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ABSTRACT

KEYWORDS: Beam quality ; Coherent Beam Combining; LOCSET.

High power fiber lasers are being used in various applications owing to their excellent
beam quality (M? < 1.2) and high wall-plug efficiency (> 30%) while providing low
cost of ownership. However, output power from a single fiber laser/amplifier is limited
to kW due to limitations attributed primarily to nonlinear effects and thermal mode
instability the total output power that may be extracted from a single fiber laser is only
in the order of kWs, hence for applications such as directed energy in defence it is
necessary to combine several fibre lasers. One promising beam combination technique
is Coherent Beam Combining (CBC), in which several fiber amplifiers are phase locked

with respect to each other.

A key aspect of CBC is to track the phase changes in the different fiber amplifiers
and maintain phase locking. To track the phase changes photo-detectors are incorpo-
rated, but when we need to scale a large number of fiber amplifiers it becomes cum-
bersome to use photo-detectors for each of them. It also increases the foot-print of
the system. To overcome this problem, a robust phase locking mechanism, Locking of
Optical coherence via Single Detector Electronic frequency Tagging (LOCSET) is im-
plemented where by using a single detector we can track the phase changes in each of
the fibre amplifiers. Moreover, it does not require any separate reference beam to phase

lock the fibre lasers.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

In applications such as Directed Energy weapons where a large output power is neces-
sary high power fiber lasers can play a pivotal role. This can be attributed due to the
following reasons mentioned below:-(1)

e They provide a very good beam quality (M? < 1.2).M? is the measure of how
much a beam is similar to a diffraction limited Gaussian beam (M? = 1).

e They provide a high wall plug efficiency (> 30%).

e They are highly compact as compared to rod lasers or gas lasers of comparable
power.

e They have a higher cooling capacity due to larger surface to volume ratio of fiber
geometry as compared to other lasers.

But inspite of these advantages fibre lasers have their own limitations. A single
fiber laser cannot be scaled to higher levels of power (even to kWs of power).The two
primary reasons being:-

e Non linear effects mainly Stimulated Brillouin Scattering play a detrimental role
in case of narrow line width lasers and hence affecting the source itself.

e Thermal mode instability is the other constraint. When we try to operate the
fiber laser at higher power levels the fiber core is no longer single mode instead
it becomes multi-mode i.e. together with L F); fundamental mode we also have
higher order modes such as L P;; which eventually degrades the beam quality.

So to mitigate this problem we need to implement beam combining of several lasers
to scale to higher levels of power. Beam combining can be implemented by various
methods such as spatial combining, spectral combining and coherent combining. In
case of spatial combining the constraint lies in the alignment of the free space optics as
we are trying to combine several laser sources spatially to a single point. Moreover the
effective length of these amplifiers vary which lead to a relative phase change which

eventualy degrades the beam quality and also the net output power. Coming to spectral



beam combining this involves combining several laser emitters of specific wavelengths
into a single beam. In order to achieve high-density combining of many individual
lasers, a combining element with high resolving power, such as a diffraction grating, is
required. But this technique cannot be utilised in scaling large number of fibre lasers.
So a suitable method is required with which we can scale several of fibre lasers and
at the same time phase lock each of the fiber amplifiers. This is where coherent beam
combining comes into play where all elements of the laser array are forced to operate
with the same frequency spectrum and with the same phase, so that when the beams are

overlapped, the optical fields add to provide constructive interference.(1),(4)

1.2 Background

To implement CBC an important component to track the phase change is the photode-
tector, yielding a photocurrent, with the help of which the phase error signal correspond-
ing to a single element of the fibre laser array is fed back. CBC can be implemented by

several approaches as discussed below briefly:-(1)

e Common resonator - Array elements are placed inside an optical resonator and
feedback from the resonator is used to couple the elements together.

e Evanescent or leaky-wave coupling - In this approach the array elements are
placed sufficiently close together so that their field distributions overlap, thereby
coupling the elements. In-phase coupling of the array elements is desired to ob-
tain high on-axis far-field intensity.

e Self- organization - This involves array comprising elements with very different
optical path lengths, and the optical spectrum self-adjusts to minimize the loss of
the array

e Active feedback - In this method the laser elements are individually phase con-
trolled and feedback is used to equalize the optical path lengths.

Active control of phase is primarily used mainly because in case of passive phase
control scalability to large optical arrays is not possible. In active CBC implementation
the individual optical array elements or laser elements are phase controlled and feed-
back is used to equalize the optical path lengths modulo 27. In case of large fibre laser
arrays, comprising several fibre lasers, it becomes cumbersome to incorporate photo-
detectors for each of the lasers. Herein the technique Locking of Optical coherence via

Single Detector Electronic frequency Tagging (LOCSET) is unique where by using only
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a single photo-detector we can track the relative phase in each of the arms of the fiber

amplifier array.

1.3 Phase error variation with number of optical ele-

ments in CBC

In case of coherent beam combining one of the most vital parameters that determines
its performance is the beam combining efficiency which is defined as the fraction of
the output power to the total input power. But if we consider all the input powers to
be equal then the beam combining efficiency is then governed by the sustainable RMS
phase error in the co-related case i.e. the phase locked condition. A simple expression
for the beam combining efficiency is given in Eqn. 1.1 (2),(3).

