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Abstract—The use of sub-terahertz (sub-THz) and/or THz
bands is a method of achieving some attractive applications such
as future large-capacity radio over fiber (RoF) networks.
However, in the current scenario, the performance of devices
operating in the THz band is considerably worse than that of
devices operating in the microwave band. An optical modulator is
a device that converts electrical signals such as microwave, sub-
THz, and THz signals to optical signals, and their conversion
efficiency decreases when they are operated at higher
frequencies. In this paper, we investigate two types of optical
modulators. One is a long effective-length modulator to maximize
its responsivity in the > 100 GHz range. It has an advantage for
band-limited applications such as RoF. The other is a broadband
modulator integrated with an electro-optic (EQ) frequency-
domain equalizer. The fabricated modulator achieved an over
110-GHz 3-dB bandwidth by customizing the optical circuit
diagram in a traveling-wave modulator, and in a numerical
estimation, the 3-dB bandwidth reached sub-THz. We also
investigated the modulation distortions of the modulator with the
equalizer. Using the measurement results, the optical crosstalk in
the EO equalizer of the fabricated modulator was estimated to be
less than —30 dB, and the distortion attributable to the EO
equalizer in the modulator was sufficiently small to be negligible.
We also measured a third-order intermodulation distortion, and
the results showed that integration of the equalizer does not cause
a degradation of modulation linearity. The obtained spurious-
free dynamic range was as high as 83.3 dB.

Index Terms—Optical modulator, Optical fiber communication,
Radio over fiber, Lithium niobate, Modulation distortion
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1. INTRODUCTION

IGH-speed optical modulators are key devices for

high-baud-rate optical fiber communications. An

increase in the baud rate has the potential to increase
the total link capacity without increasing parallel multiplexing,
such as wavelength-division multiplexing. Radio over fiber
(RoF) technology is becoming popular as a key technology to
connect radio networks to optical fiber networks seamlessly
[1]. For future mobile networks, such as beyond 5G or 6G, the
use of millimeter and terahertz (THz) waves will be a method
of achieving a significantly large link capacity by utilizing
their large bandwidth compared with the microwave band [2,
3]. Assuming this scenario, optical modulators that operate at
millimeter-wave and/or THz frequencies with high
responsivity are necessary for RoF links.

A high-speed modulator is essential for both digital
coherent and RoF links; however, the required performance
differs for these applications. For digital coherent links, a low
half-wave voltage and large 3-dB bandwidth are required for
baseband modulation. In contrast, a band-limited operation is
sufficient for RoF links, but then a low half-wave voltage at
the specified frequency is required for RoF applications. From
this perspective, the difference in the required specifications
means that the concept of device design is different for each
application.

In this paper, we introduce a method for designing a lithium
niobate (LN) modulator to optimize its electro-optic
responsivity for RoF applications. Subsequently, a broadband
modulator with a sub-THz 3-dB bandwidth is discussed, along
with some experimental evaluations of its modulation linearity.
Moreover, we investigate the potential of thin-film-type LN
modulators for the sub-THz-to-optical signal conversion using
electrical characterization.

II. MODULATOR DESIGN OPTIMIZATION FOR ROF
APPLICATIONS

Several types of high-speed optical modulators based on
thin-film LN [4-12], InP [13-15], electro-optic polymer [16-
18] have been reported. As an example of ultra-high-speed
modulators, optical modulation at 500 GHz was demonstrated
using an electro-optic-polymer-based plasmonic modulator
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and a thin-film LN modulator. The plasmonic modulator had
an extremely large 3-dB bandwidth of 500 GHz and a low DC
half-wave voltage of 3 V; however, the disadvantage of the
structure is a large optical loss of > 20 dB in total [17].
Because the optical loss is critical to the total RF link gain, in
general, the loss is needed to be smaller to obtain better link
performance [19]. The 500-GHz modulation using a thin-film
LN modulator was also reported, and its DC half-wave voltage
was 3.8 V [6]. The 3-dB bandwidth of the modulator was
approximately 50 GHz, and the half-wave voltage at 500 GHz
was approximately 40 V. The pioneering demonstration of the
optical modulation at THz frequency is cutting-edge; however,
the drive voltage is needed to be smaller for industrial use for
RoF applications. While the total optical loss of the modulator
was 40 dB, a rib waveguide on a thin-film LN can achieve a
low propagation loss because of its low absorption at telecom
wavelengths. In a cutting-edge experimental demonstration, an
ultra-low propagation loss of 0.002 dB/cm was reported [20].
The Ti-diffused waveguide on LN is a well-known and
established technology, and the typical propagation loss is as
low as 0.1 dB/cm. A characteristic of the Ti-diffused
waveguide is that the optical mode size matches well with that
of a single-mode fiber (SMF). Therefore, the typical butt-
coupling loss between the Ti-diffused waveguide and SMF is
as low as < 1 dB/facet, whereas the coupling loss between the
tapered waveguide on the thin-film LN and lensed fiber is
typically approximately 5 dB/facet [7].

