast-tracking
and slow-tracking processes.

[0080] For the fast-tracking process of step s18 of Figure 5, the processor 14 decreases the bias voltage by an amount that is
relatively small compared to the steps by which the processor 14 adjusts the bias voltage during the chase process, and that is
relatively large compared to the steps that the processor 14 adjusts the bias voltage during the slow-tracking process.

[0081] For the slow-tracking process of step s20 of Figure 5, the processor 14 decreases the bias voltage by a relatively small
amount, i.e. the bias voltage is decreased by a relatively small step. The steps by which the processor 14 decreases the bias
voltage during the slow-tracking process are small relative to the steps that the processor 14 adjusts the bias voltage during the
fast-tracking and chase processes.

[0082] After step s30, the methad of Figure 7 proceeds to step s34.
[0083] At step s32, the processor 14 increases the bias voltage supplied to the modulator.

[0084] If the chase process of step s8 of Figure 5 is being performed, the processor 14 increases the bias voltage by a relatively
large amount, i.e. the bias voltage is increased by a relatively large step. The steps by which the processor 14 increases the bias
voltage during the chase process are large relative to the steps that the processor 14 adjusts the bias voltage during the fast-
tracking and slow-tracking processes.

[0085] If the fast-tracking process of step s18 of Figure 5 is being performed, the processor 14 increases the bias voltage by an
amount that is relatively small compared to the steps by which the processor 14 adjusts the bias voltage during the chase
process, and that are relatively large compared to the steps that the processor 14 adjusts the bias voltage during the slow-
tracking process.

[0086] If the slow-tracking process of step s20 of Figure 5 is being performed, the processor 14 increases the bias voltage by a
relatively small amount, i.e. the bias voltage is decreased by a relatively small step. The steps by which the processor 14
increases the bias voltage during the slow-tracking process are small relative to the steps that the processor 14 adjusts the bias
voltage during the fast-tracking and chase processes.

[0087] After step s32, the method of figure 7 proceeds to step s34.

[0088] At step s34, the processor 14 waits a predetermined amount of time (e.g. that may be determined empirically) to allow for
the modulator to adjust to the increased/decreased bias voltage.

[0089] At step s36, it is determined whether or not the time period for which the tracking or chase process of Figure 7 is to be
performed has elapsed. In other words, it is determined whether the process of Figure 7 should end.

[0090] If, at step 836, it is determined that the time period for which the tracking or chase process of Figure 7 is to be performed
has elapsed, the method ends.

[0091] However, if, at step s36, it is determined that the time period for which the tracking or chase process of Figure 7 is to be
performed has not elapsed, the method returns to step s22, at which point a new output is received by the processor 14 from the
window comparator 10.

[0092] In other embodiments, the tracking or chase process of Figure 7 may be performed continuously, and the bias point step
size may be adjusted e.g. on a timer.
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[0093] Thus, an example tracking or chase process that may be performed at any or all of steps 10, s18, and s20 of Figure 5 is
provided.

[0094] It should be noted that certain of the process steps depicted in the flowcharts of Figures 5 and 7 and described above
may be omitted or such process steps may be performed in differing order to that presented above and shown in Figures 5 and 7.
Furthermore, although all the process steps have, for convenience and ease of understanding, been depicted as discrete
temporally-sequential steps, nevertheless some of the process steps may in fact be performed simultaneously or at least
overlapping to some extent temporally.

[0095] In the above embodiments, at step s6, the processor searches for the bias point closest to 0V by sweeping the bias
voltage of the modulator in a zigzag fashion, starting at 0V and with gradually increasing amplitude. In the above embodiments, a
symmetric Zigzag sweep (such as that shown in Figure 6) is used. For example, the corners of a symmetric zigzag sweep may be:
-1V, +1V, -1.5V, +1.5V, -2V, +2V etc. However, in other embodiments, the processor searches for the bias point closest to 0V
using a different search pattern. For example, the processor may search for the bias point closest to 0V using an asymmetric
Zigzag sweep.

