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The ability to create phase-controlled pulses of light with wavelength tunability has applications
spanning quantum and classical communications networks. Traditionally, optical transmitters are able
to either produce phase-controlled pulses at a fixed wavelength or require a chain of bulky and expensive
external modulators to convert wavelength tunable continuous-wave light into optical pulses. One tech-
nology of great interest is quantum key distribution (QKD), a technology for generating perfectly random
keys at remote nodes to ensure secure communications. Environments such as data centers, where the
user needs change regularly, will require adaptability in the deployment of QKD to integrate into classical
optical networks. Here we propose and demonstrate an alternative quantum transmitter design consisting
of a multimodal Fabry-Perot laser optically injection locked by a wavelength tunable laser. The transmit-
ter is able to produce phase-controlled optical pulses at GHz speeds with a tunable wavelength range of
> 65 nm centered at 1550 nm. With this transmitter, we perform proof-of-principle QKD with secure bit
rates of order Mb/s.

DOI: 10.1103/PhysRevApplied.20.044040

I. INTRODUCTION

Optical transmitters within the telecommunications
industry often utilize compact laser sources based upon
semiconductor lasers as they are able to reliably cre-
ate high-quality optical pulses at high speeds and low
cost [1,2]. Very high-pulse signal-to-noise extinction ratio
optical pulses can be achieved by gain switching a semi-
conductor laser via the direct application of a rf signal to
the gain medium. The modulation bandwidth of the semi-
conductor laser, and thus the rate at which optical pulses
can reliably be achieved, is proportional to the confine-
ment factor of the laser cavity and inversely proportional
to the active volume [3]. Often distributed feedback (DFB)
lasers are used for optical transmitters where pulse rep-
etition rate and extinction ratio are helpful due to their
high-pulse performance. Other laser designs can be used
but often with a loss in pulse performance [4]. DFB lasers
are formed by etching reflectors into the gain medium, giv-
ing single-mode operation, as well as high confinement in
a small volume. This results in excellent modulation band-
width. However, by etching mirrors (with a fixed reflection
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profile) into the gain medium, it is difficult to tune the
wavelength, other than a few nm by temperature. To
achieve wavelength tunability, an external cavity is needed
to introduce some tunable element, but this increases the
laser size and reduces confinement—reducing the modula-
tion bandwidth.

Wavelength tunability is becoming a widely desirable
feature in telecommunications transmitters as network
designs develop to integrate more flexibility into the net-
work architecture [5–7]. A wavelength tunable (WT) laser
is the obvious starting point and these are commercially
available and easy to integrate into current telecommu-
nications networks [8]. However, as outlined above their
external cavity design is incompatible with high bandwidth
gain-switching techniques [6]. One simple approach to
mitigate this would be to place an external intensity modu-
lator after the output of the WT laser to carve pulses from
a cw source [9]. However, to achieve a high-pulse signal-
to-noise extinction ratio of a similar level to that achieved
through gain switching with such a system, a chain of mod-
ulators, each with their own associated drive electronics,
would be required, which is expensive and bulky [10].

An application where high-speed optical pulses is
required is quantum key distribution (QKD). QKD is an
information-theoretic secure method of communication
through information encoding into conjugate basis states
of quantum particles [11,12]. Fiber-based QKD systems
generally utilize photons at wavelengths in the communi-
cations C band (1530–1565 nm) to encode the quantum
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information due to the reduced level of optical losses com-
pared to other wavelengths traveling down a fiber [13,14].

Integration with classical communications networks
requires flexibility in choosing the wavelength within
this band to send quantum information due to significant
demand from classical devices, which can disturb frag-
ile quantum states via Raman scattering leading to higher
error rates [15–17]. This is particularly useful in large-
scale commercial networks where many network operators
will be unable to change the wavelength of their classical
traffic making flexibility for QKD a key requirement. Flex-
ibility in wavelength of QKD deployment also opens the
door to dynamically reconfigurable QKD where the ability
to change the quantum and service channels based upon
bandwidth availability will enable integration of QKD
with emerging next-generation software-defined networks
[18,19].

