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Abstract 

 

Microwave photonic systems arose from the need to accomplish engineering 

goals that were not possible in the electrical domain alone.  One of the first 

applications of photonic systems was in long haul microwave signal 

transport, leveraging the wide bandwidth and low propagation loss afforded 

by optical fiber.  As these microwave photonic links became more widespread, 

so too did the efforts to improve their performance, most importantly the 

desire to minimize noise and distortion within the link in order to maximize 

dynamic range and linear performance.  In this thesis, we demonstrate a new 

class of methods for microwave photonic link linearization that connects 

insights from a seemingly unrelated field- nonlinear optics- with microwave 

photonics to enhance the distortion-free operation of these links.  Finally, we 

show applications for these methods in other areas of microwave photonics, 

particularly microwave signal generation. 
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1 Introduction 

In this thesis we introduce a novel method for distortion elimination in 

phase-modulated microwave photonic links.  Though there are many other 

distortion elimination methods, they all use electronics or electro-optics to 

accomplish the linearization.  The method we have developed resides in a 

class by itself.  That is, it accomplishes the linearization entirely in the 

optical domain, something that has not been done before.  This introduction 

lays the groundwork for understanding this method by giving a brief 

overview of microwave photonics, including various types of links, their 

pertinent metrics, and tradeoffs between them, and nonlinear optics, 

including four-wave mixing (FWM) and stimulated Brillouin scattering 

(SBS), the two most significant nonlinear optical processes present in the 

design.  Chapter two focuses on the theory of operation for our method.  

Chapters three and four describe our implementation as well as results we 

have obtained.  Chapter five discusses operational issues, limitations, and 

tradeoffs of this design.  Finally chapter 6 discusses another potential 

application of this method, microwave function generation, including our 

design and experimental results.   

 

1.1 Microwave Photonics 

Microwave photonics, a subfield of microwave and optical engineering, 

involves the optical generation, processing, or transmission of analog  
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modulator response, and utilizing phase modulation and linearly chirped 

fiber Bragg gratings.  Complex coefficients can be implemented with 

nonuniformly spaced taps [2]. 

Analog-to-digital conversion (ADC) can also be accomplished in many 

ways.  A photonic ADC can be defined as a device with an analog electronic 

input and a digital electronic output that uses photonics in the digitization 

process.  These devices can be classified as photonic assisted, photonic 

sampled, photonic quantized, and photonic sampled and quantized.  A 

detailed discussion is beyond the scope of this work but the interested 

reader is referred to [7] and [8], which provide a thorough overview of the 

subject.   

Arbitrary waveform generation can be realized in a multitude of ways.  

One way is to spectrally disperse a supercontinuum source with a 

diffraction grating, shape the pulse with a high resolution spatial light 

modulator (SLM), focus all the spectral components onto a dispersive 

optical fiber, and finally detect it at a photodiode [3].  The pattern etched by 

the SLM becomes the electrical signal in the time domain.  In Chapter 6, we 

explain an alternate method for microwave function generation that 

leverages the techniques we develop in this thesis. 

 

1.1.3 Microwave Photonic Transmission 

The majority of this thesis is devoted to microwave photonic transmission  
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back and forth between the electrical and optical domains, optical fiber must 

provide sufficient advantages over coax (see Fig. 1.4).  These advantages have 

been mentioned earlier and in [1-6].  Generally, the higher the bandwidth 

length product of the link, the more beneficial it is to shift to a photonic link.  

That is, because of the low and flat attenuation over microwave modulation 

bandwidths and the low propagation loss, traversing enough distance with 

enough information allows the link to overcome the electro-optic conversion 

losses thereby posing an advantage over a coaxial link.  This work focuses on 

photonic links. 

 

1.1.3.1.2 Analog Links vs Digital Links 

The data transmitted by the communication link can be transmitted in 

either the analog or digital domain.  This work focuses on the analog domain.  

Digital communications depend on (in the simplest case) the receiver’s ability 

to distinguish between two states (e.g. two optical power levels) rather 

requiring an accurate reproduction of an infinite number of states as is the 

case with analog communications.  Thus digital signals are more fault 

tolerant while analog signals are more susceptible to noise and distortion 

introduced by the channel or devices within the link.  Significantly, digital 

signals can be regenerated via regularly spaced repeaters, thus allowing 

theoretically infinite transmission distance without information loss and 

minimal impact to bit error rates (BER).  By contrast, once an analog signal 
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is created, its signal-to-noise ratio (SNR) continuously degrades and can 

never be restored.  The invention of the erbium-doped fiber amplifier (EDFA) 

in the 1980s enabled practical digital communication systems by allowing 

signals to be transmitted over much longer distances before requiring 

regeneration.  Though this also aided in analog signal transmission, noise 

introduced by the EDFA degraded the SNRs.  While the majority of optical 

communication is digital, there are many niche applications for analog 

communications, including the distribution of CATV signals, subcarrier 

multiplexing, radar beamforming, radio over fiber, and antenna remoting [1-

6].  In addition, as higher order modulation formats continue to be adopted in 

the digital domain, digital links begin to look increasingly analog and thus 

analog performance metrics become relevant. 

 

1.1.3.1.3 Direct Modulation vs External modulation 

Direct modulation involves directly modulating the current driving the 

laser source with the electronic signal.  External modulation involves using a 

separate device, an electro-optic modulator, which allows an additional 

degree of freedom so that the laser specifications can be chosen independently 

of the modulation requirements.  Direct modulation has greater RIN and 

introduces chirp.  This work focuses on external modulation. 
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photodetector, where the original signal is recovered (see Fig. 1.5).   

ΦMID links have several distinct advantages over IMDD links 

including a simpler transmit end that does not require active biasing, which 

is beneficial when the transmit end is resource limited such as in antenna 

remoting.  However, this transmitter simplicity comes at the cost of receiver 

complexity.  Secondly, ΦMID links have the ability to perform balanced 

detection without needing to run a dual path-matched fiber span.  Thirdly, 

electro-optic phase modulation has a high degree of linearity in the phase 

modulation process.  Thus optical signal processing methods have access to 

nearly distortion-free phase modulated signals because distortion does not 

enter the link until the interferometric receiver.  Finally, ΦMID links offer 

greater gain, lower noise figure, and higher SFDR at the cost of reduced 

bandwidth.  Detailed performance tradeoffs can be found in [9].   

 

1.1.3.2 Link Metrics 

 Like any other active device, microwave photonic links can be 

characterized by four main performance metrics: gain, noise figure (NF), 

bandwidth, and spurious-free dynamic range (SFDR) [10].  Often gain and 

bandwidth are measured simultaneously via an S21 scattering parameter 

measurement for a two-port device on an electronic network analyzer (see 

Fig. 1.6).   
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is below the noise floor will be too weak to be detected and a signal that is too 

strong will produce distortion products that could make the original signal 

unrecoverable at the output.   

 

1.1.3.2.3 Miscellaneous Metrics 

Additional metrics sometimes included in link analysis are 

compression dynamic range (CDR), receiver sensitivity, and maximum 

frequency of operation.  CDR is defined as the input power for which the 

theoretically extended fundamental tone exceeds the experimentally 

measured saturated fundamental tone by 1 dB.  Receiver sensitivity is fully 

determined by the NF and a required signal-to-noise ratio (SNR) at the 

receiver.  Maximum frequency of operation may be device limited or system 

limited if some type of signal processing is performed within the link.  Since 

CDR and receiver sensitivity are just different measures of distortion and 

noise, we ignore them and only consider frequency of operation.  At some 

point in the course of link design, the engineer will inevitably ask: given all 

the relevant metrics for two separate devices, is it possible to derive the 

metrics of the system, that is, the metrics of the two devices cascaded 

together.  The answer is yes and no.  Gain can be cascaded in a relatively 

straightforward way by adding the individual gains in the decibel domain.  If 

no exotic signal processing occurs in the link, bandwidth can be calculated as 

the intersection of the bandwidths of the devices.  Noise Figure can be 
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cascaded using the individual gains and the Friis noise formula.  However, 

though there are ways of cascading OIP3 point, there is no straightforward or 

reliable way of cascading SFDR [6]. 

 

1.1.3.3 Tradeoffs between Link Metrics 

Optimization of one link metric often comes at the expense of the 

performance of another.  The simplest example of this is the gain-bandwidth 

tradeoff between phase-modulated and intensity-modulated links [9].  

Another is low-biasing to trade higher gain for better noise figure [18].  There 

are many more tradeoffs detailed in the literature (e.g. chapter 7 of [18]).  In 

this thesis, we demonstrate a novel method for increasing SFDR at a minimal 

intrinsic cost of gain and noise figure.  Though the small reduction in gain is 

fundamental to this method, the increase in noise figure that we observe is 

not and can be alleviated by methods that will be discussed in chapter 5.   

 

1.1.3.4 Previous Methods for Link Improvement 

Because microwave photonic links form the core of photonic system 

architectures, there has been much interest in improving link metrics.  To 

improve gain or bandwidth, for example, typically improvements in devices 

are sought in order to increase their bandwidths, optical power handling 

capabilities, or reduce their 𝑉𝜋 (electro-optic modulator).  To improve SFDR, 

either the NF must be improved or distortions must be eliminated, thus 
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making the link more linear.  Link characteristics are normally fully 

determined by the devices chosen.  However, link linearization is one of the 

few ways the link designer can improve a link through intelligent system 

engineering.   

