Instructions for LiNbO3 Modulator Use

1. Electro-Optic Effect

Waveguide LiNbOs; modulators operate through the electro-optic (Pockels) effect, where the refractive index of the
crystal changes with an externally applied electric field. The magnitude and sign of the index change depend on the
field strength, its orientation relative to the crystal axes, and the polarization of the optical mode. This behavior is
governed by the electro-optic tensor and is anisotropic. Lithium niobate is the dominant material for EO modulators
due to its large Pockels coefficient, broad optical transparency window, and low propagation loss. LiNbOs is a
ferroelectric crystal that is electrically poled during fabrication to set a permanent polarization axis. Applying an
external field during operation perturbs this ferroelectric alignment and modifies the refractive index of the guided
mode. In x- and z-cut LiNbOs waveguide modulators, the strongest modulation occurs when the external electric field
is along the crystallographic z-axis and the optical mode is polarized along the extraordinary axis, exploiting the high
electro-optic coefficient 133~33 pm/V. This configuration maximizes phase-modulation efficiency. It amounts to:
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2. Waveguide Structure
LiNbOs modulators use diffused or etched waveguides to confine light. The waveguides are polarization-sensitive:
Devices are designed for TE-polarized light (extraordinary axis) to maximize modulation efficiency. Input fiber is
typically PM fiber with a polarization-keyed connector. Incorrect polarization alignment results in reduced modulation
depth and increased insertion loss. Always maintain the marked polarization alignment during installation.

3. Phase modulators
Waveguide electro-optic phase modulators typically use a coplanar electrode configuration. When an electric field is
applied along an electrode of length LLL, the refractive index in the waveguide region changes through the Pockels
effect, producing a phase shift on the guided light. The voltage required to induce a phase shift of n radians, often
called Vm, can be approximated by the relation between the electrode field, crystal
electro-optic coefficient, electrode geometry, and device length. The electric field
distribution across the waveguide is not uniform, and therefore the modulation
efficiency includes an overlap factor I which is less than 1. In x-cut lithium niobate
modulators, this overlap efficiency is typically about 0.65. Increasing the electrode
length reduces the required drive voltage Vm, but at high modulation frequency the
electrode length is limited by microwave propagation loss and velocity mismatch. As
a result, the device length is chosen as a compromise between achieving lower drive
voltage and maintaining high-frequency bandwidth.
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4. Intensity Modulation (Mach—Zehnder Structure)
LiNbO:s intensity modulators are based on a Mach—Zehnder interferometer (MZI) integrated in the waveguide. The
input waveguide splits the optical field into two arms. Each arm experiences an electrically induced phase shift, and
the two paths are recombined to generate intensity modulation through interference. The device essentially consists
of two phase-modulating sections operated in a push—pull configuration, meaning the phase in one arm increases while
the phase in the other decreases. Applying a voltage creates a differential phase shift between the two arms, changing
the output optical power from maximum Pmax to minimum Pmin. A phase difference of w radians switches the device
between the “on” and “off” states. The voltage required for this condition is called the half-wave voltage Vz of the
intensity modulator. Because of the push—pull operation, the required Vz for an amplitude modulator is half that of a
phase modulator of equal electrode length, making the MZI structure significantly more efficient for intensity control.
In practice, the modulator operating point drifts due to temperature changes, 5
photorefractive effects, and material relaxation, which affects extinction ratio and i
linearity. For stable operation, LiNbOs modulators typically include a bias control
section and a monitor photodiode. An automatic bias controller keeps the device at
the correct operating point, maintaining performance, minimizing driving voltage, and
preventing distortion. Agiltron provides integrated bias-control solutions for this
purpose. The electrical-to-optical transfer function of an MZI modulator is a cosine- 7
squared relationship. @ N
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5. Bias Point and Bias Control

The output intensity of a LINbOs Mach—Zehnder modulator depends on both the amplitude and the DC offset of the
applied electrical signal. The device must be biased at a specific point on its cosine-squared transfer curve to operate
correctly. The null point is used for maximum extinction in on—off modulation, while the quadrature point is used for
linear modulation in analog and advanced modulation formats. Because the bias point drifts over time due to
temperature changes, photorefractive effects, and charge migration in the crystal, practical systems always employ
closed-loop bias control. Commercial modulators typically include an integrated monitor photodiode and heater, and
use an automatic feedback circuit—either dither-based or dither-free—to maintain the correct operating point and
prevent performance degradation. Stable bias control is essential for maintaining extinction ratio, minimizing
distortion, and preventing signal errors in both digital and analog photonic links. Agiltron provides automatic bias
control solutions matched to our LiNbOs modulators. The figure below illustrates how a binary electrical drive
produces a binary optical output when the modulator is biased correctly; incorrect bias results in degraded output
levels or distortion.
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6. RF Drive and Electrical Interface