For RoF links, the link gain is linear to the square of the
slope efficiency of the modulator, and the slope efficiency,
also called electro-optic (EO) responsivity, is defined as

P TerR
Swoa = g — (1)

where P is the optical input power from a laser, 7# is the
fiber-to-fiber transmittance of the modulator (related to the
total insertion loss), Rs is the impedance of the electrical
source, and Vr is the half-wave voltage [19]. According to Eq.
1, an increase in the 3-dB optical loss of the modulator causes
a 6-dB link gain reduction. Similarly, when the half-wave
voltage of the modulator is doubled, the link gain is reduced
by 6 dB. Thus, in addition to the half-wave voltage, the optical
loss is a dominant parameter for the link gain of RoF links.
Therefore, we developed a low-loss LN modulator to achieve
a high link gain and obtain a high signal power at the receiver
side for a high signal-to-noise ratio.

The modulator structure is shown in Fig. 1. The substrate
was x-cut LN, and a Mach—Zehnder (MZ) interferometric
optical waveguide was formed via the thermal diffusion of
titanium. The propagation loss of the Ti-diffused waveguide
was as low as 0.1 dB/cm. To improve the response in the high-
frequency range, we applied a layered structure by
mechanically polishing the backside of the device. A
comparison of the cross-sectional structures of conventional
bulk and layered substrates is shown in Fig. 2. The frequency
response of a traveling-wave modulator is limited by velocity
matching and electrical propagation loss. Velocity matching
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Fig. 1. Ti-diffused LN modulator with a layered substrate.
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Fig. 2. Cross-structural comparison of the bulk substrate (a)
and layered substrate (b).

can satisfy this condition by designing optical waveguides and
electrode structures. The frequency response primarily
depends on the electrical propagation loss. The electrical
propagation loss can be expressed as the sum of the
conduction and dielectric losses, and making the signal
electrode wider and thicker reduces the conduction loss,
particularly at high frequencies. However, the electrode
structure is often limited by impedance matching to 50 Q, and
the electrode width and thickness are limited to being narrow
and thin, respectively, owing to the high dielectric constant of
LN. By applying a layered structure to the substrate, the
material of the handle wafer is replaced with a low-dielectric-
constant material such as SiO,. Thereafter, we can design a
coplanar waveguide with a wide and thick signal electrode
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Fig. 4. Simulated relative EO response of modulators
depending on the effective length.

compared to the bulk case.

Next, we consider device-length optimization to obtain high
EO responsivity for RoF applications. Here, we assume the
cross-sectional structure of our previous study [21]. The
measured DC half-wave voltage x effective length product is
7.2 V-cm. Here, the effective length is defined as a length of
the modulation section where there is an interaction between
the lightwaves and input voltage signals via Pockels effect.
The calculated frequency-dependent half-wave voltages under
several effective-length conditions are shown in Fig. 3. The
DC half-wave voltage decreases linearly with respect to the
inverse of the effective length. Therefore, it is well known that
designing a modulator with a longer effective length is a
reasonable method of decreasing the half-wave voltage at low
frequencies. While the flatness of the frequency response is
degraded, a longer device has an advantage in terms of the
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Fig. 5. Measured frequency response of the Ti-diffused LN
modulator using layered substrate structure with a 5-cm
effective length.
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Fig. 6. Spectrum of optical signal modulated using a 5-GHz
bandwidth 100-GHz carrier-frequency radio signal.

half-wave voltage at any frequency, as shown in Fig. 3. The
simulated relative EO responses of the modulators depending
on the effective length, where the optical and electrical
propagation losses are taken from [21], are shown in Fig. 4.
The simulated results include the response degradation
attributable from an optical propagation loss of 0.1 dB/cm, and
the EO responsivities are normalized by that of the 5 cm case.
In our cross-sectional design, a 5-cm effective length has a
higher EO responsivity than shorter devices in the frequency
range of DC to 250 GHz although the 3-dB bandwidth of the
5-cm device is only 25 GHz. Thus, a modulator with a very
long effective length has an advantage in terms of the total EO
responsivity for band-limited modulation, such as RoF
applications [22].

