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ABSTRACT

Microwave photonic signal processing offers unprecedented features for processing high
bandwidth signals. It puts forward a new prospect for overcoming the inherent
bottlenecks caused by the limitations in conventional microwave signal processors. The
motivation stems from the great potential of exploiting the unique, high time-bandwidth
product, low loss, and immunity to electromagnetic interference (EMI) capabilities of
photonic signal processing. Microwave photonic signal processing is the new paradigm for
processing wideband microwave signals with high tunability and reconfigurability.
Amongst the different photonic signal processors, the photonic frequency downconverter
is important in many remote antenna, defence and radar systems. Two new microwave
photonic mixers are presented in this thesis. The performance of these mixers is
substantially improved compared to previous approaches.

A new linearised photonic mixer structure, which can fully eliminate the third order
intermodulation distortion, is presented. It is based on an integrated dual-parallel Mach-
Zehnder modulator to which an optimised RF split and an optimised optical phase shift is
applied, in series with a Mach-Zehnder modulator driven by the LLO. The mixer achieves
a very high spurious free dynamic range performance, it enables essentially infinite
isolation between the RF and LO ports, and it has the ability to function over a multi-
octave frequency range. Experimental results demonstrate a record measured spurious
free dynamic range performance of 127 dB-Hz#5, which is over 22 dB higher than that of
the conventional dual-series Mach-Zehnder modulator based microwave photonic mixer.
In addition, another new wideband linearised photonic mixer structure is presented. It is
based on using stimulated Brillouin scattering effects to suppress the optical carrier,
together with a single drive integrated dual-parallel Mach-Zehnder modulator for
linearisation. The new structure offers enhanced conversion efficiency through the carrier
suppression technique. It also suppresses the third order intermodulation distortion to
consequently increase the spurious free dynamic range performance through optimising

the bias condition of the dual-parallel Mach-Zehnder modulator. Additionally, the new

ii



structure enables multioctave operation, and infinite isolation between the RF and LO
ports. Simulation results showed a spurious free dynamic range of 120.4 dB-Hz45, and a
conversion gain of 8.45 dB, corresponding to 15 dB, and 8.8 dB improvements
respectively when compared to the conventional dual-series Mach-Zehnder modulator
based microwave photonic mixer. Experimental results demonstrate a measured spurious
free dynamic range performance of 120.8 dB-Hz45, which corresponds to 16 dB

improvement compared to the conventional photonic mixer structure.
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CHAPTER 1 Introduction

1.1 Motivation

The increasing demand for the transmission and receiving of data at high speed has
heralded fibre-optic communication technologies as the savior, mainly due to its low loss
and its extremely wide bandwidth potential. The inability of conventional microwave
systems to process information at very high frequency has motivated the development of
microwave photonics, which offers a unique powerful paradigm for processing high
bandwidth signals [1]. Moreover the field of microwave photonics has enabled the
possibility to implement signal processing functions that are complex or even impossible
to be achieved in the electrical domain [2]. This field promises to be the ultimate solution
for many applications that require ever-increasing speed, bandwidth and dynamic range
such as defence, wireless communications, sensors and radars. These applications also
require devices that are small, lightweight and with low power consumption, while
simultaneously offering large tunability and strong immunity to electromagnetic
interference [3,4].

Among the different photonic signal processor operations is the important function of the
microwave photonic mixer, which is essential in many applications such as antenna

remoting, radio-over-fibre, and phased array antennas [5-7]. These applications often

require the high frequency microwave signal to be downconverted to an intermediate
frequency (IF) signal so as to enable efficient digitization of the received signal, hence
simplifying the optical receiver design. A high dynamic range photonic mixer is
particularly important to enable the digitization of the signal with high resolution [8].
However, over the past years, microwave photonic mixers have enjoyed limited success
principally because of the inadequate dynamic range. For this reason, many researchers
have been motivated to investigate new techniques to remove the spurious distortion

from the photonic mixer to improve its dynamic range.



1.2 Objective

The aim of this research is centered on obtaining new concepts for photonic mixers that
perform frequency downconversion directly in the optical domain, and in particular to
improve the mixer spurious free dynamic range (SFDR). A detailed literature review of
the previous photonic mixer structures is initially presented. Then the fundamental
figure of merit of the photonic mixer is investigated, including the conversion efficiency,
the noise figure and the SFDR. The new ideas are investigated using theoretical analysis
and simulation to obtain the optimum design. Finally, the validity of the new ideas are

verified experimentally.

1.3 Synopsis

The structure of this thesis is as follows. Chapter 2 provides a background on fibre optic
communication systems, microwave photonics and microwave photonic signal processing
techniques. Moreover the fundamental concept of microwave photonic mixers 1is
introduced. The essential components for constructing a photonic mixer, as well as the
mixer figure of merit parameters, are then introduced. Finally a detailed literature
review of the previous work related to microwave photonic mixers is presented.

Chapter 3 presents a new linearised photonic mixer structure that can achieve a record
dynamic range performance. The chapter starts with a summary of the previously
reported linearised photonic mixer techniques. The limitations in the previously reported
techniques are discussed. A novel structure is then presented which is based on an
integrated DPMZM to which an optimised RF split and an optimised optical phase shift
is applied, in series with an MZM driven by the LO. The new structure enables full
elimination of the third order intermodulation distortion and consequently achieves high
SFDR performance, while also enabling multioctave operation, and essentially infinite

isolation between the RF and LO ports. The DPMZM is linearised by fully cancelling the



third order IMD via controlling the modulator bias voltages and designing the splitting
ratio of the RF signal applied to the DPMZM. Simulation results are also presented that
can model general bias conditions with the aim of selecting the optimum bias to improve
the conversion efficiency, or the noise figure while simultaneously achieving high SFDR
performance. The tolerance of the linearised DPMZM based microwave photonic mixer is
further investigated at a bias solution that relaxes the critical tolerance requirements of
the linearised approach. Experimental results demonstrate a record measured SFDR of
127 dB-Hz#5, which is also 22.5 dB higher than that of the conventional dual-series MZM
based mixer structure.

Chapter 4 presents a new linearised photonic mixer structure that can achieve high
SFDR and improved conversion efficiency simultaneously. The chapter starts by
introducing the fundamental concepts that are directly related to the new proposed
structure. A literature review of the previously reported structures is then presented with
a summary of the performance limitations for the previous approaches. A novel structure
is then presented which is based on a stimulated Brillouin scattering (SBS) technique to
suppress the carrier in a double sideband MZM driven by the LO and connected in series
with an integrated single drive dual parallel Mach-Zehnder modulator (DPMZM) to
which an optimised bias condition is applied. Detailed mathematical analysis and
modeling are presented to evaluate the performance of the SBS carrier suppressed based
linearised photonic mixer structure. Simulation results are also presented which show an
SFDR of 120.4 dB-Hz45, and a conversion gain of 8.45 dB, corresponding to 15 dB, and 8.8
dB improvements respectively when compared to the conventional dual series MZM
based photonic mixer. Experimental results demonstrate a measured SFDR performance
of 120.8 dB-Hz45, which corresponds to 16 dB improvement compared to the conventional
dual-series MZM based mixer structure.

Finally Chapter 5 presents the conclusion with a summary of the results obtained from

the works in this thesis followed by suggested future works.
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CHAPTER 2 BACKGROUND

2.1 Fibre Optic Communication Systems

The fast exponential growth of Internet traffic has resulted in a continuous and
expanding demand for high-speed communication channels. Moreover the enormous
demand for transmission of video and voice data over long-haul distances necessitates
high bandwidth links. Previously, most of the communication systems have depended on
the transmission of data at radio and microwave frequencies by means of either electrical
cables or free space. The discovery of semiconductor lasers in the 1960s together with low
loss optical fibers in the 1970s have sparked a new successful era in communications
known as Fibre-Optic Communications [1]. The use of light for communications permits
much greater transmission capacity because of its extremely high carrier frequency (193
THz) compared to on the order of 10GHz for microwave communications. Additionally the
use of single mode fibre together with lasers operating at 1.55 um has enabled the
realization of extremely low attenuation loss (below 0.2 dB/km) compared to 20dB/km in
microwave systems with coaxial cables operating at low frequencies as the transmission
medium [2-3]. In addition to the wide bandwidth capability and low transmission loss,
fibre-optic systems benefit from the advantages of immunity to electromagnetic
interference (EMI), high degree of signal security, and small size and lightweight [4]. Fig.

2.1 shows the basic elements of fibre-optic communication system.

Optical
Receiver

Optical
Transmitter

Fibre

Figure 2.1: Basic components in fibre-optic communication system

The function of the optical transmitter is to convert an electrical signal into an optical
signal and launches it into the optical fibre. It consists of an optical source, usually a

laser, which can be either directly modulated or externally modulated through the use of



electro-optic modulators [5]. Externally modulated lasers are desirable because they can
reduce the degradation effects associated with directly modulated lasers such as chirping,
poor spectral purity, low extinction ratio, and instability in the laser linewidth [2,6,7].
The middle section, which can be viewed as the channel, consists of optical fibres together
with optical amplifiers, which are essential to counter fibre transmission loss by optically
amplifying the transmitted signal. Upon reaching the destination i.e. the optical receiver,
the optical signal is detected by a photodetector, which recovers the original signal by
converting the optical signal back into its electrical form.

In a typical point-to-point link, the optical fibre is connected to only one source at the
transmitter’s end, and due to the narrow spectral width that a laser can produce; this
scheme can only utilize a very narrow portion of the fibre bandwidth. A dramatic increase
in the information capacity of a fibre-optic link can be realized by using an alternative
viable scheme known as wavelength division multiplexing (WDM), which was introduced
in the late 1970s [8]. This technology is based on exploiting the wide bandwidth potential
of optical fibre through simultaneously sending multiple optical signals with different
emission wavelengths into the fibre channel.

The advance of WDM technology together with high performance optoelectronic devices
promises to satisfy our increasing demand for bandwidth and high quality signal. Fiber-
optic communication systems continue to replace conventional microwave systems.
Although, the common use of optical communication systems nowadays is for carrying
baseband digital signals, some portions of the system are designed for analog
applications, which aim to perform very complex functions that are impossible to be
realized in microwave and RF communication systems [9]. The analog link of fiber-optic
communication has become an important part of an emerging field known as microwave

photonics.

2.2 Microwave Photonics

The branch of microwave photonics has progressed in parallel to the advancement of

fibre-optic communication, due to the rapid availability of optical components operating



at microwave frequencies and beyond. Microwave photonics describes the study of
electro-optic devices and processing signal systems at microwave/ millimeter rates, or the
deployment of photonic devices for signal conditioning and handling in microwave
systems [10-12]. The microwave/ mm frequency for communication technology spans from
the ultra high frequency (UHF) band to the extremely high frequency (EHF) band i.e.
from 300 MHz to 300 GHz [13]. The key success of microwave photonics lies on the
integration of microwave technology with optical technology that can readily realize low
attenuation, high time bandwidth product capability, and immunity to EMI. This forms a
solid foundation for wide range of microwave applications such as radars, antenna
remoting for communication systems, Community Access TV (CATV), radio over fibre and
most importantly signal generation and processing [14-19]. The aim of microwave
photonics is to process the microwave signal with high fidelity and minimum distortion,
so as to be recognized for various signal formats. The microwave signal can be digital or
analog, or a pure carrier in the form of local oscillator depending on the application. In
addition to microwave signal transmission in optical links, further complex functions can
be performed all optically such as frequency downconversion, filtering, optical beam
steering and more recently frequency measurements [20-23]. This field that exploits the
optical domain advantages for performing signal acquisition and reconstruction or for

signal quality improvement is known as microwave photonic signal processing.

2.3 Microwave Photonic Signal Processing

Microwave photonic signal processing supports the transmission and conditioning of
microwave and radio frequency signal in the optical domain. The inherent bottlenecks
arising from the limited sampling speed in traditional electrical processing technologies
can be easily overcome by using photonic signal processing, which can realize
unparalleled features such as high multigigahertz sampling frequencies, fast tunability
and dynamic reconfigurability [24]. In addition, the compatibility of photonic signal

processors with fibre optic systems enables connectivity with in-built signal processing.



Fig. 2.2 explains the fundamental principles of operation of a microwave photonic signal

processor.
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Figure 2.2: Fundamental principles of operation of microwave photonic signal processing

In Fig. 2.2 the region inside the red boundary represents the optical domain, and the
region outside the red boundary represents the electrical domain. In the electrical
domain, an RF source (antenna, phased array antenna or any other source) generates an
input message signal in the RF/microwave frequency range wgg, which is marked in point
1 in Fig. 2.2. In the optical domain, an optical source (semiconductor laser) generates an
optical carrier with extremely high carrier frequency w, (commonly around 193 THz),
which is marked in point 2. The optical signal is modulated by the RF message signal
through an optical modulator, which can be either an electro-optic intensity modulator, or
an electro-optic phase modulator. The output of the optical transmitter is the modulated
double sideband optical signal at frequencies w, + wgr indicated in point 3. This signal is
to be processed by a photonic signal processor that comprises several photonic devices
(e.g. optical couplers, circulators, Fibre Bragg Gating (FBG), optical modulators, Erbium
Doped Fibre Amplifiers (EDFA) and so on. The processor is characterised by an overall

lumped optical field transfer function defined as H(f)opricai- The task of the photonic
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signal processor is to modify the spectral features of the sidebands so as to satisfy specific
requirements set by a particular application [25]. In this example, the photonic processor
is a frequency downconverter, which simply converts the RF frequency into the
intermediate frequency (IF). The modified optical signal indicated in point 4 is the
downconverted signal and is passed through the optical receiver, which performs the
optical-electrical conversion. The output of the optical receiver is the recovered
downconverted electrical signal (marked in point 5), which is also modified and ready to
be sent to an RF receiver. Notice that in this example, the signal processor is considered
as a mixer. However, it should be made clear that the processor is a black box that can
support any functionality such as filtering, phase/frequency shifting, RF memory and so

on.

2.3 Microwave Photonic mixers

2.3.1 Introduction

Microwave frequency downconversion is a fundamental function in many microwave
system applications. The integration of microwave frequency mixers with fibre optic link
technology is particularly attractive due to the additional advantages of low loss, high
bandwidth, high isolation, and immunity to EMI. An important function of microwave
photonic mixers can be seen in the challenge of digitization of high frequency microwave
and millimeter wave signals, as occur in radar and defence applications, due to the
sampling rate and bandwidth limitations of Analog-to-Digital (A/D) converters. The
received signal needs to be digitized with high resolution, which is difficult to do at high
frequencies in the RF/microwave domain. For example, to attain high performance
requires 16-bit resolution A/Ds operating at clock speeds in the tens of GHz range which
is beyond current capabilities. Therefore a downconversion is required to translate the
signal to a low enough IF that falls within the operating range of A/D converters and can
be readily digitized [26, 27].

The signal mixing in the fibre optic link can be achieved in the electrical domain or in the

optical domain. Most electrical domain approaches mix the received radio frequency (RF)

10



signal with the local oscillator (LO) after the photodetector whereas the optical domain
approach mixes the RF and LO signals before the optical field is received by the
photodetector. The major differences between these two approaches lie in the required
photo-detector bandwidth, system noise and isolation [15, 28]. Frequency mixing in the
electrical domain often the photodetector requires costly and complex high-speed
electronic components, and moreover wide bandwidth photodetector is required to detect
the RF frequency. In contrast, the bandwidth of the photodetector in the all optical
mixing needs only to cover the intermediate frequency (IF) signal, which can be at a
much lower frequency than the input RF frequency. Also since a high-speed
photodetector requires small active area, this will cause additional non-linearity, and
hence saturation, when the received optical power is sufficiently high. As a consequence,
the dynamic range and the conversion efficiency will be limited [29]. Therefore,
performing the frequency mixing in the optical domain will avoid these limitations.
Furthermore, in many photonic links equipped with low-relative-intensity-noise (RIN)
lasers, the system noise is limited by the shot noise of the photo-detector. The electronic
domain frequency mixing, often the photodetector, can add considerable noise to the
received signal. In contrast, the optical approach can mix the RF signals via a noise-free
electro-optic device.

In summary, photonic frequency downconversion offers the advantages of reducing front-
end hardware complexity of antenna system, efficiently extending the link frequency
coverage to millimeter wave range, minimizing the effect of fibre dispersion, and enabling
the digitization of the signal with high resolution at the intermediate frequency (IF) to

match the capability of high performance A/D converters.

2.3.2 Fundamental principles

A frequency mixer is a non-linear device that receives two input signals, and then
produces an output signal, which is at the frequency of the sum and difference of the two
input frequencies. A mixer can be considered as a multiplier as shown in Fig. 2.3. One of

the inputs of the mixer is the radio frequency (RF) signal, which is generally a band of

11



frequencies generated from the antenna at the remote locations. The other input is the
local oscillator (LO) signal, which is usually a single tone frequency produced from the
base station. The product of these two input signals is the intermediate frequency (IF)

signal which can be a down or up converted version of the RF signal.

_ Mixer .
RF signal IF signal

) (< ) =)

Amplitude
Amplitude

RF f 1F=RF—L0f

LO signal

Amplitude

Figure 2.3: The basic principle of operation of a mixer

Assuming Spp(t) = Agpcos (wgpt) and S, (t) = A pcos (wyot) are the two input RF and LO
signals respectively, where Ay is the RF amplitude, wgy is the RF angular frequency, 4,,
is the LO amplitude, and w;, is the LO angular frequency, the output signal can be

expressed as

Sip(t) = Spr(t) X Sp(t)

[Agrcos (wrpt) 1[ALpcos (wiot)]

= %ARF.ALO. [cos(wrp — wpo)t + cos(wgrp + W) t] (2.1

A common use of mixers is found in receivers where the RF signal needs to be
downconverted to an intermediate frequency (IF) signal, which is at much lower
frequency so as to enable efficient recovery of the received signal. In addition to the IF
output, there might be other non-linear spurious components which can distort the
fundamental IF signal e.g. harmonic distortion and intermodulation distortions. These
non-linear components need to be removed from the system as they can significantly

degrade the mixer performance.
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The implementation of the multiplier operation in the optical domain can be done by
using different photonic components which are characterized by their non-linear
properties such as optical modulators, photodiodes, or even semiconductor optical
amplifiers (SOA). The most widely used photonic component for mixing is the Mach
Zehnder Modulator (MZM), which is a common type of electro-optic intensity modulators.
The MZM exploits the Pockels electro-optic effect that exists in a voltage controlled wave
plate (Pockels cell). An applied electric field across the pockels cell causes a change in the
refractive index of the optical fibre, which consequently causes a change in the phase of
the light traversing the cell. Pockels effect occurs in crystal lattice such as lithium
niobate LiNbOs, which is the material used to fabricate and make an MZM [2]. The
fundamental purpose of the MZM is to impress the RF information signal onto the optical
carrier through intensity modulation. Fig. 2.4 depicts the MZM configuration. The MZM
consists of two arms, in which one arm is controlled by an applied electric field (bias
voltage). The input optical carrier Py, is split equally into both arms of the interferometer.
One of the optical lights propagating in one arm of the MZM will experience a phase shift
due to the applied bias voltage. The two optical lights will then recombine to produce the
output optical field P,,;. Based on the applied bias voltage, the two optical fields may
interfere constructively to produce maximum output optical power, may interfere
destructively to produce minimum output optical power, or may interfere with specific

phase relationship.

Vrr(t) Vp
| T ||T|

P;, P oy

Figure 2.4: Schematic diagram of a Mach-Zehnder modulator
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The general transfer function of the MZM is given by

P, 14

Py = Eh ter |1+ cosvn (Vre(t) + V) (2.2)
where t¢; is the insertion loss of the MZM, V; is the modulator switching voltage (half
wave voltage), V, is the applied bias voltage, Vir(t) = Vzpcos (wgp) is the applied RF
signal, Vgr 1s the RF voltage amplitude, and wgr is the RF angular frequency. The
insertion loss and the switching voltage of the MZM are component design parameters,
which depend on the manufacturer. They are preferred to be as low as possible for
specific reasons, which will be discussed later on. The input optical power and the bias
voltage of the MZM are system parameters and therefore can be controlled to improve the
performance of the overall system. Expanding (2.2) to express it in term of Bessel
function of the first kind, the following expression is obtained

Pin

Pout = ) ter 1+ Jo(Brr) cos(e)

+2c05(9) ) (1) on(Ber) cO52n0git)

n=1

— 2sin(¢) Z(_l)n]2n+1(ﬁRF) cos((2n + 1 wgpt) (2.3)
n=0

where Brr = :—nVRF is the RF modulation index, and ¢ = V—ZVb is the optical phase change

between the two arms of the MZM. The first two terms in (2.3) represents the amount of
carrier power, the second term represents the amount of even order distortions generated
from the MZM, and the last term represents the amount of the fundamental signal as
well as the odd order distortions generated from the MZM. Therefore it can be seen that
when ¢ = 0, the carrier power is maximum, and there will be no fundamental signal, and

odd order. However, when ¢ = g, the amount of the carrier power will be reduced by half,

and there will be no even order distortion, and finally when ¢ = m, the carrier will be
suppressed, and there will be no fundamental signal nor odd order distortions. The plot of

output optical field of the MZM versus the bias voltage is shown in Fig. 2.5

14



0.9
0.8

0.7

05 Quadréture boint :

0.4

Transmission

03r

0.2

011

Ve v
e w
Bias voltage (V)

Figure 2.5: Transfer function of a Mach-Zehnder modulator

In its most common mode of operation, the MZM is biased at its quadrature point V, = %,
which is the most linear region. At this bias point, there is an effective orthogonality
between the two optical fields i.e. the phase relationship between the two fields is 90°.
The RF voltage is applied on top of this bias to modulate the optical carrier, hence
producing the output modulated optical field, which is linearly proportional to the input
RF voltage. At the maximum bias point V;, = 0, there is no phase difference between the
two optical fields in the MZM, and hence constructive interference occurs. Finally at the
minimum bias point V;, = V,, the two optical fields in the MZM are out of phase i.e. the
phase difference is 180°, thus destructive interference occurs, and the optical carrier will
be suppressed leaving only the two RF sidebands. Although the quadrature bias scheme
is commonly employed in an MZM due to the elimination of second order harmonic
distortions, other bias points such as the minimum or the maximum are also useful for
specific performance improvement. These bias operations technique will be discussed in
detail in section 2.3.4 after introducing the mixer link performance parameters.

Next, the fundamental optical components required to form a photonic mixer are

introduced. Some of these components are external to the mixer such as the laser diode

and the photodiode but they are important in determining the overall mixer performance.
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Other photonic components are internal to the mixer such as the optical modulators and
are also important in defining the mixer performance.

Fig. 2.6 shows a general photonic mixer link. The link consists of a laser that launches a
continuous wave light (optical carrier) centered at extremely high carrier frequency e.g.

