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Summary

Recently, there is an increasing interest in the distribution of (analog) radio fre-
quency (RF) or microwave signals over the optical fibers. In this so-called analog
photonic links (APL) an RF signal is converted into an optical signal, distributed via
an optical fiber and subsequently restored to the electrical format at the recipient’s
end using a photodetector. Using the advantage of a low propagation loss of the
optical fiber, the APL has become the heart of an emerging field of microwave pho-
tonics (MWP), in which various functionalities like generation, distribution, con-
trol and processing of RF signals have been explored. To perform these complex
functionalities, it is imperative for the APL to provide a high performance. This is
challenging since such an analog system is relatively susceptible to noise and non-
linearities. In this thesis, the techniques to optimize the performance of APLs are
presented.

A set of parameters, commonly defined for RF components, have been used to
describe the performance of an APL. The most important parameters are the link
gain, the noise figure and the spurious-free dynamic range (SFDR). The link gain
describes the RF-to-RF transfer of the signals from the input to the output of the
APL while the noise figure describes the signal-to-noise ratio (SNR) degradation
in the APL. The SFDR, on the other hand, describes the range of RF signal power
that can be accommodated by the APL, taking into account the effects of noise and
nonlinear distortions.

In general there are two types of APL, the directly modulated and the externally
modulated ones. In the former, the injection current of a laser is directly modulated
by the RF signal while in the latter the light from a continuous wave (CW) laser is
modulated using an external electro-optic modulator. The most popular type of
such a modulator is the Mach-Zehnder modulator (MZM). The characteristics of
direct and external modulation APLs are somewhat different. For this reason, a
distinction is made between the performance enhancement techniques for these
modulation formats.

For an externally-modulated APL with an MZM, increasing the optical power
to the modulator is very attractive for increasing the link gain, which increases in
a quadratic manner with the optical power. Depending on the dominant noise
source, this will also reduce the noise figure and subsequently increasing the SFDR.
In combination with a high input optical power, low biasing the MZM away from
the quadrature bias point effectively reduces the APL noise figure and limits the
average photocurrent in the photodetector to avoid saturation. But these advan-
tages come at the expense of a reduced linearity due to elevated even-order distor-
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tion levels, which in turn restricts the APL to sub-octave (narrowband) applications.
This limitation can be mitigated using a pair of low-biased MZMs and a balanced
photodetector, known as the Class-AB scheme. Beside the Class-AB scheme, an ar-
chitecture using a dual-output MZM combined with a balanced detection scheme
is also promising to provide very high link performance.

Compared to its externally-modulated counterpart, enhancing the performance
of a directly-modulated laser (DML) APL is more challenging. Unlike in the case of
an MZM APL, simply increasing the emitted optical power from the laser will not
improve the link gain of a DML APL. Moreover, low biasing the lasers in the DML
link is not advantageous to reduce the link noise due to the relative-intensity noise
(RIN) enhancement near the laser threshold. Characterization results on a novel
scheme that utilized a pair of low-biased laser diodes and a balanced detector have
shown that the low biasing reduces the lasers responses and the modulation band-
widths as well as enhancing the noise and the nonlinear distortions. Overall, low
biasing the lasers significantly reduces the SFDR of the APL.

Despite the fact that low biasing degrades the link performance, the premise of
using a pair of laser diodes and a balanced detector is still promising for a per-
formance enhancement purpose. Instead of biasing close to the threshold, the
lasers bias currents are optimized to obtain the lowest third order intermodulation
(IMD3) powers. Then, these lasers are modulated in a push-pull manner and, sub-
sequently, the RF modulation amplitude and phase of each laser were adjusted us-
ing variable optical attenuator and delay line such that the second-order intermod-
ulation distortion (IMD2) power at the outputis minimized. With this arrangement,
a high multioctave SFDR can be achieved. One of the highest broadband SFDR ever
shown with a directly modulated laser link has been demonstrated at the frequency
of 2.5 GHz using this arrangement. The SFDR value was 120 dB.Hz?/® and an IMD2
power suppression of 40 dB was obtained. In a wide frequency range of 600 MHz
(2.60 to 3.20 GHz), an IMD2 suppression as high as 23 dB and an improvement of 5
to 18 dB of the second-order SFDR, relative to a conventional single arm photonic
link, have been demonstrated.



Contents

Summary v
1 Introduction 1
1.1 Microwave Photonics. . . .. ... ... ... ... ... .. ... ..., 1
1.2 AnalogPhotonic Links (APLS) . . . . . ... ... .. .. ......... 3
1.3 Modulation and Detection Schemes . . . . . . ... ... ........ 3
1.4 LinkComponents . . . . . ... ..ttt it 4
1.4.1 LightSources ... ... ... ... . .. . ... . ... 4

1.4.2 Optical Modulators . . . . .. .................... 5

1.4.3 Photodetectors . . .. ... .. ... ... ... 7

1.44 OpticalFibers . . ... ... ... .. .. ... .. .. ... 7

1.5 APLApplications . .. .. ... ... ... 8
1.5.1 CATV Distribution Network . . . ... ... ... ......... 9

1.5.2 Radio over Fiber for Wireless Systems . . . .. ... ... .. .. 9

1.5.3 Antenna Remoting for Military Applications . . . . ... .. .. 10

1.5.4 Radio Astronomy Applications . . .. ............... 10

1.5.5 OtherApplications . . ... .. ... .. ... ........... 11

1.6 TheResearchProject . . . ... .. ... ... ... .. .. .. ...... 12
1.7 OutlineoftheThesis . . . ... .. ... .. ... .. ... .. ..... 12
2 Key Parameters of Analog Photonic Links 15
2.1 Introduction . . . ... ... ... ... 15
22 LinkGain . ... ... .. e 16
2.2.1 Direct Modulation . ............. ... .. .. . ..., 19
2.2.2 External Modulation . . .. ... ... .. .. ... .. .. ... 22

23 NoiseinAPLs . . ... ... .. .. . . . 26
2.3.1 ThermalNoise. .. ... ... ... ... .. ..., 26
232 ShotNoise . . ... ... ... . ... 27
2.3.3 Relative IntensityNoise . . ... ... ............... 28
2.3.4 TotalLinkNoise . . . .. ... ... ... ... ... .. ...... 29
235 NoiseFigure . . ... ... ... .. .. L o oo 30

2.4 Nonlinear Distortion . . . . ... ... ... ... ... .. ..... 31
2.4.1 Single Tone Test and Harmonic Distortion . . .. ... ... .. 33
2.4.2 Two-tone Test and Intermodulation Distortion . .. ... ... 33
2.4.3 Sub-octave and Multioctave Bandwidths . . . . . ... ... .. 35
2.4.4 Intercept Points and the 1-dB Compression Point . . . . . . .. 36

vii



viii CONTENTS
245 DMLNonlinearity . .. ..... ... ... ... ....... 37
2.4.6 MZM InterceptPoints . ... ... ... .. ... ... ... 41

2.5 DynamicRange . ... ....... ... .. .. . .. . o .. 43
2.5.1 Spurious-Free Dynamic Range (SFDR) . ... .. ........ 44
2.5.2 OtherDefinitions . . . ... ... ... ... ............ 46

26 SUMMATY . . . . v v vttt e e e e e e e 47

3 Performance Enhancement of Analog Photonic Links 49

3.1 Introduction . . .. ... ... ... .. e 49

3.2 External ModulationwithMZM . . ... ... ... ........... 50
3.2.1 Link GainEnhancement . . ... .................. 50
3.2.2 Low Biasing and Carrier Filtering . . . . . . ... ... ...... 51
3.2.3 Impact of Low Biasing on the Link Noise . . ... .. ... ... 55
3.2.4 Impact of Low Biasing on Nonlinearityand SFDR . . . . . . .. 59
3.2.5 BalancedDetection. . ... ... .................. 61
3.2.6 Low Biased Parallel Modulators: Class-ABAPL . . . . ... ... 62
3.27 DualOutputMZM . . ... ... ... . 67
3.2.8 LinearizationSchemes . . . . ... ... .. ... ......... 70

3.3 DirectModulation . .. ... ...... .. .. ... ... . . ..., 72
3.3.1 LinkGainEnhancement . .. ... ................. 73
332 LowBiasing ... ... ... .. .. ... 74
3.3.3 Dual Laser and Balanced Detection Scheme . . . ... ... .. 74

34 SUMMATY . . . . v v vt e e e 75

4 Balanced Modulation and Detection Scheme 77

4.1 Introduction . . ... . .. ... ... ... 77

4.2 Limitation of a Conventional DML Link . . . ... ... ... ...... 77

43 TheBMDScheme . ... ... ... ... .. . .. ..., 79

4.4 Realizationofthe BMD Link. . . .. ... ... .............. 84
4.4.1 MeasurementSetup . . ... ... ... .. .. ... 84
4.4.2 Slope Efficiencies and Link Gain Measurements . . . . . . . .. 86
443 NoiseMeasurements . . . . . . . . .. oo v v i i e 88
4.4.4 Intermodulation Distortion Measurements . .. ... ... .. 91
4.45 SNRandSFDR . ... ... ... ... ... .. 97

45 SUMMATY . . . v v vt et e e e e e e e e e e e e e e 99

5 Push-Pull Modulation for SFDR Enhancement 101

5.1 Introduction . .. ... ... ... . .. .. ... 101

5.2 APLArchitecture . .. ... ... ... .. . ... ... 102

5.3 MeasurementSetup . .. .. ... .. ... ... o oo 103

5.4 MeasurementResults. . . . ... ... ... ... ... ... ... ..., 104
5.4.1 Characterizations of Individual Laser . . ... ... ....... 104
5.4.2 Push-Pull APL Performance . . . ... ............... 106
5.4.3 SFDREnhancement ... ...................... 107

5.5 Frequency Range Extension . . . . ... ... .. .. ........... 110

56 Summary . . . . ... ... 114



CONTENTS

6 Optimization of Externally Modulated Links 117
6.1 Introduction . . ... .. ... ... .. ... 117
6.2 Figuresof Merit . . . . . .. . ... . .. e 118
6.3 MZM Characterization . . . . . ... ... ... .. e 119

6.3.1 MeasurementSetup . ... ...... ... ... ... 119
6.3.2 MZM Bias Variation . ................ .. ...... 120
6.3.3 NoiseMeasurements . . . . ... ... ... ... ......... 123
6.3.4 SFDRMeasurements . . . . ... .. .. .............. 123
6.4 APLwithaHighPower DFBLaser . ... ................. 126
6.4.1 Laser Characterization . . . . ... ... .. ... ... ...... 127
6.4.2 APLPerformance .. .......... ... ... ......... 128
6.4.3 Quadrature Biasing: Noise Figure . . ... ............ 130
6.4.4 QuadratureBiasing:SFDR. . . ... ................ 131
6.4.5 Low Biasing: NoiseFigure . . . . ... ............... 133
6.4.6 LowBiasing:SFDR . .. ....................... 134
6.5 Optically Amplified APL . . .. ... ... ... ... .. ... .. .... 136
6.5.1 MeasurementSetup . ... ..... ... ... ... 136
6.5.2 EDFA Characterization. . . . .. ... ............... 137
6.5.3 MZM-EDFA-VOA Link Noise Figure . . .............. 138
6.5.4 MZM-VOA-EDFA Link Noise Figure . . . ... .......... 139
6.5.5 Gain Enhancement with Low Biasing . . . ... ......... 143
6.5.6 SFDR Comparison . . . . . ... ... ..., 145
6.6 SUMMATy . . . . . . .ottt 147

7 Conclusions and Outlook 149
7.1 Conclusions . . .. ... ... . ... 149
7.2 Outlook . . . . . e 152

7.2.1 SystemImprovements . . .. ... ... ... ... ..., . 152
7.2.2 Frequency Modulation Scheme . ... .............. 153

Bibliography 154

Appendix

A Wide-sense Stationarity, Ergodicity and the Wiener-Khinchin Theorem 173
A.1 Wide-sense Stationarity . . ... .... .. ... ... ... ..., 173
A2 Ergodicity . .. ... ... 173
A.3 Wiener-Khinchin Theorem . .. ... ................... 174

B Spurious-Free Dynamic Range 175

Acknowledgments 177

About the Author 179



CONTENTS




Introduction

1.1 Microwave Photonics

Over the past thirty years, the field of optical communication has enjoyed major
growth and development. This progress has been initiated by the invention of op-
tical fibers [1]. The low loss and the ultrawide bandwidth of these optical fibers are
the main advantages of signal distributions in the optical domain. Although most
of the optical systems deployed nowadays are carrying baseband digital signals (for
example, multi gigabit long haul links [2] or access networks [3]), some portions of
the system are dedicated for analog applications. While relatively lower in volume
compared to their digital counterparts, these so-called analog photonic links (APLs)
have recently enjoyed a surge in both scientific interest and real-life applications.
In their early developments, the APLs were used in applications where analog-
to-digital conversions are either undesirable or too difficult to perform, due to the
additional requirements on power, cost and complexity [4]. The applicability of
these APLs was initially limited because analog links have more stringent perfor-
mance requirements relative to digital optical links [5]. But the availability of diode
lasers, high speed optical modulators and detectors have driven the APLs develop-
ment [6] to perform more functionalities. Nowadays, the APLs have become the
main alternative to coaxial-cable links which are heavy, less flexible and have very
high losses for long distance transmissions of high-frequency signals. Since the loss
of optical fibers are the same for virtually any microwave frequency, using an APL
offers transparencies (i.e. the same transmission medium for all frequencies) as
well as lightweight and flexibility. Moreover, the links have been aimed at perform-
ing very complex functions, which were impossible to be done directly in the radio
frequency (RF) or microwave domains [7]. In this sense, the APLs have increas-
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Figure 1.1: The number of publications related to the field of microwave photonics
in the period of 1990 until 2008. The data is compiled from the ISI Web
of Knowledge [10]. The search terms used to obtain the data are mi-
crowave photonics, RF photonics, analog optical links and analog pho-
tonic links.

ingly become an essential part of an emerging field known as microwave photonics
(MWP).

The term microwave photonics itself was introduced as early as 1991 [8], de-
scribing the novel optoelectronic components based on interaction of traveling op-
tical waves and microwaves. Later on, the definition was widened to describe the
study of optoelectronic devices and systems processing signals at microwave rates,
or the use of optoelectronic devices and systems for signal handling in microwave
systems [9]. Over the past few years, the interest of the scientific community to
the field of MWP has grown considerably. This is illustrated in Figure 1.1 where the
number of scientific publications within the topic of MWP published per year is
depicted. The data was compiled from the ISI Web of Knowledge [10] using search
queries depicted in the box in the figure. It is clear that the number of publications
in this field has increased rapidly, notably in the last five years. Additionally, various
review papers [4,6,7,9, 11-16] and books [17-19] have also been published related
to the field. Note that the data depicted in Figure 1.1 was not meant to completely
represent the number of publications in MWP but used to give impressions of how
the field has evolved.

The results presented in Figure 1.1 do not comprise the papers published in
conferences, symposiums or meetings, where the topic has also been well received.
A topical meeting on MWP has been held every year regularly since 1996 [20] while
the topic has also been included regularly in special sessions of major conferences,
for example the IEEE MTT International Microwave Symposium [21], the European
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Conference on Optical Communications (ECOC) [22] and the Optical Fiber Com-
munication Conference (OFC) [23].

1.2 Analog Photonic Links (APLSs)

In the heart of any MWP system is an analog photonic link (APL). In its most simple
arrangement, the APL consists of a modulation device and a photodetector, con-
nected with an optical fiber as illustrated in Figure 1.2. A high frequency RF or mi-
crowave signal is converted to an optical signal in the modulation device. After the
transmission or distribution, the optical signal is converted back to the electrical
format in the photodetector. The main advantage of the transmission in the optical
format stems from the very low propagation losses in the optical fiber, which can
be as low as 0.2 dB/km at the optical wavelength of 1550 nm [24] and is virtually
the same for all RF or microwave frequencies. If the signal transmission or distribu-
tion is instead done in the native electrical format with a coaxial cable, the loss will
be extremely high and it increases with the signal frequency. For example, a cur-
rent low-loss coaxial cable has the attenuation of 190 dB/km at the frequency of 5.8
GHz [25, 26], while the loss of a more common 1/2 inch cable (RG-214) exceeds 500
dB/km [27].

Modulation

RFin Photodetector RF out

Device

Optical Fiber

Figure 1.2: A generic schematic of an analog photonic link.

Although the propagation losses in APLs are low, the electrical-to-optical (E/O)
conversion and vice-versa (O/E) will contribute to signal losses. In addition, these
conversions lead to added noise and nonlinear distortions. The APL requires lin-
earity and low noise, such that the analog signals can be transmitted with high
fidelity [4]. Unless the system is optimized, severe performance degradation will
occur leading to worse performance relative to the coax-based links [26, 28]. Thus,
the APLs design and performance optimizations are paramount, to ensure the ap-
plicability of such links in various microwave photonics systems.

1.3 Modulation and Detection Schemes

In general, the RF or the microwave signal can be conveyed over an APL by modu-
lating either the intensity, phase or the frequency of the optical carrier. As for the
detection scheme, two ways can be implemented, direct detection, which work for
intensity modulation scheme, and coherent detection which works with phase or
frequency modulations. Due to its simplicity, the intensity modulation combined
with direct detection (IMDD) is by far the most popular and the most widely em-
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ployed scheme. For this reason, we limit the discussion in this thesis to the IMDD
scheme. The reader can refer to [29, 30] for the topic of coherent detection.

Two choices to implement the IMDD scheme are to use direct modulation or
external modulation schemes. In direct modulation systems, the laser injection
current is directly modulated by the RF signal and the information is impressed in
the output intensity of the laser. In contrast, in an externally-modulated link, the
laser is operated in a continuous wave (CW) mode and the modulation is done ex-
ternally with an optical modulator. The advantage of a directly modulated laser
link lies on their simplicity and low cost. But for high frequency and high perfor-
mance applications, the externally modulated link is more popular. This is because
direct modulation is limited in frequency due to the relaxation oscillation [6] and
chirp, which refers to inadvertent frequency modulation in an intensity modulated
signal, which will induce pulse broadening [31]. In this thesis, the performance of
directly modulated laser APLs will be discussed in Chapter 4 and Chapter 5 while
the external modulation is investigated in Chapter 3 and Chapter 6.

1.4 Link Components

One of the important aspects of an APL design is component selections. So far there
have been various different components considered to be used in an APL. They can
be categorized into three major divisions, namely light sources, optical modulators
and photodetectors. In addition we briefly discuss the characteristics of the optical
fibers which are relevant to APLs performance.

1.4.1 Light Sources

For direct modulation, virtually all links use diode (semiconductor) lasers [13], as
illustrated in Figure 1.3. To carry the high frequency signals with high fidelity, the
desired characteristics of these lasers are high modulation bandwidth, high slope
efficiency, high linearity and low intensity noise. The slope efficiency is a laser fig-
ure of merit that describes the conversion efficiency of electrical modulation to op-
tical modulation, and has the unit of W/A [17]. The laser intensity noise is usu-
ally described in a quantity called relative intensity noise (RIN), which is the vari-
ance of the optical power fluctuations relative to the square of the average optical
power [32], commonly expressed in dB/Hz. The majority of laser diodes used in
the APLs are edge emitting lasers: Fabry-Perot (FP) or distributed feedback (DFB)
lasers [33-35]. However, in the past few years, the vertical-cavity-surface-emitting
lasers (VCSELs) have gained popularity. These lasers offer low cost and very low
power consumption due to the low threshold current. More importantly, their per-
formance is improving, where long wavelength (1310 nm), large modulation band-
width and good linearity and dynamic range characteristics have been recently
demonstrated [36-39].

As for external modulation, the desired features of the CW laser source are high
output optical power and low RIN. As will be explained in Chapter 3, the perfor-
mance of an external modulation link improves with the input optical power to the
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Figure 1.3: Semiconductor laser diode in a 14-pin butterfly package used in analog
photonic links.

modulator. Optical sources with narrow linewidth such as semiconductor, solid-
state and doped-fiber lasers are appropriate choices [11]. An output optical power
of 150 mW has been achieved using a high-power semiconductor DFB laser [40].
High power (100 mW) at 1550 nm in a 14-pin butterfly package is already available
commercially [41]. Diode-pumped solid-state lasers (DPSS) have a superior noise
performance compared to the semiconductor laser and can provide higher optical
power [42]. This type of laser, for example Nd:YAG or erbium-doped glass lasers,
has been used in high performance links shown over the years [43-45] but the main
drawbacks are their bulk size and high price. Moreover, such light sources operat-
ing at 1550 nm are not commercially available [13]. Recently, external modulation
links with the best performance (in terms of gain and noise figure) have been shown
with a fiber laser oscillator followed with an Erbium-doped fiber amplifier to create
master-oscillator power amplifier (MOPA) [46, 47]. This MOPA, which has an out-
put power in excess of 3 W at 1550 nm and a RIN lower than -150 dB/Hz, is already
available commercially [48].

1.4.2 Optical Modulators

The most widespread type of optical modulator is the Mach-Zehnder modulator
(MZM). The principal of operation of this type of modulator is shown in Figure 1.4.
A voltage applied to the electrodes of the MZM (commonly fabricated in lithium
niobate) will induce a change of refractive index in one or in both arms of the MZM.
The refractive index change induces an optical phase-shift between the arms. If
there is no phase-shift, the waveguides are designed such that the light in the up-
per and the lower arms interfere constructively, yielding a maximum output power
(the upper part of Figure 1.4). When the applied voltage induces a 180° phase shift
between the arms, the light will interfere destructively yielding to a minimum out-
put power. This voltage is known as the DC half-wave voltage, or V; pc. Continuous
change of voltage will yield the well-known sinusoidal transfer characteristics of the
MZM. In its most common mode of operation, the MZM is biased at its quadrature
point, which is the half of the half-wave voltage and the modulating RF voltage is
applied on top of this bias.

The desired characteristic of an MZM in order to achieve a high performance
are low RF half-wave voltage V; g, high optical power handling, low insertion loss
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Figure 1.4: The principle of operation of a Mach-Zehnder modulator (MZM).

and wide bandwidth. The typical insertion loss of this type of device is 3 to 7 dB [13].
As for the RF half-wave voltage, sub-1 V value is desired. Due to design constraints,
low V; rr can be achieved at the expense of the modulation bandwidth. A cur-
rent state-of-the-art values are 1.15 V at 2 GHz [49] and 1.33 V at frequency of
12 GHz [47]. Beside lithium-niobate, new materials are recently considered to per-
form electro-optic modulation with the MZM arrangement. Electro-optic polymer
materials [50,51] and silicon [52] have been investigated, yielding very promising
performances in terms of V; zp, power consumption and size reduction.

Another type of modulator that is gaining popularity these days is the electroab-
sorption modulator (EAM). It is a semiconductor-based optical modulator which
operation is based on the change of optical absorption coefficient in materials due
to the presence of electric field (i.e. electroabsorption effect) [53]. There are two
types of electroabsorption effect: one is the Franz-Keldysh effect in the bulk active
layer, the other is the quantum-confined Stark effect in multiple-quantum-wells.
The transfer function that relates the EAM transmission (i.e., the ratio of the out-
put and the input optical powers) with the input voltage to the modulator can be
mathematically written as:

Tiam (V) = toge”7¥V)im (1.1)

where f; is the modulator insertion loss at zero applied voltage, y is the optical con-
finement factor, a (V) is the change of optical absorption coefficient due to the ap-
plied voltage, V, and L, is the modulation length. An attractive feature of electro-
absorption modulators is that they can be integrated with semiconductor lasers to
form compact optical sources capable of ultrafast modulation [54,55]. Since the
electroabsorption effect is accompanied by photocurrent generation [53], the EAM
can simultaneously be used as a modulator and a photodetector [8, 56]. Such dual
function EAM is called electroabsorption transceiver and it is used to simplify the
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remote antenna unit (RAU) in a radio over fiber system. Although initially showed
a limited optical power handling, recently high power handling EAMs have been
reported in [57] and [58], where optical powers as high as 100 mW and 300 mW, re-
spectively, have been handled without any damage. The EAM is also promising to
achieve high spurious-free dynamic range (SFDR), as demonstrated in [59].

1.4.3 Photodetectors

Virtually all photodetectors used in APLs nowadays are based on a P-I-N structure.
Avalanche photodetectors (APDs) have been considered to be used in APLs, where
a high gain-bandwidth product has been achieved [11]. A moderate dynamic range
has also been shown with an APD [60]. However, the power handling capability of
the APD is currently too low for applications in low noise figure APLs, which utilize
high received optical power [9]. Thus, these detectors are more suited for applica-
tions like high-bit-rate long-haul fiber optic communications, where the received
optical power is typically low. In this case, the APD internal gain provides a sensi-
tivity margin relative to P-I-N photodiodes [61].

A high performance APL requires an efficient, linear and fast photodetector.
This means that high responsivity (the produced photocurrent per unit received
optical power), high linearity and large bandwidth are desired. As we will see later
on in Chapter 3, high performance external modulation APLs require increasingly
higher optical power. Thus, in addition to the high responsivity, linearity and band-
width, high optical power handling is becoming important. However, these de-
sired characteristics cannot be simultaneously achieved due to the trade-offs in the
photodetector design [11]. But recent advancements in the design, which include
surface illuminated design, such as partially depleted absorber photodiode (PDA-
PD) has shown remarkably high current handling (beyond 100 mA) and high linear-
ity [62, 63] while very high bandwidth (beyond 150 GHz) have been achieved with
good responsivity and high photocurrent using the InP-based photodetectors [64].

1.4.4 Optical Fibers

For APLs considered in this thesis, the optical fiber connecting the modulation de-
vice and the photodetector can be regarded ideal, from the point of view of atten-
uation, dispersion and nonlinearities. Unlike in the case of long haul digital links,
where the transmission distance can reach tens of kilometers, most of the time an
APL should only bridge a distance of typically less than 1 km. For standard sin-
gle mode fibers, the loss for this transmission distance due to the fiber attenuation
is less than 0.2 dB at the wavelength of 1550 nm (Figure 1.5). Thus, the effect is
negligible. This is also true for the chromatic dispersion effect, i.e. the change of
propagation velocity with frequencies, of the fibers. It has been shown in [65] that
for a standard single mode fiber with a chromatic dispersion of 17 ps/km-nm and
a length of 1 km, the SNR-penalty induced by the fiber dispersion for a signal fre-
quency of 30 GHz is less than 1 dB. The effect is even less prominent for lower signal
frequencies, which is the case considered throughout this thesis. For this reason,
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we also neglect the effects of chromatic dispersions in the optical fibers.
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Figure 1.5: Optical fiber attenuation as function of the wavelength.

As mentioned earlier, the trend in enhancing the performance of external mod-
ulation APLs is to use higher and higher optical power. In this case, fiber nonlinear-
ities might come into play. The most detrimental effect can occur from the stimu-
lated Brillouin scattering (SBS) [47, 66, 67] which is a scattering of light backwards
towards the transmitter caused by acoustic vibrations in the fiber [68]. The SBS
limits the amount of optical power that can be transmitted as well as adding in-
tensity noise to the propagating light [66]. To give an example, a 20 km effective
length of fiber has an SBS threshold power of 1 mW. However, this power thresh-
old is inversely proportional to the transmission distance. For distances less than
a kilometer, which is typical for the APLs, the threshold is 100 mW or more [4]. For
this reason, in this thesis, we neglect the contribution from the nonlinear charac-
teristics of the optical fibers.

1.5 APL Applications

The APLs have been used in various systems involving the generation, processing,
control and distribution of RF or microwave signals [16]. Here we will review some
of the notable applications of APLs. We start with the distribution of cable televi-
sion (CATV) signals, which initiated the interests in APLs. Moreover, we will discuss
radio over fiber systems for wireless applications, antenna remoting for warfare and
radio astronomy as well as processing of high frequency signals. Other ongoing and
potential applications are briefly discussed in the last subsection.



1. Introduction

1.5.1 CATV Distribution Network

During 1970s, the prospects of replacing copper cables by optical fibers in the CATV
distribution networks were investigated [69-72]. The idea was to modulate the op-
tical carrier with multiple CATV signals, thereby exploiting the available bandwidth
of the optical fibers. This technique is also known as the subcarrier multiplexing
(SCM). However, since the system uses a large number of RF carriers (in some cases
up to 110 carriers), it requires high linearity and, in an addition to that, low noise.
In such a system, the performance is quantified in terms of carrier-to-noise ratio
(CNR) to describe the effect of noise, and composite second-order (CSO) and com-
posite triple beat (CTB) to describe the relative level of interfering spurious signals
generated by quadratic and cubic nonlinearities. The comprehensive research on
the APL performance in such systems were described in [73] and [74].

1.5.2 Radio over Fiber for Wireless Systems

Radio over fiber (ROF) systems use APLs to distribute RF signals from a central lo-
cation to remote antenna units (RAUs). This allows the RAUs to be very simple
because they only need to contain E/O and O/E conversion devices and ampli-
fiers. Functions like coding, modulation, multiplexing and upconversion can be
performed at a central location [19] because the low-loss of the optical fiber per-
mits the shift of these functions away from the antenna. The RAUs simplification
is attractive for efforts to increase the capacity of wireless communication systems,
which can be done by either reducing the cell size or to increase the carrier frequen-
cies to avoid the congested ISM (industrial, scientific and medical) band frequen-
cies [27]. Smaller cell size means that a large number of RAUs are needed and their
simplification will significantly limit the cost of their deployment.

An ROF system has been demonstrated as early as 1990 [75] where four-channel
second-generation cordless telephony signals were distributed over single-mode
fiber by using SCM technique. From this point onwards, various ROF architectures
were proposed and investigated. The dynamic range requirements of such systems
were investigated in [76]. ROF systems operating in the millimeter-wave band have
been investigated [77] and the feasibility of operation at the frequency band as high
as 120 GHz has been demonstrated [78]. To reduce the cost further, ROF architec-
ture using a multimode fiber was also investigated [26]. The performance of a sin-
gle sideband modulation technique to combat dispersion effect were investigated
in [79]. Recently, a demonstration of optically-powered RAUs has also been shown.
The remote unit was powered with a laser with a wavelength of 830 nm, delivered
with a multimode optical fiber. The results show that a modest optical power of
250 mW, converted to electrical power via a photovoltaic converter, can be used
to power the unit containing a laser diode, a photodiode and amplifiers [80]. This
technique is very attractive in cases where a provision of a conventional electrical
power supply is impractical, for example in high voltage environments.
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1.5.3 Antenna Remoting for Military Applications

Employing APLs for antenna remoting is attractive in military and warfare applica-
tions. A typical application in this field requires the APL to bridge very short dis-
tance which is less than 100 m [28]. The APL is used to replace the coaxial cables
due to their low propagation loss, wide bandwidth, small size, light weight, flexibil-
ity for system reconfiguration and immunity to electromagnetic interference [81].
The large number of coaxial cables used on military platforms make the size of the
cable plant a significant issue for avionic, submarine, and even surface ship ap-
plications. Especially in avionics applications, the heavy weight of these cables
become an issue. From the flexibility point of view, particular copper coax and
waveguides are installed based on the frequencies transmitted by the systems in-
volved. Thus system reconfiguration involving replacing or adding new RF sensors
requires modification or addition to the cable plant. Installation/routing of stiff
coax and waveguide in confined spaces is also a significant issue. The APL reduces
the size and weight of the cable plant. System reconfiguration can be done without
modifying the cable plant, as the same optical fiber is used no matter the frequency
of the RF signal being transmitted. Additionally, providing dark fiber adds only a
little to the size of the cables and wavelength division multiplexing (WDM) can be
considered for running multiple wideband RF signals over the same fiber [82].

However, to perform these tasks in the military platforms, the APL should show
adequate performance, notably in terms of RF gain, noise figure, linearity and dy-
namic range. For example, the SFDR® requirements of a stringent application like
an anti-jamming radar is around 120-130 dB.Hz?'? [83]. Additionally, for remot-
ing modern radars, the APL should also meet stringent phase noise requirements
[84,85]. Various demonstrations of APLs deployment in military platforms have
been reported [28, 81-89]. Promising results have been reported, notably in terms
of the phase noise performance [84, 85], multioctave dynamic range [87] and signal
processing capabilities [82, 83, 88, 89]. But beside these promising results, various
issues still need to be addressed, such as E/O and O/E conversions efficiencies to
achieve high link gain and enhancement in SFDR. These improvements are im-
perative to leverage the advantage of using APLs in this platform over the existing
coaxial cable links, especially in short distance applications.

1.5.4 Radio Astronomy Applications

The use of APLs in radio astronomy is mainly directed towards antenna remot-
ing [90-96] and local oscillator (LO) signal distribution [95,97-100]. To increase
the sensitivity, radio telescopes nowadays are designed as arrays of small antennas
capable of very large collecting areas. Some of the examples of these antenna arrays
are the Allen Telescope Array (ATA) [101], Atacama Millimeter Array (ALMA) [102],
the Low Frequency Array (LOFAR) [103] and the Square Kilometer Array (SKA) [104].
These arrays contain of a large number of elements, covering a large area. This is
illustrated in Figure 1.6 where an artist impression of the SKA antenna is depicted.

SThe definition of SFDR is given in Chapter 2.
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Figure 1.6: An artist impression of the square kilometer array (SKA) antenna.

APLs can be used in such a large scale antenna array to distribute the signals
among the antenna elements (or antenna tiles) and the connections to the central
processor. The APLs offer low propagation loss independent of the frequency in
contrast with the coaxial cables. However, the APLs should show very high perfor-
mance because the systems are very demanding in terms of multioctave SFDR and
phase noise for the LO distribution. Demonstrations of these APLs in the radio as-
tronomy systems have been investigated. The notable reported results include the
study of the SFDR and phase stability for the SKA platform [90], the use of integrated
DFB laser and EA modulator in the ATA platform [93], the use of external modula-
tion link in to distribute the LO signal in the NASA Deep Space Network [100] and
the use of directly modulated VCSEL in the Australian SKA Pathfinder (ASKAP) [96].
The results show promising potentials in applying APLs in these large scale antenna
arrays.

1.5.5 Other Applications

Although in smaller volumes compared to the previously mentioned applications,
APLs have also found their way in applications like EMC sensors [105-107] and MRI
signal distribution [108, 109] taking advantage of their EMI immunity characteris-
tics.

Beside signal distributions, Microwave Photonics also offers other capabilities.
The most investigated functionalities are carrier generation [110] and signal pro-
cessing [7, 16]. The latter functionality includes filtering [111-113] and beamform-
ing, where photonic techniques are used to obtain true-time delays of microwave
signals [114-120].
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1.6 The Research Project

The work presented here is part of the PACMAN (Phased Array Communication an-
tennas for Mass-market Application Needs) project funded by the Dutch Ministry
of Economic Affair, SenterNovem project number TSIT3049. The goal of the project
is to research and develop integrated technology for the design and manufactur-
ing of mass-market, low cost phased-array antenna that can be applied in various
domains, such as telecom, wireless internet, satellite communication, radars, large
area astronomic antenna, automotive and security.

The collaborative partners in this project are Thales Netherlands, ASTRON (The
Netherlands Institute of Radio Astronomy), the Electromagnetics group of the Eind-
hoven University of Technology (TUE) and two research groups from the Univer-
sity of Twente, which are the Design, Production and Management group and the
Telecommunication Engineering group, where most of the work presented here
was executed. The measurement results presented in Chapter 6 was part of the
work executed in the R&D department of ASTRON.

