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Abstract
 

Radio-on-fiber is an emerging and attractive architecture for distributing radio sig

nals for broadband wireless delivery systems. However, the performance of radio-on

fiber systems, particularly the link gain, is limited to a great extent by the conversion 

effiency of the electro-optic modulator used at the transmitter. This thesis explores 

unique structures known as resonantly-enhanced electrodes which can optimize the 

performance of electro-optic modulators for radio-on-fiber systems by developing 

larger electric fields within the modulator without any extra power input. 

The theory behind resonantly-enhanced modulators is presented in this thesis, 

and a detailed modeling technique for these modulators is developed. This model is 

used to design and analyze several resonant structures for electro-optic modulators. 

Results from experimental prototypes of these modulators are presented, and their 

effect on the performance of radio-on-fiber systems is assessed. 
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Chapter 1
 

Introduction
 

T he rapid growth and integration of the internet into the modern consumer's 

lifestyle has completely changed how society uses the internet today. Gone 

are the days of using the internet to simply exchange short messages or small files. 

Today, the demand has shifted toward multimedia applications, such as imaging, 

real-time telephony, digital music, and video service. Even simple electronic mail 

messages are considerably larger than their text-based predecessors, as they are now 

written in bulky markup languages with embedded multimedia. The list of future 

applications of the internet is endless, limited only by one's imagination, and the 

capacity of the networks that compose the internet itself. 

The change in the use of the internet has created a demand for an inexpensive 

broadband link to consumers' homes. While a variety of interim solutions have suf

ficed, such as cable modems and digital subscriber line (xDSL) variations, ultimately 

this technology may be unable to support the bandwidth demand of the internet gen

eration. Also, deregulation of the telecommunications industry in Canada and other 

countries in the past decade has generated the need for alternative access technolo

gies to enable outside companies to compete with the telephone companies (telcos) 

who have traditionally provided this ervice. 

Since the high speed links of the internet are built from optical networks, the ideal 

solution would be to run fiber optic cable to every home, an architecture known as 

fiber-to-the-home or FTTH. This solutions provides consumers with an incredible 
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amount of bandwidth. Hybrid-fiber-coax (HFC) systems have also been proposed, 

whereby fiber is run in the vicinity of homes and lower cost coaxial cable is used 

complete the loop into users' homes. However, both technologies are quite costly, 

and are very inconvenient for users living in older communities since they both require 

property excavation. 

An interesting solution to this problem is to use radio systems for completing the 

access loop. Radios are convenient, as they do not require property excavation. They 

are also rapidly deployable, giving them a key advantage over competing technolo

gies. Radio systems have also been well-received by consumers, as consumer interest 

in such systems has been well documented by a number of recent field trials in the 

U.S. and Canada. Finally, radio systems are strong contenders in developing na

tions where the telecommunications infrastructure is being based largely on wireless 

technologies such as cellular phones and wireless-Iocal-Ioop, instead of traditional 

land-line technology. 

In fact, spectrum has already been allocated in North America and Europe for 

this purpose at millimetre-wave frequencies around 30 GHz and 60 GHz [1]. The 

channel allocations at these frequencies are the only ones available that are wide 

enough to support broadband wireless services. Radio systems designed to operate 

at these frequencies to deliver broadband content to user's homes are called local 

multipoint communication systems (LMCS's). The nature of the radio channel at 

these frequencies necessitates the use of short range, line-of-sight links between the 

base station and a given user's home. Short range links also mean that there must be 

a higher density of base stations in an area to ensure that there is adequate coverage 

for subscribers. Thus, minimizing base station cost is paramount to the successful 
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deployment of these radio systems. 

The traditional architecture for transporting content from a data source to the 

user's home using a hybrid fiber/radio system is shown in Figure 1.1. In this system, 

data is modulated directly onto the optical carrier at baseband, so that in the optical 

domain, a double-sideband (DSB) spectrum is obtained about the optical carrier at 

frequency fa as shown in the figure. The data is transported over fiber to the base 

station where it is detected and upconverted to the radio frequency fe before being 

amplified, filtered, and delivered to the subscribers over the radio channel itself. 

~ 
EO =electrical-to-optical conversion ~ f 
QE " opl'oo'-Io-.,.,I"oo' roo••,,;oo ~ 

~ 

DATA ----- DIE 

DISTRIBUTION CENTER -cot-----;-----l.._ BASE STATION 

Figure 1.1: Traditional delivery architecture 

While this architecture is straightforward, it has a major drawback in that a large 

amount of radio-frequency (RF) equipment is required at the ba e station, increasing 

base station cost and driving up the cost of the overall delivery system. Furthermore, 

a substantial portion of the RF hardware is needed to upconvert the data signal from 

baseband to the carrier frequency, which is at millimetre-wave frequencies. This 

further drives up the cost of the base station. Base station cost must be minimized 
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in order for broadband wireless delivery architectures to be feasible, and the quest 

for more economical methods for distributing base station signals has resulted in a 

number of interesting architectures [2][3][4]. 

1.1 The Radio-on-Fiber Solution 

One promising technique for distributing content to users' homes is an innovative idea 

called radio-an-fiber (ROF), which has been extensively studied in recent years [5]. A 

diagram showing the basics of a ROF system is shown in Figure 1.2. The fundamental 

difference between the ROF architecture and the traditional architecture is that the 

data signal is upconverted to RF prior to being modulated onto the optical carrier, 

so that an actual radio (bandpass) signal is transported over the fiber instead of 

the data signal itself. This simplifies the base station enormously, since all that is 

required is that the radio signal be detected from the optical signal, filtered, and 

amplified. In fact, if the cell size is small enough, such as in pico-cellular systems, 

the latter operation can be eliminated completely in some cases, which would leave 

the base station consisting of an optical detector and filter. Even though the power 

is in the microwatts at the detector, some researchers have had success with these 

systems [6]. 

In radio-on-fiber systems, most of the RF equipment has been moved to the 

central distribution point, and while at first glance it may appear that nothing is 

gained by doing this, there are a number of technical and economical reasons that 

make this arrangement attractive. First, equipment located in each of the base 

stations in the traditional architecture is redundant and can be reduced in the radio
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~~
EO = e'ect<le,'-Io-optie,' eo"e"ioo
 

DE = optie,'-to-e'eel,ie,' ""e,~~ }
 

DATA ---------1 

DISTRIBUTION CENTER .......E-------;..-----l..~ BASE STATION
 

Figure 1.2: Radio-on-fiber delivery architecture 

on-fiber architecture. For example, a single local oscillator (LO) can be used to 

supply a group of transmitters, instead of having individual LO's at each of the 

remote sites. Second, less of the equipment is located in the field and expensive 

components can be housed in a more benign environment where variables such as 

temperature are easier to control. 

A third advantage is that by creating the radio signal prior to modulation, nonlin

ear properties of the optical modulator can be exploited to upconvert the radio signal 

in a process known as harmonic upconversion [7][8][9][10]. Simply put, the radio sig

nal can be generated at a lower frequency by the RF equipment, and the nonlinearity 

of the modulator can be used to upconvert the radio signal to an integer multiple 

of the carrier frequency, i.e. a harmonic. This reduces the amount of high-frequency 

radio-equipment required at the transmitter, and the upconversion operation comes 

completely for free since the nonlinearity is built into the optical modulator itself. 
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Since radio-on-fiber systems could ultimately use wavelength division multiplexing 

(WDM) or even dense WDM, the savings in RF hardware could be very substantial. 

The details of the operation of harmonic upconversion are discussed in Chapter 2, 

and extensively presented in [5]. 

1.2 The Need for Enhanced Devices 

Clearly, there are numerous advantages to using a radio-on-fiber architecture in a 

wireless content distribution system. However, radio-on-fiber systems do not come 

without their share of penalties. ROF systems depend strongly on the performance 

of the electrical-to-optical and optical-to-electrical conversions that takes place at the 

transmitter and receiver. As with any other transducers, the conversion efficiency 

of these devices is never 100%. While most modern detectors have responsivities 

nearing the quantum limit (1.25 A/W), making these devices nearly 100% efficient, 

electro-optic modulators, which convert electrical signals to changes in the inten

sity of the outgoing light, suffer from very low conversion efficiencies. In the case 

of modern intensity modulator/detector pairs, typically 25-50 dB of signal can be 

lost between the transmitter and detector over an insignificant length of fiber, which 

amounts to less than 1% conversion efficiency on the part of the optical modula

tor. This impacts the performance of radio-on-fiber systems substantially, since high 

transmit power is required to get adequate signal to the receiver. This is especially 

the case for systems that utilize harmonic upconversion, which require even larger 

amplitude signals at the transmitter to be effective. To compound this problem, most 

electro-optic modulators only have small maximum input RF power limits (less than 
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one watt typically), making this problem difficult to address. 

The design of a specialized electro-optic modulator that deals with these problems 

is the focus of this thesis. The performance of the optical modulator is ultimately 

dependent on the electric fields that can be built up within the modulator, and not 

necessarily the input power applied to the modulator. Through clever manipulation 

of the modulator electrode structures, the conversion efficiency of the modulator at 

specific frequencies can be enhanced, improving the performance of radio-on-fiber 

systems. Such structures are known as resonantly-enhanced modulator electrodes. 

These structures can improve the performance of radio-on-fiber systems substantially, 

and their analysis and design is the topic of this thesis. Through the developments 

in this thesis, the state of the art in this area is expanded in three areas: 

•	 Models of resonant electrode structures. Using signal flow graph theory and 

straightforward models of optical modulators, the actual fields developed within 

a resonantly-enhanced modulator can be predicted and used to determine the 

potential performance increase over traditional modulators. 

•	 Performance improvements for real radio-an-fiber systems. To the author's 

knowledge, resonantly-enhanced modulators have not yet been used in a real 

radio-on-fiber communication system, nor has their impact on system per

formance been assessed. Experimental results in this thesis provide a new 

understanding of the performance of these modulators in a real system. 

•	 Steps towards integration. While the design and construction of an integrated 

resonant modulator is not pursued in this thesis, specialized electrode struc

tures that achieve the same field profiles as integrated modulators are built and 
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provide a first glimpse at the potential performance of an integrated device. 

These developments are achieved through the design, construction, and analysis 

of several unique resonant electrode structures. Numerous experiments with these 

prototypes are used to validate the model developed and to analyze what effect 

they have on the behaviour and performance of a real radio-on-fiber communication 

system. 

1.3 Thesis Outline 

This thesis is divided into six chapters. Chapter 2 provides a detailed look at the 

operation of electro-optic modulators. The operation of optical phase and inten

sity modulators is described, and the performance of analog radio-on-fiber links is 

examined. Factors that influence its operation are enumerated. 

Chapter 3 is devoted to the discussion of resonantly-enhanced modulators, the 

proposed solution for improving the performance of radio-on-fiber systems. The 

theory behind resonant modulators is described, and a detailed model of these mod

ulator structures developed. Through this model, the modulator can be accurately 

designed and its performance precisely modeled. 

Chapter 4 presents the design of four unique resonantly-enhanced modulators 

used for the experimental work performed for this thesis. This chapter focuses pri

marily on the design and realization of the microwave couplers used to couple energy 

into each of the resonant structures considered. Predictions of the performance of 

each of the structures are also presented. 

The results of experiments performed on each of the modulator structures de
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signed in Chapter 4 are presented in Chapter 5. A description of each of the experi

ments is provided and key observations from each of these experiments are discussed. 

A comparison between the model of the resonant modulator developed in Chapter 3 

and experimental results is also presented in this chapter. 

Finally, the major conclusions of the thesis are presented in Chapter 6, and a 

number of avenues for further research are discussed. 



Chapter 2
 

Background
 

T his chapter provides a review of two important topics. The first is in the 

area of electro-optic modulators. The dynamics of electro-optic modulators 

is presented in detail, beginning with a discussion of the optical phase modulator, 

which forms the basis of more advanced optical modulator structures. The Mach-

Zehnder interferometer, one of the most widely used optical inten ity modulators, is 

also described. 

The second part of this chapter discusses radio-on-fiber systems and how the 

performance of these systems is influenced by the parameters of the components used 

to realize them. Performance of two distinct modes of operation of radio-on-fiber 

systems, linear and nonlinear, is described and derived. Through these developments 

we will see that the optical modulator plays a fundamental role in determining system 

performance. 

2.1 Electro-optic Modulators 

High bandwidth optical communications systems require coherent light sources to 

operate effectively. The laser i used for this purpose, and most modern communi

cation systems utilize semiconductor laser diodes to produce the light used for the 

optical carrier. While the current through the laser diode can be modulated in order 

to yield intensity modulation at the output of the laser, direct modulation of the 



11 2.1 Electro-optic Modulators 

laser diode is not a preferred method for generating radio-an-fiber signals. The main 

reason for this is that modulation of the laser current causes changes in temperature 

and carrier density in the active region of the laser diode, which also acts as an opti

cal cavity for the lasing process. Changes in the carrier density in, and temperature 

of, the cavity change its refractive index, which causes the optical resonant frequency 

of the cavity to change. This in turn causes the output optical carrier frequency to 

vary with applied current. This self-induced frequency modulation (FM) effect is 

known as laser chirp [11]. This phenomenon degrades the performance of optical 

communications system, especially in the presence of chromatic dispersion. Hence, 

external modulation of the optical carrier has become a more favourable method for 

generating signals in many optical communications systems. 

The amplitude and phase of an optical wave can be modulated using a variety of 

devices. Modern devices are generally based on three materials: III-V semiconduc

tors, lithium niobate, and polymers. Semiconductors can be used to realize optical 

phase modulators using the same effect that causes chirp in semiconductor lasers. By 

changing the carrier density in a section of material through which an optical wave 

propagates, the refractive index of the section can be modulated and phase of the 

optical wave modulated, yielding a phase modulator. Semiconductors can also be 

used to create electro-absorption modulators, which are intensity modulators. These 

devices utilize quantum wells embedded in the structure that allow the optical ab

sorption of the device to be controlled by an externally applied electric field which 

in turn can be used to modulate the intensity of the outgoing light [12]. 

Lithium niobate and polymers are a class of materials that exhibit a second-order 

nonlinearity. That is, the polarization P of the material is a nonlinear function of 
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the applied electric field E such that 

(2.1) 

where EO is the permittivity of free space, and d is the second-order nonlinear coef

ficient of the material. Such materials exhibit the linear electro-optic effect, which 

is a linear change in the refractive index of a material in response to an externally 

applied electric field. This effect is known as the Pockel's effect, named after its 1893 

discoverer. An optical wave traveling through this material will be phase modulated 

by the applied electric field. If two phase modulators are placed in an interferomet

ric arrangement, an intensity modulator can be created. The operation of uch an 

interferometer is discussed shortly, but first discussion of optical phase modulators 

is in order. 

2.1.1 Optical Phase Modulators 

An optical phase modulator can be easily realized by sandwiching a section of second-

order nonlinear material between two electrodes, as shown in Figure 2.1. The two 

electrodes form a parallel-plate capacitor and establish a uniform electric field Eo in 

the material. When a light wave enters the material and travels through a section 

of length L, the optical wave will undergo a phase shift of 

¢ = n(Eo)koL (2.2) 

where ko is the wavenumber of the optical wave in free space, given by ko = 21T / Ao, 

and n(Eo) is the refractive index of the medium as a function of the applied electric 

field. For a second order nonlinear material, it is described by [13] 

1 3
n(Eo) = n - 2m Eo (2.3) 
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where n is the refractive index of the medium in the absence of an applied electric 

field, and t is Pockel's coefficient. Substituting this expression into equation (2.2) 

yields 

(2.4) 

where cPo is the phase change through the medium without any external field, given 

by cPo = 27rnLI Ao. 

LIGHT OUT 

ELECTRO-OPTIC 
MATERIAL 

+ 

LIGHT IN 

Figure 2.1: A simple optical phase modulator 

Since the electric field across the electro-optic material is uniform, it can be 

expressed as Eo = Volg, where Va is the applied voltage across the plates, and g is 

the distance between the two plates. Then, the phase shift is given by 

(2.5) 

Optical phase modulators are generally characterized by the voltage required to 

change the phase of the incoming optical wave by 1800 relative to an optical wave that 
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travels through the device with Vo = O. This special voltage is called the switching 

voltage, or V.,,-, of the device, so that the phase shift induced by the modulator can 

be expressed as 

Vo
cP = cPo -71 (2.6)

V.,,

and 

(2.7) 

Most practical realizations of optical phase modulators do not use the parallel-

plate arrangement shown in Figure 2.1 for applying an electric field to the electro

optic material since the structure is not suitable for microwave operation. The 

electro-optic material is often integrated with some form of microwave transmission 

line, such as coplanar waveguide, coplanar stripline, and other planar transmission 

lines, yielding a nonuniform electric field across a cross section of the electro-optic 

material. Additionally, the optical wave itself travels with a certain electric field 

distribution in the electro-optic material corresponding to the mode of the optical 

wave. Nonuniformity in the applied electric field and optical mode leads to a decrease 

in V.,,-, and equation (2.7) is no longer accurate. 

Designers accommodate for this factor by integrating a correction factor into 

equation (2.7), so that 

9 Ao 
V.,,- = L-3 <Sea (2.8)

tn 

The correction factor <Sea is also called the overlap integral, and is defined as [14] 

9 (Xl roo 2 

6ea (2.9)= V J-ooJ-oo EIAI dA 

where A is the normalized optical field distribution corresponding to the optical mode 
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being excited, and E is the applied electric field distribution of the microwave mode 

being excited in the transmission lines making up the electrode of the modulator. 

The transmission lines that interact with the optical waveguide are also usually 

terminated in a resistance matched to the characteristic impedance of the line, as 

shown in Figure 2.2. The termination prevents a microwave signal applied to the 

electrode from being reflected by the end of the electrode, so that the microwave 

signal travels along the length of the electrode and is fully absorbed. Such a structure 

is called a traveling-wave electrode since the electrical signal travels down its length. 

DRIVE ELECTRODE RF INPUT 01---

OPTICAL
 
INPUT
 

ELECTRO-OPTIC MATERIAL 

Figure 2.2: An RF phase modulator 

When a traveling-wave structure is employed to modulate the phase of the out

going light wave, equation (2.4) no longer applies since the electric field a light wave 

sees as it travels along the length of the modulator arm may not be constant. That 

is, the field E varies with position z because the field is changing with time t. In 

this case, the instantaneous phase 6.¢(to) imparted to a light wave incident to the 

modulator arm at time t = to is found by integrating the electric field profile seen 
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by the wave as it travels along the length of the modulator arm: 

(2.10) 

In this equation, L denotes the length of the modulator arm, Vo is the optical phase 

velocity through the arm, E(z, t) is the electric field as a function of position and 

time, and z = 0 denotes the input to the modulator arm. 

Ideally, the microwave signal travels at the same speed as the optical wave inside 

the modulator waveguides, a condition known as velocity match. This condition 

is shown graphically in Figure 2.3. When the optical and microwave signals are 

velocity-matched, an incoming optical wave will see a constant electric field as it 

travels down the length of the modulator arm, assuming the transmission lines are 

lossless. That is, E(t) = E(to) for to ~ t ~ to + L/vo . Under this condition, l1¢(t) 

simplifies to 

(2.11) 

and the phase change induced is the same as the parallel-plate phase modulator 

discussed earlier. That is, the microwave signal looks like a DC signal to the optical 

wave. The instantaneous phase of the outgoing light signal depends only on the 

amplitude of the applied microwave signal at one instant in time, i.e. the modulator 

has no memory of the microwave signal applied to the electrode in the past. Under 

this condition, the bandwidth of the optical modulator is maximized. 

2.1.2 Nonideal Effects 

While optical modulators are simple in principle, there are a number of factors in 

the real world that impact their operation, and must be considered in the design 
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MICROWAVE SIGNAL 

/ t 
~
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t = to 

Figure 2.3: Traveling-wave Electrode Structure 

process. Two factors directly influence the efficiency of the optical phase modulator: 

transit time effects and microwave loss in the electrodes. 

Transit Time Effects 

If the optical wave traveled through the device with infinite speed, the phase of 

the optical wave would only depend on the instantaneous value of the electric field 

profile across the waveguide and the modulator would have no memory. Since zero 

transit time through the device is impossible, designers have created a realistic so

lution by using velocity-matched traveling-wave electrode structures. As shown in 

section 2.1.1, under this condition the electric field profile seen by a traveling optical 

wave is constant and the current phase of the optical wave only depends on the 

instantaneous value of the applied electric field. However, it is not easy to achieve a 

perfect velocity match in physical modulators. 

When the velocities of the two waves are not matched, the optical signal "walks 
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off" from the microwave signal and the electric field profile seen by the optical wave 

as it travels down the waveguide is no longer constant. The integration of equa

tion (2.10) must then be carried out to determine the response of the modulator. 

Velocity mismatch degrades the bandwidth of optical modulators, and is inherent 

to most optical modulator designs. For example, in lithium niobate-based modu

lators, large differences between the optical and microwave indices in the material 

are present; typically noptical ~ 2.2 while nmiCTowave ~ 4 [15]. In the absence of mi

crowave loss in the electrodes, the induced phase retardation of the optical wave is 

given by [16] 

(2.12) 

where 6.¢(to) is the induced phase change under a perfect velocity match, and u is 

given by 

(2.13) 

V m denotes the velocity of the microwave mode traveling along the electrode. From 

this equation, it can be found that the 3 dB phase bandwidth B of the modulator 

(i.e. the bandwidth over which the phase imparted to the optical wave is greater 

than 70.1% of the phase imparted to the wave at DC) is given by 

B -- I 1.4 I (2.14) 
-- 7r L(I/vm -- l/vo ) 

which clearly shows that the worse the match, the lower the bandwidth. 

A variety of methods exist for providing a velocity match in modulators. The 

most common method is to introduce a silicon dioxide buffer layer between the 

electrodes and the substrate to reduce the effective microwave index of the microwave 

mode and thus increase its speed [14]. The thickness of the electrodes can also be 
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controlled to achieve the same effect. There are a number of novel techniques that use 

unique electrode geometries to manipulate how the electric field interacts with the 

active portion of the optical waveguide. In this way, the field profile the optical wave 

sees is adjusted so that the effects of velocity mismatch are mitigated. For example, 

periodic phase reversal of the electrodes, or the use of electrodes that intermittently 

interact with the active region of the modulator, can be used towards this end [15]. 

Electrical Loss in the Modulator Electrodes 

Microwave loss in the transmission lines forming the modulator electrodes is another 

serious factor affecting the performance of optical modulators. Even if an excellent 

velocity match exists in the modulator, the bandwidth of the modulator will still be 

constrained. The transmission lines forming the electrodes have significant attenua

tion constants that will cause the electric field seen by the optical traveling wave to 

decrease with increasing z. This in turn reduces the peak phase change that can be 

achieved through the integration in equation (2.10). The attenuation increases with 

frequency, therefore the imparted phase change is correspondingly reduced at higher 

frequencies. 

