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ABSTRACT OF THE DISSERTATION
Raman Based Dispersive Systems for Short Pulse Generation and
Optical Signal Processing
By
Salih Kagan Kalyoncu
Doctor of Philosophy in Electrical and Computer Engineering
University of California, Irvine, 2013

Associate Professor Ozdal Boyraz, Chair

Spatiotemporal dispersive systems have been widely utilized for nonlinear optics and optical
signal processing applications. This thesis is dedicated to the investigation of dispersive and
nonlinear properties of optical fibers, temporal dispersion for real time operation and spatially
dispersed pulse shaping systems. In particular, this thesis is focused on Raman based dispersive
systems based on such promising techniques as dispersion management, photonic time stretching
and space-to-wavelength mapping for synchronous pulse generation and all-optical RF arbitrary
waveform generation incorporated with mature MEMS technology.

The first part of this thesis discusses a novel technique of using dispersion managed
system for synchronous first and second order pulsed Raman lasers that can achieve frequency
spacing of up to 1000 cm™, which are widely utilized for CARS microscopy applications. In
particular, I focus on analytical and numerical analysis of pulsed stability derived for Raman
lasers by using dispersion-managed telecom fibers and pumping at near 1530 nm telecom

wavelengths. I show the evolution of the first and second order Stokes signals at the output for

XV



different peak pump power and the net anomalous dispersion combinations. I determine the
stability condition for dispersion-managed synchronous Raman lasers up to second order.

In the second part of the thesis, the noise performance of the amplified time stretched
systems is investigated. Amplified time stretched systems enabling real time applications such as
high-speed analog-to-digital converters, RF arbitrary waveform generation and dispersive
imaging are performance limited by the noise cumulated in the system. In particular, I analyze
the noise performance and hence the effective number of bits (ENOB) performance of time
stretch ADCs with distributed and lumped amplifications. I estimate that distributed
amplification in time stretch system with >10GHz analog bandwidth exhibit up to 16dB higher
SNR corresponding to ~2.5 bit higher resolution.

The last part of the thesis introduces a novel technique of using MEMS based digital
micro mirror technology as a digital spatial light modulator for fast programmable all-optical RF
arbitrary waveform generation. In particular, the detailed procedure is described and the
analytical modeling that discusses the limits of the proposed technique in terms achievable
temporal resolution, repetition rate, modulation index and the rise/fall times of the final
waveform is calculated as figure of merit. Experimental generation of square and sawtooth
waveforms is demonstrated as a proof-of concept. By using the state of the art MEMS

technology arbitrary waveforms up to 1GHz rate and reconfigurable in ~30us are achievable.
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INTRODUCTION

The advent of low loss silica fibers, <0.2dB/km near 1550nm [1] which is limited by the
fundamental Rayleigh scattering, has revolutionized the field of optical fiber communication and led
to the development of the new field of nonlinear fiber optics [2-3]. Optical fibers exhibit various
nonlinear and linear phenomena such as Kerr effect and Raman effect, and the chromatic dispersion,
which result from the intensity and the frequency dependency of the refractive index of the dielectric

material (silica), and stimulated inelastic scattering, respectively.

In particular chromatic dispersion is the phenomenon in which the index of refraction
changes with the frequency, namely emphasizing the wavelength dependency of the group-velocity
[4]. Any medium or system with such characteristics is called dispersive medium or system. Material
and waveguide dispersions are the two main sources of dispersion, which results from the frequency
dependent response of the material and the geometrical structure of the medium, respectively [5].
Dispersion can be observed either in free space in the form of spatial separation of different
wavelength components by prisms or diffraction gratings; or in optical fibers as temporal broadening

of ultrafast pulses.

The nonlinear phenomena in fibers result from the nonlinear response of the dielectric to the
intense electromagnetic fields. The anharmonic motion of the bound electrons under the influence of
applied field causes nonlinear response of total polarization [6-9]. Due to the inversion symmetry of
the silica (Si0,), the lowest order nonlinear effects in optical fibers arise from the third order

susceptibility ()’), which causes such nonlinear effects as third-harmonic generation, four wave



mixing (FWM) and nonlinear refraction [7]. The parametric wave mixing processes, however,
require phase matching conditions which are not efficient in optical fibers. The major nonlinear
effects in silica optical fibers, therefore, derive from the nonlinear refraction, which attribute to the
intensity dependency of the refractive index change characterized by the nonlinear-index coefficient
(n,) typically 2.7 x 10'° cm*/W [10]. Self-phase modulation (SPM) and the cross-phase modulation
(XPM) are the two main nonlinear effects occur in silica fibers based on the self-induced intensity
dependent phase shift and asymmetric phase shift due to other fields with different wavelength,
different polarization and direction, respectively. These nonlinear phase shift effects lead to the pulse

compression [11], spectral broadening and soliton formation [12].

A second class of fiber nonlinearity in fibers relays on the inelastic scattering. Contrary to
such elastic nonlinear effects as SPM and XPM where the optical field energy is preserved, a part of
energy is exchanged between the optical field and the dielectric material in inelastic scattering
according to vibrational excitation states of the dielectric. Stimulated Raman scattering (SRS) and
the stimulated Brillion scattering (SBS) are the two main inelastic nonlinear scattering phenomena
observed in optical fibers [13-15]. In a quantum mechanical approach, the excited electrons of the
dielectric material by incident photons of the optical field reemit photons at lower frequency. The
residual energy is emitted as either acoustic phonons in SBS or optical phonons in SRS to preserve
the total energy and momentum. In fibers, stimulated Raman scattering has a wide gain bandwidth
extending up to ~30THz with a peak gain gz & 7x107*m/W and peak frequency shift of 13.5THz
at pump wavelength near 1550nm [12]. Raman scattering with the advantage of its being obtained in
any nonlinear medium at any wavelength by synchronous pumping, can act as a suitable gain

mechanism and laser source. Raman amplifiers [16-19] and Raman lasers [20-23] have been



demonstrated in silica fibers and have great potential for wavelength tunable, cost efficient, flexible
amplifiers and lasers. In recent years, Raman fiber lasers have retrieved strong interest due to their
capability of serving as pump sources in gain-flattened amplifiers for optical communication systems

and as widely tunable sources to characterize the optical devices at longer wavelengths.

The dispersive effects in optical fibers, which treat them as a linear medium, mainly originate
from the frequency dependency of the dielectric material, namely material dispersion. The bound
electrons of the dielectric oscillate at specific resonance frequencies which cause the medium
response depends on the optical frequency [24]. Briefly, the refractive index becomes a function of
optical frequency, which causes different spectral components travel at different speeds inside the
fiber causing temporal broadening, namely called the chromatic dispersion. Chromatic dispersion is
characterized by the group velocity dispersion (GVD), which defines the change in the group

velocity with respect to wavelength.

The GVD plays a crucial factor in degradation of the bit rate-distance product (i.e. capacity
per km) of communication systems and leads to a walk-off effect that prevents the synchronous
propagation (this leads to weaker nonlinear interaction) of ultrafast pulses at different wavelengths
[25]. Various types of fibers such as dispersion shifted [26] (adjusting the zero dispersion
wavelength near 1550nm) and dispersion flattened [27] fibers providing broadband, uniform, low
dispersion profiles have been engineered for the dispersion compensation especially for single
channel communication systems. However, for the dense wavelength-division-multiplexed systems,
cascaded laser systems or the parametric wave mixing applications, GVD still becomes a serious
concern. The technique of dispersion management via combining different fibers with different

dispersion profiles to compensate the average dispersion over the broadband spectral window



provides an excellent solution to this dilemma [28].

Despite the detrimental effects of dispersion, on the other hand, GVD can be utilized for
pulse compression especially in soliton formation via interplay with the nonlinear effects in fibers
and photonic time stretching concept based on time-to-wavelength mapping in which each frequency
component corresponds to a different temporal point across the pulse to realize real-time operation
using a single-detector and single-shot measurement. The photonic time stretching is a novel
technique that can slow down, amplify, and capture fast events [29-30]. The second part of this
dissertation focuses on the concept of photonic time-stretch technique and its applications to real-
time high-speed instrumentation. Real-time instrumentation is highly desired for wide range of fields
varying from industrial and scientific to medical applications enabling detection and diagnostics of
transient and rare-occurring events with fine time resolution and long record length. In the context of
optics, for example, real-time instruments are required to capture especially non-repetitive high
frequency RF signals, calibration of fast transient errors in optical communication systems and
metastatic cancer cells in biological imaging systems [31]. It provides a functional tool for many
applications such as analog-to-digital conversion [29-30], optical arbitrary waveform generation,

spectroscopy [32] and imaging [33-35].

The second category of dispersive systems is based on the spatial dispersion. Similar to time
stretching and time-to-wavelength mapping analogy, the spatial dispersion is based on the space-
wavelength mapping technique in which different spectral components are directed to different
lateral spatial positions. The light beams such as the ultra short laser pulses which are represented in
time domain and frequency domain via Fourier transform, can be processed in optical domain via

different open loop or closed loop schemes. The pulse shaping in terms of such optical pulse



properties as the phase, amplitude and the polarization can be manipulated either in the frequency or
time domain. Space wavelength mapping achieved by dispersing broadband optical source by using
diffractive optical elements such as prisms and diffraction gratings in a 4-f zero-dispersion
configuration provides a successful technique for frequency domain processing [36-37]. The
wavelength information mapped over the Fourier plane can be directly intensity and phase
modulated in spatial domain by using spatial light modulators (SLM). Digital spatial light
modulators provide pixelated structure, allowing 2D light modulation by controlling the individually
addressable pixels arrays each of which can individually control the phase or amplitude of light in a
transmission or reflective manner. Based on the physical principles they work, various types of
SLMs such as most widely used a liquid crystal display (LCD) [37-39] which reorients the long-
stretched liquid crystal molecules between the two glass plates to modulate the refractive index for
transmitted light, acousto-optical modulator (AOM) [40-41] which modulates the light by an
acoustic wave in an appropriate crystal, deformable mirrors rotated by piezo stage motors [42] and
micro-machined mirror arrays [43-44] have been proposed. Both time-to-wavelength mapping and
the space-to-wavelength mapping techniques can be cooperated in the same system to achieve space-
time-wavelength mapping to provide real-time optical signal processing applications such as

spectroscopy, optical arbitrary waveform generation and fastest optical imaging applications.

This thesis summarizes my research of nonlinear fiber optics and microwave photonics
emphasizes on Raman based dispersive systems for short pulse and RF arbitrary waveform
generation. I propose a novel dispersion managed system for pulsed cascaded Raman laser with
~1000cm™ frequency separation. The walk-off penalty due to group velocity dispersion (GVD) that

limits the synchronous propagation of higher order Stokes pulses is engineered by using dispersion



managed cavity. In addition, I study the noise performance of amplified time stretch systems with
discrete and distributed amplification. Finally, I propose a novel method for fast all-optical RF

arbitrary waveform generation by using MEMS based digital micro mirror technology.

The organization of this thesis is as follows: chapter 1 provides an analytical model of the
linear and nonlinear interactions in fibers including the group-velocity dispersion (GVD), self-phase
modulation (SPM), cross phase modulation (XPM) and the stimulated Raman scattering (SRS)
effects. A novel cascaded fiber Raman laser system up to second order by using dispersion-managed
cavity is proposed and investigated numerically in chapter 2. A powerful variational analysis as an
alternative to time consuming numerical simulations is conducted to analytically investigate the
intra-cavity pulse dynamics. In addition, a detailed stability analysis is carried to obtain the contours
for achievable second Stokes pulse parameters. In chapter 3, 1 study the amplified time stretch
systems utilized for such many applications as all-optical analog to digital converter, real time
dispersive imaging and RF arbitrary waveform generation. A detailed and comparative noise
performance analysis is conducted for both discrete and distributed amplification cases. In chapter
4, a novel method for fast all-optical RF arbitrary waveform generation is proposed and
experimentally demonstrated by using MEMS based digital micro mirror device (DMD).
Additionally, an analytical study that describes the detailed procedure is conducted to investigate the

limits of the proposed system.



CHAPTER 1

Nonlinear interactions in fibers and theory of Raman

The optical pulses while propagating inside a fiber are influenced by both linear dispersive and
nonlinear effects. Fiber as a dielectric dispersive medium becomes nonlinear especially for intense
pulses with high peak power and short pulse duration ranging from ~10ns to 10fs. Both nonlinear
and the dispersive effects cause changes in pulse shape and spectra. The propagation of the optical

field as an electromagnetic wave inside the fiber is governed by Maxwell’s equations [4,45].

G,
i = (1.1a)
oD
= 74— 1.1b
VXH =g+ (1.1b)
V-D=ps (1.1¢)
V-B=0 (1.1d)

where E and H are the electric and the magnetic field vectors; D and B are the electric and the
magnetic flux densities that are related to corresponding fields vectors through such equations:
D=¢gE+P
(1.2)
B=uH+M
where g, is the electric permittivity and p, is the vacuum permeability which are related as

Eollp = iz P and M are the induced electric and magnetic polarization vectors, respectively. Since
c

the fiber is a non-magnetic medium (M = 0) absence of free charges (py = 0) and free current (J



=0). Substituting Eq. (1.2) into Maxwell’s equations and taking the curl of Eq. (1.1a), the wave
equation that describes the propagation of light inside the fiber can be obtained as:

1 92E(r,t) 92
VE(r,t) ~ 555 = o35 [P0 D) + Pu(r,0)] (1-2)

where P and Py; are the linear and the nonlinear parts of the induced electric polarization defined as:

P.(r,t) = & foo)((l)(t — tYE(r t)dt'
- (1.4)

Pus(r ) = & [ [ x@a-opeonw+ || x0e-openda -

where y™ is the n™ order susceptibility of the dielectric medium. Due to inversion symmetry of
silica fibers, second order nonlinear term vanishes and the third order susceptibility y ) becomes
dominant that creates such main nonlinear effects as the Self Phase Modulation (SPM) and Raman
scattering [4]. Thus, P, and Py, are approximated as:

P, = goxWE(,t)

(1.5)

3
Py, = gyen E(r,t)  where ey, = Z)(3|E(r, t)|?

In order to solve the wave equation (Eq.1.3) the following assumptions are made [4]:

1. The induced nonlinear polarization (Py,) is so weak (causes <10 changes in refractive index)
and treated as a small perturbation.

2. The polarization is preserved through the propagation.

3. Since the bandwidth of the optical field is much smaller than the central frequency, namely

: . A . . .
thought as a quasi-monochromatic field (m—m « 1), the wave equation is obtained assuming
0

slowly varying envelope approximation.



In addition to the simplifying assumptions, the propagation equation is adopted more
conveniently in the Fourier domain and transforms to:
VZE(r,w) + e(w)kEE(r,w) = 0 (1.6)

w

where ko ==* and &(w) = &(1 + 7V (@) + 7P (@) + 7 (w) +++) and g™ is the Fourier
transform of y™. The refractive index (n) and the absorbtion coefficient (@) are derived from the
2
dielectric constant by using € = (n + l%) = (n, + An)?2. The refractive index and the absorbtion
0

coefficient, as a result, consists of both linear and nonlinear terms described by n = n; + ny, =

n, +nyx|E?, and @ = a; + ay, = a; + ay|E|* where n, = %Re{)((@} is the nonlinear index

coefficient and the a, =i%1m{)((3)} is the two-photon absorbtion coefficient. The dielectric

constant is approximated by the refractive index and the absorbtion loss is treated as a small

perturbation to refractive index as € = (n, + An)? where An = n,|E|? + i%. The Helmholtz
0

equation is solved more conveniently in Fourier domain by using the method of separation of
variables such that the solution is assumed in the form of:

E(r,w) = F(x,y)A(z, w)exp (iByz) (1.7)
where F (x, y) is the mode field distribution, A(z, ) is the slowly varying envelope and the f3, is the
wave number. Substituting the Eq. (1.7) into Eq. (1.6), two separate equations can be derived for the

mode field distribution and the propagation envelope, respectively.

