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1. Introduction

Code Division Multiplexing (CDM) is a useful method to address optical fiber sensorsin remote
networks by means of a single optical carrier [1,2]. Time, wavelength and frequency division
multiplexing are other principles having obtained much attention [3]. A distinguishing charac-
teristic of CDM s the efficient use of the optical power but the method may suffer from an
increased level of noise, particularly when used in interferometric systems [4]. Effects of
polarisation and noise processes have become rather well understood and the technology has
reached a certain state of maturity. However, the inherent optical noise properties of a coherent
CDM network have not yet been described in detail.

Our past studies of CDM for fiber optic networks of intensity modulating devices [5] revealed
that sensor-sensor crosstalk levels in the range of -60 dB are within reach and that a large
number of sensor signals can be multiplexed. Our current effort aims to analyse the noise prop-
erties of interferometric networks interrogated using this scheme. Typical targeted figures of
merits are; phasenoise < 10 pradians/./Hz, dynamic range > 80 dB, sensor bandwidth > 5 kHz,
sensor to sensor crosstalk < 40 dB, number of sensors in each subarray > 30.

This report include numerical calculations of the optical intensity power spectrum as measured
at the output of an optical network and do not cover experimental results from measurements
on a CDM network.

The report has a focus on the effects arising in a CDM network but does include noise calcula-
tions for a single path-unbalanced Mach Zehnder interferometer since important effects are
more easily understood in this case. The effects encountered in a larger network with lots of

interconnects are more complex and the origin of all effects not readily understood.

2. Basic principle

At the top of figure 1 one kind of nested interferometer network is shown. This topology is
attractive since aminimum number of couplers are required. Light beams passing through suc-
cessive paths in the ladder array mix finally at the output of the compensating interferometer
from which two-beam interference signal's corresponding to each sensing coil can be discerned
(owing to the increased time delay experienced, moving up the ladder). An aternative to the

nested configuration, shown in the bottom of figure 1, is a simpler optical configuration with
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paralledl MZ-interferometers. This configuration has been considered for initial evaluations

with anetwork of 4 sensors.

transmitter code sequence nested interferometer subarrays
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Figure 1l Nested fibre optic interferometric network. Code division multiplexing, CDM, can be
used to address sensors, sl s2 etc., in each subarray. Alternatively, the subarrays may be config-
ured with individual Mach-Zehnder interferometers.

A pseudo random binary sequence (PRBS) modulates the output intensity between states of
light on and light off, e.g. using a bit period of 100 ns. In parallel the PRBS is electronically
delayed to provide synchronous detection at correlator circuits following the photo receivers.
The correlators effectively extracts the signals for which synchronization between the optically
and the electronically delayed sequence is established. Other signals are suppressed. A 3x3
coupler can be used, as in these schemes, to alow for passive homodyne demodulation of the
interferometer signals [6]. A nested network, as shown above, is arranged so that the succes-
sivefieldsin the ladder experience arelative time delay matching the time delay, 14 = nl/c,
associated with the path imbalance of the compensating interferometer. Generaly, in order to

reduce the noise it is important to adjust all fiber path lengths to the best possible precision.
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Figure2 Basicsfor CDM in optical fiber sensor networks. PRBSsignal s may be generated by the
use of shift registerswith feedback. In this example, m=1 and n=5 yield a sequence of 31 bits. The
bit period is 100 ns. A bipolar sequence is used in the electronic branch to obtain the lowest pos-
sible crosstalk (zero correlation strength at non synchronized delays). This sequence length allows
for 15 completely isolated channels. More channel s are accommodated by increasing the sequence
length.

Typical lengths, |, that are going to be encountered are in the range 10-100 meters. A precision
better than 0.5 cmis hard to achieve.

Our prime interest is to determine the optical noise and subsequently the signal-to-noise ratio
and the detection threshold for signals imposed to the system. In the first case we shall assume
that the signal to be monitored is a frequency modulation of the laser source while in the sec-
ond case the signals are length modulations in the network. Since the latter case deals with a
multitude of sensor signals it is also necessary to distinguish between them in the network.
Code division multiplexing is applied to the network in order to separate the signals. In addi-

tion to the noise analysis we shall aso calculate the crosstalk between the sensor channels.

3. Code generator

Pseudo Random binary sequences (PRBS) are generated by shift registers implementing what
mathematics people call arecurrence system. The output of the register is continually fed back

to generate the next output. Linear feedback by means of exclusive or (XOR) gates is com-
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Figure3 Linear feedback, n-length shift registers. The choice of feedback taps, m, is crucial for
the output. Several feedback taps may have to be used in order to generate m-sequences.

monly used. A shift register sequence repeats itself after afixed number of outputs. The largest

you can get this number to beis related to the feedback taps and the number of cells. The long-

est possible is found by length M=2"-1 where n is the number of cells. A so called maximal

sequence (m-sequence) is found for certain choice of the feedback taps. A non-maximal setup

will produce several (shorter) sequences, depending on theinitial state of the shift register. The

summed length of all these shorter sequences will be equal to the length of an m-sequence with

the same number of shift register cells. A non-maximal set up does not possess ideal correla-

tion properties which is the reason to search for m-sequences. Table 1 summarizes tested con-

figurations resulting in m-sequences based on the topmost shift register shown in figure 3. For

n 2’"n-1 m
3 7 12
4 15 2
5 31 2,3
6 63 15
7 127 1,3,4,6
8 255 -
9 511 45
10 1023 37
11 2047 2,9
12 4095
13 8191
14 16383 -
15 32767 1
16 65535

Table 1: PRBS choice of feedback taps for the generation of m-sequences.

10
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some of the shift registers, n=8, 12, 13, 14 and 16, m-sequences could not be generated with
only two feedback taps. For n=8 it was possible to find m-sequence generators by the use 4
feedback taps arranged as in the lower shift register in figure 3. The shift registers with n=12,
13, 14 and 16 were not tested.

n 2"n-1 ml m?2 m3
8 255 4 3 2
8 255 5 3 1
8 255 5 3 2
8 255 6 3 2
8 255 6 5 1
8 255 6 5 2
8 255 6 5 3
8 255 6 5 4
8 255 7 2 1
8 255 7 3 2
8 255 7 5 3
8 255 7 6 1

Table 2: PRBS choice of feedback taps for the generation of a length 255 bit m-sequence.

11
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3.1 Code properties
Some of the codes generated by the shift register and their power spectrum are shown in

figure 4. The PRBS modulation results in a spread spectrum. Spectral peaks distribute equidis-
tantly from the cycle repetition rate up to the clock frequency (10 MHz in this case). Above the
clock frequency side lobes following a sinc functional behaviour appears. Minima are found
every multiple of the clock frequency. The lower the cycle repetition rate, i.e. the longer the
sequence, the more distributed becomes the power within each lobe. When a signal is applied
as an amplitude modulation of lower frequency its power will distribute as side bands around
the spectral components of the PRBS code. Hence, the PRBS shall be regarded as a spread
spectrum carrier. In the case of unipolar modulation the code states of zero remain unmodu-
lated while the one states change value according to the signal modulation. Effectively, the sig-

nal modulation can be regarded as an amplitude modulation of the PRBS carrier on top of

X | 5w
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Figure4 PRBScodes. Theleft hand time diagrams display two cycles of the code generated with
n=23,5,7 respectively. The right hand diagrams shows spectra of the ideal unipolar PRBS,

15
Frequency (Hz)

12
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direct modulation of the intensity. Therefore the signal will appear both as sidebands around

the carrier and in the base band as seen in figure 5. The spectrum of an ideal unipolar PRBS,
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T T T T T
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o
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Figure5 Spectrum of anideal unipolar PRBSof 8 hit length modulated by a sinusoidal signal at
100 kHz. The signal appears both in the baseband and as sidebands around the PRBS carriers.

generated with n=3 (bitlength=8) take on the character of a sinc function seen in a broad band-
width. A closer look at lower frequencies reveal s that sidebands appear around the PRBS tones
and that the signal is visible in the baseband. Upon demodulation using a bipolar reference
code the baseband component will be averaged out and does not contribute to the demulti-
plexed signal. Hence, the power contained around the spectral components of the PRBS carrier

isthe signal power which is used.

4. Correlation

In our set-up the m-sequence modulates the laser on/off at 10 MHz and is also delayed elec-
tronically to provide synchronous detection at the correlator circuit. The electronically delayed
sequence, h(t-T;), isbipolar, i.e. its binary values represent +1 and —1 states. The detected opti-

cal power can be written as

N
P(t) = Z P.(hh(t-T") 3)

i=1

13
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where N is the total number of sensors, P;(t) is the part of the detected power transmitted
through the sensor coil denoted “i” and h'(t-t';) isaunipolar PRBS, which in contrast to the
bipolar sequence has binary valuesideally represented by 1 and 0. Findly, t'; isthe time delay
experienced by the sequences travelling through each sensor.

