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1. Introduction 

In the field of high-frequency radio interferometer, Atacama Large Millimeter/sub-
millimeter Array (ALMA), its highest receiving frequency reaches 950 GHz. To receive such 
high frequencies, a higher reference frequency for frequency conversion is required (as 
much as over 100 GHz). To maintain signal coherency, this reference signal has to be highly 
stable. 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 (Cliche & Shillue (2006)), however, optical 
phase lock loop also requires a stable laser source. A good alternative method to the optical 
phase lock scheme is the lithium niobate (LiNbO3) Mach-Zehnder optical 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. 
Compared to the current optical phase lock scheme, the Mach-Zehnder modulator has 
significant advantages in terms of stability (free from the influence of the input laser 
stability), robustness to mechanical vibration and acoustic noise, and capability of maintaining 
polarization state of the input laser. During the signal transmission through the fiber cable, the 
cable length delay fluctuation is caused together with polarization mode dispersion, which 
will impact the performance of coherent signal distribution. We have developed the phase 
stabilizer using the dual difference round-trip phase measurement method with Michelson’s 
interferometer. The roundtrip phase measurement is performed on each lightwave signal 
separately. 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. The two transmitted optical signals require phase stability better 
than 10–13 (1sec) in white phase noise in the Allan standard deviation for ALMA project. 

2. Astronomical requirements 

The modulation signal is transmitted via one optical fiber in the form of frequency 
difference between two coherent optical signals. These two optical signals are subsequently 
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converted into millimeter-wave signal by the photo mixer at the remote antenna. The region 
from 27 GHz to 122 GHz (Table 1) 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 on the transmission 
fiber. 
 

 
Reference freq. 

range (GHz) 
Local freq. 

range (GHz) 

   

Band 1 27.3-33.0 27.3-33.0 

Band 2 79.0-94.0 79.0-94.0 

Band 3 92.0-108.0 92.0-108.0 

Band 4 68.5-75.5 137.0-151.0 

Band 5 87.5-99.5 175.0-199.0 

Band 6 74.3-87.7 223.0-263.0 

Band 7 94.3-121.7 283.0-365.0 

Band 8 79.4-97.6 397.0-488.0 

Band 9 102.3-118.0 614.0-708.0 

Band 10 88.8-104.2 799.0-938.0 

Table 1. Required frequency range. 

2.1 Phase noise 
The behavior of phase noise can be analyzed by the Allan standard deviation (Allan (1966; 

1976)). The frequency instability is the frequency change induced by internal or external 

factors within a given time interval. In other words, the frequency instability is defined as 

the degree to which the output frequency remains constant over a specified period of time. 

Characteristics of phase noises (Healey (1972)) are shown in Fig. 1. 
 

 

Fig. 1. Phase noises of a highly stable signal. 
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Noises are classified into the following five types according to the noise generation 

mechanism: white phase modulation noise (τ – 1), flicker phase modulation noise (τ –1), white 

frequency modulation noise (τ – 1/2), flicker frequency modulation noise (τ 0) and Random 

Walk frequency modulation noise (τ 1/2) (Healey (1972)). Some of these noises are generated 

by electronic equipment or by changes in the environment (such as temperature change). 

2.2 Estimation of coherence loss and time error by the Allan standard deviation 
The coherence loss due to the instability in the frequency standard for T-sec integration 

times is estimated Eq. (1) (Rogers & Moran (1981); Rogers et al. (1984); Kawaguchi (1983)). 

 
2

2 2
= [ ]

6 12 57

p f y

c o
L T T

α α σ
ω + +  (1) 

where 
Lc the loss of coherence, 

ωo the angular frequency of local oscillator, 

αp the Allan variance [(standard deviation)2] of white phase noise at l sec, 

αf the Allan variance [(standard deviation)2] of white frequency noise at l sec, 
2

yσ  the constant Allan variance [(standard deviation)2] of flicker frequency noise, 

T the integration time [sec]. 
Coherence loss and time error are calculated by the Allan standard deviation. One of the 

stability measurement methods in time domain is the Dual-Mixer Time Difference (DMTD) 

method (Allan (1976)) which is adopted by NIST (National Institute of Standards and 

Technology, USA), NICT (National Institute of Communications and Technology, Japan) 

and other time/frequency standard institutes. Using this method, the phase stability of a 

device-undertest can be obtained without influence of unstable local frequencies of the 

measurement system. The Dual-Mixer Time Difference method allows time measurements 

and frequency and frequency stability measurements for sample times as short as a few 

milliseconds or longer without dead time. Moreover, the phase noise in the measurement 

system can be canceled out with this method. 

The total system instability is calculated by RSS (root sum square) of the Allan standard 

deviation of each component. Time error of phase noise is calculated as follows: 

( )
=

3

y
T T sec
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σ×
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in white Phase Modulation noise  
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in white Frequency Modulation noise  
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(1 )

=
ln 2

y
T secσ×

 (4) 

in flicker Frequency Modulation noise  

According to the system-level technical requirements of ALMA, the instrumental 
delay/phase error of the 1st Local system should be 53 fs in the short time period, and the 
difference between 10 sec averages at intervals of 300 sec should be 17.7 fs in RMS. When 
these values are converted to the Allan standard deviation using Equations (2), (3), and (4), 
it turns out that the noises are white phase modulation noise and flicker frequency 
modulation noise. The short time stability of white phase modulation noise is obtained Eq. 

(2): σy(τ = 1) = 9.2 × 10–14. Calculating from Eq. (4) and 10 seconds averaging, the required 

stability is σy(τ = 1) = 1.56 × 10–16 (flicker phase modulation noise) in the long-time period. 