Today’s laser-based QKD systems are generally
restricted to a very small wavelength range due to the
single-mode operation of the lasers that are used for fast
pulse repetition speeds [20,21]. Wavelength tuning of these
devices is typically restricted to a few nanometers due
to the internal dynamics of the lasers used [22]. Switch-
ing to another wavelength therefore requires significant
modification of the QKD hardware such as changing the
laser source. Here we present an alternative design for
a wavelength tunable quantum transmitter, which is able
to operate on demand at wavelengths ranging from 1520
to 1585 nm. The optical pulses are produced through the
use of a gain-switched multimodal Fabry-Perot (FP) laser,
which is optically injection locked (OIL) by an external
cavity wavelength tunable (WT) laser source. Attenuat-
ing the output light to the single-photon level, we use
the transmitter alongside a standard QKD receiver as a
wavelength tunable point-to-point QKD system. Informa-
tion is encoded into time and phase bits operating a 1-GHz
symbol clock rate.

II. TRANSMITTER DESIGN

To achieve the wavelength tunable pulses of light with
phase control, an injection seeding design was used,
splitting the wavelength tunability and pulsing behavior
into two separate lasers [3,21,23–25]. An external cav-
ity tunable semiconductor laser with wavelength tunability
between 1500 and 1600 nm and linewidth of 100 kHz
was used in cw operation to select the chosen wavelength.
The external-cavity design enables wide tunability, but
limits the high-speed performance of the laser. We cir-
cumvent this limitation by using the light to injection lock
a single mode of a multimodal FP laser, where the FP
laser geometry facilitates significantly improved pulsed
and high-bandwidth modulation performance. The FP laser
had a modulation bandwidth of 10 GHz and modulation
was applied by directly coupling an rf signal to the gain

medium. The phase of FP laser outputted pulses is set by
the phase of the injected light such that all pulses are coher-
ent with each other. Applying phase modulation through
use of a high bandwidth external lithium niobate (LiNbO3)
phase modulator then allows an arbitrary phase to be
added to any pulse. Such lasers and optical components
are ubiquitous in the telecommunications industry, hence
practical systems based on the ideas in this paper can be
built with off-the-shelf telecommunications components.
Indeed, similar designs have been used before in classical
communications networks to produce high speed wave-
length tunable optical pulses, however in these cases the
phase relationship of the pulses is not carefully controlled
[24–27]. Therefore, we build upon this work by consider-
ing other encoding approaches and carefully exploring the
related laser physics to tailor the transmitter to the needs of
QKD applications.

The FP laser was chosen as it has a broad gain pro-
file that can support optical modes across a large range
of wavelengths. Figure 1(a) shows the concept that was
used for producing wavelength tunable phase-controlled
pulses. The FP laser has a multimodal structure across
tens of nanometers of range [Fig. 1(a.i)]. The WT laser
was then injected into the FP laser such that it overlapped
with one of the modes [Fig. 1(a.ii)]. Tuning the tempera-
ture of the FP laser with a thermoelectric coupler (TEC)
permitted fine tuning of the FP laser mode positions allow-
ing maximization of the overlap between the FP laser
mode and the injected mode, as well as giving access to
a continuum of wavelengths. The input light dominated
the stimulated light emission within the FP laser cavity
causing significant suppression of all other modes.