To demultiplex the sensor signals, modulated onto P;(t), the detected optical signal is corre-
lated with the electronically delayed sequences. In this way, the sensor signals can be simulta-
neously recovered by means of one channel with a correlator circuit (here a multiplier and a
low-pass filter) for each sensor. If P;(t) are assumed to be slowly varying signals compared to

the code word repetition rate, 1/MT, the correlator output voltage can be approximated by

N
V() = Z GP; ()R, (T) (4)
i=1
where
MT
Ryn(D) = Ryp(t=1)) = MiT h'(t=T)h(t-T;)dt (5)
0

Here G isthe overall conversion gain of thereceiver. M isthe length of the m-sequence in units
of bitsand T is the bit period.

The cross correlation of the unipolar and the bipolar m-sequenceisideally

1( 1)( Ir—nMTl)

Sl1l+=]l1l-—— - M <

Rh-h(T) =4 2 . M 1 T [T-nMTI =T (6)
0, otherwise

with n=0, £1, +2,... Therefore the correlator effectively extracts the signal P;(t) from the sen-
sor for which synchronization is established, i.e. when 7= nMT, and the correlator output volt-
age becomes Vj(t) = 0,5GPj(t). So, the different sensor signals appear at different channels.

Signals carried by non-synchronized sequences are averaged to zero in the correlators, a

14
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unigue feature of the unipolar-bipolar correlation function. A unipolar-unipolar correlation will

also suppress non-synchronized signals but has not got the property of total rejection.

Amplitude modulation, unipolar
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Figure6 PRBScode correlation properties. Cross correlation functions between unipolar and bi-
polar sequences with n=3,5,7 respectively are shown to the right. The absence of valuesin the log-
arithmic diagrams indicate that the value is actually zero.

15
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4.1 Crosstalk
Crosstalk between sensors arises if the correlation function for some reason departs from zero

for non-synchronized delays. In practice, non-ideal properties of the m-sequences give rise to
crosstalk. The ideal cross correlation diagrams are shown in figure6 for three different
sequences. The correlation magnitude has its maximum of about 0.5 at synchronization and
then drops off towards zero according to equation (6). The shorter the sequence the more time-
lag is occupied by the channel. In order to completely isolate adjacent channels they must be
separated by 2T. Under this condition we realize easily that more channels can be accommo-
dated by the use of longer sequences. But, at the same time the frequency band allowed for the
signals becomes lower since the PRBS spectrum occupies lower frequencies. For example,
using a clock frequency of 10 MHz, a 31 bit sequence allows for 15 channels with a 160 kHz
bandwidth and a 255 bit sequence alows for 127 channelsin a 20 kHz bandwidth.

4.1.1 Zero light intensity condition
If low crosstalk isdesired in fiber optic sensor system unipolar-bipolar code mixing should be

used. Then, perhaps the most essential condition to assure is that the light intensity is close to
zero for logical zero states in the unipolar sequence. The remaining light in the logical zero
states can be regarded as a continuous intensity propagating the sensor signals to the detector
independent of the PRBS coding, which will result in crosstalk. Moreover the code polarity
must be turned such that an even number of logical one states are obtained. The number of bits
in on cycle of the PRBSisaways odd and it is possible to modulate the light intensity with the
wrong code polarity in this respect. Proper conditions as above allows for zero correlation at

non-synchronized delays.

4.1.2 Offset adjustment
Another significant factor is the detailed properties of the pulses. Although both the shape of

the intensity unipolar modulation and the reference bipolar modulation must be adjusted with
care one may focus on the bipolar sequence under the condition that the light is truly zero dur-
ing the full logical zero states. It is very important to carefully adjust the bit time values, the
rise- and fall-times, and the voltage offset levels. The offset adjustment can bee used for fine
tuning (balancing) of the bipolar sequences to reach low crosstalk conditions. Let us for a
while assume that the unipolar code is ideal and consider non-ideal properties of the reference

bipolar code.

16
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If the bipolar sequence, ideally switching between values of -1 and 1 (may be regarded as volt-
age levels), isnot perfectly symmetric around O the correlation magnitude at non-synchronized
delays will increase significantly. Offset levels ranging 0 to 0.2 in steps 0.02 have been added
to the bipolar code. The correlation magnitude, as shown in figure 7, is critically dependent on
the offset. It reaches alevel of 10, corresponding to a sensor to sensor crosstalk level of -40

dB, already for an offset of 0.02. Hence, it is very important to balance the bipolar sequence. A

o Crosscorrelation, unipolar—bipolar
10" T T T

A
I
|
\

0.06

0.04

correlation magnitude

offset: 0.02

| L L :
05 1 15 2 2.5 3
deltatime, [s] x10°

10

Figure7 Cross correlation of a unipolar sequence with a bipolar sequence being offset in steps
of 0.02.

precision better than 1/100 is required. This can indeed be met in practice but probably not

without means for offset tuning in the electronic circuitry.

4.1.3 Band limited PRBS
Another property of the code sequence often faced in a practical system isthat it is bandlim-

ited. If we assume that the electronic circuit behaves as a linear network (not always true in
practice) incorporating frequency dependence the net effect of the network can be modelled as
a filter with a linear transfer function. We have applied a low pass filter to the PRBS code to
simulate a band limited electronic network. As can be seen in figure 8 afilter with an edge fre-
guency well above the clock frequency does not have any serious effect on the cross correla-

tion. Neither if the edge frequency is decreased to 11 MHz.

17
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Figure8 Filteringapplied tothe bipolar PRBS. Fromthetop to the bottoma Butterworth |1 R [ow-
passfilter of 5th order with edge frequency set to 50, 11 and 5 MHz respectively. Cross correlation

with an ideal unipolar sequenceis shown to theright.
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However, the correlation amplitude increases around the synchronization condition and we see
that the channel spacing may have to be increased to keep a certain level of crosstalk. If the
edge frequency is decreased further beyond the clock frequency the cross correlation at non
synchronized delays becomes further enhanced and the demultiplexing may not work satisfac-
torily. Note that we are only dealing with the bipolar sequence. A corresponding band limita-
tion of the unipolar sequence would lead to enhanced crosstalk since a part of the logical zeros
would carry optical information. But, for the case of the optical carrier this problem can be
overcome by altering the duty cycle of the code such that the logical one states are made
dlightly shorter than the zeros. In that way the slopes associated with the logical state switches
are moved into the domain of logical oneswhile the light intensity is kept zero during the dura-
tion of the logical zeros.

The low crosstalk levels obtained with the filter set to 11 and 50 MHz are not obvious. It can
be explained by symmetry. Zero cross correlation can be obtained since the bipolar states for
non synchronized delays distributes with an equal amount of positive and negative states over
the unipolar one states. Hence, as long as the positive and negative states are represented by
pulses for which the absolute value of the instantaneous amplitude follow identical curves,
slope and distortion effects cancel out. The careful reader may notice that the pul se shape asso-
ciated with asingle bit will also depend on the states of the neighbouring bits. A slope on either
side of the bit is present only if the state is changed in either direction. Not obvioudly, it turns
out that also the different type of pulses are equally distributed about the unipolar one states
and the edge effects always cancel out. Even for delay-times which are not multiples of the bit
period. In conclusion, we have found that the crosstalk does not increase dramatically when a

linear filter is applied to an ideal bipolar PRBS.