The frequency response of our latest product is shown in
Fig. 5. The effective length was 5 cm, and the DC half-wave
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voltage was 1.5 V. The measured 3-dB bandwidth was
approximately 30 GHz, and the response curve exhibited a
smoothly degraded response up to 110 GHz. Although the EO
response at 100 GHz was about -10 dB in this long effective-
length modulator, the relative EO responsivity at 100 GHz
was estimated to be higher than that of shorter modulators.
The insertion loss, as the sum of the fiber-coupling and
propagation losses of the fabricated modulator, was as low as
4 dB using a Ti-diffused waveguide. We confirmed modulator
operation in the high-frequency range. The spectrum of the
optical signal modulated using a 5-GHz bandwidth 100-GHz
carrier-frequency radio signal for RoF transmission is shown
in Fig. 6. The driving signal power was around —2dBm. The
modulation sideband was clearly observed owing to its high
EO responsivity.

III. BROADBAND MODULATOR WITH ELECTRO-OPTIC
FREQUENCY-DOMAIN EQUALIZER

While a band-limited electrical signal is used in RoF links,
baseband operation and a large 3-dB bandwidth are required for
optical fiber communication. In this section, we review an EO
frequency-domain equalizer that can enlarge the 3-dB bandwidth
of conventional traveling-wave modulators [23].

The traveling-wave electrode is a typical structure for high-
speed optical modulation. While the operatable frequency is
limited by the RC time constant in lumped-electrode-type
modulators, traveling-wave modulators are not limited by such
restrictions [24]. However, the 3-dB bandwidth of traveling-wave
modulators is limited by velocity matching and electrical
propagation loss, as indicated in Sec. II. Generally, optical
waveguides and electrodes are designed to achieve the velocity-
matching condition. To achieve the velocity matching without
efficiency degradation, some methods to design the modulation
polarity or phase with unique structure such as meander
electrodes, meander optical waveguides, polarization reversal of
ferroelectric crystal [25-29]. Under the velocity matching
condition, the 3-dB bandwidth of the traveling-wave modulator is
limited by the electrical propagation loss, which is larger at higher
frequencies. To create a higher-bandwidth modulator by relaxing
the restrictions, we propose an EO equalizer.

The structure of the traveling-wave modulator integrated with
the EO equalizer is shown in Fig. 7. The modulator consists of a
fundamental modulation section, same-polarity modulation
section, waveguide-crossing section, and reverse-polarity
modulation section. The length of each section is defined as Z, rZ,
sL, and ri, respectively. To evaluate the numerical advantage of
the EO equalizer, we define the relative EO response
improvement Rk as follows:

2

R = Pmz with Eq
Fa ¢ MZ
L(1+7) L(1+27+5) 2
_ Js V) dx = [ e V) dx o
[V (x) dx

where V(x) is the voltage after a propagation length of x. For the
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Fig. 7. A structure of travelling-wave modulator integrated
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Fig. 8. Calculated frequency response of the modulator with
and without the EO equalizer (r=1, s = 1.4).

traveling-wave electrode, ¥(x) can be described as

V(x) = Vyexp {—(ac\/j_f + adf)x} 3)

where 7 is the input voltage, ¢ is a constant for the conduction
loss, a4 is a constant for the dielectric loss, and f'is the frequency
of the modulation signal. Rgg = 1 when f'= 0, which means that
there is no improvement in the DC EO response. In contrast, Rz
> 1 when /> 0; therefore, the responsivity at a high frequency is
improved by the integration of the EO equalizer. The numerical
calculations of the frequency response of the modulator with and
without the EO equalizer are shown in Fig. 8, where L=1.9 cm,
=1, and s = 1.4. The electrical loss parameter was set to the same
value as in our previous study [9]. While the 3-dB bandwidth of a
1.9-cm modulator without the equalizer was approximately 100
GHz, that of a modulator with an EO equalizer reached 200 GHz
under the same DC half-wave voltage. Thus, the 3-dB bandwidth
of the modulator can be approximately doubled by integrating the
EO equalizer.

