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Abstract 

 
A self-homodyne photonic receiver for transmitted carrier wireless links is 

demonstrated.  The key innovations in this photonic RF-receiver are the design and 

implementation of a resonant LiNbO3 microdisk electro-optic modulator and novel 

RF down-conversion techniques that exploit the sensitivity of the microdisk for 

efficient RF down-conversion in the optical domain.  By careful RF and optical 

design, simultaneous photonic and RF resonance is achieved in a LiNbO3 microdisk 

modulator resulting in a sensitivity of -80 dBm at 14.6 GHz. 

Two photonic RF down-conversion techniques are proposed to extract the baseband 

information from a RF signal that has a transmitted carrier modulation format.  In the 

first approach we use an optical filter to modify the optical output spectrum of the 

microdisk modulator.  Photodetection of the subsequent optical signal generates the 

baseband photocurrent.  In the second technique the RF carrier and sidebands are 

mixed through nonlinear optical modulation in the microdisk and the down-

converted signal is detected using a photodetector.  In both cases the bandwidth of 

the photodetector and electronic circuitry are limited to that of the baseband signal. 

Receiver operation is demonstrated by demodulating up to 100 Mb/s digital data 

from a 14.6 GHz RF carrier frequency.  Power efficiency, small volume, light weight 

and elimination of high-speed electronic components are the main specifications of 

the photonic RF-receiver that make it useful for applications like wireless LANs, 

fiber-feed backbone networks or video distribution systems. 
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Chapter 1 

Introduction 
 
1.1 Motivation 
 

1.1.1 Photonic RF signal processing  
 

Microwave links are essential parts of today’s radio communication and radar 

systems.  A factor limiting use of mm-wave carrier frequencies in these links is the 

high attenuation of RF signals in microwave cables and low efficiency of 

conventional electronic devices.  The design complexity and cost of fabricating 

solid-state electronics based signal processing devices and circuits increases 

significantly at mm-wave frequencies.  RF-photonic technology is an alternate 

approach that employs an optical carrier in hybrid microwave-photonic links to 

transmit and distribute RF-signals as well as performing some signal processing 

functions photonically [1-10].  The primary task in a RF-photonic system is up-

conversion from RF to optical frequencies or optical modulation.  Direct modulation 

of laser sources becomes highly inefficient at mm-wave frequencies and external 

optical modulators, especially conventional LiNbO3 Mach-Zehnder (MZ) 

modulators, are the best alternative.  Recently the bandwidth, efficiency and size of 

MZ-type modulators have been dramatically improved by better RF design and 

employing semiconductor electro-optic materials [15,20].  In RF subcarrier optical 

links information is carried within a limited bandwidth around a high-frequency RF-
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carrier.  This is an opportunity to employ the high sensitivity offered by resonant 

optical modulators.  Resonant modulators use either optical or electrical resonance to 

enhance the interaction length or modulating voltage at the expense of loosing 

bandwidth [55-80].  These modulators can only modulate within a limited bandwidth 

around discrete frequencies separated by RF or optical free-spectral-range of the 

resonator.  Resonant modulators are typically smaller than regular MZ modulators 

and by careful design their sensitivity can be maintained up to mm-wave frequencies 

where MZ modulators face significant RF-optical phase mismatch. 

Processing microwave and mm-wave signals in the optical domain has been the 

subject of research for the past few years [1-3].  One of the most interesting 

applications of photonic RF processing is RF frequency conversion.  RF frequency 

conversion in the optical domain has many advantages such as optical isolation from 

environmental RF noise and signals, independence from carrier frequency and 

elimination of high-speed electronic circuitry.  Frequency conversion in the optical 

domain is mainly achieved through optical filtering and nonlinear modulation. 

Photonic generation of pure RF and mm-wave signals is another attractive 

application of RF-photonics [3,4].  Mixing infrared lasers in a high-speed photodiode 

is a powerful technique to generate a RF signal.  Tunability over a wide range of 

frequencies, simplicity of the design, small volume, purity of the RF spectrum are 

among the most promising features of photonic RF generators.  The high-frequency 

limit of these generators is mainly imposed by the photodiode response.  Recently 

the advent of the uni-traveling carrier photodiode has noticeably increased the 
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operational frequency of the photonic generators.  The state-of-the art UTC-PD 

based photonic mm-wave source can generate a 90 GHz signal by mixing two DFB 

lasers [4].  The power and phase stability of these devices is determined by the 

relative phase fluctuations of the laser sources.  An accurate and stable phase locking 

mechanism is a crucial requirement for a reliable RF or mm-wave source. 

A resonant LiNbO3 microdisk modulator uses simultaneous electrical and optical 

resonance and hence benefits from both voltage-gain and enhanced electro-optic 

interaction length.  This feature increases the sensitivity of a microdisk modulator 

compared to other types of modulators, and makes it a good candidate for a RF-

photonic receiver.  In this thesis it will be shown that LiNbO3 microdisk modulators 

can be used in an all-optical receiver design that exploits their sensitivity in 

combination with optical signal processing techniques to receive and down-convert 

the data from an RF signal. 

 

 

1.1.2 RF subcarrier links in wireless LANs and fiber-feed  

          backbone networks 
 

A wireless local area network (LAN) is a data communication system implemented 

as either an extension to, or as an alternative to a conventional wired LAN.  The 

majority of wireless LAN systems use Radio Frequency (RF) transmission 

technology.  Wireless LANs are typically fed through the wired LAN.  The radio 

 3



access point consists of a bridge and a base station, and acts as the interface between 

the wired LAN and the wireless LAN.  The requirement of high data rates and cell 

isolation push the carrier frequencies into mm-wave. 
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(b) 
Figure 1.1  (a) Shows the propagation loss of the electromagnetic waves in air as a function of 
frequency.  Two absorption peaks are observed at 23 and 60 GHz (Source: phased array-based 
systems and applications, Nicholas Fourikis, pp. 27-28, John Wiley & Sons, 1997).  (b) A 
schematic diagram showing the concept of fiber-feed backbone networks and the function of 
wireless-optical modulator in the network.
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The propagation loss is high at mm-wave frequencies (Fig. 1.1(a)) so each base 

station will have a smaller coverage radius (5-10 km for micro-cellular and 1 km for 

pico-cellular).  Adjacent cell interference is minimized and the network has a high 

degree of frequency reuse. 

However, having small radio cells also means that numerous radio access points (or 

base stations) are required to cover a large area.  Also, broadband wireless networks 

require a high capacity feeder network.  The deployment and maintenance of such a 

system using today’s copper based wired LANs is economically unattractive.  An 

alternative is they are replaced by a high capacity optical fiber infrastructures [5-8].  

RF over fiber (RoF) is the best candidate for this purpose (Fig. 1.1(b)).  An important 

component in RoF systems is a low-power wireless optical modulator that can 

efficiently modulate the optical carrier using the weak RF power received by the 

antenna (typically 1-10 µW).  Microdisk modulators can be made sensitive enough 

to operate at very small RF-powers (SNR of 10 dB at -70 dBm RF power is 

demonstrated in this thesis), which makes it a useful component in these types of 

links. 
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1.1.3 Indoor wireless 

 

A video transmission system is an example of a simple millimeter-wave application 

because it is a one-way redistribution system for received terrestrial or satellite 

broadcast video signal, and it is the first common millimeter-wave application in 

house-hold use [10]. 
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Figure 1.2  (a) Video redistribution for househ
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Fig. 1.2(a) illustrates the concept of a mm-wave video transmission system for 

household use.  Terrestrial, satellite-broadcast and/or cable television (CATV) 

signals are redistributed through the house by using mm-waves and optics [10].  A 

small low power RF-photonic receiver can be connected to each display device to 

receive the modulated carrier and recover the video signal. 

An indoor wireless data distribution system is another potential candidate for 

employing a RF-photonic receiver.  Fig. 1.2(b) shows an example where a data 

modulated RF-carrier is transmitted by a directional antenna that broadcasts to all 

users.  A small RF-photonic receiver is attached to each computer to receive the RF-

signal and send the down-converted data to the computer. 

 

 

1.2 Brief survey of the related topics 

 

LiNbO3 microdisk optical modulator employs principles, techniques and physical 

concepts that have been the subject of research for many years.  Consequently, a 

brief survey of the most important related research is useful. 

