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Frequency-tunable microwave signal generation is proposed and experimentally demonstrated with a dual-wavelength
single-longitudinal-mode (SLM) erbium-doped fiber ring laser based on a digital Opto-DMD processor and four-wave
mixing (FWM) in a high-nonlinear photonic crystal fiber (PCF). The high-nonlinear PCF is employed for the generation of
the FWM to obtain stable and uniform dual-wavelength oscillation. Two different short passive sub-ring cavities in the main
ring cavity serve as mode filters to make SLM lasing. The two lasing wavelengths are electronically selected by loading
different gratings on the Opto-DMD processor controlled with a computer. The wavelength spacing can be smartly adjusted
from 0.165 nm to 1.08 nm within a tuning accuracy of 0.055 nm. Two microwave signals at 17.23 GHz and 27.47 GHz are
achieved. The stability of the microwave signal is discussed. The system has the ability to generate a 137.36-GHz photonic

millimeter signal at room temperature.
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1. Introduction

In recent years, techniques for the optical generation of
tunable high-microwave signals have been investigated for
many applications, such as broad-band wireless access net-
works, wireless sensing networks, radio-over-fiber networks,
radio over fiber (ROF) systems, software-defined radio, satel-
lite communication, radar, etc. Compared with conventional
electronic circuitry means, which are complicated and high
loss because of electrical distribution lines, optical genera-
tion exhibits excellent advantages, such the ability to gen-
erate tunable high-microwave signals, low phase noise, and
In ad-
dition, the optical generation of microwave signals can be
The ex-
ternal modulation technique based on a single-distributed
feed back (DFB) laser source and a Mach—Zehnder modu-
lator was employed to generate microwave signals.[!! Based

long-distance transmission in the low cost of fiber.

assigned to many antenna transmitting terminals.

on the polarization-dependent properties of the lithium nio-
bate phase modulator, the 40-GHz microwave signal was
achieved using an amplified signal generator and phase mod-
ulator with 10-GHz bandwidth.?! However, high-quality mi-
crowave reference source and high-speed modulator were in-
dispensable. Optical generation of microwave signals by the
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optical heterodyning technique was presented.*8! The high
quality microwave reference source was necessary to ensure
phase stabilization. Generation of a microwave signal us-
ing a dual-wavelength single-longitudinal-mode (SLM) fiber
ring laser was realized by utilizing dual-wavelength ultra-
narrow transmission-band fiber Bragg grating (FBGs).”! The
microwave signal at 20.07 GHz with a line-width less than
25 kHz was demonstrated by incorporating a delay interferom-
eter (DI).['9 However, due to the limitation of the wavelength
spacing, the microwave frequency was only above 20.07 GHz.

Tunable fiber lasers were demonstrated based on tun-
able fiber-Bragg-grating, liquid crystal opto-very-large-scale-
integrated (VLSI)!'"1?] and tunable polarization maintain-
ing fiber (PMF) Lyot-Sagnac filter.['3] Recently, we real-
ized a stable dual-wavelength tunable laser based on liquid
crystal opto-VLSI and four wave-mixing in the high nonlin-
ear photonic crystal fiber.!!!] Here, the optical generation of
a tunable microwave signal is demonstrated with an opto-
digital-micromirror-device (Opto-DMD) processor and pho-
tonic crystal fiber. The high-nonlinear photonic crystal fiber
(PCF) is employed for the generation of the four-wave mixing
(FWM) to obtain stable and uniform dual-wavelength oscil-
lation. Two different short passive sub-ring cavities, which
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are inserted into the main ring cavity, serve as mode filters
to make SLM lasing. The tunable microwave signals are ob-
tained by beating two lasing wavelengths at a high-speed pho-
todetector (PD). The two lasing wavelengths are easily elec-
tronically selected by loading different gratings on an Opto-
DMD processor controlled with a computer. Hence, the target
of smartly tuning the generated microwave frequency, which
corresponds to the wavelength spacing between two lasing
wavelengths, can be achieved easily by flexibly changing the
wavelength spacing. The wavelength spacing can be exper-
imentally tuned from 0.165 nm to 1.08 nm within a tuning
accuracy of 0.055 nm, and the frequency can be tuned from
17.5 GHz to 135 GHz.