LiNbOs modulators are high-frequency electro-optic devices that require 50-ohm RF drive to maintain impedance
matching and prevent reflections that degrade bandwidth and modulation depth. Their traveling-wave electrodes
propagate the microwave signal along the device, and the achievable modulation bandwidth is determined by RF
attenuation, electrode geometry, and velocity matching between the microwave and optical waves. To achieve full
modulation depth, the RF driver must deliver a voltage swing near the device’s V, and at high data rates this typically
requires broadband RF amplifiers capable of supplying several volts at multi-GHz frequencies. RF cable length,
connector quality, and proper termination are critical, since impedance mismatch produces reflections, eye-closure in
digital systems, and intermodulation distortion in analog links. In practical system design, the RF path should be kept
short, matched terminations used, and the modulator’s electrical limits observed to avoid electrode heating or
permanent damage while maintaining clean high-speed performance. Because Vr increases with frequency, broadband
RF amplification is often necessary to achieve strong modulation at higher frequencies. Agiltron provides high-
performance RF drivers optimized for LiNbOs modulators to maximize bandwidth and modulation efficiency.

7. LiNbOs Chirp Effects
Chirp in LiNbOs modulators refers to the unintended frequency shift that accompanies intensity modulation, caused
by residual phase modulation in the device. A perfect Mach—Zehnder modulator would produce pure amplitude
modulation with zero chirp, yet real devices exhibit phase imbalance due to electrode asymmetry, imperfect push-pull
operation, or bias drift. The chirp parameter a\alphaa quantifies this effect, where oa=0\alpha = 0a=0 gives chirpless
modulation, positive chirp broadens pulses in normal-dispersion fiber, and negative chirp can partially compensate
fiber dispersion. Device crystal orientation strongly influences chirp behavior. Z-cut LiNbOs modulators which has
lower Vp typically exhibit intrinsic chirp because the electro-optic coefficients and field interaction are not perfectly
symmetric between the two arms, so achieving low chirp requires precise electrode and waveguide design plus tight
bias control. Y-cut LiNbOs modulators support more symmetric electro-optic interaction and can achieve near-zero



chirp more easily, making them preferred for low-chirp or chirp-controlled applications in high-speed and analog
photonics. Stable bias control and true push-pull electrode drive remain essential in both orientations to minimize
chirp and maintain optical signal fidelity over fiber.

8. Wavelength Range
The operating wavelength affects several LiNbOs modulator characteristics, most notably the half-wave voltage V,
insertion loss, and nonlinear effects. In general, Vrr decreases at shorter wavelengths due to stronger electro-optic
interaction, while insertion loss increases because of higher Rayleigh scattering and slight material absorption. LiNbOs
becomes unstable below approximately 750 nm due to photo-induced charge build-up and photorefractive effects,
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9. Laser Spectral Width on Performance

The modulators are designed for operation at a specific narrow wavelength band because the half-wave voltage and
interference behavior depend on wavelength. If the optical spectral width increases, the extinction ratio of an intensity
Mach—Zehnder modulator decreases due to the wavelength-dependent phase shift in the two interferometer arms. Near
the fundamental operating wavelength (zero-order interference), extinction is typically sufficient, but at larger
wavelength deviations the interference balance degrades rapidly, resulting in poor extinction. This limitation also
applies to pulsed operation, since short optical pulses have broad spectral content that can reduce modulation depth if
the modulator is not designed for the required bandwidth.

10. Pulse Operation
Pulsed operation introduces spectral broadening considerations because ultrashort pulses have wide optical
bandwidths. For example, 150 fs pulses centered at 1060 nm with an initial spectral width of 8 nm (FWHM) broadened
to approximately 30 nm (FWHM) after only a few centimeters of fiber, increasing in duration to about 3 ps due to
dispersion. Once broadened, the modulator no longer significantly affects the spectrum, but the increased spectral
width impacts interference-based modulation. Ultrashort pulses require modulators designed for sufficient optical
bandwidth to maintain good extinction performance.

11. Application Example: RF over Fiber Analog Link
For high-fidelity analog modulation, the Mach—Zehnder modulator is biased at the 3-dB (quadrature) point, where the
slope of the transfer function is maximized and the optical output is most linear with respect to the applied voltage. In
this region, small-signal modulation produces an approximately linear intensity response, and the system achieves
maximum RF-to-optical conversion efficiency. To preserve linearity, the electrical drive amplitude must remain well
below the full switching voltage Vr; in practice, small-signal operation typically uses a modulation index of 0.1-0.2
Vr for low-distortion links. Driving the device towards V' pushes operation into optical output power
nonlinear portions of the cosine-squared curve, generating second-order and third- 1
order distortion, leading to degraded spurious-free dynamic range (SFDR),
increased IMD2/IMD3 products, and impaired EVM in advanced modulation
formats. For demanding RF-photonic links, external linearization, predistortion,
dither-based bias control, and dual-drive push-pull configurations are commonly
employed to suppress even-order terms and extend the linear range. High-
performance systems may also use electro-optic coefficient trimming, feedback-
controlled bias loops, and temperature stabilization to prevent drift that would
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otherwise degrade linearity over time. In short, analog LiNbOs modulators are not driven for full extinction; they are
operated as precision, low-distortion linear electro-optic transducers near quadrature, with strict control of bias, RF
drive level, and environmental stability.

