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Simultaneous Microwave and Millimeter-wave
Signal Generation with a 1310-nm Quantum
Dot Distributed Feedback Laser

A. Hurtado, R. Raghunathan, 1.D. Henning, M.J. Adams and L.F. Lester, Fellow, IEEE

Abstract—Simultaneous generation of microwave and
millimeter-wave (mm-wave) signals is demonstrated
experimentally using a 1310-nm Quantum Dot (QD)
Distributed-Feedback (DFB) Laser. The reported
technique is based on the period-1 dynamics and dual-
mode lasing induced in the laser device under external
optical injection. Tunability of the generated microwave
and mm-wave signals is obtained. Furthermore, abrupt
switching between different frequency regimes in the
microwave and mm-wave bands is also observed. These
novel frequency switching mechanisms added to the tuning
capability of the system offers exciting prospects for novel
uses of QD lasers in ultra-high frequency applications. Our
approach also benefits from a simple experimental
configuration using basic optical fibre components making
our technique totally compatible with optical
telecommunication networks.

Index Terms—Quantum Dot Laser, Microwave, Millimeter-
wave, Optical Injection.

I. INTRODUCTION

hotonic techniques for the generation of ultra-high

frequency (UHF) signals extending from the microwave to
the millimeter-wave (mm-wave) and TeraHertz (THz)
frequency ranges are undergoing considerable research effort.
These are expected to have ample impact given their important
advantages in comparison to electronic techniques (i.e. lower
cost, reduced complexity, large frequency tunability, etc).
Therefore, the combination of Radio Frequency (RF) and
photonic technologies for the development of stable and
tunable photonic microwave, mm-wave and THz sources is
expected to play a key role in a wide range of future
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applications. These include Radio-over-Fiber (RoF) optical
wireless networks, mobile communication systems, satellite
telecommunications, etc. For a review on the topic of
microwave photonics, see for instance [1]-[3] and references
therein.

One of these photonic approaches considers the use of
optical injection in different types of semiconductor lasers for
the generation of RF signals [3-4]. Optical injection permits
the generation of tunable RF signals whilst simultaneously
benefitting from a simple experimental configuration and the
potential use of inexpensive commercial devices. Single- and
double-optical injection schemes have been successfully
reported to generate RF signals with frequencies ranging from
a few GHz to over 100 GHz [3]-[12]. Moreover a range of
functionality is offered; large frequency tunability [3-12],
single- (SSB) and double side band (DSB) [8][13] and
frequency modulation (FM) formats, as well as AM-to-FM
conversion [9]. Several works have reported on the generation
of microwave signals mainly using Quantum Well (QW)
lasers [3-9]. More recently, the use of Quantum Dot (QD)
lasers for microwave and mm-wave signal generation has also
started to receive interest [10][12-17] in view of the
theoretically superior properties of QD devices (i.e. reduced
temperature dependence of the lasing threshold, lower
linewidth, faster dynamics, etc. [18-20]). Several works have
reported on RF signal generation using mode-locking [14] or
optical heterodyning approaches [15][16]. Nevertheless, apart
from a few reports, the use of optical injection in QD lasers for
RF signal generation has not received much attention. Early
work included the use of an optically-injected 1550 nm Fabry—
Perot (FP) Quantum Dash laser [10] to generate microwave
signals. Very recently, a 1310-nm QD Distributed Feedback
(DFB) laser subject to external optical injection into its lasing
mode was utilized to generate continuously tunable
microwave and mm-wave signals from below 1 to over 40
GHz [12]. Moreover, dual-mode lasing operation was
demonstrated experimentally in such a device when subject to
single optically injected signal [17]. This novel technique was
used to generate tunable mm-wave and THz signals from 119
GHz to 954 GHz [13].

In this work, we report a first experimental demonstration
of the simultaneous generation of microwave and mm-wave
signals using a 1310-nm QD DFB laser subject to double
optical injection [21]. Furthermore, tunability of both
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generated microwave and mm-wave signals is also
demonstrated by simply controlling two system parameters,
namely the injection strength and the initial frequency
detuning. Besides, the control of these two variables also
induces novel phenomena such as activation/deactivation of a
microwave signal as well as abrupt switching between
different frequency regimes. These offer advanced features,
such as AM-to-FM conversion as well as microwave to mm-
wave frequency switching. These attributes added to the
simple experimental arrangement using basic optical
components offer exciting prospects for novel uses of QD
lasers for microwave and mm-wave signal generation and
manipulation.
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Il. EXPERIMENTAL SETUP

Fig. 1(a) shows the experimental setup used to inject light
from two Master Lasers (ML1 and ML2) into the 1310-nm
QD DFB laser (Slave Laser, SL) in this work. The light-
current (LI) curve of the SL measured at 298 K is plotted in
fig. 1(b) showing a threshold current of 4.4 mA. The SL’s
spectrum when biased just above threshold (Isias = 5 mA) is
shown in fig. 1(c) depicting a single lasing mode around 1309
nm as well as the residual Fabry-Perot (FP) modes. For
complete details on the QD DFB laser of this work see [12].

