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1 1. INTRODUCTION

Recently, optical mm�wave techniques are consid�
ered to serve as one of the promising methods for wire�
less communications due to the ability to carry high
data rate signal for broadband access networks [1]. It is
also considered as a replacement for the high�defini�
tion (HD) and 3D video cables in the near future [2].
Generally, using optical modulator to produce the
dual�wavelength by optical carrier suppression
method could generate an mm�wave based on mode
beating in fiber communication [3]. Furthermore, the
dual�wavelength also could be generated by using Sag�
nac loop, high�birefringence fiber loop mirror, or non�
linear soliton designs according to erbium�doped and
ytterbium�doped fiber based ring cavity to obtain
dual�wavelength output [4–11]. However, the nonlin�
ear soliton effect would broaden the wavelength line�
width. Besides, due to the longer fiber ring cavity in
these laser schemes, it would result in the unstable and
multi�longitudinal�frequency (not single�longitudi�
nal�mode) output performances comparing with our
proposed mm�wave laser configuration.

In this paper, we propose and present a 170 GHz
mm�wave source using external�injected dual�mode
Fabry–Perot laser diode (FP�LD) with 2.5 Gb/s
direct modulation rate under 20 km single�mode fiber
(SMF) transmission. In addition, the relationship
between external injection signals and output mm�
wave performance has also been discussed. The pro�
posed fiber laser presents a simple and practical
170 GHz optical mm�wave source for the mm�wave in
fiber�optic link.

1  The article is published in the original.

2. EXPERIMENT AND RESULTS

The optical mm�wave signal can be generated by
our proposed laser scheme based on two�mode injec�
tion technology, as shown in Fig. 1. The dual�mode
laser generator is consisted of two distributed feedback
laser diodes (DFB�LDs), two polarization controllers
(PCs), a 1 × 2 optical coupler (CP), a 3�ports optical
circulator (OC) and a Fabry–Perot laser diode (FP�
LD). In this experiment, the bias current of FP�LD is
operated at 30 mA at the temperature of 23°C. To
obtain dual�wavelength output from the FP�LD, two
distributed feedback laser diodes (DFB1 and DFB2)
are used to act as the external injection lights to inject
two corresponding longitudinal modes. And the two
PCs are employed to adjust the properly injecting
polarization status to retrieve the two beat wavelengths
to generate optical mm�wave. Figure 2 presents the
originally output spectrum of FP�LD with a 1.38 nm
mode spacing (Δλ) before external injection. And,
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Fig. 1. Experimental setup of proposed dual�wavelength
laser generator.
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Fig. 2. Output spectrum of multi�longitudinal�mode FP�LD and output spectrum of the proposed mm�wave source after external
injection, and the insert are the output spectra of the dual beat�mode without and with direct modulation by a NRZ data at 1.25
and 2.50 Gb/s, respectively.
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Fig. 3. Short�term observation of the output powers and wavelengths for the proposed laser.
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Figure 2 also shows the output dual beat�mode spec�
trum of the proposed laser source before directly mod�
ulating the FP�LD when two DFB�LDs are used to
inject into FP�LD with two corresponding modes.
The obtained dual�beat�wavelengths are at 1545.34
and 1546.72 nm with the peak power of –4.9 and
⎯4.6 dBm, as seen in Fig. 2. Besides, the insert of
Fig. 2 shows the output spectra of the dual beat�mode
while the beating signal without and with direct mod�
ulation of the FP�LD with a non�return to zero
(NRZ) format data at 1.25 and 2.50 Gb/s, respectively.
Figure 2 also shows the side�mode suppression ratio

(SMSR) of 34 dB for the proposed dual beating�mode
laser scheme.

Next, we will study the output stabilities of dual�
wavelength and powers for the proposed laser scheme.
Thus, a short�term observation of the output powers
and wavelengths was measured, as shown in Fig. 3.
The lasing two wavelengths were at 1545.34 and
1546.72 nm (λ1 and λ2) with initially and the observa�
tion time was over 20 min. In Fig. 3, the wavelength
variations of λ1 and λ2 for the proposed mm�wave laser
can dramatically keep to zero over the observation of
20 min. And the two power fluctuations of the two las�
ing modes are obtained within 0.05 dB. After four
hours observation time, the stabilized output of the
proposed mm�wave laser is still maintained.

