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RF photonic techniques for modulating and demodulating microwave and
millimeter-wave signals on RF carriers are theoretically analyzed and experimentally
demonstrated. The two demodulating configurations utilize cascaded electrooptic
phase-modulation followed by optical filtering. The spurious free dynamic ranges
of these configurations are measured and a technique to intrinsically linearize the
latter system to fifth-order is experimentally confirmed. Measurements are then per-
formed at frequencies between 7 and 70 GHz that verify RF photonic based down-
conversion using a harmonic of the electrical local oscillator (LO). Furthermore, this
architecture is extended to allow for vector demodulation of digitally-encoded sig-
nals. Results of RF photonic demodulation of 4-quadrature amplitude modulation
(QAM) and 16-QAM RF encoded millimeter-wave signals are presented.

Two RF photonic techniques for generating and encoding millimeter-wave
RF signals are analyzed and experimentally demonstrated. The first uses phase-

modulation and optical filtering in an interferometric configuration. Phase-shift



keyed encoded microwave and millimeter-wave signals are electrooptically synthe-
sized using a harmonic of the electrical LO at data-rates of up to 6 Gbps and
frequencies of up to 40 GHz. A second RF photonic scheme is developed to allow
for vector modulation and upconversion using dual-drive Mach-Zehnder modulators.
Vector modulation and upconversion are then shown at harmonics of the LO up to
the fourth-order and at frequencies up to 60 GHz. Moreover, generation of 2.488
Gbps 4-QAM signals on a 36 GHz carrier using the second harmonic of the LO are
demonstrated with this approach. Wired and wireless microwave and millimeter-
wave transmission experiments are successfully conducted with the RF photonic

systems detailed above in a laboratory environment.
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Chapter 1
Introduction

1.1 Motivation

Next generation wireless communication systems will likely require millimeter-
wave (mmW) carrier frequencies and complex in-phase/ quadrature (I/Q) modu-
lation formats in order to support ever increasing consumer demands for higher
bandwidths [15-17]. Globally, mobile internet protocol (IP) traffic is expected to be
the highest growth IP segment with forecasted rates of 24.3 exabytes (EB = 10'® B)
per month in 2019, an increase of about 10 times from 2014 [18]. Although traffic
growth from internet and managed IP segments is expected to be slower than that
of the mobile segment, their combined traffic is still forecasted to reach rates of 132

EB per month in 2018, an increase of 2.1 times from 2014 [1]. The projected global

Table 1.1: Projected global traffic demand in 2018 in EB per month [1].

Consumer Business Total
Internet 70 16 86
Managed IP 25 ) 29
Mobile Data 13 3 16
Total 108 24 132
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Figure 1.1: Diagram of a simplified mobile network. After [4].

traffic demand for the internet, managed IP, and mobile data segments in 2018 are
provided in Table 1.1.

From a high-level viewpoint, the mobile network infrastructure consists of ra-
dio access networks (RANs) connected to mobile switching nodes (MSNs) through
backhaul links as shown in Fig. 1.1. RANs include mobile stations (MSs) and base
stations (BSs) while the MSNs are composed of base station controllers (BSCs), ra-
dio network controllers (RNCs), and mobile service switching centers (MSSCs). The
BSCs, RNCs, and MSSCs could be co-located or distributed. The MSNs connect
the RANs to the core network that provides access to other switching and gateway
nodes [4].

Much work has been performed on establishing a set of standards and spec-
ifications for communication utilizing the unlicensed 60 GHz spectrum, which is
shown for a few regions in Fig. 1.2. The WiGig Alliance released a tri-band spec-
ification adopting existing 2.4 GHz and 5.8 GHz technologies (802.11a,b,g,n,ac)

while introducing a new short-range, multi-gigabit wireless specification at 60 GHz
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Figure 1.2: 60 GHz spectrum by region.

(802.11ad) [19]. In March 2013, WiGig merged with Wi-Fi to further unify the spec-
ification and decrease the time-to-market. Shipments of 1.8 billion Wi-Fi/ WiGig
devices annually is forecasted by 2016 [20]. Although WiGig is posed to enable faster

wireless connectivity, it will further exacerbate existing backhaul capacity issues [4].

To support increasing traffic from the RANs and the proliferation of connected
mobile devices, higher capacity backhaul links become necessary [21]. Backhaul is
typically facilitated with copper wiring, optical fiber, microwave links, or free-space
optical (FSO) links. Although optical fiber solutions presently support the highest
data-rates of the available options, wireless links are often employed due to the high
cost of installing or leasing fiber. FSO links typically operate in the unregulated
infrared (IR) spectral region and thus can support, in principle, a virtually unlimited
bandwidth [22]. However, clouds, fog, and precipitation degrade the performance of

FSO links [23]. For example, dense advection fog results in attenuation on the order



of 100 dB/km at an eye-safe wavelength of A = 1550 nm [24]. Thus, hybrid FSO
links employing a redundant RF link have been investigated for high-availability
links [21,25].

In 2003, the Federal Communications Commission (FCC) announced lightly
licensed mmW spectrum for high-speed communications [26]. The spectrum is split
between bands at 71-76 GHz, 81-86 GHz, 92-94 GHz, and 94.1-95 GHz. This is in
addition to the 7 GHz of unlicensed spectrum available in the 60 GHz band, which
spans from 57 to 64 GHz in the USA. Thus, a total of 19.9 GHz of allocated RF
spectrum is potentially available for wireless backhaul as shown in Fig. 1.3. To put
this in perspective, the total global spectral allocation for all cellular technologies
combined does not exceed 780 MHz [27].

Solutions to address multi-gigabit wireless backhaul need to be developed in

the near-term in order to support the successful roll-out of next-generation wireless
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Figure 1.3: Conventional backhaul frequencies and 60 GHz and 70/80/90 GHz back-

haul frequencies.



technologies such as WiGig. At mmW frequencies, traditional coaxial cables are
inefficient and prohibitively lossy for transmission over distances longer than tens of
meters. Radio-over-fiber (RoF) has emerged as a promising technology to support
mmW backhaul of next-generation, multi-gigabit wireless access [28] due to the wide
bandwidth of photonic components and the low-loss of optical fiber.

As mobile infrastructures continue to evolve, more of the network is employing
packet-switching technologies. Thus, there is an increasing interest in seamless
integration of packet-switched networks with wireless transmission systems, and
in particular, the support of 10-Gigabit Ethernet (GbE) wireless links [29]. Such

links are expected to meet the current demand of bridging broadband networks [30].

The widest consecutive bandwidth in 60/70/80/90 bands is the 7 GHz of
bandwidth at 60 GHz. Although wide by wireless standards, this band cannot
support 10-GbE data-rates with simple on-off-keyed (OOK) modulation [31]. More

spectrally efficient modulation schemes such as M-ary phase-shift keying (PSK) or
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Figure 1.4: Example vector signal constellations.



M-ary quadrature amplitude modulation (QAM) could be employed to provide an
(logy M)-fold increase in the data-rate for a given bandwidth, making it possible, in
principle, to relay 10-GbE data-rates and above within the allocated bands [29, 32].
Example vector modulated signal constellations are shown in Fig. 1.4.

RF photonics describes the field where optical technologies are applied to
RF communication and signal processing systems. Applications of RF photonics
include the optical relay of analog signals [33-35], phased array control [36-38],
reconfigurable and tunable RF filters [37,39-41], and wide-bandwidth frequency
converters [37,42,43|, among others [44-46].

Much work has been reported in the literature on RF photonic techniques
for electrooptic mmW generation and modulation [15,23,29, 30, 32,42,47-54]. Of
this set, only [32,50,54] utilize RF photonics to generate a vector modulated mmW
signal.

Furthermore, all of these works employed a completely electrical receiver rather
than an RF photonic based receiver for downconversion and demodulation. To the
author’s knowledge, little work has been done on RF photonic receivers capable of
vector demodulation beside that reported by [55,56]. The goal of this dissertation
is to explore RF photonic techniques, both on the transmit and receive ends, for

wireless relay of spectrally efficient modulation formats at mmW frequencies.



1.2 Organization of this Work

This dissertation is organized as follows: Chapter 2 provides a brief overview of
RF photonic technologies germane to this work. Chapter 3 provides a concise primer
on photonic components used in this work, primarily from a system designer point
of view. This chapter can be skipped by those familiar with RF photonic tech-
nologies. Chapter 4 provides the theoretical framework for the two RF photonic
receiver technologies explored during this research project. Both of these receiver
technologies are based on electrooptic phase-modulation and support electrooptic
downconversion. Chapter 5 provides the experimental results obtained based on the
proposed RF photonic receivers. Chapter 6 provides the theoretical framework for
the two RF photonic transmitter architectures investigated and Chapter 7 provides
the corresponding experimental results. The first transmitter is based on electroop-
tic phase-modulation and the second on electrooptic intensity-modulation. Both of
the RF photonic transmitters support harmonic upconversion. Chapter 8 presents
some fundamentals on designing mmW RF wireless links. In Chapter 9, wireless sys-
tem demonstrations based on the RF photonic receivers and transmitters are shown.

Chapter 10 provides a summary of this work and recommendations for future work.



Chapter 2

RF Photonics

RF photonics is the field where photonic technologies are applied to generate,
transport, process, frequency convert, and control RF signals. The availability of
spectrally pure optical sources, frequency combs, high-speed optical modulators,
tunable/ reconfigurable optical filters, fast photodetectors, and low-loss optical fiber
has enabled the development of advanced microwave and millimeter-wave (mmW)
communication systems [45,57]. It is a promising technology for applications such
as cable television (CATV) distribution, cellular communications backhaul, and
RF beamforming/ steering [58-60]. Some of the main advantages of RF photonic
systems over their all-electronic counterparts are their lower transmission losses
at microwave and mmW frequencies, immunity from electromagnetic interference
(EMI), wide-bandwidth operation, tunability and reconfigurability, and wavelength-

division multiplexing (WDM) expansion capability [45,61].

2.1 Block Diagram

Since RF photonics encompasses many technologies, it is difficult to formulate
a generic block diagram that can be broadly applied to all scenarios while still being
useful. In the most general sense, an RF photonic system has an RF input and an

RF output and photonic elements in between. A block diagram of a RF photonic



system is shown in Fig. 2.1. This diagram is similar to the one proposed by Clark
and Waterhouse for a generic RF front end [61]. It should be noted that the ordering
of the blocks is not necessarily fixed. Furthermore, it is often the case that a single
element or a combination of elements provides the functionality described by more
than one block.

The electrical conditioning blocks typically consist of RF amplifiers and filters.
Pre-amplifiers are commonly used before an RF photonic system in order to lower
the overall system noise figure (NF). It can be shown that the composite system NF
is dominated by the gain and noise figure of the first stage (see Appendix C). Fur-
thermore, post-amplification can be used at the output of the RF photonic system
in order to achieve appropriate output power levels for follow-on systems. However,
high-power photodetectors are being developed and may alleviate the requirement

for post-amplification when used in conjunction with high incident optical pow-
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optical electrical- optical frequency optical-to-
. | to-optical [Pt it and P> . | i —»| clectrical
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Figure 2.1: Block diagram of a generic RF photonic system.



ers [62,63]. Other components that are typically found in the electrical conditioning
blocks include RF filters, circulators, power splitters, hybrids, and phase-shifters.

For more information on RF components, the reader is referred to [3].

2.1.1 Optical Generation

Typically, optical generation is performed with a simple continuous-wave (CW)
laser diode (LD). The laser diode may be followed by optical amplification stages,
optical filters, and polarization controllers. In some cases, more complex optical
generators such as optical comb sources or optical pulse generators are employed
[41,64,65]. Mode-locked lasers (MLLs) are also utilized for frequency [66] or analog-

to-digital conversion [67].

2.1.2  Electrical-to-Optical Conversion

Electrical-to-optical (E/O) conversion describes the process of imparting an
RF signal onto an optical carrier. There are two general categories for perform-
ing this task, namely, direct-modulation and external-modulation [34]. Direct-
modulation (DM) is the process of directly modulating the laser while external-
modulation utilizes a device other than the laser to modulate the optical signal.
One of the main advantages of direct-modulation is that the optical generator and
the E/O converter is combined into a small and compact device [68]. However,
directly modulated lasers have limited bandwidths and modulation depth when

compared with those achievable utilizing external-modulators [68]. Furthermore,
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direct-modulation produces a chirped waveform [69].

External-modulation is often used in high-performance links due to the addi-
tional degree of freedom in selecting the laser and the modulator separately [70].
In practice the lowest noise lasers do not have the highest modulation bandwidths.
So, if a high-performance mmW link is required, a low-noise laser and a high-speed
modulator can be individually selected and then combined to meet the design spec-
ifications. Low-noise, narrow-linewidth (< 2 kHz) fiber lasers with 200 mW of
output power at at 1550 nm are available [71]. Thin film polymer on silicon (TFPS)
intensity-modulators having 3 dB bandwidths of 65 GHz and 7 dB bandwidths of
110 GHz are also now commercially available [72]. Furthermore, phase-modulators
based on lithium niobate (LiNbOj3) with an electrooptic (EO) response up to 300
GHz have been reported [73].

While DM principally encodes the intensity of the optical carrier, external-
modulation provides access to additional degrees of freedom. Modulators are avail-
able to encode the intensity, phase, or polarization of the incoming optical signal.
The most commonly utilized modulators are electrooptic and in some case require
biasing. For example, intensity-modulators (IMs) based on a Mach-Zehnder inter-
ferometer (MZI) are typically paired with active bias control electronics to maintain
their set point. An alternative is phase-modulation (®M) which has two main ad-
vantages for RF photonics: 1) phase-modulation is an inherently linear process and
2) phase-modulators do not require active bias control electronics [74].

In most radio-over-fiber (RoF) systems, the primary goal is to transport an
analog signal from one location to another with low loss and high fidelity. For these
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applications, performance metrics such as the noise figure and spurious free dynamic
range (SDFR) are very important. Much work has been done to lower the NF and
increase the SFDR of RoF links as these are the two main performance limitations
of RoF links [44]. Detailed discussions on the performance limitations of analog
links are considered in [34,35,75].

RoF' systems can also used to transport digitally encoded RF signals, where
the digital signal has been encoded on the phase, amplitude, or frequency of an
RF carrier. With electronic transmitters, the encoding is typically performed at
an intermediate frequency (IF) that is lower than the carrier frequency, and then
the signal is upconverted prior to wireless transmission [3]. At the receive end, the
signal is downconverted to an IF and then demodulated. One of the main limitations
of this approach is that the maximum bandwidth of the signal cannot exceed the
carrier frequency. Thus, even if a mmW carrier is utilized, the system bandwidth
will still be limited by the IF frequency.

One approach for alleviating this issue is to take advantage of the wide-
bandwidth of RF photonic components. Rather than encoding the signal and then
relaying the IF or upconverted RF signal, the baseband (BB) signal can be ‘upcon-
verted’ to an optical IF, which has a much greater frequency than the RF signal,
and then ‘downconverted’” to the desired RF frequency for transmission. In this
case, the parenthesized terms ‘upconverted’ and ‘downconverted’ are meant to imply
electrical-to-optical (E/O) conversion and optical-to-electrical (O/E), respectively,
and thus have a unique connotation in this context that should not be confused with
the use of these terms in the conventional RF engineering sense.

12



At the receive end, RF photonics can be used to downconvert and demodulate
the information signal to baseband. Furthermore, RF photonics baseband-to-RF
modulation can be extended to perform vector modulation, where the amplitude
and/ or phase of the generated RF signal can be simultaneously encoded. This
makes it possible to generate spectrally efficient vector modulated signals, such
as M-ary phase-shift keying (PSK) and M-ary quadrature amplitude modulation
(QAM). The spectral efficiency of M-ary signaling is log, M times higher than a two-
state encoding scheme such as on-off-keying (OOK), permitting higher data-rates

to be relayed within a given bandwidth.

2.1.3 Optical Transport and Conditioning

One of the primary advantages of RF photonics is the ability to relay mi-
crowave and mmW signals over significant distances with lower loss than copper
cables. Although coaxial cables are the most widely used transmission line for rout-
ing RF signals, they are inadequate at microwave/ mmW frequencies. Even low-loss
coaxial cables for communication systems have losses on the order of 100 dB/km at
microwave frequencies. Amplifiers can be used to compensate for these losses, how-
ever, the amplifiers must be placed at strategic places along the length of the link
in order to maintain a satisfactory signal-to-noise ratio (SNR) at the receive end.
Since electrical amplifiers are active devices, electrical power needs to be available
at these locations. The use of in-line amplifiers also necessitates that environmental

protection and thermal management be considered at each amplification stage. In-
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practice, noise and distortion levels increase after each amplifier in the chain leading
to signal degradation.

In addition to being considerably less lossy than coaxial cables at microwave/
mmW frequencies, optical fibers have lower size, weight and power (SWaP) consid-
erations, offer uniform attenuation in the RF frequency bands, and do not suffer
from electromagnetic interference (EMI) [34,45,46,76]. Furthermore, optical fibers
have an almost limitless RF bandwidth; thus, they can be used at mmW frequencies
above 67 GHz where coaxial cables are not readily available and rigid waveguides
are the only metallic transmission line alternative [30].

In the most basic RoF configuration, an RF signal is modulated onto an optical
carrier via a modulation device, relayed over a length of optical fiber, and converted
back to an RF signal via a photodetection device [34]. Typically the optical wave-
lengths used fall in the 1.3 or 1.55 um bands as standard optical fiber has near-zero
dispersion and lowest-loss in these bands, respectively [59]. Once the signal has
been converted to the optical domain, it can be relayed over considerable distances
with optical fiber owing to the low propagation losses of standard optical fibers (i.e.
ar ~ 0.2 dB/km at A = 1550 nm).

However, the advantages of RoF over coaxial cable do not come without a
tradeoff. As an example, consider a short RF link. In the limit that the propaga-
tion length approaches zero, the losses associated with relay over coaxial cable also
approach zero, neglecting connector losses and impedance mismatches. The zero
span insertion loss of a RoF link represents the inefficiencies of converting from the
electrical domain to the optical domain, and then back again [34,59].
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Often the optical transport and conditioning block of the RF photonics system
simply describes the relay of the optical carrier over fiber. However, it can also

encompass amplification stages, filtering, and dispersion compensation.

2.1.4 Frequency Conversion

As discussed in Section 2.1.2, most RF communication systems encode base-
band information onto an intermediate frequency and then upconvert the IF to the
desired RF frequency prior to RF relay. The converse is performed at the receive
end. In practice, the encoded information bandwidth is less than or equal to 10 %
of the carrier frequency [49]. Since only fractional bandwidths are utilized, it is
frugal to reduce the total system cost by utilizing the lowest frequency components
available that meet the performance requirements as the price of components in-
creases dramatically with frequency. Furthermore, in modern day communication
systems, the source and destination signals are typically digital, making analog-to-
digital converters (ADCs) and digital-to-analog converters (DACs) integral parts
of the complete system design. According to the Nyquist-Shannon criterion [77],
the minimum sample rate should be twice the highest frequency component. Thus,
in cases where ADCs or DACs are to be used, it is cost effective to convert the
RF signal to the lowest intermediate frequency possible prior to converting between
domains.

To perform frequency conversion, a nonlinear element such as a diode is re-

quired. Nonlinearities are necessary to generate frequency components at the output
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that are not present at the input. Generally, many frequency components will be
produced through the mixing process. Thus, filtering is commonly used in conjunc-
tion with frequency converters to suppress the spurious terms [78]. In addition to
generating frequency converted components (i.e. desired distortion products), mix-
ing also produces undesired distortion products. Furthermore, there is typically a
conversion loss penalty incurred with the mixing process.

Frequency conversion can be implemented optically using either heterodyne
detection [79,80] or electrooptic mixing [81-84], altogether eliminating the need for
an electrical mixer. In instances where RF photonics are already being utilized to
transport a signal, it often makes sense to utilize the existing nonlinearities in the
system to perform frequency conversion rather than introducing additional nonlinear
elements external to the RF photonic system. The tradeoff is that higher frequency
components are needed at the modulator and/ or detector ends relative to the case
where an IF is transported over optical fiber.

Optical heterodyne detection methods have the advantage that they inherently
produce a frequency converted signal. The output signal frequency can be selected
by adjusting the frequency difference between the optical carrier and an optical local
oscillator (OLO). However, if the laser and OLO are free-running, then even small
changes in the center frequencies of the lasers can result in large RF frequency shifts.
For example, a relative difference in wavelength between the carriers of just 8 pm
at an optical wavelength near 1550 nm (i.e. 0.0005 %) results in a frequency shift of
10 GHz, which is clearly significant at microwave frequencies. Thus, it is essential
that the laser and OLO be frequency locked in order to prevent drift of the IF. This
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can be difficult to achieve when the transmitter and receiver are separated by any
significant distance. In addition, the phase noise of the lasers is imparted on the
generated RF signal.

Electrooptic mixers typically utilize a secondary modulator that is driven by a
microwave/ mmW LO, thereby providing the benefit of electrical heterodyne detec-
tion while eliminating the need for a stable and synchronized optical sources. EO
mixing has been widely explored using IM [83,85]. Configurations using cascaded
intensity-modulators with direct-detection (CIM-DD) [81] are the most popular,
particularly of the Mach-Zehnder modulator (MZM) variety. Parallel MZMs [86],
dual-drive MZMs (DD-MZMs) [87], and dual-parallel MZMs (DP-MZMs) [88] have
also been reported. In a similar fashion, phase-modulators can be combined in par-
allel or series to perform frequency conversion; however, they have been investigated

to a lesser extent due to the more complex O/E conversion process.

2.1.5 Processing

RF photonics offers significant advantageous for processing including wide-
bandwidth, EMI immunity, tunability, and reconfigurability [40]. Performing signal
processing in the photonic domain can overcome the sampling speed bottleneck
encountered with conventional all-electrical approaches [89]. Finite impulse response
(FIR) filters [39,90], true-time delays [36,60], and phase-shifters [91], among others,
have been demonstrated using RF photonic-based systems.

Unlike passive coaxial cable links, RoF links are active and thus require four
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parameters to specify their performance. In addition to the shared link parameters
of loss and bandwidth, the NF and dynamic range (DR) parameters need to be
specified in order to fully specify the performance of an analog optical link [34].
In some wide-bandwidth applications, the SFDR precludes the use of RoF links.
Although not signal processing in the traditional sense, certain RoF architectures
can be intrinsically linearized to suppress some of the generated distortion. Rather
than add a separate block to Fig. 2.1, linearization is considered to be part of the

processing block. The topic of linearization is briefly discussed in Appendix D.3.

2.1.6  Optical-to-Electrical Conversion

In this section, three methods for O/E conversion will be described; namely,
direct-detection, coherent-detection, and phase-modulation to intensity-modulation

conversion followed by direct-detection.

2.1.6.1 Direct-Detection

Optical direct-detection (DD) is the non-coherent process of converting the
optical signal energy to electrical signal energy. Since the optical signal energy
is independent of the phase of an optical signal, direct-detection cannot be used
to detect phase-encoded signals such as PSK signals. DD can be used to detect
amplitude-shift keyed signals (ASK) or frequency shift keyed signals (FSK) [92].
Although direct-detection allows for simple detection (only a photodiode is needed),

it precludes the use of M-PSK or M-QAM formats, for M > 2.
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2.1.6.2 Coherent-Detection

Conventionally, phase-modulated signals are recovered through optical coherent-
detection (CohD), which requires an OLO [93]. With CohD, the amplitude- and/ or
phase-encoded optical signal is mixed with an OLO [94]. At the photodetector, the
signal encoded on the phase of the optical carrier is converted to an electrical signal
on an RF carrier at the IF, which is the frequency difference between the laser and
the OLO. If the laser and the OLO have the same frequency, then the IF is zero and
the detection method is said to be homodyne. Otherwise, the IF will be non-zero
and the detection method is said to be heterodyne.

One of the main advantages of CohD is the increased receiver sensitivity when
compared to DD. Furthermore, in principle, any IF can be achieved by tuning the
frequency difference between the laser and the OLO. Finally, balanced detection
can be used, resulting in a 3 dB increase in power at the IF and a reduction of
common-mode noise.

One of the main disadvantages of coherent-detection is the relative complex-
ity of the receive end configuration, especially when compared with simple direct-
detection, which requires only a square-law photodetector. In addition, the laser
and the OLO need to be stabilized with each other in order to prevent frequency
drift of the IF. The laser and OLO should also be co-polarized to obtain the high-
est conversion efficiency. Furthermore, the phase-noise of the laser and the OLO
will be transferred to the IF signal. Finally, since coherent-detection is based on

interferometry, it is inherently nonlinear with a sinusoidal transfer function.
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2.1.6.3 OM-to-IM Conversion

It is well know that ®M-to-IM conversion can be achieved in a dispersive
element [95-98|. Dispersion describes the phase-velocity frequency dependence of a
wave as it propagates through a medium. A qualitative example will be provided
here. Suppose that an optical carrier is phase-modulated by a pure RF tone. For
‘small” modulation depths (m < 1), the optical power spectrum will resemble that
of an amplitude modulated signal (i.e. the carrier, a lower sideband, and an upper
sideband will be present in the optical spectrum). Although the power spectrum
should in principle be symmetric, the upper and lower sidebands will be anti-phased.
Thus, the beat product between the upper sideband and the carrier and the lower
sideband and the carrier will cancel if the signal is non-coherently detected.

At the output of a dispersive medium, the net phase incurred by each frequency
will in general not be equal. If the dispersion is tuned such that the relative phase-
shift between the upper and lower sidebands is 0°, the sidebands at the output
of the dispersive medium will now be in-phase resulting in a signal that can be
directly detected. Optical fiber can be used as a dispersive medium in the C-
band. Thus, the ®M-to-IM conversion can be performed using a length of optical
fiber [99]. In systems where the modulation frequencies are known, an appropriately
chosen dispersion medium inserted after phase-modulation can be used to achieve
electrooptic frequency mixing [84,100, 101].

From the qualitative example above, it can be concluded that the only real

requirement to detecting a phase-modulated signal is to implement a scheme that
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breaks the phase or amplitude relationships between the optical sidebands. This can
be done by changing the relative phase between the optical sidebands as in the fiber
example or by changing the relative amplitudes of the optical sidebands. Several
methods for®M-to-IM conversion have been reported including selective selective
sideband amplification [102], optical filtering [9, 103, 104], and interferometry [5].

After ®M-to-IM conversion, direct-detection can be employed.

2.2  Standard Architectures

In this section, four standard link architectures are discussed; namely, direct-
modulation with direct-detection (DM-DD), intensity-modulation with direct-detection
(IM-DD), intensity- or phase-modulation with coherent-detection (IM/®M-CohD),
and phase-modulation with direct-detection (®PM-DD) after phase-modulation to

intensity-modulation (®M-to-IM) conversion.

2.2.1 DM-DD Link

Traditionally RoF links have utilized intensity-modulation (IM) to impart an
electrical signal onto an optical carrier at the transmitter (TX) and direct-detection
(DD) to convert the optical signal back to the electrical domain at the receiver
(RX) [33,34,45,57,85,105]. Intensity-modulation can be performed by either di-
rectly modulating laser injection current (i.e. ‘direct-modulation’) or by modulating
the optical signal produced by the laser (i.e. ‘external-modulation’) [34]. Direct-

modulation is the simplest approach, however, it places additional requirements on
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Figure 2.2: Block diagram of a DM-DD link.

the laser such as meeting the minimum modulation bandwidth and minimum modu-
lation slope efficiency for a given design. DM-DD and IM-DD RoF links are analyzed
in detail in [34]. A block diagram of a simple DM-DD link is shown in Fig. 2.2. The

numbers following the ‘#’ signs are referenced to the blocks in Fig. 2.1.

2.2.2 IM-DD Link

Externally-modulated links often offer improved performance over direct-modulation
links, especially for broadband operation, as low-noise lasers can be employed with-
out consideration of their modulation bandwidth [70]. Thus, the highest performing
modulators and lasers available can be individually selected and combined to build

high-performance links. A block diagram of an externally-modulated IM-DD RoF

input

®-pSipr O @

#1 #2 #3 #6

output

Figure 2.3: Block diagram of an IM-DD link.
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link is shown in Fig. 2.3.

One of the main advantages of IM-DD links is their relative simplicity, par-
ticularly at the receive end, which can consist of as little as a photodetector (PD).
The photodetector, which is typically a PIN diode structure in most RF photonic
communication systems, converts incident photons to electrons via square-law de-
tection of the optical field [59]. IM-DD RoF links have been studied extensively in
the literature. The mathematical derivation of link gain is derived in Appendix A.
The interested reader is referred to [106] for more details.