193 THz. This optical carrier is then fed into the photonic mixer processor.

RF signal LO tone
Optical carrier Modulated Optical signal | _“lf_s_ié_ﬁe_ﬁ_“
0 Wer | 10 Wi f | | f i
W, 1 1 Wpr W0 W W0 W i___q @ ]
) P
Pew Photonic Signal Processor Pout rec IF
aser | EDFA
(Photonic Mixer)
J

Figure 2.6: A generic photonic mixer link

The objective of the photonic mixer processor is to employ specific modulation techniques
(generally intensity modulation) so as to impart the RF signal and the LO onto the
optical carrier, and so that when it is detected by a photodiode, the IF signal is generated
by the beating of the RF signal and the LO. This kind of mixer scheme is known as
intensity modulation direct detection IM/DD. Other modulation schemes that use phase
modulators to impress the RF and LO into the optical carrier can be also employed.
However, due to the inherent nature of phase modulation that causes the RF and LO
sidebands to be in anti-phase, the modulated optical power cannot be directly detected
unless the optical carrier is suppressed, which implies the use of additional optical
components to perform the carrier suppression functionality. In general the photonic
mixer processor can comprise any number of optical modulators, which are connected in
any arrangement e.g. series and parallel topologies. The RF signal and the LO can be
applied to a single modulator unit to do the mixing function, or can be applied into
separate modulator units. The output modulated optical power from the photonic mixer
processor may exhibit more losses when compared to the simple RF fibre-optic link based

on external modulation. This can be due to introduction of additional photonic mixer
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components that add their own insertion losses to the system. Therefore, an EDFA may
be required to compensate for the additional losses introduced and thus improve the
mixer performance. In addition to the losses, the output modulated power from the mixer
includes also distortion products in addition to the desired downconverted signal, which
can interfere with the fundamental signal, thus limiting the dynamic range and the
signal bandwidth. The main aim of the photonic mixer link is to convey, process and
downconvert the RF signal from point to point with high fidelity and minimum losses so
that at the output, the IF signal can be recovered above the noise floor and can be well
distinguished among the distortion products. However, as in the case of any analog
system, the photonic mixer link is inevitably susceptible to various signal impairments,
such as signal loss, noise and nonlinearities. These signal impairments are quantified
into a number of parameters that collectively define the performance of the photonic
mixer link. The most important parameters are the link gain, the noise figure and the

spurious free dynamic range.
2.4 Performance parameters of the fibre optic link

The principal difference between an externally modulated fibre optic link and the
photonic mixer link is the introduction of the LO modulation, which affects the amplitude
and center frequency of the fundamental signal i.e. the RF signal is downshifted to the
intermediate frequency. Therefore, it is intuitive to discuss the performance parameters
of the externally modulated fibre optic link, and refer them to the photonic mixer link. In
this section, the definition and the mathematical expressions of the performance
parameters of externally fibre optic link are given. The concept of conversion efficiency is
explained in Section 2.4.1. In Section 2.4.2 and 2.4.3, the dominant noise sources and the
definition of noise figure are introduced. Section 2.4.4 is devoted to the nonlinear effects
in fibre optic link, which includes the definitions of harmonic and intermodulation
distortions. Finally, the dynamic range and the spurious free dynamic range commonly

defined for fibre optic link is discussed in Section 2.4.5.
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2.4.1 Conversion efficiency

A generic representation of a fibre optic link is depicted in Fig. 2.7

RF;,

— RF gy
Optical @) Optical —

Transmitter Optical Receiver
Fibre

Figure 2.7: A generic representation of a fibre opticlink

The link comprises a transmitter, which converts the electrical RF signal into an optical
signal, an optical fiber, and a receiver, which recovers the modulated light back to the
electrical domain. The conversion of the signal from electrical to optical domains and
vice-versa is considerably inefficient and will inevitably lead to signal loss of input RF
power. This power transmission efficiency is known as the conversion efficiency, which is
fundamentally the ratio of the output RF electrical power relative to the input RF
electrical power [30]. However this definition of conversion efficiency is slightly different
with regard to the mixer photonic link since the signal of interest in the mixer link is the
output IF signal power. Thus the conversion efficiency in a photonic mixer link is defined
as the ratio between the output IF signal power relative to the input RF signal power.
The general link gain expression will be derived in terms of the physical parameters of
the fibre optic link and then will be compared to the photonic mixer link.

The conversion efficiency can be expressed as

— Poutrr (2.4)

G
conv Pin,RF

The final expression of the conversion efficiency depends on whether the optical
transmitter is considered as directly modulated laser or externally modulated laser. In

this analysis, the conversion efficiency expression will be restricted only to externally

modulated fibre optic link using an MZM as shown in Fig. 2.8.
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Figure 2.8: Simple model of an externally modulated fibre Opticlink

In this model, the laser is operated in a continuous wave (CW) mode and the modulation
is performed in the MZM. The received optical power into the photodiode can be

expressed as

Prec = P%n tff [1 + COS:_H (VRF(t) + Vb)] (2.5)

where P, is the input optical power to the MZM, t; is the insertion loss of the MZM, V,,
is the modulator bias voltage, V; is the half wave voltage, and Vgg(t) is the modulating RF
signal. For simplicity, it is assumed that the MZM is biased at its quadrature point which
is at half the modulator switching voltage i.e. V,, = %

Equation (2.5) can be further analysed as following:

P; T V;
Brec =t tyy [1 +cos - (Vgrcos (wgpt) + 7”)]
P; Vs . s
= %" ter [1 + cos (mRF cos(wgpt) + ;)] S Mpp = V_,TVRF

Pin
2

“ter[1 — sin[mgp cos(wgpt)] (2.6)
where mpy is the RF modulation index. Assuming a small signal analysis, equation (2.6)

can be further simplified to
Brec = P% “trr[1 — mgp cos(wgpt)] @.7

Therefore, the received RF optical power is given by

P.
Precrr = #n ter Mpp (2.8
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Moreover, the detected RF photocurrent is proportional to the received RF optical power
and is given by

lgetrr = R Precrr (2.9
where R is the responsivity of the photodetector in units of A/W. This parameter
represents the photocurrent produced per unit of received optical power. The output RF
power is simply given by

1 2
Pout,RF - Eldet RL

1
== tffZPinz(:—nVRF)ziRZRL (2.10)
where R; is the photodiode load resistance. The input RF voltage Vi can be expressed in
terms of the input RF power as Vpp =./2P;, pr.R;, Where R, is the modulator input

resistance. Thus, the conversion efficiency can be obtained as follows:

P 1 m\?
“ Geony = otk = 1 tffZPinZ (V_n) 9‘ZRL R;, (2.11)

PinrF
Several approaches to increase the conversion efficiency can be identified by carefully
examining (2.11). The most effective approach is to increase the input optical power P;,
into the modulator. This is a remarkable feature in external modulation compared to
direct modulation wherein the link gain is independent of the optical power. In direct
modulation, the link gain is determined solely by the slope efficiency, which is a physical
parameter of the laser and relatively more difficult to adjust [31]. On the other hand, the
input optical power to the modulator is a system parameter and therefore can be
increased significantly. However, increasing the input optical power will require a higher
power handling capability of both the modulator and the detector. This is challenging
particularly for the photodetector, since high power handling requires a larger active
area, which in turn will limit the detector bandwidth [30]. Another approach to improve
the conversion efficiency is to reduce the modulator insertion loss. This option falls in the
domain of component design. A typical value of insertion loss is around 3 to 5 dB,
depending on how well the light is coupled from the fiber to the modulator chip and back.
Furthermore, reducing the modulator switching voltage will result in improved

conversion efficiency. The effort of reducing the switching voltage obviously falls in the
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region of component design. Lastly, the photodiode responsivity needs to be close to unity
for improved conversion efficiency [30].

The conversion efficiency of the conventional structure of a photonic mixer, that
comprises a series connection of two MZM in which one is driven by the RF and the other
is driven by the LO, is also closely related to the conversion efficiency of the simple RF
link. However, the fundamental signal becomes the IF signal rather than the RF. The
introduction of another MZM to impress the LO into the modulated RF optical power will
modify certain characteristics of the fundamental signal. Assuming the MZM driven by
the LO is biased at quadrature, the conversion efficiency of the conventional photonic

mixer can be expressed as

Pouerr 1 m\2 1
“ Geony = P::,RF = 2 tffZPinZ (V_n'> 9‘ZRL R;, thfzz.,l(mLO)z
2
—it 2t pr? 2p, 2 () m2g, R, 2.12
= ff trp2"J1(Mypo) Py L Rin (2.12)
16 V.

where t¢f, is the insertion loss of the MZM driven by the L.O, m;, is the modulation index
of the LO, and J;(x) is the Bessel function of the first order of the first kind. Notice that
for the mixer conversion efficiency, the only additional system parameter that can be
controlled is the LO modulation index, which can be optimised to improve the conversion

efficiency.

2.4.2 Noise Performance

In this section, another factor that limits the mixer performance is introduced, which is
the noise. A good start to explain and analyze the noise is by introducing the dominant
noise sources in a fibre optic link (FOL) and then proceed with the discussion of the total
noise power in the link. The concept of noise figure is also discussed, which is an
important and a widely used performance parameter.

There are three dominant noise terms in the fibre optic link; thermal noise, shot noise
and laser relative intensity noise (RIN). Conventionally, these noise terms are modeled as
current sources and are assumed to be independent of each other [32]. The assumption

that these sources are independent indicates that the total noise power in the FOL is
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proportional to the sum of the noise power components generated by the individual

sources.

2.4.2.1 Thermal Noise

Thermal noise describes the random thermal motion of electrons at a particular
temperature in a resistor, which is manifested as a fluctuation of current even in the
absence of an applied voltage. Thus, the load resistor in the front-end of an optical
receiver adds thermal noise to the current generated by the photodiode [2]. Moreover the
resistor used in the modulation device at the transmitter also adds thermal noise. The
difference between the two, however, is that the thermal noise in the receiver is amplified
by a factor corresponding to the total link gain G, where G.or = Geony- Gamp, and Ggpyp 18
the preamplifier gain before the modulation device. Mathematically, the expression of the
electrical noise power delivered by this thermal noise source to a load resistance is

N,, = 4KTB (2.13)
where Kis Boltzmann constant, T is the absolute temperature, and B is the bandwidth of

the signal.

2.4.2.2 Shot Noise

Shot noise is generated at the photodetector due to the random arrival and detection of
photons, which generates a random fluctuation in the detected photocurrent [2]. The
electrical noise power due to the shot noise variance is given by

Nsnor = 2ql4ygBR,, (2.14)
where q is the electron charge, and I, is the average detected photocurrent. Compared
to the thermal noise, shot noise power depends linearly on the average photocurrent, and

consequently, the received optical power.
2.4.2.3 Laser Intensity Noise

The laser intensity noise describes the fluctuations in the unmodulated optical power of a

laser, which mainly stems from intrinsic optical phase and frequency fluctuations caused
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by the spontaneous emission of photons, which are added to the coherent field of the
laser. Consequently, the laser intensity noise will be observed as the fluctuation in the
detected photocurrent at the receiver output [2]. The laser intensity noise power can be
expressed as

Npiv = RIN I,,°B R, (2.15)
where RIN is the laser relative intensity noise. Notice that the Nrix noise is quadratically
proportional to the average detected current. Therefore at high input laser power, the

RIN noise usually becomes the dominant noise power in the system.
2.4.2.4 Total Link Noise

The total noise power, which is also known as the system noise floor, can be expressed as
the sum of the individual noise sources in the fibre optic link as follows:
Niot = Nep + Nth,amp + Nonot + Nrin

= (1+ Gy )KTB + 2qlopgBR, + RIN I,,,°B R, (2.16)
The total noise of a fibre optic link is similar to the photonic mixer link except that the
amplified thermal noise Ny om;, is different and depends on the system conversion
efficiency. Moreover, for fibre-optic links that use an EDFA to amplify the optical signal,
the amplified spontaneous emission (ASE) noise is also added to the total noise floor,
which contains the spontaneous-spontaneous beat noise and the single spontaneous beat
noise. Assuming that an EDFA is not used in the fibre-optic link, the dominant noise
source at low received optical power is the thermal noise, and the dominant noise source
at high-received optical power is the laser intensity noise. These two noise sources can be
decreased by using low-noise components such as lasers with low RIN characteristics.
Moreover, techniques such as balanced detection are used to suppress the common mode
noise i.e. RIN and ASE noise. The only noise that cannot be decreased is the shot noise,
which is independent of the device properties. Therefore the objective for most photonic
mixer techniques, which aim for low noise and high SNR, is to reach the shot noise

limited performance.
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2.4.3 Noise Figure

The Noise Figure (NF) is an important figure of merit for determining the performance
quality of a fibre-optic link and is a critical parameter in many RF applications such as
antenna remoting for phased arrays. It is a measure of degradation of the signal-to-noise
ratio (SNR). The noise figure (NF) of a two-port device is defined as the ratio input signal
to noise ratio to the output signal to noise ratio. The noise figure can be expressed in the
following equation.

Sin
NF = SNRin — /‘I’ll‘n

SNRout ~ Sout/,

(2.17)

where S;,, is the input signal power, S,,; is the output signal power, n;, is the input noise
power which is solely the input thermal noise of the modulation device, and n,,; is the
total noise power N, which has been defined in equation (2.16). For a photonic mixer
link, S,,; can be viewed as the output IF signal power whereas S;, is the input RF signal
power. Therefore S,,; can be expressed as S,u: = Geony Sin, Nin = KTB and nyye = Npoe, X

can be rewritten as

Sm/KTB Niot
NF = —£B = (2.18)
tot 2in /PN GcoanTB

It is worthy to mention that the noise figure NF is independent of the noise bandwidth B
because the total output noise power N, in equation (2.18) is measured in the same
bandwidth, B, as the thermal noise in the denominator. It is highly desired to minimize
the noise figure in order to achieve high performance photonic mixer. By inspecting
equation (2.18), it can be clearly deduced that to minimize the noise figure, the
conversion efficiency has to be increased. One possible approach to achieve this is by
introducing a low-noise, high gain pre-amplifier at the input of the modulator device and
increase its gain until the noise figure approaches the limit of the pre-amplifier noise
figure. This would also reduce the conversion efficiency which would lower the noise

figure.
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2.4.4 Nonlinear Distortions

Non-linear distortion analysis is extremely relevant to the study of photonic mixers
techniques since the mixing function is done by means of a non-linear electro-optic device.
The transfer function of the modulation device e.g. MZM, is intrinsically nonlinear. The
derived expressions of the link gain and noise figure are sufficient when considering only
the linear region of the modulator transfer functions. However, a detailed investigation of
this nonlinearity is necessary since this factor considerably limits the dynamic range of
the photonic mixer link. In this analysis, the modulation device is assumed to have the
dominant impact on the nonlinearity. Other devices in the photonic mixer link, for
instance the photo-detector, are assumed to be ideally linear. Strictly speaking, these
components also contribute to fibre optic link nonlinearities. However, their influences
are much smaller compared to the modulation devices [33] and, therefore, most of the
time can be ignored.

Consider a general expression of the modulation device transfer function, y(x), which is

expanded using a Taylor series around the point x,.

[oe]

_ k dk
y(x) = Z%(d_x{)cho
k=0

[oe]

= z a(x — xp)k (2.19)

k=0
Here a; represents the Taylor series expansion coefficient where

1 dky
A = 1 (G- x=xo (2.20)

Here, x is a time variant quantity, which can represent either the input current or
voltage modulation to the device, whereas x; is related to the bias term. The most
common way to describe the behavior of the nonlinear transfer function in Equation
(2.19) is to perform a test known as the tone modulation. In this case the modulating
signal x(t) has a pure sinusoidal form. Conventionally, the tone modulation can be
divided into three classes: single tone, two-tone and multitone modulations. These tone
modulations are differentiated from one another by the number of signal frequencies

included in the modulating signal [33]. Our discussion is limited to only single and two-
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tone tests. The single tone modulation uses a single frequency signal and is performed to
determine the harmonic distortion generated by the nonlinear transfer function. In
contrast, two-tone modulation uses a pair of closely spaced signal frequencies and is
performed to determine the intermodulation distortion products. The following sections

discuss the analysis of the single and two-tone tests.
2.4.4.1 Harmonic Distortion — single tone test

In a single tone test, the equation of the input signal is

x(t) = xq + Acos(wt) (2.21)
where w = 27 f is the angular frequency, A is the signal amplitude and x,1is the bias
current or voltage. Substituting equation (2.21) into equation (2.19) and evaluating the

result for the first three terms i.e. (up to k = 3) yields
y(@) = ag + %azA2 + (a1 A+ Za3A3> cos(wt)24 + %aZA2 cos(Rwt) + %a3A3 cos(Bwt) (2.22)
Note that in equation (2.22), the third and fourth terms have been derived from the
trigonometric relations cos?a = %(1 + cos(2a)) and cos3a = %cos(a) + %cos Ba)
The components of the response of the modulation device can be identified from equation
(2.22) as

¢ DC component that is independent of w.

¢ Signal component with frequency w

¢ Harmonic distortions at frequencies of integer multiple of w
Note that the spurious components at twice and three times the signal frequency are
called second-order harmonic (HD2) and third-order harmonic (HD3) distortions,

respectively.
2.4.4.2 Intermodulation Distortion — two tone test

While the single tone test already offers some insight into the device nonlinearity, a more
common way to characterize this nonlinearity is to perform the so-called two-tone test.

The form of the input signal in a two-tone test is as follow
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x(t) = xy + A[cos(wqt) + cos(w,t)] (2.23)
where w; =2nf; and w, =2nf, are the two-tone angular frequencies. The two
frequencies fyand f, are closely spaced to each other. Now substituting equation (2.23)

into equation (2.19) and computing the result up to K=3 yields the following

y(t) = ag+ a,A? + (alA + %a3A3) (cos(w,t) + cos(w,t)) + %azA2 (cos(2w,t) + cos(Qw,t)) +
%a3A3(cos(3w1t) + cos(3w,t)) + ayA%[cos((w; — wy)t) + cos((w; + w,)t)] +

%(13A3[cos((2w1 — w,)t) + cos((2w, — w)t) + cos((Rw; + wy)t) + cos(Qw, + w)t)]  (2.24)
Note that the trigonometric relation cosa cosf = %[COS (a — B) + cos (a + B)] was used to

obtain the expression in equation (2.24). It is clear from equation (2.24) that besides the
harmonic distortions, additional spurious components are produced at the output if two
frequencies are present simultaneously. These components are called intermodulation
distortions (IMDs). The second order intermodulation IMD2) terms appear at the sum
and the difference of the fundamental frequencies, w; and w, whereas the third-order
intermodulation (IMD3) terms appear at the sum and the difference of twice of one of the
fundamental frequency and the other frequency. Table 2.1 shows the amplitude and the

frequencies of the components present in Equation (2.24).

Component Frequency Amplitude
DC 0 a, + a,A?
9
Fundamental Wy , Wy WA+ Za3A3
2nd order harmonic 201 , 2w, 1 2
E azA
3rd order harmonic 3w; , 3w, 1
Z a3A
2nd order W, — Wy, W1 + W, a,A?
intermodulation
3rd order 2w — Wy, 2wy — W, Ea 43
intermodulation 201 + w3, 201 + W, 43

Table 2.1: Signal components generated from a nonlinear device under two-tone test
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An important observation is that the intermodulation distortion (IMD) amplitudes are
different from the harmonic distortion (HD) amplitudes even though they are primarily
produced by the same mechanism. The HD2 amplitude is half of the IMD2 amplitude
whereas the HD3 amplitude is one third of the IMD3 amplitude. However, in practice,
the powers of these components are measured instead of the amplitudes. Considering
that the amplitude is either a current or voltage parameter, the power produced here is
an electrical or an RF power. Therefore the powers of the distortion terms are
proportional to the square of their amplitudes. Consequently, it can be deduced that the
powers of the IMD2 terms expressed in decibels are roughly 4 times higher than the HD2
powers. Likewise the IMD3 powers are 9 times higher than the corresponding HD3
powers. This is an important deduction and will be referred to when the measurements of
the spurious free dynamic range is introduced. An illustrative two-tone test output

spectrum of a nonlinear device is depicted in Fig. 2.9.
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Figure 2.9: A two-tone test output spectrum

The input tone frequencies are 0.95 and 1.05 GHz and their powers are set to 0 dBm. The
spectrum in Fig. 2.9 shows that the distortion products that fall closest to the

fundamental signals are the IMD3 terms at 2f; — f, and 2f, — f;. These terms are so
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close to the fundamental frequencies that it is almost impossible to filter them out and
consequently they can cause severe interference. This implies that these spurious signals
will be present in any usable signal bandwidth. Therefore, the IMD3 is considered as the
main limiting distortion factor in any fibre optic link. There have been many methods
reported in the literature that attempt to eliminate the IMD3 and they will be discussed
in Chapter 3. With regard to the even order distortion products, the HD2 and IMD2 lie
relatively far from the fundamental signals and so they are easier to filter out. However,
when the signal bandwidth increases, the separation between the signals and the
distortion terms reduce. The interference effect of these second order distortions becomes
noticeable in a wideband system, in which the input signal is in the multi-octave range. A
multi-octave signal is defined as a signal in which its highest frequency component is
more than twice of its lowest frequency component. On the other hand, the effect of
second order distortions can be neglected in narrowband system where the input signal
operation in the suboctave range i.e. the highest frequency component of the input signal
is less then twice of its lowest frequency component. Fig. 2.10 shows the interference

effect of the second order distortions in a suboctave and a multioctave signal bandwidth.
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Figure 2.10: Illustration of the definition of suboctave and multioctave signal

2.4.5 Spurious Free Dynamic Range

The dynamic range is defined as the range between the maximum signal that can be

conveyed by a system to the minimum detectable signal just above the noise floor [30]. In
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various applications such as radar systems, a high dynamic range is important because
the radar can be jammed by high level jamming signals, while the radar still has to
detect low level information signals. Moreover, in antenna remoting applications for
wireless systems, the dynamic range plays a fundamental role in determining the
capacity and size of each cell. For instance, remote units that are located near the
antenna need to restrict their power and transmission rate if they exceed the upper limit
of the dynamic range, whereas remote units that are located far from the antenna will
not be noticeable if they fall below the lower boundary of the dynamic range. The upper
boundary of the dynamic range is restricted by the presence of distortion products just
above the noise floor, whereas the lower boundary of the dynamic range is restricted by
the noise floor itself. At high enough signal power the distortion products (HD and IMD)
become noticeable above the noise floor. This brings us to an important figure of merit
known as the spurious free dynamic range (SFDR), which is defined as the range between
the smallest signal that can be detected in a system just above the noise floor, and the
largest signal that can be introduced without creating detectable distortion in the

bandwidth of concern. Fig. 2.11 illustrates the concept of dynamic range.
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Figure 2.11: Illustration of the concept of dynamic range

Fig. 2.12 clearly illustrates the definition of SFDR where the components of the output
signal, the fundamental term, the noise floor and the intermodulation distortion terms
have been plotted against the input RF power, all expressed in decibels. Note that the
term SFDR. has been specifically used in order to emphasize that the limiting distortion

component is IMDn. For example, SFDR3 indicates the range between the minimum
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detectable signal just above the noise floor and the largest signal that can be introduced

without creating any third order intermodulation distortion IMDs.
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Figure 2.12: Illustration of the SFDR definition

Referring to Fig 2.12, the SFDR can be defined as the difference between Pgp ,;, and

Prpmax @nd can be written in a single expression [30]

n—1

SFDR,, = (£&Czor) ™ (2.25)

Ntot

where Ppp,0; is the output RF power of the n-th order intercept point, and is defined as
the intersection between the output RF signal and the n-th order IMD.

For the photonic mixer link, the fundamental signal is the IF power, and the SFDR
expression is obtained by replacing Pgr no; by Pipnor, Which is the output IF power of the
n-th order intercept point. There is another useful expression for the SFDR, which relates
the noise figure, the conversion efficiency and the n-th order intercept point and which
can be expressed as [30]

SFDRy = "= (Premor = NF = Goony + 174) (2.26)

where Pgp 0, NF, and G,,,, are all expressed in dB. Generally, SFDR,, is usually expressed
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n-—1
in dB.Hz = . This is essentially the same as saying that the SFDR is measured in dB in 1

Hz bandwidth. The factor HznT_1 arises due to the order of the SFDR.

Finally, examining equation (2.25) and (2.26), there are several ways to improve the
SFDR. For example, reducing the noise figure, or the noise floor, will yield a higher value
of SFDR and therefore a better performance of the fibre optic link. Moreover, increasing
the output RF n-th order intercept point by removing the dominant IMD will also

improve the SFDR.