Fig. 1.3 shows four major concepts and technologies that are combined in a LiNbO3 

microdisk resonant modulator.  In this section the main aspects of these subjects are 

discussed. 
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Figure 1.3  Convergence of four principal technologies in microdisk optical modulator. 
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1.2.1 Mach-Zehnder modulator 

 

Traveling wave Mach-Zehnder (MZ) amplitude modulators are widely used in high-

speed optical communication systems.  Conventional MZ interferometric modulators 

rely on two physical effects to vary the light intensity.  The effects are voltage 

dependence of light velocity in electro-optic materials (known as Pockels effect) and 

optical interference.  Such modulators are typically composed of two Ti-diffused 

optical wave-guide arms fabricated in a LiNbO3 wafer.  The waveguides are 

typically 8×6 µm2 in cross section with a loss of 0.1 dB/cm (the optical mode is 7×4 

µm2 located about 2 µm below the surface) [9].  The electric field is applied with 

CPW (1) or CPS (2) structures.  Performance is characterized by bandwidth, drive 

voltage (Vπ), optical insertion loss and chirp.  One of the main challenges for 

increasing the sensitivity at high frequencies is to maintain RF-optical phase 
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matching for a long distance.  The effective optical and RF refractive index of 

LiNbO3 are different so there is an inherent mismatch between the optical and 

microwave velocities.  As a result, the maximum achievable drive frequency 

decreases as the modulator length is increased.  Conversely, to lower the drive 

voltage and power, a long device length is required.  Thus a performance tradeoff is 

made between maximum drive frequency and required drive power.  A large amount 

of effort has been dedicated to solve this problem resulting in lower drive voltages 

(factor of 5) during the past 10 years [11-15].  Fig. 1.4(a) shows the picture of a 

LiNbO3 MZ modulator with a Vπ of 0.9 V at 40 Gb/s, which has been developed 

using a new design concept featuring a wide-gap and a long CPW electrode [15].  

  

On the other hand these devices are relatively big and bulky (1cm×1cm×10cm) and 

hard to integrate with microphotonic devices.  Integration with planar antennas is 

another issue, which makes using a conventional MZ modulator for certain wireless 

applications questionable.  MZ modulators have been also fabricated using III-V 

compound semiconductor materials [18-20].  These modulators are typically smaller 

than LiNbO3 and they can be monolithically integrated with other microphotonic 

devices such as lasers and photodetectors.  Heterostructures for electro-optic phase 

modulation are typically made of AlGaAs or InGaAsP compounds.  A detail 

explanation of the electro-optic effects in III-V structures is presented in Chapter 5. 
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( b ) 
Figure 1.4  (a) Photograph of a state-of–the-art low-drive voltage (Vπ = 0.9 Volt) 40 Gb/s LiNbO3 
MZ modulator [15].  (b) A semiconductor MZ modulator fabricated on a SI-InP substrate.  Cross-
sectional geometry of the n-i-n InP waveguide (left) and a photograph of the fabricated chip (right) 
[20]. 

 

Recently an InP-based Mach-Zehnder has been introduced with a bandwidth larger 

than 40 Gb/s and a Vπ of 2.2 V [20].  The length of the active arm in this modulator 

is about 3 mm.  Fig 1.4(b) shows the cross-sectional geometry of the active 

waveguide and a photograph of the MZ modulator chip (0.8 mm × 4.5 mm). 
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1.2.2 Microsphere optical resonator 

 

Microsphere resonators are very small (25 µm to 4 mm radius) optical resonators 

usually made of fused silica.  They are interesting because of the ability to support 

confined high-Q Whispering–Gallery (WG) modes.  Quality factors exceeding Q = 

1010 have been reported for these microresonators [21].  The long photon lifetime 

inside the microsphere is the key feature that makes it very attractive for various 

optical and opto-electronical applications. 

Challenges that must be overcome for practical applications are fabrication and 

optical coupling to Whispering-Gallery modes.  Basic understanding of the ultimate 

Q of optical resonators and mode analysis has been investigated since mid 1990’s 

[21-23].  Different schemes have been used to couple light into and out of resonators, 

such as prism coupling, tapered-fiber coupling [26,27], angle polished fiber coupler 

[25] and planar single mode waveguide coupler [24].  Among them the tapered-fiber 

coupling seems to be the most promising due to high coupling efficiency (98%) and 

geometrical compatibility with photonic circuit and filter designs.  Fig. 1.5(a) is the 

photograph of a microsphere coupled to two angle polished fiber couplers and Fig. 

1.5(b) shows a microsphere resonator coupled to two tapered-fiber couplers in an 

add-drop filter configuration.  Experimental results indicate that optical coupling loss 

of less than -3 dB is routinely achievable with this method [26].  Microspheres suffer 

from coupling stability and geometrical incompatibility with planar structures that 

will keep them from being commercially feasible. 
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coupling and etch eroded half-block coupling are the main methods for coupling to 

medium size disks.  Fig. 1.6(a) is a photograph of a LiNbO3 microdisk with a 

diameter of 1 mm and a thickness of 0.2 mm. 

Small size InP microdisk optical resonators have been fabricated using optical 

lithography and wafer bonding techniques [33,35].  The diameter of these devices is 

typically between 4 to 12 µm and they can be vertically (Fig. 1.6(b)) or laterally (Fig. 

1.6(c)) coupled to ridge waveguides fabricated on the same substrate and work as 

add-drop filters or switches [61,62].  The quality factor of these disks is around 6000 

and is limited by surface roughness of the etching process used in fabrication.  

Semiconductor microdisks can be used as active switches since their refractive index 

and loss can be changed by free carrier injection; consequently the optical Q-factor 

and the resonant wavelengths may be controlled by current flow [61].  Due to high 

index contrast, the air-guided structures (the waveguide and the microring are 

surrounded by air) are not always favorable in terms of optical losses and coupling 

efficiencies.  Recently a buried InP/InGaAs microring resonator with a Q of 105 has 

been demonstrated.  Fig. 1.6(d) is the SEM cross-sectional view of the buried InP 

microring resonator [35].  Multi-quantum well microdisk lasers employ the WG 

optical-modes of a microdisk [36-38].  Fig. 1.6(e) shows a microdisk laser with 

radius R = 0.8 µm and lasing wavelength of λ ≈ 1.5 µm.  Detailed studies and 

modeling of these active optical devices have revealed much of the physics 

governing device operation. 
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been also fabricated based on Si-SiO2 [28-30].  The diameter of these ring resonators 

is typically 8-50 µm and their Q-factor strongly depends on the fabrication 

techniques.  Recently a SiO2 toroidal microdisk has been reported with a Q of 108 

(Fig. 1.6(f)) [31].  These resonators have been mostly used for add-drop optical filter 

design [29,30,31].  Ring resonators with a Q-factor of about 105 have been also 

fabricated based on polymer materials [32].  The diameter of these rings is between 

50 and 500 µm and they are vertically coupled to polymer waveguides.  Since they 

are made of electro-optic polymers, they can be used as modulators (section 1.4.2) 

 

 

1.2.4 RF microring resonator 

 

RF ring resonators are ring shaped microstrip structures used as resonant elements in 

RF filter design [39].  Previously, most of the research in this subject has been on 

resonant frequency, Q-factor estimation and excitation methods for ring based RF 

filter design [39-43].  Several schemes have been developed to couple RF power into 

and out of the ring resonators.  Of these, magnetic side coupling and capacitive gap 

coupling are the most commonly used methods.  Ring resonators are also used in 

electro-optic devices.  G. K. Gopalakrishnan et al. have investigated the microwave 

optoelectronic interactions in a microstrip ring resonator by monolithically 

integrating a Schottky diode photodetector into a microstrip ring resonator [45]. 
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The semi-ring resonator [44] hasn’t been used as much as the ring resonator for filter 

design.  However, since its resonant frequency can be easily tuned (by trimming the 

length), it has been used in initial designs of the microdisk modulator where RF-

optical frequency matching is an important issue [74,75,79,80].  Fig. 1.7(a) shows a 

photograph of microstrip ring resonators side coupled to a microstrip line on a 

printed circuit board (PCB).  Fig. 1.7(b) shows a ring resonator on top of a LiNbO3 

microdisk that is side-coupled to microstrip line fabricated on a PCB.  The typical Q-

factor of these ring resonators is between 50-150, depending on the surface 

roughness of the ring, ring size and properties of the substrate material.  The 

geometrical compatibility and relatively high-Q makes these resonators a good 

choice to provide voltage gain (through resonance) in a microdisk modulator. 
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1.2.5 Wireless receivers 

 

A well-designed radio receiver must satisfy the following requirements [47]: 

(A) High gain (~100 dB) to restore the low power of the received signal to a level 

near its original baseband value.  (B) Frequency selectivity, in order to receive the 

desired signal while rejecting adjacent channels, image frequencies, and interference.  

