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This paper analyzes and demonstrates a simplified frequency quadrupling configuration for optical millimeter-wave
(mm-wave) generation, in which the electrical phase shifter and optical filter are omitted. Theoretical analysis is given
to reach the optimum operating conditions including direct current (DC) bias voltage, optical transmission point of the
dual-parallel Mach-Zehnder modulator (MZM) bias voltage, optical transmission point of the dual-parallel
Mach-Zehnder modulator (DP-MZM), amplitude of the radio frequency (RF) driving signal and the impact of the ex-
tinction ratio (EF) on the optical sideband suppression ratio (OSSR) and radio frequency spurious suppression ratio
(RFSSR). Experiments prove an OSSR of 15 dB and an RFSSR of 26 dB for the new frequency quadrupling scheme at
6 GHz, 8GHz and 10 GHz of RF driving signal without any electrical phase shifter or optical filter. This system exhib-
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its the advantage of low wavelength dependence and large frequency tunable range.
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Photonic generation of high frequency millimeter-wave
(mm-wave) signal has attracted great interests for ra-
dio-over-fiber (ROF) link, broadband wireless commu-
nication systems, optical measurement, radars and tera-
hertz applications!' ). Photonic generation of mm-wave
takes the heterodyne scheme of two phase correlated
optical signals and comes up with the beat wavelength at
photodiode (PD). External modulation technique based
on Mach-Zehnder modulators (MZMs) shows an out-
standing potential to generate mm-wave signal among
various approaches because of the wide frequency tun-
able range, high nonlinear efficiency, low phase noise
and excellent system stability.

Various approaches based on MZMs have been re-
ported in mm-wave signal generation. A single MZM
biased at the carrier suppressed double sideband
(CS-DSB) transmission point generates only frequency
doubling signal'®. Frequency quadrupling commonly
requires two cascaded MZMs as well as an electrical
phase shifter’”, or an integrated dual-parallel
Mach-Zehnder modulator (DP-MZM) with an electrical
phase shifter'® only. Despite a few groups reported a
frequency quadrupling configuration which the electrical
phase and optical filter are omitted, there is a lack of a
clear theoretical analysis and experimental results dis-
cussion'”. All of the approaches are based on the inherent
nonlinear response of MZM to generate high-order opti-

cal sidebands''?. Several frequency 10 to 16-tupling

optical millimeter-wave signal generation schemes are
reported aiming at mm-wave signal generation, in which
frequency multiplication is realized by involving nonlin-
ear devices, such as semiconductor optical amplifier
(SOA) or nonlinear optical fibers!*'*. But electrical
phase shifter and optical filter in these systems limit not
only the frequency tuning range, but also the tuning
speed. Recently, some dual-parallel polarization modu-
lator (DP-PoIM) schemes have been proposed to gener-
ate frequency sextupling mm-wave signal without an
optical filter, but lacks experimental demonstration'®!”.

In this paper, we firstly investigate a simplified optical
mm-wave quadrupling scheme, which operates without
either an electrical phase shifter or an optical filter.
Compared with traditional optical mm-wave generation
scheme, the new scheme exhibits a much broader fre-
quency tunable range, lower wavelength dependence,
and higher stability. The experiment results prove the
gain of 6 GHz, 8 GHz and 10 GHz RF driving signals
with an optical sideband suppression ratio (OSSR) of
15dB and a radio frequency spurious suppression ratio
(RFSSR) of 26 dB.

Fig.1 outlines the proposed scheme of frequency
quadrupling optical mm-wave signal generation. The
DP-MZM consists of two child MZMs (MZM-a and
MZM-b) and a parent MZM (MZM-c).
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PC: polarization controller, DP-MZM: dual-parallel Mach-Zehnder
modulator, RF: radio frequency generator, EDFA: erbium doped fiber
amplifier, PD: photo-detector, ESA: electrical spectrum analyzer, OSA:
optical spectrum analyzer

Fig.1 Principle diagram of the simplified optical
mm-wave generation with frequency quadrupling

Assume the incident continuous wave has an expres-
sion

E(1)=E, exp{j[a)ct+¢(l)}} , (1)

where Ey, w. and ¢(7) are the amplitude, angular fre-
quency and phase fluctuation of the optical field, respec-
tively. In our scheme, the MZM-a biases at the maximum
optical transmission point (MATP) to suppress all the
odd-order optical sidebands. The output electrical field of
the MZM-a has the form as
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where f=nV,/2V, is the modulation index (MI), V7, and
@y, are the amplitude and the angular frequency of the
RF driving signal, V; and y are the switching voltage and
the power splitting ratio of the DP-MZM, J,(*) is the nth
order Bessel function of the first kind.

