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Abstract: An integrated optical modulator, which consists of a dual-
sideband suppressed carrier (DSB-SC) modulator cascaded with a single-
sideband (SSB) modulator, is proposed for signal up-conversion over
Radio-on-Fiber. Utilizing a single-drive domain inverted structure in both
modulators, balanced modulations were obtained without complicated radio
frequency (RF) driving circuits and delicate RF phase adjustments.
Intermediate frequency (IF) band signal was up-conversed to 60GHz band
by using the fabricated device and was transmitted over optical fiber.
Experiment results show that the proposed device enables millimeter wave
generation and signal transmission without any power penalty caused by
chromatic dispersion.
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1. Introduction

Millimeter wave (MMW) communication has attracted attention because a demand for
increased data capacity has grown with a ubiquitous wireless technology. But MMW
generation and transmission is faced with serious problems such as high cost and great loss in
a conventional coaxial cable. Therefore radio-on-fiber (RoF) becomes a promising technology
for MMW wireless communication [1-2].

MMW generations are key techniques in RoF systems and there are several approaches.
MMW optical carrier using a mode-locked or two phase-locked laer sources was proposed [3].
However, it is difficult to maintain the constant optical phase difference between the two
spectrum components, since phase lock conditions are sensitive to mechanical vibration,
temperature change, electric noise, etc. The optical MMW generations using an external
Mach-Zehnder modulator (MZM) based on dual-sideband suppressed carrier (DSB-SC), have
been demonstrated [4-5]. However, these image rejection architectures need balanced
modulation such as in dual electrode MZM.

For efficient MMW up-conversion, we propose the integrated optical modulator, which
consists of a DSB-SC modulator cascaded with an SSB modulator. 60GHz MMW optical
carrier is generated by the first MZM, and intermediate frequency (IF) band SSB modulation
is performed by the second one to overcome the power penalty due to chromatic dispersion
effects. Utilizing a single-drive domain inverted structure in both modulators, balanced
modulations are obtained without complicated RF driving circuits and delicate RF phase
adjustments. Designs and fabrications for a proposed integrated modulator are present in this
paper. IF band signal was up-conversed to 60GHz band by using the fabricated device and
was transmitted over optical fiber. Measuring the up-converted RF power fluctuation as a
function with transmitted length, we also investigated the power penalty caused by fiber
chromatic dispersion.

2. Operation principle
2.1 Device structure and function.
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Fig. 1. A schematic of the integrated modulator with polarization reversed structures.
Figure 1 shows the schematic of the proposed integrated optical modulator for 60GHz RoF

application. The integrated modulator consists of the DSB-SC modulator and the IF band SSB
modulator. Two Mach-Zehnder Interferometers (MZI) are formed in series by using Ti
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diffusion into a z-cut LiNbOj; substrate. Wide hot-electrodes in both modulators, is located on
MZI1 for the balanced modulation [6-7]. In the DSB-SC modulator, two periodically
polarization reversed structure for the quasi-velocity-matching (QVM) are formed along two
straight waveguides of the MZI [7-9]. The period of polarization reversal, 2A., can be
obtained from the calculated effective index of RF [8]. The polarization reversal periods are
same in the two waveguides; however, their domains are polarized in the opposite orientation.
In addition, for DC bias operation, a nonperiodic polarization-reversed region is placed at the
end of the interaction region. The length of the nonperiodic region is adjusted to the
polarization period, 2A.. Therefore, millimeter-wave modulation characteristics are not
affected.

In the SSB modulator, a local region with the length of A_/2 is domain inverted. A

interaction length of a IF band SSB modulator is A ., which can be calculated from the phase

IF>
velocity difference between IF signal and optic. This structure enables only SSB modulation
but the bias operation by DC. (A detail discussion about SSB modulation scheme is placed in
Section 2.2)
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Fig. 2. Block diagram and modulated optical spectra.

