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Abstract 

 
 This paper discusses the possibility of applying the high extinction ratio optical modulator to a high stability and 
high frequency (over 100 GHz) optical reference signal generator.  An alternative method to the optical phase lock 
scheme is the Lithium niobate Mach-Zehnder optical intensity modulator which is capable of generating two highly 
stable optical signals by applying a sinusoidal microwave signal to an input laser signal.  The measured phase stability 
is 3x10-14 in the Allan standard deviation.  And we discuss the possibility of transmitting a reference signal in the form 
of frequency difference between two coherent light waves. 
 

1. Introduction 
 
 ALMA (Atacama Large Millimeter/sub-millimeter Array) is a high-frequency radio interferometer array 
currently under development, and each of the ALMA antennas has a 10-band receiver, and its highest receiving 
frequency reaches 950 GHz. To receive such high frequencies, higher reference frequency is required for the 1st local 
(as much as over 100 GHz), and stability to maintain the signal coherence is also required. To address these issues, we 
have developed a new method to generate and transmit a reference signal in the form of frequency difference between 
two coherent light waves. One method to generate two optical signals is producing them from a pair of laser sources 
using optical phase lock loop for feed back control, however, optical phase lock loop has a stability problem in its 
operation. A good alternative method to the optical phase lock scheme is the lithium niobate (LiNbO3) Mach-Zehnder 
optical intensity modulator which is capable of generating two highly stable optical signals (upper sideband and lower 
sideband components) by applying a sinusoidal microwave signal to an input laser signal.  In actually the optical phase 
locked loop is used for the ALMA baseline plan. The required phase stability of ALMA is better than 10-13 in the Allan 
standard deviation, vibration robustness and polarization maintaining capability. The signal coherence loss estimated 
from the phase stability of the two optical signals generated by the Mach-Zehnder modulator shows that the modulator 
has the ability to generate highly stable optical signals.  In the high-extinction ratio LiNbO3 Mach-Zehnder intensity 
modulator, the optical frequency difference between two optical signals is exactly twice (or four times) the modulation 
frequency.  Compared to the optical phase lock scheme, the Mach-Zehnder modulator has significant advantages in 
terms of robustness to mechanical vibration and acoustic noise, stability (free from the influence of the input laser line-
width), and capability of maintaining polarization state of the input laser.  And we have developed a transmission phase 
stabilizer. 
 

2. Two Operation Modes of the Mach-Zehnder Modulator 
 
 In the Mach-Zehnder structure, the output spectrum depends on the DC bias voltage applied to the electrodes 
(Fig. 1). The Mach-Zehnder modulator has two operation modes: null-bias point operation mode and full-bias point 
operation mode. When the bias of the Mach-Zehnder modulator is set to a minimum transmission point (null-bias point), 
the first-order upper side band (USB) and lower side band (LSB) components are strengthened, and the carrier is 
suppressed (Fig. 2). The frequency difference between the two spectral components is twice the modulation sinusoidal 
signal frequency. However, as the modulation frequency is limited by the frequency response of the modulator, the 
frequency upper limit of the two optical signals can not be higher than 100 GHz in the null-bias point operation mode.  
   On the other hand, when the bias is set to a maximum transmission point (full-bias point), the optical 
frequency of even-order (zero- and second-order) components is remained (Fig. 2 left side). The frequency difference 
between the zero-order and second-order components is 2fm (fm is the modulation frequency of the RF signal applied to 
the modulator). When 4fm > 50 GHz, the frequency difference is large enough, and thus the zero-order component can 



be eliminated with a conventional optical filter (Fig. 2 right side).  Eliminating the zero-order component (carrier), the 
remaining is a two-tone optical spectrum whose frequency is four times the modulation frequency. The optical signal 
filtered by the optical filter is amplified by an optical amplifier. 
 
 

 
Fig. 1 Simplified structure of an optical modulator with two arms and 
electrodes. Optical phase of each arm is controlled by applying DC 
bias to the electrodes. Amplitude imbalance due to fabrication error is 
compensated with sub-Mach-Zehnder trimmers. When two lightwaves 
are in phase, the output optical signals are strengthened each other. On 
the other hand, when the phases of the input lightwaves are shifted, the 
phase-shifted lightwaves are radiated away as higher-order waves, and 
do not reach the optical waveguide. This is the main feature of the 
Mach-Zehnder modulator. 
 
 
 

 
 
 
 
Fig. 2 Null-bias point operation. When the bias of the Mach-Zehnder 
modulator is set to a minimum transmission point (null-bias point), the first-
order upper side band (USB) and lower side band (LSB) components are 
strengthened, and the carrier is suppressed.  
 
 
 

 
 
 
Fig. 3 Full-bias point operation. Even-
order components is remained (left 
chart). Eliminating the zero-order 
component (right chart) by a FBG filter. 

