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Abstract: In this paper, we analyze the dynamics of optical injection in an external cavity based
Fabry-Pérot laser diode (ECFP-LD) for wide tunable microwave signal generation. The ECFP-LD
is a specially designed FP-LD that has a self-locked single dominant mode. The injected beam
power is varied to analyze the dynamics of optical beam injection on the ECFP-LD. The ECFP-LD
shows the interesting behavior of red-shift followed by hopping to another self-injected mode
equivalent to FP-LD external and internal cavity modes separation, which provides the fine
and coarse tuning of the self-injected mode. The optical beating of the injected beam and the
self-injected mode, whether it is the fine red-shifted self-injected mode or the hopped self-injected
mode equivalent to the external or internal cavity mode separation, provides a wide tunable
range of microwave generation. We obtained fine tuning of 3 GHz for every self-injected mode,
and coarse tuning of 15 GHz and 150 GHz, which is equivalent to the free spacing tuning of
the external cavity (0.12 nm) and internal FP-LD cavity (1.17 nm), with change in the power of
the injected beam. The maximum coarse tuning range is about 3.72 nm, and the corresponding
beating frequency tuning range is 330 GHz. Hence, a wide tunable microwave frequency can be
obtained by optical beating of the shifted/hopped self-injected mode and the injected beam.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photonic approaches for the generation of microwave signals have attracted considerable attention
in recent years owing to their many potential applications in wireless communication systems
[1–3], photonic radar [4], satellite communication [5], bio-sensors [6], and industrial applications
such as waste treatment, dying, structure monitoring and others [7,8]. These techniques offer
important advantages in comparison to traditional electronic circuitry. They can be used to realize
an EMI-free system with a wide tunable range, high bandwidth, and lower power consumption.
In addition, photonic technology not only overcomes the limited frequency response of electronic
devices but also transmits microwave signals over long distances by using optical fiber [9]. Thus,
photonic microwave signal generation is expected to play a key role in a wide range of future
applications.

Various techniques using a variety of optical components, such as modulating RF signals using
modulators and optical heterodyning in semiconductor lasers (DFB laser, VCSELs, and FP-LD),
have been proposed for the generation of microwave signals [10]. One widely used operating
principle for microwave generation is optical injection locking in semiconductor lasers [11–13].
An optically injected semiconductor laser exhibits various dynamic states including stable locking,
four-wave mixing (FWM), period-one (P1) oscillation, period-two (P2) oscillation, quasi-periodic
oscillation, and chaotic oscillation. Stable locking has been used to stabilize semiconductor lasers
for the purposes of modulation bandwidth enhancement, chirp reduction, and noise suppression.
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Non-linear dynamics of P1 oscillation is widely used for a tunable photonics microwave source.
While the laser is operating with P1 oscillation, the increase in the injection strength normally
decreases the optical gain due to the saturation effect. The cavity resonance is then red-shifted
through the antiguidance effect [14]. The maximum red-shift of about 12 GHz with single-beam
injection has been reported with change in the injection ratio [15–18]. In addition, P1 oscillation,
FWM, and chaotic phenomena have also been analyzed by many researchers. They are used for
microwave communication; optical secure communications due to chaotic carriers offer a certain
degree of intrinsic privacy in data transmission [19]. Recently, we used an external cavity based
FP-LD (ECFP-LD) for the generation of microwave signals ranging from a few GHz to several
hundred GHz [20]. The ECFP-LD provides unique properties, including a self-locking mode, low
threshold current, high side-mode suppression ratio (SMSR), and simple structure [21]. Due to
these advantages, various applications have been realized such as wavelength conversion, optical
logic gate, switching, memory, and multi-spectrum RF signals generation [20–25].
In this paper, we investigate an optically injected ECFP-LD for microwave signal generation

