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Harmonic Millimeter-Wave Generation and
Frequency Up-Conversion Using a Passively
Mode-Locked Multisection DFB Laser Under
External Optical Injection
Kwang-Hyun Lee, Woo-Young Choi, Young Ahn Leem, and Kyung Hyun Park

Abstract—We demonstrate that a passively mode-locked multisection distributed-feedback (PML-MS DFB) laser can perform
both harmonic millimeter-wave generation and harmonic frequency up-conversion under the external optical injection. Optical
multiple modes generated by a PML-MS DFB laser produce
harmonic millimeter-waves by mode-beating in a photodiode
(PD), and the phase quality and stability are enhanced by the
injection of external optical signal modulated at fLO . In addition,
if the external optical signal is modulated simultaneously by fLO
and fIF , the PML-MS DFB laser performs all-optical frequency
up-conversion producing sidebands at fLO 6 fIF when detected
by a PD. Using this method, we demonstrate generation of stable
harmonic millimeter-waves at 30.42 and 60.84 GHz with fLO of
15.21 GHz, and up-conversion of 10-Mb/s quadrature-phase-shift
keying data at 150 MHz fIF into the 60-GHz band. These functions
of a PML-MS DFB laser can be useful for radio-over-fiber applications in which a compact optical source is needed for processing
high-frequency radio signals in optical domain.
Index Terms—Millimeter-wave generation, mode-locked lasers,
up-converters.

Fig. 1. Schematic explanations for (a) free-running, (b) injection locking with
external optical signal modulated at f , (c) all-optical up-conversion of f
into f
f .
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I. INTRODUCTION
ODE-LOCKED lasers have been actively investigated
for the generation of millimeter waves [1]–[5]. They can
generate stable harmonic millimeter-waves using the harmonic
optical injection-locking technique, where external optical
pulses modulated with the subharmonic frequency is injected
into a passively mode-locked laser [1]–[3]. In particular, monolithic semiconductor mode-locked lasers are of great interest
because of their compactness and stability [1]–[3].
Using mode-locked lasers with millimeter-wave generation
capacity, the function of data up-conversion from the intermeto the millimeter-wave band can be perdiate frequency
formed in the optical domain. Such a function is needed for realizing radio-over-fiber (RoF) systems for millimeter-wave band
applications [6].
In this letter, we demonstrate that a single passively
mode-locked multisection distributed-feedback (PML-MS
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DFB) laser under the external injection of RF modulated
optical signal can produce harmonic millimeter-waves and, simultaneously, perform optical up-conversion. Millimeter-waves
at 30.42 and 60.84 GHz corresponding to the second and fourth
harmonics of the PML-MS DFB laser fundamental frequency
are generated and their phase characteristics are enhanced
by injection of the external optical signal modulated by
,
close but not equal to the free-running frequency
of the
PML-MS DFB laser without injection. In addition, in order
to up-convert
into the desired millimeter-wave band, the
external optical signal is simultaneously modulated by
and
, resulting in optical sidebands separated from the
optical modes by
. When these signals are detected by a
photodiode (PD), desired up-converted IF signals are produced.
As a demonstration of this optical up-conversion, 10-Mb/s
quadrature-phase-shift keying (QPSK) data at 150 MHz are
up-converted into 60-GHz band and the quality of the resulting
up-converted data is characterized.
II. OPERATING PRINCIPLE
Fig. 1 shows the operating principle of our scheme. The structure of the PML-MS DFB laser is also shown in the figure. It is
composed of DFB, phase tuning, and two gain sections. Details
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Fig. 2. Measured RF and optical spectrum for free-running PML-MS DFB
= 30 mA, I
= 10 mA, I
= 100 mA,
laser with I
= 46 mA.
I