The aim of the work is to investigate the feasibility of photonics technology in-
sertions in large scale phased-array antennas. As shown in Figure 1.7, more and
more functionalities are projected to be performed in the optical domain, depart-
ing from the all-electronics systems that are currently employed. These function-
alities include antenna remoting and signal distribution using the APLs, photonic
beamforming with true time delay [120], filtering and carrier generation for LO us-
ing photonic techniques (shown as the mixer system in Figure 1.7). The work in this
thesis, thus belongs to the first functionality, which is the signal distribution, using
APLs. The task was to investigate the performance of current APL architectures and
to propose new schemes for their performance enhancements. A special emphasis
was paid to the DML links due to their low cost potential and simplicity.

1.7 OQutline of the Thesis

The thesis consists of seven chapters. In the first chapter, the introduction to the
field Microwave Photonics and, especially, the analog photonic links (APLs) are
given. The aim is to give an idea of the type of components, modulation schemes
as well as current and future applications that are associated with the APLs. Refer-
ence to various publications have been made to direct the readers towards relevant
sources related to microwave photonics. At the end of this chapter, the research
objective of the thesis is explained.

In the second chapter, the performance of an analog photonic link is discussed
in depth. Four important aspects of the APL, namely the gain, noise, nonlinearity
and spurious-free dynamic range (SFDR) are introduced and their mathematical
descriptions are presented. A clear distinction is made between the direct laser
modulation and external modulation schemes. The explanations in this chapter
are accompanied by various examples where the performance metrics of the APL
are calculated using realistic link parameters.



1. Introduction

13

All electronic system

Antenna RF RF RF Coaxial Mixer Receiver

array amplifier filter beamformer cable system system

Analog photonic link
[ 1

Antenna RF RF RF E/O O/E Mixer Receiver

array amplifier filter beamformer | [RlEiEES interface system system

Photonic signal processing

Antenna RF RF E/O Photonic O/E Mixer | | Receiver

array amplifier || filter interface beamformer interface system system

Hybrid electronic and photonic integration
[ |

Antenna RF E/O Photonic Photonic Mixer (073 Receiver

array amplifier interface filter beamformer system interface system

Figure 1.7: The evolution of photonic technology insertion in a large-scale phased-
array antenna systems [94]. The part that is carried out in this thesis is
the APLs technology for antenna remoting and signal distributions.

In Chapter 3, the existing efforts for performance enhancement of APLs are re-
viewed and discussed. A heavy emphasis was made on the efforts towards link gain
enhancement and noise figure reduction in APLs using Mach-Zehnder modulators
(MZMs). Linearization of this type of link is also discussed. The performance en-
hancement of directly-modulated laser (DML) links are also studied. Although con-
siderably more briefly compared to the discussion of the MZM APL, this part serves
as an adequate introduction to Chapter 4 and Chapter 5 that are devoted to DML
links.

The concept of low biasing a DML to increase the link performance is the start-
ing point of the investigation presented in Chapter 4. A novel architecture called the
Balanced Modulation and Detection (BMD) scheme is introduced and its advan-
tage are investigated by means of simulations. The realization and characterization
of such a link are also presented. We discuss and explain the reason why the mea-
sured performance of this scheme deviates from the expected behavior predicted
from the simulations.

Chapter 5 has a strong connection with the materials presented in Chapter 4.
A similar but simpler architecture as the BMD link is investigated here. The link
employs push-pull modulation of a pair of semiconductor laser diodes. The aim is
to suppress even order nonlinearity and to maximize the multioctave SFDR. This
investigation results is one of the highest broadband SFDR ever shown in a DML
link.
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In Chapter 6, measurement results on the performance of an MZM link are pre-
sented. Three different arrangements of optical sources are considered here. A
medium power laser, a high power laser and a laser with an optical amplifier have
been used to power the link. The link performance is quantified in terms of gain,
noise figure, input intercept points and SFDR. Finally, the thesis ends with conclu-
sions and recommendations in Chapter 7.



Key Parameters of Analog Photonic
Links

2.1 Introduction

The main requirement of an Analog Photonic Link (APL) is to transmit the analog
signal from point to point with high fidelity. However, as in any analog system, APLs
are relatively susceptible to various signal impairments, such as signal loss, noise
and nonlinearities. This is especially true if we compare them to a digital optical
link. These signal impairments are quantified into a number of parameters that at
the end define the performance of the APL. These parameters, gain, noise figure
and dynamic range to name a few, are very similar to the one used to characterize a
two-port radio frequency (RF) component, for example an amplifier or an attenua-
tor. This is because in general an APL can be regarded as a black box characterized
by an RF input and an RF output. In this chapter, the definition and the mathemat-
ical expressions of the performance parameters are given. The concept of link gain
of directly and externally modulated APLs are given in Section 2.2. In Section 2.3,
the dominant noise sources and the definition of noise figure are introduced. The
fourth section is devoted to the nonlinear effects in an APL, which includes the def-
initions of intermodulation distortions and intercept points. Finally, the spurious-
free dynamic range commonly defined for APLs is discussed in Section 2.5. This
chapter closes with a summary.

15
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2.2 Link Gain

A general schematic of an APL is shown in Figure 2.1. The link consists of a modula-
tion device which converts the electrical (RF) signal into an optical signal, an optical
fiber and a photodetector which recovers the modulated light back to the electri-
cal domain. These signal conversions, from electrical to optical domains (E/O) and
vice-versa (O/E) are by and large inefficient and will eventually lead to signal loss
as one compares the APL input and output RF powers. To describe the transfer

Modulation

: Photodetector RF out
Device

Optical Fiber
Figure 2.1: Schematic of an analog photonic link

characteristics of an APL, we can start with a general expression of the link transfer
function
H (w) = |H (w)| exp (jo (w)) 2.1)

where |H (w)| and ¢ (w) are the APL magnitude and the phase responses, respec-
tively. For the rest of our discussion in this chapter we will assume that the APL
shows an ideal linear phase response and focus instead to the magnitude response.
The square of this magnitude response, | H (w) |2, describes the power transfer from
the input to the output of the APL as a function of the signal frequency. This is illus-
trated in Figure 2.2, which depicts the typical measured Sp; parameter, i.e. power
transmission, of an APL.

This power transmission is known as the link gain, which essentially is the ra-
tio of the RF power observed at the output of the APL relative to the input power.
We will derive this link gain expression in terms of the physical parameters of the
APL. However, in doing so, we will require a the concept of available power, com-
monly used in network theory [121]. Consider an arrangement consisting of a volt-
age source V5 with a source impedance Rs loaded with a load impedance of Ry, as
shown in Figure 2.3. The available power, Ps is defined as the electrical power de-
livered to the load in the case where the load impedance is matched to the source
impedance (Rr, = Rg). Thus the available power- in Watt- can be written as

2
VS

= R . (2.2)

Ps

We will use this concept of available power in defining the APL link gain. We
start by modeling the APL as a two-port RF system connected in series with a volt-
age signal source, with a series resistance Rs and a load resistance of Ry, as shown
in Figure 2.4. The link gain, being the ratio of the output and the input powers to
the APL, is then defined as
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Figure 2.2: The typical measured power transmission in an APL
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where Ps is the source available power, Py, is the power delivered to the load, Vs is
the source voltage and I, is the current flowing through the load.* The notation (-)
indicates the temporal average defined as

(A(t))éTli_IEO%fooA(t)dt (2.4)

where A(t) is a time dependent function and T is the time interval in which the
function is evaluated. Later on, when we explicitly define the source voltage as a
sinusoidal RF signal, the signal period will be used as the time interval, T

Rs

Vs R

O

Figure 2.3: Series connection of a voltage source and a load resistance

The use of the available power in Equation (2.3) suggests that the source is
impedance matched to the input of the APL. Although there are various impedance
matching schemes that have been implemented at both the input and at the out-
put of an APL, in this thesis we will restrict ourselves only to the scheme known as
the lossy impedance matching. In this scheme, the impedances of both the mod-
ulation device and the photodetector are regarded as purely resistive, and resistors

*Later on we will see that this current is proportional to the detected optical power.
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Figure 2.4: Series connection of a source, an APL and a load

are added in series or in parallel to match the input and output impedances to the
50Q source and load resistances. This choice is motivated by the fact that most of
our components used in the experiments (lasers, modulators and photodetectors)
are applying this matching scheme. The reader can refer to [17] for an overview of
various other matching schemes.

To determine the APL link gain, we have to examine the current delivered to the
load, I, in Equation (2.3). This parameter is closely related to the received optical
power at the detector, Pget, Wwhich can be split into the (constant) average optical
power, Py, and the modulated optical power, Py,,q, obeying the relation

Pyet (1) = Pay + Pmod (1) - (2.5)

The received optical power is then converted to the detected photocurrent, which
can also be split into a DC component, I, and a modulated current, I,oq, via the
relations

Tget (1) = 1pp Pyer ()
= 1pD [Pav + Pmod ()]
= Ty + I;mod (1) (2.6)

with rpp to be the detector responsivity, in A/W. Recall that a lossy impedance
matching is imposed at the photodetector, which is modeled as a current source
due to its relatively high resistance (see Figure 2.5). A matching resistor, Ryatch,pD,
is thus added in parallel to the photodetector to match the output load resistance,
Ry. In case of Rmaich,pp = RL, the current delivered to the load, I, is simply half of
the modulated photocurrent I;,,q as the matching network acts simply as a current
divider. Thus, the load current can be written as:

1
I(n) = 3 pD Priod (1) - (2.7)

Adding the photodetector matching resistor will minimize the signal reflection
back to the detector but, as evident from Equation (2.3), this has the consequence
of a reduced link gain by as much as 6 dB compared to the case where there is no
impedance matching. As we will see later on, the APL link gain is premium and
numerous effort has been spent in maximizing this quantity. Clearly its reduction
is highly undesirable and one can argue if it is necessary to add this matching re-
sistor. In our analysis, however, we will proceed with the matched case merely for
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Figure 2.5: (a) Schematic of a photodiode with a matching impedance Ryatch,pD,
(b) Equivalent model of the photodiode as a current source

the sake of having a better comparison between the theoretical expressions and the
measurement results.

At this point, we are ready to evaluate the expression of an APL link gain if we
have the the expression for the modulated optical power, P04, in Equation (2.7).
However, this term depends on whether a direct modulation or an external mod-
ulation scheme is used. For this reason, we separate the link gain evaluation for
these two cases in the following subsections.

2.2.1 Direct Modulation

RF in
2|
|_ N —— RFout
Directly modulated Photodetector
laser (DML)

Figure 2.6: Schematic of a directly modulated APL

A typical direct modulation APL consists of a laser diode an optical fiber and a
photodetector, as shown in Figure 2.6. The injection current to the laser is modu-
lated with the RF signal resulting in a modulated output optical power. Hence, in
the directly modulated laser (DML) APL, the laser acts both as the optical source
and the modulation device. In this subsection, we will derive the link gain expres-
sion for such an APL. We start with the expression of the injection current to the
laser diode (LD),

Iip (2) = Ivias + Lsig (1) (2.8)

where Iy, is the DC bias current and Isig is the AC signal current. The DC bias is
necessary to avoid signal clipping and to ensure linearity. This injection current is
converted to optical power at the LD output, P p, via the relation

Prp () = sp (p (1) — Itn) - (2.9
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Figure 2.7: LI curve of a laser diode

Here, Iy, is the laser threshold current and spp is the laser slope efficiency expressed
in W/A. This transfer is illustrated at Figure 2.7, where the the ideal light-current (L-
I) curve of a laser is depicted. Note that we have considered a strictly linear relation
between the current and the optical power in Equation (2.9). In practice, however,
the relation is nonlinear, but we will defer the discussion about laser nonlinearities
when we discuss the nonlinear distortion in APLs in Section 2.4.

Our next step is to express the laser signal current, Isig in terms of the voltage of
the signal source Vs. Let us consider the series connection of a voltage source and
the laser diode as shown in the schematic in Figure 2.8. We have assumed that a
lossy impedance matching scheme is implemented between this signal source and
the laser diode. Here, the laser impedance is modeled as a resistor, Ryp, connected
in series with the laser diode. The value of this laser resistance is usually low, typi-
cally around 5Q. Thus a matching resistor, Rpnatch, LD, is added in series to Ry p such
that their combination fulfill the relation

Rip + Rmatch,LD = Rs (2.10)

with Rg being the source resistance. Thus, the signal current to the laser can be

written as
Vs (1)

Rs + Rmatch,1p + RiD

Isig(t) = (2-11)

Assuming that the optical loss in the APL is L, the detected optical power arriving
at the photodetector can be written as

Prp (1)
L
= Pay,pML + Pmod,pmr. () (2.12)

Pget,pmL (2) =
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Figure 2.8: Laser diode impedance matching circuit

where Paypwmr, and Proq,pmr are the average and the modulated received optical
powers, respectively, defined as

SID
PaypML = A (Ibias — Ith) (2.13)

and
SLD
Prod,pmr (2) = Tlsig (0. (2.14)

The photodetector converts the received optical power in Equation (2.12) into
the detected photocurrent. Recall that only the AC part of this photocurrent con-
tributes to the link gain. The load current can be calculated by substituting the
combination of Equation (2.11) and Equation (2.14) into Equation (2.7), where the
result is shown below

rpp SLp Vs (1)
2L (RS + Rmatch,LD + RLD)

The final step is to insert the load current expression in Equation (2.15) into the
definition in Equation (2.3), yielding the expression of the link gain, gpmr, as

I, pwmr (1) = (2.15)

(2.16)

_ Rs Ry, TPD SLD |2
8DML = )2 ( ) .

(RS + Rmatch,LD + RLD L

If we consider the situation where the load resistance is equal to the source re-
sistance Ry, = Rs and use the relation in Equation (2.10), the link gain expression is
reduced to

L rppSip)2
8DML = 1 ( I ) .

Thus, the link gain of a DML in case of impedance matched source and detector
depends only on three parameters, the laser slope efficiency, the photodetector re-
sponsivity and the optical loss in the APL. The fact that the link gain is proportional
to (1/L)? tells us that minimizing the optical loss in an APL is premium since 1 dB of
optical loss will be translated to 2 dB of RF loss. Another important conclusion that
can be drawn from Equation (2.17) is that in the case of a direct laser modulation,

(2.17)
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the link gain does not depend on the optical power. Later on we will see that this
is very different from the case of external modulation, in which optical power is an
important factor in link gain maximization.

Among the parameters that influence the link gain of a DML APL, the optical
loss is the only system parameter whereas the laser slope efficiency and the pho-
todetector responsivity are device parameters. This implies that while a link de-
signer can optimize the system such that the optical loss is minimized, the slope
efficiency and the responsivity are fixed once the components selection has been
made. For this reason, the efforts in maximizing the link gain in a directly modu-
lated APL is very limited, compared to the various techniques implemented in its
external modulation counterpart. In order to illustrate a practical link gain value of
a directly modulated link, let us consider the following example.

Example 2.1

Consider a distributed feedback (DFB) laser diode, with an optical wavelength, A =
1550 nm. A typical value of the slope efficiency of such laser is roughly between 0.1
and 0.4 W/A, while the photodetector responsivity typically has a value of 0.75 to
0.85 A/W [13]. Supposed that the optical loss in the APL amounts to 1 dB, the link
gain in Equation (2.17) expressed in decibels, can assume the value between -30 dB
to -17 dB, for the lowest and the highest values of s;p and rpp, respectively. More-
over, if we consider an ideal photodiode without an internal gain, the maximum
responsivity is 7pp max = 10/1.25 A/W [122], where A is the optical wavelength in
pm. Setting 19 = 1.55 um, we obtain that rpp max = 1.25 A/W. This corresponds to
a maximum link gain of -12 dB even if there is no optical loss. This "negative link
gain" means that the RF power experiences a net loss as it propagates from the in-
put to the output of the APL. Q

2.2.2 External Modulation

In this subsection, we will derive the expression of the modulated optical power,
and subsequently the link gain, of an externally-modulated APL. In an external
modulation APL, the laser is operated in a continuous wave (CW) mode and the
modulation is performed in an external device, which is an optical intensity mod-
ulator. Here, we will limit our discussion only to a type of optical modulator known
as the Mach-Zehnder modulator (MZM). The architecture of an APL employing the
MZM is shown in Figure 2.9.
The detected optical power of an APL with an MZM can be written as

+
Vipc  VaRre

( VB VRFU))
7

P.
Pget,mzm (1) = ﬁ (1 —cos ) (2.18)

where P; is the input optical power to the modulator, L is the optical loss, V3 is the
modulator bias voltage, Vgr is the modulating RF signal and V; pc and Vi gr are the
DC and the RF half-wave voltages, respectively. Note that L in the above equation
comprises two terms, the modulator insertion loss, Ly,04 and an excess 1oss, Ley,
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Figure 2.9: Schematic of an externally-modulated APL using an MZM

such that L = L,oqLex. An example of this excess loss is the connector losses in the
APL.

Expanding the argument of the cosine sum and using the small signal approxi-
mation Vgr < Vi g, Equation (2.18) can be approximated as

Pget,vzm (1) = Paymzm + Prmod,mzm (£) + PNi,, Mz (£) + Paig, vz (£) (2.19)

where P,y Mzu is the average optical power, Pyodmzm, PNi,,Mzm and Pnig Mzm are
the terms with linear, quadratic and cubic dependence on the modulating signal
VR, respectively. These terms can be mathematically written as,

P;
Paynzm = o7 (1-cos¢s) (2.20)

Py Ve (1)
2.21
2L Vyre singp 2.21)

pmod MzM (2) =

Py (nVre(D))?
PN, mzm (1) = — (

CcoS 2.22
4L vn,RF) 5 (2.22)

P (nVke(D))?
Pnig,mzm (8) = — : (

Bi ; 2.23
122\ Ve ) singp (2.23)

with ¢p the bias angle defined as

A HVB

(05 (2.24)

Vn,DC

Figure 2.10 shows Paymzm/ P; as a function of ¢p. This relation is usually referred
as the transfer function of an MZM. As we will see later, the term Pgay,Mmzm Will con-
tribute to the noise in the the APL, while the terms Py, mzm and Py, Mmzm are re-
sponsible for the nonlinearities. Meanwhile, for the link gain calculation, only the
contribution of the linear component, Pyo4,mzMm, Should be taken into account.
Using Equations (2.3), (2.7) and (2.21), and recognizing that Vgg (£) = 1/2V5 (1)
due to the lossy impedance matching imposed at the modulator, the link gain of an
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Figure 2.10: Transfer function of a Mach-Zehnder modulator

MZM APL can be written as

T I'pD RPi Sil’l(PB 2
=|l— 2.25
8&MzM ALV, (2.25)
where we have set Rs = R, = R.
Carefully inspecting Equation (2.25), we can identify several approaches to in-
crease the link gain of an MZM APL, as listed below:

e Increasing the optical power to the modulator. This is an important feature
of external modulation and the main difference compared to its direct mod-
ulation counterpart where the link gain is independent of the optical power.
In the latter case , the link gain is virtually determined solely by the slope effi-
ciency, which is a physical parameter of the laser and relatively more difficult
to adjust. On the other hand, the input optical power to the modulator is
a system parameter and, given the resources, can be increased significantly.
However, increasing input optical power will demand a higher power han-
dling of both the modulator and the detector. This is challenging especially
for the photodetector, since high power handling requires a large detector
area, which in turn will limit the detector bandwidth. We will return to this
subject when we discuss the link gain optimization techniques in Chapter 3.

¢ Reducing the modulator half-wave voltage. The RF half-wave voltage can be
regarded as the sensitivity of a modulator. The effort of reducing V; gr obvi-
ously fall in the region of component design and is beyond the scope of this
thesis. We point out, however that a V;; gr value as low as 1.08 V at a frequency
of 6 GHz has been reported recently [47].

¢ Biasing the modulator at quadrature. The quadrature bias point is set at
¢p = /2 which gives Vg = 1/2V;; pc. As evident from Equation (2.25), the link
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gain reaches maximum at this bias point. Due to this reason and to the fact
that all even-order distortion terms are completely suppressed at this bias
point (Section 2.3), quadrature biasing is the universal mode of operation
in an MZM APL. However, as we will see in Chapter 3, various techniques
use non quadrature biasing in order to enhance the noise performance of an
MZM APL.

¢ Reducing the modulator insertion loss. This option again falls in the domain
of component design. A typical value of insertion loss is around 2 to 4 dB,
depending on how well the light is coupled from the fiber to the modulator
chip and back. Moreover, quadrature biasing will add 3 dB of insertion loss
on top of the fiber-coupling losses. Thus, a total insertion loss of 5 to 7 dB can
be expected at this bias point. Since 1 dB of optical loss will be translated to
2 dB of RF losses, this effect alone will contribute to 10 to 14 dB of RF losses,
which can severely deteriorate the APL link gain.

Now let us consider a pair of examples that illustrate the importance of the
MZM half-wave voltage, the input optical power to the modulator and the optical
power handling capabilities of the modulator and the photodetector.

Example 2.2

Consider an MZM with these parameters : Vi pc = 6.4V, Vzrp = 3.8V, and Lyeq =
4dB. Moreover we assume an excess loss (Lex) of 1dB occurs in the APL such that
the total optical loss, L, in Equation (2.25) amounts to 5dB. The modulator is bi-
ased at quadrature (¢p = 7/2) and the detector responsivity is taken to be 0.75W/A,
while the source and the load resistances are assumed to be 50Q. If the input op-
tical power at the modulator, P; is set at 20mW (+13dBm), the calculated link gain
according to Equation (2.25) in decibels is —26.2dB. Now suppose we use a differ-
ent modulator with the same characteristics but with a lower RF half-wave voltage
of 1.9V, the link gain will be improved to —20.2dB. D

Example 2.3

Reconsider the original configuration (V; grr = 3.8V) in the previous example. If we
replace the light source with a high power laser with an output optical power of
+23 dBm, the theoretical link gain that can be achieved is -6.2 dB. However, the typ-
ical average optical power handling capability of a commercially available MZM is
around +20 dBm. Thus, the link gain now is limited to -12.2 dB. Moreover, suppose
that the maximum average optical power that can be handled by the photodetector
is around +10 dBm. In this case, the usable input optical power is further limited
to +18 dBm, which can be easily calculated using Equation (2.20). This will result
in the achievable link gain of -16.2 dB, a ten fold reduction compared to the case
where the optical power handling of the components is not an issue. D
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2.3 Noisein APLs

In the previous section we have discussed the signal transfer from the input to the
output of an APL and learned that most of the time the signal experiences losses.
This is one of the limitation of an APL. In this section, we will discuss another factor
that limits the APL performance, which is the noise. We will start by introducing
the dominant noise sources in the APL and proceed with the discussion of the total
noise power in the link. Finally we will discuss the concept of noise figure, which is
an important and a widely used APL parameter.

There are three dominant noise terms in APLs; thermal noise, shot noise and
laser relative intensity noise (RIN). As a rule, these noise terms are modeled as cur-
rent sources and they are assumed to be wide-sense stationary, ergodic and inde-
pendent of each other [17,121]. The assumption that these sources are indepen-
dent implies that the total noise power in the APL is proportional to the sum of the
noise power generated by the individual sources. Wide-sense-stationarity and er-
godicity imply that for evaluating the noise power, the noise variance (i.e ensemble
average) can be be interchanged with its mean-squared value, which is its temporal
average [121]. In the following subsections, the expressions for the mean-squared
current of the individual sources are derived.

2.3.1 Thermal Noise

Thermal noise (or Johnson noise) describes the voltage fluctuations across a dissi-
pative circuit element, for example a resistor, which is caused by thermal motion of
the charge carriers [123]. This voltage fluctuation, vy, is modeled as a zero-mean
Gaussian process, and its power spectral density (PSD) across a resistor with resis-
tance R at an absolute temperature of T is [121]

hlw|R
o 1)

where w = 27 f is the angular frequency, k = 1.38 x 10~ J/K is the Boltzmann con-
stant and h = 6.63 x 1073* Js is the Planck constant. The power spectrum shown
in Equation (2.26) is flat up to frequencies around 1 THz and can be regarded as
white [121]. Thus, the PSD in Equation (2.26) can be simplified into

Svg v (@) = (2.26)

Svgve, (@) =2kTR (2.27)

Integrating the spectrum in Equation (2.27) and using the Wiener-Khinchin theo-
rem (Appendix A), the variance of the thermal noise voltage can be written as

(vi () =4kTRB (2.28)

where B is the equivalent noise bandwidth of the receiver in Hz. Note that the ad-
ditional factor of 2 in Equation (2.28) appears because both positive and negative
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<iy,2>= 4kTB/R iy /2 l
Figure 2.11: A noisy resistor loaded with a resistively-matched load
frequencies should be included in the integration. Finally, the variance of the ther-
mal noise current is
o 4kTB
(ig, (D) = —— (2.29)
R
The electrical power in Watt delivered by this thermal noise source to a (noise-

less) load resistance, Ry, is

pa = (i3, () Ry. (2.30)

Later on, we will numerously encounter a situation in which we have to evaluate
the electrical power delivered by a thermal noise source to a load which is resistively
matched to this source. This situation is illustrated in Figure 2.11. In this case, only
half of the thermal noise current in Equation (2.29) is delivered to the load, yielding

1,.
PthmL = <lt2h (1)) R
=kTB (2.31)

where we have used the extra subscript "mL" in the thermal noise power to indicate
the matched load and set Ry, = R in the first line of Equation (2.31).

2.3.2 Shot Noise

Shot noise is generated at the photodetector due to the random arrival of pho-
tons which generate a random fluctuation in the detected photocurrent. Mathe-
matically, the shot noise current, ighot, is @ random process with Poisson distribu-
tion [31]. The PSD of the shot noise current is flat and given as

Signotishor (@) = G lay (2.32)
where g = 1.6 x 10719 C is the electron charge and I, is the average received pho-

tocurrent defined in Equation (2.6). Once more using the Wiener-Khinchin theo-
rem, the shot noise variance can be written as

<i52h0t (0)=2qILyB (2.33)
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Subsequently, the electrical power (in Watts) delivered by this current to a load re-
sistance, Ry, is

Pshot = {ighor (D) Re
=2qlayBRy
= 2q 1pp Pay BRY,. (2.34)

In contrast with thermal noise, shot noise power depends linearly on the average
photocurrent, and consequently, the received optical power.

2.3.3 Relative Intensity Noise

The relative intensity noise is generated due to the spontaneous emission added
to the coherent field of the laser [31]. This results in the random fluctuation of the
unmodulated optical carrier, which at the end will be observed as the fluctuation
in the detected photocurrent at the receiver output.

To formulate the relative intensity noise variance, let us begin by writing the
unmodulated optical power received at the detector as

Py (1) = Pay+Ap (1) (2.35)

where P,y is defined in Equation (2.5) and Ap () is a random power fluctuation due
to the spontaneous emission. The laser relative intensity noise, rin(w) is defined as
the PSD of the relative power fluctuation Ap/ P,y [31].

2 poo
(Apz(t)>:PZa—;; f rin (0) do (2.36)

In evaluating the integral in Equation (2.36) we will make two assumptions.
First, we assume that the rin is flat within the receiver noise bandwidth, B such that
we can completely drop its dependence on w. Secondly, instead of defining the rin
as a double-sided PSD we alternatively define it as a single-sided spectra [32]. This
means that the rin only exists for positive frequencies, and the measurement band-
width will simply be B instead of 2B like in previous cases. A factor of 2 will then be
lumped to the single sided spectral density instead. We use the single sided spectra
here as an exception and only for the sake of having a better agreement with the
widely used definition [11, 124, 125]. Taking these assumptions into account, the
variance of the optical power fluctuation then can be written as

(Ap? (1)) =1in Po”B. (2.37)
Finally, the variance of the relative intensity noise current, i, can be written as
.2 o 2
(irin” (1)) =rin Iy" B. (2.38)

where we have used Equation (2.6) and the relation iy, (#) = rppAp (£).
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Keep in mind that in Equation (2.36) - (2.38), the rin PSD is expressed in a linear
scale, i.e., the unit is 1/Hz. However, it is more common to express this PSD in
decibels, i.e. in dB/Hz, instead. For this reason, we define RIN as

RIN = 101log;, (rin) . (2.39)

Using the above equation, the expression in Equation (2.38) can be rewritten as:
(i () =100 [,°B. (2.40)

Finally, we can calculate the electrical power delivered by this current to a load
resistance, Ry, as

Prin = <ir2in (1) Ru
RN, 2
=101 I;,"BRy. (2.41)

2.3.4 Total Link Noise

X

PD ith,m(t) irin(t) ishot(t) ith,d(t) match,PD

H10191010 [Nl

Figure 2.12: circuit model of dominant noise sources

In order to calculate the total noise power in an APL, consider the schematic in
Figure 2.12 where the individual noise current sources are depicted. We have used
two separate sources to describe the thermal noise contribution from the modu-
lation device, iy, and from the detector matching resistor, iy, g. Recall that lossy
impedance matching has been imposed at the source and at the detector. Thus,
setting Rmatch,pD = RL, the total noise current iy flowing through the load is

in (£) = = (ith,m () + ishot (£) + ixin (1) + in,a (£)) - (2.42)

N | =

The total noise power is simply the electrical power dissipation caused by this cur-
rent in a load resistance,
pn = (ix (D) Ry. (2.43)

Substituting Equation (2.29), Equation (2.33) and Equation (2.38) into Equa-
tion (2.42) and Equation (2.43) yields

1 1
PN = (1 + g) PthmL t 1 Pshot T 1 Prin (2.44)
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where the terms pg, mL, Pshot and prin are defined in Equations (2.31), (2.34) and
(2.41), respectively, and the factor g is the link gain defined in Equation (2.3). Note
that in the first term at the right hand side of equation (2.44) we have lumped to-
gether the thermal contribution from the modulation device, which amounts to
gkTB, with the one from the photodetector matching resistor, which is simply
kTB. The link gain factor comes into play in the thermal noise of the modulation
device because the noise is initially generated at the input of the APL and later on
transferred to the output, as evident from Figure 2.12. Thus, this noise power will
experience an amplification (or attenuation) by the link gain.

Most of the time, it is more useful to express the noise powers in dBm/Hz (i.e.
in decibels relative to 1 mW per Hertz noise bandwidth) rather than in Watt. Thus,
the total noise power expressed in dBm/Hz can be written as:

(2.45)

B=1H
Py [dBm/Hz] = 10 log,, (M) :

1073
where we have explicitly expressed the noise power unit and the value of the equiv-
alent noise bandwidth. To illustrate the typical value of Py, let us consider the fol-
lowing example.

Example 2.4

Consider an external modulation APL with parameters described in Example 2.2.
The average optical power at the detector can be calculated from Equation (2.20).
For input optical power, P;, of 20 mW (+13 dBm) and optical loss, L, of 5 dB, P,y is
equal to 5 dBm (or 3.2 mW in linear scale). The resulting average photocurrent, Iy,
is 2.4 mA, using a photodetector responsivity value of 0.75 A/W. Assuming a typical
laser RIN value of -155 dB/Hz, the shot noise and relative intensity noise powers (in
1 Hz bandwidth) calculated from Equations (2.34) and (2.41) are -164.2 dBm/Hz
and -160.5 dBm/Hz, respectively. Keep in mind that due to the lossy impedance
matching scheme, only one-fourth of these noise powers contribute to the total link
noise (Equation (2.44)). Thus, the actual shot noise and RIN powers at the APL out-
put are -170.2 dBm/Hz and -166.5 dBm/Hz, respectively. The thermal noise con-
tributions from the modulation device and the photodetector matching resistor are
independent of the optical power and amount to -200.2 dBm/Hz and -174 dBm/Hz,
respectively, at room temperature (7 = 290 K). Thus, the noise contribution from
the modulation device is negligible because the link gain is low. Finally, the total
noise power according to Equation (2.45) can be calculated to be -164.4 dBm/Hz.
In this case, the dominating noise term in this APL is the laser relative intensity

noise. D

2.3.5 Noise Figure

As mentioned in the beginning of this chapter, it is practical to define for an APL
similar parameters as the ones initially reserved for RF and microwave compo-
nents. One of these parameters is the so-called noise figure. To define the noise
figure, let us start from the definition of a noise factor, F. The noise factor of a two
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port device is defined as the ratio of the available output noise spectral density to
the portion of that noise caused by the actual noise source connected to the input
of the device, measured at the standard temperature of 290 K [17]. The noise figure,
NE is the logarithm of the noise factor, i.e.,, NF = 10 log,, (F). When the input noise
is simply the thermal noise from a matched resistor (Subsection 2.3.1), a more use-
ful definition of the noise figure is the ratio of the input signal-to-noise ratio (SNR)
to the output SNR. Suppose that the input and output signal powers are sj, and sout
and the input and output noise powers are nj, and 7y, the noise figure can be
written as

(2.46)

NF =10log,, (M) .

Sout/ Mout

Since the input noise power is the thermal noise from a resistive matched load,
nin = kT B. Moreover, we can identify that s, = g Sin, which means that the output
signal is amplified (or attenuated) by the link gain. Lastly, for APLs considered here,
the output noise is simply the total link noise defined in Equation (2.44), which
means that nyy: = pn. Thus, the noise figure expression can be re-written as

PN
NF =101 . 2.47
Oglo(ngB) ( )

Note that the noise figure is independent of the noise bandwidth since py in the
equation above is measured in the same bandwidth, B, as the thermal noise in the
denominator. A more common way to express the noise figure is to evaluate the log-
arithm in Equation (2.47) and express the total link noise in its power spectral den-
sity as shown in Equation (2.45). The result is shown in Equation (2.48), in which
we have used that 10log;, (kT) = =174 dBm/Hz for T =290 K and G = 10log,, (g) is
the gain expressed in dB.

NF=PN-G+174, (2.48)

The typical noise figure value of an APL is illustrated in the following example.

Example 2.5

Recall that the external modulation APL treated in previous examples has a link
gain of -26.2 dB (Example 2.2) and an output noise power spectral density of -
164.4 dBm/Hz (Example 2.4). Using Equation (2.48), the APL has NF = —164.4 —
(—26.2) + 174 = 35.8 dB. Note that this noise figure is high, especially if we compare
it with a conventional RF component. This value, however, can be improved by
means of optimizing the APL parameters. This will be discussed in Chapter 3. Q

2.4 Nonlinear Distortion

Earlier in this chapter, we have briefly mentioned that the transfer function of the
modulation devices, e.g. laser diodes and MZMs, are nonlinear. For the link gain
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and noise figure expressions, considering only the linear part of these transfer func-
tions is sufficient. However, a thorough investigation of this nonlinearity is impor-
tant since later on we will see that this factor will limit the APL performance.

Here, we assume that the APL nonlinearity is dominated by the modulation de-
vices. Thus, we assume that other devices in the APL, for example the photodetec-
tor, are strictly linear. In reality, of course, these components also contribute to APL
nonlinearities. However, their contributions are much smaller compared to the one
of the modulation devices [17] and, hence, most of the time can be neglected. The
reader can refer to [17, 126] for discussions of photodetector nonlinearities.

Moreover, the discussions presented here are limited to static weak nonlineari-
ties [19]. This term implies that the nonlinear characteristics of the modulation de-
vice in general can be described as a set of nonlinear functions of the input signal
that can be expanded into Taylor series. Furthermore, as opposed to its dynamic
counterpart, a static nonlinearity dictates that no memory effect is present and the
amplitudes of the generated distortion products depend only on the amplitude of
the input signal and not on the frequency. Having specified this, we are now ready
to discuss the nonlinearity of an APL.

We will start with a general expression of the modulation device transfer func-
tion, y (x), expanded in Taylor series around the point xo, yielding

0o _ k dk
Y=Y (x — x0) ( J/)
X=X0

= k! dxk
(o)

=Y ar(x-x)* (2.49)
k=0

where ay. are the expansion coefficients defined as

ap = 2 d'y (2.50)
AT ’ ‘
=X0

Here, x is a time varying quantity representing either the input current or voltage
modulation to the device while xj is related to the bias term.

