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Abstract—A monolithic dual-wavelength DFB laser array based 
on sidewall gratings and a novel modulation of the grating 
coupling coefficient is proposed and demonstrated experimentally. 
The grating coupling coefficient distribution along the cavity is 
modulated by changing the alignment between the gratings on the 
two sidewalls. The frequency difference between the two lasing 
modes can be modulated by changing the cavity length and grating 
recess depth. A series of microwave signals in the range of 50 GHz 
to 59 GHz is observed after beating the two optical lines in a 
photodetector. The measured optical linewidths are 250 kHz and 
850 kHz when the cavity length is 1200 μm and 1000 μm, 
respectively.  
 

Index Terms—Monolithic DFB laser, sidewall grating, grating 
coupling coefficient, microwave generation 

I. INTRODUCTION 
HOTONIC generation of microwave signals is attractive 
for numerous applications, such as spectroscopic 
sensing, broadband wireless access networks, radar and 

satellite communications, and has been intensively investigated 
over the past few years [1]-[5]. The key advantages of photonic 
techniques for microwave and terahertz generation are the low 
system cost and flexible tunability, which are difficult to realize 
using conventional electronics. Normally, the approach for 
generating microwave wave signals in the optical domain is to 
beat two optical signals generated by two separate single 
longitudinal mode (SLM) lasers in a photodetector (PD) [6]-[7]. 
The beating signal has a frequency equal to the frequency 
difference between the two optical signals, and the beating 
signal quality depends on the phase stability of the two SLM 
lasers. In this approach, a phase tuning section is necessary to 
improve the coherence of the lasers and the stability of the 
microwave signal is susceptible to external influences such as 
temperature and vibration, as these factors can affect the two 
lasers differently. Applying external modulation to a laser is 
another method to obtain a microwave signal. A series of 
optical sidebands will be generated by modulating a laser using 
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an external modulator. Usually, an optical filter is used to select 
two optical sidebands. As a result, a high-frequency microwave 
signal can be optically generated with a low-frequency drive 
signal, and frequency doubling or quadrupling becomes 
achievable [8]-[9]. However, this method is complicated since 
external modulators and optical filters are required. 

Compared with the above methods, a monolithic dual-
wavelength semiconductor laser (MDSL) is a better way to 
generate microwave signals. In a MDSL, two optical signals are 
generated in one physical optical cavity, so external influences 
have the same effect on the two optical signals. Furthermore, 
the two signals can be generated by injecting current through a 
single electrode on the ridge waveguide. The beating signal is 
generated in a PD without external modulators or optical filters. 
Introducing two phase shifts in the cavity is an effective way to 
realize MDSLs [10]-[11]. However, it is difficult to obtain 
microwave frequencies below 60 GHz by this method in 
semiconductor DFB lasers since the frequency spacing of the 
two optical signals is limited by the value of the phase shifts 
and the chirp rate [11]. MDSLs based on sidewall grating 
structures can also provide high-quality dual-wavelength lasing 
and have the potential to be stable terahertz sources [12]. Based 
on sidewall gratings, the frequency spacing is determined 
essentially by the grating periods on each sidewall [12]-[13]. 
Using this method, the minimum resolution of frequency 
spacing is therefore about 400 GHz, assuming the best 
resolution of the electron beam lithography (EBL) system used 
to define the gratings is 0.5 nm and the effective index is 3.2. 

In this paper, an array of MDSLs with frequency spacings 
ranging from 50 GHz to 60 GHz is proposed and demonstrated 
experimentally. Each MDSL uses a sidewall grating structure 
and is integrated monolithically with a curved waveguide at the 
front facet and an electro-absorption modulator (EAM) at the 
rear facet [14]. The distribution of the grating coupling 
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Fig. 1. Schematic of (a) uniform sidewall grating, (b) grating 
misalignment modulation, and (c) sidewall grating with 
alignment modulation. 
 
coefficient in the cavity is modulated by controlling the relative 
alignment of the gratings on either side of the sidewall in each 
grating period. When the distribution of 𝜅𝜅 exhibits an inverse-
Gaussian curve along the cavity, the side lobes on both sides of 
the stopband in the transmission spectrum are amplified, 
thereby forming two transmission peaks, leading to dual-
wavelength lasing. The frequency spacing of the two optical 
signals can be determined by changing the cavity length L and 
lateral etch recess depth D of the sidewall gratings. To the best 
of our knowledge, this is the first proposal for applying this 
grating modulation technique to semiconductor DFB lasers. 