Electrooptic frequency conversion can be performed using IM-DD and this has
been the subject of much research [33,81,82,85,86,105,107]. Typically, a pair of
cascaded MZMs is used as shown in Fig. 2.4. The analysis of cascaded intensity
modulators (CIMs) is more involved than that of the single modulator case due to
the additional beat products generated. The theory provided in Appendix A can be
extended to account for frequency mixing by applying the transfer function for the

MZM twice and then solving for the gain for the IF of interest.

input LO

B C-iSIb-®

#1 #2 #3 #4 #6

output

Figure 2.4: Block diagram of a downconverting CIM-DD link.
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2.2.3 (IM/®M)-CohD Link

The conventional method for detecting phase-encoded signals is with coherent-
detection. Coherent-detection can also be used to detect intensity-modulated signals
with improved sensitivity relative to the direct-detection case. However, with the
advent of the Erbium-doped fiber amplifier (EDFA), CohD has not typically been
used in IM systems due to the additional complexity and expense associated with
coherent receivers.

In the most basic coherent optical system, two optical waves are mixed to
produce a photocurrent at the difference frequency. The mixing can be with a simple
coupler or a more sophisticated device such as six port 90° optical hybrid [108].
In the simple block diagram shown in Fig. 2.5, phase-modulation and intensity-
modulation will both result in amplitude variations in the photocurrent rendering
it difficult to distinguish between amplitude and phase variations. Six port optical
hybrids have four output ports allowing the phase and amplitude to be individually

resolved with two sets of balanced detectors. The mathematical derivation of a

input

@ P> O

#1 ) # ®\ > @ ot
4 #6

Figure 2.5: Block diagram of an externally-modulated link (IM/®M) with CohD.
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simple ®M-CohD system similar to that shown in Fig. 2.5 is provided in Appendix
B. Optical coherent detection of phase-encoded signals are analyzed in more detail

in [109].

2.2.4 ®M-DD Link with ®M-to-IM Conversion

As mentioned in Section 2.1.6.3, phase-modulation can be converted to intensity-
modulation prior to direct-detection using a dispersive element [101], an asymmetric
Mach-Zehnder interferometer (MZI) [5], or an optical filter [9,103,104]. In this dis-
sertation, the work of Urick et al. on interferometric detection is extended to allow
for electrooptic downconversion. In addition, the work of Haas and Murphy [9,110]
was used as the basis for developing a mmW vector demodulator with harmonic
downconversion. These methods allow DD rather then CohD, to be implemented
at the receive end, simplifying the receiver design. A generic ®M-DD link with
®M-to-IM conversion is shown in Fig. 2.6.

Of these approaches, PM-to-IM conversion using passive optical filtering (®M-

OF) has the advantage of being both compact and inexpensive, while altogether

input
output
B Cpovenbr-@
#1 #2 #3 #5 #6

Figure 2.6: Block diagram of a ®M-DD link with ®M-to-IM conversion.
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eliminating the need for an OLO and bias control electronics while ®M-to-IM con-
version using interferometric detection (®M-ID) allows for relatively high downcon-

version gains to be achieved.

2.3 Wireless Links

Wireless systems for microwave/ mmW wireless backhaul have become the
topic of much research due to the advantages of RF photonics. In particular, high
data-rate RF photonic transmitters have been developed to upconvert baseband or
data-encode RF signals. Clever techniques for optical reuse and multi-band dis-
tribution have been considered [111]. Dispersion tolerant schemes have also been
reported [47,51]. Bandwidth efficiencies of 3.86 b/s/Hz have been achieved at aggre-
gate bit-rates of 27.04 Gbps in the 60 GHz band alone [15] and record data-rates of
100 Gbps have been demonstrated at a millimeter-wave frequency of 237.5 GHz [112].

As the main goal of this dissertation is to consider techniques to relay baseband
digital signals through moderate spans of optical fiber at the transmitter and the
receiver ends and over a mmW link between the TX and the RX antennas, only
techniques reported in the literature that support upconversion of baseband digital
signals will be considered in this section. Although not exhaustive by any means, a
representative subset of works reporting baseband upconversion and modulation of
a microwave/ mmW signal is provided in Fig. 2.7.

To understand Fig. 2.7, consider one of the data points, for example [113].

In this case, the generated RF signal had the same frequency as the electrical LO
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Figure 2.7: Frequencies and data-rates of a representative subset of microwave/

mmW transmitters reported in the literature.

(frr = fro = 8 GHz). Furthermore, a spectrally efficient modulation scheme
(16-QAM) was used to photonically produce a vector modulated signal having a
symbol rate of R, = 2.5 GBaud, which is equivalent to an aggregate bit-rate of
Ry = log,(16)Rs = 10 Gbps. Since no harmonic upconversion was performed and
the bit-rate was higher than the Baud-rate, the line is vertical. Diagonal lines in
the plot correspond to cases where more efficient modulation schemes were used in
conjunction with electrooptic upconversion. Symbols without dashed lines corre-
spond to techniques that employ optical heterodyne mixing rather than electrooptic
mixing (i.e. [48] and [112]).

Although much work has been performed on developing RF photonic trans-
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mitters for wireless backhaul, not as much work has been done in developing vector
demodulating RF photonic receivers. Vector demodulation refers to the process of
resolving the in-phase and quadrature components. Two works in particular have
addressed this topic to some extent. The first was a two-channel downconverter
for phase-detection reported by Biernacki et al. [56]. The system used a CW laser
followed by a MZM to impart the LO on the optical carrier. After LO modulation
and amplification, the optical signal was divided and fed into two nominally iden-
tical branches, each containing a MZM and balanced photodetector. The input RF
signal was split using a 90° hybrid and applied to the MZMs in the two branches.
The system was demonstrated at RF frequencies of frr = 2 - 18 GHz.

A similar system was reported by Sambaraju et al. [55]. In this configuration,
an optical delay line rather than a 90° electrical hybrid was used to achieve the
quadrature condition between the two branches of the RF photonic demodulator.
The optical signals were then bandpass filtered using a pair of FBGs (one in each
branch) centered at the RF frequency. Error-free demodulation of a 2.5 Gbps 4-
QAM signal was achieved at an RF frequency of frr = 20 GHz.

To the author’s knowledge, there have been no reports of wireless system that
employ a RF photonic transmitter and RF photonic receiver to encode and decode
vector modulated RF signals. In this dissertation, techniques for RF modulation
and demodulation are explored. Two techniques for downconverting RF photonic
receivers are demonstrated based on electrooptic phase-modulation. The first was
an extension of the work performed by Urick et al. [5] and the second an extension on

the work perform by Haas and Murphy [9]. Based on of the latter results, a technique
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for vector demodulation using phase-modulation is developed and demonstrated.
A technique to implement BPSK and a technique to implement vector mod-
ulated formats are then considered. The first is based on phase-modulation and
optical filtering and is similar to a frequency conversion technique reported by Mast
et al. [43]. However, due to instabilities in the experimental setup, a configuration
based on two parallel DD-MZMs was investigated. Conceptually, this technique is
similar to the simulated design reported by Al-Shareefi et al. [114], with the excep-

tion that two lasers were used to increase the stability of the system.
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Chapter 3

Key Component Models

In this chapter, simple mathematical models for key components are presented.
The purpose is not to provide a comprehensive mathematical treatise of the compo-
nents, but rather it is to present a concise primer of the requisite details necessary

to understand the RF photonic techniques described in this dissertation.

3.1 Laser

The optical sources for RF photonic systems are lasers. Laser, which is an
acronym for light amplification by stimulated emission of radiation, is the name for
a coherent optical source. Lasers come in many varieties, ranging from gas lasers
to semiconductor laser diodes. Most lasers used in RF photonics work are of the
semiconductor variety although fiber-based lasers are also employed due to their
narrow linewidths. The schematic representation of a continuous-wave (CW) laser

diode having output power, P, and angular frequency, wy, is shown in Fig. 3.1.

A
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(P, ®,)

Figure 3.1: Schematic representation of a CW laser diode.
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An ideal CW laser emits a single-frequency sinusoidal waveform at a constant
optical power. However, in practice, lasers also emits spurious tones and generate
noise. For example, phase noise broadens the linewidth of the laser into a Lorentzian
shape [115]. Laser nonidealities that are of particular importance for RF photonic
system design are the linewidth, spectral purity, and relative intensity noise (RIN).
The physics and engineering of lasers are very rich areas of study, and are not the
subject of this dissertation. Interested readers should refer to the many references
on this topic, which include [116,117].

In the frequency domain, the signal produced by an ideal CW laser can be
represented by a Dirac-delta function centered at its carrier frequency. Using phasor
notation, the optical signal generated by a CW laser having wavelength A\, and

average power P can be represented as

us(t) = \/Pp it (3.1)

where wy, = 2mc/ AL its angular frequency and c is the speed of light in vacuo.

3.2 Photodetector

Photodetectors (PDs) are used to convert optical signals to electrical signals.
In this dissertation, the terms photodetector and photodiode will be used inter-
changeably. The most frequently encountered type of photodetector used in RF
photonic systems are PIN photodiodes, which consist of p-doped, intrinsic, and
n-doped semiconductor regions. Avalanche photodiodes (APDs) are sometimes
used at microwave frequencies and below due to their high gain. Another type
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Figure 3.2: Schematic representation of a PIN photodetector.

of photodiode that is becoming more common in mmW RF photonics work is the
uni-traveling-carrier photodiode (UTC-PD), in which hole transport is blocked via
quantum confinement, increasing the net carrier mobility. The schematic represen-
tation of a photodetector having responsivity, R, and output impedance, Z,,, is
shown in Fig. 3.2.

An ideal photodetector can be modeled as a current source with infinite in-
ternal resistance that produces a photocurrent in direct proportion to the incident
optical power. Furthermore, an ideal photodetector has infinite bandwidth and no
polarization dependent loss (PDL). The ratio of the photocurrent produced by the
photodetector to the power incident on the photodetector is given by its responsivity,

R. Mathematically, the responsivity can be expressed as

e

(3.2)

where 7 is the quantum efficiency (ideally n = 1), e is the elementary charge, A is
the wavelength of the incident optical signal, h is Planck’s constant, and c is the
speed of light in vacuo. At C-band wavelengths (A = 1530-1565 nm), the highest
achievable responsivities possible with perfect quantum efficiency are R = 1.23-1.26

A/W. Typical values of R at A = 1550 nm are around R = 0.6-0.9 A/W.
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Mathematically, square-law photodetection can be expressed as
i(t) = Rlua(t)” (3.3)

where R is the responsivity of the photodetector given by Eq. (3.2)and wa(t) is
the incident optical field, which can be assumed is normalized such that |ua(t)|?
represents the optical power.

Many photodetectors have an internal terminating resistor to reduce the re-
flections due to the impedance mismatch between the intrinsic high-impedance of
the photodetector and the low-impedance of the majority of commercial off-the-shelf
(COTS) RF components. The schematic for a photodetector with an internal ter-
minating resistor, Z;,; connected to an output impedance Z,,; is shown in Fig. 3.3.
Typically, Z;ny = Zows = 50 2. In this case, half of the photocurrent flows through
the internal terminating resistor resulting in an effective responsivity that is half of
that predicted by Eq. (3.2). The half-fold reduction in photocurrent corresponds
to a 6 dB penalty in the output RF power relative to the case without an internal
terminating resistor. In the expressions derived in this dissertation, the internal

terminating resistor is not explicitly included. To account for this, the responsivity

used can simply be halved.

Figure 3.3: Circuit diagram of a PD containing an internal terminating resistor.
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In practice, photodetectors are fairly linear, especially for CW optical signals
at low optical powers. However, as the photocurrent is increased, the photode-
tector transfer function will become nonlinear [118]. The effects of photodetector

nonlinearities are not considered in this dissertation.

3.3 Optical Coupler

Optical couplers are used to split or combine optical signals. Generically,
most optical couplers are directional four-port devices. Directional optical couplers
(DOCs) come in several varieties including fused biconically tapered, offset, butt-
joint, beamsplitting, and wavefront-dividing, among others [119]. In this work, fused
biconically tapered and beamsplitting DOCs are used.

Optical couplers are often characterized by their power splitting ratio and
excess optical loss. In addition, they can be non-polarization maintaining or polar-
ization maintaining (PM). A schematic representation of a fused biconically tapered
directional coupler with power splitting ratio, €, and excess optical insertion loss,

apoc, is shown in Fig. 3.4.
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Figure 3.4: Schematic representation of an optical coupler.
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The output optical fields can be related to the input optical fields by

uc(t) N v Vi—e jye ua(t) (3.4)
up(t) jve V1—e up(t)

where apoc is the excess optical loss and € is the power splitting ratio of the direc-

tional optical coupler. For the case where e = 1/2, Eq. (3.4) simplifies to

up(t) J 1 up(t)

3.4  Optical Delay Line

Optical delay lines (ODLs) are used to add delay to an optical signal. Variable
optical delay lines are typically implemented by varying the length of a path in free
space. If the optical field to be delayed exists in an optical fiber, a pair of collimators
is often used to convert the guided wave to free-space and back again. Fiber-coupled
variable optical delay lines typically have a delay range of a fraction of a ns.

Static optical delay lines can be made by sending the optical field through
a length of optical fiber. Since the light travels at the speed of light in vacuo, c,
divided by the effective refractive index, n.sy, the fiber delay, 7, can simply be given
by

7=t (3.6)
C

where L is the fiber length. Standard single-mode optical fiber has an effective
refractive index of n.rr ~ 1.47 at an optical wavelength of A = 1550 nm. Thus,

each meter of optical fiber adds a delay of approximately 7 = 5 ns. The primary
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Figure 3.5: Schematic representation of an optical delay line.

consideration that must be taken into account when implementing a long temporal
delay using optical fiber is chromatic dispersion in the fiber, particularly in cases
where double-sideband (DSB) optical signals are relayed. Chromatic dispersion will
be discussed in more detail in Section 3.12.1. Of secondary importance, is the fiber
optical insertion loss incurred in the optical delay line. For standard single-mode
fiber, the loss is typically ar ~ 0.2 dB/km at A = 1550 nm.

The schematic representation of an optical delay line with phase, ¢, and optical
insertion loss, appr, is shown in Fig. 3.5. The phase-shift, ¢, can be expressed in

terms of the physical properties of the ODL as

2mn,
o=—LI1 (3.7)

where n.sy is the effective refractive index and L is the length of the fiber delay line.

The output field can be related to the input field by

up(t) = /aonL e Pua(t) (3.8)

where appy, is the insertion loss and ¢ is the phase-shift produced by the optical

delay line.
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3.5 Mach-Zehnder Interferometer

A Mach-Zehnder interferometer (MZI) consists of two optical couplers, one at
the input and one at the output, and a relative difference in optical delay in the
upper and lower arms [106]. A mathematical model for a fiber-based MZI is shown
in Fig. 3.6.

Assuming that the input optical signals are given by wua(t) and up(t) and
that the output optical signals are given by ug(t) and ug(t), the output signals are

related to the input signals by

up(t) Vi—e  jJe

ur(t) iva Vi—a
Va@oprie 7 0
0 v/ Qoprae i

VIi—a  jva wa(t)
ia  Vi=a | ) | us)

where apoci is the excess loss of the " directional optical coupler, ¢; is the power

X vV DoC1
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Figure 3.6: Schematic representation of a fiber-based MZI.
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coupling coefficient of the i** optical coupler, and avppr; is the insertion loss of the ¥
optical delay line. Performing the matrix multiplication operations and rearranging,

the output fields can be written as

up(t) = 2jvapociv/apocs e 77 (3.10)
: { { Gopuy/T = av1=6 e — Jaopiay/aye 6JM2] (t)
. UA
2j
+ [ aopriV/1 = e1y/e e 72 + Jaopray/avl — ejA(W] (t)}
Up
2
up(t) = 2jv/apociv/apocs e ’™? (3.11)
" { {\/OZODM_\/E\/I — €% 4 Jaopray/T — e10/6 ea‘Ad»/z} "
A
2
n [—\/OéODle/a\/gejA¢/2+\/m\/1Telm&M’/2] (t)}
. up
2j

where the common phase, ¢, is defined as ¢ = ¢; + ¢ and the differential

phase, A¢, is defined as A¢ = ¢1 — ¢2. For the maximum extinction ratio case,

apoc1 = Qpoc2 = poc, Qopr1 = CopL2 = Qopr, and € = € = 1/2. In this case,

Egs. (3.5)-(3.6) reduce to

up(t) = —jyanzre 7 [(sin Ag/2) ua(t) — (cos Ap/2) up(t)]  (3.12)

up(t) = 4jvanzre 7 % [(cos Ap/2) ua(t) + (sin Ag/2) up(t)] (3.13)

where /a7 = \/a%ocaopL is the total insertion loss of the MZI.

For the case that only one input signal is applied to the MZI (i.e. ug(t) = 0),
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the output fields given by Eq. (3.12)-(3.13) further simplify to

up(t) = —jvanzre =2 sin(Ad/2)ua(t) (3.14)
= t1(Ap)ual(t)
up(t) = jy/anzr e 7% cos(Ad/2)uq(t) (3.15)

= t3(Ad)ua(t)

where t;(A¢) is the MZI transfer function between the input and the i** port. For
the case where the MZM has only one output, the functional form for optical field at
the output of the MZM can be taken as either Eq. (3.14) or Eq. (3.15). Additional

information on MZIs is discussed in [120].

3.6 Electrooptic Modulator

Here simple models for electrooptic phase-modulators and intensity modula-

tors based on a MZI, are presented.

3.6.1 Phase-Modulator

The simplest electrooptic (EO) modulator geometry is the phase-modulator. A
phase-modulator (PM) consists of an optical waveguide made in an EO material and
a set of electrical contacts to apply the input signal. If an electrical signal is applied
to a material exhibiting the Pockels effect, then the optical phase will be delayed or
advanced in proportion to the strength of the electrical signal. Most commercially

available phase-modulators are fabricated in a lithium niobate (LiNbOj3) waveguide
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Figure 3.7: Schematic representation of an electrooptic ®M driven by an RF signal.

[121] although phase-modulators based on electrooptic polymers [122] and indium
phosphide (InP) [123] can also be realized.

Assuming that the direction normal to the top surface of the phase-modulator
is defined as the z-direction and that the light is propagating in the y-direction,
the electrooptic coefficient along the z-axis, or transverse electric (TE) direction,
is approximately 1/3 of the electrooptic coefficient along the z-axis, or transverse
magnetic (TM) direction, for a z-cut LiNbO3 or a z-poled phase-modulator. In
the simple mathematical model presented here, it is assumed that the state-of-
polarization (SOP) at the input of the phase-modulator is such that V; has been
minimized. The results presented here can be extended to account for arbitrary
SOPs by writing the expressions in terms of Jones vectors.

The schematic representation of an electrooptic phase-modulator driven by an
RF signal is shown in Fig. 3.7. Assuming that the field generated by the laser is

given by Eq. (3.1), the optical field at the output of the phase-modulator is given
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up(t) = /aaar ™M, (t) (3.16)
— \/P_L\/w eijt ejmsith

where ag)s is the insertion loss of the phase-modulator and m is the modulation
depth expressed in radians as

m=—. (3.17)
Often, it is convenient to express Eq. (3.16) as a weighted sum of harmonics
of the RF tone using the well-known Jacobi-Anger identity

elzsind — Z Jp(z)ejpe. (3.18)

p=—00
Rewriting Eq. (3.16) using Eq. (3.18) yields
up(t) = / Pry/agy e/ Z J,(m)ePH, (3.19)
p=—00
Based on Eq. (3.19), the optical spectral components generated via phase-
modulation with a pure RF' tone are illustrated in Fig. 3.8.
Since the field given by Eq. (3.16) is phase-modulated, only a DC photocur-
rent would result if the signal were incident on a square-law photodetector. The
amplitude of the DC photocurrent produced by square-law detection of the field

given by Eq. (3.16) is
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Figure 3.8: Normalized optical spectra of a phase-modulated signal. (a) RF sinu-

soidal excitation ‘off” and (b) RF sinusoidal excitation ‘on’.

3.6.2 Intensity-Modulator

The most commonly studied type of external modulation is intensity-modulation

(IM). For this type of modulation, the laser output power is held constant and
the information is encoded onto the intensity profile [34]. The main advantage of
intensity-modulation is the simple method for detection, which can consist of as
little as a square-law photodetector. Devices used for external intensity-modulation
include the Mach-Zehnder modulator (MZM), the directional coupler modulator
(DCM), and the electro-absorption modulator (EAM). Of these devices, the MZM
is by far the most commonly utilized in telecommunications and RF photonics.

The mathematical model for intensity-modulation using a MZM device is
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Figure 3.9: Schematic representation of an electrooptic MZM with RF sinusoidal

excitation.

based on the MZI shown analyzed in Section 3.5. A MZM is a MZI having phase-
modulators embedded in the interferometer arms rather than optical delay lines. At
the electrooptic intensity-modulator, the optical field is encoded with a sinusoidal
RF signal with amplitude V' and angular frequency €2. The optical signal emerging
from a single optical input, single optical output MZM follows from Egs. (3.9)-(3.16)

and is given by

us(t) = | vawzw 0| | 75 (3.21)
- j1 0 edP2(t)
1|1 ua(t)
X JES—
2
V2 j 1 0

where a,rzys is the insertion loss of the MZM. Single-drive MZMs are most com-
monly found. In the push-pull configuration, ¢;(t) = ¢(t)/2 and ¢o(t) = —¢(t)/2

and

o(t) = %(VDCJerith) (3.22)

= MDC—i-msith.
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Performing the matrix multiplication operations in Eq. (3.21), the optical sig-

nal emerging from the MZM is

up(t) = jy/aniza sin [6()/2)ua(t). (3.23)

In Eq. (3.22), V; is the half-wave voltage of the MZM, which is the amount of
voltage that must be applied to the modulator input to achieve a 7 radian phase-
shift. Generally, the DC and RF inputs are internally connected to separate sets of
electrodes, resulting in different DC and RF V, s. In addition, the RF V. is typically
frequency dependent. However, for simplicity, it is assumed that the DC and RF
Vs are nominally identical and frequency independent in Eq. (3.22). Furthermore,
it is assumed that the modulation results in a symmetric optical spectrum. A more
general analysis allowing for asymmetric optical sidebands is presented in [124].

In this derivation, a single-drive MZM was assumed. However, DD-MZMs are
also available where the phase in each arm can be independently controlled through
separate RF inputs. An electrical 180° hybrid can be used prior to the DD-MZM
to split a signal RF signal into two out-of-phase RF signals. This configuration
is commonly used for optical carrier suppression (OCS) if the DD-MZM is null
biased as shown in Fig. 3.10(a) [125]. If an electrical 90° hybrid is used instead,
a single-sideband (SSB) optical signal can be produced with a DD-MZM biased at
quadrature as shown in Fig. 3.10(b) [125]. In this this dissertation, DD-MZMs are
used to separately apply two different signals to the two arms of the MZM. More
details will be discussed in Chapters 6-7.

In this previous analysis of a MZM, two nonidealities that could affect system
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Figure 3.10: Schematic representation of (a) OCS generation and (b) SSB generation

using a DD-MZM.

performance were not considered. Although not derived here, they are mentioned
for completeness. An ideal MZM exhibits zero chirp, which is defined as the ratio
of intensity-modulation to phase-modulation. However, due to unbalanced optical
power splitting ratios and/or unbalanced RF modulation efficiencies, z-cut MZMs
exhibit chirp [126]. These imbalances also contribute to the finite DC extinction
ratio in practical MZM devices. A model for characterizing chirp of a DD-MZM

having a finite DC extinction ratio is reported in [127].

3.7 Fiber Bragg Grating

A fiber Bragg grating (FBG) is a periodic disturbance of the refractive index
over the length of a section of optical fiber. When the wavelength of the optical
signal into the FBG satisfies the Bragg condition, it is reflected. In principle, all

other wavelengths are transmitted. The Bragg condition is given by

Ap = 2neppA (3.24)
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Figure 3.11: Schematic representation of a FBG.

where A\p is the Bragg wavelength, n.ss is the effective refractive index of the fiber,
and A is the grating period. The characteristics of FBGs are best modeled using
coupled-mode theory [128], which is not presented in this dissertation. FBGs have
a uniform or a chirped pitch depending on their intended application. In addition,
the refractive index profile can be uniform or apodized.

FBGs can be used for add/ drop multiplexing in wavelength division multiplex
(WDM) systems [129] or dispersion compensation [130]. In RoF links, optical carrier
suppression implemented with FBGs has been shown to improve the optical receiver
sensitivity by increasing the effective modulation depth [104, 131].

In this dissertation, FBGs will be modeled as perfect rectangular filters scaled
only by their insertion losses. A schematic representation of a uniform fiber Bragg
grating is shown in Fig. 3.11 where appq, r is the insertion loss in transmission and
wrpe 1s the center wavelength of the FBG.

FBGs can be used as to perform optical notch filtering as shown in Fig. 3.12.
In this simplified example, an optical field is applied to port A of the FBG and
the transmitted optical signal emerging from port B and the reflected optical signal
emerging from port A are shown as referenced to Fig. 3.11. Since the reflected signal

propagates in the opposite direction as the applied signal, it is designated with a
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prime symbol. The FBG transfer function is denoted as Hppg(w).

In this example, the signals shown in Fig. 3.12 are the frequency-domain repre-
sentations of the time-domain waveforms given by u,4(t) and up(t). The frequency-
and time-domain representations are related to each other through the Fourier trans-

form. For reference, the Fourier transform convention that will be used is

Ulw) = /OO u(t) e ¥'dt. (3.25)

—00

Based on Eq. (3.25), the corresponding inversion relation is

u(t) = % /_ " U(w) et (3.26)

3.8 Optical Circulator

Optical circulators (OCs) are non-reciprocal devices that can be used for sep-
arating a reflected or backward traveling signal. The schematic representation of an
optical circulator is shown in Fig. 3.13. In general, each of the ports on an optical
circulator is an input for optical fields directed into the circulator and an output for
optical fields directed out of the circulator. However, in practice many circulators

have only one port that is intended for bi-directional operation. In Fig. 3.13, port

U, (o) H,,.(®) Uy (o) U,"(»)
) > D, ]
—_ |
t > t > t > t >
O‘)FBG ® O‘)FBG ® (DFBG ® ('OFBG ®

Figure 3.12: Diagram illustrating optical notch filtering with a FBG.
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A is shown as an input and ports B and C are shown as outputs. Mathematically,

the transfer function of a generalized optical circulator is given by

—u’A(t)— —0 0 1_ —uA(t)_
Wy(t) | = [ Vaoc |1 0 0 ugp(t) (3.27)
_u’c(t)_ _0 1 O_ _uc(t)_

where u(t) represents the output field from the " port, u;(t) represents the input
field from the i** port, and ao¢ is the insertion loss optical circulator.

An optical isolator can be formed by sinking one of the ports. For example,
if port C' is connected to an optical sink and the input signal is applied to port A,
then the output signal will be routed to port B. Conversely, if a signal is applied
to port B, it will be directed to the sink at port C isolating port A from port B in
the reverse direction.

Circulators are often used in RoF links for optical reuse [51,132,133]. Optical
circulators can be combined with FBGs to implement a narrow bandwidth optical
BPF as shown in Fig. 3.14. In this configuration, the total optical circulator loss
is doubled since the light is routed through the circulator twice. Furthermore, the

loss of the FBG is the loss due to imperfect reflection loss (arpg r) rather than

Figure 3.13: Schematic representation of an optical circulator.
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transmission loss (appe.r).

3.9 EDFA

C-band optical amplifiers come in two main flavors, namely, Erbium-doped
fiber amplifiers (EDFAs) and semiconductor optical amplifiers (SOAs). Of these,
EDFAs are more commonly used in RF photonics work due to their better perfor-
mance, which include higher gains and lower noise figures (NFs). However, SOAs
can be advantageous in scenarios where size, weight, and power (SWaP) considera-
tions are restrictive.

An EDFA works by exciting Erbium atoms in a doped optical fiber with an
optical pump, most commonly around 980 nm although 1480 nm can also be used.
The C-band optical signal is coupled with the pump light and propagated through a
length of Erbium-doped fiber. The C-band optical signal is amplified by the excited
ions through stimulated emission.

In addition to amplifying the input signal, EDFAs also produce noise due to

amplified spontaneous emission (ASE). From quantum theory, it can be shown that

(Lo,
FBG
—O—> HINHIIH
B (aFBG,R’ mFBG)

Figure 3.14: Diagram illustrating the implementation of a FBG-based optical BPF.
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Figure 3.15: Schematic representation of an EDFA.

the theoretical minimum NF of an EDFA is 3 dB. That is, the signal-to-noise ratio
(SNR) at the EDFA output is 3 dB lower than the SNR at the input [134,135].

EDFAs can be operated in the linear regime or in compression. In some cases,
it is desirable to operate the amplifier in saturation to reduce the noise figure and
increase the gain of an analog link. The tradeoffs of using a highly compressed
EDFA in analog links is analyzed in [136].

The schematic representation of an EDFA is shown in Fig. 3.15. This symbol
could also be used to represent a SOA, however, in this dissertation EDFAs are

exclusively utilized.

