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Abstract

Fiber-pigtailed Distributed Feedback (DFB) laser diode modules often employ isolators 

to reduce the optical feedback induced intensity noise and distortion, and to meet the 

requirements imposed on the DFB lasers in analog optical transmission systems such as 

Cable Television (CATV). For some situations however, isolators could be avoided to reduce 

cost and simplify laser module manufacture while maintaining the desired DFB laser’s 

performance.

In this thesis, Fabry Perot (FP) and DFB laser diode rate equations were augmented to 

include the effect of optical back-reflections. The proposed laser model was implemented 

in software and used as the basis for linearity and noise simulations in which the effect 

of the reflected optical power on the laser diode performance was studied. The model’s 

results were verified experimentally using an tunable induced back-reflection setup.

Results suggest that it is beneficial to operate unisolated DFB laser diodes in feedback 

Regime V. This was achieved by attaching appropriate FBG to DFB laser. Two telecom

munications wavelengths, 1310 nm and 1550 nm, were used to examine the performance of 

a DFB laser coupled to an Fiber Bragg Grating (FBG). A stable spectrum was showed 

and low Relative Intensity Noise (RIN) comparable to that of the isolated DFB laser was 

achieved for both wavelengths.

A pre-distorter model including optical back-reflection effects was derived, implemented 

in software, and cascaded to the laser model to compensate for the laser nonlinearity. 

Simulation results showed that at 0.10 modulation index, average improvements of 45 dB 
in second order harmonic distortion, 55 dB in third order harmonic distortion, and 40 dB 

in different intermodulation distortions can be achieved using the proposed pre-distortion 

technique. Furthermore, at a modulation index of 0.04, the predistorter was found to

iv
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reduce the second order harmonic distortion and two-tone third order intermodulation 

distortion levels to less than -75 dB and -100 dB respectively. This hence renders the laser 

suitable for CATV applications.

Our proposed pre-distorter constitutes a contribution to the state-of-the-art as it en

hances the precision of currently used models by adding the effect of the optical feedback.
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Chapter 1 

Introduction

1.1 Introduction

Fiber optic cables have many advantages over copper cables in terms of data transmis

sion. Some of these advantages include: high bandwidth, light weight, immunity from 

electromagnetic radiation, and low cost [1], Fiber optics can be used in analog optical 

transmission applications such as Cable Television (CATV) systems to distribute CATV 

signals over large geographic areas with high quality. Semiconductor laser nonlinearity and 

intensity noise are of concern in CATV systems. In order to provide high quality video 

to subscribers, CATV systems require a Carrier to Noise Ratio (CNR) of 50 dB, Compos

ite Second Order distortion (CSO), and Composite Triple Beat (CTB) of -60 dBc [2-4], 

CSO and CTB are mainly related to the different harmonic and intermodulation distor

tion mechanisms in the laser diode; CNR is limited by the laser’s Relative Intensity Noise 

(RIN). One major factor increasing the RIN and distortion is optical back-reflections which 

can modify the static and dynamic characteristics of the laser. These reflections originate 
from the laser facet, laser/fiber interface, and fiber connectors.

There can be benefits to operating laser diodes with optical feedback: (i) selection of a 

distinct longitudinal mode of a Fabry Perot (FP) laser [5,6]; (ii) tuning of Distributed Feed

back (DFB) laser emission frequency [7]; (iii) considerable linewidth narrowing [8,9]. How

ever, optical feedback is typically expected to be detrimental to laser diode performance. 

For example, at some optical feedback levels laser spectral linewidth has been found to 

broaden by several tens of gigahertz (20 GHz is equivalent to 0.16nm at A — 1550 nm) [10]; 

an increase in RIN has been also observed. This large variety of both positive and negative

1
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effects suggests that optical feedback phenomena should be studied in detail.

Laser diode rate equations describe the interaction between the injected electrons and 

the generated phonons in the laser cavity. Rate equations typically neglect optical back- 

reflections for simplicity, thereby making them ill-suited for analysis of laser diode perfor
mance with consideration of optical back-reflection effects. This work addresses the need 

for a comprehensive laser model with the ability to evaluate the performance changes due 

to optical back-reflections.

The phenomena arising in laser diodes subject to optical back reflection can be classified 

based on the feedback magnitude in five regimes, identified as Regimes I, II, III, IV, and 

V (ordered from least to greatest magnitude of feedback) [11], In Regime I, the feedback 

level is weak and the narrowing or broadening of the laser spectral linewidth depends on 

the phase of the feedback. In Regime II, rapid mode hopping causes a splitting of the 

laser spectrum. The laser spectrum returns to a single narrow line again in Regime III. 

Regime IV is reached if further increase of the feedback strength is applied, the linewidth 

is dramatically broadened as a result. This regime is also known as coherence collapse 

regime. When the feedback level is increased further, the laser returns to narrow-linewidth 

single-mode operation and operate in Regime V [12],

1.2 Thesis Motivation

A need for a comprehensive laser model which has the ability to predict the laser diode 

performance due to the reflected waves (RIN, distortion, etc.) is vital. The model should 

also suggest the operating point based on the laser diode parameters so that transition 

to the coherence collapse regime can be avoided. The laser spectrum is narrowed for all 

feedback phases only in Regime V; the laser exhibits low RIN level and becomes insensi

tive to further reflections. In general this regime cannot be achieved for uncoated lasers 

without intentional external reflections. The challenge is to force the laser to operate in 

Regime V. FBG provides a good solution: including a suitable external FBG in the fiber 

pigtail can drive the laser diode to operate in Regime V and make it suitable for CATV 

applications. CATV systems require low distortion levels for the laser. This necessitates 

an effective linearization technique to compensate for laser nonlinearity. A suitable laser
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model that contains major causes of laser distortions can be a good building block for such 

distortion compensation technique. Further elaboration is found in the Motivation section 

of Chapter 2.

1.3 Objectives

The main objective of this thesis is to enhance the performance of the DFB laser diode for 

analog CATV applications and to avoid the costly isolator, thereby simplifying the laser 

module fabrication process while still maintaining the required laser performance. This 

can be achieved in the following key steps:

• Review and analyze the available semiconductor laser rate equations that include the 

optical back-reflections terms.

• Advance the state of the art in the area of modeling signal transmission over optical 

fiber links by introducing the proposed model based on the laser diode rate equations 

that contain the optical back-reflections terms.

• Evaluate the laser performance under optical back-reflections using the proposed 

models.

• Analyze the different feedback regimes.

• Avoid using the isolator needed for DFB laser diode.

• Develop a suitable technique to enhance the DFB laser diode performance in the 

existence of the reflected power by using an external FBG.

• Design and implement the proposed FBG.

• Evaluate laser diode performance with and without the FBG.

• Develop a suitable technique to improve the laser linearity.

1.4 Contributions

The main contributions in this thesis are summarized below:

• Enhancing the mathematical modeling of DFB laser diodes by including the feedback 

terms in the rate equations.

• Using Agilent ADS software to implement the laser model with feedback effect.
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• Prediction of the the coherence collapse regime and other feedback regimes of the 

DFB laser diode.

• Prediction of the DFB laser diode DC behavior, distortion, RIN, and modulation 

response with different back-reflection powers.

• Model verification.

• Identification of the the DFB laser diode spectrum under different feedback powers 

through experimentation.

• Design and implementation of the FBG needed to force the DFB laser diode to 

operate in Regime V.

• Performance analysis for the DFB laser diode with the FBG compared to the isolated 

DFB laser diode.

• Derivation and modeling of the inverse laser model including feedback to compensate 

for the laser diode distortion.

1.5 Organization

Chapter 1 introduced this work. Background and motivation to this work are presented in 

Chapter 2. Chapter 3 presents the model implementation and simulation results. Chapter 

4 presents the experimental work and model verification. FBG design and implementa

tion are presented in Chapter 5. In Chapter 6, the performance evaluation of DFB laser 

diode with an external FBG is presented and compared to that of the isolated DFB laser 

diode. The derivation, software implementation, and testing of the inverse laser model 

including optical back-reflections effect is demonstrated in Chapter 7. Finally, Chapter 8 

summarizes the results obtained from this work, gives the overall conclusions, and poses 
recommendations for future work.
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Chapter 2 

Background and M otivation

This chapter provides an explanation for the laser diode principles and the rate equation 

concept. The conventional laser diode rate equations and the modified gain laser diode rate 

equations are reviewed. The feedback phenomenon and its different regimes are analyzed, 

previous work that investigated feedback effects is also surveyed. Changes to laser diode 

performance due to optical back-reflections are discussed. Challenges to CATV systems 

performance are presented at the end of this chapter.

2.1 Laser Principles and Rate Equations

2.1.1 Laser P rincip les

L A SE R  is an acronym for Light Amplification by the Stimulated Emission of Radiation. 

Ideal laser light is of a single wavelength, formed in parallel beams and it is coherent, that is, 

in a single phase. Laser operation involves three key light-matter interaction processes [13]:

• P hoton  absorbtion: when a photon of energy Yw impinges on the system, an 

electron in state E\  can absorb the photon energy and be excited to state E 2 as 

shown in Figure 2.1.a.

• Spontaneous emission: the electron at state E2 will shortly return to the ground 

state without external stimulation as shown in Figure 2.1.b.

• Stim ulated emission: if a photon of energy hv impinges on the system while the 

electron is still in its excited state, the electron is immediately stimulated to drop 

to the ground state and give off a photon of energy hv in phase with the incident

5
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photon as shown in Figure 2.I.e.

As shown in Figure 2.1 there are two energy states, ground state E\  and the excited- 

state energy E2. The transition between these two states involves the absorption or emis
sion of photon of energy E2 — E\. In thermal equilibrium the density of excited electrons 

is very small. Most photons incident on the system will therefore be absorbed, so that 

stimulated emission is essentially negligible. Stimulated emission will exceed absorption 

only if the population of the excited states is greater than that of the ground state. This 

condition is known as population inversion. It is achieved by various pumping techniques. 

In semiconductor lasers, this is accomplished by the injection of electrons into the material 

at the device contacts to fill the lower energy states of the conduction band.

n

(a) Absorption

*

I

{b) Spontaneous emission

*

I

flVy

hv 12 (in phase)

(c) Stimulated emission

Figure 2.1: The three key processes in laser operation: absorption, spontaneous emission, 
and stimulated emission process, reproduced from [13].

2.1 .2  Laser D iod e  R ate  E quations C oncept

The semiconductor laser diode rate equations describe the interaction between the injected 

carriers and the generated photons in the laser diode active region. The total carrier 

population is determined by carrier injection, spontaneous recombination, and stimulated 

emission. For a PN junction with carrier-confinement region of depth d, the rate equations 

are given by: ^= S tim ulated  emission +  Spontaneous emission +  Photon loss; which 

governs the number of photons P, and ^= In jec tion  +  Stimulated emission +  Spontaneous 

emission; which governs the number of electrons C. Under steady state condition ^  =0, 

0, the steady state photon density Ps is given by: Ps=Number of photons resulting
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from stimulated emission +  Spontaneously generated photons [13].

2.1 .3  F P  vs D F B  Laser D iod e R ate  E quations

A FP laser diode uses two end mirrors to produce multiple reflections; the lasing threshold 

is attained when the roundtrip gain reaches unity. The FP laser diode cavity loss a m and 

the photon lifetime, rph, are given by:

where L  is the laser cavity length, Ri and A2 are the two mirrors reflectivities, a int is the 

internal losses, and vg is the group velocity.

A DFB laser uses a Bragg grating in the active region in order to suppress multiple 

longitudinal modes and enhance a single longitudinal mode, similar to the FP laser, the 

lasing threshold is obtained when the roundtrip gain reaches unity. The coupling coefficient 

k for a DFB laser represents the coupling between the forward and backward traveling 

waves due to the active region refractive index periodic change (i.e, it determines the 

amount of feedback due to the grating structure).

Laser diode rate equations can be used to describe DFB lasers in the same way they 

are used to describe FP lasers. In order to apply the photon rate equation, the photon life 

time am is required. The threshold gain of DFB depends on the coupling strength kL. For 

a typical coupling strength kL  =  2, Figure 2.2 on page 9 yields [10]:

for 7t/ 2-phase shifted DFB laser

The DFB cavity loss am can be related to an effective reflectivity R  (R = Ri  — A2) 

for a given coupling strength k L  [10]. As shown in Figure 2.2 on page 9, for a coupling

(2 . 1 .1)

I'g ( o m  +  & in t ) (2 .1.2)

amL  ~  1.95 (2.1.3)

for non-phase shifted DFB laser and

amL ~  1.4 (2.1.4)
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strength of kL  =  2, a DFB laser exhibits the same threshold gain as FP laser with facet 

reflectivities of R  = 0.25 with 7t/2 phase shift, or of R  = 0.14 without phase shift.

2.2 Conventional Laser Diode Rate Equations

Simplified single mode rate equations were expressed in many references as follows [14-18],

P P  =  TGP(t) + r/?sp—  -  ^  (2.2.1)
a t  Te Tph

(2.2.2)
dt qVc Te '  '

where P(t)  represents the intracavity photon density, C  is the active region carrier density, 

T is the mode confinement factor, (3sp is the spontaneous emission factor, re is the electron 

life time, Tph is the photon life time, I(t) is the injected current, q is the electronic charge 

and Vc is the volume of the active region.

2.3 Modified Laser Diode Rate Equations

Many works have been done by Ghoniemy et al [19] in modifying the rate equations gov

erning the dynamics of the laser diode theory. These include, semiconductor laser gain 

modifications [20], the effects of device heating [21], current leakage [22] and noise [23]. 

Results from these work concluded the following normalized laser rate equations:

dPn(T,t) _ (Cn( T , t ) - C Z ( T ) )  P„(T,t) _  Pn(T,t)
dt Tph(T)(l -  C™ (T)) fy l +  P?(T,t) Tph(T)

+ (/3spB0re(T)Cthoexp ( ^ ^  -  +  FPn(t) (2.3.1)

dCn(T,t) Ie f f (t) (Cn{ T , t ) -C Z ( T ) )  Pn(T,t) Cn(T,t) 
----------------     + * c n{t)dt qVcCth(T) Te(T)rph(T)(l -  Cl(T))  fy l + p ? (T,t) re{T)

(2.3.2)

= p n ( C n(T, t ) -  Cn) + F*n(t) (2.3.3)
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adjustment (—  -----------) and with a 7r/2-phase shift (-------------- ) , reproduced from [10].
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where Pn(T,t)  is the normalized photon density, Cn(T,t) is the normalized carrier density, 

Ctr is the threshold carrier density, rph is the photon life time, re is the electron life time, 

(3sp is the spontaneous emission factor, T  is the average active region temperature, Ta is the 

characteristic temperature of the active region, E x is the activation energy of the radiative 

recombination, Tr is the equilibrium temperature without injection, K b is the Boltzman’s 

Constant, B0 is the radiative recombination coefficient, Fpn(t) is the normalized photon 

Langevin noise sources, Ieff(t)  is the part of the external current that passes through the 

active region, q is the electronic charge, vc is the volume of the active region, Cth is the 

threshold carrier density, Fcn(t) is the normalized carrier Langevin noise sources, $„(f) is 

the normalized phase, (3 is the linewidth enhancement factor, C  is the mean of the carrier 

number, and F$n(t) is the normalized phase Langevin noise sources.

2.4 Feedback Regimes

Due to the need for coherent optical communication systems that require stable narrow 

linewidth sources, the effect of the optical back-reflections should be studied carefully. 

In [11] the laser operation in the presence of optical feedback was categorized into five 

regimes as follows:

• Regime I: At low feedback levels, narrowing or broadening of the laser spectrum is 

observed, depending on the phase of the reflected power. This was observed in [11] 

at a feedback level of -80 dB with an external reflector at a distance of 40 cm from 

the laser facet. It is difficult to remain in this regime for long external cavity lengths. 

Assuming Text of 10 ns the effective external reflectivity must be lower than 10-8 

which is very difficult to achieve practically and the laser quite unlikely remains in 
Regime I.

• Regime II: Rapid mode-hopping causes a splitting in the laser emission; this splitting 

magnitude depends on the feedback level and the reflector location. This allows for 

multiple cavity modes.

• Regime III: At higher levels of feedback (approximately -45dB), independent of the 

reflector distance from the laser facet, the laser is observed to operate on a single 

narrow line again. The range of feedback level in this region is very small, and the
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laser becomes sensitive to further reflections.

• Regime IV: Independent of the reflector distance and the feedback phase, and at 

a higher feedback level (approximately -40dB), the laser linewidth broadens to as 

much as 50 GHz. This regime is also called coherence collapse regime. The coherence 

length of the laser is vastly reduced and the relative intensity noise increases to very 

high levels.

•  Regime V: At high feedback levels (greater than -10 dB), the laser is driven to operate 

in the extended cavity operation with a narrow linewidth, the linewidth reduction is 

attributed to the low phase noise associated with this feedback regime. A long cavity 

is formed by the external reflector with only a short active region. The laser operates 

on a single longitudinal mode with narrow linewidth for all phases of the feedback. At 

this regime the feedback dominates the field in the laser, the laser becomes immune 

to any additional external optical reflections from the fiber transmission line because 

of the large round trip delay in these compound cavity lasers [10]. The phase of 

the feedback light suppress the intensity noise of the laser and the intensity noise 

decreases in this regime.

Figure 2.3 on the next page shows the aforementioned feedback regimes.

The spectra of a DFB laser diode with different feedback levels are shown in Figure 2.4 

on page 13. Figure 2.4(a) shows the spectrum of the solitary laser diode operating in a single 

longitudinal mode. The influence of weak optical feedback is shown in Figure 2.4(b)under 

which the spectrum shows no change from that of the solitary laser. Multimode operation 

is reached when the feedback ratio is increased to a level that can drive the laser diode to 

the coherence collapse regime as shown in Figure 2.4(c). Further increase of the feedback 

ratio makes the laser again operate in a single mode, Regime V, as shown in Figure 2.4(d). 

The output power of the laser diode in this regime is higher than that of the solitary laser, 

this is because the threshold of the laser with feedback is reduced relative to the solitary 

value.
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Figure 2.3: Different feedback regimes (Regime I - Regime V) for a DFB laser diode, 
reproduced from [11],
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2.5 Conventional Laser Diode Rate Equations Includ
ing Optical Feedback effect

Optical back-reflections influence semiconductor laser diode nonlinearity and intensity 

noise, and can modify the static and dynamic characteristics. These reflections originate 

from the laser facet, laser/fiber interface, and fiber connectors. Rate equations typically 

neglect optical back-reflections for simplicity, therefore making them ill-suited for analysis 

of laser diode performance where optical back-reflection is significant. The following is a 

survey of some of the published work for the conventional laser diode rate equations that 

include the feedback effect.

Kikushima et al [24] reported an excess harmonic distortion due to the external coherent 

reflection. They added a term to the laser diode rate equations to describe the back- 

reflected light into the laser, but did not include the time delay of the reflected waves. It 

was concluded that in order to reduce feedback induced distortion an optical isolator of 30 

dB should be used, this will reduce the reflection coefficient down to -50 dB.

Czylwik’s analysis [25] included the time delay of the reflected waves in the feedback 

term to predict the upper bound on the harmonic distortion due to reflected waves. He 

showed an excess 2nd, 3rd, and 4th order harmonic distortion for the laser diode under -20 

dB and -30 dB back-reflection ratios for distances 1 m and 3 m. However, he did not 

report on the other feedback regions, nor the laser diode’s different behaviors under optical 

back- reflect ions.

Helms [26] showed theoretically and experimentally that optical feedback from the fiber 

enhanced the intermodulation and the harmonic distortion of the laser diode, and this can 
be achieved if the optical feedback level was kept under -60 dB.

Cohen et al [27] studied the effect of the optical feedback on the laser diode relaxation 

oscillation, and found that the relaxation oscillation is modified due to optical feedback.

Agrawal [28] studied the linewidth narrowing in a single-mode injection laser due to 

external optical feedback, and investigated the effect of fiber-far-end (7.5 km) reflections 

on intensity noise and phase noise in InGaAsP semiconductor lasers [29].

Schunk et al [30] measured the feedback-induced intensity noise for a 1.3 fim  DFB 

laser diode, the RIN was experimentally measured for a wide feedback range from -80 dB
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to -20 dB. They showed that the transition to the coherence collapse regime occurs at 

larger feedback levels if the laser is operated at larger optical powers; additionally, a large 

coupling strength in a DFB laser is beneficial in improving the stability against optical 

feedback. They also solved the nonlinear rate equations numerically [31] to estimate the 

external feedback effect on a single-mode semiconductor laser. They reported that the 

transition to the coherence-collapse regime occurs at a -40 dB feedback ratios, and this can 

be shifted to larger feedback ratio by either increasing the laser output power, laser cavity 

length, or decreasing the laser linewidth enhancement factor a.