1 | 22:1 VPnerp(jAdy)|*

— (1.1
TN SV P,

But here we will like to express the beam combining efficiency in terms of the Strehl‘s
ratio because in case of tiled apertures the beam combining efficiency is equivalent to
the Strehl‘s ratio. Strehl‘s ratio can be defined as the ratio of the peak far-field intensity
of a beam divided by the peak intensity from a uniformly illuminated aperture having
the same total power. The Strehl ‘s ratio depends on the number of optical array elements
and the RMS phase error. The Strehl‘s ratio (S) for the one-dimensional correlated case

is expressed in Eqn. 1.2.

g —2a + 2aN T + N — Na?
N N2(1 — «a)?

(1.2)

—o2?
In Eqn. 1.2, N is the number of array elements and o = exp(—*) where oy is the
standard deviation of ¢. So from Eqn. 1.2 by predefining a certain S and N we can
obtain o,. However when we consider higher number of optical elements Eqn. 1.2 gets

modified to Eqn. 1.3.
4

S =
NU;

(1.3)



The plot in Fig. 1.1 shows the variation of o, with N for S = 0.9.
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Figure 1.1: Varaition of o4 with N for S=0.9

From the plot it is clearly evident that after N=7 the variation pattern of o4 with N
changes and eventually it saturates for higher values of N. So to get rid of these phase
errors which eventually degrade the output power and the beam quality we need to
implement CBC using a much robust phase locking mechanism. This is where LOCSET

comes into play.

1.4 LOCSET Theory

In our project we have implemented CBC by using the LOCSET technique. This novel
coherent beam combining system offers a highly accurate and robust phase locking
mechanism. Moreover the technique also provides a scalability of over 100 elements(4).
Another advantage of this technique over other phase array locking systems is that it

does not require an external reference beam.

In this technique a master oscillator power amplifier (MOPA) configuration is em-
ployed where a narrow line-width laser seeds an array of fiber amplifiers. After that
every beam of the optical array is phase modulated at a unique radio frequency (RF).
Then a certain portion of each beam is then sampled and directed onto a single far-
field photo-detector. This interference signal is then processed by feedback electronics
where the relative phase error of each element with respect to all other elements are

electronically isolated or demodulated. The basic schematic diagram of the LOCSET

4



technique is depicted in Fig 1.2:-(4)

Fiber Beam sampler

/ amplifiers /
Master _ ‘
Oscillator PM {)

%
> — U

|
. N
|

1X8 PM, Splitter
<5dB insertion loss

PD

Signal Processing (—,

Figure 1.2: Schematic of LOCSET technique

LOCSET has two configurations a) self-referenced and b) self-synchronous. The
basic difference between the two techniques is that in the case of the self-referenced
model an un-modulated beam is used as a reference beam while in the case of the
self-synchronous model all the beams are phase modulated. In the self referenced case
the difference between the phase modulated elements and the un-modulated element is
estimated and henceforth the phase locking is implemented such the relative phase error
is zero. On the other hand in the self-synchronous mechanism all the beams are phase
modulated. To carry out phase locking for this case we obtain the mean phase of all
the optical array elements and thereby try to phase lock the phase spectrum relative to
the mean(4). To understand this more clearly we can use a phase plot to understand the

phase locking methodology more clearly.



The schematic shown in Fig 1.3 will illustrate the difference between the two methods:-

Self-referenced Self-synchronous
Mean of
all the
elements

A
]

Comparing the phase of the
other elements with the mean
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Imaginary Imaginary
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modulated

reference
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\’\// Real

:

Phase Locking implemented
by comparing each of the
phase modulated beams
with the un-modulated beam

Figure 1.3: Phase locking schematics of LOCSET

In Fig 1.3 the two phase plots illustrate the phase locking schemes for the two methods.
As discussed earlier we can see that for the self-referenced case all the other array ele-
ments are phase locked to the initial phase of the un-modulated array element. On the
other hand for the self-synchronous case we are first evaluating the mean phase of all

the array elements and thereby locking the phase of the array elements to it.

1.5 Objectives

e Implement the LOCSET algorithm in a MATLAB-SIMULINK model and under-
stand the phase locking requirements.

e Demonstrate the LOCSET algorithm through controlled experiments

1.6 Organisation of Report

Our project involved simulations and experiments based on the self-referenced and self-
synchronous LOCSET models. As a part of our simulations we implememted the 2-
beam Self-referenced LOCSET model on MATLAB-SIMULINK and giving various
input phase arrays we have tried to estimate the phase at output which we will be
discussing in the next chapter. Our experiments mainly focus on establishing the 2-

beam self referenced and 2-beam self-synchronous cases and to once again estimate



the phase at the output by using their individual RF spectrums on the Electrical Spec-
trum Analyser (ESA). We also provided additional phase in one of the arms of the
self-synchronous case and measured the change in the estimated phase.Finally we will

summarise our results and also discuss about the future course of this work.



CHAPTER 2

Simulations of LOCSET Algorithm

Before going into the simulation models which we designed in MATLAB-SIMULINK,
we will try to understand the basic theory governing the LOCSET operation. As we
are combining several fibre lasers it is important to know the optical field coming out
of each of them. These optical beams are made incident on a photo-detector which
generates a photocurrent. Therefore we need to formulate the resultant photocurrent

eventually from which we would be able to estimate the phase at the output.

2.1 Optical Field

For the self-referenced technique there are N-1 phase modulated beams and one un-

modulated beam given by E,(t) and E, (t) respectively. The fields are defined below:-

E.(t) = Eycos(wrt + ¢u(t)) 2.1

E;(t) = Ejcos(wrt + ¢;(t) + Bisin(w;t)) (2.2)

Here E,y and FE; are the field amplitudes of the un-modulated and phase modulated
beams, wy, is proportional to the shared frequency of the optical beams and ¢, (¢) and
¢;(t) are slowly varying phase states of the un-modulated and phase modulated beams
respectively. 3;sin(w;t) represents an applied sinusoidal phase modulation with ampli-
tude 3; and unique RF frequency w;.It is this unique RF frequency phase modulation
that allows us to later demodulate the phase error of the ith beam with respect to all
other beams in the array. It can be assumed that ¢, () and ¢;(t) are constants as they
vary much slowly than the optical frequency, and RF phase modulation frequencies are
defined momentarily. For simplicity we must assume that all the beams have common

optical properties and propagate along a common spatial path to the photo-detector.