The loss in the transmission lines is very difficult to eliminate. It originates from 

losses in the metal electrodes themselves, and to a lesser degree from dielectric losses 

in the substrate. This is because the electrodes are thin evaporated films, whose 

cross-sectional area is low enough that ohmic loss and skin depth become major 

concerns. While the film thickness can be increased to reduce the severity of this 

problem, it is impossible to completely eliminate losses in the electrodes because the 

film thickness cannot be increased arbitrarily without other effects, and unavoidable 
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roughness in the film from the deposition process still introduces attenuation in the 

line. The impact of the loss in the absence of velocity mismatch can be easily derived 

using equation (2.10) to find the phase change with E = Eoe-o:(J)z and comparing it 

to the lossless case with E = Eo. The ratio of the lossy phase to the lossless phase is 

. h(O:(J)L)]
lVI(f) = e-0:(J)L/2 sm -2 (2.15)[ (O:(~)L ) 

where o{f) is the loss coefficient of the transmission line in Np/m as a function of 

frequency. Since a(J) increases with frequency, clearly the response will be reduced 

at higher frequencies. Furthermore, it can be seen that while equation (2.7) suggests 

the switching voltage of the modulator can be reduced arbitrarily by increasing L, the 

loss of the modulator electrodes imposes a limit as to how much L can be increased 

before the bandwidth of the device becomes a concern. 

The bandwidth of a modulator with both velocity mismatch and loss in the 

electrodes can be calculated as [12]: 

sinh2 
(o:(J)L) + sin2 (5..f)] "2

1 

A1(f) = e-0:(J)L/2 2 2 (2.16)
[ ( o:(~)L ) 2 + (~;) 2 

where 

(2.17) 

More aggressive modeling of traveling-wave modulators has been pursued in [17] 

where a full model of an optical modulator including bends, tapers, and non-active 

sections of the transmission line making up the electrode have been characterized. 
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2.1.3 The Mach-Zehnder Interferometer 

So far, only the phase modulation of optical waves has been discussed. Phase mod

ulation by itself is not useful in optical communications systems because optical 

detectors are only sensitive to the intensity of an optical wave, not its phase. An 

optical intensity modulator can be realized by using an interferometer with two in

dependent optical paths containing two phase modulators. Such an interferometer is 

known as a Mach-Zehnder interferometer, and is shown schematically in Figure 2.4. 

DRIVE ELECTRODES RF INPUT 1 ,r------, 

VI (t) 

TERMINATION 

OPTICAL OPTICAL 
INPUT ---==::: OPTICAL SPLITTER OPTICAL COMBINER OUTPUT 

TERMINATION 

RF INPUT 2 "---_---' 

V:i(t) 
ELECTRO-OPTIC MATERIAL 

Figure 2.4: A Mach-Zehnder Interferometer 

The operation of a lIach-Zehnder modulator (MZM) is quite straightforward. 

An incoming optical wave is split and then fed into two equal paths, each of which 

contains an optical phase modulator realized in a fashion similar to that described 

in section 2.1.1. The phase of each arm can then be manipulated independently. 

If the relative phaBe between the two armB iB 0° when the two optical signals are 

combined at the output, constructive interference will occur and the output intensity 
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will ideally be the same as that at the input. Conversely, if the relative phase between 

the two arms is 1800 
, destructive interference will occur and the light at the output 

will be completely extinguished (a condition known as extinction). 

Between these two extremes, the output intensity will vary in accordance with 

the difference in phase between the two arms. However, the relationship between 

the phase difference and the output intensity is not linear. Consider two indepen

dent voltage signals Vl(t) and V2(t) applied to the arms of the MZM as shown in 

Figure 2.4, which lead to two different phase delays through the two anns described 

by equation (2.6): 

(2.18) 

1J2 (t) (2.19) 

If complex envelope notation is used to express the electric field of the optical wave 

traveling through the MZM, then the output field is given by 

(2.20) 

where Ein and EotLt denote the amplitude of the input and optical optical wave, 

respectively. Then, the normalized optical field out of the modulator can be found 

as 

ej(<!>o-l:l<h (t)) + ej (<!>O-l:l<!>2(t)) 

2 

~ej<!>o (e- j l:l<!>l(t) + e-j l:l<!>2(i)) (2.21) 

Here on in, the ej<po term will be ignored, since this is pure phase shift through 

the device that is not affected by the applied voltage signals, and is not detected by 
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the detector. Continuing the simplification, 

~ {cos [.6.</h (t)] + COS[.6.¢2(t)] + j sin[.6.¢1 (t)] + j sin [.6.¢2 (t)]}
2 

.6.¢I(t) - .6.¢2(t)] j[~¢1(t)+~¢2(t)l/2 
cos 2 e (2.22)[

From this equation, it is clear that he output of the MZM IS a combination of 

amplitude modulation, given by the cosine term, and phase modulation, given by 

the complex exponential. In simple AM applications, Vl(t) and V2(t) are set to be 

equal and opposite, so that .6.¢1 (t) = -.6.¢2(t) == .6.¢, and the phase modulation 

term disappears and we are left with a simple expression: 

~:\~1 = cos (.6.¢(t)) (2.23) 

The operation of the MZ f in this manner is referred to as push-pull operation, and 

we shall consider this type of operation for the rest of the discussion for simplicity. 

In this mode of operation, the optical power at the output of the MZM is simply the 

product of the input optical power Po,in and 1Eou,tf E in 1
2 , and is given by 

Po,out Po,in cos2 (.6.¢(t)) 
p.;m [1 + cos (2.6.¢(t))] (2.24) 

The relationship between the optical transmission of the modulator, Po,out! Po,in 

and .6.¢(t) is shown in Figure 2.5. Clearly, there is a nonlinear relationship between 

the applied message signal VI (t) and the intensity of the light at the output of the 

modulator. In analog systems such as radio-on-fiber, we usually want the relationship 

to be linear to avoid generating harmonics from the nonlinearity so that the spurious 

free dynamic range (SFDR) of the link is maximum, unless we purposefully distort 

the output signal in the case of harmonic upconversion, discussed shortly. 
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Po,in 

Vbias 

Figure 2.5: Optical Transmission Characteristic of the Mach-Zehnder Interferometer 

To linearize the characteristic, some DC bias Vbias is added to one or both of 

the arms so that the differential phase between the two arms is (2n - 1H radians, 

where n is an integer. The bias moves the operating point on the characteristic to 

the center of a quasi-linear region of the modulator characteristic as shown in the 

figure. Biasing the modulator at this point is known as biasing the modulator at 

quadrature. Provided t1¢(t) is kept small, the modulator characteristic reduces to 

Po,out 

Po,in 
~ [1 + cos (2t1¢(t) + (2n - 1)~)] 
1 .
2" [1 ± sm (2t1¢(t))] 

~ t[1 ± 2t1¢(t)] (2.25) 

and the modulator characteristic has been reduced to a linear relationship. The sign 

in the above equation depends on whether n is odd or even, although usually the 

modulator is biased with n even so that the output signal is not inverted. 

The performance of radio-on-fiber systems depends heavily on how the modulator 
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characteristic is utilized. In the next section, we shall explore how the transfer 

characteristic of the modulator can be used to predict the performance of these 

systems in both linear and nonlinear (harmonic upconversion) modes of operation. 

2.2 Performance of Radio-on-Fiber Systems 

Radio-on-fiber systems can be run in two distinct modes relating to the transfer 

characteristic of the optical modulator. The first is the linear mode whereby the 

input signal is kept small so that the small-signal approximation of equation (2.25) 

holds. The other mode deliberately uses a large input signal so that the output 

signal is distorted by the nonlinear transfer characteristic of the modulator. Under 

this mode of operation, harmonics at integer multiples of the input signal carrier 

frequency are produced. The goals of both modes of operation are different, and are 

discussed in detail shortly. 

In this discussion, the link schematically presented in Figure 2.6 will be analyzed. 

This link is the optical portion of the radio-on-fiber downlink, i.e., the link from the 

central office to the base station. The radio channel has not been shown, since 

the factors that influence the performance of the link are related to the optical 

components in the system. The parameters of these components and how they affect 

system performance in both modes of operations will be discussed in the subsections 

that follow. 
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Pe.,in 

LASER 

OPTICAL LINK 

Figure 2.6: Optical Portion of the Radio-an-Fiber Downlink 

2.2.1 Linear Operation 

The goal under this mode of operation is to minimize the link loss through the radio

on-fiber system by maximizing the input signal without causing excessive distortion 

in the output signal at the detector. The link gain of the optical subsystem in a 

radio-an-fiber system is the ratio of the power of the message signal at the detector 

output to the power of the message signal at the modulator input: 

G = Pe,det (2.26) 
Pe,in 

Link gain can be easily derived for an arbitrary message signal v(t) by tarting 

from the linear push/pull modulator characteristic described by equation (2.25). If 

we define the time-varying phase difference between the two anns as 

(2.27) 

then the electrical power associated with this input signal that enters the modulator 

is given by: 

p. = v 2 (t) 
e,1.n R (2.28) 

MZM 



27 2.2 Performance of Radio-on-Fiber Systems 

where v2 (t) denotes the average of v2 (t) and RMZM is the termination resistance of 

a single Mach-Zehnder modulator electrode. Here, it is assumed that the push/pull 

drive arrangement is integrated within the modulator and only a single drive elec

trode and termination are required; Pe,in is doubled for dual-drive devices. After the 

optical signal has traveled through the radio-on-fiber link, the optical power at the 

detector given by: 

(2.29) 

where Go is the optical gain between the output of the modulator and the input of the 

detector, usually less than unity. By then using equation (2.25) and equation (2.27), 

the optical power can be found as: 

p. 
Po,det = Go ;m [1 ± 26¢(t)] (2.30) 

GPo,in [1 ± 2v(t) 1f] (2.31)
° 2 v:7r 

The optical detector itself is a square-law device, meaning the the output signal 

out of the detector is proportional to the square of the incident electric field in the 

optical wave entering the detector. Hence, the detector output is proportional to the 

power of the incident optical wave. The majority of photodetectors used in optical 

communications are reversed-biased photodiodes, so changes in the intensity of the 

incoming light lead to a corresponding modulation of the current in the reverse-bias 

circuit loop. This current is described by the following relationship: 

I det (t) = r.RPo,det (2.32) 

r.RG Po,in [1±2V(t)1f] (2.33)
a 2 v: 

7r 

Idet,dc + idet (t ) (2.34) 
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where ~ is a quantity known as the responsivity of the detector in amperes per watt 

(AjW). The output current consists of a DC term Idet,dc and a time-varying term 

idet(t) proportional to the message signal. The average AC power delivered to a load 

Rdet connected to the output of the detector due to the time varying current is: 

(2.35) 

(2.36) 

The final step in determining an expression for the link gain is to re-arrange 

equation (2.28) and substitute it into the above expression. Performing this step, 

the link gain can be calculated as 

P edet ~2G;P;in1r2RMZMRdet
G = -'- = ------.::...-----"-'-'=--:..---,----- (2.37) 

Pe,in Vn2 

To put this equation in perspective, if we consider a simple link with no optical 

loss, reasonable values for device parameters (9< = 1.0 AjW, Vn = 5 V, RMZM = 

50D, R det = 50D), and an optical source power of 1 mW, the link gain can be 

calculated to be -30 dB. This is a large amount of loss, considering that there was 

no optical loss between the transmitter and receiver. Furthermore, some of the 

system parameters cannot be easily changed to try to improve the situation. For 

example, the termination resistances RM ZM and Rdet are generally fixed to the system 

impedance, which is usually 50 D. Deviation from this value causes power loss due 

to reflections at device ports. Also, while the optical gain and source power are 

variable, ultimately the optical power incident at the detector must be limited since 

these devices can only handle a finite amount of input power without being damaged 

(typically a few milliwatts maximum). This leaves device parameters of the optical 

transmitter and receiver to play with. 
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The source of link loss can be localized by separating the link gain into three gain 

components: the gain of the modulator, the gain of the optical link, and the gain of 

the detector. This is done by writing the link gain as three products [18]: 

(2.38) 

where 

(2.39) 

and 

G 
_ 

det -

~2Rdet 
~2 Z (2.40) 

ideal 0 

where ~ideal is the responsivity of an ideal photodiode with 100% quantum efficiency, 

and Zo is the system impedance. Let's consider each of the components in detail. 

Photodetector responsivity is related to the quantum efficiency 77 of the device. 

Quantum efficiency is the ratio of the number of electrons generated by the device to 

the number of photons received by the device in a given time period. The responsivity 

of the photodiode may be written as [19]: 

~ = 77e ),. (2.41)
he 

where e is the charge of an electron, ),. is the optical wavelength, h is Planck's 

constant, and c is the speed of light. Consider),. = 1550 nm, which is a common 

wavelength used in optical communication systems. If an ideal quantum efficiency is 

assumed (77 = 1), then the maximum responsivity of the photodetector can be found 

as 1.25 A/W. Most modern photodetectors have a responsivity in the 0.8-1.0 A/W 

range [18] at this wavelength. Therefore, Gdet generally lies in the range from -3.8 
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dB to -1.9 dB. We see here that the source of loss on the detection side arises solely 

from the nonideal quantum efficiency of the photodiode. 

On the transmission side, the link gain is influenced by the optical output power 

of the source and the switching voltage of the modulator. For the same link as 

considered before, if the source power is 1 mWand the Mach-Zehnder modulator 

has a switching voltage between 4-10 volts, which is a realistic range for modern 

devices, this will translate into approximately 27-35 dB of link loss. Clearly, the 

majority of the radio-on-fiber link loss originates from the Mach-Zehnder modulator 

itself, so it is critical that the loss is minimized at this point. Increasing source power 

is the easiest way to reduce link loss, although as mentioned there are limits on how 

high the source power can be set. Reducing the switching voltage of the modulator is 

another alternative, since from equation (2.39) the link gain is inversely proportional 

to the square of the switching voltage. Thus, if the switching voltage is reduced 

by a factor of 2, the link gain will increase by a factor of 4, translating to 6 dB of 

improvement. 

The modulator switching voltage also has a pronounced effect on the performance 

of nonlinear radio-on-fiber systems based on harmonic upconversion. In the next 

section, the dependence of these systems on low V will be explored in detail. 7r 

2.2.2 Nonlinear Operation 

Radio-on-fiber systems based on harmonic upconversion exploit the nonlinear trans

fer characteristic of the modulator to produce new frequency components at integer 

multiples of the input signal carrier frequency (harmonics) [7][ ][10]. The goal in this 

mode of operation is to effectively upconvert the radio signal fed into the modulator 
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to a higher frequency in the optical domain, whereby the desired harmonic can be 

filtered at the detector output. This reduces or can completely eliminate the need 

for external RF upconversion equipment, decreasing component costs in the system. 

A key parameter in quantifying the performance of harmonic upconversion sys

tems is the modulation depth of the applied signal, which is defined as the peak 

voltage amplitude of the input signal to the switching voltage of the modulator: 

max (v(t))
m = -------'---'--'- (2.42)

Vrr 

If we consider a sinusoidal input signal v(t) = Vosin(wmt), then the optical power at 

the output of the MZM is, from equation (2.25): 

Po,out(t) = P;in [1 ± sin (2 ~: 7f sin(Wmt)) ] 

p.;m [1 ± sin (2m7f sin(wmt))] (2.43) 

Sending a sinusoidal message signal through a nonlinearity generates a series of 

harmonics at the output of the modulator. The harmonics are generated by the 

second term in equation (2.43) since the sine function is approximately linear only 

if the argument is small. Defining the nonlinear function 

x(t) = sin (2m7f sin(wmt)) (2.44) 

the nonlinearity can be described using a Fourier series m complex form 1. The 

resulting expression for x(t) after Fourier analysis is 

00 

x(t) = 2L J(21c-1) (2m7f) sin ((2k - l)wnt) (2.45) 
k=l 

1Refer to the derivation in Appendix A for details 
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where J(2k-l) (.) denotes the Bessel function of the first kind. The output power from 

the modulator described earlier by equation (2.43) can be then be expressed as 

Po,out = Po,in [1 ± 2 f J(2k-l) (2m1f) sin ((2k - l)Wnt)] (2.46) 
2 k=l 

From these formulas, the strength of the nth harmonic as a function of modu

lation depth can be found. A plot of the sideband to carrier ratio as a function of 

modulation depth is shown in Figure 2.7. At the detector, this plot translates to the 

ratio of detected harmonic current to detected DC current. This plot demonstrates 

a few things. First, it shows that even for systems using only the fundamental, there 

is a limit as to how much power can be generated at the fundamental by increasing 

the modulation depth before it falls off due to harmonic distortion. Recall from sec

tion 2.2.1 that the link gain could be increased by reducing V1!"' These results shown 

that V1!" can only be reduced so far for a fixed input signal before the modulation 

depth m becomes excessive and power in the sidebands is actually lost to distortion. 

Second, for systems based on harmonic upconversion, this plot shows that to gen

erate generate harmonics with maximum detected power, greater modulation depths 

are required for increasing n. For example, for maximum fundamental power output 

at the detector requires a modulation depth of about 30%; for the 3rd harmonic, 

about 67%; and for the 5th harmonic, about 100%. 

High modulation depths are difficult to achieve with integrated Mach-Zehnder 

modulators. The main reason for this is that many devices realize the termination 

resistance with thin film resistors integrated within the modulator, which generally 

have a low power rating so the modulator cannot accept large RF powers at the 

input. Typical devices have a termination rated for about 250 mW, which means 
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Figure 2.7: Harmonic generation in a radio-an-fiber system 

that a sinusoidal signal with more than 5 volts peak-to-peak cannot be applied to 

the modulator input without damage. If we are trying to upconvert the incoming 

signal to the 5th harmonic, maximum power output at the detector at this frequency 

will not be possible if modulator has a switching voltage of more than about 5 volts, 

since the modulation depth is required for maximum harmonic power output would 

be outside what the modulator could handle. 

Obviously, the termination rating can be increased, or the modulator can be 

externally terminated, in order to increase the maximum RF power the device can 

handle. However, the termination exists only so that broadband operation of the 

modulator is possible. If only narrowband operation is necessary, as in the case of 

radio-an-fiber systems, it raises the question if such a termination is necessary since 

the termination itself consumes power. As we shall see in the pages ahead, structures 

other than traveling-wave electrodes can be used to achieve this purpose. 



Chapter 3 

Resonantly Enhanced Modulators 

Developments in Chapter 2 showed that the performance of the optical distri

bution side of radio-on-fiber systems, regardless of whether they are based on 

linear or nonlinear modes of operation, depends almost entirely on the performance 

of the transmitter. Specifically, high modulation depths are required at the trans

mitter to ensure the link loss is minimized, and in the case of harmonic upconversion, 

detected harmonic power is maximized. 

The easiest way to improve modulation depth is to reduce the switching voltage 

of the modulator. There are various methods for achieving this, and a variety of 

methods have been proposed in the literature. 

For very low frequency operation (less than 150 MHz), Betts et al. have shown 

that the sensitivity of Mach-Zehnder modulators can be improved substantially by 

matching the source to the input impedance of an open-circuited electrode using a 

lumped-element matching circuit [20]. This causes the arm to resonate according 

to the resonant frequency established by the series tank circuit formed by the ca

pacitance of the arm and the inductance of the matching circuit. The response of 

the modulator at the resonant frequency was improved by 15 dB, which reduced the 

effective V7T of the device to about 180 mV from about 700 mV, a very promising re

sult. Unfortunately, this technique is only useful at low frequencies where the MZM 

electrodes can be reduced to lumped-element circuits and where the optical transit 

time through the modulator is not of concern. 
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The switching voltage of an optical modulator can also be reduced by reduc

ing the gap width 9 between the signal and ground lines in the transmission lines 

composing the modulator electrodes, since a smaller gap increases the electric field 

intensity in the gap and hence in the optical material. However, for standard MZM 

electrodes such as coplanar waveguide (CPW), reducing the gap width requires the 

strip width to be correspondingly reduced so that a 50 D characteristic impedance 

can be maintained. However, reducing the strip width and attempting to move the 

waveguide branches of the MZM closer together causes them to couple leading to re

duced extinction ratio at the output. The coupling can be reduced by introducing a 

groove between the two waveguides, as in [21]. An alternative technique is presented 

in [22] whereby the drive voltage of a push/pull phase-reversed modulator electrode 

is reduced by using an alternative transmission line known as asymmetric stripline 

(ASL) and asymmetric arms. 50 D line can be realized using small gap widths with 

ASL, and the arms can be moved closer together through the use of the asymmetric 

arm structure, and the V of the device is reduced by about 60%.7r 

This chapter focuses on a class of modulators known as resonantly enhanced 

modulators. These modulators use specialized electrode structures which build up a 

standing wave across the electrode, which is a sharp contrast to the traveling-wave 

electrode already discussed. These electrodes develop a greater field across the active 

waveguide at certain frequencies, leading to a greater modulation depth for a given 

input signal. This chapter first presents a review of the work that has been done in 

this area by other researchers. Then, standing-wave and resonant electrode structures 

are described in detail. Finally, the modeling of resonantly-enhanced modulators is 

presented, which is the basis of the design procedures discussed in later in Chapter 4. 
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3.1 Previous Work 

Resonantly-enhanced optical modulators have their origins in optical pulse genera

tion applications. Mach-Zehnder interferometers are natural candidates for generat

ing optical gating pulses due to their inherent speed and nonlinear transfer character

istic, which allow gate-like optical pulses to be generated in response to a sinusoidal 

electrical input. Haus et al. [23] were the first to investigate the use of the MZM for 

this application, and found that using high modulation depths improved the quality 

of the gating function. Furthermore, they found that by cascading multiple MZM's 

and driving each successive modulator in the chain with double the modulation depth 

of the previous one, extremely narrow optical pulses could be generated. However, 

the traveling-wave electrode structure was identified as a limitation from transit a 

power perspectives due to limitations of the resistive termination. A standing-wave 

electrode structure was proposed for overcoming this problem. Some time later the 

same group fabricated the first resonantly-enhanced Mach-Zehnder modulator by 

integrating a side-coupled short-circuited >../2 resonator into the drive structure of a 

standard MZM [24]. The authors were successful in generating an optical pulse train 

at 20 GHz although the microwave performance of the electrode structure was never 

assessed. 

