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Department of Electrical & Computer Systems Engineering, Monash University,
Clayton Campus, Victoria 3168, AUSTRALIA

Abstract

We present a method of measurement of dispersion of guided optical medium, the
optical fibre using microwave photonic techniques. Experimental set-up and
theoretical development of the measurement systems are described. Analytical results
are compared with those obtained experimentally for a length of 19.8 km standard

single mode fibre.

1 On leave from Israel. The experimental work was conducted in 2003.
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1 Introduction

Modern optical communication systems demand higher and higher bandwidth and bit-
rates. The state of the art Communication systems use already bit-rates of up to 40
Gbit/sec per channel and DWDM systems with up to 176 channels working at this bit-
rate have been demonstrated [1]. Commercial optical communication systems use the
already installed fiber-optic cables including standard Single Mode Fibers (SSMF)
and 1.55um Distributed Feedback (DFB) Lasers, available with multiple wavelengths
at 0.8nm spacing (100GHz) or much narrower. Usually, the optical carrier is
modulated by the electrical signal using one of the two most common modulation

techniques: direct modulation of the DFB laser or use of an external modulator.

Direct modulation of the laser is the simplest approach. However when the laser must
be biased close to the threshold current point and the digital signal is superimposed in
order to switch the laser optical output on and off for the “1” and the “0” digital states.
This approach introduces three separate limitations on the bit-rate: frequency chirp of
the optical carrier, relaxation oscillations of the laser optical output power and
bandwidth limitation due to parasitic inductance and capacitance of the laser
packaging [2]. The relaxation oscillations of the laser and packaging parasitic
inductance and capacitance limit the practical modulation frequency to 10GHz
maximum, although, special designs allowed modulation frequencies up to 25GHz to
be achieved. The frequency chirp limits the performance of the optical communication
systems by reducing the “effective bandwidth” of the fiber (or by causing a pulse
broadening), especially when 1.55um laser is used in conjunction with standard SM

fibers. In these systems, the bit-rate*distance is limited to about 200Gbit*km/sec [2].

Long-haul transmission of high bit-rates optical signals is mostly based on external
modulation technique. The DFB laser is biased at a well-controlled DC bias and
temperature, producing a very stable optical power output, both in amplitude and
wavelength. The laser’s optical output is passed through a separate device that
modulates the optical carrier intensity — the external modulator. In this way, the
unwanted effects of the direct modulation of the laser are avoided and the quality of
the optical signal transmitted enables long-haul transmission over standard SM fibers.

The only limitations of the system’s bit-rate are imposed then by the attenuation and
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dispersion of the fiber, since the standard SM fibers have significant dispersion
parameter (~18ps/nm*km) at the 1.55um laser wavelength. Compensation of the
dispersion (using additional “negative dispersion” fibers) and calculation of the
achievable bit-rate of optical communication systems require an accurate

measurement of the fiber’s dispersion parameter.

There are few types of external modulators described in the literature [3],[5]: loss
modulator, directional coupler modulator, total internal reflection modulator and
Mach-Zehnder modulator, the last one being one of the most popular external
modulators used. This report summarizes the theoretical background, description and
results of an experiment conducted in the Optical Communications and Applied
Photonics Laboratory. In this experiment we try to evaluate the dispersion parameter
of a standard SM fiber using an externally modulated DFB laser with A=1.55um by a
LiNbO; Mach-Zehnder external modulator.

2  The external modulation and dispersion

This section presents some background information and theoretical approaches
regarding the Mach-Zehnder interferometric modulator behaviour and the optical fiber

dispersion parameter measurement technique.
2.1 The Mach-Zehnder modulator

The Mach-Zehnder interferometric modulator has been extensively investigated and
reported in the literature since 1980’s as a potential electro-optic modulator for high
digital bit-rate and RF transmission over optical fiber communication systems [3]-[7].
There are different types of intensity modulators described in the literature based on
the linear electro-optic (Pockel) effect, which provides a change in the optical
waveguide refractive index proportional to the applied electric field. As a result, a
phase change occurs for the incident optical field polarized in the direction of the

electrical applied field.