II. PRINCIPLE AND SIMULATION RESULTS 
In a uniform sidewall grating, the gratings on either side of 

the sidewall have the same period 𝑃𝑃, the same lateral etch recess 
depth 𝐷𝐷  and the corrugations on both sides are completely 
symmetrical as shown in Fig. 1(a). Each grating period 
comprises two refractive index segments 𝑛𝑛1 and 𝑛𝑛2; these are 
located on the left and right sides of the waveguide and the high 
index segments on either side are in perfect alignment (Fig. 
1(a)).  

However, the position of the 𝑛𝑛1  segment in each grating 
period can be changed while keeping the grating period and 
duty cycle the same. Here, the variable alignment factor 𝑙𝑙 is 
used to describe the relative positions of the 𝑛𝑛1 segment in one 
grating period (Fig. 1(b)) and its value is the length from the 
start of the grating period to the start of the 𝑛𝑛1 segment. 

 
Fig. 2. The distribution of (a) variable alignment factor 𝑙𝑙 and 
(b) 𝜅𝜅 along the cavity. 
 

Fig. 1(b) shows schematics of a grating period with 𝑙𝑙 = 0, 
𝑃𝑃/4  and 𝑃𝑃/2  respectively. In the grating structure proposed 
here, one sidewall has a uniform Bragg grating and the other 
sidewall has a grating whose alignment with the uniform 
grating is modulated along the device. The two gratings have 
the same period 𝑃𝑃 and 50% duty cycle but on one sidewall 𝑙𝑙 is 
modulated along the cavity as shown in Fig. 1(c). As 𝑙𝑙 varies 
along the cavity, the degree of alignment of the gratings on the 
two sidewalls changes, therefore 𝜅𝜅  is modulated accordingly 
[15]. The relationship between 𝜅𝜅  and the variable alignment 
factor 𝑙𝑙 can be expressed as [15], 

𝜅𝜅(𝑧𝑧) = 𝜅𝜅0cos (𝜋𝜋∙𝑙𝑙(𝑧𝑧)
𝑃𝑃

)                              (1) 
where 𝜅𝜅0 is the grating coupling coefficient when the gratings 
on both sides have no misalignment (i.e., 𝑙𝑙 = 0), and  𝑙𝑙(𝑧𝑧) 
describes the 𝑙𝑙  distribution along the cavity (i.e., in the  𝑧𝑧 -
dimension). Equation (1) shows that the modulation in 𝜅𝜅 along 
the cavity can be determined by 𝑙𝑙(𝑧𝑧). If 𝑙𝑙(𝑧𝑧) is designed to be, 

𝑙𝑙(𝑧𝑧) = 𝑃𝑃
𝜋𝜋
∙ arccos [1 − exp �−4∙𝑙𝑙𝑙𝑙2∙(𝑧𝑧−𝐿𝐿/2)2

(𝐿𝐿/3)2
�]          (2) 

where 𝐿𝐿  is the cavity length, the normalized 𝜅𝜅   distribution 
along the cavity is, 

𝜅𝜅(𝑧𝑧) = 1 − exp [−4∙𝑙𝑙𝑙𝑙2∙(𝑧𝑧−𝐿𝐿/2)2

(𝐿𝐿/3)2
]                    (3) 

Fig. 2 shows the 𝑙𝑙(𝑧𝑧) and 𝜅𝜅(𝑧𝑧) distribution along the cavity. 
At the middle of the cavity (i.e., 𝑧𝑧 = 0.5𝐿𝐿 ), 𝑙𝑙  reaches a 
maximum value of 0.5𝑃𝑃 , which means the gratings on both 
sides of the ridge waveguide are completely misaligned and the 
normalized 𝜅𝜅 reaches its minimum value. 