The most common way to characterize the nonlinear transfer in Equation (2.49)
is to perform the so-called tone modulation. In this case the modulating signal,
x (1), will take a form of a pure sinusoid. Generally, the tone modulation can be clas-
sified into three categories, single tone, two-tone and multitone modulations. As
suggested by the names, they differ in the number of carrier frequencies included
in the modulating signal. The single tone modulation uses a single frequency car-
rier and is used to characterize the harmonic distortion generated by the nonlinear
transfer function. Two-tone modulation uses a pair of closely spaced signal fre-
quencies and is employed to characterize the intermodulation distortion products.
Finally, the multitone test uses a large number of carriers (roughly 10 - 80) to probe
the so-called composite second-order (CSO) and the composite triple beat (CTB)
distortion products. Our analysis presented here will be confined to single tone
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and two-tone tests and we refer the readers to [17,74] for the description of the
multitone test.

2.4.1 Single Tone Test and Harmonic Distortion

In a single tone test, the input signal takes the form of
x(t) =x9+ Acos(wt) (2.51)

where w = 27 f is the angular modulating frequency, A is the signal amplitude and
Xp is the bias current or voltage. Substituting this relation into the second form of
Equation (2.49) and evaluating the result up to k = 3 yields

LY 3 .3
y(t):a0+§a2A + a1A+Za3A cos (wt)

1 1
+ Edz A% cos QCwrt) + 1 as A3 cos Bwt) (2.52)

2a=1/2(1+cos2a)and cos® a =

where we have used the trigonometric relations cos
3/acosa +1/4 cos3a.

We can identify from Equation (2.52) that the response of the modulation device
consists of a DC component which does not depend on w, the signal component
with frequency w and spurious components at frequencies of integer multiple of
o which are known as harmonic distortions (HDs). The amplitude and frequency
of these components are listed in Table 2.1. The spurious components at twice
and three-times the signal frequency are called second-order harmonic (HD2) and

third-order harmonic (HD3) distortions, respectively.

Table 2.1: Harmonic distortion components

Component Frequency | Amplitude
Dc 0 ap+ s a A°
Fundamental w a) A+ 3az A3
Second-order harmonic | 2w La, A2
Third-order harmonic 3w A%I as A3

2.4.2 Two-tone Test and Intermodulation Distortion

Although the single tone test already gives sufficient insight of the device nonlinear-
ity, amore common way to characterize this nonlinearity is to perform the so-called
two-tone test. In a two-tone test, the input signal takes the form of

X () =x9+ Alcos(wt)+cos(wat)], (2.53)

where w; =27 f1, wy =27 f, and fi and f, are the tone frequencies. Substituting the
input signal expression into Equation (2.49) and using the trigonometric relation
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cosacos ff =1/2[cos (a — ) + cos (a + )], we obtain
y (1) :ao+a2A2

+

9
a A+ ZagAg) (cos(wrt) +cos(wat))
1 2
+ EdgA (cos 2w t) +cosRwat))

+ ia3A3 (cos(Bwit)+cos(Bwat))
+ ap A* {cos (w1 — w2) 1) + cos (w1 +wp) 1)}
+ ?—lagAg{cos (2w1 —w2) 1) +cos ((2wz — wy) )
+cos((2wy +w2) 1) +cos ((2we +wy) 1)} (2.54)

where again we have limited the infinite series in Equation (2.49) to k = 3. It is ev-
ident from Equation (2.54) that besides the harmonic distortions, additional spu-
rious components appear at the output if two frequencies are present simultane-
ously. These terms are called intermodulation distortions (IMDs). The second-
order intermodulation (IMD2) terms appear at the sum and the difference of the
modulating frequencies, while the third-order intermodulation (IMD3) terms ap-
pear at the sum and the difference of twice of one frequency with the other fre-
quency. The amplitude and the frequencies of the components present in Equa-
tion (2.54) are listed in Table 2.2.

Table 2.2: Intermodulation distortion components

Component Frequency Amplitude
Dc 0 ag + ap AZ
Fundamental w1, W a1 A+ 2az A3
Second-order harmonic 2w1,2w; La, A2
Third-order harmonic 3w1,3ws ?—16{3 A3
Second-order intermodulation | wy —wi, w1 + w2 ay A?
Third-order intermodulation 201 —W2,2w7 — W1 %ag A3

20W1 + w7, 2w2 + w1

It is important to note that the IMD amplitudes differ from the HD amplitudes
even though they are basically generated by the same mechanism. The IMD2 am-
plitude is twice of the HD2 amplitude while the IMD3 amplitude is three-times the
HD3 amplitude. In practice, however, we measure the powers of these components
rather than the amplitudes. If we regard the amplitude to be either a current or a
voltage, then the power considered here is an electrical or an RF power. Thus we
can easily identify that the powers of the distortion terms are proportional to the
square of their amplitudes. Thus, we can deduce that the power of the IMD2 terms
expressed in decibels are approximately 6 dB (or a factor of 4) higher compared to
the HD2 powers, and the IMD3 powers are approximately 9.5 dB (or a factor of 9)



2. Key Parameters of Analog Photonic Links

higher relative to the HD3 powers. This is an important conclusion and later on we
will use this property when discussing about measurements of the spurious-free
dynamic range.

2.4.3 Sub-octave and Multioctave Bandwidths

In Figure 2.13 a two-tone test output spectrum of a nonlinear device is illustrated.
The input tone frequencies are assumed to be 0.95 and 1.05 GHz and their powers
are set to 0 dBm. Note that the exact powers of the distortion components depend
on the expansion coefficients in Equation (2.50). For illustration purposes, we have
selected the values of these coefficients such that the distortion terms can easily be
observed.

0
f wlw f
-20
& |5 fith
% a0 | T I
3 2% fz %, ;fwfz 2%t ’
-60 ? J O ? J
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0 1 15
Frequency (GHz)
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A 2nd-order harmonic (HD2) [ 2nd-order intermodulation (IMD2)
<> 3rd-order harmonic (HD3) O 3rd-order intermodulation (IMD3)

Figure 2.13: Two tone test output spectrum

The spectrum in Figure 2.13 reveals that the distortion component that fall clos-
est to the fundamental signals are the IMD3 terms at 2f; — f> and 2f, — fi, which
most of the time cannot be filtered out. Thus there is hardly any usable signal band-
width that is free from these spurious signals. For this reason the IMD3 is regarded
as the main limiting distortion factor in APL. As for the even order distortions, the
HD2 and IMD2 fall relatively far from the fundamental signals. But as the signal
bandwidth increases, the separation between the signals and these distortion terms
reduces. For a wideband system with a multioctave signal bandwidth, i.e. the case
where the highest frequency component of the signal, f g is more that twice of
the lowest frequency component, f 4y, IMD2 will interfere with the signal. This is
in contrast with a narrowband system with sub-octave bandwidth ( S high <2f Jow)»
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Figure 2.14: Sub-octave and multioctave bandwidth signal spectra. The subscripts
s and m of the lower and higher frequency bounds indicate sub-octave
and multioctave signals, respectively. For a multioctave signal, the
second-order distortion interferes with the fundamental signal.

where IMD2 can be filtered out easily. These two situations are illustrated in Fig-
ure 2.14. We will discuss further the implications of the signal bandwidth when we
get to the dynamic range of the APL.

2.4.4 Intercept Points and the 1-dB Compression Point

Aswe have seen previously, inspecting the output spectrum (Figure 2.13) gives valu-
able insights of the nonlinearity in the APL. In addition to that, it is often useful to
investigate how the power of each component in the output spectrum varies with
the input signal power. Such plot is shown in Figure 2.15. Here we have plotted
the fundamental signal and an 20d_grder intermodulation distortion term (IMD2)
powers in decibels. The fundamental signal, being linearly dependent on the in-
put signal, is plotted as line with the slope of one. However, if the input signal gets
higher, the fundamental term undergoes a compression, mainly due to the inter-
ference with higher order distortion terms that fall at the signal frequency. This
can be understood if one examines the fundamental term amplitude listed in Ta-
bles 2.1 and 2.2 in which the terms proportional to the third-order distortion fall at
the fundamental frequencies. Since a compression of the fundamental is observed
(the solid line of Figure 2.15), this dictates that the value of a3 in the Taylor expan-
sion of the modulation device transfer function should be smaller than zero. If the
small signal approximation is used instead, the contribution of the higher order
terms on the fundamental signal is neglected. Hence, the signal power will main-
tain the linear relation with the input power, as shown by the dashed curve in the
figure. Thus, the 1-dB compression point is defined as the output signal power that
is 1 dB lower compared to the small signal approximation.

The compression is also observed at IMD2 power. Again, with small signal ap-
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proximation, the IMD2 power maintains the linear behavior, with slope of 2, with
respect to the input signal power. At some point, the extrapolated fundamental
power and the IMD2 power will intersect. This intersection is known as the 27-
order intercept point, as shown in Figure 2.15. Although we show this intercept
point particularly for the second-order nonlinearity, it can be applied to any order
of nonlinearity. The intercept point of the fundamental signal and the n™ order
IMD is thus known as the n'? order intercept point. This point can be referred as an
n'P-order input intercept (IIPn) or as an output intercept (OIP7) which are defined
as

ITIPn = Pinput (Pfund = Pimpn) (2.55)
OIPn = Poutput (Pfund = PiMDn) - (2.56)

where Pinpy is the input signal power per tone while Pgypq is the fundamental (at
either w; or w») and Ppypy, is the power of one of the n"-order IMD terms, obtained
from the small signal approximation. These intercept points are related to each
other by the link gain, G, via the relation

OIPn=1IPn+G. (2.57)

Thus, itis clear from Figure 2.15 that the intercept point cannot be directly mea-
sured due to the compressions [127]. However, we will see in the following section
that these intercept points have been frequently used as a common measure of the
distortion [128] and, moreover, used in the definition of the the spurious free dy-
namic range.

2.4.5 DML Nonlinearity

In this part we will derive the expression of a weak-static nonlinearity in a directly
modulated laser (DML). Since the laser is a dynamic system that shows memory
effect and relaxation, the weak static expression is rarely applied. However, this
expression is insightful in describing laser nonlinearity, although its applicability is
limited. The ideal way to express laser nonlinearity is to start from the laser rate
equations. However, this is beyond the scope of this thesis and we refer the reader
to [17,129, 130] for this approach.

Let us start with a general expression of the laser input current as shown in
Equation (2.8). The signal current Isjg with a two tone modulation can be written as

Lsig (1) = Iy [cos (w1 1) + cos (w2 1)] . (2.58)
We will limit our discussion here to small signal modulations, such that there is no

signal clipping. Thus, the maximum amplitude of the signal current should fulfill
the condition

m
I = E (Ibias - Ith) , 0=m<=1 (2.59)
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Figure 2.15: The 1-dB compression point and the 2"d-order intercept point

where Ijps and Iy, are the laser bias and threshold currents and m is the optical
modulation index (OMI). The current amplitude is thus related to the input RF

power per tone, pip as
2 Pin
Rs

where Rs is the source resistance. The modulating current in Equation (2.58) is
the input to the nonlinear transfer function of the laser, resulting in the modulated
optical power

(2.60)

Im=

Pget,pML (£) = Pay,pML + Pmod,pmL (£) + Pnr2,pmr (1) + Pnrs,pmr. () (2.61)
where
SLD
Pay,pmi (1) £ 1 Ubias =), (2.62)
SLD

Pmod,DML (t) = Tlsig (t) ’ (2.63)

c
Pniz,pmL (1) = IZ Iszig (0, (2.64)

c
Pnis,pmL (1) = f Isgig (1. (2.65)

Note that the expression in Equation (2.61) is similar to the one defined in Equa-
tion (2.12) only that we have added two terms, Pni2,pmrL and Pni3 pmr to describe
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the second-order and the third-order nonlinearities in the laser. The constants s;p,
¢ and c3 are essentially the Taylor expansion coefficients of the laser nonlinear L-I
curve around the selected bias point, I;,s. Note that we have named the first coef-
ficient as s;p instead of ¢ because this coefficient is the laser slope efficiency.

The modulated optical power in Equation (2.61) is detected in the photode-
tector generating the photocurrent. The portion from this photocurrent that will
contribute to the fundamental RF signal, at the output, at one of the modulating
frequencies (for example w;) is

1 (rpp SLD
Ifund,DML (1) = 5 (—)

where we have taken into account the lossy impedance matching at the detector
from where the factor 1/2 comes from. The components that contribute to the
IMD2 and IMD3 components at frequencies w; +w; and 2w; — w,, respectively, are

I cos(wrt) (2.66)

1 rppc:
Ivp2,pm (£) = 5( D Z)Ifncos((wl +wy) 1) (2.67)
and
1 3l’pD C3 3
11MD3,DML(1‘)=5 T I, cos (2w —w) 1), (2.68)

respectively. Note that the factor 3/4 in Equation (2.68) is in accordance with the
amplitudes listed in Table 2.2.

These current components are delivered to a load resistance of Ry, generating
the fundamental, IMD2 and IMD3 components of the output RF signal. The RF
power of the fundamental component is thus

Pfund, DML = <It?undyDML (t)> Ry

1 (rPD SLD)2 Ry,
T4

— p; 2.69
L Rs Pin ( )

where we have used the property (cos® (wf)) = 1/2 and substitute I, with the rela-
tion in Equation (2.60) to obtain the expression in the second line of the equation
above. Similarly, we can calculate the expressions for the RF power of the IMD2
component as

PIMD2,DML = <IIZMD2,DML (t)> Ry,

(2.70)

1(7’1)1)62)2 RL 2

5 L R_épin’

and the RF power of the IMD3 component as

PIMD3,DML = <IIZMD3,DML (t)> Ry,

9 (M)Z R s

== —=p. 2.71
16\ L Rgpm (271
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Figure 2.16: Output RF signal components as functions of the input signal power
of a DML link described in Example 2.6

From Equations (2.69) to (2.71) we can see that the power of the fundamental signal
at the output is proportional to the input signal power while the IMD2 and IMD3
powers are proportional to the square and the cubic of this RF power, respectively.

Furthermore, we derive the expression for the input intercept points of the DML.
According to Equation (2.55), these intercept points can be found by inspecting the
input power where the fundamental power in Equation (2.69) is equal to the IMD
powers in Equations (2.70) and (2.71). The results are shown below :

1(sp)?
P2y = — (—) R 2.72)
2 Co
2 8
IP3pyy = = -2 R (2.73)
3 el

where we have set Rs = R, = R. Note that because c3 < 0 due the compression
observed in the fundamental power (see the previous subsection) we have used the
absolute value of this constant to determine the IIP3.

Equations (2.72) and (2.73) can be used to predict the nonlinearity in the LI
curve. By measuring the intercept points, or using the information provided by
laser manufacturers, one can calculate the expansion coefficients, ¢, and c¢3 and
develop a nonlinear transfer of the laser diode at a certain bias point, as described
in Equation (2.61). To illustrate this, let us consider the following example.

Example 2.6
Consider a DML link using a DFB laser diode with I, = 10 mA. At the operating bias
point of Ijjj,s = 60 mA, the manufacturer data give sip = 0.32 W/A. Moreover, at this
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bias point, the laser IIP2 and IIP3, which are obtained from a two-tone test at fre-
quencies of 1.0 and 1.01 GHz, are listed to be +34 dBm and +56 dBm, respectively.
These are the typical data that are provided by the manufacturers in the datasheets
or test results of analog lasers. However, usually only the IIP3 value is listed and not
the ITIP2. Alternatively, the manufacturers might list the data of the ratio of the fun-
damental to the IMD2 powers at a specified bias current, modulation frequencies
and input RF power per tone.

With the available data, we can calculate back the nonlinear coefficients of the
laser, ¢, and cs, using the relation in Equations (2.72) and (2.73), respectively. The
other parameters that are required for the calculations are set as follows: rpp =
0.75 A/W, 10log,;, L = 1 dB, and R = 50Q. We obtain that ¢, = 0.0802 and c3 =
—4.246. We use these values to calculate the fundamental, IMD2 and IMD3 powers
in Equations (2.69), (2.70) and (2.71), respectively, and plot them as functions of the
input RF power per tone. The results are depicted in Figure 2.16. D

2.4.6 MZM Intercept Points

In this part, we will derive the expressions for the second-order and the third order
intermodulation powers and intercept points in an MZM APL. We will start with the
two tone input voltage signal to the MZM,

VRE (t) = Vi [cos (w1 1) + cos (wa 1)], (2.74)

where V7, is the voltage signal amplitude related to the input power per tone , pin,
and the source resistance, Rg, as

Vin = /2pinRs. 2.75)

The expression of the nonlinear transfer function of the MZM is described by Equa-
tions (2.19) to (2.23). As similarly done with the DML link in the previous subsec-
tion, we can derive the expressions of the fundamental, IMD2 and IMD3 powers
of an MZM link. We start by inserting Equation (2.74) to each of Equations (2.21)-
(2.23). Detection of these optical powers will result in the detected photocurrent.
Half of this photocurrent (due to resistive matching) will be delivered to the load,
generating various signal components such as the DC, fundamental, harmonic and
intermodulation distortions. We can write the fundamental power at one of the in-
put frequencies, as

1 (nVp 2 ( repPi . )2
= — ——sin Ry, 2.76
PEund MZM = 35 ( Vn,RF) I ¢B| R (2.76)

the power of an IMD2 term at either ws — w1 or w; + w2 as

1 b/ Vm 4 rpDPi
PIMD,,MZM =

2
— cos Ry, 2.77
128 \ Vy g ¢B) k 2.77)
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Figure 2.17: Distortion components vs. MZM bias angle. Here the MZM RF half-
wave voltage is 3.8 V

and finally the power of an IMD3 term as

(1) 1 (nvm )G(rPDPi e )2R o
_ sin . ’
PIMD3,MZM 2048 \ Vi rp L ’ )

The dependence of these powers are illustrated in Figure 2.17, where we have
used the MZM RF half-wave voltage value of 3.8 V. In this figure, the powers are
normalized relative to the peak fundamental power that occurs at the quadrature
bias (¢ =7/2). At this quadrature point, the IMD2 vanishes, as well as all even
order distortion, as mentioned earlier.

Using the definition in Equation (2.55), the input intercept points can be calcu-
lated by equating Equation (2.76) with Equation (2.77) for the second order inter-
cept point (IIP2yzMm), and (2.76) with Equation (2.78) for the third order intercept
(HP?)MZM) ,yielding

2 (VaRr 2
1IP2MmzMm = E — tan¢p (2.79)
2
4V
1IP3yizm = @ (2.80)
- R

where we have used the definition in Equation (2.75) and set R, = Rs = R. The de-
pendence of these input intercept points to the bias angle are shown in Figure 2.18.
The IIP2 is very sensitive to the bias angle and ideally goes to infinity at quadrature
because the even order distortion vanishes at this bias point. The IIP3 is, however,
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Figure 2.18: 1IP2 and IIP3 vs. MZM bias angle. IIP3 is bias independent

independent of the bias angle. This is an important observation, as we will see later
on when optimizing an MZM link for higher performance.

The output intercept points can be calculated from Equations (2.79) and (2.80)
using Equation (2.56) with (2.25) as the link gain expression. The OIP3 can be writ-
ten as

rpp Pj 2
D 1s.inch) R. (2.81)

OIP3mzMm = ( 2L

At quadrature bias, Equation (2.81) reduces to a very simple expression :
OIP3yzM,quad = Iay R (2.82)

where is the average (DC) photocurrent in the quadrature bias case defined as

rpDP'
Ly = o1 L. (2.83)

2.5 Dynamic Range

Having defined the noise and distortion aspects, we are now ready to determine
the dynamic range of an APL. The dynamic range can be regarded as the range of
power that can be accommodated by the APL. In this sense, it can be viewed as a
ratio (a difference in decibels) between two output or input power levels subject to
some constraints. These constraints are strongly related to the noise and distortion
in the link. The noise will limit the minimum signal level that can be conveyed
by the link while the level of distortion sets the upper limit of the signal power.
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Figure 2.19: SFDR definition

Depending on how these upper and lower bounds of power are formulated, there
are different definitions of dynamic range. In the following subsection we will focus
our discussion on the definition known as the spurious-free dynamic range (SFDR),
which is the most widely used for APLs. Other definitions of dynamic range are
discussed in Subsection 2.5.2

2.5.1 Spurious-Free Dynamic Range (SFDR)

The SFDR is defined as the ratio of input powers where, on one hand, the fun-
damental signal power is equal to the noise power and, on the other hand, the
n'P-order intermodulation distortion (IMD#n) power is equal to the noise power.
In terms of output powers, this can be interpreted as the maximum output SNR
that can be achieved while keeping the IMD#n power below the noise floor. These
definitions are illustrated in Figure 2.19 where we have plotted the components
of the output signal, namely the fundamental term, the noise power spectral den-
sity (PSD) and the intermodulation distortion terms against the input RF power,
all expressed in decibels. Here we also have specifically used the term SFDR, to
emphasize that the limiting distortion component is IMDn.

For link designers, it is desirable to expressed SFDR,, in terms of link parameters
such as the link gain, noise figure and the intercept points. Such expressions can
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be deduced from Figure 2.19 (see Appendix B for the full derivations). The SFDR,,
in terms of IIPn can be written as :

n—1
SFDR,, =

= —— (IPn—-NF+174). (2.84)
n

Alternatively we can express the SFDR in terms of OIP#, yielding

_1
SFDR,, = = (OIPn—NF -G +174) . (2.85)
n

In general SFDR,, is expressed in dB while specifying the bandwidth in which
the noise component is measured. For example a system can be specified having
an SFDR3 of 60 dB in 1 MHz bandwidth. However, more often the SFDR is expressed
in 1 Hz bandwidth. In this case, SFDR,, is usually expressed in dB Hz("7). This is
essentially the same as saying that the SFDR is measured in dB in 1 Hz bandwidth.
The factor Hz(*7") is included to indicate the order of the SEDR and because SFDR

follows the scaling factor as shown below:

-1
SFDR,, (BHz) = SFDR,, (1Hz) — (n_) 10log;, (B) . (2.86)
n
This bandwidth scaling is illustrated in the following example.

Example 2.7

Consider a system with an SEDR3 of 110 dB.Hz*/3. To calculate the SFDR3 in 1 MHz
bandwidth, first we calculate the factor 10log,;, (B) which is 60 dB for B = 10% Hz.
Thus, the dynamic range in 1 MHz is simply 110 - % (60) =70dB. D

Following the discussion regarding the intermodulation products in Subsec-
tion 2.4.3, we can identify that SFDR, and SFDRs, limited by IMD2 and IMD3, re-
spectively, are the most important in the case of APLs. Their values determine if
the APL can be applied in wideband systems or is merely limited to narrowband
applications. Since wideband systems are limited by IMD2, the general rule is that
if SFDR; is comparable or larger that SFDR3, then the APL is suitable for wideband
applications. If the opposite is true, (SFDR, <« SFDR3), then the APL is limited to
narrowband applications. We will discuss more about this topic when we proceed
with the techniques to increase the APL SFDR, in the following chapters.

In order to have an idea about a typical SFDR value in an APL, let us consider
the following example.

Example 2.8

Reconsider the MZM APL described in Examples 2.2 to 2.5. The APL noise figure is
35.8 dB and according to Equation (2.80), the half-wave voltage value of 3.8 V will
result in ITP3 value of 20.7 dBm. Thus, using Equation (2.84), we can calculate the
SFDRj of the APL to be 2/3(20.7 —35.8+174) = 105.9 dBm.Hz*/3. Since the MZM
is biased at the quadrature, the SFDR, > SFDR3 and the link can be applied in a
broadband systems. D
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Figure 2.20: Various dynamic range definition in APLs. (a) SFDR and 1-dB com-
pression dynamic range, (b) System dynamic range (SDR) used in
more practical conditions.

2.5.2 Other Definitions

Besides the SFDR, other definitions of dynamic range have been used. One def-
inition is the so-called 1-dB compression dynamic range (CDR,gp) [44,127]. The
lower bound of this dynamic range is set by the input power that gives 0 dB output
SNR in 1 Hz bandwidth (just like in the definition of SFDR) but the upper bound is
set by the input power that corresponds to the 1-dB compression point at the fun-
damental output (see Subsection 2.4.4). Thus, in terms of the output powers, this
dynamic range can be written as

CDR, gg [dB] = P, qp [dBm] — Py [dBm/Hz] + 1dB. (2.87)

where P g3 is the output 1 dB compression point and Py is the noise power spec-
tral density defined in Equation (2.45). Note that the CDR) 4 in the equation above
is expressed in decibels. Sometimes this dynamic range is cited as the maximum
usable dynamic range [127] because this dynamic range describes the maximum
signal range that can be conveyed by the system regardless of the nonlinear distor-
tion level, unlike the SFDR. This CDR 4p is illustrated in Figure 2.20 (a), where it is
depicted together with the n'-order SEDR.

Another definition of dynamic range is known as the system dynamic range
(SDR) [26,92,131]. The specific definition of the SDR is more related to the ap-
plication of the system. Moreover, the SDR is often defined because the other dy-
namic range definitions cannot sufficiently represent the system performance. For
example for APLs applied in high-frequency wireless transmission systems [26] or
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in a satellite television communication link [131], the upper bound of the dynamic
range is often imposed by the maximum power that can be received by the system.
This power might be low enough such that it does not generate significant amount
of distortion. Thus, describing the dynamic range using the SFDR, let alone the
CDR, g4p, will be of no practical use. In general, the SDR is defined as a ratio of a
maximum to a minimum powers that satisfies a certain condition, depending on
the APL application. For the previously mentioned applications, the lower bound
of the SDR (i.e. the minimum power) is related to the minimum SNR required by
the system (SNRpin) in a certain noise bandwidth (for example B Hz) while the up-
per bound is set by the maximum power that is received by the system. This SDR
is illustrated in Figure 2.20 (b) and marked as SDR;, where the subscript | denotes
that this definition is often used in systems with low input RF power.

A different definition of SDR is used in radio astronomy application [92]. Here,
the lower bound of the SDR is set by the minimum SNR (SNRyin) required by the
system (just like in the previous case) but the upper bound is set by the minimum
signal to intermodulation distortion ratio (SIRpiy). Thus, this definition is more
suitable for systems with either sufficiently high input RF power or systems that
are very sensitive to interference like radio astronomy systems. In such a case, the
SNRpin = 20 dB and SIR,j, = 40 dB has been used [92]. This definition of SDR is
also illustrated in Figure 2.20 (b), marked as SDRy,.

2.6 Summary

In this chapter the important parameters in an analog photonic link have been
presented. The discussions comprise a direct modulation scheme and an exter-
nal modulation scheme using a Mach-Zehnder modulator. The link gain expres-
sions for both schemes were derived using the concept of available power. A lossy
impedance matching scheme has been implemented both at the modulation de-
vice and the photodetector resulting in a 6 dB gain reduction compared to the un-
matched case. Various ways to increase the link gain of an MZM APL have been
explained. In general, increasing the optical power to the MZM is desirable to en-
hance the link gain. The dominant noise sources in APL were discussed. These
are the thermal noise, shot noise and the laser relative intensity noise. The impor-
tant concept of noise figure was also introduced. The nonlinearity in the APL was
investigated. The static weak nonlinearities assumption was used, permitting the
Taylor expansion to be implemented in describing the nonlinear transfer function
of the modulation devices. The single tone and two tone tests were described and
the concept of harmonic and intermodulation distortions were introduced. Im-
portant parameters such as the compression point and the intercept points were
defined for both the direct modulation and the MZM links. Finally the various def-
initions of dynamic range have been discussed where a special attention has been
paid to the so-called spurious-free dynamic range (SFDR). The APL SFDR in rela-
tion to sub-octave and multioctave bandwidths, corresponding to narrowband and
wideband applications were explained.
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Performance Enhancement of Analog
Photonic Links

3.1 Introduction

In the previous chapter we have defined the key parameters that describe the per-
formance of an analog photonic link (APL). These parameters, namely the link gain,
the noise figure, and the spurious-free dynamic range (SFDR), can be seen as the
indicators of how much deleterious effects like losses, noise and nonlinearities dis-
turb the system. In this chapter, we will focus on the existing techniques that have
been employed to mitigate these effects and to enhance the APL performance. Since
performance enhancement of an APL is a well explored field, numerous enhance-
ment techniques have been proposed up to now. The description presented here
makes no attempt to be complete. Instead, our discussion here is limited to a se-
lection of enhancement techniques that employ either one of or a combination of
these schemes: low biasing the modulation device(s), dual laser/modulator and
balanced detection schemes, with the aim of improving the noise performance
and/or the linearity of the link. We focus on these techniques because they pro-
vide valuable insights for optimizing the link performance while sharing the same
basic idea with our results presented in the next chapters.

The rest of this chapter is organized as follows: in Section 3.2 enhancement
techniques for external modulation APL with a Mach-Zehnder modulator (MZM)
are presented. The discussion comprises link gain enhancement by increasing the
optical power, low biasing and balanced detection schemes and optical lineariza-
tion techniques. In Section 3.3, enhancement schemes for direct modulation are
presented. The chapter closes with a summary.
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3.2 External Modulation with MZM

3.2.1 Link Gain Enhancement

External modulation links with MZMs have been studied extensively during these
years. The link offers high performance, notably in terms of modulation bandwidth
and chirpless operation. However, in its early development, the link suffers from
low link gain due to a relatively high modulator insertion loss (> 5.5 dB [132]) and
a large operating voltage (i.e. high V; gp, > 7 V [127]). The simplest way to mitigate
this problem is to increase the input optical power to the modulator, as is evident
from Equation (3.1) which has been discussed in length in Chapter 2 Section 2.2
and repeated here for convenience

7 rpp R P sin¢p 2
4LV RE

Keep in mind that using an RF amplifier can also increase the link gain. Al-
though itis common in practice and perhaps even inevitable in some situations, us-
ing this amplifier will introduce additional noise and nonlinearity in the link, which
might obscure the intrinsic characteristics of the APLs. Since our motivation is to
investigate the characteristics of the APLs, we will exclude the use of any amplifier
in our discussions here. Their effects, used either for pre or post-amplification, can
thus be incorporated later on when the equivalent two port parameters of the APL
(i.e. gain, noise figure, intercept points) has been defined. This is demonstrated,
for example, in [133].

To illustrate the effect of increasing this input optical power, let us consider a
quadrature-biased (¢p = 7/2) MZM link with parameters as the following: V; rr =
3.8V, rpp = 0.75A/W, R = 50Q and 10log;, L = 5dB. The input optical power to
the modulator is increased such that the average photocurrent, I,y MmzM, increases
from 0.1 mA to 100 mA. This average photocurrent can be calculated from the input
optical power using the relation:

EMzM = (3.1)

7pp Pi
2L
The relation of the gain of such link with the average photocurrent, P; is depicted in
Figure 3.1. We can see that for example, a link gain of 0 dB can be achieved with a
photocurrent of around 48 mA. Using the Equation (3.2), the corresponding input
optical power related to this photocurrent is approximately 400 mW (26 dBm). Al-
though relatively high, this amount of optical power is readily available nowadays,
for example from a master oscillator power amplifier (MOPA) [46,47], which can
achieve an optical power up to 10 W and with a RIN lower than -150 dB/Hz [48].
Using this high optical power in combination with low V; gr modulators have
resulted in APLs with a nett gain (i.e. positive link gain in dB) instead of a loss (i.e.
negative link gain in dB). A link gain as high as 24 dB at the frequency of 6 GHz has
recently been shown [47]. This has been obtained using a quadrature-biased (dual
output, see Subsection 3.2.7) MZM with V; gr = 1.1 V and an average photocurrent
of 80 mA per-photodiode (in a balanced detection scheme, see Subsection 3.2.5).

Ty MzMm = (1-coss) . 3.2)
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Figure 3.1: Link gain of an externally modulated APL with a quadrature-biased
MZM as a function of the detected photocurrent.

Note that this photocurrent is exceptionally high and currently cannot be obtained
using commercially available photodetectors but was shown with a specially de-
signed rear-illuminated photodetector [47]. We will return to this photodetector
power handling issue when we discuss the low biasing technique in the next sub-
section.

Itis important to mention that besides advantageous from the link gain point of
view, increasing the input optical power is also attractive for achieving a low noise
figure if the link is operating in the shot noise regime [134, 135]. The link noise figure
improves because the signal power increases with the optical power quadratically
whereas the the shot noise increases only linearly. This improvement in the noise
figure will also translate to an improvement of the spurious-free dynamic range
(SFDR). However, the benefit of increasing this optical power is lost if RIN is the
dominant source. In this case, low biasing will be beneficial to restore the shot
noise limited performance [42]. This will be explained further in Subsection 3.2.3

3.2.2 Low Biasing and Carrier Filtering

Using a high optical power with a quadrature biased MZM increases not only the
link gain but also the average photocurrent. Once the saturation of the photode-
tector is reached, additional optical power available at the modulator input cannot
be used to further increase the link performance. Obviously, using a higher power
handling photodetector will mitigate this limitation, as demonstrated in [47,67] in
which photodetectors with an average photocurrent as high as 80 mA and respon-
sivities of 1.0 A/W and 0.5 A/W, respectively, have been used. However, these pho-
todetectors are not yet available commercially. For such commercially available
photodetectors, the saturation current is much lower, which is in the range of 14 mA
to 28 mA, corresponding to a maximum optical power of +13 dBm to +16 dBm for
a 0.7 A/W responsivity at optical wavelength of 1550 nm [136]. This is especially
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true for a wide bandwidth photodetector, in which the photodetector area should
be kept small to limit parasitic capacitances, that in turn will limit the power han-
dling capability [17]. The discussion regarding high-power handling detectors is
beyond the scope of this thesis and an interested reader can refer to [62, 137, 138]
for progress in this area. Instead, in this part we will focus our attention to the
efforts for utilizing this excess optical power by means of limiting the average pho-
tocurrent without significantly reducing the link gain. Two techniques that will be
considered here are low biasing the modulator and optical carrier filtering. A dif-
ferent technique that employs a dual-output MZM in conjunction with a balanced
detector will be discussed in Subsection 3.2.7.
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Figure 3.2: (a) Low biasing the MZM away from the quadrature point (b) The terms
sin? ¢g which is proportional to the link gain and 1 — cos¢p which is
proportional to the DC photocurrent.

In the previous subsection we have seen that to achieve the 0 dB link gain, an
average photocurrent of 48 mA is required if the MZM is biased at quadrature. We
will see that by moving the bias angle away from the quadrature towards the lowest
transmission point, i.e., null bias (see Figure 3.2 (a).), the photocurrent can be re-
duced more significantly relative to the link gain reduction. This is known as the low
bias technique [42, 46,127, 139-147]. We will see later on that the technique is use-
ful not only to avoid the detector saturation, but also to improve the link noise per-
formance (Subsection 3.2.3). However, these improvements are not "free", but ob-
tained at the expense of a reduced linearity, as will be explained in Subsection 3.2.4.

A careful observation of Equations (3.1) and (3.2) will reveal that by moving the
bias point from the quadrature bias (¢p = 7/2) to towards the null bias (¢p = 0),
the average photocurrent will reduce in a 1 — cos(¢p) manner, while the link gain
will be reduced with sin? ¢ dependence. These factors are plotted against the bias
angle in Figure 3.2. Note that for a small angle deviation from the quadrature point,
the average photocurrent falls faster compared to the signal component (link gain).
To illustrate the advantage of this low biasing technique, let us consider a situation
where a photonic link is limited by the photodetector power handling capability.
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line). The link gain advantage by low biasing is obtained with 1 W input
power but with the same photocurrent of 12 mA.

