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Abstract: Optoelectronic devices which play important roles in high-speed optical fiber networks
can offer effective measurement methods for optoelectronic devices including optical modulators
and photodetectors. Precise optical signal modulation is required for measurement applications. This
paper focuses on high-speed and precise optical modulation devices and their application to device
measurement. Optical modulators using electro-optic effect offers precise control of lightwaves
for wideband signals. As examples, this paper describes frequency response measurement of
photodetectors using high-precision amplitude modulation and wavelength domain measurement
of optical filters using fast optical frequency sweep. Precise and high-speed modulation can be
achieved by active trimming which compensates device structure imbalance due to fabrication error,
where preciseness can be described by on-off extinction ratio. A Mach-Zehnder modulator with sub
Mach-Zehnder interferometors can offer high extinction-ratio optical intensity modulation, which
can be used for precise optoelectronic frequency response measurement. Precise modulation would
be also useful for multi-level modulation schemes. To investigate impact of finite extinction ratio
on optical modulation, duobinary modulation with small signal operation was demonstrated. For
optical frequency domain analysis, single sideband modulation, which shifts optical frequency, can
be used for generation of stimulus signals. Rapid measurement of optical filters was performed by
using an optical sweeper consisting of an integrated Mach-Zehnder modulator for optical frequency
control and an arbitrary waveform generator for generation of a source frequency chirp signal.

Keywords: optical modulation; extinction ratio; chirp parameter; two-tone signal; single sideband;
frequency sweep; electro-optic effect; optoelectronic devices

1. Introduction

For high-speed optical links, external modulators are commonly used to generate
broadband optical signals. High-speed modulation whose operation bandwidth is up to
100 GHz has been reported by using optical modulators based on electro-optic effect in
various materials such as lithium niobate [1,2], silicon [3,4] and indium phosphide [5,6].
Optical signals generated by optical transmitters consisting of lasers and modulators
would be converted into electric signals by photodetectors at receivers. Recently, various
multilevel modulation techniques have been investigated to increase transmission capacity,
where high-speed and precise lightwave control is required in optical-to-electric and
electric-to-optical signal conversion [1]. Waveform transfer is needed to construct mobile
networks consisting of many base stations and remote antenna units [7]. Waveforms are
sent from base stations to remote antenna units over optical fiber links, where waveforms
for radio services are generated and processed at base stations [8]. In the fourth generation
(4G) mobile system, digital radio-over-fiber (RoF) is commonly used for the waveform
transfer, because the required bitrate for digitized waveforms is much less than 10 Gb/s.
Thus, we can use low-cost digital optical fiber links for connection between base stations
and remote antenna units. However, in the fifth generation (5G) mobile system, the
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required bitrate for such connection would be larger than a few hundred Gb/s. Analog
RoF links would be useful in 5G or beyond mobile systems, to save the required bitrate or
bandwidth [8]. Precise lightwave control is required in analog RoF systems, which would
be sensitive to nonlinearity and frequency response, as well as in digital transmission
systems with multilevel modulation formats.

This paper describes precise optical modulation techniques which can be used for
device measurement. A Mach-Zehnder modulator (MZM) with active trimming can offer
high extinction-ratio (ER) optical intensity modulation, which can be used for generation
of a pure optical two-tone signal [9,10]. Frequency response of photodetectors can be
precisely measured by the two-tone signal. Spectral profile of an optical two-tone is inde-
pendent from the frequency response of the modulator. A photodetector can convert an
optical two-tone signal into an electric single tone signal. Signal conversion efficiency at
the photodetector can be obtained from the ratio between the optical power of the two
tone signal and the electric power of the single tone signal. Thus, we can measure the
frequency response of the photodetector, by sweeping the frequency of the signal fed to the
optical modulator which generates the two-tone signal. High ER modulation is required for
generation of a pure two-tone signal, so that the precise characterization of the modulator
for the two-tone signal generation is very important to ensure accurate frequency response
measurement. When the ER is large enough, the spectral profile of the two-tone signal is
independent from the frequency response of the modulator. Thus, by monitoring or stabiliz-
ing the power of the optical two-tone signal, we can measure frequency responses of optical
receivers and photodetectors. Photodetectors whose frequency response is calibrated by an
optical two-tone signal can be used for characterization of optical transmitters.