3. Photonic millimeter-wave generator 

In the high-extinction ratio lithium niobate (LiNbO3) Mach-Zehnder intensity modulator 
(Izutsu et al. (1977), Izutsu et al. (1981), Kawanishi et al. (2006), Kawanishi et al. (2004a), 
Kawanishi et al. (2004b), Kawanishi et al. (2007), Onillon et al. (2005), Vegas et al. (2003)), the 
optical frequency difference between two optical signals is exactly twice (or four times) the 
modulation frequency, and the output signal is equivalent to FSK (frequency shift keying) 
spectrum. Compared to the optical phase lock scheme, the Mach-Zehnder modulator 
(shown in Fig. 2) has significant advantages in terms of robustness to mechanical vibration  
 

 

Fig. 2. 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. 
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and acoustic noise, stability (free from the influence of the input laser stability), and 
capability of maintaining polarization state of the input laser. The Mach-Zehnder modulator 
is so reliable that it has been used for optical submarine cables. The estimated lifetime of the 
Mach-Zehnder modulator extends to several decades. 
The output spectrum depends on the DC bias voltage applied to the electrodes in the Mach-
Zehnder structure. The Mach-Zehnder modulator has the following two operation modes 
(Kawanishi et al. (2005), Kiuchi et al. (2007), Sakamoto et al. (2005)). 

3.1 Operation mode 
3.1.1 Null-bias point operation mode 
When the bias of the Mach-Zehnder modulator is set to a minimum transmission point 
(nullbias point), the first-order upper side band (USB) and lower side band (LSB) 
components are strengthened, and the carrier is suppressed (Fig. 3). The frequency 
difference between the two spectral components is twice the modulation sinusoidal signal 
frequency. As the spectral components generated by the optical modulation are phase-
locked, it is possible to construct  a robust system without using any complicated feedback 
control technique. 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. For this reason, the null-bias 
point operation mode is suitable for the low-frequency application. 

 

Fig. 3. When the bias of the Mach-Zehnder modulator is set to a minimum transmission 
point (null-bias point), the first-order USB and LSB components are strengthened, and the 
carrier is suppressed. The frequency difference between the two spectral components is 
exactly twice the modulation signal frequency. Each sideband signal spectrum shows a copy 
of the input laser spectrum. High carrier suppression ratio of 50 dB was demonstrated by 
the nullbias point operation mode using the integrated Mach-Zehnder modulator with an 
intensity trimmer in each arm (sub-Mach-Zehnder interferometer). 

3.1.2 Full-bias point operation mode 
When the bias is set to a maximum transmission point (full-bias point), the second-order 
USB and LSB are strengthened, and the carrier is not suppressed. If the extinction ratio of 
the Mach-Zehnder modulator is high, undesired odd-order USB and LSB components can 
be successfully suppressed with this technique. When the odd-order sideband components 
are suppressed in this mode, the optical frequency of even-order (zero- and second-order) 
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components is remained (Fig. 4 left side). Eliminating the zero-order component (carrier), 
the remaining is a two-tone optical spectrum whose frequency is four times the modulation 
frequency or 4 fm (fm is the modulation frequency of the RF signal applied to the 
modulator). The frequency difference between the zero-order and second-order components 
is 2 fm. When 4 fm > 50 GHz, the frequency difference is large enough that the zero-order 
component can be eliminated with a conventional optical filter (Fig. 4 right side). The optical 
signal filtered by the optical filter is amplified by an optical amplifier. At this point, the first-
order components are suppressed by the Mach-Zehnder modulator with high extinction 
ratio to prevent undesired spurious signals. 
 

 

Fig. 4. When the bias of the Mach-Zehnder modulator is at full-bias point, the odd-order 
sideband components are suppressed. In this case, the optical frequency of even-order (zero-
order and second-order) components is remained (left chart). Eliminating the zero-order 
component (carrier: input lightwave), the remaining is a two-tone optical spectrum whose 
frequency is four times the modulation frequency (right chart). 

3.2 Harmonic generation process 

The input light-wave is assumed to be monochromatic, and can be described by 
2

0
if t

LWA e
π

, 

where ALW is the optical transmittance in the waveguide. Light-waves with RF signal can be 
obtained by modulation of sinusoidal RF signals into USB and LSB components using an 
optical intensity modulator. Assuming the RF signal is a sinusoidal signal, it is expressed as 

2ARF sin(2π fmt + φB), and the optical output is expressed as shown in Eq. 7(Kawanishi et al. 
(2007)). 
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The output optical intensity 2
| |R , which is detected by a high-speed photo-mixer, is 

expressed by Eq. 8. 
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where the high-order components are neglected assuming ARF 2  1, and the high-order 

components are neglected. By using Taylor’s expansion of Bessel function, Eq. 9 is obtained. 
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 21
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2
RF B mA f tφ π+ ×  (9) 

The intensities of the fundamental component sin(2π fmt) and the second-order harmonic 

cos(2 × 2π fmt) can be controlled by the DC-bias φB. The fundamental and second-order 

components are proportional to sin(φB) and cos(φB), respectively. The ratio between the 

average power and RF signal component depends largely on the conversion efficiency from 

light-waves to RF signals at the photo-mixer. The ratios for the fundamental and second-

order components are expressed in Eqs. 10, 11. 
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In the case of φB = π, the even-order components in the output signal R, including the carrier 

components 
2

0
if t

e
π

are suppressed and the average power 2
| |R  is reduced to minimum of 
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2

| | /2RFA , where the dominant components are first-order USBs and LSBs. In the case of φB = 

0, the odd-order components are suppressed, and the dominant components are zero-order 

and second-order USBs and LSBs. 

3.3 Need for the high-extinction ratio modulator 
Three Mach-Zehnder structure LN-modulator can provide high-extinction ratio (more than 
55 dB) modulation signals. Simulated signals are shown in Figs. 5 and 6. High-extinction 
  

 

Fig. 5. Simulated low extinction ratio (20 dB) modulation signal. Optical spectrum (left) and 
micro wave spectrum (right). 

