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ABSTRACT

An ultra stable fiber optic frequency distribution system is described. One of
the purposes in developing the ultra stable frequency distribution system is to apply
the system for distribution of a reference frequency supplied by an atomic frequency
standard. The frequency stability level of a hydrogen maser frequency standard
which is widely used, is around (2 to 3}x 10" for the integration time of 1000 second
in Allan standard deviation (ASD). On the other hand, a long term stability of a
linear ion trap frequency standard is less than 1x10 ¢ /day, a factor of 30 time
improvement over hydrogen masers. Therefore, an ultra stable frequency distribution
system with phase stability level of 1x107'¢ in ASD for 1000 second averaging time
isrequired. A phase-stable frequency distribution system is also a key instrument for
the very long baseline interferometer (VLBI) as well as regular connected radio
interferometer. Specifically, the stability level in ASD of 10°'"® for the averaging time
of 1000 second is required in the frequency distribution system for the differential
VLBI in precise measurements of the distance to galactic radio sources and the
connected radio interferometer in sub-millimeter range.

The ultra stable phase stability of the developed fiber optic frequency
distribution system is achieved by configuring a closed phase-locked loop with an
optical fiber transmission line in which two optical carrier signals with different

wavelengths are transmitted as a forward and a backward signal, and installing an
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optical delay control module which has no differential dispersion effect between the
two optical carrier waves and induces no electrical noise. This is the first ODM
application to be implemented for use in fiber optic frequency distribution system.
A phase stabilized optical fiber (PSOF) is used for the signal transmission line.

The frequency stability measurement system, of which resolution is the order
of 107 for 1000 second integration time, has been designed to measure the stability
of developed fiber optic frequency distribution system. A vector voltmeter is applied
to make the frequency stability measurement system as state-of-the-art specification.

The vector voltmeter outputs a DC analog signal proportional to compared phase
difference between reference signal and test signal as direct analog output. This is
the first direct DC analog output usage of a vector voltmeter to be implemented for
use in a frequency stability measurement system. The system noise level of this
measurement system in the laboratory is better than any dual mixer time difference
systems.

The stabilities of the developed ultra stable fiber optic frequency distribution
system in ASD are 7.5x107'7 and 1.1x107"7 at 1000 second and 10,000 second
averaging time respectively while the environmental temperature of the PSOF cable
varies in the range of 10°C and at the rate of 10°C/12hours. This system has the best
stability in frequency distribution systems so for and enough stability to apply for the

linear ion trap frequency standard or the differential VLBI.



CHAPTER 1
INTRODUCTION

1.1 Objectives of the Thesis

Ultra stable frequency standards have been researched and developed to
achieve better frequency stability in many institutes. The frequency stability level
ofa h)‘zdrogen maser frequency standard is around (2 to 3)x10™"* for the integration
time of 1000 second in Allan standard deviation (ASD). A liner ion trap frequency
standard has been researched and developed lately [9]. The developed mercury
linear ion trap frequency standard could achieve a short term stability performance
of 6, (1) =2x10"* /1" when it was operated with an appropriate local oscillator. On
the other hand, the long-term stability design goal was to achieve an average
frequency drift rate of less than 1x10™'¢ /day, a factor of 30 time improvement over
hydrogen masers. These frequency standards are still under development and more
stable frequency standards would be announced. An ultra stable frequency
distribution system that surpasses the phase stability level of 10'® in ASD for 1000
second averaging time is required to distribute a stable frequency source without
degrading its stability.

In the differential very long baseline interferometer (VLBI) observations, the



delay path length for a target source is measured relative to that for a reference
source to reduce the variations of the path length caused by the atmospheric
fluctuation [10]. The phase errors are caused not only by atmospheric fluctuations,
but also from various parts of the observation instruments such as gravitational
deformation of an antenna, a front-end receiver, a local oscillator for a frequency
down conversion, a signal transmission line for IF signal, a reference signal
transmission line for a local oscillator, a delay calibration unit and an analog-to-
digital (A/D) converter in a VLBI sampler unit. The total phase error is given by the
root-sum-squares (RSS) of the phase variations caused in the individual parts of the
instruments and the atmosphere. Assuming all of these phase errors is equal, the
allowed value of the phase error in the frequency distribution system is assigned as
one third of the total phase errors. Thus, a phase-stable frequency distribution system
is also a key instrument for the VLBI as well as regular connected radio
interferometer. Specifically, the stability level in ASD of 10 for the averaging time
of 1000 second is required in the frequency distribution system for the differential
VLBI in precise measurements of the distance to galactic radio sources [10] and the
connected radio interferometer in sub-millimeter range.

Lutes installed a 3km experimental multi mode optical fiber link operating at
an 850nm wavelength at Jet Propulsion Laboratory (JPL) in 1979. This system was
to be used in the development of ultra-stable frequency and timing distribution
systems. The link achieved a stability of 4x10°" for 100 second integration time at
100MHz. Lutes et al. developed a single-mode fiber capability at JPL in 1986. After
the experiment was completed, the link was set up for one-way distribution of the
signal between two stations and was used as the station reference for a successful
connected element interferometry experiment. The stability of this link was better
than 1.5x10™" for 1000 second integration time at 100MHz because of the improved
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signal-to-noise ratio (SNR) and stability of the link over the one way path length [2].
Lutes applied an optical isolator to the 850m length fiber-optic frequency reference
distribution link achieving the stability about 2.5x10™* for 1000 second integration
time at 100MHz in 1989 [13]. Primas et al. tested an active stabilization of a
fiber-optic frequency distribution system at JPL in 1989. The method for actively
controlling the phase variations in the fiber was based on maintaining a constant
phase relation between the input phase and the phase of the received signal. An
almost 40 times reduction of phase variation was achieved in this active control
system using a 50/50 mirror for returning the optical signal from a receiviﬁg end to
transmitting end [14]. In 1992, Kenneth designed and tested a prototype link of a
6.3GHz to 16GHz [4]. This year, Otoshi et al. tested a 12GHz fiber-optic system at
NASA's Deep Space Network (DSN) station 13 to carry Ku-band (12GHz) signals
from an antenna to a pedestal room. The tests performed only on the fiber-optic
system portion of the overall test configuration showed that the 12GHz fiber-optic
system had frequency stability of about 1.1x10"'® for 1000 second integration time
for a nighttime run [5]. Sato et al. applied the optical fiber, which had been treated
to reduce the thermal coefficient of delay and known as a phase stabilized optical
fiber (PSOF), to the fiber-optic reference frequency distribution at NAQ in 1992.
The stability levels were about 7.0x10"° at SMHz in 1000 second averaging time
[12]. In 1993, Calhoun applied this PSOF to a fiber-optic link at DSN. On-site
measurements of this fiber-optic link alone showed the stability on the order of 107!
at 1000 second integration time [6]. Johnson performed two-way tests on
distribution systems employing state-of-the-art fiber optic transmitters and receivers
under ideai, thermally stable laboratory conditions at JPL showing capability of
achieving 1 part in 10"'® over 1000 second in 1993 [15]. Dragonette performed a
study of signal quality maintained using inexpensive commercial transmitter/receiver
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pairs at the Applied Physics Laboratory of Johns Hopkins University in 1993. The
levels of performance achieved by these systems with commercial-based components
were acceptable for reference frequency distribution [7]. Kotov evaluated an optical
interferometric method that can provide optical phase shift proportional to RF signal
phase shift transmitted through a fiber as an actively phase stabilizing system at the
Technical University, Russia, in 1994. This system compensated the phase change
of 12 degrees to 0.5 degrees at ISMHz [8].

To achieve the required ultra stable phase stability level of 1x10'%in ASD for
1000 second averaging time for the frequency distribution, this thesis describes
investigation and development of an ultra stable frequency distribution system of
which response speed for phase fluctuations is fast. This ultra stable frequency
distribution system applies a closed phase-locked loop with an optical fiber
transmission line in which two optical carrier signals with different wavelengths are
transmitted as a forward and a backward signal. The system consists of a local unit
and a remote unit connected by a fiber optic cable. The PSOF is used for the signal
transmission line. An optical signal, which is modulated by an injected reference
signal, is transmitted to a remote unit through a fiber optic cable. An optical signal,
which is modulated by the received reference signal in the remote unit, is sent back
from the remote unit to the [ocal unit through the same optical fiber cable. The delay
at the remote end of the cable has exactly half the round trip delay. On the other
hand, the phase difference between the transmitted and the returned signals at the
transmitting end in the local unit is proportional to the round trip delay. Therefore,
the phase at the remote end of the cable would be zero, when the phase difference
between the transmitted and the returned signals from the remote unit, is adjusted by
just a half of this round trip delay. A 1.55um laser diode for the signal transmission
from the local unit to the remote unit and a 1.31pum laser diode for the signal
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transmission from the remote unit to the local unit are installed in the developed
system. The phase difference between the transmitted and the returned signals 1s
compensated by an optical delay control module (ODM). This is the first ODM
application to be implemented for use in fiber optic frequency distribution system.
This ODM induces no internal electronic noise in the fiber optic frequency
distribution system.

The system noise level of a frequency stability measurement system is
commonly the order of 107 for 1000 second integration time in ASD and this order
is insufficient to measure the stability of developed ultra stable frequency distribution
system with stability level of 10'"7. Thus, the frequency stability measurement
system, of which system noise is the order of 10"'7 for 1000 second integration time,
has been designed this time. A vector voltmeter and a multimeter with long
integration time in A/D conversion are first applied to achieve the lowest system
noise in the frequency stability measurement system. The vector voltmeter outputs
a DC analog signal proportional to compared phase difference between reference
signal and test signal on direct analog output terminal. This is the first direct DC
analog output usage of a vector voltmeter to be implemented for use in a frequency
stability measurement system. The system noise level which is used for the
laboratory measurement this time is better than any dual mixer time difference
systems.

The stabilities of the developed ultra stable fiber optic frequency distribution
system in ASD are 7.5x107'" and 1.1x10'” at 1000 second and 10,000 second
averaging time respectively while the environmental temperature of the PSOF cable
varies in the range of 10°C and at the rate of 10°C/12 hours. This system has the

best stability in frequency distribution systems.



1.2 Outlines of the Thesis

In Chapter 2, statistics for frequency stability measurement are reviewed to
evaluate phase stability in frequency distribution. Specifically, a method to evaluate
phase stability of a frequency distribution system in a time domain is explained to
apply the theory for evaluating the development system. Histories of development
of fiber optic links for frequency distribution are also reviewed.

Chapter 3 reviews the fiber optic link systems applied in frequency distribution.
The phase stabilized optical fiber and the two-way system are mentioned.

Chapter 4 presents development of the ultra stable fiber optic frequency
distribution system. In this chapter, the stability requirement for a frequency
distribution system is studied. The components for a fiber optic link are evaluated.
Also, the developed system configuration is described.

The developed system is evaluated with laboratory measurements in Chapter
5 and the test results are also presented.

Chapter 6 concludes this thesis with discussions of the measured results,
including some recommendations for the direction of further improvement and

development.



CHAPTER 2
BASICS OF FREQUENCY DISTRIBUTION

2.1 Statistics for Frequency and Phase Stability Measurement
Allan studied and defined the characterization of frequency stability in the time
domain and the frequency domain [16].