2. Experimental setup and analysis

Figure 1 shows the schematic configuration of the ex-
perimental system for generating the tunable microwave sig-
nals. An erbium-doped fiber amplifier (EDFA), an Opto-DMD
processor, two sections of single-mode optical fiber with dif-
ferent lengths, a 30-m-long high-nonlinear PCF and a 1200-
mm~! blazed grating plate, are used. The fiber in the EDFA
is employed as the gain medium. The Opto-DMD processor
consists of 1024 x 768 pixels controlled by a micro-electro-
mechanical element. A two-dimensional (2D) blazed grat-
ing can be generated, and any two wavelengths of the ASE

spectra can be steered by uploading the corresponding voltage
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on the appropriate mirrors. The polarization controller (PC)
ensures that the system will generate the single lasing polar-
ization, and optimize the diffraction efficiency of the Opto-
DMD processor. The collimator array transforms the diver-
gent beam into collimated light, so that the coupling loss is
reduced. The 1200-mm~' blazed grating plate is an amplified
spontaneous emission (ASE) demultiplexer, and the blazed an-
gle is 70°. The 1x2 coupler with a 10:90 power splitting ratio
splits the light from the erbium-doped fiber amplifier (EDFA),
where 10% of the power is used to extract the laser output
while 90% of the power is re-circulated in the main fiber ring.
The Opto-DMD can generate a 2D blazed grating by corre-
spondingly driving, and the diffraction effect is obvious in the
near infrared band. Two optical couplers connect to the fibers
with different lengths, and constitute the sub-ring. The high-
nonlinear PCF is inserted into the main fiber ring, with a non-
linear coefficient of ~ 11 W~1.km~! and a flat dispersion of
~ 1 ps/(nm/km) around 1550 nm. The 1200-mm~' blazed
grating plate with a shining angle of 70° at 1530 nm, is em-
ployed to demultiplex the ASE spectrum and generate lasing
window onto the surface of the Opto-DMD processor. The
output laser is split into two parts by another 10:90 1x2 op-
tical coupler, 90% of the output power is applied to the high-
speed PD while the 10% part is monitored by an optical spec-
trum analyzer (OSA). The optical generated microwave signal
is observed by an electrical spectrum analyzer (ESA).

opto-DMD

processor \

- Computer

Fig. 1. (color online) Experimental setup. DMD: digital micro-mirror devices, PC: polarization controller, OSA: optical spectrum
analyzer, PD: photodetector, ESA: electrical spectrum analyzer, PCF: photonic crystal fiber.

In the experimental setup, the core component is the
Opto-DMD (0.55” DMD) processor. !4 It is a semiconductor-
based 1024 pixel x768 pixel array of addressable mirror-

pixels, and the side length of pixel is 10.8 um. The Opto-
DMD processor is actually a semiconductor optical switch

that million square micro-mirrors are integrated in the com-
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plementary metal-oxide—semiconductor (CMOS) silicon sub-
strate. Each micro-mirror represents a pixel and can inde-
pendently rotate +12° along its diagonal direction by using
a similar hinge effect of rotating device at the bottom. The
corresponding part of the ASE spectrum of EDFA mapping
onto the different rectangular tilting pixel blocks can diffract
efficiently by uploading the corresponding voltage on the ap-
propriate mirrors. Because the voltage is only applied to the
selected pixel address when the system is running, the next
corresponding mirror could be tilted. The rest of the ASE
spectrum of EDFA is directly reflecting on the unselected pix-
els, and this part of the light will not be coupled into the op-
tical fiber collimator. Finally, it can achieve the target that
the selected wavelengths of light are gaining and other wave-
lengths are attenuating. 90% of the ASE light generated by
the EDFA is coupled to the blazed grating plate through one
port of the dual fiber collimator. The dispersion appears in the
first-order diffraction direction. The dispersed light is mapped
onto different rectangular pixel blocks of the Opto-DMD pro-
cessor. The Opto-DMD processor can arbitrarily select dual-
wavelength from the ASE spectrum of the EDFA with two dif-
ferent steering gratings generated on the Opto-DMD proces-
sor, which is coupled back into the other port of the collimator
and amplified by the EDFA. However, the dual-wavelength is
extremely unstable and non-uniform due to the homogeneous
gain broadening of the erbium-doped fiber (EDF). As the high-
nonlinear PCF is inserted into the laser cavity, the FWM ef-
fect can suppress the mode competition and the homogeneous
gain broadening.!'!] The dual-wavelength light beams are am-
plified by the EDFA and repeatedly re-circulated through the
main cavity. Two sub-ring cavities can select a longitudinal-
mode according to the central wavelength. A stable and tun-
able SLM dual-wavelength can be achieved. The light field of

two lasing beams can be expressed as!!’!