The injected FP laser was gain switched at high speed
by an arbitrary waveform generator (AWG), not shown in
the figure, to generate optical pulses [Fig. 1(a.iii)]. As each
pulse was stimulated from the cw WT laser, each pulse was
phase coherent with each other [28,29]. A high-bandwidth
external lithium-niobate phase modulator operating at the
clock rate and driven by the AWG was then used to
encode the relative phase information between successive
pulses [Fig. 1(a.iv)]. Note that injection locking the FP
laser also enhances the modulation bandwidth and reduces
pulse chirp, leading to improved pulse performance and
a significant advantage over pulse carving with intensity
modulators [3]. Figure 1(b) shows the optical path used
within the transmitter. A variable optical attenuator (VOA)
was used to control the power entering the circulator and
hence the power of injection and a second VOA was used
following the phase modulator to attenuate the output light
to the desired output power before being sent to a receiver.

III. QKD APPLICATION

For the application of QKD, the output power of the
transmitter was set such that a mean photon number of
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FIG. 1. (a) Schematic showing the concept of how to achieve wavelength tunable single-mode pulses with phase control. (i) The
direct output of a FP laser diode showing multimodal spectral behavior and a cw output. (ii) Injection locking of the FP laser with a
WT laser enables a tunable single mode output operating in cw. (iii) Gain switching the FP laser enables wavelength tunable coherent
pulses. (iv) Passing the pulses through a phase modulator enables phase-controlled optical pulses with a tunable wavelength. (b) The
physical design of the transmitter showing the optical path used to injection lock the FP laser to the WT laser. A variable optical
attenuator (VOA) is used to control the power of injection and the output flux. A thermoelectric coupler (TEC) is used to fine tune the
mode positions of the FP laser to maximize the mode overlap with that of the injected light.

0.4 photons per pulse was emitted. Figure 2(a) shows the
encoding scheme used to generate information for QKD
using the efficient BB84 protocol over the X and Z bases.
The WT laser operates in cw with a constant dc bias,
the FP laser is gain switched providing a pulse either
early ψ = |e〉 or late ψ = |l〉 with reference to a clock to
encode in the Z basis or both ψ = 1/

√
2(|e〉 + eiφ |l〉) to

produce a superposition of early and late with a distinct
phase relationship between them. In the case of a pulse
being present in both time windows, the phase modulator
is applied to encode the relative phase between pulses, ran-
domly chosen from the set φ = {0,π} to encode in the X
basis. The phase modulator is also used to produce global
phase randomization, a requirement for the BB84 proto-
col, where a random phase chosen from a set of ten values
spanning 0 to 2π is applied the first pulse of every pair
such that there is no cross information between symbols.
Ten state discrete phase randomization has been shown
to have the equivalent security to a continuum of random
phases [30].

Our transmitter design is compatible with standard QKD
and alternative receiver designs [31]. In this work, at the

receiver, information was split via a beam splitter (BS) into
two paths where it was either directly measured at detector
D1, to decode time of arrival or passed through an asym-
metric Mach Zehnder interferometer (AMZI) with a delay
of half the clock rate such that adjacent pulses are inter-
fered to detect the relative phase relationship between them
[Fig. 2(b)]. Direct detection allows decoding of Z-basis
bits, used to generate the shared key between transmit-
ter and receiver. Detection on either detector D2 or D3
following interference of successive pulses allows decod-
ing of X -basis bits, used to verify the security of the
quantum channel and for parameter estimation. The out-
put of the AMZI is such that if there is no relative phase
difference between successive pulse, all photons will be
directed to one detector and if there is a π -phase differ-
ence between the adjacent pulses, the photons will all be
directed to the other detector. The quantum bit error rate
(QBER) is given as the probability that a detection event
occurs in the orthogonal state with which it was encoded
[i.e., detecting ψ = |l〉 when ψ = |e〉 was encoded and
detectingψ = 1/

√
2(|e〉 + |l〉)whenψ = 1/

√
2(|e〉 − |l〉)

was encoded]. Helium-cooled superconducting nanowire
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FIG. 2. (a) The encoding scheme used to encode binary ran-
dom bits in the time and phase bases, respectively, and to encode
discrete phase randomization between pulse pairs. (b) The phys-
ical design of the receiver used for QKD. The light is split by
a beam splitter (BS) into two paths, either the light is directed
directly to an SNSPD, D1, or it is passed through an asymmetric
Mach-Zehnder interferometer (AMZI) where consecutive pulses
are interfered and then directed to detectors D2 and D3.

single-photon detectors (SNSPD) operating at 2.15 K were
used to detect photons within the receiver. The detectors
had a detection efficiency of 33% and dark counts of 1 Hz.