The output of an oscillator is defined as
Vi =V, + ¢ @]sin(27 vyt + 4») (2-1)

where V, is the nominal peak output voltage, and v, is the nominal frequency of the
oscillator. Time-domain analysis is efficient for long-term performance evaluation
like phase stability. Assuming that the time deviation is proportional to the phase
deviation, the time deviation x (¢) of the signal given in the equation 2-1 can be

expressed as

90

X 1)= 2zv
0

(2-2)

This relation can also be expressed as
d ] i
x(f) = _Ly(t ) dt

or



(1)

V) = dt

(2-3)

which relates frequency, time, and phase deviation.

The frequency deviations of precision signal sources are typically related in
two categories: systematic and random deviations. The systematic deviations usually
have the form of frequency and phase offset, frequency and phase drift, modulation
sidebands, and dependence on environmental influences. The random deviations are
categorically nondeterministic in character although the level would be deterministic

and are often well described stochastically by power law spectral processes.
+2
S,(N)= Lhf*. (2-4)

In some cases f would be limited in bandwidth for particular values of a .

The classical variance diverges with the data length for a < -1, and hence is not
a good measure of a source’s frequency stability. An IEEE subcommittee
recommended a time-domain measure of frequency stability of a source which is

convergent for all of the above kinds of power law spectra, in 1971.
_ _ 32
oX(0)=12 (- 7)) (2-5)

where the 3,,, - 7, are adjacent measurements of the fractional frequency each

averaged over a sample time 7. The expectation brackets “( )" express taking all
possible values of & which means infinite time average. This measure is called the
“Allan variance”.
For a finite set of N sequential adjacent samples of the frequency, each
averaged over a sample time T, Gyz(T) is estimated as
-1

O';(T) = 2(N 1) Z (yk+l ) . (2-6)

k=1
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If the data are a set of N +1 time or phase deviation readings, then

1

1 x 2
Uf(r) = m;; (xk+2 - 22X+ xk) (2-7)

since y, = (x,,, - x, )/ r where the interval of the x, time deviation readings is t. If

a data set of N+ 1 time deviation readings, spaced by an interval T, , are measured
and stored in a computer array, then o,* (1) for any t=nz,, wheren=1,2,3, ....., N/2

, would be calculated. In general, g% (1) is expressed as

1 N+1-2n

2
2r(N +1-2n) ,czﬂ (xM" - 2%, %) (2-8)

cl(r)=

This equation gives high utilization and the best confidence of the estimate, which
isalso unbiased. This formulais called the “overlapping estimate” of the two-sample

or Allan variance.

2.2 Relationship Between Frequency-Domain and Time-Domain

Measures

The types of noise observed on the output signal of an oscillator can be
represented most suitably by means of the spectral density S, ( /) defined in the
equation 2-4. This simple power-law model of the form and S,(f) =0 for /' > £,
, where f,, denotes an ideally sharp upper cutoff frequency, are shown by experience
to cover all actually known types of oscillators within the limits such as elimination
of drift, etc [16]. The relation between Allan variance cyz(r) and a spectral density
S,(f) 1s then shown as

o2(e) = 2['s() L)

—df . (2-9)
ey @
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When the power law spectral density. of the noise in frequency domain is
referred as flicker frequency modulation, the relation between Gyz(‘t) and §,(f)is

given as
S(f)=h. " (2-10)
and

o2(r)=2-n(2)- ., . (2-11)

2.3 Relationship Between True Variance and Allan Variance

The true variance /*(r) and Allan variance o }(7) can be calculated for the

various types of noise described in section 2-1 and equation 2-4. Fora =1 and 2, the

variances converge only if a high-frequency cutoff f, is specified. With this
restriction, aj(r) converges for all cases. J(7) converges only for a > 0. These

functions are listed in Table 2-1 [18].
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Table 2-1 Characteristics of Noise in Qscillators

Noise Type S,() | S () Ji(r) *u 13(z)
White phase h, 2 V02 3hf, -2 hf,
4xir? 2r’c?
Flicker phase hf h 3h ~2 —
: Ve 7’ ——4”2;2 ln(ZJrf,,z')
white frequency hy 2 By hy -1 hy
L 2r 27
or random walk
of phase
Flicker frequency hy 2 A, (2In2)A_, 0 —
f 0 fJ
Random walk of _’3:_2- Jhy 2727 i 1 —
f2 Vo 3 3 -2
frequency

? Power-law exponent of Allan variance: o j( r) o« 7Y,

® 2af,r >>1.

Except for the logarithmic dependence in this flicker phase noise, each noise
component maps into a component of Allan variance of the form 7“ . Thus, the total
Allan variance is given as
ol(r)= [K22 + K? ln(2,1rf,,r)]t'2 + K™
+ K%+ KAt (2-12)

where the K’s are constants. The subscripts of X correspond to the subscripts of A

in Table 2-1. Both white phase and flicker phase noise result in # ~ -2, but these two
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processes can be distinguished by varying f, . For white phase and white frequency

noise, the following relations are obtained

o2(r)= %I"(r), a=2, (2-13)

c¥(r)=1%(1), a=0. (2-14)

2.4 Phase Stability Degradation by Discrete Noise in Frequency
Synthesis

A phase stability of the signal, which is modulated by a discrete noise such as
a power supply frequency in a frequency multiplication, is investigated by
Yoshimura et al. [18].

There are two methods in frequency synthesis. The one is to use a phase
locked oscillator and the other is the frequency mixing method. The method which
uses a phase locked oscillator detects phase difference between synthesized output
frequency and reference frequency by phase detector. A noise component in the
error voltage of phase detector causes frequency modulation on the synthesized
output frequency. The phase variation ¢ (f) for one modulation frequency in

frequency modulation is expressed as
p(t)= 9o, sin(2irfmt + 9) , (2-15)

where @, is modulation index and £, is frequency of a modulation signal. Here 8
denotes phase and is neglected because its value is constant. For several modulation

frequencies, the equation 2-15 is rewritten as
0(1)= 2 0, sin(2nf,t 4 6,) (2-16)
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where i denotes the ith modulation frequency.
If the noise term, of which offset frequency is f,, remaines in frequency
mixing, modulated signal is expressed in the following formula.
V=V sin2zvyt+ v, cosZ:r(Vo + fm)t

= ¥,(1- p,, sin21f, t)sin27v,t

+ v, cos2af, tcos2rv,t

(2-17)
where ¢ = v, /V, « 1. The equation 2-17 is closely resembled as
V = Vysin(2av + 9(1)), (2-18)
where
p(t) = tan™ (gam cosZ:z'fmt)
~ ¢, COS2xf t (2-19)

Thus, equations 2-15 and 2-19 have the same forms which are a trigonometrical
function multiplied by modulation index. The difference of these two equations is
that the noise term appears on both sides of the carrier in the equation 2-15 and the
noise term appears on only the single side of carrier frequency in the equation 2-17.
When the ¢, is considered to be the ratio of the amplitude of the modulation
frequency to the one of the carrier signal, the function forms of a modulated carrier
signal for the phase locked oscillator method and for the frequency mixing method
becomes the same, while a carrier signal is a phase modulated by a discrete noise
signal.

The normalized instantaneous frequency offset from the nominal value is
designated as y () in equation 2-3 and is defined as follows

v, 1 dp
t = =", -
w1) Py (2-20)
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Substituting the equation 2-15 to 2-20, y (¥) is given as
A1) = (£, /vy )o,, cos2af, ¢ 2-21)
Now, the autocorrelation of random process g (¥) is defined as follows,
R(7)=(glt)glt+ 7)) . (2-22)
Then the equation 2-21 is defined as
R(z)= ()le+0))
= (fm /vo)zqa,i(cosZ:rfmt cos2zf, (¢ + r))
= %(fm /vn)2 ol cos2xf,r

(2-23)

The single side power spectrum density S, (f} of g () is defined according to
the well-known Wiener-Khintchine relations, which is Fourier transformation of

R, (D), as
S,(7)= 4] R (r)cos2afrdr . (2-24)

Substituting equation 2-23 to equation 2-24, S, (f) is rewritten as follows,

S, (f) = Zgaj[fﬂJ h E:os2ﬁfmr cos2xfrdr

Vo
= Qj(%—] Lw[cos2:r(f+ f,,,)r

+ costr(f— fm)r]dr

RO
N

1
where §(z) = — E:osztdt is Dirac’s delta function and it is related as
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[ 6(z)dz=1, 6(z)=0(z20) . (2-26)

-0

The term of 6( f+ fm) is a component of / = - f,_ < 0 in the equation 2-25
and is excluded due to the term being outside of definition area, which is ( f2 0) ,in

S, (/). Thus the equation 2-25 is rewritten as

S,(f)= 05021, 1v,) (1 - £,) (227)

From the equations 2-16 and 2-23, the autocorrelation is given as

R(1)= 3 [J—F'P—] W—;Lcos2/rfm,.r : (2-28)

Then the power spectrum density for several modulation frequencies is defined as

s,(7)=2 %”(f—’"] 5(f - fo)- (2-29)

Ya

Allan variance is defined for the finite set of N sequential adjacent samples of

the frequency. The generalized case is mentioned here. The first and second

moments of the distribution ; k(t > r) are approximated by the mean value

(7., = %ZE , (2-30)

where t,,, =1, +T; k=0,1,2,.... ; T is the repetition interval for measurements of

duration 1 ; and #, is arbitrary. And the variance of the sample of N values
2 1 (- - :
o} (N,T,r)= ﬁ; (yk - <yk>N) . (2-31)

The broken brackets( ) are used for practical cases where the number of samples are
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finite but large enough for the error to be small. And <oj (2, r,z’)) = o}(r)is the

special case called the Allan variance described in the section 2.1. The equation 2-31

is related with the spectral density s,(/)as

N 2 '
(o3 1.0))= 5 B sl o (2:32)
where
2 sin’ #fr sin® zrftN
|H(f)| = (xﬂ_)z (1' NZsin? fnfrJ (2-33)
and
r=T/z. 2-34)

The equation 2-9 in the section 2.2 is given substituting N = 2 and r = 1 to the
equations 2-32 to 2-34 as the special case.

Substituting the equation 2-27 to the equations 2-32 to 2-34 and considering
the relation of the equation 2-26, the relation between the variance and the power

spectrum density of the modulation frequency is given as

(o3tm 1.0 282 =)

(N-1) 2\,
sin® u | sin® Nru
u NZsin® ru

(2-35)

where u = 7f_r,. When the modulation frequency is multiple, the relation is shown

as
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, N nzﬂ' mi 2
(o2(N,T.1))= (N-1) Z %[L]

Yo

U.

I

sin’ u, | sin® Nru,
N?sinruy,

(2-36)

where u, = zf,,r,. As the special case, N =« and N = 2, the equation 2-35

gives the following standard deviations,

(05(00,T,r)>5 - %(%} ISiz 4 (2-37)

<ay2(2,T,r))E = QJ'"[%J w (2-38)
o,() = qam({—”’HSh:j “]. (2-39)

For the multiplex modulation frequencies, the standard deviations are given while

adding each modulation frequency component as shown in equation 2-36.