Thus we can write finally a combined electric field expression:-(4),(5)

Er(t) = E.(t) + Y _ Ei(t) (2.3)

2.2 Photocurrent

The basic photo-current equation is given by the expression below where A is the active
area of the photo-detector, Rpp is the responsivity of the photo-detector and I(t) is the

time varying intensity of the combined beams:-(4),(5)

ipp(t) = RppAI(t) 2.4)
where 1(t) is given by:-
1 €0 % 2
1) = 304 (ER) 25)

Eventually after expanding (1.4) after putting 1(t) in it we obtain:-

VB + 28,00 S B + (S E@) (S B(8)] 2.6)

1

2

160

ipp(t) = RPDAQ(MO

=1 =1 i

The first summation on the right multiplied with the un-modulated electric field gives
the photo-current due to the un-modulated reference beam interfering with each of the
phase modulated beams and can be denoted as 7, ().

1 60 N-1

iu(t) = RepAg (2 MO Ey(t 2.7)

=1

Ignoring the photocurrent terms oscillating at the frequency of the laser and apply-
ing trigonometric identities and expressing the following trigonometric quantities as a

Fourier series expansion of their Bessel terms we obtain:-

cos(Bisin(wit)) = Jo(B;) + 2 Z Jon (Bi)cos(2nw;t) (2.8)
n=1
sin(fisin(wit)) = 2 i Jon—1(Bi)sin((2n — 1)w;t) (2.9)
n=1



Thus the final expression of the photocurrent due to the beating of the un-modulated

beam with phase modulated beams is:-(4),(5)

N-1 o)
iuy( ) RPD % Z % 003 sz)(JO(Bz) +2 Z J2n(5i>605(2nwit))
i=1 n=1
+ sin (e, ZJ% L(B)sin((2n — Dwit)))
n=1
where
- A(Eu0)2 6_0 %

P, = — (Mo) (2.10)

2.3 Phase error control signal

Our next aim is to extract the phase control signal which will eventually lead us to the
phase error measurement. This is done by coherent demodulation in the RF domain.
In this method we can find the phase control signal for a particular ith element of the
array by multiplying the photocurrent by sin(w;t) and integrated over a time 7, where w;
represents the frequency of one of the phase modulated elements. The integration time, 7
, 1s selected long enough to isolate the individual phase control signals of the phase
modulated elements and short enough so that the phase control loop can effectively
cancel the phase disturbances of the system (4),(5). The phase control signal of the ith

element of the self-referenced LOCSET systems is given by:-

SSi = —/ ipD(t) sin(wit)dt (211)
T Jo

where Sg; is the phase error control signal. For the self-referenced case the phase error

control signal Sgg; is given as :-

Ssri = Rpp\/ Pid1(B:) [V Pusin(¢u — ;) +Z\/_ Jo(B;) sin(g; — ¢1)]  (2.12)

By using the error signal in Eqn 2.12 in the feedback control loop the phase is locked.
In this mode the phases of the phase modulated array elements are adjusted by the feed-
back loop to track the phase of the unmodulated element. Therefore, the relative phases

between the unmodulated array element and each of the phase modulated array ele-

10



ments at the sensing photodetector are preserved when any or all of the array elements

are disturbed.

24 MATLAB-SIMULINK model

As a part of our simulation we replicated the 2-beam self referenced LOCSET model
on MATLAB-SIMULINK. The model implemented on SIMULINK gives two optical
fields as input i.e. the optical fields corresponding to the un-modulated and phase mod-
ulated beams.Eventualy we carry out the square of the modulus of the resultant optical
field and multiplying with responsivity we finally obtain the photo-current response in

the time domain. The SIMULINK model illustrating the same is shown in Fig 2.1:-

E‘H,O

Complex
phase shift

» X |3 Scope

AerrRpp

Complex
phase shift

wrt

Bsin(wgpt

Figure 2.1: SIMULINK model for 2-beam self-referenced LOCSET

In Fig 2.1 the term ¢, is a constant which is the initial phase of the un-modulated
beam. In our simulations we have taken ¢, to be 0. The variable ¢;,, is the discrete phase
being applied to the modulated beam and this term we will keep on varying taking into
consideration different input phase arrays. The block labeled the phase modulation term

represents the Ssin(wrrt). Here we have kept § = 0.1 and wgr = 2M H . Finally the

11



scope gives us the photo-current response in the time domain which eventually helps us

in the phase estimation.

2.5 Phase Estimation from the photocurrent

From the expression of the photocurrent it is evident that the odd order Bessel terms
are the coefficients for the sine of the relative phase of the un-modulated and modulated
element and similarly the even order Bessel terms are the coefficients for the cosine of
the relative phase. So our aim is to estimate the phase from the photocurrent and check
whether it matches with the given input phase. The phase extraction process involves
performing a Fast Fourier Transform of the photocurrent and then extract the Bessel

components .J; (/3) and J,( ) from the FFT spectrum which are the peaks corresponding
J1(8)
J2(8)
then plot it with respect to the individual phase values. The nature of the curve will be

to wrr and 2wrp respectively. Our next step involves calculating the ratio and

similar to that of a tan curve. Now by fitting this curve to a tan equation and inserting

j;gg; back into the equation we try to estimate the phase at the output. The schematic

of phase estimation is explained in Fig 2.2:-

0.8
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=
o
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and obtain @;.