Proof-of-principle efficient BB84 QKD was carried out
for the wavelength range 1515 to 1590 nm, where Z-basis
bits were encoded 93.75% of the time. For each wave-
length, the WT laser was tuned to the appropriate value and
the FP laser TEC was tuned to maximize overlap of a sin-
gle mode with the injected light. Finally the VOA that was
used to attenuate to the desired output flux was adjusted
such that the output was set to 0.4 photons per pulse. This
was required as certain modes of the FP laser experience
more gain than others and as such require higher atten-
uation to get to the desired flux before being input into
the quantum channel. The selected wavelengths within the
relevant range correspond to different channels of a dense
wavelength-division multiplexer (DWDM) 50-GHz Inter-
national Telecommunication Union (ITU) grid. A VOA
was placed between the transmitter and the receiver and
QKD was performed over attenuation levels of 11–66 dB
to simulate different distances of fiber between transmit-
ter and receiver. The secure key rate (SKR) was analyzed
in the asymptotic regime and was calculated through weak

coherent pulse decoy-state analysis [32–35]. Whilst finite-
key analysis was not undertaken as the QKD protocol is not
the focus of this work, the interferometer-free transmitter
design remained stable over many days of continuous use
and therefore we conclude that a sufficient block size could
be achieved to mitigate finite-size effects.

IV. TRANSMITTER CHARACTERIZATION

The WT laser can be tuned to any wavelength between
1500 and 1600 nm to an accuracy of 100 fm. Figure 3(a)
shows the direct output of the WT laser against wavelength
for a range of chosen wavelengths, the linewidth is below
the resolution of the spectrometer.

When operated at a low dc bias, the FP laser outputs
a range of modes centered around 1550 nm and mode
spacing of approximately 1.25 nm. Figure 3(b) shows the
multimodal behavior of the FP laser operating at just above
threshold bias (14.8 mA) at a temperature of 25◦C. The
central modes have a much higher gain than the edge
modes. Once the FP laser is gain switched, the pulsing
changes the distribution of energy within the gain profile,
giving a broader but flatter distribution, increasing the rel-
ative gain of the edge modes compared to the central ones
[Fig. 3(c)].

Injecting the WT laser into the FP laser, the nearest
mode to the chosen wavelength becomes optically injec-
tion locked to the tunable light causing one mode to
dominate. Other optical modes become suppressed as the
injected light dominates the available gain. This is because
there are seed photons injected at this wavelength com-
pared to the other cavity modes which are seeded by only
spontaneous emission. Fine tuning of the FP laser wave-
length through thermoelectric tuning allows maximization
of the injection locking and increases suppression of other
modes, reducing the likelihood of mode hopping. In addi-
tion, the mode linewidth is significantly reduced due to the
injection locking [36].

Figure 3(d) shows the cw behavior of the FP laser once
one mode is maximally injected with the WT laser at a
wavelength of 1550.12 nm. Optimal operation was found
with an optical injection power of 80 µW and the mode
linewidth is below the resolution of the spectrometer. Once
the FP laser is gain switched to produce optical pulses, the
linewidth of the selected mode broadens to a linewidth of
FWHM of 35 GHz [Fig. 3(e)].