When 𝜅𝜅  has an inverse-Gaussian distribution along the 
cavity as shown in (3), the two sidelobes of the stopband are 
significantly enhanced and form two transmission peaks which 
allow dual-wavelength lasing [16]-[17]. The calculated 
transmission spectra and the time delay spectra based on the 
transfer matrix method (TMM) are shown in Fig. 3. In the 
calculations, the effective index 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is set to 3.19, the grating 
period 𝑃𝑃 is set to 244 nm, 𝜅𝜅0 is 40/cm, and the cavity length 𝐿𝐿 
is 1000 μm. As shown in Fig. 3(a), a uniform grating provides 
a dominant reflection (stopband) with weak sidelobes on both 
sides. The peaks in the transmission spectrum between the 
sidelobes and the stopband are too shallow to support dual-
wavelength lasing. With modulation, the sidelobes are 
significantly enhanced, resulting in two deep and narrow peaks 
as shown in Fig. 3(b). The time-delay spectrum shown in 
Fig.3(c) also illustrates that the time-delay peaks of 𝜆𝜆1 and 𝜆𝜆2 
are significantly enhanced with the modulation scheme. Since  



3 
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

 

 

 
Fig. 3. The simulated transmission spectra of (a) uniform 
sidewall grating, and (b) sidewall grating with misalignment 
modulation. (c) The time delay spectrum of sidewall grating 
with misalignment modulation. 
 
the positions of the lasing wavelengths (𝜆𝜆1  and 𝜆𝜆2 ) are the 
positions of the first zeros on either side of the maximum 
reflectivity, the wavelength spacing is equal to the width of the 
stopband which is related to 𝐿𝐿 and 𝜅𝜅0 [18]. 

Using the TMM, we calculated the wavelength spacing for 
different 𝐿𝐿 and 𝜅𝜅0. As shown in Fig. 4, the frequency spacing 
increases with increasing 𝜅𝜅0, and decreases with increasing 𝐿𝐿. 
This result is consistent with the change law of the stopband 
width with 𝜅𝜅0 and 𝐿𝐿 [17], and also indicates that the frequency 
spacing can be designed through appropriate choices of 𝜅𝜅0 and 
𝐿𝐿.              

 
Fig. 4. Frequency spacing between the two lasing modes versus 
𝜅𝜅0 under cavity lengths of 1000 µm and 1200 µm. 
 

 

 
 

Fig. 5. (a) Simulated near field patterns of the proposed device 
when 𝑊𝑊 = 1.12 μm. (b) Simulated 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 of TE0 and TE01 as a 
function of  𝑊𝑊. 
 

According to coupled mode theory, 𝜅𝜅0 can be expressed as 
[19], 

𝜅𝜅0 = sin(𝑚𝑚𝜋𝜋𝑚𝑚)
𝑚𝑚

�𝑙𝑙12−𝑙𝑙22�
𝜆𝜆𝐵𝐵𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒

𝛤𝛤𝑥𝑥,𝑦𝑦                        (4)   

where 𝜆𝜆𝐵𝐵 is the Bragg wavelength, and 𝛤𝛤𝑥𝑥,𝑦𝑦 is the field overlap 
integral within the grating region. A first-order grating (𝑚𝑚 = 1) 
was adopted in our device to facilitate grating fabrication and 
the duty cycle 𝛾𝛾  was set to 0.5. 𝑛𝑛1  and 𝑛𝑛2  are the refractive 
indexes of the semiconductor and the dielectric material 
between the etched gratings, respectively. According to Eq. (4), 
𝜅𝜅0 is proportional to 𝛤𝛤𝑥𝑥,𝑦𝑦, which can be increased by increasing  
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Fig. 6. Photon distributions of 𝜆𝜆1 and 𝜆𝜆2 along the cavity. 
 
the lateral etch recess depth 𝐷𝐷. The values of 𝜅𝜅0 under different 
𝐷𝐷 were calculated and the results are shown in Table. 1. In the 
calculations, 𝜆𝜆𝐵𝐵  was set to 1555 nm, 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒  was 3.19 and the 
ridge waveguide width 𝑊𝑊 was 2.5 μm. 