PRAC)
7
B
|

PlotJ1(B)/]2(B) v/s
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log(photocurrenty

e T g 3 T
Frequency(MHz)

Figure 2.2: Phase Extraction Schematic

In this regard we carried out two analyses to demonstrate the phase estimation.

12



2.5.1 Phase analysis 1

Here we took an input phase array from 0 to 7 in steps of 175 and fed it into the block of

¢in and tried to estimate the phase at the output. We plotted the variation of the phase

error with respect to input phase.
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Figure 2.3: Variation of phase error with input phase

In Fig 2.3 it is evident that we are obtaining a symmetric distribution of the phase error
from O to 7r/2 and after 77/2 to 7. But it is also evident from Fig 2.3 for certain input phase
values such as 0, 7/2 and 7 the phase error is too high. So estimate the phase at these
values we need to consider single Bessel component. Hence the resultant photo-current
equation in these cases will also change. The single Bessel component estimation for
the above mentioned three values is discussed below:-

e For ¢, = 0, J5(B) is much larger compared to .J;(/3). So here we will consider
only J;(8) = 8.14 x 1078, Thus the photocurrent equation turns out to be:-

ipp(t) = 2Rpp P, (8.14 x 107®) sin(dey ) sin(wrpt) (2.13)

e For ¢;, = 7/2, J1(0) is much larger compared to Jo(3). Hence the Bessel
component taken into account in this case is Jo(3) = 1.41 x 10~*. Eventually
the photocurrent equation turns out to be:-

ipp(t) = 2RppP,(1.41 x 107*) cos(¢est ) cos(2wrpt) (2.14)

e Finally for the last case i.e. for ¢, = 7, Jo(/3) is much larger compared to .J; (53).
Therefore the Bessel component considered here also is J;(3) = 8.14 x 1078, So
the photocurrent obtained in this case is:-

ipD<t) = ZRPDPU(814 X 1078) sin((best) Sin((JJRFt) (215)
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So thereby taking into account the single Bessel component analysis for those input
phase values where the phase error is too high, we obtained a modified phase error vs

input phase applied plot.
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Figure 2.4: Variation of phase error with input phase after applying single Bessel com-
ponent analysis

From Fig 2.4 we can see the points encircled are those corresponding to the single
Bessel component analysis.The phase error evaluated now is much more negligible than

that in Fig 2.3 and hence the analysis is validated.

2.5.2 Phase analysis 2

In this analysis we have generated random Gaussian phase arrays and given them as
input to the phase of the modulated element. Hence we took 4 such random Gaussian
phase arrays with different mean input phase values i.e. different ¢;, corresponding
to the SIMULINK model. Thereafter following the same phase extraction schematic
we found out the mean estimated phase, @, from the photocurrent equation. So in
this analysis we will focus on the deviation of the mean of the estimated phase, the
number of phase samples retrieved back and whether the Gaussian distribution is also

maintained for the estimated phase array.
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The four different cases are discussed below:-

® ¢y, =0.8 Gest = 1.06

Input Phase Array Histogram

N
o

Output Phase Array histogram

- oy N
o o o

o

Number of Occurences
Number of occurences

% 05 1 i 0 05 1 15 2
Input Phase (Radians) Output Phase (Radians)
Figure 2.5: Input phase array Figure 2.6: Estimated phase
histogram for array  histogram
Gin = 0.8 Pest = 1.06

Analysis - For the first case we can see that estimated phase at the output is also
Gaussian in nature. All the phase samples were estimated back at the output. But
the error or deviation in this case was too high (approximately 0.2 rads)

e ¢, =1.57 hest = 1.484

Input Phase Array Histogram Output Phase Array Histogram

25

20

% i % 15
3 15) S
S S 10
i s
] ]
E 5- E
= =
=z =
%. 1.5 2 3 1.5 25
Input Phase{Radians) Output Phase(Radians)
Figure 2.7: Input phase array Figure 2.8: Estimated phase
histogram for array  histogram
Gin = 1.57 for ¢ = 1.484

Analysis - In this case we see that we are unable to extract a majority of the input
phase values which are in the vicinity of 7/2 as the Bessel ratios are blowing up.
Physically this suggests that for a phase value in the proximity of 7/2 is resulting
in destructive interference and thus we are unable to extract the phase which we
are giving as input.
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Figure 2.9: Input phase array Figure 2.10: Estimated phase
histogram for array histogram
Oin = 1.8 for ¢esy = 1.83

Analysis - For this case we found that the deviation of ¢..; from ¢;,, was the least
and we could extract all the corresponding estimated phase values for the given
input phase values.

e ¢, =2.5 Dest = 2.533
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Figure 2.11: Input phase ar- Figure 2.12: Estimated phase
ray histogram for array histogram
Oin = 2.5 for ¢est = 2.533

Analysis - The last case that we analysed yielded us back all the corresponding
output phase samples and like the previous case the deviation here also was very
negligible. The distribution obtained was also Gaussian in nature.

2.5.3 Summary

We can see that LOCSET 1is a robust CBC technique which completely eliminates the
need for a separate reference beam. The self-referenced LOCSET and self-synchronous
LOCSET techniques are less complex electronic phase locking techniques than previ-
ous electronic phase locking systems. Bot these techniques have reduced the footprint
of the entire system by incorporating on a single photodetector rather than N detectors
for an N element array.