Lang and Kobayashi [32] used an external reflector placed a few centimeters apart from 

the laser diode to investigate the influence of the optical feedback on the semiconductor 

laser properties. They found that the coherent reflection can either enhance or suppress 

the relaxation oscillation of the laser depending on interference conditions between re

turned waves and the field inside the laser diode. They introduced also the so-called 

Lang/Kobayashi rate equations.

Hirota et al [33] studied the noise properties of the laser diode under direct modulation 

and influenced by the reflected waves. They estimated the required optical isolation to be 

30 dB to reduce the intensity noise of the laser.

Petermann et al [34] discussed the major sources of noise and distortions in optical 

fiber communication systems, and concluded that an optical isolator should be included 

between the laser and the fiber to achieve low distortions and low noise. Petermann 

attributed the mode hopping and the coherence collapse strong excess noise to the optical 

feedback phenomena [35].

Favre [36] has shown that the laser facet sensitivity to the optical feedback is related 

to the emitted power from that facet. It was found that DFB lasers are more sensitive 

to the feedback than FP lasers. Additionally, DFB lasers with larger kL  was found to be 

relatively insensitive to optical feedback.

Way et al [37] controlled the optical feedback from -50 dB to -25 dB at the far end of 

a 2 m pigtail 1.3 gm DFB laser and a multimode laser and compared the linearity perfor

mance for both laser diodes. They found that by using suitable bias level and modulation 

frequency, both of the two types of lasers give good linearity even under strong feedback.
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In [38] Helms et al presented a simple analytic expression describing the maximum feed

back level under which the semiconductor laser can operate stably. They also calculated 

the RIN for several linewidth enhancement factors a.

Petermann [39] gave guidelines for designing semiconductor lasers immune to exter

nal optical feedback. The mode hopping, linewidth narrowing and broadening, and the 

transition to the coherence collapse regime due to the weak external optical feedback were 

reviewed.
Pan et al [40] investigated experimentally the behavior of a semiconductor laser under 

moderate to strong optical feedback, and showed that the standard Lang/Kobayashi rate 

equations [32] accurately predict the transition between feedback Regime IV and Regime V.

Jones et al [41] used Lang/Kobayashi rate equations [32] to study the effect of the 

external cavity length on the coherence collapse regime.

Hong et al [12] showed experimentally the optical spectra of the semiconductor laser 

subject to different levels of optical feedback. They also calculated the RIN within Regimes 

I to V. They found that at a low bias current the laser exhibits low RIN with low feedback 

ratio. The RIN increased too much in the coherence collapse regime (Regime IV) and 

decreased in Regime V to a level lower than that of the solitary laser. For higher bias 

current the transition from Regime IV to V needs higher feedback ratios.

In 2004, Ju et al [42] numerically calculated the RIN of semiconductor lasers under 

weak and strong feedback levels to identify the various feedback regimes, the modified 

Lang/Kobayashi model was used in the calculations.

2.6 Analysis of Feedback Phenomenon

The feedback phenomenon in semiconductor lasers can be analyzed based on the model 

shown in Figure 2.5 on the next page, consisting of laser facet reflection coefficients rq and 

r2s, the external cavity reflection coefficient r2ext, and the laser diode cavity length L. 

Introducing an effective reflection coefficient r2 at Z  — L. we obtain [10]:

r2(v) = r2s +  (1 -  |r2s|2)r2extexp(-j2nuText) (2.6.1)

where v  is the optical frequency, and rext is the round trip delay back and forth through
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laser diode cavity external cavity

/ C) r2ext j

Z=0 z=L

Figure 2.5: Schematic representation of a laser diode cavity with external feedback, repro
duced from [10].

the external cavity of length Lext. Also r2 can be expressed with respect to amplitude and 

phase as

r2 {v) = \r2\2 ex.p(-j<f>r) (2.6.2)

The laser diode phase condition is obtained by equating the round trip phase within 

the laser diode cavity to an integer multiple of 27t

2(3L + 4>r = 27t m  (2.6.3)

where m  is integer and (3 is the propagation constant. For <pr — 0, this corresponds to the

phase condition for the solitary laser. To obtain the the threshold gain g = gc that satisfies

the amplitude condition for the compound cavity laser:

ri \r2\exp([(/c -  as]L) = 1 (2.6.4)

The feedback strength is classified, based on the ratio between r2s and r2ext, into weak 

feedback \r2ext\ <C |r2iS| and strong feedback \r2ext\ 3> |r2S|. We will analyze the amplitude 

and phase condition for the weak feedback case. On the other hand, the analysis of the 

strong feedback and the dynamics of laser diodes requires a numerical analysis for the laser 

diode rate equations that include the feedback term. The reflection coefficients r2s,r2ext 

may be considered as real and positive values, so that (2.6.1) yields
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N  =  r2S(! +  K ext  c o s ( 2 t XVTe x t ) )  (2.6.5)

where Kext is the coupling coefficient to the external cavity and is defined as:

K e x t  =  ^ 1 ( 1  -  |r 2 s  |2) (2.6.6)
r 2  s

and

4>r = Kext sin(2iTUText) (2.6.7)

for Kext <C 1. There is another feedback coefficient C that can describe the feedback 

strength and is defined as:

C =  X V l  + a2 (2.6.8)

with

X  =  — Kext (2.6.9)

where a is the linewidth enhancement factor, rext is the round trip delay, back and forth 

through the external cavity, tl is the laser round trip delay. The phase condition in 

( 2.6.3 on the preceding page) may be rewritten in terms of the effective refractive index 

//e =  c(3/(2ttv) as

4:TrfievL /c  + (j>r =  2'Km (2.6.10)

The emission frequency v =  vth is obtained when (f> r  — 0 (without feedback).

The emission frequency, the threshold gain, and the refractive index may change due 

to weak feedback, yielding a change of jiev  given by,

A(He v) = V t h A / l e + ( v -  V t h ) ^ e  (2.6.11)

Expressing (2.6.11) in the phase condition yields

A ()>L =  A (He v )A'kL / c + 4>t = ( 4 7 t L / c )  [vthA tie + fie(v -  vth)\ +  <Pr (2.6.12)
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where A<f>L corresponds to a change in the round trip phase compared to 27rm. As the 

compound cavity round trip phase must equal to 27rm, the emission frequencies are obtained 

from (2.6.12) for A 0L=O (or 2tt multiples). The refractive index change A//e may be given 

as

A Ve = ^ ( n - n th) + ^ - ( v - v th) (2.6.13)

where nth is the threshold carrier density without feedback. Combining (2.6.12) and 

(2.6.13) yields

A A 47I-L
A 4>l = Vth^in - n th) + ne(v -  vth) 

an
+ 4>r (2.6.14)

c
where /Je is the effective group refractive index.

The linewidth enhancement factor a  links the variation of the refractive index with 

varying carrier density ^  and the gain variations through the following relation [10]:

(2.6.15)
On on On 4 Trvth

with the complex effective refractive index ge =  g'e — jg", and a = Sfi'e/5ji". Hence

j ^ ( n - n th) = ~ gth) (2.6.16)
On 4:7iv th

As the amplitude condition must be satisfied with g equal to the threshold gain for the 

compound cavity gc, (2.6.17) implies

A 4>l =  -a (g c -  gth)L + ^ ± - { v  -  vth) +  <f>r (2.6.17)

where gth is the threshold gain without feedback and is given by,

gth =  +  L~x ln ( l / r i r2s) (2.6.18)

The threshold gain difference (gc — gth) due to feedback obtained from (2.6.4) and (2.6.5),

for /text <§C 1 is given by,

(gc ~  gth) = cos(27rz/Text). (2.6.19)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

The round trip phase change A<f>L is obtained from (2.6.7), (2.6.17), and (2.6.19) as,

■ - (v  -  v th) +  Kext[sin(2TTVText) + a cos(2irvText)]. (2.6.20)

Introducing the round trip delay of the solitary laser cavity t l  — 2fleL /c , the round trip 

phase change A4>l can be rewritten as [10],

A 4>l — 2ittl{v — Vth) +  Kext v l- l -a ^  sin (27Ti/TeXi +  arctana). (2.6.21)

The laser diode threshold gain is either reduced or increased depending on the phase of 

the reflected light <pext = 2ttVText. The maximum reduction occurs when 4>ext is an integer 

multiple of 2n (in phase feedback).

Figure 2.6 on the next page shows a plot for the round trip phase change A4>l versus 

the frequency v — i>th. The phase condition is satisfied when A<f>i = 0, at which the possible 

emission frequencies are expected. Without feedback, the round trip phase change A 

varies linearly with frequency v, yielding a single zero at v — vth. For very small feedback 

level C  < 1, the round trip phase change A4>l monotonically increases with v, again 

yielding a single zero at v = vth, i.e., single emission frequency. For high feedback level 

C  > 1, the round trip phase change A<pL undergoes strong oscillations yielding multiple 

zeros for A(pL, at which several external cavity modes around the emission frequency vth 

of the solitary laser may oscillate.

The above analysis is carried out for FP lasers, it uses the reflectivity R,2S=r2S2 of the 
laser mirror. To be able to apply the same analysis to DFB lasers, the FP laser mirror 

reflectivity should be related to the DFB coupling, kL, as in Figure 2.2 on page 9.

Equations (2.6.6), (2.6.8), and (2.6.9) govern the feedback sensitivity of laser diodes. 

For a given external cavity with a given R.2ext and rext the feedback sensitivity depends 

on R2s and t l . Larger values for R2s and t l  make the laser less sensitive for the feedback 

due to the low values of C and X. Given that kL  is usually small for DFB lasers, the 

related effective reflectivity is also small. Additionally, the effective round trip delay for 

DFB lasers is smaller when compared to that of FP lasers of the same cavity length. DFB 

lasers are therefore more sensitive to feedback than FP lasers.
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feedback with C >

weak feedback 
/  with C <  1

no feedback

Figure 2.6: Round trip phase change A<pL versus the optical frequency v — vth with no 
feedback, weak feedback with C < 1, and feedback with C > 1, reproduced from [13].
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DFB laser feedback sensitivity may be reduced for large grating coupling coefficient k , 

but for large k, the DFB laser diode external quantum efficiency is reduced. Thus, kL 

should be chosen carefully.

2.7 Changes to Laser Performance due to External 
Cavity

When coupling the light of the laser diode to an optical fiber, the optical fiber front face 

represents a reflector, creating an unwanted short external cavity. A tapped fiber end with 

a hemispherical end face is used to achieve high coupling efficiency and low feedback level. 

The optimum hemispherical end radius is of the order of 15 /an, yielding coupling distance 

of Lext — 30/tm , and external reflectivity of the order of 10-5 to 1CT 4 [43], which is large 

enough to change the laser diode spectral characteristics.

2.7.1 E m ission  Frequency Shift due to  Feedback

The laser diode emission frequency is affected by optical feedback. For short external 

cavities, the parameter C  according to ( 2.6.9 on page 18) is small (C  < 1) and A<f>i 

versus v  is still a monotonic function. This means that no additional modes due to optical 

feedback will be of concern. The phase equation ( 2.6.21 on page 20) is satisfied for A 4>l — 0 

yielding,

v - v th —  Ar/max sin(27r^Text +  arctan a )  (2.7.1)

and then the maximum frequency shift due to feedback is given by,

a   Kext'J 1 T O? . .
^^max — ~ • (2.7.2)

The above equation shows that even with the feedback level as low as 10-4 , facet reflectivity 

R 2s = 0.32, Kext = 1.2A 10-2, a  =  6, and tl — 10 ps, the maximum frequency shift is 

Ai'max — 1-2 GHz, which has been observed experimentally in [44]. Even using optical 

isolators, we cannot guarantee complete removal of the optical back-reflections, and we 
must still consider the feedback from the isolator’s front face.
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2.7 .2  S ingle E xternal C avity  M ode C ondition

For low external feedback level, the single mode condition (for an arbitrary feedback phase) 

is satisfied when C < 1. Larger feedback coefficients may result in a single oscillating 

frequency if restrictions on (f)ext are applied. The feedback coefficient C  may be tolerated 

up to 37t /2  if the feedback phase is carefully adjusted [10]. For high feedback level, it is 

still possible for the laser to emit in a single frequency within certain feedback regime.

2.7 .3  Spectral L inew idth  C hange due to  O ptical Feedback

The laser diode spectral linewidth may be influenced considerably due to optical feedback. 

The spectral linewidth Au  can be derived from (2.6.21) as [39],

At; ~  [d(A<fiL) /  dv}~2 at A(pL = 0 (2.7.3)

yielding,

[1 +  C  cos (4>ext +  arctana)]2 (2.7.4)
where A vq is the linewidth of the solitary laser without feedback, and (pext — 2ttin ext. For 

C  «  1, no additional external cavity modes are introduced. Depending on the feedback 

phase (pext the linewidth varies between minimum linewidth

Attmin — ^  ( j y  (2.7.5)

and maximum linewidth

At;max — ^  • (2.7.6)

2.7 .4  P h ase  and Frequency N oise  o f Laser w ith  O ptical Back- 
reflections

For low feedback levels, the frequency noise spectrum can be evaluated analytically as 

described in [45]. For high levels of feedback, a numerical analysis for the laser diode 

rate equations is required to evaluate the frequency noise. Figure 2.7 on the next page
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shows the calculated frequency noise spectrum for a 1 m long external cavity at a feedback 

ratio of 2.5A10-5, this amount of feedback corresponds to Regime III. The frequency noise 

is suppressed and its spectrum shows a white noise behavior for frequencies lower than 

the inverse external round trip time l / r ext, yielding the strong linewidth narrowing. The 

frequency noise spectrum exhibits peaks at frequencies corresponding to multiples of l / r ext.

1 0 s -

Tr_
10

FREQUENCY [MHz] -----►

Figure 2.7: Calculated frequency noise spectrum for 1 m long external cavity at a feedback 
fraction of 2.5 x 10-5 for the solitary laser diode, reproduced from [46].

2.7 .5  Laser In ten sity  N oise  due to  O ptical Feedback

Considering a single mode DFB laser diode with optical feedback, a numerical analysis 

for the laser diode rate equations yields the RIN shown in Figure 2.8 on page 26. RIN 

remains relatively low for R^ext < 1CT4, and it drastically increases for I?2ext > 10-4 . The 

sharp increase in the RIN is due to the transition between Regimes III and IV. Any further 

increase in the feedback level drives the laser to feedback Regime V, at which the RIN is 

decreased to a value lower than that of the solitary laser, as shown in Figure 2.9 for the
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measured RIN at different feedback levels [12].

2.7 .6  D yn am ic P rop erties o f Laser w ith  E xternal C avity

The modulation characteristics of external cavity lasers can be described by the laser diode 

rate equations that include the optical back-reflections term. The modulation character

istics of the external cavity laser with very short external cavity lengths (a few hundred 

microns) are similar to those of solitary lasers, almost no change due to the optical back- 

reflections. For external cavity length ranges from few millimeters up to 2 cm, and depend

ing on the reflected light phase, an enhancement or damping of the relaxation oscillations 

may occur due to the optical back-reflections.

2.8 CATV Systems

Cable Television (CATV) system uses bi-directional signal transmission in order to enable 

the distribution of TV signals and a range of various other services such as radio and 

satellite signals. The bi-directional communication nature of CATV makes it possible to 

receive signals (TV, radio program, etc) passively as well as enable users to select the type 

and content of the offered services.

Today’s CATV networks use a Hybrid Fiber/Coax (HFC) configuration to reduce cost 

while increasing performance and transmission range. This is achieved by exploiting the 

large bandwidth and low loss offered by optical fibers. An HFC network uses coaxial cable 
for shorter transmission lengths often between video equipment and the transmitter, or the 

receiver. On the other hand, the transmitter and the receiver are connected using single

mode optical fiber in order to extend the transmission distances by orders of magnitude, 

thereby reducing the number of RF amplifiers (spaced every 300-600 m) often associated 

with coaxial cables. This combination of coaxial cables and optical fibers allows system 

designers to employ the lowest cost solution for each portion of the network. CATV systems 

can carry more than 100 analog channels spaced at 6 MHz intervals.

A typical CATV system comprises a CATV transmitter and receiver. Figure 2.10 on 

page 28 illustrates the basic structure of a HFC CATV system. A CATV receiver contains 

a PIN detector which is considered one of the most linear optical components. A CATV
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Figure 2.8: Calculated relative intensity noise averaged over the frequency range 5- ■ • 500 
MHz versus the feedback fraction for various external cavity lengths at an output power 
(5 mW), reproduced from [31].
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Figure 2.9: Measured relative intensity noise as a function of feedback ratio with 29.3 mA 
laser bias current, reproduced from [12].
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transmitter employs a laser diode; the biggest challenge usually lies within the nonlinear 

nature of the laser. 1310 nm DFB lasers dominated CATV transmission for many years. 

Many enhancements to improve the lasers’ linearity as well as to lower their Relative Inten

sity Noise (RIN) were implemented. Recently, the popularity of 1550 nm wavelength allows 

transmission distance to increase from 20-30 km to 60-70 km [1], Nonetheless, nonlinear 

distortions and intensity noise introduced by lasers can degrade the system performance 

as well as limit the maximum transmission distance.

Video Server
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Coaxial
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Coaxial 
_  Cables 

todm atar ►
A)dulST3

Coaxial
Cable H

Single-mode 
Optical Fiber

_ Coaxial 
Cable.

H ead End

Figure 2.10: Basic structure of a Hybrid Fiber/Coax 1310/1550 nm CATV system. Re
produced from Force Incorporated (www.forceinc.com).

2.8.1 C A T V  T ransm itter Perform ance

In this section we will discuss the performance of CATV transmitter. We will start with 

the laser noise and then discuss how the laser linearity affect the CATV performance. A 

typical CATV transmitter specifications is given at the end of the section.

CATV Transmitter Noise

Carrier-to-Noise Ratio (CNR) is defined as the ratio of the carrier to the total noise power 

in a 4 MHz bandwidth. Analog CATV signals require a CNR around 50 dB for acceptable 

picture quality. RIN from the laser is one of the major factors that limit the CNR. Low 

RIN is highly recommended for the DFB lasers in order to achieve the desired CRN for
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analog CATV systems [4].

CATV Transmitter Linearity

Composite Triple Beat (CTB) and Composite Second Order (CSO) are two important 

measures of linearity in wideband systems handling many signals simultaneously such as 

CATV systems. To characterize CATV system linearity, N signals of equal power level are 

applied to the system spaced 6 MHz apart [47].

Considering three signals of equal amplitude, a q ,  x 2, and 2 3 , the third order nonlinearity 

results in:

( a q  +  x 2 +  x 3 ) 3 =  x f  +  x \ +  a ; |

+3x1x2 +  3x\x$ +  3x\x\ + 3x\xi + 3x\x% +  3x\x2 (2.8.1)

+Qxix2xz

The first line of (2.8.1) causes third order harmonics (HD3), second line causes third or

der intermodulation (IM3), and last line causes CTB in that it creates terms at frequencies 

(/1 ±  / 2 ±  / 3). Except for the case where all three frequencies are added (/1 + f 2 + fa), 
these tones can fill into any of the channels being used and many will fall into the same 
channel.

Similar to CTB, CSO is used to measure CATV system linearity. For N signals of 

same power, consider the second order distortion products of each pair of signals falling at 

frequencies (/1 ±  / 2). If the carriers are not some even multiple of the channel spacing, 

the signals fall at frequencies either above or below the carriers instead of falling right on 

top of them as in the case of the triple-beat terms.

The Intercept Point is a common distortion specification for nonlinear systems. If the 

output versus input of a device is displayed graphically on a logarithmic versus logarithmic 

scale, the slope of the linear portion will be ” 1” . If second and third order distortion 

products are displayed on the same scale, they will have a slope of ” 2” and ” 3” respectively. 

The third order intercept point, IP3, is a theoretical point where the amplitudes of the 

intermodulation tones at 2 f \ —f 2 and 2 /2—/1 are equal to the amplitudes of the fundamental 

tones at /1 and / 2. The power at this point, Pipz, is given by,
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Pips — Pi +  ^ [-̂ i — P&\ (2.8.2)

where, Pt is the input signal power, P\ is the output power at the fundamental frequency, 

and Pz is the output power at the IM3 frequency.

Similar to IPS, the second order intercept point, IP2, can be defined in a similar way. 

The power at this point, P/Pz, is given by,

PiP2 = P i+ 7} [ P i-  P2] (2.8.3)

where Pz is the output power at the second order intermodulation frequency, IM2.
The power of the Triple Beat (TB) and the Second Order beat (SO) tones are given by 

(2.8.4) and (2.8.5) respectively [47].

TB (dB m ) = PIP3 -  3 (PIP3 - P a) + 6 (2.8.4)

SO (dBm) = PIP 2 -  2 (PIP 2 -  Ps) (2.8.5)

where Ps is the fundamental tone signal power. It is highly desirable to decrease the 

level of the TB and SO tones in order to get CTB and CSO distortions to a minimum.

This can be achieved by deceasing second and third order intermodulation distortions, Pz

and Pz, consequently increasing Pipz and PiP3. This will decrease the TB and SO levels. 