The characteristics of the terms |sin#|/ zand (Sil‘l2 u) / u are shown in Fig. 2-
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Figure 2-1 Frequency window of a discrete noise spectrum
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2.5 Histories in development of Fiber Optic Link for Frequency

Distribution

Lutes installed a 3km experimental multimode optical fiber link operating at
an 850nm wavelength at Jet Propulsion Laboratory (JPL) in 1979. This system was
to be used in the development of ultra-stable frequency and timing distribution
systems. The link achieved a stability of 4x10™'° for 100 second integration time at
100MHz. The stability was limited by the optical transmitter and receivers. Delay
changes as a result of bending multimode fibers were nonreciprocal under some
circumstances, and excessively large [1].

Since the first fiber optic link was applied in frequency distribution at JPL, it
became apparent that it would be necessary to use single-mode fibers operating at
1.3um wavelength to distribute stable high frequencies. This was because of the
lower loss, wider bandwidth and theoretically reduced delay change with bending
which were associated with single-mode fiber operating at this wavelength. Lutes
et al. developed a single-mode fiber capability at JPL in 1986. After the experiment
was completed, the link was set up for one-way distribution of the signal between
two stations and was used as the station reference for a successful connected element
interferometry experiment. The two station references were coherent with better than
1.5%10"* for 1000 second integration time at 100MHz because of the improved
signal-to-noise ratio (SNR) and stability of the link over the one way path length
[2]-

While developing a fiber optic reference frequency distribution system, to
which semiconductor laser transmitters were applied by Lutes at JPL in 1989, it was
found that changes in reflection from the fiber back into the laser diode at

transmitting end cause delay variations across the laser which may be as great as
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100ps. It was shown that an optical isolation of the laser on the order of 60 dB could
reduce such changes to less than 0.03 ps [3]. Lutes also applied this optical isolator
to the 850m length fiber-optic frequency reference distribution link achieving about
2.5x10'"® for 1000 second integration time at 100MHz in 1989 [13].

The advantage of using fiber-optic cable as the transmission medium 1s that the
superior performances of the optical components make it quite practical to transmit
the signal simultaneously in both directions in the same fiber. This proves to bela
key factor in actively stabilizing the distribution system.

Primas et al. tested an active stabilization of a fiber-optic frequency distribution
system at JPL in 1989. The method for actively controlling the phase variations in
the fiber was based keeping the phase difference constant between the output and
returne signal. An almost 40 times reduction of phase variation was achieved in this
active control system using a 50/50 mirror for returning the optical signal from a
receiving end to transmitting end [14].

The single-mode fiber itself is capable of supporting bandwidth to at least
100GHz over distances of lkm, while the remaining active optelectronic elements
have much lower bandwidth restrictions.

In 1992, the bandwidth limitations for the different optoelectronic components,
that were commercially available, were given by laser diode; 18GHz, modulator;
18GHz, detector; 60GHz. Based on these limits, Kenneth designed and tested a
prototype link of a 6.3GHz to 16GHz [4]. In the same year, Otoshi et al. tested a
12GHz fiber-optic system at NASA’s Deep Space Network (DSN) station 13 to carry
Ku-band (12GHz) signals from an antenna to a pedestal room. The tests performed
only on the fiber-optic system portion of the overall test configuration showed that
the 12GHz fiber-optic system had frequency stability of about 1.1x10'¢ for 1000
second integration time for a nighttime run [5].
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Sato et al. applied the optical fiber, which had been treated to reduce the
thermal coefficient of delay and known as a phase stabilized optical fiber (PSOF),
to the fiber-optic reference frequency distribution at NAO in 1992. The stability
levels were about 7.0x10°'* at 5SMHz in 1000 second averaging time [12]. In 1993,
Calhoun applied this PSOF to a fiber-optic link at DSN. On-site measurements of
this fiber-optic link alone showed the stability on the order of 10™'¢ at 1000 second
integration time [6].

Johnson performed two-way tests on distribution systems employing state-of
the-art-fiber optic transmitters and receivers under ideal, thermally stable laboratory
conditions at JPL showing capability of achieving 1 part in 10"'® over 1000 second
in 1993 [15].

Reference signal distribution has been effectively disseminated using high-
quality fiber-optic distribution systems. The stability of signals distributed by these
systems is excellent, but the cost of these systems makes them unavailable to many
potential users.

Thus, Dragonette performed a study of signal quality maintained using
inexpensive commercial transmitter/receiver pairs at the Applied Physics Laboratory
of Johns Hopkins University in 1993. Seven different transmitter/receiver pairs
obtained from four different manufactures had been thoroughly tested usinga SMHz
sinusoid derived from a precision, temperature-controlled, crystal-controlled
oscillator. The electrical signal output from each fiber-optic receiver was tested for
spectral purity, single-sideband phase noise, and AM noise. The levels of
performance achieved by these systems with commercial-based components was
acceptable for reference frequency distribution [7].

Kotov evaluated an optical interferometric method that can provide optical
phase shift proportional to RF signal phase shift transmitted through a fiber as an
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actively phase stabilizing system at the Technical University, Russia, in 1994. This

system compensated the phase change of 12 degrees to 0.5 degrees at 15SMHz [8].
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CHAPTER 3
FIBER OPTIC LINK SYSTEMS
IN FREQUENCY DISTRIBUTION

3.1 Phase Stabilized Optical Fiber
Thermal coefficient of transmission delay time (TCD) for an optical fiber was
reduced to zero at 0°C by Sumitomo Electric Industries, Ltd. in 1987 [11].

The TCD time for an optical fiber is expressed as

ar _

=T

—_——

1 dNV 1dL
NdIr LdT]’

(3-1)
where 1, N and L represent the interval time, refractive index of silica gl.';lss and the
length of an optical fiber. The first term indicates the temperature dependence of
refractive index of silica glass, which is an intrinsic value in the optical fiber. The
value of this term is approximately +30 ps/km/°C, or 6 ppm/°C for total transmission
delay time. In order to reduce and finally to eliminate the TCD of the optical ﬁber,
the second term, the thermal expansion coefficient of the coated fiber, must be of a
negative value and cancel the first term as well.

The thermal expansion coefficient o of a coated fiber is given by,
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where %, , E, , and S, represent the thermal expansion coefficient, Young’s modulus
and cross section of i-th material, respectively.

Generally, the tight coated optical fibers are doubly coated with soft resins
(primary coating resins: stlicone, UV curable resin) and thermoplastic resin
(secondary coating resins: nylon, elastmer etc,). When the product of Young’s
modulus and the cross section of primary coating resin (E,,*S,,, ) are much smalier
than the others in equation 3-2, this term can be neglected. Then equation 3-2 is

expressed as

Z MES. & ES +k E.S,. 53)
“ > ES — ES +E.S. -

where g denotes glass fiber and sec denotes secondary coating resin. In order to give
zero thermal coefficient of transmission delay time, the following equation must be

satisfied.

1 dN 1dN 1dN
[1 ]aﬁ_o- (3-4)

"N )T TN AT N de

dr

1 dN L.
where £ and Fj—g represents stress and the stress dependence of refractive index of

silica glass. From the equations 3-3 and 3-4, the relation of &, versus £, and S,

e

can be given by,

(3-5)
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where aﬂ:g = T an

when putting typical values 7100 for E,, 0.123 for §,, 6x107 for k,, 6.5% 10°® for

! dN 1 dN i o
~ar and 0.2 for ~ the equation (3-6) is given,

k

5€C TS

~ B -1
= -828x 10°- 773x 10*(E,..S,..) " (3-6)

dr
sccﬁﬂ)
When an optical fiber 1s coated with a material whose Young’s modulus is 2000

kg/mm? and its coating diameter is 0.8 mm, theoretical value of ksec%go is

calculated as -9.31x10%/°C.

The value of this thermal expansion coefficient of the coated fiber depends on
the value of the thermal expansion coefficient in both primary and secondary coating.
A secondary coating resin having a negative thermal expansion coefficient is
required in tight coated optical fibers.

Thermotropic hard liquid crystal polymer (LCP) that had a negative thermal
coefficient (-7 ~-9x10°* /°C) as the secondary coating resin was selected for zero
TCD optical fiber. This zero TCD optical fiber cable is called a phase stabilized
optical fiber (PSOF). Fig. 3-1 shows the cross section of an LCP coated optical
fiber.

Silicon resin (400 ¢ m)

Silica fiber (125 g m)

LCP (800 ¢ m)

Figure 3-1 Cross section of LCP coated single mode fiber
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3.2 Two-way Systems

The method for actively controlling the phase variation in the fiber is based on
maintaining a constant phase relation between the input phase and the phase of the
transmitted signal. The transmitted optical signal should be returned from the far end
to the reference end to compare the phase between the signals transmitted and
returned as shown in Fig. 3-2. A signal passing through the fiber-optic cable in both
directions experiences identical delay in each of the two directions. The midpoint
of the signal is at the far end of the cable and experiences exactly half the round-trip
delay. As long as the transmitted and returned signals propagate in the same cable,

the phase at the remote end is independent of phase variation in the medium shown

in Fig. 3-2.
delay ¢

6:- ¢ 5 > > )

( ’ + 6= 02
61+ ¢ € <z . S—
Reference End é Remote End

/) -8 -
€2=(91_¢)+(1+¢)2M= B

Figure 3-2 Phase conjugation relations between input and output signals

Two methods have been suggested to return the signals from the remote end

to the reference end.



3.2.1 50/50 Mirror System
Primas et al. designed the two-way fiber-optic link to produce the actively
controlling method [14]. The method was to apply a 50/50 mirror at the far end.
The 50/50 mirror at the remote unit reflected half the optical signal back toward
the reference end while the other half passed through the mirror. The block diagram

of system is shown in Fig. 3-3 .
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Figure 3-3 Application of 50/50 mirror for returning signal from far

end to reference end
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One of the disadvantage of this 50/50 mirror was that the mirror weakens the
return signal. The optical leakage of the transmitting reference signal through the
coupler entered directly into the reference unit receiver and cause cross modulation
of the leakage signal and the reflected signal.

The phase variation caused by the difference between the return signal and the

leakage signal is
D = arctan[lO‘R’ 20] (3-7

where @ is the phase variation in degrees and R is the power ratio of the leakage
signal to the returned signal in dB. If the return signal is 40 dB greater than the
leakage signal, the resulting phase variations exceeds 0.57 degrees. Thus, this 50/50
mirror reflection method makes it theoretically difficult to reduce this cross

modulation in general.

3.2.2 Two Transmitter and Receiver Pairs System

The other method is to provide individual transmitter and receiver pairs for
each of the forward and backward signals.

This method was evaluated by Johnson using the system shown as Fig. 3-4

[15].
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Figure 3-4 Block diagram of a fiber optic frequency distribution

system employing two transmitter and receiver pairs.
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In this case the primary transmission unit transmitted the reference frequency
through the optical fiber, while the secondary transmission unit returned the far end
signal back to the reference end through the same optical fiber path. To isolate the
forward and backward transmissions, the primary and secondary links were
supported by two different optical wavelengths and signals generated by each system
were routed to different receivers by use of wavelength division multiplexers at each
end of the common transmission path. A thermally controlled fiber delay coil isused

to compensate for induced phase variations in this system.

3.2.3 Bandwidth in Phase Stabilization

In both 50/50 mirror system and two transmitter and receiver pair system, an
optical feedback technique was employed to compensate phase delay variation in an
optical fiber cable and to supply a stable reference frequency at the far end. The
resulting feedback signal then drove stabilizer circuitry which in turn adjusted the
phase of the transmitting reference frequency at the transmitting end to actively
compensate for the phase delay variations. A voltage controlled oscillator or phase
modulator was employed as narrow-band stabilization method to shift the required
phase angle.