The basic operating principle and the theory behind LOCSET has been discussed. As

a part of our simulations we have modeled the 2-beam self-referenced LOCSET on
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MATLAB-SIMULINK and tried to estimate the phase at the output.The phase ex-
traction technique employed as a part of our simulations yielded expected results and
hence this Bessel component analysis was successful in estimating the phase at the out-
put.However we found in both the analyses that in the vicinity of 7/2 we were not able
to estimate the phase at the output. This can be elucidated mathematically by the fact
that at /2 the Bessel components are blowing up and hence we are not being able to
estimate the phase. Physically this can be interpreted as that near this phase value de-
structive interference might be taking place and as a result of which no photo-current
is generated due to which we are unable to extract back the phase. However for most
of the Gaussian phase array distributions that we gave as input we were able to get
back the output Gaussian phase array distributions with slight deviations of ¢.; from
®in . We have also characterised those input phase values for which the phase error
are distinctively high and tried to estimate them from their single Bessel components.
This estimation helped us to formulate the corresponding photo-current equations also
for these phase values. In the following chapter we will discuss about the controlled

experiments which we carried out to estimate the phase once again at the output.
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CHAPTER 3

Experiments implementing LOCSET algorithm

3.1 Problem statement and constraints

In our experiments we validated the results we obtained from the simulations by im-
plementing the basic model of 2-beam self-referenced and self-synchronous LOCSET.
In the self-referenced case one of the beams will be phase modulated and the other
un-modulated, whereas for the self-synchronous both of them will be phase modulated.
We used Distributed Feed-back(DFB) Laser as our source. But as we did not have
phase modulators, we used amplitude modulators by biasing them at the null positions
to implement phase modulation.So in this regard we needed to characterise the electro-
optic modulators(EOMs) and obtaining their individual V. or null-point , i.e. voltage
at which the optical power obtained from the modulator is minimum. Also we need to

remove the residual amplitude modulation to achieve proper phase modulation.
So this chapter will focus on implementing the following:-

e Characterisation of EOM and indicating the bias points
e Optimization of peak-peak voltage of the RF-signal
e Observing RF spectrum for 2-beam self-referenced case

e Observing RF spectrum for 2-beam self-synchronous case and estimating the
phases of the individual beams from the spectrum

e Estimation of the output phase in both arms after adding additional phase in one
of the arms by applying calibrated strain using a Piezo-electric Transducer(PZT)
with a fibre Bragg grating (FBG) pasted on it



3.2 Characterisation of EOM

The set-up shown in Fig 3.1 is employed to characterise the power response with respect
to applied DC voltage for EOMs. The polarisation controller(PC) is used because the
EOM consists of Li/NbOj3 crystal which gives the maximum power at a certain polari-
sation when no bias voltage is applied to the EOM. So the PC helps in maintaining the
required polarisation.The modulator that we used was of LUCENT Technologies and it

was a dual drive modulator.
DC Bias voltage

-

DFB EOM . POWER
LASER METER

L 4

Figure 3.1: Experimental set-up for characterisation of Electro-Optic Modulator

We varied the DC bias from -4.8 V to 4.8 V in steps of 0.2 V and measured the power
for each case. Eventually the variation of power with respect to the DC bias voltage

was plotted as shown in Fig 3.2.
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Figure 3.2: Characterisation of Electro-Optic Modulator

The variation obtained was in coherence with the theory which states that the optical
power coming out of the EOM varies as the square of the cosine of the input voltage.
The V, measured from the plot was 3.1 V and the difference of the maximum and
minimum power known as extension ratio was approximately 35 dB. Hence to phase
modulate the EOM we need to bias it at the null point. However we should keep in
mind that the null point keeps changing with respect to changes in temperature in the

environment. So it is mandatory to check whether our EOM is biased at the null point
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at certain time intervals. But just biasing at the null we will not be able to implement
proper phase modulation because if we apply higher amplitudes in the RF signal then it
is quite probable that EOM will shift from the null point and start operating in the linear
region of the curve shown above. Hence we need to find out the optimum modulation

amplitude of the RF signal for which the output peak-peak voltage is minimum.

3.3 Optimization of peak-peak voltage of the RF signal

As discussed earlier we need to get rid of the residual amplitude modulation. For that we
need to characterise the peak-peak voltage of the RF signal and identify that maximum
value for which the peak-peak voltage at the output is minimum. The set-up shown in

Fig 3.3 was used to carry out the characterisation.

DC bias RF signal

PC

DFB EOM
Laser

Biased at null

DSO

A 4
A 4

PD

Figure 3.3: Experimental set-up for identifying the optimum RF peak-peak voltage

To estimate the optimum peak-peak modulation voltage we varied the amplitude of
the RF signal from 20mV to 0.42V and measured the peak-peak voltage on the digital
oscilloscope. The plot in Fig 3.4 shows the variation of the output peak-peak voltage as

a function of peak-peak voltage of the RF signal.
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Figure 3.4: Variation of output peak-peak voltage as a function of peak-peak voltage of
the RF signal
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From the plot it is evident that upto 90 mV the peak-peak voltage is comparatively
much small and also almost constant. Thus we choose 90 mV as the optimum peak-

peak voltage of the RF signal.

3.4 2-beam Self-referenced model

To illustrate the self-referenced case, we carried out the experimental set-up shown in

Fig 3.5.