3.10 Optical Bandpass Filter

An ideal optical bandpass filter (BPF) completely transmits light within the
bandwidth (BW) of the filter and completely extinguishes light outside the BW of
the filter. In the frequency domain, a BPF can be represented by a boxcar function.
Practical BPFs introduce non-zero insertion losses and do not completely suppress
frequency components outside of the bandwidth of the filter. Tunable optical BPFs

are also available and are often used after optical amplification to suppress out-of-
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band noise (i.e. ASE suppression). A schematic representation of an optical BPF is

shown in Fig. 3.16.

3.11 Polarization Controller

One of the parameters describing a transverse electromagnetic wave is its state
of polarization (SOP). A transverse electromagnetic wave can be described in terms
of two orthogonal polarization components. If the propagation direction of the
wave is defined as the y-direction, then it can be polarized in the z-direction, the
z-direction, or a superposition of the two. In fiber optic communications, light
polarized in the z-direction is labeled transverse magnetic (TM) and light polarized
in the x direction is labeled transverse electric (TE).

As standard optical fiber is radially symmetric, it can support TE and TM
light equally as well. However, lasers typically emit linearly polarized light and
the efficiency of electrooptic modulators is a function of the SOP. Thus, in many
scenarios, it is important to be able to control the polarization at certain points in
the RF photonic system.

In a laboratory environment, manual polarization controllers (PCs) are often

A B
— oo

(o, BW

BPF’? BPF )

Figure 3.16: Schematic representation of an optical BPF.
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Figure 3.17: Schematic representation of a polarization controller.

used to adjust the SOP. However, as the SOP in a standard optical fiber is typi-
cally a random function of time, manual polarization controllers have limited utility
in deployed systems. Automatic polarization trackers are available to maintain a
constant SOP at the output port. The generic symbol for a polarization controller
having insertion loss ap¢ is shown in Fig. 3.17.

In this dissertation, the models assume that the SOP has been adjusted to

achieve maximum electrooptic conversion efficiency.

3.12  Optical Fiber

Optical fiber is a cylindrical dielectric waveguide that supports the propagation
of light. The two main components of a simple fiber are its core and its cladding.
If the refractive index of the core is selected to be higher than that of the cladding,
then light can be confined in the core through total internal reflection. In principle,
the cladding of a dielectric core fiber could be air; however, as some of the optical
mode propagates in the cladding, any lossy material in contact with the core will
result in optical losses [119]. The number of optical modes supported by the fiber

at a given wavelength can be engineered by designing the index difference between
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the core and the cladding and core diameter.

Commercially available optical fibers are made out of silica, plastic, or a com-
bination of the two. Silica fibers offer considerably lower losses than plastic optical
fibers (POFs) are the choice for most telecommunication applications. The phase
velocity of light propagating through the fiber depends on the wavelength. This
phenomenon is termed chromatic dispersion and is characterized by the dispersion
parameter, D. Additional sources of dispersion include modal dispersion and polar-
ization mode dispersion.

In theory, the SOP of the light at the input of the fiber is maintained over the
length of the fiber. However, static and time-varying stresses along the length of the
fiber will cause the SOP to vary along the length of the fiber in a random manner.
Stress rods can be incorporated in the fiber to break the radial symmetry of the fiber
and preserve the polarization state of light propagating in the fiber. Such fibers are
called polarization-maintaining fibers (PMFs).

For RF photonic applications, single-mode fibers (SMFs) are typically em-
ployed due the lack of modal dispersion. PMFs can also be used but they are more
expensive and are more difficult to splice as the stress rods need to be aligned. The
electrical-to-optical conversion efficiency of most commercial modulators is a func-
tion of the SOP of the light into the modulator. Thus, PMF is often used between
the laser and modulator and between cascaded modulators.

The schematic representation of an optical fiber of length L with loss per unit
length, ap, and dispersion parameter, D, is shown in Fig. 3.18.

Another important topic that should be considered for high-power and/ or
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Figure 3.18: Schematic representation of an optical fiber.

long-haul optical transmission is fiber nonlinearities. Excellent references on this

topic are available such as [99,137].

3.12.1 Chromatic Dispersion

In an optical fiber, the propagation constant, (3, is in general frequency depen-

dent. Taylor expanding (w) around wy yields

2 B8®)(w,
Blw) =) ﬁp—(!) (w — wo)” (3.28)

where 3®) denotes the p'" derivative of B(w) evaluated at wy and p! is the p™*

factorial. Typically, Eq. (3.28) is written as
B() = o+ Bule — o) + 2w — wn)? . (3.29)

where [ is the phase delay, (; is the group delay, and (5 is the group delay disper-
sion per unit length. The dispersion parameter can be related to the group delay

dispersion through

B 271'052

D = 2

(3.30)

where A is the optical wavelength and c is the speed of light in vacuo.
Chromatic dispersion causes the spectral components of an optical signal to
propagate at different velocities, changing their phase-relation. Although generally
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considered an impairment [98], dispersion can be used to convert ®M-to-IM or vice
versa. In 1986, Chraplyvy et al. demonstrated ®M-to-IM conversion in a dispersive
optical fiber [95].

In many RF photonic applications such as analog relay, the dispersion can
cause RF signal fading, increased even-order distortion, and phase-to-intensity noise
conversion [35]. The transfer function for optical fiber with dispersion and loss can

be modeled as [97]

H(f) = JapL e L1, (3.31)

For standard single-mode optical fiber near A = 1550 nm, ap =~ 0.2 dB/km and
By~ 21.7 x 10727 §2 /m.

Chi et al. presented analytical models for phase-modulation based systems
with ®M-to-IM conversion. Assuming that ap ~ 0, the fiber length, L, should be
selected to satisfy

2n+1) 1

L= 4 Bof?

(3.32)

for efficient PM-to-IM conversion where f is the RF frequency and n is a positive

integer [101].
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Chapter 4

RF Photonic Receiver Theory

In this chapter, the theory behind two downconverting RF photonic receiver
architectures is presented and analyzed. The two receivers utilize phase-modulation
to encode the input signal onto an optical carrier. The first receiver is an extension
of the work performed by Urick et al. on interferometric detection of phase-encoded
optical signals. The second receiver is a continuation of the work performed by
Haas et al. on phase-modulation to intensity-modulation (®M-to-IM) conversion
with optical carrier suppression (OCS) using a fiber Bragg grating (FBG).

If a phase-modulated signal is incident on a square-law detector, only a DC
photocurrent will result as proved in Eq. (3.20). This is because square-law detec-
tion, by definition, produces a signal that is proportional to the magnitude-square
of the incoming signal. However, if the symmetry of the phase-modulated signal is
altered by selectively attenuating or amplifying certain spectral components, then
the resulting signal can no longer be represented as the product of the optical carrier

and a complex exponential.

4.1 Phase-Detection Using a MZI

Urick et al. demonstrated that a phase-modulated signal can be detected

using a thermally tuned asymmetric-delay Mach-Zehnder interferometer (MZI) as
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shown in Fig. 4.1 [5]. Since MZIs typically have two complementary outputs, bal-
anced detection can be employed increasing the system gain and suppressing the
common-mode noise. The phase-modulation, interferometric detection (®M-ID)
technique offers improved performance over the traditional intensity-modulation,
direct-detection (IM-DD) approach, including higher RF gain, lower noise figure
(NF), and improved dynamic range (DR). However, unlike the IM-DD system, the
enhanced performance is over a limited bandwidth due to the sinusoidal transfer
function of the MZI [5].

In this dissertation, electrooptic (EO) downconversion is demonstrated based
on cascaded phase-modulation with interferometric detection (C®M-ID) [6]. The
C®M-ID link is an extension of the ®M-ID architecture. The mathematical model
is shown in Fig. 4.2.

Denoting the power and angular frequency of the optical carrier by P and

wr, respectively, the optical signal at point A can be expressed as

ua(t) = /Py et (4.1)

(P,o) V., ay,, (t,a

vz e; (R)

Figure 4.1: Mathematical model of the ®M-ID link. After [5].
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Figure 4.2: Mathematical model of the downconverting COM-ID link. After [6].

For simplicity, the case where the input and the LO signals are pure RF tones having
angular frequencies 2 and € is analyzed. Under this condition, the time-varying

voltages applied to the two phase-modulators can be written as
v(t) = VsinQt (4.2)
V'(t) = V' sin 't (4.3)
Thus, the optical signal at point B is
up(t) = \/Pp\/agar e7rtelmsn (4.4)

where m is the modulation depth of the input signal defined in radians by

3
Il
)

(4.5)

=)<

and V. is the half-wave voltage of the phase-modulator. Likewise, the optical signal
at point C' is

uc(t) = \/P_LOéch eIwLt gimsinQt jjm’ sin 't (4.6)
where m/ is defined analogously as that given by Eq. (4.5) for m. The exponentiated
sinusoids in Eq. (4.6) can be rewritten using the Jacobi-Anger expansion given by
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Eq. (3.18), which is reproduced below as

]zs1n9 Z J ejp@ (47)

p=—00

where J,(z) is the Bessel function of the first kind of order p and argument z as

ue = \/ Pragy e/“rt Z Z Jp( m') e Pt (4.8)

P=—00 q=—00

The asymmetric MZI is an optical delay-line filter that produces two complementary
output signals. In the frequency domain, the optical transfer functions relating the

input to the complementary outputs of the MZI are

h@g:gnrw_w37+9} (4.9)
Q(w)::cos[gu__wg)T_Fe} (4.10)

where t; corresponds to the transfer function relating the input to the upper output,
ty corresponds to the transfer function relating the input to the lower output, 7 is
the group delay difference between the arms of the MZI, and 6 is the bias phase
offset. The free-spectral range (FSR) of the filter can be related to the group delay
difference by F'SR = 1/7. The filtered optical signal emerging from the upper arm

of the asymmetric MZI can be expressed as

V Prag/onizr /4 (4.11)
Z Z I Ot [(pQ+qQ’)T+H]
2

p=—00 g=—00

with a similar expression for ug(t). The intermediate frequency (IF) of the down-

converting COM-ID link is defined as

Qe = |0 — Q. (4.12)
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Choosing 2’ to be in the vicinity of €2, the group delay of the MZI should be chosen
to satisfy
o ™
o) = 2 (4.13)

to achieve the highest downconversion gain and widest operational bandwidth. Fur-

thermore, the bias should be adjusted to satisfy

eww%:ng (4.14)

where n is odd. Selecting 6 = 0, the optical carrier and odd-order sidebands of uc(t)
are routed to the upper output port, while the carrier and the even-order sidebands
are routed to the lower output port.

The calculated optical spectrum of the twice phase-modulated optical signal
and the complementary asymmetric MZI filter transmittance curves are plotted in
Fig. 4.3 for the upper (sine function) and lower (cosine function) outputs of the
interferometer for the case where # = 0 and 7 = 7/’

Since the LO was chosen to be close to the RF input signal frequency, Eq. (4.11)

can be approximated as

up = \/PLO{@M\/OKMZ]@ijt (415)

X3 D0 (ST ) gy ') T

p=—00 qg=—00
(p+q)odd

The photocurrent generated in the upper square-law photodetector is given by
ip(t) = Rlup(t)| (4.16)

= —RPLOéé,MOéMzzi i i i(_l)(p+q+r+s)/2

P=—00 g=—O0T=—00 §=—0O0
(p+q)odd  (r+s)odd

X Jy(m)Jy(m')J,(m)Jy(m') e a=)2t
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The Bessel functions can be expanded in an infinite power series for p a positive

integer as

e @y @@ )iy (4.17)

Ip(2)

where p is the order of the Bessel function of argument z [138]. For Bessel functions

of integer order p < 0, the following mapping can be used

J(2) = (~1P (2. (4.18)

In practice, the modulation depth produced by the input signal is generally small.

For the case where z < 1, Eq. (4.17) can be approximated as

Zp
20 pl

T)(2) ~ (4.19)

For small input signals (m < 1), the photocurrent in Eq. (4.16) can be Taylor

P P «——— FSR= 1{_ Ly
oL ... i |
o et P PASH =< -
= 1o} N -~ R N e N N =
= \ // " | optical __ N |/ \ //
Fg 3 \\ | ¢ carrier K i \l) E
=  30F I 'O ot \ E
% 40_ ' ) '
A sof (LO) l— -1 1
; S/ > (IF) ]
-s0t—] , , = 3R
) \J \\\\ \J \\\Q\ S \(\)\\ N \n’\’\) \J
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N - ,
Q (v-vy)=pftqf

Figure 4.3: Calculated optical spectrum and complementary asymmetric MZI filter

transmittance curves. After [6].
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expanded to first-order in m using Eqs. (4.18)-(4.19). Performing the required alge-

braic steps and simplifying yields
1
ip(t) = RPp {§ [1— Jo(2m)] + mJ1(2m') cos QIFt} : (4.20)

Assuming that the optical losses between the input and the two output ports of the
MZI are nominally identical and subsequently invoking power conservation, it can
be shown that

lup(t)]* + lug(t)]* = Prag oz (4.21)

This implies that the currents produced by the two photodetectors are complemen-

tary. Thus,
ip(t) = RPLag oz {% [1+ Jo(2m/)] — mJy(2m’) cos QIFt} : (4.22)
The differential photocurrent produced by the balanced detector is
Ai(t) = ip(t) —ig(t) (4.23)
= RPpazyanzr [—Jo(2m') + 2mJ(2m') cos Qppt] .

If the differential photocurrent Ai(t) drives a load with impedance Z,,;, then the

time-averaged downconverted power at the IF is given by

PIF =2 [RPLaéMaMZImJ1(2m’)}2 Zout' (424)

The time-averaged RF input power through an input impedance, Z;,, is

11 /mV,\?
Prp = ~ : 4.2
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Taking the ratio of Eq. (4.24) to Eq. (4.25), the small-signal RF-to-IF downconver-

sion gain of the link is

(4.26)

TR PLad oz (2m)]?
GRrr—1FcoM—ID = [ L CDMVMZI 1 )} ZoutZin.
The gain of a non-downconverting, quadrature-biased MZM IM-DD link can be

shown to be (see Appendix A)

WRPL(IMZM

2
QVﬂ- > ZoutZin (427>

GRrrIM-DD = (

where a7y is the insertion loss of the MZM. The downconverting C®M-ID gain

in Eq. (4.26) can be expressed in terms of the IM-DD gain in Eq. (4.27) as

o
Grr_rrconm—1p = 16J7(2m) (#) GRrrIM-DD- (4.28)
Ay OMZI

The maximum downconversion gain of the CPM-ID link is achieved by choosing
the LO modulation depth to maximize the factor Ji(2m'). This occurs at a LO
modulation depth of m’ = 0.9206 and corresponds to a link gain that is 7.34 dB
higher than that of a comparable MZM link, if the losses in the modulators and
the losses in the MZI are ignored. Assuming typical values for modulator and MZI
insertion losses (i.e. 10logy,agny = 10logyyapzy = 3 dB and 10log, anrzr = 2
dB), the gain of the downconverting CO®M-ID link is 2.34 dB higher than that of a
comparable non-downconverting, quadrature-biased MZM IM-DD link.
Alternatively, the common-mode relative intensity noise (RIN) can be mini-
mized by maximizing the current through one of the photodetectors and then setting
the LO modulation depth at m’ = 1.202. Relative to the maximum gain case, the
common-mode noise suppression case results in approximately 1 dB lower gain.
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If a two-tone RF signal consisting of two closely spaced tones at €; and €2,
is applied to the first phase-modulator, then the output will included third-order
intermodulation distortion (IMD3) products at |20, — Qg — Q| and [2Q5 — Q; — /|
in addition to the downconverted terms at [ — Q| and |Qs — '|. Extending the
results of the preceding analysis, it can be shown that the downconverted difference

photocurrent can be expanded to third-order as

Ai(t) = RPLaGnzr (4.29)
X [Jo(2m”) 4+ 2my J1(2m") cos (4 — Q') ¢t
—  mimaJi(2m) cos (20 — Qs — Qo) t]
+ similar terms at (Qy — ') and (205 — Q; — Q)

where m; is the modulation depth corresponding to the tone at €2; where ¢ € {1, 2}
and only the leading contributions to each frequency component in Eq. (4.29) have

been retained.

4.2  Phase-Detection with Optical Filtering

Haas and Murphy demonstrated that a phase-modulated signal can be down-
converted and detected by cascaded phase-modulation and optical filtering (CPM-
OF). An optical fiber Bragg grating (FBG) can be used in transmission mode as a
notch filter to suppress the optical carrier [9] or in reflection mode (with an optical
circulator) as an optical bandpass filter (BPF) to transmit only certain optical side-
bands [110]. With both these approaches, the optical carrier is suppressed prior to
photodetection. The mathematical model for the notch filter configuration is shown
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in Fig. 4.4.

One of the main disadvantages of using a FBG is that its bandwidth can
limit the frequency response. In the notch filter configuration, the bandwidth of
the FBG will attenuate low frequency components. To maximize the system band-
width, the FBG should be centered on the optical carrier. This results in a lower
cutoff frequency approximately equal to the half width at half maximum (HWHM)
bandwidth of the FBG.

In this dissertation, the optical notch filter configuration is studied and ex-
tended to allow for harmonic downconversion. Furthermore, a technique to elec-
trooptically linearize the link is presented [8,139]. Although not the main focus of
this dissertation, linearization is an important topic for high-fidelity analog trans-
port. Finally, a method for vector demodulation based on this technique is presented
based on the work reported in [7,10].

Following Eqs. (4.1)-(4.7), the optical signal at point C' can again be expressed

v, ) V', Q" (Q,=1Q-NQY)

(Zi ﬂ) (Za ur)
A B C [FeG

D
@—Q—E—Q—E—%MIIIII F—@—»@ (R)

P,o0) (Vo (Vs Oy (Cppr , F Q2

LO)

<I>M)

Figure 4.4: Mathematical model of the CO®M-OF link with harmonic downconver-

sion.
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as Eq. (4.8), which for convenience is reproduced below

Uc = PLOécpM Z Z J pQ+qQ) (430)

p=—00 g=—00

In general, the optical notch filter can be positioned to block the k™ optical
sideband. For the OCS case, k = 0. The optical notch filter can be mathematically
modeled by excluding those terms in Eq. (4.30) for which Np + ¢ = k where N is
defined here as the electrooptic harmonic downconversion number. Applying this

constraint to Eq. (4.30) yields

UD<t) = PLOécpM\/CYFBG’T eijtZZJp(m)Jq(m’) ej(pQJqu’) (431)
(Np+q#k)

where appgr is the out-of-band insertion loss of the FBG in transmission mode.
Following the FBG, the optical field is detected by a square-law photodetector having

responsivity R to produce a photocurrent given by

ine(t) = Rlup®)? (4.32)

= RPLa%\QrpaT Z Z Z Z J,( T, (m) J,(m) e/l a=9)2t,
(Np—i—q;ék)(Nr—i—s;ék)

For fundamental downconversion with optical carrier suppression, (N, k) = (1,0).

Applying this constraint to Eq. (4.32) yields

i0(t) = RPLaGyarser Y D > > Jp(m)Jy(m!)Jp(m)J,(m') /w=r et

p
(p+q5£0) (r+s#£0)
(4.33)

The restricted summation in Eq. (4.33) can be written as the difference of two
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full summations

ilo(t) == RPLOQ?}MO(FBG,T (434)

{Z Jp(m) eijt Z J’q(m/) ejqﬂ/t Z Jr<m) e*jrﬂt Z Js (m/) eist/t
p q r 5
= 3D o) ) - eﬂp—”m—ﬂ'ﬁ} |

From Eq. (4.7), it is clear that the first term in Eq. (4.34) evaluates to unity.

X

Thus, Eq. (4.34) can be simplified as

ilo( ) RPLOécpMOéFBGT {1 . Z Z J p(m’)Jr(m)J,r(m') ej[(Pr)(QQ/)}t} .
p T
(4.35)

The DC photocurrent component can be found by including only the terms in

Eq. (4.35) where p —r =0 as

Ipc = RPLa3 rpaT [1 — Z J2(m) T2 (m )] (4.36)

p

Only the AC terms in Eq. (4.35) oscillating at Q;r = |Q — '] contribute to
the downconversion current at the IF. This is equivalent to setting p —r = +1 and

neglecting any DC components. In this case,

io)lo,, = RPLagyarBorT (4.37)
Z Jp(m)J_p(m') 1 (m)Jy_,(m') 17t + c.c.
For small RF modulation depths (m < 1), Eq. (4.36) and Eq. (4.37) can be

Taylor expanded using Egs. (4.18)-(4.19). Expanding Eq. (4.36) and Eq. (4.37) to

first-order in m yields

]DC ~ RPLOQQPMOCFBG,T |:1 — Jg(m/)] (438)
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Figure 4.5: Calculated relative downconverted IF power as a function of LO modu-

lation depth for the COM-OF link.

i()|a,, ~ 2RPLazyarpar mdo(m’)Ji(m') cos Qppt (4.39)
~ RPL(X%M(XFBG,T mmno cos Qrpt

where 119 = 2Jy(m/)J1(m') is defined here as the downconversion factor for (N, k) =

(1,0). To first-order in m, the time-averaged downconverted output power at the

IF is given by
Prp = 2 [RPLa3 yampermdo(m’) Jy(m)]? Zow. (4.40)

The time-averaged RF input power through an input impedance, Z;,, is given by

Eq. (4.25). Taking the ratio of Eq. (4.40) to Eq. (4.25), the small-signal RF-to-IF

downconversion gain of the link is

2R Py a2 Jo(m!)Jy(m")]?
GRrr-1FcoM—-OF = {W La(DMaFE{/G’T o(m’) 1(m)] ZoutZin,  (4.41)

2
WRPLO[q)MCYFBGj
Vi

2
:| ZoutZin X 77%0
Following the preceding analysis beginning at Eq. (4.32), the harmonic downconver-

sion gain for N € {1,2,3,4} and k € {0, 1} were calculated. The IF power relative
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to the (N, k) = (1,0) case are plotted as a function of LO modulation depth, m/, in
Fig. 4.5.

The maximum harmonic downconversion gains relative to the (N, k) = (1,0)
case have been tabulated and are provided in Table 4.1. The gain of a non-
downconverting, quadrature-biased MZM IM-DD link was given in Eq. (4.27). The
downconverting COM-OF gain in Eq. (4.41) can be expressed in terms of the IM-DD
gain in Eq. (4.27) as

Nz M

Grr_1rcom—or = 16J5(m')J3(m') ( ) GRrFIM-DD- (4.42)

CY?p MAUFBG,T
The maximum downconversion gain of the CPM-OF link is achieved by choosing the
LO modulation depth, m’, to maximize the factor n;o(m’). This occurs at m’ = 1.08
and corresponds to a link gain that is 2.64 dB higher than that of a comparable MZM
link, if the losses in the modulators and the FBG are ignored. Assuming typical
values for modulator and FBG insertion losses (i.e. 10log,q aen = 10logyy apzy =

3 dB and 10logyy apper = 1 dB), the gain of the downconverting C®M-OF link is

Table 4.1: CPM-OF optimal parameters.

N |k v /P 201oguo vy /iy
1 0 2.JoJy 1.08 0

2 1 JiJ3 + J? 2.02 4.4

3 0 2.Jo.Js 3.95 -5.9

4 1 S Js + Ty Js 5.19 -10.2
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-1.36 lower than that of a comparable non-downconverting, quadrature-biased MZM
IM-DD link.

If Eq. (4.35) is Taylor expanded to third-order in m, then it can be shown that
the resulting photocurrent for the (IV, k) = (1,0) case evaluates to

io(t)e;, ~ RPLagyQrpeT (4.43)

m3

X {QmJO(m’)Jl(m’) 1 [3Jo(m")J1(m') — Jl(m’)Jz(m’)]} cos Qpt.

The third-order distortion (TOD) product near the downconverted signal can be
eliminated by appropriately setting the LO modulation depth, m’. Based on Eq. (4.43)

it is clear that the linearization condition is
3J0(m,)<]1(m/) - Jl(m’)Jg(m') = 0. (444)

The smallest value of m' that solves Eq. (4.44) was numerically found to be m' =
2.17. Compared with the maximum gain case (m’ = 1.08), the RF-to-IF down-
conversion gain is 13.8 dB lower. Although not explicitly analyzed here, it can be
shown that satisfying this linearization condition also eliminates the third-order in-
termodulation distortion products at 2f; — fo — f" and 2f, — f1 — f/, where f; and
fo are the frequencies of a two-tone input signal [8].

The C®PM-OF system is designed to accommodate a wide range of possible
input frequencies. In this case, chromatic dispersion limits the bandwidth, trans-
mission length, and RF-to-IF downconversion gain. The mathematical model pre-
sented can be extended to include the effect of dispersive fiber between the first

phase-modulator and the second phase-modulator. If the two phase-modulators are
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separated by a fiber of length L, then to first-order, the amplitude of the downcon-
verted photocurrent in Eq. (4.39) can be extended as

L

D
ilO(t)|QIF ~ QRPLO‘éMO‘FBG,T mJg(m/)Jl(m/) COS Q[Ft X COS ( )\%_]LQ) (445)

c
where D is the chromatic dispersion of the fiber expressed in units of ps/nm-km and
f is the RF frequency.

According to Eq. (4.45), the downconverted signal will be completely extin-
guished when the dispersion and frequency satisfy the following relationship

2L|D
%)\%F =(2p+1) (4.46)

where p = 0,1,2,3,.... For the case of |D| = 17 ps/nm-km, A;, = 1552.470 nm, and
f = 20 GHz, the first null occurs at a fiber length of L = 9.15 km, and the 3 dB
point occurs at L = 4.58 km.

Conversely, for a given fiber length, chromatic dispersion limits the maximum
frequency that can be transmitted through a dispersive fiber of length L. The

RF-to-IF downconversion gain is reduced by 3 dB at a frequency of

1 [
f= m’/ﬂDl' (4.47)

The analytical downconverted power is shown in Fig. 4.6 for m = 0.16 rad, m’ = 1.08

rad, and RPra3 warper = 3.9 mA. This choice of parameters was chosen as it
corresponds to experimentally measured values. Note that in particular, the total
dispersion is a function of the signal frequency, f, fiber length, L, and chromatic
dispersion, D. The calculated behavior agrees with that reported in the literature
for phase-modulated links [95-98].
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Figure 4.6: Calculated IF power dependence on fiber chromatic dispersion for fun-

damental downconversion using the C®M-OF technique.

In Fig. 4.6, the effect of fiber loss is ignored. The effects of dispersion, loss, and
dispersion plus loss on the normalized IF output power are plotted using common
dispersion and loss parameters (i.e. |D| = 17 ps/nm-km and ap = 0.2 dB/km) for A\f
= 1552.470 nm and f = 20 GHz in Fig. 4.7. In this plot, a double-sideband (DSB)
modulated signal was assumed. As is clear from Fig. 4.7, the loss due to ®M-to-IM
conversion can be eliminated by choosing an appropriate fiber length. For example,
if the link length is L = 27.5 km, then an extra length of fiber of length AL = 8.3
km can be added in order to access the next peak in transmission. However, the
penalty in gain is 1.7 dB relative to a link of length L = 27.5 km without chromatic
dispersion ®M-to-IM conversion due to the added fiber loss.

Another configuration of interest is when the two phase-modulators are both
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Figure 4.7: IF power dependence on loss and chromatic dispersion of a DSB optical

signal over standard SMF.

co-located with the laser, which are then separated from the FBG and photodetector
by a dispersive fiber. In this case, the analysis of the downconversion gain is slightly
more complex [101]. Numerical simulations show, however, that although fading
can occur under these conditions, the signal fading criterion is dictated primarily
by the downconverted IF, at fir = |f — f/].

In the case where f = 20 GHz, f' = 19.6 GHz, and m’ = 1.08, we numerically
calculate that the first null in transmission should occur at a length of L ~ 200 km.
In this case, the optical fiber loss would be nearly 40 dB for standard single-mode
fiber (SMF). Since the RF loss is twice the optical loss, the RF-to-IF gain would be
reduced by nearly 80 dB.

The cascaded phase-modulation and optical filtering architecture shown in
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Fig. 4.4 can be extended to perform vector demodulation [7,10]. This can be ac-
complished by simply splitting the optical signal at point B and applying properly
phased LO signals to the two LO phase-modulators as shown in Fig. 4.8.