2.5 Previous work on Microwave photonic mixers

Various microwave photonic mixer approaches have been reported in the past two
decades [34-56], which were based on either a combination of optical modulators
arranged in different configurations, or other non-linear photonic devices such as the
photodiode, or the semiconductor optical amplifier (SOA). Among the optical modulators
that have been studied were the electro-optic phase modulators, the electro-optic
intensity modulator or the electro-absorption intensity modulator. These photonic mixer
approaches were aimed to improve one or more of the fundamental performance
parameters of the mixer link i.e. the conversion efficiency, the noise figure and the SFDR.
The scope of this section is limited to only detailed discussion of the unlinearized photonic
mixer technologies. In other words, linearised approach that aims to cancel the IMD3 will
not be included in this section. Detailed linearised photonic mixer approaches will be
discussed in the next chapter together with a novel technique for a linearised photonic

mixer that can achieve high SFDR performance.
2.5.1 Single MZM based photonic mixer

The earliest research with regard to photonic mixer approaches dates back to 1993 by G.
K. Gopalakrishnan [34]. Two different photonic mixer approaches were proposed by
Gopalakrishnan. The first approach was the single MZM based photonic mixer. Figure

2.13 shows the structure of the single MZM based photonic mixer.
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As can be seen from Fig. 2.13, the structure of the single MZM is very simple and
requires the same photonic components used in an externally modulated fibre optic link.
The only difference is the modulating signal, which is formed by the sum of the RF signal
and the LO. By means of an electrical coupler, the RF and LO are combined and applied
to the MZM. The MZM needs to be biased at the most non-linear point i.e. the minimum

or maximum point, in order to obtain the first order mixing product namely the IF signal.
Input RF LO

b
 — Photodetector
' IF
R - R
] I Y —

MZ-EOM

Figure 2.13: Single Mach-Zehnder modulator based photonic mixer structure

The only difference between the two bias points is that at minimum transmission point,
the optical carrier and DC components are eliminated. This bias scheme offers the
advantage of lower laser noise and smaller optical reflections compared to the maximum
transmission bias. Compared to the conventional dual-series MZM based photonic mixer,
the single MZM based photonic mixer offers the advantage of a simpler design and
relatively lower conversion loss, because of the use of a single MZM to perform the mixer
operation. However, the drawbacks of this structure are the extremely poor isolation
between the RF and LO ports, the poor SFDR performance due to biasing at the most
non-linear point, and the limited signal bandwidth due to the use of an electrical
combiner. Also another disadvantage can be noticed in antenna remoting applications.
Since just one modulator is used for mixing, the LO and RF signal cannot be located in

separated units where one is at the base station and the other is at the remote location.
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2.5.2 Dual-series MZM based photonic mixer

Another structure that was proposed by Gopalakrishnan was a combination of two
cascaded MZMs, in which one is driven by the RF and the other is driven by the LO [34].
The structure of the conventional dual-series photonic mixer is depicted in Fig. 2.14

The principle of operation of this structure as a frequency mixer requires that both MZMs
are biased at the quadrature point (the linear region shown in Fig. 2.5) in order to obtain
the desired IF signal. This is because cascading two linear transfer functions will result
in the product of each of them, which is a non-linear operation. Compared to the single
MZM based photonic mixer, this structure has the advantages of infinite isolation
between the RF and LO ports, due to the impressing of the RF signal and the LO into

different electro-optic modulators separated by the optical interaction process.
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Figure 2.14: Dual-series Mach-Zehnder modulator based photonic mixer structure

Additionally, the linearity performance of this device is improved due to the biasing of the
two MZMs at the quadrature points and hence all the even order distortion products are
eliminated. As a consequence, the IMD3 level is reduced, which yields a decent
improvement in the dynamic range performance. The disadvantage of this structure is
the high conversion loss, which is mainly due to the use of an additional MZM, and also
the poor noise figure performance. Detailed investigations of the conventional dual-series
MZM based photonic mixer have been carried with the aim to improve the conversion

efficiency, the noise figure and the SFDR.
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It was suggested by A. C. Lindsay that, apart from the common techniques used to
improve the conversion efficiency of the externally modulated fibre optic link, the
conversion efficiency of the conventional photonic mixer structure is solely dependent on
the LO modulation index, and that the optimum value is close to m;,~1.8 [35]. Another
technique was also proposed to improve the conversion efficiency and the SFDR by
overdriving the MZM with a high LO power, which is beyond the modulator half wave
voltage V, [36]. The transfer function of the MZM, which is overdriven by the LO, will be
modified in such a way as to improve the conversion efficiency and SFDR. The measured
SFDR was 110 dB.Hz#5, and conversion loss of less than 5 dB. It was also demonstrated
that it 1s possible to obtain the IF signal from the output of the dual-series MZM based
photonic mixer by biasing the MZM driven by the LO at the minimum transmission point
and applying half the LO frequency [37]. The IF in this technique was regarded as the
sum and difference of a harmonic of the LO and the RF i.e. 2f;, t fzr. This approach is
efficient because it will only require a low bandwidth MZM to handle the half LO
frequency, which implies a reduction in cost. Moreover, designing a lower bandwidth
MZM has the advantage of low V;, which means an improvement in the conversion
efficiency, and the noise figure is possible. Finally biasing at the minimum transmission
point results in a lower average detected current, which in turn reduces the shot noise
and laser intensity noise.

A bias shifted approach was also proposed in [46] to improve the noise figure and SFDR
performance of the dual-series MZM based photonic mixer. The MZM driven by the RF
was biased close to the minimum i.e. the modulator bias angle was set to 168° (Vy = 0.93
V) so as to lower the contribution of shot noise and relative intensity noise. This will also
reduce the link conversion efficiency, but was compensated by using a high power laser of
30 dBm. Experimental results showed a measured conversion efficiency of -15 dB, a
measured noise figure of 20 dB, and a measured SFDR of 114 dB.Hz23. These results
were demonstrated at 2 GHz RF frequency. Although this technique made a decent
improvement in the noise figure and SFDR performance, it has several drawbacks e.g. it

requires a higher power laser source, and it is limited to suboctave signal bandwidth due
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to the low biasing scheme, which generates second order distortions. An EDFA can be
also used to compensate the low conversion efficiency, however, the ASE noise generated
from the EDFA can degrade both the noise figure and the SFDR.

Another technique to improve the performance of the dual-series MZM based photonic
mixer was reported in [39]. It was based on a low V, resonant electrode optical modulator.
A two-section low-pass matching circuit was used to reactively match the modulator
electrodes, which consequently resulted in lowering the effective V, of the modulator. As a
consequence, a high conversion gain of 3.3 dB, a low noise figure of 17.4 dB, and an SFDR
of 112.9 dB.Hz23 were experimentally demonstrated at 450MHz RF frequency. A further
17 dB in the conversion gain was also demonstrated by means of photodetector
impedance matching. Although this technique improves the overall performance of the
dual-series MZM based photonic mixer, it has the disadvantage of limiting the RF and IF

signal to narrow bandwidth.

2.5.3 Electro-absorption Modulator based photonic mixer

Another device that can be used to modulate the intensity of the light is the
electroabsorption modulator (EAM). Its operating principle is based on the
electroabsorption effect, that is, a change in the applied electric field causes a change in
the absorption spectrum, and hence a change in the bandgap energy of the semiconductor
material [57]. An interesting feature of this device is that it can be also used as a
photodetector, hence performing two different operations simultaneously. One approach
that employs the EAM as a photonic mixer/photodetector was reported in [42], which
demonstrated a conversion loss of 18.9 dB and a suboctave SFDR of 120 dB.Hz%5 at
10mW received optical power. The structure of the EAM based photonic mixer is shown
in Fig. 2.15. A directly modulated laser was used to launch the modulated LO optical
signal at a beat frequency of 900 MHz into the modulator. The EAM was also modulated
by an RF signal at 1 GHz. The photodetection process occurs at the EAM, and the LO is
mixed with the RF signal. At the output of the EAM, the IF signal is generated in

addition to the LO and the RF signal, which then passes through a circulator toward the
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spectrum analyzer. When the EAM was biased at the highest slope efficiency of the
photocurrent versus dc bias curve, the conversion efficiency was maximised and a
measured conversion loss of 18.9 dB was demonstrated. In contrast, when the EAM was
biased at the third order null point of photocurrent versus dc bias curve, the SFDR was
maximised and a measured SFDR of 120 dB.Hz%> was demonstrated in a suboctave

bandwidth and at the expense of 3 dB reduction in the conversion loss.
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Figure 2.15: Structure of the electro-absorption modulator based photonic mixer/photodetector

Although, the SFDR performance was improved in this technique compared to the
previous approaches utilizing MZM as photonic mixer, however, the limited power
handling ability of the EAM prevents further improvement in the SFDR, and conversion
efficiency. In addition, an EAM generally exhibits higher insertion loss compared to an
MZM, and thus the performance of the conversion efficiency is also poor. Also the RF
signal bandwidth is limited by the bandwidth of the electrical circulator used in this
approach. Finally this approach is only limited to suboctave bandwidth as the EAM

generates second order distortion at the third order null point bias.
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2.5.4 Dual series phase modulators based photonic mixer with optical

filtering

Another frequency downconversion method was reported in [47] and was based on direct
detection of two cascaded phase modulators followed by an optical notch filter. A 30 GHz
RF signal was downconverted to a 140 MHz IF signal, with a measured SFDR of 112
dB-Hz23, a conversion loss of 3.5 dB, and a noise figure of 32.5 dB at 10 mA received DC
photocurrent. The structure of the dual series phase modulators photonic mixer is shown

in Fig 2.16.
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Figure 2.16: Structure of the dual-series phase modulators with optical filtering of the carrier

A DFB laser source was used to provide a 100 mW continuous wave optical power which
was fed into an electro-optic phase modulator (PM) and was modulated by an RF signal
at 30 GHz, the output RF modulated optical power was then fed into another PM, and
was modulated by a single tone LO at 29.86 GHz. The output-modulated signal from the
second PM consisted of the antiphase RF and LO sidebands as well as the optical carrier.
A fibre Bragg grating (FBG) was inserted following the second PM to filter out the optical
carrier. In fact, the FBG was a crucial requirement for this approach to work because if
the carrier is not suppressed, the output IF products are extinguished in the detector due
to the antiphased products that beat with the carrier and cancel each other. Therefore

suppressing the optical carrier allowed full recovery of both sidebands when the signal
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beats in the photodetector to produce the IF. An EDFA was also required before the
photodetector to amplify the RF and LO sidebands. The final IF output is the coherent
sum of each RF signal sideband beating with the LO sideband. The conversion efficiency,
noise figure and SFDR performance of this photonic mixer technique were improved by
solely optimising the LO modulation index. The optimal LO modulation index to
maximize the conversion efficiency was 1.08. At this modulation index, the conversion
loss was measured to be 3.5 dB. The noise figure and SFDR were also optimised by
setting the LO modulation index to 0.39. At this value, a measured SFDR of 112 dB-Hz2/3,
and a measured noise figure of 32.5 dB were demonstrated.

This approach exploits the usual benefits of carrier suppression i.e. minimizing the DC
photocurrent and hence lowering the RIN and shot noise contribution. Moreover, unlike
the quadrature biased MZM which only utilizes half of the available amplitude of each
sideband, this approach fully utilizes both sidebands of the RF signal and the LO by
using phase modulator and carrier suppression, hence maximizing the output signal
strength. Nevertheless, the dual-series PM based photonic mixer with optical filtering
suffers from many drawbacks. First of all, it is limited by the critical requirement of a
very narrow bandwidth and high stopband rejection level optical filter at the carrier
frequency so as to filter out the optical carrier, without affecting the RF and LO
components. Moreover, the optical filter must be insensitive to environmental changes so
as to maintain a stable performance. Such requirements cannot be practically realized. In
fact the notch filter used in this technique requires the RF signal and the LO to be
several GHz removed from the carrier, making this technique suitable only for higher
frequency signals. Also this technique is also limited by suboctave signal bandwidth due
to the presence of second order distortion products. Finally, the SFDR performance of this
technique 1is still not satisfactory especially for applications that require critical SFDR

performance such as phased array antennas.
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2.5.5 Phase modulated Radio-over-fibre link with electro-optic

downconversion using a delay line interferometer.

Another technique that employs phase modulation to perform frequency downconversion
was reported in [49]. The structure of this method is similar to [47] except that it uses
Mach-Zehender delay line interferometer instead of a FBG, and a pair of balanced
photodectectors. Fig. 2.17 depicts the structure of the dual-series PM based photonic

mixer using delay line interferometer and balanced detection.

Figure 2.17: Structure of the dual-series phase modulators with a delay line interferemoeter

This simple configuration allows downconversion and common-mode noise suppression to
be simultaneously realized with relatively high conversion efficiency. A laser source was
used to launch the input optical power into two cascaded PMs, in which one was
modulated by the RF signal at 7 GHz and the other was modulated by the LLO at 6 GHz.
The output modulated signal from the second PM was then passed to an asymmetric
Mach-Zehnder interferometer, which was used as a delay-line filter to convert the phase
modulated signal into an intensity modulated signal, which was then directly detected by
a pair of balanced detection. The detected output signals are then combined to produce
the downconverted signal at the IF. Two designs for the LO modulation amplitude were
implemented. The first design aimed to improve the conversion efficiency by setting the
LO modulation depth to 0.92, which resulted in a link gain that is 7.34 dB higher than
that of the conventional dual-series MZM based photonic mixer. The second design aimed
to suppress the common mode relative intensity noise (RIN) by setting the LO

modulation depth to 1.2 so as to balance the photocurrents between the two detectors. At
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this LO modulation index, the SFDR was optimised and a measured value of 102 dB-Hz2/3
was obtained. Clearly the SFDR performance is poor in this technique, and the use of
delay line interferometer with balanced detection adds further complexity to the system.
The critical requirement to filter out the optical carrier without affecting the RF and LO

is also a problem in this structure.

2.5.6 Other photonic mixer devices

So far, all the previous photonic mixer approaches that have been investigated were
based on using different types of optical modulators. However, the RF-IF signal
conversion can be performed using other nonlinear photonic devices. In this section, we
will examine the use of photodiode and semiconductor optical amplifier to perform the

signal mixing.

2.5.6.1 Optical microwave double mixing using PIN photodiode

One method that uses a PIN photodiode to perform the signal conversion was reported in
[43], which is based on the principle of signal double mixing in a PIN photodiode. This
approach achieves as much as 30 dB of higher mixing product in a narrow band
compared with the conventional direct detection approach. However it requires additional
passive electrical components in the PIN photodiode circuit so as to provide the double
mixing function. In conventional photonic mixers, the only useful signal at the output of
the photodetector is the detected IF signal. The other detected signals such as the LO and
RF are not utilized at the output of the photodetector. In this approach, however, the RF
signal is also utilized. By designing a proper embedding circuit, the RF signal is reflected
back into the photodiode, and hence, it is mixed again with the LO. In case of phase
coherence the two mixing products are added constructively, and thus, the output IF
signal 1s increased significantly. This method is known as optical microwave double
mixing because it simultaneously utilizes two effects, i.e., a direct and indirect mixing

process of the LO and the RF signal. As a result of this double effect, a 10-15 dB
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improvement is obtained compared to the conventional mixing process. By using
additional resonance enhancement method, the mixing product can be further improved
by additional 15 dB. The principle of operation of this approach is as follows. A directly
modulated RF optical signal is launched into the photodiode, which is in an embedding
circuit. The LO is also applied to the photodiode, and the mixing process occurs. The RF
and the IF signal which are produced at the output of the photodiode, are separated by
branching filters, and terminated by the admittances. The RF detected current is then
reflected back to the photodiode and mixed again with the LO signal. The two mixing
products, which resulted from the direct and indirect, mixing, are added if they are in
phase, which can be determined by the use of proper linear conductance, and a non-linear
capacitance. Clearly this technique relies heavily on the use of electrical components to
obtain the double mixing effect, and thus it is only suitable for narrow band applications.
Also, a high-speed photodetector is required to handle the high RF signal as opposed to
conventional photonic mixer techniques, in which the photodetector needs only to handle
the IF signal. Also, in order to handle high RF frequency, the photodetector needs to have
a small active area, which in turn minimizes the power handling ability of the
photodetector. Therefore the dynamic range cannot be significantly improved, and a

further improvement in the conversion gain is difficult.

2.5.6.2 Photonic microwave mixer based on cross gain modulation in

semiconductor optical amplifier

A microwave photonic mixer method was reported in [48,54] which was based on cross
gain modulation (XGM) in a semiconductor optical amplifier (SOA). The use of SOA as
multifunctional device permits performing all optical functions based on its nonlinearity.
In this approach, two optical carriers are generated from separate laser sources, and then
are externally modulated by the RF at 1 GHz and the LO at 900 MHz via the use of
optical modulators. The two modulated signal are then applied to the SOA. The optical

power modulated by the LO is significantly higher than the one modulated by the RF.
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Therefore the modulation of the optical gain of the SOA is mainly due to the modulated
LO power. The RF information signal can be shifted, via the XGM nonlinearity, to the IF
signal at frequencies f;r = frr * f.o- The amplified signal at the output of the SOA is
passed through an optical filter, and then to a PIN photodiode, which detects the output
IF signal. A conversion gain of 11.5 dB, and an SFDR of 85.7 dB-Hz23 were demonstrated
at 100 MHz IF signal. The noise floor was measured to be -135 dBm/Hz. Clearly, the
SFDR performance of this technique is extremely poor, and this is mainly due to high
non-linearity arising from the SOA. The noise floor is also high, which is also due to the

noise introduced by the SOA.

2.5.7 Conclusion

The previously mentioned photonic mixer structures have been mainly focused on
improving the mixer conversion efficiency performance. A high conversion gain of up to
17 dB was achieved as was demonstrated in [39]. However the limited SFDR performance
has been a major problem. This is due to the inherent nonlinearity in the optical
modulators, which contributes significantly in the generation of spurious signals. In
particular, the IMD3 is usually the dominant distortion product, and limits the upper
bound of the SFDR range. If the IMD3 products are entirely eliminated, then the mixer
SFDR will be enhanced significantly. High mixer SFDR performance is essential in
applications such as radar, defence recievers, phased array antenna, and hybrid fixed
wireless networks [18,58,59]. In the next chapter, various linearised photonic mixer
techniques will be discussed, which aim of eliminating the IMD3. A novel photonic mixer
approach will be also presented together with complete analytical and experimental

results.
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CHAPTER 3 Microwave Photonic Mixer With High
Spurious Free Dynamic Range Based on DPMZM

3.1 Introduction

Microwave frequency conversion is a key function in many optical-wireless system
applications. A high spurious free dynamic range (SFDR) is required in applications such
as antenna remoting, radio-over-fibre (RoF), hybrid fixed wireless networks and phased
array antennas [1]. High SFDR frequency downconversion is especially important for
enabling the digitization of the signal with high resolution at the intermediate frequency
(IF) to match the capabilities of high-performance A/D converters [2,3]. Previously
reported microwave photonic mixer structures have limited SFDR performance [4-28].
This is due to the fact that the optical mixing process is obtained through inherently
nonlinear elements. Therefore spurious distortions such as harmonic distortions (HDs)
and intermodulation distortions (IMDs) are generated in addition to the desired down
converted signal [29]. For sub octave links, the third order intermodulation distortion
(IMD3) is the dominant nonlinear distortion component. As the signal bandwidth is
extended to multioctave, the second order distortion products become influential to the
SFDR performance [30]. Therefore, it is necessary to design a linearised mixer technique
that fully suppresses the IMD3 while still maintaining multioctave operation in order to
significantly enhance the SFDR over a wide bandwidth. There have been numerous
linearised approaches that aim to eliminate the IMD3 [30-52]. However most of these
approaches either restrict the signal bandwidth to suboctave operation, suffer from poor
isolation between the RF and LO ports, do not fully suppress the IMD3 components, or
increase the system complexity. In this chapter, a detailed literature review of the
various reported linearised photonic mixer approaches is presented in section 3.2.
Following the literature review, a novel linearised DPMZM based photonic mixer

approach is presented in section 3.3. Finally, a conclusion will be given in section 3.4.
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3.2 Previous work on linearised photonic mixers

In this section, the previously reported linearised photonic mixer approaches will be
reviewed with the aim of evaluating their overall performance with respect to the SFDR,

bandwidth of operation, and the isolation between the RF and the LO.

3.2.1 Linearised directional half coupler MZM based photonic mixer

A linearised photonic mixer technique based on the dual-series directional half coupler
MZM was reported in [31]. This approach considers only a suboctave link in which the
second order distortion products fall out of band, and the linearisation is performed to
suppress the IMD3, which is in band with the fundamental IF signal. A third order SFDR
of 122 dB-Hz%% was demonstrated at an input frequency of 400 MHz, and input laser
power of 25.6 dBm. Fig 3.1 depicts the structure of the linearised directional half coupler

MZM based photonic mixer.
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Figure 3.1: Structure of the half coupler Mach-Zehnder modulator based linearised photonic mixer

A continuous wave light was launched from the laser source into a conventional
quadrature biased MZM that was driven by an LO at 420 MHz. The output LO
modulated optical signal was then fed into a reflective half-coupler MZM driven by a two-
tone RF signals at 399 MHz, and 401 MHz. The half-coupler MZM has a unique transfer
function such that it is possible to suppress the IMD3 by adjusting the modulator bias

voltage. The linearised modulator bias point was set using a feedback circuit to provide
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constant ratio between the input and output optical power. The center of the half-coupler
modulator electrode was offset from the mirror, so there is a time delay between the
modulation of the forward and reverse propagation of the optical wave. As a result the
modulator voltage exhibited time dependence which affected the modulator transfer
function, and consequently resulted in some frequency dependence in the optimum point
for third order linearization. The output modulated RF optical power was then detected
by a photodiode resulting in the downconverted IF signal at 19 MHz, and 21 MHz. The
half-coupler MZM was biased to eliminate the IMD3 yielding a measured SFDR of 122
dB-Hz#45. Although this linearisation approach achieves a high SFDR performance,
however, it suffers from several drawbacks. First of all, it was a sub-octave linearization
since no elimination of second order distortions was achieved. Also this technique is not
suitable in broadband applications because the half coupler modulator exhibited time
delay between the modulation of the forward and reverse propagation, which caused
frequency dependence on the optimum bias condition for linearisation. Finally the high

SFDR performance was achieved using high input laser power of 25.6 dBm.

3.2.2 Linearised photonic mixer based on dual parallel MZM and balanced
detection

Another linearised photonic mixer approach, which is based on dual parallel MZM with
balanced detection, was reported in [32]. This technique realizes a multi-octave SFDR
performance of 115 dB-Hz4% with the additional advantage of requiring a low laser optical
power of 7 dBm. The structure of the linearised photonic mixer is shown in Fig. 3.2. The
RF signal and the LO were split and applied to both MZMs in an appropriate ratio to
cancel the IMD3. An optical coupler was used to split the laser power into two optical
paths. The laser power travelling in the upper path was much higher than that travelling
in the lower path resulting in a higher IF output in the upper path. A higher RF power
was applied to the lower MZM resulting in a higher intermodulation distortion in the
lower arm. Both MZMs were biased at minimum resulting in a low optical carrier power,

which thus minimized the average optical power into photodectectors. This in turn
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reduced the shot and RIN contribution. The two output optical powers from both MZMs
were detected using balanced detection scheme. The resultant photocurrents from both
photodiodes were then subtracted to yield the final IF output. By appropriately
controlling the RF splitting ratio, the LO splitting ratio, and the optical power splitting
ratio, the overall IMD3 product was suppressed. Experimental result demonstrated an
SFDR of 115 dB-Hz%5 at 7 MHz RF, and using only 5mW laser power. This approach
demonstrated a decent SFDR result, however, the performance is limited by the presence
of the phase induced intensity noise (PIIN), which is generated by the optical interference
in summing the two delayed optical signals in the upper and lower paths. Additionally, it
has a poor isolation between the RF and LO ports since they are applied into the same
unit. This also does not enable the LO and the RF signals to be placed in different
location, which is a major requirement for many antenna remoting applications.
Furthermore, since this technique requires two power splitters to be used to split the LO
and the RF with a specific ratio, a high SFDR performance can be only achieved in a
narrow bandwidth, which is determined by frequency response of the two electrical

splitters.
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Figure 3.2: Structure of the linearized parallel Photonic mixer
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3.2.3 Linearized microwave photonic mixer using dual-wavelength phase
modulation and optical filtering

The linearised photonic mixer approach in [33] relies on the fact that the electro-optic
coefficient of LiNbOs modulator depends on the polarization state of the light. Thus if two
optical carriers with distinct wavelengths are combined and applied to the input of the
modulator, this will effectively causes a single modulator to act as two modulators having
different transfer functions, that can be set in opposition to cancel the third order IMD.
The structure of the dual-wavelength phase modulation based linearised photonic mixer

is depicted in Fig 3.3.
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Figure 3.3: Structure of the dual-wavelength phase modulation and optical filtering based linearised
phtotonic mixer

Two laser sources (A and B) are used to launch the optical carrier at wavelength 1, and
Ag respectively. The two optical fields are polarization multiplexed and applied to the
phase modulator driven by the RF. The output modulated RF optical signal is then
amplified and applied to another phase modulator, which is driven by a strong microwave
LO. At the output of the second PM, a pair of bandpass filters is used so as to spectrally
isolate the upper sidebands of the two optical waves. The two filtered optical signals are
then recovered separately by two different photodiodes. The two output photocurrents are
then subtracted using a 180° hybrid coupler, and hence the final output IF is obtained.
By adjusting the polarization controller prior to the PM in order to obtain specific ratio of
the switching voltage of the modulator at the two different polarization states, one can
eliminate the IMD3, and hence the photonic mixer is linearized. Experimental results

showed a 20 GHz downconversion to 250 MHz, with a measured SFDR of 110.5 dB-Hz45,
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a noise floor of -156 dBm/Hz, and a conversion efficiency of -49 dB. This method suggests
an additional 13.5 dB improvement in the SFDR is possible if a shot noise limited
performance is assumed, and a more accurate adjustment of the ratio between the two
polarization states is obtained. The measured SFDR performance is still inadequate. In
addition, filter drift and imperfections, as well as wavelength instability of the laser can
significantly degrade the linearisation and downconversion performance of this

technique.