 

1.1.3.4.1 Noise Reduction Techniques 

The noise floor is determined by the gain and noise figure of the link 

[19].  The simplest method of increasing gain and reducing noise figure is to 

choose a low 𝑉𝜋 modulator and a high current photodetector and maximize 

the optical power while remaining in shot noise limited regime [20, 21].  Due 

to other constraints, however, we may be limited in the components we can 

choose and thus require other methods of noise reduction.  In [22] the authors 

compare the effects of balanced detection and low biasing on noise figure 

using a low 𝑉𝜋 modulator, high power photodiodes, and high power low RIN 

laser source.  Balanced detection (see Fig. 1.8) cancels RIN as long as the two 

arms are of equal length.  Low biasing (see Fig. 1.8) the modulator reduces 

the optical power and therefore both the shot noise and the RIN faster than 

the slope efficiency, thus increasing the signal to noise ratio (SNR).  However, 

lowering the shot noise to below the thermal noise degrades the performance, 

so there is an optimum bias point for maximizing SNR [23].  In [24] both low 

biasing and carrier suppression via delay line optical filtering are explored.  

By using a balanced modulation and detection scheme in [25], the authors 
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order nonlinearities are: 

𝐼 = 𝑎𝑉 + 𝑏𝑉2 + 𝑐𝑉3 

𝑉 = 𝑉1 cos 𝜔1𝑡 + 𝑉2 cos 𝜔2𝑡 

𝐼1 = 𝑎𝑉1 cos 𝜔1𝑡 + 𝑎𝑉2 cos 𝜔2𝑡 

𝐼2 =
1

2
𝑏(𝑉1

2 cos 2𝜔1𝑡 + 𝑉2
2 cos 2𝜔2𝑡 + 2𝑉1𝑉2(cos(𝜔1 + 𝜔2)𝑡 + cos(𝜔1 − 𝜔2)𝑡) + ⋯) 

𝐼3 =
1

2
𝑐(3𝑉1

2𝑉2(cos(2𝜔1 − 𝜔2)𝑡 + 3𝑉1𝑉2
2cos(2𝜔2 − 𝜔1)𝑡) + ⋯ ) 

 

The order of the nonlinearity (sum of the exponents) determines the slope of 

the nonlinearity and the coefficients determine the intercept on a log-log 

transfer function plot. 

 

1.1.3.4.2.1 Distortion Reduction Techniques: IMDD Links 

Link linearization efforts all involve introducing a small amount of 

nonlinearity that cancels the distortion with ideally minimal impact to signal 

gain.  However, most of these efforts have been directed toward IMDD links 

due to their greater ubiquity.  Various schemes have been proposed for both 

IMDD and ΦMID links to reduce distortion and generally fall into one of 

three categories depending on how the cancelling nonlinearity is 

implemented: analog electronic (feedback/feedforward) [28-31], digital signal 

processing [32, 33, 34, 35], and electro-optic [36-40, 41, 42].  One example of 

electronic distortion elimination is predistortion, in which a microwave signal 

with equal and opposite nonlinearity to the transfer function is fed into the 
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modulate two orthogonally polarized fields to different depths, effectively 

creating parallel modulators to cancel third-order distortion.  In [42, 43], two 

actual parallel a-MZIs are used to accomplish the same thing (see Fig. 1.10).  

All three of these methods are the ΦMID analogue of using two parallel 

MZMs to linearize an IMDD link as in [37].   

In [45] we introduced a fourth linearization category: all-optical, and 

we experimentally demonstrated all-optical linearization of a phase 

modulated microwave photonic link.  In this method, we tap off a small 

portion of the phase-modulated signal to seed a cascaded FWM process in an 

optical comb generator (OCG).  The generated lightwaves bear a fixed integer 

phase relationship with the signal lightwave.  By appropriately filtering, 

scaling, and re-combining one or more of these lightwaves with the original 

lightwave, we can cancel one or more distortion products and in [45] we 

demonstrated full cancellation of third-order distortion.  In [46], we extend 

our previous approach to show simultaneous third-order and fifth-order 

distortion cancellation.  We believe that was the first demonstration of 

simultaneous third-order, fifth-order, and all even-order distortion 

cancellation in either an intensity or phase modulated microwave photonic 

link.  We explain this method in greater detail in the next chapter. 
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1.2 Nonlinear Optics 

 Nonlinear optics is the study of the modification of the optical 

properties of matter due to the presence of light [47].  In fact, the beginning of 

this field is typically marked by the discovery of second harmonic generation 

(SHG) by Franken et al. in [48] by applying an “intense beam of 6934A light 

through crystalline quartz.”  Since then, nonlinear processes have been found 

to be responsible for a host of interesting observable phenomena including 

sum frequency generation (SFG), difference frequency generation (DFG), 

second harmonic generation (SHG), the Kerr effect, four-wave mixing (FWM), 

and stimulated Brillouin scattering (SBS), just to name a few.  Here, we 

restrict ourselves to the consideration of the two nonlinear processes that 

primarily affect our system: FWM and SBS.  In our system, we seek to 

maximize and exploit the former and minimize the impact of the latter. 

 

1.2.1 Four-Wave Mixing 

One class of nonlinear responses is parametric, meaning no energy is 

exchanged between the light and the medium.  So, the total light energy 

before and after entering the medium, is conserved.  Physically the response 

is caused by the anharmonic motion of bound electrons within the medium.  

It is mediated by the nonlinear susceptibility and manifests through the 
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refractive index and absorption coefficient [49].  Within the linear regime, the 

polarization density increases in proportion with the applied electric field:  

𝐏 = 𝜒(1)𝐄 

Here, 𝜒(1) is the linear susceptibility.  In the nonlinear regime, however, we 

must express the polarization density as a power series in the electric field.   

𝐏 = 𝜒(1)𝐄 + 𝜒(2)𝐄𝐄 + 𝜒(3)𝐄𝐄𝐄 + ⋯ 

 Now, if we impose two electric fields on the optical media at high 

intensity, we can predict the relevant frequencies we would expect at the 

output following the notation of [47]: 

𝐄𝐢𝐧 = 𝐄𝟏 + 𝐄𝟐 = E1𝑒−𝑖𝜔1𝑡 + E2𝑒−𝑖𝜔2𝑡 

𝐏 = ∑ 𝐏(𝒊)

𝒊

= ∑ 𝜒(𝑖)𝐄𝑖

𝒊

 

𝝎𝟏, 𝝎𝟐: 𝐏(𝟏) = 𝜒(1)𝐄 = 𝜒(1)𝐄1 + 𝜒(1)𝐄2 

𝝎𝟐 − 𝝎𝟏, 𝟐𝝎𝟏,  𝟐𝝎𝟐:  𝐏(𝟐) = 𝜒(2)𝐄𝟐 = 2𝜒(2)𝐄2𝐄1
∗ + 𝜒(2)𝐄1

2 + 2𝜒(2)𝐄1𝐄2 + 𝜒(2)𝐄2
2 

𝟐𝝎𝟏 − 𝝎𝟐, 𝟐𝝎𝟐 − 𝝎𝟏: 𝐏(𝟑) = 𝜒(3)𝐄𝟑 = 3𝜒(3)𝐄1
2𝐄2

∗ + 3𝜒(3)𝐄2
2𝐄1

∗ + ⋯ 

 

Notice the similarity between the expansion of the optical nonlinearity and 

the microwave nonlinearity (section 1.1.3.4.2 Distortion reduction 

techniques).  The χ(1), χ(2), χ(3) coefficients are determined by the material 

properties.  If the material has inversion symmetry (is centrosymmetric) as  
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Figure 1.11  A cascaded four-wave mixing process between the signal and a CW pump laser 

is employed to produce idlers with integer multiples of the phase modulation of the original 

signal at frequencies which are integer multiples of Δ𝜔𝑐𝑜𝑚𝑏 = ω1 − ω0 away from the two 

pumps. 

 

most materials do, then the 𝜒(2) term vanishes and 𝜒(3) becomes the first 

observable nonlinearity.  FWM is one of the nonlinear processes that results 

from the 𝜒(3) nonlinearity.  It is a process in which three lightwaves 

impinging on optical fiber produce a fourth lightwave whose frequency and 

phase are linear combinations of the original three.  Energy and momentum 

are conserved among the four waves.  Degenerate FWM occurs when not all 

three of the lightwaves are unique.  Cascaded FWM is when the fourth wave 

produced continues propagating through the fiber and becomes one of the 

incident lightwaves in a subsequent FWM process, producing a fifth 

lightwave, and so on (see Fig. 1.11). 
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1.2.2 Stimulated Brillouin Scattering 

 Another class of nonlinear responses is inelastic, or nonparametric, 

meaning that energy is exchanged between the light and the medium.  That 

is, the total light energy before and after entering the medium are unequal 

and the energy difference is absorbed or provided by the medium.  SBS is one 

such nonlinear process.  Originally observed by Ippen and Stolen in 1972 

[50], SBS is a process by which incident photons of high intensity produce 

density and pressure variations in the lattice via electrostriction or expansion 

and are then scattered off by the resulting refractive index variations [51].  In 

standard optical fiber, the scattered photons are Stokes-shifted 

approximately 11 GHz below the incident frequency and the lattice absorbs 

the difference in energy between the incident and scattered photon in the 

form of acoustic vibrations known as phonons. 

At low optical power and short link lengths, the effect of SBS is minor.  

However, as power increases, the proportion of incident power that is 

reflected increases.  Beyond a certain threshold, almost all the incident power 

is reflected.  This threshold optical power is determined by the properties of 

the fiber: 

𝑃𝑆𝐵𝑆 =
21𝐴𝑒𝑓𝑓

𝑔𝐵𝐿𝑒𝑓𝑓
 

In standard single mode fiber, 𝐴𝑒𝑓𝑓 is 85 µm2 and the nonlinear coefficient 𝑔𝐵  
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is 4x10-11 m/W, making the SBS threshold approximately: 

𝑃𝑆𝐵𝑆 =
42

𝐿𝑒𝑓𝑓
 

and since  

𝐿𝑒𝑓𝑓 =
1 − 𝑒−𝛼𝐿

𝛼
 

as 𝐿 → ∞,  

𝐿𝑒𝑓𝑓 ≅
1

𝛼
≅ 21 km 

Therefore, 𝑃𝑆𝐵𝑆 = 2 mW for link lengths ≥ 21 km [6]. 