 
 
 
 

 
3. Phase noise 

 
 The behavior of phase noise can be analyzed by the Allan standard deviation. Fig. 4 shows the phase stability of 
the Mach-Zehnder modulator measured using the Allan standard deviation.  The stability is independent of the input 
laser line-width. Input lasers applied in this experiment are a DFB-laser (10 MHz line-width) and a fiber-laser (1 kHz 
line-width).  There is no remarkable difference according to the input laser signal. 

 
3.1 Astronomical application 

 
 The region from 27 GHz to 122 GHz is used for operational frequency for ALMA 10-band receivers. The two-
tone generator requires polarization maintaining capability as well as mechanical vibration and acoustic noise 
robustness to avert the impact of the polarization effect on the photo-mixer and that of the polarization mode dispersion 
(PMD) on the transmission fiber.  According to the requirements of ALMA, the short time stability of white phase 
modulation noise is σy (τ=1) = 9.2 x 10-14 with σy (τ =1) = 1.56 x 10-16 (flicker phase modulation noise) in the long-time 
period.  The measured stability of the null-bias point operation mode is 2.4 x 10-14 (white phase modulation noise) with 



1.3 x 10-14 (white frequency modulation noise) at τ=1 sec, while the stability of the full-bias point operation mode is 3 x 
10-14 (white phase modulation noise). The estimated coherence loss is shown in Table 1. 

 
Fig. 4 Measured phase stabilities of the Mach-Zehnder modulator, the Null-bias operation mode (22 GHz) signal and 
the Full-bias operation mode (100 GHz) signal. 

Table 1 Estimated coherence loss. 
ALMA 

Receivers 
Highest 
Local 

frequency
in GHz 

Multi.
numb.

Coherence 
loss 
in % 

Operation
mode 

Band 1 33 1 0.00 Null-Bias
Band 2 
Band 3 
Band 4 
Band 5 
Band 6 
Band 7 
Band 8 
Band 9 
Band10 

94 
108 
151 
199 
263 
365 
488 
708 
938 

1 
1 
2 
2 
3 
3 
5 
6 
9 

0.01 
0.01 
0.03 
0.05 
0.12 
0.24 
0.71 
1.78 
4.69 

 
 
 
 

Full-Bias

 
 
 

4. Round trip transmission phase stabilizer 
 

 
 Signals generated by the two coherent optical signals generator (Fig. 1) are sent to the antennas from the 
Ground unit (Fig. 5).  At each antenna, frequency-shift modulation (25 MHz) is performed by the Acoust-Optics (AO) 
frequency shifter for the received optical signals which are then reflected by the optical reflector and returned to the 
shifter. The signals pass through one path in transmission. The frequency shift modulation is used to distinguish the 
round-trip signal from back-scattered signals. The phase difference between the signal at the starting point of the 
roundtrip transmission and the returned signal is detected by Michelson's interferometry.   The roundtrip phase 
measurement is performed on each lightwave signal separately (double-differential method).  Since the frequency-shift 
modulation frequency is small, its PMD (the second order PMD) can be ignorable. The Round-trip phase measurement 
method is helpful for successful delay compensation of the microwave signal which is converted from the two coherent 
optical signals by a photo mixer. 
 



 
 
 
 

 
Fig. 5 Block diagram of the transmission phase stabilizer.  The phase difference between the signal at the starting point 
of the roundtrip transmission and the returned signal is detected by Michelson's interferometry.   The roundtrip phase 
measurement is performed on each lightwave signal separately (double-differential method).  The measured phase is 
used for controlling an optical phase shifter. 

 
5. Conclusion 

 
 Based on our experiment results, we propose a new high carrier suppression optical double-sideband intensity 
modulation technique using the integrated LiNbO3 Mach-Zehnder modulator which is capable of compensating the 
imbalance of the Mach-Zehnder arms with a pair of active trimmers (null-bias operation mode). The full-bias point 
operation mode introduced in this paper is also a novel modulation technique for the second-order harmonic generation. 
The Mach-Zehnder modulator can generate two coherent light waves with frequency difference equivalent to twice or 
four times the modulation frequency. Estimated phase stability and coherence loss indicate that this method is 
applicable to the ALMA and VLBI (very long baseline interferometer) experiments.  The two spectral components of 
the two optical signals generated with this technique are phase-locked without using any complicated feedback control. 
All of the measurements were carried out on a table (without vibration isolation) in a normally air-conditioned room 
without acoustic noise isolation. Temperature change and mechanical vibrations may have affected the output 
lightwaves to some degree, however there was no chaotic phenomenon such as mode hopping or mode competition 
during the experiments. Based on these results, we concluded that the proposed techniques will be useful to construct a 
robust, low-cost and simple setup for the photonic local signals.  
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