For the experimental demonstration, we fabricated an LN
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Fig. 9. Ti-diffused LN modulator integrated with EO equalizer.

6
— 3
QO
m
=0
[0)] S-e
23T
w
o
o®rT
w Measured
9}
- ---Calculated
_12 L L 1
0 50 100 150 200
Frequency [GHZ]

Fig. 10. Measured frequency response of the LN modulator
with EO equalizer.

modulator with an EO equalizer, as shown in Fig. 9. The
optical waveguides were formed via the thermal diffusion of
titanium, and the electrodes were formed via gold
electroplating. The optical waveguides included a crossing
structure for an EO equalizer. The LN substrate was thinned
by polishing its backside to improve its electrical
characteristics at high frequencies. The fundamental
modulation length L was 1.9 cm, and the total electrode length
of the modulator was 8.4 cm, including the EO equalizer
sections of » = 1 and s = 1.4. Although the device was large
owing to the integration of the EO equalizer, the optical
insertion loss consisting of the propagation loss and fiber-
coupling loss was as small as 5.4 dB. The DC half-wave
voltage was 3.7 V. The measured EO responses are shown in
Fig. 10. The 3-dB bandwidth was greater than 110 GHz,
which was the upper limit of our measurement setup. The
measured value matched well with the calculated
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performance, and the 3-dB bandwidth was estimated to be
approximately 200 GHz. We quantitively investigated the
advantages of the EO equalizer, and the numerical calculation
of the improvement of the achievable specification of our
modulator structure by integrating the EO equalizer is shown
in Fig. 11. This shows that the equalizer can approximately
double the 3-dB bandwidth of the modulator while
maintaining the same DC half-wave voltage. In the
calculations, we assumed that the equalizer parameters were r
=1 and s = 1.4. Although there is a disadvantage in that the
modulation length becomes almost three times larger compared
with a conventional one, the bandwidth can be improved beyond
the limitation determined by the modulator’s cross-sectional
structure. For future research, we propose a bending-waveguide-
type EO equalizer for thin-film LN platforms, which has the
potential to achieve a small device size even when the equalizer is
integrated [23].

IV. LINEARITY EVALUATION OF THE MODULATOR

The EO equalizer has an advantage of bandwidth
enhancement; however, as a disadvantage of the crossing-
waveguide-type EO equalizer, an increase in modulation
distortion can be attributed to optical crosstalk at the waveguide-
crossing section. Furthermore, determining the types of
modulation distortions induced by optical crosstalk is difficult. In
this study, we investigated the relationship between the
modulation distortions and optical crosstalk at waveguide
crossings using an EO equalizer.

A. Semi-Static Characteristics

The optical circuit of the MZ modulator with an EO equalizer
was modeled as shown in Fig. 12. It consisted of a fundamental
modulation  section, same-polarity modulation section,
waveguide crossing section, reverse-polarity modulation section,
and bias control section. To simplify the model, we assumed that
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Fig. 12. (a) Optical circuit of MZ modulator integrated with an EO equalizer; (b) transfer matrix of crossing-waveguide.

the effective length and amount of the induced optical phase
changes were the same in the fundamental modulation, same-
polarity modulation, and reverse-polarity modulation sections.
The modulator had a crossing waveguide for the EO equalizer,
and the optical crosstalk at the waveguide crossing section could
modulate the distortions.

For the mathematical expansion, we define the transfer
matrix based on the symmetric-direction coupler model as

follows:
<E3>_< a iw/l—a2><E1>
E, iv1—a? a E,

where £1, E2, E3, and £y are the electric fields at the input and
output of the crossing waveguide, respectively, and a is the
transmittance in the electric field domain. The output from the
MZ modulator with the EO equalizer under the null bias
condition is described as follows:

“

Eoue = Ey {%cos(wt+6 —§)+%Cos(wt—0 +§)

iVl —a? T
+TCOS (wt+30 +§)

iV1—a? T

=E, {a - cos(wt) - sinf + /1 — a? - sin(wt) - sin39} (5)

where Ejcos(wt) is an input lightwave, and 6 is the induced
optical phase change at each section, as shown in Fig. 12. The
equation indicates that the optical crosstalk component has
thrice the phase changes of the desired signal response, and
the distortion component has a sin36 function, whereas the
signal component has a sinf function related to the
fundamental induced phase changes of 8. The calculated
modulation curves for various crosstalk conditions are shown
in Fig. 13 (a), where the optical crosstalk was defined as
10logo(1 — a?).