3.2.4 Linearized photonic mixer based on balanced detection and digital signal post
processing

The approach in [34] uses a combination of optical filtering and balanced detection to
obtain high SFDR performance in photonic downconversion architecture. The structure is

shown in Fig. 3.4.
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Figure 3.4: Structure of the linearized photonic mixer based on balanced detection and digital post
processing

The laser optical power is fed into an MZM driven by the LO. The MZM is biased at the
null point so as to suppress the carrier. Carrier suppression is of particular interest
because it mitigates carrier-induced noise, maximises the signal to noise ratio (SNR), and
allows efficient optical amplification of the signal sidebands, which in turn provides an
overall gain, noise figure, and SFDR improvement. Also since only the second harmonic
of the LO is generated at the output of the MZM, the LO frequency needed to be about
half of the RF signal frequency so as to obtain the IF downconversion. The output
modulated optical signal from the MZM is fed into a phase modulator, and is modulated
by an RF signal. The output signal from the phase modulator is sent to a multiport
reconfigurable bandpass filter. This filter is designed to select and separate only the first

upper and lower sidebands of the modulated RF signals and the LO. The two outputs of
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the filter are connected to obtain balanced detection, which detects the optical signal, and
produces the output IF signal, which is digitized and post-compensated by emulating the
inverse link transfer function in the digital domain. Thus the IMD3 components are
significantly suppressed. Experiments showed an RF-IF downconversion from 8 GHz to
40 MHz with a measured SFDR of 120 dB-Hz#5 at 12 mW received optical power, a noise
floor of -162 dBm/Hz dominated by the shot noise, and a conversion loss of 28 dB. At 20
GHz RF, the SFDR was measured to be 117 dB-Hz23. Although a high SFDR performance
was obtained at 8 GHz, the center frequency of the bandpass filter needs to be
dynamically reconfigured at different RF frequencies, which adds further complexity in

the system.

3.2.5 Previous linearised Dual-Parallel Mach-Zehnder Modulator techniques

One of the most common IMD reduction techniques is the use of a dual-parallel Mach-
Zehnder modulator (DPMZM). A DPMZM is a device that consists of two electro-optic
intensity modulators (MZM) connected in parallel, and an embedded phase shifter as

shown in Fig. 3.5 [38].
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Figure 3.5: Schematic of the integrated dual-parallel Mach-Zehnder modulator

The two MZMs are used to modulate the amplitude of the optical field in the upper and
lower arms of the DPMZM. The bias voltage of both MZMs can be adjusted. The phase
shifter is used to control the phase between the modulated light in the upper arm of the

DPMZM and the modulated light in the lower arm of the DPMZM. It is also possible to
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modulate the light in only one arm of the DPMZM by applying the microwave signal to
only one of its two RF ports. Referring to Fig. 3.5, the transfer function of the DPMZM
with respect to the bias voltages can be obtained by considering the following:
* An equal optical power split into the DPMZM,
* No RF signal is applied to the DPMZM,
e The two MZMs are operated in push-pull configuration. This setup requires half
of V, compared to the normal MZM configuration.

¢ The phase shifter is embedded in the lower arm of the DPMZM

The input optical field of the DPMZM is denoted by E; and is split equally into both arms

of the DPMZM. The output optical field from the upper MZM is given by

E, = iEi[eﬂh + e‘f‘lh] 3.1)
where ¢, = "VVb ! is the phase change of the light in the top MZM, V,, is the bias voltage of
Tl

the top MZM, and V,, is the switching voltage of the top MZM. The output optical field

from the lower MZM and the phase shifter is given by

E,, = iEi [e/(@02+03) 4 @i(-02+03)] (3.2)
where ¢, = "VVbZ, and ¢; = "VV” are the phase changes of the light in the bottom MZM and
T2 3

the phase shifter respectively, Vj, is the bias voltage of the bottom MZM, V,, is the
switching voltage of the bottom MZM, V), is the bias voltage of the phase shifter, and V4
is the switching voltage of the phase shifter. The output optical field from the DPMZM is
given by

E,=Ey, +E,; = @Ei[ej‘pl +eIP1 + o) P2+03) 4 o) (m02t03)] (3.3)
where t¢ is the insertion loss of the DPMZM. The output optical power of the DPMZM is
given by

P, = |E,|?

= tf_fpi [ef<ﬂ1 + e P14 o) (P2t93) 4 oJ (—¢2+(P3)]X[e—jtp1 + eJP1 4 T (P2t93) 4 T (—(Pz+<P3)]
16
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= tf_fpi[4 + @201 4 7J201 4 0J202 4 o=J202 4 o) (P1+P21P3) 4 o= (Q1HP2+93) 4 of (P1-P2—¢3)
16
+ e T @1=02=93) 4 oJ (P1+902=03) 4 =] (P1+P2=P3) 4 o] (P1=¢2+¢3)
+.e—j(¢1—¢z+¢3q

(3.4)

Xye~J

. . . J x .
Using the relationship cos(x) = eT, equation (3.4) can be expressed as follows

= tlf—gPi[4 + 2cos(2¢;) + 2 cos(2¢,) + 2 cos(p; + @, + @3) + 2 cos(p, — ¢, — p3) + 2 cos(p; +
P2 = P3) + 208 (91 — @2 + @3)] (3.5)

= %Pi[Z + cos(2¢,) + cos(2¢,) + 2 cos(@; + ¢;) cos(p3) + 2 cos(p, — @) cos(@s)] (3.6)

Finally, the output optical power from the DPMZM can be expressed as

P, = tf?fPl-[Z + cos(2¢,) + cos(2¢,) + 4 cos(gp,) cos(@,) cos(@s)] (3.7

It is clear from (3.7) that the output optical power from the DPMZM depends on the bias
voltages of the DPMZM as well as input optical power into the DPMZM. The transfer
function of the DPMZM is simulated with respect to Vb1, Vb2, and Vu3 by assuming no
insertion loss in the DPMZM, 1 W of input optical power, and the switching voltages of
the DPMZM are all equal to 4V. This is done by fixing two of the bias voltages and
sweeping the other. We will consider the case when there is no DC offset in any of the
bias voltages i.e. the maximum point is located at 0 V, and the case when there is
arbitrary DC offsets of V1, aritt= 0.2 V, Vpz, it = 1 V, and Vpaaitt = 1 V as may occur in

practical devices. The simulation results are shown in Fig. 3.6.
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Figure 3.6: Transfer function of the DPMZM with and without DC offset for (a) Vb1 (b) Vbzand (c) Vs

There have been many investigations on using the DPMZM to linearize the transfer
function by eliminating the distortion products particularly the IMD3. They are based on
adjusting two or more of the DPMZM parameters i.e. the optical splitting ratio at the
input of the DPMZM, the modulation index ratio between the upper and lower MZM, and
the bias voltages of the upper MZM, the bottom MZM, and the phase shifter. The first
study regarding the linearity performance of the DPMZM was conducted by Steven
Krotoky in 1990 [38], which was a generalized extension of the two-polarization scheme
introduced by Johnson and Russel [39]. The two MZMs can be realized by using the two
orthogonal polarization states of a single MZM structure, as originally stated in [39]. As a

result, the DPMZM can be integrated on a single chip, which offers an economy of optical
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and electrical circuit elements, and ensures that the differences in electrical delay times
are negligible. Alternatively the two MZMs can be spatially connected, and this offers
greater flexibility in attaining optimum performance because the optical splitting ratio
can be adjusted as desired. The linearisation scheme proposed by Krotoky was centered

on eliminating the dominant second order distortion in a multioctave link. It was based
on fixing all the DPMZM bias voltages to VZ—", and optimising both the optical splitting

ratio, and the modulation index between the upper and lower MZM so as to cancel the
second order distortion products. Since then, different DPMZM linearisation approaches
have been reported [40-47]. The approaches in [44], and [46] are similar to [38] except

that all the DPMZM bias voltages were fixed at V, (instead of VZ—") to leverage the benefits

of carrier suppression, and to simultaneously linearize the DPMZM by appropriately
adjusting the optical splitting ratio, and the modulation index ratio to cancel the IMD3.
Of particular interest is the single drive DPMZM proposed in [47], which is based on
applying the microwave signal to only one port of the DPMZM, and adjusting the
DPMZM bias voltages appropriately to cancel the IMD3. The advantage of this technique
is that it does not require an electrical coupler to split the RF signal, and thus the
linearisation performance will not be affected by the signal frequency. In addition,
choosing a different set of bias voltages (other than the quadrature or minimum) may
offer additional advantages such as improved conversion efficiency, and noise figure.
This linearisation technique has been demonstrated in an upconverted photonic mixer
link as reported in [35]. It is based on cascading a low biased MZM with the single drive
linearised DPMZM as shown in Fig. 3.7
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Figure 3.7: Structure of the signle drive DPMZM based photonic mixer
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The laser light is modulated by a low-biased MZM, which is driven by an LO tone at
frequency of about half of the RF signal frequency. The output of the MZM is a double
sideband-suppressed carrier with two coherent lights at frequency separation of f;,. The
light from the MZM is then modulated through the single drive DPMZM. One of the
MZM’s in the DPMZM is driven by the IF signal as well as a DC bias voltage while the
other MZM is only biased with a DC voltage. The modulated signal at the output of the
DPMZM is then detected by a photodiode, which produces the upconverted RF signal.
The IMD3 in the electrical domain has two origins after photodetection. The first origin is
due to the beat of the optical carrier and the IMD3 component, and the second origin is
due to the beat of the fundamental terms and the second order IMD terms in the optical
field. Under optimized condition of the DPMZM bias voltages, these two IMD3 origins can
have opposite phase and equal intensity, and thus cancel each other out, leading to low
IMD3 and high dynamic range. Experimental results showed a measured SFDR of 122.7
dB-Hz23, a noise floor of -161.1 dBm/Hz, and a conversion efficiency of -45 dB at 8 dBm
received optical power. Although this mixer approach achieves high SFDR performance,
however, it is a sub-octave linearisation scheme since no elimination of the second order
distortions was achieved. Additionally, since the MZM driven by the LO was low biased,
this will not only produce second order distortions but also will require higher drive of the
LO power which is an additional electrical power penalty. Another fundamental issue lies
in the degree of IMD3 suppression. In practice, driving only one port of the DPMZM by
an RF will result in lower degrees of freedom in suppressing the IMD3 and hence lower
SFDR performance. In contrast, applying the RF signal with different modulation depths
into the two ports of the DPMZM will enable further suppression of the IMD3. Finally the
bias voltages designed in this approach have led to a poor performance in the conversion
efficiency, which is another important figure of merit. It will be shown in the next section
that the bias voltages can be designed to yield improved SFDR performance and

conversion efficiency simultaneously.
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3.3 Novel Linearised DPMZM based photonic mixer structure

This section presents a new linearised DPMZM based photonic mixer structure that can
readily overcome most of the fundamental issues in the previous photonic mixer
structures such as the limited SFDR performance, the restriction to suboctave signal
bandwidth, and the poor isolation between the LO and RF ports. The new structure can
fully eliminate the IMD3 to consequently achieve a high SFDR performance, while also
enabling multioctave operation, and essentially infinite isolation between the RF and LO
ports. The concept is based on an integrated DPMZM to which an optimised RF split and
an optimised optical phase shift is applied, in series with an MZM driven by the LO. The
DPMZM is linearised by fully cancelling the third order IMD wvia controlling the
modulator bias voltages and designing the splitting ratio of the RF signals applied to the
DPMZM. In addition, the second order harmonic distortion is minimized so the photonic
mixer can operate over a multi-octave range. Experimental results demonstrate a record
measured SFDR performance of 127 dB-Hz45, which is over 22 dB higher than that of the

conventional dual-series Mach-Zehnder modulator based microwave photonic mixer.

3.3.1 Principle of Operation

Fig. 3.8 shows the structure of the new integrated DPMZM based linearised photonic mixer.

Vrr(t)
2 T Vb1 Vi3
Port 1T TPort 3 Vio(t) + V1o

; |

MZIM Photodetector

- DPMZM

Fig. 3.8: Structure of the DPMZM based linearised photonic mixer. V zz(t) is the RF signal; V;, (t) is the LO;
Vp1, Vpz and V3 are the DPMZM bias voltages; and V, ; o is the MZM bias voltage.
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Laser light is applied to the DPMZM and the input RF signal is split in the ratio of 1:a and is
applied to Port 1 and Port 2 of the DPMZM so that modulation occurs with different modulation
depths. An optical phase shift is applied to control the phase between the two arms of the
DPMZM by setting the DC voltage applied to Port 3. The DPMZM is followed by an MZM which
is driven by the LO and is subsequently detected by a low-bandwidth photodetector which
generates the IF signal. The linearisation process is obtained through the integrated DPMZM. By
means of an optimium design of the three bias voltages to the DPMZM together with the RF
splitting ratio a, the third order IMD generated by the DPMZM is fully eliminated. The principle

is illustrated in Fig. 3.9.
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Fig. 3.9. Illustration of the linearisation process in the integrated DPMZM.

In the DPMZM, the top MZM and the bottom MZM both generate their own third order IMD
components, whose value depends on the input RF modulation depth as well as the bias condtion
of each MZM. The embedded phase shifter is controlled through its bias to produce a specific
phase relationship between the two third order IMD components. The two modulated signals are
then combined to form the output electric field. When the output electric field of the DPMZM
beats at the photodetector, additional third order IMD components are generated due to either

self beating of the third order IMD component of each MZM, cross beating between the third
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order IMD in one modulator and the optical carrier in the other modulator and vice versa, or cross
beating between the two third order IMD components generated from the top MZM and the
bottom MZM. The optimum design ensures that the three bias voltages of the DPMZM and the
RF voltage splitting ratio are chosen so as to enable a complete cancellation of all the possible
third order IMD products. Note that the example given in Fig. 3.8 considers only the simplest
case where the two RF signals into the DPMZM have either in or out-of-phase relationship. The
frequency downconversion process is obtained by following the DPMZM by an MZM driven by the
LO, which after subsequent photodetection produces IF frequencies at w;r = wgr + Wy, Where

0y 1s the input RF frequency and w, , is the LO frequency. This MZM is biased at quadrature to

avoid the even order harmonic distortion, which enables the realisation of a wideband multioctave
operation of the mixer. Moreover since the RF signal and the LO are modulated in different units,
this provides essentially infinite isolation between the RF and LO ports, enabling the RF signal

and the LO to be located at different locations.

3.3.2 Theoretical analysis of the linearised DPMZM based photonic mixer

This section presents a general analysis for the linearised DPMZM based photonic mixer,
which accounts for any bias voltages applied to the three ports of the DPMZM and any
RF power splitting ratio. The mathematical expressions for the fundamental figure of
merits of the mixer i.e. conversion efficiency, noise figure, and SFDR are derived, and
evaluated. The mixer performance is evaluated, and techniques to improve the
conversion efficiency, noise figure and SFDR are provided. It should be noted that the
DPMZM analysis provided in this section considers the use of the single drive DPMZM
unit which is slightly different than the push-pull unit in that it requires double the
switching voltage of the push-pull configuration. Referring to Fig. 3.8, the electric field at

the output of the integrated DPMZM is given by

Ei/ i3 —j¥s
E.(t) = %[cosmlT(t)e} >+ cossz(t)e J 23] (3.8
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where E; is the amplitude of the electric field at the DPMZM input, t¢; is the DPMZM insertion
loss, m; (t) = mgp cos(wgpt) + @1, and m,(t) = < myp cos(wgpt) + @, are the two inputs to
the DPMZM upper and lower arm respectively, mgr = m(Vgr/V,) 1s the RF modulation index, Vrr
is the input RF signal amplitude, V, is the half wave voltage of the modulator and is assumed to
be the same for all MZMs inside the DPMZM, « is the voltage ratio of the RF signal into Port 1
and 2 of the DPMZM, ¢,, = 7(V},,/V;) is the phase difference between the two arms of the n-th
MZM, V,,,, is the DC bias voltage into Port n of the DPMZM, and wgg is the angular frequency of

the RF signal. The electric field at the output of the MZM driven by the LO is given by

E,(t) = E"(t) trr2]1 + eimio®] (3.9)

where t;(, is the MZM insertion loss, m,, (t) = m;,cos(w,ot) + = is the input to the MZM driven
fr 0 0 0 >

by the LO, and biased at quadrature, and m;, = 7 (V,o/V;; o) is the LO modulation index, where
Vio is the input LO amplitude, V. ;, is the half wave voltage of the LO modulator. The output

photocurrent can be obtained from (3.9) and is given by

Ipp = |E,(D)I?R =

W [1+4 cosmy, ()] [2 + cos my(t) + cos m,(t) + 4 cos (ml(t)) cos (mZ(t)) cos((p3)] R (3.10)
where R is the responsivity of the photodiode, and P;, is the laser power into the DPMZM.
We first derive the expression for the conversion efficiency of the mixer. The IF coefficient

can be obtained from (3.10) and is given by

Iip = J1(myo) [ajl(mRF) +bJi (< mgp) + ¢ ]y (ocmRF) +dJ (mRF)] (3.11)

where J,,(x) is the Bessel function of the m-th order of the first kind, and a = sin(¢,),
b = sin(g,), ¢ = 4cos( )sm( )cos(<p3) and d = 451n( )cos( )cos(<p3) For small RF

signal, equation (3.11) can be approximated to
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Tip = Ji(mpo)XmeeX[(2b + ¢) « +(2a + d)] (3.12)

The output IF electrical power of the DPMZM based photonic mixer can be obtained from

(3.10), and is given by

1 2
Pipour = 2 ffl2 : tffzz “ P mpp? Jy(mpp) *R*RL[(2b + ¢) « +(2a + d)]? (3.13)
where R, is the photodiode load resistance. The conversion efficiency can then be

obtained as follows

P 1 (m\? 2
Goony = it = TG(Z) trp1? trpa? Pt o (M) RER R [(2b + ©) ¢ +(2a + d)]* (3.14)

where R, is the modulator input resistance. It can be seen from (3.14) that the
conversion efficiency depends on three system parameters namely the input optical power
P;,,, the LO modulation index m,,, and the IF coefficient (2b + c) -« +(2a + d). Increasing
the input optical power will significantly improve the conversion efficiency. The optimum
LO modulation index for maximum conversion efficiency is known to be approximately
myo~ 1.84 [5]. The IF coefficient can be maximised by designing the RF voltage splitting
ratio to be as large as possible. This can be done by applying an RF modulation depth to
port 2 of the DPMZM, that is much greater than that applied to port 1 of the DPMZM.
Also the bias voltages of the DPMZM can be designed for improved conversion efficiency.
The IF amplitude of the DPMZM based photonic mixer structure is compared with the IF
amplitude of the conventional dual-series MZM based photonic mixer to determine
whether there is penalty or gain in the conversion efficiency. The output IF power for the

dual series mixer is given by
1 2
Pipout[DSM] = 3 tfflz ) tffzz Py ".mpp?.J1(myp)*R2R,, (3.15)

Then the conversion efficiency ratio between the DPMZM based photonic mixer, and the

dual series based photonic mixer is given by
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_ Pirout[DPMZM] [
PIFout[DSM]

n (2b + ¢) « +(2a + d)]? (3.16)

Thus to yield an improved conversion efficiency, the IF coefficient needs to be (2b + ¢) x
+(2a + d) > 1. A bias scheme that simultaneously improves the conversion efficiency and
the SFDR performance will be presented in the next section. We derive also the
expression for the SFDR for the linearised DPMZM based photonic mixer. For a two tone
RF input m(t) = mgp[cos(w,t) + cos(w,t)] where w; and w, are two closely spaced
angular RF signal frequencies, the output electrical signal after photodetection will
consist of the two tone IF signals at frequencies w; — w, and w, — w;, as well as the in-
band third order IMD at frequencies 2w; + w; — w,o. The mixer SFDR performance is
limited by the presence of the third order IMD, which is the largest distortion product.
Thus it 1s important to find an expression for the amplitude of the third order IMD to
evaluate the SFDR performance. The IMD coefficient at frequencies 2w, + w, — w,o can

be obtained from (3.10), and is given by

IMD = J;(my,) [ah(mRF)]z(mRF) + b J; (<. mpp) (<. mpp) + ¢ J4 (OW;RF)]Z (@) +

)y (P51 (%55) e () (P2) e (5 0 (P25) o+ s (%) 1o () +

2 2 2

dJy (%£5) ), (w)z] (3.17)

2

where J,,(x) is the Bessel function of the m-th order of the first kind. The terms in (3.17) have
different origins. The first and second terms in (3.17) represent the IMD generated by the self-
beating of the modulated optical signal in each arm of the DPMZM. The third and fourth terms
correspond to the cross-beating between the modulated optical signal in one arm and the optical
carrier in the other arm of the DPMZM, and the last four terms are generated by the cross-
beating of the modulated optical signal in the upper arm with the modulated optical signal in the

lower arm. Equation (3.17) can be expanded by using the following relationship:

= (_1)71 2n+m
I (x) = ;m(g) (3.18)

We take only the first two terms i.e. the qubic and the quintic terms from (3.17), the IMD is given

by
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5
MgFr

J1(myo). [(8b + ¢) o3+ 3d x?+ 3¢ « +(8a + d)] — Seng J1(mp). [(32b + ¢) x5+ 5d o*+
10c o3+ 10d «?+ 5c - +(32a + d)] + higher order terms (3.19

mgg?
64

IMD =

Equation (3.19) shows that for small signal inputs, the quintic term and the higher order
terms are negligible, and the cubic term is significant. The SFDR, limited by the cubic

nonlinearity can be obtained from (3) and is given by

2

SFDR = (Mf (3.20)

Ntotal
where N;,.4; 1s total noise power at the output of the DPMZM based linearised photonic mixer,
which includes the laser intensity noise, the photodiode thermal noise, and the shot noise, and

Pyr ro; is the output IF third order intercept power and can be expressed as

trei? trrg? Pl Kror Jo(Myp)?R2R
Prpgoy = 222 in 32“” 1L L. [@2b + ¢) « +(2a + d)]? (3.21)

where k¢, 1s the third order intercept point and is given by

_ 4 (2b +¢) x +(2a + d)
Kror = (8b + ¢) 3+ 3d «x?+ 3c < +(8a + d)

(3.22)

From (3.20), it is clear that the SFDR can be improved by eliminating the cubic term in (3.19), or
by lowering the system noise floor. An analysis of (3.19) shows that for a given bias condition,
there exist three RF voltage splitting ratio solutions that enable the cancellation of the cubic term
in the IMD component. Once the cubic term is cancelled, then the residual quintic term in (3.19)
becomes dominant especially at higher signal levels. Consequently, the SFDR, limited by the

quintic nonlinearity, is given by

4

SFDR = (M)E (3.23)

Ntotal

where P p¢; is the output IF fifth order intercept power, which can be expressed as

2. 2.p. 2 2 22
Pippor = Yz Pin K:ZOI J1(mLo) R [(2b + ¢) '« +(2a + d)]? (3.24)

where kg, is the fifth order intercept point and is given by

N

B 1843.[(2b + ¢) « +(2a + d)]
KFo1 = 132b + ¢) o5+ 5d -oc*+ 10¢ -3+ 10d o2+ 5¢ -x +32a + d

(3.25)
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The SFDR limited by the quintic nonlinearity can be improved by increasing the output IF fifth
order intercept power. This can be done by either increasing the laser power into the DPMZM P;,,,
increasing the fifth order intercept point kp,;, optimising the LO modulation index m,,, or
increasing the IF coeffecient ie. (2b + ¢) ‘« +(2a + d). The SFDR can be also improved by
reducing the noise floor of the system. It is important to note that the maximum improvement in
the SFDR value is dependent on the RF modulation index. At higher modulation indices, the fifth
order intermodulation product at 2w; + w, — w, is not negligible due to the contribution of the
seventh order non-linearity to the IMD component shown in (3.19). This in turn sets an upper
bound to the SFDR value. It is also important to consider the noise figure analysis of the

linearised DPMZM based photonic mixer. The noise figure is given by

NF = —feot (3.26)

- GpreampGconvKTB
where K is Boltzmann constant, 7T'is the absolute temperature, B is the bandwidth of the
signal, and Gp,eqmp i1s the RF pre-amplifier gain at the input of the DPMZM. The total

noise of the system in given by

Niot = Ngin + Nsnot + Ninermar = RIN (P

avg

R)°BR, + 2q(P,,,R)BR, + 4KTB (3.27)

where F,,, is the average optical power incident on the photodetector, and is given by

Poyg = W. [2 + cos(gq) + cos(@,) + 4cos (%) cos (%) cos(@3)] (3.28)

Various approaches can be adopted to improve the noise figure of the linearised DPMZM
based photonic mixer. One obvious approach is to increase the RF pre-amplifier gain
until the noise figure of the system approaches the preamplifier noise figure. Another
approach is to use the method of carrier suppression to reduce the RIN and shot noise
contribution. The dominant contribution to Pavs in (3.28) is the optical carrier power,
which is useless for the downconversion process. Two bias schemes can be used to
suppress the optical carrier. The first is independent of the phase shifter and is based on
biasing the upper and lower MZMs at the minimum transmission point. The second bias
scheme is to set the phase shifter to minmum, and bias the upper and lower MZMs at
quadrature. However, both bias schemes will also eliminate the desired IF signal.