To meet CSO and CTB requirements for CATV systems, the laser’s second order harmonic 

distortion and third order intermodulation distortion of types (2/ i  ± / 2 and 2 /2 ± / i )  must 

be in the vicinity of -75 dBc and -100 dBc respectively, for a modulation index of 0.04 [4],

Typical CATV Transmitter Performance

Table 2.1 on the following page lists the typical CATV transmitter related specifications. 

Carrier-to-Noise Ratio (CNR) is determined both by the number of transmitted channels, 

as well as the received optical power at the input of the receiver. CNR is highly affected by 

the laser RIN; increasing the RIN decreases the CNR. Composite Second Order (CSO) and 

Composite Triple Beat (CTB) are measures of CATV transmitter linearity. Both attributes 

are affected by various types of laser distortions; increasing a laser’s second order harmonic
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distortion, third order harmonic distortion, or intermodulation distortions, increases CSO 

and CTB.

Specification M inim um Typical M axim um U nits
Channel Loading 110 Channels

Operating Wavelength 1290 1310 1330 nm
Optical Output Power +6 +13 dBm

Required Fiber Bandwidth 1,000 MHz
CNR 50 dB
CSO -64 -62 dB
CTB -69 -67 dB

Side Mode Suppression Ratio 30 dB
Back-reflection Tolerance -50 dB

Operating Temperature Range 0 45 °C

Table 2.1: Typical CATV transmitter specifications, reproduced after [1].

2.8 .2  L im iting Factors to  C A T V  S ystem  Perform ance

Many factors limit the performance of CATV systems. Most important of these factors 

include:

• Laser nonlinearity.

• Optical back-reflections in the fiber plant.

• Fiber nonlinearities.

• Stimulated Brillouin scattering.

• Fiber-induced relative intensity noise.

In this section we will discuss the first two factors. Over the years, laser manufacturers 

have developed chip designs that have improved linearity [1], Today one can find 10 dBm 

lasers that can carry 77 or more analog channels and deliver CSO and CTB better than 

-55 dB. However, there is a price to pay for this performance; high linearity lasers require 

extensive screening that results in low yields.

Several linearization techniques were reviewed in [19] to compensate for distortions these 

included: optical feedback and optical feed-forward, post-distortion, and pre-distortion. 

The analysis made in [19] supported the use of pre-distortion techniques. The laser linearity
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can be improved using predistortion circuits. Complex predistortion circuits have a wide 

room for adjustments. Hence, each laser has its own custom-tuned predistortion board.

The CNR of a CATV system is limited by the laser’s RIN. One major factor increasing 

the RIN and distortion is optical back-reflections which can modify the static and dynamic 

characteristics of the laser. These reflections originate from the laser facet, laser/fiber 

interface, and fiber connectors. Optical isolators were used to reduced the level of the 

reflected optical power. The use of optical isolators cannot completely remove the optical 

feedback effect since the built-in isolators typically allow for an isolation level of around 

30 dB, which is insufficient in some applications.

2.9 Motivation

Most current DFB laser modules contain a built-in optical isolator to reduce the noise 

and distortion induced by optical back-reflections. The optical isolator increases costs and 

complicates the construction of multi-function integrated devices. Extra time is required to 

optically align the isolator. An uncooled, isolator free laser module is desirable for low cost 

lasers. A significant amount of previous research aimed at removing the isolator [48-52].

Hence, a need for a comprehensive laser model which has the ability to predict the laser 

diode performance due to the reflected waves is required.

The laser spectrum is narrowed for all feedback phases only in Regime V; it becomes 

insensitive to further reflections. In general this regime cannot be achieved for uncoated 

lasers without intentional external reflections. Otherwise the laser will suffer a degradation 

due to unintended reflections from splices and connectors (typically -30 to -40 dB). The 30 

dB isolators will not be enough to prevent the broadening of the spectral linewidth [11].

The challenge is to force the laser to operate in Regime V. FBG provides a good 

solution: including a suitable external FBG in the fiber pigtail can drive the laser diode to 

operate in Regime V. The FBG can be implemented using a simple and cheap technique. 

The laser output power reduction due to the presence of the grating is self-compensated 

as the optical feedback from the grating reduces the laser threshold as will be shown in 
Section 4.2.1.

To meet linearity requirements for CATV systems, an effective linearization technique
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is required to compensate for the laser’s nonlinearity. This linearization technique should 

take into account major causes for the laser nonlinearity.

In this work, two major objectives were accomplished. Firstly, improve laser RIN and 

hence achieve the desired CNR required for CATV systems. Secondly, achieve lower levels 

of CTB and CSO by decreasing the various laser harmonic and intermodulation distortions. 

The first objective was achieved by a feedback topology that favorably applies optical 

feedback to the DFB laser in order to overcome the feedback induced RIN and get rid of the 

optical isolator. Since existing laser models do not enable designers to properly simulate 

laser with optical back-reflection, laser rate equations that include the optical feedback 

effect were implemented. This enabled us to build a laser model that has the ability 

to analyze various laser performance parameters taking into account optical feedback. 

Furthermore, based on the proposed rate equations, we developed a laser predistorter 

model. Simulation results shows that a considerable improvement in the laser’s linearity 

was achieved when the laser model was cascaded to the predistorter. This improvement 

makes the laser suitable for CATV applications, hence fulfilling our second set objective.
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Chapter 3 

Proposed M odel and Simulation 
Results

3.1 Introduction

Introducing the effects of optical back-reflections to the laser diode rate equations came 

with the challenge of solving the resulting complicated rate equations. Attempts to find 

numerical solutions met convergence difficulty. Such convergence problems can be avoided 

with a suitable normalization technique that can enhance the convergence of numerical 

solvers. In this chapter the proposed rate equations which include the optical back- 

reflection effects are introduced. The introduced feedback terms are derived and nor

malized. An Agilent-ADS model for system level simulation will be implemented based on 
the new proposed rate equations. DC, transient, and harmonic balance simulation results 
will be demonstrated.

3.2 The Proposed Rate Equations

The analysis of a laser diode with optical back-reflections involves comprehensive rate 

equations that have the ability to describe linearity and noise characteristics. Ghoniemy 

et al [19] introduced a comprehensive laser model that included semiconductor laser gain 

modifications and the effects of device heating, current leakage, and noise. This model 

has been augmented to include feedback terms that account for optical back-reflections 

phenomenon. Two different feedback terms have been added to the photon rate equation 

and phase rate equation; the electron rate equation remains unchanged.

34
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3.2.1 D erivation  o f th e  Feedback Term s

Consider the model shown in Figure 2.5 on page 17. Starting from the first principles and 

using the technique presented in [10], the laser oscillation occurs when:

rxr2 exp(—2jpL  +  (g -  as)L) =  1 (3.2.1)

with:

r2 =  \r2\exp(-j<fir) =  r 2s + (1 -  |r2s|2)r2extexp(-j27TUText) (3.2.2)

where r\ and r2s are the laser facet reflection coefficients, r2 is the effective reflection 

coefficient at Z  = L, g in this equation accounts for the compound cavity stimulated 

emission gain, a s is the optical loss (scattering loss), L is the laser cavity length, 4>r is the 

reflected power phase, and /3 is the optical wave phase constant. The (1 — |r2s|2) term 

represents the light transmission through the exit facet of the laser diode.

The required gain condition is obtained from the absolute value of ( 3.2.1), while the 

phase condition is obtained from the phase of ( 3.2.1). With real values for ri =  y/R[ 

and r2 =  y/R?, where R\ and R 2 are the laser facets’ power reflectivities, the phase and 

amplitude conditions of the compound cavity are given by ( 2.6.3 on page 17) and ( 2.6.4 

on page 17) respectively.

Considering the case of a solitary laser diode for the moment, the phase constant, /?, 

depends on the optical frequency v and the possible emission frequencies are obtained from 

(2.6.3) (with <fir = 0). Introducing the effective refractive index fie for the lasing mode as:

tie =  c ^ -  (3.2.3)

and the possible frequencies are:

The effective group refractive index fie is given by

^  ^  (3.2.5)
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The spacing between two adjacent emission frequencies Su is defined by

5v = (3-2.6)
2 L fie

The round trip time delay tl corresponds to the inverse of the spacing between adjacent 

emission frequencies 1 /Su, therfore,

rL = (3.2.7)
c

Introducing the carrier density at the lasing threshold, n th, g(nth) =  9th: and because of the 

dependance of the effective refractive index, ne, on the optical frequency and the carrier 

density, the resonance frequency, uth, at n = nth is obtained from:

Vth 2 Lfie(i/th,n th)' (3.2.8)

If the carrier density deviates slightly from nth, the effective refractive index /ie can be

expanded in terms of uth and nth, yielding:

He =  Heiyth: nth) + ~  vth) +  ^ ( n “  nth)- (3.2.9)

Combining (3.2.4), (3.2.8), and (3.2.9) gives:

(u ~  vth) = -  nth) (3.2.10)
He ° n

The round trip gain, G, is given by:

G =  r i r 2 exp(-2 j/3L + (g -  a s)L). (3.2.11)

Expanding (3 = f: fie in terms of ujth and nth, and in a fashion similar to (3.2.9) yields:

^  = ~  (^e(vth, nth) +  ^ ~ ( n  _  nth) +  _  (3.2.12)

The parameters: g, a s, rq, and r2 are frequency independent parameters. Substituting

with (3.2.12) in (3.2.11), the round trip gain, G, can be written in terms of two different
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terms: Firstly, frequency independent term G i:

Gi =  y / R j k  exp ([3 -  as]L) exp ( - j  

and secondly frequency dependent term G2'

(2 ujthL / c ) ^ { n - n th) (3.2.13)

n  (  ZjuthLG2 — exp (3.2.14)
c

The electric field within the laser cavity is characterized by the complex amplitude E(t):

E ( t ) = y/P^jexp{j<t>(t))  (3-2.15)

and the actual electrical field is given by Re(E( t)exp(ju tht)), where P(t)  is the photon

number, and <p(t) is the phase of the slowly varying amplitude of the forward traveling

wave in the laser cavity. Neglecting the spontaneous emission term, the time evolution of 

electric field, E(t),  can be written as:

E(t)  =  GiE( t  -  t l ) .  (3.2.16)

As E(t) is a slowly varying field amplitude, then the variations during the round trip delay, 
t l , will be small, yielding:

dE(t)
~  'L) = — ‘i

and then

E ( t - T L) =  E ( t ) - T L^  (3.2.17)

=  4 ( 1  -  (3.2.18)
at Ti

To achieve the lasing condition the round trip gain should be close to unity, so that the 

exponential expression in (3.2.13) gives:

ss l  +  i l n ( l / R i R 2) -  gL + a sL + j[(2uthL / c ) ^ ( n  -  nth)\. (3.2.19)

Substituting with (3.2.19) in (3.2.18) gives:

dE(t) =  ( p u thL /c )d- t { n - n th) + gJL _  asL  +  (1 /2 )I n j l / R M \  
dt \  t l  t l  t l  I
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The group velocity of an optical wave is given by vg — c/ fie — 2L / tl, and using (3.2.10) 

yields (2u th L /c )^ -(n  — nth)/TL = 2ir(v — vth) = u  — ujth, with oj representing the actual 

resonance frequency of the laser cavity. Including the feedback term yields:

dE{t) (  , 1
9 ( 4 )  -  - 4

He p h .

E(t) ”f" fcext,E(t Text) eXp( jiOthText) •
tl

(3.2.21)

where rph is the photon lifetime of the solitary laser and is defined by:

Using (3.2.7) the photon lifetime Tph can be written as:

^ = 2i k -  <3-2-23)

For f  =  2 J te (£ * ( t) f ) and $  =  Im (E*(t)<§)/P(t), (3.2.15) yields:

L'ext y /P (t)P (t Text) COS{fithText T t (̂ )̂ 0(^ Text)) (3.2.24)
tl

for the photon rate equation feedback term and

— ~ K e x t — - 7 = 77^ - s i n { U th T e x t  +  4 > (t) -  <t>(t -  T e x t ) )  ( 3 .2 .25)
Tl a /P (t)

for the phase rate equation feedback term.

3 .2 .2  Feedback Term  N orm alization  and th e  P rop osed  R ate  Equa
tion s

The normalization techniques enhance the convergence of the numerical solvers and make 

them suitable for transient, small signal, and large signal analysis. Applying the normal

ization methodology introduced by Ghoniemy et al [19] on the unnormalized photon rate 
equation feedback term given by (3.2.24) yields:

—  Kexty/P (t)P (t ~  Text) COS(uJthText + 4>(t) ~  <j>{t -  Text)).— (3.2.26) 
TL 1 C th
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For simplification, we will neglect the time delay of the reflected waves in the feedback term 

for the moment. Including the above normalized feedback term in the normalized photon 

rate equations (which include gain saturation, spectral hole burning, carrier transport, and 

gain nonlinearities effects) yields:

dPn(t) (Cn(t) -  C") Pn(t) Pn(t) , 0 ^  ^  , 2 n ^  , W o  „
dt ~  Tvh{ l - C l )  ^ /T T P ?  Tph +PspCn(t) + T̂ extPn(t)cos{ujthText) {3.2.27)

and
dCn(t) I ( t ) (Cn( t ) - C Z )  Pn(t) Cn(t)

dt qVcCth reTph{ 1 -  C” ) ^ /1  +  P ? re

where Pn(t) is the normalized photon density, C„(t) is the normalized carrier density, tph 

is the photon lifetime, coth is the angular resonance frequency for n = nth, nth is the 

carrier density at the lasing threshold, Ctr is the threshold carrier density, re is the electron 

lifetime, (3sp is the spontaneous emission factor, and q is the electronic charge, and Vc is 

the volume of the active region.

The above rate equations describe the laser diode’s characteristics in coupled cavity. 

Numerical solution methods are required to solve these equations due to their extensive 

nonlinearity.

3.3 Model Implementation

3.3 .1  Sym bolically  D efined Laser D iod e  M odels Including Feed
back Term

Agilent ADS design software was used to implement the laser model based on the aug

mented rate equations. DC, transient, and harmonic balance simulation tools were used 

to analyze the laser performance. The time-domain and frequency domain simulation ca

pabilities of the Agilent ADS software makes it a good candidate for the proposed laser 

mode implementation. In particular, a “rapid model prototyping” component in ADS 

referred to as “Symbolically Defined Device” (SDD) makes the software well-suited for ex

ploratory work in laser model development. ADS can cover all aspect of communications 

system design from circuit level to system level simulation and from analog to digital sys

tems design. Moreover, it is a suitable environment to integrate the laser model with the
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other components in the system, these include laser driving circuits and laser pre-distorter 

models.

A SDD describes a set of equations in terms of port currents and port voltages and 

automatically generates the derivatives and load information. SDDs automatically deter

mine the relationship between equations. A SDD is represented in the circuit schematic as 

an n-port device, with up to 10 ports. The equations that specify the voltage and current 

of a port are defined as functions of other voltages and currents.

The n-port SDD is described by n equations, called constitutive relationships, that 

relate the n port currents and the n port voltages. The constitutive relationships may be 
specified in either explicit or implicit representations. For the explicit representation, the 

current at port k is specified as a function of port voltages, fy =  f(v \ ,V 2 , ...., vn), and is writ

ten as I[a,b], where a is the port number, and b indicates the order of the derivatives (e.g. 

1 means 1st derivative). The implicit representation uses an implicit relationship between 

any of the port currents and any of the port voltages, / fc — f ( v 1,v2, ...., i„, fy i2, ...., in), 
and is written as F[a,b],

A 4-port SDD, shown in Figure 3.1 on the following page, was used to implement the 

augmented rate equations as a combination of implicit and explicit part relationships. The 

drive current is represented by the current flowing into Port 1 of the SDD and is defined 

by the explicit function I[1,0]. Pn is represented by the current flowing into Port 2 of the 

SDD and is defined by the implicit function F[2,0]. Similarly, Cn is represented by the 

current flowing into Port 3 of the SDD and is defined by the implicit function F[3,0]. The 

derivative, is related to the current flowing out of Port 2 of the SDD by the explicit 

relation F[2,l]. The derivative C'n(i) is related to the current flowing out of Port 3 of the 

SDD by the explicit relation F[3,l]. The introduced feedback term is represented by port 

4 of the SDD. The current-controlled voltage source shown by the schematic diagram in 

Figure 3.1 on the next page is used to de-normalize the normalized photon density into the 

actual intracavity photon density. This is accomplished by dividing the photons number 
by the normalization factor.
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Figure 3.1: 4-port SDD laser model with external feedback. The drive current is repre
sented by the current flowing into Port 1. Pn is represented by the current flowing into 
Port 2. Cn is represented by the current flowing into Port 3. The introduced feedback 
term is represented by port 4 of the SDD.

3.3 .2  P aram eters E xtraction

The simulations are carried out with the parameters given in Table 3.1 on the following 

page. These parameters were obtained using the parameter extraction algorithm presented 

in [19], in which the DC and frequency response measurements data for a DFB laser diode 

were acquired from an optical multimeter, an optical spectrum analyzer, and a lightwave 

signal analyzer. The acquired data together with the laser’s data sheet parameters, and 

the other given parameters for both laser and external cavities were used in the different 

mathematical relations to extract the laser diode parameters. These parameters are used 

in the laser rate equations that are represented by the ADS laser model in order to perform 

the DC, time domain, and frequency domain simulations.

3.4 Simulation Results

3.4.1 S im ulation  o f  Laser Perform ance changes due to  Feedback

Due to the optical back-reflections the required threshold gain of the laser is changed, 

it can be reduced or increased depending on the phase of the reflected light, . Slight 

changes in (f>L or the optical frequency, v, can result in considerable lasing threshold gain,
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Table 3.1: Laser parameters
Symbol Parameter name value

L Laser cavity length 250 fim

B 0 Radiative recombination coefficient 1 x 10~16 m 3s~1

W Laser cavity width 2 fxm

C a Auger recombination coefficient 3 x 10-41 m6s“ 1

d Laser cavity thickness 0.2 fim

dm Dipole moment 9 x 10“29 m.C

ng Group refractive index 4

T~in Dipole relaxation time 0.1 X 10-12 8

a Medium conductivity 37.2 Q rlm r x

rc Electrons intraband relaxation time 0.3 x 10-12 s

n Effective mode index 3.5

Tv Holes intraband relaxation time 0.07 x 10“12 s

r Mode confinement factor 0.3

Psp Spontaneous emission factor 1 x 10“4

p Differential gain coefficient 2.5 x 10_2° m2

L e x t External cavity length 1.5 m

(-'t rn Transparency carrier density 1 x 1024 m~3

*̂2 ext External cavity reflectivity 0.20
Axxnr Nonradiative recombination coefficient 1 x 108 s ' 1

V Coupling coefficient 0.75
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gc, changes. FP lasers may suffer from mode hopping noise which can be avoided for single 

mode DFB lasers. However, for DFB lasers the external cavity may introduce additional 

external cavity modes, causing possible mode hopping. The optical feedback phenomenon 

is described by the three parameters K ext, C, and X given by ( 2.6.6 on page 18) , ( 2.6.8 

on page 18), and ( 2.6.9 on page 18) respectively. The following results show how the laser 

diode performance can be affected by those three parameters.

Possible em ission frequencies

Possible modes of the laser with feedback are characterized by the threshold gain and 

phase condition, requiring a round trip phase change A<j>L — 0, or multiples of 27r. Fig

ure 3.2 is simulation results showing the relationship between round trip phase change and 

optical frequency when there is no feedback foext = 0), weak feedback [r^ext =  0.005), 

and relatively strong feedback {r^ext — 0.025). The other laser parameters are: 1310 nm 

wavelength, 250 fim cavity length, 1 m external cavity length, and 0.05 laser exit facet 

reflectivity. With no feedback, A<f>i varies linearly with the optical frequency, yielding 

a single zero at the solitary laser frequency, vth■ For weak feedback, A<pL monotonically 

increase with optical frequency yielding a single zero for A fa ,  hence still resulting in a sin

gle emission frequency. For relatively strong feedback, A 4>l undergoes strong oscillations 

yielding multiple zeros for A<f>L\ several external cavity modes around the solitary laser 

may also oscillate.

M aximum  oscillation frequency shift due to  feedback

The maximum feedback induced lasing frequency shift depends on the feedback parameter, 

C. For small values of C, that is weak feedback, A0/, and the optical frequency, u, are 

monotonic functions yielding no additional modes due to the optical feedback. Figure 3.3 

shows the simulated maximum oscillation frequency shift due to feedback versus laser cavity 

length for 1310 nm wavelength, 0.025 external reflectivity r^ext, and 0.05 laser exit facet 

reflectivity r 2S. Results show that the maximum frequency shift is a decreasing function 

of laser cavity length. For a cavity length of 150 gm, the emission frequency shifts by 

101.2 GHZ, this is equivalent to 0.5789 nm emission wavelength shift at wavelength of 
1310 nm.
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The round trip phase change vs optical frequency
10

-  without feedback 
• weak feedback
- strong feedback

8
o>

6

4

2

0

■2

•4

■6

■8

100 -50 0 100 150 20050
Optical frequency [GHz]

Figure 3.2: Simulated round trip phase change versus the optical frequency with no 
feedback (r2e:rt =  0), weak feedback (r2ext =  0.005), and relatively strong feedback 
(r2ext = 0.025).