under the non-linear dynamic P1 oscillation state and demonstrate fine and coarse tuning of the
microwave signal for the first time, which is not available in other single mode semiconductor
lasers. The power of the external beam is controlled to change the gain curve, wavelength shift
and mode hopping of the ECFP-LD, which provides the tunability of microwave signal. Because
we used the ECFP-LD for the analysis and the generation of microwave signals, besides the
red-shift phenomena, hopping of the self-injected mode (SM) due to the free spectral range of
the external and internal cavity modes, coarse tuning of microwave signal with frequency of 15
GHz and 150GHz, respectively, can be obtained. The fine and coarse tuning of the ECFP-LD
with different SMs is also analyzed and used for the generation of microwave signals with a
wide tuning frequency. Also, we demonstrate the tuning of the SM by changing the injected
optical beam power, thus overcoming many limitations of the conventional tunable laser, such as
a complicated driving system that either adjusts the external cavity length optically by varying
the operating temperature or the biasing current or physically adjusting the distance to the mirror
or producing stress/strain [26–31]. Therefore, it is not necessary to change the bias current or
temperature to tune the SM of the ECFP-LD while operating under the P1 oscillation state.
Taking advantage of the P1 oscillation state of the ECFP-LD and the phenomena of SM

hopping due to external and internal cavity mode with change in the power of the injected beam,
we proposed an optical microwave oscillator which exhibits a wide tunability of RF signal from a
few GHz to several hundred GHz by simply changing the power of the external injected beam.
In addition, we investigate the gain shift and SM hopping phenomena of the ECFP-LD due to
variation in injection beam power, and the coarse and fine frequency tunability of microwave
oscillator depending on the characteristics of the ECFP-LD.

2. Operation principle and experimental setup

The FP-LD used in the proposed scheme was specially designed and developed by modifying a
commercially available multi-mode Fabry Pérot laser diode (MMFP-LD) that has multi-mode
spectrum output under a normal biasing condition and a free spectral range (FSR) of 1.17 nm.
The ECFP-LD can be obtained by eliminating the inclinations of 6˚ to 8˚ of the coupling fiber
present in conventional FP-LDs, which forms an external cavity that provides only one single
longitudinal mode with high amplitude, suppressing other side modes present in MMFP-LD. The
self-locking mode can be tuned to another wavelength by varying the operation temperature, and
it is the tunable over a wide range of about 10 nm. The ECFP-LD exhibits characteristics similar
to those of a multi-mode FP-LD, including power stability, wavelength stability, and mechanical
stability. The ECFP-LD used for the experiment has two cavity modes, namely, the internal
cavity mode of the FP-LD and the external built-in cavity mode, as illustrated in Fig. 1. The FSR
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of a cavity is expressed as
∆λFSR = λ

2/2nl (1)

where λ is the wavelength of the longitudinal mode, n is the refractive index of an active medium
within the cavity, and l is the length of the cavity. The internal cavity mode has a relatively large
FSR of 1.17 nm, which is determined by the quantum well cavity length of the FP-LD of 300 µm.
The external cavity, on the other hand, has a relative short FSR of 0.12 nm due to the external
cavity length of 4 mm. By properly adjusting the temperature or bias current, a mode-matching
condition is achieved from both cavities for SM oscillation [21]. In this experiment, high power
injection with negative wavelength detuning was mainly used for the P1 oscillation state. In
negative wavelength detuning injection locking, we observe four main stages: (1) weak injection
locking in which the SM is not suppressed; (2) moderate injection locking in which the side
mode gains sufficient power without suppressing the SM; (3) strong injection locking in which
the SM is suppressed but the injected beam and the side mode beam still exist; and (4) ultra-high
injection locking in which the red-shift occurs and only the injected beam exists, similar to
positive wavelength detuning, which is well discussed in our previous research [25]. In [25], the
analysis of red-shift and the phenomena beyond the ultra-high injection locking stage, where
injection locking with the suppression of the beams is obtained, is not analyzed. It can be further
used for the wide tunability of RF signal generation. On increasing the power of the injected
beam beyond state 4, ultra-high injection locking, the ECFP-LD shows important characteristics
of mode hopping of the self-injected beam. Beyond state 4, increasing the injection strength,
red-shift originates from the antiguidance effect due to the reduction in the average charge carrier
density and optical gain, and it is caused by the saturation effect of optical injection. On varying
the power of the injection beam, the refractive index of the active region of the ECFP-LD changes
according to average charge carrier density. As the intensity of the injected beam increases,
more charge carriers are consumed, reducing the average charge carrier density and increasing
the refractive index. Thus, the gain curve and all of the FP-LD cavity modes are red-shifted
simultaneously. As a result, a SM oscillates under optimal mode-matching conditions between
the external cavity mode and FP-LD mode is achieved, as illustrated in Fig. 1. With the increase
in the power of the external beam, the SM of the ECFP-LD is continuously red-shifted without
suppression of the SM within a matching limit of about 0.025 nm between the external cavity
mode and the FP-LD mode. Therefore, the optical beating of the SM of the ECFP-LD which is
continuously red-shifted, and a fixed external injection beam continuously generate a frequency
varying microwave signal with fine adjustment of the power of the injected beam. When the
power of the injected beam is increased beyond the red-shift of the SM, the SM vanishes as the
mode matching condition is broken for that particular wavelength; therefore, mode competition
occurs for the next SM. The hopping of SM to another mode of the FP-LD internal cavity or
external cavity modes enables coarse tuning of microwave generation whereas the red-shift of
each SM enables fine tuning of the microwave generation.
The experimental setup for the analysis of the P1 oscillation state in the ECFP-LD and the