Another way to minimise the optical carrier is to bias the phase shifter at minimum, and
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then set ¢, to be close to ¢;. The RF splitting ratio can then be adjusted so as to increase

the IF signal, and reduce the optical carrier power.

3.3.3 Simulation results of the linearised DPMZM based photonic mixer

In this section, different bias solutions for linearisation are investigated, which set
(8b + ¢) 3+ 3d x?+ 3c x +(8a +d) = 0 so as to eliminate the third order IMD product
and consequently improve the SFDR performance. The bias solutions also consider
improvement in the conversion efficiency and noise figure. The simulation parameters

are shown in Table 3.1

Parameter Name Value
q Electron Charge 1.6x1071° C
B Receiver Noise Bandwidth 1 Hz
T Absolute Temperature 298 K
K Boltzmann Constant 1.38x10723 J/K
RIN Relative Intensity Noise 1x10716 Hz?!
Pin Input Laser Power 20 dBm
PRrF,in Input RF power -10 dBm
Rin Input Resistance 50 Q
RL Load Resistance 50 Q
trr1 DPMZM Insertion Loss 5 dB
Lrro MZM Insertion Loss 5dB
m;o LO Modulation Index 1.84

Table 3.1: Matlab simulation parameters for the linearised DPMZM based photonic mixer
In the next three subsections, we will investigate three different solutions for cancelling
the IMD3. The first solution in section 3.3.3.1 is designed to improve the conversion
efficiency, and the SFDR simultaneously. The second solution in section 3.3.3.2 is

designed to improve the noise figure together with the SFDR. The last solution in section
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3.3.3.3 is designed for minimum insertion loss in the DPMZM, and is used in the

experiment of the linearised DPMZM based photonic mixer.

3.3.3.1 Design bias condition for improved conversion efficiency and high SFDR

The first bias solution is designed to improve the link conversion efficiency while
simultaneously eliminating the IMD3. As was stated previously, it is desirable to have a
large value of o< in order to maximise the conversion efficiency. Therefore the first bias
solution is chosen so that it linearizes the DPMZM at «= —2. The bias voltage of the top
MZM was biased at quadrature, while the bias voltage of the phase shifter was set to
minimum. The bias voltage of the bottom MZM was found to be V,2=0.814Vm so as to
cancel the cubic term in (3.19). Fig. 3.10 shows the simulation results for the output IF
signal power Pir, and the IMD3 power as a function of the RF splitting ratio ., when the

bias voltages are set to Vb1=0.5V™, Vp2=0.814Vm, and V3=V
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Fig 3.10: Output power spectrum at different RF splitting ratios.

Clearly there are three different RF voltage splitting ratios that enable the cancellation
of the IMD3 components completely i.e. x= —2,= 0.8, and «= 2.63. It is desirable to
choose the splitting ratio at = —2 since the IF signal has the highest power compared to
that when using the other two RF splitting ratios for cancelling the IMD3. This indicates
that the RF modulation depth into port 2 of the DPMZM is twice that of the RF

modulation depth into port 1 of the DPMZM, and it is in antiphase. The antiphase can be
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implemented by using a 180° hybrid coupler. The SFDR performance of this bias scheme

and at x= -2, is shown in Fig 3.11 with respect to variation in the input laser power.
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Fig 3.11: SFDR performance with respect to laser power for the linearised DPMZM based photonic mixer

It can be seen from 3.11 that for low laser power, the SFDR can be increased by
increasing the input laser power. The link noise is dominated by the shot noise until
Pin=13 dBm. When the laser power exceeds 13 dBm, the laser intensity noise starts to
dominate the system noise floor, preventing further improvement in the SFDR by
increasing the input laser power. The SFDR was calculated to be 131 dB-Hz#45 at input
laser power of 10 dBm. The SFDR is further increased to 138.6 dB-Hz#5 at input laser
power of 20 dBm. The conversion efficiency is also invistigated as a function of the input

laser power, and is shown in Fig. 3.12.
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Fig 3.12: Conversion efficiency performance with respect to laser power for the linearised DPMZM based
photonic mixer
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Clearly the conversion efficiency in dB is linearly proportional the laser power in dBm. A
1 dB increase in the laser power results in 2 dB improvement in the conversion efficiency.
This is because the conversion efficiency is proportional to the square of the laser power
as was shown in (3.14). The conversion efficiency was calculated to be -10 dB at a laser
power of 10 dBm, and at a high input laser power of 20 dBm and average optical power
into photodetector of 7 dBm, we can obtain a net conversion gain of 10 dB. Therefore this
bias scheme shows the capability of high conversion gain. Equation (3.16) was used to
compute the ratio of the conversion efficiency of the linearised DPMZM based photonic
mixer to the conventional dual series MZM based photonic mixer, and was found to be
n = 19.36, which indicates a 12.8 dB improvement in the conversion efficiency. Finally

the noise figure was simulated as a function of the input laser power and is shown in Fig.
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Fig 3.13: Noise figure performance with respect to laser power for the linearised DPMZM based photonic
mixer

As shown from Fig. 3.13, the noise figure improves by 2 dB for every 1 dB increase in the
laser power until Pin = 13 dBm. As the laser power is further increased, the value of the
noise figure approaches 10 dB. The noise figure was calculated to be 19.6 dB at laser
power of 10 dBm. In summary the bias condition at Vb1=0.5V™, Vp2=0.814Vt, and V3=V,
and at splitting ratio of «x= —2 can achieves an SFDR of 131 dB-Hz%5, a conversion

efficiency of -10 dB, and a noise figure of 19.6 dB at input laser power of 10 dBm
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3.3.3.2 Design bias condition for improved noise figure and high SFDR

It was mentioned previously that one way to improve the noise figure is to reduce the
total noise floor of the linearised DPMZM based photonic mixer. It was also shown that a
method to minimise the RIN and shot noise contribution is by using the technique of
carrier suppression. This can be achieved by biasing the phase shifter at minimum, and
then setting bias voltage in port 1 of the DPMZM to be close to bias voltage to the port 2
of the DPMZM. The RF voltage splitting ratio can then be adjusted so as to increase the
IF signal, and reduce the optical carrier power. The DPMZM bias condition can be
designed to minimise the carrier power at Vp1=0.7Vm, Vu2=0.8Vm, and Vps=Vm. A plot of
the output IF signal power, and the IMD3 power as a function of the RF voltage splitting

ratio is shown in Fig. 3.14.
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Fig 3.14: Output power spectrum at different RF splitting ratios.

Again there are three different RF voltage splitting ratios that cancel the IMD3
completely. The splitting ratio at x= —1.3 is chosen because the ouput IF power is
maximised compared to the other two splitting ratios. The SFDR, conversion efficiency,
and noise figure performance at Vy1=0.7V, Vb2=0.8Vm, V3=V, and x= —1.3 is shown in

Fig. 3.15 as a function of laser power.
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Fig 3.15: Performance of (a) SFDR, (b) Conversion efficiency and (c) Noise figure with respect to laser power

Fig. 3.15 (a) shows that the SFDR increases linearly up to Pin = 16 dBm, and then starts
to saturate when the laser power is increased further. The SFDR was calculated to be
127.2 dB-Hz%5 at input laser power of 10 dBm, and is increased to 139 dB-Hz%5 at laser

power of 20 dBm. Compared to the previous bias approach, the SFDR performance is
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worse at low input optical power, but showes significant improvement at high input laser
power. This is due to the fact that this bias condition is designed to minimise the RIN and
shot noise contribution, and hence further extending the linear relationship between the
SFDR and the laser power. Fig. 3.15 (b) shows the conversion efficiency with respect to
the laser power. The conversion efficiency is calculated to be -21.4 dB at laser power of 10
dBm, which is 11 dB less than that of the previous bias condition for optimised
conversion efficiency. On the other hand the noise figure is improved when compared to
the first bias approach as shown in Fig. 3.15 (c). The noise figure was calculated to be

14.8 dB at laser power of 10 dBm, which is about 5 dB better than the first bias condition.

3.3.3.3 Design bias condition for the minimum DPMZM optical power loss

Although the two previous bias conditions achieve either a high conversion efficiency, or a
good noise figure together with high SFDR performance, they introduce a high optical
power loss. The first bias scheme i.e. V11=0.5Vm, Vb2=0.814Vm, and V3=Vt introduces an
optical power loss of 13.6 dB in addition to the DPMZM insertion loss. The second bias
scheme 1.e. Vp1=0.7Vm, V12=0.8Vm, and Vu3=Vm exhibits optical power loss of 22.8 dB in
addition to the DPMZM insertion loss. In practical perspective, these optical losses are
intolerable, and a high power laser cannot counter this problem due to the limited power
handling capability of the DPMZM used in the experiment (Sumitomo T. SBX1.5-10-P-
FK), which is up to 10 dBm. The link will also exhibit additional optical power losses due
to the MZM, and the fibre connection. Using an EDFA can solve the problem, however,
the EDFA gain needs to be > 25 dB so as to overcome all the optical losses in the link. As
a result this may degrade the performance of noise figure, and SFDR due to the ASE
noise introduced by the EDFA. In addition to that, minimizing the optical power losses is
crucial for SFDR measurements, so that the IMD3 can then be observed well above the
noise floor. To solve this practical issue, a new bias condition is presented in this section
that minimizes the optical power losses in the DPMZM while also simultaneously
linearizing the DPMZM. The top MZM in the DPMZM is biased at V1 = 0.34 Vi, and the

bottom MZM is biased at quadrature. The phase shifter is set to 0° so as to enable
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constructive interference between the two modulated optical signals from the top and
bottom MZMs. At this DPMZM bias condition, there is only 2.1 dB loss in addition to the
DPMZM insertion loss. This is 11.5 dB, and 20.7 dB lower than the first, and second bias
condition respectively. Simulations were carrier out to determine the optimum RF
voltage splitting ratio < required to cancel the IMD3 component at the designed DPMZM
bias condition of Vp1=0.34Vm, Vp2=0.5Vm, and V»3=0. Fig. 3.16 shows the simulation
results for the output IF signal power, and the IMD3 power as a function of the RF

voltage splitting ratio.
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Fig 3.16: Output power spectrum at different RF splitting ratios.

It can be seen from Fig. 3.16 that there exists one real solution for the RF voltage
splitting ratio that cancels the IMD3 completely, which occurs for « = — 0.81 i.e. the
optimum RF modulation depth into Port 2 of the DPMZM is 81% of the RF modulation
depth into Port 1 and it is in anti-phase. There also exist two other solutions, however
they are complex and require specific phase relationship between the two input RF
signals in Portl and Port2 of the DPMZM. It can be noted also that the IF product at the
optimum («x = — 0.81), which maximises the SFDR, is somewhat smaller than in the case
when the SFDR is not maximised i.e. at splitting ratios other than optimum when the
DPMZM is not linearised. This can be compensated for by using an EDFA in the mixer
link. Also, the degradation in the total noise figure can be overcome by using a low-noise

high-gain RF preamplifier at the input of the DPMZM to improve the overall noise figure
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performance. The performance of the SFDR, conversion efficiency and noise figure as a
function of input laser power have been also investigated at V»1=0.34Vm, Vp2=0.5V,

Vb3=0, and « =— 0.81, and the simulation results are shown in Fig. 3.17.
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Fig. 3.17 (a) shows that the SFDR increases linearly with input laser power until
approximately Pin = 8 dBm. The RIN noise dominates the system noise floor when the
laser power exceeds 8 dBm, and hence, the SFDR saturates. At 10 dBm, the SFDR was
calculated to be 129.6 dB-Hz45, and the SFDR further increases to 133 dB-Hz45 for a laser
input of 20 dBm. The performance of the conversion efficiency is shown in Fig. 3.17 (b).
At laser power of 10 dBm, the conversion efficiency was calculated to be -31.2 dB, and is
further increased to -10 dB at input laser power of 20 dBm. Moreover the noise figure
was simulated in Fig 3.17 (¢c), and was computed to be 28.7 dB, and 22.2 dB at laser
power of 10 dBm and 20 dBm respectively. Finally the system noise floor was calculated
to be -159.8 dBm/Hz at an input laser power Pin = 20dBm and an average power into the

photodetector P,,s = 4.9dBm. A summary of the system performance of the previous bias

schemes is shown in table 3.2.

@ @ @ [ Conversion | Noise SFDR DPMZM
Va Vr Va
Efficiency Figure Loss
0.5 0.814 |1 -2 —10dB 19.6 dB 131 dB-Hz45 13.6 dB
0.7 0.8 1 -1.3 —-21.4dB 14.8 dB 127.2 dB-Hz#5 | 22.8dB
0.34 0.5 0 —0.81 | —31.2dB 28.7 dB 129.6 dB-Hz#5 | 2.1 dB

Table 3.2: Comparison between different bias schemes to improve linearised DPMZM based photonic
mixer performance

For experimental considerations, we shall use the bias scheme of V1,1=0.34Vm, Vy2=0.5Vm,
Vb3=0, and < = — 0.81 from now on as it exhibits minimum DPMZM loss, it only requires
reasonable amount of EDFA gain to compensate the total optical link loss, and it is the
most appropriate for the experimental SFDR measurements so the IMD3 can be observed
well above the noise floor. It can be noted also from table 3.2 that all approaches require
an out of phase relationship of the RF voltage in port 1 relative to the RF voltage in port

2 of the DPMZM. It was stated earlier that the antiphase can be implemented by using a
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180° hybrid coupler. However, the problem of using an electrical 180° hybrid coupler is its
frequency dependence nature and that its amplitude and phase response exhibits
variations at different signal frequencies. Therefore it is necessary to simulate the
tolerance of the SFDR for the linearised DPMZM based photonic mixer at the optimised
bias condition so as to determine the signal transmission bandwidth. The tolerance test
has been conducted using VPItransmissionMaker photonic simulation software. The
structure of the linearised DPMZM based photonic mixer shown in Fig 3.8 was setup in
the VPI simulation. The laser power was set to 20 dBm. The DPMZM and the MZM
insertion losses were both set to 5 dB. The MZM was driven by an LO with modulation
index of mro = 1.84. The DPMZM was biased at the optimum bias condition of
Vb1=0.34Vm, Vb2=0.5Vm, Vb3=0, and the RF voltage splitting ratio was set to o = — 0.81.
The noise floor was assumed to be —160 dBm/Hz, which is close to the simulated noise
floor in Matlab of -159.8 dBm/Hz. The DPMZM linearisation was verified by observing
that the simulation results showed that the IMD increased by 5 dB for every 1 dB
increase in the input RF signal power at the optimum bias approach, which confirms the
validity of the analysis. The tolerance of the maximum SFDR adjustment has also been
investigated. This has been done by investigating the tolerance of the SFDR with respect
to deviations in the amplitude and phase of the splitting ratio away from the optimum
value, which is the most critical effect. The results are shown in Fig. 3.18. The solid lines
in Fig. 3.18(a) and (b) shows the tolerance of the SFDR when the DPMZM is biased at the
optimum bias condition i.e. ¢; = 0.34 m, ¢, = 0.5, and @5 = 0. Fig. 3.27(a) shows that the
SFDR peaks 132.2 dB-Hz#5 at the optimum phase of 6 = 180° and maintains a value >120
dB-Hz23 over a phase imbalance of +2°. Fig. 3.18(b) shows that the SFDR maintains a
value >120 dB-Hz23 over an amplitude imbalance of £0.15 dB. Since the linearisation
method for maximum SFDR adjustment is sensitive to changes in the amplitude and
phase of the RF signal, we have investigated another linearisation scheme that reduces
the sensitivity of the balancing signals by making a trade-off with the maximum SFDR
value obtained in the optimum bias approach. The strategy adopted to reduce the

sensitivity involves slightly changing one of the RF bias voltages of the DPMZM away
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from its optimum value: specifically the bias voltage Vus was altered slightly to give
¢, =034m ¢, = 057, @3 =0.02n for the higher tolerance approach. The dashed lines
in Fig. 18(a) and (b) show this case when the DPMZM is biased for higher tolerance. It
can be seen that an SFDR value of >122 dB-Hz23 is achieved for a phase tolerance of +3°
and for an amplitude imbalance tolerance of £0.25 dB. Such phase and amplitude

tolerances are available from broadband 180° hybrid couplers [53,54].
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Figure 3.18 DPMZM based photonic mixer SFDR performance for the high tolerance approach with respect to
(a) phase variation and (b) amplitude variation. Optimum bias approach (solid) and the high tolerance
approach (dash).

The transmission bandwidth for the optimum bias condition for linearisation has also
been investigated. The transmission bandwidth with high SFDR performance depends on

the bandwidth of the DPMZM, the bandwidth of the photodetector, and the amplitude
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and phase tracking of the RF power splitter, The DPMZM and photodetector bandwidth
can exceed 40 GHz, so the main limitation arises from the power splitter. For a wide
transmission bandwidth it is desirable to use a resistive splitter rather than a hybrid
coupler, as it provides a flatter phase and amplitude response over a wider frequency
range. The anti-phase between the two RF sources can then be implemented by biasing
the bottom MZM in the DPMZM at the negative slope to its original bias design. We have
investigated the transmission bandwidth using the worst-case amplitude and phase
tracking values of a commercially available wideband power splitter [55], using the
optimum bias design and with the other simulation parameters the same as above. The
result is an SFDR >120.4 dB.Hz23 over the entire frequency range of DC-18 GHz for the
linearised DPMZM based photonic mixer, assuming the worst case maximum phase and
amplitude tracking errors specified in [55] over the frequency range of DC-18 GHz. This
shows that the proposed linearised mixer structure has the capability of offering

wideband high SFDR performance.

3.3.4 Experimental results for the linearised DPMZM based photonic mixer

Experiments were conducted to test the proof of principle of the new photonic mixer structure.

Fig. 3.19 depicts the setup for the two tone IMD test on the DPMZM based linearised photonic

mixer.
RF1 RF;
Power
combiner
180 ° hybrid
coupler LO
3dB attenuator 1dB attenuator
DC
Output
IF
Laser PC_}— DPMZM [ ] MZM PD ——
Optical filter

Vb3

Fig 3.19: Experimental setup of the linearised DPMZM based photonic mixer structure
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The optical source was a DFB laser (Fitel) with RIN = -160 dB/Hz. A commercially available
integrated DPMZM (Sumitomo) was used that had a bandwidth of 16.7 GHz, and measured
insertion loss of 4.8 dB. The optical power of the laser diode was set to be 9.4 dBm, which was
limited by the optical power handling capability of the DPMZM. An erbium doped fibre amplifier
(EDFA) was used to compensate for the losses together with an optical filter to suppress the
amplified spontaneous emission (ASE) noise, and then the light was passed to a quadrature
biased MZM (EOSpace) driven by the LO. The insertion loss of the MZM was measured to be 5.4
dB. Finally a photodetector having an optical power handling limit of 10 dBm was used for
photodetection. Two polarisation controllers (PCs) were used to align the light polarisation into
the DPMZM and the MZM respectively. The DPMZM transfer function for each input port was
measured as a function of Vi1, Vie, and Vi3 as shown in Fig. 3.20. These characterisitcs were used
to obtain the switching voltage and the bias voltage offset in each port of the DPMZM, which are
required to determine the optimum bias condition for cancelling the IMD. This was done by
applying 5 dBm optical power into the input of the DPMZM, and the output optical power from
the DPMZM was then measured by sweepting one bias voltage while fixing the other two bias
voltages to 0 V. Fig. 3.20 (a) shows that the transfer function of the DPMZM with respect to Vi
exhibits a bias offset of Voftet1 = +0.15 V, and the modulator switching voltage was determined to
be V,; = 5.55 V. Likewise, the DPMZM transfer functions in Fig.3.20 (b) and (c) show bias offsets
of Voftset2=—1.85 V, and Vottet3= —0.15 V, and modulator switching voltages of V;;, = 5.8V, and
V.3 = 5.65V. A two tone test was performed by using RF input frequencies of fzr, = 2.15 GHz
and frp, = 2.155 GHz. The tones were combined using a high isolation power combiner, and were
applied to a 180° hybrid coupler. Two different attenuators (1-dB and 3-dB) were placed at the
outputs of the hybrid coupler to obtain the RF splitting ratio, and the two signals were then fed
into the DPMZM. The process to determine the three optimum DPMZM voltages during the
experiments was as follows. First the DPMZM bias voltages were set corresponding to the
theoretical bias condition i.e. ¢, = 0.34 1, ¢, = 0.5 7 and ¢; = 0. However, because the hybrid
coupler used in the experiment had a phase difference of 177° between the two output ports at the
frequency of operation (instead of 180° as used in the simulation for the linearisation), DPMZM

bias voltage of the phase shifter was adjusted to obtain a reduction in the IMD.
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The same procedure was then carried out for the bias voltage of the top MZM, and finally the bias
voltage of the bottom MZM was adjusted until complete suppression of the IMD was achieved,
which could be realised when it was observed that the IMD dropped by 5 dB for every 1 dB drop
in the input RF power. The optimum DPMZM bias voltages for cancelling the third order IMD,
were found to be Vi = 1.36 V, Vie=—-5.32 V, and Vis = 0.15 V. This corresponds to
¢, =0.22 1, ¢, = 0.59 7,and @5 = 0.06 m. The output DPMZM optical power was measured to
be 1.6 dBm. The EDFA gain was set to 13 dB, and the input optical power into the MZM was
measured to be about 14.6 dBm. The MZM was driven by an LO having a modulation index of
1.84 at an LO frequency of 2 GHz and was biased at quadrature, which corresponded to 2.96 V.
The output power after the MZM was measured to be 5 dBm. The output IF singal after
photodetection was at the frequencies of f;z; = 150 MHz and f;z, = 155 MHz. The third order
IMD products were also observed at the frequencies f;3p31 = 145 MHz, and fjyps, = 160 MHz.
The changes in the IF signals and the third order IMDs with respect to the input RF signal power
were measured. It was observed that the IMD3 was dropped by 5 dB for every 1 dB reduction in
the input RF signal power. This indicates that the linearisation principle works properly under
the optimum DPMZM bias voltages.