The maximum frequency shift due to feedback
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Figure 3.3: Simulated maximum oscillation frequency shift due to feedback versus laser 
cavity length for 1310 nm wavelength, 0.025 external reflectivity, and 0.05 laser exit facet 
reflectivity.
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Simulation results also show that the emission frequency shift is a decreasing function 

of the laser exit facet reflectivity, r 2s, as depicted in Figure 3.4 for 1310 nm wavelength, 

1 m external cavity length, and 0.1 external reflectivity r2ext-

The maximum frequency shift due to feedback
110

>«uc0)
3a-
S!
E
3
E
'Sn
2

40

0.15 0 .2  0 .25  0 .3  0 .35  0 .4  0 .45
Laser exit facet reflectivity r

0.5

Figure 3.4: Simulated maximum frequency shift versus laser exit facet reflectivity for 1310 
nm wavelength, 1 m external cavity length, and 0.1 external reflectivity.

The emission frequency shift is an increasing function of the external reflectivity, r2ext, 

as shown in Figure 3.5 on the next page for cavity length of 350 /z m, laser exit facet 

reflectivity r2s of 0.32 and the same other mentioned parameters.

Spectral linewidth change due to  feedback

As long as the optical back-reflections are limited to weak levels with C < 1, the external 

optical feedback introduces no additional external cavity modes. Moreover depending on 

the phase of the reflected power, the optical feedback may improve the laser linewidth. 

Figure 3.6 on the following page shows the ratio of simulated spectral linewidth with 

feedback, At', to the spectral linewidth without feedback, At'o, with the feedback phase 

adjusted for minimum linewidth. The result shows that for a cavity length of 250 gm  , 

wavelength of 1310 nm , external cavity length of 1 m, and laser exit facet reflectivity of 

0.05, an improvement of Az//Ai/0 =  0.51 can be achieved with C=0.4.
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The maximum frequency shift due to feedback
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Figure 3.5: Simulated maximum oscillation frequency shift versus external reflectivity for 
cavity length of 350 n m, 1 m external cavity length, laser exit facet reflectivity of 0.32.

Spectral linewidth change due to feedback
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Figure 3.6: Simulated spectral linewidth with weak feedback for 1 m external cavity length, 
and 0.05 laser exit facet reflectivity; feedback phase is adjusted for minimum linewidth.
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3.4 .2  D C  Sim ulation

A threshold current value, Ith, is required for the laser to build up a threshold gain and to 

start lasing. Below this threshold point, the laser emits a spontaneous radiation and acts 

like a light-emitting diode.

In this section the proposed model is used to predict the relationship between optical 

output power and diode drive current for two cases, that is with and without feedback effect. 

The model is used also to examine the effect of feedback on the laser diode threshold level.

A swept-parameter DC simulation was used to simulate the DC behavior of the DFB 

laser diode, both with and without feedback as shown in Figure 3.7 on the next page. The 

bias current was swept from near DC to 100 mA, and the external reflectivity, r2ext, was 

swept from 0.1 to 1 in 0.1 step.
The DC simulation results show that as the feedback level increases, the laser threshold 

current decreases as demonstrated in the optical output power versus current curve given 

in Figure 3.8 on page 49 [53]. Laser threshold levels at different external reflectivity values 

were extracted from Figure 3.8 on page 49 and plotted in Figure 3.9 on page 49. These 

results are confirmed through measurements as will be shown in Chapter 4.

3.4 .3  D F B  Laser D iod e Frequency R esponse

The proposed model was used to simulate the dynamic behavior of the laser diode and to 

predict the laser modulation response, modulation bandwidth, and relaxation oscillation 

frequency. This was performed using the ADS harmonic balance simulation capabilities.

The laser model shown in Figure 3.1 on page 41 and represented by the diode symbol 

in Figure 3.10 on page 50 was directly modulated with an small input sinusoid signal. The 

input signal modulation frequency was ranging from 0.1 GHz to 15 GHz. The laser diode 

behavior was simulated both with and without the feedback effect to determine the impact 

of the feedback on the laser dynamic behavior. The external reflectivity was swept from 

0.1 to 0.6 for a total of four levels and the external cavity length, Lext, was set to 2 m.

Figure 3.11 on page 51 shows the simulated laser modulation response with and without 

feedback. Simulation results demonstrate that higher relaxation oscillation frequencies are 

obtained at higher feedback levels. An enhancement of 200 MHz can be achieved with 0.6 

external reflectivity located at 2 m apart from the laser exit facet.
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Figure 3.7: Agilent-ADS schematic diagram for the swept-parameter DC simulation setup 
for laser model with and without feedback.
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Figure 3.8: Simulated threshold current change due to back-reflection, r 2ext ranges from 
0.1 to 1 in 0.1 step, and L ext = 1.5 m.
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Figure 3.9: Simulated threshold current levels at different external reflectivity r> Tf.
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Figure 3.10: Harmonic balance (HB) simulation setup for the laser model with and without 
external feedback.

3 .4 .4  D F B  Laser D iod e D istortion

Due to the importance of the laser linearity in designing optical transmitters for CATV 

applications, and since the dynamic range of the directly modulated lasers is mainly lim

ited by the laser distortion levels, accurate simulations for the laser nonlinear distortions 
are required. The proposed model was used in the ADS HB simulation setup shown in 

Figure 3.12 on page 52 to simulate the laser diode distortion for both cases, that is, with 

and without feedback.
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Figure 3.11: Modulation frequency response for the laser diode with and without feedback, 
ext swept from 0.1 to 0.6 for a total of four levels, and Lext =  2 m.
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Figure 3.12: Distortion simulation setup for the laser diode with and without feedback.
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Figures 3.13 and 3.14 on the following page show the simulated second and third order 

harmonic distortions (2ndH D  and 3rdHD) normalized to the fundamental power versus 

external reflectivity, r^xt, for different bias current levels respectively. The bias current was 

swept from 25 to 35 mA for a total of three levels, and the external reflectivity was swept 

from 0 to 1. The other simulation parameters were: modulation frequency f=500 MHz 

, modulation signal input current Iin — 1 mA, and external cavity length L ext = 1.5 m.
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Figure 3.13: Simulated second harmonic distortion vs. external reflectivity for different bias 
current levels and the following parameters: /  =  500 M H z, Iin =  1 mA, and Lext — 1.5 m.

AS the results show that the 2ndH D  and the 3rdH D  are increasing functions of r 2ext 

and are decreasing functions of I  bias- The simulated 2nd H D  and 3 rdH D  without feedback 

at Iuas of 35 mA were included in the figures for comparison, an increase of less than 3 dB 

is observed due to feedback at this bias current level for both 2ndH D  and 3rdHD.

Figures 3.15 on the next page and 3.16 on page 55 show the simulated 2ndH D  and 

3rdH D  normalized to the fundamental power versus Iuas for different r2ext levels respec

tively. The bias current was swept from 20 to 40 mA, and the external reflectivity was 

swept from 10-5 to 0.4 for a total of three levels. The other simulation parameters were: 

modulation frequency f=500 MHz, modulation signal input current Iin =  1 mA, and 
external cavity length Lext = 1.5 m.
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bias
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Figure 3.14: Simulated third harmonic distortion vs. external reflectivity for different bias 
current levels and the following parameters: /  =  500 M H z , ijn =  1 mA, and Lext — 1.5 m.
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Figure 3.15: Simulated second harmonic distortion vs. bias current for different external 
reflectivity levels and the following parameters: /  =  500 M H z, I in =  1 mA, and L ext — 
1.5 m.
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Figure 3.16: Simulated third harmonic distortion vs. bias current for different external 
reflectivity levels and the following parameters: /  =  500 M H z , =  1 mA, and L ext =
1.5 m.

The results demonstrate that the 2ndH D  and the 3rdHD  are increasing functions of 

r2ext and are decreasing functions of / (rias. The simulated 2ndHD  and 3rdHD  without 

feedback coincide with that of 10~5 external reflectivity due to the very weak reflections.

3.5 Laser Model Including Feedback and Noise terms

The model capability is improved by by adding the phase rate equation and including the 

noise terms together with the feedback terms. This will allow the model to simulate the 

laser diode RIN under different feedback powers.

The stochastic differential equations (3.5.1) - (3.5.3) completely define the laser system. 

An exact solution to those equations seems impossible; an approximation and/or numerical 
simulation was implemented instead.
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dPn(T,t) (Cn{T,t) -  <Z(T)) Pn(T,t) Pn(T,t)
dt rp/t( r ) ( l - C " ( T ) )  rPh(T)

+ ((3spB0Te(T)Cthoe - x +  FPn(t)

2 ______________
T ^ e x t  \ / P n ( t ' ) P n ( j '  T e x i ) COs(cĴ /lTex  ̂ -f- C t h ^  (*fin ( )̂ 4^n ’T'exi))) (3.5.1)

dCB( r ,t )  /(*) (Cn( T , t ) - C 2 ( T ) )  Pn(T ,t) c „ ( r , t )  , m
dt < 7 ^ 0 ,(T) re( r ) r p, ( T ) ( l - C " ( r ) )  v T T W ^ )  re(T) C" U

(3.5.2)

=^G „(C „(T ,t) -  C„) +  F*„(t)

-  — /W  * 7 d e— . sin(a;^rex( +  Ct/,17 • (</>„(i) -  <pn(t -  rext)))
tl CthV y/Pn(t)

(3.5.3)

where Fpn(t), Fcn(t), and F$n(t), are the normalized photon, carrier, and phase Langevin 

noise sources respectively.

The external power reflectivity (feedback fraction) f ext is given by

fext = r fr2ext (3.5.4)

where rj denotes the coupling efficiency between the laser and the external cavity.

The Langevin noise sources are generated using the technique presented in [17] and 

[19] as follows:

• Generation of three different Gaussian random variable XI, X2, and X3 with zero 

mean, (X I) =  (X2) =  (X3) =  0, and unity variances, (X I2) =  (X22) =  (X32) =  1.

• Construction of Langevin photons, phase, and carrier operators as [17]:

Fp = V ■̂ Xl <3-5-5)
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F* = 1 j Vpp
2 (F  +  1) V At

X3 (3.5.6)

Fc  -  \ l  Vcc+^ kVpcX 2  -  kFP -  mF$ (3.5.7)

where At is the time interval between samples, Vxy is the variance (with x and y 

standing for any of F , C, or (j) ), the parameters k and m  are defined as:

k = Vpc
Vpp

(3.5.8)

m  — — =  2 k(P  +  1)
Vd

(3.5.9)

The new set of rate equations including feedback and noise terms are implemented in 

ADS as shown in Figure 3.17.

o I ProbeTr
Port Jv R2
Pin ^  R=1 MO?]m
Num=1

I Probe

R=1 Ohm

I Probe l_Probe 
Lout

Num=2
current

P£j_

SDD4P
SDD4P1
l[1,0H_v1)/1
F[2,0]=phofun(_i2,_i3)
F[2,1]=-_i2
F[3,0]=elefun(curr)
F[3,1]=-J3
l[4,0]=Phi(_v3,_v4)
|[4,1]=_v4

CCVS - i
SRC1
G=-DNORM’planck*frequency*vg*alpham*vol/2

P 9
l_Probe
Phi

R
R3
R=1 Ohm

Figure 3.17: ADS laser model including feedback terms and noise operators.
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The amplitude of the noise terms were adjusted in order to get the model to converge, 

our main concern was to examine the laser noise behavior at different feedback powers as 

well as to identify the noise peak around the relaxation oscillation rather than the accurate 

noise amplitude itself.

3.5.1 R ela tive  In ten sity  N oise  C alculation

The RIN is defined as the ratio of the mean-square optical intensity noise to the square of 

the average optical power, it can be calculated using:

(/>(() -  p (t> )
R I N  = ±---- ----- ;— (3.5.10)

Pit)

where P{t) is the laser output power, and P(t) is the laser mean power.

3.5 .2  Laser ou tp u t

Figure 3.18 on the following page shows the time domain output, that is optical power 

versus time with and without the noise operators. The fluctuations of the output power 

around the steady state value after the transient time are contributed to the Langevin 

noise sources that have been added to the laser rate equations. The fluctuations are less 

visible during the transient time due to the relative level of the transient output and the 
noise.

3.5 .3  M od ulation  Frequency R esponse Sim ulation

The laser model was used to predict the modulation frequency response, where the DFB 

laser model was directly modulated with an input signal frequency ranging from 100 M H z  

to 20 GHz  with 0 dBm  input signal power. Figure 3.19 on page 60 shows the simulated 

relaxation frequency at 6.7 GHz.

3.5 .4  R IN  Sim ulation

The RIN was calculated by taking an F F T  of the steady state time domain data; the 

effect of the transients on the simulations was avoided by running the simulation beyond
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Figure 3.18: Time domain laser model’s output with and without noise sources.
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Figure 3.19: Simulated modulation frequency response .

25 nsec. A short time step of At — 10 psec was used to cover a frequency spectrum of 

up to 50 GHz. The simulation was extended to up to 250 nsec hence requiring around 

22,500 integration steps. Figure 3.20 shows the simulated RIN for a DFB laser operating 

at the same condition as in Figure 3.19. As expected, the RIN exhibited a peak around 

the relaxation frequency that is 6.7 GHz.

R IN  versus bias current for fixed unintended optical back-reflection

Figure 3.21 on the following page shows the simulated RIN as a function of the bias current 

Ibias ranging from 12 m A  to 40 m A  for a fixed feedback level of —45 dB. The result shows 

that the RIN decreases exponentially as the Iuas increases. This is in good agreement with 

the results previously presented in [12] and [17].

R IN  versus external reflectivity

Figure 3.22 on page 62 shows the simulated RIN as a function of the external reflectivity, 

r2ex, for a fixed bias current level of 15 mA. The RIN slightly increases as the external 

reflectivity increases until a certain feedback level is exceeded (—30 dB  in this case). A 

dramatic increase in the RIN occurs beyond that point due to the transition to feedback 

Regime IV (coherence collapse regime). The simulation results are again in good agreement
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Figure 3.20: Simulated RIN of a DFB laser diode.
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Figure 3.21: Simulated RIN as a function of bias current for a fixed feedback level of 
-4 5  dB.
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with the results presented in [39] and [10].
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Figure 3.22: Simulated RIN versus external reflectivity.

The results presented in this chapter will next be experimentally verified in Chapter 4.
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3.6 Summary

In this chapter, the simulation of DFB laser’s various parameters in existence of optical 

feedback was presented. The feedback terms for the proposed laser rate equations were 

derived and normalized. A laser model was implemented in ADS using the proposed rate 

equations in order to simulate various laser behaviors in existence of feedback. The laser’s 

DC characteristics, noise, and linearity were simulated using various ADS setups. The DC 

simulation results showed that the laser diode’s threshold current level was decreased due 

to feedback. Modifications to the laser’s modulation response and linearity were observed 

through harmonic balance simulations. The model was improved by including the noise 

terms to the rate equations and then the laser’s intensity noise was simulated in a transient 

simulation setup. RIN simulation results matched those found in the literature.
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Chapter 4 

Experimental Work and M odel 
Verification

4.1 Introduction

In this chapter, we discuss the experimental setup and demonstrate the results of the sim

ulation work. The influence of the optical back-reflections on the laser DC characteristics, 

threshold current changes, linearity, and noise are all examined and analyzed.

4.2 DC Measurements

In order to determine the power required for a fiber-optic link, the measurement of the 

output optical power should be performed and analyzed for different feedback scenarios. 

This section shows how the feedback power can modify the DC characteristics of the laser 

diode and decreases the threshold current level. The model is also verified by comparing 

the measured to the simulation results.

4.2 .1  T hreshold  Current M easurem ents Setup

Two single mode DFB laser diodes with different wavelengths were used in the experimental 

setup shown in Figure 4.1 on the following page. DFB laser diodes were mounted on the 

THORLABS TCLDM9 5.6 mm/9 mm laser diode mount. The ILX lightwave LDC-3724B 
laser diode controller was used to control the temperature and drive the laser. The emission 

wavelengths for the two DFB laser diodes were 1310 nm and 1550 nm. The DFB laser

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



65

diode output was launched to the T port of the OZ Optics Fiber Optic Beam Splitter 

(FOBS) and divided into two parts. Half of the power was coupled to the ILX Lightwave 

OMM-6810B optical power and wavelength meter to measure the output power. The 

other half of the power was sent to the OZ Optics fiber optic reflector through the OZ 

Optics variable attenuator to achieve the desired back reflection level. The Agilent 86140B 

Optical Spectrum Analyzer (OSA) was connected to the R port of the FOBS to monitor 

the reflected power. The feedback ratio was defined as the ratio of the reflected power 

to the laser output power without feedback. Fiber optic cables were used in the setup to 

avoid spurious reflections from interconnection points.

BS

—  Reflector

OM

OSA

DFB LD

BS Beam Splitter OM ........Optical Multimeter
OSA Optical Spectrum Analyzer............. A tt............ Variable attenuator

Figure 4.1: Experiment setup for DC measurements.

Figure 4.2 on the next page shows the setup used to measure the change in threshold 

current due to optical back-reflections. A brief description for each component is given in 
Appendix A.

4 .2 .2  T hreshold  Current R esu lts  and M odel V erification

In order to obtain the optical power, the bias current was swept from 1 to 40 mA. Figure 4.3 

and Figure 4.4 on page 67 show the measured optical power versus the biasing current for 

the 1550 nm DFB laser operating without feedback, and with -14 dB feedback. Figure 4.5 

shows same results obtained using the 1310 nm DFB laser diode instead. We can conclude
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Figure 4.2: DC measurements experiment setup. Front right to left: the fiber optic reflec
tor, the variable attenuator, the polarization controller, the fiber optic beam splitter, and 
the laser diode on the mount. Back right to left: the optical spectrum analyzer, the fiber 
optic power wavehead, the optical power and wavelength meter (top), and the laser diode 
controller (bottom).

from these results that the DFB laser diode threshold current was reduced due to the 

reflected power, which agrees with the simulated results.

Figure 4.6 on page 68 plots of the simulated threshold current versus the optical back- 

reflection coefficient. Some measured data points were also included for comparison pur

poses. The power measurements accuracy for the used optical power meter is 0.05. The 

results show a good agreement between simulation and measurements, the absolute error 

values for all measured points lie within a maximum allowable error level of 0.05 of the 

corresponding simulated values.

4 .2 .3  D F B  Laser D io d e  S p ectra  M easurem ent S etu p  and R esu lts

Figure 4.7 on page 69 shows the experimental setup used to examine the DFB laser diode 

spectra for different feedback levels. The single mode DFB laser diode was mounted on 

the THORLABS TCLDM9 5.6 mm/9 mm Laser diode Mount, and it was temperature 

controlled and biased by the ILX lightwave LDC-3724B laser diode controller. The emission 

wavelength for the DFB laser diode was 1550 nm. The DFB laser diode output is sent
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Figure 4.3: P-I curve for 1550 nm DFB laser diode without feedback and with -14 dB 
feedback ratio.
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Figure 4.4: Threshold current change for 1550 nm DFB laser diode with -14 dB feedback 
ratio compared to the same laser diode without feedback.
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Figure 4.5: Threshold current change for 1310 nm DFB laser diode with -14 dB feedback 
ratio compared to the same laser diode without feedback.
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Figure 4.6: Measured and simulated threshold current change due to optical back-reflection.
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to the T port of the FOBS, where it was divided. One half of the power was coupled to 

the Agilent 86140B OSA, which was used to examine the spectral characteristics of the 

laser diode output, while the other half was sent to the OZ Optics Fiber optic reflector 

to achieve the desired back reflection level. The feedback level was controlled by the OZ 

Optics variable attenuator. The OZ Optics Polarization controller was used to guarantee 

that the power reflected back into the laser had the same polarization as the emitted 

power. The reflected power through the R port of the FOBS was measured using the ILX 

Lightwave OMM-6810B Optical Power and Wavelength Meter. A brief description of the 

different components used in the measurements is included in Appendix A.

BS

AttOM

OSA

DFB LD

Pol

Reflector

B S..........Beam Splitter OM ........ Optical Multimeter
OSA Optical Spectrum Analyzer A tt............ Variable attenuator
P ol........ Polarizer

Figure 4.7: DFB laser diode spectra experiment setup.

Figure 4.8 on the next page shows the spectra of the 1310 nm DFB laser diode with 

different feedback levels. Figure 4.8(a) shows the spectrum of the free running DFB laser 

diode biased at 12 mA without any induced feedback. In this case, the DFB laser diode 

operates in a single longitudinal mode. The spectrum still shows a single mode operation 

under -40 dB optical reflection as shown in Figure 4.8(b). As the feedback level was 

increased to -15 dB, the laser became unstable and the DFB laser diode spectrum was 

broadened due to its operation in the coherence collapse regime as shown in Figure 4.8(c). 