 
TABLE I 

CALCULATED 𝜅𝜅0 UNDER DIFFERENT 𝐷𝐷 
 

𝐷𝐷 (μm) 𝜅𝜅0 (cm-1) 
0.60 89 
0.63 94 
0.66 99 
0.69 103 

 
From the calculations, 𝜅𝜅0 can reach 103 cm-1 when 𝐷𝐷 is 0.69 

μm. However, due to the reactive ion etching (RIE) lag effect, 
the actual  𝜅𝜅0 of a fabricated grating is smaller than this value 
[20]-[21]. Using Lumerical mode solutions, we simulated the 
near field patterns when 𝑊𝑊 changes from 0.1 μm to 4 μm. As 
shown in Fig. 5(a), a beam can be confined by a ridge 
waveguide with a width of 1.12 μm, which is equivalent to a 
2.5-μm-wide ridge waveguide minus two 0.69-μm-recess 
gratings on both sidewalls. In Fig. 5(a), the bottom is a 
projection of the near-field intensity pattern, and the red line 
outlines the waveguide cross-section. Fig. 5(b) shows the 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 
of the TE0 and TE01 modes for different 𝑊𝑊; the cut-off ridge 
waveguide width for TE0 is 0.6 μm. 

The photon distributions along the cavity for the two lasing 
modes 𝜆𝜆1 and 𝜆𝜆2 were also calculated. As shown in Fig. 6, the 
two modes have the same photon distribution, which may lead 
to the two modes building up a strong correlation [13]. 
However, the overlap of the two photon distributions may also 
cause severe mode competition [22]. Therefore, an EAM 
section is used to adjust the output power and phase of the two 
lasing modes [14]. 

III. DEVICE FABRICATION AND CHARACTERISTICS 
The epitaxial structure of the device emitting at 1.55 μm is 

based on an AlGaAsIn-InP heterostructure, grown by metal–
organic vapor phase epitaxy (MOVPE). The active layer  

 
Fig. 7. (a) Microscope image of the dual-wavelength DFB laser 
array with L=1200 μm, (b) SEM image of the grating at 
beginning of the DFB cavity, (c) SEM image of the grating at 
the middle of the DFB cavity. 
 
contains five (6-nm-thick) compressively strained (1.2%) wells 
and six (10-nm-thick) slightly tensile strained barriers, located 
in the center of a graded-index, separate-confinement 
heterostructure (GRINSCH) layer (60 nm on each side) as 
reported in [23]. 

The isolation grooves with a depth of 250 nm were first 
etched by RIE, providing electrical isolation between the DFB, 
EAM and curved waveguide sections. Then, the first-order 
gratings with a period of 244 nm and the 2.5-μm-wide ridge 
waveguide with a height of 1.92 μm were defined by electron 
beam lithography (EBL) with a resolution of 0.5 nm using 
hydrogen silsesquioxane (HSQ) resist in a single step. After 
developing, the resist patterns were transferred to the sample by 
RIE using Cl2-CH4-H2-Ar etch gases. After the deposition of a 
further SiO2 layer, a 1.5-μm-wide contact window was opened 
on top of the ridge waveguide, and p- and n-metal contacts were 
deposited on both the top highly doped InGaAs contact layer 
and substrate sides respectively. As a final step, the sample was 
cleaved into individual laser bars with two facets uncoated. 

A microscope image of the dual-wavelength DFB laser array 
with L=1200 μm is shown in Fig. 7(a). Each device comprises 
an EAM section (30-μm-long), a DFB section, and two curved 
waveguides on the rear and front facets with electrical isolation 
grooves (30-μm-long) between them. The tilts of the curved 
waveguides at the front and rear facets are 10° and 30° and their 
radius are 2000 μm and 800 μm, respectively. The curved 
waveguides reduce the facet reflection, therefore the Fabry-
Perot (FP) modes are greatly suppressed. Scanning electron 
microscope (SEM) images of the HSQ mask patterns at the 
beginning and the center of the cavity of the DFB section are 
shown in Fig. 7(b) and (c) respectively. At the beginning of the 
grating, i.e., at 𝑙𝑙 = 0, the gratings on both sidewalls are aligned. 
At the middle of the grating, 𝑙𝑙 = 𝑃𝑃/2 and the gratings on the 
sidewalls are antisymmetric. 