0%F (x,y) N 0%F (x,v)
0x? dy?

0A
2iﬁo£ +(?2-p2)A=0 (1.9)

The Eq. (1.8) is solved by assuming & = (n, + An)? ~ n? and treating An as a first order

+ (ek2 — B2)F = 0 (1.8)

perturbation to derive the mode field distribution F(x,y) which is not affected by the nonlinear



perturbation (An). The wave number is also defined as f(w) = B(w) + AB(w) where f(w) is the

linear and AB (w) is the nonlinear terms.

w2n(w) fI_., An(w)|F (x,y)|*dxdy .«

AB(w) = —= = —i—=+y|Al?
PO F@ Gy dxdy Y (110
2
® |IF(x,y)|2dxd
where y = %Lf(fw) is the nonlinear parameter and A.¢r = U;};’f lIF(;c);I))l|4d);d3;/] is the effective mode

area. By using Taylor series expansion around the carrier frequency w, , f(w) and AB(w) are

expanded as:
=1 .
Bw) = o+ ) by~ wo)’
j=1
AB (w) ~ AB, (1.11)
4 1 .
B(w) ~ Bo +]le—!ﬁ,-<w — wo)) + OB,

where f8; are the higher order linear dispersive terms and A, is the zeroth order nonlinear term.
By approximating (52 — BZ) by 2/, [ﬁ (w) — ﬁo] and substituting f(w) with Eq. (1.11), Eq.
(1.9) simplifies to

0A 1 iAo
=+ j—!ﬁj(w —wy)! A = iAByA (1.12)

Further by substituting Af, = —iZ 4 y|A|?| and taking the inverse Fourier transform of
> g

both sides of Eq. (1.11), using the Fourier transform property of [;—;i (iw)’ ], the well known

Nonlinear Schrodinger Equation (NLS) for A(z,t) is derived as:

10



A ~1 A _ .« 2
= zj_:ﬁiﬁ = ibB(wo)A = —iZ A+ y(wo)|Al*A

j=1

(1.13)

For ultra short pulses with bandwidth >0.1THz, the validity of the slowly varying envelope
assumption vanishes and the higher order terms of the Af(w) become effective. Including such
higher order nonlinear terms as intra-pulse Raman scattering and the self-steepening, the Nonlinear

Schrodinger Equation (NLS) becomes:

2|A|?
aT

A Lo VA aras L2 qapay - e
oz P LPiag 245 wo T -

(1.14)

The Nonlinear Schrodinger Equation (NSE) by neglecting the higher order dispersion
(,Bj =0,j> 3) and the nonlinear terms simplifies to:

0A 0A 1 0%4

a
— Ao S iv|AI2A = 0 1.15
az+ﬁlat 12ﬂ26t2+2A+1y|A| (1.15)

The different terms in the simplified NLS equation (Eq. 1.14) describe the effects of group

velocity, group velocity dispersion (GVD), fiber loss, and fiber non-linearity. The S, (%) is the

2
reciprocal of group velocity and the £, (%) is the GVD parameter of the propagation medium 4.

1.1 Group Velocity Dispersion (GVD)

Group velocity is defined as the effective velocity of wave envelope which has different frequency
components. An optical medium in which the waves having different frequencies travel at different
velocity is called dispersive medium. Dispersion may originate from the nature of the material
(material dispersion) used for light propagation and design of the optical waveguides such as its
geometry and materials used in core and cladding part of the waveguide 4,45]. In an optical fiber,

phase velocity of the waves can be defined as v, = c¢/n(w) in terms of frequency. Dispersion is

11



generally thought either normal or anomalous dispersion in which the lower frequencies (red-shifted)
travel faster than higher frequencies (blue shifted) or vice verse, respectively. Since each frequency
component travels at different speed, the wave starts to broaden. The effect of GVD on the pulse
propagation in a linear medium can be studied by eliminating all the nonlinear terms in Schrodinger
equation 4, 45]. Then the NLS equation is simplified as:

2
04 _ _B074A (1.16)
0z 2 0t?

This differential equation is easily solved by Fourier transform method. The normalized
pulse of arbitrary shape in time domain A(z,t) and its spectrum A(z, t) in frequency domain are

related by Fourier transform as:

A(z,t) = % f A(z, w) exp (—iwt)dw (1.17)

By taking the Fourier transform of both sides and using the relevant property of 667 - (iw)",

equation (1.14) transforms into an ordinary differential equation:

Y 1
L _Z 21 (1.18)
laZ zﬁza) A
with having a solution of:
" " i
Az, w) = A(0, w)exp <§,82w22> (1.19)

By looking at the solution, it is seen that GVD changes the phase of initial pulse spectrum by
adding phase to each component proportional to its frequency and propagation length. This phase
change in spectrum modifies the pulse shape in time domain 4]. The corresponding time domain

solution is evaluated by substituting Eq. (1.18) into Eq. (1.16).

12



Az, t) = % f A0, w) exp <%ﬁ2wzz> exp(—iwt) dw (1.20)

In the simulations, Gaussian pulses are used as an initial pump pulse. Thus, the effect of
GVD on the Gaussian pulses can be summarized in following equations. A normalized Gaussian

pulse having amplitude of unity defines the initial pulse:

; 2
A(0,0) = exp ll zlc (%0) l (1.21)

where C is the initial chirp parameter and T, is the half width at 1/e intensity point and related to full

width at half maximum as Try gy = 1.665 * T,,. The final pulse after propagation becomes:

T, » (_ (1 +iC)¢? )l
JTZ — Bz +i0) T\ 2(T¢ = ifpz(L + i)

A(z,t) = exp (1.22)

It is easily seen that both unchirped (C = 0) and chirped (C # 0) Gaussian pulses preserve
their shapes after propagation. However, the pulse width T; (defined similar toT,) and the chirp

parameter C; of the final pulse change due to GVD as [1-2]:

(7))
TO TO

oz
According to the results, it is obvious that initial pulse starts to broaden due to GVD

1/2
T _

Ty

(1.23)

C,(z) = C+ (1+C?) (1.24)

independent of whether the medium is normal (8, > 0) or anomalous (S, < 0) if there is no initial
chirp on the pulse. If there is an initial chirp and(5,C > 0), pulse broadens at a rate faster than
unchirped pulse. However, if(f,C < 0), then the pulse drastically starts to compress to compensate

the effect of initial chirp and then starts to broaden again.
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1.2 Nonlinear optical effects

When the intensity of electromagnetic field (laser) increases due to small core area of the fiber and
high peak power of the ultra short pulses, the optical medium response becomes nonlinear. Two
basic nonlinear effects are Self Phase Modulation (SPM) and Cross Phase Modulation (XPM).

1.2.1 Self Phase Modulation (SPM)

Refractive index of the dielectric medium is not only dependent to frequency but also it is dependent
to intensity. When the intensity of light inside the medium increases, the index profile becomes
nonlinear. As a result, the pulse experiences both GVD and nonlinear effects while propagating in

fiber. The dominant effect, however, is directly related with the comparison between the dispersion

2
length (LD = I;_OI) and the nonlinear length (LNL = )%) where y is the nonlinearity parameter and
2 0

F, is the peak power of the pulse [1]. There are three different scenarios as:
1) If L>Lp and L>Lyr both GVD and SPM is effective.
i1) If Lp>>L>Lyy then GVD is negligible.

ii1) If Ly >>L>Lp then SPM is negligible.

Thus, the individual effect of SPM can be studied by eliminating the GVD, assuming the

second scenario, in NLS equation as:

0A
— =ie %ypP |AI2A 1.25
5, = e “rholal (1.25)
According to this equation, it is seen that the SPM induces an intensity dependent nonlinear
phase on the pulse without changing the pulse shape in time domain but the spectrum is drastically

distorted. The solution to this ordinary differential equation is simply

A(z =L,t) = A(0,t) - expli®y,(z = L, t)] (1.26)
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[1—exp (—aL)]
a

where ¢y, (L, t) = |A(0,t)|>yPoLss is the nonlinear phase and Lesr = is the

effective length. The maximum phase shift occurs at the center of the pulse, namely at the peak
intensity point which is given by  ¢pqx = ¥PoLess 41.

Due to Fourier theorem, any time dependent phase on the signal generates new frequency
components in frequency domain. In other words, temporally changing phase across the pulse makes
the instantaneous frequency deviates from its center value wy causing a spectral broadening. The
amount of SPM induced spectral shift, also called frequency chirp (dw) is obtained by taking the

derivative of nonlinear phase.

OPnL
Jt

0
Sw(t) = — = —yPOLeffam(o, t)|? (1.27)

For Gaussian pulses the SPM induced frequency shift is:

2 Legy t?
dw(t) = - t exp —72 (1.28)

with a maximum shift of Sw,,q, = 0.86AwWoPme, Where Awg = Ty L.

1.2.2 Cross Phase Modulation (XPM)

XPM is another nonlinear phenomenon that causes spectral broadening of the pulses when two or
more optical beams having different carrier frequencies are simultaneously launched into a medium.
When they interact with each other by inducing an additional nonlinear phase, each optical beam
experiences a refractive index which is not only affected by the intensity of that beam but also the
intensity of other beams 4]. Their effect on each other through XPM is actually two times more

effective than SPM for the same intensity. To summarize, in a medium where N optical pulses with
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different frequencies propagate simultaneously, the total nonlinear phase seen by each pulse due to

SPM and XPM becomes:

L
<pj(t) =y L|Aj(0, 1:)|2 + ZZflAk(O,t —zd)|?*dz (1.29)
Jj*k o

where j =1—-N. Time dependence of the nonlinear phase due to XPM also implies an additional

frequency shift dw in frequency domain. As seen in the Eq. (1.15), XPM is also dependent to the
relative positions of the pulses (t — zd). Since the pulses travel at different velocities in a dispersive
medium, they only overlap in a certain time window. The walk-off between the pulses affects the

spectral changes and broadening due to XPM [46].

1.3 Numerical solutions to Nonlinear Schrodinger Equation

In general, there is no analytical solution to full wave Maxwell equation for nonlinear optical
medium. Numerical solutions on the other hand, because of dimensionality problem are very
difficult to apply. However, an approximate solution can be obtained due to some predefined
conditions and assumptions. There are basically two kinds of numerical methods as pseudo spectral
and finite difference methods. The main difference between them is the elimination of carrier
frequency. Because the finite difference methods involve the carrier frequency, they can account for
forward and backward propagating waves with more accurately than SSFM [47]. Split Step Fourier

Method (SSFM) is one of the pseudo-spectral numerical methods which is easier to implement and
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computationally faster compared to other numerical methods. SSFM has been an extensively used
numerical method aims to solve NLS equation for the propagation of pulses 4].

1.3.1 Split Step Fourier Method (SSFM)

The basic principle behind the SSFM is that it tries to solve the NLS equation as combination of
linear and nonlinear terms by treating each part separately. Both linear and nonlinear parts have
analytical solutions but NLS equation including both parts does not have an analytical solution.
Thus, by dividing the propagation distance into small steps (h), two parts can be solved separately
with a small numerical error. Briefly, the linear term due to dispersion and nonlinear term due to

nonlinear optical effects are defined respectively as:

a im—l om
D==3- ) gifnir,

N =iy 14 o1 +—2— 2 a0 1214 o]
- Az woA(z, ) ot - ’

where A(z,?) is the complex field envelope at distance (z ) and time (¢). Thus the NLS equation

can be written in the form as [48]:

WG _ by WA, e
9z ( JA(z, t) (1.31)
with a general solution of

A(z+ h,t) =exp [h(D + N)]A(z,t) (1.32)

The solution to this partial differential equation is approximated by propagating the optical

fields over small distance (h) where the dispersive and nonlinear effects are assumed to act
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independently. In other words, propagation from z to z+h can be held in two steps in which
dispersion and nonlinearity acts alone.

exp [h(D + N)] = exp [hD]exp [hN] (1.33)

The dispersion (D) effect is analyzed in frequency domain rather than taking derivative in

time domain to reduce the computational time. Thus, taking the Fourier Transform of both sides and

. . am . o . :
using the Fourier transform property = — (iw)™ derivative with respect to time transforms to

multiplicative operators and NLS equation reduces to:

0A(z, w) aA( )+ z jm-1 B
9z 2 &Y o1 Pm(10)74(2, @) (1.34)
m=2
with the solution of
a im—l
Az +h,0) = Az,0) exp{h| -7 - z s B (i)™
m=2
(1.35)

Az+ht) =3 1Az +h w)}

To reduce the error accumulation more, a new version of SSFM called symmetrized SSFM is
used in simulations. The general procedure applied in symmetrized SSFM at every h distance is as

follows:
1. Dispersion and loss is calculated over h/2 by setting N=0.
h h
A <z + > T) =3 exp [ED(iw)] 3{A(z, T)}

2. At the midpoint of step size, nonlinearity is calculated by setting D=0.
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h h
A(z+§,T) :A(z+§,T)exp (hN)

3. Dispersion and loss is calculated over the second half by setting N=0.

A2+ g r) =g {exp [gD(iw)] S{A(z, T)}}

z=0 7=L
| dz
i «—>
II .Il

I\ |

Az wp Py . B, ® A(z+dzt)
e

Linear Nonlinear Linear
Dispersive Dispersive

Fig.1.1 Schematics of Split Step Fourier Method. [48]

14 Stimulated Raman Scattering (SRS)

Stimulated Raman Scattering is another non-linear and simultaneous process that occurs in any
molecular medium [49]. In fibers, Raman scattering has been widely utilized to operate optical fibers
as an amplifier or tunable laser by transferring energy from one beam (pump) to others (Stokes) [50-

53]. In other words, the weak-low frequency probe beam, also called Stokes wave, is amplified by



the intense-higher frequency pump beam trough SRS process. The amount of energy transferred

from incident field to scattered field is determined by the vibrational modes of the medium, Fig 1.2.

A Energy
g ————— --- Virtual State
Pump Stokes
Signal Signal
. S Vibrational
energy states

Ground
State

Fig. 1.2 Energy Diagram of Raman Scattering [54].

When both the pump and the probe (Stokes) waves simultaneously propagate inside a fiber,
the Stokes wave starts to be amplified due to Raman induced energy transfer, namely due to the
Raman gain characterized by Raman gain coefficient (g). Raman gain coefficient (gg) is a function
of frequency shift (@ = w, — ws) between the pump and Stokes waves, and generally depends on
the composition of the fiber core, relative polarization of both fields (co-polarized or orthogonally
polarized) and the pump wavelength [52]. The Raman gain in silica fibers due to its amorphous

nature has a very wide gain spectrum (up to 40THz) with the first peak at nearly 13.2THz and the

second peak at 14.7THz due to non-crystalline nature of silica glass, Fig 1.3 [55-56].

20



9, Wlkm]
[,unr .Ml g

Pump-signal frequency difference [THz]

1.2

—— Copolarized

=== Orthogonal

Normalized gain coefficient

Pump-signal frequency difference [THz]

Fig. 1.3 Raman Gain spectrum of silica fiber and the effect of intensity (a), which depends on the type of fibers

and the polarization states (b) on Raman gain coefficient [57].