The feedback level was further increased to -10 dB to drive the DFB laser diode to operate
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in the external cavity operation regime (Regime V) with a single mode operation as shown 

in Figure 4.8(d) [54],

zo o  ~r----------  -
A s****1 n n t r
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Figure 4.8: Optical spectra of the 1310 nm DFB laser diode biased at 12 mA and with 
different optical feedback powers: a) -45 dB b) -40 dB c) -15 dB d) -10
dB.

4.3 Noise and Linearity Measurements

The Agilent 71400C lightwave signal analyzer shown in Figure 4.9 on the following page is 

a tool to measure important laser diode characteristics such as signal strength, modulation 

bandwidth, signal distortion, and noise. The Agilent 71400C lightwave signal analyzer can 

be used in conjunction with the Agilent 11980A fiber-optic interferometer to measure the 

laser diode linewidth.
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Figure 4.9: Agilent 71400C lightwave signal analyzer.
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4.3 .1  R IN  M easurem ents E xperim ental Setup

The Agilent 71400C lightwave signal analyzer with a RIN measurement module (a special 

software routine) was used for the laser RIN measurements. The RIN module is mainly 

capable of measuring two quantities, R I N s y s  and RIN iaser. R I N s y s  measures the total 

system noise taking into account the laser intensity noise, shot, and the thermal noise of 

the instrument. RIN iaser is equivalent to the ratio of the laser noise to the average power 
preluding the shot and thermal noise terms.

Figure 4.10 on the next page shows the experimental setup used in the measurements. 

The DFB laser diode was mounted on the T H O R L A B S  TCLD M 9  5.6 m m /9  m m  laser 

diode mount, and it was temperature controlled and biased by the I L X  lightwave LD C  — 

3724B  laser diode controller. The emission wavelength for the DFB laser diode was 

1310 nm. The DFB laser diode output is sent to the T port of the FOBS, where it was split 

into two halves. The first half of the power was coupled to the Agilent 71400C lightwave 

signal analyzer to measure the RIN. The measured RIN was then displayed on a 70004A dis

play unit and connected through a GPIB (IEEE488.2 interface) to a personal computer for 

acquiring screen images and controlling trace data using the Agilent A1031A BenchLink  

lightwave software. The remaining half of the power was directed to the OZ Optics fiber 

optic reflector to achieve the desired back reflection level. The feedback level was controlled 

by the OZ Optics variable attenuator. The OZ Optics Polarization controller was used to 

guarantee that the power reflected back into the laser had the same polarization as the 

emitted power. The reflected power though the R port of the FOBS is measured using the 

I L X  Lightwave O M M  — 6810R Optical Power and Wavelength Meter.

4.3 .2  R IN  M easurem ent R esu lts and M odel V erification  
R IN  versus bias current

Figures 4.11 - 4.15 on page 75 show the measured average relative intensity noise for 

1300 nm DFB at 1 GHz frequency offset. The DFB laser was operated at five different 
bias current levels, 25, 30, 35, 40, and 60 mA. The measured unintended back-reflection 

that attributed to the connectors was —45 dB.

The RIN exhibits a peak at the laser’s relaxation oscillation frequency, this peak shifts
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Figure 4.10: Relative intensity noise measurement experimental setup.
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Figure 4.11: Measured relative intensity noise of 1300 nm DFB laser biased at 25 mA and 
measured at 1 GHz frequency offset.
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Figure 4.12: Measured relative intensity noise of 1300 nm DFB laser biased at 30 mA and 
measured at 1 GHz frequency offset.

1 R TSE IK43 04 : 20 : 10 OCT 30,  200B USER |

RIN ( Las er !  = -IBS 75 dB/Hz* START
.... RIN (System)  = -150 75 dB/Hz

- Ther mal Noise Term = -153 33 dB/Hz
Shat Naise  Term = -153 3B dB/Hz STOP

RL - 15 .0 0  dBn 
TTTTF

MKR *1 FRO 1.00 GHz
^rsrsifrTTTFT

EXIT

ra?
dB/DlV 

’UR 0 . 3  dBn)
R
GHz

7*-53 «Sm 4-4

S RM P.LE

s

MKR HRM

RB 3 . 00  MHz «UB 10.0  kHz

On Off

UID BU 
f lutoMan

RTTEN 
Rut pMan

SINGLE
MEASURE

STOP 1 0 . 0 0 G H z RIN 
ST 1 .000 s a c  Qn Off

Figure 4.13: Measured relative intensity noise of 1300 nm DFB laser biased at 35 mA and 
measured at 1 GHz frequency offset.
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Figure 4.14: Measured relative intensity noise of 1300 nm DFB laser biased at 40 mA and 
measured at 1 GHz frequency offset.
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Figure 4.15: Measured relative intensity noise of 1300 nm DFB laser biased at 60 mA and 
measured at 1 GHz frequency offset.
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towards higher values as the bias current increases. The above measured RIN for different 

bias levels are summarized in Table 4.1 and are plotted in Figure 4.16 on the next page.

Table 4.1: Measured average RIN at 1 GHz frequency offset for different bias levels
Bias Level [mA] Measured average RIN [dB/Hz]

25 -158.57

30 -161.69

35 -166.75

40 -167.99

60 -170

Figure 4.16 on the following page shows the measured and simulated RIN as a function 

of the laser bias current for a fixed unintentional feedback level of -45 dB/Hz. The results 

show that the RIN is a decreasing function of bias current; increasing bias current from 

25 mA to 60 mA decreases the measured RIN value from -158.57 dB/Hz to -170 dB/Hz. 

Agilent 71400C light wave signal analyzer can measure the laser RIN with an accuracy 

variations of (3-6 dB). The results demonstrate that the simulated and measured results 

are in a good agreement, the absolute error values for all measured points lie within a 

maximum allowable error level of 2 dB of the corresponding simulated values. The results 

also agree with findings reported in the literature [12].

R IN  versus external reflectivity

Figures 4.17 on the next page - 4.21 on page 79 show the measured average relative intensity 

noise of a 1310 nm DFB laser diode for bias current level of 15 mA and average external 

reflectivity ranging from -45 dB to -10 dB. The rest of the measurement results are found 
in Appendix A.

The RIN spectrum of the DFB laser diode without intentional feedback is shown in 

Figure 4.17 on the next page. The RIN peak at around 3.5 GHz, which is the laser 

relaxation oscillation frequency at bias level of 15 mA. The measured average RIN is - 

121.99 dB/Hz. When weak feedback, -40 dB, is applied to the DFB laser, the measured 

average RIN is slightly increased to -120.43 dB/Hz as shown in Figure 4.18 on page 78.
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Figure 4.16: Measured and simulated relative intensity noise vs. bias current.
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Figure 4.17: Measured relative intensity noise for bias current level of 15 mA and external 
reflectivity of -45 dB.
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Figure 4.18: Measured relative intensity noise for bias current level of 15 mA and external 
reflectivity of -40 dB.
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Figure 4.19: Measured relative intensity noise for bias current level of 15 mA and external 
reflectivity of -27 dB.
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Figure 4.20: The measured relative intensity noise for bias current level of 15 mA and 
external reflectivity of -20 dB.
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Figure 4.21: Measured relative intensity noise for bias current level of 15 mA and external 
reflectivity of -10 dB.
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A bigger increase in the RIN is observed at higher feedback as shown in Figure 4.19 on 

page 78. The measured average RIN increased to -116.08 dB/Hz when a feedback level 

of -27 dB was applied to the DFB laser. A considerable increase in the RIN spectrum 

is observed when the feedback is further increased to 20 dB due to the operation in the 

coherence collapse regime. The measured average RIN in this case was -107.26 dB/Hz as 

shown in Figure 4.20 on the preceding page. At this regime the laser emits in random 

phase, the linewidth of the emitted light is much broadened, and no distinct peak for 

the noise spectrum can be observed. Increasing the feedback to very high level, 10 dB, 

caused the laser to reach the stable feedback Regime V. The measured average RIN was 

-112.70 dB/Hz as shown in Figure 4.21 on the previous page. More reduction in the RIN 

of the DFB laser is expected to occur for higher feedback. The available feedback in our 

experiments is limited to only 10 dB due to the insertion loss of the various used equipment.

The above measured average RIN results for different feedback levels are summarized 

in Table 4.2 and are plotted in Figure 4.22 on the following page. The figure shows that 

the average RIN increases slightly as the external reflectivity increases. However, when 

the feedback level exceeds a certain level (—30 dB  in these measurements), the measured 

relative intensity noise of the laser exhibits higher values due to the laser operation in 

Regime IV, the coherence collapse regime. A further increase in the feedback level (greater 

than —15dB  in these measurements ) forced the DFB laser diode into feedback Regime 
V with low measured relative intensity noise. The simulation results were included in 

Figure 4.22 to facilitate a comparison with the measured results. Agilent 71400C lightwave 

signal analyzer can measure the laser RIN with an accuracy variations of (3-6 dB). The 

simulated and measured results are in good agreement for feedback regimes I, II, III, 

and IV, the absolute error values for all measured points lie within a maximum allowable 

error level of 5 dB of the corresponding simulated values. These results are also in good 

agreement with results presented in [30] and [42].

Although the laser rate equations that include feedback and noise terms were normalized 

to improve the simulator numerical solvers convergence, the model was unable to simulate 

the RIN in feedback Regime V and faced convergence difficulties. It was observed that the 

ADS numerical solver was unable to solve these rate equations as the laser enters feedback 

Regime V, this is attributed to the high reflection level in Regime V.
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Table 4.2: Measured average RIN at 1 GHz frequency offset for 15 mA bias current and 
different feedbacki levels

Feedback Level [dB] Measured average RIN [dB/Hz]

-45 -121.99

-42 -120.88

-40 -120.43

-36 -120.51

-33 -120.08

-29 -119.80

-27 -116.08

-24 -112.03

-20 -107.26

-15 -109.06

-10 -112.70

-95

-100

-105

£ -110 
m■o -115

E -120

Measured RIN 

• Simulated RIN
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y

error bar of 5 dB around 
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Figure 4.22: Measured and simulated RIN [dB/Hz] of DFB for different external reflec
tivities [dB], IUas=12 mA, A—1310 nm.
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It is worth noting that the drop that exists at a frequency 2.9 GHz is due to the fact 

that the Agilent 71400C lightwave signal analyzer uses two different tracking generator 

modules to cover the full frequency range from 20 Hz to 18 GHz. The first module covers 

frequencies ranging from 20 Hz to 2.9 GHz, while the second covers frequencies ranging 

from 2.7 GHz to 18 GHz. The drop that exists at a frequency of 2.9 GHz is due to the 

transition from the first module to the second.

4 .3 .3  M odu lation  Frequency R esp onse M easurem ents

The modulation frequency response of the DFB laser diode at different optical back- 

reflections levels was measured using the experimental setup shown in Figure 4.23 on the 

next page. The DFB laser diode was mounted on the T H O R L A B S  TC LD M 9  5.6 m m /9  m m  

laser diode mount. It was temperature controlled and biased by the I L X  lightwave L D C — 

3724B  laser diode controller. The emission wavelength for the DFB laser diode was 

1310 nm. The DFB laser diode output is sent to the T port of the FOBS, where it 

was divided. Half of the power was coupled to the Agilent 71400C lightwave signal an

alyzer to measure the modulation frequency response. The other half of the power was 

directed to the OZ Optics fiber optic reflector to achieve the desired back reflection level. 

The feedback level was controlled by the OZ Optics variable attenuator. The OZ Optics 

Polarization controller was used to guarantee that the reflected power back into the laser 

had the same polarization as the emitted power. The reflected power through the R port 

of the FOBS was measured using the I L X  Lightwave O M M  — 68107? Optical power and 
wavelength meter.

In this experiment, an Agilent RF tracking generator (70300A, 100 Hz to 2.9 GHz) and 

an Agilent micro-wave tracking generator (70301A, 2.7 GHz to 18 GHz) from the Agilent 

71400C lightwave signal analyzer were used to provide a sweep modulation frequency source 

whose frequency was synchronized with the sweep of the spectrum analyzer. The RF 
output of the 70300A was connected to the RF input of 70301A to cover the full range of 

frequency (100 HZ to 18 GHZ). The output of the tracking generator was used to directly 

modulate the laser diode using an RF cable connected to a standard RF-SMA connector 

in the laser mount. The mount is designed with a bias-T that accepts a 50 Q impedance 

modulation input through a standard RF-SMA connector. The modulated light enters the
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lightwave section in the 71400C system through a Single-Mode Fiber (SMF) connected to 

the front-panel input connector. The optical power is detected, collimated, amplified, and 

then focused onto a 22 GHz bandwidth InGaAs photodetector using the Agilent 70810B 

lightwave section. The data was displayed on a 70004A display unit and acquired through 

a GPIB (IEEE488.2 interface) to a personal computer for obtaining screen images and 

collecting trace data using Agilent N1031A BenchLink lightwave software.

B ln  and tamp, control fa  mount Optical multimeter

PC with Agilent
N1031A BenchLink Aflllant 71400C Reflector Attenuator

Lightwave Signal Analyzer

Figure 4.23: Modulation frequency response measurement experimental setup.

Figure 4.24 on the following page through Figure 4.27 on page 85 show the measured 

modulation frequency response of 1300 nm DFB laser diode biased at 30 mA, with different 

feedback levels.

The measured relaxation oscillation frequency was 6.444 GHz with optical back-reflections 

of -45 dB, and 6.472 GHz with optical back-reflections of -30 dB as shown in Figures 4.24 

and 4.25 respectively. When the feedback level was increased from -15 dB to -10 dB the 

measured relaxation oscillation frequency increased from 6.506 GHz to 6.534 GHz as shown 

in Figures 4.26 on page 85 and 4.27 on page 85 respectively.

4 .3 .4  D isto rtio n  M easu rem en ts S etup  and R esu lts

The linearity performance of the laser is determined by measuring different types of dis

tortion that are caused by the laser. In this experiment, Agilent 71400C lightwave signal
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Figure 4.24: The measured relaxation oscillation frequency of the 1310 nm DFB laser diode 
biased at 30 mA with -45 dB.
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Figure 4.25: Measured relaxation oscillation frequency of the 1310 nm DFB laser diode 
biased at 30 mA with -30 dB.
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Figure 4.26: Measured relaxation oscillation frequency of the 1310 nm DFB laser diode 
biased at 30 mA with -15 dB.
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Figure 4.27: TMeasured relaxation oscillation frequency of the 1310 nm DFB laser diode 
biased at 30 mA with -10 dB.
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analyzer and Agilent E4438C ESG vector signal generator were used to measure the second 

and third order harmonic distortion in presence of feedback. The setup was similar to that 

of modulation frequency response measurement that was presented in the previous section, 

except that the output from E4438C ESG signal generator was used to modulate the DFB 

laser diode through the T bias of the laser mount. Figure 4.28 shows the detailed block 

diagram of the experimental setup for the distortion measurement in presence of optical 

back-reflections.

E4438CESO
Bias and tamp, control vector signal generator Optical multimeter

Agilent 71400C
Lightwave Signal Analyzer

Figure 4.28: Distortion measurement experimental setup.

Figure 4.29 on the next page shows the measured second order harmonic distortion of 

DFB laser at different feedback levels normalized to the fundamental tone power. The 

results show that as the feedback level increases, the second order harmonic distortion 

increases. At a bias current of 20 mA, the measured second order harmonic distortion 

was -17 dB for the isolated DFB laser, -15 dB for the same DFB laser with -45 dB back- 

reflection, and -12 dB for the same DFB laser with -15 dB back-reflection. The results also 

show that the second order harmonic distortion is a decreasing function of the bias current 

for all of feedback levels.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

Measured 2HD of DFB laser

2™ HD with ISO

2ext

2ext'

-16

-18

-20

-22

Bias Current (mA)

Figure 4.29: Measured second order harmonic distortion of DFB laser at different feedback 
levels.

Figure 4.30 on the following page shows the measured third order harmonic distortion 

of the DFB laser at different feedback levels normalized to the fundamental tone power. 

The results show that as the feedback level increases, the third order harmonic distortion 

increases. At a bias current of 20 mA, the measured third order harmonic distortion is 

-18 dB for the isolated DFB laser, -17 dB for the same DFB laser with -45 dB back- 

reflection, and -13 dB for the same DFB laser with -15 dB back-reflection. The results also 

show that the third order harmonic distortion is a decreasing function of the bias current 
for of all feedback levels.
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Figure 4.30: Measured third order harmonic distortion of DFB laser at different feedback 
levels.

4.4 Summary

This chapter contains various experimental setups that have been used to examine the laser 

performance with optical feedback as well as to verify the simulation results. Different DFB 

laser spectra were shown for different optical feedback levels. An induced tunable back- 

reflections setup were presented to measure laser’s DC characteristics, noise, and linearity 

using the Agilent 71400C lightwave signal analyzer. The simulation and measurement 

results were compared and the results closely matched.
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Chapter 5 

FBG Design and Implementation

5.1 Introduction

In this chapter the design and implementation of the Fiber Bragg Grating (FBG) will be 

presented. The required FBG parameters will be determined based on the laser output 

characteristics, and the required back-reflection level needed to drive the laser to the feed

back Regime V. Simple analytical formulas were used to determine the primarily design 

parameters, then the OptiGrating design software was used to design the desired FBG. 

Finally the FBG was implemented in the laboratory.

5.2 FBG Introduction and Basic Calculations
5.2.1 F B G  P rincip les

The FBG consists of a fiber segment whose core refraction index varies periodically along 

its length as shown in Figure 5.1 on the next page. This refractive index variation is formed 

by exposure of the fiber core to an intense optical interference pattern [55]. The FBG has 

many advantages, such as: achieving all-fiber geometry, low insertion loss, and low cost. 

In addition to its flexibility, it is able to achieve the desired spectral characteristics [56]. 

The FBGs can be used in many applications including DFB lasers, all fiber lasers, optical 

filters for WDM systems, dispersion compensation in optical communications, and optical 

sensors [57]. In this work the FBG will be attached to the laser pigtail to work as a 

reflector. Although the presence of the FBG will reduce the laser output, the optical 
feedback from the FBG will reduce the laser threshold current which will compensate for

89
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the power reduction, and give almost the same P-I characteristics of a laser without the 

attached FBG [58].

The coupled mode theory can be used to analyze the field propagation in the FBG,

characteristics of the FBG. It provides a straightforward technique that can model the 

optical properties of the FBG accurately [56]. The coupled mode approach involves the 

numerical solution of two coupled differential equations. An analytic solution is possible 

in case of uniform FBGs. Also, matrix methods such as the transfer matrix method can 

be used in the analysis; where the FBG is divided into sections, the length of each section 

is larger than the largest corrugation period. The variation of the refraction index of each 

section is considered as a uniform grating described by a transfer matrix, the product of 

the individual matrices give the global matrix which characterizes the FBG [57].

The FBG is characterized by its length and grating period, which can be obtained from 
the following relations:

E
£
o3 Cladding Core

10 mm

Figure 5.1: FBG structure

and to obtain the quantitative information about the diffraction efficiency and spectral

2 f f  A A Bragg (5.2.1)

T  m a x = tanh2(/«L) (5.2.2)
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where nef f  is the effective refractive index, A is the grating period, A Bragg is the grating 

wavelength, rmax is the Bragg grating maximum reflectivity, rmax is the Bragg grating 

maximum reflectivity, L is the grating length, k is the grating coupling coefficient.

5.2.2 F B G  P aram eter C alculations  
Laser output parameters

The output of the Laser mate 1550 nm MQW-DFB pigtailed laser diode, mounted on the 

the THORLABS TCLDM9 5.6mm/9mm mount and driven by the ILX lightwave LDC- 

3724B laser diode controller, was measured with an Agilent 86140B Optical Spectrum 

Analyzer to determine the operating wavelength at different bias currents. Figure 5.2 on 

the following page shows the DFB laser diode output at bias current of 12mA, 15mA, 25mA, 

35mA, and 40mA. The results show that as the bias current increases the laser emission 

wavelength shifts towards higher values, the laser emission wavelength was concentrated 

around 1553 nm with a deviation of ±  0.5 nm. With these results, the FBG wavelength 

have to match to this wavelength range.

FBG  parameters

As shown in the previous section, the FBG wavelength should be designed for a wavelength 

of 1553 ±  0.5 nm. From the previous chapter, the feedback level required to cause the 

DFB laser diode to operate in feedback Regime V should be greater than -10 dB. The FBG 

period and length can be calculated from ( 5.2.1 on the previous page) and ( 5.2.2 on the 
preceding page), for a feedback level of -7 dB, the FBG period is A=0.5257 fim and the 

FBG coupling-length product kL is 0.4812.

5.3 OptiGrating Design Software

OptiGrating 4.2.1 is a powerful modeling software that offers many different options for 

analyzing and designing FBGs. The FBG shape, length, apodization, and chirp can be 

adjusted according to the fiber diameter and refractive index. The OptiGrating 4.2.1 can 

perform the necessary numerical simulations based on solving the coupled mode equations 

using the transfer matrix method. The detailed FBG design steps using OptiGrating 4.2.1
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Figure 5.2: 1550 nm DFB laser diode spectrum at different bias current levels.
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are included in Appendix B.