One of the materials mostly used for electro-optic modulators is the LiNbOj3 crystal
with Ti:diffused waveguides. A waveguide phase modulator appropriate to Ti:LiNbO3

is shown in Figure 1.
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Figure 1 Typical electrode configuration for a waveguide phase modulator on
insulating crystals as LiNbOj3 (a) single electrode driven modulator structure
with On and OFF states (b) dual electrode type.

The configuration of Figure 1(a) is used to induce a phase change in a TE mode for
X-cut Y propagating (or Y-cut X propagating) crystals while Figure 1(b) shows the
electrode configuration for a Z-cut orientation providing maximum phase change for

the TM mode. The modulator used in this work is based on a Z-cut Ti:LiNbO3 crystal

(see appendix A, for detailed data sheet), with a coplanar wave-guide structure (CPS).

The way in which the phase change of the optical field transforms in intensity
modulation depends upon the device geometrical configuration and one of these
configurations is the Mach-Zehnder interferometer. The modulator shown in Figure

1b is of an early design, in which both arms were driven by opposite polarity voltage

5
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signals. Although this approach has some theoretical advantage by achieving a better
optical signal quality (zero frequency chirp [5]), at very high frequencies, it is very
difficult to match the impedance of the electrode to the RF source, for a broadband
frequency range. Most of the high frequency modulators are implemented with only
one traveling wave-guide electrode, as shown in 2b, exciting one arm of the
modulator, as is the one used in this work. This electrode is matched to and terminated
with the same characteristic impedance as the signal source (typically 50Q2) so no
standing waves are formed along the interaction region. In this way, a very broadband
device can be built [6]. There are some modulators on the market with two
symmetrical traveling wave electrodes, allowing achieving zero chirp or other
modulation schemes (like Single Side Band) with a very large bandwidth at high

frequencies [10].

The physics of operation has been extensively discussed in the literature [3], [5] and
will only be briefly reviewed here. The guided-wave interferometer shown in Figure
1 modulates the light intensity due to the phase difference that is electro-optically
induced between the two arms (in the traveling wave-guide electrode configuration,
the phase shift is electro-optically affected in one arm only). The input power I, is
divided in two halves at the input Y branch (which acts as a 3dB splitter) and travel
along the two arms, having (usually) the same physical and optical length. At the
output Y branch the optical fields recombine. If the guided modes are in-phase, they
will constructively interfere and excite the lowest order mode of the output wave-
guide. If they are exactly 180° out of phase, then they recombine to excite the first
antisymmetric mode, which is cut off and rapidly attenuated. Since the phase shift in
the modulator’s arms is affected only for the optical field polarized in the same
direction as the exciting electrical field, the Mach-Zehnder modulator is very sensitive
to the polarization of the input optical field and, usually, a very stable polarized
optical source is required and a Polarization Maintaining Fiber (PMF) should be used

between the source and the modulator input port.

Assuming an ideal device (no insertion loss), the optical field at the interferometer

output is given by [4]:

E, - % o IAL) | % ) Z E cos(ABL)EPY (1)
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where Ey is the output optical field, E; is the input optical field, p; and B, are the

propagation constants in arm 1 and 2 of the interferometer, L is the arm’s length and
AB=(pr=P2)/2 (2)
B=(pi+Pr)/2 (3)

The cosine term in (1) provides the amplitude modulation while the exponential term
produces the time dependent phase variation, or chirp. It can be seen from (1) that the
phase modulation can be completely compensated if the propagation constants of the
two wave-guides (arms) are changing by the same amount and with opposite signs,
using two exciting voltage signals with equal amplitude and opposite polarity. In this

way one can achieve (theoretically) a zero-chirp modulator.