The relative phase between the in-phase (I) and quadrature (@) electrical
LOs should be set to achieve § = 90°/N, where N is the harmonic downconversion
number. An ideal 3 dB directional optical coupler reduces the photocurrent in each
branch by a factor of e = 1/2. In addition, the coupler may have excess insertion
losses. Thus, the preceding photocurrent results should be multiplied by a factor of

aDOC/2-

For example, in the case of fundamental downconversion with OCS, (N, k) =

)
(V) Z,)
7,9 d Hifid & (R)
(Vo Ogp) (O g
(€ 0, (IQ)
P,o,) V,a,, (Vo540 “Z,,)

C D

ﬁﬁﬁ% R®)

(Vn’ G'(DM) (aFBG’ (DFBG)

Figure 4.8: Mathematical model of the vector demodulating C®M-OF with har-

monic downconversion. After [7].
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(1,0), Eq. (4.39) becomes

i107](t)|QIF ~ RPLQ?{)M@FBG’TO(DOCmjo(m/)Jl(m/)COSQ]Ft (448)

ilO,Q(t)‘QIF ~ RPLQ%{)MQFBG’TOJDOCmJ()(mI)Jl(ml)SinQ[Ft. (449)

For the results obtained in Eqs. (4.48)-(4.49), the relative phase difference
between the I and Q LOs was set at § = —90°. As described previously, a harmonic
of the LO can be used to achieve harmonic downconversion. Thus, harmonic vector

demodulation can be achieved with this architecture.
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Chapter 5

RF Photonic Receiver Results

In this chapter, the experimental results obtained with the two downconvert-
ing RF photonic receiver architectures analyzed in Chapter 4 are described. The
two receivers utilize phase-modulation to encode the input signal onto an optical
carrier. The first receiver is an extension of the work performed by Urick et al. on
interferometric detection of phase-encoded optical signals. The second receiver is a
continuation of the work performed by Haas et al. on phase-modulation to intensity

modulation (®M-to-IM) conversion using optical carrier suppression (OCS) with a

fiber Bragg grating (FBG).

5.1 Phase-Detection Using a MZI

The cascaded phase-modulation with interferometric detection (C®M-ID) link
shown in Fig. 4.2 was constructed using commercially available components. A
narrow linewidth (< 3 kHz) fiber laser having a center wavelength of A\, = 1552.470
nm and an output power of P;, = 21 dBm was used as the optical source. The
output of the fiber laser was sent into two serially connected 40 GHz LiNbOj3 optical
phase-modulators through short lengths of polarization maintaining fiber (PMF).
The first phase-modulator had a measured V, of 3.4 V at 7 GHz and the second

phase-modulator had a measured V, of 4.4 V at 6 GHz.
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Two RF synthesizers were connected to the first phase-modulator through an
RF hybrid to generate a pair of closely spaced microwave tones. Three-port ferrite
circulators were inserted between the RF synthesizers and the hybrid in order to
isolate the synthesizers and to mitigate RF reflections. A third RF synthesizer was
used as the LO and was directly connected to the second phase-modulator.

The twice modulated optical signal was sent into an all-fiber, delay-line, asym-
metric Mach-Zehnder interferometer (MZI) having a free-spectral range (FSR) of 12
GHz. The complementary outputs from the MZI were connected to a 20 GHz bal-
anced photodetector having internal terminating resistors (Zi,; = Zow = 50 2). The
electrical power at the intermediate frequency (IF) was measured using an electrical
spectrum analyzer (ESA) and the DC photocurrents were monitored independently
using two ammeters. The MZI bias phase, 6, was adjusted thermally through resis-
tive heating.

For the first measurement, the first modulator was driven by a single microwave
tone having a frequency of f = 7.00 GHz and producing a modulation depth of m
= 0.1 rad. An electrical LO having a frequency of f' = 6.00 GHz was applied to
the second phase-modulator. Prior to applying the RF and LO tones, the MZI
differential delay was adjusted until all of the DC photocurrent was generated in
one of the two photodiodes in the balanced photodetector.

The LO was then applied and the modulation depth, m’, was adjusted such
that the magnitudes of the current through the two photodiodes were equal (m’ =~
1.2 rad). The resulting electrical spectra is shown in Fig. 5.1. It should be noted

that the magnitudes of the frequency components were not normalized to account
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Figure 5.1: Measured electrical spectrum at the output of the C®#M-ID link for a

single-tone input signal.

for photodetector roll-off or frequency dependent cable losses.

In the second experiment, the first modulator was driven with two closely
spaced microwave tones having frequencies of f; = 6.99 GHz and f; = 7.01 GHz
and the second modulator was driven by a microwave signal having frequency f' =
6.00 GHz. The same series of steps previously described were performed to bias the
MZI. The downconverted signals at f; — f/ = 990 MHz and f;, — f' = 1010 MHz
along with the third-order intermodulation distortion (IMD3) signals at 2 f; — fo — f’
= 970 MHz and 2f; — fi — f' = 1030 were measured with an electrical spectrum
analyzer (ESA). The IF and IMD3 power per tone as functions of the input RF
power per tone are shown in Fig. 5.2.

A simulation of this architecture was performed numerically in MATLAB® by

78



~10 _ —e— fundamental
t |--o-- intermodulation distortion

@ 80 F SN el .
as : T o slope =3 ]
= 90 ¢ § o P :
o o E

S -100 g = N f
RN oo b o7 . :
: oo 0" noise floor ]

_ = 0000005 =

120 s ~ (extrapolated, 10 kHz RBW) 1

-130 F :

140 F 1

~150 _ 1

%0 g v noise floor ]

~160 3 ,/” (extrapolated, 1 Hz RBW) E

-170 |~ E

~180 £ ././. A | I L | IR | IR | RN ]
—40 =30 20 -10 0 10 20

P,, (dBm)

Figure 5.2: Measured (symbols) and simulated IF and IMD3 powers as functions of

the RF power for a two-tone signal downconverted for the COM-ID link. After [6].
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taking the fast Fourier transform (FFT) of the optical field at point C' for the case of
a two-tone input signal. In the frequency domain, the optical spectrum at U,.(w) was
multiplied by the frequency domain transfer functions of the MZI given by Egs. (4.9)-
(4.10). The magnitude squares of the inverse FFTs (IFFTSs) of the filtered optical
spectra, which correspond to ip(t) and ig(t), were then calculated. The difference
photocurrent, Ai(t), was evaluated as a function of the LO modulation depth, m/’,
and then the IF and IMD3 powers were calculated. The analytical results are plotted

along with the experimental results in Fig. 5.2.

5.2 Phase-Detection with Optical Filtering

Several experimental measurements based on the cascaded phase-modulation
with optical filtering (C®M-OF) architecture shown in Fig. 4.4 were performed. In
the first set of experiments, the link was optically unamplified. A high-stability,
narrow linewidth (< 3 kHz), fiber laser with a center wavelength of A;, = 1552.470
nm was used as the optical source. The output of the laser was connected to the
first phase-modulator through PMF. This phase-modulator was a 40 GHz, z-cut
LiNbO3 modulator with a measured V. of 5.4 V at 20 GHz. The output of the first
phase-modulator was connected to the input of the second phase-modulator through
PMF. The second phase-modulator was nominally identical to the first, but it had
a measured V; of 4.1 V at 19.5 GHz.

The signal emerging from the second phase-modulator was sent through a

FBG in transmission mode to suppress the optical carrier for fundamental down-
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conversion, (N, k) = (1,0). The FBG was designed for add/ drop filtering of dense
wavelength-division multiplexed (DWDM) channels with 25 GHz spacings. The fil-
ter suppressed the optical carrier by approximately 25 dB and had an out-of-band
insertion loss of appgr = 2.5 dB. The 3 dB bandwidth (BW) of the athermal FBG
was measured to be approximately 14 GHz and the frequency offset between the
optical carrier and the filter center frequency was less than 1 GHz. The optical out-
put from the filter was connected to an InGaAs PIN photodiode having an internal
termination resistor with Z,,; = Z;,; = 50 Q and a nominal 3 dB BW of 12 GHz.
Fig. 5.3 illustrates the downconversion process by showing the optical spectra
measured at various points in the link. The optical spectra were captured using a
high resolution Brillouin optical spectrum analyzer (BOSA) having a spectral reso-
lution in the C-band of 80 fm (10 MHz). Readers interested in Brillouin scattering
based optical spectrum analysis are referred to [140,141]. The fiber laser spectrum
is shown in Fig. 5.3(a) where P, denotes the optical carrier power. The optical
signal was modulated by a weak RF signal with power sufficient to produce a mod-
ulation depth of m =~ 0.1 rad. The process of phase-modulation produces spectral
sidebands with intensities proportional to Jg(m) at frequencies of p x f about the
optical carrier where p is an integer as illustrated with the experimental results
shown in Fig. 5.3(b). At the second phase-modulator, the optical signal is modu-
lated by a strong microwave LO at f' = 19.6 GHz having sufficient power to produce
a modulation depth of m’ = 1.08. This generates additional optical sidebands with
frequency spacings of ¢ x f’, where ¢ is an integer, about each of the p x f frequency
components previously generated. The resulting spectrum is shown in Fig. 5.3(c)
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Figure 5.3: Experimental frequency domain characterization of the C®#M-OF link.
(a)-(c) Optical spectra at points A-C, (d) FBG transmittance, (e) optical spectra

at point D, and (f) IF power. After [§].
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where each spectral component is proportional to J2(m)JZ(m').

The twice phase-modulated optical signal is then sent through a FBG config-
ured in transmission mode with the optical transmittance shown in Fig. 5.3(d). The
FBG suppressed the optical carrier for which p + ¢ = 0 while allowing the optical
sidebands to pass. The carrier suppressed optical spectrum is shown in Fig. 5.3(e).
After optical notch filtering, the optical signal is detected by a square-law photode-
tector. The photocurrent contains terms at the downconverted IF of Q;p = |2 — (Y|
that are proportional to the power of the RF input signal. Fig. 5.3(f) shows the
measured electrical spectrum of the photodetected signal, which is clearly centered
at the downconverted frequency of frr = Qrp/(27) = 400 MHz.

As discussed in Section 4.2, the downconverted signal power can be maximized
by choosing m’ = 1.08 rad. Ignoring the losses of the components, the maximum gain
of the link is 2.6 dB higher than that of a non-downconverting IM-DD link based on a
quadrature-biased MZM. If modulator insertion losses of agnrr = anrzy ~ 3 dB and
a FBG insertion loss of appg ~ 1 dB are assumed, then the maximum gain of the link
is -1.4 dB lower than a quadrature-biased IM-DD link. The analytical expressions for
the DC photocurrent (Ip¢), IF power (Prr), and third-order IMD power (Prarps),
along with experimental measurements (symbols) are shown in Fig. 5.4 for an input
modulation depth of m ~ 0.14 rad.

Fig. 5.5(a) shows the electrical spectrum of the downconverted signal as mea-
sured for a LO modulation depth of m’ = 1.08 rad, which corresponds to the maxi-
mum gain case. The IMD3 products are clearly visible at frequencies of 2 f; — fo — fo
= 380 MHz and 2f, — f; — fo = 440 MHz for a two-tone input signal consisting of
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tones at f; = 20.00 GHz and f5 = 20.02 GHz. The strengths of the two input tones
were set equal and the LO frequency was set to f* = 19.6 GHz.

Alternatively, the link can be linearized by satisfying the condition given by
Eq. (4.44). This corresponds to setting m’ = 2.17 rad. The electrical spectrum
for this case are shown in Fig. 5.5(b). The fundamental tones are experimentally
reduced by 13.8 dB relative to their value shown in Fig. 5.5(a), which corresponds
to the maximum gain case. This agrees quite well with the theoretical prediction of
a 13.6 dB penalty in gain. In the linearized case, the IMD3 products fell below the
noise floor of the ESA.

To demonstrate that the system was truly linearized, and not just simply
attenuated, the input power per tone was increased by 13.8 dB to compensate for
the penalty in gain. This case is shown in Fig. 5.5(c). It is clear from this figure
that the IMD3 products are still suppressed below the noise floor of the ESA for
the same output IF power as in Fig. 5.5(a). This confirms that, despite the penalty
in gain, the linearization technique can in fact improve the dynamic range. When
the IMD3 products are suppressed by setting m’ = 2.17 rad, the residual sub-
octave IMD products are expected to be dominated by fifth-order intermodulation
distortion (IMD5). Thus, complete suppression of IMD products at 2f; — fo — fo
and 2fy — fi — fo is not expected. However, the third-order dependence will be
eliminated, reducing the total sub-octave IMD power and thereby increasing the
spurious free dynamic range (SFDR). To verify this, the downconverted and IMD3
components were measured as functions of the input power.

Fig. 5.6 shows the output IF power per tone as a function of input RF power
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Figure 5.5: Measured downconverted electrical spectra illustrating third-order lin-

earization of the CPM-OF link. After [§].

per tone for microwave tones at f; = 20.00 GHz and f, = 20.02 GHz and a LO
signal at f’ = 19.6 GHz applied. For the simulated curves, the RF input power per
tone was swept from Prp = -40 dBm to +25 dBm. These curves were calculated
by taking the FFT of Eq. (4.30) with a two-tone signal applied to the input (i.e.
v(t) = V(sint + sin{2st)). Then an ideal notch filter having a bandwidth of
BWrgpe = 10 GHz centered at wy, was multiplied by the FFT of Eq. (4.30). Finally,
the IFFT of the resulting spectrum was calculated and the power at the IF and
IMD3 frequencies were plotted. The parameter R Pra3, wrpar for the simulated
curves was fit to the experimentally measured values, which are indicated by symbols
in Fig. 5.6. The photodiodes had an internal terminating resistor, so the effective
responsivity was R — R /2.

The simulated and measured curves were obtained for two LO modulation

depths, namely m’ = 1.08 rad and m’ = 2.17 rad. These LO modulation depths
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correspond to the maximum gain (circle symbols) and the linearized (square sym-
bols) cases, respectively. In. Fig. 5.6, the curves corresponding to power at the
IF are indicated by solid lines and the curves corresponding to power at the IMD3
frequencies are indicated by dashed lines.

All the measurements in Fig. 5.6 were taken with an ESA resolution band-
width (RBW) of 100 kHz. The IMD3 products were measured using a low-noise IF
preamplifier and a tunable RF bandpass filter at the output of the photodetector.
The preamplifier was used to overcome the noise figure of the ESA and the filter
was used to suppress the stronger fundamental tones from the weaker IMD tones
for more accurate results. Despite the penalty in gain, the linearized SFDR was
measured to be 114.0 dB-Hz*®, whereas the maximum gain SFDR was measured
to be 103.5 dB-Hz*/3. Thus, the SFDR has been increased by approximately 11 dB
when extrapolated to a 1 Hz RBW and that the IMD products have been linearized
to fifth-order, as indicated by the slope of the IMD products. This result confirms
that the sub-octave IMD3 contributions have in fact been suppressed.

When calculating the RF-to-IF gain of the downconverting C®M-OF link, an
ideal notch filter that completely extinguished all of the terms in the vicinity of
the carrier while fully transmitting all of the spectral sidebands was assumed. In
practice, the bandwidth of the FBG used as the optical notch filter limits the lower
frequency that can be relayed through the system. To experimentally investigate
this effect, the downconversion gain was measured as a function of the input signal
frequency.

The input RF tone was swept from 4 GHz to 34 GHz and the LO frequency was
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simultaneously swept to maintain an output frequency of frr = 400 MHz. The LO
modulation depth was set to achieve maximum RF-to-IF gain (i.e. m’ = 1.08). Prior
to performing the experiment, the half-wave voltages of the two phase-modulators
were measured as functions of frequency so that the electrooptic conversion efficiency
of the modulators could be factored out. Since the IF frequency was held constant,
the frequency dependence of the photodetector was also eliminated. Thus, the
bandwidth effects of the finite FBG width were isolated as shown in Fig. 5.7.

The gain was normalized relative to the reference value given by Eq. (4.27) for
the lossless case where apyzy = aon = apper = 1. As before, the normalization
was reduced by 6 dB (R — R/2) to properly account for the presence of an internal

Zint = Zowr = D0 € terminating resistor in the photodetector.

10|||||||||||||||||||||||||||||||||

m' =1.08 (maximum gain)
f'=f—400 MHz

GC(DM—OF N GIM—DD (dB)

______ theory (2.64 dB)
—e— experiment

715|||||||||||||||||||||||||||||||||

5 10 15 20 25 30 35

f(GHz)

Figure 5.7: Measured and theoretical normalized downconversion gain curves as

functions of RF frequency. After [8].
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The dashed line in Fig. 5.7 shows the 2.64 dB downconversion gain of the C®M-
OF case as a function of the non-downconverting gain of an IM-DD link based on a
quadrature-biased MZM. When the input signal frequency exceeded half the filter
bandwidth, the experimentally measured gain closely approaches this theoretical
value. As shown in Fig. 5.3(d), the FBG had a FWHM bandwidth of approximately
14 GHz. Therefore, when the input signal frequency fell below f = 7 GHz, the
first-order optical sidebands were partially blocked by the filter, causing a reduction
in RF-to-IF gain.

In the next set of experiments, harmonic downconversion at RF frequencies
up to f = 70 GHz was demonstrated. The link was modified to include an Erbium-
doped fiber amplifier (EDFA) as shown in Fig. 5.8.

A tunable CW laser with nominal output power of P, = 16 dBm was used
as the optical source. The output of the laser was connected to the first phase-
modulator through PMF. The first phase-modulator was a 65 GHz, z-cut LiNbOj

modulator with measured V. s of 5.8 V at 20 GHz, 6.3 V at 40 GHz, and 7.6 V at 60

7, Q) (V. Q) (€2,
(Zin) (Zout)
A B C D

(PL’ ('0L) (Vﬂ:’ G'CDM) (VTE’ ad?‘M) (aFBG,T’ O)FBG) (aATTN) (GEDFA) (G'BPF" BWBPF) (R)

Figure 5.8: Mathematical model of the CO®M-OF link with optical amplification.

After [9].
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Figure 5.9: Measured relative RF power needed to achieve an RF modulation depth

of m = 0.2 rad for the 65 GHz phase-modulator.

GHz and an optical insertion loss of agy; = 3.4 dB. The relative RF power needed
to achieve a modulation depth of m = 0.2 rad for this modulator is plotted as a
function of frequency in Fig. 5.9. A modulation depth of m = 0.2 rad is equivalent
to a carrier-to-sideband ratio (CSR) of 20 dB. In this figure, APgpr was referenced

to the power required to achieve a modulation depth of m = 0.2 rad at f = 7 GHz.

The second phase-modulator was connected to the first phase-modulator through
PMF via a 3 dB coupler (not shown). The second phase-modulator was a 40 GHz,
z-cut LiNbO3 modulator with measured V,s of 5.1 V at 10 GHz, 5.9 V at 20 GHz,
and 6.7 V at 40 GHz and an optical insertion loss of agy; = 2.5 dB. The output

of the second phase-modulator was sent through single-mode fiber (SMF) into an
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athermally packaged fiber FBG operating in transmission mode.

The FBG was designed to operate at Apgg = 1552.520 nm; however, due to
fabrication tolerances, it had a center wavelength of A\ppg = 1552.552 nm. The FBG
transmission FWHM bandwidth was measured to be approximately 9.5 GHz and
its out-of-band insertion loss was measured to be approximately arpgr = 1.6 dB.
The FBG provided a maximum relative optical suppression of 13 dB at its center
wavelength. After a variable optical delay line (not shown), the optical signal was
sent into an EDFA operating in constant current mode.

The EDFA had a nominal gain of Ggpra = 35 dB and a 1 dB compression
output power of Pigg = 15 dBm. The amplified optical signal was filtered using a
tunable optical bandpass filter (BPF) to constrain the amplified spontaneous emis-
sion (ASE) noise bandwidth. Finally, the optical signal was sent into a photodetector
having a bandwidth of BWpp = 23.5 GHz, a responsivity of R = 0.8 A/W, and
a nominal 1 dB compression photocurrent I1gg = 16 mA. An optical attenuator is
shown to account for the power splitting ratio and excess insertion loss of a 3-dB
optical coupler and the insertion loss of an optical delay line, which were omitted
in Fig. 5.8. Although these components only serve as a source of optical loss in this
set of experiments, their purpose will be clear in the next set of experiments.

Electrooptic downconversion of input signals having frequencies between 7 and
70 GHz was demonstrated using harmonics of a f* = 20 GHz LO. The powers at
intermediate frequencies of fip = |f — N f’| were measured using an ESA. Three
IF power curves as functions of the RF frequency, which correspond to (N, k) =

{(1,0),(2,1),(3,0)} were measured. The LO power was set to maximize the RF-to-
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Figure 5.10: Measured normalized harmonic downconversion gain as a function of

the RF frequency.

[F' gain based on the values provided in Table 4.1. The laser was tuned such that
either the k = 0 (carrier) or the k = 1 sideband was suppressed. This corresponded
to tuning the laser to wavelengths of A;, = 1552.487 nm (k = 0) and A\, = 1552.647
nm (k = 1) as displayed by the laser control software. In this experiment the input
modulation was maintained at m = 0.1 rad (CSR = 26 dB). The results of this
measurement are shown in Fig. 5.10.

In Fig. 5.10, the frequency dependence of the photodetector and the coax cable
between the photodetector and the ESA resulted in a measured frequency response
resembling that of a bandpass filter. The measured difference in maximum gain
between the (N, k) = (1,0) and (N, k) = (2, 1) cases was —6.2 dB and the measured

difference in maximum gain between the (N, k) = (2,1) and (N, k) = (3,0) cases
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was —3.7 dB. From Table 4.1, these values were theoretically calculated to be —4.4
dB and —1.5 dB. Thus, there is a roughly a 2 dB difference in relative gain in the
experimental measurements when compared to the theoretical predictions. This
discrepancy could be due to EDFA saturation or optical filtering.

In the next set of experiments, harmonic vector demodulation was demon-
strated. The system was configured as shown in Fig. 5.11. In this setup, the optical
signal out of the first phase-modulator was split with a 3 dB beam splitter. The
beam splitter was non-polarizing and the fiber pigtails were polarization maintain-
ing. The two branches after the beam splitter were configured to be nominally
identical. The top branch after the splitter in Fig. 5.15 is denoted as the in-phase
(I) branch and the bottom as the quadrature (@) branch. To demodulate a phase-
encoded signal, the relative phase difference between the I and ) LOs was set to
achieve § = 90°/N, where N is the harmonic downconversion number.

Although every reasonable attempt was made to keep the fiber lengths in each
branch identical, variable optical delay lines (ODLs) were incorporated in the setup
to correct the skew between the I and () channels due to minor mismatches in fiber
path lengths. The ODLs allowed for a temporal adjustment of 0 to 600 ps in each
branch.

A data-encoded, millimeter-wave (mmW) signal at f = 40 GHz was synthe-
sized using an arbitrary waveform generator (AWG), an RF hybrid, and an electrical
upconverter. The upconverter was based on an electrical mixer. The amplified sig-
nal applied to the LO port of the electrical mixer had a center frequency of 35 GHz.

A phase-shifter was incorporated between the LO synthesizer and the LO amplifier

94



(7, )
(Z,)

(P L COL) (Vn’ Qs

B C
FBG
A @ &

()
7 @) @,)
; C D
E S F2E)
(Vn, ) ((X’FBG’ O)FBG) (¢, OLODL) (Grpry) (s BW 1) R)
(€, 00c) (IQ)
(VQ”5 ) (Zoul)

N\

N

|
|
(Vn’ OL<1>M) (aFBG’ (DFBG) (¢, aODL) (GEDFA) (aBPF’ B WBPF) ®)

Figure 5.11: Diagram of the C®M-OF link used to demonstrate harmonic downcon-

version and vector demodulation. After [10].
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so that the overall phase of the baseband constellation measured on an oscilloscope
could easily be adjusted.

The AWG had two 12-bit channels each having a maximum sample-rate of
12 GSa/s. The AWG was configured to generate either a 2.5 Gbps 4-quadrature
amplitude modulated (4-QAM) or 5 Gbps 16-QAM signal with rectangular filtering
at a center frequency of 5 GHz. The two channels from the AWG were combined in
quadrature using a 90° RF hybrid and sent into the IF port of the electrical mixer.
The output from the electrical mixer was high-pass filtered to suppress the IF and
LO signals at 5 GHz and 35 GHz, respectively, while still passing the RF signal
at 40 GHz. RF attenuators at the output of the amplifier were used to adjust the
signal modulation depth. The electrical spectrum measured at the output of the RF
hybrid is shown in Fig. 5.12(a) and the electrical spectrum measured at the output
of the electrical upconverter is shown in Fig. 5.12(b).

The optical spectra measured at various points in the system for (N, k) = (1,0)
are shown in Fig. 5.13. In Fig. 5.13(a), the optical spectrum out of the tunable laser
is shown. In Fig. 5.13(b), the optical spectra in the I and @) branches are shown
after the LO phase-modulators (points By and Bg) in Fig. 5.11. In this case, the
LO signals applied to the I and @ branch modulators produced a modulation depth
of mjy ~ mg ~ 1.08 rad at a frequency of f’ = 40 GHz. The RF signal shown in
Fig. 5.12(b) was applied to the first phase-modulator.

The optical signals were then through two nominally identical FBGs that were
designed to have a center wavelength of A\ppg = 1552.52 nm, a reflectivity of R = 99

%, and a bandwidth of 80 pm. The transmittance of the FBGs were measured as a
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Figure 5.12: Measured electrical spectra of a 2.488 Gbps 4-QAM encoded signal at

the outputs of (a) the AWG and (b) the electrical upconverter.

function of frequency with a lightwave measurement system. The transmittance as
a function of frequency relative to the design frequency are shown in Fig. 5.14. The
laser wavelength was set to simultaneously optimize the downconversion efficiency
by suppressing the carrier in both channels as indicated by the shaded region in
Fig. 5.14. The filtered optical signals were sent through 600 ps optical delay lines.
The optical spectra after filtering (points C; and Cg) are shown in Fig. 5.12(c).
Prior to photodetection, the optical signals were amplified with EDFAs oper-
ating in constant current mode (Igpra = 300 mA) and filtered with 1.6 nm tunable
optical BPFs. The filters were used to suppress the ASE noise by restricting the

noise bandwidth. The amplified optical signals (points D; and Dg) are shown in
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Figure 5.13: Measured optical spectra of a 2.488 Gbps 4-QAM encoded optical

signal for (a)-(d) N =1 and (e)-(h) N =4.

Fig. 5.13(d).

The same series of experiments was performed for (N, k) = (4,1) as shown in
Fig. 5.13(e)-(h). In this case, the LO signals applied to the I and @ modulators
produced a modulation depth of m} ~ mg ~ 5.15 rad at a frequency of f' = 10
GHz. Furthermore, the relative phase difference between I and () LOs was set to
0 = 90°/4 = 22.5°.

Next, the 4-QAM and 16-QAM signals were demodulated and downconverted
to produce baseband I and () data-encoded waveforms. The baseband signals were
amplified with electrical amplifiers having 3 dB bandwidths of 20 GHz and sent into

a real-time oscilloscope (RTO) having a 1 GHz analog bandwidth and a sampling-
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Figure 5.14: Measured optical transmittance curves of the FBGs relative to their

design frequency.

rate of 10 GSa/s per channel. The sample mark out from the the AWG was used
as the trigger signal for synchronization. The oscilloscope was set to ‘peak detect’
acquisition mode, which takes four samples within the time period of the sample
rate and stores the minimum and maximum values. The sample rate was chosen to
match the symbol rate Ry = 1.25 GBaud and the oscilloscope was synchronized via
a 10 MHz reference. Using this mode allowed transition-free constellation diagrams
to be displayed in real-time.

The channels were electronically de-skewed by 800 ps in the oscilloscope and
fine adjustments were made using the variable optical delay lines. The two channels
were captured and the histograms were plotted in MATLAB®. However, no digital

signal processing (DSP) was implemented in MATLAB®. The results for (N, k) =
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(1,0) and (N, k) = (4,1) are shown in Fig. 5.15. The system operation was verified
for (N, k) = (2,1) with 2.5 Gbps 4-QAM and 5 Gbps 16-QAM data-encoded signals
with a sub-optimal LO modulation of m’ = 1.85 rad. A sub-optimal LO modulation
was used as electrical amplifiers to produce the optimal modulation depth were not
available at the time of the experiment. From Table 4.1, the optimal modulation
depth for (N, k) = (2,1) is m’ = 2.02 rad. The system operation was also verified in
part for (N, k) = (3,0) with a 2.5 Gbps data-encoded signal with a sub-optimal LO
modulation depth of m’ = 2.9. From Table 4.1, the optical modulation depth for
(N, k) = (3,0) is m’ = 3.94 rad. Demodulation of 5 Gbps 16-QAM signals could not
be verified due to the availability of suitable electrical amplifiers in the laboratory

at the time these experiments were performed.
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Figure 5.15: Measured demodulated 4-QAM and 16-QAM baseband constellations

for (a)-(b) fundamental downconversion and (c)-(d) fourth-order harmonic down-

conversion.
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Chapter 6

RF Photonic Transmitter Theory

In this chapter, the theory behind two upconverting RF photonic transmitter
(TX) architectures is presented and analyzed. One of the transmitters uses a pair of
electrooptic (EO) phase-modulators and an optical filter to impose a data-encoded
signal onto an RF carrier. The other transmitter utilizes a dual-drive Mach-Zehnder
modulator (DD-MZM). The DD-MZM transmitter architecture is extended to im-
plement vector modulation. Upconversion using a harmonic of the electrical local

oscillator (LO) is demonstrated with both transmitters.

