Optical Single-Sideband Modulation with Tunable
Optical Carrier to Sideband Ratio

in Radio over Fiber Systems

Nan Song

A Thesis
in
The Department
of

Electrical and Computer Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of Master of Applied Science (Electrical and Computer Engineering) at
Concordia University
Montreal, Quebec, Canada

May, 2010

© Nan Song, 2010



Library and Archives Bibliothéque et
Canada Archives Canada
Published Heritage Direction du

Branch Patrimoine de I'édition

395 Wellington Street 395, rue Wellington

Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Your file Votre référence
ISBN: 978-0-494-71017-3
Our file Notre référence
ISBN: 978-0-494-71017-3
NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author’s permission.

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'internet, préter,
distribuer et vendre des théses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

L’auteur conserve la propriété du droit d’auteur
et des droits moraux qui protége cette thése. Ni
la thése ni des extraits substantiels de celle-ci
ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Canada

Conformément a la loi canadienne sur la
protection de la vie privée, quelques

formulaires secondaires ont été enlevés de

cette thése.

Bien que ces formulaires aient inclus dans
la pagination, il n’y aura aucun contenu
manquant.



ABSTRACT
Optical Single-Sideband Modulation with Tunable
Optical Carrier to Sideband Ratio
in Radio over Fiber Systems
Nan Song

Radio over fiber (RoF) has been considered as a promising technology for the
distribution of the future high capacity wireless signals such as ultra-wideband and
millimeter-wave signals. In RoF systems, optical subcarrier modulation (SCM) is
commonly used, such as optical double sideband (ODSB) modulation, and optical single
sideband (OSSB) modulation. However, ODSB modulation will introduce RF signal
power fading due to the fiber chromatic dispersion. To evade this problem, conventional
optical single sideband (OSSB) modulation was proposed and demonstrated.
Unfortunately in the conventional OSSB, the modulation efficiency, defined as optical
carrier-to-sideband ratio (OCSR) in optical power, is extremely low for small modulation
index, i.e. low driven voltage used. On the other hand, when high voltage is applied to the
modulator, i.e. high modulation index used, the nonlinear distortion will be induced due

to the nonlinearities of the optical modulator response, which will degrade the receiver



sensitivity and lead to a poor bit error rate (BER) and spurious free dynamic range
(SFDR). Eventually, this will increase RoF system cost and render it impractical.

So far, suppressing the OCSR has become a popular way to improve the modulation
efficiency. Lots of related techniques have been proposed and demonstrated. The
objective of this thesis is to develop a simple modulation technology that OSSB
modulation and tunable OCSR are obtained simultaneously only by adjusting the direct
current (DC) bias of two parallel non-ideal Mach-Zehnder Modulators (MZMs).

In this thesis, the theoretical analyses to prove the functions of this modulation
technique are given out first. Then by comparing the theoretical analyses with simulation
results, it is found that the results are well matched. Here the impacts of imperfect
situations are concerned: bias voltage drift, phase imbalance of the two parallel MZMs,
mismatch of splitting and combining coupler’s factors, MZM extinction ratio imbalance,
inter-modulation distortions (IMDs), high order distortions and chromatic dispersion. The
functions and reliability of this modulation technique are deeply discussed. Furthermore,
some methods to compensate the impacts due to the non-ideal situations are also
considered. Finally, the experimental results are presented to validate the proposed

technique.
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Chapter 1

Introduction

1.1 Introduction

Recently, wireless communication plays an important role in telecommunication.
However, due to the demand of high quality service like high definition video conference,
and internet data transferring increase considerably, the capacity of the current
narrowband wireless access networks is insufficient. Therefore it is deeply necessary to

figure out how to increase the capacity of wireless systems.

One natural way to increase the capacity of wireless communication systems is
increasing the carrier frequencies. Higher carrier frequencies offer greater modulation
bandwidth, but may lead to increased costs of radio front-ends in the base stations. In
conventional wireless communication systems, the medium for transmission channel is
atmosphere. However, radio signals with high frequencies will attenuate greatly when
propagating over air, especially the penetration ability of going through obstacles into
building will decrease extremely. When millimeter-wave signals at the frequency of 60
GHz propagate in the air, the atmosphere attenuation can be as high as 10-15 dB/km. In
other words, if we transmit typical radio signal at 60 GHz directly over the air, it will

only be able to propagate for less than 2 km.

Another way to increase capacity of wireless communication systems is to deploy
smaller cells (micro-cells and pico-cells) [3] [4]. However, smaller cell size means that a

large number of base stations is needed in order to achieve the wide coverage required of

1



ubiquitous communication systems. Furthermore, extensive feeder networks are needed
to service the large number of base stations. Therefore, unless the cost of the base stations
and the feeder network are significantly low, the system-wide installation and
maintenance costs of such systems would be rendered prohibitively high. This is where
Radio-over-Fiber (RoF) technology comes in. It achieves the simplification of the base
stations through consolidation of radio system functionalities at a centralized head end,

which is then shared by multiple base stations.

RoF technology combines the advantages of optical fiber communication by its super
broad bandwidth, lower signal attenuation, and small signal distortion; and the
advantages of wireless communication by its flexibility. Therefore, RoF systems enable
high capacity and more than 1 Gbit/s ultra-band wireless access in an effective cost
manner. Furthermore, digital baseband and RF analog signals both can be transmitted in
RoF system, and realize the convergence of wireless access and fixed access. Until now,
RoF systems have attracted tremendous research interests, and the main issue is how to
obtain the good performance of RoF system. So far, lots of techniques concerned have
been proposed and demonstrated to improve the modulation efficiency which is the
crucial parameter to influence the performance of RoF. For instance, Brillouin [5],
external optical filtering [6][7][8] and optical attenuation [9], but all of them will increase

the complication of RoF systems considerably.

Furthermore, RoOF systems are an enabling technology, which will allow
telecommunications companies to relay digital baseband and RF analog signals, such as

WiFi, WiMax and mm-wave through the wide bandwidth of fiber in a cost effective



manner. RoF systems make use of SCM and frequency division multiple access (FDMA),
so it 1s inherently able to transport synchronous and asynchronous communication data.
The main issue is to accurately recuperate the transmitted RF signals, which is where the
issue of system nonlinearity plays a monumental role. The nonlinearity arises mainly
from the frequency response of the optical transmitter, and receiver, along with other
optical components, such as fiber. For example, the Mach-Zehnder modulator (MZM)
has a sinusoidal frequency response, which will produce an optical transmission with
nonlinearities. In situations where composite multiple RF channels need to be transmitted,
higher-order distortion may be induced by nonlinearities in RoF systems, and thus these
higher order distortioﬁ components will lead to lower SNR for neighboring channels.
Optical system designers typically would have to install expensive optical filters, increase
optical transmission power or unequally space RF channels allocations to increase SNR,
which would undoubtedly increase complexity and cost. It is known that in the case of
analog transport, there is a steady decline in performance due to nonlinear distortion,
while for digital transport there is a constant performance until it is overcome by
quantization noise and synchronization loss. Beyond this point there is a dramatic
performance loss. This indicates that digital communication transport is a better choice
for long haul transmission systems, and analog communication transport is a better
choice for short haul transmission systems or as an access network, because of the
gradual decline in performance and lower cost, so opﬁcal system designers are opting to

use them together [10].



1.2 RoF Technology

1.2.1 RoF Architecture

Basically, RoF is a technology that entails the use of optical fiber links to distribute RF
signals from a central office (CO) to base stations (BS). Figure 1.1 shows the general
RoF architecture, where each simple base station is connected back to the central office
through optical fibers. Any wireless service may be received by the transceiver and the
RF signal will be modulated onto a specific optical carrier allotted to that specific base
station. Many optical carriers may be modulated and then optically coupled together

before being transmitted back to the central station [11].

(D Base station j
(BS)
L]
-
A .
Central base station | M
©s) : [ Erectricalto |
-t | Optical Ht-—
A L o | _
Base station | ansmitter/|
(BS) (T/R)
[ oplicat o
Electrical -
| (O/E)

Figure 1.1 Block diagram of a RoF broadcast architecture

In traditional narrowband wireless communication systems, RF signal processing
functions, such as frequency up-conversion, carrier modulation, and multiplexing, are
performed at the base stations, then immediately fed into the antennas. On the contrary,

RoF makes it possible to centralize the RF signal processing functions in one shared
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location (central office), and then use optical fiber with low-loss (0.2 dB/km for 1550 nm,
and 0.5 dB/km for 1310 nm wavelengths) to distribute the RF signals to the remote base
stations. Thus, base stations are simplified significantly, as they only need to perform
optoelectronic conversion, amplification, emitting and receiving functions. The
centralization of RF signal processing functions enables equipment sharing, dynamic
allocation of resources, and simplified system operation and maintenance. These benefits
can translate into major system installation and operational savings, [12], especially in
wide-coverage broadband wireless communication systems, where a high density of base

stations is necessary as discussed above.

1.2.2 Advantages of RoF Technology

Some of the advantages and benefits of the RoF technology are given below.
a. Low attenuation loss

Commercially available standard single mode fibers which are made of glass (silicon
dioxide) have attenuation of below 0.2 dB/km and 0.5 dB/km in the 1550 nm and the
1310 nm windows, respectively. We have mentioned the situation of RoF over the air
above. Obviously, it is not suitable for being the transmission medium when RF signals’
frequencies increase greatly. As another common type of transmission medium, coaxial
cables’ losses are higher by three orders of magnitude at higher frequencies. For instance,
the attenuation of a 0.5 inch coaxial cable (RG-214) is higher than 500 dB/km for carrier

of above 5 GHz [13]. Therefore, by transmitting microwaves in the optical fiber,



transmission distances are increased several folds and the required transmission powers

are reduced greatly.

b. Large bandwidth

Optical fibers offer enormous bandwidth. There are three main transmission windows,
which offer low attenuation, namely the 850 nm, 1310 nm, and 1550 nm wavelengths.
For a SMF, the combined bandwidth of the three windows is in the excess of 50 THz.
However, today’s state-of-the-art commercial systems utilize only a fraction of this
capacity (1.6 THz). But the developments to exploit more optical capacity per single fiber
are still continuing. The main driving factors towards unlocking more and more
bandwidth out of the optical fiber include the availability of low dispersion (or dispersion
shifted) fiber, the Erbium Doped Fiber Amplifier (EDFA) for the 1550 nm window, and
the use of advanced multiplex techniques namely Optical Time Division Multiplexing
(OTDM) in combination with Dense Wavelength Division Multiplexing (DWDM)
techniques. The enormous bandwidth offered by optical fibers has other benefits apart
from the high capacity for transmitting microwave signals. The high optical bandwidth
enables high speed signal processing that may be more difficult or impossible in
electronic systems. In other words, some of the demanding microwave functions such as
filtering, mixing, up- and down-conversion, can be implemented in the optical domain
[14]. For instance, mm-wave filtering can be achieved by first converting the mm-wave
signal into an optical signal, then performing the filtering in optical domain by using

optical components such as the Mach Zehnder Interferometer (MZI) or Fiber Bragg



Gratings (FBG), and then converting the filtered signal back into electrical form.
Furthermore, processing in the optical domain makes it possible to use cheaper low
bandwidth optical components such as laser diodes and modulators, and still be able to
handle high bandwidth signals [15]. The utilization of the enormous bandwidth offered
by optical fibers is severely hampered by the limitation in bandwidth of electronic
systems, which are the primary sources and receivers of transmission data. This problem
is referred to as the “electronic bottleneck”. The solution around the electronic bottleneck
lies in effective multiplexing. OTDM and DWDM techniques mentioned above are used
in digital optical systems. In analogue optical systems including RoF technology,
Subcarrier Modulation (SCM) is used to increase optical fiber bandwidth utilization. In
SCM, several microwave sub carriers, which are modulated with digital or analogue data,
are combined and used to modulate the optical signal, which is then carried on a single

fiber [16], [17]. This makes RoF systems cost-effective.
¢. Immunity to radio frequency interference

Immunity to Electromagnetic Interference (EMI) is a very attractive property of optical
fiber communications, especially for microwave transmission. This is so because signals
are transmitted in the form of light through the fiber. Because of this immunity, fiber
cables are preferred even for short connections at mm-waves. Related to EMI immunity
is the immunity to eavesdropping, which is an important characteristic of optical fiber

communications, as it provides privacy and security.



d. Easy installation and maintenance

In RoF systems, complex and expensive equipment is kept in the central office, thereby
making the BSs simpler. For instance, most RoF techniques eliminate the need for a LO
and related equipment at the BSs. In such cases a photo detector, an RF amplifier, and an
antenna make up the BS. Modulation and switching equipment are kept in the central
office and is shared by several BSs. This arrangement leads to smaller and lighter BSs,
effectively reducing system installation and maintenance costs. Easy installation and .low
maintenance costs of BSs are very important requirements for mm-wave systems,

‘because of the large numbers of the required BSs.

e. Reduced power consumption

Reduced power consumption is a consequence of having simple BSs with reduced
equipment. Most of the complex equipment is kept in the central office. In some
applications, the BSs are operated in passive mode. For instance, some 5 GHz Fiber-
Radio systems employing pico-cells can have the BSs operated in passive mode [18].
Reduced power consumption at the remote antenna unit (RAU) is significant considering

that BSs are sometimes placed in remote locations not fed by the power grid.
f. Dynamic resource allocation

Since the switching, modulation, and other RF functions are performed at a central office,
it is possible to allocate capacity dynamically. For instance in a RoF distribution system

for GSM traffic, more capacity can be allocated to an area (e.g. shopping mall) during



peak times and then re-allocated to other areas when off-peak (e.g. to populated
residential areas in the evenings). This can be achieved by allocating optical wavelengths
through Wavelength Division Multiplexing (WDM) as need arises [19]. Allocating
capacity dynamically as need for it arises obviates the requirement for allocating
permanent capacity, which would be a waste of resources in cases where traffic loads
vary frequently and by large margins [12]. Furthermore, having the central office
facilitates the consolidation of other signal processing functions, such as mobility

functions, and macro diversity transmission [19].

1.3 Generating and Distribution of RF Signals over Fiber

Over the past few years, a lot of researches have been carried out to generate radio signal
optically. RoF techniques may be classified in terms of the underlying
modulation/detection principles employed. In that case, the techniques may be grouped
into three categories, namely Intensity Modulation-Direct Detection (IM-DD), Remote
Heterodyne Detection (RHD) [20], and harmonic up-conversion techniques. IM-DD is
the simplest method and also the most widely used at present. Not only the modulation
techniques discussed below but also our considered modulation technique belongs to this
category. SCM is another principal technique which is used extremely widely in RoF
systems. This technique can help RoF make full use of the sufficiency optical fiber

bandwidth.

In IM-DD modulation scheme, the RF signal is directly modulated onto the optical
carrier by an intensity modulator, and then recovered by direct detection at the photo

detector. The optical modulation is divided into two kinds: direct modulation and external
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modulation. The former one is to directly drive the current of semiconductor laser with
the RF signal, while the latter is to modulate the RF signal onto the continuous wave
(CW) emitted from laser source using an external modulator such as the Mach-Zehnder
Modulator (MZM). The two options are shown in Fig.1.2. In both cases, baseband data is
mixing with the RF carrier named first modulation, and then the hybrid RF signal is

modulated on the optical carrier which we call it second modulation.

Transmitter 2

Transmitter 1
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=
v
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z

(a) (b)

Figure 1.2 Electro-optic modulation schemes, (a) internal modulation; (b) external modulation

Evidently, direct intensity modulation is, in principle, simpler than external
modulation. It is used frequently in low data rate case in order to reduce cost. The
limiting factor to its use is the modulation bandwidth of the laser. Rélatively simple
semiconductor lasers can be modulated to frequencies of several giga-hertz, say 5-10
GHz. That is why at higher microwave frequencies like above 10 GHz, external

modulation rather than direct modulation is applied.