The output intensity of the light as a function of the input intensity is given by [6], [7]:

2
E
o _ % = Acos” (4BL) = Acos’ udn (4)
I, |E 2V,

f -

where A is the optical insertion loss of a practical device and V), is the modulating
signal voltage. ¥/, is the voltage required to change the output light intensity 1o from
its maximum value to its minimum value and this parameter is related to the

interferometer constants as follows:

y)
v.=KZ 5
=K (5)

where A is the optical wave-length (in vacuum) and K is a constant related to
geometrical and crystal parameters. It is important to point out that V,, and the phase

shift is wave-length dependent so the Mach-Zehnder interferometer acts as an optical

filter as well.

Assuming the modulation signal V is a sinusoidal voltage with angular frequency w,,

and amplitude ¥, superimposed on a DC voltage V'3 we get:
vV, =V, +V sin(w,t) (6)

Using (4) we obtain:
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I, | T .
—~=L]+cos| —(V,+V sin(w t =
A[] 2{ |:V ( B m ( m )):|}

T

= 1{I+ Bcos|Csin(w, t)]- Dsin[Csin(w, )]} (7)

where B=cos(nVp/V4), C=nV,/V, D= sin(nVs/V,) and we used the trigonometric

relations:

cos’0 =L(1+cos20)

cos(a+b) = cosa *cosb — sina * sinb (8)

Using the relations:

sin(xsin @) = 2§:J2n_1(x) sin|[(2n —1)0)]

n=1

cos(xsin@)=J0(x)+2iJ2n(x)cos[2m9] 9)

n=1

where Jn(x) are the Bessel functions of the first kind, we can rewrite (7) as follows:

j—f; = %{1 +BJy(C)+2BY T, (C)cos(2na,t)— 2D Jy, 1(C)sinl( 2n—1 )a)mt]} (10)
1 n=1 n=1

A particular bias voltage point of interest is at Vg=V,/2 also known as the “quadrature

bias point”. At this particular bias voltage, B=0, D=1 and (10) becomes:

IO

A :%{]—ZZ‘JZ“(C )sin|(2n—1 )a)mt]} 1D

which means that only the fundamental frequency of the modulation signal and its odd
harmonics are present. Further, if V,=V/2 (100% modulation index) then the first
three components of the series in (11) are: J;=0.567, J3=0.069 and J5=0.0022 which
means that the 3™ harmonics amplitude is only 12.2% of the fundamental and 5
harmonics content is only 3.9% of it. For 50% modulation index, the 3™ harmonics
amplitude is only 2.7% of the fundamental and 5™ harmonics content is only 0.021%
of it. The immediate conclusion is that although the transfer function of the modulator
is nonlinear (cosine square), the harmonics content at the “quadrature bias point” is

low to moderate even at very large modulation indices.
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2.2 The dispersion parameter measurement

The technique used in this experiment is based on the analytical approach describing
the behavior of SMF fibers reported by Hakki [9]. The optical signal modulated by an
RF signal, using the Mach-Zehnder external modulator, is launched into the fiber. This
signal is attenuated and dispersed by the fiber. The total optical power at the input and
the output of the fiber (with length Lg) is measured by a photodetector (l4) and a
spectrum analyzer measures the RF signal amplitude (Vrg), detected by the same

detector. Then, using the relation

Vr (Lr) oy Laa(Lr)

AP = 20log g ——
Ve (0) L4 (0)

12)

we eliminate the attenuation of the fiber. The quantity AP will allow us to calculate the

Dispersion parameter of the fiber, using the following theoretical approach.

In the following, it is assumed a symmetrical two arms Mach-Zehnder modulator with
both arms biased at the “quadrature point” and modulated by two RF signals with a

phase difference of r radians, as follows:
Vi[ V/Z'
VMl :7_ mlC‘OS(ka),' VMZ :_7+Vm2 COS(ka) (13)

and V, V2=V knw=aww/v, v=c/ny is the propagation velocity (c is the speed of light

in vacuum).