Example 3.1

Consider a system with an optical source with maximum output optical power of
+30 dBm (1 Watt). This source is used in an externally modulated APL with an MZM
with parameters described in the previous examples (V; g = 3.8V, rpp = 0.75A/W,
R =50Q and 10log;, L = 5dB). The modulator is biased at quadrature and we
have assumed its power handling capability is not an issue. Now, suppose that
the optical detector used in the system can only handle an average optical power
up to +12 dBm, corresponding to an average photocurrent of 12 mA. Using Equa-
tion (3.1), the maximum link gain that can be achieved without exceeding the pre-
scribed maximum optical power is -12 dB. In this case, we can only use a maximum
optical power of +20 dBm (100 mW) supplied to the modulator. Now suppose that
the whole optical power is delivered to the modulator and the bias angle of the
modulator is adjusted such that the photocurrent is maintained at 12 mA, the link
gain is now increased to 0.65 dB where the bias angle is 0.145 7 or 26.1 degrees. This
situation is illustrated in Figure 3.3 where the link gain and the average photocur-
rent of the APL are plotted against the bias angle. A more general description is
given in Figure 3.4, where the contour plot of the link gain as a function of the bias
angle and the input optical power is depicted. In the figure it is also indicated the
contour of a constant photocurrent of 12 mA. Given a modulator and a detector
characteristics (i.e., Vz rr, L and rpp), such a plot gives an insight for a link designer
to optimize the link gain, in terms of input optical power and the bias angle, while
keeping the average photocurrent below the specified maximum value. D
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As shown in the example above, high link gain can be obtained with relatively
low average photocurrent by means of low biasing. For this reason, some consider
the low biasing technique as a gain enhancement technique [146]. This is some-
times misleading, since for a given (fixed) optical power, quadrature biasing gives
the maximum link gain (since the maximum of sin? ¢ is at ¢g = 7/2 ) and low bi-
asing the modulator will only reduce the link gain. This can also be observed from
Figure 3.4 if one draws a vertical line from top to bottom of the figure for any fixed
optical power. The link gain advantage is only obtained if one compares the gains of
alow bias link and quadrature biased link in terms of a constant average photocur-
rent, i.e., if one follows the constant current contour superimposed on Figure 3.4.

Beside low biasing, a way to reduce the average photocurrent is to reduce or
completely remove the optical carrier component using an optical filter. This tech-
nique was published by M. LaGasse in 1994 [134] and R.D Esman et al. [135] in 1995.
Since then various publications have pursued this technique [125, 148]. However
this technique does not give any advantage compared to the low biasing and even
more complicated due to the need of an external optical filter [42]. This technique
also increases the even-order distortions, just like the low biasing technique. We
will see later on when we discuss the nonlinear distortion in a low biased APL.

Bias angle (¢g/m)
(ap) ureb yur

100 200 300 400 500 600 700 800 900 1000
Input optical power (mW)

Figure 3.4: Contour of link gain as a function of the input optical power and the
bias angle. The line indicates the contour of constant photocurrent of
12 mA. It is evident that by means of low biasing the photocurrent can
be kept low while the link gain is increased by increasing input optical
power.
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3.2.3 Impact of Low Biasing on the Link Noise

Beside saturating the photodetector, the average optical power at the detector (and
hence the average photocurrent) directly contributes to the noise power in the APL.
Recall that the shot noise and the relative intensity noise are proportional linearly

and quadratically, respectively, with respect to the DC photocurrent (Chapter 2 Sec-
tion 2.3).

Pshot = 24 B Ry, oy mzMm 3.3)

RIN
Prin = 1010 BRy, (Iav,MZM)2 (3.4)

The dependence of these noise terms on the average photocurrent is shown in Fig-
ure 3.5 together with the thermal noise power which is independent of the pho-
tocurrent. Note that the noise power is expressed as the power spectral densities,
PSD, where we have set B = 1 Hz (see Chapter 2 Section 2.3). From this figure, we
can see that except for a very low average photocurrent (Izy,mzm < 0.2 mA), the shot
noise and RIN dominates the total link noise. Thus, reducing this photocurrent by
means of low biasing is very attractive to improve the link noise performance.
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Figure 3.5: Noise power spectral densities of various dominant sources as func-
tions of the detected photocurrent.

The effect of low biasing the modulator to the total link noise power is illus-
trated in Figure 3.6, where the noise PSD of an MZM APL with various RIN values
are plotted as functions of the modulator bias angle. In this case the input optical
power to the modulator is set at 100 mW while other link parameters are the same
as described in the previous example. There are several interesting features that can
be observed from the plot. First, for a fixed RIN value, low biasing the modulator
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Figure 3.6: Noise power spectral density for various RIN values as functions of the
bias angle. Low biasing the APL reduces the noise power and allows shot
noise limited operation.

will reduce the noise PSD. This reduction, relative to the noise PSD at quadrature
bias, is larger for higher RIN values. Thus, low biasing is more attractive for RIN
dominated links. This can be understood since for RIN dominated links, the total
noise power virtually has the dependence of [1— cos(c,bB)]2 on the bias angle (see
Equations (3.2) and (3.6)).

Another way to look at the plot in Figure 3.6 is to compare the noise PSDs for dif-
ferent RIN values. The benchmark for this comparison is a quadrature biased APL
with no RIN and hence, in this case, is shot noise limited. The noise level for this
shot noise limited performance is -162.8 dBm/Hz, which is shown as the dashed
curve in Figure 3.6. We can see that this noise PSD value can be obtained with a RIN
limited APL, in this case with a RIN of -145 dB/Hz, by reducing the MZM bias angle
to 0.1337 or 24°. This is indicated by a star symbol on the figure. This demonstrates
how this technique restores the shot noise limited performance, initially obtained
with a RIN-free laser source and a quadrature biased modulator, with a noisy (i.e.
high RIN) laser but with reduced bias.

It is more useful however, to inspect the impact of low biasing to the link noise
figure. This is because most of the time the important parameter is not the absolute
value of the noise power but rather its relative value with respect to the signal power,
i.e., the SNR. The variation of this SNR from the input to the output of the APL is
described by the noise figure [17]. We have seen that for a fixed input optical power,
low biasing will also reduce the link gain. This means that for a fixed optical power,
low biasing the modulator will reduce both the signal and the noise power at the
APL output. The impact of this low biasing to the overall noise figure for various
RIN values are shown in Figure 3.7.
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Figure 3.7: Link noise figure for various RIN values as functions of the modula-
tor bias angle. The bias angle that minimizes the noise figure depends
strongly on the RIN level.

Similar to the noise power trend, low biasing effectively reduces the noise fig-
ure of a RIN limited APL compared to the shot noise limited one (i.e. no RIN case).
For example, for RIN =-145 dB/Hz, the noise figure is reduced from 43.68 dB at the
quadrature to the minimum value of 28.65 dB at 0.07x or 13.1°. Hence the NF re-
duction factor is 15.03 dB. In contrast, in the absence of RIN, the NF reduction is
limited to 1.58 dB if the bias is reduced from quadrature (NF = 23.3 dB) to 0.267x or
48.1° (NF = 21.72 dB). Again this can be explained by examining the dependence of
the dominant noise terms and the link gain with respect to the bias angle. The link
gain is proportional to the factor sin g (Equation (3.1)) whereas the shot noise
and RIN powers are proportional to the factor 1 - cos ¢g and (1 —Cos (pB)Z , respec-
tively as shown in Equations (3.5) and (3.6). These equations are essentially Equa-
tions (3.3) and (3.4) re-written to clearly show the dependence of these noise terms
on the bias angle.

rpp P
Pshot =24 BRL = (1~ cosy) 3.5)
RIN rep Py 2
Prin = 10710 BRy, (1-cos¢p) 3.6)

The noise factor of the APL (Chapter 2, Subsection 2.3.5) can be written as

PN
F = 3.7
MM gvzmkTB
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where py is the total noise power in Watt. This noise factor is related to the noise
figure via the relation NF = 10log,, (F). Now let us examine the case where, the link
noise is dominated by the shot noise, i.e., px = pshot.- According to Equations (3.1),
(3.5) and (3.7), the noise factor is proportional to the factor sin? ¢/ (1 —Cos (/)B)
whereas in the case of RIN dominated link (px = prin), Fumzm is proportional to
the factor [sin¢p/ (1 —cos ¢g)]*. These factors, expressed in dB, are plotted in Fig-
ure 3.8. It is thus clear that the impact of low biasing is more for RIN dominated
links than for shot noise limited links. Note that for shot noise limited links, a max-
imum noise figure improvement that can be expected is 3 dB. This was also noted
by Helkey in [141].

1] sin'y,
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Figure 3.8: The factors that determine the amount of noise figure reduction for a
low biased APL relative to the quadrature biased case. Solid line: RIN
dominated link, dashed: shot noise dominated.

A careful observation of Figure 3.7 shows that the bias angle that gives the min-
imum noise figure value depends strongly on the RIN values. This optimum bias
angle as a matter of fact depends on various link parameters, for example the input
optical power or the loss. In general the expression of this optimum bias angle can
be derived from the noise figure expression [139, 141, 143], as the following, where
we take the approach presented in [143].

We start with the expression of the noise factor in Equation (3.7). Assuming that
the dominant noise terms are the thermal noise, shot noise and RIN and taking into
account the passive impedance matching imposed at the detector (see Chapter 2,
Section 2.3), Fyizm can be written as

Vi RE )2 A+B(1-cos¢p)+C(1-cospp)’

3.8
sin? ¢p 5.8

FMZM=1+(
b/
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with
4L )2
A= 3.9)
rppPiR
4qL
=1 (3.10)
rppPiRkT
and
c=10% ! (3.11)
- kTR’ '

The bias angle that gives minimum noise figure, ¢ minNF, can be found by set-
ting the derivative of Fyizy with respect to ¢ equal to zero and solving for ¢pg. The

result is
A
1+ -
B+2C

We can see that this optimized bias angle is independent of V; rr, but depends
on various parameters like RIN and the input optical power. It is useful for example,
to consider how to optimize the system (i.e., minimize the noise figure) by means
of low biasing given the input optical power (P;) and the RIN levels. For this pur-
pose, we plot ¢ minNF as a function of RIN and P;, where the rest of the parameters
are kept the same as used in the previous example. The result is depicted in Fig-
ure 3.9 (a). Using such plot, a link designer can select the bias angle that minimizes
NE given the specification of the light source. For example, using a high power and
a high RIN source, the modulator should be biased very low in order to achieve
the optimum NE while for lower power and lower RIN source the optimum bias is
closer to the quadrature point.

Having determined the optimum bias angle, we can inspect how the resulting
minimum noise figure (NFp,in) compares to the NF of the same link only biased at
the quadrature (NFq). We call this quantity, NFy,in —NF(, the noise figure reduction
factor and it is plotted as a function of RIN and P; in Figure 3.9 (b). The highest noise
figure reduction is obtained in the case of a link using a noisy laser with high out-
put power while for relatively low RIN laser the noise figure improvement is fairly
limited.

B, minNF = arccos . (3.12)

202+ 5ol
2+
B+2C B+2C

3.2.4 Impact of Low Biasing on Nonlinearity and SFDR

In the previous subsection, we have seen that low biasing the modulator will im-
prove the APL noise performance. Here we will evaluate the impact of low biasing to
the link linearity and dynamic range. Recall that biasing the MZM at the quadrature
will yield a maximum link gain and a minimum even-order distortion. This is the
main reason that the quadrature biasing is the most widely used operating point.
Moreover, at this bias point the APL SFDR is not limited by the second-order inter-
modulation (IMD2) but only by the third-order intermodulation distortion (IMD3).
As aresult, the APL can be used in wideband or multioctave applications, where the
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Figure 3.9: (a) The optimized modulator bias angle in Equation (3.12) that gives
minimum noise figure and (b) The contour of the noise figure reduction
factor (NFmin — NFq) obtained by inserting Equation (3.12) into (3.8))
and divide the result with the noise factor of the same link biased at the
quadrature.

relative signal bandwidth is more than one octave (see Subsection 2.43 of Chap-
ter 2). As the bias angle reduces, the even order distortion power increases [127].
This can be observed by the increase of the second-order intercept point (IIP2),
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Figure 3.10: (a) Second-order and (b) Third-order SFDR for various RIN levels as
functions of the bias angle. The SFDR; is severely limited by moving
the modulator bias angle away from the quadrature

which is proportional to the factor tan? ¢p (Equation (2.79). and Figure 2.16 of
Chapter 2). Thus, there is a trade-off between the noise power and the IMD2 power
in low biasing the modulator in a sense that low biasing will induce larger even or-
der distortion. As a result the second-order spurious-free dynamic range (SFDRy)
is severely limited, as shown in Figure 3.10 (a). A solution to this limitation is to
use a pair of low biased modulators instead of one modulator and use a balanced
detection scheme. This scheme, proposed by Burns et al. [149] in 1996 and will be
discussed further in Subsection 3.2.6.

However, for applications where the bandwidth is less than one octave, low bi-
asing can still be advantageous from the SFDR point of view. In this type of applica-
tion, even order distortion can be filtered out, thus the limiting factor is the IMD3
terms. Since the third order input intercept point (IIP3) does not depend on the
bias angle (Equation (2.80) of Chapter 2), the SFDR3 will increase if the noise figure
reduces. This is illustrated in Figure 3.10 (b).

3.2.5 Balanced Detection

Low biasing the modulator imposed a trade-off between the noise figure and the
IMD?2 power and SFDRy, limiting the applicability of the APL in wideband systems.
As we will see in the following subsections, a way to mitigate this limitation is to use
a balanced detection scheme. A balanced photodetector (BPD) consists of a pair of
photodiodes as shown in Figure 3.11. Supposing that each of the photodiodes has
the responsivity of rpp, and rpp,, and the optical powers impinging on them are Py,
and P,,, respectively, the output current of the BPD, Igpp is simply the difference of
the currents generated by each photodiode (Ipp, and Ipp,), yielding
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Igpp = Ipp1 — Ipp2
=1pp1Po1 — P2 Po2 . (3.13)

Ideally, the photodiodes have the same responsivities, rpp, = rpp,. In this case,
provided that the phase and the amplitude of the optical signal impinging on the
detectors are matched, the output photocurrents of the photodiodes are the same.
Subtraction of these currents will lead to a cancellation of the common mode sig-
nals of the photocurrents Ipp, and Ipp, . Thus, an important parameter of a BPD is
the common-mode-rejection-ratio (CMRR), defined as the ratio of the differential
mode signal to the common mode signal at the output of the BPD [150].

P°1\\‘\% "pD1
/

— BPD

Poz \>‘i "pp2

BPD

Figure 3.11: Balanced detection scheme. The output current of the balanced de-
tector (Igpp) is the difference of the photocurrents generated at each
photodiode (Equation (3.13)).

The scheme was initially proposed to cancel the local oscillator (LO) noise in
a coherent detection scheme [31, 151]. However, in 1992, Madjar et al. [152, 153]
proposed the architecture using a balanced detection to reduce the noise and to
increase the dynamic range of an analog photonic link. In 1993, Ackerman et al.
[154] proposed a similar setup only using a dual output MZM (Subsection 3.2.7).
Since then this technique has been pursued by many to show high performance
analog photonic links. [43, 44, 46,47, 49,87, 155-159]. Various BPD configurations
have been used in such links, such as commercially available BPD modules [136,
160] or discrete photodiodes combined with a hybrid coupler [43, 49, 125].

3.2.6 Low Biased Parallel Modulators: Class-AB APL

The balanced detection scheme has been used to overcome the major disadvan-
tage of low biasing which is high even-order distortion. The scheme, shown in Fig-
ure 3.12, was proposed by Burns et al. [149] in 1996. With this scheme, the dele-
terious effect of IMD2 can be mitigated while at the same time preserving the ad-
vantage of low biased modulators. The proposed APL consists of a pair of MZMs
symmetrically biased around the lowest transmission point (null bias) as shown on
the lower left of Figure 3.12. These modulators are fed with a common RF signal
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Figure 3.12: Schematic of the Class-AB operation.

(voltage). In this arrangement, for one MZM an increase of instantaneous voltage
will result in an increase of output optical power while for the other MZM it will
result in a decrease of output optical power. This means that the MZMs modu-
late the light in a push-pull manner and the optical signals at their outputs will be
complementary, i.e., they have the same amplitude (assuming that the MZMs are
identical) but opposite in modulation phase. This situation is also illustrated in
Figure 3.12. These complementary optical signals are routed to a BPD at the re-
ceiving site using a pair of optical fibers. If these transmission fibers are perfectly
matched in length, the optical signals will arrive at the photodiodes maintaining
their amplitude and RF-modulation phase relations. The BPD will subtract these
signals and, according to Equation (3.13), the fundamental signal will add-up in-
stead due to their antiphase relation. Note that this also applies to any odd-order
distortion component in the modulated optical signals. All even order distortion
components and the laser intensity noise, however, are common at the two arms of
the APL and hence will be cancelled at the BPD output. This is the main advantage
of the scheme.

Since initially proposed in 1996, this type of APL has been investigated and opti-
mized by Darcie et al. [161-163] who dubbed the link as a Class-AB (CAB) photonic
link, due to its similarities with a class-AB electronic amplifier in which a small pre-
bias is needed to maintain linear operation [164].

To fully understand the advantage of the CAB link over a conventional MZM
link, let us consider a general case where a pair of MZMs is employed where the
first MZM (MZM;) has an insertion loss of L;, an RF half-wave voltage of V; rr,
and biased at an angle ¢g,, while the parameters of the second MZM (MZM) are
Ly, Vz rr, and ¢p,. Suppose that the optical power from the laser is P;, the input
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optical power to the each modulator is P;/2. The output optical power from these
modulators can be written as

P
Pyzw, (D) = i (1—cos[61 (1) + ¢, ]) (3.14)
1

P.
Prizm, () = —— (1= cos [0z (1) + s, |) (3.15)
41,
where 0 5 (#) is the modulating signal to MZM; » defined as

7 VRe (1)
012 (1) = —222 (3.16)
HRFLZ

Now let us consider an ideal case where the modulators are identical (L, = L,
and Vy rr, = Vi rr,) and they are biased symmetrically from the null bias point such
that ¢, = —¢p, = ¢pcas. The output optical powers in Equations (3.14) and (3.15)
can be re-written as

P

Pyzw, (D) = i (1—cos [0 (1) + pcas]) (3.17)
P;

Pyiz, (1) = E(1—cos[9(t)—¢>CAB]). (3.18)

The resulting optical signals are detected with an ideal BPD with responsivity of
rpp. The output current of the BPD can thus be written as

Ip,cas (1) = rpp (Pymz, (1) — Pyzm, (1)

p.
_ b Lsin® (1) sin¢cap
P; 3
:% 6 () sin¢cag — G()SingbCAB+... ) (3.19)

From Equation (3.19), we can see that ideally, the output current will only consist
of the desired signal plus odd-order distortions while the DC component and all
even-order distortions are perfectly canceled.

Since the DC component is cancelled, the laser RIN ideally is also cancelled. But
the shot noise contributions from the two photodiodes will add up because they are
generated independently. Thus, the shot noise power in the CAB link can be written
as:

Pshot,caB = 2B Rurpp ({Pymzm, () + (Pyvzm, (1)) (3.20)
Py
=q rPDBRLI (1 - COS(PCAB) .

The performance of the CAB link depends on how the bias angles for the mod-
ulators are selected and matched. The bias angle selection will determine the shot
noise power as well as the signal power. In [149], the modulators are biased at
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Figure 3.13: The class-AB APL noise figure as a function of the bias angle, ¢cag, for
various input optical power levels.

¢ = 1/4, yielding an SFDR; of 108 dB.Hz'/? and SFDR3 of 109 dB.Hz*'? at the fre-
quency of 110 MHz for 1 mA detected current per-photodiode. The IMD2 reduction
obtained by balanced detection was 28 dB. Darcie et al. [161] selected a lower bias
angle (¢p = 7/6) in order to have a larger shot noise reduction. With this arrange-
ment, an SFDR of 110 dB.Hz?'? has been be achieved. To illustrate how the bias
points can be selected in such a link, let us consider the following example.

Example 3.2

Consider a CAB link consisting of a pair of MZMs with parameters V; grr = 3.8V and
10log;y L = 5dB. Assume that the modulators are identical. The BPD is assumed to
have a responsivity of rpp = 0.75A/W and a CMRR of 30 dB. A passive impedance
matching scheme has been used at the BPD to match the impedance to a 5002 load.
The optical power of the laser is P;. The APL noise figure as a function of the bias
angle, ¢cap, for various input optical power levels are shown in Figure 3.13. In this
figure, the bias angles selected in [149] and in [161] are also indicated. For low in-
put optical power, the optimum bias angle is close to the quadrature point while for
high optical power low biasing is advantageous. However, the NF improvement of
low biasing relative to the quadrature biasing in this case is negligible. This is be-
cause the APL is shot noise limited (since RIN is assumed to be perfectly cancelled
by balanced detection) and according to Figure 3.8, the maximum NF reduction for
shot noise limited link relative to quadrature is limited to 3 dB. However, low bias-
ing is still advantageous to avoid photodiode saturation. Supposed that for P; = 1 W,
choosing the bias angle of 7/10 will give link parameters G = —2 dB, NF = 13 dB,
SFDR;3 = 120.5 dB.Hz?/3 and noise PSD of -162.6 dBm/Hz. This is all achieved with
an average photocurrent per photodiode of only 6.3 mA. Moreover, since second-
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Figure 3.14: Class-AB link parameters as functions of the bias angle imbalance. (a)
Noise PSD, (b) Noise Figure, (c) SFDR3 and (d) IMD2 power relative to
the carrier power.

order distortion terms are suppressed, the APL can be applied for broadband (mul-
tioctave) systems. Q

In general it is challenging to maintain the bias angle of the modulators to be
exactly the same [161] since the modulators suffer from bias drifting which moves
the bias point away from the intended bias point due to temperature dependence
[165] or a memory effect [33]. To give an idea of how sensitive the APL to bias angle
imbalances, let us consider the following example.

Example 3.3

In the previous example we have set ¢cag = /10 and obtained that the APL gives a
relatively high performance (NF = 13 dB, SFDR3 = 120.5 dB.HZz%"3) with a medium
photocurrent per-photodiode (6.3 mA). Now let us assume that the bias angle of
one of the modulators slightly deviates from the intended value. In the ideal case,
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we have ¢, = —¢p, = Pcap. Here we consider that ¢p, = — (Pcap + Adcas), where
A¢cag is the deviation from the intended bias angle. The link performance param-
eters as functions of A¢cap (expressed in degrees) are shown in Figure 3.14, where
we have set ¢, = pcap = /10. From Figure 3.14 (a)-(c) we can see that the sensi-
tivity of the link performance to the bias imbalance depends strongly on the laser
RIN. For low RIN (for example RIN = -175 dB/Hz), bias angle deviation of -20° will
increase the noise figure by 6 dB (from 13 dB to 19 dB) and reduce the SFDR3 by
3.5 dB (from 120.5 to 117 dB.Hz?/3). While in the case of high RIN (-145 dB/Hz)
the effect of a same deviation is much severe, where the noise figure is increased by
27 dB and the SFDR; is reduced by 18 dB.

It is also important to note that the effect of the bias deviation is not symmetri-
cal about the intended bias point (Figure 3.14 (a)-(c)). This is because for positive
values of A¢cap, the bias point is deviated towards the quadrature point that in-
creases the link gain as well as the noise power, whereas negative values of A¢cap
indicate a deviation towards the null bias, where both the signal and the noise van-
ish.

The bias deviation also affects the IMD2 suppression in the link. This is illus-
trated in Figure 3.14 (d) where the IMD2 power relative to the fundamental signal
power as a function of the bias deviation is depicted. Here, the total RF input power
of 0 dBm delivered to both modulators has been assumed. A 20° bias deviation will
result in approximately 46 dB increase in the IMD2 power. This will limit the SFDR,
of the link and subsequently limit the APL to sub-octave applications. D

Besides maintaining the bias angles, another challenge in the CAB link is to
maintain a perfect amplitude and RF-modulation phase matching for the RIN and
IMD2 cancellations. For this reason, the RF phase and amplitude equalizations
should be done, using attenuators (RF or optical) for the amplitudes and using
phase shifters or variable optical delay lines (VODLs) for the phase. The require-
ments for the phase and amplitude matching to achieve a certain RIN suppression
level has been well documented and can be found in references [151, 153], for ex-
ample.

3.2.7 Dual Output MZM

To date, the highest performance APLs have been shown with a scheme using a
dual-output (or X-coupled) MZM and a balanced detection scheme. The architec-
ture of of such APL is shown in Figure 3.15. When biased at the quadrature, the
X-coupled MZM outputs exhibits two complementary optical signals, as illustrated
in Figure 3.15. In the ideal case, the DC component and the even-order distortion
terms are common in these signals and, hence, will be cancelled upon balanced
detection. The desired fundamental signal and odd-order distortion terms of these
two outputs, however, will add up at the BPD output. The cancellation of the DC
component will lead to RIN suppression. This is also the case for second-order har-
monic and intermodulation distortion (HD2 and IMD2). For this reason, the APL is
suitable for multioctave bandwidth operation. Moreover, since the complementary
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Figure 3.15: A schematic of the dual-output MZM link.
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signals add up at the BPD output, signal power enhancement of 6 dB relative to the
case where only one modulator output is used can be expected [47, 155].

Since introduced in by Ackerman et al. in 1993 [154], the scheme with dual
output modulator and a balanced detector has been pursued numerously [43, 44,
47,49,150, 155-157, 166]. Notable results were obtained by Nichols et al. [157] that
reported theoretical study of how to optimize the link performance, Williams et
al. [44] that showed a high SFDR of 119.1 dB.Hz?/3, and Islam et al. [150] that re-
ported a 24 dB of RIN suppression and an SNR advantage of 23 dB relative to the
case of single fiber link. Recently, McKinney et al. [49] reported a sub-10 dB link
noise figure using x-coupled MZM with a low half-wave voltage (< 2 V at 2-12 GHz).
Ackerman et al. [47] reported a link architecture which is suitable for multioctave
bandwidth operation and demonstrated a noise figure of < 6.9 dB and a gain of
>17.0 dB across 6-12 GHz using this configuration.

To fully understand how these results can be obtained with the dual-output
MZM link, let us consider the principle of operation of this APL. We start with the
complementary outputs of the MZM,

(3.21)

P.
Pxi ()= i (1 Fcos|¢pp +

VR (1) ))
Vi RE

Biasing the modulator at its quadrature point (¢ = 7/2) will result into equal mod-
ulated signals at each output but opposite in RF-modulation phase

Pxy(8) = ZP_IIJ (1 £sinf (1)) (3.22)

where we have defined 0 (t) = 7 Vgr (¢) / Vz rr as we did in the case of Class-AB APL.
Detection of these optical signals with a ideal (perfectly balanced) BPD with a re-
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sponsivity of rpp, will yield a photocurrent of

Ipx (1) = rpp [Px+ (1) — Px— (1)]

P.
_ D Lsin® (1)
L

=21,y ppsind (1) (3.23)
with Iy pp is the average photocurrent per photodiode defined as
pp P
2L

The ideal output current from the BPD thus contains no DC component and the
RIN component associated with the DC current is completely cancelled [154, 155,
157]. However, this cancellation is limited by the power of the modulating signal
[153, 166] and the intensity noise power at the output can be written as

Iy pp = (3.24)

Prinx = RIN BRLIZ, (S +2sinf (£))? (3.25)

where the quantity S is related to the common-mode suppression factor (CMRR) of
the BPD and accounts for imperfect amplitude and phase matching. Ideally S =0
but typically the value will be between 0.1 and 0.01 [166]. While the RIN is cancelled
at the output of the BPD, this is not the case for the shot noise. Similar as in the
case of a Class-AB APL, the shot noise from the two photodiodes of the balanced
detector adds up at the output yielding,

Pshotx =4qlayBRy (3.26)

Having defined the parameters of the dual-output MZM link, let us investigate
the performance of such a link compared to the previously discussed APL types. For
this purpose, we simulate the link gain, noise figure and SFDR;3 of a single quadra-
ture biased MZM APL, a Class-AB APL biased at 7/10 and a dual-output MZM link.
All links used modulators with the same half-wave voltage and insertion loss val-
ues. The BPD CMRR is taken to be 30 dB and the responsivity is 0.75 A/W. We plot
the link gain, noise figure and SFDR3 as functions of the average photocurrent (per
photodiode in case of balanced detection scheme) in Figure 3.16 (a), (b) and (c), re-
spectively. We observed that the link gain of the X-coupled MZM link is 6 dB higher
compared to the single MZM, which is expected. The noise figure of this link is bet-
ter compared to the single link due to RIN cancellation. The noise figure improves
with the increase of the photocurrent, indicating a shot noise limited performance.
This is in contrast with the single MZM link that is RIN limited for high RIN, for
example at RIN= —155 dB/Hz. The dual-output MZM also shows better SFDR3 for
a given photocurrent, relative to the single MZM link (Figure 3.16 (c)). The best
performance for a given photocurrent, however, is obtained with a class-AB APL.
But keep in mind that since this is a low biased link, the same photocurrent as in
the other two links will require a much higher input optical power in the case of
the class-AB link. For example, a photocurrent of 6.3 mA requires an input optical
power of 1 Watt. It is also important to note that in their ideal operations, these
links can be used in multioctave bandwidth operation.
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Figure 3.16: (a) Link gain, (b) noise figure and (c) SFDR comparisons for three dif-
ferent link architectures (single MZM, class-AB and dual-output MZM)
as functions of the average photocurrent per-photodiode.

3.2.8 Linearization Schemes

So far we have seen the techniques to increase the performance of an APL. Primar-
ily these techniques rely on either increasing the signal power (i.e. reducing the
link loss) and/or reducing the noise power. Thus, the aim of these techniques is
actually reducing the noise figure of the link. We have seen that for the link SFDR,
there are two bounds that limit its value. The lower bound is imposed by the noise
and the upper bound is imposed by link nonlinearity. This is evident if we exam-
ine Equation (3.27) where the intercept points and the noise figure clearly define
the dynamic range. Thus the aim of the previous techniques discussed here is to
reduce the noise figure such that the lower bound of the dynamic range is relaxed.
However, a trade-off might occur such that these efforts to reduce the noise figure
come with the expense of increased nonlinearities and reduced bandwidth, like in
the case of low biasing which reduces the noise figure but limits the usable multi-
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Figure 3.17: A linearization technique proposed by Betts [168]. The link has a high
sub-octave SFDR due to minimization of third-order distortion.

octave dynamic range because it reduces the IIP2.

SFDR, = ”Tl (IIPn— NF +174) (3.27)

Clearly from Equation (3.27), the SFDR can also be increased by pushing the
upper boundary by means of increasing the input intercept point (IIPn). This can
be done by suppressing distortion terms such that larger RF signals can be trans-
ported by the link without any measurable distortion. As a matter of fact, we have
discussed a type of linearization in the previous sections, when we discussed about
the balanced detection scheme. Recall that in the ideal balanced detection scheme,
even-order distortions are completely suppressed. This scheme has been extended
even further for even-order distortion cancellation generated in the photodetec-
tors [167]. In this part we will briefly review various linearization techniques that
have been implemented in an MZM APL and discuss their impact on the link SFDR.

According to [17], linearization techniques can be divided into two categories,
namely the primarily electronic and primarily optical techniques. An example of
the primarily electronic schemes is the so-called pre-distortion technique. The idea
of a pre-distortion is that if the nonlinear transfer function of the modulation device
is well-known, a circuit with the inverse of this nonlinearity can be inserted prior to
the modulation device such that the cascade of the circuit and the modulation de-
vice has a more linear transfer function. This technique has been applied in various
modulation devices, notably in a directly modulated laser [169], a Mach-Zehnder
modulator [170] and in an electroabsorption modulator (EAM) [171], where im-
provements on the link linearity have been reported. However, details on this pre-
distortion technique is beyond the scope of this thesis.

The second linearization category is the primarily optical method. The idea is
to use a combination of modulation devices, either in serial or parallel, and to select
their parameters such that the transfer function of this combination is more linear
compared to an individual device. This technique is almost exclusively applied in
an externally modulated link. Here, we will discuss a linearization method that has
been applied in an MZM APL. Note that the purpose of our discussion here is not
to go into detail of the technique but rather to give an impression of the idea that
has driven it and how it was applied. The method was proposed by Betts [168] in
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1994. It consists of serially cascaded MZMs, as shown in Figure 3.17 . With this ar-
rangement, a very high sub-octave SFDR of 132 dB.Hz*/® has been demonstrated.
This remains one of the highest SFDR values ever shown with an MZM link. In a
regular MZM, the second-order distortion is nulled at the quadrature bias point
(90° bias angle). The null for the third order distortion, however, coincides with the
null of the desired signal. For narrowband (sub-octave) applications, second-order
distortion is not important and a scheme that minimizes the third-order distortion
is desirable. This scheme uses the serial combination of MZMs to attain this min-
imization. There are three degrees of freedom in such link; the two biases of the
MZMs and the power coupling ratio of the RF signal supplied to the modulators,
denoted as r in Figure 3.17 (b). For simplicity, the bias angles of the modulators are
tied together, and r is set to 1 [17]. With this arrangement, a minimized third-order
distortion at bias angle of 104.8° was achieved. This is very advantageous since the
bias point that minimized this distortion term is moved away from the null of the
signal. With this approach, an SFDR improvement of 23 dB relative to the single
modulator case has been shown. Detailed descriptions of the work can be found
in [17,168,172].

Linearization of MZM APLs is a well-studied topic and various techniques have
been proposed over the years. Some of the techniques that receive a lot of attention
is the dual-parallel MZMs technique that uses the third-order distortion of one of
the modulators to cancel the distortion of a so-called "primary" modulator. This
technique was proposed by Korotky et al. [173] in 1990 and optimized by Brooks
et al. [174] in 1993. Another technique uses a serial cascade of three MZMs to
suppress both third and fifth-order distortions [175]. The predicted SFDR values
of various linearized links were investigated in [176] while the bandwidths, taking
into account the degrading effects of finite transit time and optical and electrical
velocity dispersion were studied in [177]. In [133], Schaffner et al. investigate the
performance of such linearized APLs when cascaded with pre and post amplifiers.

3.3 Direct Modulation

In the previous section, we have reviewed various techniques to increase the perfor-
mance of an externally modulated link with an MZM. Here we will discuss the tech-
niques applied in a directly modulated laser (DML) APL. Compared to the MZM
links, efforts to enhance the DML link are very limited. This is because MZM link
performance can be "easily" increased by varying system parameters which are di-
rectly accessible to a link engineer, such as modulator bias voltage or the input op-
tical power. As we will see later, this is not the case for the DML link, in which fewer
system parameters can be tuned to optimize the system. Most efforts to optimize
such links are thus directed towards device level optimizations. For example, us-
ing an injection-locked laser to increase its modulation bandwidth [178], to reduce
the RIN and enhance the SFDR [179] or to reduce nonlinearities [180]. This kind
of technique is beyond the scope of this thesis. This is one reason why this section
will considerably be shorter than the section on MZM links. Another reason is that
the techniques that involve optimizations of system level parameters to enhance
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the DML link performance will be discussed in detail in Chapter 4 and Chapter 5 of
this thesis. Thus, this section mainly will serve as an introduction to such efforts.

3.3.1 Link Gain Enhancement

Recall that in general the link performance can be improved by means of increas-
ing the input optical power to the modulator. The APL link gain and, depending on
the dominant noise term, the noise figure and the SFDR increase with this optical
power. However, this premise does not apply in the case of directly modulated laser
(DML) link. Increasing the optical power from the laser by means of increasing the
injection current will not increase the modulated signal power, but only increases
the average DC optical power. As discussed in the previous chapter, the link gain
of a DML link depends only on the laser slope efficiency and the photodetector re-
sponsivity. These parameters, unlike the optical power in an MZM link, are native
to the components used in the link. This means that they are fixed once the com-
ponent selection has been done.