As shown in Fig 1.3, Raman gain spectra show a multi-peak structure due to contribution of
many vibrational modes. Although all the fine structures will be absent, Raman gain spectra can
simply be modeled by a single peaked function like polynomial, Gaussian or Lorentzian [57].

On the other hand, even without an initial probe beam, new frequency components can be

generated and amplified by spontaneous Raman scattering. Although spontaneous Raman scattering
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generates photons within the entire bandwidth and all are amplified, the frequency component where
the Raman gain is maximum is amplified more and dominates in the system. As a result, Stokes
wave with the frequency determined by the Raman peak gain (nearly 13.2 THz downshifted for
silica) is generated. Raman induced frequency shift enables to generate 26.4-29.4THz (~1000cm™)
frequency separated second order Stokes pulses with ~3THz (~40nm) tunability. This impressive
property of SRS enables to design multi wavelength stable soliton Raman lasers to be used in many
applications.

For the simplest case in which the CW pump beam is launched inside a fiber, the evolution of
pump and the probe beams is governed by the following equations including both the fiber losses

and the interaction between them through SRS process [5].

a1
E = gRIpIs - 0{515
al ) (1.36)
P _ 14
E = _a)_ngIpIS - (Xplp
where @, and a; are the fiber loss coefficients for pump and Stokes frequencies. As seen in the SRS

equation, the term 22 > 1 indicates that the energy emitted from the pump beam is more than the

Ws
energy gained by the Stokes beam. The remaining energy is lost as phonons in the systems.
There is no analytical solution for these differential equations. However, for the small signal
case, i.e. signal is much weaker than the pump, the pump depletion due to the amplification process

can be neglected (first term in the second equation) and hence the solution becomes:
Is(Z = L) = IS(O)GXp (gRIOLeff - asL) (137)
where [ is the incident pump intensity and L is the propagation length. In order for the Stokes wave

to build up in the fiber, the gain should be greater than the loss as verified in the solution. This
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solution can only be applied for the initial stages of Raman Soliton generation. Stokes wave
circulates in a cavity and is amplified rapidly to reach a steady state by depleting the pump. Thus, for

the lasing of the Stokes wave, pump depletion cannot be ignored.

1.5 Optical solitons

Soliton as its name implies, is a particle like wave propagating in a nonlinear medium preserving its
shape and surviving after collisions. Propagating undistorted is the most impressive feature of
Soliton that enables them to be used in long-haul optical communication systems [46].

Soliton wave is basically the result of interplay between GVD and SPM which independently
affect the propagating pulse in a fiber. GVD as discussed in detail is a linear dispersive effect which
broadens the optical pulse unless it is initially chirped. In other words, if the pulse is not transform-
limited and chirped in a way that the chirp parameter (C) and the GVD parameter 3, have opposite
signs, the pulse compresses during the early stages of propagation and starts to broaden again. On
the other hand, SPM as a dominant nonlinear effect introduces a positive chirp (C > 0) on the
propagating pulse. As a result, when the GVD parameter 5, < 0 is negative, namely the pulse
propagates in anomalous regime; the broadening effect of GVD can be totally balanced by SPM
induced chirp mainly in the central part of the pulse. More specifically, since the SPM induced chirp
can be adjusted by tuning the power properly, it cancels the negative chirp induced by GVD [46].
The basic physics under the Soliton wave is explained as in anomalous regime the lower frequency
components travel faster than the high frequency components as a result of GVD. SPM, however,
affects the pulse in a way that the high frequencies are moved to the leading edge and low ones to

the tailing edge, namely induces a positive chirp. As a result of such corporation, total chirp on the
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pulse is cancelled and enables an undistorted propagation. Briefly, Soliton is a solution of nonlinear

Schrédinger equation including both SPM and GVD effects as:

0A B, 0%A . 5
g-l-l?w—l]/héﬂ A (1.38)
By introducing 7 = i,f =2 andu=N-+ where Tyis the measure of pulse width, Py is
To Lp VPo
2
the peak power of the pulse and L, = IlTi’_OI is the dispersion length [48]. The equation, considering
2

propagation in an anomalous dispersion regime, (1.25) normalizes to:

ou 10%u
i A 2u=0 1.39
‘af+zarz+|”|” (1.39)
which is a special class of nonlinear differential equations that can be solved by inverse scattering
method. This equation supports the Soliton wave solution. According to this normalized NLS

equation, when the input pulse having an initial envelope of u(0,7) = N sech(Nt) is launched into

the fiber, it either preserves its shape and remains undistorted or repeats its shape periodically at

every & = mg and z, = % L, .distance 4]. As a result, the parameter N determines the propagation

pattern of the pulse. If N=1 which means the fundamental soliton case, pulse propagate without

changing its shape. However, if N>1 which means high-order soliton case, pulse follows a periodic

pattern. The physical meaning behind the parameter N is hided in its definition of N? = LL—D. N can
NL

be thought as the comparison between the dispersion and the nonlinear lengths where only GVD and

SPM dominate, respectively.
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Fig.1.4 Simulation results using our self-developed SSFM for the propagation of fundamental (a), second
order (b) and third order (c) Soliton pulses inside the fiber.

25



CHAPTER 2
Pulsed cascaded lasers up to second order in dispersion

managed systems

2.1. Introduction

Wavelength tunable synchronous pulse sources are highly desirable for spectroscopy and optical
diagnostics due to their diverse advantages such as broadband operation, low cost, compactness and
adaptability with fibers [58-60]. The common method to generate short pulses in the fiber is the use
of optical nonlinearities and soliton pulse shaping in the anomalous dispersion regime that results in
spectral broadening and pulse compression [61]. However, to generate ultra-short pulses, broadband
gain mechanism is also required. Stimulated Raman scattering with a wide gain bandwidth of ~6THz
has an ability to generate femtosecond pulses [62-63]. Additionally, Raman gain can be generated at
any wavelength in a nonlinear medium, which facilitates generation of pulses at wavelengths which
are not attainable by a conventional laser gain medium. Self soliton frequency shift (SSFS) of optical
pulses in a highly nonlinear fiber (HNLF) such as photonic crystal fiber due to self Raman scattering
effect enables tunable femtosecond pulse generation over a range of >100nm [64]. Fixed-wavelength
Raman lasers have been widely studied for the past two decades. Recently, much focus has been
shifted toward the multi wavelength tunable Raman fiber lasers which can generate output Stokes
pulses in a broad wavelength range by the so called cascaded stimulated Raman scattering [65-68].
For spectroscopy and optical diagnostics, phase coherent and wavelength tunable synchronous pulse

sources are of great demand. In particular, in chemistry and biological applications, higher-order
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cascaded pulsed Raman lasers with up to 1000cm™ frequency spacing is highly desirable for CARS
microscopy. Previous experimental works have been dedicated to address that requirement [69-71].

In this chapter, a new configuration for 1* and the 2" order pulsed Raman lasers with a
frequency tuning range up to 1000cm™ is proposed. In particular, a detailed numerical analysis is
carried out in order to investigate the stability regime of the generation of Stokes pulses up to the
second order in a dispersion managed fiber ring cavity pumped by a 1530nm fiber laser. The stable
Stokes pulses can be generated with different pump power levels and lengths of the single mode
fiber (SMF) that is included in the dispersion managed (DM) map that forms the cavity. A
variational analysis, more powerful and elaborate than the one used in references [72-73] is also
employed in order to analytically investigate the steady-state dynamics of Stokes pulses inside the
cavity, and to predict the output pulse parameters by solving ordinary differential equations with a
periodic boundary conditions which is a computationally efficient alternative to time consuming full
numerical simulations. The analytical results are compared with simulation results to show good
agreement with the derived equations. The results illustrate that the stable 2™® order Raman Stokes
pulses with 0.02mW to 0.1W peak power and 1ps to 2.1ps pulse width can be achieved in our DM

Raman laser system.

2.2. Proposed Dispersion Managed (DM) setup and variational equations

In order to generate stable pulsed lasers by the Raman process, inventing a proper dispersion
management of the pump, first order and second order pulses is the utmost important issue. Most of
the commercial DSFs and SMFs have high dispersion values and slopes; hence it is not possible to
maintain a reasonably limited walk-off (which reduces the time overlapping of pulses) through a

significant nonlinear interaction length. In order to effectively eliminate such walk-off, we propose
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the use of the special dispersion-managed map inside the ring laser configuration, which is
illustrated in Figs 2.1-2.2. The setup illustrated in Fig 2.1 can be readily experimentally
implemented: in this work a detailed numerical stability analysis is performed in order to optimize
its parameters. The system is synchronously pumped by a 1530nm mode locked laser with 10ps
pulse width. The laser cavity is designed as proposed in [74] that mainly consists of two cascaded
sections, the dispersion managed (DM) system as the gain mechanism and the single mode fiber
(SMF) for pulse shaping. The overlapping of Stokes pulses at the beginning is satisfied by inserting

a stretcher (delay line) in one of the ring cavities to match the pump repetition rate.

» WDM —
SMF
HJT
1 Stokes signal
b 1635nm
p Delay
2" Stokes signal
1750nm
€

Fig. 2.1 The designed setup with proper dispersion management for the generation of 1% and 2™ order Stokes signals.

Dispersion management is formed by cascading highly nonlinear fiber (HNLF) pieces which

has a nearly zero dispersion and dispersion slope in a periodic configuration. In particular, we
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restrict our analysis to commercially available fibers from different vendors. The characteristics of

the HNLF’s and the single mode fiber (SMF) used in the simulations are summarized in Table 2.1.

Table 2.1 The characteristics of the fibers used in the simulations [75].

HNLF (+) slope  HNLF (-) slope SMF
a: Fiber loss (dB/km) 0.9 0.9 0.2
v: Nonlinearity coefficient (1/W-km) 11.5 11.5 2
Actr (pm?) 11.7 11.7 50
gr: Raman coefficient (1/W-km) 34 34 0.8
Ao: Zero dispersion (nm)/

1530/0.01 1530/-0.01 1310/.076

slope(ps/nm?km)
Length (m) 8 8 20-100

In order to raise the net dispersion to anomalous regime, SMF is cascaded with the dispersion
managed system to generate stable soliton like pulses. The Stokes pulse evolution in our ring laser
configuration of Fig 2.1 is modeled by supposing that a single (pump and Stokes) pulse re-circulates
in the cavity. Therefore, each round trip in the laser involves propagation through a single period of
the DM map as in Fig 2.2, which illustrates the dispersion profile for each Stokes order. Stokes
pulses are generated through the propagation in the ring laser from the noise level which is taken as
the initial condition. When the system reaches a steady state, the Stokes pulses exactly repeat
themselves at each period of the map. Thus, the spatial periodic boundary conditions imply that the

initial pulse parameters should be the same as the ones at the end of the cavity.
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Fig. 2.2 The dispersion managed system for each Stokes pulses.

The mutual interaction between the pump pulse, first and the second order Stokes pulses is
governed by a set of three nonlinear Schrodinger equations including all processes of group velocity
dispersion (GVD), self phase modulation (SPM), cross phase modulation (XPM), walk off between

the pulses, Raman gain and pump depletion 4].
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where Vvgp 61,02 15 the group velocity, Bap 21,22 1s the group velocity dispersion parameter (ps*/km), a is
the fiber loss(km™), g is the Raman gain coefficient (W'km™), vy is the nonlinearity coefficient (W"
'km™), and A,, is the amplitude of the pump, first order Stokes and the second order Stokes
signals, respectively. These governing equations include all the possible interactions between three
optical waves. Four-wave mixing, which cannot build up coherently due to the short length of the
HNLFs and the high net dispersion of the cavity, as well as the self Raman induced frequency shift
which is negligible for pulses with >1ps pulse width are ignored in this analysis. However, time-
consuming numerical analysis is required to determine the pulse evolution in the laser cavity and in
optical fibers by using these equations.

Analytical modeling may substantially alleviate computational requirements. Here, an
elaborate analytical model is developed for the propagation of pump and the Stokes pulses. The
pump pulse which is repetitive at each round trip, is used up in the system and cannot preserve its

_ 2
input Gaussian envelope <|up (0, 1:)|2 = Ppoexp [— « thp ) ]) where P, is the peak power, T, is the
p

pulse width, #, is the temporal position) [74]. The NLS equation for the pump pulse, Eq.(2.1), can be
simplified by neglecting dispersive effects (the GVD parameter at the pump wavelength is zero and
the dispersion length is much longer than the cavity length) and by separating spectral (for phase
accumulation) and temporal terms (for the pulse shape) so as to solve pump propagation analytically.
Fiber loss and pump depletion as seen in Eq. 4 which provides the pump temporal evolution are the

dominant terms which affect the pulse shape as follows:
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The pump signal is depleted by the 1* Stokes signal through Raman interaction. Since the
walk-off between the pump and the 1* Stokes signal is very small, saturation in the gain line shows

up locally by causing hole burning at the center of the pulse, Fig 2.3.
0.8

Hole

— Initial pump pulse
burning

w Depleted pump pulse

Power (W)
o
N

O 1
-30 -20 -10 0 10 20 30

Time (ps)

Fig. 2.3 The initial pump pulse at 1530nm with 0.72W peak power and 10ps pulse width is depleted due to 1* Stokes

pulse through the DM fiber section creating a hole burning.

The evolution of the pump pulse is approximated by solving Eq.4 as:

t—t,)? A A
up 2O = zmexpl—~£—?ggllexp[—:[<“'F9Rzi|uﬂ2>d2] 25)

0
‘ A
[1 — f <a +gR—1|u1|2> dé]
Ap
0

= |, (0,0)]" = [up(z, DI

2
2 (t -t )
|up(z, t)| ~ Ppoexp [—sz

(2.6)
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The second term u; (z, ¢) in Eq.(2.6) represents hole burning at the center of the pulse. The
hole is modeled by a Gaussian envelope with the peak power (P), the pulse width (7}) and the
temporal position (#;). All loss mechanisms such as fiber loss and gain depletion lead to the growth
of the hole (peak power). Since the walk-off between the pump and the 1% Stokes pulses (0.42ps) is
much smaller than the pulse width, the pump and the hole are assumed to be temporally co-centered
(t» = t,). In addition, due to relatively small change in the pulse width of the pump and the 1** Stokes
pulses in the DM section at steady state, the pulse width of the hole is approximated as a

combination of pump and 1% Stokes pulse widths [74]. The hole burning is approximated as:

1
2 A’l 1 1 2
|up(z, t)| ~ aPpo + gr )L—PlP0 and Ty(z) = 2 + T_12 and t, = t, (2.7)
P P

The propagation of Stokes pulses is modeled by means of the variational analysis method
which assumes the signal maintains its shape even though its power, pulse width and chirp changes
in a continuous manner and remains same periodically after each round trip. The evolution of single
pulse parameters in the variational method [76] for the unperturbed NLS equations is evaluated by
using the Lagrangian density.

ou

2
_tfoon Vi 4
L=-(u at| +5

2 0z ug

i ou* ou
(x5 w5+

(2.8)

The unperturbed NLS equation is derived from a Lagrangian which is defined as the

integration of Lagrangian density with respect to time as:

[oe]

L = f L(u,uz, ut; u*,u;,u;)dt (2 9)
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where the subscripts z and ¢ correspond to differentiation with respect to distance and time,
respectively. The evolution of the pulse parameters is derived by employing modified Euler-
Lagrange equations taking into account signal to signal interactions such as Raman amplification,
XPM and walk-off as a perturbation to the system. In particular, the physical effects of XPM and
temporal walk-off are dominant for determining the chirp evolution, the pump depletion, and the
gain reduction [77]. The Euler-Lagrange equation reads as:

oL d<aL>_,I f[Rau* am
9z dz\ax,) "™ 9z 9z (2.10)

— 00

where x corresponds to any one of the 6 pulse parameters as the energy, the pulse width, the
temporal position, the chirp, the central frequency and the phase, Im denotes the imaginary part and
R includes all the perturbation terms analyzed in the right side of the coupled NLS equations. The

Gaussian ansatz is assumed for both 1% and 2™ order Stokes pulses as the pulse envelope [76].