Inserting these expressions in (1) leads to:
E (x)=E, co{% (1- cos(kmx))}ej%xm(x)); #(x)= —%? costk,x)  (14)
+r

The normalized optical field in the forward traveling wave launched from the Mach-

Zehnder modulator into the fiber is given by:

E (x)= ]2—0 = e/t {A(, + iAN cos( Nk, x )} (15)

I N=1
where:
k,=p/n,=2m,/A; n, = fiber refraction index (16)

Ay =ay— jb, 17)
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Ay =ay—jby (18)
ag=Jy(G)+Jp(S) (19)
boz-]o(f)—-jo(é’) (20)

ay = 2{60{%) + sin(%ﬂ[JN (C)+Jy(E)] @)

by =2[sin[%)—cos[%ﬂm (C)-Iy(E)]  (22)

Jn(z2) being the Bessel function of the first kind and order N.

é,:ﬂ(lja) (23)
g2 (24)
i @)

_V
"= %ml (26)

The parameter, a, is called the “chirp parameter” and it can be observed that for a=0
(r=1 or Vm=Vmy), the frequency chirp ¢ from expression (14) above, is equal to zero.

At the output of the fiber, the normalized optical field at any time t, is given by:

Ey(x)=}e/ {Ao + 2 dye " cos( Nk, ') (27)
N=1
where
x =x—vt (28)
AL, Dv
= 29
v 4m? (29)

o

and D is the dispersion parameter in ps/nm.km. The power associated with this field is
given by:

10
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P;(x )= Pycos(Nk,x ) (30)
N=0
where
2 1L 2
Py =4y +EZ|AN| (31)
N=1
P = Re{onA;‘ef Vi 13" Ay Ay ge?n (2N } (32)
N=1

P =14 + 2Re[A0A;ej4"’k'z'l ]+ ReY Ay Ay e’V Y (33)
N=1

and the coefficients of higher order can be obtained in a similar manner. In our
experiment, we are interested in the power contained in the fundamental modulating

frequency signal, P;. Therefore, AP as defined in (12) can be evaluated as follows:

A(Lp)

AP =20log
£H(0)

(34)

Assuming all the fiber and modulator parameters (others than D) are known, one can
calculate the Dispersion parameter by measuring AP at one single frequency f, and
use of relation (34). It turns out that expression (34) has a periodic behavior with
zeroes (notches) at certain wkq” values [10]. Figure 2 shows a plot of AP as a function

of wkn?, for r=0 and a:=1.

Experimentally, detecting the frequency of the first notch will be the most accurate
measurement, since only a Spectrum analyzer is needed and the accuracy of frequency
measurements with this instrument is very good. On any other point of the AP graph,
both frequency and attenuation need to be measured and attenuation measurements are
less accurate because of power fluctuation due to laser and power meter stability and
noise. In the experiment detailed in the next section, we measure the notch frequency
and derive the dispersion parameter of the fiber.

11
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Figure 2 — Typical behavior of AP as a function of k' for a=1

3. Experimental Setup and Results
3.1 Experimental Setup

The full experimental setup is shown in Figure 3. Not all the equipment was needed in
all the different phases of the measurements, as will be detailed in the following

paragraphs. The different components included in this setup are:

e Laser Diode Unit. This wunit consists of a Fujitsu FLD150F1CJ
thermoelectrically cooled DFB laser operating at 1.55um mounted on a small PC
board allowing interconnections with the Laser Diode Controller. During the
experiment, the Laser was operated at 50.0 mAmp and 22.5°C. The output power of

the laser at this operational bias point was ~1.5mW.

e Laser Diode Controller. This instrument is an ILX Lightwave Model LDC-3722
Controller allowing careful control over Laser Diode Current and Temperature. The
thermistor coefficients required for accurate temperature measurement and control,
have been calculated using the Lased Diode data sheet specifications, as detailed in

Appendix B.

e Mach-Zehnder Modulator. This is a Sumitomo Cement SCC T-MZ-1.5-20
device with a >18GHz bandwidth, capable to operate at data-rates of up to 20Ghit/sec.