 

Fig. 6. Simulated high extinction ratio (50 dB) modulation signal. Optical spectrum (left) and 
micro wave spectrum (right). 
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ratio performance is effective in suppressing of excessive signals. Suppression of spurious is 
very important to ensure effective photonic LO signal distribution. 

3.4 Stability measurement 
In the case of the interferometer, we use the hydrogen maser which has the best short-term 
stability among existing atomic clocks as the reference signal source if necessary. There is 
also a method to measure the phase noise of components without using the hydrogen 
maser. We can estimate the total phase noise of the interferometer system, using the 
covariance that is obtained by; 1) measuring the phase noise of a single unit independent 
from the reference signal and the reference signal phase noise that is separately measured 
and 2) taking the root sum square of these phase noises. We should use time domain Allan 
standard deviation measurement with DMTD method instead of the frequency domain SSB 
phase noise measurement method which measures the phase noises of all signals as a whole. 
The Allan standard deviation in time domain is used to calculate the coherence loss and 
time error. 

3.4.1 Time domain phase measurement method for the null-bias point operation mode 
Figure 7 shows a time-domain stability measurement system to measure the differential 
phase between the second harmonic of the reference synthesizer and the first-order 
modulated signal (null-bias point operation mode). The figure shows the experimental setup 
of the Dual-Mixer Time Difference system (mixers, filters, and a Time Interval Analyzer: 
TSC-5110A) for phase noise measurement using a 22 GHz signal. The origin of the source 
signal is a 11 GHz synthesizer. The 11 GHz signal is used as a modulation signal, and the 22 
GHz signal (spurious signal of 11 GHz, Fig. 7) is used as a reference signal (on the lower 
arm). These signals are coherent since the 22 GHz signal is a harmonic of the 11 GHz signal. 
Two coherent optical signals with 22 GHz difference are generated by optical modulation of 
the optical source signal using the Mach-Zehnder modulator. These two signals are 
subsequently converted to a 22 GHz microwave signal (on the upper arm) by the photo- 
 

 

Fig. 7. Block diagram of a time-domain stability measurement system for the null-bias point 
operation mode (the first-order optical signal). This phase noise measurement system is free 
from the influence of reference signal phase noise and frequency conversion signal phase 
noise. 
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mixer. The frequencies of the two 22 GHz signals (on both arms) are converted to 20 MHz 
with a common 21.98 GHz signal. After these processes, the phase difference between the 
two 20 MHz signals is measured by the Dual-Mixer Time Difference system. In this 
experimental setup, the 21.98 GHz synthesizer, the hybrid, and mixers compose a kind of a 
Dual-Mixer Time Difference system. During these operations, the 20 MHz signals are free 
from the instability of the 11 GHz and 21.98 GHz synthesizers. 

3.4.2 Time domain phase measurement method for the full-bias point operation mode 
Figure 8 shows a time-domain stability measurement system to measure the differential 

phase between the multiplied (×4) reference signals and the second-order modulated signal  
(Full-bias point operation mode). In the case of 100 GHz measurement, the source signal is 
generated from the 25 GHz sinusoidal synthesizer, and the generated 25 GHz signal is used 
as a modulation signal and a multiplied reference signal. The microwave multiplier 
generates 100 GHz. Two coherent optical signals with 100 GHz difference are generated by 
optical modulation of the optical source signal using the Mach-Zehnder modulator. These 
two signals are subsequently converted to a 100 GHz microwave signal by the photo-mixer. 
The frequencies of the two 100 GHz signals are converted to 10 MHz by harmonic-mixers 
(multiplied number is 10) with a common 9.999 GHz synthesizer signal. After these 
processes, the differential phase between the two 10 MHz signals is measured by the Dual-
Mixer Time Difference system. In this experimental setup, the 9.999 GHz synthesizer, the 
hybrid, and harmonic-mixers in the figure compose a kind of a common noise system. 
During these operations, the 10 MHz signals are free from the instability of the 25 GHz and 
9.999 GHz synthesizers. The measured phase noise is the covariance of the two systems 
(Mach-Zehnder modulator and multiplier). 
We used an NTT photo-mixer, an Uni-traveling-carrier photodiode (UTC-PD)(Hirota et al. 
(2001), Ito et al. (2000)). Responsibility of the photodiode is approximately 0.4 A/W. The 
typical output power (100 GHz) is approximately 0.5 mW. 

3.5 Measured stability 
To make the Dual-Mixer Time Difference method available, it is required that the phase 
stability of the multiplier be better than that of the Mach-Zehnder modulator, or the stability 
of the two systems be almost equivalent. 
The results of the SSB phase noise measurement method include not only the phase noises 
of the LN-modulator (or multiplier) but also those of the reference signal generator 
(Synthesizer). Therefore the measured SSB phase noise heavily depends on the reference 
signal phase noise. On the other hand, the DMTD method measures differential phase noise 
between the measurement signal and the reference signal. In our system, the measurement 
signal and the reference signal are generated from the same source, which means we can 
offset the phase noise of the signal source, or the common noise, when obtaining the 
covariance between the modulator and multiplier. If the phase noises of the modulator and 
multiplier are almost equivalent or that of the modulator is better, we can use the obtained 
Allan standard deviation as the phase noise after dividing it with the square root of two. If 
the multiplier has much better phase noise, the obtained covariance should be considered as 
the phase noise of the modulator. 
We made a comparison between single side band (SSB) phase noises of the multiplier and 
the Mach-Zehnder modulator signals using the SSB phase noise measurement system as 
shown in Fig. 8. 
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Fig. 8. Block diagram of a time-domain stability measurement system using the multiplier 
signal for the full-bias operation mode (the second-order optical modulation signal). This 
phase noise measurement system is free from the influence of reference signal phase noise 
and frequency conversion signal phase noise. This method is also regarded as a Dual-Mixer 
Time Difference method. The measured phase stability is the covariance of the Mach-
Zehnder modulator and multiplier phase noises. 