2
u=\/§%exp l— (%) A +ic)+iQ(t —ty) +ip 2.11)
where E is the energy, T is the pulse width, #, is the temporal position, C is the chirp parameter, Q is
the center frequency and ¢ is the phase of the pulse. According the proposed ansatz, the Lagrangian
is defined as:

1dC C dT yE B,(1+C?) d¢ dQ  B,02
= i — _— —— th— B —
L=E 4dz + 2T dz + 22T + 4T, + dz tto dz + 2 (2.12)

By substituting the pulse envelope (Eq.7) and the Lagrangian (Eq.8) with a Gaussian ansatz
into the perturbed Euler-Lagrange equation (Eq.6), we derived the modified variational equations for
the Stokes pulse parameters, pulse energy (E), pulse width (7), chirp (C), the temporal position (z))

and the center frequency (Q) as:
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where we define the integrals as:

[ee]
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—00

t —t;)?
f(t—t;) =exp [(T—Z)l where i=p,1,2 (2.23)

]a,b,c(to' t1, tp) = PpOIa,b,c(tO' t1, tp) - PhIa,b,c(tOJ t1, th)

Here the subscripts i= p, 1, 2 correspond to pump, 1% Stokes and 2™ Stokes signals,
respectively [74]. The relative temporal positions of the pulse centers of the pump and the Stokes
signals (the second order Stokes signal is assumed to be the time reference) change mainly due to
pulse interactions. Since the frequency shift has a negligible effect we can ignore the variation in
center frequency. However, the temporal shift due to the walk off effect becomes highly dominant.
Thus, we can formulate the change of the pulse temporal positions due to walk off in a reduced form

as:

dt, dt, dt,

E ~ Wp1 + wqy, E ~ w;, and E =~ 0 (2.24)

Dp+Dy
2

D,+D,
2

where w,; = f;plp(z)d/l ~ (4 —A,) and wy, = fij(A)dz ~ (A, — A,) stand for

st_ 2nd

the walk-off time between pump-1* Stokes (~0.052ps/m) and 1 Stokes pulses (~0.19ps/m) per

unit length and D is the dispersion value (ps/nm-km) [74].
2.3. Analytical and simulation results
The main objective of our analysis is to determine if the Stokes pulses converge to dispersion

managed solitons at the steady state. The Split Step Fourier Method (SSFM) was used to solve the
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coupled NLS equations (Eq.1-3). Raman amplification is added as a support interaction. The 1% and
2" order Stokes signals are obtained at the output for different pump power and SMF length
(determines the net anomalous dispersion) combinations. Figure 2.4 illustrates the steady state
Stokes pulses inside the cavity (i.e. before the couplers) and their peak power evolution in the laser
system as an example of transient behavior towards the steady state. The 1** Stokes pulse builds up in
the system due to proper pumping. If the 1% Stokes pulse has enough energy (i.e., it reaches
threshold for the 2™ Stokes pulse to grow), it starts to generate the 2™ Stokes pulse. While the 2™
Stokes pulse builds up in the system, it depletes the 1 Stokes. Since the system is highly dissipative,
the Stokes pulses reach their steady state level in a damped oscillatory manner. The magnitude of the
overshoot, oscillations and the settling time in the transient response depend on the pump power
level. The temporal deviation of the pulse center of the 1* Stokes signal results from the temporal

walk-off effect.
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Fig. 2.4 The 1* Stokes pulse (a) with Gaussian fitting and the evolution of its peak power (b), and the 2™ Stokes pulse (c)
with Gaussian fitting and the evolution of its peak power (d) at Lgyr=50m and Ppum,=0.72W. The “tg” is the round trip

time of the cavity.

The envelope of the Stokes pulse is also characterized by comparing it with a Gaussian pulse
with the same parameters. The 1% Stokes pulse is very well represented by a Gaussian profile;
however the tails of the 2" Stokes pulse are slightly compressed in time so that the Gaussian fitting

is less appropriate in this region.
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The Stokes pulses repeat themselves after each pass (round trip) at steady state. Thus, the
SSFM is employed to propagate the steady-state Stokes pulses for a single pass, so that the intra-
cavity pulse dynamics can be analyzed by extracting the evolution of the pulse parameters. Figure
2.5 illustrates the evolution of the peak power and the time width, which is defined as the root mean
square (RMS) width, of the Stokes pulses throughout the cavity at the steady state. The dynamics of
the parameters of each Stokes pulse has a similar behavior. Throughout the DM section of the cavity
where all the Raman interactions occur, distributed gain and other nonlinear effects such as SPM and
XPM are the dominant terms. Thus, the Stokes pulses are amplified and positively chirped through
the dispersion managed (DM) fibers. Because the dispersion length (Lp=To%/|P 1|) in the DM-HNLF
is much larger than the amplification (Lx= (gr|A)’") and nonlinear lengths (Lxi= (Y|A[>)"), and
owing to the net zero dispersion of the entire DM map, linear dispersive effects become negligible as
seen by the dynamics of the pulse width. However, in the second section of the cavity (standard
SMF), since the pulses become separate due the walk-off, there is virtually no pulse-to-pulse
interaction. Here GVD is the dominant effect throughout the SMF. Since the pulses becomes highly
positively chirped in the DM section of the cavity due to the acquired nonlinear phase, the Stokes
pulses first compress and then broaden as seen by the evolutions in Fig 2.5 of its peak power and

time width.
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Fig. 2.5 The intra-cavity dynamics of the steady state pulse parameters, peak power and pulse width of 1* order Stokes
(a-c) and 2™ order Stokes (b-d) at Lgyp=50m and Ppynp=0.72W are shown. The variational and numerical results are

compared.

In order to develop an analytical model to provide a rapid understanding and to explain the
pulse dynamics inside the cavity a detailed variational analysis was employed. The intra cavity
dynamics of pulse parameters is analyzed in terms of the variational model of Egs. (13-22) as
follows. Firstly, the shooting method is used in order to satisfy the constraint that the same initial
and final values for each pulse parameter are obtained upon a single cavity round-trip. Next the
intra-cavity variation of these parameters is extracted by solving the same equations for a given

steady-state input condition over the entire round trip. To compare the results of the variational

41



analysis with the numerical modeling, I investigated the pulse dynamics for a specific SMF length
and pump power (Lsmr=50m and Ppump=0.72W) as shown again in Figure 2.5. The variational
equations are quite successful to explain the general trend of the pulse parameters at the steady-state.
Since the variational analysis assumes that the pulse shape does not change throughout the
propagation, all perturbations such as Raman gain, pump depletion and the nonlinear chirp (induced
by XPM) affect the entire pulse by changing its total energy and phase. However, due to temporal
walk-off and the mismatches between the various pulse widths, these perturbations force the pulses
to have local changes at different positions. Thus the variational analysis is accompanied by an
intrinsic averaging mechanism which reduces the effect of the gain and the chirp (arising mainly
from XPM) over the central region of each pulse, which explains the small deviation between
variational and numerical results.

In addition to the intra-cavity pulse dynamics, steady-state pulse parameters such as the peak
power and the time width (RMS width) of the 1** and the 2™ order Stokes inside the cavity (i.e.
before the couplers) that are obtained for different peak pump power levels are extracted by the
variational analysis and illustrated in Fig 2.6, along with the corresponding numerical results. The
overall agreement with the numerical results obtained by the SSFM confirms the validity of

developed variational analysis.
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Fig. 2.6 Steady state peak power (a) and pulse width (b-c) of the Stokes pulses with respect to peak pump power at

Lsmp=50m are shown. The analytical (solid) and the numerical results (dotted) are also illustrated as a comparison.

I also investigate the stable pulse generation regime which is defined by the boundaries of
either the Stokes threshold on the one hand and the nonlinear induced pulse break-up on the other
hand, for various SMF lengths (net dispersion) ranging from 20m to 100m and for peak pump
powers from 0.7W to 0.76W. Clearly the stability of pulse solutions in this regime is due to the
attractive nature of the strongly dissipative laser map under consideration. The results are reported in
the contour plots of Fig 2.7 which show the peak power and time width (RMS width) of 1 and 2™

order Stokes pulses inside the cavity (i.e. before the couplers) that converge at steady state. Figure
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2.7 shows that stable 1% order Stokes pulses with up to 1W peak power and 1ps to 2.1ps pulse widths
are generated. Similarly, 2™ order Stokes pulses with 0.02W to 0.1W peak power and 1ps to 2.1ps

pulse widths can be obtained.
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Fig. 2.7 Contour plots for the peak power (W) and pulse width (ps) of the 1* order Stokes pulse (6a-6b) and the contour
plots for the peak power (W) and pulse width (ps) of the 2" order Stokes pulse (6¢-6d) with respect to the SMF length

and peak pump power.

At low pump powers which are very close to threshold only the 1% order Stokes can be
generated. When the pump power is increased, the 1% order Stokes signal starts to build up in the
system and converge to a steady state. If the final peak power of the 1* Stokes signal reaches the

threshold for 2™ Stokes signal, it generates the 2™ Stokes pulse. At high pump powers, due to
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imbalance between strong nonlinearity and weak dispersion, the 1% Stokes signal starts to break-up
and the laser system becomes unstable. The robustness to nonlinearity increases proportionally to the

net dispersion (SMF length), Fig 2.8.
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Fig. 2.8 The impact of pump peak power and the amount of dispersion on the stability of the Stokes pulses. Case-1 (a,d):

L=20m, Ppea=0.70W. Case-2 (b,e): L=20m, P =0.78W. Case-3 (c,f): L=50m, Ppey=0.78W.

2.4. Conclusion

The novel dispersion managed fiber ring cavity is proposed for phase coherent and wavelength
tunable synchronous cascaded pulsed Raman laser with a frequency tuning range up to 1000cm™
which is highly desirable for chemistry and biological applications especially for spectroscopy,

optical diagnostics and CARS microscopy. The detailed numerical analysis is carried out in order to
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investigate the stability regime of the generation of Stokes pulses for different pump power levels
and lengths of the single mode fiber (SMF) included in the dispersion managed (DM) map that
forms the cavity. A variational analysis is also employed in order to analytically investigate the
steady-state dynamics of Stokes pulses inside the cavity, and to predict the output pulse parameters
by solving ordinary differential equations with a periodic boundary conditions which is a
computationally efficient alternative to time consuming full numerical simulations. The analytical
results are compared with simulation results to show good agreement with the derived equations.
The results illustrate that the stable 2°¢ order Raman Stokes pulses with 0.02mW to 0.1W peak

power and 1ps to 2.1ps pulse width can be achieved in proposed DM Raman laser system.
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CHAPTER 3
Noise performance of time-stretched systems with

distributed and discrete amplifiers

3.1. Introduction

The revolution of optical signal processing has enabled many applications ranging from broadband
communications to radar systems and imaging applications by introducing high-speed operations.
Recent advances in optical signal processing have enabled the design of ultrafast instruments that
operate in real time with high temporal resolution and high throughput efficiency [78]. Real-time
instruments are highly desired for capturing of ultrafast rare events, wideband analog to digital
converter (ADC) [79-80], spectroscopy [81] and imaging [82-84] applications. The amplified
photonic time-stretch technique based on group-velocity dispersion (GVD) is capable of slowing
down and amplifying of intensity modulated signal so that it can be captured in real-time with an

electronic digitizer.

Photonic time stretched systems are mainly designed by combining the broadband
illumination, spectral domain processing and time to wavelength mapping modules, Fig 3.1. To
provide a broadband spectral window to capture the information of interest, supercontinuum pulses
are generated by propagating the Mode Locked Laser (MLL) pulses through the amplifier (EDFA)
and the supercontinuum (SC) fibers [85]. In the first step, the broadband spectrum of the pulses is

either mapped over the time (by using dispersive elements for ADC applications) or over the space
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(by diffractive elements for imaging applications). Then, the wavelengths are shaped by the
information of interest, which can be a fast non-repetitive RF waveform especially in a
communication network, the spectroscopic signature of a materials or the image of an object.
Finally, to obtain real time operation, the spectral modulation is converted into temporal modulation
via time to wavelength mapping (i.e. time stretching). In other words, spectrally modulated SC
pulses are passed through the highly dispersive fibers to perform so-called optical Fourier

transformation, which converts the frequency (spectral) domain into temporal domain.

((O o)
Chirped pulses

RF signal

DCM
Time-stretched :
ADC ;
@9
=S — i
0
=
=
(=]
| | I
| Diffraction ;T:r?:
Time-stretched Grating
Imaging . ------------------------------- ?
;::::Z:::::::::_ }
——

space-wavelength
mapping

Fig. 3.1 The schematic of the photonic time-stretched analog-to-digital converter and imaging systems [79-81].

In order to effectively enable time-wavelength mapping, the temporal resolution of the
system, which is the temporal width (A7) of the SC pulses, has to be short enough to catch the high
frequency features. In other words, the optical bandwidth has to be much higher than the electrical

bandwidth to effectively sample the RF signal without any loss due to well-known Nyquist theorem
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1 yields

A 21tAfope > Afrr [79]. Since the optical bandwidth is typically in the THz
RF

as At K AT =

range whereas the RF bandwidth is in GHz range, the condition for time-to-wavelength mapping is
normally satisfied. As discussed in chapter 1, nonlinear dispersion as characterized by the higher
order dispersion terms (3, B4, ...) causes different spectral segments to stretch in different amounts
in a nonlinear manner so that the time stretching becomes time dependent. The group delay (A1) for

a certain bandwidth (AA) per unit length of the fiber is calculated as At = | D (1) dA. At the

output, the temporal width of the SC pulses becomes At,,,; = L At.

In this chapter, discrete and the distributed amplifiers, which are utilized to compensate the
system losses, have been analyzed comparably to investigate their effects on the noise performance
of time stretch systems. Firstly, an analytical study have been conducted to characterize the
individual noise components and hence the ENOB performance of the system. It has been showed
that the cumulative noise mainly due to amplifier, double Rayleigh scattering (DRS) and relative
intensity noise (RIN) limit the maximum effective number of bits (ENOB) that can be achieved in
such a system. Secondly, a time stretched system with >10GHz analog bandwidth is designed
especially for ADC applications. It has been showed that the system exhibit 16dB higher SNR
corresponding to ~2.5-bit higher resolution using distributed amplification. Finally, ~60nm
broadband Raman amplifier with nearly flat gain profile (<0.5dB gain ripple), which will be used in
ADC, RF arbitrary waveform generation (AWG) and dispersive imaging experiments, is

experimentally demonstrated and the noise performance is characterized.
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3.2. Discrete and distributed amplification

In order to compensate the system loss and to achieve extremely large stretching factors, which scale
the amplitude as being stretched in time to preserve the pulse energy, optical amplification should be
employed in the system, especially over the second highly dispersive (longer and higher insertion
loss) stage. Optical amplification can be utilized either by embedding discrete (lumped) amplifiers at
discrete positions or by distributing the gain over the system. For the distributed amplification, a flat

gain broadband Raman amplifier is designed.