In this thesis, SBS is a concern when trying to produce FWM by 

launching high power into highly nonlinear fiber (HNLF).  Since the effective 

area of HNLF (11.7 µm2) is smaller than single mode fiber and the nonlinear 

coefficient is also greater, the SBS threshold power is much lower and as a 

result, techniques for SBS mitigation must be explored.  Several different 

techniques are mentioned in [6] including using alternating sections of fiber 

with different SBS frequencies, spans of fiber with SBS frequency 

distributions, fiber spans with nonuniform fiber dopants, fibers with unique 

refractive index profiles, polarization  scrambling, broadening of input signal, 

suppressed-carrier modulation formats, temperature distribution, and strain 

distribution.  We use a strain distribution to mitigate SBS in our architecture 

[52]. 
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With this groundwork, we proceed in the remaining chapters to 

explain our link linearization idea, its architecture, and the experimental 

results.  
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2 Theory of Operation 

In this chapter we explain the architecture and operation of the 

linearized phase-modulated link.  To do this, we first explain the 

nonlinearities introduced by the conventional phase-modulated link, then we 

describe the optical nonlinearity we seek to introduce and how we produce it, 

and finally we show how together, with the appropriate choice of parameters, 

we can use them to cancel each other and make the system as a whole more 

linear. 

 

2.1 Conventional 𝚽MID Link 

In a ΦMID conventional link, the microwave signal modifies the 

refractive index of the lithium niobate within the electro-optic modulator via 

the Pockels effect, thereby modifying the phase of the propagating light.  

Following chapter 20 in [53]    

𝜙𝑜𝑝𝑡 =
2𝜋𝑛(𝐸)𝐿

𝜆0
 

𝑛(𝐸) = 𝑛 −
1

2
𝜏𝑛3𝐸 

𝑉𝜋 =
𝑑

𝐿

𝜆0

𝜏𝑛3
  

𝜙𝑜𝑝𝑡 = 𝜙0 − 𝜋
𝑉

𝑉𝜋
  

Let’s say 𝑉 = 𝑉0 sin 𝜔𝜇𝑤𝑎𝑣𝑒𝑡, then the optical wave will be: 
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𝐴𝑒
𝑖𝜔𝑜𝑝𝑡𝑡+𝑖𝜋

𝑉0
𝑉𝜋

sin𝜔𝜇𝑤𝑎𝑣𝑒𝑡
  

= 𝐴𝑒𝑖𝜔𝑜𝑝𝑡𝑡( 𝑒
𝑖𝜋

𝑉0
𝑉𝜋

sin𝜔𝜇𝑤𝑎𝑣𝑒𝑡
) 

To expand the term within the parentheses, we use the Jacobi-Anger 

identity [54]: 

𝑒
𝑖𝜋

𝑉0
𝑉𝜋

sin𝜔𝜇𝑤𝑎𝑣𝑒𝑡
= ∑ 𝐽𝑛 (𝜋

𝑉0

𝑉𝑝𝑖
) 𝑒𝑖𝑛𝜔𝜇𝑤𝑎𝑣𝑒𝑡

∞

𝑛=−∞

 

where 𝐽𝑛 is the nth Bessel function of the first kind. 

We can readily see that in the microwave domain we will have an 

infinite number of harmonics of the original microwave tone.  However, if we 

were to place a photodetector immediately after the phase modulator (i.e. no 

a-MZI), we would see no microwave signal at all.  The reason for this is in the 

optical domain each pair of sidebands equidistant from the optical carrier has 

a phase relationship such that when they cancel each other out when beat at 

the photodetector.  When we use a device that has a non-uniform frequency 

response, we change the phase relationships such that not all the sidebands 

cancel.  An a-MZI is one device that has such a response but it is not the only 

possible one that can be used.  Indeed, there have recently been several 

experiments employing other demodulation techniques, such as using 

dispersive fiber [55].  

In an a-MZI biased at quadrature and assuming small signals, we can 

calculate the response by performing a Taylor expansion (see blue curve in 

Fig. 2.1).  We use the Taylor expansion for its simplicity in communicating  
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Figure 2.1 (a)  The normalized transfer function with various Fourier terms (solid lines) 

and ideal (dotted); (b)  1st derivative of transfer function or normalized link gain; (c)  2nd 

derivative or second-order distortion; (d)  3rd derivative or third-order distortion. 

 

the idea.  If we were to use a Bessel function expansion instead, our 

coefficients (and the scaling factors given in section 2.2.2) would change but 

the numbers could be easily adjusted and the same techniques and analyses 

would apply.  The Taylor expansion of a sine function about its inflection 

point is: 

sin 𝜙(𝑡) = 𝜙(𝑡) −
𝜙(𝑡)3

3!
+

𝜙(𝑡)5

5!
− ⋯ 

where ϕ(t) is the analog phase-encoded temporal signal.  Notice that in 

addition to the desired linear term, there are higher odd order distortion 

products present.  However, due to the quadrature bias, there are no even 

order distortion products present.  In addition to the bias point, the frequency 
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response of the a-MZI also ensures that no even order products are present.  

Further, notice that the linear term has the highest coefficient and the 

coefficients decay rapidly as the order of the nonlinearity increases due to the 

factorial in the denominator.  Finally, notice that if the magnitude of the 

signal (the phase) were to increase, the highest order nonlinearities would 

increase the fastest due to the magnitude of the exponent in the numerator.  

The magnitude of the higher order nonlinearities are so low to begin with, 

however, that to actually see them increase faster than the fundamental 

term, the power would have to be increased beyond the instrument noise 

floor, which is not always practical given the other device limitations in the 

system.  This is confirmed by what we find in real systems.   

 

2.2 Linearized 𝚽MID Link 

Before delving into linearization, first consider two links: one with high 

CW laser power and a single tone excitation of low microwave power driving 

the phase modulator, the other with low CW laser power and a single tone 

excitation of high microwave power (see Fig. 2.2).  Assume the a-MZIs have 

the same path length imbalance, 𝜏, the same laser and microwave 

frequencies, and are both biased at quadrature.  In both cases, the phase 

modulation produces sidebands spaced at integer multiples of 𝜔µ𝑤𝑎𝑣𝑒 on 

either side of the optical carrier that result in harmonics in the microwave  
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that the architectures of the two links are identical and only the input powers 

into the devices are different.  This suggests that using splitters and 

combiners we may able to re-use the link components.  Indeed, by using a 

phase amplifier in the linearization branch and appropriately choosing the 

splitting ratio and attenuation in the variable optical attenuator (VOA), we 

can replicate the effect of a different microwave to optical power ratio (see 

Fig. 2.3).  By adding additional linearization branches we can eliminate 

higher order distortions.   

In the following sections we go into detail about how we can use a 

nonlinear optical process and a flexible filter/attenuator to perform multiple 

orders of distortion elimination with a single linearization branch, then we 

explain the architecture of this system and how we assign and incorporate 

the scaling coefficients. 

 

2.2.1 How it works 

In the introduction we mentioned degenerate cascaded four-wave 

mixing as a nonlinear optical process in which the frequencies and phases of 

the generated lightwaves are linear combinations of the incident lightwaves.  

Here we will show how to exploit this.  Consider two pumps incident on a 

spool of HNLF, a phase-modulated optical signal and an unmodulated 

continuous-wave laser (see Fig. 2.4 [56, 57]), which are separated by a  





 

35 
 

frequencies produced are ±(N ∗ fpump1 –  M ∗ fpump2), where N and M are 

integers, and their phases are also ±(N ∗ Φpump1 –  M ∗ Φpump2) respectively.  

Since the second pump is unmodulated, Φpump2 = 0, but we discuss this 

further in chapter five.  Thus the phases of the lightwaves are ±N ∗ Φpump1 

and we have achieved our goal of phase amplification, with N being the gain 

factor.  

To understand how we can eliminate distortion, let us re-examine the 

sinusoidal response of the a-MZI at quadrature, this time comparing it to the 

response of a phase amplified version of the signal: 

sin 𝜙(𝑡) = 𝜙(𝑡) −
𝜙(𝑡)3

3!
+

𝜙(𝑡)5

5!
− ⋯ 

sin 3𝜙(𝑡) = 3𝜙(𝑡) −
(3𝜙(𝑡))3

3!
+

(3𝜙(𝑡))5

5!
− ⋯ 

Notice that while the linear term triples in the phase amplified version, the 

third-order distortion product increases by a factor of 27.  Thus if we can 

scale the phase amplified version by 1/27 and subtract, we can eliminate the 

third-order distortion product at the cost of a slight reduction in link gain (see 

red curve in Fig. 2.1): 

sin 𝜙(𝑡) −
1

27
sin 3𝜙(𝑡) =

8

9
𝜙(𝑡) −

1

15
𝜙(𝑡)5 + ⋯ 

We can perform such a scaling by using a filter centered at the comb line with 

the appropriate phase multiple, followed by a VOA to tune the optical power 

of that line to the desired value.  The remaining fifth-order term is of higher  



 

36 
 

 

Figure 2.5  By appropriately choosing, scaling, and combining lightwaves with the correct 

phase multiples of the original signals, any transfer function can be synthesized. 

 

magnitude than the original fifth-order distortion present in the conventional 

link.  However, by adding more scaled lightwaves and following a similar 

process, it is possible to further eliminate higher-order distortion products, 

which also increases the quadrature bias tolerance of the interferometer (see 

green curve in Fig. 2.1).  The scale coefficients of the added lightwaves are 

readily found using a matrix inversion as detailed in the next section.  