In the RHD links, two phase-correlated optical carriers are generated in a dual-
frequency laser transmitter with a frequency offset equal to the desired millimeter-wave
(MW) frequency. Both optical signals are then transmitted by heterodyning of the two

10



optical signals in a photodiode [20]. Based on RHD, the fiber-optic technology can offer
radio-system functionalities such as modulation and frequency conversion in addition to

transparent signal transport.

A summary reviewing two modulation schemes for transporting RF signal over fiber

is shown in Table 1.1

Table 1.1 Comparison of transporting RF signal methods

Schemes Advantages Disadvantages

Due to fiber chromatic dispersion

IM-DD Low cost, simple structure the transmission distance 1is
limited
limitati th . .
RED No limitation on the generated Higher complexity and cost,

frequency phase correlated problem

1.4 Optical Single Sideband and Optical Double Sideband

Modulation

At present, in RoF system, the most commonly used modulation schemes are optical
single sideband (OSSB) and optical double sideband (ODSB), which are showed in Fig.

1.3.
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Figure 1.3 (a) Optical double sideband (ODSB), (b) optical single sideband (OSSB)

In Fig. 1.3(a) it is found that in ODSB case, RF signal is modulated on the optical carrier,
and two sidebands upper and lower than the optical carrier in frequency domain are
generated respectively. While in Fig. 1.3(b), only the lower optical sideband is generated
for OSSB modulation. Generally, ODSB can be realized by employing a single-electrode
MZM, while typical OSSB is generated by employing a dual-electrode MZM (DE-MZM)
[6]. ODSB and OSSB both can be used in RoF system. However, it is well known that
OSSB is not degraded by RF power fading when transmitted through dispersive fiber,
while ODSB will experience periodic power fading that is dependent on fiber length,
chromatic dispersion and RF carrier frequency [21]. The power fades occur because of
the use of SCM, which generates two optical sidebands that are at different propagation
delays through dispersive fiber. This propagation delay will translate into a differential
phase shift between the two sidebands. For example, set the RF carrier to frequency of 12
GHz and the fiber attenuation is compensated. In the case of OSSB modulation there is

almost no RF carrier power fade, but in ODSB case there are two RF carrier power fades
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occurring at 26.97 and 80.91 km of the 100 km fiber length [22]. Therefore OSSB
modulation scheme attracts more interests in RoF links in order to overcome the power

fading effect caused by fiber dispersion.

A summary reviewing two techniques for generation mm-wave signal and

transmission over fiber link is shown in Table 1.2.

Table 1.2 Comparison of harmonic generation techniques using external modulation

Schemes : Advantages , . Disadvantages
DSB Support high frequency RF signal ~ Suffer from the fiber chromatic
dispersion
SSB Free fiber chromatic dispersion Low modulation efficiency, high

local oscillator frequency

1.5 Sub-carrier Modulation in RoF Systems

SCM is transmitting several analog or digital subcarrier-multiplexed RF channels over
only one fiber link or network [8]. It is a maturing, simple and cost effective approach for
exploiting optical fiber bandwidth in RoF systems. For many applications, it is quite
advantageous to use this technique. These applications include: CATV (cable TV),
interfacing wireless networks, microwave photonic systems, and transmitting control

13



information for optical packet switching. In SCM, multiple RF signals are used to
modulate an optical carrier at the transmitter’s side. In this thesis, maximally two sub-
carriers are multiplexed to help us to investigate how SCM influences the system’s

performance. Fig. 1.3 illustrates what SCM is.

Channel 1
{e.5. digital date)

Channel 2
{e.g. analog data
- wideo)

Figure 1.4 Sub-carrier modulation of mixed digital and analogue signals

To transmit multiple RF channels by only one optical carrier, multiple sub-carriers
are first combined and then used to modulate the optical carrier as shown in Fig. 1.4. At
the receiver’s side the sub-carriers are recovered through direct detection and then
radiated. Different modulation schemes may be used on separate sub-carriers. One sub-
carrier may carry digital data, while another may be modulated with an analogue signal
such as video or telephone traffic. In this way, SCM supports the multiplexing of various
kinds of mixed mode broadband data. Modulation of the optical carrier may be achieved
by either directly modulating the laser, or by using external modulators such as the MZM.

In this thesis, MZMs are used.
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1.6 Harmonic and Inter-modulation Distortions

Since RoF involves analogue modulation, and detection of light, it is fundamentally an
analogue transmission system. Therefore, signal impairments such as noise and distortion,
which are important in analogue communication systems, are important in RoF systems

as well. These impairments tend to limit the performance of the RoF system.

There are a lot of sources of interference like shot noise, thermal noise, chromatic
dispersion, although, nonlinear distortion is the dominant factor among all the harmful
factors. Let’s take an example for the systems in which MZM is used. MZM has a
squared cosine transfer function in power. In another word, it has a nonlinear transfer
function. When RF signals are applied to modulate the optical carrier in MZM, nonlinear
distortions including harmonics distortions (HDs) and inter-modulation distortions will
be generated. First, HDs mainly depends on modulation index (MI), which means more
power of input signal, more power of HDs; the increase of MI will lead to the
nonlinearity increase, so the intensities of HDs will become larger and larger. Second,
intermodulation distortions (IMDs) are principally determined not only by MI, but also
by the number of RF carriers. As MI increases, the intensities of IMDs will become more
and more serious; as the number of RF carriers increase, every RF sub-carrier can inter-
modulate with each other, the intensities of IMDs will increase also. Therefore, as
multiple like two or more RF carriers are used to modulate the optical carrier, we need to

consider the IMDs.

Theoretically, there are unlimited numbers of high order optical spectral components

including HDs and IMDs after light wave modulated by RF signals. Due to the limited
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bandwidth of the optical equipment like multiplexer, EDFA, photodetector and etc, the
high order distortions will be filtered out. Therefore, those low order nonlinear distortions

make great contribution to degrade the system’s performance.

Compared with other low order nonlinear distortions, the third order IMDs (IMD3)
are the most difficult to be filtered out by optical filters because they are very close to the
fundamental spectfal component. IMD3 may bring devastating impact on the receiver’s

sensitivity and the system’s dynamic range if we can’t handle this very well.

1.7 Technique Survey of OCSR Improvement

As mentioned before, in RoF systems, the main issue is obtaining good performance of
the systems. In OSSB technique which is robust to fiber chromatic dispersion and is
commonly chosen in RoF systems, when high power of RF signal is modulated onto the
optical carrier by DE-MZM, considerably harmful nonlinear distortions, i.e. HDs and
IMDs, are generated in the system due to the nonlinear modulation characteristic of DE-
MZM. While when we choose small power RF signal to be modulated, the nonlinear
distortion products can be reduced, however, very low modulation efficiency can be
obtained [23]. Actually, low modulation efficiency means the waste of the system
resource, and it can reduce the quality of the recovered RF signal. When the power of RF
sideband is much lower than the optical carrier after modulation, the detected RF signal

power will be small and this can degrade the signal to noise ratio.
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To improve the performance of RoF transmission systems, the power of RF signal
carried on optical carrier can be boosted by using the high power light sources or utilizing
the optical amplifier [8]. However these techniques also increase the average optical
power to the photo detector (PD) simultaneously. Due to the high incident optical power,
the harmonic distortions, reduced responsivity, and the damage to PD can be caused to

this semiconductor device [6][7][8].

So far, suppressing the optical carrier to sideband ratio has become a popular way to
improve the modulation efficiency. Lots of techniques concerned have been proposed and
demonstrated. For instance, external optical filtering [6][7][8], stimulated Brillouin

scattering [5] and optical attenuation [9].

1.7.1 External Optical Filtering Technology

For external optical filtering technology, the main principle is removing the excessive

power of optical carriers [6][7].

High Power Laser Modulator O t Excess Cartiar
Cupist with weak modudation Filtered
{220 100 MWy (>10 mW) {1 MY

| G I S O I

Cptical
Spectrum ,
| Laser ]——4{ MZM Filter
elecirical

%ﬁgp.nj:’i —— O EIC ﬁber}

Signal
T Output

Figure 1.5 All-optical insertable technique to increase the efficiency of a typical fiber-optic

system [6]
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Fig. 1.5 shows the scheme of suppressing OCSR technology by the external optical
filter. This technology is utilized in ODSB modulation, and the suppressing OCSR is
implemented by filtering the optical carrier (Fabry-Perot filter), then increasing the
optical power by a gain G to yield the same PD current [6]. This technology can obtain
9-13 dB improvement of OCSR and especially useful for remote sensing of weak RF
signals or in signal processing systems (e.g., finite impulse response filters) that
unnecessarily add excess carrier, however the main issue with this method is the extra
optical and electrical devices will introduce distortions into RF signal which will degrade
the performance of RoF system considerably. Moreover, because ODSB is used that the
transmission will experience power fading at periodic fiber length, which will require an

automatic gain control at the receiver and more cost for the RoF system.

1.7.2 Stimulated Brillouin Scattering Technology

Laser Polarization
1550nm controller

H <>
1

Figure 1.6 Experiment setup: multiple pass of Stokes wave in optical fiber [5]

Traditional stimulated Brillouin scattering (SBS) is used to increase the modulation depth
of'a weakly-modulated optical signal to improve the modulation efficiency. By rejecting

the forward travelling carrier power and allowing the modulation sidebands to pass with
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low loss, SBS technology realizes the suppressing OCSR. However it is found that SBS
need high input power and induce system degradations. Furthermore, the process of SBS
is unstable and noisy [5]. Later, a new method is proposed which is shown in Fig. 1.6. In
this technology, an optical pump entering the optical fiber generates an acoustic grating
moving in the direction of pump, which gives rise to backscattering of the optical pump
(the so-called Stokes wave) frequency-downshifted from the pump. It results in a lower
Brillouin threshold (6mW) than with a single pass configuration (20mW). Modulation
depth enhancement is then even observable without the need for high input powers. The
multiple-pass configuration also has better depletion efficiency because of the improved
grating stability [5]. Nevertheless, the main drawback of this technology is the
complexity and high cost. Moreover, because ODSB is used in this technology, the
transmission will also need an automatic gain control to stabilize power fluctuations at

the receiver, which will incur added system expense.

1.7.3 Optical Attenuation Technology

u
I ‘TLLS1 ]——.I
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-1, =28 GMz

Figure 1.7 Experiment setup of DWDM multiplexing scheme [9]
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In [9], a DWDM multiplexing scheme using an arrayed-waveguide grating (AWG) for
optically frequency interleaved 60-GHz band radio-on-fiber systems is proposed and
demonstrated. As shown in Fig. 1.7, the two parallel AWGs are tuned so that the carrier
and one of the sidebands of each input channel are filtered out to the output waveguides
respectively which realize the OSSB, then after demultiplexing by the single AWG, the
carrier was suppressing almost 10 dB. In this technology, the AWG is utilized to
atténuate the optical carrier to realize the suppressing OCSR, and no noticeable power
penalty is observed after 25-km SMF transmission due to the OSSB modulation and
interchannel interference. However, the complexity of the system, cross-talk and fixed

permutation of input light-paths according to the wavelength will limit the RoF system.

1.7.4 Low Bias MZM Technology

Recently, a distinct way to suppress the OCSR is proposed by using a low bias MZM

[24].

RF signal
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Figure 1.8 MZM with adjustment of DC-bias voltage [24]
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Fig. 1.8. shows the scheme of a MZM with an adjustment of DC bias for the different
optical path. When an RF signal is input through the DC bias-T to the MZM, light in
path-1 is phase-modulated by the RF signal. At the output port, because path-2 is not
modulated by an RF signal, interference between two paths only happens at the central
carriers. Therefore, even if the modulation depth of path-1 is very low, we can adjust the
DC bias voltage of the MZM to obtain a carrier with the same power level as the
sidebands [24]. This method uses ODSB modulation and suppresses the OCSR
enormously only by adjusting the DC bias, which is effective to obtain a large range of
OCSR without utilizing other optical or electrical components. However, the main
disadvantage is that this technique is only available for ODSB modulation scheme, which
is extremely vulnerable to chromatic dispersion and degrades the performance of the RoF

system.

Later, a new modulation technology that can realize OSSB with tunability of the
OCSR simultaneously to improve the performance of RoF systems has been proposed by
Minhong Zhou [25]. In this technique, two parallel MZMs are used to achieve OSSB;
meanwhile, by adjusting the DC bias, it can obtain the tunable OCSR. Besides the large
range of OCSR, this method is robust to the power fading because of the OSSB
modulation. However, only the theoretical analysis and simulation results in ideal
situations (ideal connect, matched extinction ratio of MZMs and no bias shift, etc) are

shown in the thesis. In addition, the feasibility of this technology is not demonstrated.
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1.8 Motivation and Research Problem

As stated in 1.7, suppressing the optical carrier to sideband ratio has become a
popular way to improve the modulation efficiency. Lots of techniques concerned have
been proposed and demonstrated, like Brillouin [5], external optical filtering [6][7][8]
and optical attenuation [9]. However, all of these technologies have one common
disadvantage, which increase the complexity of the RoF systems considerably, and
inherently introduce more harmful distortions. There aléo is a new technology which can
suppress the OCSR enormously without utilizing other optical or electrical components.
Unfortunately, this technique is only available for ODSB modulation scheme, which is

not spectrally efficient and will experience the power fading when transmission.

Recently, Zhou [25] proposed a new technology which can realize OSSB modulation
and also the tunable OCSR simultaneously to improve the performance of RoF systems.
In Zhou’s thesis, only ideal MZMs are considered. Therefore it is worth comprehensively
studying the technique considering non-ideal MZMs. In this thesis, a theory considering
non-ideal MZMs are developed. The technique using non-ideal MZMs is simulated and
compared to the theory. Finally the technique is experimentally verified. Consequently,

this work is considered extension and further investigation for Zhou’s technique.
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1.9 Thesis Outlines

Chapter 1 provides the reader with background information of RoF systems being widely
used today and explains the motivation for the research topic. The low efficient
modulation issue in RoF systems and how it affects the system performance have been
described. Moreover, a detailed review of current technologies to improve modulation
efficiency has been given in this section. Also discussed are the differences between the
ODSB and OSSB modulation schemes with the invulnerable to power fading adv'antage

of OSSB modulation.

In Chapter 2, the principle of the considered modulation technique which can obtain
OSSB with tunable OCSR simultaneously is presented. This section will discuss the
principle of OSSB generation using two parallel MZMs and provide the mathematical
formulations for it. In addition, the expressions of tunable OCSR, optimum OSCR, RF

output power and IMDs are given out and theoretically analyzed in detail.

In Chapter 3, by using VPItransmission Maker software, the theoretical analyzed
results of OCSR, RF output power and IMDs are verified by the simulations. Since this
system is heavily depends on the bias voltage, therefore the impact of bias shift, coupler
factor imbalance, modulator extinction ratio imbalance and phase imbalance are also
considered in this part. Moreover, the impact of chromatic dispersion to this considered

modulation technique is also presented by replacing the ideal connection with SMF.

In Chapter 4, this technique is experimentally investigated to verify the concept.
Furthermore, the differences among the experimental, theoretical and simulated results

are discussed.
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Chapter 5 concludes the thesis with the amount of progress that was accomplished
and potential implication to knowledge, theory and practice. Also discussed is future

work that remains and over all insights.
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Chapter 2
Theoretical Analysis of

Considered Modulation Technique

2.1 Introduction

As previously stated in Chapter 1, suppressing the optical carrier to sideband ratio has
become a popular way to improve the modulation efficiency. And thus, many
implementation approaches have been reported. However, all of these techniques have
one common disadvantage, which increases the complexity and cost of the RoF systems
considerably. Therefore, in this chapter, a new OSSB modulation technique with tunable
OCSR to improve the performance of RoF systems is considered. In addition, the
variable OCSR and optimum one to get maximum RF output power is presented.
Furthermore, the mathematical formulations of RF output power and inter-modulation

distortions are also given out.