High ER modulation is also useful for multilevel modulation [11]. Slight signal
deformation would have significant impact on transmission performance of optical fiber
links based on multilevel modulation formats with many symbols. As a simple example,
we discuss impact of ER on duobinary modulation [12]. If the ER is high enough, we
can achive clear eye opening operation with small amplitude modulation. Dual parallel
MZMs are used for quadrature amplitude modulation (QAM), where in-phase (I) and
quadrature (Q) components should be controlled independetly. Finite ER would deform
the constellation of QAM [11].

Precise optical modulation also can be used for optical frequency control. A dual
parallel MZM can offer optical single sideband (SSB) modulation. In normal phase or
intensity modulation, the modulated signal has upper and lower sidebands (USB and USB).
On the other hand, the dual parallel MZM suppresses one of sidebands (USB and LSB), by
feeding a pair of sinusoidal electric signals with 90-degree phase difference. The carrier
component whose frequency is identical to that of the optical input to the modulator can
be also suppressed in the MZM operated with a minimum transmission bias point. The
output of the modulator has only one spectral component whose frequency is higher or
lower by the modulating signal frequency. Thus, the modulator acts as an optical frequency
shifter, where the output frequency can be controlled by the modulating signal frequency.
The optcal SSB modulation offers rapid frequency sweep, where the sweep time can be less
than a few hundred ns.

Optical components which have fine structures in wavelength domain would have
resonant structures, to be sensitive to mechanical vibrations or thermal fluctuations. When
the sweep speed is slower than the vibrations or fluctuations, the condition of the device
under test should be stabilized by using some feedback control techniques. Thus, the
frequency sweep speed is very important to obtain feasible optical frequency sweepers
for such applications. In this paper, we describe rapid optical frequency sweep based on
optical SSB modulation. Optical frequency domain measurement of an optical filter with a
resonant cavity was demonstrated as an example [13–15]. A novel optical frequency sweep
signal generation system which consists of a wideband fast sweep signal generator and an
optical SSB modulator has been developed to achieve very fast optical frequency sweep
without losing stability. Fast optical frequency sweep was demonstrated, where the sweep
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range and time were, respectively, 6.4 GHz and 0.1 µs, where the sweep repetition rate was
10 MHz.

2. Intensity Modulation by a Balanced Mach-Zehnder Modulator

An MZM consists of two optical phase modulators (PMs) connected in parallel through
two Y-junctions, as shown in Figure 1. The two optical paths along the phase modulators
form two arms of a Mach-Zehnder interferometer (MZI). Optical phase difference between
optical signals on the two optical paths can be controlled through voltages were applied
to the two optical PMs (PM and PM2). In an ideal MZM where the amplitudes of the two
optical signals are balanced,the optical output intensity goes to zero when the optical phase
difference is equal to π (180-degree).

PM1

Input

PM2

Figure 1. MZM structure.

However, there is some imbalance between the amplitudes due to fabrication error.
Thus, optical output has some residual optical power, even if the optical phase difference is
equal to π. ER, which is the optical power ratio of the maximum to the minimum, describes
the preciseness of the optical modulation. Opical modulation with low ER would induce
generation of spurious components in the optical output. Imbalance between optical phase
modulation also would have impact on frequency or time domain profiles of the optical
output. The MZM can offer pure optical intensity modulation without any optical phase
excursion, when the induced optical phase shifts at the two arms of the MZI are perfectly
balanced, where the phase shifts have opposite polarities each other for push-pull operation.
The imbalance between the two optical phase modulators can be described by a chirp
parameter which is defined by ratio of parasitic optical phase change to amplitude change.