Research into resonant electrode structures for communications applications be

gan soon after with resonantly-enhanced optical phase modulators appearing in the 

late 80's [25] [26]. These designs used basic variations of the side-coupled short

circuited >../2 resonator presented in [24] but no efforts were made to characterize 

the microwave performance of the resonators and match them to the source. These 
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devices operated at 10-20 GHz, and reduced the RF drive requirement by around 

60% in order to achieve a given modulation depth. In [27] the resonant electrode 

structure was embedded in a MZM and the analog link between the transmitter and 

detector characterized. Continuous wave (CW) operation of the device was demon

strated at 17 GHz. 

The first paper to take a detailed look at the modeling aspects of resonant mod

ulators was Gopalakrishnan's seminal paper in 1994 [28]. It is similar to an earlier 

paper by the same author [17] in that a thorough model of the optical modulator 

is developed, except in this case a resonant electrode structure is considered instead 

of a traveling-wave structure. The model accounts for velocity mismatch, electrode 

loss, and non-active transmis ion line connected to the input side of the modulator. 

The model was experimentally verified for short-circuited optical modulators, but 

unfortunately was never validated for truly resonant cavities like those described 

later in this chapter. 

The paper also resulted in a U.S. patent [29], where the authors claimed that the 

resonant electrode structure could be used to enhance the performance of external 

optical phase modulators used for stimulated Brillouin scattering (SBS) suppression. 

This is a promising application since SBS suppression works well when the phase 

modulator is fed with a pure CW signal and the performance of resonant modulators 

is highest with CW inputs. 

Recent work on resonant modulators has focused on optimizing their performance 

for analog communications systems such as radio-on-fiber. Waterhouse et al. recently 

demonstrated a resonant modulator formed by introducing load mismatches at the 

input and output of the MZM electrodes to produce a microwave cavity. In [30], a 
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simple microwave cavity is formed by shorting the electrode output of a MZM arm 

and using a Wilkinson power divider with one input port shorted to couple microwave 

energy into the cavity. While this configuration did improve link loss by close to 10 

dB, the return loss of the arrangement was poor (3-4 dB). A better resonant structure 

was formed by specifically designing special load mismatches at the input and output 

of the electrode so that the electric field built up in the cavity was maximized. This 

configuration was elaborated upon in greater detail in [31], which considers the cavity 

as a Fabry-Perot cavity (similar to the Fabry-Perot etalon found commonly in optics 

literature) and the conditions for maximum field buildup in the cavity. Link loss was 

improved by almost 10 dB in this configuration, and the structure had an improved 

return loss over the original configuration. The resonator operated at a frequency of 

around 500 MHz. 

Resonantly-enhanced intensity modulators for radio-on-fiber systems have not 

been demonstrated beyond 500 MHz. Furthermore, integrated resonant modulators 

for these systems have not yet been presented in the literature. While the con

struction of an integrated resonant modulator was beyond the scope of this thesis, 

a major goal was to create a resonant modulator design that could simulate the 

performance of an integrated modulator without having to build one. This is made 

possible through some of the unique resonator structures and modeling approaches 

that are discussed in the pages ahead. 

Finally, while a number of researchers have attempted to model resonantly

enhanced modulators using various techniques, it was desirable to have a unified 

approach that could use the measurable microwave parameters of the modulator to 

determine the gains offered by resonant modulator designs. The goal of the following 
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sections is to develop the theory behind the resonantly-enhanced modulator, and a 

corresponding model of it, towards this end. 

3.2 Fundamentals 

3.2.1 Standing-Wave Electrode Structures 

The conventional method for realizing electrodes on a Mach-Zehnder modulator is 

to use the traveling-wave electrode structure presented in detail in Chapter 2. The 

electrode is terminated in a matched load that absorbs the microwave signal travel

ing along with the optical wave. In standing-wave electrode structures, the matched 

termination is removed and replaced with an impedance with a high reflection co

efficient r L. This results in a reflection at the end of the electrode, leading to 

interference between the forward- and reverse-traveling waves. This interference es

tablishes a standing wave electric field profile along the length of the electrode. For 

example, shorting the electrode (rL = -1) leads to the standing wave profile shown 

in Figure 3.1. 

Setting up a standing wave in this fashion can increase the modulation depth of 

an optical modulator at certain frequencies because the standing wave has a greater 

amplitude than the incident wave. In the shorted electrode case just considered, the 

standing wave has twice the electric field as the incident wave. Hence, the electric 

field applied across the optical waveguide at one of the antinodes of the standing 

wave is two times greater than that which could be achieved with a traveling-wave 

electrode structure. 

The exact improvement in modulation depth depends on the exact field profile an 
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Figure 3.1: Short-circuited standing-wave electrode 

optical wave sees as it travels through the arm of the modulator. When a sinusoidal 

signal is applied to the electrode, the field profile seen by the wave is also sinusoidal, 

unlike the traveling-wave case where the profile is flat. The exact phase imparted 

to the optical wave by the electrode depends on the integral of the electric field 

profile as shown earlier in equation (2.10). To simplify the discussion, consider the 

case of zero optical transit time through the modulator arm. Under this condition, 

equation (2.10) reduces to 

6.¢(to) = rL 
7fm 

3 
E[z, to]dz = K rL 

E(z, to)dz (3.1)Jo >'0 Jo 

where K = 7ftn
3/ >'0. The profile E(z, t) itself depends on the frequency of the applied 

signal and the reflection coefficient of the termination. Consider first the termina

tion, which has a reflection coefficient fL. For maximum field enhancement within 

the microwave cavity, the termination should have the highest reflection coefficient 

possible. Therefore, the termination is usually chosen to be an open (fL = 1) or a 

short (fL = -1). The phase of the termination determines the relative po ition of 
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the standing wave nodes relative to the termination. For example, using a short will 

place a node at the location of the termination as shown in Figure 3.1 while using 

an open will place an antinode at the same position. 

The frequency of the applied signal determines the wavelength of the standing 

wave, and consequently, the number of wavelengths that will fill the length L of the 

electrode. At certain frequencies, the input impedance to the electrode will be zero 

or infinity, corresponding to resonant frequencies of the electrodes. This condition is 

known as a resonant mode of the electrode. 

Several examples of different resonator modes for different terminations are shown 

in Figure 3.2. Since the phase change imparted to the optical wave depends on the 

integral of the electric field profile the light wave sees as it travels through the arm, 

the profile yielding the greatest modulation depth is the one that has the greatest 

average value. It is fairly straightforward to prove that the shorted >../2 line can be 

used to achieve this profile, which is shown in Figure 3.2(a). A quarter-wave short

or open-circuited line also has the same average value as the shorted >../2 line profile 

for the same resonator length, although it only resonates at half the frequency of 

the short-circuited line. An example of the profile for an open-circuited >../4 line is 

shown in Figure 3.2(b). Higher order modes have only a fraction ofthe average value 

of the above-mentioned profiles. Consequently, the net phase change imparted to 

the optical wave will be reduced because symmetrical sections of the profile cancel 

out the induced phase in the optical wave, effectively reducing the length of the 

active region of the arm. For example, the short-circuited 3>../2 line profile shown in 

Figure 3.2(c) only has one-third the average value of profiles (a) and (b). Finally, an 

open-circuited >../2 line such as that shown in Figure 3.2(d) is completely ineffective 
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Figure 3.2: Examples of standing-wave field profiles 

because the profile integrates to zero. If the optical transit time was zero through 

the modulator arm, zero phase would be imparted to the optical wave! Generally, 

the short-circuited >../2 line profile is preferable because the resonant frequency of 

the arm is higher for a given electrode length and input modulation depth. The 

remaining discussion will assume this type of profile. 

As the frequency is increased beyond the resonant frequency, the phase change 

created by the standing-wave electrode structure decreases because the average value 

of the field profile drops. In the extreme case, if the frequency applied to the electrode 

is twice the resonant frequency, the phase imparted to the optical wave will be zero 

(assuming zero transit time) because a full-wave sinusoidal profile integrates to zero. 

Therefore, it can be seen that the standing-wave electrode structure is only effective 
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around the resonant frequency of the device. The bandwidth of the traditional 

traveling-wave structure is essentially sacrificed in order to improve the modulation 

depth at resonant frequency. 

3.2.2 Resonant Electrode Structures 

So far, only standing wave electrode structures have been considered. It has been 

shown that using a shorted half-wavelength line yields the greatest modulation depth 

out of all the standing-wave electrode structures possible. However, executing the 

integration of equation (3.1) for a lossles standing wave structure yields a peak 

phase change of 

rL=>./2 4KEo 
!::l¢(tO)pk = K io 2Eosin(,0z)dz = -,0- (3.2) 

where Eo is the amplitude of the incident sinusoidal wave applied to the electrode 

and ,0 is the phase constant of the electrode. Compare this to the phase change 

generated by a lossless traveling-wave device: 

(3.3) 

where the substitution ,0 = 21T / A has been used. These calculations show that only 

a 4/1T = 1.27 factor of enhancement is offered by the standing wave device, which 

reduces the effective V1r of the modulator to 78% of the equivalent traveling-wave 

device at the resonant frequency. However, it is possible to improve this figure 

substantially by introducing a coupler at the input to the standing-wave electrode. 

This coupler creates a microwave cavity between the coupler and the termination of 

the transmission line, and can produce larger fields across the modulator electrodes. 
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To understand how this works, consider a coupler at the input to the standing-

wave electrode that has a high reflection coefficient looking back towards the source. 

This situation is shown in Figure 3.3. Much of the energy reflected from the short to 

the coupler will be re-reflected back towards the short while a mall amount of energy 

escapes back through the coupler towards the source. If the phase of the reflection 

is right, the standing wave profile will be sustained but the peak amplitude of the 

standing wave will be much higher than that created with a standing-wave electrode 

alone. This happens because the energy in the cavity continually gets re-reflected by 

the short and the coupler, building up the amplitude of the standing wave. In fact, 

the peak amplitude of the standing wave developed in such a configuration is only 

limited by the coupling between the resonator and the outside world, and the loss of 

the microwave cavity itself. 

ELECTRIC FIELD PROFILE 

INPUT 0----1 COUPLER ~ SHORT 
~---~~ ~~I ~rL=-l 

SIGNAL FLOW 

Figure 3.3: Coupled short-circuited >../2 line 

Like modulators based on standing wave electrodes, resonant modulators capi

talize on the high fields developed in the cavity to produce a greater phase change to 
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the optical signal traveling through the arm than that possible with a traveling-wave 

electrode. The tradeoff is that the large bandwidth offered by the traveling-wave 

structure is sacrificed to give a large response at certain frequencies corresponding to 

the resonant modes of the cavity. However, for many narrowband applications, such 

as radio-on-fiber, the sacrifice is well worth the improved response of the modulator. 

The coupler that transfers microwave energy from the source to the resonator 

is the most important part of the resonator. It must be accurately designed so 

that maximum field buildup is possible in the microwave cavity while the energy 

reflected back to the source is minimized. In the next section, the design technique 

for microwave couplers is reviewed. 

3.2.3 Resonator Coupler Design 

Ideally, the coupler linked to the resonator keeps most of the energy in the cavity 

while providing a match to the source so that it sees a matched load at the resonant 

frequency. The relationship between the reflection offered by the coupler to the 

resonant cavity (822) and the coupling from the source (821) is important. At first 

glance, it would appear that for best performance the coupler should be as reflective 

as possible so that very little energy escapes from the coupler and the buildup of 

field in the cavity is great. However, consider the case of a lossless coupler with 

ISlll = VI -18211 2 = IS221· If the coupler is highly reflective, it also means that less 

energy will be coupled in from the source to begin with. Much of the energy will 

not make it into the cavity at all because it will get reflected by the coupler at the 

input. Conversely, if the coupling from the source is large, very little energy remains 

in the cavity because a large portion of it will be coupled back to the source after the 
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first reflection. These situations are referred to under-coupling and over-coupling, 

respectively, and they both result in reduced field enhancement in the cavity, and a 

significant amount of energy being reflected back to the source (large fin values) [32]. 

The goal in resonator design is to strike a balance between these two cases so that 

the resonator is critically coupled. The resonator will have the best return loss and 

field enhancement under this condition. 

Resonators can be either capacitively or inductively coupled. In a capacitively-

coupled resonator, the microwave signal is coupled into the resonator using a series 

capacitance, while in an inductively-coupled resonator, a shunt inductance is used. 

The type of coupler depends on the type of resonant element being used and resonator 

mode being used. Shunt-inductive couplers are used to couple into short-circuited 

n)../2 resonators, where n = 1,2,3, .... Similarly, a series capacitive coupler is used 

to couple to a open-circuited n)../2 resonators. These two types of couplers are shown 

in Figure 3.4. For quarter-wave resonators and subsequent higher order mode res

onators, the coupler types are reversed. For example, a ),,/4 open-circuited resonator 

is coupled to using a shunt-inductive coupler. 

The inductance or capacitance value of the coupler is chosen so that the res

onator is critically coupled. The derivation of the critical coupling condition is very 

straightforward and is presented in Appendix B. For a shorted ),,/2 resonator, 

(3.4) 

where Q(w) is the unloaded quality factor of the resonator at a given frequency. The 

relationship between the quality factor of the resonator and the required coupling 

inductance is shown graphically in Figure 3.5 for Ie = 2 GHz. The plot shows that as 



47 3.2 Fundamentals 

Of-----I l--(--0 

2 2 

O---L.-----< Of----------O 

(a) Shunt-inductive (b) Series-capacitive 

Figure 3.4: Types of resonator couplers 

the cavity becomes increasingly lossy, the required coupling inductance must increase 

accordingly in order to maintain critical coupling. In fact, in the limit as the loss 

goes to infinity, the coupling inductance will become so large that a coupler is no 

longer required. Conversely, as Q --+ 00, the coupling inductance becomes so low 

that becomes impossible to couple energy into the resonator. This makes sense, since 

if the resonator had infinite Q, and we could somehow get energy into the resonator, 

it would resonate forever, a physical impossibility! 

It is important to realize that loading the resonator element with the coupler 

always reduces the resonant frequency of the circuit, because at resonance, the input 

admittance of the circuit is zero, and 

.XL + tan((3L) 
Yin(W) = -J ((3L) = XL + tan((3L) = 0 (3.5)

XL tan 

where XL = wLe/Zo is the normalized reactance of the inductor. The solution to this 

equation determines the resonant frequency Ie of the entire resonator configuration. 

Normally, we would expect a line to resonate when tan((3L) = 0 alone, since ideally 

only the length of the resonator determines the resonant frequency. However, the 
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Figure 3.5: Relationship between quality factor and critical coupling inductance 

addition of the coupler changes the resonant frequency, and here it can be seen that 

the reactance of the coupler has the effect of lowering the resonant frequency from 

the ideal point. This is important since if the resonator is to resonate at a certain 

frequency, it must be shortened to compensate for the loading of the coupler. 

For transmission line resonators, the unloaded quality factor Q(w) is defined as 

Q(w) = f3(w) (3.6)
2a(w) 

where a is the attenuation factor of the transmission line in Np/m. At resonance, 

(3.7) 

Since f3(w c )L ~ 7r at resonance, the normalized coupling reactance can be simplified 



3.3 Modeling of Resonantly Enhanced Modulators	 49 

as 

(3.8) 

and the critical coupling inductance is 

(3.9) 

From this equation, the necessary coupling inductance can be calculated if loss of the 

electrodes is known. This quantity can be very easily measured or predicted. This 

equation will be used to determine the peak field developed inside the resonator in 

the upcoming section. 

3.3 Modeling of Resonantly Enhanced Modulators 

The goal of this section is to develop a general model of resonant electrode struc

tures that can be used for two different cases. The first case is an electro-optic 

modulator that already exists in packaged form that is transformed into a resonant 

design by placing components of the resonator at the input and output ports of the 

packaged the device. A resonant modulator realized in this way is referred to as an 

externally-resonated modulator. The second case is a fully-integrated resonant elec

trode structure with all resonator components existing on the modulator substrate 

itself. The basic model is based on the resonator structure shown in Figure 3.6. This 

is a generalized form of the resonator structure shown earlier in Figure 3.3. 

From this model, we would like to be able to extract the following parameters: 

•	 The reflection coefficient of the entire arrangement, so that the operation of 

the coupler can be verified and the coupler tuned if necessary. 
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Figure 3.6: Generic end-coupled resonator structure 

•	 The electric field profile across the active section of the device, so that the 

resultant phase shift imparted to the optical wave can be ascertained. 

A signal flow graph (SFG) can be used to derive these quantities effectively. In 

the following sections the application of the SFG to determining each of the above 

quantities will be presented. 

3.3.1 Input Reflection Coefficient 

If the s-parameters of the coupler are known, the reflection coefficient seen by the 

source fin can be found using the signal flow graph (SFG) shown in Figure 3.7. In 

the SFG, '"Y = a + j 13 denotes the propagation constant of the electrode, and Sij 

denote the s-parameters of the coupler at the input to the resonator. 

The input reflection coefficient can be found by determining the ratio of R to I 

in the SFG using Mason's rule: 

(3.10) 

Now consider the short-circuited half-wavelength resonator derived earlier. This 
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Figure 3.7: SFG Model of the generic resonant electrode structure 

resonator has r L = -1, and the s-parameters of the inductive coupler are given by 

c 
j2wL 1j2wLc+Zo (3.11) 

_ Zo 
j2wLc+Zo 

Substituting equation (3.11) and r L = -1 into equation (3.10) gives the input reflec

tion coefficient as a function of the coupling inductance Le , electrode characteristic 

impedance Zo, and propagation constant /: 

-Zo + Zoe-2"(L - j2wL e-2"(Ler = - -----------::--..,....--	 (3.12) 
m _ j2wL - Zo + Zoe-2"(Le 

This equation can be used to predict the return loss of the resonator to ensure that the 

resonator has the minimum reflection at the resonant frequency. More importantly, 

the technique used to derive the reflection coefficient from the SFG can be applied to 

other resonator configurations, which is particularly useful for packaged modulators 

converted to a resonant design. This situation will be considered in section 3.3.6. 

3.3.2 Phase Change to the Optical Wave 

Another piece of important information that can be derived from the signal flow 

graph in Figure 3.7 is the electric field profile as a function of position. The field 
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profile is crucial since its integral ultimately determines the depth of the optical 

modulation offered by the electrode. Although the shape of the field profil is eas

ily predicted for terminations such as opens and shorts, the amplitude of the wave 

established in the cavity must be predicted in order to calculate the optical phase 

change caused by the profile. This amplitude is not simple to calculate because it 

depends on the superposition of multiple reflections of a wave from the coupler and 

the termination. Also, the actual shape and position of the profile relative to the 

active region of the modulator is important, since this determines the optical phase 

imparted to the optical wave. If the electrode is terminated in a more obscure termi

nation, or there is physical separation between the active region and the termination, 

the profile needs to be accurately calculated. Finally, we have seen that loading the 

resonator with a coupler reduces the resonant frequency. Therefore, it is expected 

that the field profile will actually be slightly less than half a wavelength, which will 

in turn affect the change the average value of the profile. The signal flow graph 

accounts for this effect through the inclusion of the s-parameters of the coupler, and 

can also be used to determine the loaded resonant frequency of the structure. 

The profile calculation can be done by establishing a spatial coordinate ystem 

with z = 0 at the start of the electrode, and the end of the electrode marked by z = L. 

The electrode is then split into two sections, one of length z and one of length L - z, 

as shown in the signal flow graph in Figure 3.. This way, two points A and Bare 

established at position z along the electrode. The ratio AI I is interpreted as the 

amplitude of all the forward-traveling waves at position z relative to the incoming 

wave at point I. Similarly, the ratio B I I is the amplitude of all the reverse-traveling 

wave in the cavity, relative to the input wave. The sum of these two ratios is the 
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instantaneous amplitude of the standing wave inside the cavity relative to the input 

wave. 

z=Q z z=L 

1 321 I e-'z 'I e-,(L-z) 

I 
A 

311 322 r L (TERMINAnON) 
B 

R 
1 312 

~ "--
e-'z e-,(L-z) 

.--J 

COUPLER MODULATOR 
ELECTRODE 

Figure 3.8: SFG 110del of the generic resonant electrode structure 

Signal flow graph theory lends itself well to feedback loops like those shown in 

Figure 3.15. By using Mason's rule, the two ratios AII and B II are found as 

- rzA S21 e 
- (3.13)
I 1 - S22e-2,LfL 

and 

B 521 e,ze- 2,LrL 
- (3.14)
I 1 - s22e-2,L f L 

The envelope U(z) of the standing wave relative to the incident wave is found by 

adding AII and B II so that 

(3.15) 

If Eo denotes the amplitude of the incident electric field to the electrode, then the 
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electric field profile as a function of time is given by 

E(z, t)	 ~ {EoejwtU(z)} 

~ {Eoejwt [ 821 (e-V+ rLe-2,L+V)]} (3.16)
1 - 822e-2,Lr L 

The enhancement in the electric field comes about mainly from the relatively small 

denominator in the expression for U (z): the smaller the loss and the greater the 

reflection coefficient of the load and coupler, i.e. the greater the Q of the microwave 

cavity, the greater the enhancement. This relationship is more apparent if we take 

a closer look at this equation and develop a relationship between the cavity Q and 

the peak field developed within the cavity. 

3.3.3 The	 Effect of Q on Field Strength 

The dependence of the peak field developed within the cavity has been shown to be 

dependent on the parameters of the coupler and transmission line making up the 

resonant cavity. Collectively, all these parameters determine the quality factor, or 

Q, of the cavity, which was mentioned briefly in section 3.2.3 on resonator couplers. 

The unloaded Q of the cavity was previously defined as 

(3.17) 

Under the condition of critical coupling, the Q of the external driving circuit, which 

is composed of the coupler and the source impedance Zo, has an external Q defined 

as 

= wcLcQ	 (3.18) 
e Zo 



55 3.3 Modeling of Resonantly Enhanced Modulators 

which is equal to the unloaded Q of the resonator when critical coupling is achieved. 

Therefore when the resonator, coupler, and source are connected together, the r s

onator has a loaded Q of 

(
1 )-11 

Ql= -+- (3.19)
Qu Qe 

From this equation, it is difficult to see what role the coupler and termination r L 

play in determining the Q of the cavity. In section 3.2.3, it was seen that are onator 

with lower unloaded Q required higher coupling inductances, which lowers the re

flection coefficient of the coupler. However, if the reflection coefficient of the coupler 

drops, the loaded Q of the cavity should drop as well due to the relationship between 

the Q of the resonator and the Q of the external drive circuitry. Unfortunately, the 

direct relationship between the Q of the cavity and the reflection coefficient of the 

coupler cannot be easily seen from these formulas. To make this relationship more 

explicit, it is useful to define an effective attenuation constant O'-eJJ which is the ap

parent distributed loss coefficient that takes into account the reflection coefficient of 

the coupler and the termination as 

(3.20) 

Then, the loaded Q of the cavity is given by 

{3
Ql=- (3.21)

20'-eJJ 

which is equal to half the unloaded Qof the cavity at resonance with critical coupling. 