6.1 RF Modulation Using Phase-Modulation

The phase of an RF signal can be encoded by using electrooptic phase-modulation
and optical filtering arranged in an interferometric configuration [11,13]. A similar
technique was proposed and demonstrated for frequency conversion by Mast et al.
in 2012 using intensity-modulation [43]. The concept of operation is to split an op-
tical signal into two nominally identical branches using a directional optical coupler
(DOC). In the upper branch, an RF or a data signal is encoded onto the phase of
the optical signal. In the lower arm, a strong LO is modulated onto the optical
phase. Phase-modulation generates a set of sidebands as shown in Fig. 3.8, so opti-

cal bandpass filtering is used to isolate the desired sideband. A narrow-bandwidth
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optical bandpass filter (BPF) based on an optical circulator (OC) and a fiber Bragg
grating (FBG) is shown in Fig. 3.14. In the configuration described by Mast et al.,
optical bandpass filtering was performed in both arms.

The two optical signals are recombined using a second optical coupler. An
Erbium-doped fiber amplifier (EDFA) can be used to amplify the optical signal
prior to square-law photodetection. A span of optical fiber can also be inserted
between the EDFA and the photodetector if optical relay is required. The simplified
schematic of the parallel phase-modulation with optical filtering (P®M-OF) link is
shown in Fig. 6.1.

An optical carrier with power P, and angular frequency wy is split into two
branches using a symmetric 2 x 2 polarization maintaining (PM) directional optical
coupler (DOC). The field in the upper branch is phase-modulated by the input

signal. Assuming that an RF signal having amplitude V' and angular frequency €2

&
D

( Ve @
€,
Co Vnz’ acDMz) (aoc) ((XPC)

(I)Ml)

(82’ aDOCZ)

P L (’OL) D E @ - F (GEDFA) (R, B WPD)
FBG
Z,,) Ii-IIIIIIIII-
(V” Q!) (aFBG’ (DFBG

Figure 6.1: Mathematical model of the POM-OF link. After [11].
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is applied, the optical field at point C' can be written as

uc(t) = v/Pry | g e (6.1)

where apoc is the excess loss and €; = 1/2 is the power splitting ratio of the first
directional optical coupler, agps is the insertion loss of the upper phase-modulator,
and m is the modulation depth, in radians, defined as in Eq. (4.5). In the lower
branch, the optical signal is phase-modulated by a strong electrical LO tone having
amplitude V' and angular frequency €. Thus, the optical field at point E can be

expressed as

apoci IS eijtejm’ sin Q't (6.2)

up(t) =jv P 5

where agare is the insertion loss of the lower phase-modulator and m' is the mod-
ulation depth, in radians, again defined as in Eq. (4.5). Using the Jacobi-Anger
expansion given by Eq. (4.7), the exponentiated sinusoid in Eq. (6.2) can be rewrit-

ten as

up(t) = jv/Poy [ 25 s i To(m! e, (6.3)
p=—o0

An optical BPF implemented with an OC and an FBG can be used to select

one of the LO sidebands generated by optical phase-modulation. The FBG center

angular frequency was thermally tuned to wrpg = wr, + N ' where N is a positive

integer defined as the harmonic upconversion number. Assuming that the optical

BPF provides complete suppression of out-of-band signals and uniform transmission

of in-band signals with insertion loss of appr = 2a0carpae,r, Where apc is the

insertion loss of the optical coupler and appg g is the loss of the FBG in reflection,
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the optical field at point F' can be written as

) o i . ,
uF(t) =7 PL Doc1 \/Oéq>M2\/OéBpF\/O./PC 6] LtJN(m')eJNQt (64)

where ape is the insertion loss of the polarization controller (PC). The fields in the
upper and lower branches are then combined using a 2x1 directional optical coupler
having excess optical loss of apoce and power splitting ratio of e; = 1/2 to produce
a total optical field at point G given by

Apoc1¥poc?

ug(t) = jVFL 1

(6.5)

% |: /—OééMl eijith‘i_\/Oé(I)MQ\/OCBPF\/aPC JN(m/)ejNQ/t €ijt.

The signal incident on the photodetector is

up(t) = jvV P/ Gepra —OZDOCTDOCQ (6.6)

% [ /—th]w1 eijith—{'\/a(PMZ\/aBPF\/OfPC JN(m/)ejNQ’t] eijt

where the EDFA is treated as an ideal linear amplifier with gain Ggpra. Note
that the effects of amplifier compression and noise are not considered here. The

photocurrent generated by square-law detection is

in(t) = Rlug(t)” (6.7)

Xpoc1XDpOoC?2
RP,—————=

G
1 EDFA

X [O@Ml + asapapprapeJy(m’)

+ 2\/Oéq>M1\/O./<1>M2\/O[BPF\/(IPC(]N(TTL/) COS (m sin 2t — NQ/t)] .

The DC component of the photocurrent is

1
Ipc = ZRPLGEDFAaDomOéDOCQ [ann + aonzapprapcdi(m')] (6.8)
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and the AC components are given by

1
Iac(l) = §RPLGEDFA05DOCIQDOCQ\/Q<I>M1\/04<I>M2\/04BPF\/05PC (6.9)

X Jy(m') [cos (msin Qt) cos (NQ't) + sin (m sin Qt) sin (NQ't)] .

The sinusoids of sinusoids in Eq. (6.9) can be expanded as

cos(zsinf) = Z Jp(2) cos (ph) (6.10)
p=—00

sin (zsinf) = Z Jp(2) sin (pf) . (6.11)
p=—o00

Applying Eq. (6.9) in terms of Egs. (6.10)-(6.11) yields

1
Lac(t) = —RPLGEDFACIDomOéDOOz\/Olcle\/CM@MQ\/OZBPF\/CXPCJN(m,) (6.12)

LZ Jp(m) cos (pQt) cos (NQ't) + Z Jp(m) sin (pQt) sin (NQ't) | .

p=—0C

For small input modulation depths (m < 1), Egs. (4.18)-(4.19) can be applied.
Thus, Eq. (6.12) can be approximated as

1
Ine =~ §RPLGEDFAOCD00104D002\/04<I>M1\/Oéchz\/OéBPF\/OéPc (6.13)

X Jy(m') cos(NQ’t)jL%cos(NQ’—Q)t—%cos(NQ’—i—Q)t].

Note that this technique generates a double-sideband RF signal. The signal oscil-
lating at the upconverted frequency Qrr = N Q' 4+ Q is

. 1
Z(t)|QRF ~ —ZRPLGEDFA&DOQOZDOCQ\/O@Ml\/Oé<1>M2\/CYBPF\/OZPC (6.14)

X  Jy(m')ymcos (N Q' + Q)t.

The expression given by Eq. (6.14) can be maximized for any arbitrary upconversion
harmonic number, N, by maximizing the corresponding Bessel function of order
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Figure 6.2: Calculated Bessel function amplitudes as functions of the LO modulation

depth, m’.

p = N. The amplitudes of the Bessel functions of order p € {0, 1,2, 3} as functions
of the LO modulation depth, m/, are plotted in Fig. 6.2.

Now if a baseband binary signal, b(t), with bit-rate Ry, is applied to the input
of the upper phase-modulator, the photocurrent given in Eq. (6.7) can be modified
as

Xpoc1®DpoC2

in(t) = RPp 1

GEDFA (615)

X [CM@Ml + a@MQOéBPFaPCJJQ\/(m,)

+ 2 2\/Oé¢,M1\/Oé@MQ\/OéBpF\/()échN<TTL,) COS (mb(t) - NQ/t)]

where my(t) = 7V, /Vb(t) and b(t) € {0,1}. For efficient RF phase-modulation, the

differential phase between b(t) = 1 and b(t) = 0 should be equal to w. That is,

V, = V.. (6.16)
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In this case,

1
Iie(t) = §RPLGEDFAQDOCIQDOCQ\/Q<I>M1\/a¢M2\/aBPF\/aPC (6.17)

X  Jy(m')cos (wb(t)) cos (NQ't) .

An illustrative example of binary phase-shift keyed (BPSK) modulation is shown in

Fig. 6.3 for the case where R, / 1 bit = 7 N{'/2 and V}, = V.

6.2 RF Modulation Using Dual-Drive MZMs

The second approach presented in this dissertation utilizes a DD-MZM to
electrooptically generate and modulate a mmW signal [12]. The technique can be
extended to perform vector modulation by combining the optical signals out of two
DD-MZMs, where appropriately phased LOs are used. To preclude the generation of

heterodyne beat products, the frequency separation between the two unsynchronized

. cos(NQ'?)
0 I
—_
:E -1
= b(#) for (R, / 1 bit = TNQ'/2)
Q) 1
o
£ o fod |
of
= cos[mh(?)]cos(NQ'?)
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Figure 6.3: Ilustrative example of encoding BPSK modulation onto an RF' carrier.
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Figure 6.4: Mathematical model of the single DD-MZM link.

lasers can be chosen to be greater than the bandwidth of the photodetector.

First, the case with a single DD-MZM will be considered. The simplified
schematic is given by Fig. 6.4. Note that DD-MZMs typically have three inputs,
namely, two RF inputs and one DC input. For convenience, in this section it is
assumed that the input signal and the DC signal were combined externally and
applied to port 1 of the DD-MZM.

Based on the MZI analysis in Section 3.5 and the Intensity-Modulator analysis
in Section 3.6.2, it can easily be shown that the complementary optical outputs

emerging from a 1x2 DD-MZM can be expressed by

in Ap(t)/2
| Jammenean | OO L (6.18)
up2 cos Ap(t)/2
where
o(t) = ¢1(t) + ¢a(t) (6.19)

Ap(t) = ¢i(t) — ¢a(t)

and apzy is the insertion loss of the DD-MZM modulator. Choosing ug(t) =
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up2(t) results in

up(t) = j\/Poy/aniza 41 e™0 cos [(t) /2] (6.20)

where the expression for u(t) was given by Eq. (4.1). The photocurrent produced

by square-law detection of Eq. (6.20) is

ig(t) = Rlup(t)? (6.21)

_ %RPL@MZM {1+ cos [p1(t) — Pa(t)]} -

Using a difference-angle trigonometric identity, Eq. (6.21) can be rewritten as

, 1
ZB<t) == §RPLOCMZM (622)

X {1+ cos [¢1(t)] cos [da(1)] + sin [or (¢)] sin [p2(t)]} -

Now, assuming that the electrical LO is applied to port 2 of the DD-MZM,

the time-varying phase, ¢s(t), can be defined as
Pa(t) = m'sin 't (6.23)

where the modulation depth, m' is defined analogously to that given in Eq. (4.5).

Substituting Eq. (6.23) into Eq. (6.21) results in
ip(t) = Ipc {1+ cos[p1(t)] cos (m'sin Q't) + sin [¢1(¢)] sin (m/sin Q't)}  (6.24)

where

1
Ipc = §RPL04MZM. (6.25)

Applying the identities for the sinusoids of sinusoids given by Egs. (6.10)-(6.11) to

110



Eq. (6.24) and rearranging yields

ig(t) = Ipc{l+ Jo(m')cos[p1(t)]} (6.26)
+ 2Ipe Y {Jp-ny(m')sin 6y (t)] sin [(2p — 1)€'t]

+ Jiapy () cos g0 ()] cos [(2p) 1]}

From Eq. (6.26) it is clear that the coefficient corresponding to an AC photocurrent
term oscillating at p€) is proportional to the Bessel function of order p evaluated
at the LO modulation depth m’. Thus, the power of the desired LO harmonic
can be maximized by adjusting the LO strength. The Bessel functions of orders
p € {0,1,2,3} were previously plotted in Fig. 6.2. Furthermore, all components
are simultaneously modulated by the signals applied to port 1 of the DD-MZM.
Thus, frequency upconversion and modulation can be simultaneously performed
electrooptically using a single DD-MZM.

Now, if an DC biased RF signal is applied to port 1 of the DD-MZM, then the

time-dependent phase, ¢;(t), can be expressed as
¢1(t) = msin Qt + Mpc (6.27)

where the modulation depths, m and Mp¢, are defined analogously to that given in

Eq. (4.5). Inserting Eq. (6.27) into Eq. (6.26), and applying the sum-angle trigono-
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metric identities results in

ig(t) = Ipc (6.28)
+ IpcJo(m') [cos (msin Qt) cos (Mpe) — sin (msin Qt) sin (Mpe)]
+ 2Ipe [sin (msin Qt) cos (Mpe) + cos (msin Qt) sin (Mpe)]
X Z J2p—1y(m') sin [(2p — 1)Q't]

+ ZIDC [cos (m sin Q) cos (Mpe) — sin (m sin Q) sin (Mpe))

X ZJ ) cos [(2p)'t] .

p=1

Applying Egs. (6.10)-(6.11) and Taylor expanding the resulting expression to first-

order in m using Eqgs. (4.18)-(4.19) yields

is(t) = Inc (6.29)
+ Ipcdo(m') [cos (Mpe) — msin () sin (Mpc)]
+ 2Ipc [msin (Qt) cos (Mpc) + sin (Mpc)]
X ZJQM Vsin[(2p — 1) Q1]

+ 2IDC [cos (Mpe) — msin (Qt) sin (Mpce)]

X ZJ )cos [(2p)'t] .

p=1

For the cases where the DD-MZM is biased at a peak (Mpc = 2qm, where ¢

is an integer) or at a null (Mpc = (29 + 1)7), Eq. (6.29) simplifies to

i)kt = Ipc £ Ipcdo(m') (6.30)

+ 2Ipemsin (2t) Z Jop—1y(m') sin [(2p — 1) Q']

+ 2Ipc X Z Jiapy (M) cos [(2p) 1] .

p=1
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For the cases where the DD-MZM is biased at a negative quadrature point (Mpc =
m(4q + 1)/2) or at a positive quadrature point (Mpc = 7(4q + 3)/2), Eq. (6.29)

simplifies to

iB<t)q:qd = [DC’ + Ipcjo(m/)m sin (Qt) (631)

+ 2Ipe x Y Jap-ry(m')sin[(2p — 1) Q]
p=1

F 2Ipcmsin () x ZJQP )cos [(2p)'t] .

The RF photonic transmitter can generate modulated RF components at even
or odd multiples of the LO. This is a feature for multi-band distribution of signals
[51]. For wireless backhaul, however, the antenna and the power amplifier will
constrain the bandwidth of the transmitted signal in practice. A wide-bandwidth
RF splitter (or diplexer) could be used to split the signal prior to distributing the RF
signal into a bank of amplifiers and antennas. To comply with frequency allocation
band plans, electrical filtering is still generally needed to reduce spurious emissions
to acceptable levels.

A vector network analyzer (VNA) can be used to measure the Sy parameter,
which is defined as the forward voltage gain. If the VNA is configured to operate
in the zero-span mode, then the S;; parameter trace corresponds to a temporal
measurement of the amplitude and phase of the signal into port 2 of the VNA as
a function of the signal out of port 1 of the VNA. Assuming that the VNA port
1 drives port 2 of the DD-MZM and that the output from the photodetector is
connected to port 2 of the VNA, then the complex forward voltage gain of the DD-
MZM transmitter configuration can be measured as a function of the signal applied
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Figure 6.5: VNA configuration to demonstrate vector modulation.

to port 1 of the DD-MZM. This configuration is shown in Fig. 6.5.

As an illustrative example, consider Fig. 6.6. Here, the DD-MZM has a cosine-
squared transfer function with no DC phase-offset. If the DD-MZM is biased at the
peak, then only even order components will be generated. If the VNA zero span
frequency is set at f' = Q'/(27), then the amplitude of the photocurrent oscillating
at a frequency [’ will be approximately zero. Thus, a point at the origin will be
traced on the VNA display if the Sy; parameter is plotted in the complex plane.
This case is denoted by the Roman numeral I in Fig. 6.6.

If the DD-MZM is biased at the negative quadrature point, then only odd
order components will be generated. So, if port 1 of the VNA again drives port 2 of
the DD-MZM, then the output signal from the photodetector will be 7 rad out-of-
phase from the input signal. Thus, a point at an angle of m rad will be displayed on
the VNA if the S5; parameter is plotted in the complex plane. This case is denoted

by the II in Fig. 6.6.
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Figure 6.6: Illustrative example showing amplitude modulation of an RF carrier

using a single DD-MZM.

Similar arguments can be made for cases where the DD-MZM is biased at the
nulls or at the positive quadrature points. These cases are denoted by III and IV in
Fig. 6.6. From this example it should be clear that the sign and amplitude of the
generated signal can be controlled via the signal applied to port 1 of the DD-MZM.

Vector modulation can be achieved if the photocurrents from a pair of DD-
MZMs are made to add in quadrature. One method for accomplishing this is to
electrically combine the photocurrents in a 90° electrical hybrid. However, this
approach would require that two high-speed photodetectors be utilized if mmW
operation is desired. Alternatively, if the relative phase between the LO signals
applied to the DD-MZMs is set properly, then the optical signals emerging from

the two DD-MZMs can be optically combined and sent into a single photodetector

115



, Q)
,) Ve
1

y B
@< )
(PL,I 2 cOL,[ (Zuut)
(ie,a,) V', Q) (R, BW,,)

Figure 6.7: Mathematical model of vector modulation and upconversion based on a

pair of DD-MZMs. After [12].

as shown in Fig. 6.7. Heterodyne mixing products can be ignored if the frequency
separation between the two optical sources, Av = |wy, ;1 — wy o|/(27) is made much
larger than the bandwidth of the photodetector, BWpp.

For simplicity, in the following analysis, the EDFA is treated as an ideal linear

gain element with gain of Ggpra. Following from Eq. (6.28), the in-phase photocur-
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rent can be expressed as

ir(t) = Ipcr (6.32)
+ Ipcrdo(m’) [cos (mysinQyt) cos (Mpe ) — sin (my sin Qt) sin (Mpe )]

+ 2Ipe [sin (mysinQyt) cos (Mpe,r) + cos (mysin Qyt) sin (Mpe 1))

o0

X Z Jiap—1y(m) sin [(2p — 1) ('t + 6)]

+ 2IDCJ [cos (my sin Qt) cos (Mpe,r) — sin (my sin Qgt) sin (Mpe 1))

e}

X Z Jiapy(m”) cos [(2p) ('t + 0)]

and the quadrature photocurrent as

io(t) = Ipco (6.33)

+ IpcgJo(m') [cos (mg sin Qqgt) cos (Mpe,g) — sin (mg sin Qgt) sin (Mpce,g)]

+ 2Ipeg [sin (mg sin Qgt) cos (Mpeg) + cos (mg sin Qgt) sin (Mpeg)]

X Z J2p—1y(m') sin [(2p — 1)Q't]

+ 2IDC . [cos (mg sin Qgt) cos (Mpe,g) — sin (mg sin Qgt) sin (Mpeg)]

X Z Jiapy(m”) cos [(2p)V't]
where 6 is the relative phase difference between the I and @ LOs and Ip¢,;,i € {I,Q}
is defined as

Ipci = ZRPL,iGEDFAaMZM,iaDOC- (6.34)

In Eq. (6.34), the directional optical coupler power splitting ratio was assumed to
be ¢ = 1/2 and the directional optical coupler insertion loss is denoted by apoc.

Furthermore, the LO voltage has been scaled by \/2/ay in Fig. 6.7 to account for

the splitting and insertion losses of the electrical hybrid.
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Ideally, the optical powers from the two branches are nominally identical (i.e.
Prravzur = Proovzug = Proawvza). In this case, Ipcr = Ipcg = Ipc.
Furthermore, if upconversion is desired, the DC and baseband contributions can be

ignored. The total AC photocurrent (N > 1) can be expressed as

= 2Ipc Y Jop-n(m)

p=1
X {[sin (mysin t) cos (Mpc.r) + cos (mysin Qgt) sin (Mpe r)]
X sin[(2p — 1)(Qt + 0)]
+  [sin (mg sin Qgt) cos (Mpc,q) + cos (mg sin Qqgt) sin (Mpce,g)]
x sin[(2p — 1)Vt]}
+ 2Ipe Y Jop(m)

p=1
X {[COS (m] sin Q]t) COS (MDC,I) — sin (m[ sin Q]t) sin (MDC,I)]
X cos[(2p)(Qt + 6)]
+ [cos (mgsinQqt) cos (Mpe,g) — sin (mg sin Qot) sin (Mpe.g)]

X cos[(2p)'t]}.

By examining Eq. (6.35), it can be observed that the N harmonic of the AC
photocurrent can be set in quadrature if § = 90°/N. For small input modulation

depths, (m; << 1 and mg << 1) Eq. (6.35) can be Taylor expanded to first-order
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in m; and mg as

Lic(t) =~ 2Ipc Y Jap-1)(m) (6.36)
X {[mysin (Qt) cos (Mpe,r) + sin (Mper)]sin [(2p — 1)(Q't + 6)]
4+ [mgsin (Qqt) cos (Mpe,g) + sin (Mpe,g)] sin [(2p — 1)t}

+ 2Ipc Y Jop(m')
X {[cos (Mpc,1) — mysin (Qrt) sin (Mpe )] cos [(2p) ('t + 0)]

+  [cos (Mpc,g) — mgsin (Qpt) sin (Mpeg)] cos [(2p)2't]}

where Eqs. (4.18)-(4.19) have been applied. For optimal RF upconversion, the DC
biases should be set such that the two DD-MZMs are biased at either a transmission
maximum (peak) or at a transmission minimum (null) for odd harmonics and at a
quadrature point for even harmonics. For N = 1 (fundamental upconversion),

Eq. (6.36) simplifies to
i(t)y=1 = 2IpcJi(m’) [mysin (Qt) cos ('t) + mg sin (Qgt) sin ('t)] (6.37)

which is clearly a vector modulated signal. A simple experiment that can be per-
formed using the VNA is to connect port 1 of the VNA to the LO input prior to
the electrical hybrid and port 2 of the VNA to the photodetector output.

If a sinusoidal signal is applied to port 1 of the I DD-MZM and a synchronized
sinusoid signal at the same frequency but shifted by 7/2 is applied to port 1 of the
() DD-MZM, then an ellipse will be traced in the complex plane if the Sy, parameter
is plotted in polar coordinates. If m; = m and mg = 0, then a line will be traced
along the horizontal axis as shown in Fig. 6.8(a). If m; = 0 and mg = m, then
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Figure 6.8: Example of vector modulation of sinusoidal signals using the VNA setup.

a line will be traced along the vertical axis as shown in Fig. 6.8(b). Finally, if
m; = mg = m, then a circle will be traced in the complex plane with angular
frequency €y = Qg = Q as shown in Fig. 6.8(c).

The previous analysis was performed assuming sinusoidal input signals. How-
ever, the system can also be used to modulate an arbitrary signal on the RF carrier.

Suppose that Eq. (6.27) is generalized to

¢1:(t) = mi(t) + Mpc (6.38)
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where ¢ € {I,Q}, then Eq. (6.35) becomes

Tac(t) = Tacs(t) + Laco(t) (6.39)
= 2Ipc i Jiop—1) (m')
X {{sin 2[77_'%1(15)] cos (Mpc,r) + cos [my(t)] sin (Mpc,r)} sin [(2p — 1)(2't + 0)]
+  {sin[mq(t)] cos (Mpc,q) + cos [mq(t)] sin (Mpc,q)} sin [(2p — 1)Q1]}
b 250 > T
X {{cosﬁﬂ;(t)] cos (Mpc,r) — sin [my(t)] sin (Mpc,r) } cos [(2p) ('t + 0)]

+  {cos[mq(t)] cos (Mpc,g) — sin [mg(t)] sin (Mpe,q)} cos [(2p)S2't]} .

Assuming that b;(t) and bg(t) are binary input signals, then modulation signals can

be defined as

mq(t) = mqbo(t) (6.41)

where b;(t) € {0,1} fori € {I,Q}. Parametric plots of Eq. (6.39) with m; = mg =0
for N € {0,1,2,3} are plotted in Fig. 6.9. The maxima corresponding to the lowest
values of Mpe and m’ are indicated by circles.

From Fig. 6.2, the optimal DC bias points LO modulation depths for N &
{0,1,2,3,4} were tabulated and are provided in Table 6.1 for ¢ an integer.

The optimal peak-to-peak modulation depth for 4-QAM is 7. However, smaller
modulation depths should be used if analog input signals are to be relayed as trans-

mitter has a sinusoidal transfer function.
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Figure 6.9: Calculated parametric

bias and the LO modulation depth.

Table 6.1: DD-MZM optimal parameters.

plots of photocurrents as functions

of the DC

N Mpc (rad) m' (rad) 201ogyq | (m)]
0 /24 qm 0

1 qxT 1.84 -4.7 dB

9 /2 + qn 3.05 6.3 dB

3 qgxT 4.20 -7.2 dB

4 /2 + qm 5.31 -8.0 dB
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Chapter 7

RF Photonic Transmitter Results

In this chapter, the experimental results obtained for the two upconverting
RF photonic transmitter architectures analyzed in Chapter 6 are reported. The first
transmitter, which is based on a fiber interferometer, can generate binary phase-shift
keyed (BPSK) modulated RF signals. The second configuration, which employs a
pair of dual-drive Mach-Zehnder modulators (DD-MZMs), can perform arbitrary
vector modulation. Experimental results showing 4-quadrature amplitude modula-
tion (4-QAM) and 16-QAM will be shown. Both transmitter architectures allow
for harmonic upconversion of the electrical local oscillator (LO), allowing lower fre-

quency devices to be utilized.

7.1 RF Modulation Using Phase-Modulation

In the transmitter, a binary phase-shift keyed (BPSK) signal was generated
by optical heterodyne mixing of two optical tones followed by photodetection and
electrical amplification. The continuous-wave (CW) signal produced by the laser
had wavelength A;, = 1555.000 nm and optical power P, = 21 dBm was divided
using a polarization maintaining (PM) 3 dB directional optical coupler (DOC) into
two arms. The optical signal in the upper arm was phase-modulated by a non-

return-to-zero (NRZ) 27 — 1 pseudorandom binary sequence (PRBS) with a bit-rate
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of R, = 0.5 Gbps. The amplitude of the electrical PRBS signal was adjusted to
achieve a peak-to-peak modulation depth close to .

The optical signal in the lower arm was phase-modulated by a strong electrical
LO having a frequency of f" = 25-35 GHz. The upper first-order sideband generated
by phase-modulation was spectrally isolated using an optical bandpass filter (BPF)
composed of a thermally tuned fiber Bragg grating (FBG) and an optical circulator
(OC). As the optical filter was non-PM, an automatic polarization tracker module
(PC) was used to maintain the state-of-polarization (SOP) along the slow axis of
the fiber prior to mixing with the signal produced in the upper arm.

Although not shown in Fig. 6.1, variable optical attenuators were incorporated
in the experimental setup to adjust the optical power in the two arms prior to
combining the signals with a second PM 3 dB directional optical coupler. The
optical signal was converted to a phase-encoded RF signal using a high-frequency
photodetector (PD).

To downconvert the photonically generated data-encoded RF signal, a cas-
caded phase-modulation link with optical filtering (k = 0) was employed as the
photonic receiver. The CPM-OF link schematic was previously shown in Fig. 5.8.
However, for this measurement, no optical amplification was used.

The C®M-OF photonic receiver consisted of two cascaded EO phase-modulators
followed by a FBG operating in transmission mode. The fiber Bragg grating (FBG)
suppressed the optical carrier prior to photodetection. In the first modulator, a
CW optical carrier having wavelength \;, = 1552.495 nm and optical power P, =
21 dBm was phase-modulated by a strong electrical LO with frequency f’ equal to
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Figure 7.1: Experimental configuration of the P®M-OF transmitter and COM-OF

recelver.

the RF carrier frequency. The LO modulated optical signal was sent into a serially
connected phase-modulator driven with the received RF signal. The FBG was ther-
mally tuned to suppress the optical carrier, while transmitting the upper and lower
sidebands.

The resulting carrier-suppressed, phase-modulated, optical signal was con-
verted to a photocurrent using a square-law detector. The resulting RF signal
was sent through a wireless link and the received RF signal was amplified and sent
into the photonic receiver for demodulation and downconversion to baseband. The
experimental configuration is shown in Fig. 7.1. Note that the wireless link sec-
tion has patterned with diagonal lines. Although a wireless link was used to obtain
the experimental results presented here, the details of wireless transmission will be
deferred to Section 9.1. The output data signal from the photonic receiver was
viewed using a real-time oscilloscope (RTO) having a 4 GHz analog bandwidth and

a sampling frequency of 10 GSa/s. Fig. 7.2 shows the input NRZ electrical signal
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measured at the transmitter input (back-to-back), together with three representa-
tive time-domain waveforms of the received signal at the output, each measured
with a different phase offset (Af). When the receiver LO was in-phase with the
RF carrier (b), the data pattern was non-inverted. If the receiver LO phase was
orthogonal to the RF carrier (c) the received signal was undetectable. Finally, if the
receiver LO and RF carrier were out-of-phase (d), the polarity of the received signal
was inverted as referenced to the transmitted signal. This phase-sensitive behavior
is a characteristic of a coherent detection system.