4.1.4 Slope effects
We have seen that a linear filter distorts the two bipolar states in a symmetric fashion. The

same effect isillustrated in figure 9 where an ideal bipolar PRBS is being modified with edge
slopes. The rise and fall times are changed equally much from 5 to 50 ns. In this case the
resulting cross correlation is approximately independent of the rise and fall times. In practice,

non-linear effects may lead to slopes which are dependent on their sign. That is, if it is a posi-
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Figure9 Altered slopeat state changes. Left hand diagram shows 10 bipolar sequenceswith their
riseand fall times are being modified equally from 5 to 50 ns. The right diagram describes the cor-
relation between the modified bipolar sequences and an ideal unipolar sequence.

tive or negative edge. For such cases the above argumentation does not hold and it is going to
be more difficult to obtain low cross correlation for non-synchronization. As seen in figure 10
where only the rise time is modified the cross correlation magnitude for non-synchronized
delays increases dramatically. The slower the rise time the higher the cross correlation magni-
tude. The peak appearing in the middle of the correlation diagram has unknown origin. It may
result from approximations or some other error in the calculations. A physical explanation has
not been found. The main thing to learn from this simulation, however, is that the level of

crosstalk is critically dependent on the positive edge slope. Unless the negative sopes follow
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Figure 10 Changing the slope. Left hand diagram shows 10 bipolar sequences with their rise and
fall times are being modified equally from 5 to 50 ns. The right diagram describes the correlation
between the modified bipolar sequences and an ideal unipolar sequence.
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the same pattern a finite rise time may lead to unacceptable crosstalk. A way to reduce the
cross correlation for thislast caseis to compensate the generated asymmetry by applying alow
level of offset. We show in figure 11 that the cross correlation can be reduced by shifting the
bipolar sequence. The bipolar sequence modified to incorporate 50 ns rise times was offset in
steps of 0.01 (dimensionless units) and it was found that a minimum cross correlation magni-
tude at alevel of about 10" was obtained when the offset was 0.06. It was not possible to com-
pletely eliminate the cross correlation. Nevertheless we see that it is possible to compensate
non-ideal pulse shapes to a certain degree by applying an offset. We believe that the optimum
is reached when the offset is adjusted so that the integrated power of the signal in each logical
state equalizes.
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Figure 11 Left hand diagram shows the bipolar sequence a one sided 50 ns slope with offset being
modified from 0 to 0.1 in steps of 0.01. The right diagram describes the correlation between the
modified bipolar sequences and an ideal unipolar sequence. The lowest level of cross correlation
isreached at an offset of 0.06 for this particular case.

4.1.5 Mixing products
Mixing products in this context refer to the optical interference products arising in a coherent

network. We address this subject since we believe that the unwanted mixing products and their
net effect on the demultiplexed output signals may be the most difficult problem to overcome.
When an interferometric fiber optic sensor system is excited by coherent light the mixing prod-
ucts will arise everywhere where light beams are brought together. In fact, the two beam inter-
ferometers constituting the sensors will deliver the signal information in form of a mixing
product. The main concern here is that a multitude of beams differently delayed will mix and

generate mixing products of non synchronized modulation. The aim for the sensing interfer-
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ometersin thiskind of systemsis amost alwaysto keep the path imbalance as short as possible
in order to keep down the phase noise. Therefore the mixing product associated with the sens-
ing interferometers are generated at synchronization. The non-synchronized mixing products
are carrying codes with two different delays and we may expect synchronization at both these
delays. A simple test where two identical unipolar, 31 bit length, sequences have been multi-
plied at different relative delays followed by a correlation with a bipolar reference sequence
has been performed. A series of correlation diagrams are shown in figure 12. The relative
delay between the signals was varied in steps of 40 ns. An expected behaviour is that an addi-
tional correlation peak corresponding to the delayed sequence follows the applied time delay.
The peak can be seen moving from 0 to 360 nsin steps of 40 ns. Less obviousis that secondary
peaks devel op at time delays which can not easily be associated with the applied time delay. As
the differential delay is increased these secondary peaks follow a pattern of first appearing at
two different time lags. While the correlation magnitude increase in one peak it decreases in
the other. When the correlation magnitude in one of the peaks reaches a maximum at 0.25 the
other peak disappears. When the time delay is further increased the remaining secondary peak
starts to decrease while a peak at another time delay develops. Clearly, the mixing products
will yield unwanted cross correlation.

How does this affect the noise and crosstalk properties of the demultiplexed signals? If we con-

sider the channel corresponding to synchronization in the correlation diagrams,

-Firstly, it will be correlated with the mixing products in which one of the factors is synchro-
nized with the reference code although the correlation magnitude is only half of that for the
wanted signal. Thusif N beams with different delays are mixed in the network N-1 unwanted

mixing products appears at each output.

-Secondly, the additional peaks appearing in the correlation diagrams may interfere with other
channels. In the same way, additional correlation from mixing products in which neither of the
two factors is synchronized with the reference code may develop. The shorter the PRBS the
more likely it isthat thiskind of additional interference appears.

These mixing products will indeed contain sensor signal information but may also carry noise

due to the comparably large interferometric path imbalance they represent. Both the potential
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sensor to sensor crosstalk and the noise makes it necessary to reduce their impact. The only
way to do that is to reduce the coherence length of the laser source in order to reduce the

amplitude of the unwanted mixing products. We will discuss thisin the following section.
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Figure 12 Two mixed unipolar PRBS codes correlated with a bipolar reference code. The correla-
tion diagrams shows the result upon variation of the time delay between the two unipolar mixed
sequences. The time delay is zero in the upper left diagram and increased in steps of 40 ns.
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4.2 Remarkson this section
The level of cross correlation when a unipolar and a bipolar PRBS are mixed has been shown

to be idedly zero for non-synchronized delays. This inherent property can be used to achieve
very low crosstalk between sensorsin afiber optic network. In practice however there are sev-

eral effects which can increase the unwanted cross correlation as has been shown in this sec-

tion.
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5. Network of intensity modulating devices

CDM has been shown previoudy [5] to be a useful method in ladder networks of intensity
modul ating devices. For the purpose of illustration and introduction to the forthcoming chapter
we show here simulated results for an intensity modulated network. The topology of a ladder

network is shown in figure 13. A transmitter may be directly modulated or by means of an

transmitter code sequence sensor ‘ladder’ array
—
{ @ i T

photoreceiver

CDM electronics —E

11|

signal outputs

A
|

Figure 13 Ladder network of intensity modulating sensors with CDM multiplexing.

external modulator with a continuous PRBS code switching the light between states on and off.
The CDM electronics include delay and correlator components. We have simulated the output
of this network with three sensors. Sinusoidal signals at frequencies of 40, 55 and 90 kHz were
applied to the three sensors respectively. The light source was assumed to be completely inco-
herent and aRIN level of -120 dB was used. A PRBS code with n=5, yielding 31 bit length m-
sequence was used. The power spectra depicted in figure 14 are scaled with reference to the
network input power. Characteristic features as discussed in chapter 3 are that the detector sig-
nal contains the sensor modulations both in the baseband and as sidebands around the PRBS
harmonics. The baseband signals do not contribute to the demultiplexed signal and could have
been rejected by a highpass filter. The demultiplexed signals are shown after multiplication
with bipolar sequences synchronized with the respective sensors. The final signal is obtained
by passing the signal through a lowpass filter in order to reject the PRBS harmonics. We see
that each sensor modul ation appears at their respective channel and that crosstalk is completely
eliminated. Of course, the conditions are ideal in this example. In reality, great care has to be
taken to reach crosstalk levels below -60 dB. But as we have shown earlier thisisindeed possi-
ble.
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Figure 14 Power spectrum of the detected optical signal in the top diagram and of the demultiplexed
channelsin the bottom diagram.
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6. Simulations of interferometric networks, framework

Interferometric networks are much more complicated to describe in detail since the optical
fields add up and interfere in network joints. The way in which interference takes placeis crit-
ically dependent of the statistics of the laser source and it has been necessary to describe how
the signals add and propagate in the network from arather fundamental point of view. A great
deal of this chapter is set aside to describe the noise properties of the network. Since CDM
applied to interferometric networks will have to rely on rejection of cross mixing products by
the use of lasers with limited coherence length it isimportant to clarify what this means for the
overall noise appearing in the network.

A Matlab program has been used to calculate numerically the optical output power from two
kinds of interferometer networks excited by narrow band (quasi monochromatic) continuous
wave (cw) laser light sources. A basic statistical approach has been used to simulate the effects
of stationary noise sources. We adopt some genera ideas, found in textbooks [7-9], about the
inherent noise of single frequency lasers. The intensity noise and the phase noise of the laser
are regarded as independent random Gaussian processes, both being stationary and ergodic,
thus time independent. The time dependent parameters being introduced later are assumed to
be independent of this noise. It is common practice to assume that the fundamental limit of the
detection threshold of interferometric systems is set by the noise generated from the frequency
fluctuations of the laser, provided the detector noise level is exceeded. The laser source inten-
sity noise will generally give rise to a comparably lower level of output noise and can be sup-
pressed by means of common mode rejection where two or more outputs from an
interferometer are coprocessed. Common mode variations can be separated from phase angle
modulating signals when each detector monitors the interference signa at different relative
phases. Hence, our prime interest is to investigate how laser frequency noise contribute to the
output power spectrum of interferometric networks.