Therefore, 

{3
Qu=- (3.22) 

O'-eJJ 
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The importance of this effective attenuation factor will become apparent shortly. 

Now that the various Q's of the cavity have been defined, the relationship between 

the Q of the cavity and the peak field developed within the cavity can be explored. 

Recall that the increase in field strength in the cavity due to the resonance effect is 

caused ntirely by U(z) in equation (3.16). U(z) can be expressed as 

(3.23) 

The second term in the above equation is responsible for changing the value of the 

envelope as z is varied. Ua is given by 

(3.24) 

The value of Ua is found by determining the s-parameters of the coupler at the 

resonant frequency Ie. At resonance, the transmission coefficient of the coupling 

inductance is given by 

j2weLes21 = _-=------C.---C._ (3.25)
j2we Le + Za 

Since the phase of 321 does not affect the peak field developed within the cavity, only 

the magnitude of 321 will be considered: 

(3.26) 

Substituting in the expression for the optimum coupling inductance given by equa

tion (3.9) and simplifying yields 

(3.27) 

ext, consider the denominator of equation (3.24). At resonance, the denomina

tor of this equation becomes an entirely real quantity because the necessary condition 
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for resonance is that the loop gain S22e-2-yLrL must have a phase of 360°. At reso

nance, then, this quantity is real, and equal to e-2
O:effL , where O'.eff is the apparent 

distributed attenuation factor of the cavity defined earlier. Using equation (3.22), 

(3.28) 

Since 2{3L ;:::;; 27f at resonance, 

(3.29) 

and the equation for Uo can be written as 

(3.30) 

The maximum field developed in the cavity is then given by 

(3.31) 

If aL « 1, which is the case for any practical resonator, then the maximum value of 

2!e--Yz + r Le- -yL+-yz I is approximately 2. Hence, the peak field enhancement factor of 

the resonator is given by 

Emax 2V27f / (Qu + 27f)
F - -- - -----'--------=--;-:::-- (3.32)- Eo - 1 - e-21f / Q 

This equation relates the field enhancement factor offered by the resonator as a 

function of unloaded resonator Q. Figure 3.9 show a plot of the enhancement factor 

as a function of the unloaded Q of the cavity. It shows that the relationship between 

Q and F is nonlinear. Notice that as Q ---. 0, the enhancement factor of the cavity 

reduces to 2, which matches the expectation for a standing-wave transmission line 

assuming the losses of the transmission line are negligible. 
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Figure 3.9: Relationship between Q and the field enhancement factor 

Usually, we prefer to express the field enhancement within the cavity as a function 

of the cavity loss aL, since thi can be directly measured. We do this by tarting 

from the modified expression for Uo: 

(3.33) 

At resonance, 

Q _ (3 _ (3L ""' 7f (3.34)- 2a - 2aL ""' 2aL 

Substituting this relation into the expression for IS211 given by 3.27, 

~ (3.35)IS211=V~ 

Next, O'.effL is calculated from equation (3.20 knowing that 

IS221 = J1 - Is12l 
2 

= J1 +~aL (3.36) 



59 3.3 Modeling of Resonantly Enhanced Modulators 

since the coupling inductor is lossless. Then, 

1 
cxefJL = cxL + "2ln VI + 4cxL (3.37) 

and Uo can be expressed as 

(3.38) 

from which field enhancement factor is found as 

(3.39) 

This equation can be used to predict how much the field will be increased inside 

the resonator from the single pass loss through the resonator cxL. This can be 

easily derived from measurements of the resonator electrode. A plot of the field 

enhancement factor as a function of cxL is shown in Figure 3.10. 

The actual field profile as a function of position z is summarized as 

(3.40) 

With the exact field profile known, equation (3.40) can be substituted into equa

tion (3.16) to find the electric field as a function of z, which can then be substituted 

into equation (2.10) to determine the exact phase imparted to the optical wave. How

ever, the effect of optical transit time in this equation has not been assessed. To this 

point, most derivations have assumed zero optical transit time through the device. 

Optical transit time is an important consideration in traveling-wave electrode de

signs, because it influences the velocity match between the electrical and microwave 

signals. However, does the concept of velocity match apply to resonant modulators? 

How does the optical transit time affect a counter-propagating microwave signal, as 

in the case of a reflection? The next section seeks to answer these questions. 
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Figure 3.10: Relationship between aL and the field enhancement factor 

3.3.4 Effects of Finite Optical Transit Time 

The effect of finite optical transit time through the modulator arm can be assessed 

for standing wave or resonant modulator arms if the electric field profile across the 

arm is known. Without loss of generality, the electric field profile will be assumed 

to be the half-wave profile that is typical of shorted electrode designs, which can be 

described by 

E (z, t) = F Eo sin(wt) sin (~z) (3.41) 

where Eo is the field strength of the incident wave and F is the enhancement factor 

of the electrode defined earlier. Substituting this into the original expression for the 

phase change of the optical wave given by equation (2.10) yields the phase imparted 
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to the optical wave: 

(3.42) 

oting that Ao = 27fc/wo, where C is the speed of light and W o is the optical carrier 

frequency in rad/s, 

(3.43) 

(3.44) 

If T = L/vo is used to denote the optical transit time through the modulator arm, 

then equation (3.44) can be simplified to 

3 
wotn (WT) ( WT)C::.¢(to) = ~voFEo cos 2 sin wto + 2 (3.45) 

The impact of the transit time can be more readily seen if a new time variable t~ is 

defined to be the time the optical wave arrives at the center of th modulator arm 

z = L/2, so that 

L 
to 

I 

= to + (3.46)
2vo 

and 

o
( ') w tn

3 

(WT) (') [ 1 ]C::.¢ to = --voFEo cos - sin wto 2 (3.47) 
7fC 2 1 _ (w:) 

In contrast, if a traveling-wave modulator had been used, the phase imparted to 

the optical wave for same input signal would have been 

3 

( ') wotn EoL . ( ')C::.¢TW to = sm wto (3.48)
2c 
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Therefore, the resonant modulator imparts a factor of P more phase change to the 

optical wave than the traveling-wave modulator with the same input signal, where 

P is defined below. P is analogous to F in the optical domain: if a resonator builds 

up the field by a factor of F relative to a traveling-wave electrode in the electrical 

domain, the corresponding buildup of field increases the phase modulation in the 

optical domain by a factor of P. 

(3.49)~ 2: COS(~T) [1- (~)2]
 
The bulk of the modulation enhancement comes from the first term in the ex

pression for P, which depends entirely on the increase in electric field across the 

modulator arms caused by the resonator. Recall from section 3.2.2 that for a stand

ing wave electrode structure (F = 2), the relative improvement to a traveling-wave 

structure was 4/7r. From the above equation, it can be seen that this is the same 

case, except that the improvement has been reduced through multiplication by a 

factor 

Jv! = COS(WT/2) 
1  (WT /7r)2 

(3.50) 

which is called the transit time reduction factor [24]. The reduction comes about 

because the field profile an optical wave sees as it travels through the modulator arm 

changes with time, such that the overall area under the curve of the profile is less 

than the zero transit time case. The effect of transit time on the electric field profile 

an optical wave sees as it travels through the modulator is demonstrated graphically 

in Figure 3.11. 

It is clear that both standing-wave and resonant modulator designs benefit the 

most if the optical transit time is as low as possible. For modern LiNb03 modulators 
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Figure 3.11:	 Electric field profiles seen by an optical wave for zero and nonzero optical 
transit times 

(T ~ 220 ps) operating at 2 GHz, M is around 0.83. A plot of the reduction factor 

as a function of WT is shown in Figure 3.12. 

From this discussion, it can be seen that the velocity match between the m1

crowave traveling waves and the optical traveling plays no role in determining the 

performance of a resonant or standing-wave resonator. Rather, the performance de

pends purely on how quickly the optical wave travels through the modulator relative 

to the evolution of the field profile over time, which in turn depends on w. Ideally, 

the profile should not change at all as the optical wave travels through the modulator 

arm (i.e. T = 0), a condition that cannot be met in practice. 
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Figure 3.12: Plot of the transit time reduction factor 

3.3.5 Modifying the Model to Include Feedlines 

Thus far, the entire length of the modulator electrode has been assumed to interact 

with the active portion of the optical waveguide in the modulator. In practice, a 

significant portion of the electrode does not interact with the active region because 

passive sections of electrode are needed feed the active section of the electrode. An 

illustration of the layout of a standard MZM is shown in Figure 3.13. 

The feedlines do not affect the design of integrated resonant modulators signifi

cantly, since the resonator elements can be patterned at appropriate locations along 

the modulator electrode so that the microwave cavity is confined to the active region 

of the waveguide. However, non-active sections of electrode have a major impact on 

resonant modulators realized from packaged modulators, where the resonator com
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Figure 3.13: Layout of the electrodes in a standard MZM (courtesy Gopalakrishnan) 

ponents are located external to the modulator package. Resonant modulators in this 

form can only confine the resonant cavity between the two connectors on the modu

lator package, so the resonance is established along the entire length of the electrode, 

passive and active sections included. Since the passive sections of electrode lengthen 

the microwave cavity, the resonant frequency of the electrode is reduced below that 

which would be obtainable if the resonance were confined to the active region only. 

Hence, instead of establishing a half-wave profile across the active region, the half-

wave profile is established across the entire modulator electrode from connector to 

connector. As we shall see, this is not all bad, but it does limit the maximum 

frequency achievable with these devices unless more clever resonant structures are 

used. 

To account for the extra electrodes beyond the active region of the device, here

after called non-active sections of transmission line, the structure of Figure 3.6 is 

generalized as shown in Figure 3.14. Note that resonant line is now composed of 
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three different transmission line sections, all of which will resonate together as a 

single homogeneous line with length Lt = Lin + L + Lout. Lin denotes the length 

of the line leading from the input connector on the MZM to the beginning of the 

active section of the device, L denotes the actual length of the active section, and 

Lout denotes the length of the line leading from the output connector on the MZM 

to the output section. z is used to denote the distance from the beginning active 

section (0 :S z :S L), so that E(z) can be used as before to denote the electric field 

profile inside the active section of the waveguide. The associated signal flow graph 

with the generalized structure of Figure 3.14 is shown in Figure 3.15. 

1 E L'o'ol 31 
r---'-----_JL__INPUT 
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~+Z 

Figure 3.14: Generic end-coupled resonator structure 
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Figure 3.15: Signal flow graph of the generic end-coupled resonator structure 

With this modification to the model and SFG, the expression (3.10) for the input 



-------

67 3.3 Modeling of Resonantly Enhanced Modulators 

reflection coefficient of the resonator remains the same, except that L is replaced 

(3.51) 

The greatest impact of the feedlines, however, is on the optical profile across the 

active section of the modulator. As the ratio LtlL increases beyond the ideal case 

of unity, the fraction of the wavelength contained across the active section becomes 

much less than half a wavelength. This effect is shown graphically in Figure 3.16 for 

a fixed Lt. In the limit as LtlL -----7 00, the field profile becomes completely flat. 
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Figure 3.16: Effect of various LtlL ratios on the active section field profile 

An interesting side effect of the feedlines is that because they flatten the field 

profile, the phase imparted to the optical wave is increased because the field profile 

integrates to a higher value for increasing values of LtlL. In fact, as Lt -----7 00 the 



68 3.3 Modeling of Resonantly Enhanced Modulators 

response of the modulator becomes the same as that as a velocity-matched traveling-

wave modulator, except that the amplitude of the field is greater due to the resonance 

effect. Carrying out the integration of 3.44 with a modified profile across the active 

sections gives 

3 
woVotn ') {Lt (wL 7r L)6.¢' (t~) F Eo sin(wto L sin -2 - 2L

2c w t - 7rVo Vo t 

Lt . (wL 7rL)}+ sm -+- (3.52)
wLt + 7rVo 2vo 2Lt 

Comparing this phase to that from equation (3.48) gives a new optical phase en

hancement factor pi: 

pi 

(3.53) 

This is a more generalized form of equation (3.49) that accounts for any LtlL ratio. 

As an example, Pl/F is plotted in Figure 3.17 for Vo = 1.364 X 108 m/s (no = 2.2), 

f = 500 MHz, and 1 :s LtlL :s 10. It can clearly be seen that as the resonator field 

is extended outside of the active region, there is increased phase modulation due to 

the flattening of the field profile. Since pi can be used for any LtlL case, we drop 

the prime in future discussions. 

Note that this analysis has omitted the effect of attenuation in the electrodes. 

Obviously, to increase the LtlL ratio, the feedline length must be increased, which 

will increase the attenuation in the resonator and hence lower the field enhancement 

factor F. This analysis is intended primarily to alert designers to the fact that the 

phase modulation response of the modulator is affected significantly by the feedline 
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Figure 3.17: Effect of LtlL on the maximum phase imparted to the optical wave 

length. The importance of this design factor will become more apparent later in this 

chapter and in Chapters 4 and 5. 

This development has also assumed an ideal field profile centered about the max

imum of the standing wave established in the microwave cavity. To more accurately 

model the the actual field profile in the cavity, which accounts for these effects, the 

signal flow graph in Figure 3.15 is used. Applying the same technique as in sec

tion 3.3.2 to find AII and B II yields the following expression for the standing wave 

envelope U(z): 

(3.54) 

As before, this envelope can be used in equation (3.16) to determine the instantaneous 

field profile across the optical modulator so that the instantaneous phase of the 
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optical wave emerging from the modulator can be found. This field profile yields a 

much more accurate estimate for this phase because it accounts for the behaviour of 

the coupler, termination, and lossy feedlines. 

We have seen that nonzero feedline lengths can affect the design and performance 

of resonant modulators significantly. In both packaged and integrated resonant mod

ulators, any extra feedline that is absorbed in the resonant line reduces the resonant 

frequency while increasing the optical response of the modulator. The designer must 

be aware of this fact, particularly in the case of packaged modulators where the 

extra feedline cannot be reduced. In fact, packaged modulators often need external 

support circuits at the input and output ports of the modulator whose delay can 

effectively increase the apparent length of these feedlines, further affecting modula

tor performance. The next part of this section describes how these circuits can be 

accounted for in resonant optical modulator design. 

In integrated resonant optical modulator design, the designer can choose the ratio 

LtlL to obtain the desired resonator frequency (and subsequent optical modulator 

response). The only caveat in the design here is that the amplitude of the incident 

wave at point I in the signal flow graph of Figure 3.15 must be accurately calculated 

in order to make accurate field profile and return loss predictions. 

In both cases, through careful design, the effect of nonzero feedline length can be 

exploited in order to create a modulator with a specific resonant frequency or optical 

response. 
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3.3.6 A Generalized Modulator Model 

The model presented in this section is designed to account for the effect of circuits 

connected to an externally-resonated optical modulator, although it could be used 

to predict their effect on integrated designs too. External circuits connected to 

integrated resonant modulators should have little or no effect on the performance of 

the modulator because the microwave cavity exists within the modulator itself, and 

is not easily perturbed if the external components are matched to the modulator. 

Examples of integrated resonant modulators are proposed in Chapter 4. 

To this point, the electrode of the modulator has acted as the resonator electrode. 

However, the addition of external circuits to the electrode means that the cavity now 

consists of both the components and the electrode. External circuits can affect the 

performance of external-resonated modulators in various ways. First, all external 

circuits may have non-ideal reflection and transmission parameters that may affect 

the microwave cavity to some degree. Secondly, and more importantly, all external 

circuits have nonzero delay which, if included as part of the microwave cavity, will 

increase the effective LtlL ratio and affect the operation of the resonant modulator. 

The clearest example of such a circuit that is connected to optical modulators is a 

DC bias tee, which is needed in all optical modulators without a separate DC bias 

electrode. 

The effect of external circuit on the resonator can be quantified by including the 

scattering matrices of the external circuits in the basic model derived for the resonant 

modulator in the previous sections. If [Sin] denotes the scattering matrix of all the 

circuits connected to the input side of the optical modulator electrode, including the 
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coupler, and [Bout] denotes the the 3-matrix of all the circuits on the output side of 

the electrode, then the signal flow graph of Figure 3.15 can be modified as shown in 

Figure 3.18. 

(TERM INATION) 

INPUT INPUT LINE ACTIVE OUTPUT LINE OUTPUT 
CIRCUIT (NONACTIVE) SECTION (NONACTIVE) CIRCUIT 

Figure 3.18: Signal flow graph for the modulator electrode with external circuits 

The effect of the external components on the operation of the resonator can 

be inferred from the signal flow graph when a simple case for these components 

is considered. Consider an ideal reciprocal component which is matched (311 = 

522 = 0), and does not distort the input signal 521 = 512 = Ae-jwT 
, which closely 

approximates most components that would be connected to the modulator electrode, 

such as bias tees, phase shifters, and so on. T denotes the time delay through the 

component and A is the gain of the component, which is less than or equal to unity for 

passive components. Clearly, the phase delay through the component adds electrical 

length to the resonant element at the input and output of the modulator. As seen 

earlier in the development, the effect of this is to reduce the resonant frequency 

as well as increase the LtlL ratio of the modulator. Meanwhile, the loss of the 

component increases the single-pass loss through the resonant element by a factor of 

1/A. This degrades the Qof the resonator and hence attenuates the field inside the 

microwave cavity, decreasing the resonant enhancement effect. 
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In real life, external components can have very complex s-parameters over the 

operating frequency range of the modulator. The inclusion of these matrices in the 

model helps to account for the behaviour of these components. For example, if a 

component is not matched at a certain frequency, it is possible for it to perturb the 

operation of the microwave cavity because additional reflections will be created. In 

some cases, this can actually improve the electric field strength across the active 

region to even higher values! 

This leads to another important aspect of the resonant circuit that has not been 

discussed yet in the development of the model. That is the effect of the characteristic 

impedance of the optical modulator's electrode, which so far has been assumed to 

be equal to the system impedance (usually 50 D). With certain modulator substrate 

technologies, such as lithium niobate, it can be very difficult to achieve transmission 

lines with 50 D impedance without paying a price with regards to velocity match or 

electrode loss. Hence, very often MZM electrodes are fabricated to be an impedance 

close to but not quite 50 D. The effect of this is to produce a reflection at the input 

to and output from the MZM electrode. These secondary reflections can be included 

in the model by adding the paths shown in the signal flow graph in Figure 3.19, 

where SllMZM and S22MZM are the reflection coefficients of the MZM electrode at 

the input and output of the line, which should be equal. 

The effect of the addition of these paths is to introduce three more feedback 

loops in the signal flow graph. Like impedance mismatches due to components, the 

impedance mismatch between the MZM electrode and the external 50 D components 

acts to create a secondary resonant cavity which can improve the field strength across 

the active region of the modulator in some cases. Hence, the slight mismatch between 
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(TERMINATION) 

INPUT INPUT LINE ACTIVE OUTPUT LINE OUTPUT 
CIRCUIT (NONACTIVE) SECTION (NONACTIVE) CIRCUIT 

Figure 3.19: Signal flow graph for the generalized modulator electrode structure 

the electrode characteristic impedance and the system impedance cannot be ignored. 

To analyze the SFG in Figure 3.19, it is best to replace the paths and loops to the 

right of the e-iLouL paths at the very right of the diagram with an effective reflection 

coefficient 11, which is given by 

l 'Lrl =	 --------==---- (3.55)
1 - SllMZM1L 

where 

l _ s . + ss21out1 L S s120ut
' L - llout 1 1 (3.56) 

- S220ut L 

INPUT INPUT LINE ACTIVE OUTPUT LINE 
CIRCUIT (NONACTIVE) SECTION (NONACTIVE) 

Figure 3.20: Simplified signal flow graph for the generalized modulator electrode 
structure 

This simplified signal flow graph is shown in Figure 3.20. From this signal flow 
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graph, all quantities of interest, namely the input reflection coefficient en and the 

electric field envelope U(z) can be found using Mason's rule as in previous devel

opments. Starting with the envelope U(z), it is found that the expression is only 

slightly different from equation (3.54) and is given by 

(3.57) 

where the addition of the latter term in the denominator comes about because of 

the new feedback loop established between S22in and SllMZM. 

The derivation of the input reflection coefficient fin is somewhat more compli

cated due to the existence of a third path from I to R in the diagram, and the 

additional feedback loops mentioned above. The resulting expression is given by: 

(3.58) 

Equations (3.57) and (3.58) are the key equations that can be used to predict the 

microwave response of the modulator for completely arbitrary circuits at the input 

and output ports, and arbitrary MZM electrode parameters. Since all the parameters 

in this model can be measured or modeled readily, the equations can be very useful 

for designing the circuits for the resonator, and predicting the optical performance 

of the resonantly-enhanced modulator. 



Chapter 4
 

Resonant Modulator Designs
 

T his chapter uses the developments of Chapter 3 to design four different res

onant modulator structures. These structures are designed around existing 

packaged modulators which are converted to resonant form by adding external com

ponents to form externally-resonated modulators. Converting existing traveling-wave 

modulators to resonant form is an attractive technique for improving the performance 

of radio-on-fiber systems because off-the-shelf packaged optical modulators with ex

ternal terminations are readily available. This technique also provides substantial 

flexibility to the designer if the resonator parameters need to be changed in the fu

ture, or if multiple modulators with different resonant frequencies are needed for an 

application, since the same base device can be used for each transmitter. The design 

technique is also very straightforward. 

The chapter starts out by describing the actual optical devices used in the reso

nant modulator implementation. An overview of the four designs is then presented, 

followed by a detailed description of the realization of the couplers for each of the 

design configurations. At the end of the chapter, the designs are summarized along 

with predictions of their anticipated performance. The actual performance of the 

designs is assessed experimentally in Chapter 5. 
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4.1 Modulator Description and Characterization 

Two externally terminated lithium niobate-based Mach-Zehnder modulators were 

used to realize the designs. The first modulator was a single-drive intensity modu

lator, which uses a single coplanar waveguide electrode to simultaneously modulate 

both arms of the Mach-Zehnder modulator in a push-pull arrangement. The mod

ulator has no DC bias electrode, necessitating the use of external bias tees in order 

obtain the desired input/output characteristic. The relevant parameters of the mod

ulator used are shown in Table 4.1. 

I Parameter I Value 

Drive voltage Vn 5.8 V 
Optical insertion loss 3.4 dB 
3dBe Bandwidth 13.3 GHz 
Optical extinction ratio 25 dB 
RF connector spacing 40.1 mm 

Table 4.1: Parameters of the single-drive MZM 

The other modulator used was a dual-drive Mach-Zehnder modulator from the 

same manufacturer. A dual-drive modulator has two independent drive electrodes 

that can be modulated with independent electrical signals to achieve certain optical 

modulation formats with a combination of amplitude and phase modulation (for 

example, optical single sideband). The parameters of this modulator are summarized 

in Table 4.2. 