Fig. 3.21 (a) shows the measured IF spectrum at the optimum bias conditions for linearisation.
For comparison, Fig. 3.21 (b) shows the measured IF and IMD products when Vi1 is changed
away from optimum i.e. unlinearised operation. Note that the DPMZM based linearised photonic
mixer in Fig. 3.21 (a) provides superior linearity performance when compared to the unlinearised
structure shown in Fig. 3.21 (b). The IMD3 was suppressed by more than 37 dB, which
consequently increased the SFDR considerably. The mixer noise floor could not be observed at the
output because the spectrum analyser noise floor was higher than the noise floor of the actual
system. Therefore, the mixer noise floor was measured by placing a low-noise RF amplifier after
the photodetector to amplify the noise generated by the system with no RF signal and LO applied
to the modulators. Using this technique, the system noise floor was measured to be —157
dBm/Hz, which agrees with the simulated noise floor using the experimental parameters. The

noise floor was dominated by the signal-spontaneous beat noise from the EDFA. This low-noise
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performance was achieved due to the use of a low-RIN laser, and optimising the EDFA location in

the setup by placing it in-between the DPMZM and the electro-optic intensity modulator.
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Fig. 3.21. Output electrical power of the DPMZM based photonic mixer operated (a) in the optimum bias
condition (V1 = 1.36 V,V,, = —=5.32V, V3 = 0.15 V) and (b) away from the optimum bias condition
(Vbl =0 V, VbZ =-5.32 V,Vb3 =0.15 V)

The absence of second order distortion was also experimentally measured. It was observed that
second order distortions were not present at the spectrum analyser output when the MZM driven
by the LO was biased at quadrature. The measurement is shown in Fig. 3.22. It can be seen that
the second order harmonic distortions at frequencies 300 MHz and 310 MHz are fully suppressed,
and that the second order IMD at frequency 305 MHz is extremely small (ust visible) The
absence of second order distortion indicates that the input signal bandwidth can be extended to

multioctave operation.
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Fig. 3.22. Measured output electrical power of the linearised DPMZM based photonic mixer at the second order
distortion frequencies.

The SFDR was determined from the measurements of the the IF signal power, and the IMD3
power at different input RF power. The measured SFDR performance of the linearised photonic
mixer is shown in Fig. 3.23. The SFDR was measured to be 127 dB.Hz%5, which to my best
knowledge is the highest measured SFDR for a photonic mixer. Further improvement in the
SFDR can be made by using a higher-power laser source and a higher optical power handling
DPMZM, which can avoid using an EDFA thus lowering the system noise floor. Other proposed
linearised microwave photonic mixer such as in [23] has experimentally demonstrated an SFDR
performance of 118 dB.Hz?3 which is 9.6 dB lower than the SFDR of the DPMZM based

linearised photonic mixer.
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Fig. 3.23. DPMZM based linearised photonic mixer output electrical power versus input RF signal
power. Measured IF signal power (W), measured IMD3 (*), and measured noise floor (—).
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The mixer conversion efficiency was measured from the ratio of the measured IF signal power to
the measured RF input power, and was found to be -15 dB. The noise figure was measured from
the ratio of the measured noise floor to the measured amplified thermal noise and was found to be
31.8 dB. Both these performance parameters can be improved by using higher laser power, and
modulators with lower insertion loss, lower switching voltage and higher power handling
capabilities. For additional improvement in the noise figure, a low-noise high-gain preamplifier is
required at the input of the DPMZM. The SFDR performance demonstrates the largest
improvement in the linearised DPMZM based photonic mixer. As the high SFDR performance
was obtained at a set of two-tone frequency i.e. fzr; = 2.15 GHz and fzr, = 2.155 GHz, it is
essential to demonstrate the SFDR over different sets of frequencies so as to determine the
suitability for broadband operation. This testing was performed using two different approaches
1e. the optimum bias approach, and the high tolerance approach discussed in the previous
section. The latter approach differes from the former in one aspect and that is one of the DPMZM
bias voltages is slightly adjusted away from its optimum value. In the expirement, the bias
voltage at port 1 of the DPMZM Vp1 was increased by 20 mV away from its optimum value. This is
consistent with the simulation result for the high tolerance technique discussed in section 3. The
SFDR response with respect to different frequencies was measured and is shown in Fig. 3.24. The
SFDR dependence on frequency is mainly due to the use of 180° hyrbid coupler which exhibits
different amplitude and phase imbalance at different frequencies, and as was shown in Fig. 3.18,
the high tolerance approach offers more tolerance in the SFDR performance than the optimum
bias approach in term of phase and amplitude imbalance. Thus the simulation and expiremental
results are consistent. Also notice that the high tolerance approach offers an SFDR perforamcne
of around 120 dB.Hz23 from frequency range of 2 — 3.5 GHz. The bandwidth can be further
extended by using improved hybrid couplers [53-55]. It may also be noted that the experimental
results obtained from the DPMZM based photonic mixer using the optimum bias approach and
also the higher tolerance approach are repeatable and were demonstrated on different days.
Additionally, the second order harmonic distortions were not observed at the mixer output on the

spectrum analyser.

86



128

126
a
3 124
N
T
a 122 -
5 . ! "
120
5 o
118
”62 25 3 35
Frequency [GHz]

Figure 3.24 Measured SFDR response for the linearised DPMZM based photonic mixer using the high tolerance
approach ().

Finally, an experiment on the conventional dual-series MZM based photonic mixer [4] was
performed as a reference for comparison. The experimental setup of the dual-series MZM based

photonic mixer is shown in Fig. 3.25.
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Figure 3.25 Experimental setup for the dual-series MZM based photonic mixer

The same equipment were used as in the linearised DPMZM based photonic mixer experiment
except that the DPMZM was replaced by an MZM. The experiment was operated under the same
conditions i.e. 9.4 dBm optical power from the DFB laser was launched into the first MZM which
was biased at quadrature and was driven by the same two-tone RF signal fzr; = 2.15 GHz and
frrz = 2.155 GHz ; the second MZM was also biased at quadrature and was driven by an LO

signal with modulation depth of 1.84 and frequency of f;, = 2 GHz. The EDFA gain was
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controlled so the output average optical power from the second MZM was 5 dBm, which was the
same as that in the linearised DPMZM based photonic mixer expirement. The noise floor was
measured to be —159 dBm/Hz. The SFDR of the dual-series MZM based photonic mixer was
measured to be 104.5 dB-Hz23 as shown in Fig. 3.26. The experimental result was close to the
simulation result of 106 dB-Hz23. This shows that the new DPMZM based linearised photonic
mixer achieves a 22.5 dB increase in the SFDR performance compared to the conventional dual-

series MZM based photonic mixer.
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Figure 3.26: Dual-series MZM based photonic mixer output electrical power versus input RF signal power.
Measured IF signal power (W), measured IMD3 (*), and measured noise floor (—).

3.4 Conclusion

In this chapter, a detailed literature review of linearised microwave photonic mixers, including
their figure of merits was presented. It has been shown that these previously reported mixer
structures are subject to either limited SFDR performance, suboctave bandwidth operation, or
poor isolation between the LO and RF ports, and that there is a high demand for a linearised
photonic mixer technique that overcome all these bottlnecks. A new linearised photonic mixer
structure that can simultaneously achieve a very high SFDR performance, while also enabling
multi-octave operation, has been presented. It is based on applying an optimised RF split and an

optimised optical phase shift to an integrated DPMZM, which is in series with an MZM driven by
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the LO. The DPMZM is linearised by fully cancelling third order IMD wvia controlling the
modulator bias voltages and designing the splitting ratio of the RF signals into the modulators
inside the DPMZM. This technique also features near infinite isolation between the RF and LO
ports, and the ability to function over a multi-octave frequency range. Simulation results have
shown different bias operations with the aim of improving the conversion efficiency, or the noise
figure while simultaneously achieving high SFDR performance. The tolerance of the linearised
DPMZM based microwave photonic mixer has been also investigated with a bias solution to relax
the critical tolerance requirements of the linearised approach. Experimental results have
demonstrated a record measured SFDR of 127 dB-Hz#5, which is also 22.5 dB higher than that of
the conventional dual-series MZM based mixer structure. The main issue of this technique is the
critical tolerance performance of the hybrid coupler that is required for the linearization approach
which consequently limits the signal transmission bandwidth. In the next chapter, a technique
will be presented that overcomes the bandwidth limitation of the linearised DPMZM based

photonic mixer.
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CHAPTER 4 A Wideband Microwave Photonic Mixer
With Enhanced Conversion Gain And High Spurious
Free Dynamic Range

4.1 Introduction

The requirements for high SFDR and high conversion efficiency are vital in applications such as
antenna remoting for phased array beamforming and radar systems. This chapter presnts a
wideband linearised photonic mixer that can simultaneously achieve good SFDR performance
and enhanced conversion efficiency while also enabling broadband signal operation. The structure
is based on a combination of two functions i.e. the linearisation process which is done in a single
drive DPMZM to obtain high SFDR performance, and the carrier suppression function, which is
achieved by exploiting the loss spectrum generated from the physical process of stimulated
Brillouin scattering (SBS) in optical fibre, to consequently allow enhanced conversion efficiency.
The use of a signle drive DPMZM unit enables broadband operation by eliminating the need for a
hybrid coupler, hence overcoming the limitations associated with the linearised DPMZM based
photonic mixer presented in the previous chapter.

This chapter is organised as follows. Section 4.2 will introduce the fundamental concepts that are
relevant to the development of the new proposed structure i.e. the SBS carrier suppressed based
linearised photonic mixer. Section 4.3 will present a brief literature review on the previous work
done to improve the conversion efficiency by carrier suppression, either through SBS or other
means. Section 4.4 will presnet a new wideband linearised photonic mixer based on SBS carrier
suppression, together with detailed mathematical analysis, simulations and experimental results.

Finally, a conclusion is made in section 4.5.

4.2 Fundamental concepts for the SBS carrier suppressed based linearised

photonic mixer

There are two fundamental principles that need to be introduced in order to understand

the basic mechanism behind the SBS carrier suppressed based linearised photonic mixer.
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The first concept is the use of carrier suppression techniques to improve the conversion
efficiency, and the second concept is the use of SBS, in particular, to perform the carrier
suppression function. These two concepts are presented in section 4.2.1 and 4.2.2

respectively.

4.2.1 Enhanced conversion efficiency based on carrier suppression

It was shown in chapter 2 that an effective way to enhance the conversion efficiency in a
photonic mixer is to increase the optical power incident on the photodetector. However,
due to the limited optical power handling capability of a photodetector, further increasing
the average optical power will result in saturating the photodetector, and hence the
conversion efficiency cannot be further maximised. The average optical power in a
conventional microwave photonic mixer consists of the optical carrier power, the RF
sidebands, the LO sidebands and higher order sidebands e.g. harmonics, and IMDs. The
higher order sidebands do not contribute much in the average optical power, and their
effect can be negligible. On the other hand, the optical carrier has the dominant impact
on the average optical power. As shown in Fig 4.1 (a), the downconversion process is
obtained by the beating of the RF sidebands with the LO sidebands, which after
photodetection, will generate the desired IF signal. The optical carrier contains no
information, and does not contribute to the downconversion process, while consuming
most of the total average optical power. Assuming the photodetector can handle 10 dBm
optical power, only a small portion will be dedicated to the RF and LO sidebands, hence
the conversion efficiency will be limited. However, if the optical carrier is eliminated from
the system, as shown in Fig 4.1(b), the average power is decreased, but more space for
improvement will be available for the LLO, and RF sidebands. Using an EDFA, or a higher
laser power, the RF and LO amplitudes can be further amplified until the average power
reaches the photodetector limit i.e. 10 dBm. In this case, the RF and LO sidebands are
the dominant contributions to the average power, hence, the IF amplitude will be further

maximised and consequently the conversion efficiency will be enhanced.
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This approach of improving the conversion efficiency through carrier suppression has
been already investigated in [1-7], However, the methods, in which the optical carrier is
suppressed, are different. In the next section we will briefly introduce the concept of
stimulated Brillouin scattering, and show how it is possible to suppress the carrier using

the loss spectrum generated from the SBS process.

4.2.2 Carrier suppression using stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) in optical fibre arises from the interaction between
an acoustic wave, a Stokes wave, and a pump wave. The Stokes wave and the pump wave
counter-propagate in the optical fibre resulting in a moving interference effect that
induces an acoustic wave through the electrostriction effect [8-9]. The refractive index of
the fibre associated with the acoustic wave exhibits a periodic perturbation, which
creates a travelling Bragg grating to photons. As a result, there is a transfer of power

between the pump to the Stokes wave, which simultaneously strengthens the acoustic
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wave. The result of this interaction is the generation of a narrow-band gain and loss
spectrum in the Stokes wave at the difference and sum of the pump frequency and the

Brillouin frequency. In a single mode fibre, the Brillouin frequency is given by

2nvy
Qp = 7 4.1
P

where n is the fibre refractive index, v, is the speed of sound, and 4, is the pump
wavelength [8]. Typical values of a Brillouin frequency shift in single mode silica optical
fibre at 1550 nm range approximately between 9-12 GHz. The non-linear process of SBS,
and the use of the SBS gain and loss spectrum have significant implications in the field of
optical fibre technology and particularly in photonic signal processing. For example, the
use of Brillouin gain is attractive to implement optical amplifiers due to its ability to offer
high levels of gain for relatively low pump powers [10-11]. However, the narrow-band
gain spectrum restricts the bandwidth of the signals to be amplified. Remarkably enough,
this limitation is turned into advantage as far as photonic signal processing is concerned.
In many applications for photonic signal processing, it is desirable to modify only a
selected part of the spectrum of a signal without affecting the rest of the spectrum. Thus
SBS process allows performing useful functions, such as implementing a frequency
shifter [12], a widely tunable filter [13], and a phase shifter [14]. Of particular interest
here is the use of SBS nonlinear effect to perform carrier suppression. Assume that the
Stokes and the pump are travelling in opposite directions, and that the polarization
direction of the pump and the Stokes are maintained the same e.g. by using a
polarization maintaining fibre. Due to the SBS process, the pump wave will generate a
Brillouin gain spectrum at the Stokes wave centered at a frequency downshifted by the
Brillouin frequency shift in the fibre, and will also generate the Brillouin loss spectrum
centered at a frequency upshifted by the Brillouin shift. Thus if the pump wave is
designed to be at a frequency downshifted by the Brillouin frequency, the Brillouin loss
spectrum will be present at the carrier frequency which will then minimize the carrier

power. This process is illustrated in Fig. 4.2.
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Fig. 4.2 Illustration of the process of carrier suppression based on stimulated Brillouin scattering

The narrowband characteristics of the SBS gain and loss spectrum are highly useful in
this particular example, because the optical carrier needs to be suppressed without
affecting any other spectral components such as the RF signals. It should be noted that
the amount of carrier suppression depends on both the length of single mode fibre as well
as in the intensity of the pump wave. In other words, the SBS gain and loss spectra
increase by increasing either the length of the single mode fibre or the pump power, and
the opposite is true. It has been also demonstrated in [9] that the gain and loss spectra
have a Lorentzian profile for low pump powers, however, as the pump power is increased
the loss and gain spectra become broader. For carrier suppression at high pump power,
the loss spectrum will minimize the carrier but will also introduce SBS noise. The SBS
noise will then have significant impact on other spectral components, however, it can be
substantially reduced as will be evident later on. The use of SBS for carrier suppression

has been investigated previously in [15-16].

4.3 Previous work on carrier suppressed link for enhanced conversion

efficiency

There have been several works on suppressed carrier photonic mixer that aim to improve

the mixer performance particularly the conversion efficiency. One of these approaches is
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the use of dual-series phase modulators based photonic mixer with fibre Bragg grating
(FBG) at the end of the link, which acts as a notch filter to suppress the optical carrier
[1]. In this technique, the FBG used had a bandwidth of 14 GHz, which stipulates that
the RF signal and the LO must be spaced away from the carrier by at least 7 GHz in
order to avoid any attenuation. This sets a lower boundary limit on the transmission
bandwidth. Also the center wavelength of the FBG notch filter must be fixed and must be
insensitive to environmental changes in order to realize large suppression level of the
optical carrier, and avoid any contact with the signal. Furthermore, the rejection level of
the FBG used in this technique was 22.5 dB, which means that the amount of carrier
suppression in is limited. For this technique to be efficient, the optical filter must have a
very narrow bandwidth with a very sharp roll off and high stopband rejection level at the
carrier wavelength, which also must be stable. Such filter requirements are impractical.
Another technique was based on the use of single drive DPMZM connected in series with
a MZM [2]. The MZM was driven by the LO, and was biased at the minimum
transmission point to suppress the carrier. However, this has the disadvantage of
generating second order LO harmonics that, after beating with the RF, will generate
second order intermodulation, and second order IF at the output of the photodetector. As
a result the bandwidth of the signal will be limited to suboctave so as to prevent any
interference between the desired IF signal and the second order distortion products.
Additionally, the LO modulation depth need to be 4 times greater than the LO
modulation index of the quadrature biased modulator so as to achieve the same
conversion efficiency performance. This is an additional electrical power penalty.
Furthermore, the bias drift issue associated with commercially available MZM will cause
instability in the carrier suppression process, and thus the carrier may gradually appear
at the output of the photodetector after some time.

Another photonic mixer technique that exploits the advantage of carrier suppression to
improve the conversion efficiency is the use of an integrated DPMZM in which the RF
signal is applied to one port of the DPMZM, and the LO is applied to the other port [3].

This approach builds on the technique in [17] that uses dual parallel MZM with manual
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phase adjustment; however, the integrated DPMZM approach overcomes the coherent
interference problem in [17], and provides a robust operation due to the built in phase
shifter in the DPMZM. The optical carrier power is suppressed through two different
DPMZM bias conditions. The first DPMZM bias condition is to bias the top and bottom
MZM (inside the DPMZM) at the minimum point, which inherently suppresses the
optical carrier at the output of the DPMZM without the need to control the phase shifter.
The second bias condition is to bias the top and bottom MZMs at the quadrature point
and to adjust the bias voltage of the phase shifter so that the optical carriers at the two
arms of the DPMZM are out of phase. Both bias conditions were found to yield the same
conversion efficiency performance. For the same average optical power into
photodetector, the suppressed carrier DPMZM photonic mixer approach provides 23.7 dB
improvement in the conversion efficiency when compared to the conventional dual-series
MZM based photonic mixer. Although the idea achieves an improved conversion
efficiency performance, however, it has the limitation that the downconversion operation
is performed in a single unit, which did not permit the modulators driven by the RF
signal and the LO to be located in different locations where one is at the remote location
and the other is at the base station, as is required in applications such as electronic
warfare receivers, and other antenna remoting systems [18].

A different idea of improving the conversion efficiency in a carrier suppressed microwave
photonic mixer is the use of two travelling wave electrooptic phase modulators (PMs)
inside Sagnac loop interferometer [4] as shown in Fig. 4.3. The optical carrier suppression
process is inherent from the Sagnac loop structure. A laser light is launched into the
Sagnac loop input. The Sagnac loop is constructed using a 50:50 optical coupler. The loop
consists of two PMs with their electrodes connected in opposite directions. One of the
PM’s is driven by the LO while the other is driven by the RF signal. The laser light is
split equally at input of the Sagnac loop and half of the light travels in the clockwise

(CkW) direction, and the other half travels in the counter clockwise direction (CCkW).
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Figure 4.3: Structure of the sagnacloop phase modulation based photonic mixer

The CkW light is fully modulated by the LO, and partially modulated by the RF due to
the velocity mismatch effect, while the CCkW light is fully modulated by the RF, while
partially modulated by the LO. Because the light coupled from one waveguide to another
waveguide in an optical coupler exhibits 90° phase shift, therefore the CkW light and the
CCkW light will be 180° out of phase at the output of Sagnac loop. Since the two lights
are produced from a common laser source, the majority of the optical carrier is
suppressed, while the rest is reflected back to the laser source and is absorbed by the use
of an isolator at the input. The RF and LO sidebands of the two phase modulated signals
will be also out of phase at the output of the Sagnac loop. By using a high laser power, or
an EDFA, the RF and LO amplitude can be further maximised, thus, improving the IF
amplitude after the RF beat with the LO at the photodetector. Consequently the
conversion efficiency is also improved. Experimental results demonstrated over 26dB
improvement in the conversion efficiency when compared to the conventional dual series
MZM based microwave photonic mixer. All the components used in the design of the
Sagnac loop structure, including the two PMs, the optical coupler, and the optical fibre

must be polarization maintaining in order to obtain a robust operation.

101



One of the unique photonic mixer approaches that has been introduced in [5] exploits the
SBS loss spectrum to suppress the optical carrier and consequently improve the
conversion efficiency. The topology is similar to [1] except that the FBG notch filter is
replaced by the SBS filter which can provide a substantially narrower bandwidth and

higher carrier rejection level. The structure is shown in Fig. 4.4.
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Figure 4.4 Structure of the dual-series phase modulators based on SBS carrier suppression technique

The laser light is split into two paths. The light travelling the upper path passes through
two PMs in which one is modulated by the RF and the other is modulated by the LO. The
output signal of the two PMs (the Stokes wave) consists of the antiphase RF sidebands
and the antiphase LO sidebands. Notice that if the carrier is not suppressed, then there
will be no output after photodetection. The light travelling in the lower path passes
through a frequency shifter, which downshifts the carrier frequency by the Brillouin
frequency. The downshifted light (the pump) is then injected into the other end of the
optical fibre via an optical circulator. The pump at the output of the first port of the
circulator travels in the opposite direction to the Stokes wave in the single mode fibre.
The SBS process takes place and the Brillouin loss spectrum will be introduced in the
Stokes wave at the optical carrier frequency, and hence this minimizes the carrier of the
phase-modulated signal. At the second output of the circulator, a carrier suppressed
phase modulated signal is produced which then is amplified by an EDFA so that the RF
and LO sidebands are maximised till the average optical power reaches the power
handling capability of the photodetector. The optical filter after the EDFA is used to filter
out the amplified spontaneous emission (ASE) noise. The amplified carrier suppressed
phase modulated signal beats at the photodetector and high IF output is generated after

photodetection. As a result, high conversion efficiency is obtained. Experimental results
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demonstrated over 26 dB improvement in the conversion efficiency when compared to the
conventional dual series MZM based microwave photonic mixer. The drawback of this
structure is that it generates second order spurious distortion i.e. second order harmonic
distortions and second order intermodulation distortions. Consequently the bandwidth of

the signal will be limited to suboctave operation.

4.3.1 Summary and Discussion

The previously reported suppressed carrier photonic mixers that have high conversion

efficiency have been limited in their performance as summarized below:

*  The mixer technique in [1] is limited by the nonidealities of the FBG notch filter,
which has a broad bandwidth, and low stopband rejection level. This can limit the
lower operating frequency of the mixer, and the amount of carrier suppression.

* The mixer technique in [2] is limited to suboctave signal operation due to the low
biased MZM, which will generate second order distortions, and second order IF.
Also it requires a very high LO modulation index which 4 times greater than a
quadrature biased MZM in order to achieve the same conversion efficiency
performance

* The mixer technique in [3] requires the LO and the RF to be applied to a single
DPMZM unit which prevents the modulators being driven by the RF signal and
the LO that are located in different locations e.g. where one is at the remote
location and the other is at the base station, as is required in applications such as
electronic warfare receivers, and other antenna remoting systems.

* The mixer technique in [4] does not operate well at lower frequency and can
introduce some ripples in the response.

* The mixer technique in [5] also suffers from the generation of second order

distortions which will limit the mixer to suboctave operation
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e In addition to the aforementioned disadvantages, all the previous mixer
structures showed limited SFDR performance, since they only attempted to

improve the conversion efficiency.