Since the current system doesn’t have two identical LN modulators, we cannot perform the 
phase noise measurement between two identical LN modulators with the DMTD method. 
Consequently, it is meaningless to use the DMTD method if the phase noise of the multiplier 
to be compared is extremely bad. 
The obtained results show at least the modulator has phase noise that is equivalent to or 
better than that of the multiplier in 1 kHz and higher frequency. The lower frequency phase 
noise is masked by the synthesizer phase noise. The measurement results of SSB phase noise 
is no more than a criterion for judgment of effectiveness of the measured Allan standard 
deviation with the DMTD method. 
Phase stability of the Mach-Zehnder modulator measured using the Allan standard 
deviation is shown in Fig. 9. The stability is independent of the input laser line-width for a 
short fiber cable, the input lasers are a DFB-laser (10 MHz line-width) and a fiber-laser (1 
kHz line-width). 
 

 

Fig. 9. Measured phase stabilities of the Mach-Zehnder modulator, the first-order 22 GHz 
signal and the second-order 100 GHz signal. 
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3.6 Differential polarization angle between two light-waves 
The theme of this paper covers optical signal generation, but the ultimate goal of the 

photonic system is generation of highly-stable optical signal and its transmission with fiber 

system. The delay compensation must be performed on the delay caused during the optical 

signal transmission through an optical fiber cable in order to keep the signals coherent. In 

the photonic LO (Local) system, two optical signals are transmitted and converted by a 

photo mixer at a remote antenna into a microwave signal. During the signal transmission 

through the fiber cable, the cable length delay is caused, including Polarization Mode 

Dispersion (PMD), a bottleneck in performing successful phase compensation (delay change 

compensation). PMD is the state of polarizations (SOP) dispersing randomly in the cable. 

PMD is caused when the state of polarization of the two optical signals is absolutely 

changed by the movement of the cable through which the signals are transmitted. The 

magnitude of PMD is inversely proportional to the degree of the polarization alignment of 

the two optical signals. Since the generation of PMD contributes to the emergence of the 

Differential Group Delay (DGD) (synonymous with LO phase jitter), SOP of the two signals 

needs to be coincident so as to reduce the second order PMD effect on DGD. 

We measured the differential polarization angle between two light-waves generated by the 

Mach-Zehnder modulator. The measurement block diagram is shown in Fig. 10. In this 

measurement, the two light-waves are transmitted to the ITU-Grid programmable optical 

filter (Peleton QTM050C), which selects one of the two light-waves for polarization. The 

polarization is measured by the polarization meter (Polarimeter). The differential angle is 

calculated by Eq. (12): spherical trigonometry. 

 1 2 1 2 1 2
cos = sin sin cos cos cos( )d δ δ δ δ λ λ× + × × −  (12) 

The measured polarization angles in degrees are (δ1: -29.2 in Azimuth, λ1: -4.54 in Elevation) 

and (δ2: -28.3, λ2:-4.59). The calculated differential polarization angle: d is 0.90 degrees. 
 
 
 

 

Fig. 10. Block diagram of the Polarization measurement. One of the two optical signals is 
selected by the ITU grid switch for polarization and transmitted to the Polarization meter. 

3.7 Astronomical application 
3.7.1 Estimated coherence loss 

The measured stability of the null-bias point operation mode is 2.4×10–14 (white phase 

modulation noise) with 1.3×10–14 (white frequency modulation noise) at τ = 1 sec, while the 

stability of the full-bias point operation mode is 3×10–14 (white phase modulation noise). 

With respect to a ×n multiplier, multiplied phase noise (Vanblerkom & Aneman (1966)) 
should also be considered as shown below: 
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Multiplied phase noise  

 = Measured phase noise Multiplied number×  (13) 

The coherence loss calculated from Equation (1) is smaller than 5% at the highest local 
frequency (938 GHz). 
In the Dual-Mixer Time Difference system for the null-bias point operation mode shown in 
Fig. 7, phase noise of the measurement system (supposedly, white frequency modulation 
noise) is not canceled out as common noise, because the signal phase becomes unstable and 
incoherent in the amplification process by the AMP in the figure. The mild peak in 22 GHz 
around 30 seconds is thought to be due to white frequency modulation noise or instability of 
the amplifier, as the similar peak is not detected in the full-bias point operation (80 and 100 
GHz measurements). Assuming the white frequency modulation noise is caused by any 
component other than the Mach-Zehnder Modulator, the phase noise of the Mach-Zehnder 

Modulator will be σy(τ = 1) = 2.4 × 10–14. In this case, the coherence loss due to the phase 
noise will be constant, because the loss due to white phase modulation noise is independent 
of integration time. However, even if both of these noises are considered, the Mach-Zehnder 
modulator is still applicable to the most advanced systems such as ALMA and Very Long 
Baseline Interferometer (VLBI). The photonic millimeter-wave generator has been authorized 
as the MZM-LS (Mach-Zehnder Modulator scheme Laser Synthesizer) in ALMA project. 

4. Round-trip phase stabilizer 

Reference microwave signal or reference laser signal transfer via optical fiber have been 
researching in many fields (Sato et al. (2000), Daussy et al. (2005), Musha et al. (2006), 
Foreman et al. (2007)). 