This chapter is organized as follows, Section 2.2 will describe the considered
modulation technique, and Section 2.3 will give the detail of how to obtain the OSSB.
Moreover, theoretical analyses of OCSR, RF output power and IMDs are presented when
only one RF signal applied and two RF signals applied respectively. In Section 2.4 some

conclusions will be drawn.
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2.2 Principle of the Considered Modulation Technique

Fig. 2.1 shows the schematic of the considered modulator. As shown in Fig. 2.1, the
injected light is split into two branches A and B by an optical splitter. In each branch
there is a DE-MZM, i.e. MZM-1 in branch A and MZM-2 in branch B. After optical
modulation, the two branches are combined by another optical combiner. In each MZM,
there are three ports, i.e. one RF port and two DC bias ports as shown in Fig. 2.1. Without
loss of the generality, it is assumed that the two MZMs are identical. To obtain OSSB, it
is required that the phase difference between the two RF ports of the MZM-1 and MZM-
2 must be 7/2 and thus the voltage differenpe between 1DC and 2DC ports must be

V_/2,where V_ is the x -shift voltage of the MZM. In other words, the phase difference

of /2 between path-2 and path-4 is required to be maintained. It can be assumed that

the bias voltage at 1DC port is zero, and thus the bias voltage at 2DC portis V,/2, i.e.

Vipe=0,and V,, .=V /2.
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Figure 2.1 Considered optical OSSB modulator with tunable of optical carrier to sideband ratio
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The operation mechanism of the considered modulator is given as follows. The biases

v,

\oc,, and ¥y, at port 1DCop and 2DCop, respectively, are used to control the phase

difference of the optical carrier between path-1 and path-3. Thus the power of the optical
carrier can be altered by these two voltages. In path-2 and path-4, RF signals are phase
modulated on the optical carrier to generate two first-order sidebands, and the upper
sidebands (in frequency domain) for path-2 and path-4 are 180 degree out of phase. Thus
a single sideband modulation is obtained because the two upper sidebands are cancelled
when the double sidebands at output of MZM-1 and MZM-2 are combined as shown in

Fig. 2.1.

2.3 Theoretical Analysis of the Considered Modulation

Technique

2.3.1 Theoretical Analysis for the Modulator Driven by One RF Signal
It is assumed that the initial optical field is E(r) = E,e*, where o, is the angular

frequency of optical carrier, and E, is the amplitude of the optical field.

Consider one RF signal \/EVRF cos(wr + 0) , with a frequency of @, arbitrary phase &

and amplitude of V. driving the modulator, and the splitting and combining coupler’s

factor both are 3 dB. After mathematical manipulations, the output electric field from the

modulator is obtained (detailed derivation given in Appendix A)
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Egul () = @Eoeiwct {aeiflﬂ +aes" +r i !:J,, (o_ﬂ)ein(anw’) ((—i)" _ 2 ):I} 2.1

n=—c0

where ¢, represents the insertion loss of the MZM, a represents the power split ratio of

upper branch of the MZM, r =+/1—a’ represents the power split ratio of lower branch,

Ver - . V]DCO,, I/ZDCDP )
o =—2L is defined modulation index, and & = ” and &, = V are normalized

DC-voltages at 1DC,, and 2DC,, ports, respectively.

Note that when n=0 in Eq. (2.1), the electric field in Eq. (2.1) is simplified to

NS . . . -iZ
E =TﬁE0e"""' ae'f‘”+ae’§2”+\/§rJ0(o7r)e 41, i.e. optical carrier. When n=1, the

out

electric field in Eq. (2.1) become 0, i.e. the electric field of the upper sideband £, =0.

When n=-1, the lower sideband electric field from Eq. (2.1) is given by

—i(wt+6—l7r)

E_, =\/§E0e"“’"rJ_l(0'7r)e 2 . The above suggests that a single sideband

modulation is obtained. However, if the bias voltages at 1DC and 2DC ports are
exchanged, then the upper sideband will be obtained and the lower sideband will be

eliminated.

OCSR is defined by the optical power of the optical carrier to the optical power of the
optical subcarrier or sideband. With the help of Eq. (2.1), OCSR can be given by
(detailed derivation see Appendix A),

_d'+d’ cos(§, ~&Y+r2J ) (om)+ard (o[ cosEm+cosé,—siné T —siné, 7]

OCSR =
2772 (om)

(2.2a)
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For the imperfect situations that optical combining and splitting coupler’s factors are
mismatch and two parallel MZMs modulator extinction ratios (ER) are different, it is
simply to define the splitting (front coupler) coupler’s factor as kj,, combining (back
coupler) coupler’s factor as kou, MZM-1 modulator ER as ER; and MZM-2 modulator

ER as ERj;, then the OCSR can be re-written by (detailed derivation given in Appendix

A),
K + PP g W+ 2pefghk - cos(& — &)
+2J,(0m)| pbg’h’ -cos(&m) + ghbefk- cos(&ym) — pfkegh-sin(& ) - f K ed -sin(&,)
2 212 2 242 2
ocsp = HEL R+ 1) (om) 2.2b)

((@fe-+bghy -2 (om)

1+.JER,
where h=\lk, , k=1-k, , f=\k,, , g=\1-k,, , p= \/%:T =41-

1+/ER,

B J2(ER, +1)’

of the splitting coupler, fand g represent the power split ratio of the combining coupler, p

and d =+/1-¢’ . The parameters % and k represent the power split ratio

and b represent the power split ratio of upper and lower path of MZM-1 respectively, and
c and d represent the power split ratio of upper and lower path of MZM-2 respectively. It
is obvious that OCSR depends on the coupler’s factor and MZMs ER. Moreover, it is

noted that when the parameter / equals to f for any value, i.e. 0.1, 0.2 and 0.3 etc. the

OCSR is independent of the coupler’s factor, and only the ER impacts the OCSR.

Now consider the current of RF signal after the photodetector. It is assumed that the

light is injected to a photodetector with responsivity of R, and then the optical carrier
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component beats with the first order component of RF signal, which makes foremost
contribution to the final desired electrical RF signal. Finally, the detected current at
frequency of @ is given by (detailed derivation given in Appendix A),

Re, K’ ~ar(J,(ox)cos(wt + 0+ &x— %)+ J,(om) cos (ot + 0+ &7 — z))

I(l)
2 | +V2r2J,(om)J,(o7r) cos (ot + 6 + %)

2.3)

To obtain the optimum OCSR and maximum RF output power, it is assumed that all
high-order harmonics and intermodulation distortions are ignored, then the optical power

is given by P_+P, =P

out ?

where P is the optical carrier power, P, is the optical
sideband power and P, is the total output power from the modulator, and alternatively it

can be presented as P, =(1+OCSR) P,, . The detected RF power at  can be given by,

OCSR

— 2.4
(1+OCSRY’ @4

PR.F o 1)oc Loy = (Rub )2 OCSR = (Pout )2

It is obvious that P,. depends on the OCSR and maximizes when OCSR=1, i.e.

OCSR = 0dB. It will be verified in simulation and experimental work. In addition, when
high MI is used, there must be the high order distortions. However, it is easy to filter
them out because they are far from the desired RF signal, so even in high MI cases, and

P, still only depends on the OCSR.
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2.3.2 Theoretical Analysis for the Modulator Driven by Two RF Signals
In this section, one optical carrier carries two RF subcarriers case is investigated.
Consider two RF signals: RF\=+/2V,.[cos(wt+6,)], and RFy= 2V, [cos(w,t+6,)]
with frequencies of o, and w,, arbitrary phase ¢, and 6,, and amplitude of V. driving

the modulator. As shown in Appendix B, the output electric field from the modulator is

given by,

ae“’ +ae "
Vi o Y o+ 0
Eou, (t) _ ;Eoe'"’" . Z Z l-m+nJm (O'ﬂ')Jn (O'ﬂ')el[m(m'H +7 )@yt + 6, +7)] (25)
M=—0 n=—00

0 o . iI:m(a)lr+9,+§)+n(w2t+32+%)—%}
sm+n
+r E E i""J (or)J (or)e

n1=—a n=—00

where ¢, represents the insertion loss of the MZM, a represents the power split ratio of

upper branch of the MZM, r =+/1-a’ represents the power split ratio of lower branch,

Ve - { &
o =% is defined modulation index, and & = P and & = 25

4 n n

* are normalized DC-

voltages at 1DC,, and 2DC,,, ports, respectively.

Note that when m=0, n=0 in Eq. (2.5), the electric field in Eq. (2.5) is simplified to

w('

_ Vt.ff' iw.t i &y \/_ 2 _’% . . . . _
E =X—F | ae™ +ae™ +2rJ,"(o7)e , i.e. optical carrier. When m=1, n=0,
2 0 0 P

the electric field in Eq. (2.5) become 0, i.e. the electric field of the upper sideband

fundamental component of RF; signal E+a), =0. When m=-1, n=0 the electric field of

lower sideband fundamental component of RF; signal from Eq. (2.5) is given by
31



—i{oyt+6 ..l,,)

E_, ==\t Ee*rJ,(on)J (om)e 2" Similarly, when m=0, n=I, it can be

obtained that Em2 =0 , and when m=0, n=-1 ,
. —i(w21+6’2—ln) . .

E, = —\/5 Ee*'rJ,(or)J], (om)e 2" is obtained. The above suggests that a two-

tone single sideband modulation is obtained. Contrarily, if the bias voltages at 1DC and

2DC ports are switched, upper sideband is obtained and the lower sideband is eliminated.

Since the coefficients of E_, and E_, are totally the same, it is reasonable to define

the OCSR of two RF signal by employing one mathematical expression which is given by
(detailed derivation given in Appendix B),

& +d cos( ~ &)+ J, (om) +ard} (om)| cos & +oos &, —siné 7w —siné, 7]

OCSR = — 5
2r°J (om)J, (o)

(2.6a)

Then the imperfect situations are considered. It is similar to the case of one RF signal.
By defining the splitting (front coupler) coupler’s factor as k;,, combining (back coupler)
coupler’s factor as koui, MZM-1 modulator ER as ER; and MZM-2 modulator ER as ER;

the OCSR 1is given by (detailed derivation given in Appendix B),

R +p L+ 2pdfghle-cos(§ —E)m
+2J,}(om)| ph’h -cos(&m)-+ ghbefk- cos(&m)— pafigh-sin(&m)— K ed-sin(&, ) |
HA /R +0 gV (om)

OCSR=
((h+bghy? T om)Hom)

(2.6b)
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where h=\/a’ kz\ll_kin s f=\/a’ g=v1-kom > p:%gf%)_’ b=\/1—p2 s
v i

1+ E
c:—RQ—, and d =/1-¢” . It is obvious that OCSR depends on the coupler’s

J2(ER, +1)

factor and MZMs modulator ER. Moreover, when the parameter 4 is equal to f for any

value, OCSR is independent of the coupler’s factor, and only the ER impacts the OCSR.

In order to obtain the current of RF signal after the photodetection, it is assumed that
the light is injected to a photodetector with responsivity of R, and the optical carrier
component beats with the first order component of RF signal, which makes foremost

contribution to the final desired electrical RF signal. Finally, assuming no noise

contributions, the detected currents at frequency of o, and w, are given by (detailed

derivation given in Appendix B),

r 1

—arJ (or)J (o) cos(wt +6, + Em— %)
R, B’ n
5 = "'2 —arJ (om)J (or)cos(ot + 6, + &, m - —2—) (2.7a)

+2r2J} (om)J, (o) cos(at + 6, + %)

and
~ar,(om)J (om)cos(@,t +6, + &)
Re ﬂ.Eoz o
= —2—— —arJ (or)J (or)cos(wt +6, + &, m— E) (2.7b)
2 J, (o7)J (o) cos(w,t + 6, + %)
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However, when two RF signals drive the MZM, IMD will be induced inevitably due

to nonlinearity of the MZM response. Assume that lower sideband is used for OSSB. To

obtain the RF signal at frequency @, by photodetection, the beats include the light at —o,

beating with optical carrier, the light at —®, beating with the light at—w, +®,, and the

light at —2w, + @, beating with the light at —o, + @, , which are shown in Fig. 2.2.

Unfortunately, the light at —w, beating with the light at —w, + @, , and the light at

—2m, + @, beating with the light at —@, + @, are considered as noise, which overlap the

RF signal and difficult to be filtered out. For the RF signal at frequency o, , it is similar.

By summing the currents due to the light at —~@, beating with the light at-, + @,, and

the light at —2w, + @, beating with the light at —®, + @, together, the noise current at

frequency o, is given by (detailed derivation given in Appendix B)

Rt E’°
Lpipg = 772 0 cos(ayt +6, +%)[—\/Erzjl3(o'7l').]0(0'7r)+\/5r2J13(o'7[)J2(O'72')}

Similarly, the noise current at frequency @, is given by

Rt E’
Ly, =2 cos(a)zt+02+§)|i—\/§r2J,3(o7r)JO(o7r)+\/5r2J13(o7r)J2(07r)}

(2.8a)

(2.8b)

Based on Eq. (2.7) and Eq. (2.8), the effect of the nonlinear distortion IMD, is

L
/Py =———. Similarly, P,
1

IMD,,

presented by the ratio P

RR, _ideal ' 4 iMD,,

also obtained. Because the expression of /, (Eq. 2.7a) is an equation of Ml(o),
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g, While [,,, is an equation of MI (). After analysis, it is noted that P, .., / Py, 18
equal to By 00 /1",,‘,,3‘»2 , and both of them depend on the MI(o) and OCSR which is

determined by ¢, and £, . For example, when MI=0.1 and OCSR=3 dB (optimum OCSR),

the ratio of P, .,

/ P, 18 24 dB, whereas it is 28 dB when MI=0.1 and OCSR=10 dB.
Also noted is when MI=0.5 and OCSR=3 dB, the ratio of P .,/ P, 18 only 10 dB
which indicates that ratio of F. .., / Pu, 1s depending on the MI and OCSR.
Meanwhile, P, can’t be ignored when this considered modulation technique works

with high MI. The same results are obtained when upper sideband is used.