The emission wavelengths of ML1 and ML2 are
individually tuned so that their light is injected into the SL’s
lasing (ML1) and first longer wavelength residual FP mode
(ML2). Two optical isolators are included after ML1 and ML2
to avoid backward reflections that could lead to spurious
results. Also, two polarization controllers (PC1 and PC2) are
respectively included after ML1 and ML2 to match their
polarization state to that of the injected modes of the SL.
Additionally, a Variable Optical Attenuator (VOA) was also
included after ML2 for control of injection strength. The light
of both MLs is combined together using an 80/20 fibre
directional coupler. The 20% port is connected to a power
meter to monitor the injection strength, whereas the 80%

branch is directly injected into the SL via an optical circulator
(CIRC). The reflected light from the SL is collected through
the third port of the circulator and sent to the optical and
electrical analysis. The former is carried out with an optical
spectrum analyzer (OSA, Yokogawa ANDO 6317C) whereas
the latter is performed either with an Electrical Spectrum
Analyzer (ESA, Agilent 8565 EC, measurement range 9kHz-
50GHz) or a fast oscilloscope (SCOPE, 140 GHz Tektronix
DSA 8200). A 45 GHz pin photodiode (PIN) is included as
part of the electrical analysis to convert the optical signal into
the electrical domain. For clarity, in the experimental setup of
fig. 1(a) blue lines correspond to optical connections whereas
orange lines denote electrical ones.

I1l. EXPERIMENTAL RESULTS

Figs. 2(a) and 2(b) show respectively the optical and
electrical spectra of the 1310-nm QD DFB laser under the
external injection of a single optical signal (from ML1) into its
lasing mode. A bias current of 55 mA (~12.5lt) was applied to
the QD DFB laser. The injection strength of the externally
injected signal was set equal to Pinj_m1 = 1.85 mW, whereas
the initial frequency detuning between the externally injected
signal and the device’s lasing mode was configured equal to
Afi = fmu1 — fiasing-sL = 0 GHz. Under these conditions, the SL’s
lasing mode is locked to the external signal producing a stable
output [12]. This can be seen in the optical spectrum of fig.
2(a) where a single lasing line at the injection frequency is
observed in the optical spectrum (no additional side-bands are
present around the lasing mode). This stable locking behavior
can also be seen in the flat response observed in the measured
electrical spectrum of fig. 2(b). In this situation, we inject a
second optical signal (from ML2) into one of the residual FP
modes of the QD DFB laser. Specifically, this second signal
was injected into the first longer wavelength FP mode of the
device, with respect to the device’s lasing line. This second
signal was configured with an injection strength of Pinj_mL2 =
1.46 mW and an initial frequency detuning, defined as the
frequency difference between the injected signal’s frequency
and that of the injected residual FP mode of the device, equal
to Af2 = fme — frr-su = 0 GHz. For this double optical injection
case, fig. 2(c) plots the measured optical spectrum, revealing
interesting effects. Fig. 2(c) shows for this double optical
injection case that the residual FP mode of the device is now
locked to the second injected optical signal from ML2 [17].
Nevertheless, this injection locking process to the subsidiary
mode is not accompanied by the suppression of the main
lasing line as occurs in traditional QW lasers (see for instance
[22]). Therefore, dual-mode lasing operation is achieved [17]
in the QD DFB laser. Moreover, side bands also appear in the
optical spectrum (at 1310.7 and 1313 nm) due to the
occurrence of Four Wave Mixing (FWM) [23]. As a result, a
mm-wave signal is generated with a frequency equal to the
difference between the two lasing lines [13]. The frequency of
this signal is = 133 GHz, in the so-called D-Band in the mm-
wave spectrum [24], which is of interest for Datacom
applications due to the existence of a minima in atmospheric
propagation losses at that frequency range [25].
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Fig. 2. Optical (a & c) and electrical (b & d) spectra of the 1310nm-QD DFB laser subject to single (a & b) and double (c & d) optical injection. The insets in in
(c) show in detail the four individual peaks appearing in the optical spectrum for the double injection case.