There is no RF driving signal incident into MZM-b,
and the optical carrier is DC biased at Vy;,5. The electri-
cal field of the MZM-b output has a form as
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MZM-c is DC biased at Vy,s. to introduce a phase
difference into the output electrical fields of the MZM-a
and the MZM-b. Ignoring the high order optical sideband
terms, the output of the MZM-c has a form as
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According to Eq.(4), the optical carrier vanishes when
the following conditions are satisfied,
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Assume y=0.45, extinction ratios of single MZM and
DP-MZM are 20dB and 40 dB, respectively. Thus,
Egs.(5) and (6) lead to Vijas.s=3.63 V and Vyies.=5.73 V.

The generated optical sideband signals cause beats
when they arrive at the PD and generate the frequency
quadrupling mm-wave signal from the two second-order
optical sidebands. The photocurrent,

Ly =RIE O, (N
where R is the responsivity of the PD.

In order to validate the quality of the frequency quad-
rupling mm-wave signal, we simulate the response of the
system in Fig.1 on OptiSystem platform. The light
source uses a continuous wave (CW) laser diode with
central wavelength of 1 548.92 nm, linewidth of 10 MHz
and output of +25 dBm. The MZM-a is driven by the RF
driving signal of 10 GHz and biased at the MATP. The
MZM-b and MZM-c are biased with the DC voltage set
to 3.626 8V and 5.734 9V, respectively. In order to
match with the actual experimental conditions, we refer-
ence the extinction ratio (ER) of DP-MZM (FUJITSU,
FTM7962EP) in our experiment to that of MZM-a,
MZM-b and MZM-c, which are 20 dB, 20 dB and 22 dB,
respectively. An EDFA with gain of 20 dB and noise fig-
ure of 5 dB is utilized at the output of the DP-MZM for
the insertion loss compensation of the DP-MZM. The
responsivity of the PD is 0.8 A/W, dark current is 10 nA
and thermal noise is 1x10** W/Hz.

The simulated optical spectrum of the DP-MZM for
the frequency quadrupling mm-wave signal is shown in
Fig.2. The resolution is 0.01 nm. The power of the
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second-order optical sidebands is 8 dB, which is 15 dB
higher than the first-order optical sidebands. The
first-order optical sidebands are not suppressed com-
pletely due to the finite ER of the DP-MZM. Fig.3 illus-
trates the simulated electrical spectrum of the PD, in
which 20 GHz harmonic and 40 GHz harmonic refers to
the first-order and second-order optical sidebands. The
power of the 40 GHz mm-wave signal is the strongest in
the electrical spectrum with a 15 dBm electrical power
and a 30 dB RFSSR.
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Fig.2 Simulated output optical spectrum of the
DP-MzZM
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The ER of the single MZM is around 20—35 dB!®),
From Fig.4, we can see that the OSSR linear increases
with the ER. The fitting result in Fig.4 shows the OSSR
coefficient of the ER is 1.03. However, Fig.5 Shows the
RFSSR linear increases with the ER before 31 dB and
keeps even thereafter. The RFSSR is more sensitive to ER
variation when it less than 31 dB at a gradient of 1.93
and keeps unchanged till 35 dB. The simulation results
prove an acceptable system performance with OSSR over
15 dB and RFSSR over 30 dB on the condition of the ER
of single MZM of 20 dB to 22 dB.

The experiment system shown in Fig.1 is exactly the
same as in simulation. A distributed feedback Bragg
(DFB) laser of 1 548.92 nm, linewidth of 3 MHz oper-
ates with a polarization controller (PC, THORLABS,
FPCO032) before launching into a DP-MZM (FUJITSU,
FTM7962EP). DP-MZM has an insertion loss of 7 dB
and an optical bandwidth of 22 GHz. A RF local oscilla-
tor (RF, ROHDE&SCHWARZ, SMB100A) supplies
DP-MZM with RF signals. An EDFA amplifies the out-
put signal of DP-MZM and sends into an optical spec-
trum analyzer (OSA, YOKOGAWA, AQ6370C). Finally,
the frequency quadrupling mm-wave signal is detected
by an integrated high-speed PD (40 GHz) and analyzed
by an electrical spectrum analyzer (ESA, KEYSIGHT,
N9010A, 10—44 GHz).