For both modulators, the length of the active region within the modulator was 

assumed to be equal to the connector-to-connector spacing on the modulator package. 

While this could not be verified from the manufacturer, which would not disclose 



78 4.1 Modulator Description and Characterization 

I Parameter I Value (lower arm j upper arm) 

Drive voltage V.". 4.1 V j 4.2 V 
Optical insertion loss 5.1 dB 
3dBe Bandwidth 9.3 GHz j 9.3 GHz 
Optical extinction ratio 45.8 dB j 39.0 dB 
RF connector spacing 40.1 mm 

Table 4.2: Parameters of the dual-drive MZM 

the active regIOn length, it is generally a valid assumption and experience from 

inspections of other MZM's have shown this to be generally the case. Since both 

modulators had an RF connector spacing of 40.1 mm, the active region was assumed 

to be this length (L = 40.1 mm). 

The microwave phase velocity along the modulator electrodes and the optical 

phase velocity inside the modulator waveguides are crucial parameters for designing 

and modeling of resonant modulators. As we have seen in the previous chapter, these 

parameters are needed to compute parameters such as the phase enhancement factor 

P. Additionally, knowing the microwave phase velocity along the electrode allows 

parameters such as the electrical length of the electrode L t to be calculated. 

To characterize the microwave phase velocity, a novel technique described in [16] 

was used. In this technique, the modulator is set up so that the microwave and 

optical signals travel in opposite directions. This can be accomplished by either by 

swapping the source and termination connections on the modulator, or by injecting 

light into the modulator at the output port instead of the input port. Recall from 

equation (2.12) that velocity mismatch between the optical and microwave signals 

causes the modulator response to null out at certain frequencies becau e of the 

sin(u)ju characteristic in the equation for the optical phase. In a setup where the 
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optical and microwave signals counter-propagate, the velocity mismatch is grossly 

exaggerated, with V m being replaced with -Vm in the expression for u. Hence, the 

nulls become very close together, to the point where they are easily distinguishable 

over a modest frequency sweep. At the frequencies fk where the modulator response 

is nulled, the following condition holds: 

k 
fk= / /) (k=1,2,3, ... ) (4.1 ) 

L(l Vm + 1 Va 

If the optical phase velocity Va is known, then the microwave phase velocity V m can be 

predicted from this expression. Since the designs are based on lithium niobate-based 

modulators, the calculation of Vm is quite straightforward. The effective index of 

refraction for titanium-diffused optical waveguides in lithium niobate modulators is 

well characterized and varies only minimally from a nominal value of 2.2 for different 

diffusion depths. Therefore, an optical phase velocity of c/2.2 = 1.364 x 108 m/s can 

be assumed for the modulators employed. 

A measurement was completed using a simple optical communications loop with 

the MZM connected directly to an optical detector, and a vector network ana

lyzer used to measure the magnitude response of the system. For further details 

on the experimental setup, refer to the more detailed descriptions in Chapter 5. The 

source and termination connections were reversed to establish the required counter-

propagation between the optical and electrical waves, and sweeps were performed 

over the 100-2100 MHz range. The results of these sweeps are shown in Figure 4.1. 

The measurement of the single-drive modulator shows that the first frequency 

null occurred at approximately f = 1.64 GHz. Using an active region length of 

L = 40.1 mm, the microwave phase velocity for this modulator was calculated to be 
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Figure 4.1: Measured optical response for counter-propagating optical and electrical 
waves 

1.27 X 108 mis, which produced an effective microwave index of 2.36. Clearly, this 

modulator was designed with a decent velocity match. 

The dual-drive modulator produced nearly identical results for each of the two 

electrodes in the modulator. The nulls in the optical response for the dual-drive 

modulator occurred at a slightly lower frequency of 1.6 GHz, which corresponded a 

microwave phase velocity of 1.21 x 108 mis, or an effective microwave index of 2.48. 

Based on the microwave phase velocities computed for each electrode, their phys

ical lengths were computed using delay measurements from the network analyzer. 

These lengths were used later during the design of the modulator to determine the 

LtlL ratio. The results of these calculations are summarized in Table 4.3. 
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I Parameter I Single-drive I Dual-drive upper I Dual-drive lower I 
Effective microwave index 2.36 2.48 2.48 
Measured delay (ps) 414 462 460 
L t (mm) 52.7 55.8 55.8
 
Feedline length (mm) 12.6 15.7 15.7
 
LtiL 1.31 1.39 1.39
 

Table 4.3: Computed parameters of the optical modulator electrodes 

4.2 Overview of Externally-Resonated Modulator Designs 

The following three resonant modulator structures will be considered in the coming 

sections: 

1.	 A resonator structure for modulators requiring external bias tees for operation. 

This type of structure has the lowest resonant frequency because the delay 

from the external bias tees becomes absorbed in the electrical length of the 

microwave cavity. 

2.	 A resonator structure for modulators with a separate DC bias electrode. Since 

external bias electrodes eliminate the need for external bias networks, the res

onant frequency of this configuration is higher. 

3.	 A resonator structure for a modulator that confines the half-wave field profile 

of the resonator to an arbitrary section of the MZM electrode. This structure 

is compatible with any type of bia ing technique, and can potentially achieve 

designs with LtlL ratios close to unity, simulating the potential performance 

of a fully integrated resonator design. 
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The first two structures are basic "brute force" designs that treat the modulator 

electrode and bias tees (if used) as the >../2 element in a short-circuited resonator 

design. Therefore, these designs are inductively-coupled. The third structure uses 

phase shifters to adjust the field profile so that an ideal half-wave profile is positioned 

over the active section of the modulator. Although this design could be inductively 

coupled like the other designs, it requires fewer components if it is capacitively

coupled, for reasons that will become apparent shortly. Two different levels of field 

confinement were used with the third structure to characterize the effect of confine

ment on the performance of the resonant modulator. Therefore, four designs in total 

were derived from the three structures described above. 

While all the structures were designed and tested for single-drive operation, all 

the designs could be easily extended for applications requiring a dual-drive setup. 

The resonator structures can simply be duplicated for these applications. 

4.2.1 Externally-Biased Modulator 

This structure was designed around the single-drive Mach-Zehnder modulator. The 

modulator was biased with a Picosecond Pulse Labs model 5542 bias tee, which 

operated up to 50 GHz. The output port of the MZM was connected to a second 

bias tee, which was used as a DC block so that no DC current flowed into the 

termination. The input and output bias tees were identical so that the delay on each 

side of the modulator arm would be symmetrical and the field profile approximately 

centered across the electrode. The AC port of the output bias tee was shorted with 

an SMA shorting cap, and the DC port on the bias tee left open. A diagram showing 

the arrangement of the modulator with these components is shown in Figure 4.2. 
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Figure 4.2: Layout of the externally-biased resonant modulator 

Clearly, the microwave cavity is established between the input port and the short

ing cap shown in the diagram. This is the case described in section 3.3.6 when 

external components, in this case bias tees, are included as part of the microwave 

cavity. 

Without the bias tees the electrode should have had an unloaded resonant fre

quency that satisfies 

WTMZM = 7r (4.2) 

where TMZM is the m.ean delay through the electrode. This frequency was calculated 

to be 1.2 GHz. However, the addition of the two bias tees to the cavity added 
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significant delay to the cavity. The mean delay through the bias tees including the 

thrus attached to the AC+DC ports was measured to be 219 ps. This roughly 

doubled the cavity delay, reducing the unloaded resonant frequency of the structure 

to 587 MHz. 

4.2.2 Internally-Biased Modulator 

A second inductively-coupled resonant modulator structure was designed to assess 

the performance of a modulator with a separate internal bias electrode. Modulators 

with these electrodes eliminate the need for DC bias tees on the modulating electrode, 

and with it, a substantial portion of the delay in the microwave cavity. Thus, these 

designs can operate at higher frequencies than externally-biased modulators with the 

same length of modulating electrode. 

Since a modulator with an integral DC bias electrode was not available, the 

design was achieved using a dual-drive Mach-Zehnder modulator. Usually the anns 

are modulated with separate signals to create different types of optical modulation 

formats. For this case, though, the second arm of the modulator was used strictly 

for DC bias, achieving the same effect as a single-drive MZM with an integral DC 

bias electrode. 

The setup of the resonator configuration with the dual-drive modulator is shown 

schematically in Figure 4.3. The same inductive couplers used for the single-drive 

externally-biased MZM were used to couple to this design, except that smaller cou

pling inductances were required since the resonant frequency was higher. Since delay 

through either of the electrodes was about 460 ps, this put the unloaded resonant 

frequency of the structure around 1.1 GHz. 
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Figure 4.3: Layout of the internally-biased resonant modulator 

4.2.3 Externally-Biased Modulator with Field Confinement 

Although the first two designs are easy to set up and their operation is straight

forward, neither of the modulators achieve LdL ratios close to unity which would 

provide the highest possible resonant frequency. In fact, even internally-biased design 

still suffers from a large LtlL ratio due to the large unavoidable delay in the MZM 

electrode feedlines (see Table 4.3) and the coupler feedline. In both designs, if all 
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the extraneous delay from the cavity could be eliminated, their resonant frequencies 

could be increased substantially. 

This resonator configuration was designed to provide flexibility in the movement 

of the field profile within the resonator cavity. This way, a glimpse into the per

formance of an integrated optical resonant modulator would be possible, since only 

these devices can achieve very low LtlL ratios. The designs presented here were 

capable of providing information on how such a design might perform, without hav

ing to actually build an integrated modulator. It accomplished this by using a 

multi-wavelength resonator. Up to now, all the configurations considered have used 

half-wave resonators. However, this structure used higher order resonant modes, 

while confining one of the half-wavelengths composing the mode inside the modula

tor electrode. This was achieved using the structure shown in Figure 4.4. 

TO DC 
INPUT PORT 

LCDC=-=+-_-o SUPPLY (TO COUPLER)
 

TOOC
 
SUPPLY 

PHASE SHiFfER PHASE SHIFTER 

INTENSITY MODULATOR 

Figure 4.4: Layout of the externally-biased resonant modulator with field confine
ment 

There were two major changes from the configurations discussed in sections 4.2.1 
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and 4.2.2. First, an open-circuited resonator was used instead of a short-circuited 

resonator. This was done to eliminate the need for two bias tees (and corresponding 

delay) in the circuit, since one bias tee was always used purely as a DC block. 

Obviously no such provision is necessary with an open-circuit design. However, 

open-circuit designs also necessitate the use of series-capacitive couplers instead of 

shunt-inductive couplers. 

Secondly, low-loss phase shifters were introduced into the circuit to add specific 

amounts of delay to the cavity. To this point, we have seen that this reduces the 

frequency of the fundamental resonant mode while increasing the Ltl L ratio. How

ever, the circuit will resonate at any frequency where there are an integer multiple 

of half-wavelengths inside the cavity. For example, in the above circuit, the delay 

through the cavity could be doubled to form a full-wave resonator. The structure 

would resonate at the same frequency as the half-wave version, except that some field 

would be confined to the passive parts of the circuit which do not affect the optical 

wave. In this example, if the delay could be chosen so that a quarter-wavelength 

of the field was developed across bias tee and phase shift at the right, and another 

quarter-wavelength across the phase shifter and drive circuitry on the left, then half 

a wavelength would be left to be developed entirely across the modulator electrodes. 

This situation is shown in the diagram in Figure 4.5(a), which shows the electric 

field E(z) as a function of position z inside the full-wave composite "cavity". 

A further modification would be to reduce the delay through the phase shifters so 

that the half-wave profile is further confined within the modulator to the active region 

itself. This is the situation demonstrated in Figure 4.5(b). This field confinement 

technique can be extended to any resonator mode n, where n/2 wavelengths are 
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Figure 4.5: Field confinement in a higher-order mode resonant modulator 

developed inside the resonant cavity. 

Two designs were derived from the resonator configuration shown in Figure 4.4. 

The first coincided with the situation shown in Figure 4.5(a), where one half-wave 

field profile was confined to the entire MZM electrode, including the passive sections. 
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The delay through the electrode of the single-drive modulator was 418 ps, which 

established the resonant frequency of the electrode at 1.2 GHz. This condition could 

be met if the phase of r L was adjusted to give a reflection angle of 1800 
, and the 

other phase shifter appropriately tuned for optimum coupling. The second design 

confined a half-wave field profile to just the active region of the modulator, resulting 

in the maximum resonant frequency possible. The delay through the active portion 

of the electrode was 332 ps, establishing this frequency at 1.5 GHz. This condition 

could be met by reducing the delay of the phase shifter in the load by 49.5 ps from 

the delay set for the 1.2 GHz design, which corresponds to the delay through one of 

the feedlines inside the modulator. 

Relatively high order resonant modes were required to realize these designs. The 

main reason for this was that the minimum delay through the phase shifters used 

for the structure was almost equal to the delay through the MZM electrode itself. 

When the delay of the other components (bias tees, coupler feedline, interconnect) 

was added, the lowest order resonant mode that could be used for the 1.2 GHz design 

was n = 6, while for further field confinement to the active region, an n = 8 resonator 

was required. 

It is important to note that while higher mode resonators do a good job of con

fining the desired field profile to the modulator electrode, they suffer some disadvan

tages. First, the components used to create the resonator all have loss and contribute 

to the degradation of the Q of the cavity, reducing the enhancement that would be 

possible if a single half-wave resonator were used for the same purpose. A further 

disadvantage is that the use of higher-order mode resonators reduces the bandwidth 

of the optical resonant modulator because the phase slope of the electrode is much 
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higher than that of a half-wave resonator. Hence, the gain provided by the resonator 

will occur over a narrower frequency range than that achievable with a half-wave 

resonator design. The design here was explored to prove the concept behind field 

confinement to the modulator electrode, so this was not a major concern. 

4.3 Coupler Design 

The four resonator configurations just described required a variety of microwave 

couplers for excitation. The first two configurations were inductively coupled, while 

the second two configurations were were based on capacitive couplers. 

Although at first glance it seems that packaged passive components could have 

been used to realize the inductors and capacitors needed for these designs, typical 

component values are spaced too far apart to achieve the critical coupling condition. 

Also, the behaviour of lumped-element inductors is poor in the frequency ranges 

for which these modulators were targeted. Finally, since the designs presented here 

are the basis for integrated modulator electrode designs, it was desirable to realize 

the couplers in a form that could be scaled to an integrated design. These factors 

led to the decision to realize the couplers in distributed form using series and shunt 

stubs. The inductance or capacitance offered by stubs can be easily changed by 

adjusting the length of the stub, and stubs can be readily realized in integrated form 

for resonant optical modulator designs. 

The stubs were implemented in coplanar waveguide (CPW) technology. CPW 

was chosen for several reasons. First, coplanar waveguide is used to realize the 

electrodes in most optical modulators, so using CPW to realize the couplers was 
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a natural choice since it allows for future integration. Secondly, both series and 

shunt stubs can be easily realized using numerous techniques in coplanar waveguide. 

Since the modulator configurations discussed earlier required both series and shunt 

elements, this was an important consideration. 

CPW structures were fabricated on a 60 mil GIL microwave substrate, with Cr = 

3.01 and tan(0) = 0.003. The required dimensions of CPW lines used were estimated 

using the following expression for the characteristic impedance of CPW [33]: 

Zo = 3071" K(k') (4.3) JE e!! K(k) 

In the expression, k = s+-;w and k' = Jl - k2 . S is the strip width, W is the 

gap width between the strip and the ground planes, and K (.) denotes the complete 

elliptic integral of the first kind. The effective dielectric constant of the CPW mode 

was calculated using the following empirical expression [33]: 

E
r 

; 1 [ tanh {1.785log(hjW) + 1.75} 

kW ]+T {0.04 - 0.7k + 0.01(1 - 0.IEr )(0.25 + k)} (4.4) 

The specifics of the implementation of the series and shunt stubs is now presented. 

4.3.1 Inductive Couplers 

CPW short-circuited shunt stubs are easily implemented by running CPW line per

pendicular to the feedlines and terminating them in shorts. The required length of 

the stub L stub can be estimated using 

(4.5) 
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where Zstub is the characteristic impedance of the stub and Vstub is the phase velocity 

along the stub. The approximation holds if the length of the stub is less than 

Astub/10 in the frequency band of interest. The only other major consideration was 

the length of the feedlines between the stub and the connectors leading to the rest 

of the circuit. 50 n feedlines 400 mil long were used on the board to join the stub to 

the external connectors. This was the minimum feedline length that could be used 

while still providing enough space to solder the connector to the board. The feedline 

and connector added 109 ps of additional delay to the resonant cavity (46 ps from 

the line and approximately 59 ps from the connector). 

Using reflection coefficient measurements of the circuits shown in Figures 4.2 

and 4.3, and a simple s-parameter model for the coupler which included the delay 

of the feedline, the SFG model of the modulator described in Chapter 3 was im

plemented in a numerical simulation and used to determine the optimum coupling 

inductance range. Based on these simulations, the optimum coupling inductance was 

determined to lie in the 5-6.5 nH range for the first design and the 3.4-4.5 nH range 

for the second design. The optimum range was defined as the inductance range over 

which the return loss of the composite structure was 20 dB or greater. 

The characteristic impedance of the stub was set to 100 n because of the relatively 

high inductance required for critical coupling. 50 n stubs required excessive stub 

lengths that would have violated the Astub/10 condition. The required line widths 

and gaps required to implement these characteristic impedances are tabulated in 

Table 4.4. 10 mil CPW gaps were chosen for the 50 n line because they were the 

smallest gaps that could be milled reliably and accurately with the milling machine 

used to build the circuit boards, while keeping the overall size of the circuit small 
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(most notably the ground plane width). 

I Characteristic Impedance (0) I S (mil) I W (mil) I Ee!! I 
50.0 1161 10 11.8340 

f--1-:-::--=-2----:-.4-------- 40 
I 

30 1.9004 
1 

l--O _
1 

Table 4.4: CPW line parameters for the shunt inductors 

A diagram showing the layout of the shunt stub is shown in Figure 4.6. The 

ground plane width was chosen to be at least twice the ground plane spacing, a 

common rule-of-thumb requirement for making practical CPW circuits [34]. Air 

bridges were a necessary part of the design in order equalize the ground potential on 

either side of the stub. This prevented the propagation of a coupled slotline mode 

which is normally be generated by this type of discontinuity [35]. 

Prior to the construction of the actual couplers, they were assessed using an 

electromagnetics simulation tool based on the finite-difference time-domain (FDTD) 

technique [36]. This was done in order to verify that the inductance predicted by 

equation (4.5) could be used to model the physical design where numerous implemen

tation details could offset the inductance from its theoretical value. These factors 

included the positioning of the stub (which was somewhat anomalous due to its finite 

width), the length of the stub (which was also mildly affected by the gaps needed to 

implement CPW), and the effects of the air bridges. 

The couplers were simulated using Totem, an in-house FDTD simulator. Perfect 

electrical conductors were used to implement the CPW structure and the air bridges. 

The stub length was varied over 4 lengths between 5.6 mm and 20.6 mm for the 

simulations. The scattering parameters of the stub were extracted from the FDTD 

measurements, and the inductance of the stub was calculated over the DC- frnax 
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Figure 4.6: Layout of the shunt stub printed circuit board 

range, where fmax was chosen to be the frequency at which the Astllb/10 limit was 

reached for the inductor being tested. 

Next, a best fit line was constructed from the extracted inductance values, and 

the best fit line plotted versus equation (4.5). The results are shown in Figure 4.7. 

The plot shows that there was an excellent correlation betwe n equation (4.5) and 

the stub inductance calculated from the FDTD simulation. Less than 1% deviation 

was observed. Therefore, either equation could be used to accurately design CPW 

shunt stubs to implement the shunt inductors for the resonator. The best fit line 

was chosen for the design. 
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Figure 4.7: Predicted shunt stub inductance 

Multiple inductor circuits were built to cover the coupling inductance ranges 

needed by the designs. This was done to account for possible variation in the required 

critical coupling inductance for the structure from that predicted, and also to account 

for parameter deviations in the circuits themselves. Eleven CPW shunt stub circuit 

were fabricated that covered the 4.25-7.65 nR inductance range. An 800 mil thru was 

also built, which was used to de-embed the stub during measurements of the circuits, 

and for reference measurements during optical tests. The stub lengths chosen and 

their predicted inductance are tabulated in Table 4.5. 

The s-parameters of the shunt inductor circuits were measured using the network 

analyzer, and the inductance of each of the couplers computed from the measure

ments. The results of these measurements are tabulated in Table 4.5 and plotted 

in Figure 4.8. The measured inductances of the circuits were all less than of their 
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predicted values by about 0.4 nH on average, an error of about 6%. The variations 

in the measured inductance values were likely caused by manufacturing issues; the 

milled CPW gaps may have been slightly off from the 10 mil value, possibly leading 

to a smaller stub impedances and/or faster stub velocities. Also, difficulty in making 

the air bridges for the circuits the same size and shape may also have contributed to 

some of the error. 

I Lstub (mm) I Lstub (mil) I Predicted inductance (nH) I Actual inductance (nH) I 
21.5 847 4.25 3.90 
20.2 797 4.55 4.25 
19.0 747.5 4.85 4.45 
17.7 698 5.15 4.66 
22.8 896.5 5.45 4.96 
24.0 946.5 5.75 5.24 
25.3 996.0 6.05 5.52 
26.6 1046.0 6.35 5.97 
28.7 1128.5 6.85 6.45 
30.4 1195.0 7.25 6.94 
32.0 1261.0 7.65 7.31 

Table 4.5: Shunt stub designs 

Each of the couplers was connected to the two resonator configurations and the 

reflection coefficient of the arrangements measured. The coupler yielding the best 

return loss for the first design was the 28.7 mm (1128.5 mil) coupler, which had a 

measured inductance of 6.45 nH. Using this coupler, the modulator structure had 

a resonant frequency of 462.5 MHz. The 19.0 mm (748 mil) coupler, which offered 

4.25 nH of measured inductance, produced optimum results for the second design. 

It brought the loaded resonant frequency down to 780 MHz. Plots of the reflection 

coefficients of both designs with the optimum couplers are shown in Figure 4.9. Over 
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Figure 4.8: Measured coupling inductances from the PCB shunt inductors 

40 dB of return loss was achieved in both designs. 
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Figure 4.9: Measured return loss with the optimum inductive couplers 
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4.3.2 Capacitive Couplers 

Like their inductively-coupled relatives, the third and fourth designs used CPW stubs 

to couple into the cavity. In this case, series CPW stubs were employed to realize the 

coupling capacitance. CPW eries stubs are less obvious to design than their shunt 

cousins, but the most common way of realizing series stubs is through patterning slots 

in the center conductor [37][34][38]. However, series stubs can also be patterned in 

the ground plane of CPW circuits [39] without sacrificing performance. The former 

approach was taken for the realization of the stubs for the resonator design. This 

structure is shown in Figure 4.10. 