Frequency (GHz)

o B N W B W

5

-10

-15

-20

Power (dBm)

-25

-30

1311.38 1311.48 1311.58
Wavelength (nm)

(c)

(a)

0.5 1
Pinmiz (MW)

-5

-10

-15

-20

-25

-30

(b)

— 071 mwW
— 122 mW
1.44 mW

1312.16 1312.26 1312.36
Wavelength (nm)

15

138
137
136
135
134
133
132

(d)

0.5 1 15
Pinmiz (MW)

Fig. 3. (a & b) Superimposed optical spectra measured for different values of
injection strength plotting in detail the lasing line (a) and the injected residual
FP mode (b). The QD DFB laser was subject to double optical injection with

initial frequency detunings equal to: Af; =

fur — flasings. = 0 GHz and 4f; =

fuiz — fsi-rr = 0 GHz and with increasing ML2’s injection strength from 0.71
mW (blue) to 1.22 mW (red) and 1.44 mW (green). (c & d) Frequency of the
generated microwave (c) and mm-wave (d) signals vs. the injection strength
from ML2. The blue, red and green dots in (c & d) correspond to the injection

strength values used to measure the spectra in (a & b).

Furthermore, in addition to this dual-mode lasing response,
the injection of the second optical signal from ML2 pushes the
resonance frequency of the QD DFB laser towards longer
wavelengths [12][17]. Due to this effect the lasing mode of the
device is no longer locked to the initially injected signal from
ML1. On the contrary, its response switches from stable
locking to period-1 dynamics [12]. The latter are characterized
by the generation of single frequency periodic oscillations in
the microwave or lower mm-wave frequency ranges [12]. For
the case investigated in fig. 2 the frequency of the generated
microwave signal is equal to ~ 4 GHz as observed in the
electrical spectrum plotted in fig. 2(d), measured under the
same conditions as those used in fig. 2(c). Meanwhile, side-

bands (separated by 4 GHz) can be seen around the four peaks
(the two lasing and the two FWM lines) appearing in the
optical spectrum of fig. 2(c). This is clearer in the four insets
included in fig. 2(c) that magnify the characteristics of the four
individual peaks. Thus with this double optical injection
technique, the simultaneous generation of mm-wave (137
GHz) and microwave (4 GHz) frequency signals is achieved.

We have also investigated the effect of the injection
strength. Figs. 3(a) and 3(b) show magnified optical spectra
for the lasing (fig. 3(a)) and injected mode (fig. 3(b))
measured for different wvalues of injection strength.
Specifically, figs. 3(a) and 3(b) plot superimposed spectra for
values of Pinj_ML2 equal to 0.71 mW (in blue), to 1.22 mW
(in red) and 1.44 mW (in green) for the external optical signal
injected into the residual FP mode of the device (generated
from ML2). The spectra in figs. 3(a) and 3(b) reveal two
different effects when the injection strength exceeds a certain
threshold (of 1.39 mW). At that value the residual FP mode
locks to the second injected optical signal producing: 1) an
abrupt switching transition from a stable injection locking to
period-1 dynamics (with characteristic side bands, separated
by approx. 4 GHz); 2) the pushing towards longer
wavelengths of the original lasing line, whereas the residual
FP mode remains constant at the injected wavelength. As a
result of these two effects, first a microwave signal at ~4GHz
is generated (as seen in fig. 2(d)) and secondly the frequency
of the mm-wave signal varies as it corresponds to the
frequency difference between the two peaks in fig. 3(a). These
two effects can also be ascertained from figs. 3(c) and 3(d)
that respectively plot the frequencies of the generated
microwave and mm-wave signals as a function of the injected
optical signal from ML2. A clear and very abrupt switching
transition is observed in both generated frequencies after the
residual FP mode locks to the injected signal. Specifically, fig.
3(c) shows very abrupt switching from a stable output to a
microwave oscillatory response whereas fig. 3(d) reveals
abrupt switching between two different mm-wave frequency
signals at approx. 137 GHz and 133 GHz.
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Fig. 4. Optical (left)/Electrical (middle) Spectra and measured time series (right) of the 1310nm-QD DFB when the device is operated under single (a) and
double (b) optical injection with increasing values of ML2’s injection strength. (a) The injection strength and initial frequency detuning for the signals injected
from ML1 and ML2 were set equal to {Pinj w1 = 1.57 MW ; Af; = fuis — fLasings. = +6 GHz} and {Pinj m2= 0.38 MW ; Af> = fuiz — fsi.re = -4 GHZ} respectively.