tuning capability is shown in Fig. 2. The ECFP-LD had a self-injected single longitudinal
mode with a side-mode suppression ratio (SMSR) of more than 30 dB, which was achieved by
controlling the operating temperature and biasing current of the ECFP-LD through the laser driver.
A tunable laser diode was used to inject an external light beam into the ECFP-LD. The external
beam could be injected into any of the side modes in the ECFP-LD, including the free-running
self-injected mode (FRSM) for negative wavelength detuning. An erbium-doped fiber amplifier
(EDFA) was used to amplify and control the power of the external injected beam from 0 mW to
18 mW. The amplified external beam was divided into two branches with a 10:90 optical coupler
(OC); the 10% intensity was fed to a photometer to measure the power of the injected beam,
and the 90% intensity was injected into the ECFP-LD. The external beam was injected into the
ECFP-LD via a polarization controller (PC) because gain modulation in the ECFP-LD would
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Fig. 1. Schematic illustration of (a) ECFP-LD with a built-in external cavity configuration,
(b) resulting spectrum, and (c) external cavity mode and FP-LD mode matching condition
depends on intensity of injection beam.

only work in the TE mode of the injected beam. To analyze the spectral output of the ECFP-LD
in the optical and electronic domains, a 50:50 coupler (CO) was used and measured by an optical
spectrum analyzer (OSA) set with 0.05 nm resolution and an electrical spectrum analyzer (ESA)
along with a photodiode (PD) of 40GHz bandwidth.

Fig. 2. Experimental setup of the proposed the tunablemicrowave oscillator. LD: laser diode;
EDFA: erbium-doped fiber amplifier; PC: polarization controller; CIR: optical circulator;
PM: photometer; OSA: optical spectrum analyzer; PD: photodiode; ESA: Electrical spectrum
analyzer.

3. Experimental results and discussion

At first, we observed and analyzed the P1 oscillation state by injecting an external beam into
the FRSM of the ECFP-LD [14]. The ECFP-LD operated at a bias current of 22 mA and
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21.9˚C operation temperature, with a threshold current of 12 mA. Under these conditions, the
self-emission mode of the ECFP-LD had the wavelength and the output power of 1550.75 nm
and 0.41 mW, respectively, providing an SMSR of 33.2 dB. The power of the external beam was
controlled by the EDFA when an external beam was injected into the left side of the FRSM of
the ECFP-LD with negative wavelength detuning of -0.13 nm. Figure 3(a) shows the variation in
wavelength and output power of the FRSM of the ECFP-LD with increasing external injected
beam power from 0 mW to 18 mW. Here, λ0(↑) and λ0(↓) indicate the wavelength of the FRSM
when the power of the external injected beam power increased, Pλinj(↑) and decreased, Pλinj(↓),
respectively. We observed that the change in the wavelength shift was gradually increased with
the change in the power of the injected beam from 9 mW to 18 mW. While the total wavelength
shift of the FRSM was about 0.365 nm, it was equal to the total gain shift and the total amount of
any individual FP-LD mode shift. The injection locking hysteresis occurs in the external injection
beam power range from 3 mW to 6 mW, as presented in the previous paper [25], but beyond 9
mW, the P1 oscillation state hardly shows hysteresis as seen in Fig. 3(a). Figure 3(b-i) shows the
change in the power of the output beam as a function of injected beam power, which is caused by
the gain shift. Here, λ0 indicates the wavelength of the FRSM and λs−1, λs+1, and λs+2 indicate
the -1st, +1st, and+ 2nd side modes of the ECFP-LD, respectively. It is clearly seen that below 9
mW, the increase in external beam power, the ECFP-LD changes from weak to moderate, to high
injection locking stages as mentioned before, but the wavelength of the FRSM hardly changes.
However, when the power of the external injected beam is beyond 9mW, the injected beam energy
mainly contributes to the P1 oscillation state. Therefore, a unique property of the ECFP-LD, SM
hopping, is observed. Different side modes of the ECFP-LD become self-injected with change in
the power such as in order of λ0, λs+1, λs+2; λs−1, λ0, λs+1, λs+2; λs−1, λ0, λs+1, λs+2; λs−1, and λ0.

