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Abstract. We propose a flexible dual-pattern communication system based on the existing inten-
sity modulation and direct detection system, which exploits the wavelength tuning characteristic of
the distributed Bragg reflector (DBR) laser. At the transmitter side of the system, the DBR laser is
wavelength tuned by the wavelength coding signal and intensity modulated by the radio frequency
(RF) signal. At the receiver side, the RF signal is detected directly by photodetector 1, while the
wavelength coding signal is recovered by a specific optical filter. The proposed system is theo-
retically analyzed and verified at the C band experimentally. We successfully obtained clear eye
openings for the 10- and 25-Gb/s nonreturn-to zero signal. The waveform graphs of the 10- and
100-kHz wavelength coding signal were also measured. The two transmission patterns did not
interfere with each other no matter in the back-to-back or 5 km case. © The Authors. Published
by SPIE under a Creative Commons Attribution 4.0 International License. Distribution or reproduction
of this work in whole or in part requires full attribution of the original publication, including its DOL
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1 Introduction

The arrival of the information age has accelerated the growth of Internet data traffic, and the
optical communication has been playing an increasingly important role in the long, metro, and
short transmission networks. At the same time, the secure transmission of optical network sys-
tems has attracted widespread interests.! Physical-layer encryption using optical approaches is a
safe optical communication method in which the signal is protected at the physical layer to
prevent attackers from discovering the data transmission.”® The mainly physical-layer encryp-
tion methods for optical communication are chaos communication, optical code-division multi-
plexing, and hidden communication.*"'! Optical hidden communication hides the secure signal
in public signal and transmits them in a common channel. It is difficult for attackers to perceive
the existence of the secure signal. In addition, the optical hidden communication can use the
existing public optical network to realize the transmission of secure signal. Compared with other
methods for secure communication, the hidden communication is more attractive due to its low
cost, mature technical conditions, and flexible implementation advantages.'>'> On the other
hand, intensity modulation and direct detection (IM-DD) systems are widely used due to their
low power consumption and low cost,'* and the distributed Bragg reflector (DBR) laser is prom-
ising owing to its easy construction, compact size, and good long-term reliability.'>!”

In this paper, we proposed a dual-pattern communication system based on the IM-DD system
using the DBR laser to establish a high-speed, low cost, and secure optical communication system.
The dual-pattern communication system transmits the radio frequency (RF) signal and the wave-
length coding signal simultaneously, and the wavelength coding signal can be hidden in the RF
signal. The dual-pattern communication system can be used for the hidden communication, when
the wavelength coding signal acts as the secure signal and the RF signal acts as the public signal.
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At the transmitter side of the dual-pattern communication system, the DBR laser is wave-
length modulated by the wavelength coding signal while transmitting the RF signal by an
external Mach—Zehnder modulator (MZM). At the receiver side, the RF signal is detected
by a standard IM-DD scheme, and the wavelength coding signal is detected by an optical
filter and a photodetector (PD). The optical filter is used as an optical discriminator. We also
carried out an experiment to study the transmission performance of the dual-pattern commu-
nication system. To simplify the system, we chose a square wave signal as the wavelength
coding signal. The eye diagrams of the nonreturn to zero (NRZ) signal and the waveform
graphs of the wavelength coding signal were measured to evaluate the performance of the
system. The experiment results show that the IM-DD communication and the wavelength
coding communication can be carried out at the same time without interfering with each other.
Therefore, when the wavelength coding signal is hidden in IM-DD communication as the
secure signal, the wavelength coding signal will not be found unless utilizing a specific opti-
cal filter.

2 Device Characterization and Theory of Dual-Pattern Communication

The light source we used is a three-section DBR laser with a 1300-um cavity length including
gain section, grating section, and phase section. These three sections have different functions.
The gain section mainly controls the output power whereas the other two sections mainly control
the lasing wavelength. The wavelength tuning speed of the DBR laser is 10 ms.

The light—current characteristic of the commercial tunable DBR laser at 25°C is shown in
Fig. 1(a). The threshold current of the DBR laser is 40 mA, and the value of slope efficiency is
0.2 W/A when the grating current /,,in, and phase current /.. are both fixed at 0 mA. When
the Igpaing and Iphge are biased at 30 and 2.4 mA, respectively, the threshold current of the DBR
laser is 52 mA, and the slope efficiency is 0.18 W/A. Figure 1(b) shows the optical spectra of the
DBR laser with the Iy, and Iy fixed at 30 and 2.4 mA. Figure 1(b) shows that the wave-
length of the laser moves to longer wavelengths as the gain current increases. The wavelength
redshift caused by the injection current in gain section is the result of the thermal effect.
Figure 1(c) shows the output power of the laser versus /yqin, When the gain current /gy, is
100 mA and /g is 2.4 mA. Obviously, the output power is inversely proportional to the grating
current. This is because the current injected into the grating section increases the loss of the laser.
The lasing wavelength and the corresponding side mode suppression ratio (SMSR) of the DBR
laser are shown in Fig. 1(d). The wavelength is tuned from 1552.81 to 1544.72 nm with gpine
increasing from 0 to 70 mA, and the SMSR is >35 dB. The wavelength blueshift is the result of
the free carrier plasma effect, which leads to a decrease of the effective refractive index and a
blueshift of the grating reflection spectrum. At the same time, the injection of the grating current
will change the power of the main mode and the reflectivities of the main mode and side mode,
which will cause the SMSR to change.'