1 
10 mil 

T 
TO TO... .. 

MZM SOURCE 

I 
E 

V") 

M 
10 

1 
IE 2500 mil "I 

Figure 4.10: Layout of the series stub printed circuit board 

ote that the stubs are realized using slotline patterned in the centre conductor, 
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so there is no need for the air bridges found in the shunt stubs design. The width 

WI also influences the overall capacitance of the structure, with lower values of WI 

yielding higher capacitances [34]. 

50 n CPW line was used to feed the stubs, while the lotline sections were realized 

with 10 mil slots (the narrowest slots possible) in order to maximize the coupler 

capacitance. Also, WI was chosen to be equal to 2Wz, which maximized the distance 

from the slotline to the edge of the centre conductor, a consideration that was deemed 

important given the manufacturing tolerance used. 

The circuit shown in Figure 4.11 was used to model the stub circuit. Although 

more sophisticated models of the circuit existed in the literature, their complex 

nature was more suited towards CPW stubs realized in MMIC (monolithic microwave 

integrated circuit) form while the form being realized here was a macroscopic form 

with fewer parasitics. Co denotes the capacitance of the stub circuit when the stub 

length is reduced to zero, leaving just a capacitor between the two ports. 

o.c. 

L stub , 

f3stub, 

Zstub 

Co 

Figure 4.11: Circuit model of the CPW series stub 
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The impedance of the coupler circuit above is then given by 

. C .tan ((3stubLlitulJ) )-1
Z ss	 = ( JW 0 + J Z (4.6) 

stub 

If the frequency range over which the stub is operated is such that the electrical 

stub length is less than Astub/10, then the stub behaves as an ideal capacitor with a 

capacitance given by 

L stub'" Cstub'" Z	 (4.7) 
stubVstub 

where Vstub is the phase velocity along the stub, and Zstub is the apparent character

istic impedance of the stub. Therefore, the total capacitance Cc of the circuit shown 

in Figure 4.11 will be the sum of Co and Cstub ' 

To derive the quantities in the equations above, various CPW series stubs were 

simulated in FDTD using the same parameters as the physical layout for different 

stub lengths. The capacitance of the circuits were then extracted from the FDTD 

results over a frequency range that did not exceed the Astub/10 constraint. The 

results, including a best fit line, are plotted in Figure 4.12. 

The y-intercept of the best fit line was used for Co (0.15 pF), while the slope 

of the graph was equivalent to the slope of the capacitance in equation (4.7), or 

1/ZstubVstub' A separate FDTD simulation with a specialized reference structure was 

used to predict the phase velocity in the slots, which worked out to be 2.25 x 108 

mis, yielding a slotline characteristic impedance of 73 ohms. 

The FDTD results were also used to determine the de-embed distance L dem re

quired to make the structure look lik a true lumped capacitance. This was needed 

because unlike the shunt stub, it is not clear from Figure 4.10 where the equivalent 

lumped capacitor resides because the capacitor has been distributed in the direction 
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Figure 4.12: Predicted FDTD series stub capacitance 

of propagation. Rather, one would expect the optimum de-embed distance to be a 

function of the stub length. From the FDTD results, this was verified to be true. In 

all cases, the optimum de-embed distance Ldem from the center of the entrance of the 

slot to the point where the equivalent lumped capacitance resided was determined 

to be 0.24Lstub . 

Multiple stub circuits were designed for the resonator to allow for variations in 

the actual coupling capacitance in the physical stubs and variations in the actual 

required coupling capacitance. In the design, the length Lin shown in Figure 4.10 

was adjusted for each stub length so that the delay between the input to the circuit 

and the virtual lumped capacitor of the stub was constant. Hence, Lin was smaller 

for longer stub lengths. The anticipated delay from the connector to the lumped 

capacitance was estimated to be about 177 ps. 
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Using s-parameter measurements of the structure shown in Figure 4.4, and a 

model of the stub circuit including the PCB delay, accurate coupling capacitance 

figures were calculated using the SFG model of the modulator. The model revealed 

that for 20 dB of return loss or better, 1.4-1.9 pF of coupling capacitance was re

quired for both designs. Unfortunately, realizing the upper end of these capacitances 

required slot lengths in excess of the Astub/10 limit discussed earlier, and the slotline 

width could not be reduced reliably below 10 mil. Therefore, the approximation of 

equation (4.7) was not used and the reactance of the stub circuit given by equa

tion (4.6) was used instead in the s-parameter model of the coupler to determine the 

optimum stub length instead of the stub capacitance. Based on this simulation, stub 

lengths between 16 and 22 mm were required to achieve greater than 20 dB of return 

loss. The stub lengths required were still relatively short, with a maximum of Astub/8 

used for each of the designs. Based on this range, seven series stub circuits, plus a 

thru, were fabricated using slot lengths in the 16-22 mm range in 1 mm increments. 

The stubs were fabricated and then measured on the network analyzer. The opti

mum de-embed delay for the structures was actually found to be about 160 ps, which 

was 17 ps off from the original estimate, indicating that the lumped capacitances may 

have resided in a slightly different position along the stub than originally expected. 

The capacitance of the structures was obtained in the 100- fmax MHz range (where 

fmax was the frequency at which Astub = lOLs1ot ), although the it was only used verify 

the model of the series stub. The results of the measurements are summarized in 

Table 4.6 and Figure 4.13. Like the shunt inductor designs, the capacitances came 

out a bit shy but the worse case error was only 7%. 

For the 1.2 GHz design, critical coupling was achieved when the 21 mm coupler 
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I L stub (mm) I L stub (mil) I Predicted capacitance (pF) I Actual capacitance (pF) I 

16 630.0 1.19 1.15 
17 669.0 1.25 1.19 
18 708.5 1.32 1.23 
19 748.0 1.38 1.29 
20 787.5 1.45 1.38 
21 827.0 1.52 1.43 
22 866.0 1.58 1.48 

Table 4.6: Series stub designs 
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Figure 4.13: Measured coupling capacitances from the PCB series inductors 

was used, while for the 1.5 GHz design, the 19 mm stub yielded optimum results. 

The return loss of both these resonator configurations is hown in Figure 4.14, which 

demonstrate excellent matches at the design frequencies. 
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Figure 4.14: Measured return loss with the optimum capacitive couplers 

4.4 Completed Designs and Anticipated Performance 

Each of the modulator configurations discussed in section 4.2 were assembled and 

used for tests described in the upcoming chapter. Photos of the completed resonator 

designs can be found in Figure 4.15. 

With the resonant point of each design now established, the parameters of the 

cavity at this point were used to estimate the performance of the resonator configu

rations using the equations developed in Chapter 3. The performance of the designs 

depended on two factors: the resonator cavity loss, and the amount of half-wave 

field profile confined to the active region of the modulator. The cavity losses of each 

of the resonator configurations presented in section 4.2 were characterized using a 

network analyzer over the 100-2100 MHz range. This loss was deemed close to the 

actual cavity loss which would normally include feedlines extending to the coupler. 

The results of these measurements are shown in Figure 4.16. 

With the cavity loss known, Equation (3.39) was used to predict the electric field 
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(a) External biased 

(b) Internal bias (c) External bias with field confinement 

Figure 4.15: Photos of the completed resonator designs 

enhancement factor F at the resonant frequency. The LtlL ratio was calculated 

using the delays of each component comprising the microwave cavity, including the 

coupler feedline/connector, external components, internal MZM electrode feedlines, 

and the active region itself. These two calculations allowed the phase enhancement 

factor P to be determined for each of the designs. Finally, the link loss reduction in 
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Figure 4.16: feasured single-pass cavity loss for the resonant structures used 

dB was calculated using equation (2.37). 

A summary of the resonator designs and their predicted performance is presented 

in Table 4.7, with each of the four modulator designs discussed in section 4.2 enumer

ated numerically. The predicted performance figures will be compared with actual 

optical measurements in the upcoming chapter. 



107 4.4 Completed Designs and Anticipated Performance 

I Parameter I Design 1 I Design 2 I Design 3 I Design 4 I 
Loaded resonant frequency iT (MHz) 462.5 780.0 1195.5 1499.2 
Cavity loss at iT (dB) 1.36 1.44 2.21 2.37 
Electric field enhancement factor F 2.91 2.84 2.47 2.41
 
Active region delay (ps) 315 331 315 315
 
MZM feedline electrode delay (ps) 99 129 99 99
 
External component delay (ns) 0.426 0 1.9 2.0
rv rv 

Coupler feedline delay (ps) 109 109 160 160
 
LtlL ratio 3.01 1.72 1.39 1
 
LtlL reduction factor 0.928 0.802 0.675 0.528
 
Phase enhancement factor P 2.70 2.28 1.67 1.27
 
Link loss reduction (dB) 8.6 7.1 4.4 2.1
 

Table 4.7: Anticipated performance of the four resonator designs 



Chapter 5
 

Experimental Results
 

T his chapter presents the experimental results of the three resonator configu

rations developed in Chapter 4. Measurements of the optical performance of 

the enhanced modulators are compared with theoretical estimates, and the models 

developed in Chapter 3 are validated and compared with experimental data. Ex

periments also provide a first glimpse of how well the modulators perform in a full 

radio-on-fiber system. 

The performance of the enhanced modulators is assessed in three different areas 

in this chapter: 

1.	 Point-to-point link loss reduction when the modulators are operated in linear 

mode 

2.	 Harmonic power improvement when the modulators are operated in nonlinear 

(harmonic upconversion) mode 

3.	 Data transmission performance for both linear and nonlinear transmission 

modes, assessed with the aid of eye diagrams 

Three unique experiments were designed to measure each of the parameters above. 

Descriptions of these experiments and results obtained from the modulator designs 

discussed in Chapter 4 are described in the first three sections of this chapter. Finally, 

the last section of the chapter considers the detailed signal flow graph model of 
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the modulator developed in Chapter 3, and draws comparisons between re ponses 

predicted by this model, and the actual responses of the modulator derived from the 

above experiments. 

5.1 Link Loss Experiment 

In this experiment, the RF link loss of an entire radio-on-fiber optical subsystem was 

characterized. The link loss wa measured between the input to the modulator (the 

device under test or DDT) and the output of the detector, which fully characterizes 

the optical side of the radio-on-fiber link discussed back in Chapter 1. 

The experimental setup used to measure the link loss is shown in Figure 5.1. A 

standard vector network analyzer was used to measure the transmission parameters 

of the radio-on-fiber system so that the link loss could be characterized. It was also 

used to rneasure the return loss from the modulator under test. For each modulator 

design, the resonant version was tested as well as a reference modulator, which was 

the structure with the open/short replaced with a load, and the coupler replaced with 

the appropriate thru. This way, losses caused by external components connected to 

the modulator would be commuted between each test. 

A narrow linewidth laser diode (LD), a Fujitsu FLD5F6CXJ-C, was used as 

the optical source for the experiment. It emitted optical light at a wavelength of 

1550 nm, and was biased with a forward current of 120 mAo The laser generated 

17 mW of optical output power at this bias current. The light from the laser was 

transmitted through a polarization rotator, which changes the polarization of the 

light traveling in the fiber to any arbitrary polarization. This was used to optimize 
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Figure 5.1: Experimental setup for the link loss characterization experiment 

the polarization angle so that it lined up with the extraordinary axis of the optical 

modulator, maximizing the extinction ratio available from the device. 

The light was then fed into the modulator under test. The modulators were all 

biased at quadrature. The light from the output of the modulator was run through 

a few metres of fiber, through a variable optical attenuator (YOA), and into the 

optical detector. Just prior to the detector, a 10 dB optical coupler was inserted 

into the optical link so that the optical power at the detector could be monitored by 
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an optical power meter (OP 1), which was crucial for biasing the modulator and for 

ensuring that the same optical power was received for the resonant and non-resonant 

cases. The VOA was used to keep the optical power into the detector at -2 dBm 

during the measurements. 

The detector was a broadband 20 GHz photoreceiver from Discovery Semicon

ductor. It was a PIN-diode based receiver with an integral transimpedance amplifier, 

with a responsivity of 0.8 A/W. The output of the detector was connected directly 

to port 2 of the network analyzer. The link parameters of the system, along with 

an estimate of the link gain as estimated from equation (2.37) are summarized in 

Table 5.1. 

I Parameter I Value 
Detector responsivity 9( 0.8 A/W 
Received optical power GoPo,in -2.0 dBm 
MZM termination impedance RA/ZM 50 [2 

Detector termination impedance Rdet 50 [2 

Modulation V.". 5.8 V / 4.2 V 
Estimated link loss (dB) 37.3 dB / 34.4 dB (dual-drive) 

Table 5.1: Link parameters for the link gain experiment 

A photo of the experimental setup for the link gain experiment (and also the 

harmonic generation experiment, described shortly), is shown in Figure 5.2. A close-

up of the optical bench is shown in Figure 5.3. 

The network analyzer itself was set up to sweep over a 600 MHz range centred 

near the resonant frequency of the modulator. For each modulator configuration, 

three calibrations were performed: 

1. A one-port 511 cal, to the end of the cable connecting the network analyzer 
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Figure 5.2:	 Photo of the experimental setup used for the link loss characterization 
experiment 

to the input port of the modulator, so that the reflection coefficient of the 

modulator could be measured and monitored if necessary. 

2.	 A two-port 321 cal with isolation, to measure the response of the radio-on-fiber 

link. Isolation was used in the calibration because the RF link loss of the 

radio-on-fiber link was so high (> 30 dB), and there was insufficient dynamic 

range to measure the link without it. 

3.	 A power flatness cal, which ensured that the power delivered to the modulator 

was constant over the frequency range tested. This was important because 

the system under test had the potential to be nonlinear if the input power 
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Figure 5.3: Photo of the optical bench used in all experim nts 

fluctuated to the point where the modulator no longer responded in a linear 

fashion. This calibration was completed with the aid of an RF power meter. 

The output power from port 1 of the network analyzer was set at 0.0 dBm, 

which was low enough that the link was linearized and harmonic distortion from the 

modulator was very low. 

The results of the link loss experiment for each of the modulators is plotted 

m Figures 5.4 through 5.7. For each configuration tested, the link gain for the 

traveling-wave version correlated closely with the predicted link gain in Table 5.1, 

and the gain decreased with frequency as expected due to electrode losses and the 

effects of velocity mismatch. All the modulators provided substantial gain over their 

traveling-wave counterparts, with link enhancement ranging from 2.7 dB for the 
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1.5 GHz resonator to over 9 dB for the 462.5 MHz resonator. In fact, the apparent 

V.,,- of the modulators was reduced below 2 V for some designs! Relevant parameters 

of each of the resonant configurations tested are summarized in Table 5.2. 

I Parameter I Design 1 I Design 2 I Design 3 I Design 4 
fT (MHz) 462.5 780.0 1195.5 1499.2 
Active region 33% 58% 72% 100% 
field confinement 
Predicted loss 8.6 7.1 4.4 2.1
 
reduction (dB)
 
Actual loss 9.1 6.8 4.0 2.7
 
reduction (dB) (+0.5 dB) (-0.3 dB) (-0.4 dB) (+0.6 dB) 
Predicted phase 2.70 2.28 1.67 1.27 
enhancement P 
Actual phase 2.85 2.19 1.58 1.36 
enhancement P (+5.6%) (-3.9%) (-5.4%) (+7.1%) 
Predicted electric 2.91 2.84 2.47 2.41 
field enhancement 
Actual electric 3.07 2.73 2.34 2.41 
field enhancement F 
V.,,- reduction 35% 46% 63% 74% 
Effective V7!" (V) 2.03 1.92 3.66 4.25 
3 dBe transmission 63 (13.7%) 129 (16.5%) 60 (5.0%) 73 (4.9%) 
bandwidth (MHz) [360 (30.1)%)] [582 (38.8%)] 
10 dB return loss 20 (4.2%) 43 (5.5%) 20 (1.7%) 24 (1.6%) 
bandwidth (MHz) [122 (10.2%)] [192 (12.8%)] 

Table 5.2: Measured resonant modulator parameters 

All of the designs provided reductions in the link loss reasonably close to the 

predicted value. The externally-biased modulator (design 1) actually outperformed 

the prediction in terms of enhancement. Using the SFG model of the modulator, this 

was later determined to be caused by the secondary microwave cavity established by 

the mismatch between the MZM electrode and the rest ofthe system (see section 5.4). 
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The internally-biased modulator (design 2) achieved good performance, but the link 

loss reduction was 0.3 dB smaller than expected. This was attributed to the fact 

that the half-wave field profile established across the modulator electrode was not 

centred across the active region due to the large delay introduced by the coupler 

feedline. This was expected to reduce the gain of the resonant modulator slightly. 

The two designs utilizing field confinement also behaved close to the prediction. 

The third design had 5% less phase enhancement than expected, but examination 

of the field profile offered a possible reason for the discrepancy. The field profile 

established across the active region of the modulator was computed with the aid of 

the SFG model of the modulator presented in section 3.3.6 and measurements of 

the resonator components). It was discovered that the half-wave field profile was 

actually not a perfect standing wave and it shifted very slightly with time. Hence, 

the phase imparted to the wave would be expected to be reduced from theoretical 

expectations, which assume a perfect standing wave over the active region. This 

effect was more apparent in the third and fourth designs because the cavity loss 

was greater and the active region is separated from the open-circuit termination by 

more than a wavelength, worsening this "traveling-wave effect". However, the fourth 

design actually outperformed theory by 7% while still suffering from the same effect. 

It is possible that the active length of the device was mis-estimated and actually 

shorter than predicted, which would account for the discrepancy in both the third 

and fourth designs, despite the negative error for design 3. A 10% error in the 

active length would have accounted for the errors in both design cases. Possible 

mis-estimation in the active length was also supported by results obtained from the 

SFG model discussed in section 5.4. 
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An interesting fact apparent from the graphs and the data in the table was that 

despite the fact that the 10 dB return loss bandwidths of the devices were very 

low, the bandwidth over which the link enhancement was realized extended well 

beyond this bandwidth. In fact, the 3 dBe electrical bandwidths over which the 

gain was developed was consistently 3 times the bandwidth of the 10 dB return loss 

bandwidth. This indicated that despite the fact that outside this band less than 10% 

of the power was reaching the resonator, it still provided a substantial increase in 

link gain. Put another way, even if a resonant modulator was not critically coupled, 

it could still develop a significant gain over a traveling-wave device. 

The normalized 3 dBe and return loss bandwidths of the modulators also followed 

the trend expected. The trend was most apparent between the first two designs, 

which were both based on true half-wave resonators. The bandwidth should drop 

slightly in the second design, since it has more loss than the cavity at 463 MHz, as in

dicated by the apparent field enhancement factor of the cavity indicated in Table 5.2. 

Loss is the only mechanism that could affect the bandwidth of the two devices, since 

they were both based on a half-wave resonator. The normalized bandwidth of the 

device should only change significantly if higher-order resonator modes are used, such 

as the case in the field-confining designs. The results from these designs require a 

more detailed interpretation because they were based on 3>'- and 4>.-wave resonators, 

respectively. Hence, their bandwidths were expected to decrease substantially due to 

the narrowband behaviour of higher-order mode resonators. Clearly, from Table 5.2, 

the normalized transmission and return loss bandwidths were both reduced consid

erably from the first two resonant designs. Additionally, the normalized bandwidths 

were nearly identical for both devices, when usually we would expect the n = 8 
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resonator to have less bandwidth than the n = 6 resonator. This indicated that that 

the expected loss in bandwidth in the 1.5 GHz design was offset by greater cavity 

loss at that frequency. 

Since these designs were intended to simulate the performance of an integrated 

resonator modulator (a true half-wave resonator), the bandwidths need to be scaled 

by the resonant mode number n in order to make a more accurate comparison to the 

other designs. The results of this correction are shown in square braces in Table 5.2. 

Under ideal circumstances, the corrected normalized bandwidths should have been 

only slightly larger than the figures for the first two designs since the MZM electrode 

exhibits greater loss at higher frequencies. The bandwidths were increased sub tan

tially though, because the components added to the cavity to achieve confinement 

added a relatively large loss to the microwave cavity. All told, the phase shifters, 

bias tee, and interconnect added about 0.4 dB of loss to the cavity for designs 3 and 

4, degrading their Q. Hence, the corrected normalized bandwidths only give a rough 

estimate of the anticipated performance of an integrated device, since we would ex

pect the overall cavity loss in an integrated device to be much lower for reasons just 

discussed. 

The results of the link experiment with the frequency axis of the two higher-order 

mode designs expanded according to the resonant mode employed are summarized 

in Figure 5.8. From this figure, the bandwidth/enhancement tradeoff between the 

designs can be easily ascertained. This tradeoff was influenced by the cavity loss 

and the portion of the half-wave profile confined to the active region. The plot also 

gives designers a reasonable idea of how integrated modulators could be expected to 

perform, bearing in mind that the link loss reduction for the 1.2 GHz and 1.5 GHz 
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designs has the potential to be significantly greater for an integrated resonant mod

ulator. 
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Figure 5.8: Frequency-normalized link gain and return loss of the designs 

This experiment verified many of the expectations for the behaviour of resonant 

modulators. Greater cavity loss reduced the potential gain of the resonant modulator, 

but improved its bandwidth. Greater field confinement to the active region also 

reduced the potential gain of the resonant modulator, but enabled it to operate at 

higher resonant frequencies. Hence, through careful design, one can achieve a balance 

between these two parameters to yield a design that offers a radio-on-fiber system 

the necessary gains. 
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5.2 Harmonic Generation Experiment 

The second experiment used a similar setup to the link loss experiment, except that 

a single frequency (C\J\T) source was used to drive the modulator at its fundamental 

resonance point. The input power fed into the modulator was high enough that the 

3rd and 5th harmonic components could be observed at the detector. The setup of 

this experiment is shown in Figure 5.9. 