[0096] Figure 8 is a schematic illustration (not to scale) of a further graph 104 showing the bias voltage 20 that may be supplied
by the processor 14 when searching for the bias point closest to 0V using an asymmetric zgzag sweep. For example, the corners
of an asymmetric zigzag sweep may be: -1V, +1.5V, - 2V, +2.5V, -3V, +3.5V etc. Preferably, a magnitude increment of +0.5V per

corner of the asymmetric Zigzag sweep is used. However, any appropriate increment may be used. An asymmetric zZigzag sweep
tends to be more efficient than a symmetric Zigzag sweep. The number of corners that a zigzag sweep comprises may
advantageously be selected to provide a desired balance between the speed with which a bias point is found and the location of
the bias point closest to 0V.

[0097] In the above embodiments, the bias voltage is applied to the modulator by the processor via the DAC and the amplifier.
Additionally, the DAC may be used to control the bias range (i.e. the voltage range of the bias voltage). The amplifier may act so
as to increase the overall amplitude of the voltage output by the DAC. The amplifier may also act so as to offset the output of the
DAC so that the DAC mid-scale is at approximately 0V. For example, the DAC may have an output range of 0 to 0.5V. With such a
DAC. an amplifier gain of x8 and input offset of -0.25V may yield an output range of approximately -4V to +4V.

[0098] Optionally, if the bias voltage output by the processor lies outside the bias range defined by the DAC, the bias controller
may perform one or more appropriate actions.

[0099] For example, if the bias range (defined by the DAC) is exceeded (or an extreme of the bias range is reached) during the
process of searching for the bias point closest to 0V, the bias voltage may be reset to 0V and the search process may be
restarted.

[0100] Also for example, if the bias range (defined by the DAC) is exceeded (or an extreme of the bias range is reached) during
the fast-tracking process, the bias voltage may be reset to 0V and the control algorithm may be restarted.

[0101] Also for example, if the bias range (defined by the DAC) is exceeded (or an extreme of the bias range is reached) during
the slow-tracking process, a host system (e.g. such as that that may be connected to the processor as described above) may be
notified of the situation, and the bias controller may maintain the bias voltage at the extreme of the bias range. This extreme bias
voltage may be maintained, e.g., until either: (i) the host system instructs the bias controller to reset the bias voltage to its initial
value (e.g. to OV); (ii) the bias point drifts back into the bias range; or (iii) a pre-defined time period elapses, at which point the
bias controller resets the bias voltage to its initial value. In this case, the extreme bias voltage would tend to result from bias point
drift over an extended period of operation, and so dwelling at a bias point extreme may be an acceptable option.

[0102] In other words, during the process of searching for, or tracking, a bias point, the bias voltage may be confined to being
within the bias range.

[0103] Optionally, the bias controller may warn the host system when the bias voltage is close to its limits (i.e. close to moving
outside the bias range). This would advantageously tend to allow the host system to schedule a reset of the bias voltage to its

initial value, before such a reset becomes essential.

[0104] A bias voltage may be generated using a digital counter or accumulator. Such devices are capable of 'wrapping round’,
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e.g. 4095+1=0 and 0-1=4095. This may result in oscillation between two bias voltage extremes. This problem advantageously
tends to be solved by confining the bias range as described above.

[0105] In some embodiments, if the laser is disabled (i.e. turned off), the bias controller performs an action that is dependent
upon the stability history of the modulator. For example, if the laser is disabled, the process of Figure 9 may be performed.

[0106] Figure 9 is a process flow chart showing certain steps of a process that may be performed by the bias controller 4 if the
laser is disabled, e.g. during normal operation.

[0107] At step s40, it is determined for how long the modulator has operated at (or proximate to) its bias point between the laser
being enabled and the laser being disabled. In other words, it is determined for how long the bias point of the modulator had been
held. This may be performed, for example, by the processor 14 of the bias controller 4.

[0108] If, at step s40, it is determined that the modulator has operated at (or proximate to) its bias point for one hour or longer,
the bias point of the modulator may be referred to as an "established bias point" for the modulator and the method proceeds to
step s42. In other embodiments, a different range of time (i.e. different to the one hour or longer range) may be used instead of
the one hour or longer time range.