3.2.1. Discrete amplification
Discrete amplification as the name implies, is performed by utilizing optical amplifiers placed at
discrete positions. These amplifiers are typically bulky optical devices which requires special doped
fibers to provide desired gain profile. Erbium Doped Fiber Amplifier (EDFA) is most commonly
used one where the core of a silica fiber is doped with Erbium ions and can be efficiently pumped
with a laser at a wavelength of 980 nmor 1450 nm, and exhibits gain in the 1550 nm
(communication wavelength) region [86].

As illustrated in Fig 3.2, the EDFA has a narrowband gain curve and the wavelengths are
determined by the resonant levels of the Er atom. In addition, since the energy is stored in the upper

level of the Er the gain process is slow.
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Fig. 3.2 Energy level structure of Erbium ion [9] and some optical transitions (a). Absorption and emission cross-

sections for Erbium ions [87] in Er: Yb-doped phosphate glass (b) [86].

3.2.2 Distributed amplification

For the distributed amplification, a flat gain Raman amplifier, which is based on stimulated Raman
scattering, is utilized to provide a uniform amplification for the broadband signal. Rather than a
discrete amplification at certain positions, signals are amplified through the fiber link in a distributed
manner. The fiber becomes the gain medium for the Raman amplification when properly pumped
[88]. The pumping can be in the same direction as the signal (co-pumping), in the opposite direction

of the signal (counter-pumping) or in a mixed configuration (hybrid pumping), Fig 3.3.
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Fig. 3.3 The schematics of the Raman amplifier including co/counter pump laser diodes.

The distributed Raman amplification provides a better alternative to discrete amplification in

terms of the feasibility, achievable gain bandwidth, uniformity and the SNR. The main advantages of

Raman amplifier over lumped EDFA are:

1.

Since the Raman amplification is based on stimulated Raman scattering (SRS), which is a
simultaneous process, it enables fast gain mechanism [88].

Raman amplification via distributing the gain over the entire fiber ensures the signal levels to
stay inside the safe region, namely prevents the signals to be affected by nonlinear effects (high

power) and interfered with high noise (low power) [80].

) ;
G Nonlinear
- Effects
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N N M High Noise
e

Distance

Fig. 3.4 The signal level dynamics inside the fiber with discrete (blue) and distributed amplification (red) [80].
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3. Raman amplification provides broadband gain profile, which is independent of pump wavelength
and only a function of frequency shift. Using multi pumping scheme with co-pumping, counter-
pumping or hybrid pumping configurations and by selecting appropriate pump wavelengths and

the powers, broadband and uniform spectral gain profile can be obtained.

The multi-pumped Raman amplifier is modeled by including all the signal to signal (pump-
pump, pump-signal and signal-signal) interactions and the wavelength dependent attenuation (o).
The evolution of all the signal and pump powers along the longitudinal axis of the fiber (z) in a

Raman amplified system is governed by solving the following set of equations as:

k-1 N
dP z i
i_de = —akPk + g)lj(lk - Aj) P]Pk - E A—]glk(/lj — /1k) Pij, k= 1,2, ,N (31)
- . k
Jj=1 j=k+1

where +/— corresponds to co/counter propagating signals, Py is the pump/signal power, oy is

the wavelength dependent attenuation coefficient and g 2 is the Raman gain coefficient for the signal

at wavelength 4; which is proportional to reference gain coefficient at 4, as 92, (ar) = i—’ 9a, (A1)
0

[89]. The first term on the right side of the equation represents the wavelength dependent fiber
attenuation. The second term is the gain introduced on the signal at wavelength A, by the other
signals with higher frequencies, 4;, j =1, ...,k — 1. The last term, on the other hand, represents the
pump depletion on the signal at wavelength 4, due to power transfer to the other signals with lower
frequencies, 4;, j =k +1,...,N. In order to achieve uniform wideband gain profile, a multi pumped
Raman amplifier has to be designed and optimized by properly selecting the pump wavelengths and
the powers. The genetic and the shooting algorithms are developed and used together to design a

Raman amplifier for the desired gain profile, Fig 3.5.
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Fig. 3.5 The algorithm of the Raman amplifier model. The m and # are the number of pump and signal channels and

(4, ., I;, P;) is the output pump spectra (wavelength, pump integral, pump power).

The 2D genetic algorithm [89] is employed initially to find the optimum wavelength and the
power integral (I; = fOL P;(z) dz where j=1I-m) combinations for m number of pump lasers, which

ensure the maximum gain ripple (defined by F: fitness parameter) is less than a pre-defined tolerance

(<10%).

m
Py (L)
~ E o 3.2
Gy P.(0) ~exp| —a L + Z, glj(/lj L) (3.2)

(10loglo(6£nax) - 10[0910(61?”11))

0910 10log10(Gaesirea)

x100% (3.3)

After optimizing the pump spectra (the wavelengths and the pump integrals), the shooting
algorithm [90] is employed to obtain the corresponding pump powers due to the pumping
configuration. The developed Raman amplifier model is tested to achieve nearly flat gain profile

with maximum gain ripple to be less than 5% over 20nm bandwidth (1580nm-1600nm):
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L.

il.

By using four laser diodes with fixed wavelengths (the available laser diodes to be used in

the experiment) at 1450nm, 1470nm, 1490nm and 1505nm.

Four different pumping configuration as illustrated in Table 3.1.

Table 3.1 Four different pumping configuration by using four fixed wavelength laser diodes.

LD-1 LD-2 LD-3 LD-4
(1450nm) (1470nm) (1490nm) (1505nm)
SET-1 Backward Backward Forward Forward
SET-2 Forward Forward Forward Forward
SET-3 Backward Backward Backward Backward
SET-4 Forward Forward Backward Backward
L Net Gain Préfile for Set—4L 0.4 '
, g 03
ol s =R o Q
J 2
o
C
T 9 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII .E L
8 8 0.2
E i
A E
3 0.1
s 0
P il
0 r r r 0
1580 1585 1590 1595 1600 0

Wavelength (nm) Net Gain (dB)

Fig. 3.6 The optimized net gain profile for Set-4 configuration over 1580nm to 1600nm (a). The maximum gain ripple

with respect to net gain and different pumping configuration (b).
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3.2.3. Individual noise components

The performance of the dispersive systems in terms of noise figure (NF) and the signal to noise ratio
(SINAD) is limited by the noise cumulated in the system from both optical and electrical sources.
Under SINAD analysis, all the noise components such as amplified spontaneous emission (ASE),
relative intensity noise (RIN), double Rayleigh backscattering (DRS), quantization noise and the
detector noises as thermal and shot noises are investigated individually.

a. Quantization noise

The quantization noise due to electronic analog to digital converter is modeled as white noise with a

uniform spectral density of Sp(f) up to half sampling frequency (f;/2). The noise variance
o5 = fAfSQ(f)df is obtained as:

2(2mP;,,RG)?

afzn M G4

2
O'Q—

where m is modulation index, f; is the sampling frequency, Gis the gain, Py, is the input power, R is
the responsivity of the detector, N is the number of bits and Af is the effective noise bandwidth [91].

b. Shot noise

Electrons generated at random times results in a fluctuation in the photo detector current, which is
called shot noise. Shot noise is a stationary random process modeled as a white noise with a constant
spectral density of S¢(f). The noise variance 02 = [ Af Ss(f)df is obtained as:
ot = [ S =2a(PuGRYAS (3.5)
Af

where g is the electrical charge [45].

56



¢. Thermal noise

Electrons in any conductor move randomly due to the temperature. This temperature induced
random motion of electrons causes fluctuations in the current called thermal noise. Thermal noise is

modeled as a stationary Gaussian random process with a spectral density of Sy, (f), which is

frequency independent up to 1THz. The noise variance o, = [ Af Sen(f)df is obtained as:

(3.6)

4k, T
= FAf

L

o= [ S(Haf =
Af

where kg is the Boltzman constant, T is the temperature, R; is the load resistance and F,is the noise
figure [45].

d. Amplified Spontaneous Emission (ASE)

In both discrete and distributed amplification processes, the excited electrons emit photons either via
stimulated or spontaneous manner. Spontaneous emission generates randomly phased photons which
appears as a noise added on to the amplified signal. The ASE noise in discrete amplifier is modeled

as a white noise with spectral density of Sysz(f). The noise variance isg = fAf Sase(f)df is

obtained as:

O-/%SE = 4’R2PL(G - 1)nsphv0Af (3‘7)

where G is the gain, P, = GP;,, ng, is the spontaneous emission coefficient and hv, is the average
photon energy [88]. Contrary to EDFA, in Raman amplification spontaneous Raman scattering is
amplified by the distributed Raman gain. The current fluctuations result from the signal-ASE and

ASE-ASE (so small and can be neglected) beating. The noise variance o, becomes:

L

P,(z
O-/%SE = 4R2PLnSpAfhvoGLng p( )

(Z) dz ( )
0
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where G, = G(z = L)and P, is the pump power [88]. For a Raman amplifier with multi-pump

n P,
configuration, the effects of all the pumps on the ASE noise are included as [ Lwdz

0 G(z)
where n is the number of pumps.

e. Relative Intensity Noise (RIN)

All lasers especially the semiconductor laser diodes used as a pump for Raman amplifiers exhibit
instability in the power levels due to such mechanical and optical effects as the cavity vibration,
spontaneous emission and fluctuations in the gain medium. In discrete amplification, since there is
no pumping mechanism the RIN noise results only from the signal laser diodes, which has much
lower intensity noise (<160dB/Hz). On the other hand, since the Raman amplification employ many
high power laser diodes which have comparably higher intensity noise (>-140dB/Hz) and the Raman
gain is exponentially dependent to pump power, any fluctuations in the pump power is intensified
and transferred to the amplified signal causing larger fluctuations [92]. The pump induced RIN

RINs(f)

transf (
ransfer RN

) is calculated by analytically solving the coupled equations.

97 v, v) ot = o : 19R(];l il
]=

3.9
Pi :Pi+APi(Z,t) and APi(Z,t) :mi(Z)eiQt[_)l
where P; is the average signal power, gz(j,i) is the Raman gain/depletion coefficient between i®

and j™ signals (if A; < A; then the gz (j,)>0 and A; > 4; then the gr(j,1)<0), for m;(z) and Q are
the modulation index and modulation frequency, respectively. The term (vi — vl) represents the

effect of the relative group velocity of the propagating signal with respect to reference signal and the

RIN transfer characteristics is highly dependent to the relative velocity between the pumps and the
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signals. If the relative group velocity between the signals increases, the RIN transfer is reduced

especially at high frequencies via averaging effect. Thus, for the counter propagating signals, where

the relative velocity (~ 1) is much higher, the 3dB cut-off frequency of RIN transfer is readily

Vs
reduced down to 1kHz compared to IMHz for co-propagating signals. By substituting the power
fluctuations AP;(z, t) into the Eq. 3.11 as small perturbations, the Eq. 3.11 can be split into such two

equations for average signal power and the small signal evolution [93].

BP 1 aP

2z TP “P“ng’?(‘fpg

(3.10)
om;

N
1 y
azl o.M = ZgR(l'])ijj
L 3
j=1

me@|*
my )

As a result the RIN transfer becomes and the RIN noise power of the amplified

signal accumulated over the noise bandwidth is calculated as:
oiiv = (PinRG)? fRIN(f)df (3.11)
Af
The RIN performance of Raman amplifier is tested for such four different pumping
configurations mentioned in Table 3.1. As illustrated in Fig 3.7, RIN transfer shows low pass
characteristics. Unidirectional pumping has a single cut-off, which is much lower for all-backward
pumping (~10kHz) configuration than all-forward pumping (~10MHz) configuration. On the other

hand, hybrid pumping shows a step-wise low pass characteristics with two cut-off frequencies.
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Fig. 3.7 The RIN Transfer function for the four different pumping configuration sets.

f. Double Rayleigh Backscattering (DRB)

Double Rayleigh backscattering (DRB) is one of the detrimental noise component in distributed
amplifiers which is the multi-scattering process occurs in any fiber. Backscattered noise which has
nearly the same spectral range experiences double scattering and interfere with the forward

propagating signal. The variance of the DRB noise is calculated by

Oprs = %fDRS(zaL + e — DIUIR(D*)} (3.12)

where fprs is the DRB scattering coefficient, a is the fiber loss (1/km), L is the fiber length. The
J{(|R:(7)|)} is the Fourier transform of the auto correlation function of electric field [94]. Using
signal RIN noise components as the temporal fluctuations and substituted into Eq. 3.14, the DRB

noise spectra simplifies to:
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N
10 1
Ohrs = ?fDRS(ZaL +e 2 — 1) 3 (1 + gz m? cos(27rfir)>
i
(3.13)

Iy RIN(f)df>
4

10
Obrs = ijRs(Z“L + e 22k —1) (

This DRB induced noise amplified by the distributed Raman gain causes cross-talk and

constitutes one of the major source of SNR degradation in Raman-amplified lightwave systems.

3.3. System description and noise analysis

Time stretched ADC with stretch factor of 40 is designed to capture 10GHz analog signals by 12bit
250MHz high fidelity electronic digitizers. Time stretching is achieved by propagating a broadband
continuum signal with 60 nm bandwidth centered at 1590nm through the two-stage dispersion
compensation modules (DCMs) having the dispersion value of -32ps/nm and the -1258ps/nm,
respectively [95]. In particular, the second module consists of three cascaded dispersion

compensation fibers (DCFs), Fig 3.8.

DCM1 : DCM2
60nm
A=1590nm -32ps/nm : -1258ps/nm
RF signal  S— f ................ 5
Amplification

introduced in this module

Fig. 3.8 The designed time stretched ADC with stretching factor of ~40.
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The distributed Raman amplifier is designed and introduced over the second DCM, which
consists of three cascaded dispersive fibers, by using six pump laser diodes in a hybrid

configuration, Fig 3.9.

DCM2
DCF1  DCF2 DCF3

WDM WDM WDM WDM

P, P, P, P, Py P,

Fig. 3.9 The Raman amplifier designed over DCM2 by using 6 pump laser diodes in a hybrid configuration.

The specifications of the three dispersion-compensating fibers used both in simulation and
the experiment and the optimized pump spectra including the wavelength and the power of the laser

diodes are summarized in Table 3.1 and Table 3.2, respectively.

Table 3.2 Specification of Dispersion Compensating Fibers used to form DCM2.

Dispersion Length Fiber Loss Splice Loss
DCF-1 -658(ps/nm) 8(km) 0.34(dB/km) 0.45(dB/splice)
DCF-2 -300(ps/nm) 3.5(km) 0.30(dB/km) 0.35(dB/splice)
DCF-3 -300(ps/nm) 3.5(km) 0.30(dB/km) 0.35(dB/splice)
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Table 3.3 The Pump Spectra (wavelength and the power) for 6 pump laser diodes used to in Raman amplifier.

P1 P2 P3 P4 P5 P6
Wavelength 1505nm 1490nm 1480nm 1450nm 1470nm 1460nm
Power S50mW 150mW 90mW 330mW 160mW 280mW

Broadband gain profile over 60nm (1560nm to 1620nm) bandwidth with ~4.65dB average
net gain and maximum gain ripple ~0.44dB is achieved, Fig 3.10(a). The evolution of the pump and
the WDM signals (13 signal channels with 10mW spectral power) is illustrated in Fig 3.10(b). The
WDM signals are mainly amplified through the first and the third shorter DCFs and stay constant

along the second longer DCF, Fig 3.10(b).
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| g .......... 1460nm )
Sook 000000 1470nm
2 --=-1480nm A
4 ¢\ & —e—1490nm
P~ = _ 1 0.1+ 1505nm ) AN
% G'min_4'43dB AG=0.44dB N ...................... ‘ )
.% 3. | % 5 10
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Fig. 3.10 The obtained wideband (~60nm) nearly flat (AG<0.5dB) spectral gain profile (a), and the pump and WDM

signal evolution inside the cascaded DCFs (b).
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Similarly, the same noise analysis is performed for time stretch system with discrete
amplifiers. To have fair comparison, I insert discrete amplifiers that produce the same signal power
at the detector as the Raman amplifier and assume 5dB noise figure for each amplifier. In the first
case I assume a single EDFA with 11.5 dB gain inserted after DCF3. In the second case I insert

double amplifiers after DCF2 and DCF3, Fig 3.11 [95].