Optical carrier

+

LSB-2 LSB-1
IMD?3 IMD3
IMD2 IMD2
. >
20, +0, ~0, -0, 20, +o, -0, -0+,

Figure 2.2 Optical spectra at the output of the modulator for two RF signals at @, and @, . LSB:

lower sideband, IMD3: third order intermodulation distortion, and IMD?2: second order

intermodulation distortion.
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According to Fig. 2.2 it is also noted that two terms of IMDs at frequencies

(20, +®,) and (—2w,+wo,) , i.e. IMD3 are most possibly close to the two RF

subcarriers and hard to be suppressed or filtered out. As mentioned in Chapter 1, IMD3
will lead to the degradation of system performance heavily. Thus the theoretical analyses

of IMD3 are required. For the IMD3 at frequency —2w, + @, , it includes the light at
—2m, + w, beating with optical carrier and the light at —w, beating with the light at

o, —, . The current is obtained by (detailed derivation given in Appendix B),

arJ,(ox)J,(or)cosQayt — w,t + 26, -0, + & — %)

+arJ (on)J,(or)cosLat —w,t +26, -0, + &, - —725)

Rt E’
2o+e, _%_Q_ . (298)
2127 (67)J,(07) cos,t — o,t +26, — 6, + Z)
2127 (o7)J (67)J,(07) cos(2m,t — w,t + 26, — 6, + %)
and using the same method, the IMD3 at frequency —2w, + @, is given by,
arJ,(om)J,(ox)cos(w,t — ot + 260, -6, + & — %)
R g2 | T (om)J,(om)cosayt — ot + 20, -6, +&m— Z)
_ gl 2 2.9b
2w,+0, T - ( . )
—2r2J 3 (o7)J, (o) cosQart — wyt + 26, — 6, + Z)
—2r2J ) (o7)J (o) ], (o7) cos(2a,t — o, + 26, — 6, + %)

According to Eq. (2.7a), Eq. (2.7b), Eq. (2.9a) and Eq. (2.9b), the ratio
2
A

2
+|1

2w, +,

= } = is obtained,
I

—2wy+wy

RF, _ideal / P/Mm = ;

=2+,
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2 .
. Similar to the ratio Py, ..,/ Byp, » it is found that

2=’1

where assume II_

20+, —2w,+a,

/P

PRF, _ideal IMD3

also depends on the MI and OCSR. For example, when OCSR=3 dB and

MI= 0.1, the ratio is 22 dB and when OCSR=3 dB and MI=0.5, the ratio is 9 dB which
indicates the IMD3 will be sufficiently large and can’t be neglected when high Mls are

used. The above suggests that this considered technique better works with low ML

To represent the impairment of the total IMDs to this considered technique, the ratio

P, / Pyp, 18 given by

RFy _ideal IMD,,,.,

2

A
PRF!J"“’ /RMDloml = Re"-l,"d‘»’”] /(BMD—Z{.)IW +RMD,q +PIMD—2w2+/oI +1)1MD&,2 ) = 2 2

2{’1—20)]+a)2 + ]]MDM
. 2 2
for the RF signal at frequency @, , where assume ’1—2w.+wz = |I_2w2+wl and
2 2
Lyp, | ={mp, | - Here only IMD, and IMD3 are considered because they are hard to
@) @y

be filtered out and mostly impact the system performance. Due to the totally same

coefficient, ratio Prs 0 / Fop, 18 €qual to Py 0/ By - Furthermore, both of them
depend on MI and OCSR, high MI will introduce large F,,, . The simulation results
will be shown in Chapter 3.

Now the optimum OCSR and maximum RF output power are considered. Suppose

that no noise contributions, then the optical output power of MZMs are given by

P,=P,+P,+P =2P +P_ , where P is the total output power from the

modulator, P ,, and P, are optical power of two sidebands and assumed the same i.¢.
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So the RF output power at o, and , is given by P, < (P, )2 __OCR It is

P =
(2+OCSR)

sub *

easily verified that P, is maximized when OCSR =2 or 3 dB, which suggests that the

optical carrier power should be 3 dB higher than that of the optical sidebands to obtain
the maximum RF power for an optical carrier carrying two optical sidebands. Similarly
the optical carrier power should be 6 dB higher than that of optical sidebands for an
optical carrier carrying four sidebands, and so on. However, when high MI like 0.5 is

applied, the power of IMDs like /MD, and IMD3 will be fairly large and difficult to be
filtered out. Meanwhile, since the total output power from the modulator P, is fixed, it

is reasonable to get a new expression P, =2P , +P_+P, . Obviously the RF output

IMDs

power P, o P_-P , will decrease, and the optimum OCSR will not be 3 dB anymore.

sub
Also compared to the one RF signal applied case, it is found that RF output power is not

only depending on the OCSR, but also the MI for two RF signals applied case.

2.4 Summary

In this chapter, the considered modulation technique is theoretically analyzed and the
details of OSSB realization are well showed. Moreover, the equations of OCSR for ideal
and imperfect situations are given out. By calculating, it is noted that the OCSR can be
highly suppressed which means the efficiency of modulation is considerably improved.
Furthermore, it has been found that optimum OCSR is 0 dB when one RF signal applied.
However, the optimum OCSR changes to 3 dB when two RF signals applied, and 6 dB
when four RF signals applied, etc. Also noted is that when two RF signals and high MI

like more than 0.5 are applied, the IMDs will be considerably large, and the RF output
38



power will decrease evidently, which means the RF output power not only depends on
OCSR, but also the MI. Contrast to two RF signals applied case, if only one RF signal is
modulated, RF output power will entirely depend on OCSR. It is suggested that this
modulation technique is more suitable for low MI when multiple RF signals are

employed.
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Chapter 3
Analysis by Simulation and

Comparison with Theory

3.1 Introduction

As previously stated in Chapter 2, by theoretical analysis, it is noted that the variable
OCSR can be highly suppressed which means the efficiency of modulation is
considerably improved. Furthermore, the optimum OCSR, maximum RF output power
and impairments of modulation distortions are analyzed. In this chapter, the conclusions
of theoretical analysis in Chapter 2 will be verified by computer simulations. By
comparing the simulation with theoretical results, analyses and explanation are given out.
All the simulations are based on the platform of VPI TransmissionMaker 7.0, a

commercial software package.

The following chapter will be organized as follows, Section 3.2 will show the
simulation results when only one RF signal applied. In this section, how to choose DC
bias to obtain optimum OCSR, impact of bias shift and the method to compensate,
mismatch of the coupler’s factors, mismatch of the MZMs ER, and phase imbalance of
the two parallel MZMs are showed. Section 3.3 will show the simulation results when
two RF signals are applied. Analysis and explanation are also given out. Section 3.4 will

draw some conclusions.
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3.2 Considered Modulator Driven by One RF Signal

Table 3.1 indicates the parameters used in VPI model. Here it is needed to emphasize that
this technique uses fixed output power of modulators: when one RF signal case, the
output power is fixed to -5 dBm and when 2 RF signals case, the output power is fixed to
-1 dBm. The reason is the optical power of incident optical signal on PD can never be

larger than 0 dBm, which is the saturation value of PD.

Table 3.1 VPI simulation model parameters

CW laser parameters

Emission frequency (Hz) 193.1x10”7
Average power (mw) 1
Line width (MHz) 10
Initial phase (°) 0

DE-MZM parameters

Vane (V) 5

Vare (V) 5

Insertion loss (dB) 6

Extinction ratio (dB) 15
LowerArmPhaseSense Negative

PD parameters

Responsivity (A/W) 1
Dark current (A) 0.0
17
Thermal noise ( A/ N Hz ) 10.0x10
Shot noise On
Responsivity (A/W) 1

Optical Filter parameters

Filter Type BandPass
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Transfer Function Gaussian

Center Frequency (Hz) 193.1x10"
Gaussian Order 3
Bandwidth when one RF signal (GHz) 15
Bandwidth when two RF signals (GHz) 18

Electrical Filter parameters

Filter Type BandPass
Transfer Function Bessel
Center Frequency (Hz) 5x10°
Filter Order 4
Bandwidth when one and two RF signals (MHz) 2
EDFA fixed output power
when one RF signal (mw) 0.316228
when two RF signals (mw) 0.794328

3.2.1 Optical Single Sideband Modulation with Adjustable Optical

Carrier-to-Sideband Ratio
To verify the modulator that not only OSSB modulation but also tunability of OCSR can
be obtained simultaneously, the simulation model is presented by VPI-
TransmissionMaker software. In the simulation, it is assumed that a laser has a
wavelength of 1553.6 nm, linewidth of 10 MHz and power of 1 mW. Each phase
modulator has 7 -phase shifted voltage of 5 V, insertion loss of 6 dB and Y-junction has

extinction ratio of 15 dB. Assumed that RF signal has a voltage of 0.25 V (V) which

corresponds to a modulation index of MI(o )=0.05 and a frequency of 5 GHz. The bias

14

' and V,, . are set to 0 and V_ /2, respectively. Simulated optical spectra are shown
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in Fig. 3.1. where V, pc, 1S setto 5.3V and V. issetto0,2.1and 3.5V, respectively. It

is seen that OSSB modulation is always obtained. It is clearly observed that OCSR is
varied by change of bias voltage. This confirms that OSSB modulation and tunability of

OCSR are obtained simultaneously.

0 T T T T T T

: : Optic;ai carrier ,

&
13

Power (dBm)
&
o
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Optical frequency relative to 193.1 THz (GHz)
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iSideband  Optical carrier,
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.40 :
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g
o 50 |- £0F -
o
-80 -80
-100 : ‘ : - - ‘ - 100 : ‘ ‘
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Optical frequency relative to 193.1 THz (GHz) Optical frequency relative to 193.1 THz (GHz)
(b) (c)

Figure 3.1 Simulated optical spectra using the modulator with ¥, . =5.3V and

@ Vipe =0, (b) Vipe =2.1,and (c) ¥, =3.5V.
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Note that when both V). =0 and V,,. =0, the modulator is equivalent to a single

MZM for OSSB modulation.

Moreover, from Fig. 3.1 it is found that when the bias value is varying, not only the
OCSR will change, but also the high order distortion will change. For example, second
order distortion at frequency of 10 and -10 GHz relative to 193.1 GHz will change when

different ¥, is used. Therefore, an optical filter is needed to eliminate the high order

distortions. Because the high order distortions are far from the desired RF signal, they are

easily to filter out.

How to choose the V, and V. to obtain the optimum OCSR which is 0dB? For

1DC,, 2DC,,
given MI(o ), the normalized biased voltages ¢ (V] pC, ) and & (V, oC,, ) to obtain OCSR

of 0 dB can be computed by solving Eq. (2.2)=0 and the results are shown in Fig 3.2.
Note that & and & can be interchanged in Eq. (2.2). It is seen that when MI( o ) is small,
the choices of bias voltage & and & are limited to a small range to obtain OCSR=0 dB.
With the increase of MI( o ), more choices of bias voltage & and & can be used for

obtaining OCSR=0 dB.
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1.5

Figure 3.2 Normalized bias voltages ¢, and &, required for OCSR = 0 dB

Now consider the tunability of OCSR. We set V|, .=0, V,,.=2.5 V that is equal to

7 /2 phase-shifted voltage, and V,,. =5.3 V. Assume RF frequency of /=5 GHz and the

amplitude of RF signal Vgrat 0.25, 0.5, 1, 2.5,3.5,5, 7.5 and 10 V, i.e. MI(0c )=0.05, 0.1,

0.2, 0.5, 0.7, 1, 1.5 and 2. Fig. 3.3 shows calculated OCSR versus qu, for the above

MiIs. It is seen that OCSR can be changed from 23 to ~-23 dB by varying the bias voltage

of 1DC,, port, depending on modulation index. It is clearly observed that the optimum

OCSR of 0 dB is always obtained by varying the bias voltage. Calculated OCSR and

simulation results are well matched in Fig. 3.3.
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OCSR (dB)

0.5 0 0.5 1 1.5
Normalized MZM bias 1DCop

Figure 3.3 Calculated OCSR (dash) and Simulation OCSR (solid) with normalized bias

voltage at 1IDC,, port.

However, when MI is high, the high order distortion will increase definitely. Because
this technique uses fixed output power, therefore it is better working in low modulation
index. In addition, high order distortion can be cut off by the optical filter.

Fig. 3.4 shows calculated RF power (dash) and simulation result (solid) versus OCSR
for MI= 0.05, 0.1, 0.2, and 0.5. In calculation the effect of high-order nonlinear distortion
for the high MI is ignored. As shown in Fig. 3.4, the RF power is the same for any MI,
and the maximum RF power is obtained when OCSR=0 dB, which is the same as
predicted by theoretical analysis. Note that for this modulator the RF power is

independent of modulation index, as shown by Eq. (2.4).
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Figure 3.4 Impact of OCSR on RF power

3.2.2 Impact of Bias Drift

Because this technique heavily relies on the value of the bias voltage on the two parallel
MZM modulators, therefore it is necessary to find out how sensitive of the bias drift. Bias
drift due to wavelength dependence can be solved using wavelength insensitive bias
technique [26], where thermal drift can be reduced to less than 0.1deg/°C at 90°
(quadrature bias) [27]. Therefore, the performance degradation due to thermal bias drift is
investigated in this work. In the simulation, assumed that a thermal bias drift of 0.1deg/°C
at quadrature bias, which corresponds to 0.02778 V/ °C for ¥, = 5V, and MI=0.1 are
applied. We set the biases for OSSB and maximum RF power (OCSR = 0 dB) at the

reference temperature of 25 °C, and vary the operating temperature 7, from 0 to 70°C.
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The OCSR and RF power degradation due to temperature change are shown in Fig. 3.5(a).
Furthermore, the optical power ratio of the desired sideband to undesired sideband (S/U-
R) is used to measure the efficiency of OSSB modulation. For example, if the desired
sideband is the upper sideband, the undesired sideband is the lower sideband, and vice
versa. Fig. 3.5(b) shows the S/U-R versus temperature change. It is seen that with the
change of temperature, the ratio decreases significantly. This means that the optical

modulation becomes ODSB, but not OSSB anymore. This suggests that the bias voltage

control has to be used to compensate for thermal bias drift given by 0.02778(7, —25).
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Figure 3.5 (a) OCSR and RF power versus operating temperature, and (b) corresponding

sideband to undesired sideband optical power ratio versus operating temperature.

By adjusting DC biases due to the thermally shifted switching voltage, i.e.

=V

T,new ,25°C

+0.02778(7, —25) , it still can obtain OSSB modulation and OCSR

tunability. Consider an RF tone voltage of V,.=0.5 V. Fig. 3.6(a) shows the change of
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OCSR tunability and RF power versus temperature after using bias control (i.e. adjusting

two biases £, and £, corresponding to the new V). When the operating temperature is
changed, the modulation index will change due to the V_ change. Thus OCSR is changed.

It is seen that OCSR is varied from -1 to 1.5 dB over the range of 0 ~ 70°C even using the
bias control. But it is clear that RF power varies by less than 0.1 dB. Also, OSSB can still
be obtained as shown from Fig. 3.6(b) where the undesired sideband is suppressed by
more than 39 dB over the operating temperature range of 0~70 °C with respect to the

desired sideband.
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Figure 3.6 (a) OCSR and RF power versus operating temperature, and (b) corresponding
sideband to undesired sideband optical power ratio versus operating temperature after using bias

control.
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3.2.3 Mismatch between Splitting and Combining Ratios
Due to imperfections in manufacturing process, it is difficult to get 50/50 optical splitting
k;» and combining k,,, ratio at the input and output of the device. In order to evaluate the

sensitivity of the performance to k;, and k,,;, we set & = 1.06 and tune & to maximize RF

power for different mismatch Ak between £;, and k,,,. Assume that k, = 0.5(1 - Ak) and
k,, =0.5(1+Ak), where Ak is varied from -0.2 to 0.2. Fig. 3.7(a) shows the maximum

RF power versus 4k and corresponding OCSR versus 4k. It is clear that RF power and
OCSR are sensitive to mismatch between k;, and %,,,, however the RF power varies by
less than 0.5 dBm while OCSR changes by 3.5 dB for a mismatch of less than 0.1 which
can be achieved practically. Fig. 3.7(b) shows the normalized bias voltage ¢; to achieve

maximum RF power versus the mismatch Ak .
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Figure 3.7 (a) Optimum OCSR and maximum RF power versus mismatch Ak, (b) corresponding

&, versus mismatch Ak between splitting and combining ratio. & = 1.06 and MI = 0.1 are used,

and (c) when k,=k,,=0.3, 0.5 and 0.6 the OCSR and RF power versus Normalized 1DC,,.

Now consider another situation. If the splitting and combining ratios are the same and

are set to be k,=k,,=0.3, 0.5 and 0.6, then it is noted that the coupler ratios do not impact

the system performance because of the exactly the same curves in Fig. 3.7(c).

3.2.4 Mismatch between MZMs Extinction Ratios

Practically, it is difficult to match ER of the top and bottom MZMs, then investigating the
impact of ER mismatch AER between the two integrated MZMs is needed. Here MI= 0.1
is used, and we set &, = 1.06 and tune &, to obtain maximum RF power for each mismatch
AER. Fig. 3.8(a) shows the variation of OCSR and RF power versus AER when the ER of

the top MZM is fixed to 15 dB, i.e. ER;=15 dB. It is clear that RF power varies by less
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than 1 dBm while OCSR changes by 1dB for an ER mismatch of less than 4 dB which
can be achieved practically. Similar results are obtained when the ER of the bottom
MZM is fixed to 15 dB, i.e. ER,=15 dB. Corresponding to Fig. 3.8(a), Fig. 3.8(b) shows
the related normalized bias &, to achieve the maximum RF power. It is seen that due to

this mismatch, the bias &; has to be significantly changed in order to optimize the

performance.
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Figure 3.8 (a) Optimum OCSR and maximum RF power versus ER mismatch, and
(b) corresponding normalized bias &, versus ER mismatch. Top MZM has a fixed ER of 15 dB, &,

= 1.06 and MI= 0.1 are used.