We treat one principle polarization mode in fiber optic networks and we neglect the effects of
dispersion and birefringence. Moreover we assume that the noise processes involved are Gaus-
sian, motivated by physical arguments, and that the linewidth of the propagating field is nar-
row compared to its central frequency. The analytical function of the optical field may then be

cast inthe form
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u(t) = a(t)exp(io(t)) exp(i2mvy(t - 8)) ()

where a(t) isthe amplitude (taken to bereal) of the field, ¢(t) isthe phase, v, the central fre-
guency of the optical field, t the local time parameter and 6 a random time parameter to
account for the physical uncertainty of the time in the detection process. By introducing the
random time parameter 8 uniformly distributed in the interval [0, 1/vg] we shift the original
cyclostationary process to a stationary process, see [7]. Note that we regard a(t) and ¢(t) as
statistically independent functions. The loca time parameter is referenced to a frame moving
along the fiber, in the positive z-direction, with the group velocity of the propagating field.
Thus, to describe the field as a function of the time in the laboratory or the z-coordinate the
substitution t = t, —nz/c, shall beused. Here, t, isthe laboratory time, n the effective refrac-
tiveindex of the propagating mode and c, the speed of light.

A useful model of an amplitude-stabilized continuous wave laser field is the random-phase
model [7]. Inthismodel it is assumed that the instantaneous optical frequency is time-depend-

ent and can be expressed as atime integral of the instantaneous frequency deviation.

t

o(t) = 2T[JA Av(t)dt’ + @, (8)
0

We shall adopt this model and assume it to be valid in the presence of intensity (amplitude)

noise. The amplitude variations are modelled as
a(t) = (ag+Aa(t))m(t) 9

where a; is the mean amplitude, Aa(t) the amplitude noise and m(t) a modulation function
which is introduced to describe the incident field after having passed through an external
amplitude modulator driven by the CDM code (not depicted in the first following figures). For

an unmodulated cw laser we use ssimply m(t) = 1.The normalized detected power is

P(t) = (Ju)l? (10)
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where the average is taken over the integration time of the detector. The major task in this
report is to express the spectral properties of the detected power as a function of the various
parameters affecting it. Throughout this document we have used Welch’s method of averaged
periodograms to visualize the power spectrum S(f) = |I5(f)|2 of the received optical signal
P(t). P(f) isthe Fourier transform of P(t), here defined as

P(f) = j P(t) exp(—i 2rift) dt (11)

—00

In figure 15 is shown schematically the two analysed networks. The first represents a simple
unbalanced Mach-Zehnder (MZ) interferometer coupled to a light source whereas the second
larger network shows schematically aMZ interferometer following a ladder arrangement with
N number of interconnects moving up along the ladder.

The first network is tested for the purpose of a generd illustration of the effects arising due to
interference. But, since it is commonly applied to measure laser frequency noise characteristics
and since it can be used to detect frequency modulating signals of fiber laser or Bragg grating
sensors [10] it serves its own purpose. Moreover, by applying modulating devices in the net-
work we can easily obtain results describing the general characteristics of coherent laser radar
systems, excluding effects appearing in the air.

The second network is to be used for interferometric fiber sensors where the sensor signals are
made to modulate the optical path length of the interconnects. Interferometric mixing occurs
when the paths are reconnected. The final, so called, compensating interferometer is used to

Ui
FO—

light source U1 U2
a
u
—=
output port
Uj N
E {
up u u3 UN-1 Uy
b
u »
1 §

first point

Figure 15 Schematic drawings of analyzed networks a. unbalanced Mach Zehnder interferometer. b.
Nested interferometer network in ladder arrangement and with compensating interferometer.
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compensate for the path imbalance between successive interconnects. An operational system
configured in thisway is arranged so that the successive fields in the ladder experience arela-
tivetime delay which isequal to thetime delay, 1,4 = nl/c, associated with the compensating

interferometer.

6.1 Solution
To simplify notation it suffices to use the local time parameter as described above. The optical

field is defined both by a subscript denoting which branch it belongs to and a time coordinate
defining the local time for each of the fields at particular points in the network. In our cases,
the interesting features are found after joints in the fiber network where the field components
are added. In the local time frame a forward translation along the room coordinate transforms
into atime delay. Hence, in the local time frame the fields are delayed. See figure 16 which

first point

Un(tn) Un-1(tn-1) N Up(to) Uy (ty) Ug(to)

- - \ - - t

\/

output port
Un(tn) Un-1(tn-1) Up(to) uy(ty) Ug(to)
UN(NTE)  Unaa(tnerTg) Uneo(tno Tg) up(t-t9) gty Tg) t

Figure 16 Theoptical field translated in the forward direction along a room coordinate is equiva-
lent to the field being delayed in time.

depicts the fields of the nested network at the first point and at the output port. It is not neces-
sary to include common time delays in the final expression for the purpose of finding the
power since such delays do not affect the power spectrum. However, it should be remembered
that the total delay must be known when electronical mixing isto be used.

The analytical function of the optical field at the photo detector in the nested network can be

written as
N
u(t) = Z [u(t) + U (t, — 1] (12)
k=0
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where k ranging O to N denote the ladder interconnects starting from zero at the bottom of the
ladder, u, is the field term propagating through the interconnect k incorporating all network
losses, t, = t—1, and 1 isthedifferentia time delay associated with the compensating inter-
ferometer.

Thisis generaly how far we need to describe the network to be able to calculate numericaly
the detected optical power provided the statistics of the laser source are incorporated in the
field description. Nevertheless it is worthwhile to work through asimplified (ideal) network in
which the couplers are chosen so that an equal amount of power propagate through the inter-
connects and where al field amplitudes are unaffected by the environment and experience
equal propagating conditions.

Thefields are smply delayed differently while propagating in the network. The sensor signals
modulate the delay of each field. Inthiscase u, = u,, for al k's. Moreover, the time parameter
t,, of the field components are set to multiplesof 1 suchast, = t—krt, (by means of adjust-

ing the fiber lengths). Without signal modulation the output field can be written as

N

u(t) = ug(t) +2 Z Ug(t—kTg) + ug(t— (N + 1)) (13)

k=1

and the output power, here defined as P(t) = <|u(t)|2> , becomes

N N-1 N

P(t) = Po(t)+PO(t—<N+1>Td)+4Z Po(t—krd)+sz Z Rt Tjp) + (14)
k=1 j=1k=j+1

N

Z 4Ryt Tjo) + Ro(L Ty 4 )] +2Rp(L T 4 1)

j=1

where the cross-correlation terms are given by

Ro(t 1) = (U (t=jtul (t—kry) (15)
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The superscripted (r) denotes the real part of the function. The two first termsin equation (14)
are ssimply due to beams propagating through the shortest and the longest path in the network
and will not carry interferometric information. The first sum of terms are those which are to be
discerned and will be carrying the relevant sensor information. These terms are mixtures of
two optical fields having traversed successively delayed paths and can be distinguished in the
process of demultiplexing. The remaining (cross-correlation) terms are all other mixing prod-
ucts in the network. They are of serious concern in an interferometric system and require par-
ticular attention since they will procure noise originating in the laser and may lead to crosstalk
between the sensors.

Unlike in time division multiplexing these terms will not be fully rejected when using CDM.
Aswas discussed in a previous section, when two non-synchronized unipolar PRBS modulated
fields are mixed the product becomes correlated with both fields. Moreover, correlation peaks
at one or two other delays develop. The correlation magnitude decreases but is still going to be
considerable. Hence, to reduce the cross correlation magnitude it is necessary to use a laser
with short coherence time, 1. If the coherence time is shorter than 1 the developed noise
power becomes approximately proportional to t .. Unfortunately, for lasers with ordinary fre-
guency noise characteristics thiswill inevitably result in an increased level of noisein the sen-
sor channels which will generally increase as 1/T§ within the desired frequency band. It is
possible to find an optimum laser for each network but highly coherent lasers are not suitable
due to the cross-correlation.

The main task of the following numerical calculations is to provide an understanding of the
effects arising from the cross correlation and to find possible way to suppress noise originating
in this effect. We shall investigate the available signal-to-noise as well as the crosstalk for a
system multiplexed using CDM. First, though, we will make the cal culations for the much sim-

pler single unbalanced interferometer (network a) in figure 15.

6.2 Matlab program
A program named “coherentnetwork” written in Matlab has been used to simulate the output

powers of the above type of networks. Basically, along discrete input vector u,(t) describing
the source optical field is generated. New delayed vectors,u, (t) are generated from the input

vector and are then summed according to equation (12). The output power is calculated for
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user selected input parameters, shown in figure 17. Parameters defining the relative intensity

Feel free to change different laser parameters;

Wavelength [def: 1.55e-00E [m]]

Feel free to change different calculation parameters:
Refractive index [def: 1.5[]]

Step [def: 1e-0083 [z]]

Amplitude of the figld [def: 1.47142 [a.u]]

Span [def: 0.0007 [=])

R elative intensity noize [def; -150 [dimensionlesz]]

L. zenzing coilz [def: 100 [rm]]

Frequency noise spectral density (def: 100 [HzHz™[122]])

L. refence cail [def: 100 [rn]]

1/ noize lewel [def: 0 [Hz]]

MHumber Of Senzors [def: 1]

Relaration ozcillation frequency [def: 0 [Hz]]

Tprbs, bitlength [def: 1e-007 [z]]

Fielaxation ozcillation & walue [def: O [dimensionless]

Mprbz, period 2°W-1  [def: 5]

Frequency noise band limit [def: 0 [Hz2]]

Heterodyne frequency  [def: 0 [Hz]]

OE.