5.4 FBG Implementation

5.4.1 F B G  Im p lem en tation  P rocedures

The grating is fabricated through an intense ultraviolet (UV) light irradiation using a phase 

mask as explained below.

Optical fiber preparation

As the ultraviolet can not well penetrate the acrylic (or polyimide) coatings that are on a 

standard optical fiber, a small section of the buffer material should be removed (2 cm) to 

expose the silica cladding. The optical fiber is placed in the appropriate fiber holder and 

temporary connectors are used on the fiber ends to monitor the Bragg grating with the 

source and optical spectrum analyzer.

Phase mask

Phase masks are corrugated circular sheets of silica. Each phase mask has a different 

pitch (periodicity) to the corrugated ridges on its surface. Bragg grating wavelength is 

determined by the phase mask pitch. The phase mask functions to split the incoming UV 

light into multiple diffracted beams as shown in Figure 5.3.

Focused UV

Optical Fiber

Figure 5.3: Phase mask.
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Interferometric (Holographic) technique

The interferometric technique creates the UV interference pattern by splitting the incoming 

UV into two separate light paths and recombining them at the optical fiber location as 

shown in Figure 5.4. The splitting is done using the phase mask; once the phase mask 

splits the light, the two first order diffraction beams are guided to the optical fiber by 

two mirrors mounted to rotational stages. Bragg grating wavelength control is done by 

adjusting one of the mirrors to change the angle at which the two UV beams interfere.

Mirror
Optical
FiberFocused UV

Beam
Splitter

Mirror

Figure 5.4: Interferometric technique.

P ost processing of Bragg grating

Over time, the average refractive index of the Bragg grating decreases causing a shift in 

the Bragg wavelength. To prevent this from happening during testing the FBG must be 

annealed. Typical standard annealing bakes the Bragg gratings in an oven for 4 hours at 
300 F.

Figures 5.5 on the next page and 5.6 on the following page show the FBG writing 
processes at the Carleton Laboratory for Laser Induced Photonic Structures (CLLIPS), 

while Figure 5.7 on page 96 shows the phase mask that has been used in the writing 
process.

5.4 .2  T h e Im plem ented  F B G  C haracteristics

Figure 5.8 on page 97 shows the implemented FBG reflection and transmission character

istics. This FBG will be designated as FBG1 throughout this work. FBG1 has its peak
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Figure 5.5: Different equipments used in the implementation of FBG at CLLIPS.

Figure 5.6: FBG writing process at CLLIPS.
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Figure 5.7: The phase mask used in FBG implementation at CLLIPS.

reflectivity of 0.2166 at wavelength 1552.649 nm, the measured 3-dB bandwidth of FBG1 

is 0.914 nm.

The other implemented FBGs characteristics are shown in Appendix B. The perfor

mance of DFB laser diode attached to FBG will be discussed in Chapter 6.
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SPECTRAL WIDTH : <ENUELOPE> 
THRESH LUL1 : 3 ,0 0 d B  K : 1 .0 0  
THRESH LUL2 : 3 .0 0 d B  MODE : 1 Bi 0.914nm  

1 5 5 2 .6 4 9 nm

2 0 0 5  Dec 19 1 0 :0 9  
A:FIX -BLK 
B:WRITE ^BLK

5.0dB-'D RES:0.05rmi SENS:MID AUG: 1 SMPL: 1001
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A:F1X -'BLK 
B:WRITE /BLK
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Figure 5.8: The implemented FBG1 reflection (top) and transmission (bottom) character
istics.
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5.5 Summary

In this chapter we presented the design and implementation of FBG. This design is based 

on the laser output characteristics, and the back-reflection level required to drive the 

laser to operate in feedback Regime V. Analytical formulas used to determine the design 

parameters were discussed. OptiGrating design software was used to design the desired 

FBG. Implementation procedures for FBG at CLIPS are presented at the end of chapter.
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Chapter 6 

D FB Laser Diode with External FBG

In this chapter, a feedback topology is proposed that advantageously applies optical feed

back to the DFB laser in order to enable the omission of the isolator without significantly 

degrading the performance of the DFB laser. The proposed topology is achieved by at

taching a FBG to a DFB laser. FBG characteristics were chosen such that the attached 
DFB laser would be driven to operate in feedback Regime V. Several FBGs have been im

plemented and a variety of DFB laser modules were used to experimentally determine the 

DFB laser diode performance when attached to a FBG. Table 6.1 summarizes the different 

components used in this work along with their affiliated notations.

N otation Description M anufacturer
FBG1 FBG with R  = 0.2166 at A=1552.649 nm CLLIPS
FBG2 FBG with R  = 0.2773 at A=1552.698 nm CLLIPS
FBG4 FBG with R  =  0.2112 at A=1552.653 nm CLLIPS
FBG7 FBG with R  = 0.50 at A=1553.231 nm CLLIPS

FBG10 FBG with R  = 0.25 at A=1552.505 nm CLLIPS
FBG11 FBG with R  =  0.293 at A=1552.83 nm Avensys
FBG12 FBG with R = 0.2897 at A=1313.19 nm Avensys
DFB1 FLD3F7CZ 1310 nm isolated butterfly DFB laser diode (LD) Eudyna (Fujitsu)
DFB2 ES/FLD3F7CZ557-MX09081 1310 nm unisolated DFB LD Eudyna (Fujitsu)
DFB3 ES/FLD3F7CZ557-MX09082 1310 nm unisolated DFB LD Eudyna (Fujitsu)
DFB4 T13D-PFA2-C1 1310 nm unisolated coaxial DFB LD Laser Mate
DFB5 T15D-PFA2-C1 1550 nm unisolated coaxial DFB LD Laser Mate

Table 6.1: Various components used in measurements.

The DFB laser diodes have to be biased properly in order to emit around the central

99
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wavelength of the attached FBG, hence, achieving the back-reflection required for the 

feedback Regime V operation. The performance of the proposed feedback topology is 

analyzed in the remainder of this chapter. The spectrum of the DFB laser diode attached 

to the FBG was examined; the RIN and distortion of the combined configuration was 

measured. Results of the proposed configuration was also compared to that of the isolated 

DFB laser.

6.1 Spectrum Stability

Previously reported research discuss using FBGs to force a laser into Regime IV [58]. 

This regime is mostly applicable to low-speed digital signaling applications and erbium- 

doped fiber amplifiers pumping. For CATV applications, operation in Regime V is highly 

recommended. This section will show how the use of an FBG stabilized the intensity and 
wavelength fluctuations of an unisolated DFB laser. This was due to operation in feedback 

Regime V.

6.1.1 1550 nm  w avelength  range

FBGl was attached to DFB5. The reflection and transmission characteristics of FBG1 are 

found in Figure 5.8 on page 97. The DFB5 spectrum shows high intensity and wavelength 

stability with narrow linewidth. This is contributed to the induced optical back-reflections 

by FBGl. Figure 6.1 on the next page shows the resulting spectrum for a 15 mA bias 
current.

FBG2 reflection and transmission characteristics are shown in Figure B.7 on page 157. 

When FBG2 was attached to DFB5 and biased at 15 mA in order to emit around the 

central wavelength of the FBG2, the resulting output spectrum exhibited a stable narrow 

linewidth operation. This is shown in Figure 6.2 on the next page.

DFB5 also achieved stable spectra when attached to all other FBGs. These results are 
shown in Appendix B.

The measured DFB laser spectra shown in Figure 5.2 on page 92 shows that as the 

bias current increases the laser emission wavelength shifts towards higher values. Optical 

reflections from FBG reduces the laser threshold level [58], which is equivalent to an increase
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!■#• ***** RMT

Figure 6.1: Spectrum of DFB5 attached to FBGl and operating at a bias level of 15 mA.
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Figure 6.2: Spectrum of DFB5 attached to FBG2 and operating at a bias level of 15 mA.
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in the laser’s bias current. This can explain why there is a wavelength shift in the laser 

output when the FBG is attached.

6.1 .2  1310 nm  w avelength  range

FBG12 has been spliced to DFB2 to minimize connector losses as well as improve the 

coupling efficiency between the laser diode and the FBG. FBG12 shown in Figure B.12 has 

a peak reflectivity of 0.2897, lies at 1313.19 nm and has a bandwidth (FWHM) of 0.45 nm.

When DFB2 was biased properly to emit at FBG12 peak reflectivity wavelength, that 

is 1313.19 nm, the reflection was strong enough to drive DFB2 to operate in the stable 

feedback Regime V as shown in Figure 6.3.

mso
asm

’esB0 ’•»
wpm;

mkmb

Figure 6.3: Spectrum of DFB2 attached to FBG12 and operating at stable feedback 
Regime V.

When DFB2 laser was biased to emit at 1313 nm, a strong back-reflection from FBG12 

was achieved. However, the level of the back-reflection was less than that required to 

achieve feedback Regime V operation. Hence, DFB2 was driven to operate in the coherence 

collapse regime (Regime IV), in which an unstable operation for DFB2 with broadened 

linewidth was observed. Figure 6.4 on the following page shows the resulting spectrum.
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RMT

Figure 6.4: Spectrum of DFB2 attached to FBG12 and operating at unstable feedback 
Regime IV.

6.2 Relative Intensity Noise Measurements

Carrier-to-Noise Ratio (CNR) is defined as the ratio of the carrier to the total noise power 

in 4 MHz bandwidth. Analog AM-VSB video CATV signals require a CNR near 50 dB for 

acceptable picture quality. This CNR is much larger than the 20 dB required for digital 

and FM systems [4]. RIN from the laser is one of the major factors that limits the CNR. 

Low RIN is highly recommended for the DFB lasers in order to achieve the desired CRN 

for analog CATV systems. This section shows how low RIN can be achieved by attaching 

an FBG to the DFB laser diode.

6.2.1 1550 nm  w avelength  range

Figure 6.5 on the next page shows the measured average RIN of DFB5 biased at 15 mA. 

Figure 6.6 on the following page shows the measured average RIN of DFB5 attached to 

a 30 dB optical isolator and biased at the same level. The RIN was measured at 1 GHz 

frequency offset. Using optical isolator decreases the average RIN from -108.96 dB/Hz to 

-114.51 dB/Hz.

Figure 6.7 on page 105 shows the measured average RIN of DFB5 biased at 15 mA,
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Figure 6.5: Measured average RIN of DFB5 operating at a bias level of 15 mA.
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Figure 6.6: Measured average RIN of DFB5 attached to a 30 dB optical isolator, and 
operating at a bias level of 15 mA.
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with FBG10 attached to DFB5. The measured average RIN at a 1 GHz frequency offset 

is -115.13 dB/Hz.

I R tSE li s a  0 9 : 4 2 : 0 5  OCT 17,  200B

RIN ( U s e r )
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- 11 3. 69  dB/Hz 
- 11 9. 27  dB/Hz 
- 13 6. 70  dB/Hz

USER
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RL -1 5 . 00  dBm
r f i n r r r i

HKR *1 FRO 1.0B GHz
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d&/01U 
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EXIT
START 0 Hz ..................
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STOP 13.00 GHz RIN
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Figure 6.7: Measured average RIN of DFB5 attached to FBG10, and operating at a bias 
level of 15 mA.

Figure 6.8 on the following page shows the measured average RIN of DFB5 biased at 

15 mA, with FBG11 attached to DFB5. The measured average RIN at a 1 GHz frequency 

was -117.31 dB/Hz. Average RIN measured for DFB5 attached to other FBGs is shown 

in Appendix B.

Table 6.2 on the next page summarizes the above measured average RIN for the various 

DFB5 configurations.

Results show that using FBGl, FBG2, or FBG10 improves the unisolated DFB5’s 

RIN by an average of 7 dB/Hz. This improvement is comparable to the improvement 

obtained using a 30 dB optical isolator. However, using FBG11 achieves better RIN while 

maintaining the same bias current level.
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Figure 6.8: Measured average RIN of DFB5 attached to FBG11, and operating at a bias 
level of 15 mA.

C onfiguration F B G  reflectiv ity m easured  R IN  (d B /H z)
Unisolated DFB5 - -108.96

DFB5 with 30-dB isolator - -114.51
FBGl attached to DFB5 0.2166 -114.02
FBG2 attached to DFB5 0.2737 -115.99

FBG 10 attached to DFB5 0.25 -115.13
FBG11 attached to DFB5 0.293 -117.31

Table 6.2: Measured average RIN for different DFB5 configurations.
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6.2 .2  1310 nm  w avelength  range

Figures 6.9 and 6.10 on the following page respectively show the average RIN measurements 

for DFB2 attached to FBG12, and for DFB1 with a built-in optical isolator. DFB2 attached 

to FBG12 achieved an average RIN level of -158.49 dB/Hz. That is comparable to an 

average RIN level of -157.87 dB/Hz of DFB1 at a 1 GHz frequency offset and same average 

optical power (i.e. 5.1 dBm) [54],

Two observations are noteworthy. Firstly, although it is known that the laser RIN 

has its maximum near the relaxation oscillation frequency, this is not witnessed in the 

measurement plots. This is due to the fact that the relaxation frequency of the laser at 

this bias level is much more than the stop frequency of the measurement (i.e, 5 GHz). 

Secondly, the drop tha t exists at a frequency 2.9 GHz is due to the fact that the Agilent 

71400C lightwave signal analyzer uses two different tracking generator modules to cover the 

full frequency range from 20 Hz to 18 GHz. The first module covers frequencies ranging 

from 20 Hz to 2.9 GHz, while the second covers frequencies ranging from 2.7 GHz to 

18 GHz. The drop that exists at a frequency of 2.9 GHz is due to the transition from the 
first module to the second.
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Figure 6.9: Measured RIN of DFB2 attached to FBG12.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



108

| R TSE | 33|  05 :5 2 : 29  NRR 22,  200E USER |

RIN ( L a s e r )  =
—  RIN (Sys te i i )  =
—  Thermal Noise Ter* = 

Shat  Nai se  Term =

-157 . 37  dB/Hz- 
- 14 1 . 87  dB/Hz 
- 142 . 61  dB/Hz 
- 1 4 8 . 7B dB/Hz

START

STOP

RL 0 . 00  dBm

5.00 dB/OlV I  !
RUG PHR 5.1  dB* DPT
R L T E R E N C c I  L E V E L  
TTTratiiHr'i 1~ i—

MKR #1 FRQ 1.00B GHz
T — ^ n r i p r r p - r , >||(H

UNCDR

ftr

5RI1PLE

NRN 
On Off

 DID BU
 RutpHan

i f i T T E N  

D—
S I N G L E  
MEASURE

EXIT
S T A R T 0 Hz 
RB 3 . 00  MHz *UB 10.0  kHz

STOP 5.
ST 5B0.0 ' s e c  On Off

Figure 6.10: Measured RIN for DFB1.

6.3 Distortion Measurements

In addition to the high CNR recommended for analog CATV systems, low CSO and CTB 

are also desirable in order to achieve high analog CATV signal quality. CSO is defined as 

the ratio of the carrier to the total power within the largest accumulation of second-order 
distortion products within each channel. CTB is similarly defined as the ratio of carrier to 

total power within the largest accumulation of third-order distortion products within each 

channel. This section shows how attaching a FBG to a DFB laser affects the second and 

third order harmonic distortions of the DFB laser.

6.3.1 1550 nm  w avelength  range

Figures 6.11 to 6.14 on page 111 show the measured distortion of DFB5 attached to various 

tested FBGs as a function of bias current. Measured distortion for DFB5 both with and 

without an isolator were also included on the figures for the sake of comparison. Distortion 

measurement results for the other tested FBGs are included in Appendix B.
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Figure 6.11 shows the measured second order harmonic distortion for FBG1 attached 

to DFB5 operating at a carrier frequency of 500 MHz and a power of 0 dBm. Figure 6.12 

shows the results of the third-order harmonic distortion for the same setup.

Measured 2nd HD of DFB5 attached to FBG1

“  “  2  HD for DFB5 

— ”  2nd HO for DFB5 attached to ISO 
. . .  2 nd H D  fo r  D F B 5  a t t a c h e d  t0  F B G i

CDTJ
g -8 
trS -io

o -12

1 . .k_03
?  -16

O -18 
■o 
§ -20 o 0)Cn -22

-24
20 25 30

Bias Current (mA)

Figure 6.11: Measured second order harmonic distortion of FBGI attached to DFB5 nor
malized to the fundamental frequency .

Figure 6.13 and Figure 6.14 on page 111 show the measured second and third order har

monic distortions for FBG2 attached to DFB5 operating at a carrier frequency of 500 MHz 
and a power of 0 dBm.

Results demonstrate that both second and third order harmonic distortions are decreas

ing functions of the bias current. Moreover, compared to isolated DFB laser, using FBGs 

increases both second and third order harmonic distortions by less than 5 dB compared to 

the isolated DFB. The above results are summarized in Table 6.3 on page 111.

6.3 .2  1310 nm  w avelength  range

Figure 6.15 on page 112 and Figure 6.16 on page 113 show the measured distortions as a 

function of the bias current for FBG12 attached to DFB2.

Figure 6.15 on page 112 shows the measured second order harmonic distortions for
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Measured 3rd HD of DFB5 attached to FBG1
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Figure 6.12: Measured third order harmonic distortion of FBGI attached to DFB5 nor
malized to the fundamental frequency.

Measured 2nd HD of DFB5 attached to FBG2
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Figure 6.13: Measured second order harmonic distortion of FBG2 attached to DFB5 nor
malized to the fundamental frequency.
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Measured 3rd HD of DFB5 attached to FBG2
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Figure 6.14: The measured third order harmonic distortion of FBG2 attached to DFB5 
normalized to the fundamental frequency.

C onfiguration F B G  reflectiv ity 2nd H D  (dB) 3rd H D  (dB )
Unisolated DFB5 - -19.06 -20.06

DFB5 with 30-dB isolator - -20 -22.01
FBGI attached to DFB5 0.2166 -18.78 -18.15
FBG2 attached to DFB5 0.2737 -18.17 -17.87
FBG4 attached to DFB5 0.2112 -17.8 -19.7
FBG7 attached to DFB5 0.50 -17.1 -19.7

FBG10 attached to DFB5 0.25 -18.4 -19.5
FBG11 attached to DFB5 0.293 -18.4 -19.1

Table 6.3: Measured distortion for various DFB5 configurations (bias current=25 mA).
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FBG12 attached to DFB2 operating at a carrier frequency of 500 MHz and a power of 

0 dBm. Figure 6.16 on the following page shows the measured third order harmonic 

distortion. Equivalent measurements for DFB1 were included in the figures for comparison 

purposes.

Measured 2nd HD of DFB2 attached to FBG12

2 HD for DFB1

2nd HD for DFB2 attached to FBG12

c  -10

-15 -

-20

T3
-25

-30
I 20 22
Bias Current (mA)

28

Figure 6.15: Measured second order harmonic distortion of DFB2 attached to FBG12 
normalized to the fundamental frequency.

These results show that both second and third order harmonic distortion are decreasing 
functions of the bias current. Moreover, using FBGs has slightly increased the lasers’ 
distortions.
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Measured 3rd HD of DFB2 attached to FBG12
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Figure 6.16: Measured third order harmonic distortion of DFB2 attached to FBG12 nor
malized to the fundamental frequency.

6.4 Summary

Using FBG stabilizes DFB lasers and improve their RIN. All tested DFB laser diodes 

showed a stable spectrum, low RIN, and narrow linewidth output when attached to the 

implemented FBGs. Performance of DFB lasers attached to appropriate FBGs were com

parable to that of isolated DFB lasers. When feedback Regime V operation is reached, 

increasing FBG reflectivity decreases the RIN. However, this may come at the expense 

of lower output optical power. Furthermore, including a FBG has increased the DFB 

lasers’ distortions by around 3 dB compared to isolated DFB lasers. Lasers’ nonlinearity 

compensation will be discussed in detail in Chapter 7.

Using optical isolator can improve the unisolated laser noise and linearity performance, 

on the other hand it increases cost and complicate the construction of the laser module. 

Extra time is required to optically align the isolator, additionally it cannot guarantee 

complete removal for the optical back-reflections. In this chapter we showed that using 

an unisolated DFB laser attached to a FBG and operating in feedback Regime V achieves 

noise and linearity performance that is comparable to that of the isolated DFB laser.
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Chapter 7

Inverse Laser M odel Including 
Feedback Derivation and M odeling

7.1 Introduction

The laser is a non-linear system; it produces both even and odd order harmonic distor

tion. To meet the restrictions imposed on the DFB lasers for analog CATV systems, the 

laser’s distortion should be kept at a minimum. Fabrication of high linearity laser is an 

expensive task and requires extensive screening that may result in low yields. The other 

alternative is to use one of the linearization techniques. Several linearization techniques 

were reviewed in [19] these included: optical feedback and optical feed-forward [59-63], 

post-distortion [64-66], pre-distortion [67-72], adaptive pre-distortion [73-76], external 

light injection [77], and cascaded linearized modulator [78]. The analysis made in [19] 

in terms of performance, cost, and suitability for analog CATV systems supported the use 

of pre-distortion techniques.