Thus it is evident that the previous mixer structures suffer from various impairments
that can severely limit their usage in real world applications, or the possibility to be
realized in future applications. In this regard, and in order to solve the previous issues,
we present in the next section an all-new linearised microwave photonic mixer based on
SBS carrier suppression, which can effectively overcome all the previous disadvantages,
while also offering a high SFDR and a high conversion efficiency simultaneously.
Moreover the new structure offers a broadband operation, and enables a multioctave
signal bandwidth. Furthermore, the structure has infinite isolation between the LO and

RF signal, and enables the LO to be located in different location than the RF signal.

4.4 A Novel Wideband Microwave Photonic Mixer With
Enhanced Conversion Gain And High Spurious Free
Dynamic Range Based on SBS Carrier Suppression

4.4.1 Introduction

This section presents a novel wideband linearised photonic mixer structure based on SBS
carrier suppression. The structure can effectively overcome the fundamental issues in the
previous suppressed carrier photonic mixer structures, such as the limited SFDR
performance, the restriction to suboctave signal bandwidth, the ineffective carrier
suppression, and the poor isolation between the LO and RF ports. The new structure can
provide enhanced conversion efficiency through carrier suppression technique and can
also suppress the IMD3 to consequently achieve good SFDR performance, while
simultaneously enabling multioctave operation, and essentially infinite isolation between
the RF and LO ports. It is based on a SBS suppressed-carrier double sideband LO MZM

in series with an integrated single drive DPMZM to which an optimised bias condition is
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applied. The use of a single drive DPMZM enables broadband signal operation by
eliminating the need of an electrical hybrid coupler. Simulation results show an SFDR of
120.4 dB-Hz45, and a conversion gain of 8.45 dB, corresponding to 15 dB, and 8.8 dB
improvements respectively when compared to the conventional dual series MZM based
photonic mixer. The SFDR result was obtained at 10 dBm laser power, and the
conversion efficiency result was obtained at 20 dBm laser power. Experimental results
demonstrate a measured SFDR performance of 120.8 dB-Hz#5, and a conversion efficiency
of -13.4 dB, which corresponds to 16 dB, and 1.6 dB improvement respectively when
compared to the conventional photonic mixer structure. The experimental results were
obtained at laser power of 9.5 dBm, and an average optical power of 5.6 dBm incident on
the photodetector.

This chapter is organized as follows. Section 4.4.2 provides the principle of operation of
the SBS carrier suppressed based linearised photonic mixer. Section 4.4.3 presents the
mathematical analysis and the Matlab simulation results. Section 4.4.4 presents the VPI
simulation results. Section 4.4.5 presents the experimental results, and finally a

conclusion is made in section 4.4.6.

4.4.2 Principle of operation

Fig 4.5 shows the structure of the SBS carrier-suppressed based linearised photonic

mixer.
LO
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Figure 4.5 Structure of the SBS carrier suppressed based linearised photonic mixer
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It consists of two subsystems, which are separated by the optical circulator. The first subsystem,
after the laser, provides carrier suppression through the SBS process. The output of the first
subsystem is a double sideband suppressed carrier (DSB-SC) LO modulated signal. The second
subsystem, after the circulator, provides the linearisation process, which is achieved using a
single-drive DPMZM [2]. We shall consider each subsystem as a photonic signal processor with
the first acting as a carrier suppression processor on the optical carrier, and the second as a
linearizer with an RF input. The multiplication of these two processors results in a photonic mixer
processor that can provide high mixer performance. The laser light is split into two paths with a
50:50 optical coupling ratio. The light travelling in the upper path passes through a MZM which
is driven by the LLO, and which is biased at the quadrature point, which results in the generation
of an optical carrier, and two LO sidebands. Note that no even order distortions are generated
from the quadrature biased MZM. The output of the MZM is a DSB+C LO modulated signal
which is referred to as the Stokes wave, and it passes through an isolator in the forward direction
into the single mode fibre. On the other hand, the light travelling in the lower path passes
through a frequency shifter, which downshifts the carrier frequency by the Brillouin frequency of
the optical fibre. The downshifted light (the pump) is then amplified by an EDFA, and is then
injected into the other end of the optical fibre through an optical circulator. The pump coming
from port 2 of the circulator travels in the opposite direction to the Stokes wave in the single mode
fibre. The SBS process occurs and the Brillouin loss spectrum is introduced in the Stokes wave at
the optical carrier frequency. The interaction between the Brillouin loss spectrum and the optical
carrier results in reduction of the carrier power. The amount of carrier suppression depends on
the EDFA gain used to amplify the pump, and the length of the single mode fibre, which is
inserted between the isolator and the circulator. The signal at the output of port 3 of the circulator
is a DSB-SC LO modulated signal which is fed to the single drive integrated DPMZM. The DSB-
SC signal splits equally in the DPMZM, and is modulated in the top MZM by the RF signal, while
it remains unmodulated in the lower MZM. The third order IMD in the optical field is only
generated by the top MZM, whose value depends on the input RF modulation depth as well as the
bias condtion of the top MZM. The DSB-SC travelling in the lower arm of the DPMZM only

exhibits variations in its amplitude and phase which are controlled by the bias voltage of bottom
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MZM, and the bias voltage of the phase shifter respectively. The modulated signal in the upper
arm and the unmodulated LO in the lower arm are then coherently combined to form the output
electric field, which consists of the RF, the LO and higher order distortion products. The DPMZM
output modulated optical signal needs to be amplified by an EDFA so that the RF and LO
sidebands are maximised until the average optical power incident on the photodetector reaches
the power handling capability of the photodetector. The amplified carrier suppressed modulated
signal beats at the photodetector and a high IF output is generated as well as the third order
IMD. An important point to make is that, after photodetection, the electrical third order IMD
amplitude is the sum of two different IMD origins. The first origin is due to the IMD3 generated
by the top MZM in the DPMZM, and the second origin is due to the cross beating between the
IMD3 generated by the top MZM, and the unmodulated LO sidebands in the lower arm of the
DPMZM. Through an optimised DPMZM bias condition, the first origin IMD3 can be made to
have the equal amplitude and opposite sign to the second origin IMD3. Thus the total IMD3
component is substantially reduced, and the SFDR performance of the SBS carrier-suppressed
based linearised photonic mixer is improved. The key points in the principle of operation of the

SBS carrier suppression based linearised photonic mixer are summarised below.

¢ The linearisation process is achieved by only optimising the DPMZM bias conditions so
as to make the two IMDS3 origins to have opposite phase and equal magnitude [2]. Hence
significantly reducing the total IMD3 component in the electrical domain. This will
greatly enhance the SFDR performance.

e The carrier suppression process is achieved by utilising the Brillouin loss spectrum
generated from the SBS process. For a fixed average optical power into photodetctor, this
technique i.e. carrier suppression enables the amplitudes of the LO and the RF signal to
be maximised. As a result, the output IF is increased and consequently the conversion
efficiency is enhanced.

* Biasing the MZM driven by the LO at quadrature enables the realisation of multioctave

signal operation due to the elimination of the second order distortion products.
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¢  Applying the LO and the RF signal into separate units enables the RF to be located at
the remote location, and the LLO to be located at the base station, which is essential
requirement in electronic warfare receivers, and other antenna remoting systems.

¢ The use of single drive DPMZM enables broadband signal operation by eliminating the
need of an electrical hybrid coupler (which was required in the previous structure) which

has critical frequency dependent amplitude and phase charactersitics.
4.4.3 Mathematical Analysis and Matlab Simulation Results

This section presents the mathematical analysis and the Matlab simulation results of the
SBS carrier suppressed based linearised photonic mixer structure. We shall consider the
use of a single drive DPMZM in which the two MZMs are operated in push-pull
configuration. Also we consider the optical coupler to be in a 90:10 ratio. Referring to Fig.
4.5, the input optical field into the DPMZM is given by

Einyzm = V0.9 Egy (4.2)
The optical field at the output of the MZM, and after carrier suppression is given by

Eout,MZM

v v, e
cos (;T—Vb> Jolmyp) - (1 —y) + 2 cos (72T_Vb> 'Z(_l)kbk(mw) cos(2kaw,ot)
i k=1

(4.3)

=t f1E in,MZM

V [ee)
—2sin (7;_[/:;) ';(—1)’(]2“1(”%0) COS((Zk + 1)0)L0t)

where t¢¢; is the insertion loss of the MZM, V), is the MZM bias voltage, V; is the MZM
switching voltage, J,,(x) is the Bessel function of m-th order of the first kind, and y is the
carrier suppression ratio and is between 0 and 1 where 0 indicates no carrier suppression
and 1 indicates full carrier suppression. When the MZM is biased at quadrature,

equation (4.3) becomes

omy) - (1 —y) +2 Z(_l)kak(mLO) cos(2kw,pt)

2tee E;
ffi=inMzm
Eout,MZM = f []
- k=1
-2 Z(_l)k]2k+1(mL0) cos((2k + 1)wL0t)] (4.4)
k=0
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For simplicity of the analysis, we shall consider equation (4.4) as a function of optical
power rather than optical field, and expand the Bessel function to only obtain the DC

terms and the first order LO sideband terms. The output MZM optical power is given by

Poutmzm = Eouemzm * Eoutmzm
tee P;
= w [1 + (y? = 2y) ']oz(mLo)
+ {4y Jo(myo) J1(myo) — 2J;(2myp)}cos (wLOt)] (4.5)

where E,,; yzu 1s the complex conjugate of the optical field at the output of the MZM.
Equation (4.5) shows that the MZM output optical power is dominated by either the LO
sidebands, or the carrier power. When y = 1, the output MZM optical power will be
dominated by the LO sidebands, and when y = 0, the output MZM optical power is
mainly dominated by the carrier power. Also the analysis shows that equation (4.5) is
free from second order distortions products. From (4.5), we can obtain that the output

MZM average optical power is given by

t P;
Pout,MZM,avg = M [1 + (VZ -2 V) ']OZ(mLO)] (4-6)

Also we can obtain from (4.5) the output optical power due to the first order sidebands

t P; ,
Poutmzmro = w [4y ]O(mLO) ]1(mL0) - 2]1(2mL0)] (4.7)

The output MZM optical power P, 2y Passes through a circulator and to the input of
the single drive DPMZM. The output DPMZM optical power is given by

teer P
Poutppmzm = W [2 + cos(ZmRF(t)) + cos(2¢,) + 4 cos(mRF(t)) cos(@,) cos((p3)] (4.8)

where t;¢, is the DPMZM insertion loss, mgg(t) = mgp cos(wggt) + @4 is the input to port
1 of the DPMZM as shown in Fig. 4.5, mgr = m(Vgp/Vy ) is the RF modulation index, Vi
is the input RF signal amplitude, V,, is the half wave voltage of the n-th MZM,
¢@n = T(Vyy/Vi ) is the phase difference between the two arms of the n-th MZM, V,,, is the
DC bias voltage into Port n of the DPMZM, and wgp is the angular frequency of the RF
signal. Investigating equation (4.8) for the first order RF sidebands, and replacing
Poutmzm BY Pout mzum o> the output IF optical power after the DPMZM, and the EDFA can

be obtained and is given by
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t -P
fr2 t,MZM,LO
Poueir = Ggpra +[2 a J1(2mgp) + 2b Jy(mgg) ]

= Ggpra M [a]i(2mgp) + b Jy(mgp)]X[4 ¥ ]O(mLO)]l(mLO) - 2]1(2mL0)] (4.9)

where a = sin(2¢,) and b = 4sin(¢p,) cos(p,) cos(p;) are coefficients related to the bias
condition of the DPMZM, and Ggpp, refers to the EDFA at the end of the mixer link as

illustrated in Fig. 4.5. For a small RF signal analysis, (4.9) can be further simplified to

t trra'(Pin, )m
Poueir = Ggpra JI2Je MM R (2a +b)x[4y ]O(mLO) ]1(mL0) - 2]1(2mL0)] (4.10)

16

The output average power into photodetector is given by

trf2'Pout MzM

Povg = Gepra 'Pout,MZM,avg'T [2 + cos(2p,) + cos(2¢,) + 4 cos(g,) cos(,) cos(@3)]
tffl tffz ' Pin,MZM
= Ggpra 16 [2 + cos(2¢,) + cos(2¢,) + 4 cos(g,) cos(@,) cos(@3)]
X[l + (VZ -2y) 'foz(mw)] (4.11)

Now that equation (4.8), (4.10), and (4.11) are derived, we can proceed with the analysis

to evaluate the performance of the conversion efficiency and the SFDR.

4.4.3.1 Conversion Efficiency Analysis

An important point to make is that using the carrier suppression technique to obtain
high conversion efficiency is only applicable when comparing the same amount of the
average optical power into photodetector to other mixer techniques. In other words, it is
important to consider the conversion efficiency of the mixer with and without carrier
suppression at a fixed average power into photodetector. Therefore the carrier
suppression technique may need the use of an EDFA or a higher power laser in order to
achieve the same average power into photodetector as when the carrier is present. For

this reason we will first determine the requirement of EDFA gain to maintain the same
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average optical power into photodectectors for the two cases. The average optical power
for the case when the carrier is suppressed was derived in equation (4.11). The average
optical power for the case when the carrier is present i.e. when y = 0 is given by

trra trpa - P; MZM
Povgic = 2 ff16 = [2 + cos(2¢,) + cos(2¢,) + 4 cos(¢,) cos(@,) cos(p3)] (4.12)

Assuming a high laser power that can overcome all the losses in the system, an EDFA is
not needed when the carrier is present. Equating the equation (4.11) with equation (4.12)
and solving for Ggpra, the required EDFA gain to obtain the same average optical power

into photodetector for the two cases is given by

1

1+@%-2v) ']oz(mLo) (413)

Gepra =

Clearly it can be seen from (4.13) that for a fixed LO modulation index, the higher the
carrier suppression ratio y, the higher the requirement for the EDFA gain to maintain
the same average optical power into photodetector. Also as the LO modulation index
increases, the EDFA gain requirement decreases. The EDFA gain Ggpr, in dB is plotted
as a function of the carrier suppression ratio y for LO modulation indices of m;, = 0.2,

0.4, 0.6, 0.8, 1, 1.4, and 1.8. This is shown in Fig. 4.6.
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Figure 4.6: Plot of the EDFA gain as a function of the carrier suppression ratio for different LO modulation index
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The conversion efficiency of the SBS carrier suppressed based linearised photonic mixer

can be obtained from (4.10). The output IF electrical power is given by

trri2 tepp2Pin 2 mRp2
Poueir = GEDFAZ e ff232 R (2a + b)zx[zl-y ]O(mLO) ]1(mL0) - 2]1(2mLo)]2§R2RL (4.14)

where R, is the photodiode load resistance and R is the photodiode responsivity.

Consequently the conversion efficiency is given by

trpa2 trpp2Pin?n
Geonv = Ggpra” % (2a + b)?x[4y Jo(myp) Jy(myp) — 2], (2myo)]*R*R,R;,  (4.15)

where R;, is the modulator input resistance. As a comparison, the conversion efficiency of
the same mixer structure but with the carrier present, and without the use of EDFA is

given as

t 2 t 2.p. an
Geonvee = T (2a + b)*x[2],(2m,0))*R* Ry R (4.16)

The ratio between the conversion efficiency of the suppressed carrier technique to the

conversion efficiency when the carrier is present is given by

Geonw 227 ]O(mLO) ]1(mL0) —]1(2mL0) g
N = ————= Ggpra
Geonvic I (ZmLo)

(4.17)

Using the assumption that the two optical average power are fixed for both cases, the
EDFA gain can be replaced by the term shown in (4.13), and the conversion efficiency

ratio becomes

2

(4.18)

7= Geonw _ [, 2y ]O(mLO) ]1(mL0) —]1(2mL0)

Geonvic 12mue)x{1+ (2 = 2y) - Jo* (my0)}
Clearly, when n =1, there is no improvement in the conversion efficiency of the
suppressed carrier photonic mixer when compared to the one operating with the carrier.
When n < 1, there is a degradation in the conversion efficiency of the suppressed carrier
photonic mixer. Thus it is desirable to make n as high as possible (n >>1) in order to
demonstrate high conversion efficiency. There are two parameters that can be controlled
to alter n, which are the LO modulation index, and the carrier suppression ratio. The
conversion efficiency ratio n has been plotted as a function of the carrier suppression

ratio ¥, and at different LO modulation depths i.e. m;, =0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and

0.6. The results are shown in Fig. 4.7.
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Figure 4.7: Plot of the conversion efficiency ratio as a function of the carrier suppression ratio for different
LO modulation index

It can be seen from Fig. 4.7, that an effective way to maximise the conversion efficiency is
to use as low LO modulation index as possible, and increase the conversion efficiency
ratio so that the carrier power remains below the LO. At high LO modulation index 1i.e.
(m,o > 0.6), the carrier suppression technique to improve the conversion efficiency does
not hold any longer. This is clearly evident in Fig. 4.7 where at relatively high LO
modulation index e.g. m;, = 0.6, there is not much improvement in the conversion
efficiency ratio. However, at low LO modulation index m,;, < 0.6, there is a significant
improvement in the conversion efficiency ratio. The LO modulation index value that is
chosen for the design of the SBS suppressed carrier photonic mixer is m;, = 0.2. Note
that higher LO modulation index values will yield better conversion efficiency, however,
we need to ensure that the LO is well above than the carrier. The conversion efficiency
ratio using m;, = 0.2 peaks at y = 0.85 (corresponds to 8.24 dB carrier suppression). The

10.82 dB which means that the conversion efficiency of the suppressed

peak value is 7
carrier photonic mixer is 10.82 dB higher than the conversion efficiency of the photonic
mixer operating with the optical carrier. Referring to Fig. 4.6 or equation (4.13), the

required EDFA gain (for m;, = 0.2, and y = 0.85) is 13.77 dB. Now that all the

113



parameters are obtained, the conversion efficiency of the SBS carrier suppressed based
photonic mixer can be determined. The DPMZM bias condition are optimised for
maximum output IF optical power. Notice from (4.9) that the IF power depends on the
coefficient (2a + b) which further depends on the bias condition of the DPMZM. The IF

coefficient can be expressed as

I;p = 2sin(2¢,) + 4sin(¢p,) cos(e,) cos(ps) (4.19)

The IF coefficient is maximum when ¢, = %,(pz = 0,and ¢; = 0. This yields a value of

I} = 4.83. In the simulation of the conversion efficiency, both the insertion loss of the
MZM and the DPMZM were set to 0.316 corresponding to 5dB loss. The EDFA gain was
set to 13.77 dB, the LO modulation index was set to 0.2, the carrier suppression ratio was
set to 0.8, the input and load resistance were set to 50 £, and the photodiode responsivity
was set to 1. The simulation results for the conversion efficiency of the SBS carrier
suppressed based photonic mixer are shown in Fig. 4.8. As a reference, the conversion
efficiency of the same structure operating with the carrier, and the dual-series MZM
based photonic mixer were simulated. All the three structures were operated under the
same condition i.e. a fixed average power into photodetector, and all the MZM units
operate in push-pull configurations. The SBS carrier suppressed based photonic mixer
demonstrated a 10.8 dB and 8.8 dB conversion efficiency improvement compared to the
same structure operating with carrier and the dual-series MZM based photonic mixer
respectively. At 20 dBm laser power, the average power into photodetector was computed
to be 7.2 dBm for all the three structures. The SBS carrier suppressed mixer
demonstrated a conversion gain of 8.4 dB, while the same structure with carrier
demonstrated a conversion loss of 2.4 dB, and finally the dual-series MZM based photonic
mixer showed a conversion loss of 0.4 dB. Further improvement in the SBS carrier
suppressed based photonic mixer structure can be obtained by the concurrent design of

lower LO modulation index, higher carrier suppression ratio, and higher EDFA gain.
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Figure 4.8: Plot of the conversion efficiency performance for the SBS carrier suppressed based photonic
mixer with full and no suppression of the carrier, and the dual-series MZM based photonic mixer

We have also investigated the conversion efficiency when the DPMZM is linearised. A
detailed discussion on DPMZM linearisation will be presented in the next section. There
exist many different bias solutions that successfully linearize the DPMZM transfer
function so as to eliminate the third order IMD. However, the design of the optimum
DPMZM bias condition for linearisation considers also the minimum penalty in
conversion efficiency due to linearisation. An optimum bias solution was found to be
¢, = 0421 ¢, =0,and ¢; = m, which will simultaneously eliminate the third order IMD,
and cause only 4.4 dB penalty in the conversion efficiency when compared to the
optimised bias condition for maximum conversion efficiency. Thus the conversion
efficiency of the SBS carrier suppressed based linearised photonic mixer was computed
(at ¢, = 0.42m @, = 0,and @3 = m) to be 4 dB conversion gain which is still higher than

the conversion efficiency of the dual-series MZM based photonic mixer.

4.4.3.2 SFDR and Noise Analysis

In this section, the expressions for the SFDR limited by the cubic nonlinearity, and the
SFDR limited by the quintic nonlinearity are obtained. The SFDR performance of the

SBS carrier suppressed based linearised photonic mixer is evaluated, and compared with
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the dual-series based MZM photonic mixer. It should be noted that the SFDR analysis of
the single drive DPMZM has been investigated previously in [2], however, the DPMZM
bias voltages were only designed to cancel the third order IMD to improve the SFDR
performance. There was no attempt to improve the conversion efficiency. The analysis
here takes into consideration the optimized conditions for high conversion efficiency i.e.
(myo = 0.2,y = 0.85, and Ggprs = 13.77 dB). Revisiting equation (4.8) for a two-tone RF
signal expressed as mgp(t) = mgp cos(w t) + mgp cos(w,t) + @, where w; and w, are the
two closely spaced RF angular frequencies, the output electrical signal after
photodetection will consist of the two tone IF signals at frequencies w; — w;o and
w, — wpo as well as the in-band third order IMD at frequencies 2w; + w; — w.o. The mixer
SFDR performance is limited by the presence of the third order in-band IMD, which is
the largest distortion product. Thus it is important to find an expression for the
amplitude of the third order IMD to evaluate the SFDR performance. The output third

order IMD power in the optical field is given by

2 PinMzZM [4y Jo(muo) Jy(myo) — 2], (2m,0)1XTs (4.20)

_ trratyr
Po,IMD3 - GEDFA 16

where T; is the IMD coefficient at the frequencies 2w, + w, — w,o, and is given by

I3 = a],(2mgp)]; 2mge) + b Jo(Mgp)]; (Mgg) (4.21)

The first term in equation (4.21) represents the third order IMD in the optical field
generated by the top MZM in the DPMZM. This term is called the self-beating IMD of the
top MZM. The second term is due to the beating between the IMD3 generated by the top
MZM in the optical domain, and the unmodulated LO sidebands in the lower arm of the
DPMZM. This term is also called the cross-beating IMD. Expanding (4.21) for only the
cubic term, which is the dominant term when a moderate RF signal is considered, the

following expression is obtained.
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mpp®
384

mg

L= ™ (8a + b) — 25 (32a + b) (4.22)

1

Clearly the dominant cubic term can be eliminated when 8a+b = 0. This relationship can
be shown in terms of DPMZM bias voltages as

8sin(2¢,) + 4 sin(g,) cos(g,) cos(p;) =0 (4.23)
Using the trigonometric relationship sin(2¢,) = 2 sin(¢,) cos(¢,), equation (4.23) can be
rewritten as

4 cos(g,) + cos(g,) cos(ps) =0 (4.24)
Clearly there exist many bias solutions that satisfy equation (4.24). Of particular interest
is the bias solution ¢; = 0.42 ¢, = 0, and ¢; = w, which not only eliminate the cubic
nonlinear term, but also reduce the penalty of conversion efficiency to only 4 dB loss
when compared to the condition for maximised conversion efficiency. Once the cubic term
is cancelled, the residual quintic term in IMD coefficient in equation (4.23) becomes
dominant especially at higher RF signal levels. Consequently, the SFDR, limited by the

quintic nonlinearity, is given by

4

SFDR = (M)E (4.25)

Ntotal

where Ny 1 total noise power at the output of the SBS carrier suppressed based
linearised photonic mixer, which includes the laser intensity noise, the photodiode
thermal noise, the shot noise, and the signal spontaneous noise. The noise due to SBS is
not considered in the analysis. The output IF fifth order intercept power Pz o, can be

expressed as

2 Z_Pi 2.
Poueir = GEDFAZ Sy frre Pt TROl (2a + b)zx[4- 14 ]O(mLO) ]1(mL0) - 2]1(2mL0)]22R2RL (4.26)

32

where kg, is the fifth order intercept point and is given by

_ 192 2a+b 4.27
Kror = 32a+b (4:27)

The SFDR limited by the quintic nonlinearity can be improved by increasing the output IF fifth

order intercept power. This can be done by either increasing the laser power P, increasing the

117



fifth order intercept point kg,;, optimising the LO modulation index m,,, or increasing the IF
coeffecient ie. (2a + b)?. Using the same parameters used for the conversion efficiency
simulation, and setting the DPMZM bias condition to be ¢, = 0.42 ™ ¢, = 0, and @5 = 7, the

SFDR is simulated as a function of laser power as shown in Fig. 4.9.
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Figure 4.9: Simulation of the SFDR with respect to laser power for the SBS carrier suppressed based
linearised photonic mixer

The SFDR increases as the laser power increases. The saturation effect is not apparent
before 20 dBm laser power. This is expected, as the carrier suppression method will
substantially minimize the RIN noise contribution as well as the shot noise. The SFDR
was calculated to be 120.4 dB-Hz4% at input laser power of 10 dBm, and average optical
power into photodetector of -10 dBm. The SFDR is improved to 132.8 dB-Hz#5 at input
laser power of 20 dBm, and average optical power of 0 dBm. Fig. 4.10 shows other
performance parameters. In Fig. 4.10 (a) the average optical power into photodetector is
plotted as a function of the laser power, and can be referred to whenever needed. Fig.
4.10(b) shows the noise floor simulation result. At 10 dBm laser power, the noise floor
was calculated to be -167 dBm/Hz, and was dominated by the thermal noise as shown in

Fig 4.10 (e). The conversion efficiency result for the linearised case is shown in Fig

4.10(c).
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Clearly there is only 4 dB penalty in the conversion efficiency compared to the high
conversion efficiency technique. Note that this is not always the case, as other bias
solutions can linearize the DPMZM, yet, they degrade the performance of the conversion
efficiency significantly. The DPMZM bias voltages were designed in such a way to cancel
the third order IMD and simultaneously minimize the conversion efficiency penalty. The
conversion efficiency was calculated to be -15 dB at 10 dBm laser power. The noise figure
has been also simulated as shown in Fig 4.10(d). The noise figure was calculated to be
22.5 dB at 10 dBm laser power. Finally, the different noise sources in the SBS carrier
suppressed based photonic mixer have been simulated in Fig. 4.10(e). The noise includes
laser intensity noise, shot noise, thermal noise, and signal spontaneous noise.
Theoretically, the laser intensity noise dominates the noise floor at high enough laser
power since it is quadratically proportional to the laser power. However, since the carrier
power 1s significantly suppressed, the impact of laser intensity noise will become
insignificant. As shown in Fig4.10 (e), the dominant noise before 20 dBm laser power is
the thermal noise. As the laser power increases further beyond 20 dBm, the laser

intensity noise will come into effect and will dominate the system noise floor.