Loops [def: 5]

OF.

Figure 17 User parametersin the program “ coherentnetwork” used in the calculations

noise, RIN, the frequency noise are given initially. The RIN is assumed to be white Gaussian
noise and the user provides only the variance as an input. The frequency noise on the other
hand can be adjusted in the frequency domain. It can be generated as white Gausssian noise,
band limited, modified to include a harmonic resonance oscillation specified by an oscillation
frequency and a Q-value or finally made to include 1/f noise specified by an edge frequency.
The first user dialogue box includes these settings along with basic laser parameters. A second
user dialogue box call for calculation parameters such as the calculation step and the span
which have to be carefully chosen to account for effects appearing due to the frequency noise.
The network is assumed to be on the form of network b in figure 15 and results valid for the
single unbalanced interferometer are found at the first point when the parameter “Number of
Sensors’ is set to one. The length of the sensing coils, L, include the full length difference

between two successive paths in the ladder and can not be individually adjusted. It is denoted
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“L, sensing coil” (it is assumed that most of this length can be wound on a sensor coil used to
pick up an external signal modulation). The parameter, “L, reference coil” is used to specify
the path imbalance in the reference interferometer prior to the output port. Two parameters,
“Tprbs, bitlength” and “Nprbs, period 2"N-1" are used to set the pseudo random binary
sequence (PRBS) generator. The parameter “Heterodyne frequency” is used to shift the optical
frequency of the field propagating in the first path of the network. This function is used only
for the single path unbalanced interferometer case. An acousto-optic modulator is commonly
employed to shift the optical frequency in one leg of the interferometer in order to generate a
carrier frequency around which laser frequency modulation appears as sidebands. This is a
method to measure the laser linewidth. It may also be used for the purpose of heterodyne
demodulation of phase and frequency modulating signals. The “Loops’ button is used to make
the calculations a selected number of times with a given increment for any of the laser or net-
work parameters. The full calculations are done for each value and the dependence of the
selected parameter is visualized. Not appearing in the user interface are the input signal param-
eters. Harmonic signals can be applied both as a laser frequency modulation and as length
modul ations of the sensing cails.

In addition to the network output powers the program calculates the field power spectrum of

the generated optical field and determines the linewidth.

7. Numerical results for a single unbalanced Mach-Zehnder interferometer

In this section some results from calculations are presented. The section is provided to
describe, in general, how the laser source frequency noise transform into intensity noise by
means of the unbalanced interferometer and how the field correlation properties determine the
interferometer fringe visibility. The results rely on a proper choice of the step and span chosen
for the calculations. Since the mechanisms involved in the coherent network can trandate
power in the frequency domain it is necessary to make sure that the step time is short enough.
The step time may be thought of as the sampling period of an acquisition system connected to
the detector. But, it is very important to understand that we are also trying to calculate the
effects occurring in the optical domain by this sampling period. In reality, interference may
result in power being shifted far up in the frequency domain when the coherence length of the

optical field is shorter than the path length difference. Therefore we must carefully choose the
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step time in order to assure that aliasing does not affect the result. A short step timeis desired
to make sure that aliasing is avoided. Thefirst two following results will elucidate this issue.
Right through the calculations in this section we have used a steptime of 10 ns and a span of
1 ms. The span is limited by the computing power and will in turn limit the frequency resolu-
tion of the spectral results. The laser noise is simulated in the ssmplest possible way with the
frequency noise and the RIN being white. The RIN is intentionally set to a low but realistic
value, -150 dB/Hz, since it will not play an important role.

The results are presented in the form of resultsheets, containing input parameters and calcu-

lated spectra.

7.1 Changing the laser frequency noise spectral density
In our first example the laser frequency noise spectral density is varied from -20 dB to 60

dB Hz/./Hz in five steps of 20 dB. The results are found in resultsheet A. The program calcu-
lates the optical field properties and we present in the upper right diagram the optical power
spectrum. As expected for white laser frequency noise the optical power spectrum follows a
Lorentzian profile with a linewidth being dependent on the frequency noise spectral density.
The calculated laser parameter table shows the obtained values for the coherence time and its
related parameters, coherence length and optical field linewidth. The three first coherence
times fall outside of a range in which the program can calculate the coherence time. Note, that
this does not affect the network calculations in which the fields are correctly described. Again,
thisisjust a limitation due to computing power. The two lowest laser frequency noise values
would result in a very narrow linewidth field with no realistic counterpart. The linewidths
obtained for 20, 40 and 60 dB Hz/./Hz on the hand may be achieved in practice. Gas lasers,
external cavity lasers and fiber lasers can have linewidths in the low kHz range and DFB semi-
conductor lasers typically in the range about 1-10 MHz.

Power spectra are calculated for the detected optical power. There is a risk for confusion
between these spectra and the optical power spectrum. While the detected optical power shall
betreated asthe signal carrier being proportional to current and voltage in the receiver the opti-
cal power spectrum is applied to the optical field. The interferometer path length difference
was set to 100 meters and adjusted to quadrature, i.e.where the undisturbed phase difference of
the two fields on the output of the interferometer is V2. The two topmost diagrams for the cal-
culated network signals show the power spectral density in the full bandwidth of the calcula-

tion. The lower left diagram shows the power spectral density for resampled data to increase
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the resolution at low frequencies. The lower right diagram shows the interferometer phase
noise in the full bandwidth. As can be seen in the phase noise diagram the unbalanced interfer-
ometer has the effect of converting the white laser frequency noise into phase noise with pre-
dominance at low frequencies. The phase noise level falls of as a sincz(f/fo) function with
fo=c/nl. Aslong as the phase noise level islow the output intensity noise will follow this pat-
tern. As seen, for the lowest setting of the laser frequency noise, -20 dB Hz/./Hz, the RIN
noise floor appearing at -156 dB (since the average detected optical power is 1/2 of the input
power) is reached above 1 MHz. The noise floor of the received power increase in proportion
to the laser frequency noise and follow the phase noise pattern until a maximum at about -
80 dB is reached. The noise pattern then changes and take on the shape of a Lorentzian func-
tion. Upon further increase of the laser frequency level the noise power will trandate from
lower to higher frequencies. The noiselevel in the low frequency regime will begin to fall with
increasing laser frequency noise.

This behaviour can be understood by examining the interferometer phase noise. When the
interferometer phase noise magnitude is far below a radian the output intensity is approxi-
mately alinear function of the interferometer phase. In contrast, when the phase noise magni-
tude iswell above a radian the output intensity must be treated as a sinusoidal function of the
interferometer phase. Hence, Bessel harmonics will develop and in effect move the spectral
power to higher frequencies. This will also wipe away low frequency phase signals of ampli-
tudes below 1 rad and is actually the mechanism involved in incoherent mixing. Phase signals
cannot be detected simply because the phase noise power is higher than the signal power.
Trandated into the interferometer output intensity power spectrum it will appears asif the sig-
nals gradually disappears when the phase noise increase above the threshold which is found
where the optical field coherence length coincides with the path length difference of the inter-
ferometer.

We show this effect in resultsheet B where we have used three laser frequency noise settings,
-20, 20 and 60 dB Hz/./Hz. The signal was applied as a length modulation of one of the two
interferometer paths. It had an amplitude of 2 um and a frequency of 800 kHz. The phase sig-
nal distributes over several harmonics in the output power spectrum due to the interferometric
non-linear conversion. As seen the signal disappears completely for the highest laser frequency

noise level.
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For the readers acquainted with heterodyne demodulation systems, in which an acousto-optic
modulator is used to generate a carrier frequency within the detector bandwidth, it may be
interesting to see the same series of simulated laser fields applied to such interferometers.
These results are found in resultsheet C. The above discussion holds also for this case but all
features are centred around the carrier frequency, in this case 20 MHz. A feature not visualized
in A isthe centre frequency peak (customary denoted the monochromatic peak) dependence on
the laser frequency noise. We can see that this peak disappears when the coherence length of
the laser field drops below the path length difference of the interferometer. This is completely
in accordance with theory and has the same explanation as that for low frequency signals

above.