12. Application Example: Pulse Generation

Due to the periodic transfer function of a Mach—Zehnder modulator, the device can be driven at different regions of
its characteristic curve to achieve various modulation functions. A key modulator application is generating and shaping
short optical pulses from a continuous-wave (CW) laser, enabling pulse formation independent of the laser source. To
produce sharp optical pulses, the modulator is switched between two electrical drive levels corresponding to the optical
null points (valleys) of the transfer curve, converting the CW input into a high-contrast pulse train. The optical pulse
width is determined primarily by the rise and fall times of the electrical driver, while the pulse repetition rate follows
the drive frequency. For shaped optical pulses, the linear portion of the transfer curve can be exploited by applying an
electrical waveform that spans voltage levels corresponding to the minimum and maximum optical transmission. This
provides controlled pulse amplitude shaping, allowing precise optical waveform generation without a pulsed laser,
while achieving high extinction ratio and flexible pulse profiles.
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The modulator’s ultra-fast intrinsic response (sub-picosecond Pockels effect) ensures that the device itself is not the
limiting factor; instead, system performance is dominated by parasitics, electrode dispersion, and RF path design.
Clean bias control is essential to avoid residual transmission (pedestal leakage) and preserve high extinction ratio. In
high-fidelity pulse applications, the electrical drive signal must be free of overshoot, ringing, and jitter; otherwise, the
optical pulses inherit these distortions. Advanced systems employ arbitrary waveform generators (AWGs), pre-
emphasis/equalization, and impedance-matched transmission lines to sculpt optical output shapes, ranging from square
pulses to chirped or shaped envelopes for ultrafast experiments. Because the CW laser remains spectrally narrow, this
approach enables generation of high-quality optical pulses independent of laser dynamics, making LiNbOs modulators
a core component in photonic arbitrary pulse generation, RF-photonic sampling, and coherent optical communications.

13. Application Example: Pulse Picking
LiNbO:s intensity modulators can be used as pulse pickers to select individual pulses or pulse bursts from a high-
repetition-rate laser, effectively reducing the pulse repetition frequency. In this configuration, the modulator is
normally held in the “off” state to block all pulses from the mode-
locked laser. A synchronization signal derived from the laser’s laser pulses
pulse train is passed through an electrical delay line to match the
timing between optical and electronic paths. A programmable A N kmwmmmmwﬂwmmmwmm
counter divides the sync signal by a user-defined integer, and every 20:4h pulse ransmitied

when the selected count is reached, it triggers a pulse generator. 1
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0

’ every 40-th pulse transmitted

-

o

briefly opening the transmission window to pass one or a
controlled number of pulses. The duration of the electrical gating
pulse determines how many optical pulses are transmitted.
Typical driver electronics support trigger frequencies up to ~150 0
MHz, with minimum pulse widths on the order of a few
nanoseconds and output amplitudes up to ~5 'V, sufficient to drive
LiNbOs modulators designed for ~1550 nm and shorter
wavelengths. Division ratios from 2 up to tens of thousands enable
flexible repetition-rate reduction. A built-in photodiode maintains stable operating bias via a feedback loop.
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14. Application Example: Optical Frequency Comb Generation

Optical frequency combs can be generated from a narrow-linewidth CW laser by driving a LiNbOs electro-optic
phase modulator with a high-frequency, high-power RF signal so that the laser field undergoes strong sinusoidal
phase modulation, producing discrete frequency sidebands spaced by the RF drive frequency through Bessel-
function expansion of the optical carrier. When the phase modulation index B exceeds unity—achieved by pushing
the RF voltage toward or beyond the modulator’s Vm —multiple high-order harmonics appear, forming a
symmetric, coherent comb around the optical carrier; the comb span grows with RF power, microwave frequency,
and cascaded modulator stages. In practice, the comb flattens and broadens significantly by cascading phase
modulators, optionally preceded by a Mach-Zehnder intensity modulator biased at quadrature to suppress the
carrier and enhance spectral uniformity. Proper polarization alignment to the extraordinary axis, 50-Q RF
matching, and low-jitter RF sources are essential to avoid amplitude ripple, mode beating, and coherence
degradation. Dispersion management after modulation can compress the comb into transform-limited pulses,
while arbitrary waveform drivers enable programmable comb shaping. This architecture provides tunable, low-
noise combs for coherent communications, microwave photonics, optical clocks, and LIDAR without requiring
mode-locked lasers. Agiltron produce thin film modulator based Optical Frequency Comb devices and plug-play
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