Modulation in the integrated modulator, as shown in Fig. 1, can be expressed by functional
elements as shown in Fig. 2. Applying a modulating frequency of f_ to the first electrode, the

phases of optical signal in two waveguides are modulated with the modulation index of ¢_,

but the signs of modulated phases are opposite due to a complementary polarization reversed
structure as shown in Fig. 1. When the phase difference between two waveguides of MZI is
kept at 7 by applying DC bias, DSB-SC modulation is performed and the output of the first
MZI has sub-carriers f, + f_and f — f_as shown in Fig. 2. Adding IF band frequency, f_, to

the second MZI and adjusting the optical phase difference between two waveguides to /2,
we can get a SSB modulated signal with the modulation index of ¢_. And the output of the

second MZI has additional upper side band (USB) signals at (fo + fc)+ f. and (f,—f )+ f-
Modulated optical signals are sent via the fiber-optic distribution network to the remote

antenna units where optical heterodyning in a wide bandwidth photodiode takes place, and the
MW at 2f —f_ and 2f_+ f_ can be generated.

2.2 SSB Modulation using locally domain-inverted structure

Since a functional modulator using periodic domain inversion has band pass characteristics, a
separate electrode for the DC Bias is needed. And it makes integration of modulator difficult.
However, locally domain-inverted structure can enable the control of the optical phase delay
by DC bias.
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Fig. 3. Interaction region of a SSB modulator with locally domain-inverted structure.

Figure 3 describes the interaction region in the IF band SSB optical modulator, with a
locally domain inverted structure. The electric field E, (t’ z) of optic and modulating voltage

V(t, z) is expressed respectively as follows:

e (bg)-el "5 (1)
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a, and n_ denotes the attenuation constant and the effective index of MW respectively.
n, also denotes the effective index of optic.
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By supposing that MW waveguide is lossless, we can obtain the expressions of v, and

V,, in simple forms.

\/ I—ZTACOS(Zﬂ'f,Ft) (6)
V., = —%sin(Zﬂf,Ft) (7)

Equations (6) and (7) reveal that two effective voltages with 7 /2 phase difference can be
obtained using a locally domain-inverted structure as shown in Fig. 3 and enable SSB
modulation.

3. Experiment and characterization

We first fabricated the two MZIs with single-mode channel waveguides on a 0.5 mm thick 3
inch z-cut LiNbO; wafer using a titanium thermal diffusion method. 95 nm thick, 7 pm wide

Ti strips were formed on the —z surface of the LiNbOs, and the sample was heated to 1060 °C

in a furnace with an argon atmosphere for 8 hours. To prevent the deterioration in extinction
ratio due to directional coupling between two arms of the MZI, the separation of the MZI was
set to 20 um. After fabricating the Ti-diffused waveguides, we polished the +z surface of the
LiNbO; wafer to remove a spontaneous domain-reversed layer, which was created during the
diffusion process. Next, the polarization in a selective area was reversed by an electric field
poling method [7]. The substrate was then coated with a buffer layer of silicon dioxide. A
coplanar waveguide (CPW) composed of gold electrode was employed to provide a good
connection to an external circuit. The characteristic impedance of 35 Q was achieved from
CPW parameters as listed in Table 1.

Table 1. Parameters of the fabricated modulator

Ti stripe width 7 um
The gap between the two waveguides in MZI 20 pm
The separation of two MZI, Ly, 10 mm
Hot electrode width 38 um
Electrode spacing 50 um
Electrode thickness 6 pm
Si02 buffer layer thickness 0.4 pm
Period of polarization reversal in DSB-SC modulator, 2A, 6.2 mm
Number of periods 4

The length of non-periodic region for DC bias, Lgi,s 6.2 mm
Interaction length in SSB modulator, A 16.9 mm

The fabricated device was pigtailed to a polarization maintain fiber for input and a single
mode fiber for output, both of which have 8 degree end-polished faces. The fiber-to-fiber
optical insertion loss measured was 7.3 dB. The fabricated modulator was RF-packaged with a
V-connector and 50 Q termination. The measured DC switching voltage, Vr, of DSB-SC and

SSB modulator were 16V and 11.7V, respectively. And the calculated Vr-L products was
about 10V-cm.
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A 60GHz optical carrier was generated by using the DSB-SC modulation scheme, and
simultaneously a SSB modulation was performed for up-conversion of IF signal to MMW. A
sinusoidal microwave signal, with a 30 GHz modulation frequency and 20 dBm RF power,
was applied to the first modulator by adjusting the DC bias voltage to the minimum point of
optical power. For SSB modulation, 5.5 GHz IF signal with 18dBm RF power was applied to
the second modulator.