A balanced x-cut lithium niobate MZM offers balanced push-pull phase modulation,
where the chirp parameter α can be less than 0.2 [1]. A dual-electrode MZM which has
a separate electrode for each PM can be used for push-pull operation, where the signal
applied to one PM is an inverted replica of that applied to the other PM. Modulation
efficiency difference due to fabrication error can be compensated by adjusting amplitude
ratio between these two signals applied to the PMs. Thus, the dual-electrode MZM can offer
very small α at a particular frequnecy [10]. However, for broadband operation, it would be
rather difficult to maintain the balanced operation due to frequency response difference
between the two electric circuits for the two electrodes, where the electric circuits to drive
the dual-electrode MZM would be more complicated than that of the x-cut single-drive
MZM which has only one electrode.

3. Active Trimming for High Extinction-Ratio Intensity Modulation

An MZM with a minimum transmission bias point can generate an optical two-
tone signal consisting of the first order USB and LSB, which is useful for measurement
applications. Spurious suppression ratio largely depends on the ER. Thus, firstly, we
consider enhanement of the ER by active trimming, while the chirp parameter and ER
should be adjusted simultaneously, to generate a pure optical two-tone signal.

An integrated x-cut LiNbO3 (LN) modulator with active trimmers can offer high ER
intensity modulation [9]. As shown in Figure 2, the modulator has a pair of sub MZIs in a
main MZI. The sub MZIs compensate imbalance in the main MZI due to fabrication error.
The integrated LN modulator has three electrodes (A, B and C). The amplitude balance
between the two arms in the main MZI, can be controlled by changing dc-bias voltages
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fed to the electrodes A and B. A modulation signal on the electrode C controls the optical
phase difference between the two arms of the main MZI.

Figure 3 shows time-domain responses of the modulator, where the ERs with and
without compensation were, respectively, 71 dB and 32 dB. Zero span operation of an
optical spectrum analyzer was used to measure high extinction ratio on-off-keying. The
rise and fall times of the time-domain profiles shown in Figure 3 were dominated by the
response of the optical spectrum analyzer. Due to fabrication error, optical power in one
arm of the MZM should be larger than that in the other arm. The optical power in the
arm whose optical loss is larger than in the other arm should be adjusted by using a sub
MZI [1]. As shown in Figure 4, the ER can be controlled by the voltage applied to the sub
MZI embedded in the arm whose optical loss is larger than the other arm. The x-axis shows
the dc-bias voltage offset from the imbalance compensated condition, where the scale was
normalized by Vπ of the sub MZI. The ER-tuning range was from 21 dB to 54 dB.

Electrode A

Signal + Bias

Bias

Bias

Optical

input

Optical

output

Electrode B

Electrode C

Figure 2. Integrated MZM with two active trimmers.

Figure 3. On-off-keying by an MZM with and without imbalance compensation [1].

An MZM with minimum transmission bias can offer double sideband suppressed
carrier (DSB-SC) modulation, where the carrier component is suppressed by destructive
interference between optical waves propagating in the two waveguides of the main MZI. By
feeding a sinusoidal single-tone signal as a modulating signal, we can generate an optical
two-tone signal consisting of the first order USB and LSB with suppressed carrier. The
suppression ratio depends on the imbalance between the optical waves, in other words, the
ER of the modulator. Figure 5 shows optical spectra of optical two-tone signals generated
by an MZM with active trimmers. The ER can be higher than 60 dB. The modulating signal
frequencies fm were 10.5 GHz and 20.0 GHz. The main MZI wase set to be a minimum
transmission bias condition. Carrier suppression ratios with respect to the first order USB
or LSB were 47.4 dB for 10.5 GHz and 40.4 dB for 20.0 GHz, when the ER was enhanced
by imbalance conpensation using the active trimmers. On the other hand the suppression
ratios without compensation were less than 20 dB.
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Figure 4. Extinction ratio controlled by a sub-MZI [12].

Parasitic optical phase modulation due to imbalance in induced phases on the two
arms in the main MZI also causes generation of undesired high order sidebands. Such
imbalance can be described by a chirp parameter [1]. The second order sideband genera-
tion was mainly due to the parasitic optical phase modulation associated with the chirp
parameter α, while the third order components are due to intrinsic nonlinearity of the
MZMs. As described above, the chirp parameter α can be largely suppressed by using a
dual-electrode MZM [10].