Furthermore, in the limit as the number of terms 𝑚 → ∞, the scale 

coefficients asymptotically approach those of the Fourier expansion of a 

triangle wave and the transfer function is perfectly linear (see Fig. 2.5).  The 

scale factors can be applied in this case with a programmable spectral filter 

such as a Finisar Waveshaper.  With this device, complex filter functions 

with different amounts of attenuation for each pass band can be applied 

through software. 
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Figure 2.6  Theoretical SFDR performance calculated for the ΦMID link as an increasing 

number of linearization terms are added and assuming a modulator 𝑉𝜋 of 5.9 V and 5-mA 

per photodetector with balanced detection 

 

To investigate the impact of this linearization on the SFDR of the 

ΦMID link, we calculated the SFDR resulting from the fundamental tone and 

the intermodulation product generated by a two-tone test using the 

coefficients found by the method described above.  To best compare with our 

experimental results, we use our experimental link parameters in this 

calculation.  Namely, we assume a modulator 𝑉𝜋 of 5.9 V and a photocurrent 

of 5 mA for each detector in balanced configuration.  In Fig. 2.6 we plot the 

received fundamental and intermodulation power as a function of microwave 

power input to the link.  Here for SFDR calculation we assume a shot noise 

limited link.  For these link parameters Fig. 2.7 shows the SFDR at 1-Hz  
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Figure 2.7  The calculated SFDR as an increasing number of linearization terms are added.  

The dashed line represents the SFDR for a perfectly linear link when the maximum peak to 

peak voltage equals the modulator 𝑉𝜋 for reference. 

 

bandwidth as a function of the number of linearization terms.  The link  

SFDR also depends on signal bandwidth and we plot the SFDR versus 

bandwidth as a function of the number of linearization terms in Fig. 2.8.  The 

advantages of this linearization approach are multifold.  Firstly, additional 

lightwaves can be added with no increase in hardware complexity, so it is 

possible to linearize many orders of distortion in the link as demonstrated 

here.  Secondly, as long as the filter is dynamically reconfigurable, distortion 

products can be added or removed at will (perhaps for testing) and the link 

can be continuously tuned or optimized.  Thirdly, all-optical processing is 

inherently wide-bandwidth and will not limit the operating bandwidth of the  
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Figure 2.8  The calculated SFDR versus signal bandwidth for different numbers of 

linearization terms. 

 

additional optical signal processing functionalities within the link.  Lastly, 

because the linearization is accomplished completely optically, it is 

straightforward to incorporate into the link.  Beyond linearization, for 

example, these Fourier components can also be scaled and combined to yield 

any custom-made transfer function through a Fourier synthesis approach.  

Such arbitrary transfer functions could potentially eliminate the need for 

electronic components before or after the link.  For example, by introducing 

the inverse nonlinearity of a microwave component after the link on top of a 

linear transfer function, we could make the link act as a predistorter that 

would enhance the performance of the overall system. 
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2.2.2 Determination of Fourier Coefficients 

Here we show how to derive the scaling factors for the Fourier 

coefficients of a linear transfer function, assuming quadrature bias and thus 

no even order distortion.  Starting with two lightwaves 𝜙(𝑡) and 3𝜙(𝑡) and 

using the first two terms of the Taylor expansion, we can readily solve for the 

scaling factor required for the second lightwave to eliminate the third-order 

distortion and leave only the linear term:  

sin 𝜙(𝑡) = 𝜙(𝑡) −
𝜙(𝑡)3

3!
+ ⋯ 

𝑎1sin 3𝜙(𝑡) = 𝑎13𝜙(𝑡) −
𝑎1(3𝜙(𝑡))3

3!
+ ⋯ 

------------------------------------------------------------------ 

sin 𝜙(𝑡) + 𝑎1 sin 3𝜙(𝑡) = (1 + 3𝑎1)𝜙(𝑡) 

[33][𝑎1] = [−1] 

[𝑎1] = [−
1

27
] 

Now, if we add another lightwave, 5𝜙(𝑡) and find the first three terms 

of the Taylor series, we can eliminate both the third and fifth order 

distortions.  To do this, we must find the scaling factors for both the 3𝜙(𝑡) 

lightwave (because the scaling factors change as we change the number of 

lightwaves) as well as 5𝜙(𝑡) lightwave.  We can do this by performing the 

following matrix inversion: 
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sin 𝜙(𝑡) = 𝜙(𝑡) −
𝜙(𝑡)3

3!
+

𝜙(𝑡)5

5!
− ⋯ 

+ 𝑎1sin 3𝜙(𝑡) = 𝑎13𝜙(𝑡) −
𝑎1(3𝜙(𝑡))3

3!
+

𝑎1(3𝜙(𝑡))5

5!
− ⋯ 

+ 𝑎2sin 5𝜙(𝑡) = 𝑎25𝜙(𝑡) −
𝑎2(5𝜙(𝑡))3

3!
+

𝑎2(5𝜙(𝑡))5

5!
− ⋯ 

-------------------------------------------------------------------------------- 

sin 𝜙(𝑡) + 𝑎1 sin 3𝜙(𝑡) + 𝑎2 sin 5𝜙(𝑡) = (1 + 3𝑎1 + 5𝑎2)𝜙(𝑡) 

[33 53

35 55] [ 
𝑎1

𝑎2
] = [

−1
−1

] 

[ 
𝑎1

𝑎2
] = [

−
1

18
1

250

] 

In general, we can remove the first (2𝑚 + 1) distortions by adding 𝑚 

lightwaves, as follows: 

sin 𝜙(𝑡) = 𝜙(𝑡) −
𝜙(𝑡)3

3!
+

𝜙(𝑡)5

5!
+ ⋯ +

(−1)𝑚𝜙(𝑡)2𝑚+1

(2𝑚 + 1)!
+ ⋯ 

+ 𝑎1sin 3𝜙(𝑡) = 𝑎13𝜙(𝑡) −
𝑎1(3𝜙(𝑡))

3

3!
+

𝑎1(3𝜙(𝑡))
5

5!
+ ⋯ +

𝑎1(−1)𝑚(3𝜙(𝑡))2𝑚+1

(2𝑚 + 1)!

+ ⋯ 

+ 𝑎2sin 5𝜙(𝑡) = 𝑎25𝜙(𝑡) −
𝑎2(5𝜙(𝑡))3

3!
+

𝑎2(5𝜙(𝑡))5

5!
+ ⋯ +

𝑎2(−1)𝑚(5𝜙(𝑡))2𝑚+1

(2𝑚 + 1)!

+ ⋯ 
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+ 𝑎𝑚sin(2𝑚 + 1)𝜙(𝑡)

= 𝑎𝑚(2𝑚 + 1)𝜙(𝑡) −
𝑎𝑚((2𝑚 + 1)𝜙(𝑡))

3

3!
+

𝑎𝑚((2𝑚 + 1)𝜙(𝑡))5

5!
+ ⋯

+
𝑎𝑚(−1)𝑚((2𝑚 + 1)𝜙(𝑡))2𝑚+1

(2𝑚 + 1)!
+ ⋯ 

------------------------------------------------------------------------------------------- 

sin 𝜙(𝑡) + 𝑎1 sin 3𝜙(𝑡) + 𝑎2 sin 5𝜙(𝑡) + ⋯ + 𝑎𝑚 sin(2𝑚 + 1)𝜙(𝑡) = 

(1 + 3𝑎1 + 5𝑎2 + ⋯ (2𝑚 + 1)𝑎𝑚)𝜙(𝑡) 

[
33 ⋯ (2𝑚 + 1)3

⋮ ⋱ ⋮
32𝑚−1 ⋯ (2𝑚 + 1)2𝑚+1

] [

𝑎1

⋮
𝑎𝑚

] = [
−1

⋮
−1

] 

[

𝑎1

⋮
𝑎𝑚

] = [
33 ⋯ (2𝑚 + 1)3

⋮ ⋱ ⋮
32𝑚+1 ⋯ (2𝑚 + 1)2𝑚+1

]

−1

[
−1

⋮
−1

] 

While the determination of the coefficients is necessary to understand 

the experimental setups given in the subsequent chapters, the observant 

reader will notice that the choice of lightwaves with odd integer multiples of 

the phase is not necessary.  To show this, we can repeat our above analysis 

with even integer phase multiples and a mix of even and odd phase multiples, 

described with the 𝑏 and 𝑐 coeffecients, respectively. 

sin 𝜙(𝑡) = 𝜙(𝑡) −
𝜙(𝑡)3

3!
+ ⋯ 
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𝑏1sin 2𝜙(𝑡) = 𝑏12𝜙(𝑡) −
𝑏1(2𝜙(𝑡))3

3!
+ ⋯ 

------------------------------------------------------------------ 

sin 𝜙(𝑡) + 𝑏1 sin 2𝜙(𝑡) = (1 + 2𝑏1)𝜙(𝑡) 

[23][𝑏1] = [−1] 

[𝑏1] = [−
1

8
] 

As we did before, if we add another lightwave, 4𝜙(𝑡) and find the first 

three terms of the Taylor series, we can eliminate both the third and fifth 

order distortions.  To do this, we must find the scaling factors for both the 

2𝜙(𝑡) lightwave as well as 4𝜙(𝑡) lightwave as follows: 

sin 𝜙(𝑡) = 𝜙(𝑡) −
𝜙(𝑡)3

3!
+

𝜙(𝑡)5

5!
− ⋯ 

+ 𝑏1sin 2𝜙(𝑡) = 𝑏12𝜙(𝑡) −
𝑏1(2𝜙(𝑡))3

3!
+

𝑏1(2𝜙(𝑡))5

5!
− ⋯ 

+ 𝑏2sin 4𝜙(𝑡) = 𝑏24𝜙(𝑡) −
𝑏2(4𝜙(𝑡))3

3!
+

𝑏2(4𝜙(𝑡))5

5!
− ⋯ 

------------------------------------------------------------------------ 

sin 𝜙(𝑡) + 𝑏1 sin 2𝜙(𝑡) + 𝑏2 sin 4𝜙(𝑡) = (1 + 2𝑏1 + 4𝑏2)𝜙(𝑡) 

 