(C) Down-conversion from the received RF frequency to an IF frequency for 

processing.  (D) Detection of the received analog or digital information.  (E) 

Isolation from the transmitter to avoid saturation. 

Because the typical power level from the receive antenna may be as low as –100 to –

120 dBm, the receiver may be required to provide power gain as high as 100 to 120 

dB.  The global system for mobile communication (GSM) standard (3) requires a 

minimum sensitivity of -102 dBm and a dynamic range of 62 dB (4).  This much gain 

should be spread over RF, IF and baseband stages to avoid instabilities and possible 

oscillation.  It is generally good practice to avoid more than about 50-60 dB of gain 

at any one frequency band.  The fact that amplifier cost generally increases with 

frequency is a further reason to spread gain over different frequency stages.  Here we 

present an overview of some of the most important types of RF wireless receiver 

architectures: 

Direct conversion receiver:  The direct conversion receiver, shown in Fig. 1.8(a), 

uses a mixer and local oscillator to perform frequency down-conversion with zero IF 

frequency.  The local oscillator is set to the same frequency as the desired RF signal, 
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which is then converted directly to baseband.  The direct conversion receiver is 

sometimes called a homodyne receiver.  For AM reception the received baseband 

signal would not require any further detection. 
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local oscillator so that the IF frequency remains constant.  At microwave and mm-

wave frequencies it is often necessary to use two stages of down-conversion to avoid 

problems due to LO stability.  The dual-conversion superheterodyne receiver of Fig. 

1.8(c) employs two local oscillators and mixers to achieve down-conversion to 

baseband with two IF frequencies. 

Self-heterodyne Receiver:  Recently a novel receiver design has been proposed for 

mm-wave indoor wireless video distribution [48,49].  In this architecture the local 

oscillator is transmitted along with the signal.  The signal is down-converted to IF 

frequencies by mixing the received local oscillator and the signal in a self-mixer.  So 

the high-frequency local oscillator is eliminated.  The term self-heterodyne implies a 

heterodyne receiver that relies on self-mixing rather than mixing with a local 

oscillator.  In Chapter 4 we will show that by eliminating the IF stage the self-mixing 

technique may be employed in a self-homodyne photonic receiver that down-coverts 

the baseband information in optical domain. 

Currently one of the main challenges in wireless receiver design is to increase the 

carrier frequency and design efficient wireless links at mm-wave frequencies [50-

54].  Recently a 24 GHz CMOS front-end has been demonstrated in a 0.18µm 

process that consist of a low-noise amplifier (LNA) and a mixer that down-converts 

an RF input of 24 GHz to an IF of 5 GHz [53].  Today’s frequency performance 

limitations of CMOS technology has led to use of alternative material systems for 60 

GHz applications.  Preliminary studies and experiments show a 60 GHz transceiver 

circuit based on SiGe bipolar technology is achievable [54]. 
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The NEC group has developed a 60 GHz transmit/receive electronic analog RF 

front-end module using 0.15 µm gate-length AlGaAs/InGaAs heterojunction FETs 

with fmax > 220 GHz for electronic circuitry and a Ba(Mg,Ta)O3 dielectric resonator 

to stabilize a fixed frequency, low phase-noise, local oscillator (LO).  The packaged 

device occupies a volume of 900mm3 and consumes 400mW power [51]. 

Operation at carrier frequencies above 60 GHz is an opportunity for new system 

design as well as a change in device technology because the conventional electronic 

devices lose their efficiency to a level that cannot easily be compensated for by novel 

system designs. 

Processing the received RF/mm-wave signal in the optical domain is a promising 

alternative to conventional electronic with the potential benefit of reduced power 

consumption as well as reduced device volume.  In this thesis we investigate some of 

the possibilities of employing photonic technology in wireless receiver design. 

 

 

1.3 Resonant optical modulator 

 

1.3.1 Optical resonance  

 

In an optical resonator energy is confined in a small volume by means of multi-

reflections at low loss and high reflectivity interfaces.  The photons are trapped in the 

resonator for a relatively long period of time (compared to the time for a single pass 
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through the resonator).  The resonance boundary conditions impose a constraint on 

the frequency of the resonant photons thus only photons within a limited bandwidth 

around certain frequencies can resonate in the cavity.  Spatial confinement, long 

photon lifetime and frequency selectivity are the main traits of the optical resonance 

that can be used in many photonic devices. 

The average amount of time that a photon stays in the resonator is called photon life 

time (τp) and can be estimated as τp = Q/ω, where Q is the quality factor of the 

resonance and ω is the photon frequency.  The number of photons inside the 

resonator can be written as [65]: 

                                                                                                                                 (1.1) tQeNN /
0( ω−=t )()

where N is the number of photons in the resonator at time t, N0 is the initial number 

of photons in the cavity.  So at time t = τp the number of photons in the cavity 

(initially N0) reduces to (1/e)N0.  The photon lifetime (τp) can also be written as [65]: 

                                                                                                                                (1.2) RT
p =τ

S−1
τ

where τRT is the photon roundtrip time and S is the survival factor or the number of 

photons surviving in a roundtrip.  Evidently a long photon life time or high-Q 

requires a low-loss resonator. 

For a resonator with an effective refractive index n, τp can be translated to an 

effective length Leff = τpc/n that is the characteristic length a photon travels before 

escaping from the resonator.  In electro-optic applications, the long photon lifetime 

can be used to enhance the interaction between the electro-optic medium and the 

photon in a very small volume. 
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A well-known optical resonator is the Fabry-Perot (FP) resonator.  It is a linear 

resonator   with two reflecting boundaries.  The spectrum of the transmitted optical 

power through a Fabry-Perot resonator is a series of equally spaced peaks.  The 

frequency interval between the peaks is called the free-spectral-range (FSR).  The 

full-width-half-maximum (FWHM) of each peak is ∆νFWHM = Q/νres where νres is the 

resonant frequency.  The FSR and the Q of a Fabry-Perot resonator are determined 

by the mirror reflections, and the length of the resonator.  Fig. 1.9(a) shows the 

geometry of a Fabry-Perot resonator. 

 
 
 
 
 
 

( a )                                                               ( b ) 
Figure. 1.9  (a) Geometry of a Fabry-Perot standing wave resonator.  Input electric field is Ei, 
reflected field is Er and transmitted field is Et.  The cavity is of length L and the reflectivity of the 
two mirrors is R1 and R2.  (b) Geometry of a circular traveling wave resonator. 
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The input optical power is coupled to the resonator through a mirror of reflectivity 

R1.  The reflected and transmitted power spectrum can be calculated in terms of the 

resonator length, loss factor inside the resonator, and mirror reflections.  Table 1.1 

summarizes the main parameters of a Fabry-Perot resonator and their relations. 

Ring resonators are another important category of optical resonator.  The main 

difference between a ring resonator and a Fabry-Perot resonator is the fact that the 

electromagnetic field in a Fabry-Perot resonator has a standing wave distribution but 

in a ring resonator it can be a traveling wave.  In a ring resonator the reflecting 
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surfaces are distributed around the periphery of the resonator and the traveling wave 

is continuously reflected while it travels around the resonator.  If the ring resonator 

has a spherical geometry the lowest order fundamental traveling resonance is WG 

mode. 

Coupling into and out of a ring resonator can be achieved by means of evanescent 

coupling from a media that has a larger refractive index than the resonator 

Table 1.1 Summary of Fabry-Perot formulas 

Quantity Relation with other parameters 
Round-trip phase shift (RTPS)  
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Thus the input/output coupling mirrors in a Fabry-Perot resonator (R1 and R2) are 

replaced by the couplers (κ1 and κ2).  Fig. 1.9(b) shows the basic geometry of a ring 

resonator.  By carefully replacing the reflectivity (Ri) with coupling factor (κi) and 

the length (L) with circumference (2πR) most formulas from Table 1.1 can be used 

for a ring resonator.  Notice that the optical power coupled out from the second 
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coupler in a ring resonator is equivalent to the reflected optical power in the Fabry-

Perot resonator. 