[0109] I, at step s40, it is determined that the modulator has operated at (or proximate to) its bias point for between 10 minutes
and one hour, the bias point of the modulator may be referred to as a "recently acquired bias point" for the modulator, and the
method proceeds to step s44. In other embodiments, a different range of time (i.e. different to the between 10 minutes and one
hour range) may be used instead of the between 10 minutes and one hour time range.

[0110] I, at step s40, it is determined that the modulator has operated at (or proximate to) its bias point for 10 minutes or less,
the bias point of the modulator may be referred to as a "just acquired bias point" for the modulator, and the method proceeds to
step s46. In other embodiments, a different range of time (i.e. different to the 10 minutes or less range) may be used instead of
the 10 minutes or less time range.

[0111] At step s42, the bias controller 4 operates so as to maintain the bias voltage supplied to the modulator for a relatively
long period of time. The period of time is long relative to the period of time that the bias voltage would be maintained for at step
s44. In this embodiment, this relatively long period of time is 10 minutes. However, in other embodiments, this long period of time
is a different period of time. If the laser is not re-enabled within this long period of time, the bias controller 4 operates so as to
reset the bias voltage supplied to the modulator (i.e. return the bias voltage to 0V).

[0112] In this case, the modulator has been operating at an established bias point for a relatively long period of time (i.e. an hour
or more). When the laser is disabled the bias voltage for the laser is maintained for a relatively long period of time (i.e. 10
minutes). If the laser is subsequently re-enabled in this 10 minute period, it tends to be likely that the bias point for the modulator
will be at or close to the position of the bias point when the laser was disabled. Thus, maintaining the bias voltage for the
modulator for a relatively long period of time tends to result in quicker availability of the modulator output, and less disturbance of
the modulator. This tends to minimise or reduce future drift of the modulator bias point.

[0113] At step s44, the bias controller 4 operates so as to maintain the bias voltage supplied to the modulator for a relatively
short period of time. The period of time is short relative to the period of time that the bias voltage would be maintained for at step
s42. In this embodiment, this relatively short period of time is 10 seconds. However, in other embodiments, this short period of
time is a different period of time. If the laser is not re-enabled within this short period of time, the bias controller 4 operates so as
to reset the bias voltage supplied to the modulator (i.e. return the bias voltage to 0V). In other embodiments, the bias voltage may
be reset to a different value.

[0114] In this case, the modulator has been operating at a recently acquired bias point for a relatively short period of time (e.g.
between 10 minutes and an hour). This bias point tends not to be as stable as it would be if the modulator has been operating at
that bias point for over an hour. When the laser is disabled the bias voltage for the laser is maintained for a relatively short period
of time (e.g. 10 seconds). If the laser is subsequently re-enabled in this 10 second period, it tends to be likely that the bias point
for the modulator will be at or close to the position of the bias point when the laser was disabled. Thus, maintaining the bias
voltage for the modulator for a relatively short period of time tends to result in quicker availability of the modulator output, and
less disturbance of the modulator. This tends to minimise or reduce future drift of the modulator bias point.

[0115] At step s46, the bias controller 4 operates so as to reset the bias voltage supplied to the modulator (i.e. return the bias
voltage to 0V). In other embodiments, the bias voltage may be reset to a different value.
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[0116] In this case, the modulator has been operating at a just acquired bias point for a short period of time (i.e. 10 minutes or
less). This bias point tends not to be particularly stable and so the bias voltage is not maintained.

[0117] Thus, a process that may be performed by the bias controller if the laser is disabled is provided. In this embodiment, the
bias controller 4 performs an action depending upon the stability history of the modulator. The hold time for the bias voltage (i.e.
whether the bias voltage is maintained for a relatively long time, a relatively short time, or reset) is dependent upon the length of
time for which the modulator had operated at a bias point. However, in other embodiments, the hold time for the bias voltage is
dependent upon one or more different criteria instead of or in addition to being dependent upon the length of time for which the
modulator had operated at a bias point. For example, the hold time could also be selected dependent upon a recent rate of
change of the bias voltage. Also, the hold time may be selected dependent upon recent changes in temperature of the modulator.

