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Abstract
This paper is presenting one of the technique for the generation 
of microwaves. It uses FWM (Four wave mixing) and a HNLF 
(Highly Nonlinear Fiber) and fiber bragg grating as a filter. In this 
experiment sixfold electrical frequency multiplication is done. The 
multiplicator is driven electronically at 6.67GHz and this setup 
will create microwaves of around 40GHz.
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I. Introduction
The millimetre carrier signal is the heart of a microwave photonic 
communication system. The generation of microwave signals 
using photonics has attracted much interest and several solutions 
have been presented. The simplest method is to modulate the 
continuous-wave light with desired frequency f0 from a microwave 
synthesizer, e.g., using an electroabsorption modulator . This 
method requires an electronic oscillator and a modulator working 
at frequency f0. An improvement to this direct approach can be 
made with a technique that involves an interferometric modulator, 
in which a Mach–Zehnder modulator (MZM) is biased for carrier 
suppression and driven with frequency f0/2 to create a microwave 
carrier with frequency f0. A similar technique utilizes the properties 
of a phase modulator. In this case, the phase modulator was 
driven at several Vπ to induce multiple-π phase delays and hence 
a modulation at an even harmonic microwave frequency.

II. Previous Technologies
All-optical techniques utilizing heterodyne mixing of two stabilized 
lasers with injection locking have been presented, and improved 
results with stabilization through fast electronic feedback have 
been demonstrated. These techniques require an oscillator with 
frequency fosc = (1/N)f0, where N is an integer, and complex 
feedback system to keep it stabilized. Furthermore, techniques 
where a microwave photonic carrier is created by self-oscillating, 
i.e., where no electric oscillator is used, have also been presented 
as optoelectronic microwave oscillators. These oscillators create 
microwave carriers with very narrow linewidth and very good 
phase noise properties. Several optoelectronic oscillators have 
been presented, which have been based on an MZM with single 
loop and with dual loop configuration as well as a similar setup 
with a phase modulator. Also, microwave signals with excellent 
amplitude and frequency stability and narrow bandwidth can 
be created by Four-Wave Mixing (FWM)  which avoids active 
frequency control

III. Techniques and Components
Microwave photonic generators based on FWM are good candidates 
for tuneable generation and frequency multiplication. However, 
previously reported work presents millimeterwave frequency 
comb generation by FWM in a dispersion shifted fiber, where a 
complicated filtering system is used to select the requested optical 

frequency components. Several Mach–Zehnder interferometers 
and array waveguides are used for this purpose. Also, a high 
amount of optical power is lost in the FWM generation of non 
selected tones. In this paper, the authors propose the use of carrier-
suppressed intensity modulation for selective FWM generation of 
optical carriers in a highly nonlinear fiber (HNLF)
It has been proved that under the right circumstances all power 
from the orthogonal optical carriers can be transferred to the new 
optical frequency components in the FWM process. This makes 
the setup very power efficient. However, in our setup, filtering 
is needed after the FWM, and a less complex setup of two fiber 
Bragg gratings (FBGs) is used to cleanly filter the generated FWM 
tones. 

III. A- Mach–Zehnder Modulation
A dual optical frequency source can be created from a single 
optical source with an MZM. The optical source has a frequency 
ν0 and the MZM is modulated with a sine wave with frequency 
f. The sinusoidal modulation voltage plus the bias applied to the 
modulator can be described by
V(t)= ε Vπ + α Vπ  cos(2πft)                        (1)
Where ε is the normalized bias point of the modulator and α is 
the normalized amplitude of the driving voltage. The resulting 
normalized field at the modulator output can be described by 
E(t) = cos(π/2[ε+ α cos(2πft)])  cos(2πvot)  (2)
It is apparent that even though the modulation is a single sine 
wave, the nonlinear transfer function of the modulator will induce 
harmonics in the output signal. An expansion of (2) with Bessel 
functions leads to an expression for the output field as
         E(t) = Jo(απ/2)cos[π/2ε]cos(2πvot)
        -J1(απ/2)sin[π/2ε]cos(2πt{vo-f})   
      - J1(απ/2)sin[π/2ε]cos(2πt{vo+f})   
      - J2(απ/2)sin[π/2ε]cos(2πt{vo-2f})      
      - J2(απ/2)sin[π/2ε]cos(2πt{vo+2f}
    + J3(απ/2)sin[π/2ε]cos(2πt{vo-3f})
    + J3(απ/2)sin[π/2ε] cos(2πt{vo+3f}  (3)
If the net bias of the modulator is Vπ(ε = 1), it follows from (3) 
that the component at ν0 will be suppressed as well as all even 
components. Two strong components will then appear at ν0 + 
f and ν0 − f, whose amplitudes are proportional to J1(α(π/2)). 
Consequently, the amplitude can be controlled with the modulation 
voltage. However, higher-order odd components will appear if 
the modulation amplitude is too high. In our case, the modulation 
amplitude is chosen so that the first odd components achieve 
maximum amplitude for which the amplitude of the second odd 
components remains negligible