3.2.5 Phase Imbalance between Branch-A and Branch-B.

Now consider the impact of phase imbalance between branch-A and branch-B. It is
simply to insert an optical phase modulator in branch-A after MZM-1 which will alter the

phase imbalance. As an example, when MI= 0.1 is used, we set the DC biases for OSSB
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and maximum RF power (¢; = 0.454, & = 1.06, and 7,,.=2.5 V), and vary the phase

imbalance from -180° to 180°.
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Figure 3.9 (a) OCSR and RF power versus phase imbalance, (b) corresponding S/U-R versus

phase imbalance, and (c) optical spectrum for 30° phase imbalance. We choose MI=0.1.
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Figure 3.10 (a) OCSR and RF power versus phase imbalance, (b) corresponding S/U-R versus

phase imbalance, and (c) optical spectrum for 30° phase imbalance after tuning the bias Vpc and

14

1DC,, to compensate for phase imbalance. We choose MI=0.1.
Fig. 3.9(a) depicts simulated OCSR and corresponding RF power versus phase
imbalance. It is clear that for high phase imbalance, OCSR increases and RF power

decreases. This is because OSSB no longer exists as predicted by the low S/U-R shown in
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Fig. 3.9(b) and confirmed by the optical spectrum for 30° phase imbalance shown in Fig.
3.9(c). For high phase imbalance, it is difficult to get OSSB and OCSR tunability
simultaneously. Fortunately, the biases can be tuned to compensate for this phase

imbalance. For example, if the phase imbalance between branches A and B is A¢ then it
can be compensated by subtracting the voltage V, Ap/180° from the biases V, oc, and

Vipc. Corresponding to Fig. 3.9, Fig. 3.10(a) shows OCSR and RF power versus phase

imbalance after tuning ¥, and Vipc. It is observed that OCSR of ~0 dB and maximum

RF power are achieved for any phase imbalance. Also OSSB modulation is obtained as
shown in Fig. 3.10(b), where S/U-R is maintained to 40 dB. As an example, optical
spectrum at phase imbalance of 30° is shown in Fig. 3.10(c) where phase imbalance

compensation by tuning biases of V,DQ and Vipc is used. It is seen that an OSSB

modulation is still obtained in contrary to Fig. 3.9(c). Similar results can be obtained for

other modulation indexes like 0.05, 0.2, 0.5, 1 and 2 (higher RF modulation index).
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3.3 Considered Modulator Driven by Two RF Signals

In the previous section, how to optimize the OCSR and how OCSR impacts the
performance of system when only one RF signal applied is investigated. Now for the case
of two RF signals, it is important to observe whether this modulation technique is still
effective to improve the performance of system, and whether the optimum OCSR is 3 dB.
Moreover, because high order distortions are easily to be filtered out, thus only the

IMle and IMD?3 are discussed in detail.

3.3.1 Optical Single Sideband Modulation with Adjustable Optical

Carrier-to-Sideband Ratio

It is the same as one RF signal case that the simulation model is still presented by VPI-
TransmissionMaker software. In this simulation, assumed that the frequencies of RF
signals are 5 GHz and 6 GHz; a laser has a wavelength of 1553.6 nm, linewidth of 10
MHz and power of 1 mW. Each phase modulator has = -phase shifted voltage of 5 V,
insertion loss of 6 dB and Y-junction has extinction ratio of 15 dB. The RF signal at
frequency of 5 GHz is chosen to simulate and analyze, and the same result can be

obtained for the RF signal at frequency of 6 GHz. Suppose that the RF signal has a

voltage of 0.25 V (V,,) which corresponds to a modulation index of MI(o )=0.05, and
the bias V|, and V,, . are set to 0 and V_ /2, respectively. Simulated optical spectra are
shown in Fig. 3.11, where V. is set to 5.3V and V,,. is set to 0, 2.2 and 4.0V,

respectively. It is seen that OSSB modulation is always obtained. It is clearly observed
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that OCSR is varied by changing the bias voltage. This confirms that OSSB modulation

and tunability of OCSR are obtained simultaneously.
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Figure 3.11 Simulated optical spectra for the proposed modulator, where V,, . =5.3V and (a)

2DC,,

Vipe =0,(b) V,p =22V, and (d) ¥}, =4.0V for the case of two RF signals.

DC,,

57



From Fig. 3.11 it is seen when the bias value is varying, not only the OCSR will
change, the high order distortions and IMDs will change also. For example, second order
distortion at frequency 10 and -10 GHz relative to 193.1 GHz will change when using

different V, and IMD2 at frequency 11 and -11 GHz relative to 193.1 GHz also

1DC,, >
changes with different V,. , the same to IMD3. Therefore, an optical filter is

implemented to eliminate the high order distortions. Moreover, when we analyze the

output power of RF signals, these factors have to be considered.

To show the tunability of OCSR, we set =0, V,

IDC 2DC

=2.5 V which is equal to 7/2

phase-shifted voltage, and V,,. = 5.3 V. It is assumed that RF signal has the frequency

DCOF
of =5 GHz and the amplitude Vgr = 0.25, 0.5, 1, and 2.5 V, i.e. MI( o )=0.05, 0.1, 0.2,

and 0.5. Fig. 3.12 shows the calculated OCSR versus V... for the above Mls. Obviously,

the OCSR can be changed from 23 to ~-13 dB by varying the bias voltage of 1DC, port,

depending on MI. Also observed is that the optimum OCSR of 0 dB is always obtained
by varying the bias voltage. Calculated OCSR and simulation results are well matched in

Fig. 3.3.

For MI more than 0.5 cases, the optimum OCSR=3 dB is still can be obtained which
are not plotted in the Fig. 3.12. Since when high MIs are applied, the high order
distortions and IMDs will increase considerably and degrade the system performance

heavily, thus only the MIs less and equal to 0.5 are shown in this simulation.
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Figure 3.12 Calculated and simulated OCSR versus 1DC,,

Fig. 3.13 shows simulated (dashed) and calculated (solid) RF power versus OCSR for
MI= 0.05, 0.1, 0.2 and 0.5. As shown in Fig. 3.13, simulation results well match the
theoretical values. It is seen that the RF output power is the same and the optimum OCSR
is always 3 dB up to MI= 0.2. However, when MI =0.5 the maximum RF output power is
about 5 dB lower than other MI cases, and the optimum OCSR is not 3 dB anymore. As
stated in Chapter 2, when high MI is used, IMDs will be sufficiently large to impact the
system performance and hardly to be filtered out. Contrarily, RF output power will
decrease due to the fixed output power from modulators and optimum OCSR ceases to be
3 dB, which are proved in Fig. 3.13. Moreover, from Fig. 3.13 it is obtained that RF
output power depends on OCSR and MI. This is different from one RF signal case which

RF output power only depends on OCSR. The reason is when one RF signal employed,
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there almost no IMDs and only high order distortions which are far from the desired RF

signal and easily to be filtered out. Therefore, the RF output power is independent on MI.
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Figure 3.13 Impact of OCSR on RF power. Simulation: dot line and Theory: solid line.

3.3.2 Impact of IMDs

Since the IMD3 is so close to the RF signal that is hard to filter out, it will impact the
system performance mostly. Based on Eq. (2.7a), Eq. (2.7b), Eq. (2.9a) and Eq. (2.9b),

the theoretical and simulation results of . /P, . are ahown in Fig. 3.14.
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Figure 3.14 Ratio of PRF] » ! P, . Simulated: dot line and Theory: solid line.
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It is noted from Fig. 3.14 that when MI=0.05, 0.1 and 0.2, the ratios are nearly
linearly increasing, and only for MI=0.5 case, there is a peak when OCSR is about 5 dB,
then it decreases. According to Fig. 3.13, RF output power is increasing until OCSR
equal to 3 dB where the maximum RF output power is obtained for low MlIs cases, and
OCSR equal to 5 dB for high MI like 0.5 case, then RF output power decreases. However,
watching the four curves in Fig. 3.14, only when MI=0.5 there is a peak, other 3 curves
are almost linear. The above shows that for low Mls, the power of IMD3 decreases faster
than the power of RF signals after the optimum OCSR, so the ratios still are increasing.
On the contrary, for high MI cases, the power of RF signals decrease faster than the

IMD3 after the optimum OCSR.

Furthermore, it is obvious that when MI=0.05, with the increase of OCSR, the ratios
are increasing too, and the curve is higher than other three MIs cases. Nevertheless, the

average level of F,. /P,

wps goes down while MIs increase, like when MI=0.5 the

curve is lowest. The above prove that the ratios depend on MI and OCSR stated in
Chapter 2. In addition, it is seen that when OCSR=3 dB (optimum OCSR), ratios

P /P,

% | Pyps are equal to 26 dB, 22 dB and 16 dB for MI= 0.05, 0.1 and 0.2 respectively,
which indicate that impairment of IMD3 can be ignored. However, when Mi=0.5 and
OCSR=3 dB, the ratio is only 9 dB, thus impairments of IMD3 have to be considered. It

proves the analysis in Chapter 2 that this considered technique is more suitable for low

MI again.

Comparing the simulation curve (dashed) with theoretical (solid) one when MI=0.5, it

is noted that simulation values are larger than theoretical one. As mention in Chapter 2,
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the reason is some IMDs will also contribute to RF, signal, like -, beat with—w, + @,
and -2, + @, beat with —o, + @, . Therefore, according to Eq. (2.7a), Eq. (2.7b), Eq.

(2.8a) and Eq. (2.8b) the ratio F,. /P, is plotted in Fig. 3.15.
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Figure 3.15 Ratio of P,/ P,M%

Fig. 3.15 shows the ratios P,/ P, for different Mls cases. All four curves are

nearly parallel and linearly go up while OCSR is increasing. Furthermore, the average
level of the ratios is decreasing while the MI is increasing. For example, when MI=0.05
the curve is higher than other three Mls cases, but when MI=0.5 the curve is lowest. The
above proves that ratios depend on MI and OCSR. In addition, in Fig. 3.15 it is seen that

the ratios are equal to 28 dB, 24 dB and 16 dB when OCSR=3 dB and MI1=0.05, 0.1 and

0.2 respectively, which indicate the impairment of /MD, can be disregarded when Ml is

low. However, when OCSR = 3 and MI=0.5 the ratio is 10 dB which means that the
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contribution of IMD,, to the desired signal RF; can’t be ignored. This is the reason why
simulation result is different from the theoretical result when MI =0.5 in Fig. 3.14.

According to Eq. (2.7a), Eq. (2.7b), Eq. (2.8a) , Eq. (2.8b), Eq. (2.9a) and Eq. (2.9b),

1ati0 Prp igen ! P is obtained and plotted in Fig. 3.16
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Fig. 3.16 shows the effect of the nonlinear distortions /MD It is seen that when

total *
OCSR= 3 dB and MI=0.05, 0.1, 0.2 and 0.5, the ratio are equal to 22 dB, 17 dB, 12 dB

and 6 dB respectively, which indicates high MI like 0.5 will cause large P, . Since

]MDIOIIJI

P is the summation of P, and P, . ,theratio P,. .. . /P depends on the M1
IMD, IMD,, IMD3 ®F, _ideat ! Limp,,, G4EP

and OCSR as well. Fig. 3.16 repeatedly proves that when MI is low, IMDs can be
neglected. On the contrary, when MI is high like 0.5, the power of IMDs will be

significantly large even more than the desired RF signal, which will impact the
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performance of the system severely. For this reason, this considered technique is better

working with low ML

Since IMD3 is highly detrimental to system performance, is it possible to suppress or
even avoid it? It is found when the frequency differences between two RF signals are
enlarged properly that IMD?3 can be filtered out more easily. For instance, when the
frequencies of RF| and RF; are 7 GHz and 10 GHz, the IMD3 will be far from the RF

signals and more easily to be filtered out by electrical filters.

3.3.3 Phase Imbalance between Branch-A and Branch-B.

For the impact of phase imbalance between branch-A and branch-B, it is simply to insert
an optical phase modulator in branch-B after MZM-2 to alter the phase imbalance. As an
example, when MI is 0.2 and phase imbalance of 0°, 15°, and 30°, respectively. Fig. 3.17
depicts OCSR versus ¢; with a parameter of phase imbalance. It is seen that with the
increase of phase imbalance the magnitude of OCSR tunability is reduced. However, with
adjustment of bias voltage the optimum OCSR can be still obtained. For example, at the
phase imbalance of 30° the optimum OCSR of 3 dB can be obtained with &; = 0, as shown
in Fig. 3.17. In addition, similar to one RF signal case, the biases can be tuned to

compensate for this phase imbalance, e.g. when the phase imbalance between branches A

and B is A, then it can be compensated by subtracting the voltage V. Ap/1 80° from the

biases V. and Vpc.
o
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Figure 3.17 Impact of phase imbalance on OCSR with MI=0.2.

3.3.4 Mismatch between Splitting and Combining Ratios

By choosing MI=0.05, ER;=ER,=15 dB, and coupler’s factor k;,=k,,~ 0.3, 0.4 and 0.6,
which means the two couplers’ factors are synchronically changed, the curves of OCSR
and RF output power versus Vipcop, are obtained simultaneously based on Eq. (2.6b),

which are plotted in Fig. 3.18.
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Figure 3.18 OCSR and RF power with same factor of couplers
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In Fig. 3.18, it is seen that when k;,=k,,~ 0.3, 0.4 and 0.6, the OCSR and RF output
power curves always well match the theoretical results, which proves the theoretical
analysis in Chapter 2 that OCSR and RF, output power are independent on the coupler’s

factor as long as two couplers’ factors are the same.

Next, it is assumed that ER;=ER,=15 dB and k;, =0.4, by adjusting the £,,, from 0.3
to 0.6, the maximum RF output power, relative optimum OCSR and bias voltage Vipcop

are investigated, and results are plotted in Fig. (3.19) and Fig. (3.20).
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In Fig. 3.19(a), it is seen that when MI=0.05, the optimum OCSR varies between 2
and 13 dB, and the maximum RF, output power varies between -41.5 and -37.5 dBm,

which suggests this considered technique is sensitive to imbalance of coupler’s factors.

However, when &, —k,, is kept within £0.05, i.e. k,, is 0.4 and k,, varies between 0.35

out

and 0.45, the RF power varies by less than 1 dBm while OCSR changes by 2 dB for a
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mismatch of less than 0.1, which can be achieved practically. In Fig. 3.19(b), when MI is
0.1, the optimum OCSR varies between 2 and 8 dB, and the maximum RF; output power
varies between -38 and -37.2 dBm, which suggests this considered technique is sensitive
to imbalance of coupler’s factors. However, when &, —k_ is kept within £0.05, the RF
power varies by less than 0.6 dBm while OCSR changes by 1 dB for a mismatch of less
than 0.1 which can be achieved practically. In Fig. 3.19(c), when Ml is 0.2, the optimum
OCSR varies between 1.4 and 4.2 dB, and the maximum RF, output power varies
between -38.2 dBm and -36.8 dBm, which suggests this considered technique is sensitive
to imbalance of coupler’s factors. However, when k, —k_ is kept within +£0.05, the RF
power varies by less than 0.4 dBm while OCSR changes by 1 dB for a mismatch of less

than 0.1 which can be achieved practically.