[0118] In the above embodiments, once the bias point has been tracked (e.g. using the slow tracking process as described
above with reference to step s20 of Figure 5) for an extended period of time, this bias point tends to be stable. Thus, changes to
the supplied bias voltage may occur during the slow-tracking process. However, in other embodiments, once a bias point is stable,
the bias voltage is only adjusted when the bias controller is instructed to do so, e.g. by the host system.

[0119] In the above embodiments, when the laser is initially enabled (i.e. switched on), the output power of the laser may initially
vary (e.g. for a few seconds after the laser has been enabled). As a result, the output of the modulator may vary. The bias
controller may attempt to track this variation in the modulator output. However, in other embodiments, changes to the bias voltage
are not permitted during the first few seconds of laser operation (e.g. if a previous bias point is already being held). This may be
achieved, for example, in the above described second embodiment by the processor monitoring the signals from the laser
controller that are indicative of the state of the laser (i.e. that are indicative of whether the laser is enabled or disabled). In other
embodiments, the laser power may be monitored at the input to the modulator (e.g. either by means of an analogue-to-digital
converter or a differentiator circuit), and bias point adjustment is only permitted when the laser power is determined to be stable.

[0120] In the above embodiments, the window comparator is configured to allow small errors in the setting of the bias point of the
modulator. This advantageously tends to reduce or eliminate a need to continuously adjust the bias voltage of the modulator.
Such continuous adjustment of the bias voltage supplied to the modulator may detrimentally affect the performance of the system.
The configuration of the window comparator to allow small errors in the setting of the bias point may be using a standard
operational amplifier ("op-amp") circuit in which a threshold for the modulator output being "too high" (relative to the target
voltage) is set a relatively small distance above that for the modulator output being "too low". In other words, there may be a
"window" between thresholds for modulator output being "too high" and "too low". This relatively small distance, or window, may,
for example, be approximately 2% of the expected output power at quadrature. This advantageously tends to provide for the
effective tracking of a bias point, e.g. when the modulator output is a fast-moving signal. In other embodiments, the window
between the thresholds for the modulator output being "too high and "too low" may be a different size. The size of this window may
be advantageously selected to achieve a balance between a level of bias point error and the performance impact of unnecessary
bias voltage adjustment. The size of this window may be fixed or variable. Furthermore, the size of this window may be set
empirically e.g. to attempt to optimise system performance. In other embodiments, the window comparator may be replaced with
an analogue-to-digital converter (ADC). The determination of whether the modulator output is "too high" or "too low" relative to
the target voltage may be performed using software. Use of such an ADC tends to be particularly beneficial in embodiments in
which the processor is a microcontroller because microcontrollers typically have integral ADCs. Digitising the determination of
whether the modulator output is "too high" or "too low" relative to the target voltage advantageously tends to allow for more
sophisticated chasing and tracking of a bias point to be performed using a conventional control algorithm e.g. a
proportional+integral+derivative (PID) controller.

[0121] An advantage provided by the above described system and methods is that the stability of the bias point of the modulator
tends to be improved. The advantage tends to be provided by keeping the bias point as close to 0V as possible. Also, the
advantage tends to be provided by substantially minimising or reducing the amount of voltage change that the modulator is
exposed to.

[0122] The above provided systems and methods do not implement a pilot tone or dither frequency and therefore tend not to
suffer from the above mentioned disadvantages associated with such features.

[0123] The bias point of the modulator may tend to drift over time. This may be due to a combination of factors. For example,

changes in temperature may cause the bias point to drift. Also for example, electro-mechanical effects (e.g. mechanical stresses
to the modulator chip introduced by the application of voltage to its piezo-electric substrate) may cause the bias point to drift. Also
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for example, bias voltages may drift away from OV over time due to trapped charge domains on the surface of the modulator. Also
for example, due to realignment of trapped charges, any step change in bias voltage may result in a period of bias point drift.