DC Bias RF Input

PC

EOM

1X2 Biased at null o
DFB Laser POWER
SPLITTER COUPLER
B < PD

Figure 3.5: 2-Beam self-referenced model

The EOM is biased at the null-point and the RF signal has an amplitude of 90 mV
at 2 MHz. The un-modulated arm plays a vital role in preserving the phase information
at the output in the intensity expression in the form of cos2(§). The variable optical
attenuator (VOA) plays a vital role here. If the second arm has too high DC power value
then it will suppress the modulation component at the specific RF due to destructive
interference. So we need to maintain the same optical power in both the arms to get the
proper RF spectrum on the Electrical Spectrum Analyser(ESA). Thus VOA provides
the necessary attenuation to the second arm and we obtain a proper RF spectrum. We
carried out this experiment for two different modulation frequencies 2 MHz and 2.1

MHz.
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Figure 3.6: RF spectrum of 2-Beam self-referenced model for 2 and 2.1 MHz

The RF spectrum in Fig 3.6 shows peaks at both the fundamental and second har-
monic for both the modulation frequencies. This is because the photo-detector is a
square law detector and hence we will also obtain a peak at the corresponding second

harmonic.

3.5 2-beam Self-synchronous model

The self-synchronous involves both the beams to be modulated at two different RFs. In

Fig 3.7 the experimental set-up implementing 2-beam self-synchronous case is shown.

DCBias RFInput @ 2 MHz

PC

EOM

Biased at null

1X2 POWER

DFB Laser SPLITTER

X2

DCBias RFInput @ 2.1 MHz COUPLER
PC

Biased at null

A 4

ESA PD

Figure 3.7: 2-Beam self-synchronous model
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The two modulation frequencies should be chosen such that the fundamental of one
does not overlap with higher order harmonics of the other. In our case we chose 2 MHz

and 2.1 MHz respectively. The RF spectrum obtained is shown in Fig 3.8. The spectrum

'20 T T T T

Power(dBm)

_1 00 | | | |
Frequency(MHz)

Figure 3.8: RF spectrum for 2-Beam self-synchronous model

clearly shows peaks at the fundamental and second harmonic for 2 MHz and 2.1 MHz.
Along with these peaks, there are also peaks at the beat frequencies i.e. at (w; + wy)

and |w; — ws| which correspond to 4.1 MHz and 0.1 MHz respectively in this case.

Our aim is to finally estimate the phase accumulated in both the beams from the
RF spectrum. Analogous to the phase extraction schematic in the simulations, in ex-
periment also we will consider the peaks corresponding to the fundamental and second

harmonics, ignoring thereby the beat terms.

3.6 Phase estimation from RF spectrum

The experiments that we have carried out so far, in all these cases the modulators have
been biased at the null point and hence phase modulation has been carried out. As the
modulator that we are using is a dual drive modulator, biasing it at null will correspond
to a phase shift of 5. So 7 can be termed as the input phase provided in both the arms of
the 2-beam self-synchronous model shown in Fig 3.7.0ur aim is to estimate the phase of
both of these beams from the RF spectrum. Similar to our simulations we will estimate

the peaks of the fundamental and second harmonic of the modulation frequencies from
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Fig 3.8. Hence the phase accumulated in one of the beams can be estimated as

Peak,,,,, G.1)

tan = =
¢est PeakaRF

Obtaining the peak values corresponding to w; = 2M Hz and wy = 2.1M Hz we
found out that ¢.; = 1.55 radians and ¢5.5; = 1.36 radians. The phase considered as
input in both the arms was approximately 1.57 radians. So the phase error incurred in
the two arms are 0.02 radians and 0.19 radians. These error values are in coherence with
those we had estimated from our simulations i.e. the maximum error is approximately

0.2 radians in both the cases.

3.7 Phase Estimation after adding extra phase in one of

the arms

The previous section we discussed about estimating the phase at the output of both the
arms. To further study this phase estimation, we incorporated the method of introducing
additional phase in one of the arms and similarly evaluating its phase at the output. In
order to implement this we need to add delay in that particular arm which will eventually
lead to a phase change. So we used a PZT with a FBG of Bragg wavelength of 1574nm
pasted on it, to provide that additional delay. The PZT expands when a certain voltage
is applied to it i.e. the electric potential produces a mechanical strain which makes the
PZT actuator to expand. The Thor Labs PZT that we used had a PZT coefficient of
0.116pm/V.But we needed to find out the shift of the Bragg wavelength of the FBG to
determine the actual delay. For that we implemented the set-up for characterisation of

FBG coefficient as shown in Fig. 3.9.
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Figure 3.9: Set-up for characterisation of FBG coefficient

So by varying voltages from 0 to 30 V in steps of 5 V we obtained the plot as in Fig.
3.10
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Figure 3.10: Shift in Bragg wavelength with increase in voltage

The slope obtained from the linear fit was 10 pm/V or 0.01 nm/V. The strain coefficient
of the fibre is 1.3 pm/pue. So the strain per unit voltage 7.7 pe/V. So at different volt-
ages we can evaluate the corresponding strain. From this strain we can calculate the

corresponding path delay AL from which we can find out the applied phase change.

@ = (7.7ue/V') x (AppliedV oltage(V')) (3.2)

In Eqn 3.2 L is the length of the FBG which is 3mm. Hence by calculating AL in nm

we can find the corresponding applied phase change as shown in Eqn 3.3.

_27r><AL

A¢ = 1550 3-3)
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We applied three different voltages in our experiment and using Eqn 3.2 and Eqn

3.3 measured the corresponding phase change applied mentioned in Table 3.1.