7.2 Changing theinterferometer path length difference
The output noise frequency characteristics are certainly also dependent on the path length dif-

ference of the interferometer but in a different way. The results shown in resultsheet D are
obtained with the path length difference of the interferometer set to 100, 316, 1000, 3160,
10000 m and with the white laser frequency noise at 40 dB Hz/./Hz. This laser frequency
noise setting produces a coherence length of about 500 meters.

We notice first that the noise level again falls of like asinc?(f/f,) function with fy=c/nl but con-
verts gradually to the Lorentzian shape when the path length difference is increased. The first
dip in the noise function can be seen to move towards lower frequenciesin accord with fy=c/nl.
The low frequency noise, which is particularly important since it cover the sensor frequency
band, increase in proportion to the path length difference until it reaches a maximum where it
saturates. This can be seen in the resampled data shown in the lower left diagram.

The maximum at which the noise level saturates is determined by the optical frequency noise.
When the path length difference is increased well above the coherence length of the laser the
noise spectrum will rapidly approach that which would be obtained if two completely uncorre-
lated optical fields where mixed or if the path length difference was infinite. The output inten-
sity noise power spectrum becomes fully determined by the laser noise properties.

Again the same conditions were applied to an interferometer incorporating an acousto optic
modulator. The results are shown in resultsheet E. We note that the spectral resolution hide the
important details in a narrow frequency band around the carrier.

Finally, in resultsheet F are shown results with asignal applied to the interferometer as above.

In this case the amplitude was set to 4 um and the frequency to 90 kHz. Unlike when the fre-
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guency noise is increased we cannot extinct the applied signals by increasing the path length
difference. The reason for this may not be obvious but has got to do with the coherence time of
the field, in this case more adequately denoted as the field decorrelation time. A phase modu-
lating signal with frequency above the field decorrelation time will not disappear completely
but instead behave very much as the monochromatic peak in a heterodyne system, i.e. it will
transform into a smeared peak with Lorentzian shape. On the contrary, a signal of frequency

well below the decorrelation time as was the case in the previous example in resultsheet B will

disappear.

7.3 Final remarkson this section
In conclusion, we realize that the noise properties at the output of an interferometric network

are critically dependent on the laser source noise properties. A network with more than one
interference point will transform the laser frequency noise into output intensity noise in a com-
plicated manner which will become difficult to follow by intuition. This section has provided a
brief introduction to the features of coherent networks, knowledge which is useful when larger

networks are analysed.
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Resultsheets

chapter 7
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Resultsheet A
Input parameters
lambda 1.55e-006 [m]
refractive index, n 15
RIN -150 [dB/HZ]
fNoise PSD 1.000000e-001 [Hz/HZN(1/2)]
1/f fNoise 0 [HZ]
relax. osc. f. 0 [HZ]
relax. osc. Q. 0
fNoise bandlimit 0 [HZ]
calc. option Single Mach Zehnder configuration
step 1e-008 [g]
span 0.001 [g]
nr of loops 5
loop parameter laserStruct.fNoisePSD  [HZ]
startvalue 0.1
increment 20 [dB]
coil length, | 100 [m]
ref length, | 100 [m]
number of sensors 1
AM modulation n
PRBSperiod, T 1e-007 [g
shiftregister length, N 5
FM modulation n
demodulation freq. 2e+007 [HZ]
signal ampl. 0 [m]
signal freg. 1e+009 [HZ]
demodulation freq. 2e+007 [HZ]

Calculated laser parameters

coherence time coherence length coherence length(fiber) linewidth(3dB)
El [m] [m] [kHz]
>1.023000e-005 >3069 >2046 <16
>1.023000e-005 >3069 >2046 <16
>1.023000e-005 >3069 >2046 <16
2.580000e-006 774 516 62
4.000000e-008 12 8 3979
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Resultsheet B
Input parameters
lambda 1.55e-006 [m]
refractive index, n 15
RIN -150 [dB/HZ]
fNoise PSD 1.000000e-001 [Hz/HZN(1/2)]
1/f fNoise 0 [HZ]
relax. osc. f. 0 [HZ]
relax. osc. Q. 0
fNoise bandlimit 0 [HZ]
calc. option Single Mach Zehnder configuration
step 1e-008 [g]
span 0.001 [g]
nr of loops 5
loop parameter laserStruct.fNoisePSD  [HZ]
startvalue 0.1
increment 20 [dB]
coil length, | 100 [m]
ref length, | 100 [m]
number of sensors 1
AM modulation n
PRBSperiod, T 1e-007 [g
shiftregister length, N 5
FM modulation n
demodulation freq. 2e+007 [HZ]
signal ampl. 0 [m]
signal freg. 1e+009 [HZ]
demodulation freq. 2e+007 [HZ]

Calculated laser parameters

coherence time coherence length coherence length(fiber) linewidth(3dB)
El [m] [m] [kHz]
>1.023000e-005 >3069 >2046 <16
>1.023000e-005 >3069 >2046 <16
>1.023000e-005 >3069 >2046 <16
2.580000e-006 774 516 62
4.000000e-008 12 8 3979
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Laser frequency noise and optical field power spectrum
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Resultsheet C
Input parameters
lambda 1.55e-006 [m]
refractive index, n 15

RIN -150 [dB/HZ]

fNoise PSD 1.000000e-001 [Hz/HZN(1/2)]

1/f fNoise 0 [HZ]

relax. osc. f. 0 [HZ]

relax. osc. Q. 0

fNoise bandlimit 0 [HZ]

calc. option Single Mach Zehnder configuration

step 1e-008 [g]

span 0.001 [g]

nr of loops 5

loop parameter laserStruct.fNoisePSD  [HZ]

startvalue 0.1

increment 20 [dB]

coil length, | 100 [m]

ref length, | 100 [m]

number of sensors 1

AM modulation n

PRBSperiod, T 1e-007 [g

shiftregister length, N 5

FM modulation n

demodulation freq. 2e+007 [HZ]

signal ampl. 0 [m]

signal freg. 1e+009 [HZ]

demodulation freq. 2e+007 [HZ]
Calculated laser parameters

coherence time coherence length coherence length(fiber) linewidth(3dB)

[s] [m] [m] [kHZ]

2.680000e-006 804 536 59
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Laser frequency noise and optical field power spectrum
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Resultsheet D
Input parameters
lambda 1.55e-006 [m]
refractive index, n 15
RIN -150 [dB/HZ]
fNoise PSD 1.000000e-001 [Hz/HZN(1/2)]
1/f fNoise 0 [HZ]
relax. osc. f. 0 [HZ]
relax. osc. Q. 0
fNoise bandlimit 0 [HZ]
calc. option Single Mach Zehnder configuration
step 1e-008 [g]
span 0.001 [g]
nr of loops 5
loop parameter laserStruct.fNoisePSD  [HZ]
startvalue 0.1
increment 20 [dB]
coil length, | 100 [m]
ref length, | 100 [m]
number of sensors 1
AM modulation n
PRBSperiod, T 1e-007 [g
shiftregister length, N 5
FM modulation n
demodulation freq. 2e+007 [HZ]
signal ampl. 0 [m]
signal freg. 1e+009 [HZ]
demodulation freq. 2e+007 [HZ]

Calculated laser parameters

coherence time coherence length coherence length(fiber) linewidth(3dB)
[s] [m] [m] [kHZ]
2.750000e-006 825 550 58
2.880000e-006 864 576 55
2.340000e-006 702 468 68
2.380000e-006 714 476 67
2.990000e-006 897 598 53
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Laser frequency noise and optical field power spectrum
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Resultsheet E
Input parameters
lambda 1.55e-006 [m]
refractive index, n 15
RIN -150 [dB/HZ]
fNoise PSD 1.000000e-001 [Hz/HZN(1/2)]
1/f fNoise 0 [HZ]
relax. osc. f. 0 [HZ]
relax. osc. Q. 0
fNoise bandlimit 0 [HZ]
calc. option Single Mach Zehnder configuration
step 1e-008 [g]
span 0.001 [g]
nr of loops 3
loop parameter laserStruct.fNoisePSD [asis]
startvalue 0.1 [asig]
increment 40 [dB]
coil length, | 100 [m]
ref length, | 100 [m]
number of sensors 1
AM modulation n
PRBSperiod, T 1e-007 [g
shiftregister length, N 5
FM modulation n
demodulation freq. 0 [HZ]
signal ampl. 2e-006 [m]
signal freg. 800000 [HZ]
demodulation freq. 0 [HZ]