[0124] As modulators tend to respond relatively slowly, the above described control algorithm tends not to have to be run
particularly quickly. For example, the control algorithm may be run at a speed of 8 updates per second. Thus, advantageously,
there tends not to be a need for either a high speed or high quality clock for running the above described control algorithm. Thus,
it tends to be possible to implement the control algorithm using, e.g., on-chip oscillators of low cost microcontrollers or a resistor
programmable oscillator running at, for example, 50KHz. Advantageously, this tends to results in relatively low power consumption
and reduced digital noise.

[0125] Advantageously, it tends to be possible to reduce or minimise a risk of signature or signal corruption by running the
above described circuit at a very low clock rate. Furthermore, the risk of signature or signal corruption may also be reduced or
minimised by only communicating with the DAC when a new output value (i.e. bias voltage) is to be supplied to the modulator.

[0126] The processing load of the control algorithm tends to be low. Thus, it tends to be possible for multiple modulators to share
the same processor. This advantageously tends to reduce the hardware requirements of a multi-channel system.

[0127] Advantageously, it tends to be possible to temporarily fix (i.e. lock or hold) the bias voltage (i.e. to maintain the bias
voltage at a certain value). This may be performed by the processor, e.g. in response to an instruction from the host system. This
feature tends to be useful during self-calibration processes as it tends to prevent the addition of phase/amplitude errors in the
output of the modulator.

[0128] The above described system and method advantageously tends to avoid the need for a look-up table, or a search for a
peak modulator output. The relatively simple control hardware sets the bias point with a potentiometer and monitors the bias point
with a window detector. Furthermore, the simplified hardware advantageously tends to make the acquisition of the operating bias
point substantially faster than is conventionally possible. For example, an operating bias point can be found in approximately 2-10
seconds using the above described system and methods, as opposed to 30s to several minutes that tends to be required by
conventional apparatus and processes.

[0129] In the above provided system and apparatus, the output power of the modulator may be measured from the modulator's
dump port (i.e. a second arm of the output coupler). This advantageously tends to maximise the output power of the modulator
that is available to the host system. In addition, the monitoring photodiode may be integrated into the modulator package rather
than using an external optical tap.

[0130] The above described system and methods advantageously tend to provide for the faster acquisition of the bias point.
Also, the above described system and methods advantageously tend to provide for the reduction or minimisation of bias point
drift. Also, the above described system and methods advantageously tend to provide for the graceful (i.e. controlled) degradation
of performance when the extreme of the bias control range is reached. It tends to be possible to avoid this degradation altogether
e.g. by warning the host system when the extreme of the bias control range is being approached so that the host system can
schedule a reset of the modulator.