It should be noted that the electrical bandwidth of the
experimental setup was limited by that of the PIN photodiode
~12GHz. Frequency values above this were measured
indirectly using the OSA to determine the frequency
difference of lasing lines in the optical spectrum for various
injection conditions. It should also be mentioned that the
frequency values indicated in fig. 3(d) correspond to those of
the mm-wave signals with highest expected power. After the
threshold level of 1.39 mW is exceeded the lasing mode
switches from a stable locking to a period 1 dynamics
response, (see fig. 2(c) and fig. 3(a)) exhibiting two peaks of
relative high intensity: the main peak and the lower
wavelength side band. Thus, two mm-wave signals at 133
GHz and at 137 GHz, would be simultaneously generated as a
result of beating with the residual FP mode of the QD laser.
However, as the main peak is at least 3 dB above that of the
lower side band the beat intensity of the two generated mm-
wave signals would be significantly different, being greatest at
133 GHz and lower at 137 GHz. This difference in the
intensity of these mm-wave signals, explains the abrupt
frequency switching observed from 137 GHz to 133 GHz in
fig. 3(d) as the threshold value is exceeded.

Fig. 4 shows results for another case where different values
of initial frequency detuning are set for the two externally
injected signals. Fig. 4 includes measured optical (left plots)
and electrical (middle plots) spectra as well as captured time
series (right plots) for two different scenarios. Specifically,
fig. 4(a) plots measured results when single optical injection
from ML1 is applied into the lasing mode of the device. The
signal from MLI injected into the SL’s lasing mode is
configured now with a power of Pinj_ML1 = 1.57 mW and an
initial frequency detuning of A7 = fmu1 — frasingsL = +6 GHz.
Fig. 4(a) shows for this new case that initially the lasing mode
is not injection-locked to the signal from ML1 (as it was in fig.
2(a)) but now the system’s output is characterized by a period-
1 dynamics regime [12]. Thus a microwave signal at a

frequency of 8.325 GHz is already obtained when the device is
subject to single optical injection. This behaviour is
characterized by the appearance of side-bands in the optical
spectrum around the SL’s main lasing peak, and a clear peak
in the electrical spectrum at the generated frequency. Also, the
measured time series show high-excursion periodic
oscillations at the frequency of the generated microwave
signal. Now, a second optical signal from ML2 is injected into
the first longer wavelength residual FP mode of the QD DFB
laser with an initial frequency detuning equal to -4 GHz. Fig.
4(b) plots measured optical (left) and electrical (middle)
spectra and time series (right) for this double optical injection
scenario. Specifically, Fig. 4(b) which plots the case where
this second optical signal is configured with an optical power
of 0.38 mW shows that the injection of the second signal
produces a dual-mode lasing response. Therefore, in addition
to the previously generated microwave signal (see fig. 4(a)) a
mm-wave signal is also generated at a frequency equal to the
difference between the two lasing peaks (= 136 GHz)
appearing in the optical spectrum of fig. 4(b). However, the
injection of the second signal pushes the SL’s resonance
towards longer wavelengths, increasing the detuning between
the latter and the injected signal from ML1 and thus the
frequency of the generated microwave signal increases from
8.325 GHz to 10.425 GHz. This is better seen from the
electrical spectrum of fig. 4(b) showing that shift towards a
higher frequency at 10.425 GHz. Finally, the time series
measured for the case analyzed in fig. 4(b) still show high-
excursion periodic oscillations at the new frequency.

Figs. 5(a) and 5(b) plot superimposed optical spectra
measured for the same values of initial frequency detuning as
in fig. 4 and for different values of injection, from 0 mW to
0.78 mW for the signal injected into the residual FP mode of
the device (from ML2). In particular, figs. 5(a) and 5(b) show
magnified plots of the two peaks appearing in the optical
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spectra of fig. 4. Figs. 5(a) and 5(b) reveal that the frequency
of the generated mm-wave signals can be tuned from ~138
GHz to ~135.9 GHz as the injection strength is increased due
to the pushing of the SL’s lasing peak towards longer
wavelengths with increasing injection strength. Fig. 5(c) plots
superimposed electrical spectra measured for the same input
power values used in figs. 5(a) and 5(b) showing the increase
in the frequency of the generated microwave signal with
injection strength. This is shown in fig. 5(d) plotting the
frequency of the generated microwave signal as a function of
the injection strength. The colored squares in fig. 5(d) mark
the input power values used to measure the optical and
electrical spectra in figs. 5(a-c). Fig. 5(d) shows that in
addition to the frequency tuneability an abrupt switching
transition is also observed in the frequency of the generated
microwave signals when the input power exceeds 0.28 mW.
This switching point, which marks a transition between two
oscillatory regimes at different frequency bands occurs as a
result of the locking of the residual FP mode to the injected
signal from ML2.
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Fig. 5. (2 & b) Superimposed optical spectra of the 1310nm-QD DFB laser
plotting in detail the lasing line (a) and the injected residual FP mode (b). The
device was subjected to double optical injection for initial frequency detuning
eqUal to: Afl = fy — fLasing-SL = +6 GHz and Afz = fu — fFP_sL = -4 GHz with
input power from ML2 increasing from 0 to 0.78 mW as indicated. (c)
Superimposed electrical spectra for the same input power values as indicated.
(d) Frequency of the generated microwave signals as a function of the ML2’s
injection strength. The large colored squares in (d) mark the in power values
used to measure the optical and electrical spectra in (a-c).