In this chapter a laser pre-distorter will be developed based on the inverse laser Volterra 

model including feedback effect. The rate equations that describing the original laser model 

will be algebraically manipulated in order to get the laser driving current as a function 

of the laser output power, then third order Volterra transfer functions will be extracted 

from these equations representing the pre-distorter Volterra model. The third order pre

distorter Volterra model will be implemented in ADS and cascaded to the original laser 

model to reduce the overall distortion and hence keep the Composite Second Order (CSO) 

and Composite Triple Beat (CTB) at lower levels.
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7.2 Inverse Laser Model Including Feedback Deriva
tion

When the distortion is frequency dependent in a non-linear system, the nonlinearity can be 

represented by a Volterra functional series (a power series with memory) [79,80], instead of 

a Taylor series (a power series without memory). The coefficients will be extracted using 

Volterra transfer functions in order to determine the laser inverse function by deriving the 

Volterra series of I  — f(P ),  where I  is the injection current, and P  is the photon density.

The laser diode rate equations including feedback term are given by the following two 

relations:

dP„(t) (Cn(t) -  CZ) P„(t) P„(t) 2 .. , T ,
i t  ~  r„,.(l ■ C’ j VT T 7 “  rph +&i>C"(t) +  T1'‘«P„(f)co»(u,/,T,a) (7.2.1)

and

dCn(t) I ( t) {Cn{ t ) - C p  Pn(t) Cn(t)
dt qVcCth TeTph{ 1 -  C” ) y / l  +  p™ re

The different parameters of (7.2.1) and (7.2.2) were defined in the Chapter 3. To get I  — 

f(P )  the laser diode rate equations should be denormalized and algebraically manipulated. 

Prom (7.2.1) the carrier density is given as,

+  —  H ?C’,r P  — KextPCos{uJth Text)dt rph ^ /T P p J K  e x t v th  e x t ,

r & P  | GP  
Te 1+P/Ps

Expressing P  and C  in terms of their DC and AC components, i.e, P  — Pdc +  Pac and 

c = Cdc + Cac in (7.2.3) yields,

p ,  +  {Pdc+Pac) +  G C t r ^ + P a e )  _ _  2_ ( p  +  p  XfJOs(uJth Te x t ) 
n  , n  T”h V1+(Pdc+P«c)/Ps ^  extK ac> V th extJ / n n i ^

c +  a c  G(pdc+ pac) [<-2 A J

T‘ -v/l + (Pdc+Pac)/P,

Let $  — , - 1 and T =  —, , p where co — ^ 2£. Expanding and 'Ly/l+(Pdc+P«c)/Ps co+G(Pdc+Pac)<S> ’ re P  5

up to the third order using Taylor series such that:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



116

$  — MO +  M l Pac + M2 Plc +  M3 Pa3c (7.2.5)

and

=  Z?0 +  £>1 Pac + D2 Plc +  D3 P i  (7.2.6)

The following Taylor series coefficients were extracted using Mathematica.

MO =  ; 1 (7.2.7)
\ / l  +  P d c /P s

M l = ----   (7.2.8)
2(1 +  (Pdc/P s)W Ps

M 2 8( l +  Pdc/P s)5/2p 2 (7'2'9)

(7-2-10)

D° = co + GM0Pdc (7-2'n )

GMO + G M IP ^
(co + GM0Pdc)2 [ ’

1 2(GM0 +  GMlPdc) 2GM1 + 2GM2Pdc
2 (co + GM0Pdc)3 (co + GM0Pdc)2 J 1 ' ’ ’

1 6(GM0 +  G M lP dc)3 6(GM0 + G M lP dc)(2G M l + 2GM2Pdc)
~  6 ̂  (co +  GMOPde)4 +  ( ^ T G M O ^ p

6GM2 +  6GM3Pdc,
(co +  GM0Pdc)2 j
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Substitution of (7.2.5) and (7.2.6) into (7.2.4) gives the carrier density and its derivative

as,

(Cdc +  Cac) =Z0 +  Z lP ac + Z2P 'C + Z Z P l  +  Z4PacP;jc + Z 5 P i  +  Z6P*CP 'C

+ Z 7 P ! X c (7.2.15)

C'ac =Z\P'ac +  Z 2 P I  +  2Z3PacP 'c +  Z4(P 'C)2 +  Z \P acP l  +  3Z5P2CP 'C

+  2Z6Pac(Pac)2 + ZG P lP 'L  + ZZ7Pl{P'acy  +  Z7PlcP l  (7.2.16)

where,

ZO = Ctr DO G MO Pdc + -  2D°KextPdcSm(u;thText) (7.2.17)
Tph 7~i

Z l  =Ctr DOG MO + Ctr D l G MO Pdc +  CtTD0 G M l Pdc + —
7ph

 ̂ D l Pdc ^DOK^t sin(ujfjiText) êDlKextPdc^^-i^th'^ext)
Tph 7~i T\

(7.2.18)

Z2 = DO (7.2.19)

Z 3 =Ctr D l G MO +  DOG M l  +  Ctr D2 G MO Pdc 

+  C tr D l G M l Pdc +  C tr  DO G M2 Pdc -\------
7~ph

^  D2Pdc 2DlKext singedth,Text) 2D2Kex̂ Dt/csin(c^t/1Texj) (7 2 20)
1~ph 7~i

Z4 =  D l (7.2.21)
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Z5 =CtrD2 G MO +  CtrDl G M l  +  CtrDO G M2 + CtrD3 G MO Pdc

+ CtrD2 G M l Pdc + CtrD l G M2 Pdc +  CtrDO G M3 Pdc 

 ̂ D2  ̂ D3Pdc 2D2Kext sin(uJth,Text') 2D3hi(xtPdc sin(—n/i~<xt)
Tph Tph Tl T[

(7.2.22)

Z6 =  £>2 (7.2.23)

Z7 = D3 (7.2.24)

Substitution of (7.2.5) to (7.2.24) into (7.2.2) gives the modulation current as,

-Id, +  qV c C'ac +  ^  +  CdC +  9 m  ( (C a c  +  C dc) ~  C t r ) $  (P a c  +  P dc) (7.2.25)

Where gm — G/Y. Substitution of (7.2.5), (7.2.15), and (7.2.16) into (7.2.25) and consid

ering terms up to the third order gives,

l a c  = K

+  {m 0Pac + m iP 'c +  m 2P"c}

+ (m3 Plc + ^P a cP ’ac + ^ ( K c f  + rn5PacP"c}

+  {rn .P l  +  m rPaCPac +  2msPac(P’ac)2 +  m 8Pa2c^ 'c} (7.2.26)

The laser’s inverse model is represented by the input-output relation given by (7.2.26). 

The first row is a constant. The second, third and fourth rows will be used to extract

the first, second, and third order Volterra transfer functions respectively. The constants

mo to rrig have been calculated using Mathematica.

m0 =  -  CtrgmM0qVc -  CtrgmM lP dcqVc +  gmM0qVcZ0

+ gmM lP dcqVcZ0 + gmMOPdcqV^l + (7.2.27)
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m i — qVcZ 1 +  gmM0PdcqVcZ2  +  - ------  (7.2.28)

m2 =  qVcZ  2 (7.2.29)

m3 =  -  CtrgmM lqVc -  CtrgmM2PdcqVc +  gmM lqVcZQ +  gmM2PdcqVcZ{)

+ gmMOqVcZ l  + g n M lP ^q V .Z l +  gmMQPdcqVcZZ + (7.2.30)

m4 =  gmM0qVcZ2 + gmM lP ^qV cZ2  +  2<?FCZ3 +  (7.2.31)

m5 =  gFcZ4 (7.2.32)

^ 6  — CtrgmM2qVc CtrgmMZPdcqVc +  gmM2qVcZ0  +  gmMZPfcqVcZO +  gmM lqVcZ l  

+  gmM2PdcqVcZ l  +  gmM0qVcZ3 + gmM \P *aVcZZ + gmMOPdcqVcZb  +
Te

(7.2.33)

m7 =gmM lqVcZ2 + gmM2PdcqVcZ2 + gmM0qVcZ4 + gmM lP dcqVcZ4

+ ZqVcZ5 +  gmM0PdcqVcZ6 + ^ (7.2.34)

m8 =  qVcZ6 (7.2.35)
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7.2.1 V olterra Series

The Volterra series technique is used to calculate and analyze the distortion terms in 

non-linear electronic elements. The inverse semiconductor laser model is obtained by con

sidering the laser as a non-linear system with an input of P ( t ) and an output of I(t ).  Using 

Volterra series [81], the system output is given by:

-foo  OO OO

I(t )  =  J  9 i ( n ) P ( t  ~  Ti)dri +  / /  02+1, n ) P ( t  -  Ti)P(t -  T2)dT1dT2
—oo —oo —oo

-boo + o o  -boo

♦ / / /  0 3 + 1 ,  T 2 , T3) P { t  ~  T i ) P ( t  ~  T2 ) P ( t  -  T3) d T i d T 2d T 3 +  . . .

—oo —oo —oo

+0O + 0 0  + 0 0

0 n + l ,  T 2 , ..., Tn) P { t  ~  Tx)P(t -  T2). . .P(t  -  Tn)dTidT2...dTn +  ...
—OO —OO —OO

(7.2.36)

where gn(n,T2, =  0 for any rm < 0,m  =  1,2, ...,n, n — 1,2,.... The series in the
previous equation is called a Volterra series and the functions <7„(ri, t 2 , ..., r„) are called 

the Volterra kernels of the system.

The above equation can be also expressed as,

7(f) =  a ,  [(P(t))] +  G2 [(P(t))l +  G3 [(7>(f))] + . . .  +  G ,  [(P(())] +  ... (7.2.37)

where Gn, is the nb-order Volterra operator and is given by the following integral,

OO 00

Gn [(T’(t))] =  j  ... J <7„(ti, . . . , T n ) P ( t  -  T i ) . . . P ( t  -  Tn ) d T i . . . d T n  (7.2.38)
-OO —OO

7.2 .2  E xtraction  o f  V olterra Transfer Functions 
Harmonic-input m ethod

The harmonic-input method is used to determine the kernels Gk in the frequency domain. 

Considering the equation describing Iac as a function of Pac given by (7.2.26). When k
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input tones (at the frequencies u>i,...,u!k) are applied to the laser model, they have the 

following form,

Pac = Pdc{ePult +  eiW2t + ... + eju,kt) (7.2.39)

When one tone input, Pac = Pdce is applied to the system described by (7.2.26), 

the first order Volterra transfer function is the coefficient of ejuit and is given by,

G'i(wi) =  (m0 +  jm iu i -  m 2oj\) Pdc (7.2.40)

The second order Volterra transfer function is obtained if two tone inputs, Pac — 

Pdc^wit+ Pdc^U2t, are applied to (7.2.26). The coefficient of eJ^ 1+“2̂  represents the second 

order Volterra transfer function and is given by,

G2{loi,u>2) — (2m3 +  +  u>2) — (aq +  W2)2) P^c (7.2.41)

If three tone inputs, Pac = Pdc ejoJlt + Pdc ejui2t +  Pdc ejulst, are applied to (7.2.26), the 
third order Volterra transfer function is the coefficient of eJ(a’1+a’2+u;3)t and is given by,

Gs(u>i,U2 , w3) =  (6m6 +  2jm j(wi +  lj2 +  W3) — 2ms (uq + u 2 +  W3)2) P^. (7.2.42)

Equations (7.2.40) to (7.2.42) represent the laser inverse model frequency domain 

Volterra transfer functions.

Direct expansion m ethod

The direct expansion method is used to derive the time domain laser inverse model from 

the frequency domain model. Equations (7.2.40) to (7.2.42) can be represented by their 

Laplace transforms easily by replacing each j u  by s as follows,

G i(si) =  (mo +  m isi +  m 2sf) Prfc (7.2.43)
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G2(s i , s2) — (2m3 +  m4(si +  s2) +  ^5  ($i + S2)2) Pdc (7.2.44)

s2, 53) =  (6m6 +  2m7(si +  s2 +  S3) +  2m8 (si +  s2 +  s3)2) P |c (7.2.45)

Applying the inverse Laplace transformation to (7.2.43) to (7.2.45) to get their equiv

alents in the time domain as,

Gi [P (t)] =  m 0P (t) +  (7.2.46)

G2 [P(t)\ = 2m3P 2(t) +  m/ (/2 (t)) +  m5d2(^ y )) (7.2.47)

G3 [P(t)] =  6m6P 3(t) +  2m 7^ P -  +  2mf {P̂ t)) (7.2.48)

Equations (7.2.46) to (7.2.48) represent the laser inverse model in time domain. The 

complete third order time domain Volterra system of the pre-distorter is illustrated in 

Figure 7.1 on the next page.

An amplifier with gain m0 was used to represent the first term of (7.2.46), the second 

term was represented by an amplifier with gain mi and a differentiator, and the third term 

was represented by an an amplifier with gain m2 and two differentiators.

Equation (7.2.47) was represented by an amplifier with gain 2m3 for the first term, an 

amplifier with gain m4 and a differentiator for the second term, and an amplifier with gain 

m.5 and two differentiators for the third term.

First term of (7.2.48) was represented by an amplifier with gain 6m6, second term was 

represented by an amplifier with gain 2m7 and a differentiator, and the third term was 

represented by an amplifier with gain 2m8 and two differentiators.

The constants mo to m8 are functions of the laser parameters. The laser parameters 

are sensitive to thermal effects and aging, which requires the pre-distorter coefficients to
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d/dtmi

d/dt2

d/dtnu

d/dt

d/dt2

Figure 7.1: Block diagram of the laser inverse model.
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be adjusted accordingly in order to compensate for these changes in the laser parameters. 

This addresses the need for an efficient way to sense the laser output and give feedback to 

the pre-distorter with these changes to modify its coefficients. Adaptive pre-distorters can 

monitor the lasers output and update the pre-distorter coefficients and compensate for any 

of the lasers’ time-varying changes.

7.3 Inverse Laser Model Including Feedback Imple
mentation

The above pre-distorter model was implemented in ADS using three branches, each 

branch containing two dual-port SDDs representing equations (7.2.46), (7.2.47), and (7.2.48) 

respectively. Figure 7.2 on the following page shows the proposed pre-distorter implemen

tation in ADS.

The setup shown in Figure 7.3 on page 126 is used to predict the ability of the proposed 

pre-distorter to reduce the harmonic distortions of the laser, the implemented pre-distorter 

was cascaded to the laser model and compared to the same laser model without a pre

distorter. To examine the improvement of the second and the third harmonic distortions 

due to the existence of the pre-distorter, the frequency of a single tone input was swept 

up to 4 GHz, the second and the third harmonic distortions with and without using the 

pre-distorter were simulated for 0.10 and 0.25 modulation index.

Figure 7.4 on page 127 shows the simulated second harmonic distortion with and with

out using the pre-distorter for 0.10 and 0.25 modulation index. The results showed that 

an improvement up to 30 dB (for 0.25 modulation index) and 45 dB (for 0.10 modulation 

index) over bandwidth around 3 GHz, between 1 GHz and 4 GHz, can be achieved using 
the proposed pre-distorter.

Figure 7.5 on page 127 shows the simulated third harmonic distortion with and without 

using the pre-distorter for for 0.10 and 0.25 modulation index. The results showed that 

an improvement up to 40 dB (for 0.25 modulation index) and 55 dB (for 0.10 modulation 

index) over bandwidth around 3 GHz, from 1 GHz to 4 GHz, can be achieved using the 
proposed pre-distorter.
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Figure 7.2: ADS implementation of the laser inverse model.
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Figure 7.3: ADS setup of the laser inverse model cascaded to the laser model.
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Simulated 2HD with and without PD

— with PD, m=0.10 

■-■-•withoutPD, m=0.10 

with PD, m=0.25 

■ ■ ■ without PD, m=0.25

-20
CD■ow
Q
X
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-120
0.5 1.5 2.5 3.5

Frequency (GHz)

Figure 7.4: Simulated second order harmonic with and without PD for 0.10 modulation 
index and 0.25 modulation index.

Simulated 3HD with and without PD

40 with PD, m=0.10

 without PD, m=0.10

with PD, m=0.25 

■ « ■ without PD, m=0.25

20

*••'■■■■■■■• •* "

□
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-120

-140
0.5 2.5 3.5
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Figure 7.5: Simulated third order harmonic with and without PD for 0.10 modulation 
index and 0.25 modulation index.
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To simulate the second and third intermodulation distortions (2IMD and 3IMD), the 

cascaded laser model and the pre-distorter were directly modulated with two tones that 

are 10 MHz apart and monitoring the generated sum and difference frequencies. These in

cluded, the second intermodulation distortion ( /1+ / 2), the third intermodulation distortions(2/i+ 

/ 2, 2 /i — / 2, 2/2 +  / 1, and 2/2 — / 1).

Figures 7.6 - 7.10 on page 132 show how the proposed pre-distorter decreases the 

aforementioned intermodulation distortion components.

Figure 7.6 illustrates the simulation results of the second order intermodulation distor

tion of type (/1 +  / 2) for modulation index of 0.10. Results show that the pre-distorter 

has reduced the second order intermodulation distortion by an average of 50 dB over a 

bandwidth of 2 GHz, from 2 GHz to 4 GHz. A peak was observed around a frequency of

2.4 GHz which may attributed to one of the intermodulation frequencies of f \  and / 2.

Simulated 2IMD (f1+f2)
-10

2IMD without PD

2IMD with PD

-10
ffi
T3
a
s
CM

-10

-10

Frequency (GHz)

Figure 7.6: Simulated second intermodulation distortion (/1 +  / 2) with and without PD 
for 0.10 modulation index.

Figure 7.7 on the following page shows the simulation results of the third order in

termodulation distortion (2/i +  / 2) for modulation index of 0.10. The pre-distorter has
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reduced the third order intermodulation distortion by an average of 40 dB over bandwidth 

of 2.5 GHz, between 1.5 GHz and 4 GHz. Two peaks were observed around frequencies 

of 1.6 GHz and 2.4 GHz, these may also attributed to some of / i  and intermodulation 

frequencies.

Simulated 3IMD (2f1+f2)
-10

3IMD without PD 

3IMD with PD

m

-10

Frequency (GHz)

Figure 7.7: Simulated third intermodulation distortion (2f \  +  / 2) with and without PD for 
0.10 modulation index.

Figure 7.8 on the next page shows the simulation results of the third order intermodu

lation distortion (2/i — /j )  for modulation index of 0.10. An average enhancement of 35 dB 

for the 3IMD of type (2/i — / 2) has been achieved over bandwidth of 2 GHz, between 

2 GHz and 4 GHz.

Figure 7.9 on page 131 illustrates the simulation results of the third order intermodu

lation distortion (2f 2 +  / i )  for modulation index of 0.10. Using the proposed pre-distorter 

improved the 3IMD of type (2/ 2 +  /i)  by an average value of 40 dB over 2.5 GHz band

width, from 1.5 GHz to 4 GHz. The two peaks that perviously observed with (2/i +  / 2) 

intermodulation distortion type are also observed with (2/i +  / 2) type.

Figure 7.10 on page 132 shows the simulation results of the third order intermodulation
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Simulated 3IMD (2f1-f2)
-10

■—-3 IM D  without PD 

 3IMD with PD

T3
Q  -10

-10

Frequency (GHz)

Figure 7.8: Simulated third intermodulation distortion (2/j — / 2) with and without PD for 
0.10 modulation index.
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Simulated 3IMD (2f2+f1)
-10

3IMD without PD 

3IMD with PD

CDT3
Q  -10
2
«

-10

Frequency (GHz)

Figure 7.9: Simulated third intermodulation distortion (2/2 +  / i )  with and without PD for 
0.10 modulation index.
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distortion (2/2 — / 1) for modulation index of 0.10. As can be seen from the results, the pre

distorter has reduced the 3IMD of type (2/ 2 — / 1) by an average of 35 dB over bandwidth 

of 2 GHz, from 2 GHz to 4 GHz.

Simulated 3IMD (2f2-f1)
-10

-■3IMD without PD

3IMD with PD

TJ,
Q  -10

CO

-10 0 1 2 3 4
Frequency (GHz)

Figure 7.10: Simulated third intermodulation distortion (2/ 2 — / 1) with and without PD 
for 0.10 modulation index.

The above results are summarized in Table 7.1.

7.4 Typical CATV system

To characterize CATV system linearity, N signals of equal power level are applied to the 

system spaced 6 MHz apart [47]. In order to meet CSO and CTB requirements for CATV 

systems, the laser’s second order harmonic distortion and third order intermodulation 

distortion of types (2/i ±  / 2 and 2/ 2 ±  / 1) must be in the vicinity of -75 dBc and -100 dBc 

respectively, for a modulation index of 0.04 [4].