A wide range of wavelengths can be accessed for single-
mode operation by varying the wavelength of the injected
mode and optimizing the injection via the TEC and the
input injection power. Figure 3(f) shows the cw behav-
ior of the transmitter when set to a variety of different
wavelengths between 1515 and 1590 nm. In all cases, the
transmitter was able output a single mode with other modes
suppressed by at least 30 dB. For the extreme ends of the
wavelength range, a greater injection power was required
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FIG. 3. (a) The spectral shape of the direct cw output from the WT laser operating above threshold for different set wavelengths. (b)
The spectral shape of the direct cw output from the FP laser operating at 14.8 mA. A multimodal structure is observed spanning 100
nm. (c) The spectral shape of the direct output from the FP laser operating at 14.8 mA when gain switched with a random pattern at
2 GHz. (d) The spectral shape of the cw FP laser once injected by the cw WT laser at 1550.12 nm with maximum overlap between
modes, spectrum measured at the output of the FP laser. (e) The spectral shape of the FP laser when pulsed with a random pattern at 2
GHz and injected by the cw WT laser with maximum overlap between modes. Spectrum measured at the output of the FP laser. (f) The
spectral shape of the cw FP laser once injected by the WT laser at a range of different wavelengths with maximum overlap between
modes. Spectrum measured at the output of the FP laser.

to suppress competing modes due to the lower natural gain
of the FP laser.

Gain switching the injected FP laser enables the pro-
duction of optical pulses. The phase of FP laser outputted
pulses is set by the phase of the injected light such that
all pulses are coherent with each other. Once passed
through the phase modulator, an arbitrary relative phase
relationship can be applied between the pulses.

A one-dimensional Gaussian function was fitted to an
80-GHz sampling rate oscilloscope trace of the output to
find a minimum pulse width when the transmitter was opti-
mized to output phase-controlled light. A FWHM of 69.8
ps was found at a dc bias of 14.8 mA and injection power
of 80 µW. Increasing either the injection power or the dc
bias led to a slight increase in the pulse duration.

The transmitter performance was found to be very sensi-
tive to the injection power of the WT laser into the FP. One
metric used to define the quality of the pulses is the pulse
extinction ratio (ER). The ER was measured by sending

a repeating pulse pattern at a 1-GHz clock rate from the
transmitter to the single-photon detectors and then taking
a histogram of photon-detection events against time. The
ER is defined as

ER = 10 log10

(
Nmax

Nmin

)
, (1)

where Nmax is the number of single-photon detection
events at the pulse peak and Nmin is the number of detection
events at the minimum.

The best ER was found when there was no light injected
into the cavity, with an ER of 30 dB. As the injec-
tion power increased, the ER reduced, as shown in blue
in Fig. 4(a). However, with no injected light the trans-
mitter outputs multimodal light and hence there is no
phase coherence. Therefore, the interference visibility is
very low. Increasing the injection power leads to greater
suppression of competing modes leading to single-mode
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(a)
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FIG. 4. (a) In blue, the pulse extinction ratio (ER) against
injection power and in red the interference visibility of adjacent
pulses against injection power. At low injection, the transmitter
produces high ER pulses but exhibits multimodal behavior and
therefore has a reduced interference visibility. (b) The measured
QBER against injection power. Z-basis QBER is shown in blue
and X -basis QBER is shown in red.

coherent behavior and high interference visibility shown
in red in Fig. 4(a). Therefore, there is a trade-off between
pulse-extinction ratio and interference visibility and the
optimal injection power is one that maximizes both.

Increasing the dc bias supplied to the FP laser allows
access to a greater number of modes and therefore a
greater wavelength tuning range, however a greater injec-
tion power was then needed to suppress competing modes
leading to a lower extinction ratio of pulses. These obser-
vations demonstrate there is great potential for tuning
the exact properties of the transmitter to achieve the
requirements of a particular application. We note that this
optimization could even be fully automated in a practi-
cal deployment of this design, for example, by leverag-
ing recent advances in machine intelligence as shown in
Ref. [37].