In addition, we also study the relationship of differ�
ent injection power and output dual�wavelength when
the two DFB�LDs are used. Hence, to evaluate and
analyze the proposed scheme, different external injec�
tion power variations (ΔPinject) of the two injection
lights are used. Initially, the injection powers of DFB1

and DFB2 are set at 0 dBm, and then reduce the power
of DFB2 gradually to cause the power differences for
injection. Figure 4 shows the output power difference
(ΔPbeat) of dual beat�mode versus different injection
power variation from 0 to 18 dB. As seen in Fig. 4,
when the ΔPinject is among 0 to 10 dB, the power differ�
ence of ΔPbeat can be observed between 0.1 and 0.4 dB.
While the ΔPinject is larger than 10 dB, the power differ�
ence ΔPbeat starts to increase rapidly. As a result, we can
see that this scheme can significantly stabilize the dual
beat�mode power (<0.4 dB) when the launching
modes have power fluctuation of 10 dB.
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Fig. 4. Output power difference (ΔPbeat) of dual beat�
mode versus different injection power variation (ΔPinject)
from 0 to 18 dB.
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The inserts are corresponding eyes.
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In this measurement, the dual beat�mode FP�LD
can be directly modulated at 1.25 and 2.50 Gb/s,
respectively, using the NRZ pseudo random binary
sequence (PRBS) with pattern length of 231–1. At the
Rx end, a high speed PD could be used to convert the
optical data to RF data at the carry frequency of
170 GHz (generated by the heterodyne beating at the
PD), and then emitted by the antenna (ANT). In this
proof�of�concept demonstration, due to the unavail�
able of a high�speed PD at the laboratory, a PD with
low�pass 2.5 GHz bandwidth (Bessel third order) was
used to detect the RF signal. To realize the mm�wave
over fiber performance, the bit error rate (BER) mea�
surements are performed. Figure 5 shows the BER
curves at 1.25 and 2.50 Gb/s NRZ direct modulations
under B2B and 20 km long transmission distances,
respectively. The received power sensitivities at BER of
10–9 are –27.5 and –26 dBm under 1.25 and 2.50
Gb/s, respectively, as shown in Fig. 5. Besides, the
inserts of Fig. 5 are the measured corresponding eye
diagrams. It is noted that dual�mode travels in the fiber
and would cause the differential propagation delay due
to fiber chromatic dispersion [12]. We observed a small
power penalties of 0.2 and 0.5 dB power penalties at
the BER of 10–9 are observed under 1.25 and 2.50
Gb/s respectively, after through 20 km long single�
mode fiber (SMF). Besides, the dual beat�mode laser
using optical injection with coherence performance by
autocorrelation measurement has also been per�
formed in the past [13]. In addition, comparing with
[14], our laser scheme not only is more stable, but also
is SLM output.

3. CONCLUSIONS

In conclusion, an mm�wave RoF transmission link
with dual beat�mode optical source is investigated. In
this study, we proposed and investigated a 170 GHz
mm�wave source by using dual beat�mode of a FP�
LD. The mode spacing (Δλ) of FP�LD used was
~1.38 nm. The dual beat�mode can be directly modu�
lated at 2.5 Gb/s NRZ format and 0.5 dB power pen�

alty at bit error rate (BER) of 10–9 is observed under
20 km SMF transmission without dispersion compen�
sation. Furthermore, the relationship between the two
external�injected lights is also analyzed, showing this
scheme can significantly stabilize the dual beat�mode
power (<0.4 dB) when the launching modes have
power fluctuation of 10 dB. In addition, to generate
the different frequency mm�wave signal, various mode
spacing of MLM FP�LD can be used in the proposed
dual beat�mode fiber laser.
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