Testing of the devices was carried out under continuous-  



5 
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

 

 

 

 
Fig. 8. 2-D optical spectrum map of a laser with 𝐿𝐿 = 1200 μm, 
𝐷𝐷=0.6 μm when the EAM reverse voltage (VEAM) is (a) 0 V and 
(b) –2.5 V. (c) Measured optical spectrum when 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵=100 mA, 
𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸= –2.5 V. (d) Simulated absorption spectrum of the EAM 
under different 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸. 
 
wave (CW) conditions, with the laser chips mounted on a 
copper heat sink at 20 °C. The optical outputs were measured 
from the front facet using an optical spectrum analyzer (OSA) 
with 0.06 nm resolution bandwidth (RBW) and the injection 
current in the front curved waveguide was maintained at 30 mA 

to reduce material absorption. The optical spectra of a device 
with 𝐷𝐷 = 0.6 μm and 𝐿𝐿 = 1200 μm when the DFB injection 
current (IDFB) changes from 0 mA to 160 mA are shown in Fig. 
8. 

In Fig. 8(a), it can be seen that good dual wavelength 
operation occurs only over the limited DFB current range 84 
mA – 89 mA. This is because there is severe competition 
between the two modes 𝜆𝜆1  and 𝜆𝜆2. When one of the modes has 
a higher gain, the other mode is easily suppressed. The 
integrated EAM has different absorption coefficients for 
different wavelengths and the absorption edge will be 
redshifted with 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 . Once a suitable 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸  is applied to the 
EAM, 𝜆𝜆1  and 𝜆𝜆2  will be absorbed to different degrees, thus 
establishing a new equilibrium state where both 𝜆𝜆1  and 𝜆𝜆2  
experience the same gain and therefore emit approximately the 
same optical power. In addition, the EAM section enhances the 
coupling between the two lasing modes, improves phase 
locking and stabilizes the mode beating frequency through the 
mechanism of nondegenerate four-wave mixing (FWM) based 
on the carrier-density pulsation (CDP) and spectral-hole 
burning (SHB) effects [14]. As shown in Fig. 8(b), the device 
operates in a good dual wavelength lasing condition for DFB 
currents from 93 mA to 145 mA with –2.5 V applied to the 
EAM. The current range for the dual wavelength operation 
condition is significantly improved compared with that for 
𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 =0 V (Fig. 8(a)). Fig. 8(c) shows the spectrum when 
𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸= –2.5 V and 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵=100 mA. Two strong FWM signals 
(FWM 1 and FWM 2) which are enhanced by the EAM can be 
observed on either side of 𝜆𝜆1  and 𝜆𝜆2 . Fig. 8(d) shows the 
simulated absorption spectrum of the EAM. The results show 
that under different 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 , the EAM has different absorption 
coefficients for 𝜆𝜆1  and 𝜆𝜆2.  

 
TABLE II 

THE WAVELENGTH OF THE SIGNALS 
 

Signal Wavelength 
FWM 1 1555.426 nm 
𝜆𝜆1  1555.815 nm 
𝜆𝜆2  1556.215 nm 

FWM 2 1556.614 nm 
 

Table II shows the wavelength values of 𝜆𝜆1  ,𝜆𝜆2 , FWM 1 and 
FWM 2. Considering that the resolution of our OSA is 0.06 nm, 
the spacing between any two adjacent signals is 0.4 nm. Fig. 
9(a) shows the wavelength spacing between 𝜆𝜆1  and 𝜆𝜆2  (𝛥𝛥𝜆𝜆), 
and the power margin between 𝜆𝜆1  and 𝜆𝜆2  (PM) for different 
𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  when 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 is –2.5 V. As shown in Fig. 9(a), 𝛥𝛥𝜆𝜆 remains 
equal to 0.4 nm with fluctuations within the OSA RBW when 
𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  is increased from 80 mA to 160 mA. The PM is at a low 
level when 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  is increased from 100 mA to 150 mA, and 
overall is less than 4 dBm over this range. The minimum PM is 
0.4 dBm when 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  is 104 mA. The 𝛥𝛥𝜆𝜆 under different 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸  is 
shown in Fig. 9(b). During the measurement, 𝛥𝛥𝜆𝜆 was recorded 
when the PM reached its lowest value for each value of 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸. 
The fluctuations in 𝛥𝛥𝜆𝜆 are also within the OSA RBW.  
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Fig. 9. (a) 𝛥𝛥𝜆𝜆  and power margin between 𝜆𝜆1  and 𝜆𝜆2  versus 
𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  when 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 is –2.5 V. (b) 𝛥𝛥𝜆𝜆 versus 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸. (c) One-hour 2-
D spectral scan of a laser at time intervals of 5 min when 𝐿𝐿 = 
1200 μm, 𝐷𝐷=0.6 μm. (d) 𝛥𝛥𝜆𝜆 and power margin between 𝜆𝜆1  and 
𝜆𝜆2 versus time. 
 