An alternative wide-band method which provided a phase compensation for
reference frequency signals in wide bandwidth and involved manipulating only the
optical signal itself, was also tested [15]. Two advantages of the wide-band system
over narrow-band designs are (1) that it provides phase compensation for all
transmitted frequencies, and (2) the compensation is applied after the optical
interface rather than electronically ahead of it as in narrow-band designs. In the
wide-band method, the reference frequency signal which is transmitted from the
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reference end to far end is not electrically manipulated in phase adjustment. Thus,
no phase stability degradation will be adopted to the reference frequency signal

itself.
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CHAPTER 4
DEVELOPMENT OF THE SYSTEM

4.1 Stability Requirements
4.1.1 Stability Requirement in Frequency Standard

One of the purposes in developing the ultra stable frequency distribution
system is to apply the system for distribution of a reference frequency supplied by
an atomic frequency standard. The frequency stability level of a hydrogen maser
frequency standard is around (2 to 3)x 10" for the integration time of 1000 second
in ASD.

A liner ion trap frequency standard was researched and developed lately [9].
This frequency standard was based on the 40.5GHz ground state hyperfine transition

-of ""’Hg ions confined in a trap to allow for long interrogation times and high atomic

line Q. Continuous operation was practical using a *“Hg lamp to generate 194.2nm
radiation for atomic selection and helium buffer gas for ion cooling. The liner ion
trap provided a way to increase the detected fluorescence signal to noise without
increasing the second order Doppler shift. The developed mercury linear ion trap

frequency standard could achieve a short term stability performance of

o,(r)=2x10"" /7" when it is operated with an appropriate local oscillator. The
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long term stability design goal was to achieve an average frequency drift rate of less

than 1x107'° /day, which corresponds to one thirtieth in hydrogen masers. The

typical stabilities of these atomic frequency standards are shown in Fig. 4-1.

Allan Standard Deviation

Stability of Frequency Standards

1E-12
--0-- H-Maser
L. -+ & - Superconducting Cavity Maser
e —O— Liner lon Trap
1E-13 4 \‘\.\
.\n\‘\
1E-14- e
Ao, JRTO - S
o NIva
~n.
1E-15 1 B gl ]
1E-16 T ) )
1 10 100 1000 10000

Tau (seconds)

Figure 4-1 Stability of frequency standards
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According to the previous review, the phase stability level of 1x107° in ASD
at 1000 second averaging time is required for a frequency distribution system of the

frequency standards.

4.1.2 Stability Requirement in Differential VLBI

In the differential VLBI observations, the delay path length for a target source
is measured relative to the delay path length for a reference source to reduce the
variations of the path length caused by the atmospheric fluctuation [10]. The
accuracy of the relative delay path length required in this measurement is less than
0.1 mm RMS. In VLBI, the delay path length is estimated as the phase difference
between a pair of antennas. The accuracy of the measured phase difference is
necessary to be kept less than 1 degree RMS, 3 degrees RMS and 5 degrees RMS at
8GHz, 22GHz and 43GHz, which are observation frequencies of the differential
VLBI, respectively. The phase errors are caused not only by atmospheric
fluctuations, but also from various parts of the observation instruments such as a
gravitational deformation of an antenna, a front-end receiver, a local oscillator for a
down conversion, a signal transmission line for IF signal, a reference signal
transmission line for a local oscillator, a delay calibration unit and an analog-to-
digital (A/D) converter in a VLBI sampler unit. Since the total phase error is given
by the root-sum-square (RSS) of the phase variations caused in the individual parts
of the instruments and the atmosphere, the allowed value of the phase error in the
frequency distribution system is assigned 1/3 of the total phase errors, that is less
than 0.3 degrees at 8GHz.

According to the equation 2-13, while assuming the white phase noise and
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1

(; k) = 0, the RMS phase variation <A¢ 2>5 increases with the time 7 according to

an equation,

<A¢ 2>é = Efry(T)w T , (4-1)

where g , is the ASD of the frequency distribution system, and w is the angular
frequency of the distributed signal [12][16]. Therefore the stability value in ASD as
1.2x10" and as 1.2x10°'® for averaging times of 1 and 1000 second at 8GHz
respectively are obtained in the worst case. In the frequency distribution system, the
transmitting frequency of the reference signal is 1.4GHz. The allowed value of
stability is established as 5x107"* in ASD for one second averaging time at the
distributing frequency of 1.4GHz, that is 2.4 times better than the estimated value
for the observing frequency at 8GHz, to restrict one second short period noise of each
component in the developed frequency distribution system. According to these
considerations, the stability value in ASD as 1x107'® in 1000 second averaging time

at the distributing frequency of 1.4GHz is also adopted as the allowed value.

4.2 Idea of System

To meet the requiment of the stability, the active phase comparison design with

two way method reviewed in section 3.2 is employed.

4.2.1 Frequency Distribution System
Fig. 4-2 shows the basic idea of the developed actively stabilized frequency

distribution system. The system consists of a local unit and a remote unit connected
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by a fiber optic cable. An optical carrier signal, which is modulated by an injected
reference signal, is transmitted to a remote unit through a fiber optic cable. An
optical carrier signal, which is modulated by the received reference signal in the
remote unit, is sent back from the remote unit to the local unit through the same fiber
optic cable. The delay at the remote end of the cable has exactly half the round trip
delay. On the other hand, the phase difference between the transmitted and the
returned signals at the transmitting end in the local unit is proportional to the round
trip delay. Therefore, the phase at the remote end of the cable would be zero when
the phase difference between the transmitted and the received signals, which i1s
returned from the remote unit, at the transmitting end of the cable in the local unit is

adjusted by just a half of this round trip delay.

Local Unit & +AS
2, ODM A6 —> ¢
> 711 i >4,
248 - %Ir ¢ N \e
L~ Optical Fiber Cable
-1/224¢) Remote Unit

8, = (8, +Ad) - 1/20A8) = &,

Figure 4-2 Conceptual model for a closed phase-lock loop using

a single fiber optic frequency transmission line.

Previously, two different methods were applied for returning the optical carrier



signals from the remote unit to the local unit. One method applied a 50/50 mirror
[14], and the other method applied different optical carriers which were a 1.30um
and a 1.55um for forward and backward signals respectively [15], as reviewed in the
section 3.2. In the former method, the optical carrier signal transmitted from the
local unit was directly sent back from the remote unit to the local unit. And the
degradation of the SNR occurred due to weak returned optical carrier signals [14].
On the other hand, a phase delay difference between two optical carrier wave lengths
occurred in the latter method.

The phase delay difference is estimated assuming thata 1.55um and a 1.33pm
optical carrier waves are used for forward and backward signals. A phase delay
difference between the 1.33pum and the 1.55um optical carrier waves is caused by the
difference of a reflection index between these two optical carrier waves. The
difference of the phase delay per unit length A¢, is given as dn/c, where 4n is the
difference of the reflection index between two optical carries and c is a speed of
light in a vacuum. For the 1.33um and the 1.55pm optical carriers, the difference of
the reflection index is about 0.004 in optical glass, and 47, is estimated as 13ns/km.
This phase delay is constant and compensated in a phase coincide loop. The
temperature dependency of this reflection index is typically of the order of 10°%/°C
in optical glass, and the temperature dependency for the difference of the reflection
index between the 1.33um and the 1.55um optical carriers is 0.004x10°/°C which
corresponds to the phase variation of about 0.01ps/°C/km. The allowed value for
phase error in the VLBI observation is assumed as 0.3 degrees at 8GHz that
corresponds to 0.1ps at 8GHz. The phase variations caused by the difference of the
reflection index are quite small compared with the stability requirement. Therefore,
the two-way system in which a 1.55um laser diode for the signal transmission from

the local unit to the remote unit and a 1.3 1pm laser diode for the signal transmission
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from the remote unit to the local unit are installed.

As reviewed in section 3.2.3, the wide-band system has two advantages over
narrow-band designs. The one is that it provides phase compensation for all
transmitted frequencies. The other is that the compensation is applied after the optical
interface rather than electronically ahead of the optical interface in narrow-band
designs. In the wide-band method, the reference frequency signal which is
transmitted from the reference end to far end is not electrically manipulated in phase
adjustment. Thus, no phase stability degradation will be adopted to the reference
frequency signal itself.

To implement this wide-band method, thermally controlled phase compensator
was tested by Johnson [15] and concluded as the compensation provided by the
thermal stabilizer design was relatively slow, and thus disturbances varying for less
than several tens of seconds cannot be properly compensated. The response for the
disturbances is important for VLBI observations because of antenna slewing. To
improve the response speed in the development this time, an optical delay control
module (ODM) is employed. The phase comparison between the transmitted and the
returned signals is done by an ODM because it will induce no internal electronic
~ noise. This module is designed not to yield the differential dispersion effect for the
operating optical wavelengths. The response speed of this optical delay module is
less than 100ms for the delay range from 0 ps to 100ps, and the delay resolution is

less than 0.1 ps.

4.2.2 Phase Measurement System
A dual mixer time difference system (DMTD) has been frequently used for
precise frequency stability measurements because of having no dead-time errors and
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a simple measurement system, but the estimation of its measurement precision has
been still discussed by many researchers. In the DMTD method, a frequency signal
of interest f; and a reference signal f,+8f are frequency converted to low frequency
fo-fo' by each frequency converter drived at the same local frequency £;'. The
difference between the zero crossing times of two low frequency signals is measured.
It is evident that the measurement error decreases to Arx (f - f,') / (fyx 1) from At /1,
when At and 7 are a time measurement error of a measuring instrument (time
intervasl counter) and integration time respectively.

A time interval counter for general use has the time measurement error A¢ of
1x10®t0 20x10%, and £, - f;' is usually 1Hz or so. Assuming f, to be I0MHz and
100 second of 1, the frequency stability is estimated to be about 1x107'®.
Unfortunatelly this stability is not enough for our measurement system which
requires 10”77, For this reason, the new measurement system with the stability level
of 10" for the integration time of 1000 second has been developed.

The new system consists of a vector voltmeter, a digital multimeter and a data
-acquisition computer. A direct analog output from the vector voltmeter 1s directly
proportional to the phase difference between the frequency signal of interest and a
reference one. It is sampled by the digital multimeter and averaged by the data
acquisition computer.

This measurement system has great advantages not only in the excellent
stability but also in the estimation of the obtained stability. According to the
equation 2-31 in the section 2.4, the Allan variance assumes that the repitation
interval of a measurement sampling and the duration of one sampling are the same.
The DMTD method which uses a time interval counter for phase difference
measurement can not implement this assumption properly because the counter detects
instantaneous phenomenon of the phase as zero crossing point. However, this
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theoretical assumption can be realized properly applying a digital multimeter with
long integration time in A/D conversion to measure a signal from a direct analog
output of a vector volt meter. The integration time in A/D converter is equivalent

to the duration of the equation 2-31.

4.3 System Design with Fiber Optic Link
There are many parameters which characterize the performance of a fiber optic
link. The major parameters that relate with SNR and phase variations, when the link

is used for a frequency distribution system, are discussed [26].

4.3.1 Link Gain

The RF loss in an optical link is a function of the laser quantum efficiency, the
laser to fiber coupling efficiency, the fiber loss, the photodiode responsivity and the
ratio of the output to input impedance.