[0131] The above described methods are advantageously simple. Firstly, a target output power, corresponding to quadrature
bias is set. Secondly, when the laser is switched on and its output is stable, the search for a bias point commences. Abias point is
found by matching the output from the modulator to the set target output power by adjusting the bias voltage. The bias point
closest to OV is located. This bias point tends to have the minimum potential to drift. This bias point is found by sweeping the bias
voltage in a gradually increasing zigzag centred about 0V until the target power is reached. The found bias point is then tracked.
Should the bias voltage approach the limit of a control range whilst being tracked, the system may be reset, i.e. the bias voltage
may be returned to zero and the search for a bias point may be restarted. The host system may be warned, and allowed to select
when the reset actually happens (to prevent loss of service during critical operations). Should the bias voltage reach the limit of
the control range, the bias voltage may be held (i.e. fixed or maintained at the extreme value), thereby allowing the RF
performance of the system to gradually degrade. The host system may be notified that the bias voltage limit has been reached.
The host system may be allowed to choose when a reset happens. Should the laser be turned off, the bias voltage may be held at
its current value for a defined period of time. This defined time period may be dependent upon how long the bias point of the
modulator had been maintained (i.e. how stable the bias point is).
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REGULERING AF FORSPANDINGER TiL OPTISKE MODULATORER
PATENTKRAV
1. Fremgangsmade til regulering af en forspaending, der patrykkes en optisk
Mach-Zehnder-modulator tif drift af Mach-Zehnder-modulatoren i kvadratur, hvitken
fremgangsméade omfatier:
tilvejebringelse eller bestemmelse af, at der findes en stabil optisk indgangseffekt
til modulatoren,
tilvejebringelise af et madl for modulatorens optiske udgangseffekt, idet malet for
modulatorens optiske udgangseffekt er den optiske udgangseifekt, som svarer til,
at modulatoren eri drift | kvadratur ved den givne stabile opliske indgangseffeld, og
foruddefinering af et accepiabelt interval for den opliske udgangseffekt, herunder
det tilvejebragte mal;
patrykning p& modulatoren af en forspeending (20} med en startvaerdi pa 0 V; 0g
derefter overvagning af den opliske udgangseffekt, idel forspaendingen (20)
varieres, indtil forspaendingens vaerdi (20) er den veerdl, der er teetiest pa
startvaerdien, og som forspeender modulatoren, sdledes at modulatorens optiske
udgangseffekt er inden for del foruddefinerede interval for den opliske
méludgangseffek,
hvor detl trin, at forspeendingen (20) varieres, omfatter, al forspasndingen
begyndende med startveerdien pa nul volt sweepes | et zigzagmenster med
gradvis stigende amplitude.
2. Fremgangsméde ifeige krav 1, hvor fremgangsméden, hvis modulatorens
optiske udgangseffekt er bestemt il at vasre uden for det foruddefinerede interval
for den optiske maludgangsefiekt, omfatter det trin, at forspaendingens veerdi (20)
varieres yderligere med henblik pd at bringe modulatorens optiske udgangseffekt
tilbage it at veere inden for det foruddefinerede interval for den optiske
maludgangseffeki.
3. Fremgangsmade ifelge krav 2, hvor det trin, at forspaendingens veerdi (20)
varieres yderligere med henblik pd at bringe modulatorens optiske udgangseffekt
tilbage tit al veere inden for det foruddefinerede interval for den optiske
maludgangseffekt, omfatier:
sammenligning af modulaiorens optiske udgangseffekt med den opliske
rmaludgangseffekt til bestemmelse af, om modulalorens optiske udgangseffekd er
enten hgjere eller lavere end det foruddefinerede interval for den opliske

maludgangseffeki;
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bestemmelse af retningen af hesldningen af modulaiorens  optiske

udgangseffekt | forhold til den péatrykie forspeending {20); og

gnten forggelse eller formindskelse af forspsndingen (20) med en
forudbestemt meengde athaengigt af den bestemte hasldningsretning og af, hvorvidt
modulatorens opliske udgangsefiekt er enten hgjere eller lavere end det
foruddefinerede interval for den optiske méludgangseffekt.
4. Fremgangsmade ifglge krav 3, hvor den forudbestemie meesngde, med
hvilken forspeendingen (20) enten forgges eller formindskes, er atheengig af, hvor
leenge modulatoren har vearet i drift | kvadratur.
5, Fremgangsmade ifgige et hvilket som helst af kravene 1 til 4, hvor def irin,
at forspeendingen (20} varieres, omfatter sarnmeniigning af modulatorens opliske
udgangseffeki med den opliske maludgangseffekt for at deteklere, om
modulatorens optiske udgangseffek! er inden for det foruddefinerede interval for den
optiske méludgangseffekt.
6. Fremgangsmade ifglge et hvilket som helst af kravene 3 til 5, hvor
sammentigningen af modulatorens optiske udgangseffeki med den optiske
maludgangseffekt foretages ved enien:

at anvende en vindueskomparator {10); eiler

at anvende en analog/digital-konverier og digitale behandlingsmidler.
7. Fremgangsmade ifgige et hvilket som helst af kravene 1 til 8, hvor
Zigzagmgnsirel er et asymmetrisk zigzagmenster.
8. Fremgangsmade ifglge et hvilkkel som helst af kravene 1 il 7, hvor
modulatorens optliske udgangseffekt er inden for det foruddefinerede interval for den
optiske méaludgangseffekl, hvis modulatorens opliske udgangseffeki | det
vaesentlige er lig med den optiske maludgangseffekt.
9. Fremgangsmade ifglge et hvilket som helst af kravene 1 it 8, hvor den
optiske maludgangseffekt tilvejebringes ved hjeelp af et polentiomeler {(12) eller en
digital/analog-konverter.
10.  Fremgangsmade ifelge et hvilket som helst af kravene 1 {it 9, hvor det trin,
at forspeendingen (20} varieres, foretages sdledes, at forspandingen (20) er
begraenset tit at vaere inden for et foruddefineret forspasndingsinterval.
11, Fremgangsmade ifglge et hvikket som heist af kravene 1 til 10, hvilken
fremgangsmade yderligere omfatter del trin, at forspeendingen (20) opretholdes pd
dens strgmniveau i et forudbestemt tidsrum, efter at den opliske indgangseffeki til

den optiske modulator er blevet frakoblet, idet det forudbestemte tidsrum er
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afhagngigt af den tid, som modulatoren har vaaret | drift | kvadratur.
12. Fremgangsméde #l regulering af en moduierende enhed il et optisk
kommunikationssystem, idel den modulerende enhed omfatier en laser il
generering af et optisk beerersignal, en oplisk Mach-Zehnder-modulator il
modulering af det optiske basrersignal, idet den optiske Mach-Zehnder-modulator
kan konfigureres il at blive forspeendt ved pativkning af en forspaending, séledes at
den optiske Mach-Zehnder-modulator er i drift | kvadratur, idet fremgangsméaden
omfatter regulering af forspeendingen, der er pdtrykt den optliske Mach-Zehnder-
modulator, under anvendelse af en fremgangsmade ifgige et hvilket som helst af
kravene 1 til 11, idetl det opliske beerersignal reprassenterer den stabile opliske
indgangseffek! ifglge et hvilket som helst af kravense 1-11.
13. Forspasndingsreguiator (4) til en optisk Mach Zehnder-modulator, idat
modulatoren kan konfigureres til at blive forspeendt ved patrykning af en
forspeending (20}, sdledes at modulaloren er | drift | kvadratur, idet
forspasndingsregulatoren omfatier én eller flere processorer (14), som er
konfigureret i at:

bestemme, om der er en stabil optisk indgangseffekt til modulaioren,

bestemme et mél for modulatorens opliske udgangseffekt, idet malet er den
opliske udgangseffekt, som svarer til, at modulatoren er i drift | kvadratur ved en
given stabil optisk indgangseffeki, og foruddefinere et acceptabelt interval for den
optiske udgangseffekt, herunder det bestemte méal;

tilvejebringe forspaendingen (20) il patrykning pd modulatoren, idet
forspeendingen (20) har en startvaesrdipa 0 V; og

overvage modulatorens optiske udgangseffekt og variere forspeendingen
(20), indtil forspasndingens veerdi (20) er den vasrdi, der er teettest pd startvasrdien,
og som forspaender modulatoren, saledes at modulatorens optiske udgangsefiekt
er inden for det foruddefinerede interval for den opliske méaludgangseffeki;

hvor det trin, at forspaendingen (20) varieres, omfatter, at forspzendingen
begyndende med starlveerdien pa nul voit sweepes i et zigzagmenster med gradvis
stigende amplitude.
14, Modulerende enhed il et oplisk kommunikationssystem, idet enheaden
omfatter en laser til generering af et optisk beerersignal, en optisk Mach-Zehnder-
modulator til modulering af det opliske hasrersignal og en forspasndingsregulator
{(4) ifeige krav 13 og anbragt med henblik pa at regulere den opliske Mach-

Zehnder-modulator, idet det optiske baerersignal repraesenterer den stabile optiske
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indgangseffekt, hvis tilstedevasreise skal bestemmes af forspaendingsregulatoren
ifoige krav 13.
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Fig. 7
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