Ei = Aqcos (wit+@1), Er =Agcos(mt+¢a), (D

where

27

21
Q1= 7 AL1+¢10, -

¢=— 2 AL2+(P207

with AL; and AL, being the optical path differences, ¢;o and
(0 being the initial phases. The total intensity is

I = (E\+Ey)?
= A%[cos (@11+;) +cos (0t +¢2 )]
= A*{14cos[(®;—w) 1+ (p1— )]
+ cos[(@1+ ) t+ (@1 +¢2)]
x (1/2)cos (2at+2¢;) + (1/2)cos (2ant+2¢2)}. (2)

Compared with the light frequency fiign, the cut-off response
frequency fpp of PD is small enough, and the items @;+ @,

2oy, and 2@, can be omitted. Equation (2) can be simplified
into

I = A%cos (w1 —)t+ (91— )]

2
= A%cos [(a)lwz)ﬂr; (ALzALl)Jr((PIO(PzO)} N E))

where @;—a, is the so-called beat frequency. Based on the
condition fpp = fiignt, the approximate response of PD can be

written as
A% (T 2
Iz?/o cos (a)l—a)z)t—i—T(ALz—ALl)—i—((pm—(pzo) dr

~ A’sin [((Dl—wz)T—Fz/{r (AL,—ALy) + (<P10—(P20)} G
To generate microwave signals by the optical heterodyning
technique, the two lasing beams from the output of only a sin-
gle laser source should satisfy several conditions. Firstly, the
phase fluctuations should be as small as possible. Secondly,
the wavelength difference between two lasing beams should
keep stable, and the two lasing wavelengths must be oscillat-
ing SLM. Since the microwave signals are generated with only
a single laser source, two lasing wavelengths share the same
gain medium EDF in the laser ring cavity, the phase fluctua-
tions can be minimized as much as possible.

By applying two different appropriate steering gratings to
the Opto-DMD processor without any mechanical shift, the
arbitrary two lasing wavelengths can be independently and re-
liably steered and coupled into the fiber collimator. Suppose
that two beams are selected to be lasing at A; and A, (corre-
sponding to two frequencies ; and @,). The mode compe-
tition caused by the EDF as a homogeneous medium is detri-
mental to the output of a uniform dual-wavelength. In order
to make the two lasing beams stable and uniform, the high-
nonlinear PCF, which causes two degenerate FWM processes,
is inserted into the main cavity. The basic principle of inhibit-
ing mode competition by FWM is to compensate for the opti-
cal powers of different wavelengths through the redistribution
of beam energies.[!"'®! The two degenerate FWM processes,
namely w,+®3=2®; and ©;+ w4 = 2@,, can generate another
two wavelengths @3 and @w,. Here, we define Py, P>, P3;, and
Py as the optical powers at the frequencies @y, a», @3, and @y,
respectively, and they can be related by!!”!

Py =7'L*PiPy, )

Py =y L*PiP,. (6)

Here, parameter Yy represents the nonlinear coefficient of the
fiber, L is the interaction length of FWM. The corresponding
increments of powers at ®; and @,, namely AP, and AP», orig-
inate from @, and @, respectively. In our experiment, two
photons of frequency @, are annihilated to produce one pho-
ton of frequency w3 and other photon of frequency @,, and
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w3 ~ w,, so AP, can be determined as

AP, =~ Py = Y’L*P{P. (7
A similar procedure plays the same role in valuing AP

AP, =~ Py = YL?P3P,. 8)

As a conclusion, the difference AP between AP, and AP, can
be determined as

AP = AP|—AP, = Y’L?P\P, (P,—P). ©)

Therefore, when P,>Pj, then AP>0, so the energies are trans-
ferred from @, to w;, when P,<Pj, then AP<O0, the energies
are transferred from @; to m,. Under the action of two degen-
erate FWMs, the two lasing beams become stable and uniform
at room temperature.