—{3—o R,
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R
Vs 2 PD
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fibers
Figure 3.18: Directly-modulated analog link with series-connected lasers [181].

Only limited progress have been reported in the efforts of increasing the gain of
a DML link. A promising way is to use the so-called cascaded lasers [181, 182]. The
idea is that using a series connection of lasers (Figure 3.18), the slope efficiency of
the connection is equal to the sum of the individual slopes and hence, will increase
the link gain. The first demonstration using discrete butterfly-packaged compo-
nents were shown in [181], in which a link gain of 3.8 dB was obtained with a cas-
cade of six lasers. In the demonstrator, the fiber outputs of all six lasers were ar-
ranged to fall on a common, large area photodiode, i.e. no fiber coupler was used.
The reported combined slope efficiency of these lasers is 1.89 W/A. Moreover, the
measured noise figure for this link is 17.8 dB, a 6 dB reduction relative to the case
of a single laser. This is because the RINs from the individual lasers in the cascade
add up incoherently. However, the demonstration was severely limited in band-
width (60 MHz relative to individual components bandwidth of 3 GHz) due to par-
asitics effect of the laser connection. This in fact, dictates monolithic integration
of the laser cascade. The notable effort for such integration was reported in [182].
Analog modulation characterization of a three-stage laser shows promising results,
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yielding a link gain of approximately 0 dB and an SFDR3 of 119.6 dB.Hz?/® at the
two-tone frequencies of 500 + 1 MHz. These results are promising especially if the
modulation bandwidth of these lasers can be increased into the multi-gigahertz re-
gion.

3.3.2 Low Biasing

As observed with an MZM link, low biasing of the modulation device can reduce
the DC optical power to the photodetector. This gives two advantages, which are
avoiding the photodetector saturation and reducing the link noise power. In DML
link, low biasing is rarely pursued. In such a link, the typical detected photocur-
rent is relatively low and unlikely to saturate the photodetector. Moreover, unlike
in the MZM link, low biased DMLs suffer from enhanced RIN, which power spec-
tral density is inversely proportional to the cubic of the ratio between the bias and
the threshold currents [183]. This effect, in turn, will impose a massive limitation
on schemes relying on low biasing the DML for noise reduction [184, 185]. The sig-
nificant RIN enhancement (as high as 40 dB) overshadows the advantage of having
a lower detected photocurrent that gives lower shot noise [186]. This will be dis-
cussed further in Chapter 5.

Although turned out to be not promising for noise reduction, low biasing the
DMLs have been used for the purpose of low-cost upconversion of digital radio sig-
nals [187,188]. In this technique, the laser is biased close to the threshold current.
The motivation behind this technique is the fact that DML is limited in modulation
bandwidth that restrict the frequency of the modulating signal. By recognizing that
the region close to the laser threshold is highly nonlinear [186], the low-biased DML
can be used as a mixer and an upconveter. In this case the DML is modulated with
either a baseband digital signal or a modulated intermediate frequency (IF) carrier
and an RF local oscillator (LO) frequency. The result is a modulated carrier at the
frequency of the sum of the IF and LO frequencies. This technique has been used
to up convert a 10-Msymb/s QPSK signal to 3.1 GHz, using both a DFB laser [187]
and a vertical-cavity surface emitting laser (VCSEL) [188].

3.3.3 Dual Laser and Balanced Detection Scheme

The balanced detection scheme in DML link was intially proposed in 1992 by Ogawa
etal. [189]. In this paper the authors proposed a scheme using a pair of laser diodes
and a pair of photodetectors, as shown in Figure 3.19. Microwave components like
an in-phase combiner and an out-of phase divider are used to specify the phase re-
lation of the upper and the lower arms of the link such that certain components of
the signal are retained and others are suppressed. Ogawa et al. used this principle
to cancel the fundamental signal and odd-order distortions and to retain the even-
order distortion components. Thus, this link is mainly directed as an upconverter,
generating the second-harmonic of the modulating RF signals. The objective is to
increase the DML modulation bandwidth beyond the relaxation frequency.

In 2000, Pappert et al. [87] use the similar scheme to show an improvement of



3. Performance Enhancement of Analog Photonic Links

75

T

D

—_

Laser 1

Out-of-phase

* combiner

RFF’ divider

RF out

In-ph @ @
@ @

Laser 2

T

D2

Figure 3.19: A dual laser and detector scheme proposed in [189] to increase the
laser modulation bandwidth by means of generating second-order
distortion. A similar arrangement is later used in [87] and in [159] for
SFDR enhancement.

dynamic range for multioctave purpose at the frequency up to 1 GHz. In contrast
with the work in [189], the configuration was used here to suppress the even or-
der distortions to increase the operation bandwidth of the link, which was initially
limited to sub-octave applications. Recently we revisited the scheme and showed
one of the highest multioctave SFDR ever shown with DML at the frequency of
2.5 GHz [159]. The principal and the measurement results of this scheme will be
discussed in detail in Chapter 5.

3.4 Summary

In this chapter the techniques to increase the performance of analog photonic links
have been presented. For external modulation with MZM, generally increasing the
input optical power to the modulator will increase the link performance, notably
in terms of the link gain. However, high optical power at the modulator input will
result in a high average photocurrent that might saturate the detector. Besides, this
average current will directly contributes to APL noise. A low biasing scheme can
be a solution to this limitation. In general for a given modulator characteristic, an
optimum bias operation which minimizes the link noise figure can be determined,
taking into account the input optical power and the laser RIN level. Although at-
tractive from the noise figure point of view, low biasing increases second-order
distortion, preventing the link to be applied in multioctave systems. A class-AB
architecture using dual MZMs and balanced detection scheme can be used to miti-
gate this problem. Besides this scheme, dual-output MZM with balanced detection
scheme is also promising to provide very high link performance. The comparisons
of these techniques is summarized in Table 3.1. Besides optimization by means of
noise figure reduction, linearization techniques have been well explored for MZM
links. A very high SFDR can be achieved with such technique, although limited to
sub-octave bandwidth. In contrast to external modulation, techniques to increase
the performance of a directly modulated link are rather limited with most of them
directed towards device-level improvements. Notable schemes such as cascaded
lasers to increase the link gain and dual-laser plus a balanced detection schemes to
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Table 3.1: Comparison of different schemes in MZM APL
Schemes Bandwidth | Advantage Limitation
Single MZM Multioctave | — Simple — Large noise
Quadrature biased — Large photocurrent
Single MZM Sub-octave | — Low noise — Sub-octave
Low biased — Low photocurrent — Needs high power
Dual MZM + BPD | Multioctave | — Reduced shot noise | — Needs high power
(Class-AB) — Cancelled RIN — Precise matching
— Low photocurrent — Bias control
Dual-output MZM | Multioctave | — Cancelled RIN — Precise matching
+BPD

increase the SFDR have been discussed. Unlike in an MZM link, low biasing in DML
link is not promising to reduce the link noise due to RIN enhancement near thresh-
old. It is, on the other hand, attractive for mixing and upconversion of baseband

and IF signals.




Balanced Modulation and Detection
Scheme

4.1 Introduction

In this chapter a scheme to increase the performance of a directly-modulated laser
APL is proposed. The scheme is called the balanced modulation and detection
(BMD) APL and it consists of a pair of low-biased directly modulated laser diodes in
combination with a balanced photodetector (BPD). The characteristics of such an
APL are investigated thoroughly, both theoretically and experimentally and the re-
sults are presented in this chapter. The rest of the chapter is organized as follows: In
the second section the limitation in a conventional directly modulated laser link is
presented. This serves as the motivation to pursue the so-called balanced modula-
tion and detection scheme, which is introduced and discussed in the third section.
The realization and characterizations of the BMD link are presented in the fourth
section. Measurements of key parameters, such as the link gain, noise, intermod-
ulation distortions and spurious-free dynamic range are presented and discussed.
Finally the chapter closes with a summary.

4.2 Limitation of a Conventional DML Link

In a conventional directly modulated laser (DML) link, the diode laser is biased at
its most linear point, i.e. midway of its L-I curve. This is done in order to accommo-
date both small and large modulating signals, as indicated in Figure 4.1 (a). If, for
example, the bias point is lowered towards the threshold current (Iy,), large mod-

7
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Figure 4.1: Biasing schemes for a laser diode. Conventional biasing (a) will prevent
signal clipping but yields larger average optical power. Low biasing (b)
clips large signals but promising to reduce the noise in the link.

ulating signal will be clipped, as illustrated in Figure 4.1 (b). In this case, a part
of the modulating signal falls in the region below the threshold current that, from
the emitted optical power point of view, corresponds to the region of spontaneous
emission rather that the desired stimulated emission [31, 122]. This clipping will
induce rather severe distortions of the resulting optical signal. But apart from the
clipping, low biasing will result in a lower average optical power, as evident from
Figure 4.1 (b). Recall from the discussion of APL noise (Chapter 2 Section 2.3) that
shot noise and RIN are respectively linearly and quadratically proportional to this
average optical power. Thus, low biasing is attractive to reduce this average power
and, subsequently, reducing these dominant noise powers. This is especially at-
tractive in the case where the modulating signal is small. In the conventional bi-
asing, both small and large input RF signals will suffer from the same noise power,
which is relatively large for large average optical power. Hence, the signal-to-noise
ratio (SNR) for large input RF signal is high but low for small input RF signal (Fig-
ure 4.1 (a)). If the link is low biased instead, the same input signals will have im-
proved SNR due to the lower noise from the reduced average optical power (Fig-
ure 4.1 (b)). In order to illustrate this, let us consider this following example.

Example 4.1
Consider a DML link with a diode laser with s;p = 0.32 W/A and Iy, = 10 mA. This
laser is biased at Ijas = 60 mA, which is midway of the L-I curve and a current sig-
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nal with the amplitude of 6.3 mA is applied on top of this bias current. Assuming
a (single frequency) sinusoidal modulating signal, this current will deliver an RF
power of 0 dBm to a 50 ohm load. The resulting optical signal from the laser is de-
tected by a photodetector with a responsivity of 0.75 A/W. If the optical loss in the
system amounts to 1 dB and the detector is resistively matched, the resulting signal
power in this case is -20.4 dBm. The average optical power detected by the detec-
tor is 12.7 mW, resulting in an average current of 9.53 mA. If the laser RIN at the
given bias point is -162 dB/Hz, the total noise power at the output, comprising the
thermal noise, shot noise and the laser relative intensity noise, according to Equa-
tion (2.44) is -159.4 dBm/Hz. The SNR per-hertz bandwidth is thus 139 dB (1 Hz).
If the bias current is lowered to Ihj;s = 20 mA instead, an RF signal with the
same power can be transmitted over the link without any clipping. However, the
average optical power now reduces to 2.54 mW. Since the signal power in a DML
link is independent of the emitted optical power, the received RF signal power in
this case remains unchanged, which is -20.4 dBm. The noise power, however, is
reduced because the shot noise and the laser relative intensity noise are, in a re-
spective way, linearly and quadratically proportional to the received average optical
power. In this case, assuming that in this bias point the RIN value remains the same
(-162 dB/Hz), the noise PSD reduces to -168.3 dBm/Hz. This will improve the link
SNR to 147.9 dB (1 Hz). Note that in this link, the largest input power that can be
accommodated by the link without any clipping is roughly 4 dBm. Q

From the example above, we can see that low biasing is highly attractive to im-
prove the link SNR, especially in the region where the modulating signal is small. In
the next section, we propose a scheme that is based on this premise and aimed at
increasing the performance of a DML link.

4.3 The BMD Scheme

In Figure 4.2, the schematic of the so-called Balanced Modulation and Detection
(BMD) APL is presented. The link consists of a pair of laser diodes (LDs) with a
common input. These lasers are biased at their threshold currents and a sinusoidal
RF signal is applied at the input. When the signal is positive, the lower LD is con-
ducting and a positive half cycle of the sine wave is launched at the lower arm of the
APL while no light is launched at the upper arm. When the signal is negative, the
upper LD will conduct and the negative half cycle is launched at the upper arm. The
optical signal in each arm comprises a half-wave-rectified version of the modulat-
ing signal. At the balanced receiver, the signal is restored by means of a differential
detection scheme.

Hence, with this scheme the modulating RF signal is deliberately clipped (i.e.
half-wave rectified) in a controlled manner such that it can be restored upon bal-
anced detection. The half-wave rectification has two main effects. Firstly, each
photodetector in the BPD receives no light if there is no modulation. Secondly,
the average optical power in each detector is proportional to the RF power of the
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Figure 4.2: A schematic of the BMD scheme. The laser diodes (LDs) are biased at
their threshold and connected in a way such that a modulating RF sig-
nal will yield a pair of complementary half-wave rectified optical signals
which will be restored in the balanced photodetector (BPD).

modulating signal. These characteristics of the BMD scheme are in contrast with
the conventional DML scheme where the existence of a bias current will resultin a
(DC) average optical power at the detector regardless of the modulating signal.

Let us examine the expression of the modulated optical power in this scheme.
We assume a single tone modulation where the signal current to the laser can be
written as

Isig (t) = I cos(wr ). (4.1)

where the current amplitude Iy, is related to the RF power of the modulating signal,
pin, and the source impedance, Rs, via the relation

2 pPin
In=1/ —. 4.2
m =1/ Rs (4.2)

This signal is driving the two laser diodes (LD1 and LD2) which are biased at their
threshold points. The L-I characteristics of these lasers are assumed to be ideal,
i.e., we assume that they are perfectly linear and the emitted optical power is zero if
the lasers are driven below their threshold. Additionally, we assume that the lasers
have the same threshold current. Thus, in general, the output optical power, Pip ()
under any modulation I (¢) can be written as

stpl (1), ifI(6) =1y
Pip(1) = 43
Lp{#) { 0, 100 < Iy, (4-3)
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where spp is the laser slope efficiency and I, is the threshold current.
Thus, the resulting optical powers from LD1 and LD2 under the current modu-
lation in Equation (4.1) can be written as

P (6) = |sip1lsig ()|, ifnT<t<(n+$T s
. 0, if(n+ DT <t<(n+1T '
0, iftnT<t<(n+HT
Prp2(1) = ] . (4.5)
|stpaLsig (0], if (n+3)T<t<n+1T

where T = 27/w is the period of the modulating signal and n =0, 1, 2... is an integer.
Here we have assumed a general situation where the lasers have two different slope
efficiencies, sp; and sy p2. The optical signals in Equations (4.4) and (4.5) are de-
tected in the balanced detector, where the photodiodes responsivities are rpp; and
rpp2. Assuming that there is no optical loss in the APL, the average photocurrent
from each photodiode can be written as

Loy = {rpprPrpk (1))

1
= —71ppkSipktm; k=1,2 (4.6)
27

where the factor 1/27 appears from averaging of the half-wave rectified signal, i.e.,

1 T/2 1
— Hdr=—. 4.7
Tfo cos (w?) o (4.7)

The average photocurrent per photodiode will later on determine the noise
power in the link. The output signal power, however, depends on the photocur-
rent at the BPD output, which is simply the difference of the photocurrents from
the two photodiodes,

Ismp (1) = rpp1PLp (8) — rpp2 Prp2 (1) . (4.8)

Now, if we consider an ideal case where rpp1 = rpp2 = 'pD, SLD1 = SLD2 = SLp and
the length of the two optical fibers going to the BPD are perfectly matched, we can
re-write the output photocurrent of the BPD as

Ismp (£) = rppSp Im CcOsS Wt 4.9)
and the average current per photodiode as
1
Iay = 5—7pDSIDIm - (4.10)
27

Half of the current in Equation (4.9) will be delivered to a load resistance if a resis-
tive matching scheme is imposed at the BPD. The resulting RF signal power can be
calculated following the steps in Subsection 2.4.5 of Chapter 2, which will yield

L,
Pfund,BMD = (Ignmp () Ry,
1, », R

2 PDSLDR_Spin (4.11)
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which is similar to the one obtained from the previous result obtained from a con-
ventional DML link in Chapter 2.

As mentioned earlier, the noise power depends on the average current per pho-
todiode. Both the shot noise and the RIN contributions from the two photodiodes
adds up at the BPD output. These additions stem from two different reasons. The
shot noises of the photodiodes are statistically independent of each other because
they are generated by two different photon streams. The RIN contributions of the
individual lasers, averaged over the full signal period of T, also add up because they
come from two different lasers, in which the intensity fluctuations of one laser is
independent of the other. The total shot noise power (see Equation (2.34) of Chap-
ter 2) in noise bandwidth of B Hz thus can be written as

1
Pshot,BMD = Z 25] (Lav1 + Iav2) RLB
1
= —rppSipImRLB (4.12)
41

where we have used I,y = I4yv2 = I3y and used the expression in Equation (4.10) to
arrive to the second expression of Equation (4.12).

If the RIN (in dB/Hz) of LD1 and LD2 are RIN; and RIN>, respectively, the total
RIN power (see Equation (2.41) of Chapter 2) can be calculated as

1

RIN,BMD =
P 4

RNy, RN,
(107" 2, + 107" 2, R.B

1\, MR 2 2 2

= (g) (107" + 1070 ) rdyy sty 12, RLB (4.13)
where again we have used the expression in Equation (4.10) for the average current
per-photodiode

Note that the shot noise and RIN powers in Equations (4.12) and (4.13) depend
on the amplitude of the modulating current, I;, and subsequently on the input RF
power, pin, according to Equation (4.2). This is in contrast to the case of the con-
ventional biasing. Supposed that the bias current of the laser is Iy,s, the average
photocurrent is

Lav,pmL = 1pDSLD (bias — Iin) - (4.14)

The signal power, the shot noise and RIN powers in the case of conventional biasing
can thus be written as:

_ 1, » R,
Ptund,DML = ~ TppS p 3 Pin» (4.15)
4 Rs
1
Pshot,DML = 74 TPDSLD (Ipias — Itn) RLB, (4.16)

1 RN 5 5 2
PRIN,DML = 210 10 155 S1p Ubias — Ith)” RLB. (4.17)
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Figure 4.3: Simulated SNR enhancement obtained with the BMD link relative to the
conventional DML link (left y-axis) and the corresponding noise PSD
(right y-axis). The SNR is measured in 10 MHz noise bandwidth. The
simulation parameters are listed in Examples 4.1 and 4.2.

Thus, for the conventional DML link, the shot noise and RIN powers are determined
by the bias current instead of the modulation current. To fully understand the dif-
ference of the conventional DML link with the BMD APL, let us consider the follow-
ing example.

Example 4.2

Supposed that a BMD link is constructed using a pair of identical laser diodes with
parameters as follows: I, = 10 mA, spp = 0.32 W/A, RIN; = RIN, = —162 dB/Hz.
These lasers are biased at their threshold. The responsivities of the photodiodes
in the BPD are assumed to be the same at the value is 0.75 A/W. The performance
of such a link is then compared with a conventional DML link with parameters as
used in Example 4.1, where the laser is biased at 60 mA. These links are compared
in terms of their SNR, which is measured in a 10 MHz bandwidth and the result
is depicted in Figure 4.3. An SNR improvement of 16 dB can be obtained with the
BMD scheme.

This SNR improvement of the BMD link relative to the conventional link de-
pends on the input RF power as well as the lasers RIN. This is illustrated in Fig-
ure 4.4, where the SNR for both the conventional link and the BMD link for three
different input RF power levels are depicted as functions of the laser RIN. Two ob-
servations can be made from these results. Firstly, given a RIN value, the BMD
scheme can achieve the same SNR as the conventional link with a lower input RF
power. For example, with RIN of -156.3 dB/Hz, the SNR of 74.8 dB (1 MHz) can be
achieved with an input power of 10 dBm in a conventional link while it takes only
-10 dBm in the BMD link. Secondly, given an input power level, the performance in
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Figure 4.4: Simulated SNR for the BMD and the conventional DML links versus the
laser RIN. The BMD link can achieve the same SNR as the conventional
link with higher laser RIN.

terms of SNR for the conventional link can be realized by the BMD link using lasers
with higher RIN. For example, the SNR of 74 dB (1 MHz) in the conventional link is
obtained with a RIN of -175 dB/Hz while the BMD link can realize the same perfor-
mance with RIN of -134.6 dB/Hz. D

4.4 Realization of the BMD Link

4.4.1 Measurement Setup

From the previous section we have seen that the simulated performance of the
BMD link is very promising. For this reason we proceed with the realization and
the characterization of this link. The schematic of the realized BMD link is shown in
Figure 4.5. The transmitter consists of a pair of DFB laser diodes (Fitel FOL13DDRB-
A31-F03 and F04) with an emission wavelength of 1310 nm, a maximum output op-
tical power of 16 mW and a modulation bandwidth of 4 GHz. These lasers (LD1,
for the unit with "FO3" as the last digits of the serial number, and LD2, for the
"F04" unit) are mounted on a pair of laser diode mounts from ILX Lightwave (LDM-
4984RF) with a modulation bandwidth of at least 2.5 GHz. The RF signals (two
tones) are supplied to these lasers using a 2:1 RF combiner in conjunction with a
1:2 RF splitter. A pair of RF attenuators is placed in the RF paths going to the lasers
to accommodate the difference in the lasers slope efficiencies and ensuring that
the optical signals from the lasers have the same amplitude. An RF phase shifter
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Figure 4.5: Experimental setup for the BMD link characterization.

(1 to 5 GHz) is used in one of the arms of the link to adjust the RF phase difference
of the modulated optical signals. The complete arrangement of this transmitter is
depicted in Figure 4.6.

Phase shifter

Figure 4.6: The transmitter in the BMD link. It consists of a pair of DMLs, an RF
phase shifter and RF attenuators.

The optical signals from LD1 and LD2 are then detected at the BPD (Discov-
ery Semiconductor DSC710) which has a 30 dB of common-mode rejection ratio
(CMRR), a 10 GHz modulation bandwidth and a responsivity of 0.75 A/W at the
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optical wavelength of 1310 nm. The output of the BPD is connected to a bias T
(100 kHz to 14 GHz from Ortel), and the DC part of the photocurrent is detected
with a multimeter while the RF part is detected with an electrical spectrum ana-
lyzer (ESA, HP 8593E). A low noise RF amplifier (Mini-Circuits ZRL-2400LN+) with
a gain of 23 dB and a noise figure of 1.2 dB at 1 GHz is used during the noise mea-
surement to reduce the ESA displayed analyzer noise level (DANL), which is sim-
ply the noise generated within the ESA itself [190]. For intermodulation distortion
measurements, the amplifier is replaced by RF attenuators to minimize the internal
distortion generated at the input mixer of the ESA.

4.4.2 Slope Efficiencies and Link Gain Measurements

Before actually operating the link in the BMD arrangement, each laser was charac-
terized to get the information of their threshold currents and slope efficiencies. The
injection currents of LD1 and LD2 were varied from 5 mA to 45 mA with a 1 mA step
and the output optical power was measured with an optical power meter. The re-
sults are depicted in Figure 4.7. From these measurements, the threshold currents
for LD 1 and LD 2 are determined to be 9.5 mA. The lasers however, have different
slope efficiencies, which are calculated to be 0.32 W/A for LD1 and 0.37 W/A for
LD2.

Optical power (mW)

Injection current (mA)

Figure 4.7: The measured L-I curve for the DMLs used in the BMD link.

For the link gain measurements, the measurement setup is slightly adjusted by
removing both the 2:1 combiner and the 1:2 splitter, as well as the RF attenuators in
order to eliminate additional loss from these components. The RF signal frequency
was swept from 10 MHz to 5 GHz using a vector network analyzer (Agilent PNA
5230), with the signal power maintained at 0 dBm. The S;; parameter (see Chap-
ter 2 Section 2.2) is measured for each "individual" link, which can be obtained by
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disconnecting the fiber connection of one of the APL arms from the balanced detec-
tor input. The measurements were repeated for various laser bias currents, namely
9.5 mA, 11 mA and 50 mA. The first two bias values correspond to low biasing while
the third one represent the optimal operating point. The results are depicted in
Figure 4.8. From these measurements, we can observe several phenomena. First of
all, the modulation bandwidth of the laser depends on the bias current. The lasers
biased at 9.5 mA yield much smaller modulation bandwidth, relative to the lasers
biased at 50 mA. If we define here the 3-dB bandwidth as the frequency at which
the response of the laser is half of its low-frequency response, the 3-dB bandwidths
at bias currents of 9.5 mA for LD1 and LD2 are 970 MHz and 820 MHz, respectively.
In contrast, the 3-dB bandwidths at 50 mA are approximately 3.75 GHz for both
lasers. Note that these values are slightly lower than the modulation bandwidth of
the laser (4 GHz) described in the datasheets. This can be attributed to the band-
width limitation of the laser mounts.
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Figure 4.8: Sy; parameter of the individual links for various bias currents.

Beside the reduced bandwidth, low biasing exhibits a reduction in the mea-
sured Sp; response (i.e. the link gain). We believe that this can be attributed to
the effects of slope efficiency reduction at the low bias region as well as the fact
that low biasing causes some parts of the modulating signal current fall below the
threshold and hence, inducing signal clipping.

Finally, a quick calculation reveals that the link gain obtained from these mea-
surements matched the calculated link gain obtained from the (static) measure-
ments of the laser L-I curve. According to Equation (2.17) of Chapter 2, the link
gain for such DML link can be written as
m)2 , (4.18)

gDML=;1l( i
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where s p, rpp and L are the laser slope efficiencies, photodetector responsivity and
the link optical loss, respectively. Using the the values of s;p; = 0.32 W/A, sypz =
0.37 W/A, rpp = 0.75 A/W and assuming that the optical losses in the individual
links are negligible, the calculated link gain for the LD1 and LD2 expressed in dB
are -18.4 dB and -17.1 dB, respectively. These values agree very well with the values
of -18.4 dB and -17.4 dB for the LD1 and LD2, obtained from the S,; measurements
at 1 GHz.

4.4.3 Noise Measurements

The link noise was characterized for the different LDs. The injection current of the
lasers was varied from 8 mA to 50 mA with a step of 1 mA and for each step the
total noise power spectral density (PSD) was measured with the ESA using the noise
marker. The marker was positioned at the frequency of 1 GHz and the noise was
measured in a 10 kHz noise bandwidth. The marker gave the measured noise power
normalized in 1 Hz bandwidth, i.e.,, in dBm/Hz. The whole measurements were
controlled and automated in LabVIEW.

As mentioned earlier, alow-noise RF amplifier (LNA) was used in the noise mea-
surement due to the high DANL of the ESA. Without the LNA, the noise from the
ESA will dominate over the APL noise that will be measured. The LNA amplified
the APL noise above the DANL while at the same time contributed to an addi-
tional noise. Consequently, the measured noise power consists of the DANL, the
link noise which is amplified by the LNA gain, and additional noise from the LNA
itself. Suppose that psp is the DANL in W/Hz, pN meas iS the measured noise PSD in
W/Hz and gina is the LNA gain on linear scale, we can then express the total noise
contribution from the photonic link itself as

— (psa +
i = PN,meas (pSA pLNA) ) (4.19)

8LNA

where prna is the LNA noise, related to the LNA noise factor, Fina via the relation

piNa = 8iNa kT (Fina—1). (4.20)

In the equation above, k is the Boltzmann constant and T = 290 K. The noise factor
is related to the noise figure via the relation NFyna = 10log;, Fina.

The link noise in Equation (4.19) consists of the shot noise, the thermal noise
and the laser RIN. Suppose that the average photocurrent in the noise measure-
ment is Iq and the load resistance is Ry, we can write the noise PSD in W/Hz, just
as described in Equation (2.44) of Chapter 2, as

PN = Pth T Pshot + PRIN

= (1+ giini) kT + i (2q1d+ 10%1§)RL. 4.21)
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where py,, pshot and prin are the thermal noise, shot noise and RIN PSDs in W/Hz
and gjink is the link gain, obtained from the measurements of the Sp; parameter,
described in the previous section.

As mentioned earlier, the detected photocurrent was measured with a multime-
ter from the DC output of the bias T. Thus, substituting py in Equation (4.21) with
the expression in Equation (4.19), we can determine the RIN values of the lasers.
This is illustrated in the following example.

Example 4.3
The LNA used in the measurements has the following characteristics: Gyna = 23 dB
and NF;na = 1.2 dB. Note that Gina is simply the LNA gain (gina) expressed in
decibels. Thus, the total noise contribution from the LNA is —155.9 dBm/Hz, which
can be calculated from Equation (4.20). The spectrum analyzer DANL is measured
to be Psy = —146.5 dBm/Hz. The noise measurement was performed on the indi-
vidual link with LD1, biased at Ijos = 30 mA. The measured (amplified) noise PSD
at this bias current at the frequency of 1 GHz was PN meas = —135.7 dBm/Hz. Sub-
tracting the DANL, the LNA gain, and the noise contribution of the LNA from this
measured noise PSD as described in Equation (4.19), the link noise (Py) is found to
be —159.2 dBm/Hz. The measured photocurrent (Iy) for this bias point is 4.73 mA,
yielding a shot noise power of —167.2 dBm/Hz while the thermal noise power is
—173.9 dBm/Hz. The sum of the powers of these two noise sources amounts to
—166.4 dBm/Hz. Subtracting this value from the total link noise will give the noise
power contribution from the laser RIN (pgriy in Equation (4.21)), which amounts to
—160.1 dBm/Hz. The resulting RIN, calculated from the third term of Equation 4.21
amounts to —154.6 dB/Hz.

"l

The measured link noise PSD for LD1 and LD2 as functions of the injection cur-
rent are depicted in Figure 4.9. The noise PSDs increase significantly around the
threshold current and then reduce to almost a constant at a higher injection cur-
rent. The LD2 shows a slightly higher noise relative to the the LD1. In the same
figure, the calculated thermal noise PSD (dash-dotted line), the shot noise PSD
(solid line) as well as the sum of of the thermal noise and the shot noise PSDs
(dashed-line) for both lasers are also plotted. The shot noise PSD was calculated
from the information of the measured detected photocurrent using the relation in
Equation (2.34) of Chapter 2. It is evident that just above the threshold and beyond,
the link noise PSD is not dominated by either the thermal noise nor the shot noise.
Thus, we conclude that the dominating factor of the link noise is the laser RIN.

We proceed with determining the RIN for LD1 and LD2 for each bias current
using the information of the measured noise PSD and the photocurrent, as demon-
strated in Example 4.3. The results are shown in Figure 4.10. An extreme RIN en-
hancement at the threshold current was observed. The RIN at this region is roughly
55 dB higher relative to the RIN at high bias current (around 50 mA). This behavior
can be explained by different models, notably the RIN expression which is devel-
oped from the rate equations [31, 32, 191]. However, this model requires informa-
tion about the laser physical parameters, like the spontaneous emission factor or
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Figure 4.10: The RIN values for LD1 and LD2. The measured values were extracted
from the total noise PSD measurements shown in Figure 4.9. The sim-
ulated values were obtained from the model in in Equation (4.22).

the laser dimensions, which most of the times are not available. Thus, the model is
beyond the scope of this thesis. Instead, a simpler relation [183, 192] has been used
here to model the RIN. It was initially published by Sato [192] to predict the relation
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of rin* with the ratio of Ij,s/ It, for bias currents above the threshold. This relation
can be written as:

-3
rin (1/Hz) (% - l) (4.22)
It

In order to verify this relation, we plotted the measured RIN in dB/Hz against the
quantity K = 10log; (Ipias/ Ith — 1) and performed a linear curve fitting to the mea-
sured data. The results are shown in Figure 4.11. In the ideal case, where the rela-
tion in Equation (4.22) is fulfilled, the RIN in dB/Hz should exhibit a linear relation
with K with the slope of -3. Moreover, the relation in Equation (4.22) suggests that
the RIN is proportional to Iyas/ Iir,. We call this proportionality factor a such that

I -3
rin (1/Hz) = a (ﬂ - 1) (4.23)
Iin
and consequently,
RIN (dB/Hz) = —3K + 10log,, a. (4.24)

As evident from Figure 4.11, the slopes of the curves obtained from the linear fitting
for LD1 (solid line) and LD2 (dash-dotted line) are -2.7 and -2.85, respectively. The
proportionality factors, 10log,, a for these curve fits are no other than the curve
intercepts which occur at K = 0. The values for LD1 and LD2 are -144 dB/Hz and
-141 dB/Hz, respectively. We then insert these proportionality factors into Equa-
tion (4.24) to yield the simulated values of the RIN, which are shown in Figure 4.10
as the solid line for LD1 and the dash-dotted line for LD2. It can be seen that the
measured RIN can indeed be approximated by the relation in Equation (4.22).

It is important to note here that the RIN enhancement around the threshold
will impair the BMD link performance, which relies on the premise that by limiting
the average optical power by means of low-biasing, the noise in the link can be
significantly suppressed. We will return to this subject when we discuss the SNR
and the SFDR of the BMD link.

4.4.4 Intermodulation Distortion Measurements

A two-tone test was used to characterize the nonlinearity in the APL. RF signals
with two-tone frequencies f; = 1.0 GHz and f, = 1.01 GHz were supplied from a
vector signal generator (Agilent E4438C) and a vector network analyzer (Agilent
PNA N5230A). The fundamental signal, IMD2 and IMD3 powers are measured at
the BPD output using an ESA at frequencies 1.0 GHz, 2.01 GHz and 1.02 GHz, re-
spectively, corresponding to the frequencies fi, fi + f> and 2 f, — fi. In the measure-
ments, the input attenuation of the ESA was adjusted such that there is no internal
distortion generated at the ESA.

*the relative intensity noise expressed in 1/Hz, such that RIN = 10log; ¢ (rin)
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Figure 4.11: Curve fitting that shows the RIN dependence on the bias current as
predicted in Equation (4.23).

The distortion characterizations started with the IMD measurements on the in-
dividual links, in order to determine their second-order and third-order input in-
tercept points, IIP2 and IIP3, respectively. The RF power per tone was varied from
-6 dBm to 10 dBm with a step 1 dBm and they were supplied to the 2:1 combiner and
1:2 splitter combination. The measured loss of this combination at 1 GHz amounts
to approximately 8.5 dB. Thus, the RF power per tone delivered to the laser diode
was actually varied from -14.5 dBm to 1.5 dBm. Note that the individual links, i.e.,
LD1 and LD2, were characterized independently. This means that in these mea-
surements only one output of the 1:2 splitter was used, while the other output port
was terminated with a 50 Q load. The whole measurements process, i.e., adjust-
ing the RF power and subsequently measuring the fundamental, IMD2 and IMD3
powers at their respective frequencies, were automated in LabVIEW.

The IMD measurement results for the individual links with LD1 and LD2 are
shown in Figure 4.12 (a) and (b), respectively. In these figures, the output RF powers
of the fundamental signal, the IMD2 and the IMD3 terms are plotted as functions of
the input RF power per tone, all expressed in dBm. In these measurements, the LDs
are biased at 50 mA, which is roughly midway of the range between their thresh-
old current (9.5 mA) and the maximum bias current prescribed in their datasheets
(100 mA). We have chosen this point in order to avoid any signal clipping that would
have added significant distortion. Beside the measured values (indicated by circle,
triangle and square markers for the fundamental signal, IMD2 and IMD3, respec-
tively), we have plotted the extrapolations of these measurement results, showed as
the solid, dashed and dash-dotted lines for the fundamental signal, the IMD2, and
the IMD3, respectively.