4.1 Basic concept of the round-trip phase stabilizer 
Figure 11 shows the basic concept of the round-trip phase stabilizer(Kiuchi (2008)) for the 
two coherent-optical-signals. The optical signals are transmitted in one single-mode fiber. 
Under the effect of polarization mode dispersion (PMD), the transmission line lengths (the 
length of the signal path in the optical fiber cable) are different between the two coherent-
optical-signals which are transmitted as a set. 

The phase of these signals (λ1 and λ2 in wavelength) at the starting point of the roundtrip 
transmission is assumed to be zero, and the phase of these signals which have returned to 

the starting point are obtained from the following equations: [(2πm) + φ1] for λ1, and 

[(2πn)+φ1 +2Φ] for λ2, respectively, where m and n are integers and Φ is the variable which is 
controlled by a phase shifter. The signal phase at the middle point of the roundtrip 

transmission (at the other end of the fiber) can be expressed as follows: For λ1, (φ1/2): m is 

even or [(φ1/2) + π]: m is odd, and: For λ2, [(φ2/2) + Φ]: n is even or [(φ2/2) + π + Φ]: n is odd. 

Therefore, the transmitted signal phase is (φ1/2)–[(φ2/2)+Φ] or (φ1/2)–[(φ2/2)+Φ]+π.  

If we adjust the phase Φ as follows; 

 1 2
= 2 .φ φ + Φ  (14) 

the signal phase at the antenna is the same as or just π different from the signal phase at the 
starting point of the roundtrip transmission. 
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Fig. 11. Basic concept of the round-trip phase stabilizer. The two coherent-optical-signals (λ1 

and λ2) are transmitted in one single-mode-fiber. Under the effect of PMD, the transmission 
line lengths (the length of the signal path in the optical fiber cable) are different between the 
two coherent-optical-signals. The effect of PMD will be expressed in this figure. 

4.2 Round-trip optical dual-differential phase measurement scheme 
The basic configuration of the system is shown in Figure 12. Signals generated by the two 
coherent-optical-signals generator in the previous section (Kawanishi et al. (2007),Kiuchi et 
al. (2007)) are sent to the antennas from the base-station (ground unit), together with PMD  
 

 
Fig. 12. The round-trip optical phase measurement scheme of the round-trip phase stabilizer. 
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caused by the rotation and coupling of the fiber cross section signals. At each antenna, 

frequency-shift modulation (φPLO, angular frequency is ωc) is performed by the Acoust-
Optics 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 to perform correlation of the orthogonal signals which are generated by a 90-

degree phase shift of 2ωc (50 MHz). These orthogonal signals are not required for the phase-

lock to the modulation signal at the antenna. Since the modulation frequency (2ωc) is small, 
its PMD (the second order PMD) can be ignorable (the estimated deviation value is shown 
in the next subsection). 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. 
In this method, a Faraday-reflector or a mirror both can be used as the reflector at the antenna. 
In the case of the Faraday reflector, the route of the transmitted and return of light are not 
completely corresponding. This difference becomes a fixed phase offset. However, the change 
of the phase offset can be compensated by the phase locked loop. The fixation phase offset 
does not influence the transmitted phase stability. In the case of using the Faraday rotator and 
a polarization splitter, it becomes advantageous with respect to the carrier noise ratio. The 
influence such as back-scattering can be reduced by separating polarization. 

4.2.1 Polarization mode dispersion (PMD) 
Polarization mode dispersion (PMD) (Agrawal (2002),Derickson (1998)) is the state of 
polarizations dispersing randomly in the cable. PMD arises from the anisotropic nature of 

the fiber cross section (θx and θy). PMD mainly consists of two components 1st and 2nd-
order terms. The 1st-order component is differential group delay (DGD), and the 2nd-order 
components are polarization chromatic dispersion. In contrast to group velocity dispersion, 
PMD shows temporal change. PMD is caused when the state of polarization of the two 
coherent-optical-signals is absolutely changed by the movement of the cable through which 
the signals are transmitted. 
We introduce two equations (Eqs. (15) and (17). The variance of differential group delay 
(Agrawal (2002), Derickson (1998)), can be approximated to be 

 =
p

D Lτσ  (15) 

Where Dp is the fiber PMD parameter of the optical fiber cable [ /ps km ], and L is the cable 

length [km]. The variation of the delay will have a standard deviation of 39 fs (15 km fiber) if 

we choose a fiber with the lowest PMD of 0.01 /ps km . 
Second order PMD is the wavelength dependence of the propagation delay in the different 
polarization modes. The birefringence of the optical fiber cable is wavelength dependent; 
different wavelengths will cause different types of PMD. The deviation of the propagation 
delay caused by the second order PMD is as follows (Ciprut et al. (1998)); 

 
2

2 2

2
=

3

p
cD

D Lλ

π

λ
∆  (16) 
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Where ∆λ is the frequency difference between the two coherent-optical-signals. The 
deviation of the propagation delay caused by the second PMD is calculated as 

 
2 2

= .max maxD Lτ λσ × ∆ ×  (17) 

DGD is calculated as the co-variance of the two deviations of the propagation delay. The 

maximum differential frequency of the two coherent-optical-signals is ∆max = 1.1 nm. And 

when the Lmax is 15 km, 
2τσ  is 0.74 fs. 

In the case of the conventional technologies (Cliche & Shillue (2006)), as the round-trip 

measurement is performed with either one of the two optical signals, the delay on the two 

signals are compensated commonly by the fiber stretcher using the delay of the measured 

signal only. On the other hand, in the basic concept of the proposed system (Figures 11 and 

12), the delays ( τσ  and 
2τσ ) of the two signals are considered. The group delay τσ  acts like 

a common mode noise to the two coherent-optical-signals. In addition, the round trip delays 

of the two coherent-optical-signals are measured and compensated independently, taking 

the differential delay between two coherent-optical-signals into consideration (Figure 11). 