IV. DISCUSSION

The results in figs. 2-5 show the important effect played by
the initial frequency detuning and injection strength in the
frequency values of the generated microwave and mm-wave
signals. In fact, controlling the values of these two system

parameters can be used as a simple and effective technique to
continuously tune the frequency of both generated microwave
and mm-wave signals within a certain window [12][13].
Moreover, controlling the value of the initial frequency
detuning of the signal injected into the device’s lasing mode
plays a critical role in the initial state of the system. It is well
known that in addition to stable locking a rich variety of
nonlinear dynamics (including, period 1, period 2, chaos, etc.)
can be obtained in an semiconductor laser by controlling the
injected initial frequency detuning (see for instance [22]).
Interestingly, for the QD DFB laser used in the experiments
and the selected applied bias current only period 1 dynamics
are obtained outside the locking range [12]. Therefore, the
control of the initial frequency detuning of the first injected
signal (from ML1) offers a series of competitive advantages
for the technique reported in this work. First, it configures a
very simple way to control the initial state of the system
between only two different states depending on the desired
application: stable locking (figs. 2-3) or period 1 dynamics
(figs. 4-5). For the latter case the frequency of the generated
microwave signal could be also controlled by properly
adjusting the initial detuning [12]. We must also note that
given the lack of regions of more complex dynamics (such as
period 2 or chaos) outside the QD laser’s locking range there
are no undesirable tuning gaps and therefore the entire
frequency detuning range could in principle be used for the
purpose of microwave signal generation [12].

In parallel, the results plotted in Figs 3 and 5 clearly
demonstrate the effect of the injection strength in tuning the
frequency of both microwave and mm-wave signals. This is
due to the push towards longer SL’s lasing wavelength with
rising input power. The effect is as follows: the higher the
injection strength, the higher is the number of carriers
recombined in the active region of the device which in turn
reduces its refractive index. As a result the wavelength of the
SL’s lasing peak increases, thus allowing the tunability of the
generated microwave and mm-wave signals as it modifies the
frequency difference between the injected signals and the QD
DFB’s resonance. Finally, although the study of the frequency
stability of the generated signals is beyond the scope of this
work we believe that similar values of linewidth (in the order
of a few MHz) to those obtained with QW devices [3-6] are
also expected for the signals generated here with a QD device.
Nevertheless, further theoretical and experimental analyses are
needed to confirm these initial predictions.

V. CONCLUSIONS

A novel technique for the simultaneous generation of
microwave and mm-wave signals is reported experimentally in
this work. The approach uses a 1310-nm QD DFB laser and is
based on the P1 dynamics and dual-mode lasing operation
induced in the device when subject to double optical injection
into the lasing and a residual FP mode of the device. The
effect of two important system parameters, namely the initial
frequency detuning and injection strength, has also been
experimentally investigated. Spectral (optical and electrical)
and time series measurements were carried out to characterize
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the approach proposed in this work. Additionally, tunability of
the simultaneously generated microwave and mm-wave
signals is demonstrated experimentally by simply controlling
the values of the two aforementioned system parameters.

Furthermore, this work reports for the first time the
experimental observation of novel effects in a QD DFB laser
such as different types of abrupt switching: between different
frequency regimes (stable response and microwave
oscillations) and different frequency values (for both
generated microwave and mm-wave signals). Such responses
offer great potential for novel uses of QD lasers in Ultra High
Frequency (UHF) applications, which could include among
others AM-to-FM conversion, switching between different
frequency bands and microwave-to-mm-wave conversion.

Finally, the simplicity of the experimental configuration,
requiring just one SL and off-the-shelf fiber optic components
offers great potential for novel applications of QD lasers in
disparate fields requiring the generation of UHF signals at
different frequency bands, such as optical wireless networks
and spectroscopy. Furthermore, the use of a device emitting at
the important telecom wavelength of 1310nm makes our
approach compatible with present and future optical
telecommunication networks.
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