The FSR of a ring resonator can be written as:                    , where R is the ring 

radius.  Fig. 1.10(a) shows the FSR against the disk diameter for an average size ring 

resonator made of LiNbO3 (n = 2.14).   

FSR 2
=∆ν

nL
c
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( b ) 

Figure 1.10  (a) FSR of a LiNbO3 average size microdisk optical resonator against its diameter.  
(b) FSR of polymer, LiNbO3 and semiconductor microdisk optical resonators against their 
diameter. 
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Fig. 1.10(b) shows the FSR of a microring resonator made of polymer (n = 1.5), 

LiNbO3 and semiconductor (n = 3.4) against their diameter. 

 24



1.3.2 Electrical resonance 

 

An electrical resonator is the equivalent of an optical resonator at relatively low 

frequencies (MHz-GHz).  The main difference is that in most electric resonators the 

wavelength is similar in value to the resonator dimensions or larger (λ/L ≥ 1), while 

in most optical resonators the wavelength is much smaller than the resonator 

dimensions (λ/L << 1).  So even in RF resonators with ring geometry the resonances 

are standing waves.  Due to this difference the behavior of RF resonator is better 

understood as the energy exchange between electric and magnetic field oscillations 

rather than a traveling wave. 

The operation of most electronic resonators can be explained in terms of lumped-

element resonators of circuit theory.  The most basic resonant circuits are series and 

parallel RLC resonant circuits.  

Fig. 1.11(a) and (b) show series and parallel RLC resonators respectively.  Table 1.2 

summarizes the relation among the key parameters of series and parallel RLC 

resonators.  For opto-electronic applications the most commonly used resonator 

structures are microstripline based. 
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circuit may be simplified as a series lumped element resonant circuit, in principle, 

will have the same voltage amplification factor (∝√Q).  It is evident that C, R and L 

should be derived in terms of the geometrical and dielectric properties of the 

distributed element resonant circuit. 

 

Table 1.2  Summary of main formulas of series and parallel resonant circuits  

Quantity Series RLC resonator Parallel RLC resonator 
Average magnetic energy 
stored in the inductor 
(Wm) 

  

Average electric energy 
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1.3.3 Resonant electro-optic modulation 

 

Resonant optical modulators use resonance to enhance the electro-optical interaction 

through amplified E-field and/or longer interaction length.  These modulators can be 

divided into three main categories depending on the nature of the resonance that is 

employed in their design: electrical, optical or both.  Electric resonance increases the 
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E-field intensity and optical resonance increases the interaction length, in both cases 

frequency bandwidth is sacrificed for modulation efficiency.  Resonant modulators 

can only perform efficient modulation within limited bandwidth around discrete RF 

center frequencies defined by integer multiples of optical free spectral range or RF 

resonant frequencies.  Operation in simultaneous electrical and optical resonance 

operation requires a resonant RF equal to the optical FSR or an integer multiple of 

the FSR.  The modulation bandwidth is limited by the highest quality factor (which 

in most cases we will consider is the optical Q). 

The concept of resonant modulation has been investigated since 1962 [58] and many 

resonant modulators have been developed using different types of electrical and 

optical resonators [55-80].  Although MZ modulators with bandwidth in excess of 40 

GHz have been demonstrated [15], such devices exhibit only modest RF conversion 

efficiency.  Wireless communication typically doesn’t require MZ’s broadband 

response.  For example Personal Communication Systems (PCS) standards require 

only 60 MHz bandwidth around the center frequency of 1.9 GHz, allowing great 

potential for optimization of modulation efficiency through resonant enhancement. 

Fig. 1.12(a) shows the schematic diagram of an electrically resonant modulator.  In 

this configuration the RF-resonance is achieved by introducing impedance 

discontinuities at RF input and output ports of the electrode in an MZ modulator.  RF 

resonance occurs at 540 MHz with a bandwidth of 92 MHz.  10 dB enhancement 

over a regular impedance matched traveling wave modulator has been reported [70]. 
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resonant wavelength changes as a function of applied electric field.  In this case the 

voltage VFWHM required to shift the resonance by ∆νFWHM (where ∆νFWHM = Q/ νres, 

νres: optical resonant frequency) may be used to quantify the modulator performance.  

Another definition used as a measure of modulator sensitivity is the variation of the 

optical intensity with respect to voltage at the half-transmission point:
2/1

,

dV
dP outo . 

For a MZ modulator this quantity is related to Vπ  by:                                    [59]. 






=
dP

V π
π

1

2/1

,

2

−

 dV
outo

This relation can be used to define an equivalent Vπ
eq for a resonant modulator.  If 

one uses the bandwidth/voltage ratio (f3dB/Vπ
eq) as the figure of merit for an electro-

optic modulator, traveling wave MZ modulators outperform resonant modulators 

[59].  Although using f3dB/Vπ
eq as a figure of merit is a reasonable choice for 

broadband optical communication applications, it is not a suitable choice for RF-

subcarrier optical links where a limited bandwidth around a high-frequency carrier is 

usually required. 

 

Modulation bandwidth limitation imposed by optical resonance  

The modulation bandwidth of an optically resonant modulator is limited by spectral 

linewidth and the free spectral range.  Using the optical transmission spectrum of the 

modulator, the modulation spectrum can be qualitatively explained as follows: 

The optical transmission spectrum of the modulator is a series of equally spaced 

Lorentzians with linewidths of ∆νFWHM (∆νFWHM = Q/ νres) separated by ∆νFSR as 

shown in Fig. 1.13 (∆νFSR = c/ 2πRne = 1/τrt.  τrt = optical roundtrip time of the 
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resonator).  Through the modulation process optical power is coupled out from νlaser 

(optical carrier frequency) into optical sidebands νlaser ± fRF.  All of these frequencies 

(νlaser ± fRF, νlaser) have to be resonant inside the microdisk so that optical energy 

cannot be pumped into them.  The optical transmission spectrum can be used as a 

filter that modifies the optical spectrum of the modulated signal.  Assuming the laser 

frequency is tuned to νm- ∆νFWHM /2 (middle of the slope), when  fRF ≤ ∆νFWHM /2 

both sidebands would be inside the m-th resonance so the output will be modulated 

(Fig. 1.13(a)).  

Now as we increase fRF the optical power in the sidebands decreases until they are 

completely filtered out (Fig. 1.13(b)).  So low frequency modulation is allowed with 

a bandwidth of about ∆νFWHM / 2.  If we continue increasing fRF, at fRF ≈ ∆νFSR again 

the sidebands become resonant (Fig. 1.13(c)).  It is obvious that since the spectral 

linewidth is ∆νFWHM, the modulation bandwidth around ∆νFSR is    ∆νFWHM.  The 

same situation is periodically repeated around fRF = m×∆νFSR (m is an integer). 

We may conclude that only RF frequencies less than ∆νFWHM/2 and within a ∆νFWHM 

bandwidth centered around integral multiples of the optical FSR can modulate the 

optical mode.  We refer to the low frequency modulation as linewidth modulation 

and the modulation at m×∆νFSR (m ≠ 0) as FSR modulation. 
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In both cases we assume the RF and optical waves are phase matched and the high 

frequency response of the modulator is limited by electrical losses.  We should point 

out that here we want to have a qualitative estimation of the modulation and the 

details strongly depend on the specific modulator design.  As may be seen at high-

frequencies where the sensitivity of the traveling wave modulator is reduced we 

expect better sensitivity from the resonant modulator, even though within a small 

bandwidth around m×∆νFSR..  The bandwidth limitation imposed by ∆νFWHM and 

∆νFSR may challenge the usefulness of employing high-Q resonant modulators for 

broadband optical communications where data rates as high as 40 Gb/s are currently 

achieved by traveling wave modulators.  