Single EDFA
DF1 CF2 DCF3
Double EDFA Same
Net Gain
DCF1 DCF2 DCF3

@((@>

Fig. 3.11 Two alternative discrete amplifier configuration providing same net gain of 11.5dB.

3.3.1. SINAD and Noise Figure

The system performance of the ADC in terms of SNR is limited by the noise cumulated in the
system from both optical and electrical sources. A deep analysis is conducted to calculate the signal

to noise and distortion ratio (SINAD) and the effective number of bits, which is defined as

SINAD-1.76

ENOB = 0 for both discrete and distributed amplification configurations [95]. Under

SINAD analysis, all the noise components such as amplified spontaneous emission (ASE), relative

intensity noise (RIN), double Rayleigh backscattering (DRS), quantization noise thermal noise and
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the shot noise are estimated individually with respect to such optical and electrical parameters shown
in Table 3.4 and the system total SINAD is calculated as:

(PinGR)2

SINAD =
0(22 + 052 + atzh + @%SE + O-I%IN + O-[%RB

(3.14)

Table 3.4 The parameters used in the SINAD analysis

Simulation Parameters Values
R :Responsivity (A/W) 0.9
ks : Boltzman constant (m” kg s K™) 1.38x 107
h  :Plank’s constant (m” kg / ) 6.626 x 107
T : Temperature (K°) 300
Jfors: DRB coefficient 10"
R; : Load resistance (Q) 50
N : Number of bits 12
fs  :Sampling frequency (GHz) 3
Af :Noise bandwidth (GHz) 1
ng, : Sponteneous emission factor 1.58
mgr : RF modulation index = [1 + mgzp cos(wpyt)]Pin 0.5

RIN transfer in distributed amplifiers has been identified as one of the main contributor for
low SINAD time stretch system. Here we analyze the RIN transfer of the designed Raman amplifiers
and show that RIN transfer from pump to signal varies between 6dB and 11dB over the entire 60nm

bandwidth, Fig 3.12(a). In addition to RIN transfer, we individually include the contributions from
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double Rayleigh backscattering, shot noise, thermal noise, quantization noise and ASE noise. As
indicated in Fig 3.12(b), most noise accumulation occurs at low frequencies that can be eliminated
by using high pass filter such as 10MHz and 100MHz used in these simulations that limits the lower

edge of the analog bandwidth of the time stretch system to 400MHz and 4GHz, respectively.
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Fig. 3.12 The RIN transfer (a) from the pumps to the WDM signals in 6 pumped Raman amplifier shown in Fig 3.1(a)

and the individual noise components effective in the distributed amplification (b).
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Effective noise figure (NF), the SINAD and the corresponding ENOB values for distributed

and discrete amplifiers are illustrated in Fig. 3.13.
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Fig. 3.13 The NF (3a) and the ENOB (3b) calculation of discrete and distributed amplification schemas for ADC with
the 3GHz sampling rate, 1GHz bandwidth and 12bit quantization. Solid=No HPF, Doted=10MHz HPF,

Dashed=100MHz.
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SINAD values for distributed amplification vary from 60 dB to 68 dB. The biggest noise
component is generated by RIN transfer from pump lasers in distributed amplification. Additionally,
double Rayleigh scattering is determined to be detrimental for high ENOB systems. In discrete
amplification case we obtain SINAD values of ~55dB [95]. The biggest noise component in discrete
amplification is produced by ASE noise. In particular, we obtain ~16dB higher SINAD for

distributed amplification that can result in ~2.5bit higher resolution, Fig 3.13(b).

3.3.2. Experimental setup and results

In addition to analytical modeling, an experimental setup is designed to characterize the distributed
Raman amplifier by analyzing the gain profile and the noise performance in terms of signal to noise

and distortion ratio (SINAD) and the noise figure (NF).

WDM > WDM —)-I__).
A=1560-1620nm : DCM

ASE signal

1480nm 1505nm 1450nm 1470nm

Fig. 3.14 The experimental setup for Raman amplifier characterization.

As an input either broadband or continuous wave (CW) signals are propagated through the
dispersion compensating module (DCM with -1270ps/nm dispersion, 7.78km length and 3.5dB
insertion loss), which represents the second dispersive unit in time stretched ADC system.

Distributed Raman amplifier is designed over the DCM to obtain nearly uniform gain profile over
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60nm bandwidth via utilizing four high power pump laser diodes at 1450nm, 1470nm, 1490nm and
1505nm in a hybrid configuration.

Firstly, the gain profile of the Raman amplifier is measured by using the amplified
spontaneous emission (ASE) noise (>60nm bandwidth and 2.57mW average power) obtained
directly from the output of EDFA as the input signal. The ~8dB on-off and 4.5dB net gain is
achieved with <0.5dB ripple (highlighted in the figure inset). The sharp gain reduction around
1610nm results from the pass band characteristics (1528~1610nm) of wavelength-division-
multiplexer (WDM) used in the experiment. The measured net and on-off gain profiles are illustrated

in the figure.

Gain Profile of Raman Amplifier
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Fig. 3.15 The ~60nm broadband nearly flat gain profile of Raman amplifier with <0.5dB gain ripple.

Secondly, the noise performance of the Raman amplifier is analyzed for two continuous
wave (CW) signals (at 1590nm with 3.05mW and 1.63mW peak powers). The total noise in the
output signal, which results from the amplifier (RIN and ASE noise from the pumps) and the

detector (shot and thermal noise), is measured by spectrum analyzer (9kHz-6.7GHz bandwidth and
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1kHz minimum resolution bandwidth). As shown in Fig 3.16, the noise is mainly accumulated at low
frequencies. Thus, in order to reduce the total noise in the system, we applied both electrical filtering
by RF band-pass filters (low cut-off frequencies at 10MHz, 50MHz,100MHz and high cut-off
frequency at 1GHz) and optical filtering especially to suppress the ASE noise by coarse wavelength

division multiplexer (CWDM with~20nm bandwidth) are used.

SINAD and ENOB Measurement

'85 T T T T 80 T T 13
Noise Spectrum of Input and Amplified Signals —— BPF low cut-off=10MHz
-90 75 —— BPF low cut-off=50MHz 122
—— 3.05mW Amplified signal ——— BPF low cut-off=100MHz

95 ——— 3.05mW Input signal 70} 111.3
——— 3.05mW Amplified signal
— i 65 1105
- 100 1.63mW Input signal _
2 g 60 P_=3.05mW 1970
2 105 a ) 9
5 P =1.63mW z
g <Z( ) s 63m lesd
g -110 ®
50 48
-115 45 72
-120 401- 16.4
-125 r r r r ; 35 r r r r 55
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Af(MHz) Af(MHz)

Fig. 3.16 The noise spectrum (a) and the corresponding SINAD performance (b) for amplified signals with input

power of 1.63mW and 3.05mW.

As illustrated in Fig 3.17(a), SINAD is calculated for different signal powers ranging from
0.5mW to 2.5mW to illustrate the effect of signal power on SINAD. It is illustrated that ~10dB
higher SINAD is achieved. Additionally, the noise figure (NF) is calculated for signals (with
1.35mW average power) at different wavelengths ranging from 1560nm to 1590nm, Fig 3.17(b). It is

illustrated that ~0.5dB NF is achieved in Raman amplification as compared to ~3dB in EDFA.
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Fig. 3.17 The effect of signal power on SINAD (a) and wavelength dependency of NF (b) over 1GHz noise bandwidth.

3.4. Conclusion
In this chapter, amplified time stretched system for real time applications such as optical analog-to-
digital converter, arbitrary waveform generation and dispersive imaging is analyzed in terms of the
noise performance. In order to compensate the system losses and to obtain higher signal integrity,
the signals such as the WDM channels in communication networks or the broadband
supercontinuum pulses have to be optically amplified. Optical amplification can be implemented
either by either using lumped bulky amplifiers (EDFAs are commonly used at NIR regime) at
discrete positions or by using Raman amplifier which provides the gain over the system in a
distributed manner.

Analytically, all the effective noise components such as relative intensity noise (RIN),
amplified spontaneous emission noise (ASE), double Rayleigh backscattering noise (DRB), shot
noise, thermal noise and the quantization noise accumulated through out the system are investigated

individually for both distributed and discrete amplification cases. It s concluded that time stretch
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system with distributed amplification is mainly limited by RIN transfer and discrete amplification
system is limited by ASE noise. The noise performance of time stretched system with distributed and
lumped amplifications is analyzed in terms of the SINAD and the NF. Overall, the distributed
amplification in time stretch system with >10GHz analog bandwidth exhibit up to 16dB higher SNR
corresponding to ~2.5 bit higher resolution and ~3dB less NF.

In addition to analytical modeling, a flat ~60nm broadband Raman amplifier is demonstrated
experimentally. To test the noise performance, the variation of SINAD with respect to signal power
ranging from 0.5mW to 2.5mW is calculated and ~10dB higher SINAD is achieved. Additionally,
the noise figure (NF) is calculated for signals (with 1.35mW average power) at different
wavelengths ranging from 1560nm to 1590nm. It is illustrated that ~0.5dB NF is achieved in Raman

amplification as compared to ~5dB in EDFA.
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CHAPTER 4
Fast arbitrary waveform generation by using digital

micro-mirror arrays

4.1. Introduction

Arbitrary waveform generators (AWGs) find many applications in wide range of fields varying from
wideband communication and instrument diagnostics to remote sensing and radar systems. Photonic
AWGs provide wider bandwidth and higher dynamic range resolution and hence can complement
the electronic AWG techniques in many applications [96-97]. Various photonic techniques which
significantly improve the current state of art millimeter wave and microwave AWG have been
proposed and demonstrated. The narrow band techniques which enable to generate tunable gigahertz
waveforms through RF interference by employing a tunable laser diode source, electrooptic
modulator, and fiber delay lines [98] and through beating of different longitudinal laser modes,
which are independently phase or amplitude modulated to produce arbitrarily shaped beat signals, by
utilizing mode-locked laser diode combined with a wavelength-division-demultiplexing [99] have
been demonstrated. Using arrayed waveguide grating as a wavelength-division-multiplexing (WDM)
scheme with a series of optical attenuators and delay lines as well permits to achieve amplitude and
phase modulated gigahertz RF waveforms [97]. This technique, however, requires adapting the
wavelength selective delay lines for each specific RF waveform and thus complicates the
reconfigurability. In addition, all-fiber based methods such as temporal pulse shaping, spectral

shaping and microwave filtering followed by frequency-to-time mapping have been recently
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proposed to generate desired RF waveforms [100-102]. Moreover, free space AWG techniques using
high rate tailored pulse sequences produced through the direct space-to-time pulse shaper which
generates amplitude equalized and frequency modulated RF waveforms up to 50 GHz [103] and time
stretched reprogrammable system which produces waveforms up to 10GHz [104] by shaping the
spectrum of the broadband source spatially after being mapped over the modulator have been
previously demonstrated. In these spatial techniques, light modulation relies on the programmable
liquid crystal horizontal pixel arrays that can control the amplitude and phase of the incident light
which are limited by the slow response on a time scale of milliseconds [104-105].

Recently, new digital micro-mirror device (DMD) based on the DLP™ technology (Texas
Instruments, Dallas, TX) has been commercialized and it has the enabling capability of two
dimensional mapping and modulation via 2D pixel arrays, high resolution, high reflection,
exceptional stability and excellent controllability over thousands of individual micro mirrors [106].
Up to date MEMS micro-mirror arrays have been proposed for such many application as
programmable imaging, display technologies, spectroscopy, microscopy, 3D metrology, and
maskless lithography [107-109]. However, use of such devices for arbitrary waveform generation
has not been utilized.

In this chapter, a novel method for all optical RF arbitrary waveform generation (AWG) that
utilizes DMD technology is proposed and experimentally demonstrated. First I will introduce the
digital micro-mirror device (DMD), its operation principles, optical properties and superiority over
other types of spatial light modulators (SLM) especially the commonly used liquid crystal (LC)
technology. Then, I will discuss the detailed procedure that is used in AWG and provide analytical
modeling. In particular, I will discuss the limits of the proposed technique based on currently

available digital mirror technologies. The achievable temporal resolution, repetition rate, modulation
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index and the rise/fall times of the final waveform are calculated as figure of merit. It has been
showed that reducing the diffraction limit by increasing the ratio of beam size to lens focal length
(>0.075) and spatial modulation down to single mirror pitch size (10.8um), waveforms up to 18GHz
repetition rates with high reconfigurability rates beyond 32.5kHz, >90% modulation index and
<100ps rise times can be achievable by utilizing -675 ps/nm dispersion [110]. Finally, an
experimental setup is designed for proof-concept demonstration of AWG and 120MHz to 280MHz
sawtooth and 120MHz to 580MHz square waveforms are generated [111-112]. Additionally, the
experimental results are compared with theoretical estimates on generated square and sawtooth
waveforms at 120MHz and 160MHz, respectively to show that the analytical estimates match the

experimental results.

4.2. Digital Micro-mirror Device (DMD)

Digital micro-mirror device (DMD), a pixelated MEMS device based on extremely powerful and
flexible DLP™ technology (Texas Instruments, Dallas, TX), is an array of individually addressable
opto-electro mechanical pixel units. Each pixel unit is compromised of aluminum micro-mirror,
mechanical assembly and the control electronics, Fig.4.1. The mechanical assembly includes metal-3
layer, torsion hinge and the yoke. The micro-mirror is connected to yoke through the mirror post.
The yoke, which is the base for the mirror, rotates over the two torsion hinges (diagonally placed)
due to electrostatic attraction between the electrodes on the yoke and the metal-3 layer [113-115].
The metal-3 layer is the bottom layer landing on the memory cell composed of metal pads and
mechanical stops (position determines the maximum angle of rotation) and enables the electrostatic
attraction of the yoke, namely the tilting of the mirror according the state of memory cell. The state

of each mirror is controlled by corresponding dual complementary metal oxide semiconductor
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(CMOS) based static random-access (SRAM) memory cell. When CMOS SRAM is loaded with the
binary data, the electrodes on the metal-3 layer are charged accordingly to produce electrostatic

attraction of yoke and as well the mirror elements to rotate in the specific direction [113-114].

(Layers)
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Electrode Yoke
and Hinge
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Memory
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Fig. 4.1 The mechanical and electrical control assemblies of the digital micro-mirror memory cell [114].

The performance of the DMD is considered with respect to the capability of controller board
in terms of the achievable frame rate and the physical properties of micro-mirrors in terms of the
size, maximum tilt angle and the mirror pitch size. The DLP™ technology has substantially
advanced over the years to achieve higher dimensions, higher speeds and better resolution [106]. The
currently available MEMS mirror technology can provide down to 7.56um pitch size and up to
1920x1080 array size. Various DMD chipsets have been commercialized with properties listed in

Table 4.1.
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Table 4.1 The currently available DMD chipsets [106].