As the optical crosstalk increased, the modulation curve
deviated from the theoretical sinusoidal response. To evaluate
this distortion, we measured the modulation curve using the
fabricated modulator. The measured results are shown in Fig.
13 (b) and (c) on linear and logarithmic scales, respectively.
We measured the data for two cases: applying a voltage to the
traveling-wave electrode and applying a voltage to the DC-
bias electrode as a reference because the curve in the latter
case should be sinusoidal regardless of the optical crosstalk at
the EO equalizer. The two measured curves, shown in Fig. 13
(b), were nearly identical, and they were in good agreement
with the theoretical calculations for a =30 dB optical crosstalk.

1.2 Optical crosstalk at 1.2
waveguide-crossing
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Fig. 13. (a) Calculated modulation curve under various optical crosstalk conditions; (b) measured modulation curve of the
fabricated modulator on a linear scale; (¢) modulation curve on a logarithmic scale.
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Fig. 15. Measured output RF power of signal and IMD3
components depending on an input RF power.

Moreover, the measured extinction ratio of the modulator was
> 30 dB at the voltage input to the traveling-wave electrode,
and the EO equalizer did not increase the distortion of the
modulation curve of the fabricated modulator.

B. Dynamic Characteristics

For quantitative analysis of the modulation distortions, we
measured the modulation spectrum under 10-GHz single-tone
double-sideband suppressed-carrier (DSB-SC) modulation.
The modulated optical component attributable to the optical
crosstalk exhibited optical phase changes three times those of
the desired signal component. Thus, the third-order
modulation sideband related to the third-order nonlinearity of
the MZ modulators increased dramatically in the lower RF
driving power region, whereas the first-order modulation
sideband increased linearly with the input RF power. By
utilizing this relationship, we could estimate the crosstalk
component although the optical power was considerably
smaller than that of the signal component. The measured
results and theoretical calculations for various optical-
crosstalk conditions are shown in Fig. 14. The first-order
sideband increased linearly with the input RF power, as
expected from theory. As expected, the third-order sideband
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increased cubically with the RF power, and the power level
was as small as the theoretical limitation of the MZ modulator.
From the experiment, the optical crosstalk in the fabricated
modulator was estimated to be smaller than —30 dB, and the
distortion due to the crosstalk was sufficiently small to be
negligible.

We also measured a third-order intermodulation distortion
(IMD3) to evaluate the linearity of the fabricated modulator
shown in Fig. 8. The optical input was 10 dBm at 1550 nm from
a continuous wave laser, and the modulator was driven by a
two-tone RF signal whose frequency was 10 GHz + 5 MHz
under the quadrature bias condition. The modulated optical
signal was converted into an RF signal using a broadband
photodiode (Fraunhofer HHI). The measured results are shown
in Fig. 15. Similar to the prediction from the theory of MZ
modulators, the output RF power of the signal and IMD3
components increased linearly and cubically with respect to the
input RF power. The noise floor of our setup was estimated as -
131.8 dBm/Hz, and then, the spurious-free dynamic range
(SFDR) was calculated as 83.3 dB/Hz>>.

V. CONCLUSION

We investigated two types of modulator designs. One was
for band-limited applications such as RoF and the other for
broadband applications such as optical fiber communications.
We observed that increasing the modulation length induces an
increase in the EO responsivity, which is equivalent to a
decrease in the half-wave voltage, even at high frequencies,
such as in the sub-THz range. To achieve an optical modulator
with a sub-THz 3-dB bandwidth, we proposed and
demonstrated a traveling-wave modulator integrated with an
EO equalizer. The fabricated modulator exhibited a > 110
GHz 3-dB bandwidth, a low optical insertion loss of 5.4 dB,
and a low half-wave voltage of 3.7 V. As the research and
development of high-speed modulators for optical fiber
communications progresses, we expect that modulators
capable of converting sub-THz (or THz) and optical signals
with higher efficiency will be developed.
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