A similar experimental setup was constructed to demonstrate frequency dou-
bling of the LO (N = 2). In these experiments, the BPSK data-rate was also
increased from R, = 0.5 Gbps to R, = 6 Gbps and the PRBS length was also in-
creased from 27 — 1 to 23! — 1. The P®M-OF photonic transmitters used for the
experiments were nominally identical with the exceptions that 1) the N = 2 side-
band was selected to implement harmonic upconversion, 2) the polarization tracker
module was removed, 3) the second PM DOC was replaced with a non-PM coupler,
and 4) optical amplification was used prior to photodetection in the R, = 6 Gbps
cases. It should be noted that the use of a non-PM optical coupler reduced the
stability of the setup as the beat product strength is a function of the SOP. Ideally,
polarization-maintaining components would exclusively be used.

A functionally equivalent set of components was used to implement the CPM-
OF receiver. The main differences were 1) the receiver laser was a P, = 19 dBm
distributed feedback laser (DFB) having a center wavelength of A\, = 1548.45 nm

2) optical amplification was used prior to the photodetector, and 3) the limiting
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Figure 7.2: Measured data sequences for R, = 0.5 Gbps with f = 35 GHz (a)
input (back-to-back), output with (b) A8 = 0°, (¢) Af = 90°, and (d) Af = 180°.

After [13].

amplifier after the photodetector was replaced by a linear amplifier.

An additional difference in the setups was that spans of standard single-mode
fiber (SMF), each of length L = 200 m, were placed in the transmitter and the re-
ceiver. The fiber was inserted between the Erbium-doped fiber amplifier (EDFA) and
photodetector in the P®M-OF transmitter and between the two phase-modulators

in the COM-OF receiver. Since the SOP into the LO phase-modulator in the re-
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Figure 7.3: Measured optical spectra at point G in the P®M-OF transmitter for

N =2 with (a) data ‘off” and (b) 6 Gbps data ‘on’. After [11].

ceiver varied randomly in time, a polarization tracker module was used. Finally,
rather than using a real-time oscilloscope at the receiver to characterize the system
performance, a digital sampling oscilloscope (DSO) and bit error tester (BERT)
were used.

The optical spectra at point G in the POM-OF transmitter was measured with
a Brillouin OSA (BOSA) The optical spectra with f’ = 20 GHz is shown in Fig. 7.3
for the N = 2 case with and without a R, = 6 Gbps on-off-keyed (OOK) signal
applied. Since most of the measurements on this link were primarily conducted over

a wireless link, further details on this configuration will be postponed to Section 9.1.
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Figure 7.4: Simplified schematic of the DD-MZM based photonic vector modulation

transmitter. After [12].

7.2 RF Modulation Using Dual-Drive MZMs

The experimental results for the RF photonic transmitter using dual-drive
Mach-Zehnder modulators are described in this section. The electrooptic transmit-
ter shown in Fig. 7.4 was constructed using commercially available components.
The optical signals produced by two free-running external cavity, CW laser diodes
were sent into two nominally identical 20 GHz lithium niobate (LiNbO3) DD-MZMs
through polarization maintaining fiber (PMF). The lasers had optical powers of ap-
proximately P, = 1241 dBm. The I branch laser had a wavelength of A\; ; = 1552.6
nm and the @) branch laser had a wavelength of A ¢ = 1554.94 nm. The wavelength

separation between the two lasers was approximately A\, = 2.3 nm (291 GHz).
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The DD-MZM in the I branch had an optical insertion loss of anrzy ~ 2.4
dB, RF half-wave voltages of V1~ V2~ Vyr = 4.1 V, and a DC bias half-wave
voltage of Vi1 pc =~ 6.0 V. The DD-MZM in the ) branch was nominally identical
to the DD-MZM in the I branch with the exception that the insertion loss was
arzm,g ~ 2.1 dB. Both DD-MZMs had a 3 dB bandwidth of approximately 20
GHz.

The DD-MZM in the I branch was driven by an electrical LO and the DD-
MZM in the ) was driven by an orthogonal electrical LO. The synchronized LOs
were produced by splitting the amplified output from an analog signal generator
with a 90° hybrid coupler. The electrical amplifier was either a 50 kHz to 20 GHz
broadband amplifier or a 6-18 GHz power amplifier. The former was used for experi-
ments performed at a fundamental frequency of frr = f' = 20 GHz while the power
amplifier was used for harmonic upconversion experiments with frr = N x f/ = 20
GHz, N € {2,3} and for frr = 2 f' = 36 GHz. The DD-MZMs were also driven by
electrical pseudorandom binary sequences. The data signal from the PRBS genera-
tor was amplified and applied to port 1 of the I branch DD-MZM and the data-bar
signal, after being decorrelated by 38 bits, was amplified and applied to port 1 of
the @ branch DD-MZM.

The modulated optical signals emerging from the DD-MZMs were sent into
two variable optical delay lines (ODLs) prior to being coupled in a 50:50 (3 dB)
directional optical coupler. The optical delay lines allowed minor path length mis-
matches between the I and the ) optical branches to be corrected. Since the optical

delay lines only allowed adjustments of up to 600 ps in each branch, the maximum
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single-mode fiber length that could be compensation for is approximately 120 mm
at a wavelength of A\; = 1550 nm.

For some measurements, the optical signal out of the single-mode coupler
(point F) was amplified using a high-gain, low-noise EDFA that was set to operate in
constant power mode. The amplified spontaneous emission (ASE) noise bandwidth
was constrained using a 4 nm optical BPF. For convenience, a programmable optical
filter was used to implement the rectangular BPF. The optical filter was based on
liquid crystal on silicon (LCOS) wavelength selective switch (WSS) [142]. However,
in principle, any suitable optical filter that allowed transmission of the two carriers
and corresponding optical sidebands could be used. In Fig. 7.4, a switch is illustrated
to denote that the EDFA + BPF combination can be manually connected between
points E and F'.

In some cases, the optical signal at point F' was split with a 90:10 directional
optical coupler. In these cases, the signal from the 10 % port was connected to an
optical spectrum analyzer (OSA) while the signal from the 90 % was connected to
a photodetector (PD). For simplicity, the 90:10 coupler is not shown in Fig. 7.4 as
the optical insertion loss from the input to the 90 % output was only about 0.5
dB. Measurement results where the EDFA4+BPF combination and/ or the 90:10
directional optical coupler were used will be noted in the text.

In the first set of measurements, a vector network analyzer (VNA) was used to
characterize the photonic transmitter. For these experiments, no EDFA was used.
The S5, scattering parameter was measured with port 1 of the VNA connected

to the LO input and port 2 of the VNA connected to the photodetector output.

131



The in-phase (/) and quadrature () voltage ratios were plotted in the complex
plane. Since the frequency of the applied signals to ports 1 of the DD-MZMs were
constrained by the narrow IF bandwidth of the VNA, a 3 dB RF power splitter
was used to split the electrical LO and the relative phase between the I and the
branches, 6, was adjusted optically using the optical delay lines. The experimental
setup is shown in Fig. 7.5.

The generation of a vector modulated signal is demonstrated in the following
experiment. First, the DD-MZMs were biased at their peaks. Next, a sinusoid
having a period of f = 20 Hz and a peak amplitude of V; = 0.5 V was applied to
port 1 of the DD-MZM in the I branch. A nominally identical sinusoid with a 90°

phase delay relative to the I channel input was applied to port 1 of the DD-MZM
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Figure 7.5: Experimental VNA setup to demonstrate vector modulation.

132



10

()
o
; . [‘\
?; kyj
1%}
-10
-10 0 10 -10 0 10 -10 0 10
S,,, X 100 S,,, % 100 S,,, X 100
(a) (b) (©)

Figure 7.6: Measured plots of the Sy, with the (a) I input ‘on’, (b) @ input ‘on’,

and (c) I and @ inputs both ‘on’.

in the ) branch. The modulation depths were approximately m; ~ mg ~m ~ 0.4
rad.
Note that these experimental results are qualitatively the same as the theoreti-
cal results shown in Fig. 6.8. Next, the input amplitude was varied from V; = 0.25 V
toV; =1.0V,i e {I,Q}. At small modulation depths, the output signal is linearly
proportional to the input signal. This is expected as the transfer function between
input modulation and output modulation is sinusoidal [143]. The Maclaurin series
for sin z is
. — (1)
sinm = pZO ﬁ m2Pt (7.1)

For small modulation depths (m < 1), Eq. (7.1) can be approximated as
sinz ~ z (7.2)

which is clearly linear. However, as the modulation depth is increased, higher order
terms in the expansion given in Eq. (7.1) should be included. These higher order
terms are nonlinear, which distort the signal. The Sy plots for Vi = Vo =V
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€ {0.25,0.5,1.0} V are shown in Fig. 7.7. This range of voltages corresponds to input
modulation depths of approximately m = 0.2 to 0.8 rad. The theoretical results are
shown in Fig. 7.7(a) and the measurement results are shown in Fig. 7.7(b).

The electrooptic generation of 4-QAM/ quadrature phase-shift keyed (QPSK)
signal encoded on an RF carrier is demonstrated in the following experiment. First,
the DD-MZMs were biased at their peaks. Next, a square-wave having a period of
T = 0.1 s and a peak amplitude of V; was applied to port 1 of the DD-MZM in the
I branch. A nominally identical square-wave with a time-delay of 7'/4 relative to
the I channel input was applied to port 1 of the DD-MZM in the () branch. The
modulation depths were approximately m; ~ mg ~ m =~ 0.4 rad. The signal out of
port 1 of the VNA was amplified, split, and applied to ports 2 of the DD-MZMs. The
LO modulation depths at a frequency of f’ = 18 GHz were set at mj ~ mg ~ m' =
2.1 rad. The in-phase and quadrature components of the Sy coefficient were plotted

for four cases, as shown in Fig. 7.8.

NNz

-2Q20 0 20 -20 0 20
S,,,X 100 S, X 100
(a) (b)

Figure 7.7: Plots of the Sy parameter as a function of modulation amplitude. (a)

Theoretical results and (b) measurement results.
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In Fig. 7.9(a), the two input signals were turned ‘off’. Since the DD-MZMs
were biased at their peaks, the odd-order harmonics of the LO were suppressed.
Thus, a point at the origin was measured at a frequency of frr = 1 x f' = 18
GHz. For Fig. 7.9(b)-(c), the I and @ input signals were independently applied,
respectively. Finally, for Fig. 7.9(d), the I and () input signals were simultaneously
applied.

As discussed previously, the transfer function of the photonic transmitter is
sinusoidal. For 4-QAM vector modulation, the optimal modulation peak-to-peak
voltage swing is V,, = V. This is equivalent to producing a quadrature phase-shift
keyed (QPSK) signal for the case that the optical powers from the two arms are
equal. If the DD-MZMs are biased at a peak/ null, this results in switching from
the peak/ null to one of the quadrature points. Thus, the output will be switched
between inverted/ non-inverted even harmonics, inverted odd harmonics, and non-

inverted odd harmonics. An illustration was previously shown in Fig. 6.6. For the

S, X 100
(@]

0 5 0 5 -5 0 5 -5 0
S,,,X 100 S, X 100 S,,,% 100 S,,,% 100

21,1 21,1 21,1

(2) (b) (©) (d)

Figure 7.8: Measured plots of the Sy parameter illustrating 4-QAM generation. (a)

I and @ ‘off’, (b) I ‘on’” and @ ‘off’; (¢) I ‘off” and @ ‘on’, and (d) I and @ ‘on’.
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Figure 7.9: Measured plots of the Sy, parameter demonstrating 4-QAM vector mod-

ulation for (a) V=05V, (b) V=10V, and (c) V =20 V.

case where the LO modulation depth was chosen to maximize the N = 1 component,
this amounts to primarily switching between inverted and non-inverted waveforms
at the fundamental frequency (frr = f’). The measured Ss; plots as a function of
the input amplitude are shown in Fig. 7.9.

In Fig. 7.9, the symmetric bipolar peak amplitudes were V; = Vo = V =
{0.5,1.0,2.0} V corresponding to input modulation depths of approximately m; ~
mg ~m ~ {0.4,0.8,1.5} rad. The half-wave voltage of the phase-modulators were
approximately V;; ~ V:go ~ 4 V. As indicated in Fig. 7.7, distortion is present
when the input amplitude is large (m &« 1). A look-up table could be used to cor-
rect for this distortion for complex modulation formats such as 16-QAM. However,
analog vector modulated signals should not be driven as hard to avoid introducing
distortion. The transfer function nonlinearity can be clearly visualized in Fig. 7.7.

To generate a 16-QAM constellations, 4-level waveforms were applied to the

I and @ channels. The I channel input signal was created by adding a symmetric
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Figure 7.10: Qualitative illustration of 16-QAM signal generation via two periodic

4-level signals.

square wave with a period of 77 and amplitude A with a 7;/4 shifted symmetric
square wave having an amplitude of A/2. The composite waveform was normalized
by dividing the amplitude by 3A/2. The repetition rate (RR) of the waveform
applied to the I channel was set at RR; = 10 Hz. The @) channel input signal was
created in a similar fashion. The repetition rate of the waveform applied to the @
channel was set a RRg = RR;/4 = 2.5 Hz. This created a set of waveforms with a
baud rate of 1/RR; = 10 Baud (R, = 40 bps). A qualitative example of generating
I and @ 4-level waveforms is shown in Fig. 7.10.

Experimental measurements for the 16-QAM case are shown in Fig. 7.11. As
in the 4-QAM case, the bipolar peak amplitudes were V; = Vi =V = {0.5,1.0,2.0}

V corresponding to input modulation depths of approximately m; = mg =~ m =~
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Figure 7.11: Measured plots of the S5; parameter demonstrating 16-QAM vector

modulation for (a) V =0.5V, (b) V=10V, and (¢c) V =2.0 V.

{0.4,0.8,1.5} rad when the signals were at their maxima. From Fig. 7.11, it is ev-
ident that as the amplitude of the signals is increased, the constellation becomes
distorted. Thus, unlike the 4-QAM case, the optimal peak-to-peak amplitudes are
lower than V,, = V;. From Fig. 7.11, a maximum peak-to-peak amplitude of ap-
proximately V},, = V;/2 is a reasonable tradeoff between gain and distortion.

From Eq. (6.39), it was shown that vector modulation of harmonics of the LO
can be achieved with the DD-MZM approach. This is demonstrated using vector
network analysis with a frequency offset option. The source (port 1) and receiver
(port 2) were configured as shown in Fig. 7.1. The input signals were synthesized
with an arbitrary waveform generator (AWG) and had peak-to-peak amplitudes of
Vi = Vo =V =1V and frequencies of 5 Hz and 1.25 Hz, respectively. The LO
frequency was set at f’ = 15 GHz. The optimal modulation depths were previously
calculated in Table 6.1 for N € {1,2,3,4} to be m’ € {1.8,3.1,4.2,5.3} rad. In the

experiment, the LO modulation depth was approximately m’ € {1.9,3.1, 3.9, 3.9} for
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Table 7.1: VNA frequency offset settings.

Mode Sweep Type Settings
Primary CW Time CW Freq [’
Source Coupled CW Time CW Freq [’
Receiver Coupled CW Time CW Freq N x '

N €{1,2,3,4}. The DD-MZMs were manually biased to appropriate bias points and
the quadrature condition between the two channels was set with the optical delay
lines. Unlike the results shown in Figs. 7.6, 7.8, 7.9, and 7.11, the constellations
in Fig. 7.12(a)-(d) are scaled by different normalization constants. It should be
noted that the LO modulation depth at N = 4 was far from optimal, resulting in a

theoretical penalty in gain of 3.5 dB from the optimal value. Thus, the theoretical

Tl o] [ aree] [ nes
‘-éjO LI I e o ¢ o ® @ ¥ o :*m"“'“°
A v o o “e avw By & &
0 0 0 0
S21,] (a'u') SZl,I (a.u.) SZI,] (a.u.) SZI,I (a.u.)
(a) (b) (c) (d)

Figure 7.12: Measured plots of the Sy, parameter demonstrating 16-QAM generation
and harmonic upconversion for (a) frr = 15 GHz (N = 1), (b) frr = 30 GHz

(N =2), (¢) frr = 45 GHz (N = 3), and (d) frr = 60 GHz (N = 4).
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penalty in gain of the N = 4 case with m’ = 3.9 rad relative to the N = 1 case with
m’ = 1.8 rad is 6.8 dB. This value does not include the increased cable losses or
the lower photodetector responsivity, which decreased from R = 0.87 A/W at frp
= 15 GHz to R = 0.65 A/W at frr = 60 GHz. Thus, it is not surprising that the
signal-to-noise ratio (SNR) for the N = 4 case is lower than that of the SNR for the
N =1 case. The spread of the constellation points is indicative of a lower SNR. If
the higher noise for the N = 4 case was due strictly to phase noise, the constellation
points would be primarily be spread in the axial direction.

In the previous measurements, the power amplifier gain, G 4, and electrical hy-
brid power splitting ratio and excess loss, egay, were not calibrated out of the VNA
results. In one sense, the LO amplifier and splitter could be defined as part of the
photonic transmitter. For completeness, the total small-signal gain of the amplifier/
electrical hybrid network was measured to be approximately 10log,, Gaenam rac
= 25.4 dB and 10log,, Gaepangac = 24.5 dB at f' = 18 GHz, where a¢ is the
coax insertion loss. The measurement results are shown in Fig. 7.13.

To perform the VNA measurements, the AWG was set in pulsed mode and
was triggered by the VNA at the start of each zero-span trace. The AWG external
reference input was connected to the VNA external reference to synchronize the
sources.

In the next set of measurements, the optical signal at point £ was amplified
with the EDFA+BPF combination shown in Fig. 7.4. Furthermore, the 90:10 di-
rectional optical coupler was inserted at point F. The optical spectrum at the 10

% port of the coupler was measured with a standard grating based OSA or with a
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Figure 7.13: Measured RF amplifier and power splitter composite gain at (a) f =

15 GHz and (b) f = 18 GHz.

BOSA, the latter having a resolution bandwidth of RBW = 10 MHZ. The BOSA
acquired optical spectrum of the two unmodulated lasers is shown in Fig. 7.14(a).
As indicated in the figure, the frequency separation between the optical carriers
was approximately 291 GHz, which is over a factor of 4x the bandwidth of any
photodetector used in the measurements.

Two binary data signals, each having bit-rates of R, = 1 Gbps, were applied
to the DD-MZMs. The BOSA acquired modulated optical spectrum is shown in
Fig. 7.14(b). The data signals were turned ‘off’ and orthogonal LOs having fre-
quencies of f* = 20 GHz were applied to the DD-MZMs and the optical spectrum
was acquired as shown in Fig. 7.14(c). Finally, the data signals and the LOs were
applied to the DD-MZMs simultaneously. The resulting optical spectrum is shown
in Fig. 7.14(d).

Two effects not predicted by the simply theory presented in Section 6.2 were
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observed. The first was that asymmetry was observed in the optical spectrum.
The analysis presented in Section 3.6.2 can be extended to account for RF phase
differences between the arms, which can result in asymmetric spectra [124]. The
second was thermal bias drift due to heating caused by the strong LO applied to
one arm of the DD-MZM.

In the next set of experiments, vector modulation and upconversion was demon-
strated. The output RF signal from the photodetector was amplified and high-pass
filtered with an electrical filter having a 3 dB lower cutoff frequency of 18 GHz.
After a short coaxial span, the RF signal was amplified again and sent into a 3
dB RF power splitter. One of the outputs was connected to an ESA. The other
output was connected to an electrical receiver, which will be discussed shortly. The
experimental setup is shown in Fig. 7.15.

The LO frequency was set at Nf' = 20 GHz for N € {1,2,3} and applied
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Figure 7.14: Measured optical spectra at point F' in the vector DD-MZM transmit-

ter. (a) Unmodulated, (b) modulated with data signals only, (¢) modulated with

LOs only, and (d) simultaneously modulated with data signals and LOs.
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Figure 7.15: DD-MZM photonic transmitter and electrical receiver experimental

setup.

to ports 2 of the DD-MZMs. The data applied to ports 1 of the DD-MZMs were
two R, = 1.24416 Gbps PRBS signals, decorrelated by 38 bits. Pattern lengths
ranging from 27 — 1 to 2% — 1 were applied, the latter being the longest pattern
that the PRBS generator used in this experiment was capable of producing. For the
measurement performed at the fundamental LO frequency, an RF signal at frr = f’
= 20 GHz was electrooptically modulated. For the frequency doubling measurement,
the transmitter LO was electrooptically frequency doubled (frr = 2 x f' = 20
GHz) and vector modulated. Likewise, for the frequency tripling experiment, the
transmitter LO was electrooptically frequency tripled (frr = 3 X f' = 20 GHz)
and vector modulated. The vector modulated fundamental (N = 1), frequency

doubled (N = 2), and frequency tripled (N = 3) electrical spectra are shown in
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Figure 7.16: Measured 4-QAM modulated RF spectra. (a) Fundamental (N = 1),

(b) frequency doubled (N = 2), and (c) frequency tripled (N = 3). After [12].

Fig. 7.16(a)-(c), respectively, for a PRBS pattern length of 22% — 1.

To characterize the performance of the photonic transmitter, an electrical co-
herent homodyne receiver was constructed as shown as Fig. 7.17. The electrical
receiver consisted of an attenuator, an RF power splitter, two electrical mixers,
a 90° RF hybrid network, and two electrical limiting amplifiers. Since an exter-
nal amplifier was used prior to the electrical receiver, an attenuator (16 dB) was
incorporated at the input of the receiver to prevent over-driving the electrical mix-
ers. The outputs from the power splitter were sent into the RF ports of a pair of
double-balanced electrical mixers.

The receiver LO was split with a RF 90° hybrid network, consisting of discrete
RF components. After splitting the LO power with a 3 dB power splitter, the relative
phase between the two LOs was set to 90° using a broadband phase shifter at one of
the power splitter outputs. The orthogonal LOs were applied to the LO ports of the

two electrical mixers. To account for the insertion loss of the phase shifter, a 3 dB
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electrical attenuator placed at the other power splitter output. The downconverted
signals emerging from the IF ports of the electrical mixers were amplified with
electrical limiting amplifiers. Since phase tracking was not implemented in the
receiver, a 10 MHz Rubidium (Rb) frequency standard was used to lock the TX and
RX LOs along with the oscilloscope via their external 10 MHz reference inputs.
The vector modulated signals generated by the photonic transmitter were
downconverted to baseband and demodulated using the electrical receiver. One
of the baseband signals was split with an RF power splitter and the other was at-
tenuated by 5 dB to account for splitting and excess losses. One of the outputs from
the power splitter and the attenuated baseband signal was fed into a four channel
digital oscilloscope. The digital oscilloscope had an analog bandwidth of 1 GHz and
a maximum sample rate of 20 GSa/s. The other signal out of the power splitter was
sent into a BERT error detector. The configuration with the I channel split and the

() channel attenuated was previously shown in Fig. 7.15.

mixer amp
RF IF
& | o
. LO
splitter,
input o 0° hybrid g4, LO
network
attenuator
LO
v (I
RF@IF D Q()
mixer amp

electrical receiver

Figure 7.17: Simplified schematic of the electrical receiver. After [12].
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Figure 7.18: Measured 4-QAM baseband constellations after photonic generation

followed by electrical detection. After [12].

In this configuration the baseband constellation and the BER for one channel
were acquired. As soon as the BER measurement was complete, the channels were
swapped and the measurement was performed again. No adjustments were made
between complementary measurements. The baseband constellations corresponding
to the electrical spectra shown in Fig. 7.16 are shown in Fig. 7.18. BERs of less
than 1 x 107 were measured on both channels at frr = 20 GHz for N € {1,2,3}
and Ry, = 1.24416 Gbps.

The BERT used in the previous measurements was limited to a maximum
bit-rate of 1.4 Gbps. To demonstrate transmitter operation at higher data-rates, a
higher bit-rate PRBS source was employed. In the next set of measurements, the
single channel bit-rate was changed from 1 Gbps to 4 Gbps. The optical spectra
out of the 10 % port of the 90:10 optical coupler at point F' of the transmitter with
only the LO signal applied to the DD-MZM was measured using the BOSA. Next,
the RF spectra out of the photodetector was measured using an ESA at the output

of the 3 dB power splitter, as indicated in Fig. 7.15. The time domain signals were
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Figure 7.19: Measured (a) optical spectrum, (b) RF spectrum, and (c¢) RF waveform

generated by the DD-MZM transmitter with no data applied (single channel).

also measured at the same point using a DSO with a 50 GHz electrical module. The
results are shown in Fig. 7.19.

Finally, the data and LO signals were simultaneously applied to the DD-MZM.
As in Fig. 7.19, the optical spectra, RF spectra, and RF waveforms are shown in
Fig. 7.20(a)-(c). In addition, the electrically demodulated baseband signals are now
shown in column (d). In Fig. 7.19, the rows correspond to the bit-rate, which was
increased from R, = 1 Gbps in row (i), to R, = 2 Gbps in row (ii), and to R, = 4
Gbps in row (iii).

The electrical mixers used in the electrical receiver had IF bandwidths of 3
GHz, limiting the maximum experimental bit-rate as evidenced in the electrically
demodulated signals. The effect of the limited IF bandwidth on the baseband eye

diagram is particularly pronounced in Fig. 7.20(iii,d).
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Figure 7.20: Measured (a) optical spectra, (b) RF spectra, (c¢) RF waveforms gen-
erated by the DD-MZM transmitter, and (d) electrically demodulated baseband

waveforms with data applied (single channel).
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Chapter 8

Wireless Transmission Theory

In general, a communication system consists of a transmitter, a channel, and a
receiver [144]. In Chapters 4-5, the theory and experimental results for two photonic
receivers were presented. Likewise, in Chapters 6-7, the theory and experimental
results for two photonic transmitters were described. In this chapter, channel con-
siderations for utilizing the RF photonic transmitter and receiver in a wireless com-
munication system are addressed. Topics such line-of-sight (LOS) propagation, free-
space path loss, and atmospheric absorption are considered. Furthermore, frequency
and power emission regulations will be discussed for the 60 GHz and 70/80/90 GHz
bands.

The channel is the path used to convey an information signal between the
transmitter and receiver in a communication system. Physically, a channel could be
a propagation channel or a wired channel, among others. In an ideal channel, the
receive signal is equal to the transmit signal. However, nonidealities in the chan-
nel such as noise and interference, deterministic signal processing, and attenuation
(static and time-varying) are present in practical systems [144]. The additive noise
can be internal or external to the communication system. Internal noise is noise
due the random motion and random production and annihilation of charge carriers.

Thermal noise is an example. External additive noise, which includes atmospheric
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noise, human generated noise, and solar and galactic noise, will not be considered
here.

Wireless systems can be categorized according to the nature and placement
of the users as point-to-point, point-to-multipoint, and multipoint-to-multipoint [3].
Communication directionality is an alternative way to categorize wireless systems.
The main categories are simplex, half-duplex, and full duplex [3]. They can also
be categorized by their operation frequency [3]. In this dissertation, point-to-point,

simplex wireless systems are described.

8.1 Line-of-Sight Propagation

In general, an RF signal can take several paths between the source and the
destination. The LOS path is the straight line path between the transmitter and
receiver antennas. This path can be blocked by obstacles including buildings and
mountains. At mmW frequencies, even small obstacles can block the LOS path.

Although the signal may propagate using the LOS path, it is also important
to maintain clearance around this path to prevent phase-cancellation of the signal
due to reflections from obstacles. The Fresnel zone is the boundary around the
LOS path where a reflection would introduce an excess path length of nA/2. In the
case where a circular apertures are employed, the boundary can be described by an
ellipsoid of revolution around the LOS path. The radius of the n!” Fresnel zone at

a point a distance of drx from the transmitter and drx from the receiver can be
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Figure 8.1: Geometry for Fresnel zone calculation. After [14].

expressed as [14]

R, — ‘/”d%jwA (8.1)

where A is the wavelength of the radiation (A = ¢/f) and d = drx + dgrx is the
LOS path length.

The maximum Fresnel zone radii, Ry, ;mq, for n € {1,2,3} are calculated as a
function of RF frequency for a LOS distance of d = 1 km and as a function of LOS
distance for f = 60 GHz in Fig. 8.2. Of importance is that Fresnel zone radii scale as
1/+/f. Thus, maintaining clearance around the LOS path is particularly important

at microwave frequencies and below and diminishes at mmW frequencies.

8.2 Non-Line-of-Sight Propagation

In addition to the LOS component, it is possible to relay non-LOS (NLOS)
components through a channel. These components are due to a variety of phe-
nomenon including reflection, refraction, and diffraction [145]. In some cases, NLOS
signals are advantageous as they can provide connectivity when the LOS path is
blocked. However, NLOS propagation can result in multiple copies of the transmit-
ted signal to be received at the destination leading to interference and in some cases
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Figure 8.2: Calculated maximum Fresnel zone radii, R, max, as functions of (a) the

RF frequency and (b) the LOS distance.

multipath fading. This topic is of importance, particularly at frequencies in the
ultra high frequency (UHF) band and below (i.e. f < 3 GHz). More information
on fading is provided in [145].