The quantum efficiency and the fiber coupling efficiency are combined in a
single specification called the modulation gain. With coupling of 15%, the
modulation gain is typically 0.04mW/mA. That is, when operated above the
threshold current, 0.04mW of optical power will be launched into the fiber for every
milliampere of input current supplied to the laser.

This DC modulation gain will determine the average coupled laser light power.
However, overall link gain will be a function of frequency and so the effective
modulation gain is also a function of frequency. The delivered power gain ofthe link

can be written in terms of the input and output currents.
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G i (4-2)

.1 R
G,y = 10l0g [‘;;'R L} (4-3)

" iR

where R is output load resistance and R ,, is input resistance of the link. Assuming
the resistances are matched to 50 Q at the input and the output, R ; =R ,, = 50 Q.

Then,

. .
G,p = 10l0g {’;’;’] - 20log (%—J (4-4)

in

The laser and photodiode are operated in their linear region as shown in Fig.

Slope = Modulation Gain

\ (mif/mA)

Modulation
Light Output

Output Light Power (mW)

Input Current (mA)

Figure 4-3 Laser L-I Curve
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The factor which converts input current to laser optical power coupled into the
fiber is the modulation gain, M (mW/mA). The optical loss in the fiber and the

connectors is given by L The factor which converts incident optical power to

opt °
photodiode output current is the responsivity, r (mA/mW). Finally, the photodiode
current is delivered to the parallel combination of the photodiode module output

resistance, R, , and the local resistance, R, . Each notations are shown in Fig. 4-4.

; i P
Rs . l\%’}\ Pinm-M Lopt pd = pd Iaut
—
Vs lin e
#ZODtmal F1ber { %
00 Connectors, etc
Signal Laser Photodiode  Load
Source Module Module

Figure 4-4 Equivalent of a Simplified Laser Link Circuit for Link

Gain Calculation

Therefore,

P :( RyrM Jr(ﬂ] - . (4-5)

R,+ R,

o

The optical loss is usually given in dB as

L, =10logL (4-6)

opt

From equations 4-5 and 4-6, equation 4-4 is rewritten as

-45.-



RrM
G= 20]0g( - : R } ~2L, . (4-7)
0 1

Taking account of the input and load impedance, the equation is given as

2
i ( RorMJ MILR 4-8)
Ra + R.L Lapl Rin
or, the equation is written in dB
RrM R
G= 2010g( R+ RLJ 2L, + lOlog(R—:J : (4-9)

4.3.2 Relative Intensity Noise (RIN) and Equivalent Input Noise (EIN)

For analog communications, a laser is DC biased in the middle of its linear
region that is, at some current / above 7, , the threshold current shown as Fig. 4-3.
When so biased the laser emits light with average intensity P, , the power is
considered to be average because even if the biasing current were perfectly constant
with time, the laser output light exhibits small intensity fluctuations. Thus, a relative
intensity noise (RIN) is defined as the ratio of the square mean amplitude of those

fluctuations to the square of the averaging intensity level.

(1 Hz Bandwidth) (4-10)

Now, the laser converts input current to output optical power. Since the laser is
operated in the liner region of the L-1 curve as shown in Fig. 4-3, this conversion is
a constant - namely, with the modulation gain, M .

Therefore RIN is given as
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{a 1) m*(s) (4-11)

’

RN (1-1,) M*0)

where < A I? > is the mean square of the input current fluctuations that would
produce the observed output light intensity fluctuations if the laser itself were
noiseless. Also, the frequency dependence of the effective modulation gain is
indicated. The denominator has the DC modulation gain or light vs. current sloiae
since it relates to the average optical output power coupled into the fiber. In the
numerator the modulation gain is a function of frequency. The frequency
dependence of the modulation gain could be found by measuring the link gain as a
function of frequency using a photodiode with a known responsivity, » , connected

to the laser with a fixed optical loss, L, and using equation 4-8 to compute M (f) =

DPI

M (0). Then
) )
RIN = TR (4-12)
for M(f)=M(0).

The RF input circuit including the laser diode has an input impedance R;. The
current fluctuation < A I? > through R, give an electrical noise power which is called
the laser equivalent input noise (EIN). Thus,

EIN (Watts) = <A I*> R, (4-13)

where <A I’ > is in units of A%. Therefore, the EIN is given as

EIN = RIN(I- I,)'R,. (4-14)



4.3.3 Optical Components Characteristics

4.3.3.1 Laser Diode Module
NEC laser diode model NDL7610PA and model NDL7710PA are selected for

1.31um and 1.55pm wavelengths respectively. The outline of the package is shown

in Fig. 4-5.
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Figure 4-5 Package outline of NDL7610P and NDL7710PA laser
diodes

These models are butterfly package modules with a single mode fiber for 2.5
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Gb/s optical fiber communication systems. The laser diode has a multiple quantum
well (MQW) structure and phase-shifted distributed feed-back (DFB). This laser
diode can achieve stable dynamic single longitudinal mode operation under high
speed modulation. It consists of an InGaAs monitor photo diode, thermistor, thermo-
electric cooler, optical isolator and impedance matching circuit. YAG laser welding
techniques are utilized to achieve stable optical coupling over wide operating
temperature range.
When the output power to an optical fiber cable P, is assumed to be 2 mW,

I =1,+30mA, RIN = -150dB/Hz, and input impedance R ,, = 25Q referred to the
data sheet of these models [27][28]. Then, from equation 4-14, EIN is given as EIN
= 1x10"%(0.03)*x25 = 2.25x10"7 W/Hz = -136.5 dBm/Hz. An output power P,

of modulated carrier with modulation index m is given as
Poe Pom—L (4-15)
C - 0 m JE -

P15 -1.5dBm when P, and m are 2 mW and 0.5 respectively. The unit of EIN is
W/Hz or dBm/Hz, and EIN time frequency bandwidth /. is the total power of input
noise in the laser diode module. The carrier to noise ratio (C/N) is then defined as
P/ (EIN x f.). The C/N of these laser modules is calculated as 39 dB when f-is
4GHz referring to the data sheet, while the optical isolation of these laser diode

modules is 40 dB typically.

4.3.3.2 Photo Diode Module
An NEC model NDL5422P photo diode is selected for receiving 1.31pm and
1.55um wavelength laser signals. This model is InGaAs PIN photodiode with 6 pin

butterfly package module containing a silicon pre-amplifier IC. The outline of the
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package is shown in Fig. 4-6.
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Figure 4-6 Package outline of NDL5422P photo diode

This is designed as an optical receiver for 2.5 Gb/s fiber optic communications
system. YAG laser welding techniques are utilized to achieve stable optical coupling
over wide operating temperature range from -40°C to +70°C.

The noise power of a photo diode is defined as

Py = ]3Ro : (4-16)

When received optical power P, = 1 mW, modulation index m = 0.5, impedance R,

=50 Q, equivalent noise current [, is 9.0pA/« Hz referring to the data sheet [29].
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Then P, is calculated as -174 dBm/Hz. The output power P of a photo diode is

written as
p=(1,2) IR, (4-17)

where Z, is transimpedance, and R, is output impedance. P; is calculated as -
8.4dBm while parameters /; = 0.28mA, Z, =300 Q, and R, =50 Q according to the
result of experiment and data sheet. Finally the carrier to noise ratio (C/N) is then
defined as Pg/ (Py % f). Thus, the C/N of the photo diode modules is calculated as

69.6 dB when f is 4GHz referring to the data sheet.

4.3.3.3 Optical Delay Control Module
The ODM 1is a key component of the ultra stable fiber optic frequency
distribution system. Santec corporation model ODL-610 is selected as optical delay

control module. The outline of the package is shown in Fig. 4-7.

Q Q
OPTICAL DELAYLINE MODULE
QaDL-610

L| WODULE DRIVER

Figure 4-7 Package outline of ODL-610 optical delay control module
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This module has a potential to vary optical delay over a wide range from 0 psec
to 130 psec and the delay can be precisely controlled by changing the distance
between two high efficiency fiber collimators using a reflection mirror. The
specifications of this model are shown in the Table 4-1 [30]. The allowed value for
phase error in the VLBI observation is assumed as 0.3 degrees at 8GHz that

corresponds to 0.1ps at 8GHz.

Table 4-1 Specifications of Model ODL-610 Optical Delay Control

Module
Wavelength 1.55pm/1.31pum
Delay 0 - 130 psec
Resolution < 0.1 psec
Insertion Loss (IL) 1.5-2.5(0- 130 psec) dB
Isolation in Reflection > 40 dB
Tuning Speed < 100 msec (0 - 100 psec)

4.3.3.4 Phase Comparator

An R&K model M-14LL double balanced mixer is selected as a phase
comparator. The frequency ranges are 800MHzto 1600MHz for RF&L O signals and
DC to 500MHz for an IF signal, respectively [31]. The maximum conversion losses
are 9.0dB for 800MHz to 1200MHz and 10.0dB for 1200MHz to 1600MHz at LO

drive level of +7dBm. The isolations between IF and LO is 20dB for 800MHz to
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1200MHz and 17dB for 1200MHz to 1600MHz. The maximum peak RF input
power is S00mW. The impedance at all ports is S0€.

The minimum detectable phase angle which is proportional to the phase
difference between the signals injected into RF and LO ports while this module is
applied as a phase comparator is estimated as follows. If the output signal level is
+4dBm when the input level and the actual conversion loss are assumed to be
+10dBm and 6dB, respectively. Then the voltage of the output signal is calculated

to be 0.35V for the output impedance of 50€2. The peak voltage is then given
as 035x +/2 'V, so that output voltage ¥ is described as ¥ = 0.35x +/2 sing when the

phase difference ¢ is around zero. The minimum detectable phase angle is then

calculated as ¢ = sin"(l x 1077 /035x% \/5) = (.12 ° when the minimum detectable

voltage of the multimeter is assumed to be ImV. As shown in section 4.1.2, the total
phase error in this frequency distribution system is required to be less than 0.3° at
8GHz which corresponds to 0.05° at 1.4GHz. This requirement of the total phase

error suggests that the multimeter should have the measurement accuracy of

0.4mV.

4.4 Improvement of ODM Driver for Less Backlash

The ODM utilized for the ultra stable fiber op';ic frequency distribution system
was proved to have a backlash characteristic in delay change to its driving voltage
while the system was being assembled.

The ODM module used for the system is the model ODL-610 manufactured by
Santec Co. Ltd. Its delay resolution is less than 0.1 psec which is equal to required

phase accuracy of 0.05° at 1.4GHz. It was found that the actual ODM assembled in
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this system did not move smoothly and showed the action like backlash. The step
angle by the backlash reached about 1° at 1.4GHz. In order to reduce this backlash
characteristic of the ODM, we had to develop a unique electrical driving circuit with
a digital servo loop. This digital servo loop driving circuit puts an AC bias upon the
driving voltage for the ODM. The frequency of the AC bias is 100Hz and the
voltage is 80mV to 120mV. The block diagram of this digital servo loop driving
circuit is shown in Fig. 4-8. Fig. 4-9 shows an improved backlash characteristic. The
backlash in hysteresis would be estimated as 0.1 degrees at 1.4GHz in Fig. 4-9. This
value 0.1 degrees is twice as much as the delay resolution of the model ODL-610 and
is one third of the stability requirement which is 0.3 degrees at 8GHz mentioned in

section 4.1.
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Figure 4-8 Block Diagram of Digital Servo Loop Driving Circuit
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Improved Hysteresis of ODM
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Figure 4-9 Improved backlash characteristic of the ODM
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4.5 Outline of the System

The ultra stable frequency distribution system consists of a control unit located
at an antenna control room and an antenna unit located at a remote receiver room on

an antenna. A block diagram of this system 1s shown in Fig.4-10.