Calculated laser parameters

coherence time coherence length coherence length(fiber) linewidth(3dB)
[s] [m] [m] [kHZ]
>1.023000e-005 >3069 >2046 <16
>1.023000e-005 >3069 >2046 <16
4.000000e-008 12 8 3979
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Laser frequency noise and optical field power spectrum
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Resultsheet F
Input parameters
lambda 1.55e-006 [m]
refractive index, n 15
RIN -150 [dB/HZ]
fNoise PSD 100 [HzZ/HzA(1/2)]
1/f fNoise 0 [HZ]
relax. osc. f. 0 [HZ]
relax. osc. Q. 0
fNoise bandlimit 0 [HZ]
calc. option Single Mach Zehnder configuration
step 1e-008 [g]
span 0.001 [g]
nr of loops 3
|oop parameter networkStruct.l [asis]
startvalue 100 [asig]
increment 20 [dB]
coil length, | 100 [m]
ref length, | 100 [m]
number of sensors 1
AM modulation n
PRBSperiod, T 1e-007 [g
shiftregister length, N 5
FM modulation n
demodulation freq. 0 [HZ]
signal ampl. 4e-006 [m]
signal freg. 90000 [HZz]
demodulation freq. 0 [HZ]

Calculated laser parameters

coherence time coherence length coherence length(fiber) linewidth(3dB)
[s] [m] [m] [kHZ]
2.390000e-006 717 478 67
3.100000e-006 930 620 51
2.510000e-006 753 502 63
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8. Numerical results for a nested interferometer network

Calculations based on equation (12) have been used to simulate the output power from various
combinations of lasers and networks. As we shall see in the following results, crosstalk
between sensors become a problem for a laser with narrow linewidth while the noise level in
the demultiplexed signals become high for lasers with more broad linewidth. We have chosen
to work with a five sensor nested network of the type shown in figure 15 to illustrate general
tendencies. The calculations shown below were performed with a timestep (sampling interval)
of 1 nsand aspan of 0.3 ms. Hence, the frequency resolution islimited to 3.3 kHz. To enhance
the resolution the span has to be increased. But the time step must be kept short to make sure
that the high frequency content of the laser field isfaithfully represented. For reasonable calcu-
lation times, the available computing power and the amount of calculations turned out to limit
the span to about 3* 10° of the calculation step.

Two laser frequency noise levels at 20 and 60 dB Hz/./Hz (10 and 1000 Hz/./Hz) are tested.
The generated laser fields become comparable to what can be achieved in practice. The lower
level yields a linewidth around 0.6 kHz which is narrow and represents a case which is
approached by the best available sources suitable for this application, e.g. external cavity lasers
and fiber lasers. The higher level yields alinewidth of 6 MHz which can be regarded as a quite
typical value for DFB semiconductor lasers. The flat laser frequency noise spectrum is a fair
approximation for semiconductor lasers whose relaxation oscillation resonance typically
comes above 1 GHz while fiber lasers have their relaxation oscillation within the frequency
range of interest, e.g between 100 and 1000 kHz. The path length difference between succes-
sive sensors and between the arms of the compensating interferometer was set to 40 m. The
laser source has an output power of 1 (dimensionless), wavelength of 1.55 micrometer, RIN of
-150 dB/Hz

8.1 Passive network
In figure 18 is shown the calculated output power for a nested network. These result are for an

unmodulated passive network. The phase noise that would arise in an interferometer with a
40 m path length difference is shown in the upper left diagram. The noise pattern follows the
usual sinc functional behaviour and reaches its first minimum at 5 MHz (c/nl). The output
intensity noise from the unmodulated network has a first minimum at 2.5 MHz which can be

associated with a path length difference of 1=80 m. The detailed pattern of the received spec-
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Figure 18 A laser with the frequency noise characteristics (white noise) in the top left diagram ap-

plied to a5 sensor nested network, =40 m, produces an output intensity power spectrum shown in

the bottom diagrams. For reference the top right diagram shows the phase noise that would be gen-

erated by a single unbalanced interferometer with =40 m.
trum is not easily predicted since it depends on the phase relationship between the mixed
fields. Hence, the cal culated spectra are not representative of all the outcomes of an experiment
of thiskind but rather represent one possible case. Anyway, the right hand spectrum shows that
the noise power spectral density for the two tested fields differ by 40 dB at high frequenciesin
accordance with the laser frequency noise difference. For lower frequencies, as depicted in the
left hand spectrum, the noise levels off and saturates at lower frequencies at a spectral density
of about -80dB 1/./Hz. If the laser frequency noise is further increased the spectrum will

gradually turn into a Lorentzian function as was explained in chapter 7.

8.2 PRBS amplitude modulated light applied to the networ k
When the laser intensity is modulated by a PRBS sequence the output intensity power spec-

trum turns into a combination of the passive network spectrum and the PRBS spectrum. We
show in figure 19 the resulting spectrum obtained when the 31 bit length (n=5) PRBS code
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Figure 19 Calculated spectrumwith the laser intensity modulated by a 31 bit PRBS (n=5). Re-
sampling was used to increase the spectral resolution in the lower frequency range (The reason for
three diagrams).

was used. The PRBS spectral features are found overlaid the passive network spectrum for the
high coherence case. The first frequency peak appears at 320 kHz corresponding to the cycle
repetition rate of the PRBS. For the laser field with high frequency noise (low coherence) it is
seen that the PRBS peaks are suppressed and almost not discernible.

8.3 Applied signal on one of five sensor coils
A phase signal with afrequency of 15 kHz was applied to the first of five sensor coils. As seen

in the left hand diagram the baseband signal is ailmost completely hidden in noise for the high
laser frequency noise case while it is clearly visible for the low laser frequency noise case.
Expectably, the ground tone and a series of Bessel harmonics arise as aresult of the nonlinear
interferometric conversion of the phase signal. Since several two-beam interferometers con-
tribute to the signal the total signal amplitude may very well be higher than expected for one

interferometer as is the case here. For the 60 dB Hz//Hz laser frequency noise level asingle
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interferometric signal is expected, i.e the one arising as a result of the balanced interferometer
formed by the two shortest pathsin the network and the compensating interferometer. This sig-

nal can not be discerned in the noise arising in the network.
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Figure 20 Cal culated spectrumwith a sinusoidal signal applied asa length modulation of thefirst
coil. The signal amplitude was 1 mm and the frequency was 15 kHz.

8.4 Applied signal and PRBS amplitude modulation
When the PRBS modulation is applied to the network carrier tones beginning from 320 kHz

appears. A certain fraction of the baseband signal is shifted upwards in the frequency domain
and appears as sidebands around the PRBS carriers. According to our earlier discussion, the
baseband signal does not disappear since a DC component of the optical carrier always
remains. The right hand diagram, displaying the spectral features all the way up to the Nyquist

frequency of the calculations, is shown just to confirm that the spectral power is on its way
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Figure 21 Calculated spectrumwith PRBSand a sinusoidal signal applied asa length modulation
of thefirst coil. The signal amplitude was 1 mm and the frequency was 15 kHz.
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down. Since the calculations involve operations which may move the signal power up in the
frequency domain it isimportant to make sure that aliasing does not occur. The higher the laser
frequency noise and the longer the path length differences are in the network the more power is
shifted towards higher frequencies. Eventually when either the laser frequency noise or the
network path length differences are increased, it becomes necessary to decrease the calculation

step further.

8.4.1 Demultiplexed signal
Demultiplexing is simulated by multiplication of the calculated output intensity signal with a

bipolar reference PRBS (switching between levels of 1 and -1). In a practical system, a low
pass filter shall be used to reject the high frequency components of the demultiplexed signals.
The diagrams shown in figure 22 for the low laser frequency noise case of 20 dB Hz/./Hz
depict the signals prior to thisfiltering. Consequently, the PRBS carriers are still present. How-
ever, the important result appears in the baseband. Six reference PRBS are multiplied to the
output intensity signal and their phase and time delay were set to be synchronized with the car-
riersin the network. The sensor signal applied at coil 1 is expected to appear at channel 1 and
the signal appearing on the other channel would be idealy zero. As we can see the signal is
visible on all channels which we attribute with the cross-correlation between the involved opti-
cal fields. The signal level isfound to decrease with increasing channel order but is still appre-
ciable for all channels. In view of the correlation properties of the network the higher level for
channel 1 must also be considered as being the result of several correlation components super-
imposed to form the net output. Thus, the desired signal constitutes only afractional part of the

Welch PSD estimate, demultiplexed signals Welch PSD estimate, demultiplexed signals
-50 T T T

60| fiiy

B : |

—70}+

W H | rp
i MM H‘M“‘n F\,”‘Lﬂu\‘\ J‘M‘J

MM \ ‘ “4 M [ : ‘(\H ‘“r’w J"”"h M“l”ﬁ“‘ ‘”’”[‘(‘u

| I\ i i i
WAL ! \ ”M)