As analysis of the operation principle, MZM-a,
MZM-b and MZM-c are biased at the MATP, the DC
voltage of 3.63 V and 5.73 V, respectively. In order to
obtain a stable DC voltage, we use the DC power supply
of KEYSIGHT E3620A. In our experiments, we obtain
24 GHz, 32 GHz and 40 GHz mm-wave signal using a
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RF driving signal of 6 GHz, 8 GHz and 10 GHz.
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Fig.6 shows the obtained optical spectrum of the
DP-MZM. The wavelength resolution of the OSA is
0.02 nm. It is clearly shown in Fig.6 that the sec-
ond-order optical sidebands have intervals of 24 GHz,
32 GHz and 40 GHz respectively for RF driving signal of
6 GHz, 8 GHz and 10 GHz, output power of +7 dBm and
15dB OSSR. The results are in good consistency with
the theoretical simulation results. Besides the sec-
ond-order sidebands, several higher order harmonics
remain observed for the imbalanced y-junction splitting
ratio and imperfect ER of DP-MZM. Because a limited
resolution of the OSA, measurement optical spectrum is
smoother than simulated optical spectrum.



* 0010 -

-]

(dB)

PO\:Ver
)
=3

-30

Wavelength (nm)

Fig.6 Measured optical spectra of the DP-MZM

Fig.7 shows the output electrical spectrum of the PD
with 44 GHz span and 3 MHz resolution. The amplitudes
of the strongest electrical output signals of 24 GHz,
32 GHz and 40 GHz are about four times that of the RF
driving signals (6 GHz, 8 GHz and 10 GHz). The first,
second and third terms of the electrical signal are effec-
tively suppressed. The RFSSR of the generated quadru-
pling mm-wave signal is about 26 dB, which satisfies
most practical applications.

In simulation, the RFSSR of proposed system is 30 dB.

However, several factors degrade the final results to
26 dB. First, imperfect power splitting ratio of the 3 dB
coupler sends uneven signals into the two arms of
DP-MZM, which yields a finite ER and corrupts the sup-
pression ratiol'”. The imbalance of the two arms of
DP-MZM is the cause for other undesired optical side-
bands. In Fig.6, we find the first-order optical sidebands
and the optical carrier are not fully suppressed. Second, a
considerable bias drift of DP-MZM and sensitive optical
transmission point require dynamic compensation of bias
drift with an automatically controlling circuit''”!. By us-
ing fine quality components and feedback controlling
circuit, the bias drift and transmission point might realize
precise control. Third, an accurate control of the MI can
influence the OSSR and RFSSR of the generated fre-
quency quadrupling mm-wave signal'?. According to
Eq.(2), p=nV/2V,, Vi is the amplitude of the RF driving
signal. By using stable RF local oscillator, the MI might
improvement.
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Fig.7 Measured electrical spectra of the PD: (a) 6 GHz
RF driving signal; (b) 8 GHz RF driving signal; (c)
10 GHz RF driving signal

In this paper, a simplified frequency quadrupling con-
figuration for optical mm-wave generation is proposed,
analyzed, and demonstrated. The proposed scheme
without any electrical phase shifter and optical filter.
According to the theoretical analysis and the computer
simulation, a 40 GHz mm-wave signal with the OSSR
and RFSSR of 15 dB and 30 dB is generated from a 10
GHz RF driving signal. Then, the impact of the ER on
the OSSR and RFSSR is investigated in this paper. Fur-
thermore, Experiments prove an OSSR of 15dB and
RFSSR of 26 dB for the new frequency quadrupling
scheme at 6 GHz, 8 GHz and 10 GHz RF driving signal.
Since without electrical phase shifter and optical filter in
this system, the proposed scheme is particularly attrac-
tive for broadband wireless communications, ROF sys-
tems and continuously tunable mm-wave signal genera-
tion.
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