12
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The device is a LINbO3; Z-cut Coplanar Structure (CPS) Intensity Modulator including
an embedded polarizer at the input port (see detailed Data Spec. in Appendix A). The
RF+DC bias is supplied to the input electrical (SMA) connector while the output

connector is loaded by a 50Q2 termination.

e Single Mode Fiber (SMF) Spool. Two spools, 19.8km of standard SMF each
(made by Corning), have been used during the experiment. All the optical

interconnections are standard FC/PC connectors and adaptors.

o RF Signal Generator. The HP 8620A Sweep Oscillator with 4 frequency bands
covering the range of 0.2-12GHz was used (for f,=100MHz, we used a different
signal generator). The maximum output power of the Generator is around +10dBm.

e Bias Tee. This device made by Sierra Microwave Technology, model SM41170,
with a 2-18GHz bandwidth has been used to combine the DC Bias and the RF signal
for the MZ Modulator.

e  Photo-Detector Head. The AR-D25 Photo-Detector head made by Antel-
Optronics has a bandwidth of DC-10GHz and responsivity of ~25 A/W into 50Q2 load.

13
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Figure 3 — Schematic diagram of the experimental setup

e  Photo-Detector Controller. This unit, model PS-025, supplies the bias voltage
to the photo-detector, measures and displays the photo-detector current, which is
directly proportional to the total optical power detected by the photo-detector.

e RF Amplifier. This amplifier (by Planar Electronics), model PE2-20-0R38-15-
SFF, with 0.1-12GHz (-3dB bandwidth) and 20dB Gain is used in measurements

where the Photo-Detector signal is close to the noise level of the Spectrum Analyzer.

e Spectrum Analyzer. The HP Spectrum Analyzer, with a 9kHz-22GHz
bandwidth, has been used to measure the RF signal amplitudes at the input of the MZ
Modulator and at the output of the  Photo-Detector  Head.

3.2 Measurement of the Mach-Zehnder Modulator Transfer Function

As a first step, it is necessary to measure the modulator transfer function, the optical
output power as a function of DC Bias). This measurement allows us to define the

main parameters of the modulator as: insertion loss, V, and extinction ratio.

14
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The setup used for this measurement is actually a sub-setup of full setup described
above and shown in Figure 3. All the RF equipment was unnecessary as well as the
SSMF spools.

The Modulator was supplied with a variable DC voltage provided by the variable
Laboratory DC Power Supply. The Photo-Detector was connected to the optical
output of the Modulator and its current was recorded. Some of the results are listed in
Table 1, below and full graphs of the Modulator Transfer Curve as well as the cos?

approximation are shown in Figure 4.

Measured Parameter Value

MZ Input Optical Power (Idet) (1110+£2)pA
MZ Maximum Output Power (ldet) (267£3)uA
MZ Minimum Output Power (ldet) (1.8+0.1)uA
DC Bias, Veumax @ Max. Out Power -3.35V

DC Bias, Vemin @ Min. Out Power +1.1V

Table 1 — Measured parameters

Using the listed above parameters we can determine:

Insertion Loss (IL)=10Log 267
1110

=6.194B
V. =Vauy —Varuy =1.84+3.1=4.457

Extinction Ratio = 10L0gii;37 =21.7dB

The same measured parameters in Data Specification of this Modulator (as measured
by the manufacturer) are: I.L.=3.7dB, V,=4.8V Extinction Ratio=28dB. As we can see
some degradations occurred in both the I.L and Extinction Ratio parameters. Also, the
transmission function of the Modulator is shifted, so the maximum transmission is
achieved at —3.35V, instead of OV. Therefore, this function can be approximated by

(4), with an additional constant phase shift @, as follows:

yA4

T

—0=c0s2(ﬂ+¢J=cosz(%+l.24j (35)

15
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Figure 4 Measured transmission function and theoretical cos? fit
As we can see the theoretical curve given in (35) gives a very good approximation for
the measured transmission function of the modulator, within the operating region of

Vemax<Vum<Vewmin.
3.3 Measurement of Dispersion Parameter

These measurements were done in two steps: first, we used the experimental setup

shown in Figure 3, with one spool of SM fiber of 19.8 km.