Fig. 3. The characteristics of ECFP-LD with negative wavelength detuning optical injection.
(a) Hysteresis of free-running self-injected mode, (b) The output powers and wavelengths as
function of injection beam power.

A fine red-shift of about 3 GHz for each SM is also observed in the interval of the injected
beam power, as shown in Fig. 3(b-ii). The mode hopping occurs as matching of the FP-LD mode,
and the external cavity mode changes according to the intensity of the external injected beam. As
seen in Fig. 3, as the injection beam power increases, the output power of each mode increases or
decreases. This indicates that the SM of the ECFP-LD is hopping to another FP-LD cavity mode.
This mode hopping occurs because the external cavity mode and FP-LD mode matching and



Research Article Vol. 28, No. 15 / 20 July 2020 / Optics Express 22032

mismatching are repeated during the red-shift caused by the increasing power of the external
injected beam. The matched mode shows SM oscillation with a high-side mode suppression ratio
when one of the FP-LD mode wavelengths is the same as that of the external cavity mode. On the
other hand, the mismatched modes of the FP-LD are suppressed; thus, coarse tuning is possible.
Coarse tuning is achieved with the tuning ranges of 0.12 nm and 1.17 nm, which are exactly the
same as the FSR of the external cavity mode and the FP-LD cavity mode, respectively. The
SM, which is created by matching of the external cavity mode and FP-LD mode, is continuously
red-shifted about 3 GHz with increasing external beam power, as shown in more detail in Fig. 4.

Fig. 4. Continuously tunable microwave signal generation (fine tuning) (a), (c) continuously
shifted self-injected mode. (b), (d) Microwave signal generated by optical beating of external
injected beam and corresponding self-injected mode, respectively.

In Fig. 4(a), the SM is continuously red-shifted as the power of the injected beam changes
from 0 mW to 3.2 mW. The total red-shift of 0.025 nm is observed in OSA, which is shown in
the inset clearly. Figure 4(b) shows the electrical spectrum of the RF signal, which was obtained
from heterodyning of the injection beam and the red-shifted SM. The total red-shift of 3.07
GHz (15.06 GHz to 18.13 GHz) is observed in the electric domain result, which is equivalent
to the wavelength shift of the self-injected beam 0.025 nm (1550.75 nm to 1550.775 nm). The
red-shift on SM in this first scenario is considered fine wavelength (frequency) tuning. In the
second scenario, further increasing the power of the injected beam, hopping of the SM to another
mode occurs due to the internal cavity mode. As a result, the wavelength difference between the
injected beam and the SM varies, and the RF generation changes with higher frequency changes
by about 150 GHz, which we consider coarse tuning. With increasing power of the injected
beam, we observe not only mode hopping of the FRSM but also return to the previous mode with
a frequency difference of about 15 GHz (15.06 GHz shift to 28.2 GHz) in this third scenario. The
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red-shift of 3.57 GHz (28.2 GHz to 31.77 GHz) is also observed with increasing power of the
injected beam from 11.8 mW to 13 mW, as shown in Figs. 4(c)–4(d). The signal-to-noise ratios
of the output RF signals are above 23 dB and 26 dB with fine tuning ranges of 3.07 GHz and 3.57
GHz, respectively. The shifting of the FRSM to other modes can be observed with increasing
power of the injected beam and further red-shift of each SM, as shown in Fig. 5.