Distributed Reference
1.4GHz Frequency

131 4m
0¢ ;
Output Diode Laser |
Terminal
WDM
Y
Photo
Diode
Antenna Unit
Optical
Fiber
Cable
1.4GHz Original Control Unit
Referenc.e Frequency )Im
w, R
Input Diode Laser
Terminal Phase Comparator WwWDM | Optical
SR Delay Module
Mixer
Manual ,
Phase Shifter

Integrator )I Driver

Figure 4-10 Block diagram of the developed ultra stable frequency

distribution system
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The control unit is composed of a 1.55um laser diode, a WDM, an ODM, a
1.31pm photo diode, a manual phase shifter and a phase comparator. The antenna
unit is composed of a 1.31pum laser diode, a 1.55um photo diode and a WDM.

A 1.4GHz reference signal supplied from a Hydrogen Maser frequency
standard is converted to an optical carrier signal with the 1.55um laser diode module
in the control unit, and transmitted to the antenna unit via the WDM, the ODM and
the PSOF cable. At the antenr-la unit, the 1.4GHz reference signal is demodulated
from a 1.55um optical carrier signal. The 1.4GHz RF signal demodulated in the
antenna unit is converted to a 1.31um optical carrier signal and sent back to the
control unit thorough the same PSOF cable. The returned optical carrier signal is fed
to the photo diode via the ODM and the WDM, and is demodulated to a 1.4GHz RF
signal. The phase difference between the returned RF signal and the 1.4GHz
reference supplied from the Hydrogen Maser frequency standard is compared with
the phase comparator. The ODM is controlled by the output DC signal of the phase
comparator to compensate the phase difference.

The developed ultra stable fiber optic frequency distribution system is shown

in Fig. 4-11. The upper is the control unit and the lower is the antenna unit.



Figure 4-11 Developed ultra stable fiber optic frequency distribution
system (middle row). The upper is the control unit and the

lower is the antenna unit.
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CHAPTER S

LABORATORY MEASUREMENT

OF THE SYSTEM

5.1 Measurement System

The phase stability of the ultra stable frequency distribution system is measured

by the system shown in Fig. 5-1.

C T 100m Optical |
( ) 14GHz | | Control Fiber Cable |
H o 1
i Unit 4 O i
HP-8642B E Antenna A i
1 | Unit '
l :
Test Equipment Temperature
Chamber
Ref. Sig. ESPEC
SU-240
Vector . . » Computer
| Valtmeter [ 7a, |GPaB | EPSON |
| [HP-8508A | o PC-586RT | |

New Precise Phase Measurement System

Figure 5-1 Block diagram of the phase stability measurement system
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The measurement system consists of a 1.4GHz signal source, a temperature
chamber and the new precise phase measurement equipment. The new precise phase
measurement equipment is composed of a vector voltmeter, a digital multimeter and
a personal computer with GP-IB interface. The test equipment is installed between
the 1.4GHz signal source and the vector voltmeter. In the vector voltmeter, the phase
of the signal through the test equipment is compared with that of the signal directly
fed from the 1.4GHz signal source. The PSOF cable of 100m long connecting the
control unit to the antennéi unit of the test equipment is placed in the temperature
chamber, while the temperature in the chamber is varied for simulating a daily

environmental temperature variation.

5.1.1 Specification of Vector Volt Meter
The vector voltmeter utilized in the measurement system is Hewlett Packard
model 8508A with 50 ohm input module. Specifications are listed in Appendix B.
There is very important specification in this HP-8508A vector voltmeter to
make the frequency stability measurement system as state-of-the-art specification.
The HP-8508 A outputs DC analog voltage proportional to phase difference between
areference signal and received signal. The direct analog output provides continuous

phase difference through an 800Hz low-pass filter.

5.1.2 Specification of Digital Multimeter

The digital multimeter which is utilized in the measurement system is Hewlett
Packard model 3457. Model 3457 converts an analog DC voltage to digital one.
Once the signal is converted to digital form, it can be displayed and sent over the GP-
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1B bus.

The input signals are converted to digital values by model 3457's A/D
converter. The A/D converter is responsible for many of model 3457's operating
characteristics. These characteristics include AC line rejection (ability to reject
signals at the power supply frequency from measurements), measurement speed,
- resolution, and accuracy. When power 1s supplied, model 3457 measures the power
supply frequency such as 50Hz, 60Hz, or 400Hz automatically. The A/D converter
then sets its reference frequency to match the measured frequency, or in the 400Hz
case, a subharmonic of that frequency. This allows model 3457 to reject unexpected
signals of power supply frequency from measurements when the integral number of
power line cycles (1, 10, or 100} is specified for the integration time. The reference
frequency also affects the measurement speed.

The integration time is the duration of sampling. This time is specified in
number of power line cycles as a parameter of the command named NPLC. The
range is available from 0.0005 to 100 powef line period. For example, the period
of a S0Hz power line is 1/50=20 msec. When the power line period is setto 0.1, the
integration time is 20 msecx(.1=2 msec.

The resolution is determined by the integration time of the A/D converter.
When a certain resolution is specified, an integration time is specified indirectly.
Typically, the NPLC command should be used to select the required amount of
normal mode rejection, and the % resolution parameter to select the required
resolution.

The relationship between the NPLC, the resolution parameter (as a percentage
of full scale), the maximum number of digits available, and the AC line rejection are

shown in Table 5-1.
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Table 5-1 A/D Converter Relationships

Power Line Percentage of Maximum AC Line
Period Full Scale Number of Digits Rejection
0.0005 0.033% 3.5 0dB
0.005 0.0033% 4.5 0dB

0.1 0.00033% 5.5 0dB

1 0.000033% 6.5 60dB
10 - 7.5% 80dB
100 - 7.5* 90dB

* Extra Resolution

5.1.3 Test Configuration in Laboratory

The test equipment and the measurement system are placed in the basement
of the Mizusawa Astrogeodynamics Observatory, where the room temperature 1s kept
within less than £0.5°C for a day.

The test configuration is shown in Fig. 5-2. The left most unit on the desk is
the computer for quick viewing of measuring ASD and data logging. The uppet in
second row from left side is the multimeter. The lower in second row from left side
is the vector voltmeter. The upper in third row from left side is the control unit of the
ultra stable fiber optic frequency distribution system. The lower in third row from
left side is the antenna unit of the system. The unit in fourth row is the 1.4GHz
signal generator. The right most on the desk is the spectrum analyzer. The right
most of the Fig. 5-2 is the temperature chamber in which the PSOF cable is

located.
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Figure 5-2 Test configuration at a laboratory
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As stated in section 4.1.2, the allowed value of the phase error for the
frequency distribution system in VLBI observation is estimated less than 0.3 degrees
at 8GHz. This estimated value corresponds to 0.05 degrees at 1.4GHz. The display
resolution of the vector voltmeter is 0.1 degrees, so that it does not satisfy our
requirement of 0.05° at 1.4GHz. To improve the resolution, signals from a direct
analog output were measured.

The direct analog output of the vector voltmeter, which is proportional to a
phase difference between a reference signal and a signal through the test equipment,
is sampled by the multimeter. The resolution can be selected to less than 0.4mV
which correspond to 0.05° at 1.4GHz. The sampled data are transferred to the
personal computer through the GP-IB interface. This sampled data are stored in a
file. The ASD of the measured phase difference is calculated every 10 second for a

quick look by the personal computer.

5.1.4 Characteristic of Measurement System

Phase stability is related to an integration time of each sampled data. This
integration time corresponds to the sample time of the A/D converter in the
multimeter. The phase stability 1s measured under the condition where the closed
phase-lock loop is enabled and the sample time is one second, by setting the
integration time of the multimeter to 200ms, 20ms, 2ms, 0.1ms and 0.01ms, which
corresponds to the cut-off frequencies of SHz, 50Hz, 500Hz, 10kHz and 100kHz
respectively. The results are shown Fig, 5-3.

The Fig. 5-3 shows that the ASD is proportional to the cut-off frequency when
the frequency is lower than 500Hz, while it is constant above 500Hz. This result

reflects the characteristics of an 800Hz lowpass filter installed in the vector
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voltmeter. From this analysis, the integration time of 200ms, which corresponds to

5Hz in the cut-off frequency was selected.

ASD of Direct Analog DC Voltage Measurement
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Figure 5-3 ASD of direct analog DC voltage measurement with

800Hz filter in new precise phase measurement system.
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5.1.5 Calculation Program of Allan Standard Deviation

A voltage reading, which is proportional to a phase variation, is sampled at 1
secoﬁd interval and stored into a hard disk of a personal computer. ASD ofthe tested
fiber optic distribution system is calculated and displayed every 10 samples of phase
variation measurement on a CRT display. The purpose of this simultaneous
calculation is for a quick look to evaluate the measured data in advance. A
calculation program was prepared to analyze the measured results in batch mode.
The theory of this calculation is based on the equation 2-8. The program is written
in BASIC language to execute in a personal computer and is listed in appendix A.
The calculated results by this program is analyzed mainly by the software named
Origin which is produced by Microcal Corporation and runs on windows 95&98

operating system.

5.1.6 System Noise Level of Measurement System
The system noise level of the measurement system is shown in Fig. 5-4

together with other phase stability measurement results.



System Noise of Frequency Stability Measurement System
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Figure 5-4 System noise of frequency stability measurement system.
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The stability of the measurement system is better than 1.6x10"7 in ASD at 1000
second averaging time at 1.4GHz. This system noise level is obtained for the
integration time of 200ms at each sampling when environmental temperature of the
measurement system and PSOF cable are in stable condition.

Hamell et al. at JPL reported the best result of system noise as 1.5x107"7 at
100MHz in ASD for 1000 second averaging time using offset generator [22] as
shown in Fig. 5-4. Though, it exceeds our results for the sample time more than 1000
second. The system noise level which is used for our laboratory measurement this
time is better than that of any DMTD system as well as the offset generator system

in long term.

5.2 Results of Laboratory Measurement

Change of power supply voltage influences most of instruments, and
unexpected AC frequency signals mixed from power supply smears a reference
frequency signal. Therefore, dependency of a phase variation characteristic to AC
power supply voltage was investigated and SSB noise level of the distributed output
signal was also measured. These measurements was carefully conducted using the
developed ultra stable fiber optic signal distribution system while its environmental

temperature was changing. The results are shown in this section.

5.2.1 Phase Variations Originated by AC Power Supply Voltage
A phase variation was monitored when AC power supply voltage of the system
was changed from 85V to 115V by 15V step to test a dependency of the AC power

supply voltage. Fig. 5-5 shows the results of this test. There is no relation between
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the phase variation and the voltage change of the AC power supply.

Phase Variation vs AC Power Voltage
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Figure 5-5 Phase variation characteristic originated by voltage change

of AC power supply.
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5.3.2 SSB Noise of Distributed Signal

SSB noise levels of the signals provided from the fiber optic frequency
distribution system were measured by using Advantest corporation model TR-4133B
spectrum analyzer.