The Opto-DMD not only selects the output wavelength,
but also serves as a mode restriction element to provide the
preliminary selection of laser modes. However, the band-
width of the Opto-DMD filter is relatively wide, and the fur-
ther mode selection should be provided by two sub-rings. Two
passive sub-rings are inserted into the main cavity to serve as a
single-longitudinal-mode filter.['®1°1 According to the Vernier
effect,!?%) the oscillating mode of EDFL with sub-ring cavities
should simultaneously satisfy the resonant conditions of both
the main ring cavity and two sub-ring cavities. According to
the basic principle of the ring laser, the resonant mode con-
dition, which includes the main ring and the subring, can be
described by

BLmain =2mr, (10)
BLsw= 2n+1)m, (11

where sub= 1,2, Ly, is the length of the main cavity, Ly, is
the length of the two sub-ring cavities, respectively. f3 is the
propagation constant, m and n are all positive integers. In the
case of satisfying the phase condition of both the main cavity
and two sub-ring cavities at the same time, the laser mode only

can oscillate. The free spectral range (FSR) of the ring cavity

can be described by!!’]
FSRain = C/anaim (12)
FSRyup = c/anuba (13)

where c is the speed of light in a vacuum, # is the effective
refractive index of the fiber loop, FSRy,in is the FSR of the
main ring cavity, and FSRp, is the FSR of the sub-ring cavity.
Generally, each ring resonator has its own resonant frequency.
The FSRyrc of the MRC laser should take the least common
multiple of FSRyrce and FSRgyp,

FSRyre = 2mFSRpain = (271+ 1)FSRgup

= (FSRmainaFSRsubl 7FSRsub2) (14)

lem*

The FSRymrc of the SLM laser will become so large that
it can suppress the other longitudinal-modes to achieve SLM.

3. Experimental results and discussion

The output laser wavelength shifts 0.055 nm while one
pixel in the Opto-DMD is changed (i.e., 0.055 nm/pixel), un-
der computer controlling, and the corresponding frequency
bandwidth at 1550 nm is 6.87 GHz. In order to obtain dual-
wavelength SLM lasing, two sub-ring cavities are inserted into
the main cavity. In order to compare the difference between
SLM lasing operation and MLM lasing operation, the corre-
sponding result is shown in Fig. 2 before two sub-ring cavi-
ties are used. It can be seen that the laser operates in MLM.
When the main cavity is combined with two sub-ring cavities,
mode competition will be well suppressed. The lengths of sub-
rings are 1.9 m and 2.1 m, corresponding to the FSRs of nearly
107.56 MHz and 97.31 MHz, respectively. According to the
Vernier effect, the FSR can be above 41.5 GHz, which is larger
than the filter bandwidth. In this way, SLM dual-wavelength

lasing can be achieved.

—52F
g —56
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<
5 —60F
g
o
—64
—68

20 22 24 26 28 30
Frequency/GHz

Fig. 2. Output electrical spectrum in MLM operating with only the main
ring.

As shown in Fig. 3, the stable dual wavelength SLM laser
is achieved with the influence of the FWM process in the high-
nonlinear PCF. Figure 3(a) shows that the dual-wavelength las-
ing with an interval between the two steering gratings on the
Opto-DMD processor of 3 pixels. It is detected by a high-
speed 30-GHz PD (u2t photonics The Optilab PD-30 GHz),
and a 17.23-GHz beat signal is achieved. The electrical spec-
trum of the beat signal is measured by an ESA (R&S FSV-
30 GHz) as shown in Fig. 4(a). We can see that only a mi-
crowave signal can be observed, which means that the dual-
wavelength laser is operating in SLM. When we adjust the
interval between two steering gratings to 4 pixels, the out-
put optical spectrum and the microwave spectrum are given
in Figs. 3(b) and 4(b) respectively. A 27.47-GHz optical mi-
crowave signal is generated.