 
Fig. 10. (a) The optical spectrum of the device with 𝐿𝐿=1000 μm, 
𝐷𝐷=0.6 μm when 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  is 110 mA and 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 is −1.1 V. (b) 𝛥𝛥𝜆𝜆 
measured from optical spectra for different 𝐿𝐿 and 𝐷𝐷 values. 
 

A continuous scanning spectrum of the device over a period 
of 1 hour at 5 min intervals is shown in Fig. 9(c). The small drift 
of 𝜆𝜆1 and 𝜆𝜆2 is caused by the noise of the DC sources driving 
the DFB laser and the front curved waveguide, and of the 
voltage source driving the EAM, and environmental influences 
such as temperature fluctuations and mechanical vibration. 
Temperature fluctuations inside the device would be suppressed 
after the device is packaged. In Fig. 9(d), during the 1-hour 
measurement, 𝛥𝛥𝜆𝜆 remains 0.4 nm with fluctuations within the 
OSA RBW and the PM remains less than 2.1 dB. 

According to the simulation results, changing 𝐿𝐿 and 𝜅𝜅0 will 
lead to changes in 𝛥𝛥𝜆𝜆. A laser array with 𝐿𝐿 = 1000 μm and 
𝐷𝐷=0.60 μm, 0.63 μm, 0.66 μm, and 0.69 μm has also been 
fabricated and tested under CW conditions at 20˚C. 

As shown in Fig. 10 (a), two main modes (𝜆𝜆1 and 𝜆𝜆2) and two 
beating signals (FWM 1 and FWM 2) can be observed. As a 
result of 𝐿𝐿 being decreased to 1000 μm, 𝛥𝛥𝜆𝜆 increases to 0.462 
nm. In Fig. 10(b), 𝛥𝛥𝜆𝜆  measured from the optical spectra 
becomes larger as 𝐷𝐷  increases and becomes smaller as 𝐿𝐿 
increases. This variation is consistent with the simulated results 
shown in Table I and Fig. 4. 

 
Fig. 11. Measured P-I curves for (a) 𝐿𝐿=1200 μm, 𝐷𝐷=0.6 μm, (b) 
a laser array with different D values when 𝐿𝐿=1200 μm, 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸=0 
V, (c) a laser array with different D values when 𝐿𝐿=1000 μm, 
𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸=0 V. 
 

Fig. 11 shows the measured power-𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  (P-I) characteristics 
from the front facets of the devices with a 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  scanning step of 
2 mA and the injection current in the front curved waveguide 
kept at 30 mA. As shown in Fig.11(a), the device with 𝐿𝐿=1200 
μm has a threshold current of 40 mA. When 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸is 0 V, there 
are two discontinuities at 80 mA and 128 mA, which arise 
because the main lasing mode jumps between 𝜆𝜆1  and 𝜆𝜆2 . The 
discontinuities are consistent with the results shown in Fig. 8(a). 
Similarly, when –2.5 V is applied to the EAM, the two 
discontinuities occur at 86 mA and 144 mA, respectively. When 
𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 is increased from 0 V to −2.5 V, the threshold current is 
unchanged, but the slope efficiency is reduced slightly due to 
the increased absorption in the EAM. The slope efficiencies are 
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0.103 W/A and 0.096 W/A when 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸  is 0 V and −2.5 V, 
respectively. As shown in Fig. 11(b) and (c), a decrease in 𝜅𝜅𝐿𝐿 
results in an increase in the threshold current to 48 mA when 𝐿𝐿 
is reduced from 1200 μm to 1000 μm [24]. Compared to 
𝐿𝐿=1200 μm, there is a lower slope efficiency of 0.09 W/A when 
𝐿𝐿=1000 μm. 