(a) (b)

Figure 5. Spectra of optical two-tone signals with fm =10.5 GHz (a) and 20 GHz (b) [1].

By using a high-speed photodetector, the optical two-tone signal can be converted into
a pure single-tone electric signal as a beat signal of the two optical spectral components
whose frequency separation is equal to 2 fm. Figure 6a,b show wide span (DC-50 GHz)
spectra of the RF signal generated from the optical two-tone signal ( fm = 20.0 GHz). with
and without the compensation technique, respectively, where resolution bandwidth was
43 kHz. By using active trimming, the spurious suppression ratio could be larger than 60 dB
without using any electrical or optical filters for suppression of undesired components,
where the suppression ratio without using active trimming was 21.0 dB. The linewidth of
the generated millimeter-wave signal was almost equal to that of the modulating signal.
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(a) (b)

Frequency [GHz] Frequency [GHz]

Figure 6. Spectra of RF signals generated from optical two-tone signals with compensation (a) and
without compensation (b) [1].

4. Photodetector Response Measurement by Optical Two-Tone Signals

As shown in Figure 7, photodetector response can be measured by using an optical two-
tone signal generated by an MZM with minimum transmission bias where the first order
USB and LSB components are effectively obtained with large carrier suppression [16,17].
The optical power of the USB and LSB at the output port of the MZM depends on the
modulation efficiency of the MZM, in other words, the frequency response of the MZM.

PhotodetectorMZM

Electric spectrum

Minimum transmission bias

Optical power meter

Optical spectrum

RF power meter

Figure 7. Photodetector measurement by an optical two-tone signal.

In general, amplitude modulated signals have USB and LSB in addition to the carrier
component which corresponds to the input lightwave. The intensity of the USB or LSB
with respect to the carrier reflects the modulation efficiency. The amplitude of the first
order sideband is approximately proportional to that of the electric signal fed to the MZM
as a modulating signal, while that of the carrier does not change largely under small signal
approximation. On the other hand, the MZM with minimum transmission bias suppresses
the carrier component, and generates equally power-balanced USB and LSB. The spectral
shape does not depends on the response of the MZM, because the optical signal has only
the two spectral components: the first order USB and LSB. The optical frequency separation
between the USB and LSB is equal to double the frequency of the modulation signal fed to
the MZM. Thus, the conversion efficiency of the photodetector (κ) can be calculated from
the ratio between the optical power of the photodetector input (Popt) and the RF power of
the photodetector output (PRF), as follows:

κ =

√
2

ZL

√
PRF

Popt
, (1)
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where ZL is the load impedance of the photodetector electric output. When ZL is 50 Ω, the
response κ can be described by

κ =

√
PRF

5Popt
, (2)

where RF frequency is double that of the modulating signal, and the frequency sweep
range can be also double that of the electric signal source for the MZM.

When the ER is not large enough, the optical power measurement would have error
due to residual carrier component. High ER modulation is important to ensure precise
measurement of photodetector conversion efficiency. By sweeping the frequency of the
modulation signal fed to the MZM, we can measure the frequency response of the photode-
tector, as shown in Figure 8. When the supression ratio of undesired components including
the optical carrier is large enough, the frequency response of the MZM does not affect
the measurement results [16,17]. Thus, we can calibrate the frequency response of the
photodetector, without measuring that of the modulator. The response of the modulator
can be measured by a calibrated photodetector.
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Figure 8. Measured photodetector frequency response.