The relations between a single-sideband spectral density S, ( /), a spectral
density S, ( ) and Allan variance cyz('r) are explained in sections 2-1, 2-2 and 2-3.

The equation is rewritten as

SAf)=v" S(f)=vi h.f" (5-1)

where v, is a frequency of distributing carrier signal and f* denotes offset from the

carrier signal. Substituting equation 5-1 into equation 2-11, cyl(r) is given as

oﬁ(r) =2 In(2)-—5;'”(f)

el (5-2)

This equation converts single-sideband spectral density S, ( f) to Allan variance
6,}(1).

Fig. 5-6 shows the measured SSB noise spectrum of the output signal from
Hewlett Packard model 8624B signal generator which has been used as a signal
source in the laboratory measurements. Fig. 5-7 also shows the SSB noise spectrum
of the distributed output signal of the antenna unit. The frequency span, resolution
band width, and video band width of these SSB measurements are 20kHz, 100Hz and
10Hz. Fig. 5-8 shows wide sideband noise spectrum of the distributed output signal
from the antenna unit with a frequency span of 100MHz, resolution band width of

10kHz, and video band width of 1kHz.
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Figure 5-6 SSB noise spectrum of the output signal from Hewlett
Packard model 8624B signal generator. The horizontal
scale shows frequency in MHz with 2kHz per one
division. The vertical scale shows a signal level in dBm

with 10dB per one division and the maximum is 0dBm.
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Figure 5-7 SSB noise spectrum of the distributed output signal from
the antenna unit. The horizontal scale shows frequency in
MHz with 2kHz per one division. The vertical scale
shows a signél level in dBm with 10dB per one division

and the maximum is -20dBm.
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Figure 5-8 Sideband noise spectrum of the distributed output signal
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The maximum SSB noise level of the output signal from the model 86248
signal generator at 1kHz offset is about 60 dB lower than the signal level in Fig. 5-6.
This spectrum is measured with a resolution bandwidth of 100Hz and video band
width of 10Hz by model TR-4133B spectrum analyzer. Because the maximum noise
level in Fig. 5-6 is equal its power over the video band width of 10Hz, the carrier to
noise ratio (C/N) per one hertz is -70dBc¢/Hz. This result is about 30 dB worse than
that shown in the specification of the model 8624B signal generator, It is supposed
that the spectrum analyzer increases SSB noise near the carrier signal source.

Substituting this value of -70 dBe/Hz to equation 5-2, 6,%(t) is calculated as
7.0 x10 2 when the integration time r = 1 second, the frequency of distributing
carrier signal v, = 1.4GHz, and offset from the carrier f = 1kHz. The valiance
7.0x10"2 equals to 8.4x107'? in ASD. This variation is limited by SSB characteristic
near the carrier of the spectrum analyzer. HP-8624B itself has high C/N better than
-100 dBc at 1kHz offset from its specification. The value -100 dBc in SSB noise
relates to 2.7x 107" in ASD. Comparing the measured and specification values of
HP-8624B, the HP-8624B used for laboratory measurement 1s not stable enough in
ASD. A relative phase variation between the reference signal and the signal which
" is distributed through the tested system are measured in the laboratory measurement.
Thus, this phase stability of the signal source does not affect the laboratory
measurements even if the test signal source is unstable a little.

Fig. 5-8 shows a lot of high sideband noises beside the carrier frequency signal.
These sideband noise will be rejected when additional extra phase lock oscillator is
nstalled into the output line of the antenna unit. This extra phase lock oscillator will

also increase the carrier to noise ratio of the output signal from the antenna unit.
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5.2.3 Phase Variations According to Environmental Temperature Change

The phase variations of the distributed signals from the control unit to the
antenna unit were measured, to show the stability performance of the developed ultra
phase stable frequency distribution system. The temperatures of the test chamber,
in which PSOF cable was placed, were varying with the range of 10°C at the rates
of 10°C/15minutes and 10°C/12hours. The former temperature variation rate is
equal to one observation time span in differential VLBI. The latter temperature
variation rate is similar to the daily environmental temperature variation.

The results of the measurement is shown in Fig. 5-9. The actual phase
variations of transmitted reference frequency at the antenna unit are shown for the
periodic change of the temperature of 10°C at the rate of 10°C/15minutes. The lines
with circles and without circles represent that of the closed phase-lock loop is
disabled (control-off) and enabled (control-on) respectively. The phase variations
are larger than 0.4 degrees in peak-to-peak in the former case. In the latter case, the
phase variation is less than 0.1 degrees in peak-to-peak, which is limited both by the

remained phase variations in the cable and internal random noises.
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Figure 5-9 Actual phase variation caused by the PSOF cable delay
change in the temperature variation at the range of 10°C

and the rate of 10°C/15minutes.
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The phase stabilities of the developed ultra stable frequency distribution system
in ASD are shown in Fig’s 5-10 and 5-11, for the temperature variation of 10°C at
the rates of 10°C/15minutes and 10°C/12hours, respectively.

From the Fig. 5-10, the phase stability in ASD is about 1.2x10™'* for control-off
and 1.3x10™'¢ for control-on at 1000 second in averaging time for the temperature
vartation at the rate of 10°C/15minutes. The phase stability for control-on, which is
1.3x107¢in ASD, is 1.3 times worse than the required stability at 1000 second in the
averaging time. Below 100 second in the averaging time, the phase stability for
control-on is worse than that of control-off. From the Fig. 5-11, the phase stability
in ASD is about 3.8x10™" for control-offand 7.5x10™" for control-on at 1000 second
in averaging time for the temperature variation at the rate of 10°C/12hours. Again,
below 4300 second in averaging time, the phase stability for control-on is worse than
that of control-off. However, in this case the measured ASD always kept below the
required stability. InFig. 5-11, the stabilities in ASD are about 1.7x10" and 1.1x10"
17 at 10,000 second in averaging time for control-off and control-on respectively in

a temperature variation rate of PSOF cable at 10°C/12hours.
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Figure 5-10 Stabilities in ASD when the temperature of PSOF cable

varies by 10°C at the rate of 10°C/15minutes.

-79-



Phase Stability at 10° C/12hours
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Figure 5-11 Stabilities in temperature variation of PSOF cable at the

range of 10°C and the rate of 10°C/12hours.
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In Fig. 5-12, filled circles show a response of the developed frequency
distribution system to a step-like phase change for control-on. The phase variation
is monitored after the depressed ring of PSOF cable with 20cm diameter has been
rapidly released. Open circles show a response of this system to a step-like phase
change for control-off.

The step-like phase change was given about 0.15 degrees as shown in Fig. 5-
12. The figure shows the phase compensator responds to the step-like phase change
within 1 second and it takes about 6 seconds to compensate this step-like phase
disturbance. Because the time constant of a loop in the phase compensator is
designed to be near 1 second, the response time of 1 second coincides with the
designed time constant.

On the other hand, the phase compensation would be too slow in consideration
of the response time of 0.1 second for the ODM. There are some possible reasons
for such slow phase compensation. One is the AC bias which is added to the DC
drive voltage for the ODM in order to actuate the ODM against a backlash. The other

one is the unsuitable DC drive voltage or noise of the voltage.

-81-



Phase Variation (degree)

Response for Rapid Phase Change

0.30
—@— Active Control On
0.25 1 —O— Active Control Off
0.20
. - o)
[ - O P
0.15 e O\ / \ _o° 0\0/0—0\ (
o0 O““o/ N © o‘“O/
0.10 +
0.05
0.00 - /'\-/‘\.-4/.\. o
d \‘0\\.// \\\
-0.05
-0.10 T T ;
0 5 10 15 20

Lapse Time (sec)

Figure 5-12 Response of the system to a step-like phase change.
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CHAPTER 6
DISCUSSIONS AND CONCLUSIONS

6.1 Discussions

The performance of the phase compensator, demonstrated in Fig. 5-9, shows
that the phase variation is less than 0.1 degrees in peak-to-peak when the system is
in control-on and the temperature change at the rate of 10°C/15minutes. This
variation consists of both by the phase variations in the cable and internal random
noises. The short term phase fluctuations of internal random noise in the Fig. 5-9
could be estimated as 0.05 degrees. After the phase variation of internal random
noise is excluded, the phase variation induced in the cable is estimated as 0.05
degrees in peak-to-peak. It is clear that the developed ultra stable fiber optic
frequency distribution system reduces the actual phase variations of 0.4 degrees in
peak-to-peak to one tenth of its phase variation when the system is in control-on.

The measured phase variation of the developed ultra stable fiber optic
frequency distribution system are below the required stability except for the case
when the averaging time is 1000 second and the temperature variation rate of the
PSOF cable is 10°C/15minutes. The temperature variations at the rate of

10°C/15minutes or 10°C/12hours, which are inflicted on the PSOF cable in this
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measurement, are about 10 times severer than that in the environment where a PSOF
cable is utilized as an actual VLBI system. So that, the stability at 1000 second in
the averaging time is expected to be better than the required stability when this
distribution system is actually installed.

The phase stability in control-on is worse than that in control-off in the range
of the averaging time less than 100 second and 4300 second for a temperature
variation rate at 10°C/15minutes and 10°C/12hours respectively. This degradation
of the stability is caused by the response with different hysteresis in backward and
forward movement of an ODM. For this reason, an ODM that has no such different
hysteresis is required for the further improvement of the phase stability in control-
on.

The developed ultra stable fiber optic frequency distribution system
compensates the step-like phase change of 0.15 degrees within 6 seconds.
~ Considering bending and twisting of a PSOF cable, fortunately such rapid step-like
phase change will not be generated under the condition while the antenna is
continuously tracking a star in a conventional VLBI observation. However, if this
system is applied to the instrument which requires rapid phase compensation such
as an optical interferometer, the improvement of the response time is expected by
replacing the present ODM to no backlash model which will not require the
additional digital servo loop circuit to drive it.

To apply this developed ultra stable fiber optic frequency distribution system
for a reference frequency of a down converter in a VLBI observation system, the
purity of the output signal should be considered. The phase stability of the 1.4GHz
output signal from the antenna unit is smeared by power supply frequency while the
signal is processed in the unit. A phase stability of the signal, which is modulated

by a discrete noise such as a power supply frequency, is investigated by Yoshimura
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et al. [18] and discussed in section 2.4. When a discrete noise is assumed as a
modulating frequency, the two-sample standard deviation of a phase variation is

expressed by the equation 6-1 which is similar to the equation 2-39

f.