The input RF power where the IMD power is equal to the fundamental signal
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Figure 4.12: The measured fundamental signals and IMD terms and the extrapo-
lated IIP2 and IIP3 values for (a) LD1 and (b) LD2.

power is defined as the input intercept point (IIP, see Chapter 2 Subsection 2.4.4).
The ITIP2 and IIP3 for LD1 are calculated to be +34 dBm and +60 dBm, respectively,
while for LD2, the values are +32 dBm and +60 dBm, respectively. Thus, LD1 and
LD2 have similar nonlinearity profiles, notably in second-order nonlinearity and a
slight difference in third-order nonlinearity. Additionally, the calculated link gain
for the individual links with LD1 and LD2 are -17.9 dB and -17 dB, respectively.
These values agree very well with the directly measured values (S;; parameter),
presented in Subsection 4.4.2, which are -18.4 dB and -17.4 dB for LD1 and LD2,
respectively.

After characterizing the individual links, we proceed with the characterization
of the BMD link. Now both of the 1:2 splitter outputs are connected, each to the RF
modulation inputs of the laser mounts that host LD1 and LD2. A pair of RF atten-
uators were used to equalize the link gain of the individual links, which is a result
of the difference in their slope efficiencies. The RF phase shifter was inserted in the
RF path of LD2 to adjust the RF phase of the two signals in the two arms of the APL,
such that they arrive in a correct phase relation. The indicator for this phase ad-
justment can either be the maximum fundamental power at the BPD output or the
minimum power of the IMD2. This is true because at the BPD output, the funda-
mental power contributions from each arm, being an odd function adds up while
the IMD2, which are in phase, cancels. We have chosen to use the latter criterion
since it is easier to observe in the measurement relative to the earlier.

The IMD characterizations were performed for several bias currents from 10 mA
to 15 mA with a 1 mA step. In addition, the characterizations were also performed
at two other points, namely bias currents of 9.5 mA and 20 mA. These points serve
as the extremes of the measurements because at 9.5 mA, the link is virtually oper-
ating at the threshold. On the other hand, at 20 mA bias, it is expected that there
is hardly any signal clipping because this bias is already high enough to accom-
modate the strongest signal supplied in the measurements. At Ijas = 12 mA, the
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Figure 4.13: The measured fundamental signal and the IMD terms of the BMD link
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measurements were performed for the BMD link as well as the individual links.
This was done to verify the phase adjustments criterion that was mentioned ear-
lier. It is expected that indeed the BMD fundamental power will resemble the sum
of the fundamental powers of the individual links while the IMD2 powers cancel.
The IMD measurement results for the BMD link for these selected bias currents are
shown in Figure 4.13 (a) to (h). Here, the output RF powers of the fundamental
signal, IMD2 and IMD3 components are plotted against the input RF power per-
tone. These measured values were then extrapolated to determine their IIP2 and
IIP3 values, which are also indicated in these figures.

It is important to note that these extrapolations were done only to the portions
of the curves that still maintain the linear input-output relations. This can be seen
for example, in Figure 4.13 (c), where the measured data for the fundamental sig-
nal that were used for the extrapolation were limited to input powers of less than
+5 dBm. Similarly, the extrapolations for the IMD2 and the IMD3 powers were using
the measured data up to the input power of -10 dBm. In this way, we have delib-
erately neglected the contribution of signal clipping, which occurs at a high input
RF power. This signal clipping is responsible for the saturation and the significant
increase of IMD powers observed in the measurements [193]. An example of this
clipping effect is the IMD3 enhancement in the input power region of -10 dBm to
1.5 dBm observed at bias currents starting from 9.5 mA up to 13 mA. Neglecting this
contribution allows us to still define the intercept points using the same definition
introduced in Chapter 2, which is used throughout this thesis. It is obvious that the
intercept points and the SFDR values taking into account the clipping effects will
be considerably different from the ones defined here. The reader can refer to [193]
for the definition of the SFDR including the clipping effects.
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As evident from Figure 4.13, the realized BMD link suffered from very high in-
termodulation distortion powers, notably in the low bias region. Relative to the in-
dividual links biased at 50 mA, the BMD link for all bias currents up to 20 mA yields
lower IIP2 and IIP3. This is illustrated in Figure 4.14 where the IIP values are plotted
against the bias current, together with the IIP2 and I1P3 values of the individual link
biased at 50 mA. Similar to the noise enhancement effects in the threshold region,
this high distortion will eventually limit the BMD link SFDR, as will be discussed in
the next subsection.

From the measurement results, presented in Figure 4.13, two further observa-
tions can be made. First is the distortion components behavior with respect to the
bias current for a given input power. The IMD powers gradually decrease as the
bias current increases. This is illustrated in Figure 4.15 (a), where the Fundamental
signal, IMD2 and IMD3 powers are depicted against the bias currents, for a 0 dBm
input RF tone power. The second is the distortion comparison of the BMD link, rel-
ative to the individual links, for a given bias point. This is needed to verify the phase
shifter adjustments, which is indicated by the minimum IMD2 power. The funda-
mental signal and IMD powers for the BMD link and the individual links at the bias
currents of 12 mA are compared, as shown in Figure 4.15 (b). The fundamental sig-
nals in the individual links add up in the BMD link such that the BMD link yields
6 dB higher fundamental power relative to the individual links. This is also observed
in the IMD3 powers, which is, like the fundamental signals, are in phase in both the
individual links. The IMD2, in contrast, are cancelled. A cancellation up to 8 dB
has been obtained. Ideally, perfect cancellation should be obtained. However, this
cancellation is very sensitive to the matching of the amplitude and RF phase of the
IMD2 components of the individual links.

The high distortion can also be observed in the time-domain measurements
using an oscilloscope (Agilent 54854A), as presented in Figure 4.16 (a)-(d), where
the waveforms at the APL output for the bias currents of 10 mA, 11 mA, 12 mA
and 13 mA, respectively, are depicted. For comparison, the waveform at the bias
of 50 mA was also shown (dashed-line in Figure 4.16 (d)). The waveforms at 10 mA
bias is severely distorted and the distortion reduces significantly at bias current of
13 mA. Relative to the case of a conventional DML, i.e., where the LD is biased at
50 mA, the signal at this bias current is smaller.

4.4.5 SNR and SFDR

The SFDR of the individual links were characterized prior to the BMD link. The
measured fundamental signal, IMD terms and the noise PSD were extrapolated
and the second-order and the third-order SFDRs (SFDR, and SFDR3) are defined
as the SNR in 1 Hz bandwidth where the extrapolated noise PSD curve intersected
the IMD2 and IMD3 extrapolated curves, respectively. These SFDRs are shown
in Figure 4.17 (a) and (b) for the individual links with LD1 and LD2, respectively.
The measured SFDR, for LD1 and LD2 are 99 dB.Hz!'/? and 102 dB.Hz!/? while the
SFDR; for these links are 119 dB.Hz?/3 and 118 dB.Hz?/3, respectively. From these
values, we can conclude two things. First of all, the individual links are capable
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of providing relatively high SFDR;3 value, close to 120 dB.Hz?'3, which is typically
cited as one of the highest achieved values with DML link in this frequency re-
gion [14]. However, this high SFDR of the individual links are suitable only for nar-
rowband applications because SFDR; is smaller than SFDR3 (see Chapter 2, Sub-
section 2.5.1). Note that these observations will be the starting point of the dis-
cussion of a novel APL architecture with the potential of providing high broadband
SFDR, proposed in Chapter 5.
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Figure 4.17: The measured SFDR for the individual links. (a) LD1, (b) LD2.

Subsequently, we characterized the SFDRs of the BMD link, as functions of the
bias current. The results are plotted in Figure 4.18 where the SFDR values of the in-
dividual links are also indicated for comparison. The BMD link exhibits much lower
SFDR relative to the individual links, with differences as much as 39 dB and 33 dB
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for SFDR;, and SFDRg3, respectively, have been observed. The reasons for these low
SFDRs are the enhanced noise and distortion around the threshold, which were not
predicted in the initial model of the BMD link. In the low bias region, the link gain
and the modulation response of the LDs are low while the noise and distortions
are too high for practical applications. Thus, unlike in the case of external modu-
lation with MZM where low biasing is attractive in reducing the noise, we conclude
that the low biasing of a directly modulated laser is not an attractive technique for
enhancing the APL performance. Although this has been hinted in some publica-
tions [194, 195], to our knowledge, this has not been thoroughly investigated up to
now. As mentioned in the previous chapter, the low biased LDs have found their ap-
plications not as the scheme for performance enhancement but as a cost-effective
technique for signal upconversions [187, 188]. In the following chapter, we will dis-
cuss an APL with a similar architecture as the BMD link that offers a high broadband
SFDR.
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Figure 4.18: SFDR of the BMD link as functions of the bias current. The SFDR of
the individual links at bias current of 50 mA are also indicated.

4.5 Summary

In this chapter theoretical and experimental investigations of the balanced mod-
ulation and detection (BMD) photonic link have been presented. The idea is to
create half-wave rectified optical signals using a pair of laser diodes and restore
the original signal by means of a balanced detection. Ideally, the link will yield
significant performance enhancement relative to the conventional directly modu-
lated laser (DML) link, in terms of noise and SNR. In the BMD link, the noise scales
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with the modulating signals, allowing small signals to experience lower noise com-
pared to strong signals, thereby lowering the minimum detectable signal and sub-
sequently increasing the dynamic range. The link is also less susceptible to laser
RIN relative to the conventional DML, achieving the same SNR with as the latter,
only with higher RIN.

These promising features have motivated the realization and characterization
of such an APL. The realized link employed a pair of DMLs mounted on a laser
mount with RF capabilities. Various measurements, such as link gain, noise and
intermodulation distortion measurements have been performed while varying the
bias currents of the DMLs. For bias currents close to the threshold, the link gain
is low and the modulation bandwidth is severely limited. Moreover, the noise and
the IMD powers in the APL are significantly enhanced. Thus, in contrast with the
theoretical predictions, low biasing tends to limit the dynamic range of the link.
Measurement results have shown that the BMD link has a relatively lower SFDR
compared to the conventional DML. An architecture that is promising to obtain
large broadband dynamic range will be discussed in the next chapter.



Push-Pull Modulation for SFDR
Enhancement

5.1 Introduction

These past few years, there have been numerous research efforts concentrated on
the spurious-free dynamic range (SFDR) enhancement of analog photonic links
(APLs). In Chapter 3, we have reviewed the notable techniques used to increase the
APL SFDR. Note that most of the high SFDR APLs that have been reported so far are
dominated by externally-modulated links rather than directly modulated ones [17].
This stems from two reasons; firstly, the performance of an externally-modulated
APL is more reliable relative to the directly modulated ones, especially in high fre-
quency region, where the latter suffers from the frequency chirping [31] and smaller
modulation bandwidth [6]. The second reason is, as discussed in Chapter 2 and
Chapter 3, the performance of an externally-modulated APL can be optimized by
tuning or adjusting the system parameters (as an example, the link gain can be in-
creased by increasing the input optical power), while the degree of freedom in an
directly-modulated laser link is considerably less [17]. These reasons have sprung
the advancement in the externally modulated much more relative to the directly-
modulated counterpart. However, for applications in which a large number of APLs
are required, for example in a large-scale phased array antenna for radio astron-
omy, employing external modulators might become too costly. Hence, using di-
rectly modulated laser diodes (LDs) is preferred due to their low cost and simplic-
ity. Fortunately, in such an application the APL should only bridge a relatively short
length such that the chirp most of the time is not the limiting factor. Nevertheless,
the application is very demanding in terms of the SFDR, which is essentially the

101
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range of power that can be accommodated by the APL. Hence, APLs with directly-
modulated lasers that can provide sufficiently large SFDR are of importance.

One of the main limitations of APLs with directly-modulated lasers is the high
second-order intermodulation distortion (IMD2) [13]. This prevents the APLs to
be implemented in broadband systems in which the signal has a bandwidth of
more than one octave (see Chapter 2 Subsection 2.4.3). In externally-modulated
links with Mach Zehnder modulator (MZM), this limitation is mitigated by means
of biasing the MZM in quadrature, which minimizes IMD2 but in turn maximizes
the third-order intermodulation (IMD3) [196]. Another way is to use a dual-output
MZM [44, 47,49, 154] in conjunction with a balanced photodetector (BPD) (Chap-
ter 3 Subsection 3.2.7). In this chapter, we continue with a similar architecture
proposed in [189] and [87] which employs a pair of LDs modulated in a push-pull
manner and a BPD to restore the signal. The aim is to suppress the IMD2 such that
the link is limited only by the third-order intermodulation distortion (IMD3). Note
that this architecture is the same as the balanced modulation and detection (BMD)
scheme discussed in the previous chapter, differing only in the bias operation of
the LDs. Recall that from Chapter 4 we learned that the low-biasing of the LDs will
result in elevated noise and IMD levels as well as a reduction in the APL frequency
response, which as a whole, reduce the APL SFDR. Thus, in our push-pull APL, as
we call the link here, we will omit the low biasing and instead choose the bias points
of the LDs based on a different criterion. The rest of the chapter is organized as fol-
lows: the principle of operation of the APL is introduced in the second section while
the measurement setup and results are presented in the third and fourth sections,
respectively. Finally, the chapter ends with a summary:.

5.2 APL Architecture
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Figure 5.1: The proposed APL for broadband SFDR enhancement. LD: laser diode,
VOA: variable optical attenuator, VODL: variable optical delay line, BPD:
balanced photodetector
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The APL architecture is shown in Figure 5.1. It consists of a 180° hybrid coupler
that supplies antiphase RF signals to a pair of LDs. In this way, the LDs are modu-
lated in a push-pull manner. The variable optical attenuator (VOA) and the variable
optical delay line (VODL) are used to control the intensity and the (RF modulation)
phase of the modulated optical signals such that upon arriving at the BPD, they
have the same amplitude and maintain the 180° phase difference. The BPD sim-
ply subtracts the signals of the upper and the lower arms of the APL. In the ideal
case of perfect amplitude and phase matchings, the output RF signal will be 6 dB
higher compared to the case of a single arm APL (which can be obtained by means
of disconnecting one of the optical fibers to the BPD while keeping the hybrid cou-
pled connected) and the IMD2 at the output will be completely suppressed since
the IMD2 components in the upper and the lower arms are in-phase. The 6-dB
signal enhancement stems from the fact that the photocurrents from the photodi-
odes add up resulting in a detected current twice as high as the current, and subse-
quently four times the RF power, of the single arm link. The key component of the
APL is the IMD2 suppression that allows the APL to have the same SFDR for both
single-octave (narrowband) and multioctave (broadband) signals. At a glance, the
principle of operation of this push-pull modulated APL is very similar to the char-
acteristic of the dual-output MZM link discussed in Chapter 3 Subsection 3.2.7. The
difference lies in the noise PSD at the link. Recall that in the case of the dual-output
MZM link the relative intensity noise (RIN) of the laser source is partly suppressed
in the BPD. In our case, there is no noise suppression because the noise from the
LDs are uncorrelated (since they come from two independent sources), and hence
will add up incoherently at the output. However, as will be shown later, we have
chosen the bias current of our LDs such that the RIN is already low and the shot
noise is dominant.

5.3 Measurement Setup

Y

: f,=2.51GHz D1 voa

. . '_/
Combiner —>| Splitter @
ol
f2= 2.50 GHz LD2 BPD
Electrical Optical

Figure 5.2: The measurement setup. The 180° hybrid and the variable optical delay
line are replaced by a splitter and an RF tunable phase shifter (PS).
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A two-tone measurement was carried out to characterize the distortion (and
subsequently the SFDR) of the APL. However, due to the unavailability of the 180°
hybrid and the VODL during the measurements, the measurement setup of the APL
was adjusted to the one shown in Figure 5.2. An RF splitter and a tunable phase
shifter (1-5 GHz frequency range) are used in place of the hybrid and the VODL
to perform the push pull modulation and to correct any phase imbalance in the
APL. In contrast to the VODL, the phase shifter is strongly frequency dependent
and that prevents us to extend our two-tone measurements to a larger frequency
range (for example to cover the complete UHF band) without making extensive ad-
justments in the measurement setting. For this reason, we decided to perform the
two-tone test around the modulating frequency of 2.50 GHz which is limited by the
laser diode mounts (ILX Lightwave LDM-4980RE 2.5 GHz modulation bandwidth)
used in the measurements.

We use a network analyzer (Agilent N5230A) and a vector signal generator (Ag-
ilent E4438C) to supply the two tones of 2.50 GHz and 2.51 GHz to the LDs via a
2:1 combiner and a 1:2 splitter. The RF insertion loss of the combiner, splitter and
the phase shifter amounts to approximately 8 dB. The LDs are 1310 nm DFB lasers
from Fitel which characteristics have been described in the previous chapter. In or-
der to avoid clipping of large modulating signals, the LDs should be biased around
50 mA, which is roughly half of the difference between the maximum injection cur-
rent prescribed in the datasheets (100 mA) and the threshold current. Because in
the laser characterization (see Chapter 4) the LD1 has shown higher IMD2 com-
pared to the LD2, the VOA is placed in the upper arm APL to attenuate the optical
power and subsequently to match the IMD2 amplitude in both of the arms. It is
also possible to equalize these amplitudes with an RF step attenuator instead of the
VOA. However, in the measurement setup, finer adjustments can be obtained with
the VOA (0.01 dB optical attenuation step) compared to our RF attenuator (1 dB RF
attenuation step).

The fundamental, IMD2 and IMD3 powers are measured at the output of the
BPD (Discovery Semiconductor DSC-710) with an electrical spectrum analyzer (HP
8593E) at frequencies of 2.50 GHz, 5.01 GHz (2.50 GHz+2.51 GHz) and 2.52 GHz
(2x2.51 GHz-2.50 GHz), respectively. For the noise measurements, a low noise
amplifier (LNA, Mini Circuits ZRL-2400+) with a gain of 23.2 dB and noise figure of
1.4 dB at the frequency of 2.5 GHz was used to reduce the displayed analyzer noise
level (DANL) of the spectrum analyzer. The measurement results are presented in
the following section.

5.4 Measurement Results

5.4.1 Characterizations of Individual Laser

We start with the characterization of the individual (i.e. single-arm) APL. The input
RF power per tone was 1.5 dBm after subtracting 10.5 dBm from the input power as
the RF loss of the combination of the 2:1 combiner and the hybrid coupler. From
the previous IMD characterizations presented in Chapter 4, we have seen that the
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Figure 5.3: IMD2 and IMD3 characterizations of the single arm APLs. The input RF
power to each laser is 1.5 dBm per tone.

IMD powers are high at low bias currents. For this reason, we limit our IMD charac-
terizations in the region of 40 mA to 60 mA. The measured IMD2 and IMD3 powers
as functions of the bias currents are shown in the upper and the lower part of Fig-
ure 5.3.

As expected, both LDs yield higher IMD2 power relative to the IMD3 power.
In the upper part of Figure 5.3, it can be observed that the difference of the IMD2
powers of LD1 and LD2 is approximately 2 dB. Thus, the VOA placed in the arm
containing LD1 was adjusted such that the IMD2 powers in the two arms are equal.
Note that by introducing an attenuation in one of the arms, we actually are reduc-
ing the fundamental power of one of the individual links. This will later on be ob-
served as the reduction of the link gain of the push-pull APL, relative to the expected
6 dB value. Obviously this is undesirable, but the main aim of the APL is to obtain
the amplitude matching of the IMD2 powers at both arms such that a maximum
reduction of the IMD2 power is obtained. Later on we will see that besides this
amplitude matching, the RF phase matching is also crucial to obtain optimum link
performance.

In the lower part of Figure 5.3, the IMD3 powers as functions of the bias cur-
rent are shown. Generally, the LDs show lower third order nonlinearity compared
to the second order one, as expected. However, the LD1 shows considerably larger
variations of IMD3 power compared to the LD2. This is due to the amplitude in-
stability (with respect to time) observed in the measured IMD3 of the LD1, which
is not observed in the LD2. In order to reduce the variation, averaging was done in
every IMD3 measurements involving LD1. These instabilities might rise from the
optical reflections in the link and in the next section we will address this matter
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more thoroughly.

Beside the signal and IMD powers, characterizations of the APL noise was also
performed. From the results presented in Chapter 4 Subsection 4.4.3, we learn
that the LDs show the best noise performance if they are biased well beyond their
threshold currents. As shown in Figure 4.10 of Chapter 4, the RIN value of the LDs
used in our measurements around 50 mA is better than -155 dB/Hz.

Having characterized the individual links, we selected the operating bias cur-
rents of the push-pull (dual-arm) APL. These bias currents are chosen to be 51 mA
and 52 mA for LD1 and LD2, respectively. These bias currents are not optimized,
but chosen based on two reasons. Firstly, at these operating points the noise PSDs
are sufficiently low, which are -166.8 dBm/Hz and -164.5 dBm/Hz respectively, for
LD1 and LD2. For the push-pull APL the noise contribution of the upper and the
lower arm APLs add up incoherently and the PSD amounts to -163 dBm/Hz. Sec-
ondly, from the distortion point of view, these bias currents are midway of the L-I
curve such that additional distortion induced by signal clipping will be avoided. In
the next section, we will discuss an optimized selection of these bias currents for an
application of the APL beyond the frequency discussed here (2.5 GHz).

Span=10kHz A~~~
—— Single arm APL ]|

-80 - 40 dB :

Push-pull APL

IMD2 power (dBm)

-120 !

-130

5.01
Frequency (GHz)

Figure 5.4: IMD2 power suppression at 5.01 GHz. The frequency span is 10 kHz and
the input RF power per tone to each laser is 1.5 dBm.

5.4.2 Push-Pull APL Performance

The push-pull APL was carefully tuned to obtain the maximum IMD2 suppression
at the frequency of 5.01 GHz. By fine adjustments of the VOA attenuation and the
RF phase shifter, an IMD2 suppression of 40 dB relative to the IMD2 powers of the
single-arm links can be achieved, as shown in Figure 5.4 . As for the fundamental
tone, the powers in the individual APLs add up coherently as expected (Figure 5.5).
Remember that theoretically, the photocurrents at the BPD output will double and
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the fundamental RF power of the push-pull link relative to the individual link is four
times higher. But since we have a gain imbalance in our individual links due to the
VOA attenuation, the fundamental power in the single arm APL with LD1 is lower
by 2.5 dB compared to the the one with LD2, making the signal enhancement of the
push-pull APL compared to the single arm APL with LD2 amounts to approximately
4.5 dB instead of the theoretical value of 6 dB [155].
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T T T T T T
Single arm APL (LD1) +

-20 ==~ Single arm APL (LD2) | i
Push-pull APL ' f

30+
Span = 10 kHz

Frequency (GHz)

Figure 5.5: Coherent addition of the signal power at 2.5 GHz. The frequency span
is 10 kHz and the input RF power per tone to each laser is 1.5 dBm.

The suppression shown in Figure 5.4 is highly sensitive to bias current varia-
tions. We optimized the system for maximum IMD2 suppression for bias currents
of 51 mA and 52 mA, respectively for LD1 and LD2 and then varied the bias currents
from 40 mA up to 60 mA with a step of 1 mA. The measurements were automated
and synchronized using LabVIEW. The result is shown in Figure 5.6, where the con-
tour plot of the IMD2 power in the push-pull link for an input RF power of -3.5 dBm
is plotted. An IMD2 power variation as much as 35 dB has been observed. This is
attributed to the amplitude variations of the IMD2 with respect to the bias currents,
which cannot be corrected with a fixed attenuation.

5.4.3 SFDR Enhancement

Furthermore, we characterized the system in terms of the SFDR, defined as the
output signal-to-noise ratio (SNR) at the input power where the IMD2 or IMD3
power equals to the noise power (see Chapter 2 Subsection 2.5.1). We start by
characterizing the single-arm links. The RF power to the links were varied from
-2.5 dBm and 1.5 dBm with a step of 1 dB. For each input RF power the funda-
mental signal, IMD2 and IMD3 powers were measured. The results are shown in
Figures 5.7 and 5.8 for LD1 and LD2, respectively. The measured values were then
extrapolated and the SFDR, and SFDRj3 are derived from these extrapolations. The
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Figure 5.6: IMD2 power in dBm as a function of the LDs bias currents. The input
RF power per tone to each laser is -3.5 dBm.

measured SFDR, and SFDR;3 values are 95 dB.Hz!/? and 120 dB.Hz*'3, respectively
for LD2, as shown in Figure 5.7. As for LD1, the measured SFDR, and SFDR3 are
93 dB.Hz!/? and 118 dB.Hz?'3, respectively. These values can be compared with the
measured values at the frequency of 1 GHz listed in the previous chapter, which
were SFDR3 = 118 dB.Hz?'® for both LDs and SFDR; = 95 dB.Hz!/2 for LD1 and
SFDR; = 102 dB.Hz!/? for LD2.

As for the push-pull APL, the IMD2 is largely suppressed and the limiting dis-
tortion is IMD3. During the measurements, we measured the residual IMD2 level
which was just slightly above the measurement noise floor. We suspect that this
comes from the photodetector nonlinearity, which becomes dominant once the
second-order nonlinearity of the LDs was suppressed. Although the instability of
the IMD3 in the LD1 adds some uncertainties in the SFDR measurement, a broad-
band SFDR value of 120 dB.Hz?/3 can be obtained, as shown in Figure 5.8 [159]. To
our knowledge, this value is among the highest ever reported for multioctave SFDR
in directly-modulated links [13]. As a comparison, the same SFDR value has been
cited as the highest broadband SFDR in LDs [14], which was shown in an APL with
a similar architecture as our setup but at a lower frequency of 1 GHz [87].

From these measurements we can conclude that the the push-pull APL can pro-
vide a high SFDR which is the same for both single-octave and multioctave signals.
This is not the case for the single-arm link which yield a slightly higher SFDR3 but
suffers from low SFDR,.
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Figure 5.7: The measured SFDR at the tone center frequency of 2.5 GHz for the sin-

gle arm APL with LD2. The multioctave SFDR is limited by the IMD2.
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Figure 5.8: The measured SFDR at the tone center frequency of 2.5 GHz for the
push-pull APL. The IMD2 is suppressed such that the limiting distor-
tion is IMD3.
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5.5 Frequency Range Extension

We have shown that in principle, the push-pull APL can provide high multioctave
SFDR at the frequency of 2.50 GHz. In this section, we will extend the frequency
range of the push-pull APL beyond 2.50 GHz [197].

Laser Controller

Signal Generator

. 180°
Combiner— Hybrid @ @
| 3 RF att. LD1

Signal Generator Lo == EENE)
Laser Controller

RF Spectrum Analyzer

Figure 5.9: Schematic of the realized push-pull modulated APL. LD: laser diode,
VODL: variable optical delay line, BPD: balanced photodetector.

In the previous measurements we have encountered instabilities of the IMD3
power of LD1. We suspected that source of the instabilities are the optical reflec-
tions [198] occurring along the optical path from the LD1 to the VOA, even though
according to the datasheet the lasers are isolated by at least 25 dB. In order to min-
imize the reflections, we removed the VOA and replaced it with an RF attenuator,
placed at the RF path from the hybrid coupler to the RF input of the laser mount
hosting LD1. To reduce the optical reflections even further, we also applied an in-
dex matching fluid (Fluorinert from 3M) at the connector facets of the LD1 and one
of the optical connectors of the BPD. Unfortunately, replacing the VOA with the RF
attenuator will pose a limitation to the amplitude adjustments required to match
the IMD2 powers of the two LDs. This is because the RF attenuator has a much
coarser attenuation step (1 dB step) relative to the VOA which has an optical atten-
uation resolution of 0.01 dB. As the final adjustment in the measurement setup, we
replaced the RF phase shifter with a variable optical delay line (VODL) which pro-
vide broadband delay instead of a frequency dependent phase-shift. The complete
arrangement of this measurement setup is shown in Figure 5.9.

In the previous measurements, the bias currents selections were not optimized.
Here, we repeat the two-tone measurements on the individual links in order to ob-
tain the optimum operation points of the LDs. The tones are 10 MHz apart and
their center frequency, fc, is varied from 1 GHz to 4 GHz with a step of 100 MHz.
The power per tone supplied to the LDs is -1.5 dBm, taking into account the 10.5 dB
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Figure 5.10: IMD3 power as a function of laser injection current for (a) LD1 and (b)
LD2. The tone center frequency is used as a parameter. At the selected
bias currents, the IMD3 powers are minimum for the frequency range
of 1 GHz to 4 GHz.

insertion loss of the combiner and the hybrid coupler. The fundamental, IMD2 and
the IMD3 powers are measured at the output of the BPD with an RF signal analyzer
(Agilent MXA N9020A) at frequencies of f. +5 MHz, 2f; and f; + 15 MHz, respec-
tively. The LDs bias currents are adjusted with a pair of laser diode controllers (ILX
Lightwave LDC 3722 and LDC 3724). The injection current to each laser is varied
from 40 mA to 85 mA and, for every bias point, the IMD3 power of the individual
laser is measured. Furthermore, we have set the modulation frequency as the pa-
rameter. Our aim is to determine the bias currents of LD1 and LD2 that minimize
the IMD3 power for the modulation frequency from 1 GHz to 4 GHz. We opted to
use this criterion for the optimization because at the end, the SFDR of the push-
pull APL will be determined by the SFDR3 of the individual links as demonstrated
in the previous section. This is because the IMD2 power can always be suppressed
by choosing a proper attenuation of the VOA and the delay of the VODL. Thus, it is
advantageous to choose the bias currents for optimum SFDR3. The characteriza-
tion results for LD1 and LD2 are shown in Figures 5.10(a) and 5.10(b), respectively.
Based on these results, we selected the operating bias currents for LD1 and LD2 to
be 55 mA and 73 mA, respectively.

Having selected the LDs bias currents, we optimize the system by adjusting the
RF attenuator and the VODL with the objective of obtaining maximum IMD2 sup-
pressions for a wide range of modulating frequencies. The optimum RF attenuation
is found to be 4 dB and the maximum IMD2 suppression related to this attenuation
is limited to 23 dB. Higher suppressions can be obtained by using an attenuator
with a better step resolution.

Ideally, the way to correct the phase imbalances in the system is to observe - in
real time - the IMD2 powers while adjusting the VODL to obtain maximum IMD2
suppressions. However, this type of measurement requires a synchronized fre-
quency sweeping for modulation and detection at two different frequency ranges.
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Figure 5.11: Signal enhancement in the push-pull APL measured with a network
analyzer.
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Figure 5.12: IMD2 suppression in the push-pull APL plotted against the center
frequency of the two tones used in the measurements. Maximum
suppression of 23 dB was achieved at the tone center frequency of
2.81 GHz.
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For example, if the the modulation frequency is ft, the detection should be done at
2 fc. It should be possible to do this type of measurement with a dedicated setting
in the network analyzer. However, due to the limitation in our measurement setup,
this type of measurement was not performed. Instead, we optimize the system by
means of adjusting the VODL while observing the fundamental signal power in-
stead of the IMD2 power. This is done by measuring the Sy; parameter using the
VNA. The optimum setting is thus determined by the widest range of the modula-
tion frequency in which maximum signal enhancement relative to the case of single
arm APL is achieved. This is illustrated in Figure 5.11. A maximum signal enhance-
ment of 6 dB is obtained at a modulation frequency range of 2 GHz to 3.5 GHz.

110 — T T T T T T 120 — T T T
u O~ Single-arm APL (LD1)
105 | --A-- Single-arm APL (LD2) | | 118 F ]
— —m&— Push-pull APL o &\ /A\
g S PN
N N 116 [ ~ow L o m
T 100} . 1 T S RN
m aQ )
s = 18 dB T M4t / L
mN 95 L | i n:m o o A
o 12r i ~o,_ pay B
& \. o o .
] o 1o
A A R M0 | [ o Single-arm APL (LD1) O 0
Q- TR0 -4~ Single-arm APL (LD2) ©
85| A '2 4 108 |- | —m— Push-pull APL 4
1 1 1 1 1 1 ;A 1 1 1 1 1 1 1
26 2.7 2.8 29 3.0 3.1 32 26 27 2.8 2.9 3 34 32
Modulation frequency (GHz) Modulation frequency (GHz)
(a) (b)

Figure 5.13: The measured SFDR,(a) and SFDR3 (b) for the push-pull APL and the
single-arm APLs as functions of the modulation frequencies.

With this arrangement, the IMD2 power in the push-pull configuration is mea-
sured using the signal analyzer, where the modulation frequency (i.e. the center
frequency of the input RF tones) was swept automatically using LabVIEW. The re-
sult is shown in Figure 5.12. The suppression is achieved in the modulation fre-
quency range of 2.5 GHz to 3.2 GHz, shown as a gray area in Figure 5.12. To avoid
confusion, we re-iterate here that the IMD2 power itself was measured at twice the
modulation frequency (2f;), but we choose to plot the results against the modu-
lation frequency itself (f;). A maximum suppression of 23 dB is obtained at the
frequency of 2.81 GHz. The overall suppression can be increased by using an atten-
uator with finer attenuation steps. The limited bandwidth of suppression is caused
by two reasons. Firstly, using one attenuation value (in our case 4 dB) is not suffi-
cient to match the IMD2 powers of LD1 and LD2 at the whole frequency band of
1 GHz to 4 GHz. This can be observed at the lower frequency region in Figure 5.12
where the difference in the IMD2 power of the LDs can be as much as 15 dB. Sec-
ondly, there is still a length mismatch between the upper arm and the lower arm
of the APL which was not properly corrected by the VODL. As a result, for some
modulation frequencies, the IMD2 components of the LDs add up instead of being
cancelled. These limitations can be mitigated if a pair of LDs with matched IMD2
characteristics are used and if the length of the APL arms are properly matched.
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Figure 5.14: The measured SFDR for the push-pull APL and the single-arm APLs at
the tone center frequency of 2.81 GHz.

In the frequency range where the IMD2 suppression occurs (2.6 to 3.2 GHz),
the SFDRs of the push-pull and the single-arm APLs are characterized. As evident
from Figure 5.13(a), the push-pull APL shows improved IMD2-SFDR, over a con-
siderably wide frequency range, compared to the single-arm APLs. A maximum
improvement of 18 dB is achieved at the modulation frequency of 2.81 GHz. As for
the SFDR3, the push-pull APL roughly has the dynamic range equal to the high-
est SFDR3 of the two single-arm APLs. This is illustrated in Figure 5.13(b). At the
frequency of 2.81 GHz, where the SFDR advantage is highest, the IMD2-SFDR and
the IMD3-SFDR of the push-pull APL are 108 dB.Hz!'/? and 118 dB.Hz?®, respec-
tively. In contrast to the single arm APLs (IMD2-SFDR = 90 dB.Hz!/?, IMD3-SFDR =
117 dB.Hz?3), the push-pull APL provides more comparable sub-octave and mul-
tioctave SFDR values. This is illustrated in Figure 5.14.