V. WAVELENGTH TUNABLE QKD

Once a single mode was selected, QKD could be per-
formed. In the context of QKD, a lower ER leads to an
increase in the Z-basis QBER shown in blue in Fig. 4(b).
This is because there is a higher proportion of counts in
the opposing time window to that in which the informa-
tion was encoded. In addition, a low interference visibility
leads to an increase in the X -basis QBER shown in red

(a)

(b)

FIG. 5. (a) The secure key rate (blue) and the QBER (red)
versus attenuation for the transmitter operating at 1550.12 nm.
The dots show the measured values and the lines show simu-
lated values. (b) The secure key rate versus wavelength at an
attenuation of 26.5 dB. The telecommunications C band is high-
lighted in white whilst the S and L bands are highlighted in gray.
Wavelengths within range correspond to channels of a 50-GHz
DWDM ITU grid.

in Fig. 4(b) as some photons will be directed to the incor-
rect detector within the receiver following interference. An
injection power of between 80 µW and 160 µW is able to
minimize the total QBER.

Figure 5(a) shows the measured secure key rate and
QBER of the transmitter against channel attenuation once
optimized to operate at a wavelength of 1550.12 nm. This
is plotted alongside simulations calculated by inputting
equipment parameters into the SKR formula. A maximum
SKR of 935 kb/s was found at 11.5-dB attenuation giv-
ing a simulated 17.7 Mb/s key rate at 0-dB transmission.
Data points were not collected at lower attenuations due to
the count rate nearing the saturation point of the SNSPD
detectors.

The transmitter allows QKD to be performed at a vari-
ety of wavelengths. Figure 5(b) shows how the SKR that
can be achieved changes against operating wavelength
when QKD was performed over a fixed attenuation of
26.5 dB. The distribution of SKR against wavelength is
relatively flat, all key rates measured within the range
1520 to 1585 nm are within a factor of 1.5 of each other.
Across the telecommunications C band, highlighted with
a white background, the key rate drops only to 85% of its
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maximum measured value meaning that usable QKD keys
can be generated at any wavelength within the C band.

The best SKR was measured at 1550.12 nm. This is
to be expected as the FP laser is centered around this
wavelength; this mode has a greater natural gain profile
than an edge mode, therefore a lower injection power is
needed for it to dominate the gain profile of the laser. In
addition, the circuit components such as the AMZI in the
receiver, the attenuators used to simulate the quantum
channel and the detectors, were designed to be operated at
that wavelength and are likely to have slightly reduced per-
formance at other wavelengths. As the wavelength moves
away from 1550.12 nm, there is a small rolloff in the opti-
mized key rate. This is due to the reduced gain profile
of the FP laser at these wavelengths meaning that there
is greater mode competition from noninjected modes and
as such, a higher injection power was needed to cause a
single mode to dominate. The increased injection power
leads to a slightly higher QBER due to a reduced pulse
extinction ratio and hence a reduced key rate. At 1515
and 1590 nm, the key rate drops significantly as the inher-
ent gain profile of the FP laser is very weak and even
with a very high injection power, there is significant mode
competition, leading to poor interference visibility and a
high X -basis QBER. The drop in key rate is also partially
explained by the detectors, which were designed for use at
1550 nm, hence there is a slight reduction in efficiency as
the wavelength is moved further from this wavelength.

VI. DISCUSSION

A wavelength tunable optical transmitter that is able to
produce phase-controlled optical pulses has applications
spanning classical and quantum communication networks.
The flexibility that has been gained by implementing
wavelength tunability is particularly applicable to next-
generation communication networks such as dynamically
reconfigurable software-defined networks. For the applica-
tion of QKD, being able to switch between wavelengths
could enable the same network to be used by multiple
users with different wavelength requirements in a time-
multiplexed fashion. This could potentially reduce the
complexity of a large passive optical network making
large-scale QKD significantly easier to implement and
cheaper. In addition, the components required to create this
wavelength tunable transmitter are off the shelf, no custom-
built modules are needed, therefore to upgrade from a
standard QKD transmitter that is commercially available
today to a wavelength tunable transmitter is readily avail-
able and low cost. The design is also significantly lower
cost than the alternative design of having a separate fixed
wavelength system at each ITU channel with an optical
switch to transfer between them. In addition, in contrast to
many available QKD transmitters, this transmitter design
does not include an interferometer and is therefore more

stable over long time periods. Indeed, the system could
run continuously over a period of many days, keeping the
QBER low without need for realignment.