-140}- ‘
;
10° 10 10° 10° 10
f[Hz)

ot W“!“M “”WW ‘ ’f\”\‘\ \\V uww
“‘\‘M \“ \“u Hm H

MW w ‘I\ ‘P W‘M‘ MHNM

»w‘.wnrw‘» r;"w.‘ww.‘v.t f

-90

-100

-110~

psd [dB a.u/sqrt(Hz)]

il
) w ‘”"WM

psd [dB a.u/sqrt(Hz)]

fIHz]

Figure 22 Demultiplexed signalsfor thelow laser frequency noise case of 20 dB Hz/./Hz.
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obtained signal level. Without further examination of this result we shall simply conclude that
CDM does not work as desired under these conditions.
The results obtained with the 60 dB Hz/./Hz level of laser frequency noise are shown in the

two top diagrams of figure 23. The signal is now hardly visible and we note that if it is present
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Figure 23 Demultiplexed signalswith a laser frequency noise of 1000 (60 dB) Hz/./Hzin
the top diagrams, 5000 (74 dB) Hz/./Hz in the middle diagrams and with
10000 (80 dB) Hz/./Hz in the bottom diagrams.
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its amplitude is much lower than above. The noise in the baseband becomes much higher for
this case. Since the resolution is poor it is hard to estimate the signal condition at channel 1.
But, clearly, the conditions are worse than in the case of a signal applied to a passive network
with the 0.6 kHz linewidth laser while they might be better than for the case with a 6 MHz
linewidth laser (figure 20). Even though the noise level is comparably high, a slight hope for
the multiplexing method may be obtained by noting that the signal does not seem to appear at
the other channels. The noise at the other channels produce spectral power of a magnitude
comparable with the power in channel one and it is fair to assume that the noise power on the
average is approximately the same also in channel 1. Hence, the signal-to-noise ratio in chan-
nel 1isfar from that desired and it is necessary to decrease the noise power. The only remain-
ing way to decrease the noise power in the baseband is, which may seem contradictory, to
increase the laser frequency noise level in order to decrease the laser field coherence time
(length).

It is possible to increase the laser frequency noise by another factor of 10 from 1000 (60 dB) to
10000 Hz/./Hz before aliasing becomes a problem. The results for 5000 Hz/./Hz and
10000 Hz/./Hz are aso shown in figure 23 where we can see that the baseband noise floor in
the demultiplexed channels decreases and that the signal can now be discerned at channel 1
while it does not appear on the other output channels. The right hand diagrams show the full
spectrum of the calculated output intensity. The bump below 100 MHz shall be associated with
the PRBS harmonics and the power at higher frequencies with laser frequency noise being
transposed by the network. We note the output intensity noise frequency band is approaching
the bandwidth of the calculation. Further increase of the laser frequency noise require that we
decrease the calculation step (sampling period) even further to assure that the results are cor-
rect. Unfortunately the spectral resolution decrease proportionally since we must decrease the
time span. The following result for alaser frequency noise at 10000 Hz/./Hz is obtained with a
calculation step of 0.1 ns and a time span of 30 ps.We can no longer resolve the signal and we
conclude that calculations with this step time are not being meaningful with the current pro-
gram code and the available computing speed. But the general tendency was shown aready in

figure 23 and we are ready to draw some conclusions from these results.
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Figure 24 Demultiplexed signalswith a laser frequency noise of 10000 (80 dB) Hz/./Hz.
Calculation time step set 0.1 ns and span set to 30 /5.

9. Conclusions

We have explored CDM for optical fiber sensor networks in several steps beginning with the
detailed code properties giving rise to crosstalk. Most of these properties can be associated
with the non-ideal characteristics in the electronic circuits used to implement CDM. Even
though careful electronic design is required it has been found possible to construct low cross-
talk systems with sensor-to-sensor crosstalk levels beneath alevel of -60 dB, partly based on
previous practical experience[5]. Thislevel of crosstalk is probably going to be more than suf-
ficient for many applications. Particularly, if the elements are working in groups defining
antennas in the field to be measured, e.g. acoustic.

We demonstrated the ideal behaviour of a network of intensity modulating devices multiplexed
with CDM just in order to show that no fundamental limit is present in this case.

On the other hand, interferometric networks incorporating phase sensitive devices, generally
suffer from cross mixing products and phase noise leading to enhanced sensor to sensor cross-
talk and a reduced signal-to-noise ratio. The main task of this work was to find out if CDM
could be made to work satisfactory in interferometric networks.

In order to reach this goal it was necessary to take on arather basic statistical approach with
numerical calculations describing how the laser frequency noise transforms into output inten-
sity noise and how the network parameters determine the field mixing properties. Chapter 7

was included to provide general insight into this area. The output of a single unbalanced inter-
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ferometer was simulated for various parameter settings and the dependence of the laser fre-
guency noise and of the interferometer path length difference were elucidated.

Our numerical results for the CDM nested network shows that a low coherence laser is
required to avoid crosstalk between sensors. We saw in figure 22 that the signal from one net-
work sensing coil appears at all the output channels even though ideal PRBS properties were
used in the calculations. It was concluded that crosstalk arise due to the appearance of mixing
products as described in section 4.1.5 and we do not see any other possibility to circumvent
this problem than to use alow coherence laser if CDM is the multiplexing method.
Unfortunately, a low coherence laser is generally a laser with a comparably high laser fre-
guency noise level. Consequently, it will generate more output noise in interferometric net-
works. The most obvious problem is that careful balancing is required to suppress the noise
generated when fields having experienced approximately equal delay are mixed. Throughout
the calculations we have assumed ideal conditions with perfect balancing and this noise is not
seen. In practice, a precision better than 1 cm will be hard to achieve and noise caused by this

imbalance will develop. It can be quite easily predicted using the relation

A = 2T A, (16)

o

between the interferometer phase deviations and the laser frequency deviations valid for phase
deviations well below 1rad. We find that the laser frequency noise levels of 20, 60 and
80dB Hz/./Hz give rise to phase noise levels of -170, -130 and -110 dB rad/ ./Hz respec-
tively assumed that the residual path imbalance is 1 cm. Typically, for these kind of systems
the required resolution lies at about -120 dB rad/ ./Hz and we see that this level is exceeded
for the last case. Hence, lasers with even higher frequency noise levels may not be useful.

But for this case we must compare this noise term with the noise generated by the network as
predicted by the calculation. In figure 23 the demultiplexed signals at the output of the network
were shown. The noise levels in the sensor frequency band are not accurately reproduced due
to the limited calculation bandwidth but we approximate the levels to -95, -105 and -115 dB
1/ J/Hz. These levels are normalized to the network input power and we need to relate them to
the power level corresponding to a 1 rad phase deviation. Each nested interferometer in the

simulated five sensor network will produce a mean detected optical power of afraction of 1/72
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of theinput power. Thereby, it iseasily found that the noise levels normalized to the input opti-

cal power relate to an equivalent phase noise level by the relation

A = 72AP (17)

where 4P is the detected optical noise power. We arrive at equivalent phase noise levels of -48,
-58 and -68 dB rad/ ./Hz corresponding to the noise levels in figure 23. Thus, the devel oped
noise is far above the required resolution at -120 dB rad/ ./Hz and will be the dominating
noise source for awell balanced system. These results were obtained for afive sensor network
and we can expect an increased phase noise level with an increased number of sensors. The
required resolution originates in the achievable sensitivity of the applied sensors. The resolu-
tion of -120 dB rad/./Hz can be traced to the required acoustic sensitivity for hydrophone
systems capable of resolving acoustic signals down to the ambient acoustic noise floor. It may
become possible to construct sensing coils with enhanced sensitivity relieving the required res-
olution but to the cost of the dynamic range which istypically limited in the other end to signal
amplitudes of about 1 rad depending on choice of demodulation technique. In such a case
CDM may prove to be a useful method. Nonetheless we judge that other multiplexing meth-

ods, not entailing fundamental detection limits, are preferable.

9.1 Concluding remarks
Although CDM has been shown previously to be a useful multiplexing method in optical fiber

sensor networks due to its low optical power requirement, it seems asif it is less useful than
other methods in high resolution interferometer systems due to its inability to extract cross cor-
relation terms arising in networks of thiskind. A possible way to circumvent this problemisto
use broad linewidth, low coherence laser sources. However, to the cost of an increased noise
floor in the frequency band of interest since no known laser source has got both broad linew-
idth and a relatively low level of frequency noise in the frequency band ranging up to about
100 kHz.
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