5.6 Summary

In this chapter the concept of a push-pull modulated APL using a pair of directly
modulated laser diodes was introduced. This APL is different from the previously
discussed balanced modulation and detection (BMD) APL in a sense that the LDs
are not low biased. The biasing is carefully chosen in order to minimize the IMD3
powers, while the IMD2 powers are cancelled by carefully matching the power and
the phase of the IMD2 contributions from the individual laser. With this architec-
ture we have shown a suppression of second order distortion up to 40 dB and a sig-
nal power enhancement of 4.5 dB relative to the single arm APL. The multioctave
SFDR of 120 dB.Hz*'? at 2.5 GHz modulating frequency to our knowledge is one
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of the highest values ever reported for directly-modulated APL. We have extended
the measurements in a frequency range from 1 GHz up to 4 GHz. At this frequency
range a signal enhancement of 6 dB has been achieved. IMD2 suppression as much
as 25 dB has been achieved within a bandwidth of 700 MHz. The bandwidth limita-
tion stems from the different frequency dependences of the LDs IMD2 components
as well as the path length difference in the APL arms. Performance improvements
can be achieved if a pair of LDs with matched IMD2 characteristics and low IMD3
are used. This means that integrating the LDs in one wafer to match their charac-
teristics might be advantageous. Moreover matching the path length of the APLs
is also crucial to have a broadband IMD2 suppressions. If two different lasers are
used instead, multiplexing two lasers with different wavelengths will simplify the
link architecture since it will allow only a single fiber to be used.
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Optimization of Externally Modulated
Links

6.1 Introduction

An externally modulated analog photonic link (APL) using a Mach-Zehnder mod-
ulator (MZM) is arguably the most popular and the most widely used APL nowa-
days. Numerous research that has been conducted over these years have resulted
in steady improvements of the modulator characteristics. Nowadays, MZMs with a
low insertion losses, low switching voltage [47,49], chirpless operation, high power
handling [45,47] and ultrawide modulation bandwidth have been reported and
some are already commercially available [199]. Earlier in this thesis (Chapter 3),
we have reviewed some of the notable performance improvements reported for the
MZM link. In this chapter, we will present the results on the characterization of
various arrangements of an MZM link. We will compare the measurement results '
with the simulation based on the standard performance metrics discussed in Chap-
ter 2. These metrics will be briefly revisited in Section 6.2. The aim of this chapter is
thus to show the expected challenges in optimizing such links performance and to
highlight the important aspects in the link design. The rest of the chapter is orga-
nized as follows: in Section 6.3, the modulator characterizations is presented. This
section will also include the performance characterization of a standard MZM. Sec-
tion 6.4 will be devoted to the MZM link architecture using a high power laser. Op-
tically amplified link will be the topic of Section 6.5. Finally the chapter closes with
a summary.

TThe work was carried out at the R&D department of The Netherlands Institute of Radio Astronomy
(ASTRON)
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6.2 Figures of Merit

The performance of an APL can be fully described by metrics such as link gain,
noise figure, intercept points and spurious-free dynamic range (SFDR). These met-
rics can be expressed in terms of the link parameters which were introduced in
Chapter 2. We summarize these parameters and their symbols used throughout
this chapter in Table 6.1. We also list the values of these parameters used through-
out the simulations.

Table 6.1: The parameters used in the simulation

Parameter Symbol Value Unit
Input optical power P - W
MZM DC half-wave voltage Va,pe 49 \Y
MZM RF half-wave voltage Vi RE 3.85 \Y
MZM bias angle ¢B - -
MZM insertion loss L 5 dB
Average photocurrrent Iy - A
Photodiode responsivity (A/W)  rpp 0.75 A/W
Load resistance (Q) Ry, 50 Q
Boltzmann constant k 1.38x 1072 J/K
Absolute temperature T 290 K

Note that especially for the insertion loss, it is expressed in decibels while in the
calculations the value in the linear scale should be used instead. The performance
metrics can be summarized as follows:

¢ Link Gain [Equation (2.25)]

JTRL pD Pi Sin(/)B )2 6.1)

4L Vy R

Note that the link gain in Equation (6.1) is usually expressed in the decibels,
Gwmzwm, such that Gyizv = 10 log o (8mzm)-

8MzM = (

* Noise Figure [Equations (2.47) & (2.48) ]

PN
NFyiza = 1010 (—)
MM 810 gsmzmk T

=Py (dBm/Hz) — Gyzm + 174 dBm/Hz. (6.2)

where py is the total noise power spectral density (PSD) in W/Hz and Py =
10log;,(pn) is the noise PSD in dBm/Hz.

¢ Second-order input intercept point (IIP2) [Equation (2.79)]

Va RE
7

2 2
1TIP2\vzm = R_L ( tangbB) (6.3)
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¢ Third-order input intercept point (ITP3) [Equation (2.80)]

4 (Vg RF)2
11P3 =—— 6.4
MZM 2Ry (6.4)
Both intercept points in Equation (6.3) and (6.4) are expressed in Watt.
¢ Spurious-free dynamic range (SFDR,,) [Equation (2.84)]

-1

SFDR,, = _= (IIPn (dBm) - NF + 174 dBm/Hz) . (6.5)
n

For the SFDR calculation in Equation (6.5), the the n'? order input intercept
point (IIPn) should be expressed in dBm. Moreover, we have completely
dropped the subscript "MZM" for the IIP and the NF for the sake of gener-
ality.

6.3 MZM Characterization

6.3.1 Measurement Setup

The modulator used throughout the measurements presented here was an MZM
F10 from Avanex. According to the datasheet, the modulator V; pc,Vy rr and L are
5.5V, 3.8 Vand 5 dB, respectively and the 3-dB bandwidth is approximately 11 GHz.
To verify these data, the modulator is characterized using a setup as shown in Fig-
ure 6.1.

Bias Signal Ml
voltage Generator @

DC out
//(' \\«\ Bias | RF out

Tee

Laser Mach-Zehnder Photodetector RF Spectrum
Modulator (MZM) Analyzer

Figure 6.1: Schematic of the measurement setup

The laser used in this measurement was a DFB laser diode (LD) from Agere
(D2525P26) with a wavelength of 1556.55 nm, a threshold current of 35 mA and
a maximum optical output power of 10 mW at bias current of 110 mA. The LD
is pigtailed with a polarization maintaining fiber (PMF). The laser was mounted
on the laser diode mount (LDM-4984RF) and its temperature and injection cur-
rent were controlled with a 4-channel laser diode controller (LDC-3900). The laser
diode mount and controller are both from ILX-Lightwave. The MZM bias voltage
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Figure 6.2: Photograph of the measurement setup.

was controlled with a voltage supply and the RF signal was supplied to the modula-
tor using a microwave signal generator (SMR 30) from Rohde & Schwarz (frequency
range of 10 MHz up to 30 GHz). The modulated optical power from the modula-
tor was then detected using a photodetector (R2560A) from Emcore. According to
the datasheet, the typical values of the detector responsivity and 3-dB bandwidth
are 0.8 A/W and 13 GHz, respectively. The detector reverse bias is 10 V and the
maximum average optical power that can be handled by the detector is 12 dBm.
The output impedance of the photodetector is 50 Q. The detector output was con-
nected to a bias T (100 kHz up to 14 GHz from Ortel). The DC output of the bias T is
connected to a multimeter, while the RF output was connected to an RF spectrum
analyzer (frequency range of 9 kHz up to 13.6 GHz) from Rohde & Schwarz. The
photograph of the measurement setup is shown in Figure 6.2.

6.3.2 MZM Bias Variation

The MZM characterization was done by means of varying the modulator bias volt-
age. In this measurement the laser bias current was set at 110 mA and the emitted
optical power is 11 dBm. A single-tone RF signal with a frequency of 2 GHz and
the power of 0 dBm was supplied from the signal generator to the RF input port
of the MZM. The modulator bias voltage was varied from 0 to 6 V with a step of
0.5 V. Additionally, measurements at the bias voltage of 0.69 V and 5.54 V were also
performed. For each modulator bias voltage, the fundamental signal, the second-
order harmonic distortion (HD2) and the third-order harmonic distortion (HD3)
powers were measured using the RF spectrum analyzer at the frequencies of 2 GHz,
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Figure 6.3: The characterization results of the MZM APL. (a) Average photocurrent,
(b) Fundamental signal and HD2 powers, (c) Noise power spectral den-
sity, (d) Noise Figure.

4 GHz and 6 GHz, respectively. The average detected photocurrent was measured
for every bias voltage using a multimeter connected to the DC output of the bias T.
For the noise measurements, the RF signal was removed and an RF amplifier (from
Miteq) with a gain of 36.5 dB was used to reduce the displayed analyzer noise level
(DANL) of the RF spectrum analyzer. The noise was measured with a noise marker
in a 30 kHz bandwidth and the result was displayed as a power spectral density in
dBm/Hz unit.

The measurement results are compared with the simulation results, which are
developed from the theory presented in Chapter 2. The aim is to fully determine
the modulator characteristics from the measurement results. As an example, we
can determine the values of V; pc and the modulator insertion loss (L) from the
measured average photocurrent, depicted in Figure 6.3(a). The measured values
are indicated by the circles. From Chapter 2, we know that this average photocur-
rent can be written as
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pp Pj 7 Vbias ))
I, = 1—-cos|——|]. 6.6
av,MZM 5L ( ( T (6.6)

Using the measured P; value of 12.6 mW (11 dBm) and the responsivity of 0.75 A/W,
the only unknown values in the equation above are L and V;; pc. The plot of I,y mzm
in mA as a function of V44 is the depicted as the dotted-line in Figure 6.3(a). The
value of L used in the simulation will determine the height of the curve, while the
value of V; pc will determine the voltage difference where the maximum and the
minimum current occurs. Thus, by properly selecting the simulation parameters,
we can match the simulation results with the measurement results. From the aver-
age photocurrent measurements, we found that the values of L and Vj; p¢ are 5 dB
and 4.9 V, respectively. The insertion loss measurement agrees very well with the
value listed in the modulator datasheet. As for the DC half-wave voltage, a relatively
small difference was observed between the measured value and the value reported
in the datasheet.

Having determined the modulator DC half-wave voltage and the insertion loss,
we proceed with the determination of the RF half-wave voltage, V; rr. This is done
by matching the simulated and the measured values of the fundamental signal and
the HD2 powers, as shown in Figure 6.3(b). These powers can be written as (see
Chapter 2, Subsection 2.4.6),

1 (nVp 2 repPi . )2
= — ———sin Ry, 6.7
PFund,MZM 32 (Vn,RF) ( I ¢| Ry (6.7)

1 (nvm)‘*(rpri

2
—— cos Ry, 6.8
512 \ Ve ge L (PB) L 68)

PHD2,MZM =

where Vj, is related to the input RF power, pj, via the relation

Vm =V zpinRS- (6.9)

Here, R; is the source resistance, which is taken to be 50Q).

Since the input RF power is known, then V}, in Equations (6.7) and (6.8) is
known as well. Using the previously determined parameters, the only unknown
in these equations is Vy gp. It is important to mention here that we observed an
additional 2.9 dB of RF loss in our measurement setup due to the losses in the RF
cables and connectors and this effect has been taken into account for the determi-
nation of the RF half-wave voltage. The best match of simulation and measurement
results is obtained if Vy gr is equal to 3.8 V. Again this value agrees very well with the
one listed in the component datasheet. Note that since the input RF power in this
case is 0 dBm, the fundamental signal power is numerically equal to the link gain.
Thus in this case, the Vy grp value can also be deduced by matching the expression
in Equation (6.1) with the measured signal power. Moreover, the quadrature bias
point of the modulator can be easily identified from the measurements as the bias
voltage that gives minimum HD2 power. In this case the value is approximately
3.15V.
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6.3.3 Noise Measurements

We proceed with the noise power spectral density (PSD) measurement, as shown in
Figure 6.3(c). The measured values (after correction of the LNA gain) are shown as
triangle markers while the simulation result is shown as a dashed line. The simu-
lated noise PSD comprises the effects of thermal noise, shot noise and RIN. It can
be written as

1 RN
PN =Pt (Zq fay R +10 10 Ty RL) : (6.10)

where py, is the thermal noise contribution and the first and the second terms in
the parentheses are the shot noise and the RIN contributions, respectively. These
quantities are expressed in W/Hz. Since we measured the average photocurrent,
the unknown factors in the equation above are py, and RIN. The thermal noise is
dominant when the photocurrent is low whereas the RIN dominates when the pho-
tocurrent is high (see, for example, Figure 3.5 of Chapter 3). By carefully adjusting
the values of these quantities, we can match the simulation result with the mea-
sured values. The best match is obtained when py, and RIN, expressed in decibels,
take the values of -172.5 dBm/Hz and -160 dB/Hz, respectively. The thermal noise
value is slightly higher than the thermal noise contribution from a matched load
which amounts to -174 dBm/Hz and this difference can be attributed to the noise
contribution from the LNA (1.2 dB noise figure) used during the measurements. As
for the RIN, the maximum value prescribed in the datasheet was -135 dB/Hz.

Furthermore, we calculated the noise figure (NF) of our APL using the expres-
sion in Equation (6.2). The results are shown in Figure 6.3(d). The square markers in
the figure indicate the calculated NF using the measured data of Py and G, while the
dotted line indicates the simulation result, which is the expression in Equation (6.2)
with the simulated values of Py and G. As we can see that the measurement and
the simulation results show a very good agreement.

6.3.4 SFDR Measurements

Finally, we characterized the system in terms of the SFDR. For this measurement,
we choose to operate the modulator at the quadrature bias, i.e., ¢g = /2. For our
modulator this corresponds to Vjas = 3.15 V. At this point, all even-order distortion
terms vanish. Recall that the SFDR is defined as the ratio of two input powers, one
being the power that gives a 0 dB SNR and the other being the input power where
the intermodulation distortion (IMD) power is equal to the noise power (see Chap-
ter 2 Section 2.5). The IMD terms are generated if a pair of modulating tones are
used as the input signals. Due to the limitation in our measurements setup, we
characterize the link nonlinearity using a single tone test instead of the two-tone
test. This means that we can only generate harmonic distortions, which occur at
frequencies which are integer multiples of the signal frequency. However, we can
predict the powers of the IMD products that would have appeared if a two-tone test
were performed instead. This prediction was based on the fact that the intermod-
ulation products and the harmonic distortions come from the same nonlinearity
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source, in this case in the MZM. The amplitudes relation of the IMD and the HD
terms can be seen in Table 2.2 in Chapter 2. Providing that the input power of the
individual tone in the two-tone test is equal to the tone power in the single tone
test, the relation of IMD2 and IMD3 powers with respect to the HD2 and HD3 pow-
ers can be written as the following:

PIMDZ (dBm) = PHDZ (dBm) +6dB , (6.11)

Prvps (dBm) = Pyps (dBm) +9.5 dB. (6.12)

The equations above are very useful in predicting the SFDR of the system even
though only a single tone test was performed. In practice, the condition when these
relations hold depend strongly on the frequency response of the APL, particularly
for the relation in Equation (6.12). For a single tone test with the tone frequency
of f1, the HD2 and HD3 terms will appear at frequencies 2 f; and 3 fj, respectively.
In a two-tone test with frequencies f; and f> where the tones are closely spaced
(fi = f2), one of the IMD2 terms fall in the frequency of fi + f> while the one of
the IMD3 terms appears at 2f, — fi. Thus, the frequency difference of the IMD2
product and the HD2 product is | fo- f1| while the difference of the HD3 and the
IMD3 products is 41 —2f, = 2f;. Thus, the IMD2 and the HD2 terms are located
in the same region while the HD3 and the IMD3 are located far more apart. This is
illustrated in Figure 6.4.
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Frequency

Figure 6.4: A two tone test spectrum superimposed with two photodetector re-
sponses. The solid line represents a wideband detector whereas the
dashed-line represents a narrowband detector.

At the same figure, we superimpose two frequency responses, supposedly from
a wideband (solid line) and a narrowband (dashed-line) photodetectors. For the
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wideband detector, the frequency response is flat up to the high frequency of three
times the tone frequency, whereas in the case of the narrowband detector, the fre-
quency response decreases very sharply at high frequency. In both cases, the IMD2
and the HD2 components fall in the small region where the frequency responses
still can be considered flat. this is not the case for HD3 and IMD3 components. Be-
cause they are separated relatively further, the HD3 components experience much
lower frequency response relative to the IMD3 components, in the case of the nar-
rowband detector. In this case, the relation in Equation (6.12) does not hold any-
more. In contrast, the relation holds in the case of a wideband detector because
the both the IMD3 and the HD3 components are still located in the flat portion of
the response. In our measurements, we use a detector with a 3-dB bandwidth of
12 GHz. The modulating tone supplied to the system has the frequency of 2 GHz.
The HD3 components appear at the frequency of 6 GHz, which is relatively small
compared to the cut-off frequency of the detector. This will ensure that the rela-
tions in Equations (6.11) and (6.12) hold. In the rest of this chapter, we will use
these relation in determining the IMD powers and subsequently the SFDR.
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Figure 6.5: The SFDR measurement of the MZM APL described in this section.

For the SFDR measurements, the input optical power to the MZM was set at
11 dBm and the RF signal power was varied from 0 dBm to 9 dBm with a step of
1 dB. The fundamental signal and the HD3 powers at the photodetector output are
measured with the spectrum analyzer. Because the MZM was biased at the quadra-
ture, the HD2 power was very low and could not be measured. Using the measured
HD3 power, the IMD3 power was calculated using Equation (6.12). The detected
photocurrent in this case is 1.58 mA and the noise PSD amounts to -168.5 dBm/Hz.
The measured fundamental signal, the IMD3 and the noise powers are then ex-
trapolated to extract the information of the third-order input intercept point (ITP3)
and the third-order SFDR (SFDR3). The measured and the extrapolated values are
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depicted in Figure 6.5. The IIP3 value obtained from the extrapolation is 21 dBm,
while the SEDR3 amounts to 105 dB.Hz2/3. Furthermore, we can also determine the
link gain and the noise figure values from these measurements which are -32.7 dB
and 38.2 dB, respectively. These values are compared with the calculated values,
derived from the data obtained from the previous measurements. Recall that the
Vy re value derived from the measurements is 3.8 V. Using Equation (6.4), the calcu-
lated ITP3 is 20.8 dBm. Thus, there is a 0.2 dB difference between the measurement
and the calculation, which can be attributed to the error in the distortion measure-
ments.

We proceed with calculating the link gain from the measured average photocur-
rent. This can be done by inserting Equation (6.6) into Equation (6.1) and using the
value ¢p = /2, yielding

M)Z 6.13)

EMZM.Q = ( 2 Vi RE
T,

where the additional subscript Q denotes quadrature biasing. Inserting the mea-
sured I,y value of 1.58 mA, the calculated link gain amounts to -29.8 dB. But recall
that we have an additional 2.9 dB of RF loss in our setup. Thus, this portion should
be extracted from the calculated link gain, yielding a link gain value of -32.7 dB. this
is exactly the value obtained directly from the link gain measurement. Using this
value and the noise PSD value, we calculate the NF using Equation (6.2) and the
result is 32.8 dB. Finally, the SFDR; is calculated using Equation (6.5) resulting at
the value of 104.4 dB.Hz?/3. Thus the difference between the measured and the cal-
culated SFDR;, is 0.6 dB. The comparison between the measured and the calculated
metrics for the link is summarized in Table 6.2.

Table 6.2: Comparison of Measurement and Simulation in the Standard APL

Quantity Measured | Calculated | Unit
Link Gain -32.7 -32.7 | dB
Noise Figure 38.2 38.2 | dB

I1P3 21 20.8 | dBm
SFDRj 105 104.4 | dB.Hz?3

6.4 APL with a High Power DFB Laser

In the previous section, we have shown the characterization results of the MZM
used in the experiments. Moreover we have described the link performance in
terms of the performance metrics. The link exhibits a very low link gain (-32 dB)
and a very high noise figure (38 dB). These values are too high for practical applica-
tions [13]. Recall that the link performance can be improved by means of increas-
ing the input optical power to the modulator (see Chapter 3). In this section, we will
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present the measurement results on the APL using the same components described
in the previous section apart from the laser source. We replace the laser with a high
power laser diode with a maximum output optical power of 120 mW.

6.4.1 Laser Characterization

The laser used in the experiments is a high power DFB laser (AA1401-193200-080)
from EM4, inc. The laser is packaged in a 14-pin butterfly package and pigtailed
with a PM fiber. The emission wavelength of the laser is 1561.42 nm. The laser
characterization started with the L-I curve determination. The measurement setup
for this characterization is shown in Figure 6.6.

- ) & ) (O ) Optical @ Optical

BEEEEC attenuator power meter

Current and temperature | aser
controller

Figure 6.6: The measurement setup for L-I curve characterization.

The laser injection current was varied from 50 mA to 550 mA with a step of
50 mA. An optical attenuator (Agilent 8156A) was used to limit the optical power
going to the optical power meter (HP 8153A) to avoid the saturation of this power
meter. The measured insertion loss of the attenuator was approximately 3 dB. The
resulting L-I curve is shown in Figure 6.7(a). At the injection current of 500 mA the
laser emits an optical power of 112 mW.
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Figure 6.7: The measured LI curve (a) and RIN (b) of the high power laser used in
the experiments, as functions of the injection current.

Next, the laser noise characteristic was investigated. The noise measurement
setup is shown in Figure 6.8. As in the previous measurement, the injection current
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was varied from 50 mA to 550 mA. The optical power is attenuated and the detected
with a photodetector. The attenuation was set such that the maximum average
photocurrent was 12.8 mA, at the laser bias of 550 mA. An LNA with a gain of 36.5 dB
was used to reduce the DANL of the RF spectrum analyzer. The noise PSD was
measured using a noise marker, placed at the frequency of 2 GHz.

Current and temperature
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Figure 6.8: The measurement setup for laser RIN characterization.

The LNA gain was corrected from the measured noise PSD. Furthermore, the
thermal noise and the shot noise contribution were subtracted from the corrected
noise PSD (in W/Hz) yielding the laser RIN PSD (see Equation (6.10)). This pro-
cedure to extract the RIN from the measured noise PSD was described in detail
in Chapter 4 Subsection 4.4.3. The resulting RIN, expressed in dB/Hz is shown in
Figure 6.7(b). The lowest RIN is obtained at the laser injection current of 500 mA,
which amounts to -171 dB/Hz. For this reason, we choose to use the bias current of
500 mA as the operating bias current of the APL.

6.4.2 APL Performance

We repeat the measurements presented in the previous section, with the measure-
ment setup as shown in Figure 6.1, by varying the MZM bias voltage from 0 V to
3.5 V. The RF tone with a frequency of 2 GHz and power of 0 dBm was supplied to
the MZM. The laser was biased at 500 mA resulting in an input optical power to the
MZM of 112 mW or 20.5 dBm. The characterization results along with the simu-
lation results are depicted in Figure 6.9 (a) to (f). From the measurements of the
photocurrent, the link gain, the HD2 and the HD3 shown in Figure 6.9 (a) to (d), we
verified the MZM characterization result presented in the previous section. Here,
we obtained that the values of V; gp, L and V; pc are 3.8V, 5 dB and 5.3 V, respec-
tively. The RF half-wave voltage and the insertion loss values agree very well with
the values obtained from the previous characterization. However, a slight differ-
ence is observed in the DC half-wave voltage value (4.9 V obtained in the previ-
ous experiment). This difference might be attributed to the bias drifting observed
at both experiments that add to the uncertainty in the measured V; pc. This bias
drifting is a well-known phenomena and has been addressed in various publica-
tions [33, 165] as well as in this thesis, in Chapter 3.
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Figure 6.9: The measurement results of the MZM APL using the high power laser
diode. (a) Average photocurrent, (b) Link gain, (c) HD2 power, (d) HD3
power, (e) Noise power spectral density, (f) Noise Figure.
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In Figure 6.9 (e) and (f), the noise PSD and the noise figure as functions of the
modulator bias are shown, respectively. From these data, we verified the thermal
noise contribution to the total noise PSD was -171.1 dBm/Hz and the RIN of the
laser of -171 dB/Hz. The thermal noise contribution measured previously was -
172.5 dBm/Hz which is slightly different from the current measurement. A signif-
icant difference is observed in the RIN values of the laser used in the previous ex-
periments, which has the RIN of-160 dB/Hz, with the high power laser used in this
measurement. Since the high power laser also boosts the APL link gain, the noise
figure of this link is vastly improved relative to the APL investigated earlier. The
minimum noise figure in the previous case was in the neighborhood of 40 dB. Us-
ing the high power laser improves the noise figure to approximately 25 dB. We will
discuss the improvements in the following subsection.

6.4.3 Quadrature Biasing: Noise Figure

Following the MZM characterization, we investigate the APL performance when
the MZM is quadrature-biased. In this case the bias voltage that corresponds to the
quadrature bias is 3.2 V. First of all, we investigate the noise figure behavior as a
function of the received optical power. The setup for this measurement is shown in
Figure 6.10.
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Figure 6.10: The measurement setup for noise figure characterization of the APL
with the high power laser.

A variable optical attenuator (VOA) is used to adjust the received optical power
in the detector. The attenuation was varied from 0 dB to 20 dB with a step of 1 dB.
This measurement was performed for three different values of laser injection cur-
rent, namely 100 mA, 200 mA and 500 mA. The reason to use different injection
current values is to have different RIN levels, since from the previous investigation,
we have shown that the laser RIN level varies significantly with the injection current
variation. The modulating RF signal supplied to the modulator has the frequency of
2 GHz and 0 dBm power. For each injection current value and attenuation level the
fundamental signal power and the noise PSD were measured at the detector output.
The noise figure was then calculated using the expression in Equation (6.2).

The measurement results are shown in Figure 6.11. For low received optical
power (from -15 dBm up to -2.5 dBm), the link noise figure improves as the received
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Figure 6.11: The noise figure for various values of the laser injection current plotted
against the received optical power.

optical power increases. This is because in this region the link is limited by the ther-
mal noise. The simulated NF taken into account only the thermal noise contribu-
tion is depicted and indicated in the figure. For the injection current of 100 maA,
increasing the received optical power beyond 0 dBm will not improve the link NE
This due to the RIN that dominates at higher received power. As expected in a RIN
dominated APL, NF saturation is observed. By properly adjusting the RIN value in
the simulation, we can conclude that for an injection current of 100 mA, the laser
RIN is approximately -145 dB/Hz. The NF contribution from this RIN is indicated
as the horizontal line in the figure. If the injection current is increased to 200 mA,
the NF saturation occurs at the received optical power of around 5 dBm. Hence, the
laser yields lower RIN compared to the prior case. In this case, the RIN amounts to
-155 dB/Hz. Note that the simulated RIN values at these two different injection cur-
rent levels agree very well with the measured values shown in Figure 6.7(b), which
are -144.3 dB/Hz and -154.2 dB/Hz for injection current of 100 mA and 200 mA,
respectively. Finally, for an injection current of 500 mA, the NF keeps improving
until the maximum received optical power of 10 dBm (or 0 dB attenuation in the
measurement) was reached. According to the measured RIN at this current level
(-171 dB/Hz), the NF would saturate at the value of around 21.5 dB.

6.4.4 Quadrature Biasing: SFDR

We proceed with the characterization of the APL SFDR. As mentioned earlier, due to
the quadrature biasing, the even-order distortion vanishes leaving the third-order
distortion as the primary source of APL nonlinearity. In the SFDR measurements,
the laser is biased at 500 mA, yielding an optical power of 112 mW and minimum
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RIN of -171 dB/Hz. The optical attenuator in the setup depicted in Figure 6.10 is
removed to maximize the received optical power. The measured average photocur-
rent is 14.1 mA. The input RF power to the modulator was varied from -5 dBm up to
5 dBm with a step of 1 dB. For each input RF power the fundamental signal and the
HD3 powers were measured and the IMD3 power was calculated using the relation
in Equation (6.12). The measured noise PSD was -162 dBm/Hz. The measurement
results are plotted in Figure 6.12.
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Figure 6.12: The measured SFDR for the quadrature biased link with the high
power laser.

The link gain, NE IIP3 and SFDR3 values obtained from the measurements are
-13.7 dB, 25.7 dB, 20.4 dBm and 112.7 dB.Hz?/3, respectively. We can compare these
values with the simulation results, using the expressions in Equations (6.13), (6.2),
(6.4) and (6.5), respectively, for the link gain, NE IIP3 and SFDR3. Using the I, =
14.1 mA, Vg = 3.85 V and as the input parameters, the simulated link gain value
is -10.8 dB. but taking into account the additional RF loss of 2.9 dB in the link, the
corrected link gain is -13.7 dB, which agree very well with the measurements. The
rest of the simulated metrics, compared with the measurements, are summarized
in Table 6.3.

Table 6.3: Quadrature biased MZM with a high power laser diode

Quantity Measured | Calculated | Unit
Link Gain -13.7 —13.7 | dB
Noise Figure 25.7 25.7 | dB

I1P3 20.4 20.8 | dBm
SFDR3 112.7 112.8 | dB.HZ?/®
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Compared to the link investigated in the previous section, the APL with the high
power laser has shown a significant performance improvements. The link gain is
improved by 19 dB. This improvement is obtained due to the increase in the input
optical power to the modulator. In the previous case, the input optical power is
11 dBm, while in this case it amounts to 20.5 dBm. Hence an increase of 9.5 dB of
optical power has been achieved. Since the link gain is proportional to the square
of this input power (see Equation (6.1)), the expected increase in the link gain is
simply 2 x 9.5 = 19 dB, which is exactly the value obtained from the measurements.
Besides the gain enhancement, NF reduction was also observed. The link NF has
improved by 12.5 dB. This improvement is attributed to both the increase in the link
gain and the reduction in the laser RIN. For example, supposed that the high power
laser has the same RIN as the laser used in the previous experiments, i.e. RIN = -
160 dB/Hz instead of -171 dB/Hz. Thus, the NF reduction will only come from the
effect of the increase in the link gain and will be limited to approximately 8.2 dB.

Unlike the gain and the NE theoretically the IIP3 value should not change with
the increase of input optical power. The 0.6 dB difference between the two mea-
surements is merely a measurement error. Since the ITP3 is unchanged, the increase
of SFDR3 in this case is simply 2/3 times the NF reduction. In this case 2/3 x 12.5 =
8.3 dB. The improvements obtained from the measurement is 112.7 — 105 = 7.7 dB.
The 0.6 dB difference is attributed to the measurement error. Nevertheless, we have
shown the improvement in the link performance by means of using the high power
laser diode.

6.4.5 Low Biasing: Noise Figure

We have shown that using a high power laser diode can improve the link perfor-
mance. As discussed in Chapter 2, low biasing the modulator can reduce the noise
figure of the APL. The NF reduction will lead to enhancement of SFDR3 but comes
at expense of elevated even-order distortion powers. Depending on the dominant
noise source in the link, different NF improvement can be expected from low bi-
asing. RIN limited links can benefit highly from low biasing while the advantage
is very limited for shot noise limited links (see Chapter 3, Subsection 3.2.2). Here
we will investigate the effect of low biasing on the link performance with the high
power laser.

The simulated noise figure as function of the MZM bias voltage is shown in Fig-
ure 6.13. In this case the NF advantage obtained from low biasing is limited to
slightly more that 1 dB. This is because the link is not RIN limited but shot noise
limited instead. This can be seen by inspecting the ratio between the RIN PSD
relative to the shot noise PSD at the quadrature bias. This quantity can be ex-
pressed as (RIN Iny) / (2¢), where ¢ is the electron charge. For RIN=-171 dB/Hz and
Iy = 14.1 mA, the ration of the RIN and the shot noise PSDs, express in decibels,
amounts to -4.5 dB. Thus, we can conclude that the shot noise dominates over the
RIN and the maximum advantage of low biasing is limited to 3 dB [141], as dis-
cussed in Chapter 3.
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Figure 6.13: The simulated noise figure as function of the modulator bias voltage.
The input optical power is set at 20.5 dBm and the RIN is -171 dB/Hz.
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6.4.6 Low Biasing: SFDR

In this subsection we will measure the APL characteristics when the MZM is low bi-
ased. According the Figure 6.13, the minimum NF is obtained around bias voltage
of 2.0 V. We choose this bias voltage as the operating point and perform the SFDR
measurement by means of varying the RF input power to the MZM, from -5 dBm
to 5 dBm with a step of 1 dB. Since the MZM is biased off-quadrature, the even-
order distortion terms are not suppressed anymore. The fundamental signal, HD2
and HD3 powers are measured and the IMD2 and IMD3 powers are calculated from
these harmonic distortions. The measured noise PSD was -166 dBm/Hz at the av-
erage photocurrent of 4.6 mA. The measurement results and the extrapolation of
the output RF power components are shown in Figure 6.14.

As expected, the low biased APL has a second-order SFDR (SFDRy) which is
much lower than SFDRs. This means that in contrast to the quadrature-biased
link, the low biased link is only suitable for narrowband or sub-octave applications
(see Chapter 2, Subsection 2.4.3 and Chapter 3, Subsection 3.2.2). Moreover, the
noise figure reduction obtained with low biasing, relative to the quadrature biasing
is limited to less than 1 dB. In order to verify the results obtained from the mea-
surements, we use the measured average photocurrent (4.6 mA) and the modulator
characteristics to calculate the the APL metrics. First of all, using Equation (6.6), we
found that the modulator bias angle, ¢g is equal to 49.1°. If we use the definition
¢B = TWpias/ Vi, pc, we found that W55 = 1.44 V. Taking into account the minimum
transmission point of our modulator is approximately at 0.71 V, the corrected bias
voltage will be 1.44 +0.71 = 2.15 V, where compared to the setting point in our mea-
surement which is 2.0 V.
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Figure 6.14: The measured SFDR for the low biased link with the high power laser.

Having verified the bias angle, we use the value of ¢ to calculate the link gain
using Equation (6.1) (note that Equation (6.13) cannot be used anymore since the
relation only holds for quadrature biasing). The calculated link gain is -16.6 dB (see
Figure 6.9(b)). Using the information of this link gain and the measured noise PSD,
the NF is calculated to be 25.6 dB (Figure 6.9(f)). Moreover, using Equation (6.3), the
IIP2 is calculated to be 19 dBm, while the IIP3 value remains unchanged (20.8 dBm)
since it is independent of the bias angle (see Chapter 2, Subsection 2.4.6). Finally,
using the IIP values, the SFDR, and SFDR3 were calculated, yielding the values of
84 dB.Hz!’? and 113.5 dB.Hz?'3, respectively. The comparison between the mea-
sured and the simulated metrics of the low biased link is summarized in Table 6.4.

Table 6.4: Low biased MZM with a high power laser diode

Quantity Measured | Calculated | Unit
Link Gain -16.8 —-16.6 | dB
Noise Figure 24.8 246 | dB

[1p2 20 19 | dBm
11P3 21 20.8 | dBm
SEDR, 84 84.2 | dB.Hz!/?
SFDR; 114 113.5 | dB.Hz?/3

Comparing the values in the table above, we can see that most of the measured
metrics agree very well with the calculation. A notable difference is obtained in
the IIP3 results and subsequently the SFDR3 values. Moreover, we have demon-
strated that by means of low biasing, the link performance can be enhanced, but
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the degree of enhancements depends strongly on the dominant noise source in the
link. In our case, the laser RIN is already low such that the advantage of low biasing
is negligible (Chapter 3, Subsection 3.2.2). However, we can compare the perfor-
mance of the quadrature-biased and the low-biased link in terms of the average
photocurrent. Note that comparable performance with the quadrature biased link
can be achieved with the low biased link with merely one-third of the photocurrent
(4.6 mA vs. 14.1 mA). Thus, if the system is limited by the maximum photocurrent
of the detector and the bandwidth is not more that one octave, using such low bias
scheme can be advantageous.

6.5 Optically Amplified APL

As we have learned from the previous section, increasing the optical power in the
APL is attractive and useful to enhance the link performance. Beside using a high
power laser, a common way to increase the optical power is to use an optical ampli-
fier. Two types of amplifier widely used nowadays are the erbium doped fiber am-
plifier (EDFA) and the semiconductor optical amplifier (SOA). Choosing between
one of them depends on the application and the system design constraints. In
our measurements presented here, we use an EDFA to increase the received op-
tical power. The measurement setup where the EDFA is incorporated is discussed
in the following subsection.

6.5.1 Measurement Setup

The architecture of the optically amplified APL is shown in Figure 6.15. The laser
used in the experiment is the 1550 nm DFB laser from Agere with maximum optical
power of 11 dBm at 110 mA injection current. The modulator and the photode-
tector used in the setup were the ones described in the previous experiments. The
EDFA was placed after the modulator and before the detector. In this way, we can
avoid exceeding the prescribed maximum optical power to the modulator, which
is 20 dBm. There are two variants of the setup considered here. First is the archi-
tecture where a variable optical attenuator (VOA) is placed between the MZM and
the EDFA (Figure 6.15 (a)). We will refer this arrangement as the MZM-VOA-EDFA
link. The second arrangement is shown in Figure 6.15 (b), where the positions of the
EDFA and of the VOA in the link are interchanged. We will refer this arrangement
as the MZM-EDFA-VOA link.