Mirror Mirror DMD
Chipset

Pitch size Tilt angle Array size

0.17 HVGA 7.56um 12° 480x320
0.55 XGA 10.8um 12° 1024x768

0.3 WVGA 7.6um 12° 608x684
0.7 XGA 13.6um 12° 1024x768
0.95 1080p 10.8um 12° 1920x1080

4.2.1. The Operation of DMD

The digital micro mirror device (DMD) reflects the incident light through the specific direction via
changing the orientations of the micro-mirrors. Each micro-mirror can generally be assigned to such
three different states defined as the flat, ON and OFF. Loading with binary data and applying the
bias voltage (typically 5V) into the CMOS SRAM memory cell, DMD can switch the micro-mirrors
between the pre-defined states. The flat state is the neutral position (0°) of the mirror when there is
no bias voltage and the ON-OFF states respectively correspond to position of mirror tilted either +0r
or -0r degrees (typically 10° or 12%) [15-116]. The reflected light deviates +/-201 degrees from the

specular reflection (in the flat state) for the ON/OFF state orientations, Fig 4.2.
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Fig. 4.2 The microscopic view (a) of DMD and the micro-mirrors in two different states. The optical function (b) of 12°

micro-mirror tilt device [116].

Any desired illumination can be displayed by loading the DMD with appropriate image
patterns. The black and white projection, for example, can be easily generated by using simple
binary image patterns where the micro-mirrors are statically assigned either to ON or OFF states. On
the other hand, gray scale intensities can be generated by dynamically switching the micro-mirrors
between ON-OFF states and adjusting the percentage of time the mirror is at each state, namely by
using pulse width modulation (PWM), during the refresh time. The N bit binary PWM system can be
designed to obtain 2~ gray scale intensities where each " significant bit covers 2"//(2N-1) percentage
of time. In order to obtain gray scale intensities quantized between 0 and 1, the binary code

representation is employed over the PWM system as shown in the Fig 4.3 [114, 117].
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Fig. 4.3 The binary N bit PWM system designed to obtain grayscale intensity levels [117].

grayscale intensity =

4.2.2. Optical Properties of DMD: Advantages and Disadvantages
DMD is a micro-optical device designed to be used as a digital spatial light modulator by providing
much better optical performance in terms of speed, feasibility for broadband illumination, active
area, contrast ratio and the diffraction efficiency than the other types of SLMs [118]. The main
advantages and the deficiencies of the DMD in comparison to most commonly used liquid crystal
display (LCD) technology are listed below:
Advantages :

1. With the recent MEMS micro-mirror technologies, up to 32.5 kHz pattern rate with a fast

switching speed of approximately <30us between the states allowing for fast display of
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illumination patterns can be achieved compared to time scale of milliseconds for LC based
SLMs.

The LC-SLM is a transmissive device causing more attenuation due to back reflection from
cascaded glass layers and the absorbtion. Since the DMD is a reflective surface and the
micro-mirrors are tightly inbuilted on the chipset with ~1um gap in-between, the DMD can
provide higher fill factor (ratio to pixel size of 10.8 pm) of %90 than the LC-SLM with %70.
The DMD can provide 6.6 times higher power transfer efficiency, which the ratio of reflected
irradiance to incident irradiance, than the LC-SLMs which, as a result, makes DMD more
suitable for high power applications and proportionally reduces the typical exposure time for
the same irradiance.

The DMD performs ~11 times and ~ 3.3 times higher contrast ratio, which is defined as the
ratio of maximum flux to minimum flux at the diffuser, for projected and holographic
images, respectively.

The DMD generated images show slight artifacts mainly at the edges of micro-mirrors,
however the LC-SLM generated images show much noticeable artifacts due to interference
of multiple reflections from cascaded glass layers of the LCD.

The pixelated structure of both DMD and LC based spatial light modulators functions as a
diffraction grating. The tilted surface due to states of micro-mirrors turns the DMD into a
blazed diffraction grating with a blaze angle of Ot (tilt angle). Thus, when illuminated at
blaze angle (blaze condition o=f) as twice as higher diffraction efficiency of %88 can be

obtained than the LCD device.
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7. DMD due its mirrored surface is capable of modulating broadband light ranging from
ultraviolent (UV) to near infra red (NIR) wavelengths. The DMD mirrors are also protected

by a cover glass, which is coated to operate for desired spectral window.

Disadvantages:

1. The DMD due its being reflective device can enable only amplitude modulation, however,
the LC-SLMs can be used both in reflection and transmission modes enabling both amplitude
and phase modulation.

2. The DMD mirror array as a 2D blazed diffraction grating with period of mirror pitch size
(typically 10.8um-13.6pum) distributes the incident beam into diffraction orders. The tilt of
the micro-mirrors (orientation at ON or OFF state) has no effect on the diffraction grating
(the number and the position of the diffraction orders stays fixed). The state of the micro-
mirrors only changes the corresponding power distribution over the diffraction orders due to
change in the angle of specular reflection. The diffractive nature of DMD causes degradation
in the coupling efficiency and the higher diffraction orders creates interference patterns,

which appear as background noise, for especially broadband applications [118].

4.3 AWG configurations and theoretical analysis

We investigated the optically assisted AWG system, which is mainly designed by combining the
broadband illumination, wavelength-to-time mapping, space-wavelength mapping and spectral
shaping modules, Fig 4.4. The supercontinuum (SC) pulses centered at 1590nm are used as 20nm
wide broadband source to capture the spectral modulation that is transformed into RF signals after
time wavelength mapping [105]. In the first stage, the broadband SC pulses are propagated through

the dispersion compensation module (DCM) with -675 ps/nm dispersion to map the spectral
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information into temporal waveform. Then, the spectral content of the time stretched SC pulses are
mapped over the focal plane by diffractive optics which is composed of a blazed diffraction grating
with 600 lines/mm grove density and a Fourier lens with 200mm focal length to collimate the
dispersed wavelengths and to focus the beam for better resolution. After being mapped over the focal
plane, the spectrum of the pulses is shaped by 1024 X 768 micro-mirror arrays used as a digital
spatial light modulator. The pattern on the DMD is electronically tunable and the pattern is set
according to the desired waveforms. The temporally and spectrally modulated signals are captured

by an optical detector connected to a real time oscilloscope [110-112].

Grating Photo-detector
& &
Fourier Lens 0SC

SC
source

Fig. 4.4 Functional block diagram for all-optical arbitrary waveform generation by using micro-mirror arrays. SC:
Supercontinuum, DCM: Dispersion compensating module, DMD: Digital micro-mirror device, PC: Personal computer,

PD: Photo detector, OSC: Oscilloscope.

4.3.1 Resolution Analysis

The resolution of the proposed AWG system is analyzed in terms of the spatial and spectral
resolution of the pulse shaping module [9-10] and the temporal resolution of the detection system to
assess the limit on the achievable RF waveforms. The pulse shaping mechanism is the key module of

the proposed AWG system and consists of space wavelength mapping, namely the spatial dispersion
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of wavelengths via diffractive element, and the focusing system which focuses the collimated beam
on to the spatial light modulator by a cylindrical lens [104-105]. The spatial resolution of the
focusing system, namely the minimum focal size, limits the smallest detectable feature on the image
plane (refers to DMD). Due to the diffraction limit, the spatial resolution depends on the wavelength
(1), the focal length (f) of the Fourier lens and the beam size (d) which is defined as the aperture
diameter if the plane wave is considered or the spatial full width at half maximum width (FWHM) if

the Gaussian wave is considered, Fig 4.5(a). Here, we analyzed the spatial and spectral resolution

performance of the pulse shaping module for both plane E,(x, d) o rect (2) and Gaussian waves

2
Ey(x,w) x exp (— Zx?) where w = . The intensity distribution of the focused beams at the

d
2/In (2)

image plane is calculated by Eq. (1) as:

n?(x — x -)2 d\>
2| _ piL s r
d exp [ YOV D2 (f> , Gaussian wave
(0207 « (1)
f (X' — xpl-) d
sinc? |————= <—> ,Plane wave
A f
Here x,,; = COGS 5 f(Ai — o) = Ggf(4; — A) is the relative position of the first order diffraction
peak for the wavelength A with respect to the central wavelength A.. The Gz = COGS o) is the

effective groove density defined as a function of 1* order diffraction angle (8). For the beam with
wavelength (L) and the incident angle (o), the first order diffraction angle (f) is calculated by the
well known grating equation written as sin(a) + sin(f) = AG which reduces to 2 sin(f) = AG in a
Littrow configuration(a = ). The spatial resolution (Ax) is defined as the full width at half

maximum (FWHM) width of the focused beam. The spectral resolution (AA), on the other hand, is
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defined as the minimum wavelength separation corresponding to spatially focused beams, which are

dispersed to a detectable spatial separation of Ax [110].

21
—fln(Z) ,Gaussian wave
Ax ~ dm
2 x1.39156 Af ’
,Plane wave
dm
(2)
22
In(2) ,Gaussian wave
AL ~ A_x _ GBdT[
T Gpf | 2%1.39156
—— | Plane wave
GBdT[

As calculated by Eq. (2), the spatial resolution is a function of the diffraction parameter (r), which is
defined as the ratio of the beam size to the lens focal length, (d/f). The Fig 4.5(a) illustrates the
spatial resolution (minimum detectable feature) achieved for both plane and Gaussian beams with

€69
T

respect to different “r”” values (r=0.001 to 1). The spectral resolution, however, only depends on the
beam size and the effective groove density of the diffraction grating. Since the spatially encoded
spectral modulation is mapped to a temporal modulation via dispersive Fourier transformation
through the DCM, the spectral resolution designates the temporal resolution of the generated
arbitrary waveforms. By neglecting the higher order dispersion terms, namely assuming a uniform
dispersion over a wide spectrum, the temporal mapping is modeled linear as At = AA*D. In
addition to these, the temporal resolution of the AWG system is ultimately limited by the detection
system that converts the optical signal into electrical waveforms. Here, the temporal resolution is
mainly limited by the RF bandwidth of the photodetector and the electronics following the detector.
The Fig 4.5(b) illustrates the spectral resolution and corresponding temporal resolution (via using

DCM with -675ps/nm dispersion) for different beam size (0.4mm to 20mm) and the effective groove

density (600, 900 and 1200 lines/mm) combinations.
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Fig. 4.5 The spatial resolution of the space-wavelength mapping (a) with respect to diffraction parameter (d/f) and the

spectral /temporal resolution (for D= -675ps/nm) with respect to the beam size, d and the effective groove density,Gg.

4.3.2 Spatial Light Modulation

The spatial light modulator is placed at the focal plane to shape the spectrum of the broadband
source properly for the desired waveform. The approach we propose uses the MEMS based micro-
mirror arrays as a digital spatial light modulator. The particular DMD considered in the experimental
setup and in these analytical calculations is a 0.55-inch diagonal mirror arrays consisting of
1024x768 individually addressable aluminum micro mirrors with 10.8um pitch size, Fig 4.6(a). Each
mirror can be assigned to discrete states of ON (+12° rotation) or OFF (-12° rotation), which can be
refreshed at a frame rate of 5 kHz, to control the direction of light [106]. The DMD mirrors are also
protected by a cover glass, which is coated to operate for desired spectral window [108]. Among
these the frame rate is particularly important and it determines the ultimate rate at which we can

reconfigure the whole waveform and also the maximum temporal width of a waveform package, as
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long as the laser repetition rate is adjusted accordingly. With the recent MEMS micro-mirror
technologies, up to 32.5 kHz pattern rate with a fast switching speed of approximately 30us between

the states allowing for fast display of illumination patterns can be achieved.

10.8um lum

N
&

' N mirrors
' modulation period

<«<——— 768 mirrors

<«—— 1024 mirror§ —m8 ——

(a) (b)
Fig. 4.6 The micro mirrors inbuilted on DMD with having 10.8 microns pitch size and ~Imicron gap in between (a) can
be oriented with high precision and speed at -12 or +12 degrees [14]. A sample (b) implemented ON-OFF modulation

pattern on DMD [119].

a. Square Waveform Generation

In order to generate an arbitrary waveform with a desired shape and frequency binary image patterns
are created on the DMD to set the states. The shape of the waveform corresponds to the image of the
binary pattern. For instance, in order to generate square waveforms binary image patterns similar to
the samples shown in Fig 4.7 are fed into the DMD. These vertical strip type patterns with varying

spatial frequency (in terms of the number of mirrors) function as a periodic rectangular spectral
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filter. Black lines correspond to the OFF state of mirrors and white lines correspond to ON state of

mirrors [110-112].

(a) () (©)

Fig. 4.7 The sample binary image patterns created on DMD to generate square waveforms with different spatial

frequencies. Patterns with spatial period of 60mirrors/period(a), 120mirrors/period(b) and 200mirrors/period(c).

By carefully selecting the bandwidth of SC pulses we can generate periodic waveforms
encoded on a single laser pulse. Using parallel system or utilizing the different diffraction orders
from the digital light mirrors, on the other hand, waveforms which appear longer period of time,
namely aperiodic with respect to laser repetition rate can also be generated. The frequency of the
generated RF waveforms on a single pulse is basically determined by the spatial light modulator and
the dispersive unit. As illustrated in Fig 4.8(a) that decreasing the pattern’s spatial modulation down
to single mirror pitch size (10.8pum) and using gratings with higher groove density improves the
spectral allocation (up to 18GHz temporal repetition rates can be achieved by -675ps/nm) so that
further by using lower dispersion DCMs (~17 times higher modulation rates can be obtained by
using -40ps/nm dispersive fiber as employed in [105]), the temporal frequency of the output

waveforms can be increased [110].
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Fig. 4.8 The temporal frequency of the waveforms with respect to spatial modulation period and the effective groove

density (a). The analytically generated waveforms for different spatial modulation periods, P (b).

The accuracy and the RF bandwidth of generated waveforms are also affected by the
diffraction parameter (r) and the spatial period of the patterns. We analyzed the generated
waveforms in terms of the modulation index and the sharpness of the rise/fall edges. The modulation
index is defined as m = Vmax — Vmin)/ Vmax + Ymin) and mainly depends on the diffraction

parameter (r). For the same spatial modulation frequency, increase in the ratio of the beam size to

lens focal length improves the spatial resolution Ax (%f) so that the RF waveforms which are the

images of the patterns becomes sharper on the edges and higher in modulation index, Figs 4.9(b-d).
In addition, for the same diffraction parameter (d/f), decrease in the pattern’s spatial period causes
the edges to get closer, rounds and thus reduces the modulation index, Figs 4.9(a-c). The minimum
spatial modulation period required to obtain a modulation index >90 % is also calculated for each

diffraction parameter, Figs 4.9(a-c) [110].
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Fig. 4.9 The modulation index(m) due to spatial modulation period and diffraction parameter (r) for both Gaussian (a)

and Plane (c) beams. The inset figures shows the required modulation period to obtain m>90%. The generated

waveforms (b-d) for different diffraction parameters (r).
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The other key concept to evaluate the characteristics of the generated waveforms is the
maximum achievable RF bandwidth, namely the sharpness of the rise/fall edges. The spectral (oAr)
or the temporal (tgr) rise refers to the increment required for a waveform to change from a specified
low value (10%) to a specified high value (90%). As the spatial modulation period increases, the
rounding effects disappear, the edges become clearer and the edge slope becomes constant, Figs.
4.10(a-c). The actual rise/fall time can be improved by increasing the beam size, d (the effect of the
lens focal length is almost negligible) and by using gratings with higher groove density (G), Figs

4.10(b-d) [110].