However in most RF-subcarrier links and also wireless communications broadband 

is unnecessary.  In such circumstances resonant microdisk modulators offering 

efficient modulation around a high frequency carrier may represent a competitive 

technology.  Since the center frequencies (m×∆νFSR) are determined by the refractive 

index and the diameter of the disk, the RF carrier frequency imposes limitation on 

the disk size and the electro-optic material.  For example Fig. 1.10(b) shows that for 

current wireless applications, where the carrier frequency is between 1 GHz 1 and 60 

GHz, the small size polymer and semiconductor microdisks cannot be used for FSR 

modulation because their FSR is in THz regime.  In contrast, the FSR of the average 

size LiNbO3 microdisks is about 5 to 50 GHz and so is suitable for many wireless 

applications. 
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Fig 1.14 (a), (b) and (c) show the digital modulation bandwidth of baseband and FSR 

modulation as a function of optical-Q for microdisk modulator technology we have 

developed.  The digital modulation bandwidth (data rate) is estimated knowing that if 

the analog bandwidth is about 70% of digital bandwidth an acceptable BER (below 

10-9) can be achieved.  As may be seen semiconductor microdisk modulators can 

provide a bandwidth of about 20 Gb/s using baseband modulation (assuming the 

electronic properties do not limit the modulation speed).  High-Q polymer 

modulators have a modulation bandwidth of about 3 Gb/s again in the baseband 

modulation regime [56].  Low-Q polymer modulators may have bandwidths as high 

as 15 GHz [64] but their sensitivity is too low for practical applications.  Due to its 

high quality factor, LiNbO3 microdisk modulator has a bandwidth of about 100 Mb/s 

using FSR modulation. 

 

 

1.4 Microdisk and microring optical modulators 

 

The microdisk modulator is a traveling–wave optical resonator made of electro-optic 

material with an electrode structure that provides the modulating E-field in the 

optical mode region.  Because of the high quality factor of whispering-gallery (WG) 

modes inside the microdisk (106 - 107) the photon lifetime is large and therefore 

efficient electro-optic interaction becomes possible in a small volume.  If the 

electrode is also designed as a RF-resonator with a fundamental resonant frequency 
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equal to the optical free spectral range of the microdisk, simultaneous RF-optical 

resonance can be achieved, which makes the modulator more sensitive. 

 

 

1.4.1 LiNbO3 microdisk modulator 

 

The first microdisk modulator reported was fabricated in LiNbO3 [74,75] and to our 

knowledge it is the only modulator that is both optically and electrically resonant.  It 

consists of a microdisk optical resonator, a RF resonator and coupling structures for 

optical and RF coupling to these resonators. 

 

 

 

 

 

 

 

 

 

 
Figure 1.15  Photograph of a LiNbO3 microdisk modulator (D = 5.8 mm) with RF-ring resonator 
and single-prism optical coupling. 
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The optical resonator is fabricated from a disk shaped z-cut LiNbO3.  Fig. 1.15 shows 

the photograph of a LiNbO3 microdisk modulator. 
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The basic geometry of the LiNbO3 resonator is a disk of radius R, and thickness h.  

The sidewalls of the disk are optically polished with a radius of curvature Rs, which 

is typically equal to the radius of the disk (since the disk is usually made by thinning 

a sphere down to the desired thickness).  The RF resonator is a full-ring or half-ring 

copper electrode placed on top of the disk with a radius equal to the radius of the 

disk.  Light is coupled into and out of the disk by using a single or double prism 

coupling method.  RF power is coupled to the half-ring (or ring) by side coupling to 

a microstrip line that can be open or 50 Ω terminated.  TE polarized (E-field parallel 

to c-axis) optical WG modes inside the microdisk are exited with a single mode DFB 

laser (λ = 1550 nm) and detected with a cleaved (or lensed) fiber.  The fundamental 

resonant frequency of the standing wave RF-resonator is equal to the FSR of the 

disk.  Therefore, by feeding the microstrip line at fRF = ∆νFSR, simultaneous electrical 

and optical resonance is achieved.  It has been shown that, unlike the Mach–Zehnder 

modulator, the microdisk can perform efficient optical modulation without use of a 

reference arm to convert phase to amplitude modulation [80]. 

 

 

1.4.2 Polymer microring modulator 

 

Polymer microring modulators have been recently developed based on similar 

principles as LiNbO3 microdisk modulator [56,64] but they use electro-optic 

polymers instead of LiNbO3 as their active media.  These materials have been 
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previously used for making regular MZ modulators [16,17].  Fig. 1.16 shows the 

layout and the cross section of the fabricated device.  A micro-ring waveguide made 

of electro-optic polymer material (M1) is vertically coupled to the input and output 

ridge-waveguides made of a different material (M2).  The space between the 

waveguides and the microring resonator is filed with a third material (M3) that has a 

lower refractive index than M1 and M2.  A gold-ring on top of the device provides 

the modulating E-field around the ring. 
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Figure 1.16  (a) Layout photograph of the fabricated d
waveguide (D = 500 µm) vertically coupled to perpendicular 
diagram of the device cross-section showing the material system
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The FSR and optical-Q of the ring as well as coupling efficiency between the wave 

guide and the resonator are determined by refractive index contrast (M2-M3 and M1-

M2), size and spacing.  Maximum possible refractive index contrast using polymer 

materials is about 0.3. 

The typical Q of these devices is about 5-8×104.  The Q and hence the sensitivity of 

polymer microdisk modulators depends of the device diameter, optical mode 

polarization (TE or TM) and the resonant wavelength.  At λres = 1300 nm a polymer 

microdisk with a 1.5 mm diameter has a Q of 6.2×104 for TE polarized modes (E-

field perpendicular to the disk surface) and a Q of 7.6×104 for TM polarized modes 

[56].  These Qs correspond to bandwidths of 3 GHz and 4 GHz respectively.  The 

FWHM-shift-voltage (VFWHM) is about 4.86 Volt for this device.  At λres = 1550 nm 

the Q drops to almost half of its value at 1300 nm and the VFWHM is about 16 V.  

Reducing the microdisk diameter increases the bending loss and therefore decreases 

the Q.  A 3 mm diameter polymer microdisk has a Q of 4.7×104 for TE polarized 

modes (E-field perpendicular to the disk surface) and a Q of 5.8×104 for TM 

polarized modes [56]. 

 

 

1.4.3 Semiconductor microdisk modulator 

 

Microdisk optical modulators have been also fabricated based on III-V 

semiconductor materials.  One of the first examples is an InP microdisk resonator 
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vertically coupled to two parallel waveguides [62] similar to the one shown in 

Fig.1.6(b).  The microdisk has a radius of 10 µm, an optical-Q of about 5500 

(∆νFWHM 0.27 nm), and a FSR of 10 nm.  The change in effective refractive index in 

this microdisk is achieved by free carrier injection (FCI).  It is also possible to 

incorporate quantum wells with emission wavelength near 1550 nm to define a gain 

region that can controls optical loss in the WG cavity. 

The measured response of the FCI device shows a modal index change of -2×10-3 

/mA.  The maximum tuning range is limited by the cavity heating.  Increasing the 

drive current in a microdisk with active QW region near the bandgap decreases the 

loss in the cavity and increases the Q.  At around 10 mA injected current the device 

acts as an amplifier and increases the optical power in the drop channel.  Applying a 

reverse bias on the active microdisk, shifts the absorption edge towards longer 

wavelengths by a slope of about 0.06 nm/V corresponding to an index change of 

about 4×10-4.  Any of these changes may be used for switching or modulating the 

coupled optical power to the drop or transmission channel. 

When free carrier injection is used to change the refractive index, the modulation 

bandwidth is limited by the minority carrier lifetime.  So achieving a large 

modulation bandwidth requires use of other electro-optic mechanisms in the 

semiconductor.  An externally applied electric field can change the refractive index 

of a p-n junction by changing the depletion.  Recently a semiconductor microdisk 

modulator has been demonstrated that uses this mechanism for electro-optic 

modulation [63].  The active microdisk is made of a InGaAsP p-n junction and has a 
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Q of about 8500 (∆νFWHM = 0.18 nm).  Using this device a modulation bandwidth of 

about 8 GHz has been achieved at a modulation voltage of less than 1 V. 

 

 

1.5 Microdisk photonic RF receiver 

 

In a photonic RF-receiver, the intent is to replace all the electronic components of a 

conventional RF receiver with photonic elements that, in principle, they are smaller 

and consume less power.  Processing RF and mm-wave signals in the optical domain 

reduces the design and performance issues associated with high-frequency 

electronics.  In a photonic receiver, the carrier frequency may be extended from a 

few GHz to mm-wave frequencies without any major change in system architecture 

since eventually the signal is processed in the optical domain.  The photonic RF 

receiver also benefits from optical isolation wherever protection from interference 

with environmental and unwanted signals is required. 