4.4.4 VPl simulation results of the carrier suppressed based linearised

photonic mixer

The objective of VPI simulation is to verify that the idea of the SBS carrier suppression
based linearized photonic mixer works successfully and that it achieves good SFDR and
conversion efficiency performance. The first task of the VPI simulation is to ensure that
the carrier is suppressed using the SBS process and to investigate the optimum EDFA
gain that results in clear spectral lines without introducing SBS pedestal noise. The
second task is to investigate the optimum LO modulation index that yields high IF when
using high RF signal power to measure the SFDR. The third task involves verifying that
linearization is achieved by observing that the slope (in dB) of the IMD component is 5:1
in comparison to the IF component. Accordingly the SFDR, and conversion efficiency of

the SBS based linearized mixer will be determined.
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4.4.4.1 Simulation of carrier suppression based on SBS

The front subsystem of the SBS carrier suppressed based linearised photonic mixer was

initially invistigated to test SBS carrier suppression of the LO as shown in Fig. 4.11.
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Figure 4.11: VPI simulation setup of carrier suppression based SBS technique

The laser power was set to 10mW, the coupling ratio was set to 50:50, the MZM driven by
the LO was biased at quadrature (bias = %) and was driven by an LO with frequency 15

GHz, the LO modulation index was set to be close to 0.2, the pump frequency was set to
10.5 GHz, the lower MZM was biased at minimum, the bandpass filter was centered at
the lower sideband frequency i.e. f. — 10.5 GHz, which corresponds to the carrier being
downshifted by the Brillouin frequency. This specific setup (instead of simply using
frequency shifter) was used in order to be consistent with the experimental setup. The
output of the bandpass filter was a single sideband suppressed carrier signal. The pump
gain was varied with three different values i.e. 10dB, 20dB and 30dB. The parameter of
the Brillouin scattering was turned on in the universal fiber and the Brillouin frequency
was set to 10.5 GHz. Fig. 4.12 (a), (b) and (c) shows the output at the circulator when
using pump gain of 30 dB, 20dB and 10dB respectively. It can be seen from Fig. 4.12(a),
that when the pump gain is 30dB, very large carrier suppression is obtained. The carrier
is suppressed till 35dB below the LO. However the large pump gain caused significant
SBS pedestal noise at the base of the LO lines and the carrier. This SBS noise is

unwanted and therefore a large suppression of the carrier is not desirable. Fig. 4.12(b)

121



shows the output signal from the circulator when the EDFA pump gain is 20dB. The

carrier 1is still suppressed, however, it is now 18 dB below the LLO modulation sidebands.
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Fig. 4.12 Output DSB-SC signal from the circulator at pump gain of (a) 30 dB (b) 20 dB and (c) 10 dB
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It can be also seen that the SBS pedestal noise is decreased as the pump gain decreases.
There is a clear dependence of the SBS noise on the pump gain. A solution was found that
achieves carrier suppression below the LO modulation sidebands and at the same time
produces clear spectral lines that are free of SBS noise as shown in Fig. 4.12(c). The
EDFA pump gain was set to 10 dB. At this condition, the carrier was still maintained
below the LO modulation sidebands by 3.6 dB and the SBS noise was completely
eliminated. This is exactly what was done in the experiment to get rid of the SBS

pedestal noise.

4.4.4.2 VPI simulation of the SFDR

Fig. 4.13 shows the complete set-up for the SBS carrier suppression based linearized

photonic mixer.
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Figure 4.13: VPI simulation setup of the SBS carrier suppression based linearized mixer

The output optical power from the circulator was fed into the single drive DPMZM which

was driven by a two tone RF signal at fz;;= 16 GHz and fzr,= 16.05 GHz. The RF power
was initially set to 7 dBm. The bias condition for the DPMZM was set to ¢,= 0.46x, @, =
n/3 and ¢; = 7z, which also satisfies the linearisation condition (4.24), however, the

conversion efficiency performance is slightly less than the DPMZM bias condition for
linearisation discussed in the Matlab simulation. The output modulated signal from the

DPMZM was then amplified by 20 dB to maintain an average optical power into photo
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detector to be 5.6 dBm. The output spectrum from the signal analyzer consisted of the

downconverted IF signal at frequencies f;z;= 1 GHz and f;z, = 1.05 GHz and the IMD3 at
frequencies fyyp31 = 0.95 GHz and fjyp3, = 1.10 GHz. The optimum LO modulation index

can be determined by adjusting its value until maximum IF power is obtained. The
optimum value was found to be close to 0.13. The IF and IMD3 power were measured at

different input RF power. The measurement is summarized in the Table 4.1.

Pin,RF [dBm] PIF [dBm] PIMD3 [dBm]
7 -11.88 -83.94
6
-12.88 -88.90
5
-13.88 -93.87
4
-14.87 -98.84
3
-15.88 -103.83

Table 4.1: Measured input RF power, output IF power and third order IMD

Also Figure 4.14 shows the actual spectrum observed at the signal analyzer at Pin RF

ranging from 3 to 7 dBm.
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It can be clearly observed from Figure 4.14 and Table 4.1, that the dominant IMD drops
by 5 for every 1 dB change in the RF power. This verifies the linearization principle of the
SBS carrier suppression based linearized photonic mixer. The SFDR can then be
measured by assuming a noise floor i.e. -147.79 dBm/Hz, which corresponds to the
experimental measured noise floor shown in the next section. The noise floor is different
from Matlab simulation due to the use of laser source with RIN= -145 dBm/Hz rather
than RIN=-160 dBm/Hz. The SFDR was calculated to be 123.2 dB-Hz4% at an input laser

power of 10 dBm and optical average power into photodetector of 5.6 dBm.

4.4.5 Experimental results of the carrier suppressed based linearised

photonic mixer

An experiment was conducted to verify the proof of principle of the SBS carrier
suppression based linearised photonic mixer. The experimental setup is shown in Fig.
4.15. The optical source used in this experiment was a tunable laser (Santec TSL-210)
with RIN= -145 dB/Hz. The optical laser power was set to be 9.5 dBm. A 50:50 optical
coupler was used to equally split the optical input into two paths. The optical power
travelling in the upper path was fed into an MZM that was driven by a single tone LO at
2 GHz and biased at quadrature. The LO modulation index was set close to 0.2. The MZM
insertion loss was measured to be 4.85 dB. The output modulated optical signal (the
Stokes wave) was passed through 25km single mode fiber to interact with the pump wave
travelling in the counter direction. The optical power travelling in the lower path was
modulated by a low biased MZM with pump frequency of 10.54 GHz. The output of the
low biased MZM was a double sideband suppressed carrier signal at f, = f.+ 10.54 GHz
and f_, = f.— 10.54 GHz. A fiber Bragg grating (FBG) was placed after the MZM so as
to filter out the upper sideband of the DSB-SC signal. This was achieved by controlling
the tunable laser wavelength so as to align the FBG center frequency to the upper
sideband frequency. The resultant output after the FBG is a single sideband suppressed

carrier (SSB-SC) signal i.e. the pump wave, which
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Figure 4.14 Experiment Setup for the SBS suppressed carrier based linearised photonic mixer

was fed to an EDFA (photonics SPLA-B-FC/APC) so as to control the pump power. The

pump wave was injected into the other end of the single mode fibre (SMF) via a

circulator. It traveled in the opposite direction to the modulated optical signal (the Stokes

wave) with a Brillouin frequency shift of exactly 10.54 GHz. Through the SBS process, a

loss spectrum was produced at the LO carrier frequency. A polarization controller (PC)

127




was used at the end of the single mode fibre to align the light polarization state of the
pump and Stokes wave. The carrier was minimized by its interaction with the loss
spectrum. The amount of carrier suppression was controlled through the EDFA gain. The
EDFA gain was set to 12 dB so as to make the carrier 3dB below the LO sidebands. The
output of the circulator was a DSB-SC LO signal and was fed into the single drive

DPMZM. The DPMZM was driven by a two-tone RF signals at frr; = 2.65 GHz and frp, =
2.655 GHz. The linearization was obtained by setting the optimum bias condition of the

DPMZM to correspond to the theoretical bias condition obtained in the Matlab simulation
(.e.p; = 042 @, = 0,and @3 = m). From the DPMZM transfer function, the bias voltages

were found to be V,;= 2.579 V, V,,= —1.4 V and V,3 = 5.3 V. An EDFA (Amonics AEDFA-

PA-35-B-FA) was placed after the DPMZM so as to amplify the output modulated power
from the DPMZM. The EDFA gain was set to 22.8 dB so as to make the average power
into photodetector to be 5.6 dBm. A tunable optical filter (Newport TBF-1550-1.0) with
bandwidth of 1 nm was also inserted before the photodiode to filter out the ASE noise
generated from the EDFA. The output of the photodiode is the desired IF downconverted

signal. Table 4.2 shows the optical power measurement at different points as illustrated

in Fig 4.14.
Optical Power Label Measured value [dB]

P, 6.3
Pq -1.1
Ps -7.2
Py 3.2
Ps -9

Pe -9.4
Ps -17.2
Ps 5.6

Table 4.2 Optical power measurements at different locations in the experiment
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Fig. 4.15 shows the measured output IF power at 0 dBm input RF power. A clear IF

spectral line is obtained free from SBS pedestal noise.

Figure 4.15 Measured IF spectrum at the output of the spectrum analyzer at Pin,RF = 0 dBm.

The output IF power was recorded to be -13.38 dBm at input RF power of 0 dBm. Hence a
conversion efficiency of -13.38 dB was measured at 2.65 GHz RF signal, which matches
the simulation results obtained in the Matlab simulation. The system noise floor was also

measured. The method used to measure the noise floor is shown in Fig. 4.16

ﬁgifrﬁ:g Specitru
) analyser
photonic mixer :

Fig. 4.16 The method to measure the system noise floor in the SBS based linearized photonic mixer

An RF amplifier with a gain of 35 dB was added after the photodetector to amplify the
noise floor of the whole system so as to make it visible above the noise floor of the
spectrum analyzer. The noise floor was first measured when the booster RF amplifiers
after the two-tone input were turned on and it was found to be —103.45 — 35 = —138.45

dBm/Hz. However these RF amplifiers were not low-noise and they introduce substantial
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noise themselves. Hence, in order to consider the case if low-noise RF amplifiers at the
RF input were available and were used, the RF amplifiers were turned off, and the noise
floor was re-measured and was found to be —112.79 — 35 = —147.79 dBm/Hz as shown in
Fig. 4.17. The dominant noise contribution to the noise floor was found to be the laser
intensity noise. This is primarily due to the use of the Santec laser, which had a

relatively high RIN level of -145 dB/Hz.
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Figure 4.16 measurement of the output noise floor of the SBS suppressed carrier based linearised
photonic mixer

The change in the IF signals and the third order IMDs with respect to the input RF
signal power was measured under the optimum DPMZM bias condition, which is V},=

2.579V, V,=—-1.4 V and V3 = 5.3 V. It was observed that the IMD3 was dropped by 5 dB

for every 1 dB reduction in the input RF signal power. This verified that the linearisation
principle was successfully achieved using the optimum DPMZM bias voltages. Table 4.3
shows four measurements of the IF and IMD3. The resolution bandwidth on the
spectrum analyzer was reduced from 100 kHz to 1 kHz in the measurements in order to

enable the IMD3 components to be observable at the lower power levels.
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Py rr [dBm] P,r [dBm] IMD3 [dBm]
2 -11.85 -70.05
1 -12.51 -74.96
0 -13.38 -79.55
-1 -14.33 -84.54

Table 4.3 Measured IF and IMD3 output at different input RF power.

Based on the IF and IMD3 measurements as well as the noise floor measurement, the

SFDR was determined to be 120.8 dB.Hz#5 as shown in Fig. 4.17.
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Fig.ure 4.17. SBS suppressed carrier based linearised photonic mixer output electrical power versus input RF
signal power. Measured IF signal power ( ), measured IMD3 (W), and measured noise floor (—).

The SFDR result matches Matlab and VPI simulation results, which indicates the

validity of the experimental results. This SFDR result corresponds to 16 dB improvement

in the SFDR performance when compared to the dual-series MZM based photonic mixer

structure. Further improvement in the SFDR is possible by using a higher-power laser

source, by using a lower RIN laser, and by using a higher optical power handling

DPMZM, which can avoid using an EDFA thus lowering the system noise floor. In

general, the experimental results for the SBS suppressed carrier based linearised

photonic mixer showed good agreement with the simulated values of SFDR and

conversion efficiency. The measured SFDR of 120.8 dB.Hz%5 is close to the best SFDR
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reported previously for photonic mixers, and in addition this new structure overcomes the
previous limitations by enabling multi-octave wideband operation and essentially infinite

isolation between the RF and LO ports.

4.5 Conclusion

In this chapter, a new structure for a linearised photonic mixer based on SBS carrier-suppression
and a single-drive DPMZM, has been presented. Following a literature review on carrier
suppression methods to improve the conversion efficiency of micorwave photonic mixers, it has
been shown that these mixer structures were subject to either limited SFDR performance,
suboctave bandwidth operation, ineffective carrier suppression or poor isolation between the LO
and RF ports, and that there is a need for a linearised photonic mixer technique that overcome all
these limitations. A new wideband linearised photonic mixer structure that can simultaneously
achieve a good SFDR performance, and a good conversion efficiency has been presented. The new
structure also enables multi-octave operation, and infinite isolation between the LLO and RF ports.
It is based on a SBS suppressed-carrier double sideband LO MZM in series with an integrated
single drive DPMZM to which an optimised bias condition is applied. The use of single drive
DPMZM enables broadband signal operation to be obtained by eliminating the need for an
electrical hybrid coupler as was necessary in the technique discribed in the previous Chapter.
Simulation results showed an SFDR of 120.4 dB-Hz#5, and a conversion gain of 8.45 dB,
corresponding to 15 dB, and 8.8 dB improvements respectively when compared to the
conventional dual series MZM based photonic mixer. Experimental results have demonstrated a
measured SFDR performance of 120.8 dB-Hz#> obtained at laser power of 9.5 dBm, and an
average optical power of 5.6 dBm, and can be improved further by using a higher power laser and
by using a lower RIN laser. These results are close to the best previously reported SFDR for
photonic mixers, and moreover this new structure overcomes the previous limitations by enabling

multi-octave wideband operation and essentially infinite isolation between the RF and LO ports.
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CHAPTER 5 Conclusion

5.1 Summary

Photonic signal processing offers unprecedented features for processing high bandwidth
signals. It puts forward a new prospect for overcoming the inherent bottlenecks caused by
limited sampling speeds in conventional microwave signal processors [1]. The motivation
emerges from the great potential of exploiting the unique, high time-bandwidth product,
low loss, and immunity to electromagnetic interference (EMI) capabilities of photonic
signal processing [2]. Microwave photonic signal processing is considered an attractive
alternative approach for processing wideband microwave signals compared to the
conventional microwave systems. Amongst the different types of photonic signal
processors, the microwave photonic frequency downconverter is important in many

communication systems and particularly in antenna remoting systems [3].

Two new microwave photonic downconverters have been presented in this thesis. These
new structures have resulted in enhanced SFDR and conversion efficiency performance

compared to the previously reported microwave photonic approaches.
The achievements of the work completed in this thesis are summarized below.

* A new linearised photonic mixer structure that can simultaneously achieve a very high
SFDR performance, while also enabling multi-octave operation, has been presented. It is
based on applying an optimised RF split and an optimised optical phase shift to an
integrated DPMZM, which is in series with an MZM driven by the LLO. The DPMZM is
linearised by fully cancelling third order IMD via controlling the modulator bias voltages
and designing the splitting ratio of the RF signals into the modulators inside the
DPMZM. This technique also features near infinite isolation between the RF and LO
ports, and the ability to function over a multi-octave frequency range. Simulation results
have shown different bias solutions with the aim of improving the conversion efficiency or

the noise figure while simultaneously achieving high SFDR performance. The tolerance
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of the linearised DPMZM based microwave photonic mixer has been also investigated
and a bias solution was obtained to relax the critical tolerance requirements of the
linearised approach. Experimental results have demonstrated a record measured SFDR
of 127 dB-Hz#5, which is also 22.5 dB higher than that of the conventional dual-series
MZM based mixer structure.

A new linearised photonic mixer structure that uses carrier suppression together
with wideband linearization has been presented. The new structure also enables
multi-octave operation, and infinite isolation between the LO and RF ports. It is
based on the stimulated Brillouin scattering effect to suppress the LO carrier
which is then input to an integrated single drive DPMZM to which an optimised
bias condition is applied. The use of single drive DPMZM enables broadband
signal operation by eliminating the need for an electrical hybrid coupler as was
needed in the previous approach. Simulation results showed an SFDR of 120.4
dB-Hz%5, and a conversion gain of 8.45 dB, corresponding to 15 dB, and 8.8 dB
improvements respectively when compared to the conventional dual series MZM
based photonic mixer. Experimental results have demonstrated a measured
SFDR performance of 120.8 dB-Hz45, which corresponds to 16 dB improvement

when compared to the conventional dual-series MZM based mixer structure.

5.2 Future Work

Although high SFDR, and high conversion efficiency photonic downconverters were

demonstrated, a number of issues need to be addressed in the future to further improve

the performance of the two proposed photonic mixer structures. With respect to the

linearised DPMZM based photonic mixer structure, the critical sensitivity of the RF split

in terms of amplitude and phase caused a reduction in the signal transmission bandwidth

under the optimised DPMZM bias condition. A technique was demonstrated to relax the

SFDR tolerance with respect to the phase and the amplitude characteristics of the RF

voltage split, though at the expense of a reduction in the SFDR performance. Thus future
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work should be focused on improving the tolerance requirements of the linearised
approach without causing a penalty in the dynamic range performance. Regarding the
SBS suppressed carrier based linearised photonic mixer, the experimental results
obtained for the noise floor was much higher than the simulated noise floor, which led to
a degradation in noise figure. One reason for this is that the SBS noise, which was not
accounted for in the simulation, also contributes to the total noise floor. The Brillouin-
induced depletion caused a pedestal noise on the carrier. This pedestal noise was
minimized by reducing the pump power. However, the SBS noise needs to be studied and
considered in future work to optimize the noise performance and carrier suppression
characteristics.

Other than using intensity modulation direct detection (IM/DD) techniques to linearize
the photonic mixer, there have also been emerging linearisation techniques, using phase
modulation direct detection (PM/DD). The modulators in PM/DD techniques are simple
in design and do not require active bias circuits. Moreover through carrier suppression,
PM/DD techniques exploit both sidebands of the downconverted IF signal while intensity
modulators only utilize one sideband of the signal.

Finally more investigation should be made on methods to linearize, and increase the
SFDR of photonic mixer structures through the use of photonic integrated circuits (PICs).
The photonic mixer components can be monolithically integrated into a single chip using,
for example, Indium Phosphide (InP) as a material platform. Other available technology
platforms include Silica, Silicon, Chalcogenides, and so on. This integration of photonic
components simplifies optical system design, reduces space and power consumption and
improves reliability. Moreover, it also lowers the cost of Optical-to-Electrical-to-Optical
(OEO) conversion. PICs also provide the possibility to be combined with electronic
integrated circuits and hence maximize system functionality and simplify system

operations. All these advantages can be obtained in a very compact and robust chip [4,5].
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Index — List of Acronyms

A/D Analog to Digital

ASE Amplified Spontaneous Emission
CATV Community Access TV

CkW Clockwise

CCkW Counter Clockwise

CW Continuous Wave

DFB Distributed Feedback

DSB+C Double Sideband with Carrier
DSB-SC Double Sideband Suppressed carrier
DSM Dual-Series Modulator

DPMZM Dual Parallel Mach-Zehnder Modulator
EAM Electro-Absorption Modulator

EDFA Erbium Doped Fibre Amplifier

EHF Extremely High Frequency

EMI Electro-Magnetic Interference

EOM Electro-Optic Modulator

FBG Fibre Bragg Grating

FOL Fibre Optic Link

HD Harmonic Distortion

IF Intermediate Frequency

IM/DD Intensity Modulation Direct Detection
IMD Intermodulation Distortion

IMD2 Second Order Intermodulation Distortion
IMD3 Third Order Intermodulation Distortion
IMD5 Fifth Order Intermodulation Distortion
InP Indium Phosphide

LED Light Emitting Diode

LiNbOs Lithium Niobate

LO Local Oscillator

MZM Mach-Zehnder Modulator

NF Noise Figure

OEO Optical-to-Electrical-to-Optical

PC Polarization Controller

PICs Photonic Integrated Circuits

PM Phase Modulator

RF Radio Frequency

RIN Relative Intensity Noise

RoF Radio over Fibre

SBS Stimulated Brillouin Scattering
SFDR Spurious Free Dynamic Range

SNR Signal-to-Noise Ratio

SOA Semiconductor Optical Amplifier

SSB Single Sideband

SSB-SC Single Sideband Suppressed Carrier
UHF Ultra High Frequency

WDM Wave Division Multiplexing
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