The Mach Zehnder Modulator was biased at the quadrature point, Vg=-1.35V
resulting in Ipgr = (130+2)uA. The total optical output power at the input and the
output of the SM fiber spool was measured throughout the entire experiment and its
optical attenuation fluctuating from (10+0.35)dB for one part of the experiment to
(10.8+0.4)dB for the other part of it. These small changes in attenuation were mostly
because during the experiment the fiber was connected and disconnected few times,
allowing measurements of the input and output power and signal for different
frequency bands of the RF signal generator.

The RF signal generator frequency was swept from 3.2 GHz to 12 GHz using two
bands (3.2GHz-6.5GHz) and (8GHz-12GHz). The output power was maintained at
about +6dBm (V,=0.63V). The RF signal amplitude detected by the Photo-Detector

16
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and amplified by the RF Amplifier, was measured by the Spectrum Analyzer, using its
Maximum-Hold function, with and without the SM fiber spool. The two sweeps
results were stored in two separate traces and the ratio Vre(Lr)/Vre(0) was calculated
automatically (using a mathematical function of the Spectrum Analyzer) by
subtracting the values in the two traces (the Spectrum Analyzer was setup to store
signal amplitudes in dBm). The attenuation results were manually recorded from the
Spectrum Analyzer display (there was no other way of downloading the results from
the instrument). Then, taking into account the fiber attenuation, AP as defined in (12)

was obtained. The results are detailed in Appendix C.

The same procedure was repeated for a setup including two 19.8km spools of SM
fiber connected one after the other, to form a 39.6km SM fiber length. The total
optical attenuation of the two spools fluctuated from (20+0.3)dB for one part of the
experiment to (21.5+0.35)dB for the other part of it, due to the same reasons as for one

spool experiment.

In order to calculate the Dispersion parameter for the fiber used in this experiment, we
need to plot the fiber behavior function, AP and match it with the experimental results.
In our experiment a single traveling wave electrode Mach-Zehnder modulator is used.
To ease the algebra and without altering the end results, we can assume a non phase
shifted modulator as one described by the relation (4) above. Following the theoretical

approach described in Section 3.2, we get:

APL = fL = %{1 —Zl/ﬁcos(kmx)} (36)

T

and the optical field at the output of the modulator is:

E (x)=E, co{% {] - ZVﬁ cos(kmx)ﬂej(kox+¢(x)) ; P(x)= z (1 - ZVﬁ cos(kmx)j (37)

P 4 P
where
V.=V, =063V; V,=0; r:Vm%nlzo; a:]];::l;
¢ = ”Z’" —0.4448;  £=0

T
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Since Jo(0.4448)=0.9511 and J4(0.4448)=1*10", in the calculation of P; as given by
(32), we can neglect terms including the Bessel functions of order 4 and higher. We
have calculated results using (35), for the above parameters and A=1.55um and
no=1.47. After few iterations, we found that the best match for both Lr=19.8km and
Lr=39.6km is obtained at D=20.6ps/nm*km. The calculations are shown in Figure 5

and 7 below, compared with the measured results.

delta P [linear scale]
o o o o
w LN W ()]
T T T T

o
[¥)
T

01+

Frequency [Hz]

Figure 5 — Experimental results (error bars) and calculated results for fiber
spool length Lg=19.8km

The calculated results for D=20.6ps/(nm*km) and Lr=19.8km (see Figure 5) show a
notch (AP=0) at f,,=(10.75+0.025)GHz (the fy, steps in calculation have been chosen at
0.05GHz). There is a good agreement between the calculations and the experimental
results and the minimum AP is measured at (10.78+0.067)GHz (see measurement

results in Appendix C).