The tuning characteristic of the phase section is to achieve quasicontinuous wavelength tun-
ing without changing the output power.'” Figure 1(e) shows the output power of the laser versus
Iohase- Figure 1(f) shows the lasing wavelength and the SMSR as a function of I paee With Zgqin
and /gying biased at 100 and 30 mA. When the side mode and the main mode experience equal
losses, the side mode will take over and become the new main mode and the SMSR is at its worst.
It can be seen from Figs. 1(e) and 1(f) that when I, increases from 1 to 3.7 mA, the wave-
length decreases continuously, and the corresponding output power of the DBR laser just fluc-
tuates in a small range. This is because that the phase section realizes wavelength tuning by
changing the cavity mode.

As shown in Fig. 2(a), based on the quasicontinuous tuning characteristics obtained in
Figs. 1(e) and 1(f), a specific lasing wavelength corresponds to a specific phase current. If
we add a M-ary pulse amplitude modulation (M-PAM) wavelength coding signal to the phase
section of the DBR, the lasing wavelength will be tuned among A;, 4, ..., 4,,. The angular fre-
quency of the light wave can be expressed as the convolution of the sum of m rectangle functions

and a comb function:*
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Fig. 1 (a) The light output power as a function of the gain current, (b) typical optical spectra, (c) the
light output power as a function of the grating current, (d) wavelength tuning properties of the
grating section, (e) the light output power as a function of the phase current, and (f) wavelength
tuning properties of the phase section.

o(t) = [wlrect(t_to/z> +w2rect<t_?t°/2)+ +wmrect(t_ 2m=1)- fo/2>}

A 0 Ip
* comb (L> , 1)
mto

where the w;, w,, ..., ,, are the angular frequencies of the light wave corresponding to wave-
lengths Ay, 4,,...,4,,. Considering the wavelength tuning characteristic of phase section, the
electric field of the light wave emitted by the DBR laser is written as

E(t) = Eyexpli( / ' w(e)de 4 p(0)]. @
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where E, is the amplitude of the electric field and ¢(#) describes the laser phase noise.
Then, the light wave is external modulated by the MZM. The optical field at the output
of MZM is*!

Eonlt) = 5 0)- {exp (1 costone) + % )| +exp| -4 (peostonan) + 2) |}

where f is the RF modulation index of the MZM, wgf is the angular frequency of the RF
signal, and ¥ is the phase difference between the two arms of the MZM. The output current

of the PD is proportional to optical power:n*23

Ipp =R - P, “4)

where R is the responsivity of PD. At the receiver side, photodetector 1 (PD1) is used to
directly detect the optical signal, and the optical current /pp; generated in the PD1 can
be written as

1 .
Ipp; EE(Z) — Ej sin(@)J,(2) cos(wggt). &)

So, the RF signal can be detected directly by the PD1. An optical filter is set before PD2 as an
optical discriminator to recover the M-PAM wavelength coding signal. As shown in Fig. 2(b),
when the lasing wavelength located on the falling edge of the optical filter, the optical power
after passing through the optical filter will decrease as the wavelength increases. Therefore, the
optical current Ipp, generated in the PD2 is written as

1PD2 X E%(a - b/’{) (6)

The use of optical filter makes the output current of the PD2 determined by the wavelength,
that is, determined by the wavelength coding signal. So, the wavelength coding signal can be
detected directly by the optical filter and PD2.

According to the aforementioned theory, we propose a dual-pattern communication system.
The system transmits two communication patterns at the same time, namely the IM-DD com-
munication and the wavelength coding communication. The IM-DD communication transmits
the RF signal fed into the MZM. The wavelength coding communication transmits the wave-
length coding signal fed into the phase section of the DBR. Since the phase section of the DBR
achieves wavelength tuning by changing the cavity mode, modulating the phase current only
changes the laser wavelength without changing the output power.'” Therefore, the transmission
of the wavelength coding signal does not affect the communication quality of the IM-DD system.
For further application, when the wavelength-coded signal is hidden in the IM-DD system, the
dual-mode communication system can be used for hidden communication.
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Fig. 2 Operating principle of the wavelength coding communication. (a) Wavelength tuning char-
acteristic of the phase section. (b) The optical filter realizes the conversion from the wavelength
tuning to the intensity modulation.
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3 Experimental Results