IV. B-FWM
Starting with two input frequencies, separated by 2f, two new 
frequencies, separated by 6f, can be created through optical 
nonlinear effects such as FWM. FWM is an optical Kerr effect 
that is due to the third order electric susceptibility of the fiber 
material. It occurs when the light of three different wavelengths 
are launched into a fiber, giving rise to a new wave (generally 
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called idler) whose frequency is a combination of the original 
frequencies and the expression 
Vidler= vp1+vp2-vprobe    (4)
Where νp1 and νp2 are the pump light frequencies, and νprobe is the 
probe light frequency according to the standard notation. In order 
to get an efficient FWM process, the following phase matching 
condition is required, i.e.,
β(vidler)+ β(vprobe) = β(vp1)+β(vp2)   (5)
Where β is the propagation coefficient. A method to match this 
requirement is to choose the pump wavelength close to the zero 
dispersion wavelength of the fiber. Equations (4) and (5) express 
the energy and the momentum conservation, respectively. If only 
two waves of different frequencies copropagate through the fiber, 
the partially degenerated FWM occurs, and (4) becomes
Vidler = 2vp-vprobe      (6)
Thus, when the two modulated sideband frequencies are launched 
into an HNLF, they play the role of either the probe or the 
degenerated pump waves, which give rise to two FWM idlers 
at frequencies
Vidler1 = 2(v0-f) - (v0+f) = (v0 -3f)   (7)
Vidler2 = 2(v0+f) - (v0+f) = (v0+3f)   (8)
As mentioned above, the power in the two pumps can be completely 
transferred to the idlers under the right conditions. However, if 
complete power transfer does not occur,  filtering of the optical 
output is needed, where, e.g., FBGs can be used.

V. C-FBG Filtering
FBGs can be used to filter out the desired frequencies in the 
optical domain since the properties of FBGs are very suitable 
for narrowband filtering. In this proposal, the new frequencies 
that were created through FWM, separated by 6f, are filtered out 
in two steps.
In the first step, the desired frequencies are reflected by a dual 
bandpass FBG. In the second step, an FBG works as a bandstop 
filter and removes the remaining power at the frequencies between 
the wanted tones

VI. D-Fabrication of FBGS
The FBGs used in the experiment have been written on a 
conventional Germanium–Boron codoped photo-sensitive fiber 
by UV exposure using a doubled argon laser and uniform period 
phase mask . FBG1 is a dual overwritten FBG . It has been designed 
to present two resonant wavelengths by overwriting two different 
period gratings on the same 36-mm-long fiber. This onfiguration 
avoids the phase mismatch that two separated single gratings 
would induce on the reflected microwave signal. nm (40 GHz) 
detuned. Length and coupling coefficient (estimated to be 0.5 
cm−1) of the gratings have been chosen to get very narrow resonant 
peaks bandwidth, 0.04 nm at full width half maximum, so that 
the gratings act as very selective band rejection filters. The peak 
reflectivities are 93%and 92%.FBG2 is a slightly chirped grating 
with a high coupling coefficient (estimated to be 1.6 cm−1) and 
a length of 40 mm. This grating has been designed to have a 
reflectivity higher than 99.9% within a bandwidth of 0.14 nm 
(17.5 GHz) in order to reflect sideband tones of the 6.667-GHz 
carrier-suppressed modulated optical signal. 