Since the free-space path loss (described in the next section) increases as the
square of the frequency, higher gain antennas are typically used at microwave and
mmW frequencies. High gain antennas by definition have high directivities, so the
LOS is the primary component for backhaul applications. Since this dissertation is
primarily concerned with microwave and mmW backhaul using directional antennas,
the theory behind multipath propagation and fading will not be addressed here and
will simply be pointed-out. Modeling of LOS and NLOS channel capacities of 60

GHz indoor wireless communication systems is considered in [146].
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8.3 Free-Space Path Loss

Free-space path loss (FSPL) is the loss incurred by the geometric spreading of
the wavefront as a signal propagates in a medium. In logarithmic units, the FSPL,

Lpsap, can be expressed as

(8.2)

4 fd
LFS,dB = 1OTL logm ( f )

where n is the path loss exponent. In isolation, the power density of the propagating
signal decreases as the inverse-square of the propagation distance, thus n = 2.
However, in practice, the average path loss exponent is typically greater than n = 2
and is empirically determined by measuring the path loss as a function of path
length (e.g. see [147]).

In Fig. 8.3, Eq. (8.2) is plotted in terms of the RF frequency and in terms
of normalized distance for n = 2. The normalized FSPL plotted in Fig. 8.3(b) is
particularly helpful. Once the frequency dependence has been factored out and the
normalized FSPL calculated, the incremental FSPL is identical for all frequencies.

This is easy to observe by rewriting Eq. (8.2) as

47
Lrsan = 2010z (1) + 20108, 0 83)

and noting that the second term on the right hand side is zero at d = 1 m. Also, note
that the path loss exponent has been set to n = 2 in Eq. (8.3). Based on Fig. 8.3(b),
the normalized FSPL at frr = 60 GHz is Lpgp(dp = 1m) = 68 dB for n = 2. For
comparison, the FSPL at the personal communication service (PCS) band (frr =
1.9 GHz) is Lpg(dy = 1m) = 38 dB. As the frequency increases 10-fold, the FSPL
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Figure 8.3: Calculated FSPL components as a function of (a) frequency and (b)

normalized distance. The FSPL, Lpg gp, is the sum of (a) and (b).

increases by a factor of 100, or by 20 dB. Thus, high-gain, directional antennas are

required at mmW frequencies [17].

8.4 Atmospheric Absorption

In addition to FSPL, other propagation loss factors that should be considered
include atmospheric gaseous attenuation, precipitation attenuation, foliage block-
age, scattering effects (diffused and specular), and diffraction [148]. Strong gaseous
absorption peaks occur around 24 GHz and 60 GHz band due to water vapor (Hy0)
and oxygen (Oy) mechanical resonances, respectively. Spectral windows where at-
mospheric losses are at a local minima occur at frequencies around 35 GHz, 94
GHz, 140 GHz, and 220 GHz [148]. The density and humidity of the atmosphere

that the signal propagates through affects the attenuation strength. Clearly, higher
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Figure 8.4: Calculated FSPL and absorption loss curves.

altitudes lead to lower atmospheric losses at microwave and mmW frequencies. Fur-
thermore, the direction of propagation determines the degree of attenuation. Signals
propagating at zenith will experience less atmospheric loss than those propagating
horizontally [148].

An interesting point is that the absorption due to the oxygen resonance domi-
nates the FSPL for distances greater than approximately 10 km at 60 GHz. This is
one of the main reasons that the 60 GHz band is attractive for short distance links

with high spectral reuse.
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8.5 Noise

The main limitation to a wireless communication system is having the signal-
to-interference-plus-noise ratio (SINR) fall to an unacceptable level. In many cases,
such as mobile communications, the interference contribution dominates the noise
contribution. However, in backhaul scenarios where highly directional antennas
are utilized, noise is the dominant contribution to the interference-plus-noise level.
Thus, the interference aspect will not be considered in this dissertation. As described
in Appendix C, the signal-to-noise ratio (SNR) can never be improved in practice
and will at best be preserved as the signal progresses through an element or a system.

The random motion of charge carriers in a lossy material generates thermal
noise, also commonly referred to as Johnson-Nyquist noise. Generally, thermal noise

power is expressed on a logarithmic scale as

PNin,dBm = —174dBm + 10 loglo Af (84)

where an input temperature of T}, = 290 K has been assumed (i.e. room-temperature)
and Af is the noise bandwidth. If the receiver adds noise, then the total noise at

the receiver is

Pyxrx.dBm = PNin,dBm + NFrx aB (8.5)

where N Frx qp is the noise figure of the receiver. From Eq. (8.5), the thermal noise
level sets the lower bound on the minimum noise level. At the receiver, the noise
power will at a minimum be equal to the input thermal noise power. Thus, propaga-

tion losses can lead to an effective degradation of SNR, which sets the fundamental

156



limit on the range of a link.

8.6 Friis Equation

A simple transmission formula was proposed by Friis [149] for determining
the power received in a wireless link. Assuming the transmitting and receiving
antennas have gains relative to an isotropic radiator of Grx and Ggx, respectively,

the received power, Pryx is given by

Prx = ———Prx (8.6)

where Prx is the transmitted power and Lpg is the linear form of free space path
loss given by Eq. (8.2) with n = 2. Commonly, the received power is expressed in

units of decibels as

10 10g10 PRX =10 lOglo (PTXGTX) + 10 lOglO GRX — 10 logw LFS (87)

where the product PrxGryx is commonly denoted the equivalent isotropic radiated

power (EIRP). Eq. (8.7) is valid at large propagation distances d satisfying

d>2a*f/c (8.8)

where a is the largest linear dimension of either of the antennas [149]. This condi-
tion is analogous to the Fraunhofer distance, which gives the condition for far-field
radiation for the case of antennas having dimensions larger than half the wavelength

of the RF signal.

157



8.7 Link Budget

Link budgets are helpful system level design tools to help to quantify whether a
communication system design is feasible. In general, a link budget can be expressed
in terms of the transmit power, Pry, the receive power, Prx, the gains in the system,

G, and the losses in the system, L, as

Ng Ni
Prx=Prx+» Gi—> L (8.9)
=0 =0

where Ng is the number of gains in the system, N is the number of losses in
the system. To close the link, the receive power, Prx, must be greater than then
receiver sensitivity. Propagation impediments that should be considered when cal-
culating the link budget include attenuation (scattering and absorption), depolar-
ization, noise emission, and scintillation among others [17,148].

Other challenges in utilizing mmW frequencies for communication links include
human shadowing, mutipath fading, Doppler shift (even at pedestrian velocities),
and noise [17]. Additional details of propagation at mmW frequencies can be found
in [26,148].

In a wireless link, the tolerable path loss can be calculated as
Lyathas = Prx.apm + Grx.asi + Grx.asi + Prindsm — SN Rpinas  (8.10)
— Mspadas — Lexas — Lrsas(d = 1m)
where Prx gpm is the transmit power, Grx gg; is the gain of the transmit antenna,
G rx.asi is the gain of the receive antenna, Py, dsm is the average noise power per

bit as given by Eq. (8.4), SNRinap is the minimum required SNR at the RX,
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Table 8.1: Rain attenuation at 60 GHz. After [2].

Availability Rate Attenuation
99% 2 mm/h 1.3 dB/km
99.99% 25 mm/h 10.1 dB/km
99.999% 85 mm/h 32.5 dB/km

Mpaaa8 is the shadowing link margin, Lgxqp is the excess implementation loss,
and Lpggp is the free-space path loss [17]. The atmospheric absorption at 60 GHz
is commonly set at 15 dB/km [148]. For IEEE 802.15.3c, the shadowing margin is
Mpaq = 1 dB. Tt is also common to factor in margins for reflection losses and losses
in the feeding network.

In addition to the atmospheric losses described in Section 8.4, precipitation can
contribute to additional propagation losses. For example, commonly used values for
rain attenuation margins for three availabilities at 60 GHz are provided in Table 8.7.

Based on Eq. (8.10), the maximum operating range can be calculated to be
d = 10Lpath,dB/(10n) (8.11)

where n is the path loss exponent. The calculated link margin at 60 GHz for the
availabilities given in Table 8.7 are calculated with a path loss exponent of n = 2.
Thus, for carrier class links (availability = 99.999 %), the link margin is zero at a
distance of d =1 km.

In Eq. (8.10), the minimum SNR is a parameter. In many textbook, the
SNR is given in terms of the energy per bit to the additive white Gaussian noise
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Figure 8.5: Calculated link margin for three availabilities based on the rain margins

in Table 8.7.

(AWGN) power. The minimum SNR is depended on the modulation format and
on the tolerable bit error rate (BER). The tolerable BER is often set by the for-
ward error correction (FEC) code that is employed at the receiver. FECs require
that additional symbols be encoded with the transmitted data symbols to perform
error-correction. Common FECs are Reed-Solomon (RS), low-density parity-check
(LDPC), Turbo, and convolutional codes, among others. However, the FEC re-
quires sufficient computational power at the transmitter and the receiver and adds
an overhead to the transmitted data. For example, a RS(255,223) code can correct
16 symbols in codeword of 255 symbols with an overhead of 7 %. Details on the
theory of FEC are beyond the scope of this dissertation; however, many references

are available on this topic [144].
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Figure 8.6: Calculated BER as a function of SNR for 4-QAM (QPSK) with AWGN.

Performing a numerical simulation, the BER as a function of SNR was calcu-
lated for 4-QAM assuming AWGN. The results are plotted in Fig. 8.6.

Assuming that the tolerable BER is arbitrarily set at 107°, then the minimum
SNR, SN R,,;», needed for various modulation formats is tabulated in Table 8.7. In
Table 8.7, ASK is an abbreviation for amplitude-shift keying, FSK is an abbreviation
for frequency-shift keying, PSK is an abbreviation for phase-shift keying, and QAM
is an abbreviation for quadrature amplitude modulation. Also, often 2 symbol
shift keying formats are referred to as ‘binary’ and 4-symbol shift keying formats
are referred to as ‘quadrature’. For example, 2-ASK is equivalent to binary ASK

(BASK) and 4-PSK is equivalent to quadrature PSK (QPSK).
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Table 8.2: SNR and bandwidth efficiency for various formats. After [3].

Modulation SNR (dB) for BW Efficiency
Format BER =10"° (b/s/Hz)
2-ASK 15.6 1
2-FSK 12.6 1
2-PSK 9.6 1

4-PSK/4-QAM 9.6 2
8-PSK 13.0 3
16-PSK 18.7 4
16-QAM 13.4 4

64-QAM 17.8 6

8.8 Spectral Regulation

Electromagnetic emissions are regulated by governing bodies worldwide. In the
USA, the Federal Communications Commission (FCC) manages frequency emissions
up to 275 GHz (47 C.F.R. §2.106). Often, the maximum equivalent isotropically
radiated power is specified. In addition to EIRP, the FCC regulates transmission pa-
rameters such as bandwidth, co-channel interference, adjacent interference, spurious
emissions, among others.

In the 57-64 GHz band, the FCC limits the maximum in-building 60 GHz

EIRP to 40 dBm. Recently, the maximum EIRP for outdoor links was increased if
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high gain antennas are implemented. For the case where Grx gpi is greater than or
equal to 51 dBi, the maximum EIRP is 82 dBm with a 2 dB reduction in EIRP for
every 1 dB that Grx gp; is below 51 dBi (47 C.F.R. §15.255) [150].

In 2003, the FCC announced lightly licensed mmW spectrum for high-speed
‘pencil beam’ communications. In addition to licensing, 70/80/90 GHz band links
must be coordinated with the National Telecommunications & Information Admin-
istration (NTTA) and registered with a Database Manager. The E-band spectrum
is split between bands at 71-76 GHz, 81-86 GHz, 92-94 GHz, and 94.1-95 GHz.

The maximum transmitter EIRP for the 70/80 GHz bands is 85 dBm for fixed
and mobile applications with a minimum antenna gain of 43 dBi and a maximum
3 dB beam width of 1.2° [151]. Similar to the 60 GHz band case, the maximum
EIRP must be reduced by 2 dB for every 1 dB that the Grx qpi is below 43 dBi. In
addition, the FCC regulates the minimum BW efficiency at 71-76 GHz and 81-86
GHz to be 0.125 b/s/Hz. In the 92-94 GHz and 94.1-95 GHz bands, the minimum
BW efficiency requirement is 1.0 b/s/Hz.

It is important to realize that in addition to meeting technical requirements,

practical links must also adhere to regulations that manage the RF spectrum.
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Chapter 9
RF Link Experimental Results

9.1 BPSK Wireless Transmission

A wireless link was constructed to transmit binary-phase shift keyed (BPSK)
microwave/ mmW RF signals. The photonic transmitter was based on the POM-OF
TX architecture analyzed in Section 6.1 and the photonic receiver was based on the
CO®M-OF link analyzed in Section 4.2. Experimental measurements were performed
at RF frequencies of frr = 25 GHz, 35 GHz, and 40 GHz and for data-rates of R,
= {0.5,2,4,6} Gbps. The basic experimental configuration is shown in Fig. 9.1.

For the first set of experiments, the photonic transmitter and the photonic

receiver were optically unamplified. The P®M-OF photonic transmitter described

wireless link

photonic d photonic
LO transmitter |<—>| receiver LO
[ antenna antenna [ :
’ am P am ’
) f p f[‘z - =NX f p v N X4f
Rb
Rb
PRBS
generator OO0 O O OR error
- detector
oscilloscope

Figure 9.1: Experimental configuration of the P®OM-OF transmitter paired with the

COM-OF receiver.
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in Section 7.1 was paired with a photonic receiver that was nominally identical to
the one described in Section 6.2. Based on a measurement of the optical spectrum
at point H as referenced to Fig. 6.1, the optical power of the first sideband was
approximately -9.5 dBm and the optical power of the carrier was approximately
4.4 dBm at an LO frequency of f' = 25 GHz. Based on Eq. (6.7), the optical
power oscillating at frr = f’ is -18.2 dBm for an assumed responsivity of R = 0.7
A/W and output impedance Z,,; = 50 €. Since the photodetector contained an
internal terminating resistor, the RF power from the photodetector is calculated to
be approximately -24 dBm.

The RF signal was amplified with a 18-40 GHz amplifier having a nominal gain
of G =30 dB and a 1 dB compression point of Pigg = 17 dBm. Thus, the calculated
output power, ignoring feeding network losses, was Prx ~ 6 dBm. The output from
the amplifier was connected to a 26.5-40 GHz standard gain horn antenna with
nominal gain of Grx = 20 dBi. From measurements (not shown), the gain at a
frequency of f = 26 GHz was found to be approximately 17.3 dBi. Thus, the
effective isotropically radiated power (EIRP) at frr = 25 GHz was approximately
20 dBm.

At frr = 25 GHz, the free-space path loss over a distance of d = 40 cm
was calculated to be Lpgap = 52.4 dB using Eq. (8.2) with n = 2. The antenna
and amplifier used at the receive end were nominally identical to those used at the
transmit end. Thus, the power applied to the input phase-modulator of the CPM-
OF receiver was approximately 15 dBm. From the manufacturer data-sheet, the

half-wave voltage of the receiver input phase-modulator was approximately V, =5
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Figure 9.2: Numerical calculation of the optimal modulation depth for m =~ m’.

V at a frequency of f = 25 GHz. Based on the estimated received power, the RF
input modulation depth, m, was estimated to be approximately 1 rad.

The RF power applied to the LO phase-modulator was on the order of 15 dBm.
The LO phase-modulator was nominally identical to the signal phase-modulator.
Thus, the LO modulation depth, m’, was also on the order 1 rad. For the case
where m ~ m/, Eq. (4.37) can be rewritten as

i10(t)]o,r & —2Ragyarse Y Jy(m)J2_ (m)cosQypt. (9.1)

p

The summation in Eq. (9.1) is plotted in Fig. 9.2.

From this figure, it is clear that the highest downconversion efficiency is
achieved when m = m' ~ 1.13 rad. This is close to the estimated signal and
LO modulation depths used in the experiment. The eye diagram prior to transmis-
sion and the eye diagram after photonic upconversion with the P@M-OF transmitter,
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Figure 9.3: Measured eye diagrams at the (a) transmitter input and the (b) receiver

output (after a limiting amplifier). After [13].

wireless relay, and downconversion with the COM-OF receiver are shown in Fig. 9.3.
The measured eye diagrams were captured with R, = 0.5 Gbps and frr = f' = 25
GHz. A similar experiment was performed with frr = f' = 35 GHz. The measured
data sequences were previously shown in Fig. 7.2.

For the next set of experiments, the photonic transmitter and the photonic
receiver were optically amplified. The main differences between this experiment
and the last were that the N = 2 sideband was selected to implement harmonic
upconversion at frr = 2f" = 40 GHz, the data-rate was increased from R, = 0.5
Gbps to R, = 6 Gbps, and optical amplification was used prior to photodetection in
both the transmitter and receiver. In addition, the optical signal was relayed over L
= 200 m of standard single-mode fiber (SMF) in the transmitter and in the receiver
and the wireless transmission distance was increased from d = 40 cm to d =~ 1 m.

At a mmW frequency of frr = 40 GHz, the free-space path loss increased to Lpg g

167



input: scale X 1 input: scale X 1

V(1 V/div)

¢ (100 ps/div) ¢ (100 ps/div) ¢ (100 ps/div)

(a) (b) (c)
Figure 9.4: Measured eye diagrams at the input to the POM-OF transmitter and at
the output of the COM-OF receiver for data-rates of (a) 2 Gbps, (b) 4 Gbps, and

(c) 6 Gbps.

=64 dB ford =1 m.

To implement the the wireless link, the same pair of standard gain horn an-
tennas as described previously was used. The gain was measured to be Grx 4pi =
Grxapi ~ 20 dBi at frp = 40 GHz. A set of electrical amplifiers was used with
measured gains of approximately 22.5 dB at 40 GHz. The received RF power was
varied by changing the horn separation distance from approximately d = 94 cm to d
= 186 cm. The input and output eye diagrams are shown in Fig. 9.4. The bit error
rate (BER) was plotted as a function of received RF power, Pry, out of the receive
horn antenna as shown in Fig. 9.5.

In contrast to the first set of measurements, the received RF power was two
orders of magnitude lower than the LO power. The signal modulation depth was

estimated to be m =~ 0.09 rad assuming that the modulator Vj at 40 GHz is /2

168



-2

—
4r moving antennas
closer together
Q
S 8t
en BER=10"
o ............................................................
—
-10
-12
-32 =31 =30 -29 —28 -27

P, (dBm)

Figure 9.5: Measured BER as a function of received RF power for frr = 40 GHz
and R, = 6 Gbps for the POM-OF transmitter paired with the C®PM-OF' receiver

over a wireless link.

times higher than it is at 1 GHz. In this limit, the small-signal approximation given

by Eq. (4.39) is valid and the optimal LO modulation depth is m’ = 1.08 rad.

9.2 Wireless Transmission and RF Photonic Vector Demodulation

The vector demodulating C®M-OF link shown in Fig. 5.11 was constructed
as described in Section 5.2. To perform transmission measurements, an electrical
receiver was constructed as shown in Fig. 9.6. The electrical transmitter consisted
of a 90° hybrid followed by an electrical mixer. An electrical LO, having frequency
f" = 40 GHz, was applied to the LO port of the mixer.

A R, = 200 Mbps, 4-quadrature amplitude modulation (QAM) signal was
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Figure 9.6: Simplified schematic of the vector modulation electrical transmitter.

generated by connecting the output from a two-channel arbitrary waveform gener-
ator (AWG) to the I and @ inputs of the electrical transmitter. As the AWG had
balanced outputs and the I and () inputs were unbalanced, a pair of phase-matched
electrical baluns was used between the AWG and transmitter.

The output from the transmitter was amplified and sent into a Grx ggi = 20
dBi standard gain horn antenna. At the receiver, a nominally identical Grx 4pi =
20 dBi standard gain horn antenna and amplifier were used. As the amplifiers had
a bandwidth of 40 kHz to 38 GHz and the horn antennas had a bandwidth of 26.5
GHz to 40 GHz, only the lower upconverted signal at frr = fo— f1 = 36.4 GHz was
relayed to the vector demodulating C®M-OF photonic receiver. The horn antennas
were separated by d ~ 1.1 m resulting in a free-space path loss of Lrgqp = 64.5 dB.

The optical source in the photonic receiver was a fiber laser having a nominal
optical power P, = 21 dBm and center wavelength Ay = 1552.500 nm. Since the
fiber laser had a relative intensity noise (RIN) peak 1.6 MHz from the carrier, it was
not possible to downconvert signals having bandwidths greater than approximately

1 MHz directly to baseband. A span of polarization maintaining fiber (PMF) was
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inserted between the input and the polarization maintaining (PM) 3 dB directional
optical coupler (DOC).

An electrical LO having frequency f' = (frr — fir) /2 = 18 GHz was used
to perform electrooptic harmonic downconversion. The two IF signals from the
RF photonic receiver were electrically amplified and filtered and then digitized us-
ing with an oscilloscope having an analog bandwidth of 1 GHz. The experimental
configuration is shown in Fig. 9.7. Representative digitized waveforms at an inter-
mediate frequency (IF) of frr = 400 MHz are shown in Fig. 9.8.

Fig. 9.8(a) and (c) show the IF I/Q waveforms without data while Fig. 9.8(b)
and (d) show the IF waveforms with R, = 200 Mbps 4-QAM data. In the former

case the AWG generated a sinusoidal tone at f; = 3.6 GHz. The digitized waveforms

wireless link

electrical d photonic
LO transmitter I<—>| receiver LO
ORI D ="]) ) == D ol
fo amp antenna antenna amp f'
batun || [ ] batun fo—f-f = 2% [, LPF| |LPF
f, /, e e
input (I QO v v
AWG
oscilloscope
O O 0 O
DSP

Figure 9.7: Experimental configuration of electrical vector modulation transmitter

with photonic vector demodulating C®M-OF receiver.
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were processed off-line in MATLAB®. The digital signal processing (DSP) algorithm

simply instantiated frequency mixing with a common LO and low-pass filtering to

recover the I/@Q) baseband signals as shown in Fig. 9.9.

It should be noted that in principle, only one IF channel is required to down-

convert and demodulate the digitized signal to baseband. In DSP, a coherent receiver

with orthogonal LOs could have been implemented. However, using only a single

LO in the DSP algorithm illustrates that the two channels were in fact orthogonal,

amplitude (a.u.)

amplitude (a.u.)

I channel IF - no data

I channel IF - data

0
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t (ns) t (ns)
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1
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Figure 9.8: Measured digitized IF waveforms at the output of the vector COM-OF

receiver for (a) I channel without data, (b) I channel with data, (¢) @ channel

without data, and (d) @ channel with data. After [10].
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validating the proof-of-concept. The baseband input signals as generated by the

AWG are shown in Fig. 9.9(a) and (c) and the DSP recovered baseband signals are

shown in Fig. 9.9(b) and (d).

9.3 RF Photonic Vector Modulation and Wireless Transmission

The DD-MZM photonic vector modulating transmitter shown in Fig. 7.4 was

used to generate and vector modulate a millimeter-wave RF signal. The resulting

RF signal was sent through an 18-40 GHz electrical amplifier having nominal gain of

G = 30 dB and noise figure of NF' = 5 dB and then into an 18 GHz high-pass filter
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Figure 9.9: Time domain waveforms measured at the input of the vector DD-MZM

transmitter (a) and (c) and at the output of the electrical receiver (b) and (d).

After [10].
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(HPF). The filter was used to ensure that any baseband signals were suppressed.
The amplified RF signal was transmitted in free-space using a 26.5-40 GHz standard
gain horn antenna with gain of Grx qpi = 20 dBi. After propagating over a d = 0.5
m wireless link, a nominally identical horn antenna and amplifier were used at the
receive end to collect the RF signal. At a mmW frequency of frr = 36 GHz, the
free-space path loss over a distance d = 0.5 m was calculated to be Lpgqg = 57.6
dB using Eq. (8.2) with n = 2.

The photonic transmitter and electrical receiver configuration described in
Section 7.2 were used with the exception that the transmitter LO frequency was
set to f/ = 18 GHz. Electrooptic harmonic frequency doubling of the LO was
performed to generate an RF signal at frr = 36 GHz. At the electrical receiver,
the LO frequency was set to f' = 36 GHz. The measurement setup is shown in
Fig. 9.10.

223 _ 1 non-

As in Section 7.2, two pseudorandom binary sequence (PRBS)
return-to-zero (NRZ) data signals were applied to the photonic transmitter. The
I and @) bit-rates were set at R, = Ry = 1.24416 Gbps and the () channel was
decorrelated from the I channel by 38 bits. This resulted in an aggregate bit-rate
of R, = 2.48832 Gbps. The data signals were vector modulated and upconverted to
a frequency that was twice that of the applied LO.

Since the frequency range of the electrical spectrum analyzer (ESA) used in
the experiment had a maximum bandwidth of 26.5 GHz, the electrical spectrum of
the 36 GHz signal is not shown. However, no component at the transmitter LO

frequency was observed at the receiver input. The baseband signals at the output

174



of the electrical receiver were measured to be error-free (BER < 107%) and the
corresponding baseband constellation is shown in Fig. 9.11.

ESA
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Figure 9.10: Experimental configuration of photonic vector modulation transmitter

with electrical vector demodulation receiver. After [12].

Vo (an.)
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Figure 9.11: Measured baseband constellation after wireless transmission. After [12].
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9.4 RF Photonic 4-QAM Link (Not Wireless)

The photonic vector modulating DD-MZM transmitter described in Section 9.4
was combined with the photonic vector demodulating C®PM-OF receiver described
in Section 9.3. An electrical bandpass filter was used to emulate the wireless channel
as a pair of horn antennas at the RF frequency were not available in the laboratory
at the time that this experiment was conducted. The experimental configuration is
shown in Fig. 9.12.

The photonic transmitter was configured to encode two R, = 1 Gbps PRBS

signals in quadrature onto a frrp = 15 GHz microwave carrier. The modulated

ESA
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photonic photonic
LO transmitter receiver LO
L[> E g ®
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Vi amp  BPF switch Vi
0 | splitter LPF| 2| || LPF
3 ;; amps ; ;
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generator
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Figure 9.12: Experimental configuration of the photonic vector modulation trans-

mitter with photonic vector demodulation receiver.
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Figure 9.13: Measured optical spectra prior to photodetection in the (a) transmitter

and (b) receiver.

microwave signal was amplified, filtered, and then applied to the input of the C®M-
OF photonic receiver. The receiver LO frequency was set at f' = frr = 15 GHz.
The baseband outputs were low-pass filtered, amplified, and digitized.

One of the key differences in the photonic receiver implemented here was that
the fiber laser used previously was replaced with a tunable (non-fiber) laser. This
allowed higher data-rate signals to be demodulated without being swamped by laser
RIN. The optical spectra prior to photodetection in both the transmitter and one
branch of the receiver is shown in Fig. 9.13.

In both Fig. 9.13(a) and (b), the modulation sideband spacing is 15 GHz. The
RF spectra at the output of the HPF was measured for the case where the data was
‘off” and for the case where the data was ‘on’. The results are shown in Fig. 9.14.

The electrical spectra at the outputs of the I and () branches of the photonic
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Figure 9.14: Measured electrical spectra into the photonic receiver phase-modulator

with (a) data ‘off” and (b) data ‘on’.

[ channel

P, (dBm)
|
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Figure 9.15: Measured downconverted electrical spectra at the output of the (a) I

channel and (b) @ channel.

receiver are shown in Fig. 9.15. As evident from examining Fig. 9.15, the received
baseband spectra are nominally identical, with the gain of the ) channel a little

higher than that of the I channel. The transmitted and received baseband data
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sequences are shown in Fig. 9.16.

Fig. 9.16(a) and (b) correspond to the input data sequences and Fig. 9.16(c)
and (d) correspond to the recovered data sequences. Note that the shape of the
output data sequences are nominally identical to the input data sequences. Fur-
thermore, no significant filtering is observed. From these results, it can be inferred
that higher data-rates are indeed possible. Furthermore, with the appropriate choice
of electrical amplifiers and filters, the transmission frequency could in principle be
increased. Thus, based on the results presented in this chapter, a vector modulated
wireless link should be possible using the DD-MZM transmitter paired with the

COM-OF receiver.

. | I channel input | I channel output
<
(]
<
2
g0 0
< 0 10 20 30 40 50 0 10 20 30 40 50
t (ns) t (ns)
(a) (b)
- | O channel input | O channel output
<
(]
<
£
g0 0
< 0 10 20 30 40 50 0 10 20 30 40 50
t (ns) 1 (ns)
(c) (d)

Figure 9.16: Measured baseband data sequences for (a) I channel input, (b) I

channel output, (¢) @ channel input, and (d) ¢ channel output.
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Chapter 10
Conclusions

10.1  Summary

Several RF photonic techniques for modulating and demodulating signals on
RF carriers are theoretically proposed and experimentally demonstrated at millimeter-
wave (mmW) frequencies. Two demodulation techniques are reported, both allowing
for electrooptic downconversion. The first approach utilized phase-modulation to
intensity-modulation (®M-to-IM) conversion via an asymmetric delay line interfer-
ometer.