The 60 GHz transmit/receive electronic analog RF front-end module developed by 

NEC [51] consumes 1.2 W of which 0.4 W is used for the receiver with a digital 

bandwidth of 10 Mb/s, sensitivity of 10 µW and a volume of 900 mm3.  We will 

show that a photonic receiver can provide the same sensitivity and bandwidth in a 

smaller volume and less power consumption. 

In the photonic RF-wireless receiver shown in Fig. 1.17, the electromagnetic 

radiation detected by the receiving antenna modulates a laser beam.  Through signal 
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processing in the optical domain using optical filtering, optical mixing, and 

photodetection, the electrical baseband information signal is extracted from the 

received RF/mm-wave signal. 

Three mechanisms may be used to extract the baseband information in the optical 

domain: 

1) The intensity of the optical carrier (laser) is linearly modulated by the received 

RF/mm-wave signal and is then detected with a nonlinear photodetector that 

generates a photocurrent proportional to the square of the optical power.  Through 

nonlinear photodetection the up-converted carrier and sidebands are mixed resulting 

in a baseband modulated photocurrent.  In this approach a very sensitive optical 

intensity modulator and a high-speed photodetector are required.  The photodetector 

should operate in a strong nonlinear regime that may require a modified 

photodetector design. 

2) The intensity of the optical carrier (laser) is linearly modulated by the received 

RF/mm-wave signal and is then fed to an optical filter that filters out the optical 

carrier and the higher frequency sideband.  When this modified optical signal is fed 

to a photodiode, the baseband photocurrent is generated.  In this approach a very 

sensitive optical amplitude modulator and optical filter with proper role-off and a 

low-speed detector are required.  Since the photodetection is linear, a conventional 

photodetector can be used. 
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The high sensitivity due to simultaneous optical and electrical resonance, small size, 

operation in the RF carrier frequency range of 5 GHz to 60 GHz makes the LiNbO3 

microdisk modulator a suitable candidate for this task. 

It is useful to describe gain in the photonic RF-wireless receiver in the context of a 

conventional electronic RF-wireless receiver architecture.  The gain in the photonic 

receiver is mainly provided by the RF-to-optical conversion in the modulator and 

optical-to-electrical baseband conversion in the photoreceiver.  So basically the total 

gain is a combination of the modulator and photoreceiver sensitivity.  For every 

photonic down-conversion method we can define a RF-to-baseband optical gain as: 

                                                                                                                                 (1.4) 
Received

=G
power RF 

power optical modulated Baseband
,OBRF

This gain is directly proportional to modulator sensitivity and also the chosen 

mechanism for down-conversion.  The detector sensitivity is normally quantified as 

responsivity (R) that is the ratio between the photocurrent and the input optical 

power.  So if we define the gain of the wireless receiver as the ratio between the 

down-converted baseband power and the received RF power, the overall gain of the 

photonic wireless receiver can be written as: 

                                                                                                                                 (1.5) PZRG
P

G ×××== 2
RFLOBRF

RF

b
total

P 2
,

where ZL is the load impedance and Pb is the down-converted baseband power.  

One of the most important parameters of a wireless receiver is sensitivity.  

Sensitivity is defined as the minimum detectable RF power at the receiver input such 

that there is a sufficient signal-to-noise ratio (SNR) at the output of the receiver for a 

given application.  So each wireless standard may require a different sensitivity.  
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Current wireless links are mainly digital, so the minimum SNR is translated to the 

maximum bit error ratio (BER) that is required in the link.  In a digital photonic 

receiver it is convenient to use a digital photoreceiver to detect the data modulated 

optical power because it contains all the digital electronic circuitry integrated with 

the photodiode.  The sensitivity (Sd) of a digital photoreceiver is defined as the 

minimum data modulated optical power required to have certain BER (10-9) in the 

output.  So assuming that the maximum BER required in the wireless link is the 

same as the BER at which Sd is measured, the sensitivity of the photonic wireless 

receiver can be written as: 

                                         Receiver sensitivity                                                  (1.6)  
RF,OB

d

G
S

=

 

 

1.6 Summary 

 

A combination of wireless system design methodologies, optical modulation and 

optical signal processing techniques, can result in a novel RF/mm-wave photonic 

wireless receiver design with reduced volume, low power consumption and no 

sophisticated electronic devices and circuitry.  Such a photonic receiver potentially 

can be used in wireless LAN’s, fiber-feed backbone networks and indoor wireless 

data/video distribution systems.  We have proposed three different approaches to 

photonic baseband down-conversion from a RF/mm-wave signal.  All of these 
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methods require efficient optical intensity modulation around a high-frequency 

carrier.  Resonant optical modulators are among the best candidates for this task. 

To our knowledge the LiNbO3 microdisk optical modulator is the most sensitive 

resonant optical modulator.  In this thesis we explore various aspects of employing a 

LiNbO3 microdisk modulator in an all-optical wireless receiver. 

The design and implementation of a sensitive LiNbO3 microdisk modulator is 

explained in Chapter 2.  Chapter 3 presents the experimental results of LiNbO3 

microdisk modulator performance in a RF-optical link.  In Chapter 4 we explore the 

various methods for all-optical down-conversion through theory and experimental 

results.  Finally, Chapter 5 summarizes the potential improvements that may define 

the road to a practical monolithic photonic RF receiver.  We will also address the 

future challenges toward an all-optical wireless link. 
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Technical notes 
 
(1) CPW: coplanar waveguide structure where as opposed to the microstripline 
structure the ground planes are located on both sides of the signal line and on the 
same plane.  
 
(2) CPS: coplanar stripline.   
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(3) The GSM (Global system for mobile communication) was developed by 
European standard committee.  The European GSM is currently being developed in 
the United States in the 1900 MHz band is named PCS1900. 
(kabuki.eecs.berkeley.edu/~weldon/ papers/spec/gsms6.pdf) 
 
(4) The sensitivity is defined as the minimum detectable signal power (typically 
specified in units of dBm) at the receiver input such that there is a sufficient signal to 
noise ratio at the output of the receiver for a given application. 
(kabuki.eecs.berkeley.edu/~weldon/ papers/spec/gsms6.pdf) 
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Chapter 2 

LiNbO3 microdisk modulator 

 
2.1 Introduction 
 

This chapter describes the design and operation of a LiNbO3 microdisk modulator.  

The physics behind the operation and interaction of the RF and optical elements are 

explored using both simulation and experiment.  We start with the LiNbO3 microdisk 

physical properties and their importance in the modulation process.  A brief 

explanation of the microdisk resonator optical modes and coupling from a fiber- 

launched electromagnetic field is followed by the experimental results of prism 

coupling to different disks and a discussion of novel coupling schemes.  Electro-

optical interaction in the microdisk is introduced by studying the DC shift of an 

optical resonance.  Bistable behavior is demonstrated as an example of the slow-

speed electro-optic response of a microdisk optical resonator.  The RF-resonator is 

the second element of the microdisk modulator that is considered.  RF-resonator 

design strongly influences modulation efficiency.  After a brief review of the 

different electrode structures that have been tested in the preliminary experiments, a 

ring resonator is introduced.  Resonant frequencies, RF coupling, voltage gain, E-

field distribution, even and odd harmonics are among the most important aspects of 

the ring resonator operation that are addressed in this section.  Experimental results 
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are presented to support the simulation and analytical studies.  The physics of 

resonant electro-optic modulation and its application to the microdisk modulator is 

the next topic covered in this chapter.  A simple model for the behavior of the 

modulator based on DC-shift is described.  This model is very helpful for evaluating 

the role of the different parameters in modulation efficiency.  In chapter three and 

four the same model is used to analyze the noise performance of the microdisk based 

RF-photonic link and the concept of direct RF down-conversion by nonlinear optical 

modulation.  Finally the results of linear and harmonic optical modulation 

experiments using a LiNbO3 microdisk modulator are described. 