Fig. 3.20 shows that the optimum Vpco, corresponding to maximum RF output
power is changing also. However, when the difference between splitting and combining

factor is kept within +0.05, the optimum Vpcop doesn’t change a lot.

In addition, the similar results of the optimum OCSR and maximum RF output power

are obtained when choosing any other values of k£, . Therefore, it is obtained that this

technique is sensitive to the mismatch of coupler’s factors. Nevertheless, the optimum

OCSR and the maximum RF output power will not hugely change when the mismatch

between £, and k_, is less than 0.1, and the corresponding optimum Vpcep Will only

shift in a small range.
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3.3.5 Mismatch between MZMs Extinction Ratios

Assume k;, and k., both are 0.5 which means the coupler’s factors not interfere the
system performance, and then set the MZM-2 extinction ratio to 15dB, i.e. ER,=15 dB,
and tune the MZM-1 extinction ratio ER; from 10 to 20 dB. The results of the optimum
OCSR and maximum RF output power are shown in Fig. 3.21 to investigate the impact of

ER mismatch between two parallel MZMs.
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Figure 3.21 Optimum OCSR and Maximum RF, vs ER, when (a) M1=0.05, (b) MI=0.1,

(c) MI=0.2
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In Fig. 3.21(a), it is seen that when MI is 0.05, the optimum OCSR varies between 2.5
and 4.25 dB, and the maximum RF; output power varies between -37.3 and -38.3 dBm,
which suggests this considered technique is sensitive to imbalance of modulator ERs.

However, it is clearly when ER, — ER,is kept within +2 dB, i.e. ER,= 15 dB and ER,

varies between 13 and 17 dB, the RF power varies by less than 0.4 dBm while OCSR
changes by 0.3 dB for a mismatch of less than 4 dB which can be achieved practically.
In Fig. 3.21(b), when MI is 0.1, the optimum OCSR changed from 2.65 to 3.4 dB, the
maximum RF,; output power changed from -38.3 dBm to -37.2 dBm, which suggests this
considered technique is sensitive to imbalance of modulator ERs. However, similar to Fig.
3.21 (a), the RF power varies by less than 0.3 dBm while OCSR changes by 0.5 dB for a
mismatch less than 4 dB which can be achieved practically. In Fig. 3.21(c), when MI is
0.2, the optimum OCSR varies between 2.7 and 4.5 dB, and the maximum RF, output
power varies between -37.8 and -38.4 dBm, which suggests this considered technique is
sensitive to imbalance of modulator ERs. However, it is noted that the RF power varies
by less than 0.4 dBm while OCSR changes by 0.4 dB for a mismatch of less than 4 dB
which can be achieved practically. Similar results are obtained when ER; is fixed to 15
dB, and tune the ER,. Therefore it is obtained that although this technique is sensitive to
the mismatch of ERs, so long as the mismatch between ER; and ER; is less than 4 dB, the
optimum OCSR and maximum output power will not change enormously. In addition,
compared to the mismatch of coupler’s factor, imbalance of modulator’s ER doesn’t

impact the system’s performance considerably.
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3.3.6 Impact of Fiber Dispersion

By replacing the ideal back-to-back connection with SMF which has dispersion
parameter of 16 ps/nm/km, dispersion élope of 0.08 ps/nm*km and attenuation of 0 dB/m,
the impact of fiber dispersion is measured. In this simulation, it is assumed that MI equ‘al
to 0.05 and fiber lengths are 10, 30 and 50 km respectively, the simulation results of RF

output power versus OCSR are plotted in Fig. 3.22.
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Figure 3.22 RF, output power vs OCSR with different fiber length

It is seen in Fig. 3.22 that three curves nearly overlap which means there is no notable

power fading, i.e. this technique is robust to the fiber dispersion.

3.4 Summary

The simulation results have been presented in this chapter, which prove that this
considered technique using two parallel MZMs to obtain the OSSB with tunable OCSR
simultaneously is realizable. Comparing with the theoretical analyses in chapter 2, it is

found that two OCSR are well matched and can be suppressed considerably which means
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the efficiency of the modulation is highly improved. In addition, the simulation results
show that the optimum OCSR are 0 dB and 3 dB when one RF signal and two RF signals
are applied respectively, which are identical to theoretical results. Also it is found that RF
output power only depends on OCSR for one RF signal case but depends on MI and

OCSR for two RF signals case, which verifies the theoretical analyses.

According to the simulation results, it is noted that thermal bias shift will impact this
considered modﬁlation technique. However, by using bias voltage control method, OSSB
with tunable OCSR and nearly stable RF output power are always achieved. Then some
imperfect situations are considered as well, like mismatch of coupler’s factors and
mismatch of two parallel MZMs ERs. It is found that the optimum OCSR and maximum
RF output power only change a little for the mismatch of coupler’s factors are less than
0.1 and the mismatch of MZMs ERs are less than 4 dB, which can be achieved practically.
In addition, the impacts of phase imbalance between branch-A and branch-B are also
measured, and the simulation results indicate that this technique is sensitive to the phase
imbalance. Nevertheless, by tuning the bias to compensate for the phase imbalance,

OSSB modulation with tunable OCSR is always achieved.

Furthermore, the impacts of IMDs like IMD3 and /MD, are investigated as well.

According to Fig. 3.14, Fig. 3.15 and Fig. 3.16, it is noted that the ratios are depending on
OCSR and MI which means the IMDs will be considerably large and degrade the system
performance heavily when high Mls are applied. This suggests that the considered
technique is better working in small MI conditions which matches the theoretical
analyses in Chapter 2 too.
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Chapter 4

Experimental Results and Analysis

4.1 Experiment Verification
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Figure 4.1 Experimental setup for an OSSB modulation with tunable OCSR. Dual-parallel MZM

modulator is used. PC: Polarization controller.

The experimental setup is shown in Fig. 4.1. A continuous wave (CW) tunable laser
source (Anritsu MG9541A) is used, which can offer a wavelength of 1550.5nm, line-
width of 10 MHz, and output power of 0 dBm laser. A local oscillator sinusoidal signal
from an RF generator (Agilent MXG) with frequency of 5.0 GHz and power of 5 dBm is
injected into the 90° hybrid coupler, and then it is applied on the port RF, and RF; of the

COVEGA dual-parallel modulator, which has half wave switching voltage V, of 6.5-7.5

V, optical insertion loss of 5.5 dB, and an extinction ratio of 20 dB. By tuning the voltage
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of port 1DCgp i.. Vipcop and 2DCyp i.€. Vapcop, OSSB modulation and tunable OCSR can
be achieved. The modulated optical signal is then transmitted through an SMF fiber, here,
an EDFA is used to compensate for all optical loses and maintains power of 1 dBm to the
optical filter. In addition, a variable attenuator (VA) is also used to adjust the power.
Using an optical spectrum analyzer (AQ6319 from ANDO) that follows the EDFA, the
output optical spectrum (jumped) is clearly investigated. Then the signal passes through
an amplifier of 28 dB gain. At the end, the output RF spectrum can be measured by a
spectrum analyzer (ADVANTEST U372). Table 4.1 shows the parameter settings for the

setup in Fig. 4.1.

Table 4.1 Physical parameters for the experiment

Optical wavelength 1550.5 nm
Optical power 0 dBm
Optical line-width 10 MHz
RF signal frequency 5 GHz
RF input power 5dBm
Mach-Zehnder 7, 7V
Mach-Zehnder insertion loss 5.5dB
Mach-Zehnder extinction ratio 20dB
EDFA output power 1 dBm
RF amplifier gain 28 dB
Elec. Spectrum analyzer’s resolution 100 Hz
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To show the realization of OSSB modulation and the tunability of OCSR, optical

signal’s spectrum following the EDFA are shown in Fig. 4.2(a), 4.2(b) and 4.2(c).
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(c)
Figure 4.2 Optical Spectrum when Vypco, =1.041 V and (a) Vipcop =1.5V, (b) Vipcoy=1.04V, and (c)

VlDCop =0.623V

First, the voltage of port 1DC and 2DC used to realize OSSB modulation are fixed
when the single-side band is achieved. Then we keep Vapcop, =1.041V and tune Vipcop
continuously. By observing Fig. 4.2(a), it is found that OCSR is 16 dB when Vipcop

=1.5V, then after tuning OCSR is equal to 0 when Vipcep=1.04V, which is shown is Fig.
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4.2(b). Furthermore, even minus OCSR=-15.2 dB can be achieved when Vpce, =0.623 V,
which is shown in Fig. 4.2(c). It is also seen in Fig. 4.2(c) that the distortion is
considerably large, which will impact the system performance. According to Fig. 4.2, it is
clear that OCSR can be hugely improved by tuning the bias of port 1DC,p and 2DCp,
which proves that theoretical analyses of the considered technique and simulation results

are correct.

Next, the measured OCSR and RF output power versus normalized bias &, (¥, ¢, /¥, )

are showed in Fig. 4.3 to validate theoretical and simulation results(offset bias are
concerned here). Considering the system loss, it is found that RF signal with 5 dBm input
power is approximately equal to MI=0.05. Moreover, in order to compare with the
theoretical and simulation results, an 8 dBm input RF signal (about MI=0.1) is also
considered. It is seen in Fig. 4.3 that the measured OCSR varies from -19 to 27 dB when
MI=0.05, and changes from -8 to 26 dB when MI=0.1, which indicate that huge
improvement of OCSR is obtained and the optimum OCSR=0 always can be achieved.
Moreover, the experiment results have similar trend to theory and simulation, even
though not totally matched. The reason is that OCSR depends on many parameters like
mismatch of the coupler’s factors, finite modulator ER imbalance, bias shift, and

experiment errors, etc.
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Figure 4.3 Measured OCSR vs &1 with comparison to simulated and theoretical results. Theory:
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Figure 4.4 Measured RF vs &, with comparison to simulated and theoretical results. Theory: solid

line, Simulation: dot line and Experiment: dash line.
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Correspondingly, Fig. 4.4 shows the RF output power versus &;. It is found that
measured RF power has similar trend to the theoretical and simulation results and the
maximum values of them are almost the same. In addition, comparing Fig. 4.3 with Fig.

4.4, it is obvious that the measured RF output power well matches the experiment OCSR.

To further show the relation between the OCSR and RF output power, OCSR versus
RF output power is plotted in Fig. 4.5, which states that the experiment has the same
trend to the theory and simulation. This proves the theoretical analysis that RF output
power depends on the OCSR for one RF signal case. In addition, it is noted that
experimental results are not totally matched the theoretical and simulation ones,
especially when the OCSR is minus. The main reason is the distortion which is shown in
Fig. 4.2(c). It is seen that when OCSR is minus, the distortion is not ignorable. The cause

of formation is the imperfect situations and system noise which are inevitable.
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Figure 4.5 OCSR versus RF output power
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4.2 Summary

In this chapter, the considered modulation technique is experimentally verified. It is well
shown that the OSSB with tunable OCSR is achieved and good agreement with theory
and simulation is obtained. Du¢ to the imperfect situations like mismatch of coupler’s
factor, mismatch of MZM ERs, bias shift and system noise, a small difference is

observed. In addition, the application of UWB signal will be considered as future work.
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Chapter 5

Conclusion and Future Work

5.1 Concluding Remarks

In this thesis, a simple and convenient modulation technique using two parallel MZMs
for RoF systems is considered and the theoretical analyses are presented. With such a
modulator, the OSSB modulation with tunable OCSR can be realized only by adjusting
the DC bias of MZMs. Two cases are concerned: one RF signal and two RF signals
driving the considered modulator, respectively. The theoretical analysis is finally verified

by computer simulations and experiments.

Moreover, the impacts of the non-ideal situations on the tunability of OCSR, RF
output power and OSSB modulation are investigated, such as voltage drifting due to
temperature, mismatch of the two integrated MZMs extinction ratios, mismatch of the
optical splitting and combining coupler’s ratios at input and output of the device, and
phase imbalance between the two MZMs. It is found that the optimum setting of DC
biases for OSSB modulation and the maximum RF power are sensitive to those
imperfections. However, we have shown that DC bias control can be applied to
compensate the drift of thermal voltage drift. After the compensation, OSSB modulation
is obtained over an operating temperature range of 0 ~ 70°C with the maximum RF

power change of less than 0.1 dB due to bias drift.

For the case of one tone signal, it is found that the optimum OCSR is 0 dB. For

imperfect situations, in certain range, mismatch of the coupler’s factors, mismatch of
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MZMs ER and phase imbalance will not be the major causes to vary the OCSR. It is
observed that OCSR changes less than 0.5 dB when a mismatch of coupler’s factor is less
than 0.1, and varies less than 1 dB when a mismatch of MZMs ER is less than 4 dB,
which can be achieved practically. Furthermore, it is noted that RF output power only
depends on the OCSR, and almost constant maximum RF power can be achieved for any

phase imbalance between the two MZMs.

For the two tone signals case, it is found that the oi:timum OCSR is 3 dB, and similar
to one tone situation, mismatch of the coupler’s factors, mismatch of the MZMs ER and
phase imbalance will influence the OCSR. However, it only varies less than 2 dB when a
mismatch of coupler’s factor is less than 0.1, and changes less than 0.5 dB when a
mismatch of MZMs ER is less than 4 dB, which can be achieved practically. Furthermore,
it is noted that RF output power depends on OCSR and MI which is different from one
RF signal case. The main reason is when high MI is applied, the IMDs will increase, and
as a result, the RF output power will decrease. Moreover, almost constant maximum RF

power can be achieved for any phase imbalance between the two branches of the device.

Furthermore, with the theoretical analyses and simulation results, it is noted that
IMDs will be considerable large when high MI applied. For example, when MI=0.5, the

1atio By iyee / Puip, , 18 Only 6 dB, i.e. IMDs can’t be ignored. Therefore, this considered

modulation technology is more suitable for working in low MI condition. In addition, by
replacing the ideal back-to-back connection with SMF, the advantage of this considered

technique that is robust to chromatic dispersion has been proved.
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At the end, the performance of the considered technique is verified by experiment.
The results are in good agreements with the theoretical analyses and simulation results.

The deviations are discussed and considered to be acceptable.

5.2 Future Work and Direction

The research contributions presented in this thesis may be extended in several ways. First,
we will focus on the transmission of different kinds of modulation formats e.g. DPSK,

QPSK and QAM, which are commonly utilized to transmit in RoF systems.

Second, it would be beneficial to simulate and experimentally demonstrate when
UWB signal is applied on this modulation scheme, which is considered as future
telecommunication development direction. By investigating the error vector magnitude
(EVM), we can find out whether this modulation technology suits to UWB signal

transporting.

Third, because this technique is sensitive to the mismatch between two coupler’s
factors and MZMs ER, it is necessary to figure out the compensation method to obtain

the best system performance in the future work.

At last, as previously mentioned in chapter 1, this modulation technique is for RoF
system, so it would be interesting to experimentally measure the system performance
when it is applied in the real RoF communication system with various kinds of

multiplexing and up/downlink duplexing.
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APPENDIX-A

Detailed Derivation for the modulator driven by One

RF Signal

1.1 Derivation of Eq. (2.1)
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Figure A.1 Schematic of the Mach-Zehnder modulator

Fig. A.1 shows us the schematic of the dual-electrode MZM. The output optical field

from a dual-electrode MZM can be written as

E

in

t,. . .
E,()=E T (ae® +rePo) (A1)

+E, .. =
upper lower \/5
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where £ and E,  are the density of optical field of upper and lower branches

upper lower

respectively, a represents the power split ratio of upper branch, » =+/1-a’ represents

the power split ratio of lower branch, E, is the density of the input optical power, we use
the convention of the optical field by E, (¢) = E,e”” where the o, is the angular
frequency of the optical carrier, E, is the amplitude of the optical field, and ¢,

represents the optical insertion loss of the dual-electrode MZM.