90



~ 4 i . , . 3 ' T 2.03
E —d=0.4mm _Gp=600hneslmm
T | —d=0.8mm =G =900lines/mm
s | —d=4mm | .
| ~e-d=10mm ' — GB-1200I|neslmm
5 :
v i 4 27
i ol
2 2 < 151
= £
T P :
g
0
@
14
[E /
0 | :
(/n)- 0 g&ww»mrmewumww> 0 ' ; =
0 40 80 120 160 200 0 4 8 12 16 28
Spatial Modulation Period (# of mirrors) Beam Size, d (mm)
(a) (b)
6 i . . : S ' T 3.38
£ | —d=0.4mm _G$=600I|neslmm
c
T | d=0.8mm -G, =900lnes/mm
< v =4 MIM '
% -
5| —d=1omm ' _._.-.Gﬁ 1200lines/mm
& ' 3 54
£ \ d=04mm
o '; >
g 3 169E
- i 14
T i v
w '.‘
3
E /‘/
£ v
8
UQ)' 0 I&NW”WOQWOOOW”W”M%“ 0 :
0 40 80 120 160 200 0 4 8 12 16 2

Spatial Modulation Period (# of mirrors) Beam Size, d (mm)

(c) (d)

Fig. 4.10 The spectral (3Ar) and the temporal (tg) rise at the waveform edges due to spatial modulation period (a-c) and
the beam size (b-d) for Gaussian and Plane beams, respectively. The inset figures show the effect of lens focal length on

OAgr and TR.
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b. Sawtooth Waveform Generation

The DMD can display both binary and grayscale images with high frame rates. Contrary to binary
images for which the micro mirrors are only assigned to either ON or OFF states, to achieve
grayscale images, however, requires fast switching of the mirrors between two binary states by
properly adjusting the percentage of the time the mirror is at ON state during the refresh time. The
DMD chipset used in this experiment can be refreshed up to SkHz (200us refresh time) and 5S00Hz
(2ms refresh time) for binary and grayscale (up to 8bits, 256 levels, toning) images, respectively
[106]. However, since the temporal window (temporal width of the SC pulses) to catch the pattern
modulation is much shorter than the DMD refresh time, it disables to utilize the averaging of
dynamic patterns. Thus, static assignment of the micro mirrors can only be used for the waveform
generation. On the other hand, to enable amplitude modulation or to generate complex waveforms
such as sawtooth or triangle, which includes grayscale amplitudes, special patterns has to be created.
Two different approaches have been proposed to create appropriate binary patterns to achieve
grayscale modulation.

In the first approach, the two dimensional mapping/modulation capability of DMD via 1024
X 768 individually addressable digital micro mirror arrays is proposed to accomplish amplitude
quantization. To enable 2D modulation, spatially dispersed and collimated beam (considered as 1D
wavelength to space mapping) has to be expanded to illuminate a sufficient area over the DMD.
Through assigning the mirrors in horizontal direction for the temporal sampling and the mirrors in
the vertical direction for the amplitude quantization, it is possible to generate complex waveforms by
adjusting the number of vertical ON state mirrors accordingly to set the quantization levels, Fig 4.11

[110].
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Fig. 4.11 The 2-D amplitude quantization model for sawtooth waveform generation. The sample modulation scheme
employed on DMD with 128 horizontal mirrors/period and 8 amplitude quantization levels (a). The sample binary image
pattern with 128 horizontal mirrors/period and 320 vertical mirrors (40 mirrors /each level) created on DMD to generate

sawtooth waveform (b).

In the second approach, using so called pulse width modulation among the combined group
of mirrors enables one dimensional amplitude quantization. The pre-defined modulation period (in
terms of the pixels/mirrors), is divided into sub-periods to define each quantization level for which
the number of the mirrors at ON state is set accordingly, Fig 4.12(a). The binary image patterns
created due to second approach similar to the sample shown in Fig 4.12(b) are used in the

experiment to generate the sawtooth waveforms with varying spatial period [110].
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Fig. 4.12 The so-called pulse width modulation model for sawtooth waveform generation. The sample modulation

scheme employed on DMD with 128 mirrors/period and 8 amplitude quantization levels (a). The sample binary image

pattern with 128 horizontal mirrors/period created on DMD to generate sawtooth waveform (b).

4.4. Experimental Setup and Results

The experimental setup illustrated in Fig 4.14 is used to demonstrate DMD based optical AWG
system [110-112]. Supercontinuum pulses are generated to provide broadband source by propagating
the Mode Locked Laser pulses (at 1550nm with <Ips pulse width and 20MHz repetition rate)
through the amplifier (EDFA: Erbium Doped Fiber Amplifier) and the cascaded single mode (SMF),
dispersion shifted (DSF) and nonlinear fiber (NLF) patch cords [120]. Band pass filter (CWDM:

Coarse Wavelength Division Multiplexing) centered at 1590nm is used to carve out ~20nm nearly-

flat portion of the spectrum, Fig 4.13.
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Fig. 4.13 The setup for supercontinuum pulse generation and the achieved broadband spectrum of the pulses. The nearly

flat portion (20nm centered at 1590nm) is carved out by CWDM.

Generated SC pulses are then wavelength-to-time mapped through the dispersion
compensation module (DCM with -675ps/nm) for real time detection. The optical pulses, on the
other hand, are highly attenuated while passing through the system. The system losses are mainly
due to the DCM (~2.1 dB insertion loss) and the DMD which induces single pass attenuation of
~45% by considering the beam wavelength (1590nm), micro-mirror reflectivity (~90%), active area

(~90%), diffraction efficiency (%88) and the transmission of the protective cover glass on the micro
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mirrors (~90% if coated for NIR and ~75% if coated for visible) [109]. In order to compensate the
system losses and to obtain a better signal to noise ratio, a flat gain Raman amplifier is designed to
provide a uniform amplification through the DCM. The Raman amplification with ~10dB net gain
and <0.5dB gain ripple is introduced by using four pump laser diodes at different wavelengths
(1450nm, 1470nm, 1490nm and 1505nm) in a hybrid pumping configuration. Amplified and
temporally stretched broadband pulses (collimated beam with a Gaussian profile having ~0.87mm
beam diameter) are spatially dispersed by blazed grating (600lines/mm) and collimated on to the
DMD (1024x768 mirror array) by the first cylindrical lens (L1: f=200mm). Since the pulses are
stretched in time, namely a dispersive Fourier transform by the DCM, the DMD induced spatial
modulation on the spectral domain are mapped into the temporal. The spectrally and temporally
modulated pulses are then focused by the second spherical lens (L2: f=30mm) in to the photo
detector (>1.2GHz bandwidth). The detector is placed through the mirrors’ ON state direction, which

is connected to real time storage oscilloscope with 8GHz bandwidth [110-112].
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Fig. 4.14 The experimental setup of all optical arbitrary waveform generator (AWG). MLL: Mode locked laser, EDFA:

Erbium doped fiber amplifier, SC: Supercontinuum, BPF: Band pass filter.

The DMD chipset used in the experiment is protected by a cover glass, which is anti-
reflective (AR) coated for visible light. Under broadband and near infrared (NIR) illumination, a
strong interference results from the Fabry Perot effect between the micro-mirrors and the cover
glass. This spectral interference transforms to a temporal modulation of ~1.8GHz through the DCM
(-675ps/nm) [111]. As a result, a low pass filter with 1GHz cut-off is used after the detector to
eliminate this undesired interference. The detected unmodulated signal in which all the mirrors are
assigned to ON state (white image pattern) and the etalon induced interference which occurs at

~1.8GHz are illustrated in Fig 4.15.
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Fig. 4.15 The detected unmodulated signal (a) with ~1.8GHz etalon induced interference (a). Low pass filter at 1GHz is

used to eliminate this undesired interference (b).

As illustrated in Fig 4.16, square waveforms with frequency ranging from 120MHz to
580MHz are generated for the proof of concept demonstration [111]. Due to the spatial resolution of
the optical system, as the pattern modulation frequency increases, the waveforms approximates to
sinusoidal rather than square wave due to the rounding of the edges, Fig 4.16(a-b). Increasing the
spatial period of the patterns, namely exceeding the diffraction limit, results in a higher temporal
modulation index and enables to achieve desired waveforms with high accuracy in terms of the

shape and the fine features, Fig 4.16(c-d).
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Fig. 4.16 The generated square waveforms with repetition rates of S§0MHz(a), 300MHz(b), 200MHz(c),

and 120MHz(d).

We have implemented second approach of amplitude quantization mentioned in previous
section to generate a sawtooth waveform, a complex waveform including gray scale levels, similar
patterns shown in Fig 4.7(b) are used. As illustrated in Fig 4.17, three different sawtooth waveforms
with frequency of 280MHz (a), 160MHz (b) and 120MHz (c) are generated for demonstration [111].

The relative position of the spatial window of the space-wavelength mapping over the DMD pattern
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may cause irregularities such as the shearing and fading at the ends of the temporal window

(At=AL*dispersion=13.5ns) in which the RF waveforms are generated.
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Fig. 4.17 The generated sawtooth waveforms with repetition rates of 280MHz (a), 160MHz (b) and 120MHz (c).

In addition, to test our analytical modeling we have experimentally generated another set of
square and sawtooth waveforms. The DMD is loaded with the appropriate patterns, similar to Fig.4.7
and Fig.9b, with 180mirrors/period and 162 mirrors/period for square and sawtooth waveform
generation, respectively [110]. The experimentally and analytically generated square and the
sawtooth waveforms are illustrated to demonstrate the concept and the correctness of the analytical

model, Fig4.18.
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Fig. 4.18 The analytical and experimental results for the generated square waveform at 1220MHz (a) and for the sawtooth

waveform at 160MHz (b).

The weak high frequency modulation appears on the analytically generated sawtooth
waveform (b) results from the individual square type modulation of the sub-periods of the pattern
used to generate sawtooth waveforms (Fig 4.12). In addition, using LPF to eliminate the Fabry Perot
interference between to cover glass and the mirrors limits the maximum detectable frequency
bandwidth to 1GHz with ~1ns rise/fall time. By using a suitable cover glass which is AR coated for
near infra red (NIR) illumination and high speed detectors enables to catch the higher harmonics so
that increases the temporal resolution and hence the smearing of the fine details of the arbitrary

waveforms can be avoided. These weak modulations, as a result, on the sawtooth waveform and the
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sharp edges of the square waveform are slightly smoothened due to the 1GHz LPF used in the

experimental setup.

4.5. Conclusion

A new approach for all optical AWG is proposed by using MEMS based micro mirror arrays as a
digital spatial light modulator. I described the procedure that is used in AWG in detail and provide
analytical modeling. Additionally, I discuss the limits of the proposed technique based on currently
available digital mirror technologies. As a performance criteria, the achievable temporal frequency,
modulation index and the maximum frequency bandwidth of the modulated waveforms are
investigated for such different optical system parameters as the beam size, lens focal length,
effective groove density and the spatial modulation frequency. The results indicates that reducing the
diffraction limit via increasing the ratio of beam size to lens focal length (>0.075) and spatial
modulation down to single mirror pitch size (10.8um), waveforms up to 18GHz repetition rates with
>90% modulation index and <100ps rise/fall times can be achievable by utilizing -675 ps/nm
dispersion. The system temporal performance mainly depends on the dispersive unit and can be
improved proportionally with the amount of dispersion.

Using an initial experimental setup, we demonstrate 120MHz to 280MHz sawtooth and
120MHz to 580MHz square waveforms that are controlled by a 1024x768 mirror arrays.
Additionally, another set of 160MHz sawtooth and 120MHz square waveforms are obtained and
compared with analytical counterparts to illustrate the agreement with the analytical estimates.
Based on the state of the art MEMS digital mirror technology, it is estimated that waveforms with
1GHz rate reconfigurable in ~30us are achievable by using proposed approach. By compensating for

the system non-idealities such as the non-uniformity of SC source and the system distortions through
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the patterns fed into the mirrors and by using an effective feedback algorithm, the system would

converge to high accuracy waveforms with minimum achievable error.
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Conclusion

This dissertation describes the dispersive and nonlinear interactions in optical fibers and analytical
and numerical studies on for synchronous pulsed Raman laser up to second order in dispersion
managed system. This dissertation further includes a theoretical and experimental investigation of
the noise performance of time stretched systems with discrete and distributed amplifiers. Finally, this
dissertation presents the spatiotemporal system incorporated with mature MEMS digital micro
mirror technology for the all-optical arbitrary waveform generation.

Chapter 2 of this dissertation discusses the stability of dispersion managed (DM)
synchronous Raman lasers up to second order both analytically and numerically. The variational
analysis was conducted in order to derive the differential equations that explain the intracavity
dynamics of Stokes pulses in terms of their pulse parameters. The resulting coupled differential
equations with periodic boundary conditions are solved to obtain the Stokes pulse parameters at the
steady state. The analytically and numerically derived pulse parameters of the Stokes pulses are
compared to illustrate the correctness of the analytical predictions. The results show that stable
second order Raman Stokes pulses with 0.02W to 0.1W peak power and 1ps to 2.1ps pulse widths
can be achieved in a DM Raman laser system. The future works should be focused on optimizing the
parameters of the dispersion management and designing complex dispersion managed systems for
high order laser generation.

Chapter 3 of this dissertation discusses the noise performance and hence the signal to noise
ratio (SNR) performance of time stretch ADCs with distributed and lumped amplifications. Erbium

doped fiber amplifier (EDFA) and Raman amplifier is thought for the lumped and distributed
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amplification, respectively. All the major noise components mainly due to amplifiers such as the
amplified spontaneous noise (ASE), relative intensity noise (RIN), double Rayleigh backscattering
noise (DRB), and due to detection system as the shot noise, the thermal noise and the quantization
noise are investigated individually. I conclude that the time stretch system with distributed
amplification is limited by RIN transfer and discrete amplification system is limited by ASE noise.
In addition, since the noise is mainly accumulated at low frequencies, using high pass RF filtering
improves the SNR performance. Eventually, I estimate that distributed amplification in time stretch
system with >10GHz analog bandwidth exhibit up to 16dB higher SNR corresponding to ~2.5 bit
higher resolution. In future, the Raman gain optimization of the system can be extended to include
the additive noise terms to achieve high SNR time stretched system.

Chapter 4 of this dissertation discusses a novel technique for all optical arbitrary waveform
generation (AWG) by using MEMS based 1024x768 micro mirror arrays, which constitute a
preferable alternative for digital spatial light modulator providing extremely faster switching speeds
(<30us) between different types of modulation patterns, excellent stability, higher diffraction and
power transfer efficiency and feasibility for wide range of wavelengths (UV to NIR). I described the
detailed procedure and provide an analytical modeling to discuss the limits of the proposed
technique in terms of the frequency, the modulation index and the RF bandwidth which mainly
depend on the spatial (diffraction limited) and the spectral resolution of space-to-wavelength
mapping and the spatial modulation. The results indicate that reducing the diffraction limit, using
more powerful gratings and increasing the spatial modulation frequency. The system temporal
performance mainly depends on the dispersive unit and can be improved proportionally with the
amount of dispersion. Additionally, an experimental generation of 200MHz square and 280MHz

sawtooth waveforms at different frequencies by individually controlling the states of micro mirrors
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is demonstrated as a proof-of concept. Based on currently available digital mirror technologies, I
estimate that 1GHz waveforms reconfigurable in ~30us are also achievable by using the proposed
approach. By compensating for the system non-idealities such as the non-uniformity of SC source
and the system distortions through the patterns fed into the mirrors and by using an effective
feedback algorithm, the system would converge to high accuracy waveforms with minimum
achievable error. The future works should be focused on utilizing the mature DMD technology for
wide area fast scanning real-time dispersive imaging applications which is highly desired for

biological imaging, surface metrology, micro manufacturing monitoring.
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