4.2.2 Phase relational expression 
Firstly, for the phase relationship of the signals in one of the two coherent-optical-signals in 
Figure 11, the instrumental delay analysis is shown in Figure 12. The suffixes of the 

equations (λ1 and λ2) indicate the optical wavelength. 
The phase of the optical signal to be transmitted from the two coherent-optical-signals 

generator is defined as φ0(t). 

 
0 1 1
( ) = ( ) ,t tλ λφ ω φ+  (18) 

Where ωλ1 is optical angular frequency, t is time, and φλ1 is initial/offset phase. If the time 
delay caused in the roundtrip signal transmission through the optical fiber cable is assumed 

to be τ 1, τ cable (Figure 12), the received signal phase at the antenna is expressed as φ1(t), at the 
point of the photomixer at antenna. 

 
1 1 1 2 1
( ) = ( )cablet tλ λφ ω τ τ τ φ− − − +  (19) 

At the antenna, the received signals are modulated (frequency-shifted) by a microwave 

signal φPLO (25 MHz) and sent back to the ground unit through the optical cable. 

 ( ) = ( ) ,PLO c ct tφ ω φ+  (20) 

Where ωc is a shift angular frequency (25 MHz), and φc is an initial phase. Frequency-shift of 

φPLO(t) is done by the Acoust-Optics frequency shifter. The signal phase at the reflector on 
the antenna is as follow; 

2 1 1 1 3 4
( ) = ( ) ( )c cablet tλ λφ ω ω ω τ τ τ τ+ − + + +  

 4 1c cλω τ φ φ− + +  (21) 

The signal is reflected by an optical reflector, and returned to the ground-unit via the same 
cable in reciprocal process. 
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Differential phase between transmission and reception signals is measured by the 

Michelson’s interferometer. The above equation is established assuming that the signal (λ1) 

is reflected by Fiber Brag Grating (FBG1) and is converted into microwave φ3 by the low-

frequency photo mixer to detect 2ωc. The frequency (2ωc) is selected by a microwave band 
pass filters. 

3 1 3 4 6 5
( ) = 2 ( ) (2 2 2 )c cablet t λφ ω ω τ τ τ τ τ− + + + −  

 
3 4 6 7

2 ( ) 2c cable cω τ τ τ τ τ φ− + + + + +   (22) 

This equation means that the roundtrip delay is measured as the optical differential phase of 

the frequency (c/λ1, c: speed of light) after being converted to a microwave angular-

frequency (2ωc). 

Secondly, the phase relationship of the other optical signal (λ2) can be obtained in 
conformity with Eqs. (18) to (22). When we use the two coherent-optical-signals, the cable 

delay is different between λ1 and λ2 under the effect of PMD. In the following equations, the 

cable delay in λ2 is shown with hat. Initial optical (λ2) signal is as follows: 

 
0 2 2
ˆ ( ) = ( ) ,t tλ λφ ω φ+  (23) 

The phase of the optical signal at the antenna is expressed as 
1
ˆ ( )tφ . 

 
1 2 1 2 2
ˆ ˆ ˆ ˆ( ) = ( )

cable
t tλ λφ ω τ τ τ φ− − − +  (24) 

The optical modulation is performed simultaneously for the wavelength of the two signals 

(λ1 and λ2) at the antenna, assuming that the optical signal passes through FBG1 and 

detected as microwave 
3

φ̂ (t) by the other photo mixer. 

3 2 3 4 6 5
ˆ ˆ ˆ ˆ ˆ ˆ( ) = 2 ( ) (2 2 2 )c cablet t λφ ω ω τ τ τ τ τ− + + + −  

 3 4 6 8
ˆ ˆ ˆ ˆ ˆ2 ( ) 2c cable cω τ τ τ τ τ φ− + + + + +  (25) 

This equation also means that the roundtrip delay is measured as the optical differential 

phase of the frequency (c/λ2) which is then converted to a microwave angular-frequency 

2ωc. 

Thirdly, Eq.(26) shows how to obtain the differential phase between φ0(t) and 
0

φ̂ (t) at the 

starting point of the roundtrip transmission (with the single mode fiber long cable over 10 km). 

 
0 0 1 2 1 2

ˆ( ) ( ) = ( ) ( ) ,t t t tλ λ λ λφ φ ω ω φ φ− − + −  (26) 

In Eq. (27), the differential phase between φ1(t) and 
1

φ̂ (t) is that of the signal received at the 

antenna. 

1 1 1 2 1 2
ˆ( ) ( ) = [ ( ) ( ) ]t t t tλ λ λ λφ φ ω ω φ φ− − + −  

 1 1 2 2 1 2
ˆ ˆ ˆ( ) ( )cable cableλ λω τ τ τ ω τ τ τ− + + + + +  (27) 
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Comparing Eqs. (26) and (27), it is clear what comprises the instrumental delay. The equation 

for the phase change (φd) of the two optical signals caused in the transmission is as follows; 

 
1 1 2 2 1 2

ˆ ˆ ˆ= ( ) ( ).d cable cableλ λφ ω τ τ τ ω τ τ τ− + + + + +  (28) 

On the other hand, half of the differential phase between φ3(t) and 
3

φ̂ (t), or the double-

difference between the signals before/after the roundtrip transmission is as follows; 

3 3 6 5

1 3 4

ˆ( ) ( )
= ( )

2 2
cable

t t
λ

φ φ τ τ
ω τ τ τ

− −
− + + +  

6 5

2 3 4

ˆ ˆ
ˆ ˆ ˆ( )

2
cableλ

τ τ
ω τ τ τ

−
+ + + +  

3 4 6 7
(c cableω τ τ τ τ τ− + + + +  

 
3 4 6 8

ˆ ˆ ˆ ˆ ˆ ).cableτ τ τ τ τ− − − − −  (29) 