The upper and lower phase applied to the two branches of the dual-electrode MZM are

T T
¢upper = V_ VDC_upper + I—/—— VRF_upper (t) (A'2)

/3 /4
¢lower = V—” VDC_Iower + -I-/: VRF_lower (t) . (A'3)

where V. ..

and V). . are the DC voltage applied to the dual-electrode MZM.

Ver upper (@) and Vi o (¢) are the RF voltage applied to the upper and lower branches of

lower

the MZM, respectively. V, is the required voltage for the phase shift of 7.
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Figure A.2 Considered optical OSSB modulator with tunability of optical carrier to sideband ratio

Figure A.2 shows the principle of the considered modulation technology used two
parallel dual-electrode MZMs, and the injected light is split into two branches A and B by

an 3-dB optical splitter. In each branch there is a DE-MZM, i.e. MZM-1 in branch A and

MZM-2 in branch B, and the initial optical field of them change to % . After optical

modulation, the two branches are combined by another optical combiner. The total output

)

out!

+F

out2 °

optical field can be written as E

total

Consider one RF signal RF=v2V,,[cos(w+6)] applied on the modulator, where

V.., o, and 8 are modulation voltage, frequency, and phase of the RF input signal.

RF >

From the Fig. A.2 we can find that for the first MZM, the RF signal is applied on the

lower branch of the MZM-1, i.e.V};, .., and no signal applied on upper branch, i.e.

14

RF _upperl

= 0. The RF applied voltage applied to lower branch of the dual-electrode MZM

is given by
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VRF_Iowerl (t) = VRF COS(a)t + 9) (A4)

We  set VDC_Iowerl and VDC _lower2 to the quadrature pOint? i'e' VDC'_/owerl =0 and

V
VDC_IowerZ = __2l > and tune the VDC_upperl ¢

The output optical field from the first dual-electrode MZM becomes

E \Jt. . ,
E,,()=—"2— ;/7 (ae™ + re 0 (A.5)
/4 /e T
¢upperl = 7 VDC_upperI + 7 VRF__upperl = -V—v_ VDC_upperl (A‘6)
oz T Ve
¢Iawer1 - —V_:: VDC_Ion‘e/'l + -V_” VRF_[ower) - Vn. COS((l)t + 9) (A‘7)

Substituting Eq. (A.7) and Eq. (A.6) into Eq. (A.5), we get

,tff . i———VDC’-/"""”"l T -i%ncos(wwe)
E,@®)= TEOe’“’f’ ae " +re " (A.8)

For the second MZM, the RF signals are applied on the lower branch of the MZM-2

1.6. Vir jouerr @nd no signal applied on upper branch, ie. V. =0. The RF applied

upper?2

voltage applied to lower branch of the second dual-electrode MZM is given by

Ve tower2 (£) =V cOs(@1 + 6~ ‘Z‘) : (A.9)
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As we mentioned before, we set V. .., and V. .., to the quadrature point, i.e.

— _'z
VDC _lowert T 0 and VDC_lowerZ - > and tune the VDC_upperZ g

Ve
2

The output optical field from the second dual-electrode MZM-2 becomes

E .|t : ,
Eout2 (t) =— ;/; (ae’%pperZ + et ) (A 1 O)
- T /1 /i
wupperZ = 7 VDC_upperZ + —I-/_- VRF_upperZ = —VT— VDC_upperZ (A'l 1)
V4 V4 Vir 7z, 1
Prowera = 7” VDC_lowerZ + 7” VRF_IowerZ =7 7”. COS(a)t +6 - E) + _2— (A' 12)

Substituting Eq. (A.11) and Eq. (A.12) into Eq. (A.10), we get

V tﬁ” i1 iV”L;/"PP_'ﬁ,, iz —iV’fF ﬂcos(w:+9—§)
Eout2 (t) = TEoe “qae . + re 2 e 7 (A.13)

and E

out2

After combining E, together, we obtain the density of optical field for our

utl

considered technology as

T T
—i= —iorcos(wt+6-=)

N ) . . )
E _=E +E = —TﬂEoe'“'" {ae’f”' +ae +re TN e 2e 2 } (A.14)

rotal — ourl out2 —

VDC_upperl , and 52 - VDC_uPPerz )

where o = Viar , &=
% v

T T n

By applying the Jacobi-Anger expansion "’ = Z i"J, (2)e"™ to Eq. (A.14), we get

n=—cw
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n=-—w

i ; ; = ; . in(a)t+6+7—r)
Elolal (t) = : Eoela)‘-l {aelfﬁr + aelizir +r Z [in‘]" (O_ﬂ)em(wHB-Hr) _ l"”Jn(O'ﬂ')e 2

ey

Eoeiwct {a(eifm + eifzfr ) +r i I:Jn (O_ﬂ_)ein(wnﬂ) ((—i)" _l-2n+l ):I}

(A.15)

Equation (A.15) is Eq. (2.1).

1.2 Derivation of Eq. (2.2a)

According to the Eq. (A.15), when n=0, the term corresponding to optical carrier E  is

obtained:

oc

E_ = @ E e {a (eig‘” +e*” ) +rJy(om) (1~ ’)}

Jr (A.16)
— —EJLEOeW {a (ei.f,zr _,_eigz;r)_‘_\/ErJO (O'ﬂ')e_';}
When n=1, the upper RF fundamental component E., is obtained
t _ o '
E.,= —\/22 E e {r z [Jn (om)e™“? ((—i)” — )J}
w (A.17)

— —\/é_ﬁ_EoeiW {r[‘[l (o.ﬂ.)ei(wwe) ((_l-)l _ i2+1 )]} =0

it means the upper RF sideband is eliminated and OSSB is obtained.

When n=-1, we also can obtain the lower sideband E_,
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\/5 ey Jlr z [J" (O.ﬂ.)eill(ﬂ)HB)( l)" _ )}}

n=-0

£ @ [rJ ,(ovr)e”'(“’”e)(( R )] (A-18)

i1 —i(wt+0—%7r)
tyE e -r-| J (om)e

Applying J_ (z)=(-1)"J,(z) to Eq. (A.18) we obtain

i(mt+0—17r)

E,==JtyEe®rl(om)e P - (A.19)

Based on Eq. (A.16) and Eq. (A.19), the optical carrier-to-sideband ratio in power is

obtained

(géwé {aé%”"’ +ad” 2 (o7r)e }\/—E) ‘"’{ FE 4 ae 0] (o7z')e }
o=l

£ {_ T [ o }H St Bl {J(Oﬁ)e'('”w—,,)}}

G T
+e 2

22+ +dE ) 122 (o) + 2] (om)-e* {éﬁ” +d7 +e

4 (om)

(A.20)

According to the exponential function € = cos@ +isin@ we can transfer the Eq. (A.20)

to

& +a* cos(E —&E ) +1 I} (om) +ard (o) cosér+cosé m—siné —sin&, 7|

22 (o) (A.21)

OCSR=
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Equation (A.21) is Eq. (2.2a).

1.3 Derivation of Eq. (2.2b)

Because it is needed to measure the impacts of combiner-splitter imbalance and ER
imbalance between the MZMs in simulation part, therefore we consider these parameters
and define them by: splitter coupling factor k;,, combiner coupling factor k,,,. ER;and

ER; are the ER of the first and second dual-electrode MZM, respectively. For calculating

reason, it is simply to define h=\/%;, k=Jl1-k, , f=\/a , g=AJ1-k, ,

B 1+\/ﬁ (—
P= J2(ER, +1 ,/2(ER + )

be grouped into 4 pairs: splitter pair, i.e. 4 and & ; combiner pair, i.e. f and g; upper

d d =v1-c¢’ . Consequently, they can

branch and lower branch power split ratio for the first dual-electrode MZM, i.e. p and b;

upper branch and lower branch power split ratio for the second dual-electrode MZM, i.e.

cand d.

For the first dual-electrode MZM, we use the same RF bias and DC bias as ideal
situation, thus we can get Eq. (A.5), Eq. (A.6) and Eq. (A.7). However, the amplitude of

the £, signal will change. For example, consider MZM-1, at first, the E, pass the
splitting coupler upper line (4-E, ), then it goes through the upper branch of the first
dual-electrode MZM ( p-h-E, ), finally, it pass the combining coupler (p-h-g-E, ).

n

Therefore, we get
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h t ) I.VDC_uppcrl .
£ =Z g\/_ff_E eoe (A.222)

Eupperl =p-hgkE, —_—\/—’2"— 0

Using the same scenario we get

_Yoc_toven

bhe i,
PN gy (A.22D)
ND)

lowerl =

Using Eq. (A.22a) and Eq. (A.22b) we get

4 ) ) )
E.0=E,, +E —\/ZE ¢ { phge'™ + bhge'7r (@0 (A.23)
ourt 0

upper lower] = \/“
2

|4 14
where 0 =—%£ and & = 2=
. V.

For the second dual-electrode MZM, we use the same RF bias and DC bias as ideal
situation, thus we can get Eq. (A.10), Eq. (A.11) and Eq. (A.12). However, the amplitude

of the E, signal will change. For example, at first, the E, pass the splitting coupler
(k- E, ), then it goes through the upper branch of the first dual-electrode MZM (c-k - E, ),

finally, it pass the combining coupler (¢ k- f - E, ). Therefore, we get

ck-f-.t. ) [VDC_uppe"Z”
ok sty E,e%e (A.24a)
J2

upper2
Using the same scenario we get
lower2 —

d k-f-.|t . _I-(VDC'_Ion'erz +l)7r
R Egee (A.24b)
V2
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Using Eq. (B.192) and Eq. (B.19b) we get

4 ; ; -iZ _ioncos(wr+6-2
EoutZ (t) = EupperZ + E[ower2 = _\/£ Eoem)c’ Clq‘e’é” + dlq‘e 2 e “ 2) (A'25)
J2
14
where o = 2 and £, =LI—/"M.

According to Eq. (A.23) and Eq. (A.25) we can get

."t . . X . -iX —io7rcos(n)t+8—£)
Emml (t) = Eaml -}-EDW2 = _\/_g Eoenw,t {phgetfm +clgwetfzzr +bhge—:a7rcos(ax+0) +d]g1‘e 20 2

(A.26)

By applying the Jacobi-Anger expansion ¢”**? = Z i"J ()" to Eq. (A.26), we can

n=—w

get

phge™™ + ckfe™”

t . © .
E, .0 =YL Ee¢* {+bhg 3 i"J, (om)e @t L (A27)

'\/5 n=—cw
—dkf Y. i"'J,(on)e

L n=-o )

A

in(wt+0+—’2£)

When n=0 the optical carrier is obtained

& &
Jt phge™" + ckfe
7 iw.1
E =Y1FEc®

28
oc \/’i (A2)

+bhg (o) +dkfT,(on)e 2
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When n=-1, the lower sideband fundamental component of RF, signal is as follow

E \/}; E ot bhg . i_lJ—l (o-ﬂ)ei[—l(a)l+g+”)]
=N 7 &% .
- 2 0 il —Hor+0+=)-=
7 a7 (omye ] B
_ _\/i E &% (bhg +dkf)- J, (O'ﬂ')e_i(wHe"'%)
N 1

According to Eq. (A.28) and Eq. (A.29) we can calculate the OCSR by

[ phge ™™ +ckfd™” ] { phge ™" +ckfe " ]
i% '

2 ; 5
ocsp_ [l _ \sbhgly(om)+difi (om)e ” +bhgJ(om) +dkfT (om)e * (A.30)
9+5)

[£.a] {(bhg+d]q)‘J|(o7z)e_i(m }-{(bhg+cﬂg()-Jl(o7z)ei(mg+%)}

Based on the function e = cos@+isiné, after simplification we get

R + PR +2pofghk-cos(& — &)
+2J,(om)| pbg’I -cos(&m) + ghbefl - cos(&, )~ pefegh-sin(& )~ K ed -sin(&,) |
HA [ +0' g ) (om)

OCSR=
((fk+bghy -T2 (om)

(A.31)

Equation (A.31) is the Eq. (2.2b).
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1.4 Derivation of Eq. (2.3)

The optical carrier component beats with the first order component of RF signal will

makes foremost contribution to the final desired electrical signal. Therefore the 7, can be

represented as

1, :§ ‘Re(E,-E+E -E,)

5 i i . —i%[ i(nx+8~;7r)
R-t,-E, Req| ae™" +ae™ +V2r) (om)e * || -+J\(om)e (A32)
B 2
o [ acos(&m)+i-asin(§m)+
=#Re acos(&,m)+i-asin(&m)+ |- i1, (om)-(cos(ar + ) +isin(et +6)) |
| (1=i)rJy(om)
where R is the responsivity of the photodetector.
After simplification we get
S]Rt”,EO2 —ar(Jl(aﬂ)cos(a)t+0+§,7r—§) +J (o) cos(a)t+0+§2ﬂ——§)) ( )
= A.33

¢ 2 | 2r2J, (om)d, (o) cos(wt + O+ %)

Equation (A.33) is Eq. (2.3).
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APPENDIX-B

Detailed Derivation for the modulator driven by Two

RF Signals

2.1 Derivation of Eq. (2.5)

Now we consider the situation when two RF signals RF,=x/§VRF[cos(a)lt+:91)] and

RF,= 2V, [cos(w,t +6,)] are applied to the two parallel dual-electrode MZMs, where
Vs @, 0,, 6 and €, are modulation voltage, frequency, and phase of the RF input

signal.

For the first MZM, RF signals are applied on the lower branch of the MZM-1, i.e.

Vir iowen » @nd no signal applied on upper branch, i.e. V, =0. The RF applied

RF _upperl

voltage applied to lower branch of the dual-electrode MZM is given by
VRF_Iowerl =Vr [COS(a)lt +6,)+ cos(w,t + 6, )] (B.1)

Because we use same voltage of the DC bias as one RF signal, which means we set

Ve towen =0 and tune the V, ; and only the voltage of RF bias V,

DC _upperl ? Change,

F _lowerl
therefore, based on Egs. (A.1)-(A.3) and (B.1), and notice that we choose negative mode

of MZM which means the phase of lower branch will be negative, we can obtain
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E .t . .
E, ()=—0— ;/; (ae”"" +re P (B.2)

T T /4
qoupperl = VDC upperl +— VRF upperl =7 VDC upperl (B3)
V” _upp V;r - Vﬂ —
T V7
(Dlowerl = ?/—— VDC_Iowerl + 7 VRF_Ian-'erl = [COS(a)lt + 91) + COS(Q)zt + 62 )] (B4)
T b4 T

Substituting Eq. (B.3) and Eq. (B.4) into Eq. (B.2) we can obtain,

. ”y o1 i%ﬂ —i%ﬂ[cos(a},ﬁ&, Y+cos(w,t+6,)]
- ! (% n ke
E ()= 5 E "™ qae +re (B.5)

For the second MZM, RF signals are applied on the lower branch of the MZM-2, i.e.