DUTU*~ 
nn 

...... ............................
 ~ 
FLD5F6CXJ-C LD POLARIZATION 

RFINPUT ::::J
If = 120 rnA CONTROLLER 

FIBER 

I VOA I 
Po,det

RF <J-
SOURCE *~ -10 dB 

DSCR40 1ER PD 
!src, Psrc 

Vi,=Vp =5V
 

[2g0000
000 HP 8153A 
000 

OPM000 0 

HP8563A
 
SPECTRUM ANALYZER
 

Figure 5.9: Experimental setup for the harmonic generation experiment 

The RF source used to drive the modulator varied, depending on the resonant 

frequency of the modulator. The experiment necessitated the use of RF drive powers 

near 25 dBm. It waB deBirable to keep the harmonic distortion from the source as low 

as possible to obtain the best results, so a power amplifier capable of operating at 
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this power level with low distortion was used wherever possible. For the 462.5 MHz 

resonant modulator, an HP83650A sweeper was used to directly drive the modulator 

since there were no power amplifiers available for the experiment that operated at 

this frequency. For the rest of the design, an HP8648D source in cascade with a 

Mini-Circuits ZHL-4240 power amplifier was used. At the full output power used in 

the experiment, this source had considerably less harmonic content than the sweeper. 

A minimum of 30 dB of separation was measured to exist between the fundamental 

and harmonics for the power amplifier over the power range used. 

Prior to the experiment, the modulator under test was biased at quadrature. To 

ensure the modulator was operating at this point, it was driven with a source power 

close to the maximum used for the tests, and the power of the second harmonic at 

the detector monitored. Ideally, as we have seen in Chapter 2, there should be no 

even harmonics at the detector. However, experiments showed that even if the bias 

was slightly off quadrature, the e harmonic would be present. This was consistent 

since even-harmonics are generated when the distortion applied to the input signal 

is asymmetric. The second harmonic power could be nulled easily by adjusting the 

DC bias. 

With the source driving the modulator biased at quadrature, the RF spectrum at 

the output of the spectrum was then displayed by an HP8563A spectrum analyzer, 

and RF powers at each of the harmonics was recorded. A special computer program 

was written to control both the source and the spectrum analyzer remotely, so that 

the power levels in each of the harmonics could be measured as the amplitude of 

the drive signal was swept over a given range in a linear fashion. Like the link loss 

experiment, the optical power at the detector was kept constant for all tests at -2 
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dBm. 

At the end of the experiment, the source was connected directly to the spectrum 

analyzer and the same sweep performed to characterize both the actual fundamental 

power that was delivered to the modulator, and the harmonics generated by the 

source itself. It was done mainly so that actual modulation depths used during the 

sweep could be characterized. 

The results from the 1.2 GHz design are considered first. To begin, the results 

of the power sweep were plotted against the theoretical expectations from the devel

opments of section 2.2.2 in Chapter 2 for the traveling-wave version of the device. 

This was done to verify that the harmonic upconversion process was operating as 

expected. Figure 5.10 shows the results of this test. Detected power in each of the 

harmonics is plotted against the theoretical expectation using the calculated mod

ulation depths used during the sweep. For a Vn of 5.8 V, the modulation depths 

tested ranged between about 5-50%. 

It can be seen that the harmonic upconversion process behaved almost exactly as 

expected. The deviation was attributable to the fact that the Vn of the modulator 

was reduced at 1.2 GHz due to electrodes losses and slight velocity mismatch within 

the modulator. In fact, a calculation based on equation (2.16) revealed that the 

optical response of the modulator was reduced to 93% of its DC value at 1.2 GHz, 

which corresponded to a Vn increase of 3.6%. Increasing the Vn to account for this 

reduced the discrepancy between the two curves shown in Figure 5.10. 

Next, the harmonic generation performance of the traveling-wave modulator was 

compared to that obtained with the resonant modulator. The results of the sweeps 

are shown in Figure 5.11. The advantage of using a resonantly-enhanced modulator is 
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Figure 5.10: Detected harmonic power versus modulation depth for the traveling
wave modulator at 1.2 GHz 

clearly underscored by this plot. While this modulator was only capable of improving 

the power in the fundamental by 4 dB under small signal operation, if it is operated 

at the right modulation depths, it can increase the third harmonic power by up to 

10 dB, and increase the 5th harmonic power by up to 18 dB! 

Clearly, the resonant configuration has increased the effective modulation depth 

of the modulator since regions of the harmonic generation curve that could not be 

reached with the traveling-wave device are apparent on the plot. For example, the 

resonant version of the modulator was able to reach the first null in the fundamen

tal power, which usually occurs at 62o/c modulation. The null occurred near 40% 

modulation in the plot, indicating that the modulation depth had been increased 

by 1.55 times, which correlates with the phase improvement factor determined in 
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Figure 5.11: Detected harmonic power versus modulation depth for the field
confining modulator at 1.2 GHz 

the link loss experiment. If the modulation depth scale of the upper plot in Fig

ure 5.11 is normalized by the anticipated modulation depth improvement factor P 

(1.58 from Table 5.2), the curves from the traveling-wave device and resonant device 

line up perfectly as shown in Figure 5.12. Hence, the optical performance improve

ment of the modulator has been verified using the harmonic spectra generated by 

the modulator/detector pair. 

Results for the 1.5 GHz modulator produced similar results, except the phase 

enhancement factor was lower. It was verified to be the same as the factor obtained 

from the link loss experiments. A plot of the detected harmonic power versus mod

ulation depth for this modulation configuration is shown in Figure 5.13. Harmonic 

power gain was not as apparent as it was for the 1.2 GHz design, as expected, since 
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Figure 5.12:	 Detected harmonic power versus normalized modulation depth for the 
field-confining modulator at 1.2 GHz 

the modulation depth improvement was smaller for this modulator. Peak gains in 

harmonic power were about 6 dB for the third harmonic and 8 dB for the fifth. 

The results of the 463 MHz externally-biased modulator design also confirmed a 

modulation depth improvement of 2.81, as expected. The results of this modulator 

are plotted in Figure 5.14. The peak harmonic powers were improved by an astonish

ing 24-27 dB by this design, which obviously was provided by the large modulation 

depth improvement offered by the device. 

Examples of the spectra generated at the output of the optical detector were 

also acquired with this device, since the resonant frequency was low enough that 

frequencies up to the fifth harmonic could be captured in one sweep on the spectrum 

analyzer. These plots are shown in Figures 5.15 and 5.16 for RF input powers 
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Figure 5.13:	 Detected harmonic power versus modulation depth for the 1.5 GHz 
field-confining modulator 

of 10 and 15 dBm (8.6% and 15% modulation) respectively. The gains realized 

using a resonant modulator here are obvious: in the first plot, there is 20 dB more 

third harmonic power at the detector output when the resonant modulator is used 

compared to the traveling-wave case. The second plot shows similar gains at the 

third harmonic, plus the traces of a fifth harmonic at the detector output where 

there were none when a traveling-wave modulator was employed. 

Curious results were obtained when the resonant and traveling-wave detected 

powers were overlaid by normalizing the modulation depth of the traveling-wave 

plot by the enhancement factor. The results of this normalization are shown in 

Figure 5.17, which indicates that beyond a normalized modulation depth of 6% 

(translating to a modulation depth of about 17% for the traveling-wave device), 
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Figure 5.14: Detected harmonic power versus modulation depth for the 463 MHz 
externally-biased modulator 

there was a major departure in the 3rd and 5th harmonic powers obtained from the 

two devices. It was discovered that this anomaly was caused by harmonic content 

in the source signal. To drive the traveling-wave modulator at 17% modulation 

required the source power to be about 16 dBm. Measurements of the source, though, 

indicated that at this power, the ratio of the fundamental to second harmonic power 

fell	 below 30 dB, with the 3rd harmonic power following suit soon after at 17.5 dBm, 

or 20.5% modulation. Simulations of a harmonic upconversion system fed with a 

signal contaminated with 2nd and 3rd harmonic content at these levels illustrated 

that the contamination of the source signal with harmonics was indeed responsible 

for the odd behaviour shown in Figure 5.17. Intuitively, this result made sense, since 

the fundamental and harmonics fed into the modulator get mixed by the nonlinearity 
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Figure 5.15: Detector spectrum generated from the 463 MHz externally-biased mod
ulator with Psrc = 10 dBm, m = 0.086 
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ulator with PSTC = 15 dBm, m = 0.15 



130 

-20 

5.2 Harmonic Generation Experiment 

of the modulator, leading to greater power in the harmonics at the detector. 
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Figure 5.17: Detected harmonic power versus normalized modulation depth for the 
463 MHz externally-biased modulator 

The resonant modulator did not exhibit this phenomenon, because interestingly 

enough, a resonant modulator is not sensitive to harmonics in the source signal. 

Electrically, coupling of the second and third harmonics into the resonator is everely 

constrained because of the bandpass-like operation of the coupler. Optically, think

ing back to the developments in Chapter 3, even if the harmonics were coupled into 

the resonator, they would have little effect on phase modulation of the optical sig

nal because the field profiles they would establish in the cavity would not produce 

substantial phase modulation of the optical signal. So, in a sense, the resonant 

modulator as a whole acted as a filter for harmonics in the input signal. Generally, 

one would think that despite the fact that an RF source nonlinearity contributes 
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to greater harmonic content at the detector, using both the source and the optical 

modulator to generate harmonics would have questionable merit and likely have a 

detrimental effect on the system as a whole. While this was never confirmed, it 

seems reasonable that the amount of harmonic content from the RF source reaching 

the optical modulator should be minimized in order to keep the harmonic content 

output of the detector well-characterized. 

The final results of the harmonic generation experiment focused on the behaviour 

of the internally-biased modulator design, which was the only design based on the 

dual drive modulator. Initially, the same tests that had been run on the other three 

modulators failed to run with sensible results on the internally-biased modulator 

design, regardless of whether it was configured in traveling-wave or resonant mode. 

The harmonic power at the detector did not rise and fall as predicted, and nulled at 

drive powers that did not coincide with the expected nulls in the harmonic response 

of the setup. More detailed tests on the device revealed that the optical power at the 

detector was varying significantly with the input RF power, as shown graphically in 

Figure 5.18 for an optical input power of -3 dBm. 

Curiously enough, this effect could not be demonstrated with any of the single 

drive modulators. This led to the conclusion that the effect could have been ther

mally induced through heating of the MZM electrode by the RF current traveling 

through it. Heating of the electrode could have led to slight thermal expansion of the 

optical waveguide, and/or thermally induced changes in the refractive index of the 

optical waveguide, much like a semiconductor laser cavity. This effect had not been 

noticed in any of the single-drive modulators because the single electrode would have 

thermally affected each optical waveguide thermally, since the electrode is centered 
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Figure 5.18: Optical power at the detector as a function of modulator drive power 
(463 MHz design) 

between the two branches of the MZM. However, in the dual-drive setup, only a 

single arm was driven while the other arm was used for DC bias, where no current 

was flowing. The change in the length and/or the refractive index of the arm was 

significant enough to offset the operating point of the MZM, and hence affect the 

optical power received at the detector. 

This hypothesis was further substantiated by the observation that the RF power 

of the even harmonics at the detector increased with the drive power. Normally, the 

DC bias of the bias electrode was adjusted for second harmonic cancellation at the 

detector, indicating that the quadrature bias condition had been achieved. Changing 

the RF drive power consistently re-introduced the second harmonic into the detector 

spectrum, indicating that the bias point had moved off quadrature. 
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By manually adjusting the DC bias to compensate for the thermal effect at each 

modulation depth point tested, the harmonic generation capability of the dual-drive 

resonant modulator was characterized, and excellent results were obtained. The re

suIts for the internally-biased modulator are plotted in Figure 5.19, which confirmed 

that the modulation depth was enhanced by the resonator by a factor of 2.17 which 

correlated with previous results. 
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Figure 5.19: Detected harmonic power versus modulation depth for the 7 a MHz 
internally-biased modulator 

These experiments with the dual-drive modulator underscored the need for accu

rate bias control and monitoring whenever drive conditions might upset the balance 

between the arms normally achieved at quadrature bias with no RF power applied. 

Usually, if the drive is low, or even high but balanced, these effects should not be 

a major problem. However, if there is drive imbalance, it could be an issue, and 
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is much more of a concern for resonant modulators than traveling-wave modulators 

because all the power supplied to a resonant modulator is dissipated by the modu

lator electrode. This is a sharp contrast to the traveling-wave case. This power is 

dissipated as heat, and Figure 5.18 clearly shows how much more sensitive a resonant 

modulator is to thermal imbalance between the anTIs. 

The curves in Figure 5.18 illustrate that there is a distinguishable relationship 

between the two cases shown. Since the resonator causes the modulator to dissipate 

more thermal power for a given modulation depth, the curve shown from the resonant 

cases evolves much faster than the traveling-wave case. If the input power for the 

traveling-wave case could have been swept to a higher value, the curve likely would 

have followed the same trend as the resonant curve. 

Results from this section have demonstrated the harmonic generation capability 

of resonant modulators. Even modest enhancement of the modulation depth using 

a resonant modulator can lead to major gains in harmonic power at the output of 

the detector. This section also demonstrated the effects on the harmonic generation 

capability of the modulator when the input signal is contaminated with harmonics. 

Finally, thermal effects, which are present in all optical modulators, but significantly 

enhanced by the resonator in r sonant modulators, were characterized. 

5.3 Data Transmission Experiment 

The third and final experiment was designed to demonstrate that resonant modu

lators could be used to transmit signals with finite bandwidth. As we know, the 

resonant modulator sacrifices bandwidth to achieve its purpose, but the modulator 
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is not of much use to radio-on-fiber systems if data signals cannot be sent through 

the link at sufficiently high rates. Data transmission using both linear modulation 

and harmonic upconversion was tested. 

The measurement setup used to characterize this aspect of the modulators was 

quite involved and used the setup shown in Figure 5.20. The goal of the experiment 

was to send a data signal through the link and measure the eye diagram of the 

demodulated signal at the output of the link, both at the fundamental frequency 

and the harmonics. 

For the experiment, the data sequence transmitted through the system was a 

1023-bit binary pseudo-noise (PN) sequence. This data sequence was sampled and 

filtered using a raised-cosine filter with a roll-off factor of 1, so that 4 samples/chip 

were available. Raised cosine filtering was employed because this filtering technique is 

used in actual digital communication systems where only a finite bandwidth channel 

is available for transmission. Raised cosine filtering achieves transmi sion through a 

finite bandwidth channel while maintaining zero intersymbol interference (lSI) at the 

sample points. The filtered symbols were stored in an arbitrary waveform generator 

(AWG), and transmitted at a bit rate of fclock/4. 

For simplicity, the modulation format employed was bi-phase shift-keying (BPSK), 

which is a constant-envelope modulation format that uses two phase states to send 

a one or a zero. Before elaborating on the reasons for this choice, a brief discussion 

of the effect of the system on the transmitted waveforms is in order. 

Recall from Chapter 2 that optical link is nonlinear due to the nonlinear prop

erties of the Mach-Zehnder modulator and the detector. For linear systems, the 

nonlinear distortion of the transmitted signal can be mitigated by keeping the trans
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mit power low enough so that distortion products do not become excessive. However, 

for systems employing harmonic upconversion, amplitude and phase distortion aris

ing from the harmonic upconversion process affects the integrity of the transmitted 

signal [5] [8]. The amplitude distortion is described by the Bessel functions presented 

in section 2.2.2. In theory, it can be mitigated by either using a constant envelope 

modulation format, or through amplitude predistortion of the transmitted signal to 

linearize the link [5]. The phase distortion manifests itself as a multiplication of the 

transmitted signal phase by the harmonic number n. For example, points of a 8

PSK (phase shift keying) constellation, which are normally separated by 45°, would 

be expanded to be 135° apart in a system employing harmonic upconversion to the 

3rd harmonic. For modulation formats mapping more than one bit to one symbol, 

this causes the constellation points to wrap around to new points in the received 

constellation that cannot be decoded using the same mapping as the transmitted 

constellation. It also causes the transitions between points to become lengthened, 

which can further distort the signal. This problem can be dealt with by compressing 

the phase of the transmitted signal by a factor of n, a technique known as phase 

predistortion [5] [40]. 

BPSK was chosen because it could be used to test both the system in linear mode 

and in harmonic upconversion mode, while not requiring any amplitude predistortion 

for the latter case since BPSK is a constant envelope modulation format. Phase 

predistortion of the signal was performed for the harmonic upconversion tests to 

minimize the length of transition paths between the two points in the constellation. 

The symbols from the AWG were modulated onto a radio carrier an HP8780A 

vector signal generator (VSG). The output from the VSG was amplified to a suitable 
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level using a 40 dB amplifier, which drove the modulator under test. The power level 

was chosen to provide high harmonic power while remaining in the linear region of 

the Bessel transfer characteristic, without saturating the power amplifier. This was 

done with the aid of the results of section 5.2. 

The output of the detector was fed into a downconverter for conversion to a 

200 MHz intermediate frequency (IF). An optional 30 dB amplifier was inserted 

prior to the downconverter when harmonic upconversion was employed, since the 

signal power of the harmonics was much lower than that at the fundamental. An 

HP83650A was used as a variable-frequency CW source to adjust the LO frequency 

of the downconverter so the de ired harmonic was converted down to the IF. 

The IF signal was then downconverted to baseband using an HPS9S1B vector 

modulator analyzer (VMA). The inphase (I) and quadrature (Q) components of the 

signal were filtered using two lowpass filters with cutoff frequencies that were chosen 

appropriately for the bit rate being tested. The resulting signals were sampled by 

a LeCroy WavePro 960 digital sampling oscilloscope (DSO), and an eye diagram 

recorded by the scope. The scope was triggered on each bit using the marker output 

from the AWG. A photo of the system used for data transmission tests is shown in 

Figure 5.21. 

The entire system was pha e-Iocked using a universal 10 MHz reference signal 

generated by the VSG, so that coherent modulation/demodulation could be em

ployed in the system. The phase of the output signal of the VSG was adjusted 

during the measurement so that all of the power was transferred into the inphase (I) 

component of the baseband signal so that an eye diagram could be observed on a 
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Figure 5.21: Photo of the experimental setup for the data transmission experiment 

single oscilloscope channel. 1 

The 780 MHz internally-biased modulator design was chosen for the modulation 

test, since it offered a fairly high enhancement factor while providing a large band

width over which data could be transmitted. The modulator was biased to counteract 

any thermal effects so that it was always biased at quadrature for the tests. This 

was achieved by monitoring the power level of the second harmonic at the detector 

1An eye diagram is a plot of multiple received symbols superimposed on top of each other and 
is used to assess the quality of the received signal. 
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output, which should be zero at quadrature bias. The optical attenuator was set 

so that the electrical power out of the photodetector did not saturate the amplifiers 

used (if any). 

Back-to-back tests of the link were performed to ensure that the system was 

operating properly, and that the eye diagrams at the receiver were of good quality 

with close to zero lSI. Some lSI was expected since matched filters were not used at 

the receiver. Instead, Butterworth filters were used as receiver filters at the input 

to the DSO, and their cutoff frequencies did not always align with the bandwidth 

of the transmitted signal. Results of the back-to-back test at various transmission 

rates in the 75-200 Mbps range are shown in Figure 5.22. From each of the plots, 

it can be seen that there is a distinct zero-lSI sampling point where there are only 

two levels. These two levels are easily differentiated in a digital receiver since they 

are well separated and the eye is very open. These two features indicate that the 

received eye diagrams are of excellent quality. 

For test of the optical modulator, eye diagrams were generated from both the 

resonant modulator and the traveling-wave modulator with the same drive power 

and carrier frequency (780 MHz). The results from the traveling-wave modulator 

were used as a reference to determine the data transmission performanc of the 

resonant modulator. The result of these tests are now described in detail. 

5.3.1 Linear Link 

Data transmission was first attempted using a linear link without harmonic upcon

version. The symbol rate was started at at 125 megasymbols per second (Msym/s), 

requiring a transmission bandwidth of 125 Hz which was close to the 3 dBe trans
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(a) 75 Msymjs (b) 100 Msymjs 

(c) 125 Msymjs (d) 150 Msymjs 

(e) 175 Msymjs (f) 200 Msymjs 

Figure 5.22: Eye diagrams from the back-to-back test 
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(a) Resonant modulator (b) 'Traveling-wave modulator 

Figure 5.23: Eye diagrams from the linear test at 125 Msym/s 

mission bandwidth of the resonant modulator. The results of the transmission test 

at this symbol rate are plotted in Figure 5.23. A comparison to the traveling-wave 

cases shows that the data transmission through the device was excellent, with no lSI 

apparent on the received signal. 2 

From this point, the symbol rate was increased in increments of 25 Msym/s. 

Excellent eye diagrams were obtained through to 175 Msym/s, a plot of which is 

shown in Figure 5.24. Beyond this point, mild lSI was introduced into the received 

signal from the resonant modulator, which was indicated by closing of the eye. The 

results from the traveling-wave modulator did not exhibit lSI at these symbol rates, 

indicating that the lSI was introduced by the finite transmission bandwidth of the 

resonant modulator. Several plots showing traces of lSI on the received symbol 

stream are shown in Figures 5.25 and 5.26, which were obtained for symbol rates of 

200 Msym/s and 225 Msym/s, respectively. While some of the lSI in Figure 5.25 

2181 would manifest itself by producing an eye whereby there was no longer a sampling point 
where there are only two distinct levels upon which to make a decision. 
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(a) Resonant modulator (b) Traveling-wave modulator 

Figure 5.24: Eye diagrams from the linear test at 175 Msym/s 

could have come from the 200 MHz lowpass filters used at the input to the DSO, 

which is substantiated by some mild lSI on the traveling-wave plot, there was still 

lSI in the eye diagrams from tests at 225 Msym/s, where these filters were removed. 

Since a raised cosine filter with a roll-off factor of 1 was used, severe lSI was not 

expected until the symbol rate reached twice the bandwidth of the modulator, or 

250 Msym/s. 

5.3.2 Harmonically-Upconverted Link 

Transmission experiments performed using harmonic upconversion achieved similar 

results as the linear tests, except that the maximum bit rate achievable dropped 

as the harmonic number n was increased. It is believed that the main reason for 

this was products generated through the nonlinear process could not be filtered out 

at the output of the detector, because no bandpass filters with the proper centre 

frequency were available for the exp riment. Hence, both the desired harmonic 

and the surrounding distortion products were downconverted and demodulated by 
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(a) Resonant modulator (b) Traveling-wave modulator 

Figure 5.25: Eye diagrams from the linear test at 200 Msym/s 

(a) Resonant modulator (b) Traveling-wave modulator 

Figure 5.26: Eye diagrams from the linear test at 225 Msym/s 

the system, leading to corruption of the eye diagram. Utilizing higher harmonic 

numbers increased the corruption of the eye diagram due to the increased amplitude 

of the undesired distortion products. Furthermore, amplitude distortion arising from 

harmonic upconversion may have distorted the raised-cosine pulse shape, introducing 

lSI onto the received eye diagram and reducing transmission rates. 
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(a) Resonant modulator (b) Traveling-wave modulator 

Figure 5.27: Eye diagrams from the third harmonic test at 150 Msymjs 

Results for the signal extracted from the third harmonic are shown in Figures 5.27 

and 5.28, which were obtained for symbol rates of 150 and 175 Msymjs, respectively. 