Figure 7.11 on page 134 shows the simulated second harmonic distortion with and with

out using the pre-distorter for 0.04 modulation index. The results showed that an average 

improvement of 45 dB over bandwidth around 3.5 GHz, between 0.5 GHz and 4 GHz, can
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D istortion  Type Average Improvement dB] M odulation Index
2 ndH D 45 0.10
2 ndH D 30 0.25
3 rdH D 55 0.10
3TdH D 40 0.25

2ndI M D  type f x +  / 2 50 0.10
3rdI M D  type 2 f x +  f 2 40 0.10
3rd! M D  type 2f x -  f 2 35 0.10
3rdI M D  type 2 f 2 +  f x 40 0.10
3rdI M D  type 2 f 2 -  f x 35 0.10

Table 7.1: Various distortion components improvement due to using the proposed pre
distorter.

be achieved using the proposed pre-distorter. Figure 7.12 on page 135 shows the simulated 

third harmonic distortion with and without using the pre-distorter for 0.04 modulation 

index. The results showed that an average improvement of 50 dB over bandwidth around

3.5 GHz, between 0.5 GHz and 4 GHz, can be achieved using the proposed pre-distorter. 

The second and third order harmonic distortions levels were decreased to values that are 

lower than -75 dB and -100 dB respectively.

The cascaded laser model and the pre-distorter were directly modulated with two tones 

that are 6 MHz apart. Various types of third order intermodulation distortions (2/i ±  f 2 
and 2/2 ±  / 1) were simulated.

Figures 7.13 - 7.16 on page 137 show the simulation results of various third order 

intermodulation distortions for modulation index of 0.04. The pre-distorter has decreased 

all types of third order intermodulation distortions to values that are lower than -100 dB.
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Simulated 2HD with and without PD
o
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Figure 7.11: Simulated second order harmonic with and without PD for 0.04 modulation 
index.
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Simulated 3HD with and without PD

 with PD-20
without PD

-40
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n -120
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-180

-200
0.5 2.5 3.5

Frequency (GHz)

Figure 7.12: Simulated third order harmonic with and without PD for 0.04 modulation 
index.

Simulated 3IMD (2f1+f2)
-10

3IMD without PD 

3IMD with PD

O  -10

-10

Frequency (GHz)

Figure 7.13: Simulated third intermodulation distortion (2f x + f 2) with and without PD 
for 0.04 modulation index.
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Figure 7.14: Simulated third intermodulation distortion (2/i — / 2) with and without PD 
for 0.04 modulation index.
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Figure 7.15: Simulated third intermodulation distortion (2/2 +  / i )  with and without PD 
for 0.04 modulation index.
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Simulated 3IMD (2f2-f1)
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Figure 7.16: Simulated third intermodulation distortion (2/ 2 — f i )  with and without PD 
for 0.04 modulation index.

7.5 Summary

In this chapter we developed a laser pre-distorter based on the inverse laser model includ

ing the feedback effect. Volterra series technique was used to extract the pre-distorter 

coefficients. A pre-distorter model was implemented in ADS and cascaded to the laser 

model. Various laser distortion components were simulated both with and without the 

pre-distorter. Simulation results showed that, at a modulation index of 0.1, average im

provements of 45 dB, 55 dB, and 40 dB were achieved for second order, third order harmonic 

distortion, and various intermodulation distortions respectively when using the proposed 

pre-distorter. At modulation index of 0.04, the pre-distorter has decreased the second 

order harmonic distortion and various types of third order intermodulation distortions to

values that are lower than -75 dB and -100 dB respectively.

The above results show that the proposed pre-distorter significantly improved the DFB

laser linearity and make it suitable for the analog CATV applications.
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Chapter 8 

Conclusions and Future Work

8.1 Conclusions

The single mode semiconductor laser rate equations were augmented to include effects of op

tical back-reflections. These augmented rate equations were incorporated in the implemen

tation of a semiconductor laser model using Agilent Advanced Design System (ADS) [53]. 

The ADS model was used in simulations to determine the effect of reflected optical power on 

the laser’s DC characteristics, noise, and linearity. The DFB laser diode’s threshold level, 

relaxation oscillation, relative intensity noise, and distortion under optical back-reflections 

were simulated using various ADS setups. Simulation results were presented along with 

relevant measurements. Simulation results and experimental measurements were found to 

be in good agreement.

The operation of an unisolated DFB laser diode in different optical feedback regimes 

was experimentally investigated. This was achieved using induced tunable back-reflections. 

The setup involved a fiber optic reflector, a variable attenuator, a polarization controller, 

and a 3-dB fiber optic beam splitter. Results show that it is desirable to operate a DFB 

laser diode with optical feedback without the need for incorporating a costly built-in optical 

isolator. This is achieved by operating the DFB laser in feedback Regime V, at which the 

DFB laser diode operates on a single longitudinal mode with low RIN and narrow linewidth 

for all phases of feedback. Moreover, the DFB laser diode will be insensitive to any further 

external optical back-reflection. This could not only reduce the cost, but may also simplify 

the construction of the multi function integrated device.

The experimental results were used to determine the conditions needed to force the
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DFB laser diode to operate in feedback Regime V. In other words, we determined how 

much optical back-reflection is needed to drive the DFB laser diode to operate in feedback 

Regime V. Based on these findings, a feedback topology that uses a Fiber Bragg Grating 

(FBG) was proposed. This topology removes the need for a reflector, variable attenuator, 

or fiber optic beam splitter. The FBG was designed using the OptiGrating software. It 

was then implemented such that the desired back-reflection level is induced when the FBG 

is attached to the unisolated DFB laser.

The performance of the DFB laser diode attached to the FBG was analyzed using an 

Agilent 71400 lightwave signal analyzer. Results were compared to that of the isolated DFB 

laser diode. Two telecommunications wavelengths, 1310 nm and 1550 nm, were examined. 

DFB lasers showed stable spectra, low RIN, and narrow linewidth output when attached 

to the appropriate FBG. For 1550 nm, the unisolated DFB laser coupled to the FBG 

achieved a RIN level of -117.31 dB/Hz. On the contrary, the isolated DFB laser achieved 

only -114.51 dB/Hz at a 1 GHz frequency offset. For 1310 nm, the unisolated DFB coupled 

to the FBG achieved a RIN level of -158.5 dB/Hz. This was comparable to -157.9 dB/Hz of 

the isolated DFB laser operating at a 1 GHz frequency offset for the same optical average 

power (5.1 dBm) [54], Attaching a FBG to a DFB laser increased the second and third 

order harmonic distortions by an average of 3 dB compared to the isolated DFB laser , for 

both wavelengths.

A pre-distorter model that includes optical back-reflection effects was derived from the 

laser inverse model using the Voltera series technique. The extracted pre-distorter co

efficients were implemented in ADS and cascaded to the laser model to compensate for 

the laser distortions. Various distortion components were simulated for laser model both 

with and without the pre-distorter. Simulation results showed that at a 0.10 modula

tion index, average improvements of 45 dB in second order harmonic distortion, 55 dB in 

third order harmonic distortion, and 40 dB in various intermodulation distortions can be 

achieved using the proposed pre-distortion technique. Also at modulation index of 0.04, 

the pre-distorter has reduced the second order harmonic distortion and two-tone third or

der intermodulation distortion levels to values that are lower than -75 dB and -100 dB 

respectively, this makes the laser suitable for CATV applications. Although the optical
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back-reflected power is considered one of the major sources for laser noise and nonlin

earity, state-of-the-art laser pre-distorters do not account for this effect. Our proposed 

pre-distorter considerably advances the state-of-the-art by providing a model that is a few 

steps closer to a comprehensive compensation for the overall laser distortion sources.

8.2 Future Work

Future improvements of this work include the following.

• Improved laser model. Incorporating other noise and distortion sources such as 

laser packaging effect will improve the laser model. The laser package is the interface 

between the laser module and the rest of the optical system components. It provides 

mechanical protection and an electrical interface for the laser chip. The laser package 

also provides the means of removing heat and controlling the laser’s temperature. 

The package parasitics increases distortion and limits the laser bandwidth. Inclusion 

of packaging parasitic effect in the laser model is highly recommended in order to 

simulate even more realistic laser performance.

• B etter pre-distorter model. The laser pre-distorter model is extracted from the 

laser model. Hence, including more distortion sources in the laser model will lead 

to a better distortion compensation capability for the pre-distorter. In addition, 

increasing the order of the extracted Voltera transfer functions of the pre-distorter 
will improve the linearity performance.

• D evelopm ent o f an adaptive configuration for the pre-distorter. Adap

tive pre-distorters frequently monitor the lasers output in order to update the pre

distorter coefficients and compensate for any of the lasers’ time-varying nonlinearities. 

As an extension for the pre-distorter model; adaptive algorithms can be used in the 

pre-distorter model to enable the prediction of the output power variations and hence 

allows adjusting the pre-distorter coefficients accordingly. Figure 8.1 on the next page 

shows a block diagram of the suggested adaptive pre-distorter. In this configuration 

second and third order harmonics of the input signal are generated by appropriate 

circuits. The feedback path contains a photodiode to monitor the distortion levels 

and hence update the pre-distorter coefficients to compensate for thermal effects,
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aging, and any other changes.

Laser
Controller

Fiber
LD

PD

Predl starter

Figure 8.1: Block diagram of the suggested adaptive pre-distorter.

• FP G A  (Field Programmable Gate Array) pre-distorter im plem entation.

The desired extension of the proposed pre-distorter model involves circuit level im

plementation. The initial step can be achieved by implementing the pre-distorter 

using an FPGA board.

The pre-distorter coefficients can be computed, and the model can be described in 

blocks using suitable software. The laser model and the pre-distorter model have to 

be implemented using the blocks corresponding to the used FPGA board, the FPGA 

board can be tested using generated TV signals.
• High frequency and broadband circuit design. As explained in Chapter 7, 

the pre-distorter contains three branches that need to be designed using three main 

circuits; the linear circuit to drive the laser, the squaring circuit to provide required 

second order distortion, and the cubing circuit to provide required third order dis

tortion. The overall circuit of the designed pre-distorter has to be implemented first 

in software in order to examine the pre-distorter performance.
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• Hardware im plem entation and fabrication. Pre-distorter hardware implemen

tation is suggested when the designed pre-distorter circuit achieves the desired per

formance over the required frequency bandwidth, that is when it achieves the desired 

levels of different harmonic and intermodulation distortion components.

• Pre-distorter testing. Finally, the fabricated pre-distorter circuit can be tested 

by measuring the laser linearity improvements due to the use of the pre-distorter 

circuit. This can be achieved by measuring the laser linearity using a lightwave 

signal analyzer.
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Appendix A

M easurements Equipments and 
R esults

A .l Different Equipments Used in The Measurements 

A . 1.1 D F B  laser d iodes, laser m ount and laser controller

Two DFB laser diodes were used in the measurements: A Laser mate 1550 MQW-DFB pig

tailed laser diode and Laser mate 1310 MQW-DFB, both had a coaxial structure packaging 

without an isolator. The ILX lightwave LDC-3724B laser diode controller was used to pro

vide the bias current and the temperature control to the lasers through the THORLABS 

TCLDM9 5.6mm/9mm Laser diode Mount.

A .1.2 F iber op tic  beam  sp litter

The OZ FOBS, shown in Figure A.l, was used to divide and couple light in two directions 

(fibers). It is a two-by-two bi-directional coupler with a 50/50 splitting ratio. It has four 

ports: 1, 2, T, and R. The coupling efficiencies from ports 1 and 2 into port R are similar 

to those from port T into ports 1 and 2. All of its four ports are attached to a single mode 

fiber pigtail terminated with FC/APC connectors. The FOBS insertion loss is 0.7dB, the 

back-reflection level is -60dB, and its cross talk level is less than -40dB. In the experimental 

setup, the input from the DFB laser diode goes out through port T. Half of the light is
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coupled into port 1 in order to monitor the source power using OSA, the other half goes 

through port 2 to the reflector. Port R couples as much of the back-reflected signal from 

port 2, while simultaneously port T collects the same amount.

Figure A.l: OZ Optics fiber optic beam splitter with a 50/50 splitting ratio.

A . l .3 F iber op tic  reflector

Figure A.2 shows the OZ Optics Fiber optic reflector. It is a fiber pigtailed reflector 

terminated with a FC/APC connector that is used to reflect the light. It consists of a fiber 

optic collimator and a mirror. The output is first collimated, then strikes the mirror and 

finally reflected back into the collimator. It offers a total reflection for the incident optical 

power with an insertion loss less than 1.4 dB.

A .1.4 V ariable a tten u ator

The OZ Optics variable attenuator shown in Figure A.3 consists of two baseplates. Each 

baseplate contains a fiber followed by a collimating lens. In order to control the level of 

attenuation, a screw is used to block the collimated beam between the two lenses, to control
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Figure A.2: OZ Optics fiber optic reflector with total reflection.

the attenuation level. The attenuator insertion loss is -0.75 dB, it offers an attenuation 

range from its insertion loss up to 80 dB.

Figure A.3: OZ Optics variable attenuator of attenuation range up to 80 dB.

A . 1.5 O ptical m u ltim eter

The ILX Lightwave OMM-6810B Optical Power and Wavelength Meter together with the 

ILX Lightwave OMH-6745B Fiber Optic power/wavehead shown in Figure A.4 were used 

in the measurements. These instruments are capable of measuring the optical power and 

wavelength of semiconductor lasers.

A .1.6 O ptical Sp ectru m  A n alyzer

Agilent 86140B Optical Spectrum Analyzer shown in Figure A.5 was used for the required 

spectral analysis.
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Figure A.4: ILX Lightwave OMM-6810B Optical Power and Wavelength Meter (top) and 
ILX lightwave LDC-3724B laser diode controller (Bottom).

Figure A.5: Agilent 86140B optical spectrum analyzer.
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A . l .7 P olarization  controller

OZ Optics Polarization controller shown in Figure A.6 is used to ensure that the reflected 

light back into the laser has the same polarization as the emitted light. It has two fiber 

pigtails at both sides terminated with FC/APC connector. Its insertion loss is less than 

0.1 dB.

Figure A.6: OZ Optics polarization controller.

A.2 RIN Measurements Results

Figures A.7 - A. 12 on page 150 show the measured average relative intensity noise of a 

1310 nm DFB laser diode for bias current level of 15 mA and average external reflectivity 

ranging from -42 dB to -15 dB.
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Figure A.7: Measured average relative intensity noise for bias current level of 15 mA and 
external reflectivity of -42 dB.
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Figure A.8: Measured average relative intensity noise for bias current level of 15 mA and 
external reflectivity of -36 dB.
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Figure A.9: Measured average relative intensity noise for bias current level of 15 mA and 
external reflectivity of -33 dB.
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Figure A. 10: Measured average relative intensity noise for bias current level of 15 mA and 
external reflectivity of -29 dB.
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Figure A.11: Measured average relative intensity noise for bias current level of 15 mA and 
external reflectivity of -24 dB.
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Figure A. 12: Measured average relative intensity noise for bias current level of 15 mA and 
external reflectivity of -15 dB.
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Appendix B

D FB Laser Diode with External FBG

B .l FBG Design Steps

B . l . l  S tep  1

The Optigrating software offers five available modules to work with (Single Fiber, Fiber 

Coupler, Single Waveguide, Waveguide Coupler, or Other Waveguide), for our application, 

we will choose Single Fiber.

|  S r g l e  Fibe?

fibwCqupfei

Siigte Waveguide

W aveguide Coupler

Othef Waveguide

Si

P M

Figure B.l: FBG design step 1
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B . l . 2 Step  2

In this step we will be able to define the following characteristics for the fiber: Index 

Profile, Photosensitivity Profile, Number Of Points In Mesh, Central Wavelength, etc. 

We will choose the single fiber core and cladding dimensions to be 4.15 /zm and 62.5pm 

respectively and the central wavelength to be 1553 nm.

“ S in p je  l i b e r  P ro f i le

Cladding f ..Add i 

Insert ; 

: Remove I 

j Copjr j 

I Undo..

| K M
i-Movf""'"'
I Up j
]■ ■

'  Region

I war 14.15 pm Step®’1

Index : Radial Photosensitivitji;

Real constant ▼ ! Value {1.45 

Imag. Value i-

r Aaamylhat

j: constant Valŷ J 1
Steps

Import Profile E ip o ftP io rle

Dtspeaiorv

Enable

Apply 

V' Real Pfofle

Wavelength (jot}
!l.K3........

Figure B.2: FBG design step 2

B . l . 3 Step  3

The fiber modes can be set in this step. OptiGrating gives us access to a list of the 

calculated modes of the fiber structure.
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Figure B.3: FBG design step 3
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B . l . 4 Step  4

In this step, the parameters of the grating were defined. Based on the above calculations 

and the desired characteristics of the grating, the grating parameters are as follows: sine 

grating shape, uniform average index, no chirp, uniform apodization, 0.5365 gm grating pe

riod, 10 cm grating length, 3.075xl0-5 index modulation which is equivalent to kL=0.4812.

mmm
Grating Shape j sine ▼ : - '  ;

Order Average Index j uniform ▼ : Index Change: i0

Tit Angle [deg) Q PpnpdChip: no chip ▼j Total Chip (nm): F

Appki
Apodcahoa | uniform Taper's parameter

Period W :  ------- ~~

✓ Auto Length (pm); 10000 Autoconec* Sensors

M di::j3.075e-005 i Define j

i Shift 0

Number of segments: 25 Cancel i
... .................i

Figure B.4: FBG design step 4

B . l . 5 Step  5

After defining all the necessary parameters for the FBG, we are now ready to work with 

the multiple view window and access different parameter buttons to examine our designed 

FBG. Figure B.5 shows the transmission (red curve) and the reflection (blue curve) char

acteristics of the designed FBG.

B . l . 6 Step  6

The FBG FWHM ’full width at half maximum’ bandwidth can be measured automatically 

using OptiGrating software. Figure B.6 shows the measurements of the designed FBG 

FWHM bandwidth, which was found to be 0.0792 nm.
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Figure B.6: FBG design step 6
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B.2 FBG Transmission and Reflection Characteris
tics

Figures B.7 - B.12 on page 162 show different implemented FBGs with the indicated 

reflection and transmission characteristics.
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Figure B.7: The implemented FBG2 transmission (top) and reflection (bottom) character
istics.
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Figure B.9: The implemented FBG7 reflection (top) and transmission (bottom) character
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Figure B.12: FBG12 transmission spectrum at central wavelength of 1313.19 nm.
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B.3 Spectrum Stability of DFB Laser with FBG

Figures B.13 - B.18 on page 166 show different spectra of DFB5 attached to various FBGs 

and biased at the indicated bias current.
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Figure B.13: Spectrum of DFB5 attached to FBG4 operating at bias level of 15 mA.
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asî jsf zoo* [ 

 ’  “IsSss

Figure B.14: Spectrum of DFB5 attached to FBG7 operating at bias level of 15 mA.
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Figure B.15: Spectrum of DFB5 attached to FBG7 operating at bias level of 20 mA.
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Figure B.16: Spectrum of DFB5 attached to FBG10 operating at bias level of 15 mA.
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Figure B.17: Spectrum of DFB5 attached to FBG11 operating at bias level of 15 mA.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



166

RMT

 I »!*?'*«?«.!

^MkiaiikAL

Figure B.18: Spectrum of DFB5 attached to FBG11 operating at bias level of 20 mA.

B.4 RIN Measurements of DFB Laser with FBG

Figures B.19 and B.20 on the next page show measured average RIN of DFB5 biased at 

15 mA and attached to FBG1 and FBG5 respectively.
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Figure B.19: Measured RIN of DFB5 attached to FBG1 operating at bias level of 15 mA.
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Figure B.20: Measured RIN of DFB5 attached to FBG2 operating at bias level of 15 mA.
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B.5 Distortion Measurements of DFB Laser with FBG

Figures B.21 - B.28 on page 172 show measured second and third order harmonic distortions 

of DFB5 attached to various FBGs and operating at the indicated conditions.
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Figure B.21: Measured second order harmonic distortion normalized to the fundamental 
frequency of DFB5 attached to FBG4.
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Measured 3rd HD of DFB5 attached to FBG4
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Figure B.22: Measured third order harmonic distortion normalized to the fundamental 
frequency of DFB5 attached to FBG4.
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Figure B.23: Measured second order harmonic distortion normalized to the fundamental 
frequency of DFB5 attached to FBG7.
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Figure B.24: Measured third order harmonic distortion normalized to the fundamental 
frequency of DFB5 attached to FBG7.
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Figure B.25: Measured second order harmonic distortion normalized to the fundamental 
frequency of DFB5 attached to FBG10.
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Figure B.26: Measured third order harmonic distortion normalized to the fundamental 
frequency of DFB5 attached to FBG10.
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Figure B.27: Measured second order harmonic distortion normalized to the fundamental 
frequency of DFB5 attached to FBG11.
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Figure B.28: Measured third order harmonic distortion normalized to the fundamental 
frequency of DFB5 attached to FBG11.
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