5. ER-Induced Phase Error in Optical Modulation

As described above, the intensities of optical signals propagating along the two arms of
the MZM with push-pull operation should be balanced, in order to achieve pure amplitude
modulation [1]. Due to the imbalance, the MZM outputs some residual optical power at
an off-state where the phase difference between the two optical signals on the two arms is
equal to 180 degrees. The off-state corresponds to the minimum transmission bias point,
where the residual optical power depends on the imbalance. The ER can be defined by the
ratio between optical power of an on-state and that of an off-state. As shown in Figure 9,
the phase of the optical output would equal 0 or 180 degrees in an ideally balanced MZM
which offers pure amplitude modulation. On the other hand, the response with a finite ER
will rather be ellipsoidal on an IQ diagram, where the ratio between the major and minor
axes is equal to the ER. Thus, the output optical has difference from 0 or 180 degrees, as
shown in Figure 10. This phase error would be significant when the modulator is close to
the off-state which corresponds to the origin of the complex plane.
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Figure 10. Schematic of optical phase and amplitude response of an MZM with finite ER [12].

As shown in Figure 11, to investigate impact of the phase error due to finite ER, optical
fiber transmission using duobinary modulation was demonstrated with varying ER [12]. A
duobinary modulation signal was generated by using an integrated MZM with two small
MZIs to control optical power balance in the main MZI, which a three-level signal fed to.
The three-level signal was generated from a 10 Gb/s non-return-to-zero binary electric
signal through a Bessel low pass filter. We can tune the ER of the MZM by changing the
dc-bias voltages applied to the two sub-MZIs through electrodes A and B. The insertion
loss at the integrated modulator was 4.7 dB. Vπ of the main and sub MZIs were 5 V at dc.
The amplitude of the modulating signal was set to much smaller than the halfwave voltage
of the MZM, to investigate the impact of the phase error for symbols close to the origin of
the IQ diagram. The modulating signal amplitude fed to the main MZI through electrode
C was 200 mV (peak-to-peak), which corresponds to 2.0% of the full-swing operation (2Vπ)
at dc (2.0% modulation depth, henceforth).
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C (Main Mach-Zehnder)

A

DC bias A

Laser diode

Pulse pattern

generator

Polarization

controller

B

DC bias B

DC bias C

3.73GHz Bessel 

filter

SMF 40km

Duobinary 

receiver

Attenuator

Integrated MZM

Noise source

Figure 11. Experimental setup for duobinary transmission [12].

As shown in Figure 12, when ER was less than 35 dB, undesired residual carrier
components were clearly observed in the optical spectra, where the optical power at the
MZM input was 15 dBm. Due to finite ER, the carrier suppression was not large enough
for small signal modulation. On the other hand, ideal duobinary modulation was achieved
by the high ER modulation of 54 dB, even if the modulation signal was very weak.

Figure 12. Optical spectra of duobinary signals with various ERs [12].

The sideband power which carries data information can be estimated from the mea-
sured optical spectra. Figure 13 shows the ratio between the sideband power and the total
MZM output for various modulation depths: 2.0%, 3.2% and 6.4%. When the modula-
tion depth is small, the ratio would be very sensitive to the ER. For example, when the
modulation depth is 2.0%, ER should be larger than 35 dB to achieve the sideband ratio
higher than −3 dB, while ER > 25 dB is high enough with 6.0 % modulation depth. When
the sideband ratio is small, the output lightwave would be dominated by the undesired
carrier component.
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Figure 13. Sideband ratio to total optical output [12].

Eye-diagrams of duobinary signals demodulated by envelop detection using a pho-
todetector are shown in Figure 14, where modulation depths were 2.0% and 6.5%. Clear
eye-opening was observed in both cases, when ER = 54 dB. On the other hand, when
ER = 26 dB, the eye diagram for 2.0% depth modulation was completely closed, while
that for 6.5% modulation depth was clearly open. Figure 15 shows required optical signal-
to-noise-ratio (OSNR) with 0.1 nm bandwidth for BER of 10−9, for back-to-back (BTB)
measurement. The required OSNR was sensitive to the ER when the modulation depth
was small. High ER would offer clear eye-opening even when the modulation signal
amplitude is very small. In other words, the effective sensitivity of the MZM can be
enhanced by high-ER operation. Required OSNR can be largely reduced for a constant
modulation depth.