of passive mode-locking characteristics of this device without a
saturable absorber can be found in [7].
When the device is passively mode-locked, it has many
determined by the cavity
optical modes separated by
length. These optical modes can generate millimeter-waves
by mode beating in a PD
corresponding harmonics of
[Fig. 1(a)]. However, the broad linewidth of the generated
electrical signals is not suitable for such application as phase
modulated data signal transmission, often used in wireless
communications. This problem can be solved by the injection
of optical signal modulated at
[Fig. 1(b)].
If the injected optical signal is modulated by both
and
as shown in Fig. 1(c), optical modes of PML-MS DFB laser
are also modulated with
, resulting in sidebands separated
by
. When these optical signals are detected by a PD, electrical sidebands are produced
away from
. Effectively,
the PML-MS DFB laser performs frequency up-conversion of
into
. Furthermore, many harmonic modes of the
PML-MS DFB laser can be utilized for harmonic up-conversion
in which
can be up-converted into
. This type of
harmonic frequency up-conversion is very useful for such applications as RoF systems in which the function of up-conversion
of the phase-sensitive digital data at
into the desired millimeter-wave band is needed. [6].
III. EXPERIMENTAL RESULTS
Fig. 2 shows the measured RF and optical spectrum of a
PML-MS DFB laser without any external optical injection.
The device was designed to have
at around 15 GHz. By
changing the dc bias currents of DFB and gain sections,
can be tuned more than 1 GHz [7]. With many optical modes
as shown in the optical spectrum, the device can produce
many harmonic frequency components in RF domain by mode
beating.
Fig. 3 shows the measured RF spectra of the locked signals
detected by a PD. The power and the wavelength of the injected
optical signal into the PML-MS DFB laser were about 6 dBm,
1570 nm, respectively, and the injected optical signal was modulated by 25-dBm RF signal at
(15.21 GHz). In order to

Fig. 3. Measured RF spectrum of PML-MS DFB laser under external injection
locking for (a) fundamental-, (b) second-, and (c) fourth-harmonic component.

lock the PML-MS DFB laser, the external optical signal having
slightly higher than
GHz was needed. This is
because external optical injection causes the shift of PML-MS
due to carrier density variation [7].
DFB laser
The RF spectra of the fundamental component at 15.21 GHz,
the second at 30.42 GHz, and the fourth at 60.84 GHz are
shown in Fig. 3(a)–(c), respectively. The undesired noises near
the peak appearing in Fig. 3(a) and (b) are believed to be due
to the random modulation of PML-MS DFB laser originating
from current sources [8] and the increased noise floors shown
in Fig. 3(b) and (c) are due to external mixers (HP11970A for
the second harmonic and HP11974 V for the fourth harmonic)
used for measurement as well as two-stage low noise amplifiers having the total gain of about 35 dB used for the fourth
harmonic.
To analyze the signal quality of the locked PML-MS DFB
laser, we measured phase noises of the fundamental free-running and locked signals as well as the RF source used for
modulating the injected optical signal. Fig. 4 shows the results.
The measured phase noise value at 10-kHz frequency offset
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The up-converted data were evaluated by a 60-GHz self-heterodyne detector [10], and the resulting down-converted data
were analyzed by the vector signal analyzer. Fig. 5(b) shows the
down-converted RF spectrum and the eye diagram for the demodulated QPSK signal in the inset. The measured error vector
magnitude was about 15.6%, in which the magnitude error was
11.0% and the phase error was 6.5 . The relatively large magnitude error was due to the low modulation efficiency induced
by external optical injection, which can be improved by directly
modulating PML-MS DFB laser with electrical signals.
IV. CONCLUSION

Fig. 4. Measured phase noises of the free-running and locked PML-MS DFB
laser and the RF source.

In this letter, we have experimentally demonstrated that the
PML-MS DFB laser can perform both harmonic millimeterwave generation and all-optical harmonic up-conversion. Using
this, we successfully generated millimeter waves corresponding
to the second- (30.42 GHz) and the fourth- (60.84 GHz) harmonic components with the injection of the modulated optical
GHz. In addition, we demonstrated harsignal at
monic up-conversion of 10-Mb/s QPSK data carried at 150 MHz
to the 60-GHz band. This capability of harmonic millimeterwave generation and harmonic frequency up-conversion for the
PML-MS DFB laser can be very useful for 60-GHz RoF applications.
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