The gain-switching design is preferential over plac-
ing external intensity modulators after a cw source as
the achievable ER is significantly greater than can be
achieved by an intensity modulator and is cheaper and
more compact than placing a chain of intensity modulators
in the beam path. The key parameter when gain-switching
lasers is the direct modulation bandwidth, which can be
approximated by

f3 dB ≈ 3
4π2q

�vgσg

V
(Ib − Ith), (2)

where q is the elementary charge, � is the confinement
factor, vg is the group velocity of light in the cavity, σg
is the differential gain, V is the active volume, Ib is the
bias current, and Ith is the threshold current [3]. Here, the
bandwidth is proportional to the confinement factor of the
laser cavity and inversely proportional to the active vol-
ume, hence why direct modulation of a WT laser with a
tunable cavity does not allow a high qubit encoding rate.
FP lasers, on the other hand, can be modulated at high
speed as they have no tunable elements and are the most
simplistic laser design. The combination of the WT laser
operating in cw and injecting a single mode of the FP laser
therefore allows a wavelength tunable single mode that can
be modulated at high speed.

An alternative approach to generate phase modulation
is through direct modulation of the injected light, which
changes the refractive index, and hence path length of the
laser cavity mode, hence creating a phase shift [38]. Direct
modulation of the wavelength tunable laser did allow for
some phase control, however, the modulation bandwidth
of an external cavity laser is too low for reliable phase con-
trol at GHz speeds. In addition, the phase modulation that
could be achieved through direct modulation of the exter-
nal cavity laser was not the full 2π and hence the decision
to use a phase modulator was taken.

The transmitter could also be used to conduct QKD
using other protocols such as the coherent-one-way
(COW) protocol [39,40] or the measurement device inde-
pendent (MDI) and twin-field (TF) protocols [41,42] by
changing the modulation pattern applied to the phase
modulator and the FP laser.

Further wavelength bands could be reached by chang-
ing the semiconductor material in the laser sources. The
cause in the drop off in achievable key rate occurred
due to the reduced gain of the FP laser at the extreme
ends of the wavelength range. If a different FP laser with
a different gain profile was used, this would lead to a
different range in tunability. Through this method, tun-
able pulsed-laser sources could be produced centered in
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different telecommunication bands such as the S, L, or O
bands.

A potential avenue to be explored further is to directly
modulate the WT laser in order to encode relative phase
information between pulses rather than using an exter-
nal LiNbO3 phase modulator. Here, a small change in
the driving current supplied to the WT laser could be
applied, causing a phase shift—a similar idea with fixed
wavelength sources has been shown to work already [23].

VII. CONCLUSION

Here we have presented a wavelength tunable optical
transmitter capable of producing phase-controlled pulses
at a rate of 2 GHz and used it to implement wavelength
tunable QKD at a symbol clock rate of 1 GHz. We have
demonstrated that high secure key rates can be achieved
with this transmitter over a wavelength range of 65 nm.
The tunability of the quantum channel allows for flexibility
in the delivery of QKD enabling the wavelength utilized to
be optimized to the requirements of a user. This opens the
gateway to wavelength multiplexing multiple quantum sig-
nals upon the same fiber without each multiplexed system
requiring bespoke hardware or chains of intensity modula-
tor and opens the way to dynamically reconfigurable QKD,
an emerging and exciting prospect for many metropolitan
networks where user needs change regularly.
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