 

 

2.2 Microdisk optical resonator 

 

2.2.1 Physical, electronic and optical properties of LiNbO3 

 

Crystalline Lithium Niobate (LiNbO3) is a commonly used electro-optic material in 

optical modulators.  Its optical, electrical and mechanical characteristics such as low 

loss at RF and optical frequencies, high electro-optic coefficient, mechanical 

robustness and stable crystal structure at room temperature make it an excellent 

candidate in many electro-optical devices including microdisk modulators.  At room 

temperature, well below its ferroelectrics curie temperature (~1210°C), LiNbO3 is a 
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negative uni-axial crystal with crystal symmetry of the trigonal 3m point group and 

R3C space group [1].  Fig.2.1 shows the LiNbO3 crystal structure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

( a )                                             ( b )                         

Figure 2.1  LiNbO3 molecular structure.  Niobium atoms are repre
Lithium as light gray small spheres and Oxygen as large spheres
conventional hexagonal unit cell.  (b) View along c (or z) axis.  
LiNbO3 [5]. 
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Table.2.1  Bulk properties of LiNbO3 

Property Value Notes 

Optical index of refraction (O*) 2.223  λ = 1550 nm 

Optical index of refraction (E*) 2.143 λ = 1550 nm 

RF permitivity (O) 42.5 - 43 100 MHz - 140 GHz 

RF permitivity (E) 26-28 100 MHz - 140 GHz 

Electrical conductivity 1×108 (Ω-cm)-1 DC 

Thermal conductivity  5.6 W/m.K  

Thermal expansion coefficient (O) 14×10-6 K-1  

Thermal expansion coefficient (E) 4×10-6 K-1  

Thermal effect on index (O) 1.85×10-6 K-1 1/no(dno/dT) 

Thermal effect on index (E) 1.6×10-6 K-1 1/ne(dne/dT) 

Electro-optic coefficients  r33 = 30.8 pm/V 

r22 = 3.4   pm/V 

r13 = 8.6   pm/V 

r51 = 28.0 pm/V 

 

Nonlinear-optic coefficients d31 = 11.6  d22 = 5.60 

d33 = 8.60 

 

Piezoelectric coefficient d15 = 69.20 pm/V 

d31 = -0.85  pm/V 

d22 = 20.80  pm/V 

d33 = 6.00    pm/V 

Defined as dij/d36 

Pyroelectric coefficient  -4×10-5 (C/K-m2)  

Dielectric loss tangent along c-axis 0.004  

* E: e-wave where E-field is polarized along c-axis 

* O: o-wave where E-field is polarized perpendicular to c-axis 
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However it is low compared to some other electro-optic materials such as Strontium 

Barium Niobate (SBN).  SBN60 has a r33 of 235pm/V and an RF permittivity of 880  

along c-axis. 

The bulk LiNbO3 crystal properties are summarized in Table. 2.1 [1-8]. 

The measured value of the dielectric loss tangent for LiNbO3 is small enough (≈ 

0.004 in the range DC – 100 GHz) that this is a minor source of loss compared to 

conductor loss [8].  For electro-optic applications mechanical stress in LiNbO3 is an 

important parameter that must be kept low enough to avoid changes in the modulator 

bias point through the acousto-optic effect (stress couples to refractive index).  

Refractive index change caused by high optical power density can also be a problem 

for such modulators, because it also causes changes in the bias point.  This 

mechanism is wavelength dependent, for a regular Ti-diffused LiNbO3 wave guide 

(optical mode dimension ≈ 7 × 4 µm), less than one mW (power density of 3.5×103 

W/cm2) at 632 nm wavelength can cause significant index change, while at 1320 nm 

wavelength the waveguide can be stable at up to optical power of 400 mW power 

(power density of 1.4×106 W/cm2) [3,8].  LiNbO3 exhibits pyroelectric response 

(generation of an electric field due to temperature change) along the c-axis.  When 

the temperature on one surface of the crystal is changed, a large potential difference 

between z-surfaces of the crystal can cause rapid changes in the bias point of a 

modulator.  For LiNbO3, the induced electric field magnitude is about 1.73×105 

V/m.K. 
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2.2.2 LiNbO3 microdisk  

 

A core element of the microdisk modulator is a LiNbO3 microdisk optical resonator 

that supports very high-Q Whispering-Gallery (WG) optical resonances.  The 

microdisk resonator is fabricated from a z-cut LiNbO3 cylinder.  As shown in Fig. 

2.2(a), the basic geometry is a disk of diameter D, and thickness h.  For devices 

presently under test, 0.1 mm < h < 1 mm and 1 mm < (D = 2R) < 6 mm.  The 

sidewall of the disk is optically polished with a radius of curvature R, typically equal 

to the radius of the disk.  In addition, the equator of the disk’s sidewall should be 

accurately maintained at height h/2.  Polishing curved sidewalls to an optical finish 

in LiNbO3 is not a standard practice and it is very difficult to achieve the surface 

quality needed for high-Q operation.  Fig. 2.2(b) shows a 3D picture of the sidewall 

surface roughness for a typical microdisk.  (h = 0.4 mm, D = 3 mm).  The peak-to-

peak value (4) (Sy) of roughness is about 5.1 nm and the rms value (4) (Sq) is about 

0.846 nm.  With this surface quality, loaded optical-Qs up to 3×106 (unloaded optical 

Q of about 7×107) have been achieved.  This corresponds to a distributed loss of 

0.0075 cm-1 or 0.03 dB/cm. 

If an electric field of magnitude Ec is applied along the c-axis, the optical refractive 

indices change according to: 

                                        ∆nzz= neo
3 r33Ec/2             ∆nxy = noo

3 r13Ec/2 

where, from Table 1 r33 ≈ 30.8 × 10-12 m/V and r13 ≈ 8.6 × 10-12 m/V. 
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(a) 
 
 
 
 
 
 
 
 
 

(b) 
 
Figure 2.2  (a) Photograph of a LiNbO3 disk with optically polished sidewalls.  (b) 3D pict
the disk sidewall surface taken by interferometric surface profilometer (4). nm scale scratch 
due to mechanical polishing are clearly visible. 
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Q.  In this section the WG resonance structure in the microdisk resonator and a 

method for evanescent coupling to them are described 

 

 

2.3.1 Whispering Gallery (WG) resonances 

 

WG resonance structure 

A dielectric sphere is an open cavity supporting tunneling leaky waves.  In the 

presence of high dielectric contrast (between the sphere and surrounding medium), 

we can neglect the radiation part and focus only on the bound portion of the field and 

find the resonant modes of the sphere.  Assuming that the direction of the 

polarization is constant along a fixed set of spherical coordinates, the Helmholtz 

equation can be separated for high-order confined modes in the following way [14]: 
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ψqlm represents either the Eθ or Hθ, corresponding to TE and TM polarized modes 

respectively. 
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hemispheres removed (the geometry of this resonator is shown in Fig. 2.3(a)).  A 

sphere’s mode is described in terms of three integers l, m and q.  The value of q 

counts the number of field maximum in the radial direction and l-m +1 (m  ≤ l) is 

the number of field maxima in the polar direction, perpendicular to equatorial plane 

and between the two poles.  The resonant wavelength is determined by q and l.  The 

mode has a propagation constant βl  and its projection on the equator is commonly 

referred to as the “propagation constant” because it is the wave vector in the net 

direction of propagation.  Note that an ideal microsphere (microdisk) is a traveling 

wave optical resonator (when λ << R that is almost always true).  Whispering-

Gallery (WG) modes are solutions with large values of l and m and small values of l-

m and q (q << l), this means that they are highly confined in r and θ directions very 

close to the equator and the sidewall while their propagation is described by a 

function of φ.  For these modes βl = βm = m/R (R is the sphere radius and m is a 

positive integer).  This condition can be used to calculate the approximate resonant 

frequency of the WG modes.  m essentially corresponds to the number of optical 

wavelengths that fit into the microdisk’s circumference.  The mode labeled by l = m 

and q = 1 is called the fundamental mode and it only has one maximum in each 

direction (it is Guassian in nature).  Fig. 2.3(b) shows the modal distribution for l = m 

= 24.  While this is helpful to visualize the fundamental mode, in practice an average 

size disk (2 mm < 2R < 6mm) has a value of l that is usually greater than 5000.  