Figure 4 shows the modulated spectra of output signals. The un-modulated spectrum,
which depicted by hollow circles, are drawn as well for comparison’s purpose. From the
figure, we confirm that the modulated optical signal contains two sub-carriers with a 60GHz
interval and IF signal is placed only on the left (or right) hand to the sub-carrier. The optical
phase delay in SSB modulator could be regulated by DC bias voltage. For example, the
suppressed optical sideband was distinctively switched from the upper sideband to the lower
sideband by changing the DC bias voltage from 1.9V to -10.6V. We also measured a beat
signal of the modulated output, by feeding the optical signal as shown in Fig. 4 to a high-
speed photodetector and the results are shown in Fig. 5. Figures reveal that IF signal can be
successfully up-conversed to MMW (about 54.5GHz or 65.5GHz) by using the proposed
device.
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Fig. 4. Measured optical frequency spectra from the fabricated integrated modulator. The DC
bias voltage in SSB modulator was 1.9 V for (a), and -10.6 V for (b).
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Fig. 5. RF spectra generated from modulated optical signal as shown in Fig. 4.

4, Chromatic disper sion effects dependence on modulation scheme

Figure 6 shows the experiment setup for investigating the effects of fiber chromatic dispersion.
A 60GHz optical carrier was generated by applying 31.5GHz source with 20dBm RF power to
the DSB-SC modulator. And then 5.5GHz IF source was applied to the second modulator
while DSB or SSB modulation was performed by changing the DC bias voltage. The
modulated signal was transmitted over standard single-mode fiber with different length from 0
to 40km. To eliminate the fiber loss effect due to different transmission distances, a variable
optical attenuator (VOA) was engaged. The effects of dispersion were investigated by
measuring the RF power recovered at USB (68.5GHz) or LSB (57.5GHz).
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Fig. 6. Experiment setup for investigating the effects of fiber chromatic dispersion.

Figure 7 shows the measured RF power penalty of transmitted signal using the DSB
modulation. Figures reveal that large power degradations was repeatedly observed at certain
transmission distances and the degradation period for USB (68.5GHz) is shorter than that for
LSB (57.5GHz). These power penalties are due to chromatic dispersion, which causes each
spectral component to experience different phase shifts depending on the fiber link distance,
modulation frequency, and the fiber dispersion parameter [10]. The experiment results agree
reasonably with the calculated from an equation below [11], where dispersion of SMF-28, D
was set to 17 ps/nm/km [12].

Pg o cos2[7r(2 ffe—fi )ﬂfDL/C]+(p (3)
Ris COSZ[ﬂ'(Z f.fe+fr )ﬂ.zDL/C]+ga, )

where C:light velocity in air, L : transmitted distance.
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Fig. 7. Measured RF power penalties for optical DSB modulation versus transmittance length.
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Fig. 8. Measured RF power penalties for optical SSB modulation versus transmittance length.
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To reduce the dispersion effect, one sideband was eliminated using the proposed method.
Figure 8 shows the measured RF power of transmitted signal using the SSB modulation. In
contrast to DSB modulation, no notable degradation was observed. This result reveals that the
proposed modulation scheme enables MMW generation and signal transmission without any
power penalty caused by chromatic dispersion.

5. Conclusion

We proposed an efficient MMW up-conversion system and realized that by fabrication of
integrated modulator. We introduced the periodic domain-inversion structure to achieve
efficient integration of two modulators. 60GHz optical carrier signals was generated by DSB-
SC modulation and then optical conversion of the IF signal to LSB (or USB) is achieved in
additional SSB modulation. We also investigated the effects of modulation scheme on fiber
chromatic dispersion. Measured result reveals that the proposed modulation scheme enables
MMW generation and signal transmission without any power penalty caused by chromatic
dispersion.
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