Applied DC volt- Applied  Phase
Delay(nm)

age(V) Change(mrads)

0.2 4.62 18.7

0.4 9.24 37.4

0.6 13.86 56.1

Table 3.1: Applied phase change for different DC voltages

The set-up for the experiment is shown in Fig 3.11

DCBias RFInput @ 2 MHz

Biased at null

PC

DFB Laser | 12 POWER X2

SPLITTER
DCBias RFInput @ 2.1 MHz COUPLER
PC

PZT

N

Biased at null

ESA PD

Figure 3.11: Experimental set-up for adding phase in one arm of self-synchronous
LOCSET model

So as mentioned in Table 3.1 we applied the three mentioned voltages on the PZT. To
estimate the phase change at the output we also observed the RF spectrum when no
voltage was applied and it served as a reference. The comparison of the RF spectrum
for the different applied voltages on the PZT with the unstrained case is illustrated in

the plots below.
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e Applied voltage on PZT 0.4 V
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Figure 3.13: Comparison of peak levels for the unstrained case and when 0.4 V is ap-

plied on PZT
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e Applied voltage on PZT 0.6 V

No strain applied
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Figure 3.14: Comparison of peak levels for the unstrained case and when 0.6 V is ap-
plied on PZT

Hence we estimated the phase at the corresponding modulation frequencies for all
these cases using Eqn 3.1. So we calculate the estimated phase change with respect
to the reference case i.e. when no voltage is applied to the modulator and observe
its dependence on the applied phase change. The plot shown in Fig. 3.15 shows the

correlation between the applied and estimated phase change for three different voltage

cases.
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Figure 3.15: Comparison of applied and estimated phase changes for 3 different applied
voltages

However the estimated phase changes due to the three different voltages will have

minute fluctuations over a range of time as the peak levels will vary with time. Hence
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to take this into account we estimated the phase for each voltage for 100 iterations and
estimated the phase each time. Next we found out the corresponding estimated mean
phase change. Eventually we obtained 3 arrays corresponding to the 3 voltages, each
of them having 100 values of estimated phase change. Using this data we obtained
the histogram of each of these arrays along with mean (ya4,.,) and standard deviation
(0ag...)- Hence the results obtained from the above analyses can be tabulated as shown

in Table 3.2 .

Standard
Mean es-
Deviation
Applied DC | Applied Phase | timated
of  estimated
voltage(V) Change(mrads) | phase change
phase change
HAg.., (mrads)
O Ap..; (mrads)
0.2 18.7 17.6 1.134
0.4 37.4 36.5 1.154
0.6 56.1 54.2 1.178

Table 3.2: Tabulation of estimated phase change

From the plots in Fig. 3.15 it is evident that the estimated phase change also varies
linearly with the voltage similar to the applied phase change which is a linear function
of the applied DC voltage. Infact the estimated phase change also satisfies a linear
function with the applied voltage. At the same time these two phase changes are also

linear with respect to each other which is shown in Fig. 3.16.
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Figure 3.16: Variation of estimated phase change with the applied phase change
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The above plot justifies the linear nature of the estimated phase change with respect
to the applied phase change. The standard deviation of the estimated phase change are

denoted by the error bars in Fig. 3.16.

Hence from this experiment we can conclude that the linearity of the estimated
phase change with the applied phase change is established and which is depicted in Fig.
3.16. From this experiment we can conclude that if a phase change is applied in one
of the arms, which is a fraction of m we can observe a parallel change in the estimated
phase at the output. At the same time to get an idea of the subsequent errors that incur
while measuring the estimated phase change, the standard deviation calculation plays a

vital role.
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CHAPTER 4

Conclusion and Future work

In this project we have been able to successfully establish the MATLAB-SIMULINK
model for 2-beam self-referenced LOCSET schematic. The model has helped us to
understand the photo-current response with time. Using the SIMULINK model we
also developed a phase estimation schematic, to estimate the phase at the output after
providing a certain input phase. The phase estimation methodology helped us to have
an idea of the phase error incurred and its variation with different input phase values.
The phase error dependence on the input phase also helped us to quantify the limit of

the maximum permissible phase error.

Being able to estimate the phase from simulations, our next aim was to carry out
some controlled experiments on both self-synchronous and self-referenced schematics
and estimate the phase at the output correspondingly. In this regard we utilised two
EOMs as our phase modulators by biasing them at their null position. So we suc-
cessfully observed the RF spectrum for both the 2-beam self-referenced and 2-beam
self-synchronous LOCSET on the ESA. Incorporating the same analogy as used in sim-
ulations we estimated the phase at the output of both the arms of the self-synchronous
model which were modulated at two unique RFs 2 and 2.1 MHz. Hence we could esti-
mate the phase at the output and at the same time evaluate the phase error with respect
to the applied input phase. To further extend our analysis, we introduced additional
phase in one of the arms using a PZT and correspondingly evaluated the change in the
estimated phase. It was seen that with the increase in delay, the peak levels for the fun-
damental and second harmonics of the modulation frequency got reduced and from that

change we were able to estimate the phase change.

Our primary aim is to obtain high power at the output by phase-locking all the
individual optical array elements. So our future work will focus on finding a suitable
DSP locking mechanism which would able to lock back the individual phase errors back
into the phase modulators. Apart from that in order to achieve higher optical powers we

need to incorporate Erbium Doped Fiber Amplifiers (EDFAs) in each of the arms. But



the EDFAs owing to ASE will lead to additional phase noise. Hence it is prerogative
to design a robust DSP phase locking module which would be able lock back the phase
noise into the individual phase modulators. The basic phase locking model is discussed

below.