Ve

.2

sin"#

X o
u

e il =@ x . (6-1)

where ¢, denotes a modulation index which is considered as (N/C) *, u equals to
f., T and £, denotes a modulating frequency. The RMS phase variation {ap > ) " is
expressed as the equation 4-1. Substituting the o,, which is estimated as the allowed
value from the equation 4-1, to the equation 6-1, ¢, is given when sin # is assumed
as maximum. The calculated CNR of the system is about 65.6dB when the
modulating frequency is assumed as SO0Hz. The measured CNR in Fig. 5-7 is about
60dB at 1kHz offset with 10Hz video bandwidth. This value equals to 70dB at 1Hz
bandwidth. This measured CNR is comparable with the calculated CNR. This
means that the sideband spectrum in the Fig. 5-7 is generated by power supply
frequency. However, the measured CNR value of 70dB is obtained through a video
filter with the narrow bandwidth of 10Hz. Therefore, actual CNR of the output
signal from the antenna unit without a narrow filter is worse than that of the
measured CNR with narrow video filter. This means actual CNR in the output
signal from the antenna unit would be less than 70dB. The RIN of the laser diode
used in the system has the CNR of -115dB/Hz [28]. The CNR of the PIN photo
diode 1s better than -100dB/Hz according to the estimation in section 4.3.3.2 and the
estimation by Nishio [21]. The degradation of CNR to 70dB/Hz will be caused in
electronic components other than laser diode and PIN photo diode. To achieve better
CNR of 1.4GHz output signal from the antenna unit, a phase-locked oscillator with
good signal purity is required for the further improvement.

The maximum transmission distance of the frequency distribution depends on
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the CNR of the loop in the frequency distribution system. The relation between the
ASD of the frequency distribution system and the CNR is expressed in equation 4-1.
Substituting the allowed value 5x10™ of stability that is estimated in section 4.1.2
to the equation 4-1, the CNR is calculated as 68.9dB. The margin is 1.1dB against
the measured CNR of the system. The maximum transmission distance through an
optical fiber cable is then estimated as 2.75km since the transmission loss of the
PSOF cable is about 0.4dB/km. This maximum transmission distance is extended
when the phase-locked oscillator with good signal purity is replaced with the one
used now, and when the output power of the laser diode is increased, because of
increasing CNR margins. A relation between the output power to an optical fiber
from a laser diode and an output power of a modulated carrier is expressed as
equation 4-15.

A noise from of a laser diode deteriorates SNR of an output carrier signal to an
optical fiber. Therefore the stability of the system decreases according to the
equation 4-1. The noises from a laser diode are classified as quantum shot noise and
mode hopping noise that is generated while the laser diode is in longitudinal mode
[35]. The mode hopping noise is generated against the variations of drive current and
environmental temperature. These quantum shot noise and mode hopping noise are
suppressed under the cooled condition and stable environmental temperature and
do not affect in digital optical communications. Though, returned optical signals
from an optical fiber to a laser diode and modal noise cause disturbance in SNR. To
avoid the influence of a returned optical signal into a laser diode, it is recommended
to use an optical isolator and to use distributed feedback (DFB) or distributed bragg
reflector (DBR) laser diode [3][35]. Further more, the modal noise is not generated
in a single mode fiber. In the developed ultra stable fiber optic frequency distribution
system, so that a DFB laser diode with single mode operation is used.
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Some new photonics reference frequency distribution systems, in that the
difference of frequency of two different wavelength lasers was used as a distributing
frequency, demonstrated a capability [33][34]. If the distributing frequency 1s
assumed to be 100GHz and two wavelengths of lasers also assumed to be 1.55um
and 1.5492pm, the difference of a refractive index of two wavelengths in fiber
medium causes delay difference of +£3.2ps per one kilometer, because the delay
difference in fiber medium of PSOF cable is estimated as +4ps/nm/km for 1.55um
wavelength band. The value of this £3.2ps equals to £115.2 degrees at 100GHz.
There is no delay difference in 1.3pm wavelength band because of no difference of
arefractive index in fiber medium for this wavelength band. These delay differences
are mostly caused while an optical fiber layed in an environment where the
temperature shows daily variation. The thermal coefficient of PSOF cable is about
the order of 5ps/km/°C. The phase variation of 0.864x 10 degrees at 100GHz per
one kilometer is generated by the difference of the refractive index of PSOF cable for
the 1.55um and the 1.5492pm wavelengths when the environmental temperature
changes 5 °C. Thus, even for the photonics reference frequency distribution systems,
these phase variations should be compensated. The phase compensation method that
uses ODM in the developed actively stabilized fiber optic frequency distribution
system could contribute for the phase stabilization of these photonics reference
frequency distribution systems. Therefore, the fiber optic systems are widely used
in the signal transmission field lately. The ODM is suitable to compensate the phase

variation in these fiber optic signal transfer systems.

6.2 Conclusions

The ultra stable fiber optic frequency distribution system has been developed
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and its performance is demonstrated. It is the first ODM application to be
implemented for use in fiber optic frequency distribution system. It is the first direct
DC analog output usage of a vector voltmeter to be implemented for use in a
frequency stability measurement system. The system noise level of this measurement
system in the laboratory is better than any dual mixer time difference systems. The
stabilities in ASD are about 7.5x10""7 and 1.1x10"'7 at 1000 second and 10,000
second in averaging time respectively, in temperature variations of PSOF cable at the
range of 10°C and the rate of 10°C/12hours. This system has the best stability in
frequency distribution systems developed so far.

This system can be applied for the distribution of reference frequency from the
ultra stable new frequency standard such as an ion storage frequency standard, to the
differential VLBI system used for the precise measurements of the distance to
galactic radio sources and to the connected radio interferometer in sub-millimeter

range.
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APPENDIX A

Calculation Program of Allan Standard Deviation

Thdkkhkrrhrrhdhhhhhhrkh kb hhk kb kb hk ke hrrhkhkkhk kA kA x kb kdk d kA kb rrkk kA kX drhhkk k kK

L 2 *
L *
" ALLAN VARIANCE EVALUATICN SYSTEM FOR VECTOR VOLT METER *
v -~- ALLAN VARIANCE CALCULATION --- *
vE v 1.0 *
o June 20, 1998 K.-H. SATO *
LIS 3 *
LI 3 *

LIRS S SRS R R R R ERE RS ERERE SRR R RRERR R R R R R R R R RS EE R R R o i g A A b SR SR e

'This program calculates ALLAN VARIANCE using the data obtained at every
'l second by a vector voltmeter phase measurement at 1400MHz.
L

' HP-B8508 Vector Voltmeter and HP-3457A multimeter version

' Summation limit is N+1-2n. N is defined as data number 1D-1.
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DMN = 300000 : 'Dimension Number

dim DD# (DMN)

BLKS0S$ = " "

*BEGIN

cclor 0,15 : cls : locate 3,1

print "xrxkrkxsckxxkkkkkrxg A1lan VArlance DA A s st ks rkxrdkhkakxan
beep : lccate 3,2

input "Data File Name C:\WORK\#######44.DAT";DFN$

open "C:\WORK\"+DFN$+".DAT" for input as #1

open "C:\WORK\"+DFN$+".ALN" for output as #2

SPLINT% =1

*KYI0 locate 3,3

beep : input "Sampled Data Number {max 300, 000}";CONTMAX!

if CONTMAX! > DMN then locate 3,3 : print BLK50$ : goto *KYIO

ID

I
o

DSUM¥ = 0O#

IRC = 0

for IR = 1 to int (CONTMAX!}

'1.984126984D-12 : conversion factor for degree to time interval

'L / 1400E+6 / 360 : time interval for 1 deg in 1400MHz (sec)
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'Phase difference = Multi meter readings * 100.0

input #1, NN,DD$ : AAA# = val(DD$} * 1.984126984D-10

if abs( AAR# )} < .000000000715%# then goto *GDAT

locate 20,13 : color 2

print "Rejected ";AAR¥, IR

color O ¢ IRC = IRC + 1 : goto *NXTI

*GDAT locate 70,22 : print IR

ID = ID + 1

DD¥ (ID) = AAA#

if eof(l) then *REND

*NXTI next IR

*REND IDCNUM = ID

for IPOW = 0 to 4

for IFLX 1 to 9

SKIP = int( IFLX* (10~IPOW) + .5 )
CALINT = SKIP
! if CALINT > 10000 then goto *CEND
CALEND = 10 ~ int{ log( IDCNUM } / leog{ 10! ) )

if CALINT > CALEND + 1 then goto *CEND
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FDFSUM# = 0%

! tau = NN*taul, taul:interval, NN:1,2,3,..... yJN/2

NN = SKIP

' total sampled number as N+l = IDCNUM

SUMN = IDCNUM - 2*NN

for I 1 to SUMN

Il I + Z*NN

I2 =1 + NN

I3

]
H

DDIl#

DD#(I1)
DDI2# = DD#(I2)
DDI3# = DD#(I3)
FDFSUM# = FDFSUM# + ( DDIl# - 2#*DDIZ# + DDI3# )"2

next I

*SEND SIGM# = sqr{ FDFSUM#/( 2% * cdbl (SUMN} * cdbl (NN}"2 ) )

locate 15,11 : print BLK50S$

locate 15,11 : print "Allan SD {";CALINT:;" sec) is "

locate 40,11 : print SIGM#

print #2,CALINT:SIGM#

next IFLY

next IPOW

*CEND clcse #1 : close #2 : end
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APPENDIX B

Specification of HP-8508A Vector Voltmeter

Frequency Range 300kHz - 2GHz
Maximum Input 16dBm, +50Vdc
Measurement Range
A and B Channel Maximum Magnitude measurements
3dBm, 300kHz-1MHz, 1GHz-2GHz
13dBm, IMHz-1GHz
Phase measurements
3dBm, 300kHz-2GHz
A (Ref) Channel minimum - -47dBm, 300kHz-3MHz
-57dBm, 3MHz-2GHz
B (Meas) Ch. noise floor ~ -87dBm, 300kHz-2GHz
Measurement Bandwidth 1kHz (nominal)
Input Crosstalk >100dB, 300kHz-500MHz

>80dB, 500MHz-1GHz



>70dB, 1GHz-2GHz
Impedance SWR<1.2, 300kHz-1.5GHz
SWR<1.5, 1.5GHz-2GHz
Magnitude Characteristics
Resolution: 3 Y digits
Phase Characteristics
Display Range: " -179.9 to +180.0 degrees
Display Resolution: 0.1 degrees
Search and Lock Time
Automatic tuning starts from lowest frequency and searches
consecutive bands. Total search and lock time depends on the number
of bands to be scanned and the lockup time within the selected band.
Process Start Time: 50ms after lock is lost.
Lockup (within 1 range):  40ms, frequencies up to 3MHz
20ms, frequencies greater than 3MHz
Ranges (MHz): 0.1-0.2, 0.2-0.6, 0.6-1, 1-3, 3-5, 5-8, 8-
15, 15-25, 25-50, 50-80, 80-150, 150-
250, 250-500, 500-1000, 1000-2000

Rear Panel Outputs:
Normal Operation: Provides an analog representation of the digital display
values, including internal instrument correction factors.
OUTPUT 1 corresponds to DISPLAY 1, OUTPUT 2 corresponds to
DISPLAY 2.
Range: 0 to £1999 display counts.
Sensitivity: lmV represents 1 display count (nominal).
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For readings greater than £1999 counts, the rear panel output
voltage will remain fixed at £2.0 Volts.
Display resolution can be controlled by manual ranging.
Update rate: Approximately 3 readings per second.
Direct Analog Output: Provides continuous direct output from the internal
magnitude and phase detectors through 800Hz low-pass filters. No internal
correction is applied.
OUTPUT 1 corresponds to linear magnitude (A or B selected by front
panel control).
Sensitivity: 1V equals displayed full scale deflection (nominal). Can
be controlled by manual ranging.
OUTPUT 2 corresponds to B-A phase.
Sensitivity: 10mV per degree (nominal).

Phase Jitter: <3 deg rms (typical, A=100mV, B=100pV)
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