If this differential phase is compensated, the coherent transmission from the ground unit to 

the antenna can be realized. To compare Eq. (28) and Eq. (29), the term (
1 2

ˆ
cable cableλ λω τ ω τ− + ) 

is compensated by Eq. (29) (measured data). 
The residual phase in this method is as follows: 

=Residual phase  

 6 5 6 5

1 3 4 2 3 4

ˆ ˆ
ˆ ˆ( ) ( )

2 2
λ λ

τ τ τ τ
ω τ τ ω τ τ

− −
− + + + + +   (30) 

 3 3 4 4 6 6
ˆ ˆ ˆ ˆ( )c cable cableω τ τ τ τ τ τ τ τ− − + − + − + −  (31) 

 
7 8̂

( ).cω τ τ− −  (32) 

Lastly, the meanings of these equations are described below. 

Eq.(30) shows the second order PMD of the cable whose length is (τ 3 + τ 4 + (τ 6 – τ 5)/2), 

Eq.(31) shows the ωc(25 MHz) phase drift equivalent to the second order PMD of the cable 

length obtained by (τcable + τ 3 + τ 4 + τ 6), 

Eq.(32) shows the ωc (25 MHz) phase difference equivalent to the phase drift of the cable 

length obtained by (τ7 – 
8̂

τ ). 

Equations (30) and (32) are ignorable: the change of the differential delay is ignorable, 

because the length of [τ3,τ4,τ5,τ6,τ7 and τ8] is a few meters and not long enough to cause 
problems. Equation (31) is almost equal to Eq. (33). 

 ˆ( )c cable cableω τ τ−  (33) 

This value is the inevitable error of this method. According to the Equations (15) and (17), 

the offset frequency in the round-trip signal (2 ×ωc=50 MHz) is ∆λoffset = 0.0004 nm. The 

deviation of the propagation delay 
2τσ  is less than 0.003 fs, which is very small. 
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In the process, the effect of the first and second order PMD can be reduced by using double-
difference of the independently measured phases of two optical signals of round-trip 
measurement. 
As a result, we can measure the instrumental delay phase (twice of the cable delay phase). 

Moreover, this method does not require the transmission of the modulation signal (ωc), 

which means we do not have to consider any phase delay of the modulation signal (ωc). The 

measured phase is used to compensate the instrumental delay change and phase change. 

4.3 Two optical signal separation and optical phase control scheme 
If we use a fiber stretcher that stretches the two signals together and performs phase shift on 

both of them, it is hard to get an enough dynamic range of the phase shift. On the other 

hand, in our basic concept (Fig. 11) using a phase shifter (General Photonics FPS-001) 

instead of the fiber stretcher, the phase shift is performed on only one of the two optical 

signals (λ1 and λ2). Figure 13 shows the execution example. Transmission delay on the fiber 

is measured as the differential phase of the optical round-trip delay of each lightwave 

signal. At first, the two coherent-optical-signals have a vertical and high-extinction ratio 

polarization. In a series of processing in the ground unit, the polarization is maintaining. 

The signal flow is shown in Figure 13. 
 

 

Fig. 13. Two optical signal separation and optical phase control scheme. Where CP1, CP2, 
CP3: optical coupler, C1, C2, C3: circulator, P1, P2: polarization beam splitter, and FBG1, 
FBG2: fiber bragg grating 

The character in parentheses means an optical device in the figure. The signal, passing 
through the optical coupler (CP1), circulator (C1), and polarization beam splitter (P1), is 

divided into two wavelengths (λ1 and λ2). Wavelength λ1 signal is reflected by a fiber bragg 
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grating (FBG1) and returned to the beam splitter (P1), while wavelength λ2 signal is reflected 
by a fiber bragg grating (FBG2) and returned to the beam splitter (P1) via the phase-shifter. 
The returned light-waves are recombined at the beam splitter (P1) and sent to the circulator 
(C1), and then, to the polarization beam splitter (P2). The signal is divided into two signals 
at the optical coupler (CP2) after passing through a long single-mode fiber. One of the 
divided signals is converted to a millimeter wave by a photo-mixer, and the other signal is 
reflected by a Faraday reflector after the frequency shift by an optical frequency shifter 
(Acous-Optics frequency shifter). The reflected signal is converted into a 90-degree different 
optical polarization signal by the Faraday reflector. The signal, after passing through the 
frequency shifter again, is returned back to the polarization beam splitter (P2) in the ground 
unit. As the signal goes through the optical reciprocal process, the received signal has a 
horizontal (90-degree different polarization angle to the transmission signal) polarization at 
this point. After passing through the circulator (C2) and the beam splitter (P1), the signal is 

divided into two wavelengths (λ1 and λ2) again. As described above, wavelength λ1 signal is 
reflected by the fiber bragg grating (FBG1) and returned to the beam splitter (P1), while 

wavelength λ2 signal is reflected by FBG2 and returned to the beam splitter (P1) via the 
phase-shifter. The returned light-waves are recombined again at the beam splitter (P1) and 
sent to the circulator (C2) because the optical polarization is horizontal. And, finally the 
signal is recombined with the divided transmission signal at the optical coupler (CP3). 

The differential phases on the angular frequency 2ωc between transmission and round-trip 
signals on each light-wave signal are detected by low-frequency photo-mixers after 
wavelength separation by the FBG1 optical filter (see previous Section). These measured 
phases are equivalent to the round-trip phases on both lightwave signals. In the proposed 
method, the transmitted signal will be stabilized by controlling the differential phase on the 
measurement signals to zero. 
According to our experiments, a polarization controller is put into place between P1 and 
FBG1 produce a good effect. 