Ver iower2 @nd no signal applied on upper branch, i.e. Vi, .., =0. The RF applied

voltage applied to lower branch of the second dual-electrode MZM is given by

14

RF

towera = Ver [cos(a),t +6 - %) +cos(w,t +6, — %):] (B.6)

Because we use same voltage of the DC bias as one RF signal, which means we set

V. .
Voc iower2 = 7’ and tune the V. . ; and only the voltage of RF bias V. ., change,
therefore, based on Eq. (A.1), Eq. (A.2), Eq. (A.3), and Eq. (B.6) we can obtain
E \Jt, . ,
E,,()=—7— ;/7 (g™ +re™%m) (B.7)
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V4 T
¢upper2 = Z VDC_upperZ + Z_ VRFﬁupperZ = 7” VDC_upperZ (BS)

V 1
wlower2 = l VDC_Iower2 + ; VRFilowerZ = 7[{ — liCOS(a)]t + 9] - %) + COS(a)zt + 92 - —7_2[—):‘ + —'}

Vﬂ n 7}[‘ 2
(B.9)
Substituting Eq. (B.8) and Eq. (B.9) into Eq. (B.7) we can obtain,
’ Vb _upper 2 v, 7 7
t . L Lk _iF iR gl cos(wyt+ 6, ~=)+cos(wyt +6, —=)
E ()= ——2"” E, e {ae = tre 2e [ g 2 ]} (B.10)

After combining £, and E_, together, the density of optical field for our considered

technology is given by

A ’t . . . I ~iF —icﬂ[ws(aqt+8,—£)+cos(wzt+62—£):|
E, @)= 7 EOe””" {aetéﬂr +ad?” +re ion{cos(@+8 )+oos(wyt+6) )] +re 2e 2 2 (B.11)
2

V VDC 1 VDC 2
where o :_VRF , & =—=2" and &, = =2

V

n n n

By applying the Jacobi-Anger expansion e*“** = Z i"J (z)e"™ to Eq. (B.11), we can get

N=—0

&7

ae“”" +ae

t . . 5] 0 .
vata[ (t) — _\/;/_7_ Eoexrocr +r Z Z l-m+nJ (O’ﬂ)Jn (O_ﬂ)e:[m(wlﬁgl +/7)+n(6011+02+71)] (B 1 2)

m
M=~ p=~0

w0 it J i[m(ww‘+7§r)+”(“’z’+9z+g)—ﬂ
+r Y, D", (om)J, (omke

M=—00 p=—0
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Equation (B.12) is the Eq. (2.5).

2.2 Derivation of Eq. (2.6a)

From Eq. (B.12) we can get

E

\/5 i ri—lJO (O-”)J_l (O'ﬂ')ei[-l(‘”l“‘gl*'”)]
o = Ee™ (when m=-1, n=0)

i| ~1(oy+6,+2)-Z
+ri"Jo(0'7z')J_,(ow)e[ e 2} (B.13)

= \/gEoefwcl {irJO (0'71'),]l (o-ﬂ-)e-i(w,u,el +,-r)}

Jor o [ emompel e
_‘Eoel ot

T,
i| ~1(@yt+6y+—)—=
’l: (0,46, 2) 2

E =

-0, > ] (when m=0, n=-1)

+ri”'J (o) J_ (o7)e (B.14)

= tﬂEoe"“c'{irJo(m)J,(mr)e-“%'+"z+”>}

oc

t . : ) -iZ
E = % E ™! {e’fl” +e9" 4 \/EFJOZ(O'JZ')Q 4 }(when m=0, n=0) (B.15)

Because E_, and E_, have the totally same coefficients, we still can define the OCSR of

the two RF signals by one mathematical expression. For signal RF,, the optical carrier-to-

sideband ratio in power is obtained

- B _d+d aslg —E)mr T om) +ardy (om| cosém+esE p—singr—sin& 7]
Ef 22T (om) Fom)

(B.16)
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We can obtain the totally same OCSR for the RF,.

2.3 Derivation of Eq. (2.6b)

Because we need to measure the impact of combiner-splitter imbalance and extinction
ratio imbalance of the first MZM and second MZM in simulation part, therefore we
consider these parameters and define them by: splitter coupling factor k;,, combiner

coupling factor k,,,. ER;and ER; are the extinction ration of the first and second dual-

electrode MZM, respectively. For calculating reason, we define h=\k, , k=.\/1-k, ,

1+‘/ER 1+,/ER
= Jk -k - N = fI-p? — N and
f out g out V4 2(ER1 +1) s P , C 2(ER2 n 1) an

d =+1-¢? . Consequently, they can be grouped into 4 pairs: splitter pair, i.e. 4 and k;
combiner pair, i.e. f and g ; upper branch and lower branch power split ratio for the first

dual-electrode MZM, i.e. a and b ; upper branch and lower branch power split ratio for

the second dual-electrode MZM, i.e. ¢ and d.

For the first dual-electrode MZM, we use the same RF bias and DC bias as ideal
situation, thus we can get Eq. (B.2), Eq. (B.3) and Eq. (B.4). However, the amplitude of

the £, signal will change. For example, consider MZM-1, at first, the E_ pass the
splitting coupler upper (4-E, ), then it goes through the upper branch of the first dual-
electrode MZM ( p-h-E, ), finally, it pass the combining coupler ( p-h-g-E, ).
Therefore, we get

99



p h g tﬁ' ) ’.VDC ’_/upperl P

Eppen =P h-g - E, = NGl Ee*e (B.17a)
Using the same scenario we get
bh ¢ ‘ . Vpe_ towery n'
Elowerl = g\/; EOelete ' (B- l 7b)
J2

Using Eq. (B.17a) and Eq. (B.17b) we get

t , . ‘
o) =Eypos + vy Eye™ { phge®” + bhge™ iy l} - (B.18)

upper owerl — \/5

14 V
where o = —RE and §l =M.
V

n n

For the second dual-electrode MZM, we use the same RF bias and DC bias as ideal
situation, thus we can get Eq. (B.7), Eq. (B.8) and Eq. (B.9). However, the amplitude of

the E, signal will change. For example, at first, the E, pass the splitting coupler
(k- E, ), then it goes through the upper branch of the first dual-electrode MZM (¢ k- E,)),

finally, it pass the combining coupler (c-k- f - E, ). Therefore, we get

V .
c.k‘f. t i DC_uppe'Z”
v it V,
LN g g

EupperZ = \/5 (B.l9a)
Using the same scenario we get
d-k-f-t e 1y,
E = J-Eoe’“’“’e o2 (B.19b)

lower2 — \/‘2’
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Using Eq. (B.19a) and Eq. (B.19b) we get

t . . i
Eoul2 (t) = Eupperz + E'IowerZ = —\/\/% EOe,th {CIq‘ehfZﬂ + dlq‘e 2 e

z —ior[cos(w,ﬁq -%)+cos(wzt+62 —g )} }

(B.20)

v v
Where o = %&£ and ¢, :%'

n n

According to Eq. (B.18) and Eq. (B.20) we can get

E (M=E  +E

outl out2

,t ] ) iz —io7r|:cos(cqt+9| -Zytcos(ay+6, —f)]
i iEy - ) 6, ! 2
— £ Eoem)‘_t {phgezgn + ckfe‘é’ +bhg€ ion|cos(ayr+6; )+cos( @yt +65 )] n d/je 2e 3 B

J2
(B.21)

By applying the Jacobi-Anger expansion e”**? = Z i"J (z)e™ to Eq. (B.21), we can get

n=—c0

phge™”™ + ckfe™”
{.. ) » o0 '
o= YL 5,0t Lt 30 52 701 (oot
\/5 Mm=-0 p=—n
2 i i[m(w 146, + Xyt (w1 +0 +1)_£]
+dkf Z Z imHIJm(O-ﬂ')J"(O'ﬂ')e 1 173 2 2¥5)3
m=—oo n=-on

(B.22)
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When m=0 and n=0 the optical carrier is obtained

\/}—‘ | phge®" +ckfe™”
E — ﬁ E elwct
V2

i . (B.23)
+bhgJ ) (or) + dkf] (o7)e 2

When m=-1 and n=0, the lower sideband fundamental component of RF; signal is as

follow
\/T bhg'i—lJo(O'ﬂ)J-l(O'ﬂ)ei[_‘(“’l’+9|+ﬂ)]
E_a), = Ty Eoeiwl.t -[4(@,&9 +£)—Z]
2 +dkf -i"'J (om)J_(o7)e AP B2
i

Eye {i-(bhg +dkf ) - J,(o7)J, (om)e”

According to Eq. (B.23) and Eq. (B.24) we can calculate the OCSR by

ah gei'fllr +c ]greinfzir a hge—igﬁﬂ + clg’e —i&T
OCSR = |Eoc _ +bth02 (07[) + WJOZ (072')6_6 +bth02 (077) + cﬂgpjoz (O’7Z')ei§
£, {i-(hg+dkf)-J(on)J(om)e 4™ (i (bhg + k) Jy(om), (om)e "4}

2

(B.25)

Based on the function e” = cosf+isin@, after simplification we get
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P +a*g*h* +2acfghk-cos(E, — &)
20,3 (om)[ abg*h - cos(&7) + ghbefk - cos(&,m) — adfkgh-sin(&m) ~ £k ed -sin(&, ) |
HA 42 + b2 g ) (o)

OCSR= - ;
{(dfle+bgh)*-J,* (om)J (o)}

(B.26)

Equation (B.26) is the Eq. (2.6b).

2.4 Derivation of Eq. (2.7)

The optical carrier component beats with the first order component of RF, signal will
make foremost contribution to the final desired electrical signal. According to Eq. (B.13)

and Eq. (B.15), the 7, can be represented as

m * *
I =—2—~Re(Ew~th +E-E,)

2} oc

Rt -E? o . iz i(ot+6 -1 )
:4-272 0 Re{ ad™™ +ad™™ +:[2r]  (om)e 4}-[4]0(07,) J, (m)e(“*' 4 }}

- [ acos(&m)+i-asin(Em)+
=—'f12'—'—°Re acos(&m)+i-asin(&m)+ | i+ (om)J (o) (cos(ayt +6) +isin(@j +6) |
 (1-iy, (om)

(B.27)

After simplification we get

103



/N /4
‘.‘RtﬂEO2 —arJ(om)J, (o) cos(ayt + 6 +§1”—'2_)_ar*]0(077)']1 (o) cos(ayt +6, +§27r_5)
Il =——

2y
22T} (o) J (o) cos(at +6 +%)

(B.28)
Equation (B.28) is Eq. (2.7a).

Using same method we can get

g2 | ~ardo(om) (o) cos(@yt +6, +éx-2y—ard (om)J (o) cos(w,t + 0, + &)
I :ﬂ 2 2

@,
2 227} (o7)J, (o) cos(,t +6, + %)

(B.29)

Equation (B.29) is Eq. (2.7b).

2.5 Derivation of Eq. (2.8)

To obtain the RF signals at frequency @, by photo-detection, the beats include the light at
—w, beating with optical carrier, the light at —w, beating with the light at —w, + @, and
the light at —2w, + @, beating with the light at —o, + , . Other distortion terms like high

order distortions can be removed by filter; therefore we consider the last 2 beats as noise

and use /,,,, to express
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I R

IMDay — 3

Re{E, -E, . +E,"E,. +E Eo oy, F By E 0} (B30)

~, -0+, -, ~0y+ay 20 +w, -+, 20+, -+,

Based on Eq. (B.12), we can calculate the E_, when m=0 and n=-1,

\/a ot r-i"'J (om)J_(o7) o1t ]
—'__Eoel e

E, = [rose 2] (B.31)

-w,

+r-i'Jy(or)J_ (or)e

= \/?Eoeiw‘l {i'7"'JO(O-”)JI(O‘ﬂ')e_i(w2t+02+”)}

Using same method we can get

—an+ay

. t i . O —irim i(opt+6,— —01+£)
:————\/2; E()e ol {_F‘JIZ(O-”)'eI(%’ Grov=8) —V'J]Z(O-n-)'e el 2 } (B32)

E pprey =ty Eo€ ™ {=i-r-J (o) ], (om)e 4 o2 2hm (B.33)

t ) . iy + ,—w21—92+£
E . :QEOeﬂwcz {_r,le(o.ﬂ).er(aawﬁl—%t—é’z) ..r~J12(o7z)-e(w' ’ 2)} (B.34)

o0y

Based on Egs. (B.30) ~ (B.34) we get

I R

My =ER6{E—’02 Froa TEy Eapig e, By, PEos 'Eﬂw}z}

L, |[Er-J(onJome ¥ E -[—r-J,Z(on)é‘“’z’*"ﬂ*’”” —r-J7 (om)-
5 RJ[ J
2

+[”i'r 'Jn(O7r)'Jz(on)e"“"%'z"*"zq””)}[—r-‘],z(m)'ej“‘*’ﬂwﬂ%’ —r-JHom)-

oy +G-0y-4+)
e

i(qtﬂ%ﬂayﬂ%#;)}
e

(B.35)
Transferring it to triangle form and simplifying, we get
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Lo =%TE°cos(wlz+e, +%)[—\/5r2J,3(07r)J0(07r)+\/2_r2Jl3(ow)J2(on'):l (B.36)

Equation (B.36) is Eq. (2.8a).
Using same method we can get

= (w46, + 5[ 3 0w om) 2 (omom) | B3T)

IMDw, ~—
for the RF signals at frequency @, . Equation (B.37) is Eq. (2.8b).

2.6 Derivation of Eq. (2.9)

The IMD?3 current like 7

4w, 18 mainly contributed by the light at —2w, +®, beating

with optical carrier and the light at —@, beating with the light at o, — @, . Therefore we

can obtain

-E *+E

2w+, oc 2w+,

“E.+E,-E, ,"+E,"-E, | (B.38)

Based on equation (B.12), when m=-2 and n=1 we can get

E

raye, = Aty Eo€ (=i 7 (0m) - J, (om)e! A (B.39)

Using same method we obtain

oc

t, : . . i
E = ‘/_z'—”—Eoe_'”"' {e"f‘” +e +\/§rJ02(O'ﬂ)e 4 } (B.40)
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E, =\t B {i-r-J,(om)J, (om)e @) (B.41)

i(@yt+0,~ayt—6 +£)

t ) .
E * _ _\/;£ Eoe—m)ct {_r . le (0.72.) . el(ﬁ’z’*“gz“”'l"ax) —y- le(m) e 2 } (B.42)

—oy+ay

Based on Egs. (B.38) ~ Eq. (B.42) we get

~20,+a, = ?' Re {E-Za)lfa)l ’ Eac‘. + E—Zw,fﬂ)!. 'Eoc + E—a), : Emrw:‘ + E—m,‘ ‘Eml—wz }
[—i-r -J, (0'71')-JZ(aﬂ)ei(”’z“(’?'2”’"'”"”)]- e T 4 Tt +\/§rJ02(0'71')eiz
Re, E,’
= e
2 . —i{@+6 +7) 2 i(@,1+6,-0,1-6)) 2 Ha1+6, _W‘1_0‘+£)
+[i-r-J(om) (om)e N || —p - T (om)- €T . S (o) e z
(=i-r-Jy(o7) T, (om)[cos(@,t +6, — 2wt - 26, - ) + isin(@,t + 0, - 2wt - 26, - 7)])
-[(cos(f,rr) —isin(§,7))+ (cos(&,7) —isin(&, ) )+ (A +i)rJ,’ (0'72')]
_ Re, E,’ Re. +(i -r-Jy(om)J (o) [cos(w,t + 6, + ) —isin(w + 6, + 7[)])
2 —r-J(om)-[cos(w,t + 0, — ot - 6) +isin(w,t + 0, — ot — 6))]
—r-J (on) -|:cos(a)zt +6,-wt-6,+ 3’2_) +isin(w,t+6, -t -6 + %)}

(B.43)
After simplification, we get
arJ (or)J,(cr)cosQwt —w,t + 26, -0, + &7 - %)
Rt E2 +arJ,(on)J,(cr)cos(Qat —w,t +20, -0, + &, — %)
L sy, = ’; - (B.44)
2120 (o7) T (07) cos(2w,t — w,t +26, ~ 6, + %)
—2r2J ) (ox) (o7) ], (07) cos(Ra,t — w,t + 26, - 6, + %)J

Using same method we can get
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- -
arJ (or)J,(cm)cosaoyt — wyt +20, - 6, + & — %)

) ‘Btj,Eoz +arJ,(or)J,(ox)cos(Lw,t — ot +260, — 6, + & m — %)

2wyt 2

- (B.45)
—\/ferf (om)J,(om)cos(Lw,t — ot + 26, -6, + Z)

2120 (o7)J, (67)], (07) cosQw,t — oyt +20, — 6, + %)

Equation (B.44) is Eq. (2.9a); and equation (B.45) is Eq. (2.9b).
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