The VOA was used in the setup to for two different reasons. First, it is useful to
investigate the behavior of the optically amplified link (i.e. gain, noise figure) for
different modulated optical power levels. The VOA is in fact used to emulate an
optical device or system that might contribute to a loss in the link. As an example
of these systems are the optical delay elements of a beamforming network. The
reason to differentiate the placements of the VOA is also related to this reason. One
of the goals of the study presented here, beside the APL characterization is also to
determine the optimum way to incorporate these loss-inducing systems or devices
in the optically amplified APL.
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Figure 6.15: The two measurement setups used in the experiments. (a) APL with
the VOA before the EDFA, and (b) APL with VOA after the EDFA.

Prior to the link characterizations, we characterize the EDFA. The results are
discussed in the following subsection.

6.5.2 EDFA Characterization

The EDFA used in the measurement is the Keopsys KPS-BT-C-27-PB-FA, with a
maximum output optical power of +27 dBm. The EDFA can be operated in two dif-
ferent modes. One is the so-called automatic current control (ACC) mode. In this
mode, the current of the pump laser of the EDFA is fixed, i.e. specified by the user
and the EDFA output optical power is proportional to the input optical power. The
other mode is the so-called automatic power control (APC) mode. In this mode
the output optical power is fixed regardless of the input optical power. The mea-
sured relation between the input optical power and the output optical power for
both modes of operation are shown in Figure 6.16(a). For these measurements, the
output optical power was fixed at 12.5 dBm for the APC mode, while for the ACC
mode, the pump laser current was fixed at 0.44 A. The EDFA gain for both modes,
defined as the ratio of the output optical power and the input, as functions of the
input optical power are depicted in Figure 6.16(b). Note that for both cases, the
EDFA gain decreases with the increase of input optical power. This is quite intuitive
for the APC mode since the gain needed to amplify a high input optical power to
reach a certain output optical power level is smaller relative to the gain required for
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amplifying a lower power. As for the ACC mode, the gain decreases with the input
power because it takes a higher energy to amplify a high optical power relative to
the energy required to amplify a lower optical power. Since the pump laser current
is fixed, only limited power of the pump can be transfered to the signal. For ex-
ample, to amplify an optical signal with 0 dBm power with a 3 dB gain requires an
additional power of 1 mW while to amplify a 20 dBm optical power by 3 dB requires
an additional 100 mW of power.
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Figure 6.16: Characterization results of the EDFA operated in two different modes,
automatic current control (ACC) and automatic power control (APC).
(a) Output optical power vs. input optical power, and (b) Optical gain
vs. input optical power.

6.5.3 MZM-EDFA-VOA Link Noise Figure

We start with characterization of the MZM-EDFA-VOA link. The modulator was
biased at quadrature and the EDFA was operated in the APC mode. The average
output optical power of the EDFA was set at 15.1 dBm . Since the insertion loss of
the modulator amounts to 3 dB, the received optical power at 0 dB attenuation is
12.1 dBm, corresponding to an average photocurrent of 12 mA. The input RF power
to the system was set at 0 dBm. Next, the attenuation was varied from 0 dB up to
20 dB with a step of 1 dB. The fundamental signal power, noise PSD and the aver-
age photocurrent were measured for each attenuation level. We plot the resulting
link gain against the measured average photocurrent in Figure 6.17(a). In the same
figure, the calculated link gain obtained by inserting the measured average pho-
tocurrent into the expression in Equation (6.13) is also shown. There is an excellent
agreement obtained between the measured and the simulated values.

In Figure 6.17(b), the measured noise PSD is depicted as a function of the re-
ceived optical power. These measured values are plotted together with the sim-
ulated values, taking into account various noise contributions, namely the ther-
mal noise, shot noise and RIN. The best match between the simulation the mea-
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Figure 6.17: Characterization results of the MZM-EDFA-VOA link. (a) Link gain vs.
average photocurrent photo, and (b) Noise PSD vs. received optical
power.

sured values are obtained if the thermal noise PSD and RIN values are taken to be
-171 dB/Hz and -152 dB/Hz, respectively. Note that in the previous section we have
shown that the RIN from our laser used here amounts only to -160 dB/Hz. Thus it is
clear that the RIN observed in our measurements comes not only from the laser but
from the combination of the laser and the EDFA. We can conclude then that for the
arrangement presented here, noise contribution from the EDFA can be regarded as
and additional RIN to the one contributed from the laser [45, 161]. This additional
RIN from the EDFA will increase the total link RIN by 8 dB. The noise PSD itself was
dominated by the thermal noise at low received optical power and by the RIN at
large received optical power.

Finally, we plot the link noise figure (NF) as a function of the received optical
power in Figure 6.18. The calculated NF values due to the different noise contri-
butions are depicted as well. Note that the thermal noise dominates up to the re-
ceived power of 2 dBm. The NF improves when the received power is increased up
to 4 dBm. Beyond this optical power, the link is RIN limited and the NF saturates
at the values of approximately 40 dB. Supposed that the RIN is -160 dB/Hz instead
of -152 dB/Hz, the APL will be thermal noise limited up to the received power of
4 dBm and the NF will saturates at a lower value of around 31 dB, at the received
optical power beyond 12 dBm. Clearly adding the EDFA will deteriorate the link
NE We will come back to this conclusion later when we discuss the SFDR of the
optically-amplified link.

6.5.4 MZM-VOA-EDFA Link Noise Figure

We have seen in the previous subsection that by putting the EDFA before the VOA
(i.e. before the loss occurs), the EDFA noise can be regarded as additional RIN and
the link NF will deteriorate when the RIN dominates. Here, we will investigate the
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Figure 6.18: The link noise figure as a function of the received optical power for the
MZM-EDFA-VOA amplified link.

link NF in the case where the EDFA is put after the loss occurs (MZM-EDFA-VOA
configuration in Figure 6.15 (b)). One notable difference in the this arrangement
compared to the previous one is that here the input power of the EDFA is varied
in accordance with the attenuation variation while in the previous case it was kept
constant and instead the output power was varied.

The measurements were performed for the ACC and the APC modes of the EDFA.
For the ACC mode, the pump laser current was set at 0.44 A while for the APC
mode the input optical power of the EDFA was specified at 12.5 dBm. The MZM
was biased at the quadrature and the input optical power and RF power were kept
the same as in the previous measurements. To vary the input optical power to the
EDFA, the attenuation of the VOA was varied from 0 dB to 20 dB with a step of 2 dB.
For each input power level, the EDFA gain can be obtained from the EDFA charac-
terization results presented in Figure 6.16(b). The fundamental signal power, the
average photocurrent and the noise PSD were then measured.

The measured link gain and the average photocurrent as functions of the input
optical power are plotted in Figure 6.19. As expected, both the average photocur-
rent and the link gain of the APC mode are constant, except for a small deviation
which occurs at a low input power. Keep in mind that the link gain and the pho-
tocurrent depend on the received optical power which, in this case, is the output
optical power of the EDFA. Since in the APC mode the output EDFA power is kept
constant, these two quantities will be constant as well. As for the ACC mode, both
the link gain and the photocurrent increase with the input optical power. This is
because in this mode the EDFA optical output power is proportional to the input
power.

Next, we characterize the noise PSD and the noise figure of the link. For this in-
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Figure 6.19: The measured link gain and photocurrent as functions of the input op-
tical power to the EDFA for the APC and the ACC mode.

vestigation, we will limit ourselves only to the ACC mode. This is because the com-
mon noise sources like the shot noise and the laser RIN depend on the received op-
tical power. Since in the APC mode the received optical power is constant, it is less
insightful to investigate the noise performance in this mode. The measured noise
PSD and the resulting link noise figure as functions of the received optical power
are depicted in Figure 6.20(a) and 6.20(b), respectively. These measurement val-
ues are depicted together with the contributions of the laser RIN (-160 dB/Hz), the
shot noise and the thermal noise (-171 dBm/Hz). Note that none of these sources
can represent the behavior of the measured noise PSD, which decreases with the
increase of the received optical power. Hence, immediately we can see that in con-
trast to the case where the EDFA is placed before the VOA, here the EDFA noise
contribution cannot be regarded as the additional RIN to the laser RIN contribu-
tion. This is mainly because in this case the input optical power to the EDFA is
varied, affecting the dynamic in the EDFA [147]. The noise source that can describe
the measured noise behavior is the EDFA signal-spontaneous beat noise. The elec-
trical power spectral density of this noise is given by [125, 200]

1
Psig—sp,EDFA = 2 [4hvnsy rpp Pout,EDEA (8EDEA — 1) RL] (6.14)

where h = 6.63 x 10734 Js is the Planck constant, v is the optical frequency, Nsp is
the spontaneous emission factor, Py rpra is the EDFA output optical power in
Watt and ggpra is the EDFA gain on linear scale. The factor 1/4 appears due to
the resistive impedance matching imposed in the photodetector. For a constant
EDFA gain, the sig-sp noise PSD in Equation (6.14) will increase with the EDFA
output power, or the received optical power in this case. But note that in the sit-
uation described in Figure 6.20, both Py, rpra and geppa are changing. In this
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case, PoutEDFa is increasing while gepra is decreasing. The simulated psig—sp EDFA
for ngp =1 [125,201] and v = 193 THz is shown together with the measured noise in
Figure 6.20(a). The calculated Sig-sp noise fits the behavior of the measured noise.
Hence, we conclude that in the case where the input optical power and the gain of
the EDFA is varied, the signal-spontaneous noise contribution of the EDFA domi-
nates over the other noise sources. This observation agrees with the earlier reported
results in [45, 125,201]. Moreover, a comparison with the case of MZM-EDFA-VOA
arrangement in the previous subsection shows that the MZM-VOA-EDFA architec-
ture considered here shows a higher noise figure. For example, for a received optical
power of 12.0 dBm, the previous arrangement yields a noise figure of approximately
40 dB, while here the noise figure is more than 44 dB.
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Figure 6.20: Noise characterization results of the MZM-VOA-EDFA link operated
in the ACC mode. (a) Noise PSD vs. received optical power, and (b)
Noise figure vs. received optical power. The link was dominated by the
signal-spontaneous (Sig-sp) beat noise of the EDFA

A better comparison of the noise characteristics between these two architec-
tures can be done if the received optical power is kept constant. In this case both
the average photocurrent and link gain are also constant. For this purpose, the flow
of the measurements was slightly adjusted. For both architectures, the EDFA was
operated in the APC mode. For each attenuation level, the EDFA output power was
adjusted such that the link gain is constant. Then the noise PSD was measured and
the noise figure calculated. The results are shown in Figure 6.21. It is clear that as
the attenuation increases the NF of the MZM-VOA-EDFA link deteriorates rapidly,
while for the other link the NF remains constant. The NF behaviors of the two links
can be predicted by the simulations, as shown as the solid and dash-dotted lines
in the figure. For the MZM-EDFA-VOA case, the EDFA RIN (-152 dB/Hz) dominates
while in the MZM-VOA-EDFA case, the signal-spontaneous beat noise is dominant.
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Figure 6.21: The measured noise figure comparison between the two link architec-
tures in Figure 6.15 for a fixed photocurrent of 0.97 mA. The solid and
the dash-dotted lines denote the simulations results.

6.5.5 Gain Enhancement with Low Biasing

We resume our investigation with the bias voltage variation of the optically ampli-
fied link. It was shown in Sisto et al. [147] and Urick et al. [67] that using an EDFA
after a low-biased MZM will improve the link gain, relative to the quadrature-bias
case. The improvements stem from the fact that the link gain scales with the op-
tical gain of the EDFA, which depends on the input optical power to the amplifier.
By low biasing then amplifying, a much higher optical gain can be achieved since
the EDFA is less saturated, because in the low bias link, the average optical power is
much lower compared to the quadrature-biased link.

To investigate this effect, we vary the modulator bias voltage and amplify the
optical signals using the EDFA. The EDFA is operated in the APC mode and the
output optical power is set at 12.5 dBm. The RF input power to the modulator is set
at -10 dBm. We also performed measurements at input power level of 0 dBm, but
for this input power the link gain improvement was less compared to the case when
a lower RF power is used. The fundamental signal power and the noise PSD were
then measured. The resulting link gain, noise PSD and link noise figure are shown
in Figures 6.22(a), 6.22(b) and 6.22(c), respectively.

As expected, moving the bias away from the quadrature towards the lowest
transmission point increases the link gain. In our measurements the optimum link
gain of +5 dB has been obtained at the bias voltage of 0.6 V. There are several inter-
esting aspects of this measured gain. First of all, the positive value indicates that
we have obtained a nett RF gain in our link, whilst all the measured link gain values
previously discussed here have the negative sign, indicating a nett RF loss. Sur-
prisingly, this positive gain value has been shown with a moderate photocurrent of
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Figure 6.22: MZM bias variation in the optically amplified link. (a) Link gain, (b)
Noise PSD and (c) Noise Figure. The arrows indicate the data used for
the SFDR investigation in the next subsection.

12.6 mA. The quadrature biased link (V455 = 3 V) with the same photocurrent has
the link gain of -14.9 dB. Thus, by optimizing the MZM bias we have shown a gain
improvement of nearly 20 dB. Overall, a positive link gain was measured for bias
voltages from 0 to 1 V.

Beside increasing the link gain, low biasing also increases the noise in the link.
This is shown in Figure 6.22(b). At the bias voltage where the maximum link gain
is achieved, the measured noise PSD amounts to -128 dBm/Hz, which is roughly
20 dB higher than the measured value at the quadrature, which is -149 dBm/Hz.
Since the increase of noise power and the link gain is roughly equal, the noise fig-
ure at 0.6 V is equal to the noise figure at the quadrature bias which amounts to
39.9 dB. Thus, at the bias point where the link gain is maximum, there is no advan-
tage of noise figure obtained. However, a closer look of of Figure 6.22(c) has hinted
that the points just below the bias voltage that maximizes the gain yield lower NF
relative to the quadrature biased. For example, at the bias voltage of 0.5 V (which
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is indicated by the arrows in Figures 6.22(a),6.22(b) and 6.22(c)) the noise figure is
33.5 dB, which is 6.4 dB lower relative to the quadrature bias case. In the follow-
ing subsection, we will compared the SFDR of the quadrature bias link and the link
biased at this point.

6.5.6 SFDR Comparison

For the SFDR investigations, we varied the input power of the 2 GHz RF signal from
-10 dBm to 3 dBm with a step of 1 dB. In addition to the fundamental signal and the
noise powers, we measured the harmonic distortions in addition to the fundamen-
tal signals. The IMD2 and IMD3 powers needed to determine the SFDR are then cal-
culated from these harmonic distortion powers using Equations (6.11) and (6.12).
The quadrature biased link was biased at 3.0 V and the low biased link was biased
at 0.5 V. The average photocurrent for both links was 12.7 mA.

For the quadrature biased link, the measured noise PSD was -149.5 dBm/Hz.
The link gain, noise figure, IIP3 and SFDR3 values obtained from the measurements
are -15 dB, 39.5 dBm, 22 dBm and 104.5 dB.Hz?/3, respectively. The measurement
results are shown in Figure 6.23.

25
0 Fundamental ‘
—~ 25
£ '
S 50{ —F% f"\"m
g SFDR3 =
g 7 103.4 dB.HZ" .-~
w ' % .7 -Linkgain=-15dB
@ -1004 - Noise Figure = 39.5 dB
3 -1IP3 = +22 dBm
5 -125
o .
-150 4+ ===+ R st SO00000000 — - — -~ —-—-—-—- -
Noise
-175 14— T T T T T T
-40 -30 -20 -10 0 10 20 30

Input RF power (dBm)

Figure 6.23: The measured SFDR for the quadrature biased link amplified with the
EDFA.

As demonstrated earlier, the information of the measured noise PSD and aver-
age photocurrent are used to predict the gain, NE IIP3 and the SFDR3. The com-
parison between the values obtained from the measurements and the simulations
are summarized in Table 6.5.

For the low bias link, the measured noise PSD was -137.5 dBm/Hz. The mea-
sured link gain and noise figure are +2.9 dB and 33.6 dB, respectively. Unlike the
quadrature-biased link, this link is limited by the IMD2 rather than IMD3. The
ITP2 and IIP3 values obtained from extrapolations of the measurement data are
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Table 6.5: Quadrature biased MZM with EDFA

Quantity Measured | Calculated | Unit
Link Gain -15 —14.6 | dB
Noise Figure 39.5 39.2 | dB

11P3 22.0 20.8 | dBm
SFDR3 104.5 103.8 | dB.Hz*/3

7 dBm and 11.9 dBm, respectively. The measured SFDR;, and SFDR; for this link
are 73.5 dB.Hz!/? and 101.7 dB.Hz?/3, respectively. The measurement results are
shown in Figure 6.24.
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Figure 6.24: The measured SFDR for the low biased link amplified with the EDFA.

Although the low bias link shows improved gain and NF relative to the quadra-
ture biased link, these improvements are obtained at the cost of decreased linearity.
This is apparent from the reduced IIP3 values, from the expected value of 20.8 dB to
11.9 dB. This reduction primarily comes from the fact that the low bias link gener-
ates much more RF photocurrent compared to the quadrature biased link, in which
the DC portion is dominant. The increase of this RF current might generate distor-
tion due to the saturation of the photodetector. This saturation effects can be ob-
served in the fundamental, the IMD2 and the IMD3 powers at high input RF power.
Moreover, since the low bias link has a much lower SFDR, than SFDRj3 (see Ta-
ble 6.6), this link is not suitable for broadband applications. But even though the
link linearity is reduced, the low biased link is still attractive for applications where
the linearity demand is not very high. One of those applications is the optoelec-
tronic oscillator (OEO) [67].
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Table 6.6: Low biased MZM link amplified with an EDFA

Quantity Measured | Simulated | Unit
Link Gain +2.9 - | dB
Noise Figure 33.6 - | dB

[1p2 7 — | dBm
1IP3 11.9 — | dBm
SFDR, 73.5 73.7 | dB.Hz!2
SFDR; 101.7 101.5 | dB.HZ?/3

6.6 Summary

In this chapter the measurement results on various MZM link architectures were
presented. The so-called standard MZM link consists of a laser with a moderate
output power, an MZM and a photodetector with a resistive matching . The perfor-
mance of such a link is limited in terms of link gain and noise figure. A link gain
of -33 dB and noise figure close to 40 dB have been achieved. The link SFDR3 is in
the order of 105 dB.Hz?'3. If the laser is replaced with a higher power laser, with a
ten-fold output power relative to the laser in the standard link, vast improvements
in the link gain and noise figure are obtained. The gain, noise figure and SFDR3
of this so-called high power laser MZM link are in the order of -14 dB, 26 dB and
114 dB.HZz?'3, respectively. The 19 dB improvement in the link gain is due to the
increase in input optical power. On the other hand, the noise figure and SFDR3
improvements are obtained partly because of the increase in the optical power but
also because the laser has shown a better RIN value of -170 dB/Hz, which is 10 dB
better than the RIN of the laser in the standard link. This has demonstrated that us-
ing a higher input power to the MZM with a low noise laser is highly advantageous
and desirable.

Afurther improvement can be achieved by moving the bias point of the modula-
tor away from the quadrature bias towards the lowest transmission point. This low
biasing technique reduces the noise figure which in turn increases the SFDR3. But
the improvements are obtained at the cost of a decreased link gain and increased
even-order distortions. The latter will limit the link SFDR, and subsequently limit
the usability of the link in multioctave (or broadband) systems. Low biasing the
high power laser MZM link will reduce the noise figure by only 1 dB. This is because
the link is shot noise limited and not RIN limited. It was shown in Chapter 3 that
the advantage of the low bias technique is most prominent if the link is RIN limited.
The maximum advantage for noise limited links is only 3 dB.

The final architecture considered is the optically amplified link. The optical am-
plifier used here is the EDFA. Two arrangements of the so-called EDFA MZM link
have been considered. The different arrangements are used to determine the op-
timum placement of the EDFA relative to an optical device or a subsystem which
is relatively lossy. The loss of the device was emulated with a variable optical at-
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tenuator (VOA). In turns out that by placing the EDFA between the MZM and the
VOA (MZM-EDFA-VOA link), the link shows better performance compared to the
case where the EDFA is put after the VOA (MZM-VOA-EDFA link). In the earlier
setup, the input power to the EDFA is fixed, hence the EDFA noise contribution can
be regarded as an additional RIN in the system. In the latter, the optical power to
the EDFA varies, affecting the EDFA dynamics. We have shown that in this case the
dominant noise source is the EDFA signal-spontaneous beating.

In general, using the EDFA is attractive to increase the link gain but it will limit
the link NF and SFDR3. As a comparison, a link gain of approximately -14 dB can
be achieved by both the high power laser link and the EDFA link. But for the earlier
the noise figure is around 25 dB while the latter has a noise figure of nearly 40 dB.
Additionally, the SFDR3 of this EDFA link is 10 dB lower relative to the SFDR3 of the
high power laser link. Finally, an interesting behavior has been observed in the low
biased EDFA link. A nett (positive) link gain as high as 5 dB has been observed in
the measurements, which is a 20 dB improvement relative to the link gain at the
quadrature bias. This significant improvement is because the EDFA is less satu-
rated in the low bias case. Unfortunately, this high gain is obtained at the cost of
decreased linearity due to increased even-order distortions and the photodetector
saturation.
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7.1 Conclusions

This thesis has investigated the performance of an analog photonic link (APL). Key
parameters to describe the link performance, namely the link gain, noise figure,
intercept points and spurious-free dynamic range, have been introduced. Various
existing methods to improve both directly and externally modulated links charac-
teristics have been considered. These methods include low biasing the modulation
device, employing a balanced detection architecture, and increasing the input op-
tical power in the case of external modulation. Extensive measurements were con-
ducted to characterize the performance of the APLs employing these enhancement
techniques. The results were compared with the predicted behavior from simula-
tions. Several conclusions can be drawn from these findings.

Several parameters, which are commonly defined for microwave components,
have been used to describe the APL performance. These parameters are the link
gain, noise figure, input and output intercept points and the spurious-free dynamic
range (SFDR). In order to determine these parameters, several assumptions have
been made. Both the modulation device and the photodetector are assumed to
be resistively matched, leading to a 6 dB gain reduction relative to the unmatched
case. In investigating the link nonlinearity, a static-weak nonlinearity assumption
was used. This permits the Taylor expansion to be implemented in describing the
nonlinear transfer function of the modulation devices. To describe the link noise,
three dominant sources were considered: the laser relative intensity noise (RIN),
shot noise and the thermal noise. Moreover, various definitions of the link dynamic
range were introduced. A special emphasis was put on the SFDR, which is essen-
tially the largest SNR that can be obtained by the link without any measurable dis-
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tortion. Depending on the order of the limiting distortion terms of the SFDR, the
link can be categorized into sub-octave and multioctave APLs. Multioctave band-
width is desired for an APL in order to be applied in broadband systems.

For an externally-modulated link using a Mach-Zehnder modulator (MZM), in-
creasing the input optical power to the modulator is very attractive for increasing
the link performance. The most notable improvement is the link gain enhance-
ment, which increases quadratically with the optical power. However, this high op-
tical power will result in a high average photocurrent that might saturate or even
damage the photodetector. Besides, this average current will directly contribute to
APL noise because the shot noise and the RIN increase with the photocurrent. It
has been shown that the low biasing scheme can be a solution to this limitation.
Reducing the bias away from the quadrature towards the minimum transmission
point will reduce the noise power faster than the the reduction of the link gain.
This will result in an improvement of the APL noise figure. For a given modulator
characteristic, an optimum bias operation which minimizes the link noise figure
can be determined, taking into account the input optical power and the laser RIN
level.

Although attractive from the noise figure point of view, low biasing increases
second-order distortion, limiting the link to a sub-octave bandwidth. A Class-AB
architecture using dual MZMs and a balanced detection scheme can be used to
mitigate this problem. In this scheme, the MZMs are biased symmetrically from the
lowest transmission point. The balanced detection will completely suppress even
order distortions, provided perfect amplitude and RF modulation phase matchings.
Beside the Class-AB scheme, an architecture using a dual-output MZM combined
with a balanced detection scheme is also promising to provide very high link per-
formance. Both the Class-AB link and the dual output MZM scheme benefit from
the RIN cancellation at the balanced detector.

In order to verify these theoretical predictions, the realization and the char-
acterization of an MZM APL were performed. Two ways of increasing the optical
power to the modulator were considered: first, using a high power laser and sec-
ond, using an erbium doped fiber amplifier (EDFA). Both methods proved to in-
crease the link gain of the link. However, they differ in their noise and distortion
contributions to the APL. The high power laser used in the experiments provide a
considerable optical power of 100 mW with a very low RIN of -170 dB/Hz. An op-
timum noise figure of 25.7 dB was obtained with the quadrature biased link. Low
biasing of this link improves the noise figure only by 1 dB. The small improvement
is due to the fact that the APL is shot noise limited which limits the maximum noise
figure advantage to only 3 dB.

In general, using the EDFA in the externally-modulated link is attractive to in-
crease the link gain but it will limit the link noise figure and SFDR. This is due to
the signal-spontaneous beating noise from the EDFA that dominates the total link
noise. As a comparison, the link gain of around -14 dB can be achieved by both
the high power laser link and the EDFA link. But for the earlier the noise figure is
25.7 dB while the latter has a noise figure of nearly 40 dB. The SFDR of this EDFA
link is 10 dB lower relative to the high power laser link. An interesting behavior was
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observed if a link containing an EDFA placed after a low biased MZM. Relative to
the same arrangement where the MZM is biased at quadrature, the low bias link
yields an impressive 20 dB improvement of link gain. For a detected photocurrent
of less than 13 mA, a net (positive) link gain of 5 dB was achieved. This signifi-
cant improvement is obtained because by means of low biasing, the small-signal
gain of the EDFA can be fully accessed without saturating the amplifier. In contrast,
quadrature biasing contributes to a large DC optical power that tends to compress
the EDFA gain. Unfortunately, the high gain in the low biased link is obtained at the
cost of decreased linearity. There are two reasons for this. Firstly, it is inherent that
for the link biased away from the quadrature, elevation of the even-order distortion
occurs. Secondly, due to the strong RF modulation in the optical power impinging
on the photodetector, saturation of the photodetector response occurs. This will
in turn reduce the input intercept points of the link and, subsequently, limiting the
SFDR.

In contrast to external modulation, techniques to increase the performance of
a directly modulated link are rather limited with most of them are directed towards
device-level improvements. Unlike in the MZM link, low biasing in DML link is
not advantageous to reduce the link noise due to RIN enhancement near thresh-
old. This is also one of the reasons that the proposed balanced modulation and
detection (BMD) scheme does not offer any performance improvement. The BMD
scheme employs a pair of low biased diode lasers to create a pair of complemen-
tary half-wave rectified optical signals, which will be restored at the receiver us-
ing a balanced detection scheme. Ideally, the half-wave rectification will reduce
the average photocurrent thereby reducing the noise and enhancing the link SNR.
However, the experiments show that low biasing the laser will increase the RIN and
the distortion in the link. Additionally, the laser bandwidth and response are also
severely reduced by low biasing. This means that in contrast with the theoretical
predictions, low biasing the laser diodes tends to degrade the APL performance.

Although low biasing tends to degrade the link performance, the premise of us-
ing a pair of laser diodes and a balanced detector is still promising for a perfor-
mance enhancement. For this reason, the BMD architecture was slightly adjusted
for a different purpose than the original idea of noise reduction. In the new ar-
rangement, dubbed as the push-pull modulated APL, the lasers bias currents are
optimized to obtain the lowest third order intermodulation (IMD3) powers. These
lasers are modulated in a push-pull manner and, subsequently, the RF modulation
amplitude and phase of each laser were adjusted using variable optical attenua-
tor and delay line such that the second-order intermodulation distortion (IMD2)
power at the output is minimized. With this arrangement, a high multioctave SFDR
can be achieved. One of the highest broadband SFDR ever shown with a directly
modulated laser link has been demonstrated at the frequency of 2.5 GHz using this
arrangement. The SFDR value was 120 dB.Hz?/3 and the IMD2 power suppression
of 40 dB was obtained. The frequency extension of the measurements show a lim-
ited bandwidth of 700 MHz due to the difference in laser characteristics and a slight
difference in the path lengths going to the balanced detector.
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7.2 Outlook

In this section some directions for further research will be suggested. These include
an extension of the link architectures that have been presented in this thesis as well
as suggestions of promising new techniques that can be further explored in the fu-
ture.

7.2.1 System Improvements

The measurements presented here are limited by the available components and
measurement equipments. Since nowadays the trend in microwave photonics sys-
tems are moving toward high frequencies, it is interesting to demonstrate the per-
formance enhancement techniques presented here at a higher frequency range, i.e.
at microwave or millimeter-wave frequency range. Additionally the results pre-
sented here have been shown for back-to-back arrangements. It is important to
show that these enhancement techniques also work for various link lengths. One
aspects that might become a limiting factor for long link and high frequency is the
chromatic dispersion effect in the optical fibers [65]. Moreover, in this work, the
experiments were limited to tone modulations. The extension of this will be to use
more advance modulation techniques and subsequently to rate the system perfor-
mance in terms of bit error rate (BER) or error vector magnitude (EVM).

For the directly modulated APLs, it is attractive to incorporate vertical cavity
surface emitting lasers (VCSELs) for further cost improvements. As briefly men-
tioned in Chapter 1, nowadays VCSELs have shown promising improvements in
terms of performance. In the push-pull link arrangement, the use of lasers with
similar characteristics will improve the performance. Thus, integrating the directly
modulated lasers in one wafer to match their characteristics might become advan-
tageous. Furthermore, improving the isolation can also be used to avoid the in-
stabilities that were encountered during our measurements. Finally, to avoid the
painstaking procedure of matching the length of the fibers, the architecture with
a single optical fiber can be used. The system uses a wavelength multiplexer and
a demultiplexer to combine and separate the antiphase signals carried by the two
lasers [87]. The architecture is shown in Figure 7.1.

For the external modulation APLs, it is interesting to even improve the perfor-
mance further by using even higher optical power, beyond the 100 mW that was
shown here. This will dictate the use of a high power handling photodetector. Un-
fortunately, to our knowledge, the high power handling detectors reported in re-
cent publications [47, 67] are not yet available commercially. It is also interesting to
show the Class-AB arrangement with a high power laser and high power handling
MZM and balanced detector, to obtain a very high quality link with very high gain,
very low noise figure and a broadband high SFDR. Moreover, using electroabsorp-
tion modulators [196,202-206] should definitely be considered to obtain further
enhancements in links performance
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Figure 7.1: Single fiber architecture for the push/pull modulated APL. LD: laser
diode, WDM: wavelength division multiplexing, BPD: balanced pho-
todetector.

7.2.2 Frequency Modulation Scheme

The aim of proposing the BMD scheme in Chapter 4 was to obtain shot noise and
RIN reduction by means of removing the unnecessary bias component in the op-
tical signals. Complete removal of the bias will lead to optical signals that resemble
complementary half-wave rectified versions of the modulating RF signal. This is
the main characteristic of the so-called Class-B optical link. The term was derived
from the Class-B electronic amplifier with similar characteristics. We have shown
that using the the low biased laser diodes as transmitters cannot produce the de-
sired Class-B characteristics due to the enhanced intensity noise and severe signal
distortion close to threshold region. Various different approaches have been pro-
posed to realize this desired characteristics. One promising way to achieve the de-
sired characteristics is to use angle (phase or frequency) modulation techniques in
conjunction with an optical frequency discriminator to yield intensity modulated
signals. Optical filters are used as the the frequency discriminators, shaping the fre-
quency or phase modulation into half-wave rectified intensity modulation signals.
Up to now this scheme has been actively investigated by researchers at the Univer-
sity of Victoria in Canada led by T.E. Darcie [194, 195, 207-209]. We have started an
investigation on a similar architecture using a chirp characteristic of a semiconduc-
tor laser diode as the frequency modulation source and a ring-resonator-based fre-
quency discriminator [210].
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Wide-sense Stationarity, Ergodicity and
the Wiener-Khinchin Theorem

In this appendix, we briefly review the definitions of wide-sense stationarity and
ergodicity of a stochastic process and the Wiener-Khinchin theorem used in the
derivations of the noise power in Chapter 2.

A.1 Wide-sense Stationarity

A stochastic process X (f) is considered wide-sense stationary if it satisfies the con-
ditions
EX(]=E[X(t+7)] VTER, A.1)

and
EIX(OX(t+1)|=Rxx (1) VTER, (A.2)

where the notation E[-] denotes the expected value and Rxy (1) is the autocorre-
lation function of X (#). The first condition implies that the mean of X (#) must be
constant. The second condition implies that the autocorrelation function depends
only on the time difference 7 and not on the time instant t.

A.2 Ergodicity

A wide-sense stationary stochastic process X (¢) is called ergodic if it satisfies two
conditions
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174 A.3. Wiener-Khinchin Theorem
AX (D] =E[X (D], (A.3)

and
AX()X(t+71)]=Rxx(t) VTER, (A.4)

where A[X ()] is the time average given by

T
A[X(t)]éTli_IEO%fo(t)dt. (A.5)

Thus, an ergodic process has (non-random) time averages, A[X (#)] and A[X (¥) X (¢ + 1)],
which are equal to the ensemble averages, E[X (#)] and Rxx (7).

A.3 Wiener-Khinchin Theorem

The Wiener-Khinchin theorem states that the power spectral density of a wide-
sense stationary random process is the Fourier transform of the corresponding au-
tocorrelation function. Thus we have a pair of relations:

Sxx (w):f Rxx (1)exp(—jwr)dr, (A.6)
and
1 o0
Rxx (1) = 5[ Sxx w)exp (jot)dw. (A.7)



Spurious-Free Dynamic Range

In this appendix, the expressions of the spurious-free dynamic range (SFDR) in
Equations (2.85) and (2.84) are derived. The n™ order SFDR (SFDR,,) is defined
as the signal-to-noise ratio (SNR) at the input power where the n® order intermod-
ulation distortion power (IMD,,) is equal to the noise power spectral density (Py).
This is illustrated in Figure B.1. Recall that SFDR,, can be defined as arange in either
input or output powers.

Let us examine the Figure B.1 more closely. Suppose that Py is expressed in
dBm/Hz and the n™ order output intercept point of the system, expressed in dBm,
is OIP,. We can define two right triangles, namely A and B. The sides of triangle A
are OIPn — Py and x, where the sides of triangle B are OIPn — Py and x + SFDR,,.

From triangle A we can determine the relation

OIPn— P,
X = w , (B.1)
n
while from triangle B we have the relation
x+SFDR,, = (OIPn—Py) . (B.2)

Substituting Equation (B.1) into Equation (B.2) and re-arranging the terms will yield

n-1

SFDR,, = —
n

If the link gain and the noise figure of the system, both expressed in decibels, are

G and NE respectively, we can use Equation (2.48) in Chapter 2 to write the noise

power spectral density as

(OIPn—Pn) . (B.3)

Py =G+NF-174 (dBm/Hz) . (B.4)
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Figure B.1: SFDR Definition
Substituting Equation (B.4) into Equation (B.3) will give the desired expression as
given in Equation (2.85) of Chapter 2
n-1
SFDR,, = —— (OIPn —NF - G + 174 (dBm/Hz)) . (B.5)
n
Finally, substituting the relation OIPn = IIPn + G into Equation (B.5) will give the
relation in Equation (2.84) of Chapter 2
n-1
SFDR,, = —— (IIPn —NF+174 (dBm/Hz)) . (B.6)
n
e
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