[23 43

25 45] [ 
𝑏1

𝑏2
] = [

−1
−1

] 
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[ 
𝑏1

𝑏2
] = [

−
5

32
1

256

] 

In general, we can remove the first (2𝑚 + 1) distortions by adding 𝑚 

lightwaves, with the following coefficients: 

[
𝑏1

⋮
𝑏𝑚

] = [
23 ⋯ (2𝑚)3

⋮ ⋱ ⋮
22𝑚+1 ⋯ (2𝑚)2𝑚+1

]

−1

[
−1

⋮
−1

] 

The first c coefficient is the same as the first 𝑏 coefficient: 

sin 𝜙(𝑡) = 𝜙(𝑡) −
𝜙(𝑡)3

3!
+ ⋯ 

𝑐1sin 2𝜙(𝑡) = 𝑐12𝜙(𝑡) −
𝑐1(2𝜙(𝑡))3

3!
+ ⋯ 

------------------------------------------------------------------ 

sin 𝜙(𝑡) + 𝑐1 sin 2𝜙(𝑡) = (1 + 2𝑐1)𝜙(𝑡) 

[23][𝑐1] = [−1] 

[𝑐1] = [−
1

8
] 

The difference between the 𝑏 and 𝑐 coefficients arises with the addition 

of the next lightwave, 3𝜙(𝑡): 

sin 𝜙(𝑡) = 𝜙(𝑡) −
𝜙(𝑡)3

3!
+

𝜙(𝑡)5

5!
− ⋯ 



 

45 
 

+ 𝑐1sin 2𝜙(𝑡) = 𝑏12𝜙(𝑡) −
𝑐1(2𝜙(𝑡))3

3!
+

𝑐1(2𝜙(𝑡))5

5!
− ⋯ 

+ 𝑐2sin 3𝜙(𝑡) = 𝑐23𝜙(𝑡) −
𝑐2(3𝜙(𝑡))3

3!
+

𝑐2(3𝜙(𝑡))5

5!
− ⋯ 

------------------------------------------------------------------------ 

sin 𝜙(𝑡) + 𝑐1 sin 2𝜙(𝑡) + 𝑐2 sin 4𝜙(𝑡) = (1 + 2𝑐1 + 4𝑐2)𝜙(𝑡) 

[23 33

25 35] [ 
𝑐1

𝑐2
] = [

−1
−1

] 

[ 
𝑐1

𝑐2
] = [

−
1

5
1

45

] 

In general, we can remove the first (2𝑚 + 1) distortions by adding 𝑚 

lightwaves, with the following coefficients: 

[

𝑐1

⋮
𝑐𝑚

] = [
23 ⋯ (𝑚 − 1)3

⋮ ⋱ ⋮
22𝑚+1 ⋯ (𝑚 − 1)2𝑚+1

]

−1

[
−1

⋮
−1

] 

Notice that all the coefficients, 𝑎, 𝑏, and 𝑐 have the form: 

[
𝛼1

3 ⋯ 𝛼𝑚
3

⋮ ⋱ ⋮
𝛼1

2𝑚+1 ⋯ 𝛼𝑚
2𝑚+1

] [

𝑥1

⋮
𝑥𝑚

] = [
−1

⋮
−1

] 

We can rewrite the coefficient matrix as: 

[
1 ⋯ 1
⋮ ⋱ ⋮

𝛼1
2𝑚−2 ⋯ 𝛼𝑚

2𝑚−2
] [

𝛼1
3 ⋯ 0

⋮ ⋱ ⋮
0 ⋯ 𝛼𝑚

3
] [

𝑥1

⋮
𝑥𝑚

] = [
−1

⋮
−1

] 
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 The first matrix (A) is the transpose of the Vandermonde matrix and 

the second matrix (B) is a diagonal matrix whose elements are the first row of 

the original coefficient matrix.  The coefficients 𝑥1, 𝑥2, 𝑥3, … 𝑥𝑚 can be found 

using the following facts,  

(𝐴𝐵)−1 = 𝐵−1𝐴−1 

𝐴−1 =
1

det(𝐴)
𝑎𝑑𝑗(𝐴) 

𝐵−1 =
1

det(𝐵)
𝑎𝑑𝑗(𝐵) 

det(𝐴𝐵) = det(𝐴) det (𝐵) 

det(𝐴) = det(𝐴𝑇) = ∏ (𝛼𝑗 − 𝛼𝑖)

1≤𝑖<𝑗≤𝑚

 

det(𝐵) = 𝛼1
3𝛼2

3 … 𝛼1
3 

where adj(A) denotes the adjugate matrix of A.  This is useful especially in 

the cases where inverting the coefficient matrix of size 𝑚 ≥ 10 with 

geometrically progressing coefficients becomes intractable to solve for by 

standard computational software such as Matlab. 

Regardless of which set of coefficients are used, in the limit as 𝑚 → ∞, 

all sets converge to the Fourier series for a triangle wave: 

8

𝜋2
∑ (−1)𝑚

sin[(2𝑚 + 1)𝜙(𝑡)]

(2𝑚 + 1)2

∞

𝑚=0
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Since any set of phase multiples can be used to perform the 

linearization, it is natural to ask which integer multiples of the phase to use: 

𝑎, 𝑏, 𝑐, or some other set.  The answer depends on the experimental setup.  

Notice that the magnitude of the 𝑎 coefficients are the lowest of the three 

given.  Experimentally this means that the requirement for the magnitude of 

the 3𝜙(𝑡) lightwave coming from the lower linearization branch relative to 

the fundamental 𝜙(𝑡) lightwave coming from the upper conventional branch 

can be more easily met (via attenuation in the Waveshaper) than the 

requirement for the 𝑏 or 𝑐 coefficients for the 2𝜙(𝑡) lightwave, which would 

require additional optical amplification to achieve its required magnitude.  

Notice also that using higher-order coefficients has lower impact on the 

reduction in the fundamental tone.  That is, with the 𝑎 coefficients, the gain 

reduces by 0.16 or 0.25 dB with one or two coefficients, respectively.  With the 

𝑏 coefficients, the gain reduces by 0.6 or 0.7, and with the 𝑐 coefficients, the 

gain reduces by 0.6 or 1.0 dB.  Finally, the remaining distortions after 

linearization are lower in magnitude with the 𝑎 coefficients than with the 𝑏 

or 𝑐 coefficients.  All of these observations point to using the highest 

magnitude set of phase multiples.  The obstacle to using a very high 

magnitude set of coefficients is the magnitude and optical bandwidth of the 

lightwaves at the edges of the gain-bandwidth curve of the FWM process, the 

bandwidth of the Waveshaper, and the ability to measure, and therefore 

eliminate, higher order distortion terms.  
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3 All-Optical Link Linearization (3rd Order) 

 

3.1 Introduction 

In this chapter, we present our novel method for distortion 

elimination in phase-modulated analog optical links.  A small part of 

the phase modulated signal seeds a four-wave mixing comb source, 

which generates lightwaves with integer multiples of the phase 

modulation of the original signal.  These lightwaves are scaled and re-

combined with the original phase-modulated signal to cancel the 

distortion generated in the interferometric phase-to-amplitude 

conversion process.  Experimentally, we demonstrate full cancelation 

of the third-order distortion of the receiver and achieve a 19-dB 

improvement in the link’s SFDR at a 1-Hz bandwidth.  This approach 

is readily extendable to eliminate all relevant higher-order distortion 

products or synthesize arbitrary phase-to-amplitude transfer functions. 

 

3.2 Experiment 

To experimentally investigate the linearization performance of this 

approach we construct a conventional ΦMID link and a linearized ΦMID link 

as depicted in Figs. 3.1 and 3.2.  The conventional ΦMID link consists of a 20-

mW laser operated at 1558.98 nm and a 20-GHz electro-optic phase  
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Figure 3.1  Experimental block diagram of conventional phase-modulated analog optical 

link.  ΦM: phase modulator, MZI: asymmetric Mach-Zehnder interferometer, PD: 

photodetector. 

 

modulator at the transmit end.  At the receive end, we have an EDFA that 

receives about 10 mW and outputs 85 mW.  A bandpass filter aligned with 

our laser wavelength removes the out of band amplified spontaneous 

emission noise from the signal.  Finally, the phase modulated signal is 

detected using an asymmetric Mach-Zehnder interferometer (a-MZI), and a 

Discovery Semiconductors DSC740 balanced photodetector with 0.62 A/W 

responsivity and 26 GHz bandwidth (see Fig. 3.1).  In the linearized ΦMID 

link, we use the same components, wavelengths, and power levels as in the 

conventional link, but we add several more components.  After amplifying the 

phase-modulated signal, we tap off 10% and combine it with another CW 

laser at 1554.79 nm and 17 mW to seed the cascaded FWM comb generation 

process.  This comb source consists of two cascaded spools of highly nonlinear 

fiber (HNLF), the first of which is 88-m long and is staircase-tensioned in ten  
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Figure 3.2  Experimental block diagram of the linearized link.  EDFA: Erbium doped fiber 

amplifier, HNLF: highly nonlinear optical fiber, TDL: tunable delay line, -3𝜙 filter: optical 

bandpass filter, VOA: variable optical attenuator, MZI: asymmetric Mach-Zehnder 

interferometer, PD: photodetector.  Optical spectra at various points in the block diagram.  A: 

Phase-modulated signal; B: Optical comb source output; C: Combined phase-modulated 

signal with -3𝜙 component filtered from comb line. 

 

steps from low to high tension to suppress Brillouin scattering, and the 

second of which is 100 m long and has uniform low tension [57].  We operate 

the EDFA prior to the comb generation at 2 W.  After comb generation we 

isolate the -3𝜙(𝑡) comb line by using an optical bandpass filter at 1542.94 nm.  