064217-4



Chin. Phys. B Vol. 23, No. 6 (2014) 064217

10
(2)
£ of
as)
o
5 101
E
)
Q.
£ —20f
jon
£
5
O 730 -
—40 - )
1548.75 1549.50 1550.25 1551.00
Wavelength/nm
10
(®)

Output power/dBm

1549.50 1550.25 1551.00

Wavelength/nm

1548.75

Fig. 3. Output spectra of the dual-wavelength SLM lasing, with wave-
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Fig. 4. Output electrical spectra of optical microwave signal when two
sub-ring cavities are inserted, showing (a) 17.23-GHz microwave signal
corresponding to an interval of 3 pixels, and (b) 27.47-GHz microwave
signal corresponding to an interval of 4 pixels.

Figure 5 shows that the power fluctuation of the 17.23-
GHz microwave signal is 8.9 dB, and the power fluctuation of
the 27.47-GHz microwave signal is below 2 dB. The stability
of the microwave signal at 27.47 GHz generated with a 4-pixel

spacing is improved. When the interval between two steering
gratings is 3 pixels, the corresponding theoretical wavelength
spacing is 0.165 nm, while the measured wavelength spacing
is 0.14 nm. When the interval of 4 pixels is used, the corre-
sponding theoretical wavelength spacing is 0.21 nm, which is
close to the measured result.
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Fig. 5. (color online) Power fluctuations when microwave signals at
17.23 GHz and 27.47 GHz, respectively.
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Fig. 6. (color online) Fluctuations of wavelength with the intervals of 4
pixels and 20 pixels.
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Fig. 7. (color online) Fluctuations of power difference with the intervals
of 4 pixels and 20 pixels.

With the increase of the interval between the two steering
gratings, fluctuations on the power and the wavelength differ-
ence decrease, which indicates that the stability of the gen-
erated microwave signal is improved. Fluctuations on wave-
length and power difference are shown in Figs. 6 and 7. When
the interval is 20 pixels, the maximum fluctuations on power
and wavelength difference are 0.363 dB and 0.3 pm respec-
tively, and the spectra in the 150 min are shown in Fig. 8.
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The side-mode suppression ratio is 45 dB and the wavelength
spacing is 1.08 nm, which shows that a stable 137.36-GHz
photonic millimeter signal can be generated.

The tunable capability of a photonic microwave signal
can be smartly achieved based on the tunable wavelength
spacing by controlling the interval between the two recon-
figurable steering gratings. The output spectra of the dual-
wavelength SLM lasing with different intervals are shown in
Fig. 9. When the interval is 1 pixel or 2 pixels, the mode
competition between two SLM wavelengths is too serious to
guarantee the stable dual-wavelength laser. The unstable SLM
dual-wavelength laser is adverse to the generation of an op-
tical microwave signal. When the interval is above 2 pixels,
a stable microwave signal can be generated. The relations of
wavelength spacing and microwave frequency to interval are
shown in Figs. 10(a) and 10(b) respectively. The generated op-
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for the microwave signal is 27.47 GHz.
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Fig. 8. Measured output spectrum of the SLM dual-wavelength laser
for 150 min when the wavelength spacing is 20 pixels.
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Fig. 9. Output spectra of the dual-wavelength SLM lasing with intervals of (a) 10, (b) 12, (c) 16, and (d) 20 pixels.
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4. Conclusions

In this paper, the frequency-tunable microwave sig-
nal generation is experimentally demonstrated with a dual-
wavelength SLM erbium-doped fiber ring laser based on a
digital Opto-DMD processor and FWM in a high-nonlinear
PCF. The two lasing wavelengths are electronically selected
by loading different reconfigurable gratings on the Opto-
DMD processor. The high-nonlinear PCF is employed for
the generation of the FWM to obtain stable and uniform dual-
wavelength oscillation. The two sub-ring cavities can suppress
the mode competition and ensure that the dual-wavelength
oscillates in SLM. The wavelength spacing can be smartly
adjusted from 0.165 nm to 1.08 nm within a tuning accu-
racy of 0.055 nm. Two microwave signals at 17.23 GHz and
27.47 GHz are obtained by beating the SLM dual-wavelength
at a PD. The stability of microwave signals is discussed. The
system has the ability to generate a 137.36-GHz photonic mil-
limeter signal.
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