Normally in coherent beam combining using self-referenced LOCSET technique
we use a large number of fiber amplifiers and finally phase locking is implemented.
The model shown in Fig 4.1 looks into a 2 element array in which one of the beams is

un-modulated and the other is modulated by using a phase modulator.
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i |RF OSCILLATOR > Bias Tee H ith element signal
H H processing

: T H electronics
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Signal processing and phase control /

Splitter
_ v :
: e sin(w;t) : RF 1X2 Power Splitter
—> T

jth element signal

Figure 4.1: Block diagram for the phase-locking electronics of a 2-element array

In the setup shown above both the array elements have their own RF phase modulation
frequency. The photocurrent obtained from the photo-detector is incident on the 1x2 RF
power splitter and then the output signals from it are then transferred to two independent
signal processing circuits one for fiber i and the other for j(not shown here). Only
difference between these two signal processing circuits is that for fibers i and j are the
phase modulation frequencies w; and w;. The signal processing unit carries out two

functions:-
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e Small RF phase modulation is applied to the phase modulator for a single array
element.

e The optical phase error signals are extracted for that particular element and fed
back to the phase modulator to cancel phase variations in that array element.

In this self-referenced mode the phases of the phase modulated array elements are
adjusted by the feedback loop to track the phase of the un-modulated element. There-
fore the relative phases between the un-modulated array element and each of the phase
modulated array elements at the sensing photo-detector are preserved when any or all
of the array elements are disturbed. In the setup shown above the RF coherent demod-
ulation is manifested by using a mixer M to multiply the photo-detector current times
sin(w;t) and then integrating the output of the mixer over many cycles of the RF fre-
quency for that array element. Eventually the model is able to phase lock each element

of the array to the same phase of the other array elements [(4)].
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APPENDIX A

SIMULINK model and other MATLAB simulations

A.1 2-beam Self-referenced LOCSET model

Fig.2.1 is the illustration of the original SIMULINK model shown below:-

Amplitude of Cptical field
of un-medulated beam

Optical field of
n-modulated beam

nitisl phase of un-modulated
beam

Sum of optical fields
ed and

#bs  Square of modulus of
of modulated at the optical field.
un-medulsted beams

nnnnnn
Laser frequency cscillstion term
for un-modulated beam

of modulated term Optical fisld of phase.

madulated beam

Figure A.1: SIMULINK model for 2-beam self-referenced LOCSET

The model shown in Fig.A.1 shows the addition of two optical fields- one un-modulated
and the other phase modulated being tagged to a certain RF. In this model we can see
there are 2 blocks called Complex Phase Shift which adds phase to a constant term.
Hence we can see it has two input ports - one for the amplitude and the other for the
phase. For the un-modulated case we have two input phase terms - one the initial phase
of the un-modulated beam and the other corresponding to the laser frequency, wyt.
For the phase modulated case there are three input phase terms, the extra being the
modulation term, 3 sin(wgpt). Finally the optical fields of both these beams are added
followed by modulus square. The result obtained from this operation is multiplied by
the constant factor %(;—%)% which gives us the intensity. Upon multiplying the intensity
with the product of responsivity, Rpp and effective area, A of the photodetector we

eventually obtain the photocurrent and its time response is observed in the Scope.
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A.2 MATLAB code for 2-beam self-synchronous LOC-
SET model

clc
clear all

% close all

figure;

dt=4e —9;

t=dt:dt:1e—-3;

v_pl=3.2; % V_pi of first EOM

v_p2=3.1; % V_pi of second EOM

extnl =2512; % Extension Ratio of first EOM
extn2=1995 % Extension Ratio of second EOM

v_p_pl=0.09; % Amplitude of the RF signal
v_p_p2=v_p_pl;

f_p_1=2e6; % Modulation frequency of first EOM
f_ p_2=2.1e6 % Modulation frequency of second EOM

R_pd=0.85; % Responsivity of Photodetector
propconst=2.654e—3; % 0.5xsqrt(epsilon_0/mu_0)

effarr=20e—12; % Effective area of Photo Detector

dell=(sqrt(extnl)—1)/(sqrt(extnl)+1);
del2=(sqrt(extn2)—1)/(sqrt(extn2)+1);

vi=v_p_plxsin(2xpixf_p_lxt) —5.6;
v2=v_p_p2*sin(2xpixf_p_2xt)—4;
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el=(sqrt (10" (—4.595)/2)).x(exp((j*pi*xvl/(2xv_pl)))+dell*
exp((—j*pixvl/(2xv_pl)))); %Optical field of one arm

e2=(sqrt(10"(—4.595)/2)).x(exp(j*xpi*v2/(2xv_p2))+dell xexp

(—j*xpi*xv2/(2xv_p2))); %Optical field of second arm

e_heterodyne=(el+e2);

p_heterodyne=(abs(e_heterodyne)) ."2;

fs=1/dt;

f=linspace(—fs/2,fs/2,length(t));

fft_p_heterodyne=abs(fftshift (fft(p_heterodyne.x(R_pdx
effarrxpropconst)))) ;%Computing FFT

figure;

plot(txle6,p_heterodyne);

figure;

plot(f/1e6,loglO(fft_p_heterodyne)); % Plotting the RF
spectrum

xlim([—-5 5]);

ylim([-30 —8]);
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The above code implements the 2-beam self-synchronous LOCSET model which
helped us to understand the theory behind this technique. Analogous to the experiments
we will obtain peaks at the first and second harmonics of the modulation frequencies.

The RF spectrum obtained from the simulation is shown in Fig. A.2.

-10+ .

-16

Power (dBm)

a5 i

5 4 3 2 -1 0 1 2 3 4 5
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Figure A.2: RF spectrum for 2-beam self-synchronous model obtained from MATLAB
code
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