We introduce the scaling factor by attenuating the -3𝜙(𝑡) signal with the 

variable optical attenuator (VOA) such that the intermodulation product is 

minimized.  Our experimentally measured scale factor is about 1/24.  Note 

the slight deviation from the theoretical value of 1/27 most likely results from 

compensation for additional sources of distortion in the link (e.g. the 

photodetector).  Finally we combine this lightwave with the original signal 
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using a WDM filter and use the a-MZI and balanced photodetector to receive 

the combined signal (see Fig. 3.2).   

For both links, we use a 100-ps path length difference in the a-MZI, 

which produces periodic dips spaced 10 GHz apart in the frequency response.  

Here we choose our center frequency to be the first peak near 5 GHz and our 

bandwidth is expected to be about 8 GHz based on Fig. 6 of [9].  The peak 

gain of the link is determined primarily by the 𝑉𝜋 of the phase modulator and 

the current generated at the photodetector.  For both links, we use the same 

5.9-V 𝑉𝜋 phase modulator and operate with 5-mA on each photodetector in the 

balanced receiver.  We achieve a peak gain of -10.56 dB at 5 GHz in the 

linearized link and observe a small 1-dB reduction in the linearized link gain 

over the conventional link gain, as expected.  We use a tunable delay line in 

the upper branch of the linearized ΦMID link in order to accurately path 

match it with the lower branch.  With matched path lengths in the two 

branches the link bandwidth is unaffected by the linearization approach.   

The noise figure of a phase-modulated link with balanced detection is 

primarily impacted by thermal noise in the detector, shot noise, and laser 

phase noise since laser relative intensity noise (RIN) is canceled through 

balanced detection [9].  We experimentally measure the noise figure of our 

link to be 39 dB for both the conventional as well as the linearized link.  Thus 

the linearization approach adds negligible noise to the link.  This is expected 

since the 𝜙(𝑡) lightwave represents the majority of the received power (upper 
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Figure 3.3  SFDR two-tone test (fundamental tones: 5.35 and 5.45 GHz, spurious tone: 5.25 

and 5.55 GHz) comparison between conventional (red) and linearized (blue) phase-

modulated analog optical link. 

 

path in Fig. 3.2) and is not involved in the cascaded FWM interaction.  In 

comparison, the -3𝜙(𝑡) comb line represents only 1/24 of the received power 

relative to the 𝜙(𝑡) lightwave and thus any increase in the phase noise on the 

-3𝜙(𝑡) line minimally impacts the noise figure of the link.  Although balanced 

detection cancels the contribution of RIN to the link noise, the link is 

sensitive to the phase noise of the laser used.  In our setup we use two New 
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Focus 6700 series External Cavity Tunable Diode Lasers with < 200 kHz 

linewidth.  However, diode lasers exhibit relatively large phase noise in the 

GHz range thus we expect to be able to reduce the noise figure to near the 

shot noise limited level of 22.5 dB in future work by incorporating fiber lasers 

into the architecture [9].   

We measure the SFDR using a two-tone test in which two microwave 

tones, one at 5.35 GHz the other at 5.45 GHz, are combined and applied to 

the input of the phase modulator.  For sufficiently high microwave drive 

powers, spurious intermodulation tones at 5.25 GHz and 5.55 GHz are 

produced.  By sweeping the powers of the input tones, we can determine the 

link SFDR.  Fig. 3.3 shows the experimentally measured fundamental power 

and intermodulation power as a function of input power for both the 

conventional link and the linearized link.  For the conventional link we 

obtain an SFDR of 103 dB based on our experimentally measured 

intermodulation characterization and experimentally measured noise level.  

With linearization we measure an SFDR of 122 dB, which represents a 19-dB 

improvement in SFDR for a 1-Hz noise bandwidth.  Furthermore, we find 

that the intermodulation power now scales with the input power to the fifth 

indicating that the impact of third-order distortion is minimized over the 

measured power range.  The slight increase in slope of the intermodulation 

power at the lower power levels is due to interference between residual third-

order and fifth-order intermodulation products.  This interference can be fully 
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Figure 3.4  Experimental SFDR versus signal bandwidth for the experimentally 

characterized conventional link and linearized link.  The SFDR improvement is also 

plotted (dashed line). 

 

lightwave.  Due to the change in slope of the intermodulation power from 3 to 

5, the SFDR improvement over the conventional link depends on the signal 

bandwidth.  Fig. 3.4 shows the link SFDR and SFDR improvement as a 

function of signal bandwidth based on the experimental characterizations. 

 

 

3.3 Summary and Conclusion 

We have demonstrated a novel receiver-based method for linearizing 

phase-modulated analog optical links.  In this method, we tap off a small part 

of the modulated signal and use it along with an additional CW laser to seed 
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a cascaded FWM comb source.  This source provides lightwaves with integer 

multiples of the original signal’s phase modulation, which can be scaled and 

combined with the original signal to linearize the link using a Fourier 

approach.  Experimentally we demonstrate full cancelation of third-order 

distortion and achieve a 19-dB improvement in link SFDR for a 1-Hz 

bandwidth.  Furthermore, with this method, there is a straightforward path 

to eliminating higher order distortions as well as generating arbitrary link 

transfer functions.   
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4 All-Optical Link Linearization (3rd and 5th Orders) 

 

4.1 Introduction 

In this chapter, we experimentally demonstrate an all-optical 

architecture for linearization of a phase-modulated interferometrically-

detected microwave photonic link.  We couple off a small part of the phase-

modulated signal and combine it with a pump lightwave to produce a comb of 

idlers in a cascaded four-wave mixing process.  The phase-matching 

requirement of the cascaded process ensures that integer multiples of the 

original signal’s temporal phase modulate each of the idlers.  We accomplish 

the linearization by filtering, scaling, and re-combining a subset of the idlers.  

To the best of our knowledge, this is the first demonstration of a 

simultaneous third-order, fifth-order, and all even-order distortion free link 

in either intensity or phase modulated architectures.  We experimentally 

measure a 108.8-dB SFDR for the conventional link, 116.1 dB for the third-

order distortion-free link, and 116.9 dB for the third-order and fifth-order 

distortion-free link, each in a 1-Hz bandwidth.  We show that the 

experimentally measured SFDR improvement is primarily limited by 

increased phase noise on the correction lightwaves.  Specifically, we measure 

a 24.2-dB noise figure for the conventional link, 38.7 dB for the third-order 

distortion-free link, and 45 dB for the third-order and fifth-order distortion-

free link.  We discuss the source of this added noise and methods for 
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mitigation in future work, which could lead to a 134.8-dB SFDR in a 1-Hz 

bandwidth for a shot noise limited link with ~1 mA per photodiode. 

 

4.2 Experiment 

The experimental investigation presented here has three parts.  In the 

first part, the conventional (unlinearized) ΦMID link is constructed and 

tested.  For the second and third parts, the receiver portion is modified to 

introduce a branch where the optical nonlinearity is created.  In the second 

part, only the third-order distortion product is eliminated and in the third 

part, both the third-order and fifth-order distortion products are 

simultaneously eliminated.  For each of the three link realizations, the links 

are characterized with the four performance metrics: gain, bandwidth, noise 

figure, and SFDR.  Aside from bandwidth, all the performance metrics are 

impacted to varying degrees.  Specifically, gain is degraded by approximately 

0.4 dB for each of the two eliminated distortion products and despite noise 

figure degradation with each additional term, SFDR is improved.   

Gain is measured via an S21 measurement from 300 KHz to 20 GHz 

with a calibrated electronic network analyzer (ENA).  Noise power is 

measured with a 50-Ohm termination at the input port of the phase 

modulator and an RF amplifier at the output to raise the link noise above the 

electronic spectrum analyzer noise floor.  This data combined with the gain 

data allows us to calculate the noise figure for each of the three link 
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Figure 4.1  Experimental block diagram of conventional phase-modulated 

interferometrically detected (ΦMID) analog optical link.  ΦM: phase modulator, MZI: 

asymmetric Mach-Zehnder interferometer, PD: photodetector. 

 

realizations.  To measure dynamic range, we perform a two-tone test, 

choosing the two tones close to the first peak of the a-MZI response.  The first 

tone is injected by the ENA at 1.275 GHz and swept from –15 to 10 dBm.  

The second tone is injected by a signal generator at a constant power of 5 

dBm.  Both tones are sent through a low-pass filter to prevent any possible 

distortion terms generated by the test equipment from entering and skewing 

the distortion measurements of the link.  These tones are combined and 

injected into the phase modulator input port.  The second-order distortion 

products are minimized at 11 MHz and 2.561 GHz and the intermodulation 

distortion products are present at 1.264 GHz and 1.297 GHz.  The retrieved 

data is mathematically corrected to reflect the fact that only one of the tones 

is swept in power.   
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Figure 4.4  Experimental block diagram of the linearized ΦMID link.  Lower branch- 

EDFA: Erbium doped fiber amplifier, OCG: optical comb generator, WS: Waveshaper.  

Upper branch- TDL: tunable delay line.  a-MZI: asymmetric Mach-Zehnder interferometer, 

PD: photodetector. 

 

bandwidth (see Fig. 4.3), also close to the theoretically predicted value of 

109.5 dB.   

 

4.2.2 Third-Order Distortion Free Link 

To begin linearizing the link, we add the lower branch to the receiver 

(see Fig. 4.4).  That is, we include a splitter and a combiner prior to the a-

MZI.  This splits off 30% of the original phase modulated signal, which along 

with a pump lightwave produced by an NKT laser at a 0.4-nm offset 

wavelength (1546.92 nm), is amplified and seeds a cascaded four-wave 

mixing process in the OCG.  The EDFA operates at 1.6 W and the OCG 

consists of three fiber spools.  The first spool contains 100-m of highly 

nonlinear fiber (HNLF) with tension applied in a staircase pattern with ten 

steps to mitigate stimulated Brillouin scattering [58].  The second spool 
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each path and ensuring they are equal by adjusting the length of standard 

single-mode optical fiber in the upper branch.  The path match is then 

precisely set using a manually adjusted tunable optical delay.  In practice, 

this delay setting is stable over the course of our measurements and is not 

actively adjusted.   