The schematic diagram of the dual-pattern communication system we proposed is shown in
Fig. 3. The DBR laser is driven by the current source. The wavelength coding signal, generated
by the wavelength coding signal source, is fed into the current source to modulate the phase
current of DBR. Then, the light wave is sent to the MZM. The MZM is modulated by the
RF signal, which is generated by the pulse pattern generator (PPG). After a transmission through
the single mode fiber (SMF), a 10-dB optical coupler is used to split the optical signal into two
branches. The 90% of the optical signal are sent to PD1 directly to detect the RF signal. The 10%
of the optical signal enter PD2 after being processed by the optical filter. The filter realizes the
conversion from wavelength tuning to intensity modulation. Therefore, the PD2 can recover the
wavelength coding signal.

A proof-of-concept experiment was carried out to verify the proposed system. In the experi-
ment, the gy, and Iy in, Were biased at 100 and 30 mA, respectively. The /e Was 1.1 mA and
the output power measured at the pig-tail fiber was 7.3 mW. The injection current of the phase
section was modulated by the wavelength coding signal, which was generated by Agilent
33250A. For simplicity, we chose a square wave signal as the wavelength coding signal.
The voltage levels of Vi and Vi, were 25 and 0 mV, respectively. The corresponding
Iphase-high @nd Iphaeeow Were 3.1 and 1.1 mA, respectively. The working wavelengths of the
DBR laser were 1; 1546.6 nm and 1, 1546.9 nm. Figure 4(a) shows the optical spectrum of
light waves with wavelengths 1; and 4,. The wavelength-tuning light wave was externally modu-
lated by the MZM. We set the pseudorandom bit sequence (PRBS) NRZ signal generated
by PPG (Anristu MP1900A) as the RF signal. Then, the optical signal was transmitted to
the receiver side through the SMF, and the dispersion factor of the SMF was 17 ps/nmekm.
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Fig. 3 Schematic of the dual-pattern communication system. PPG, pulse pattern generator; MZM,
Mach-Zehnder modulator; SMF, single-mode fiber; PD, photodiode.
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Fig. 4 (a) The optical spectra of 14, 4,, and the measured optical filter response. (b) The optical
spectra of 1, and 1, after passing through the optical filter.
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For the 90% branch, the optical signal was sent to PD1 directly to detect the PRBS NRZ signal.
The bandwidth and sensitivity factor of the PD1 were 40 GHz and 0.7 A/W, respectively. For the
10% branch, an optical bandpass filter was used to serve as an optical discriminator. The
response of the optical filter is also shown in Fig. 4(a), which was measured by a broadband
optical source (Lightcomm ASE) and an optical spectrum analyzer (Advantest Q8384). The
optical spectrum of light waves with wavelengths 4; and 4, after passing through the optical
filter is shown in Fig. 4(b). It can be seen from Fig. 4(b) that only the light wave with wavelength
A1 passed through the filter, whereas the light wave with wavelength A, was filtered out. When
the wavelength was 4, the output current of the PD2 was high. When the wavelength was 4,, the
PD2 had no current output. Therefore, the square wave signal, namely the wavelength coding
signal, was detected by the PD2.

The small-signal modulation response of IM-DD system corresponding to 4; 1546.6 nm and
4> 1546.9 nm was measured to explore the communication capacity of the IM-DD system.
Figures 5(a)-5(d) indicate that the frequency response of A, is the same as A, in the case of
back-to-back (BtB), 1, 5, and 10 km. It is verified that the communication quality of the
IM-DD communication is not affected by the wavelength coding communication. Due to the
power fading induced by the optical dispersion and double sidebands modulation, we observed
the frequency dips of the frequency response in Figs. 5(c) and 5(d). The 3-dB bandwidth of the
IM-DD system was 30, 28, 13, and 8 GHz in the case of BtB, 1, 5, and 10 km, respectively. With
the increasing of the fiber length, the IM-DD system suffered from severer power fading effect,
thereby resulting in a smaller 3-dB bandwidth. Considering that we will perform the transmis-
sion of 25Gb/s NRZ signal,* we choose the fiber length of 5 km in the following experiment.

The eye diagrams of the PRBS NRZ signal detected by PD1 were measured to evaluate the
communication performance of the IM-DD system. Figure 6(a) shows the BtB eye diagrams
of the PRBS NRZ signal at a speed of 10 Gb/s when the wavelength coding signal source
operates at different frequencies. It can be seen from Fig. 6(a) that all the eyes open clearly.
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Fig. 5 The frequency response of the IM-DD system corresponding to 1, 1546.6 nm and
1, 1546.9 nm in the case of BtB, 1, 5, and 10 km.