ER: 54dB, 2.0% modulation

ER: 26dB, 2.0% modulation

ER: 54dB, 6.5% modulation

ER: 26dB, 6.5% modulation

Figure 14. Eye-diagrams for modulation depths of 2.0% and 6.5% [12].
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Figure 15. Required OSNR for BER = 10−9, where the modulation depths were 2.0%, 3.2% and
6.5% [12].

BER curves with ER = 54 dB, for BTB and transmission over 40 km SMF are shown in
Figure 16, where OSNR required for 10−9 BER was 24 dB for BTB. The OSNR penalty due
to 40 km transmission was less than 0.5 dB. As reported previously [18], OSNR required for
10−9 BER was 34 dB at 107 Gb/s. This result can be scaled by a factor of 10 for comparison
with a 10-Gb/s system. The required OSNR translates to 24 dB, which agrees very well
with the result.

Figure 16. Bit error ratio for back-to-back and 40 km SMF [12].

6. Rapid Optical Frequency Sweep for Device Characterization

Optical SSB suppressed carrier modulation can be achieved by using a dual parallel
MZM [1]. A pair of sinusoidal signals with 90-degree phase difference are fed to the two
sub MZIs through electrodes RFA and RFB shown in Figure 17. The modulator is called
an optical SSB modulator, where the optical phase difference between the two arms in
the main MZI should be maintained to be 90-degree by dc-bias through DCC electrode.
The carrier component is suppressed at each sub MZI whose bias should be set to be a
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minimum transmission condition. One of sideband component (USB or LSB) is eliminated
at the Y-junction of the main MZI. Thus, the output has only one spectral component whose
frequency is f0 + fm or f0 − fm. f0 is the optical frequency of the modulator input, while
fm denotes the frequency of the modulating signal fed to the electrodes. The output optical
frequency can be controlled by changing fm. Thus, an optical frequency sweeper can be
configured by a dual parallel MZM and an RF signal sweeper [13–15].

The optical frequency depends on the modulating signal frequency and dc-bias voltage
fed to the modulator, which can be electronically controlled. Thus, output frequency can
be swept agilely, where the frequency shift from optical input is precisely equal to fm.
Figure 18 shows an optical-frequency sweeper setup. A wideband electric sweep signal,
whose frequency range was from 9.6 GHz to 16.0 GHz, was generated by an arbitrary
waveform generator (Tektronix AWG710B) and a wideband 32th-order frequency multiplier.
The sweep frequency range at the arbitrary waveform generator was 300–500 MHz, where
the sweep time was 500 ns, 250 ns, 200 ns or 100 ns. The wideband electric sweep signal
was fed to an SSB modulator through a microwave amplifier and a 90◦ hybrid coupler.
The modulating signal power at each modulator input RFA,B was 23 dBm. A tunable
laser source was used for coarse wavelength control. The output optical signal from the
modulator was fed to a device under test (DUT). Transmitted optical power through the
DUT was measured by using a photodetector. The optical power without DUT was also
measured for calibration. Optical transmittance of the DUT can be obtained from the ratio
between the optical powers with and without DUT. The bias voltages were applied on the
modulator was adjusted for USB generation. Figure 19 shows an optical spectrum at the
output port of the modulator, where the sweep time of the optical frequency sweeper was
100 ns.

RFA

RFB

DCA

DCB

DCC

Figure 17. Optical SSB modulator.