The advantage of this approach is the high gain that can be achieved relative
to a standard quadrature-biased intensity-modulated link. However, the bandwidth
is limited and electronic feedback is required in practice to maintain the bias point
of the interferometer. The second approach utilized fiber Bragg gratings (FBGs) to
selectively filter components of the phase-modulated signal. Experimental demon-
strations from 7 to 70 GHz were presented and the technique was extended to per-
form vector demodulation and harmonic downconversion. The main features of this
approach are that it is cost effective and a bias controller is not needed anywhere in
the link, when an athermal FBG is utilized. The main disadvantage is that the FBG
imposes bandwidth constraints. For example, for fundamental downconversion, the

lowest frequency that can be downconverted efficiently has a frequency of half the
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bandwidth of the FBG (5-10 GHz). In addition, the link has a slight penalty in gain
when compared to the interferometric approach.

Two RF photonic techniques were presented to generate and modulate RF
signals. Both techniques allow for harmonic upconversion of the electrical local os-
cillator (LO). The first-technique is based on phase-modulation and optical filtering.
Gigabit data-rates were demonstrated; however instabilities in the fiber interferom-
eter limited the performance to short duration laboratory measurements. Since the
instabilities were thermal and acoustic in nature, it is possible in principle to stabi-
lize the link using a feedback loop. However, stabilization was not investigated in
this dissertation. A second technique for generating and modulating an RF carrier
was presented based on a pair of dual-drive Mach-Zehnder modulators (DD-MZMs).
Two optical sources having a spectral separation greater than the bandwidth were
employed to preclude the generation of heterodyne mixing products in the photode-
tector. By properly phasing the arms, vector modulation of high-order modulation
systems was demonstrated using a frequency quadrupled electrical LO. The main
disadvantage of this approach is that bias controllers are needed to maintain the
DD-MZM set-points.

Microwave and millimeter-wave links were demonstrated using the modula-
tors and demodulators investigated in this work. A wireless link using the phase-
modulation based transmitter and the phase-modulation with optical filtering re-
ceiver was demonstrated at a carrier frequency of 40 GHz. Furthermore, spans of
200 m of optical fiber were placed at both the transmit and receive ends to highlight

the low-loss transport of millimeter-wave signals achievable in the optical domain.
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Error-free wireless transmission was demonstrated at bit-rates of up to 6 Gbps.
Wireless demonstrations were also performed by pairing an RF photonic transmit-
ter with an electrical receiver, and vice versa. The main limitation to using electrical
transmitter or receiver are the inherent bandwidth limitations of electrical mixing.
Finally, a microwave link was demonstrated using the vector modulating RF pho-
tonic transmitter paired with the vector demodulating RF photonic receiver. Due to
availability of appropriate filters, amplifiers, and antennas, the demonstration was
constrained to a wired link. However, based on the results, wireless transmission at

millimeter-wave frequencies appears feasible.

10.2 Future Work

The work presented in this dissertation sets the stage for a variety of future
work on millimeter-wave wireless communication systems utilizing RF photonic vec-
tor modulators and demodulators. One of the areas that seems achievable in the
near-term is millimeter-wave wireless transport of vector modulated Gigabit signals
using components having microwave bandwidths. The only high frequency RF pho-
tonic components necessary are a high-speed photodetector at the transmit end and
a high-speed phase-modulator at the receive end, both which are now commercially
available at frequencies of at least 65 GHz.

A longer term goal is to integrate the photonic modulator and demodulator
on-chip. At present the systems demonstrated in this dissertation are quite costly as

they rely heavily on ‘gold packaged’ devices. Photonic integration could, in theory,
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provide lower cost per unit if economies of scale can be leveraged. Furthermore,
photonic integration could provide performance benefits. For example, if the BPSK
transmitter reported in this work was integrated on chip, instability and polarization
issues could have been greatly reduced. Another area of integration that could prove
rewarding is on-chip integration of antennas with the transmitter photodetector
and the receiver input modulator. Some work has been reported in the literature on
these topics (e.g. [152,153]). In addition to enabling more compact transmitters and
receivers, antenna integration eliminates the need to match all of the components

to 50 €2, which should allow for more efficient designs.
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Appendix A

Intensity-Modulation Direct-Detection

Intensity-modulated, direct-detection (IM-DD) links are the most frequency
studied externally modulated RF photonic configuration. The mathematical dia-
gram of an IM-DD system based on a Mach-Zehnder modulator (MZM) is shown
in Fig. A.1. Inserting Eq. (3.23) into Eq. (3.3) gives the photocurrent produced by

the IM-DD system as

Z(t) = RPLCYMZMSHIQ [¢(t)/2] (Al)

= §RPL04MZM [1 — cos Mpc cos (msin Qt) + sin M pe sin (m sin Qt)] .

Generally, the MZM is biased at one of its quadrature points (i.e. Mpc = (14+2n)7/2
for n an integer) for optical relay. Assuming that one of the positive quadrature

points is chosen (i.e. Mpe = (1+4n)m/2), Eq. (A.1) reduces to

Z(t) = %RPLOJMZM [1 + sin (m sin Qt)] . (AQ)

(7, Q) )

Figure A.1: Mathematical model of an electrooptic IM-DD link.
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The sinusoid having sinusoidal argument in Eq. (A.2) can be expanded in terms of

Bessel functions using the identity

sin (zsinf) = Z Jp(2) sin ph. (A.3)

p=—00

Inserting Eq. (A.3) into Eq. (A.2) yields

1 o0
i(t) = §RPL04MZM 1+ Z Jp(m) sinpQt | . (A4)

p=—00

Expanding Eq. (A.4) to first-order in m yields
: 1 :
Z(t) = §RPLCYMZM (1 + msin Qt) . (A5)

The DC photocurrent component of Eq. (A.5) is

1
Ipc = §RPL05MZM (A.6)

and the AC photocurrent component of Eq. (A.5) is
: 1 .
iac(t) = §RPLQMZMTI’L sin Qt. (A.7)

The average RF output power can be calculated to be

1

1 2
Pout = B (éRPLOZMZMm> Zout- (A.8)

Likewise, the average RF input power is

1 /mV.\> 1
P = T . A.

The small-signal gain of the (non-downconverting) IM-DD system can be found by

taking the ratio of Eq. (A.8) to Eq. (A.9) to be

WRPLOJMZM

2
S ) ZoutZim- (A.10)

GIM—DD = (

The gain of the IM-DD system is used as the baseline for comparison with the

phase-modulation and detection schemes discussed in this dissertation.
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Appendix B

Coherent-Detection

Phase-encoded information can be recovered using coherent-detection (CohD).
In a conventional coherent-detection scheme, the encoded optical signal is mixed
with an optical local oscillator (OLO) prior to photodetection [106]. Coherent-
detection can also be used to detect intensity-modulated signals. The sensitivity of
a coherent-detection can be much greater than the sensitivity of direct-detection as
mixing with an OLO can amplify the input signal.

The mathematical model for coherent detection for the single phase-modulator
case is shown in Fig. B.1. The mixing of the optical signal with an OLO allows both

phase and amplitude information to be extracted. Assuming that the optical signals

(7,0 (©,)
@) 2,

A B D H
®—@—é—9-> ®)

P, ,o

OLO? OLO)

Figure B.1: Mathematical model of an electrooptic ?M-CohD link.
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ua(t) and uc(t) can be represented by

UA(t) = \/PLej“)Lt (Bl)
uc(t) = +/Poroe™“ore!

the optical signal incident on the photodetector, up(t), can be written as

up(t) = { Vapoc 0] Ve JITe 0 RN

t

(B.

where € is the power-coupling coefficient and apoc is the excess optical loss of the

Vi—e€ jyfe Qg €M) ua(t)
uc(t)
B2)

directional optical coupler (DOC). For convenience, it is assumed that the state-
of-polarization (SOP) of the encoded optical signal and the OLO are aligned to
achieve maximum mixing efficiency. Furthermore, it is assumed that the relative
phase difference between the optical signal and the OLO is static and has been
referenced such that it is completely accounted for by Ag.

Under these assumptions, the photocurrent produced by square-law detection

of the field described by Eq. (B.2) is

i(t) = Rlup(t)’ (B.3)
= Rapoc

x (1 —e€)Prasm + €Poro

+ 2\/6(1 — E)\/PLa@M\/POLO sin (wrpt + msin Qt — A¢)

where wir = |wyp — woro| is the angular frequency difference between the optical

carrier and the OLO.
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In principle any intermediate frequency (IF) can be achieved, limited only by
the bandwidth of the photodetector and the relative tunability of the optical sources.
For practical applications, it is critical that the optical sources be stabilized with
respect to each other in order to avoid frequency drift of the IF.

For the simplified case where € = 1/2 and A¢ = 0, Eq. (B.3) reduces to

1 ) .
i(t) = =Rapoc | Prasy + Poro + 2\/PL04<1>M\/POLO sin (wrpt + msin Q)| .

2
(B.4)
The DC contribution of the photocurrent is
1
Ipc = 573041)00 [Prasn + Porol (B.5)
and the AC contribution is
iAc(t) = RCYDOC\/PLOC<I>M\/POLO sin (wlpt + msin Qt) (BG)

= Rapoc \/PL%M \/POLO [sinwypt cos (msin Qt) 4 cos wypt sin (msin Q)] .

The sinusoids having sinusoidal arguments in Eq. (B.6) can be expressed using

Egs. (6.10)-(6.11) and are reproduced below as

cos(zsinf) = Z Jp(2) cos pf (B.7)
p=—00

sin (zsinf) = Z Jp(2) sin ph. (B.8)
p=—00

In terms of Bessel functions, Eq. (B.6) becomes

iac(t) = Rapocy Prasmy/ Poro (B.9)
X |sinwypt Z Jp(m) cos pQt + coswypt Z Jp(m) sinpQt | .
p=—00 p=—00
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Expanding Eq. (B.9) to first order in m gives

iac(t) = Rapoc\/PLaq>M\/POLo {sinwypt [1 + O(2)] + coswrpt [msin Qt + O(2)]} .
(B.10)

Thus, the small-signal approximation of i4¢(t) is

iac(t) ~ RO&DOC\/PLO@M\/POLO [sinwypt + coswrpt (msin Qt)] . (B.11)

If the IF is non-zero, the system is operating in the heterodyne configuration while
if the IF is zero, the system is operating in the homodyne configuration. For the

homodyne case (i.e. wrr =0), Eq. (B.11) reduces to

iAc(t> = RCVDOC\/PLO[@M\/POLOm sin Q¢ <B12)

The average output RF power can be calculated to be

1 2
Pout = 3 (R@DOC\/PLQQM\/POLOW> Zout (B.13)

and the average RF input power is given by Eq. (A.9). The small-signal gain of the
phase-modulation with coherent detection system can be found by taking the ratio

of Eq. (B.13) to Eq. (A.9) to be

2
R P I
G- (7T apocV PrLasyy OLO) ZowiZim (B.14)

Vz

Notice the similarity of the gain given by Eq. (B.14) for coherent detection of a
phase-encoded signal with the gain given by Eq. (A.10) for the IM-DD system.

Unlike the IM-DD configuration, the gain of coherent-detection can be made

arbitrarily large, limited only by the output power of the OLO and the maximum

photocurrent that can be produced by the photodetector.
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Appendix C

Noise

The key RF specifications of an RF photonic system are the noise figure (NF)
and spurious free dynamic range (SFDR). In this appendix, noise power spectral
densities (PSDs) commonly encountered in RF photonic systems and a general de-

scription of noise figures are considered.

C.1 Noise Power Spectral Density

Typical sources of noise in an optically amplified photonic link are thermal
noise at the input and the output of the link, noise due to the relative intensity noise
(RIN) of the laser, shot noise due to the discrete nature of photons and electrons at
the detector, and noise associated with optical amplification using an Erbium-doped
fiber amplifier (EDFA) [136]. Thermal noise is noise produced by thermally induced
random motion of free electrons in a lossy medium that is directly proportional to the
absolute temperature of the medium. The thermal noise present at the transmitter
sets the fundamental limit on the achievable signal sensitivity. Written in terms of
noise power spectral densities, the thermal noise input and output noise PSDs, S;,

and Sy, are

Sout = kBTout (CQ)
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where kg = 1.38 x 1072J/K is the Boltzmann constant and T}, and T,,; are the

absolute temperatures at the input and output of the system in units of Kelvin.
To calculate the noise power, the noise PSD (which is in general frequency

dependent), should be integrated over the relevant frequency range. That is,

f2

where Py; is a generic noise power, f; is the lower frequency bound, f; is the
upper frequency bound, and S; is a generic frequency dependent noise PSD. At
RF frequencies below 1 THz, the thermal noise PSD is constant over frequency or
‘white’ [3]. Thus, for a ‘white’ noise PSD, the integral given in Eq. (C.3) simplifies
to

where Af = fo — fi. At room temperature, 7" = 290 K, the thermal noise PSD is

Sin = 4.00 x 1072 W / Hz in linear units or S, apm = -174 dB/Hz in logarithmic

units. Thus, the corresponding noise power in logarithmic units in a bandwidth A f
is

Pinapm = —174dBm + 10log;, Af. (C.5)

Laser RIN is the normalized measure of the intensity noise to the optical power

produced by a laser. In laser diodes, the intensity fluctuations are primarily due to

spontaneous emission. The laser RIN is mathematically described as

RIN = SRIN—;”(“) (C.6)
PL

where Sgrn opt is the optical RIN PSD and Py, is the optical power produced by the
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laser. The RIN PSD is frequency dependent and peaks around the laser’s relaxation
oscillation frequency [106].

The electrical noise PSD at the output of the photodetector due to laser RIN
is given by

Srin =I5 ZouRIN (C.7)

where Ip¢ is the average photocurrent, Z,,; is the photodetector impedance, and
RIN is given by Eq. (C.6).

The shot noise PSD is due to the quantum nature of photons and electrons.
This contribution of noise is produced at the photodetector where photons are con-
verted to electrons. In the case where a simple PIN photodetector is employed and
the DC photocurrent is much larger than the dark current, the shot noise PSD is
given by

Sshot - 26IDC'Zout (C8)

where e = 1.602 x 107! C is the elementary charge. The shot noise scales in pro-
portion to the optical power incident on the photodetector. At a DC photocurrent
of Ipc =~ 0.25 mA, the shot noise PSD has the same magnitude as the thermal noise
PSD at T,,; = 290 K in a Z,,; = 50 €2 impedance.

EDFAs are commonly employed to amplify optical signals in the C-band. In
addition to amplifying the signal, they also add noise. In fact, unlike electrical
amplifiers which are available with NFs less than 1 dB, the theoretical minimum
NF of an EDFA is 3 dB [134, 135]. EDFAs work by optically exciting carriers in

Erbium (Er®") ions to a meta-stable energy band at 1480-1550 nm [106]. C-band
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photons traveling in the doped fiber cause stimulated emission of the excited carriers
producing gain. The carrier can also relax through spontaneous emission, which is
the main source of noise in EDFAs. The two types of spontaneous emission are
signal-spontaneous (s-sp) and spontaneous-spontaneous (sp-sp). The corresponding

noise PSDs are

2hv F
Sesp = I Zout (—”PED“) (C.9)
opt
2hF 2
Su oy = oo (P—ED) Av (C.10)
op

where h = 6.62 x 1073* J-s is Planck’s constant, v is the optical frequency in Hz,
Fgpra is the noise factor of the EDFA in linear units, P, is the optical power into
the EDFA in Watts (W), and Av is the optical bandwidth in Hz. Commonly an
optical bandpass filter (BPF) is used to constrain the bandwidth of the amplified
spontaneous emission (i.e. spontaneous-spontaneous emission) prior to photodetec-
tion.

For the case where the link is unamplified and the input and output temper-

atures are equal, the total noise PSD can be written as [154]

Stot = GS’m + Sout + Sshot + SRIN (Cll)

= (14 G)kpT + 2eIpcZows + I Zout RIN.

Since the gain is typically less than unity for most unamplified RF photonic
systems, it can be shown that the output noise will be dominated by shot and RIN

noise contribution for photocurrents on order of Ipc- = 1 mA at room temperature.
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C.2 Noise Figure

The noise figure (NF) is the logarithmic form of the noise factor (F) and is an
important figure of merit that describes the degradation of the signal-to-noise ratio

(SNR) through an element. The noise factor can be expressed as

SNR;,

F = ——— 12

SNRout (C )
PSin/PNin

ot/ - N C.13

PSout/PNout ( )

where Pg;, is the input signal power, Py;, is the input noise power, Ps,,; is the
output signal power, and Py, is the output noise power.

In this section, the noise factors will be derived for a hypothetical device,
which is arbitrarily represented with the amplifier symbol in Fig. C.1. Note that
the device could also represent a subsystem or a complete system.

In what follows, simplified notation will be used for convenience. That is,
Py — N represents noise power and Sy — S represents signal power. Furthermore,
since the results will be extended to a cascaded system, Latin capital letters will be
used to denote the signal and noise powers at various points in the link. Thus, in

Fig. C.1, N4 denotes the input noise power and Nz denotes the output noise power.

A B N
(N A) —@—)D—@—} (N B) add,BA N
G, N B

NA (GBA’ FBA) s

Figure C.1: Noise figure illustration.
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The device amplifies the input signal and input noise with forward transmission
gain Gpa. The noise factor of the device is denoted by Fpa. Specifying Eq. (C.12)
to the diagram given by Fig. C.1 yields

Sa/Ny
Sp/Np
1 Ns
GpaNa

Fya (C.14)

The noise at the output of the device is composed of amplified input noise, Gga N4,

and added noise, Nyqq,34. Thus,
Np = Naaa,pa + GpaNa (C.15)

Substituting Eq. (C.15) into Eq. (C.14) yields

Nodgapa + GpalNa
F = ’ C.16
BA GpaNa ( )

1 N
Gpa Na

An ideal device adds no excess noise (i.e. Nygapa = 0). In this limit, Eq. (C.16)

reduces to
FBA’lil’IlNadd7BA—)0 = 1 (C].?)

The result of Eq. (C.17) shows that the SNR can never be improved; that is, it is
always degraded through an element.

The noise factor is related to the noise figure by

Thus, the noise figure for the element shown in Fig. C.1 is

1 N,
NFgy = 10logy, (1 +— ‘“’BA) . (C.19)

Gpa Ny
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Nadd, CB
A B C
(V) —%D—@—)D—@—) N | G,,N,
NA (GBA’ FBA) (GCB’ FCB)

Figure C.2: Cascaded noise figure illustration.

The previous example can be extended to a cascade of devices. For example, consider

the cascade of two elements shown in Fig. C.2. In this case, the output noise power

is given by

N¢ = Noga,c + GepNp

(C.20)

where G¢p is the gain and Nyq4qcp is the added noise of the second element. In-

serting the expression given by Eq. (C.15) into Eq. (C.20) yields
Ne = Nadacs + Gop (Naaapa + GealNa) .

The composite noise factor of the two element network is given by

Fea = Sc/No

Sa/Na
1N
GepGpa N4

Substituting Eq. (C.21) into Eq. (C.22) yields

1 Noda,cs + GeopNadapa + GepGpalNa

. —
ol GepGpa Ny

1 N, 1 1 N,
_ <1+ dd,BA) n ( dd,CB)
Gpa Ny Gpa \Gecp Na

Using Eq. (C.16), Eq. (C.23) can be rewritten as

1
Foa = Fpa+ e (Fop—1).
BA
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The result in Eq. (C.24) is significant. It states that the cascade noise figure is
dominated by the gain and noise figure of the first device.

The most common methods for measuring the noise figure of a device are
with a noise figure meter, using the gain method, or using the Y-factor method.
Interested readers are referred to [155,156] for more details on these measurement

techniques.
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Appendix D
Distortion

D.1 Dynamic Range

For sub-octave signals, the dynamic range (DR) of a nonlinear element is lim-
ited by third-order intermodulation distortion (IMD3). Intermodulation distortion
(IMD) is associated with nonlinearities in the modulation and demodulation trans-
fer functions. It should be noted that IMD is not limited to RF photonic elements.
Electrical components often exhibit nonlinear transfer functions. For example, elec-
trical amplifiers also generate third-order distortion (TOD) [157].

Commonly, the IMD3 products are measured with a two-tone test [158]. In this
measurement, two closely spaced tones, with frequencies of f; and fs, are applied to
the device under test (DUT). In a linear element, the output can only contain fre-
quency components that are applied to the input. However, in a nonlinear element,
additional frequency components can be present. For the case where the element
exhibits TOD, additional frequency components at 2f; — fo and 2f; — f; will be
generated. Third-order IMD products are of particular concern because they occur
close to the fundamental components and cannot simply be filtered out [159].

In the case where the DR is limited by TOD, the third-order intercept point
(IP3) is a convenient parameter that describes the point where the extrapolated

fundamental curve intersects the extrapolated IMD3 curve. When the IP3 point is

198



A A
P[" Pil1 G A

Q QPW S ®

p— p— AP

QN Qﬂ PIMDS ? ¥ ?"

s 2f, f L 2h

A A
(a) (b)

Figure D.1: Example spectra illustrating a two-tone test of a lossy element with

TOD. (a) Input spectrum and (b) output spectrum.

referenced to the input, it is termed the input IP3 point (IIP3) and when the IP3

point is referenced to the output, it is termed the output IP3 point (OIP3).

D.2 Spurious Free Dynamic Range

The spurious free dynamic range (SFDR) is commonly used to quantify the
performance of a nonlinear element. The SFDR describes the maximum dynamic
range that can be achieved through a nonlinear element. The TOD limited SFDR,
SEFDRS3, is defined as the maximum difference between the fundamental signal and
noise floor. This occurs at the point where the IMD3 curve intersects the noise floor.
Frequently, the fundamental and IMD3 output powers are plotted as functions of
the input power for the case where the input is composed of two closely spaced tones
having equal powers. An illustrative plot of output power as a function of input

power is shown in Fig. D.2.
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Figure D.2: Illustration of the output power per tone as a function of the the input

power per tone for a hypothetical two-tone test.

In this appendix, a simple geometrical description of the third-order SFDR is
presented. Since the two input tones are assumed to be closely spaced and of equal
power, only one fundamental component and one IMD3 product need be plotted
(e.g. fi1 and 2f; — fo). It is good practice to measure all four components to verify
that the f; and f5 curves are equal and the 2f; — f; and 2f;, — f; curves are equal.
In Fig. D.2, the fundamental curve is designated by the Pfynq.q5 label and the IMD3
curve is designated by the Prypsap label.

To derive the expression for the third-order SFDR, it is convenient to begin

with case of a linear element. In this case, Ppyap = Pruna,as. The general equation
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of a straight line in (x,y) coordinates is well known and given by

y(x) =mz+0b (D.1)

where m is the slope and b is the y intercept. The small-signal gain of an element,

G, in logarithmic units is given by

GdB = Pfund,dB - IDin,dB- (DQ)

The small-signal gain can be rewritten in the form given by Eq. (D.1) as

Ptundag = Pinas + Gas- (D.3)

In the case that the element exhibits TOD, the output spectrum will consist of fun-
damental and IMD3 components. The IMD3 curve can be expressed using Eq. (D.1)
as

Pryps.ag = ma Py, a + b3 (D.4)

where mg3 and bs are the slope and P, qp intercept point of the IMD3 curve. TOD
products are proportional to the cube of the input signal amplitude. Thus, the
slope of the IMD3 power curve, when plotted in logarithmic units, is m3 = 3. The
third-order P, g intercept point, bs, can be defined in terms of the IP3 by equating
Eq. (D.3) and Eq. (D.4) at an input power of P, qg = Pjrp3. Performing the algebra,

Eq. (D.4) can be rewritten as

Pryvipsas = 3Pinas + Gag — 2Pr1p3.aB- (D.5)

Per the definition above, the third-order SFDR is defined at the point where the
power of the IMD3 products equal the power of the noise floor. Setting Ps;q4p =
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Prout,ap and solving for P, 4p yields

Pm,dB|( (Pnoutas — Gas + 2Prrp3.ap) - (D.6)

PIMDS,dB:PNout,dB)

W =

Substituting Eq. (D.6) into Eq. (D.3) gives

1
= = (Pnout,as + 2GaB + 2P1p3aB) - (D.7)

P1MD3,dB=PNout,dB) 3

Prynd.an| (

Since the third-order SFDR is defined as the difference between the fundamental
and the noise floor at the point where the third-order IMD products equal the noise

floor,

2
SFDR3yp g2/ = 3 [(Prrps,a + Gas) — Prout,as] - (D-8)

The noise power is a function of bandwidth and can be expressed in terms of the
noise power spectral density (PSD) as

Af/2

PNout,dB(f) = 1010810/ SNout,W/Hz(f) df. (D-9)
—Af/2

Substituting Eq. (D.9) into Eq. (D.8) results in

Af/2

(Prrpsas + Gag) — 1010g10/ SNout,w iz (f) df

2
SFDRSdB_HZQ/S = =
3 —Af/2

. (D.10)

From Eq. (D.10) it is clear that the third-order SFDR is a function of frequency, f,

and bandwidth, A f. The output noise PSD can be given in terms of the

Snout(f) = Gf)F(f)Sin(f) (D.11)

where F' is the noise factor and S, is the input noise PSD (see Appendix C). Note
that the frequency dependence of the gain, noise factor, and input noise PSD are
in general functions of frequency. Assuming that the noise PSD is constant with
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frequency, the integral in Eq. (D.10) can be replaced by the product of the noise
PSD and the bandwidth. This assumption may or may not be valid for the device
under test, so it is important to consider the frequency dependency of the output
noise PSD contributions prior to proceeding. In many cases, the assumption can be
made valid if the bandwidth is made small enough. In this case, Eq. (D.10) reduces

to

2
SFDR3dB_HZ2/3 == § [(ijpg,dB + GdB) — 10 loglo (SNout,W/HzAf)} . (D.12)

Based on Eq. (D.11) and Eq. (D.12), a commonly used expression for SFDR3,

assuming 7' = 290 K, is

2
SFDRBdB-H22/3 = 5 [P[[pg}dB — (—174dBm —+ NFdB)] (D13)

The results in Eq. (D.13) can be extended to any order distortion using the
same procedure presented in this appendix. For arbitrary order n, the spurious-free
dynamic range is

(n—1)

SFDRndB_HZ(nq)/n = [PIIPn,dB — (—174dBH1 + NFdB)] <D14)

where Prrppqp is the input power corresponding to the nt'-order intercept point.
Measurements of the SFDR typically involve the use of an electrical spectrum
analyzer (ESA). When an ESA is employed, the bandwidth that should be used in
Eq. (D.10) is the resolution bandwidth (RBW) of the ESA. It is often a common
practice to normalize the SFDR to a noise power bandwidth of BW = 1 Hz. In

practice, the input noise power into a receiver is dominated by thermal noise. As
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described in Appendix C, if the input noise power is thermal,

where an input temperature of 7' = 290 K has been assumed.

D.3 Linearization

For analog antenna remoting, the required SFDR is typically on the order
of SFDR = 115 dB-Hz?? [93]. The SFDR of a typical IM-DD link utilizing a
quadrature biased MZM is SDFR3 =~ 110 dB-Hz?/3 [44]. Thus, there are cases
where the performance of the standard IM-DD RoF link does not meet the required
performance specifications. Furthermore, if a pre-amplifier is used to lower the noise
figure of the RF photonic link, the TOD from the amplifier is fed into the RoF link,
potentially lowering the system SFDR performance. The calculation of cascade
nonlinear devices is considered in [159].

There is a body of literature on linearizing RoF links that is well beyond the
scope of this dissertation. The interested reader is referred to [154,160-163] for the
linearization of MZM links. By utilizing series or parallel networks of MZM and
controlling the power splitting ratio of the RF signal applied to the MZMs, SFDRs
of 126-130 dB-Hz*?® have been reported [34]. Electronic linearization can also be
performed using an external linearization circuit [164] or predistortion [165].

Phase-modulation is a linear process (i.e. the optical phase-shift is a linear
function of applied voltage). However, conventional optical-to-electrical schemes
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such as coherent detection (CohD) introduce a sinusoidal nonlinearity. Linear phase
detection can be performed with an photonic phase locked loop (PPLL), which is
based on a CohD configuration with feedback. In this technique, the output from the
photodetector is filtered and applied to a phase-modulator in-line with the optical
local oscillator (OLO) [166]. Linear detection was reported with SFDRs greater than
120 dB-Hz?/? at frequencies around 140 kHz [167,168]. However, the experimental
results were limited to low frequencies due to the feedback loop delay. Lower loop
delays are possible by integrating the receiver on-chip. For example, Bowers et al.
demonstrated a SFDR3 of 125 dB-Hz?/® at 300 MHz based on an integrated PPLL
with a loop bandwidth of 1.45 GHz [169,170]. Other linear phase demodulation
methods include demodulation using an optical hybrid and digital signal processing

(DSP) [171].
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[J2] D. H. Park, V. R. Pagan, T. E. Murphy, J. Luo, A. K.-Y. Jen, and W.
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