Optical Engineering 116103-6 November 2021 « Vol. 60(11)



Xu et al.: Dual-pattern communication system using DBR laser in the intensity-modulation. . .

(a) 1.1 mA-10 Gb/s-BtB (b) 1.1 mA-25 Gb/s-BtB (C) 1.1 mA-10 Gb/s-5 km (d) 1.1 mA-25 Gb/s-5 km
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Fig. 6 The eye diagrams of the PRBS NRZ signal for (a) 10 Gb/s BtB transmission, (b) 25 Gb/s
BtB transmission, (¢) 10 Gb/s 5-km transmission, and (d) 25 Gb/s 5-km transmission.

The transmission of the wavelength coding signal did not deteriorate the NRZ signal. The mea-
sured 25-Gb/s BtB eye diagrams are shown in Fig. 6(b). There was also no evident difference
between the system with wavelength coding signal and the system without wavelength coding
signal for 25-Gb/s NRZ signal eyes. Therefore, the IM-DD communication will not be affected
by the wavelength coding communication. Apart from the BtB situation, we also explored the
transmission performance of the IM-DD communication in the case of 5 km. Figure 6(c) shows
the eye diagrams of 10-Gb/s NRZ signal after 5-km transmission. All the eyes were open and
clear. The eye diagrams corresponding to 10 and 100 kHz wavelength coding signal were the
same as the eye diagrams without wavelength coding signal. Figure 6(d) shows the eye diagrams
of 25-Gb/s NRZ signal after 5-km transmission. The extinction ratio of the eyes corresponding to
10 and 100 kHz wavelength coding signal was slightly decreased due to the dispersion of the
optical fiber.

The waveform graphs for the wavelength coding signal are exhibited in Figs. 7(a)-7(d) to
evaluate the communication performance of the wavelength coding communication. The mea-
sured wavelength coding signal frequency was consistent with the square wave frequency.
Figures 7(a)-7(d) show that the wavelength coding signals at 10 kHz are standard square waves,
whereas the square waves are distorted at 100 kHz. This is because that the wavelength tuning
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Fig. 7 The waveform graphs of the signal detected by PD2 at 10 and 100 kHz corresponding to
(a) 10 Gb/s NRZ signal BtB transmission, (c) 25 Gb/s NRZ signal BtB transmission, (b) 10 Gb/s
NRZ signal 5-km transmission, and (d) 25 Gb/s NRZ signal 5-km transmission.
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speed of the DBR laser is 10 ms, which limits the wavelength switching speed of A; and 4,.
Using a DBR laser with a fast wavelength tuning speed can significantly increase the rate of
wavelength coding signals. Shortening the cavity length, reducing the thermal effect, and adopt-
ing the pulse signal with pre-emphasis to tune the DBR laser can make the tuning rate of the
DBR laser reach the ns level.”>?® Figure 7(a) shows the 10- and 100-kHz wavelength coding
signal detected by PD2 under the BtB transmission for 10-Gb/s NRZ signal. The 10- and 100-
kHz wavelength coding signal detected by PD2 under the BtB transmission for 10-Gb/s NRZ
signal is shown in Fig. 7(b). Comparing the wavelength coding signal corresponding to 10- and
25-Gb/s NRZ signals in Figs. 7(a) and 7(b), there is no difference in the wavelength coding
signals when the IM-DD communication operates at different modulation speeds. It is verified
that the IM-DD communication did not disturb the wavelength coding communication.
Figures 7(c) and 7(d) show the wavelength coding signal detected by PD2 in the case of
5 km transmission. The waveform of the signal was similar to the case of BtB. However, the
voltage of the signal decreased due to the transmission loss of the fiber.

4 Conclusions and Discussions

We proposed a dual-pattern communication system based on the IM-DD communication system.
The dual-pattern communication system was realized by utilizing the wavelength tuning of the
phase section of the DBR laser. On the other hand, the wavelength coding signal can be hidden in
the IM-DD system to realize the hidden communication. We also verified the dual-pattern com-
munication system experimentally. The eye diagrams of the PRBS NRZ signal and the waveform
graphs of the wavelength coding signal were measured to evaluate the communication perfor-
mance of the system. The system carried out the wavelength coding communication and the IM-
DD communication at the same time without interfering with each other. However, the optical
dispersion and the wavelength tuning speed of the DBR laser are the main limitations of the dual-
pattern communication system. It is necessary to compensate the dispersion of the fiber and
improve the wavelength tuning speed of the DBR laser in real-world applications. A fast wave-
length tuning speed of the DBR can be achieved by shortening the cavity length, reducing the
thermal effect, and adopting the pulse signal with pre-emphasis to tune the DBR laser.
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