The radio frequency (RF) signal was measured using a PD 
connected to an electrical spectrum analyzer (ESA). The optical 
signal was coupled by a lensed fiber from the front facet of the 
device. The fiber was connected to an erbium-doped fiber 
amplifier (EDFA, Pritel Inc FA-23, optical noise figure <6 dB) 
via an optical isolator and polarization controller. The optical 
isolator prevents amplified light from being reflected back to 
the device through the lensed fiber. The amplified optical signal 
was converted into an electrical signal by a PD (u2t Photonics 
XPDV2020R 50 GHz) and then sent to an external mixer 
(Keysight 11970V) via a coax-to-rectangular waveguide 
connector. The function of the diplexer is to separate/combine 
the LO/IF signal for the ESA (Keysight N9020B). The whole 
system is shown in Fig. 12. 

By properly adjusting 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  and  𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 , a series of stable RF 
signals from different devices were captured by the ESA within 
a scanning range of 14 GHz and at a resolution of 50 kHz. the 
8 RF signals from 8 devices with different 𝐿𝐿  and 𝐷𝐷  can be 
observed in Fig. 13(a). The parameters of the RF signals and 
the operating conditions of the laser arrays are shown in Table 
III. When 𝐿𝐿=1200 μm, as 𝐷𝐷 increases, the frequency of the RF 
signal 𝑓𝑓 increases from 50.04 GHz to 53.71 GHz. As a result of 
𝐿𝐿 decreasing to 1000 μm, higher values of 𝑓𝑓 from 57.11 GHz to 
59.73 GHz are observed, behavior consistent with the earlier 
simulations. The device (𝐿𝐿=1200 μm, 𝐷𝐷=0.6 μm) was operated 
over a period of 1 hour under 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  =105 mA and 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸=-2.5 V, 
and the recorded frequency and RF intensity as a function of 
time (recorded at 5 min intervals) are shown in Fig. 13(b), (c). 
During the 1 hour measurement, the RF frequency was 50.04 
GHz with a drift of less than 25 MHz. Meanwhile, the RF 
intensity exhibited a variation of less than 5.5 dBm. The 
frequency drift is caused by temperature fluctuations inside the 
device and the intensity variation is due to changes of the PM. 
This phenomenon would be suppressed by packaging the 
device. 

It should be noted that the 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 applied to DFB lasers with  
𝐿𝐿=1000 μm is lower (less negative) than that for 𝐿𝐿=1200 μm. 
This is because the 1000-μm-long DFB lasers have lower 
output powers than for 𝐿𝐿 =1200 μm, and saturation of the 
absorption can be achieved at a lower 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸. 

It should also be noted that during the measurement, 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  of 
different devices with same 𝐿𝐿 has a maximum spread of 11 mA. 
The larger 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  will give a larger red shift to 𝜆𝜆1  and 𝜆𝜆2, thus 
resulting in a frequency shift of the RF signal. The results 
shown in Fig. 9 illustrate that 𝛥𝛥𝜆𝜆 remains the same as 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  and 
𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸  are changed. Therefore, the frequency versus different 
wavelength center of 𝜆𝜆1  and 𝜆𝜆2 can be calculated from (5) 

𝑓𝑓𝑠𝑠 = 𝑐𝑐∙𝛥𝛥𝜆𝜆
(𝜆𝜆𝑐𝑐+0.5𝛥𝛥𝜆𝜆)(𝜆𝜆𝑐𝑐−0.5𝛥𝛥𝜆𝜆)

                         (5) 

where 𝑓𝑓𝑠𝑠 is the calculated frequency, 𝛥𝛥𝜆𝜆 is kept at 0.4 nm, 𝜆𝜆𝑐𝑐 is  

 
Fig. 12. Schematic of the RF signal measurement system. 
 

 

 
Fig. 13. (a) Measured RF spectrum from laser arrays with 
different D values for L=1200 µm and 1000 µm, respectively. 
(b) RF spectral scan over 1 hour at intervals of 5 min for a 
device with L=1200 µm, D=0.6 μm. (c) RF frequency and 
intensity versus time. 
 