The total photocurrent present on each photodiode is maintained at 

1.18 mA, of which 1.12 mA was from the original phase-modulated lightwave 

(upper branch) and 0.06 mA was from the −3𝜙(𝑡) lightwave (lower branch).  

This means the −3𝜙(𝑡) term is 12.7 dB lower than the original lightwave.  By 

theory we would expect it to be 14.3 dB lower [45].  The discrepancy can 

likely be attributed to compensation for other sources of third-order distortion 

in the link, such as the photodiodes.  As shown in Fig. 4.6, the measured 

slope of the intermodulation distortion at 1.264 and 1.297 GHz was five, 

indicating full-cancellation of third-order distortion and the dominance of 

fifth-order distortion.  The gain is reduced by 0.4 dB relative to the 

convention unlinearized link to –15.9 dB, where theoretically we would 

expect the gain to be reduced by 0.5 dB [45].  Finally, we measure an increase 

in noise figure to 38.7 dB resulting in an SFDR of 116.1 dB in a 1-Hz 

bandwidth.   
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distortion from the link. 

For this final realization, the total photocurrent present on each 

photodiode is maintained at 1.20 mA, of which 1.10 mA was from the original 

lightwave, 0.088 mA was from the −3𝜙(𝑡) lightwave, and 0.010 mA was from 

the +5𝜙(𝑡) lightwave.  Thus the −3𝜙(𝑡) term is 11-dB lower than the original 

lightwave and the +5𝜙(𝑡) term is 20.4-dB lower than the 12.6-dB and 24-dB 

lower, respectively [45].  Again, the slight discrepancies can be attributed to 

compensation for other sources of distortion in the link.  As shown in Fig. 8, 

the slope of the intermodulation distortion at 1.264 and 1.297 GHz was 

seven, indicating simultaneous cancellation of both third and fifth-order 

distortions and the dominance of seventh-order distortion.  The gain is 

reduced by 0.8 dB relative to the conventional unlinearized link to –16.3 dB, 

where theoretically we would expect the gain to be reduced by 0.7 dB [45].  

The noise figure increases to 45 dB resulting in an SFDR of 116.9 dB in a 1-

Hz bandwidth (see Fig. 4.7). 

 

4.3 Discussion 

In this section we discuss the results in further detail, paying special 

attention to the bandwidth limitations of this approach and the noise figure 

of the demonstrated links.   

Beyond the bandwidths of the modulator, photodetector, and a-MZI, 

the system’s bandwidth is ultimately limited by the spacing between the  
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Figure 4.9  Noise power data for ΦMID link.  The blue curve is for the conventional 𝜙 link, 

the green is for the (𝜙, −3𝜙) link, and the red is for the (𝜙, −3𝜙, +5𝜙) link.  The black 

curve is the conventional 𝜙 link with the pump laser instead of the signal laser.  Note the 

increase in noise power in the conventional link going from the signal laser (blue) to the 

pump laser (black). 

 

While the greater phase deflection of the higher-order idlers produces a 

larger optical bandwidth and a higher magnitude RF signal, the RF 

bandwidth remains unchanged.  After reception with the a-MZI, distortions 

arising from intermodulation products that are out-of-band do not matter.  

Therefore, as long as the a-MZI has sufficient bandwidth to pass the original 

signal, it will be able to pass the linearized signal formed from the sum of the 

original and correction signals.   

Note that though the SFDR improves with greater number of  
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despite the relatively small amount of photocurrent attributable to the added 

linearization terms.  Firstly, the second pump laser that seeds the cascaded 

FWM process unfortunately has much higher phase noise than the signal 

laser due to our laser availability (see Fig. 4.9).  Secondly, this pump laser is 

not phase locked to the signal laser [59].  Thirdly, the nonlinear cascaded 

FWM process amplifies and convolves the phase noises of the two un-locked 

lasers, with the degree of phase noise amplification increasing with each 

additional term [59]. 

These sources of noise degradation immediately suggest two future 

methods of phase noise mitigation, namely, using a low phase noise laser for 

the pump and/or phase locking it to the signal laser.  Theoretically, phase 

locking the two lasers should subtract their phase noise and the noise figure 

increase should be minimal regardless of the number of additional terms 

included [59].  The phase locking can be achieved by sending a pilot tone from 

the signal laser with, for example, a tap-off prior to the phase modulation.  

This would be relatively straightforward for small systems, where there is 

little physical separation between the transmitter and receiver, such as those 

involved with signal processing applications.  Though not as simple, it could 

also be accomplished for longer haul systems such as antenna remoting.  

There is no reason this cannot be done other than limitations of available 

equipment.  Thus, as an exercise, it is instructive to predict the achievable 

SFDR for the scenario in which the noise figure is not impacted by the added 
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linearization terms (see Fig. 4.10 for a comparison of SFDRs for each of the 

links with the measured noise figures).  In the case of eliminating third-order 

distortion, the achievable SFDR would be 127.7 dB instead of 116.1 dB in a 1-

Hz bandwidth, an improvement of 11.6 dB over our experimental results or a 

19.7-dB total SFDR improvement between the conventional and third-order 

linearized case.  In the case of eliminating both the third-order and fifth-

order distortions, the achievable SFDR would be 134.8 dB instead of 116.9 dB 

in a1-Hz bandwidth, an improvement of 17.9 dB over our experimental 

results or a 26.8-dB total SFDR improvement between the conventional and 

the simultaneous third-order and fifth-order linearized case.  Indeed, these 

are impressive SFDRs for such low photocurrents and we hope to 

experimentally reach these limits in future work through the noise mitigation 

approaches outlined above. 

 

4.4 Conclusion 

In this chapter, we have constructed and tested three links: a 

conventional unlinearized ΦMID link, a third-order distortion free ΦMID 

link, and a simultaneous third-order and fifth-order distortion free ΦMID 

link.  We experimentally measure the gain, bandwidth, noise figure, and 

SFDR for each link and compare to the theoretical values.  We observe a 

minimal degradation (0.4 dB) in gain for each added linearization term that 
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closely matches to the theoretically predicted values.  We experimentally 

achieve SFDRs of 108.8 dB, 116.1 dB, and 116.9 dB each in a 1-Hz bandwidth 

for the conventional, third-order distortion free link, and the third-order and 

fifth-order distortion free link, respectively for approximately 1-mA of current 

in each photodiode.  This is an improvement over the conventional link of 7.3 

and 8.1 dB, respectively.  To the best of our knowledge, this is the first 

demonstration of a simultaneous third-order, fifth-order, and all even-order 

distortion free link in either an intensity or phase modulated architecture.  

We observe a significant increase in noise figure, attributable in part to the 

choice of pump laser and lack of phase locking between the lasers, which 

prevents the realization of the fullest possible improvement in SFDR from 

the observed degree of linearization.  We hope to improve upon these links in 

the future by implementing noise bandwidth and high power front-end 

electrical gain systems.  In the former case, integration of a high noise level 

over a mitigation techniques.  However, despite the observed noise figure 

degradation, these links can find application in narrow small bandwidth will 

still yield a low noise floor.  In the latter case, front-end amplification will 

reduce the impact of the link noise figure to the overall system noise figure.   
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5 Operational Issues and Mitigation 

 

5.1 Introduction 

In this chapter, we explain some of the operational issues with these 

linearized phase-modulated analog optical links, dividing these into tuning 

issues and tradeoffs or issues fundamental to the system design.  For the 

latter, we provide potentially methods for mitigation to improve performance 

beyond that which we have experimentally demonstrated. 

 

5.2 Tuning Issues 

In this section, we examine three tuning issues relevant to the 

operation of the linearized phase modulated link including relative optical 

pump polarizations and powers, bias maintenance of the a-MZI, and path 

length matching in the large interferometer consisting of the conventional 

and linearized branches. 

The efficiency of the FWM conversion process is heavily dependent on 

the relative optical pump polarizations and powers.  That is, small relative 

differences between the polarizations of the two lasers and their optical 

powers at the input to the HNLF can have large effects on the shape, 

number, wavelength range, and intensities of the generated comb lines.  
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Fortunately, however, once these polarizations and powers are set, they 

require only occasional adjustment. 

The a-MZI consists of one optical input, two optical outputs, and one 

voltage input.  The voltage controls a thermo-electric Peltier cell within the a-

MZI that, when heated or cooled, changes the power balance between the two 

optical outputs.  Due to drift, this voltage must be constantly monitored and 

adjusted in order to maintain the desired quadrature bias point, similar to 

maintaining the bias of an MZM.  One way this can be accomplished is to use 

a bias board which taps off a small percentage of the input optical power and 

a small percentage of one or both arms of the output optical power, then 

dynamically changes the voltage output to achieve the desired optical power 

ratio.  In our experiments we programmatically read the photodetector 

currents from the DC power supply, generate an error signal, and use an 

algorithm to tune the bias voltage.  

There is a phase walk-off issue caused by the relative path length 

difference in the large interferometer consisting of the conventional branch in 

one arm and the linearization branch in the other.  The system bandwidth is 

the intersection of the bandwidths of the a-MZI and the large interferometer.  

In the best case scenario, this is the a-MZI bandwidth as the large 

interferometer should ideally present no bandwidth limitations if both arms 

are exactly path matched.  The lengths can be measured by finding the group 

delay through each path.  Coarse adjustments can be made by adding or 
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removing fiber from the paths.  Fine tune adjustments can be made with one 

or more tunable optical delay lines in one or both paths.  However, the 

lengths can only be measured accurately up to the group delay resolution 

limit of the instrument, which places an upper limit on the length of fiber in 

each arm.  An optical time-domain reflectometer may be used to overcome 

this limitation.  In addition to the static length differences, it is possible to 

have small relative variances due to, for example, unequal thermal expansion 

or contraction of the fiber lengths between the two paths.  While 

inconsequential for low frequency microwave signals, it can become a severe 

issue for high frequency signals as the path length matching must be valid 

for microwave frequency accuracy.  This slow, small length drift can 

potentially be taken care of with a feedback loop.   