Fig. 5. (a) Optical spectrum of self-injected mode oscillation at various external injected
beam power. (b) Microwave frequency generated by optical beating of injected beam and
corresponding self-injected mode as a function of injection beam power.

In Fig. 5(a), the wavelengths of SMs with an SMSR of at least 20 dB with various conditions of
external injected beam power are shown. Mode hopping of the SM occurs in the order of 1550.75
nm (λ0), 1551.94 nm (λs+1), 1553.15 nm (λs+2), 1549.67 nm (λs−1), 1550.86 nm (λ0), 1552.06 nm
(λs+1), 1553.27 nm (λs+2), 1549.79 nm (λs−1), 1550.99 nm (λ0), 1552.18 nm (λs+1), 1553.39 nm
(λs+2), 1549.91 nm (λs−1), and 1551.1 nm (λ0) successively as the injected beam power increases
from 0 mW to 18 mW, respectively. The mode hopping occurs about 1.17 nm and 0.12 nm;
these values are consistent with the FSR of the FP-LD cavity mode and external cavity mode.
Therefore, the total wavelength shift range of the SM is 3.72 nm, which is from 1549.67 nm
to 1553.39 nm. As seen in Fig. 5(b), the total of twelve instances of mode hopping occur with
variation of the power of the injected beam from 0 mW to 18 mW. The beating frequency tuning
range corresponding to wavelength shift with change in the power of the injected beam is 330
GHz, which is from 16 GHz to 346 GHz as shown in Fig. 5(b). Moreover, it is worth noting that
every hopping mode shows 3 GHz of red-shift with fine change in the power of the injected beam
as seen in Fig. 4. Thus, it is possible to provide coarse tuning of 15 GHz and 150 GHz limited to
3.72 nm as well as fine tuning within the range of 3 GHz of microwave signal frequencies in
the P1 oscillation state. In this experiment, the maximum tuning of 3.72 nm with change in the
power of the injected beam was limited due to the gain saturation of the EDFA. However, it is
expected that more wavelength shifting can be obtained by injecting an external beam with higher
power, which would be similar to mode hopping with control of the bias current and operating
temperature [21].

4. Conclusion

In conclusion, we analyzed the dynamic behavior of optical injection in an ECFP-LD, especially
in P1 oscillation with negative wavelength detuning. The red-shift on the FRSM and shift in the
SM with change in the power of the injected beam was observed. We demonstrated a unique
behavior of mode hopping of the SM and returning to the previous mode with the wavelength
difference of 0.12 nm compared to the previous mode of the ECFP-LD on injection of an external
beam. This is due to the external cavity mode, which is not available in other single-mode
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semiconductor lasers. This unique feature allows fine tuning and coarse tuning of the output
frequency by optical beating of the SM and the injected beam. The fine tuning is due to the
red-shift whereas the coarse tuning of 15 GHz and 150 GHz is due to the mode shifting to the
external cavity and mode hopping to another mode of the FP-LD cavity, respectively. The fine
tuning range of about 0.025 nm, which is determined by mode matching-limit between the FP-LD
cavity mode and the external cavity mode, was observed experimentally. Fine tuning of about 3
GHz was observed for every SM; it was achieved by changing the power of the injected beam.
Coarse tuning occurs discontinuously due to the mode hopping between cavity modes. The
intervals of coarse tuning are about 1.17 nm and 0.12 nm, which are equal to the FSR of the
FP-LD cavity mode and the FSR of the external cavity mode, respectively. The total shift of 3.72
nm was obtained in the ECFP-LD with the power variation of 18 mW, whereas the shift of about
0.365 nm was observed for every FP-LD mode. The limitation of the total shift to 3.72 nm is due
to the limitation of the amplification power, which we believe can be increased on increasing
the injected beam power. The obtained experimental results can be used to guide the generation
of a single/multiple linear frequency modulation (LFM) signal with various center frequencies,
which can be used for object detection techniques for radar.
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