Optical SSB modulator

DUT

RFA RFB

DCCDCA DCB

x32 Broadband 

frequency mupliplier

DC bias sources

Tuneable

laser diode

90 deg. hybrid

coupler Arbitrary waveform

generator

Oscilloscope

Trigger signal

Polarization

controller

Figure 18. Setup for optical frequency sweeper.
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A narrow passband in the reflection band of a dual-section fiber Bragg grating (FBG)
was measured by using the the fast optical frequency sweep system, where the sweep range
and time were, respectively, 6.4 GHz and 0.5 µs. The dual-section FBG had a few narrow
passbands in the reflection band of the FBG. The frequency response can be obtained as a
time domain profile. For comparison, we also measured the narrow passband by using
a tunable laser (Agilent 81689A) where the sweep time was a few seconds. As shown in
Figure 20, the two results agreed with each other very well, where the FWHM was 200 MHz.
However in our proposing system, the sweep time was much faster than the conventional
technique using a tunable laser. In order to estimate linearity of the frequency sweep in
our system, we measured the time domain profiles of the FBG for various input lightwave
frequencies, as shown in Figure 21, where the input lightwave frequency from the tunable
laser was swept with 5 pm (625 MHz) step, which corresponds to 47 ns step in the time
domain. The position deviation in x-axis between the adjacent traces should be close to the
frequency sweep step at the tunable laser. By using this method, we investigated linearity
and accuracy of the frequency sweep. Figure 22 shows the frequency deviations between
the adjacent peaks, for various sweep time (500 ns, 250 ns, 200 ns and 100 ns). The frequency
accuracy of the tunable laser was±1 pm(125 MHz), so that the frequency deviations would
be between the dashed lines in Figure 22 if the frequency error in the sweeper was smaller
than that of the tunable laser. As shown in Figure 22, most of the points were between
the dashed lines, so that we deduce that the frequency error in the sweep technique was
negligibly small. Figure 23 shows the FWHM of the peaks as a function of the sweep
time. When the sweep time is less than 200 ns, the FWHM became larger, due to the
uncertainty between time and frequency. The frequency domain resolution is dominated
by the linewidth of the laser source, however when the sweep time is short, the uncertanity
between time and frequency would be the most important factor in the resolution. As
shown in Figure 24, the sensitivity was small when the sweep time was short. Thus, the
sweep time should be longer than 200 ns, in order to achieve precise measurement using
our setup. However, we can obtain rough time-resolved frequency response measurement
with 100 ns time domain resolution. The sweep time (repetition rate) can be easily changed
by using the arbitrary waveform generator.
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Figure 20. Transmittance of a narrow passband in a dual section FBG, where x-axis shows offset
frequency from the center of the passband, Solid line and dots denotes results by the fast sweeper
using an SSB modulator and conventional technique using a tunable laser, respectively.
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Figure 21. Transmittance of a narrow passband for various input lightwave wavelength, in time-domain.
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Figure 22. Peak position deviations with source laser sweep in 625 MHz step, where the frequency
accuracy of the laser was 125 MHz.
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Figure 23. FWHMs of the passband for various sweep times.
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Figure 24. Transmittance of the passband for various sweep times.

7. Conclusions

Optoelectronic devices which play important roles in high-speed optical fiber net-
works can offer effective measurement methods for optoelectronic devices including optical
modulators and photodetectors. Precise optical signal modulation is required for mea-
surement applications. This paper focused on high-speed and precise optical modulation
devices and their application to device measurement. Optical modulators using electro-
optic effect offers precise control of lightwaves for wideband signals. Extinction ratio and
chirp parameter describe preciseness of optical modulation by Mach-Zehnder modulators.
Precise and high-speed modulation can be achieved by active trimming which compensates
device structure imbalance due to fabrication error. The extinction ratio can be larger than
50 dB, while that of a conventional modulator would be 20 dB. By using an optical modula-
tor with high extinction ratio, we can generate optical two-tone signals which are useful for
measurement applications. Spectral profiles of two-tone optical signals are independent
from frequency response of the modulator. Thus, conversion efficiency of a photodetector
can be easily calibrated by feeding an optical two-tone signal. Precise modulation would
be also useful for advanced modulation techniques with many symbols. Constellations
of multilevel modulation signals would be deformed by imperfection of modulators. To
investigate impact of finite extinction ratio on optical modulation, duobinary modulation
with small signal operation was demonstrated, where the three symbols would be close
the null point which corresponds to the off-state of the modulator. Clear eye-opening was
achieved by 2.0% depth modulation, when the extinction ratio is larger than 50 dB. For
optical frequency domain analysis, single sideband modulation, which sweeps optical
frequency rapidly, generates stimulus optical signals. Fine spectral measurement of a
200 MHz narrow passband was demonstrated with 100 ns sweep time, where the sweep
repetition rate was 10 MHz.
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