 

5.3 Fundamental Limits and Tradeoffs 

In our experiment we have two free running CW lasers.  The first one 

is a low phase noise laser that carries the fundamental signal through the 

conventional branch.  The second is a higher noise laser that, together with a 

portion of the first laser, seeds the FWM process from which the linearization 

terms are filtered.  Phase noise adds directly with the phase-modulated 

signal and the nonlinear cascaded FWM process amplifies and convolves the 

phase noises of the two un-locked lasers, with the degree of phase noise 
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amplification increasing with each additional term.  A simple way to improve 

the link is to replace the second laser with a low phase noise laser similar to 

the first laser.  However, because they are still not locked together, 

improvement in noise figure would still be limited by the uncorrelated phase 

noise.  Here we present three methods for locking the lasers together. 

One method is to use an optical phase locked loop.  In this method, a 

portion of the first laser is tapped off prior to modulation and sent to the 

receiver.  By coupling this with the second laser and beating them at a 

photodetector, we can generate an error signal to drive the second laser.  The 

locking bandwidth would be limited by the total loop length, which is 

dominated by the fiber length between the transmitter and receiver.  

Therefore, this solution would work for low lengths links, systems in which 

the transmitter-receiver distance was small. 

The other two methods start with a single laser.  By injection locking a 

master laser to two slave lasers, each of which is fed to one branch, two phase 

locked lasers can be used.  The last method involves driving a modulator with 

a microwave signal at half the comb line spacing in a dual sideband 

suppressed carrier configuration.  The separation between the two sidebands 

adjacent to carrier is then the optical comb line spacing.  We can optically 

filter these and feed one to each path.  Notice in all three methods, a second 

fiber span is required between the transmitter and receiver.   This partially 

mitigates one of the advantages of a phase modulated link, which is the 
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ability to have balanced detection without running a dual fiber span.  

However, the requirement is less burdensome than for an intensity 

modulated link having balanced detection because the two fiber lengths do 

not have to be path matched.  In chapter four we go into detail about 

potential improvements to SFDR if we are able to completely eliminate phase 

noise. 

 In addition to the normal bandwidth constraints imposed by the 

devices (modulator, detector, and a-MZI), there are additional constraints 

imposed by the linearization system that depend on the microwave frequency 

of operation, the dynamic range, the optical comb line spacing, and the 

number of linearization terms used (i.e. degree of linearization).  To 

understand this tradeoff, imagine two comb lines, one of which is phase-

modulated with the microwave signal and the other which is the second CW 

pump laser, spaced at a frequency 𝚫𝒇𝒄𝒐𝒎𝒃 apart.  After the FWM process, 

more comb lines appear at optical frequencies that are linear combinations of 

the two pump frequencies (essentially at integer multiples of 𝚫𝒇𝒄𝒐𝒎𝒃 above 

and below the two pumps).  Additionally, the phases of the comb lines are 

also linear combinations of the two pump phases.  Therefore, higher order 

comb lines (those further from the pump) have greater phase amplification.  

For the deflection of each linearization term to fit within the comb line 

spacing, its bandwidth must not interfere (overlap) with those of its 

immediate neighbors’.  The neighbor furthest away from the pump possesses 
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the greatest phase deflection and thus places a constraint on the highest 

order linearization term that can be used.   

As the comb line spacing increases, the number of practically usable 

linearization terms is further limited by the gain bandwidth of the FWM 

process, which extends throughout the C-band and into the L-band, or more 

likely the bandwidth of the programmable spectral filter, whichever is lower. 

 

5.4 Summary and Conclusion 

We have explained some of the issues associated with operating these 

linearized phase-modulated links.  In particular, we went over tuning issues 

including polarization and power matching in the optical pumps, bias voltage 

maintenance in the a-MZI, and phase walkoff issues associated with path 

length mismatches in the large interferometer.  We also covered fundamental 

issues and tradeoffs relating to uncorrelated phase noise in the two lasers 

and tradeoffs between microwave frequency of operation, dynamic range, 

comb line spacing, and number of linearized terms.  Where possible we have 

offered solutions to mitigate those issues not fundamental to the system 

design. 
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6 Microwave Function Generation 

 

6.1 Introduction 

In this chapter we demonstrate a microwave function generator based 

on precisely engineering the distortion in a microwave photonic link.  By 

distorting a 5-GHz sinusoid we are able to generate a 5-GHz triangle wave 

and square pulse train.   

Efficient microwave generation of high frequency waveforms is becoming 

increasingly critical to many commercial and military applications, including 

next-generation bit-error-rate measurement systems and optical analog and 

digital communications [1].  In addition, microwave function generators are 

essential components of electronic test equipment, used to create waveforms 

for fault detection and failure and reliability analysis in a device under test.  

Most commercial function generators interpolate between target voltage 

levels using digital signal processing techniques and as such, are limited in 

their bandwidth due to a fundamental tradeoff between transistor speed and 

dynamic range [2].  Current products can only simulate signals in the low 

GHz range [3].  Here we introduce a photonically-enabled analog method 

exploiting the nonlinear optical process of cascaded four-wave mixing to 

accomplish function generation without the stringent bandwidth limitations 

presented by electronic systems. 
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Figure 6.1  In this example, an arcsine transfer function is synthesized to produce a 

triangle wave output for a sine wave input. 

 

 

6.2 Method 

To enable generation of user defined functions from input sinusoids we 

tailor the transfer function (input voltage to output voltage) of a microwave 

photonic link [4].  To synthesize a user defined transfer function we 

exploiting the integer phase relationships of the comb lines created in a 

cascaded four-wave mixing process [5] and appropriately filter and scale the 

desired components in a pulse shaper as depicted in Fig. 6.1.  We begin by 

first defining a target periodic waveform we wish to generate and then 

defining the transfer function required to convert between an input sinusoid 

and the desired waveform at the same microwave frequency.  Knowledge of 

our transfer function allows us to determine both the Fourier components 
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necessary to construct it as well as their respective coefficients.  This can be 

done immediately if the Fourier components are well known or easily 

calculatable or it can be back-calculated from the Taylor series.   

To further elucidate our approach, we work through the simple example of 

the first two components of a triangle (or ramp) wave.  First, we recognize 

that in order to create a triangle wave output from a sinusoidal input, we 

must create an arcsin transfer function.  Then, we find the first two terms of 

the Taylor expansion of an arcsin.  Finally we use the first two terms of the 

Taylor expansion of sin(x) and a scaled sin(3x) to find the value of the scaling 

factor knowing what the ratio between the first and third powers of the 

Taylor expansion of the arcsin should be.  With a greater number of terms, a 

matrix inversion technique can be used to find the scaling factors for each 

term.  These scaling factors can then be applied to the respective Fourier 

components and summed together to synthesize the desired transfer function 

(see Fig. 6.1).  The method is a generalization of that described in the 

appendix of [4], where the scaling factors are found such that the higher 

order terms are no longer zero but instead some target value.  Whereas in our 

previous work [4] the goal was to linearize a link by eliminating distortion, 

here we intentionally add distortion to produce a transfer function that will 

give us the desired microwave waveform.  This is an analog process and the 

waveform quality is primarily limited by the photodetector bandwidth. 
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Figure 6.2  Experimental block diagram of the arbitrary waveform generator.  CW: 

continuous wave, ΦM: phase modulator, EDFA: Erbium doped fiber amplifier, OCG: optical 

comb generator, VOA: variable optical attenuator, a-MZI: asymmetric Mach-Zehnder 

interferometer, PD: photodiode. 

 

6.3 Experiment 

In our experiment (see Fig. 6.2), we combine two CW pump lasers 

spaced 0.4 nm apart after phase modulating one of them, the amplify them 

and send them through a cascaded four-wave mixing based optical comb 

generator (OCG) consisting of a series of tensioned highly nonlinear fiber, 

single mode fiber, and untensioned highly nonlinear fiber [6].  The cascaded 

four-wave mixing interaction inside the OCG produces equally spaced comb 

lines on either side of the two pump lasers whose phases are uniquely 

determined by those of the pump lasers.  In fact, because only one of the 

pump lasers is phase modulated, these phases are integer multiples of the 

modulated pump phase.  All of these comb lines are then sent to a pulse 

shaper (Finisar Waveshaper), which is programmed to filter and attenuate 
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Figure 6.3  Experimental results in red, target waveforms in dotted black, left: triangle 

wave, right: square pulse, both at 5 GHz. 

 

the appropriate are then interferometrically detected at the asymmetric 

Mach-Zehnder and combined in a 26-GHz balanced photodetector.  The 

resulting waveforms are shown in red in Fig. 6.3 with the ideal waveforms 

superimposed in dotted black.  The left plot is the generated triangle wave 

and the right plot is the generated square pulse wave.  Note that the 

generated triangle wave approximates the ideal triangle wave very well 

whereas, for the square wave the Fourier sum for the needed transfer 

function converges more slowly.    
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7 Conclusion 

In this thesis we introduced a novel method for distortion elimination 

in phase-modulated microwave photonic links.  Our method is unique in 

that it accomplishes the linearization entirely in the optical domain, 

something that has not been done before.  We provided a short background 

in microwave photonics and nonlinear optics and then detailed the theory of 

operation for our method.  Next we described our architecture and went 

over our experimental results, validating the method.  We discussed the 

operational issues, limitations, and tradeoffs of our design.  Finally, we 

applied our method to another area of microwave photonics, function 

generation, and provided a design and experimental results.  Undoubtedly 

the intersection between microwave photonics and nonlinear optics 

possesses many other rich, interesting, and fruitful applications that have 

yet to be discovered.  
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