The calculated results for D=20.6ps/(nm*km) and Lr=39.6km (see Figure 6) show a
notch (AP=0) at f,=(7.55+0.025)GHz. There is a good agreement between the
calculations and the experimental results but, unfortunately, the notch could not be
detected in the experiment, since the RF Generator we used did not covered the
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frequency band of 6.5GHz-8GHz. An approximate value for this frequency can be

predicted assuming a linear dependence of this value with ykn?’.

Using this approximation, f.-nosch@39.8m=fm-notch@19.8km™* Y(19.8/39.6)=7.623GHz.

1.4

1.2

o
™

o
2}

delta P [linear scale]

0.4

02

Frequency [Hz] 5 109

Figure 6 — Experimental results (error bars) and calculated results for fiber
spool length L,=39.6km

In conclusion, this setup allows measuring with good accuracy (less than 1%) the
frequency of the notch in AP and with some quite simple calculation the Dispersion
parameter of the fiber can be found. Moreover, for a fixed fiber length, one can
calculate the notch frequency for few Dispersion parameter values and draw a graph.
Then the measured notch frequency can be placed on the graph and find immediately

the corresponding Dispersion parameter value.
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Appendix B. — Thermistor’s Coefficients calculation for Fujitsu FLD150F1CJ

Laser

The ILX Lightwave Model LDC-3722 Controller used in the experimental setup,
monitors and controls the laser’s temperature, using the Steinhart-Hart equation. This
equation (approximated for C=0) gives the relation between the thermistor’s resistance

and the ambient temperature, in the following form:
1
F:A+DlnR(T) (A1)

where: T- ambient (measured) absolute temperature [°K] ; R(T) - Thermistor’s

resistance at temperature T ; A, D —Coefficients of the specific thermistor.

The Fujitsu catalog defines the laser’s thermistor in a different way, as follows:

1 1
R(T)=R B ——— A2
(T) TRexp|: (T TOH (A2)
where:  T- ambient (measured) absolute temperature [°K] ; To -

(273+25)=298°K; Rtr — R(Ty), given in the catalog, 10kQ; B — constant, given in the
catalog, 3900.

After some algebraic manipulations, (A2) can be rewritten in the following form:

i 1
~ 5 IRy )+~ InR(T) (A3)

L_1
T T,

In (A3) one can identify the two constants of the Steinhart-Hart equation given in
(Al), as follows:

I i
A=——"InRy ). D=—
7, B Rz ) 2

Using the constants from the catalog, we get: A=9.94*10"* and B=2.56*10".
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Appendix C: Measurement results for one SM fiber spool (19.8km) and two fiber

spools (39.6km)

f [GHz] 20log[Vre(Lr)/Vre(0)] AP [dB]
0.1 -(9.0+0.4) +(0.4+0.6)
0.2 -(9.3+0.4) +(0.1+0.6)
0.5 -(9.7£0.4) -(0.3+0.6)
1.0 -(9.8+0.4) -(0.4+0.6)
1.5 -(10.0+0.6) -(0.6+0.8)
2.0 -(9.4+0.3) (0.0+0.5)
3.0 -(8.9+0.4) +(0.5+0.6)
4.0 -(8.9+0.4) +(0.5+0.6)
5.0 -(9.0+£0.4) +(0.4+0.6)
6.0 -(7.6+0.3) +(1.8+0.5)
6.5 -(6.7+0.5) +(2.7£0.7)
8.0 -(6.8+0.5) +(2.6+0.7)
9.0 -(6.3+£0.4) +(3.1+0.6)
10.0 -(5.2+0.8) +(4.2£1.0)
11.0 -(4.7+1.3) +(4.7£1.5)

Table 2. — Experimental results with one 19.8km SM fiber spool
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