IV. Experiment
The experimental setup is shown in fig. 3. An external cavity 
tunable laser, with narrow linewidth (order of 100 kHz), is used as 
a single frequency laser source. The tunable laser is amplified by 
an Erbium-Doped Fiber Amplifier (EDFA) and an MZM is used 

as optical modulator. An electrical oscillator with frequency f is 
used as signal source and the signal is electrically amplified before 
it is applied to the MZM. The modulator is biased with VB = Vπ in 
order to achieve carrier suppression of the optical signal. Fig. 1 
shows the optical spectrum after modulation, where the two peaks 
corresponding to the sideband tones are clearly distinguished. The 
output from the dual-frequency source (0.3 dBm) is extensively 
amplified by a high-power EDFA before entering the HNLF. The 
HNLF used has the zero dispersion wavelength λ0 HNLF at 

Fig. 1: Experiment Setup

1564nm, a dispersion slope S of 0.03 ps nm−2km−1, a nonlinear 
coefficient γ of 10 W−1km−1, and a length of 400 m. Nonlinear 
effects are achieved and new tones arise, separated by 6f, due 
to FWM From the theoretical analysis and the experiments, it is 
apparent that the generation of the two idlers is achieved solely 
from FWM in the 
HNLF. The requirements on the modulation voltage are thereby 
reduced. 

Fig. 2: Optical Spectrum After Modulation

However, if large modulation is available, the nonlinear process 
will be seeded by the third order sideband harmonics and the 
efficiency will be improved. The experiment in this work will 
focus on the unseeded FWM. Although the main part of the 
power in the modulation sideband tones passes through the 
grating, approximately 2% is reflected by higher order grating 
side lobes, therefore the sideband tones can also be distinguished 
in this spectrum. It is also notable that the reflection from FBG1 
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efficiently removes the Amplified Spontaneous Emission (ASE) 
from the spectrum created by the high-power EDFA.The FWM 
generation efficiency through the HNLF, defined as the power 
of the idler divided with the probe power, was estimated to be 
up to −7 dB due to the high-power EDFA amplification, which 
is an improvement of 10 dB compared to previously reported 
measurements where no high-power
Amplification was used. The filtering process is enhanced by 
FBG2, This grating rejects the remaining power of sideband tones, 
thus only the idlers of frequencies ν0 + 3f and ν0 − 3f remain at 
the output. filtering setup. When detected, beating of the two 
tones results in a harmonic microwave signal of frequency 6f. For 
accurate operation of FBG2 with respect to ν0, its central reflecting 
wavelength has been tuned to 1544.75 nm by stretching the fiber, 
to become centred between the idler tones, reflected by FBG1.

V. Results and Discussion
The result of the above experiment is shown in fig. 3 that shows 
the measured electrical spectrum of the output microwave signal 
when the tuning parameters of the system are adjusted for optimum 
performance. The input power to the HNLF was then 29 dBm, 
the optical carrier wavelength being ν0 = 194.21 THz (1544.75 
nm), and the driving frequency of the modulator being f = 6.667 
GHz. Higher input powers did 

Fig. 3: Spectrum of Output 

not increase the FWM efficiency since stimulated Brillouin 
backscattering then limited the performance. Hence, a strong peak 
at a frequency of 6f = 40 GHz, corresponding to the generated 
harmonic microwave signal, is observed in the spectrum. The 
resolution bandwidth of the measurement was 1 MHz The FBG 
filtering system efficiently suppresses the sidebands and other 
undesired optical waves that arise due to nonideal optical carrier 
suppression and consequent unwanted FWM. Thus unwanted 
electric harmonics are suppressed by more than 25 dB, which 
can be seen in fig. 3 As the suppression of undesired optical 
frequency components is high, the amplitude of the sixth-order 
microwave harmonic wave, at 40 GHz, remains constant with time. 
Depending on which starting frequency is used, even terahertz 
generation could be possible Finally, it was observed that the 
generated harmonic microwave signal was stable and insensitive 
to environmental changes along the fiber, such as temperature and 
mechanical perturbation.

VI. Conclusion
A new technique to generate a millimetre-wave carrier has been 
presented using six fold multiplication of an electrical microwave 
signal in the optical domain. This concept uses FWM of the sideband 
carrier-suppressed laser signal, modulated with microwave 
frequency, which is achieved in an HNLF. The idlers from the 
FWM are efficiently selected by a filtering configuration of two 
FBGs, generating a harmonic microwave photonic carrier at a 
millimetre-wave frequency. The technique is scalable for different 
output frequencies and is experimentally verified for creation of a 
40-GHz millimetre wave from an original microwave of 6.67 GHz. 
Suppression of undesired harmonics is measured to exceed 25 dB, 
and the detected harmonic microwave signal shows significant 
frequency and amplitude stability. Furthermore, the carrier to 
noise ratio exceeds 50 dB (over 3 Hz resolution bandwidth) and 
the line width is estimated to be less than 3 Hz. Even though the 
technique includes long fibers and optoelectronic devices, it shows 
stability and insensitivity to environmental changes.
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