defined as the mean wavelength between 𝜆𝜆1  and 𝜆𝜆2  (𝜆𝜆𝑐𝑐 =
(𝜆𝜆1 + 𝜆𝜆2 )/2). As shown in Fig. 14, 𝑓𝑓𝑠𝑠 has a variation of –0.063 
GHz/nm. According to Fig. 8(a) and (b), the wavelength red 
shift caused by the current drift is only 0.012 nm/mA, so a 
change of 11 mA in 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  will only lead to a 7 MHz frequency 
shift, which is negligible compared to the smallest RF 
frequency spacing of 590 MHz of the devices with different  𝐿𝐿 
and 𝐷𝐷. 
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TABLE III 
PARAMETERS OF THE RF SIGNALS FOR DIFFERENT DEVICES 

 
𝐿𝐿 

(μm) 
𝐷𝐷 

(μm) 
𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  
(mA) 

𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 
(V) 

𝑓𝑓 
(GHz) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
(dB) 

1200 

0.60 105 –2.5 50.04 31.3 
0.63 100 –2.1 51.35 35.5 
0.66 103 –2.3 52.37 28.0 
0.69 102 –2.3 53.71 27.3 

1000 

0.60 112 –1.1 57.11 25.9 
0.63 109 –0.9 58.07 25.3 
0.66 120 –1.4 59.14 27.3 
0.69 118 –1.5 59.73 30.4 

 

 
Fig. 14. Calculated frequency shift versus 𝜆𝜆𝑐𝑐  when 𝛥𝛥𝜆𝜆 is 0.4 
nm. 
 

For the same 𝐿𝐿, fluctuations in the intensity between the RF 
signals are caused by the different coupling losses between the 
lensed fiber and the device in each measurement. It can be seen 
that the RF signal intensity generated by the devices with 
𝐿𝐿=1000 μm is generally lower than those for 𝐿𝐿=1200 μm, which 
is due to the lower PD responsivity at higher frequencies and 
the lower output power of devices with 𝐿𝐿=1000 μm. 

Through experiments, it was found that RF signals can be 
obtained under a range of 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸  in one device. The optical 
linewidth under different 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 can be obtained by measuring 
the –20 dB bandwidth of the RF signal [25], and the measured 
results of a device with 𝐿𝐿=1200 μm, 𝐷𝐷=0.6 μm are shown in 
Fig. 15(a). When taking the measurements, the scanning range 
of the ESA was 200 MHz, and the resolution bandwidth was 20 
kHz. After fitting to a Lorentzian profile, the optical linewidth 
is equal to the value of the –20 dB bandwidth divided by 2√99 
[25].  

As shown in Fig. 15(b), by adjusting 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸, the maximum and 
minimum linewidths of 1200-µm-long devices are 280 kHz and 
200 kHz respectively. Considering measurement errors, the 
variation of 80 kHz is considered to be very small, and the 
typical linewidth of the device under different 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸  remains 
almost constant. It should be noted that when 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 is changed 
from –1.0 V to –1.7 V, over the 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵  range of 0-200 mA, the  

 

 
Fig. 15. (a) RF spectrum of DFB laser with L=1200 µm, 100 
MHz scanning range and 20 kHz resolution when 𝐼𝐼𝐷𝐷𝐷𝐷𝐵𝐵=102 
mA, 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 =–2.5 V. (b) Optical linewidth versus 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸  for a 
DFB laser with L=1200 µm. (c) Optical linewidth under 
different 𝐿𝐿 and 𝐷𝐷. 
 
power difference between the two main modes is larger than 10 
dB, and the RF signal cannot be generated by optical beating. 
As shown in Fig. 15(c), when the 𝐿𝐿 is reduced to 1000 μm, the 
linewidth of the device increases to around 850 kHz, a change 
consistent with the description in [26]. 

IV. CONCLUSION 
In this paper, a MDSL array is designed, fabricated and 

experimentally demonstrated. The 𝜅𝜅  is modulated to give an 
inverse-Gaussian distribution along the cavity by changing the 
alignment of the sidewall grating in each period. Stable dual 
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wavelength lasing is achieved with a suitable reverse voltage 
applied to the integrated EAM. Microwave signals, ranging 
from 50.04 GHz to 59.73 GHz, have been generated by 
changing the cavity length and grating recess. The experiments 
show that the typical optical linewidth is 250 kHz and 850 kHz 
when the cavity length is 1200 μm and 1000 μm, respectively. 
This is the first report of applying this grating coupling 
coefficient modulation method to semiconductor DFB lasers 
and the experimental results prove the device has the potential 
to be a compact microwave source. 
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