Distortion of the eye diagram is apparent in the received eye diagram from the 

traveling-wave modulator, illustrating that th origin of the distortion was from the 

harmonic upconversion process. Eye diagrams from both versions of the modulator 

were still of good quality, nonetheless. Beyond this rate, excessive corruption from 

unfiltered distortion products and pulse distortion degraded the eye to a point that 

the eye diagram was no longer suitable for reception. It was predicted that this 

case would worsen when the system was reconfigured to operate at higher harmonic 

numbers. 

This was indeed the case for n = 5. The increased distortion was high enough 

that only a symbol rate of 125 Msymjs provided an eye diagram with adequate 

quality. Eye diagrams generated from this test are plotted in Figure 5.29, which 

shows the operation of the system at 100 Msymjs, and Figure 5.30, which illustrates 
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(a) Resonant modulator (b) 'Itaveling-wave modulator 

Figure 5.28: Eye diagrams from the third harmonic test at 175 Msym/s 

operation at 125 Msym/s. However, while the overall data rate had to be reduced for 

this link, the resonant modulators offered a clear power advantage over the traveling

wave versions. The eye diagrams from the traveling wave case, while appearing quite 

open, also contain a high level of noise because the received signal power was so low. 

Using a traveling-wave modulator, it was very difficult to get high harmonic power 

output at the 5th harmonic due to the limitations of the power amplifier; however, 

since the resonant modulator offers over 20 dB of gain for 5th harmonic generation, 

the received power level was correspondingly higher and the signal-to-noise ratio 

much higher for the resonant cases. Thus, while the data rate may be reduced for 

harmonic link using a resonant modulator, the corresponding drive requirements are 

reduced significantly. 

This section has illustrated that resonant modulators are capable of transmission 

of data signals at speeds requisite of a radio-on-fiber system. Symbol rates in ex

cess of 225 Msym/s, which was nearly twice the 3 dBe transmission bandwidth of 
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(a) Resonant modulator (b) Traveling-wave modulator 

Figure 5.29: Eye diagrams from the fifth harmonic test at 100 Msymj 

(a) Resonant modulator (b) Traveling-wave modulator 

Figure 5.30: Eye diagrams from the fifth harmonic test at 125 Msymjs 

the resonant modulator employed, were easily attained using a linear link. While 

the transmission speeds were reduced for harmonic upconversion systems, the trans

mission problem arose from distortion of the received signal by unfiltered distortion 

products, and it is hypothesized that if proper bandpass filters were used to filter out 

the undesired harmonics at the output of the receiver, transmission speeds matching 
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those obtained from the linear link test would be possible. Additionally, if the raised

cosine pulse shape used was amplitude-predistorted to linearize the upconverted link, 

better results should be obtained. Using these techniques, resonant modulators could 

offer substantial gains to harmonic links simply because of the increased harmonic 

power that can be generated by using a resonant modulator at the transmitter. 

5.4 Validation of the Modulator Model 

Recall in section 3.3.6, a complete model of an externally-resonated electro-optic 

modulator was developed using signal flow graph representation of the components in 

the system. Knowing the s-parameters of the resonator components allows numerous 

quantities related to the operation of the modulator to be computed, such as the 

reflection coefficient at the input port, and the field developed across the active region 

of the modulator electrode, which can be subsequently integrated to determine the 

phase imparted to an incident optical wave. 

The complete signal flow graph of the system is shown in Figure 3.19. To validate 

this model, the scattering parameters of the components shown in the signal flow 

graph were measured using a network analyzer. The entire SFG was implemented 

numerically in MATLAB™, and using parameters of the optical modulators derived 

in Chapter 4, the reflection coefficient and optical phase enhancement was computed 

as a function of frequency. The phase enhancement factor was computed by comput

ing the field profiles across the active region using measurements of the components 

from both the resonant and traveling-wave versions of the modulator. These profiles 

were numerically integrated to obtain the induced phase change for each device and 
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compared to determine the modulation enhancement offered by the resonant device. 

Scattering parameters of the following components were needed to verify the 

model: 

•	 The composite circuit feeding the modulator, which was composed of the PCB 

coupler/thru; bias tee (if any); phase shifters (for designs 3 and 4); and inter

connect 

•	 The termination connected to the output of the optical modulator, which was 

one of either the open, short or matched load; a bias tee (if any); phase shifters 

(for designs 3 and 4); and interconnect 

•	 Reflection and transmission parameters of the optical modulator without any 

other components. Transmission parameters were used to determine the prop

agation constant of the electrode while reflection parameters were used to 

implement the secondary microwave cavity (if any) established by possible 

impedance discontinuities between the MZM electrode and the rest of the sys

tem 

Simulations of all four designs were completed and compared with results ob

tained from the link experiment described in section 5.1. The results of the simu

lations for each of the four resonant modulator designs are plotted in Figures 5.31 

through 5.34, along with the obtained experimental results. 

All the modeled responses demonstrated excellent correlation with the experi

mental results. There were slight deviations in the resonant frequency obtained for 

the two lowest frequency resonator designs (1 and 2). The offset was attributed to 
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Figure 5.31: Modeled and experimental response of the 463 MHz externally-biased 
modulator 

the fact the reference plane used by the network analyzer during the measurement of 

the individual components did not fully characterize the delay between two compo

nents when they connected together. Hence, the collective delay of all the measured 

components was slightly lower than the actual delay of composite microwave cav

ity when all the components were connected together. This effect was much less 

pronounced for the higher frequency versions because the delay offset was a much 

smaller portion of the overall delay of the cavity. 

Generally, the prediction of the reflection coefficient for all the models was ac

curate, and there was only a slight deviation between the model d and measured 

results for the phase enhancement factor. A summary of the error in the predicted 

phase enhancement factors for each design is tabulated in Table 5.3. 
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Design 1 [ Design 2 I Design 3 Design 4 

+0.9% I -1.7% I +2.4% +6.9%
 

Table 5.3: Error in modeled peak phase enhancement factor
 

The modeled enhancement factor was lower than the measured factor except for 

the second design. Regardless, though, the error was deemed to be acceptable, being 

less than 10%. The deviations was likely caused by a mis-estimation in the active 

length of the electrode, which has been assumed throughout. 

The model was very useful for studying the effect of the impedance discontinu

ity between the MZM electrode and the rest of the system. As mentioned earlier 

in section 5.1, there was sometimes a small discrepancy between the measured en

hancement factor and the estimate derived using the measured losses of the cavities. 
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Figure 5.32:	 Modeled and experimental response of the 780 MHz internally-biased 
modulator 
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Figure 5.33: Modeled and experimental response of the field-confining modulator at 
1.2 GHz 

At least for the 463 MHz externally-biased design, this discrepancy was theorized to 

be due to the impedance discontinuity mentioned above. This theory was verified 

using the SFG model. When the impedance discontinuity was removed in the model, 

there were significant changes in the enhancement factor prediction, especially for 

the two designs without field confinement. The enhancement was reduced by 21% 

in the externally-biased design, 12% in the internally-biased design, and 3% in the 

1.2 GHz design with field confinement. This is an interesting trend and it shows 

that the secondary cavity introduced by the impedance discontinuity has less impact 

as the resonant frequency of the overall structure approaches that of the secondary 

cavity (1.5 GHz). In fact, in the 1.5 GHz design design, where the actual microwave 
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cavity and secondary resonant cavity coincide, there was no change (0.2%) m the 

enhancement factor when the impedance discontinuity was removed. 

This effect demonstrates the usefulness of the model in predicting the effect of 

changes in the resonator structure on the optical response of the modulator. Also, 

as mentioned in section 5.1, the SFG model provided valuable information on the 

field developed across the active region of the modulator, a quantity than cannot be 

measured in practice. This is important in designs where the cavity is very lossy and 

the resonator is based on higher-order modes, such as the modulator designs utilizing 

field confinement, because the field profile developed across the active region may 

not remain stationary. Hence, the profile can be used to identify if a true standing-

wave is developed across the active region, which in turn will determine how much 
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Figure 5.34: Modeled and experimental response of the field-confining modulator at 
1.5 GHz 
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enhancement is achieved with these devices. 

In addition to being an analysis tool, this model could be tremendously useful as 

a design tool for resonant optical modulators. Models of the resonator components, 

such as the coupler, could be derived and inserted into the model, and used to 

assess their performance. Indeed, a simplified version of th model was used to 

derive the coupling parameters of the couplers in Chapter 4. Additionally, the model 

provides insight into the actual field profile developed across the active region of the 

modulator, which is something that can't be recorded in real life. In short, it is an 

accurate and useful tool for designers of resonant modulators. Its scope is not limited 

to externally-resonated modulators, and it could be a useful tool in the future design 

of integrated resonant optical modulators. 



Chapter 6 

Conclusions and Future Directions 

Atechnique for improving the performance of radio-on-fiber systems based on 

resonantly-enhanced electro-optic modulators has been presented in this the

sis. These modulators improve the response of the modulator at a certain frequency 

by using a resonant structure to enhance the electric field amplitude within the 

modulator structure, which enhances the electro-optic effect and resulting optical 

modulation process. The improvements in the modulation process have a variety 

of benefits for radio-on-fiber systems, including reduced link loss and improved har

monic generation for systems based on the nonlinear harmonic upconversion process. 

Four unique externally-resonated modulator configurations were presented and 

constructed. Each modulator operated at successively higher frequencies by confining 

more of the resonant half-wave field profile to the active region of the modulator. 

In two designs, a special phasing network was added to the resonator structure to 

provide full control over the amount of the resonant field profile that was developed 

over the active region of the modulator, an effort that was undertaken to simulate 

the potential performance of an integrated resonant modulator which has inherent 

resonant field confinement. The operation of these modulators has previously not 

been demonstrated, and the results from these designs provide the first glimpse into 

the behaviour and potential performance of resonant optical modulators realized in 

integrated form. 

All the modulators presented offered significant gains to radio-on-fiber systems. 
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Link loss was reduced substantially by all the designs, with the peak improvement of

fered by these devices ranging from 7-9 dB for modulators without field-confinement 

mechanisms and 3-4 dB for the modulators with such a mechanism. The latter fig

ures are the first published predictions of the potential performance of integrated 

resonant modulators. Furthermore, additional gain is anticipated from devices real

ized in integrated form, since they would not suffer from the same electrical losses 

as the structures used in the experiments to simulate the integrated modulator per

formance. 

Transmission bandwidths around 15% were obtained for the modulators without 

field confinement mechanisms. While the bandwidth of the modulator with this 

mechanism was reduced due to the higher-order resonant mode structure used, it is 

anticipated that a truly integrated modulator would exhibit bandwidths comparable 

to the 15% figure obtained for the other two modulators, an excellent figure for 

radio-on-fiber applications. 

The harmonic generation capability of these modulators was also demonstrated, 

the first characterization of its kind for resonant modulators. The results indicated 

that resonant modulators have the potential to offer large gains to systems based 

on harmonic upconversion, with the harmonic content at the output of the detector 

enhanced anywhere between 6-24 dB for the third harmonic and 8-27 dB for the fifth 

harmonic, again depending on the architecture chosen. 

Data transmission experiments through a resonant modulator revealed enormous 

potential for the devices operating in both systems based on linear modulation and 

harmonic upconversion. Symbol rates in excess of 200 Msym/s were achieved for 

linear systems, 175 Msym/s for harmonic upconversion systems based on the third 



157 6. Conclusions and Future Directions 

harmonic, and 125 Msym/s for systems based on the fifth harmonic. However, the 

figures for systems employing harmonic upconversion would have been higher if fil

ters had been available to isolate the desired harmonic at the output of the detector. 

Furthermore, predistortion of the input pulse shape would have also improved the 

results from the harmonic link experiments. Through filtering and predistortion, 

it should be possible to achieve transmission speeds comparable to systems using 

a linear link. Speed issues aside, the resonant modulators demonstrated large po

tential for reducing drive requirements for transmitters in systems using harmonic 

upconversion. 

Finally, the thesis developed and presented a detailed model for a generalized 

resonantly-enhanced modulator. The accuracy ofthis model was verified both through 

the use of the model to design the structures in this thesis, and through validation 

experiments where the model was used to predict the optical performance of the 

structures. Correlation between experimental and modeled results was excellent, 

and the success of the experiments has proven that the model could be a valuable 

design and analysis tool for resonantly-enhanced modulators in any form. 

This research has opened up numerous avenues for further research. First, a 

large effort in the study was focused at predicting the potential performance of fully

integrated optical resonant modulators. However, an actual integrated modulator 

was never built and has not yet been presented elsewhere in the literature. Further

more, it is predicted that the performance of these modulators will exceed that of 

their emulated counterparts presented here, both in terms of link loss reduction and 

bandwidth. The next logical step in the research would be to manufacture such a 

device. 
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This study has also shown that while resonantly-enhanced modulators are effec

tive at delivering gains at a certain frequency, the upper limit of this frequency is 

constrained by the length of the active region inside the optical modulator used. 

While this length can be reduced, this reduces the optical modulation effect which 

is undesirable. However, a variety of novel electrode structures could be developed 

to overcome this problem, and could open the door to operation of these devices at 

any frequency the designer chooses. 

Tests of the system based on harmonic upconversion demonstrated the need for 

predistortion of the input signal. Furthermore, the use of resonant modulators in 

the link can potentially introduce distortion into the input signal prior to the upcon

version process, leading to a corrupted receive signal. For harmonic-upconversion 

systems to be effective, this distortion introduced by the resonant modulator on the 

input signal needs to be taken into account. Novel predistortion techniques that cre

ate pulse shapes that survive both the transmission through the resonant modulator 

and the harmonic upconversion process would make an excellent research topic for 

the future. 
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Appendix A
 

Derivation of Harmonic U pconversion
 

Components
 

This appendix derives the output of a radio-on-fiber system when the Mach-Zehnder 

modulator in it is driven in a nonlinear fashion with a sinuisoidal signal. This 

technique is utilized to upconvert the input signal to a higher frequency that is an 

integer multiple of the input signal frequency (Le. a harmonic), in a process known 

as harmonic upconversion. 

If we consider a sinusoidal input signal v(t) = msin(wmt), where m is the modu

lation depth at the transmitter defined by equation 2.42, then the optical power at 

the output of the MZM is, from equation (2.25): 

Po,out(t) = 2Poin [ 1 ± sin ( 2 Va 7r sin(wmt) )] (A.I)
Vn 

Po in [ . ( . ( ))]2 1 ± sm 2m7r sm wmt (A.2) 

Sending a sinusoidal message signal through a nonlinearity generates a series of 

harmonics at the output of the modulator. The harmonics are generated by the 

second term in equation (2.43) since the sine function is only approximately linear 

if the argument is small. Defining the nonlinear function 

x(t) = sin (2m7r sin(wmt)) (A.3) 
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the nonlinearity can be described using a Fourier series in complex form as follows: 

x(t) = L
00 

cnejnwmt, to:::; t :::; to + To (A.4) 
n=-CX) 

where x(t) is defined over the interval (to, to + To), To is the period of the applied 

signal, and the Fourier coefficients Cn are defined by: 

(A.5) 

To determine the Fourier coefficients, let's evaluate the above expressions in the 

interval (-7r /wm , 7r /wm ), which is over a single period of the input signal. Evaluating 

equation (A.5) for n = 0, we easily find that Co = 0, since x(t) is an odd function of 

t. For n =F 0, Cn can be found by re-casting x(t) in complex form so that 

(A.6) 

Making the substitutions u = wmt and {3 = 2m7r, 

The first integral in parenthesi is recognized as the definition of the Bessel function 

of the first kind of order n with argument (3: 

(A.S) 

The second integral is simply I n ( -(3), so that equation (A.7) becomes 

1 
Cn = j2 (In({3) - In(-(3)) (A.9) 

In((3) for even nand In(-(3) = -In((3) for odd n, Cn can be 

expressed as 

for n odd 
(A.IO) 

for n even 
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Hence, x(t) is a Fourier series of odd harmonics only. Substituting equation (A.I0) 

into equation (A.4) and using a single sided summation, the following expression for 

x(t) is obtained: 

x(t) = L
00 

-j (In(2m7f)ejnwmt + J_n(2m7f)e-jnwmt) (A.ll) 
n=1,3,5, ... 

The Bessel function has the property that J_ n ({3) = -In (f3) for odd n, so x(t) can 

be simplified further to yield: 

x(t) = 2 L
00 

J(2k-1) (2m7f) sin ((2k - l)wn t) (A.12) 
k=l 

and the derivation of the Fourier series for x( t) is complete. 



Appendix B 

Derivation of the Critical Coupling Condition 

This appendix derives the critical coupling condition for a number of different res

onator configurations. The critical coupling inductance for a shorted-circuited >-/2 

line is considered first, and developed in detail. The derivation of an open-circuited 

>-/2 line is considered next. Finally, a high-order mode open-circuited resonator is 

considered in the last section, the results of which can be extended to any multi

wavelength resonator configuration. 

B.l Critical Coupling Inductance of a Short-Circuited >../2 

Line 

The critical coupling condition for a shorted >-/2 resonator can be derived by consid

ering circuit shown in Figure B.1 which shows the inductive coupler with inductance 

L c connected to a lossless shorted >-/2 line with a characteristic impedance of Zo 

and a phase constant of (3. Here, a lossless line will be assumed at first, and loss 

introduced further in the derivation. 

The input impedance of the shorted >-/2 line alone is 

ZL + j Zo tan((3L) . 
Zline(W) = Zo Z 'Z ((3L) = ]Zo tan((3L) (B.1) 

0+] L tan 

The normalized input admittance of this line is 

Yline(W) = -j cot((3L) (B.2) 
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IE L ~I 

Zin, fin 

I .. Lc Zo,(3 SHORT 

o ----'------{ }---------------{ 

Figure B.l: A shorted ),,/2 inductively-coupled resonator 

The input impedance of the inductor in the coupler is 

(B.3) 

which has a corresponding normalized admittance of 

. Zo 
Yind(W) = -) (B.4)

wLc 

The total input admittance of the resonator is the sum of the admittance of the 

coupler and the shorted line, since they are in parallel: 

Z-jcot((3L) _ j_O (B.5)
wLc 

-j - j~ tan((3L)wLc (B.6)
tan((3L) 

.XL + tan((3L)
- J ---.,.---,------;-- (B.7) 

XL tan({3L) 

where XL = wLeiZo is the normalized reactance of the inductor. A lossless shorted 

),,/2 line is analogous to a series LC resonator [32], so it appears like a short circuit 

at resonance. However, at r sonance, the shunt inductance acts like an impedance 

inverter because Yin 00 as (3L ----7 Hence, the input admittance of the circuit at----7 7r. 

resonance is zero and 

.XL + tan((3L)
Yin(W) = -.7 ((3L) = XL + tan((3L) = 0 (8.8)

xLtan 
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The solution to this equation determine the resonant frequency fe of the entire 

resonator configuration. When f -=1= fe, the input admittance is nonzero and becomes 

a function of frequency. It is desirable to express the input admittance in the form 

of the input admittance to a parallel RLC circuit since this is what the resonator 

looks like near resonance. Thi can be achieved by expressing the input admittance 

in a Taylor series about the resonant frequency fe: 

+ ... (B.9) 

The derivative of y(w) can be found as follows: 

dy(w) . L sec2 ((3L) . XL tan((3L) - XL sec2 ((3L) . (tan((3L) + XL) 
- J - ----'---=---------'-----'-----;::---;::-c---'--'------'---'-----=----'-----'---

dw V m XL
2 tan2 ((3L) 

. L sec2 ((3L) 
J V m tan((3L) 

.L (1 + tan 
2 
((3L)) (RIO) 

J tan2 ((3L) 

At resonance, tan((3L) = -XL, so that 

dy(w) I (B.ll)
dw 

w=wc 

where V m is the phase velocity of the microwave signal along the electrode. Since 

XL « 1, 

dy(w) I '" J'L 
'" -2- (R12)

dw XL V mW=Wc 

Also, at resonance, (3L ~ 7T, so ~ ~ 7T, and 
V rn 

(R13) 

Substituting this into equation (R12) yields 

dy(w) J7T 
--2 (B.14)

dw WeX L 
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The input admittance Yin can then be approximated using the truncated Taylor series 

as 

(B.I5) 

Next, the cavity is assumed to be slightly lossy, so that the resonant frequency We 

can be replaced with We (1 + j/2Q(w)), where Q(w) is the unloaded quality factor of 

the resonator at a given frequency. The quality factor is a measure of the loss of a 

resonant circuit. Performing the substitution into equation (B.I5) gives 

(B.I6) 

Clearly, the input admittance now has the same form as a parallel RLC circuit. 

The real part of Yin (w) is the normalized conductance of the resonator. At resonance, 

the coupler is designed to create a match to the external circuitry, so Yin (We) :::::::: 1 

and 

(B.I7) 

and the solution for the critical coupling inductance is 

(B.I8) 

For transmission line resonators, the unloaded quality factor Q(w) is defined as 

Q(W) = ;3(w) (B.I9)
2a(w) 

where a is the attenuation factor of the transmission line in p/m. At resonance, 
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Since {3(we )L ~ 7r at resonance, the normalized coupling reactance can be simplified 

as 

(B.21) 

and the critical coupling inductance is 

(B.22) 

which allows the required coupling inductance of the resonator to be found if the 

loss through the cavity aL is known. 

B.2	 Critical Coupling Capacitance of a Open-Circuited )",/2 

Line 

The derivation of the critical coupling capacitance for a general open-circuited >../2 

line proceeds very similar to the derivation presented for the shunt inductive coupler. 

In fact, the result has a similar form to the critical coupling reactance solution: 

(B.23) 

where be is the normalized susceptance of the capacitor at resonance given by be = 

ZOWeCe and Ce is the coupling capacitance. 

B.3	 Critical Coupling Condition for Multi-Wavelength Res

onators 

Using an extension of the capacitively-coupled open-circuited >../2 line, we will gen

eralize the results to a higher-order mode resonator, which has any number n of 
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half-wavelengths contained in the resonant cavity. It is easy to show that for an 

n>../2 open-circuited resonator, the coupling susceptance becomes 

(B.24) 

However, for an n>../2 resonator at resonance, 

(B.25) 

and the expression for be reduces to equation (B.24). It is interesting that despite the 

fact that a higher order mode resonator has a higher Q than a half-wave resonator, 

the expression for the normalized coupling susceptance remains unchanged from the 

>../2 case. The critical coupling susceptance is then given by 

(B.26) 

and the critical capacitance is given by 

(B.27) 

Generalization to a short-circuited n>../2 re onator gives 

(B.28) 

for the critical coupling reactance and 

(B.29) 

for the critical coupling inductance. 
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