4.4 Laboratory tests 
A block diagram of the performance measurement system is shown in Figure 14. A set of the 
two coherent-optical-signals generated is divided into two signals: one is transmitted to the 
phase stabilizer system and the other to the photo mixer (Nippon Telephone and Telegraph 
(NTT) unitraveling-carrier photo-diode(Hirota et al. (2001),Ito et al. (2000))) as a reference 
signal. The signal passes through a 10-km Single-Mode Fiber cable with/without the phase 
stabilizer. 

4.4.1 Phase stability measurements (Laboratory test) 
We measured the phase stability (Fig. 15) of the transmitted signal (80 GHz) at the antenna 

through the single mode fiber cable (10 km) in the time-domain Allan STD method(Allan 

(1966), Allan (1976)) by a time interval analyzer: TSC-5110A. The measurements were 

conducted with/without the phase stabilizer to check the improvement of the phase 

stabilizer in the interferometric system. 

When the optical signal (80 GHz) is transmitted through the single mode fiber cable (10 km), 
the phase stability begins to degrade around 10 seconds integration time. In the case of 
using the phase stabilizer, the degradation of the phase stability is staved off. The measured 
phase noise is the white phase noise. 
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Dynamic range of this method was measured by using a manual controlled air-gap stretcher 
which was inserted between the Ground unit and the single mode fiber spool in Figure 14. 
The measured dynamic range was larger than 5 cm. 
 

 
 

Fig. 14. A block diagram of phase stability measurement system. The signal is provided 
from the two coherent-optical-signals generator. 

 
 

Fig. 15. The 80 GHz phase stability that passed through the 10 km fiber. The phase stability 
begins to degrade around 10 seconds integration time. In the case of using the phase 
stabilizer, the degradation of the phase stability is staved off. 
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4.4.2 Phase stability measurements (Field test) 
In ALMA OSF (Operations Support Facility: 2900m sea level), there are built-up antennas 
and a Holography system which measures the antenna surface accuracy. The Photonic 
system field test was carried out using the Holography signal and two antennas (Antenna-1 
and Antenna-4). The experiment block diagram is shown in Figure 16. The Holography 
transmitter, Antenna-2, Antenna-1 and Antenna-4 are standing in a low. Therefore the 
received Holography signals at Anttena-1 and Antenna-4 are blocked by Antenna-2, the 
received Holography signal levels are very weak. However Anttena-1 and Antenna-4 can 
receive the Holography signal simultaneously. 

 

Fig. 16. Block diagram of the phase stability measurement experiment with the Holography 
transmitter. The Holography transmitter faces Antenna-2, with Antenna-1 and Antenna-4 
aligned behind antenna-2. Two antennas can receive the Holography signal simultaneously. 

In this experiment, the Holography signal was the common signal. Differential phase of 
Holography signal between Anttena-1 and Antenna-4 was measured. Received Holography 
signals (104.02 GHz) were converted down to intermediate frequency (IF: 50 MHz) signals 
by using the provided photonic signal from the Photonic millimeter-wave generator via the 
Round-trip phase stabilizer. The differential signal phase of these 50 MHz signals are 
measured by DMTD method. The measured phase stability is shown in Figure 17. The phase 
noise of 10–13 in White-PM noise was obtained, which is the covariance phase noise of two 
antenna system. 

4.5 Verification results 
In the ALMA Specification, instrumental delay/phase error on the 1st Local oscillator 
should be 53 fs (rms) in the short term, and long term drift should be 17.7 fs between 10 sec 
averaging at intervals of 300 seconds: σy(1 sec) < 9.2 × 10–14. On the other hand, in the very 
long baseline interferometer (Rogers & Moran (1981), Rogers et al. (1984)) (VLBI), the 
requirements of 320 GHz are as follows: σy(1 sec) < 2 × 10–13, σy(100 sec) < 1.3 × 10–14 and 
σy(1000 sec) < 3 × 10–15.  
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Fig. 17. The measured phase stability is measured by DMTD. The measured stability shows 
the co-variance of two antenna system stability. Received Holography signal (104.02 GHz) 
was converted down to 50 MHz by using the provided photonic signal from the Photonic 
millimeter-wave generator via the Round-trip phase stabilizer. 

The verifications matrix is shown in Table 2. The measured values meet the ALMA 
specifications. 
 

 

Table 2. Verifications matrix. 

5. Conclusion 

Based on our experiment results, we propose a new high carrier suppression optical 

doublesideband 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 four times the modulation frequency. Photonic local 

signals of 120GHz can also be generated using this technique. 
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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. In short, all of the measurements were performed under 
normal environment. 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. 
Compensation of the Local signal transmission delay is an indispensable technique for 
accurate interferometrical observation. PMD delay, which is caused during the signal 
transmission, needs to be reduced because it deteriorates the accuracy of the delay amount 
by affecting the signal polarization and wavelength. The two coherent-optical-signals 
generator (Kawanishi et al. (2007), Kiuchi et al. (2007)) is required to help stabilization of 
polarization, and to maintain the high extinction ratio, and to keep the signal state of 
polarizations in stable condition for preventing the delay generation. 
We proposed the double difference phase measurement method. The method is also 
available to use the fiber stretcher instead of the phase shifter. The Double-difference 
method is more robust to external influences and more accurate than the current scheme 
which uses one of the two optical signals for measurement. This method can reduce 
deterioration in the signal phase stability caused by the long fiber signal transmission. 
The performance advantages of the system are: 

1. The modulation signal (ωc) transmission and its phase compensation are not required 
(the modulation signal on the antenna is generated by a free-running oscillator); 

2. External noise (acoustic noise, vibration noise) on the long single mode fiber cable is 
dealt with a common noise; and 

3. The PMD problems are reduced, as the round trip delays on the two optical signals are 
measured and compensated independently. 
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