Using equation (2) we can approximately calculate the mode size for the 

fundamental and low order (l-m < 10) WG modes inside the sphere.  Fig. 2.4 shows 
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the definition of the fundamental mode profile parameters and their values for three 

LiNbO3 disks with different sizes commonly used in our experiments [47].  δrFWHM 

is the full-width-half-maximum of the power distribution along the radial direction 

and δθFWHM is the full width half maximum along the polar direction. 
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and calculate the free spectral range frequency ∆νFSR using:  

                                                         ∆νFSR = c/(πnD)                                             (2.7) 

Losses and quality factor 

The optical loss mechanisms in the LiNbO3 microdisk resonator (or any spherical 

optical resonator) are: Rayleigh scattering, surface scattering and material loss.  It 

has been shown that even for small spheres the Rayleigh scattering is suppressed for 

WG modes [20].  For medium size disks since (R >> λ) loss due to finite curvature 

becomes small, since the resonator dimension is significantly greater than the optical 

resonant wavelength.  Hence for optical wavelengths near λ = 1550 nm, the unloaded 

(intrinsic) quality factor of optical dielectric resonators with a diameter greater than 

10 µm is typically limited by attenuation due to scattering from surface 

imperfections and material loss.  The distributed optical loss for WG modes can be 

derived from the photon lifetime in the resonator.  Assuming the number of photons 

present in a WG mode decays exponentially in time (due to intrinsic optical losses) 

we can express the unloaded optical quality factor of that mode as Qu = ωτp where τp 

is the 1/e photon lifetime and ω = 2 πνlq.  We can also define a distributed loss 

constant per unit length α = n/cτp (c: is the speed of light and n is the effective 

 67



optical refractive index for the corresponding optical mode).  So Qu and the 

distributed loss are related as: 

                                                                α = nω/cQu                                              (2.8) 

The loaded optical quality factor Q of an optical mode can be calculated based on the 

measured full-width half maximum of the spectral peak at the resonant optical 

frequency νres = νlq, Q = νres/∆νFWHM (or Q = λres/∆λFWHM).  The typical loaded Q-

factor values that we observe for optically polished LiNbO3 micodisks is between 

2×106 and 7×106 (see section 2.3.3).  Experimentally we measure the loaded Q and if 

we insert the measured Q in equation 2.8 to calculate α, the optical coupling loss will 

be included in the distributed loss.  In section 2.3.4 we will show that the loaded 

quality factor of a critically coupled WG mode can be used to calculate the intrinsic 

distributed loss in the microdisk resonator.  The high quality of the optical modes 

reveals the small magnitude of the surface roughness of the sidewalls -- a fact 

confirmed by surface profilometer measurements (2.2.2).  The high quality of 

sidewall surface is not only important for high-Q optical resonance but also to 

guarantee the traveling-wave nature of the WG modes.  It is well known that surface 

roughness can generate back-scattered optical-waves that couple energy into modes 

with negative wave-vectors (effectively increasing the VSWR) [21].  In a microdisk 

modulator the energy coupled to modes circulating in the opposite direction do not 

contribute to the optical modulation process. 

 

 

 68



2.3.2 Evanescent optical coupling 

 

Light must be coupled to the WG modes without disturbing their propagation around 

the disk or reducing their high-Q.  In principle it is not possible to couple energy into 

any resonator without coupling some energy out; hence there is always a certain 

amount of loss associated with coupling.  The objective here is to reduce the 

coupling loss and more importantly, to avoid as much as possible any physical 

perturbation.  Evanescent coupling in which an exterior field tunnels into the sphere, 

appears to be the most promising approach.  The excitation of whispering gallery 

modes is achieved via evanescent fields.  The mechanism for this type of coupling is 

that of frustrated total internal reflection.  As may be seen in Fig. 2.5(a) light in 

medium 1 (refractive index = n1) incident on the interface of medium 1 and 2 (where 

n1 > n2) is totally reflected if θ (angle with respect to normal) is greater than the 

critical angle.  But an evanescent field will exist beyond the interface (in medium 3) 

with a skin depth of δ given by: 

 

                                                                                                                                 (2.9) 
=

2
δ

n






−1sin4 2
2

2

12 θπ

λ

n 

If a third medium is present within a distance go from medium 1 where go ≤ δ, then 

light will couple to the third medium with an angle φ where φ and θ follow the 

regular Snell’s law meaning: n1sin (θ) = n3sin (φ).  This phenomenon is called 
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‘frustrated total internal reflection’ and can be used to couple light to WG modes 

inside the disk. 

Fig. 2.5(b) shows how an equilateral prism with a refractive index n1 > n3 and angle 

θc  (where  θc is the critical angle for the n1 and n3 interface) placed in the vicinity of 

medium 3 (go ≤ δ), can couple light into (and out of) optical waves propagating 

parallel to the interface.  Since the wave vector of WG modes is almost tangential to 

the microdisk surface, a prism that has a higher refractive index than LiNbO3 can be 

used for coupling light from free space to these modes.  There are numerous other 

methods for evanescent coupling of light into guided modes [9,10,11,15,16,17], but 

because of the large refractive index of LiNbO3, the prism coupling approach is the 

most convenient. 

 
 
 
 
 
 
 
 
 
 
 
 
 

( a )                                                                   ( b ) 
 
Figure 2.5  (a) Frustrated total internal reflection.  (b) Evanescent prism coupling to surface waves 
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2.3.3 Prism coupling to WG modes 

 

In our experiments we use small diamond prisms with the dimensions shown in Fig. 

2.6(a).  The refractive index of diamonds is near 2.4 and is thus larger than the 

refractive index of LiNbO3 for both TE and TM modes (ne = 2.14, no = 2.23).  The 

use of diamond microprisms to couple to WG modes inside a LiNbO3 disk, is 

equivalent to setting n3 = 2.14 and n1 = 2.4 in Fig. 2.5(b).  The skin depth (δ) for a 

diamond-air interface excited by λ = 1550 nm radiation is about 135 nm.  It is 

possible to use a single prism to couple light into and out of the microdisk (Fig. 

2.6(b)) or to use one prism to couple in and another one to couple out (Fig. 2.6(c)).  

The detection of coupled WG peaks using two prisms is easier since the reflected 

part of the input that is not coupled and coupled light do not interfere.  However, 

since two prisms are in contact with the microdisk, the Q is smaller due to the larger 

coupling loss, and the portion of the optical WGM power that is coupled out through 

the first prism does not contribute to the modulated signal.  In a one-prism coupling 

scheme this problem does not exist but experimental results show that the WGM 

cone coupled out of the disk and the totally reflected beam cone have spatial overlap 

(Fig. 6(c)), therefore, depending on the location of the collecting fiber the detected 

output spectrum can be WGM peaks, transmission dips or just the reflected beam.  

This effect adds to the complexity of the alignment of the output port.  Also 

experimental results show that two-prism coupling generally results in a cleaner 

mode structure.  In chapter 4 we will demonstrate that using transmission dips in a 
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one-prism coupling scheme is a better choice for nonlinear modulation and optical 

down-conversion due to reduced DC optical power at resonance. 

 
 
 
 
 
 
 
 

( a )                                                              ( b ) 
 
 
 
 
 
 
 
 
 
 
 

( c )                                                              ( d ) 
 
Figure 2.6  (a) Diamond microprism dimensions.  (b) Single-prism coupling.  (c) Double-prism 
coupling.  (d) Interference effect in single-prism coupling. 
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Fig. 2.7 depicts the schematic diagram of the typical experimental arrangement used 

for optical coupling and mode structure characterization.  The laser light is generated 

using a DFB laser (line width = 3 MHz).  After passing through an optical isolator 

and a polarizer, the light is coupled to a lens system through a cleaved end.  We use 

the polarizer to selectively excite the TE modes (E-field parallel to c-axis, which is 

normal to the top surface of a z-cut microdisk).  As mentioned previously, this 
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polarization is preferred because of the large magnitude of the LiNbO3 electro-optic 

coefficient along the c-axis.   
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Figure 2.8  (a) Top view photograph of a 5
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To sweep the laser wavelength, a triangular voltage signal is fed to the laser power 

supply that modulates the current and consequently the laser wavelength (the power 

is also modulated but we can normalize it).  By triggering the oscilloscope with the 

same signal we can observe the frequency spectrum on the oscilloscope. 

After careful alignment and finding the desired spectrum, we change the light source 

to a high-resolution tunable laser (line width < 0.5 MHz, wavelength resolution < 0.1 

pm) and scan a small part of the spectrum to measure details of the mode structure.   

Fig. 2.8(a) shows a photograph of a LiNbO3 microdisk (D = 5.13 mm and h = 400 

µm) in contact with two microprisms.  Fig. 2.8(b) shows a typical TE WG mode 

spectrum.  The measured FSR is in very good agreement with the calculated value 

using equation 2.7, assuming ne = 2.14, for a 5.13 mm diameter disk the measured 

value is 67.87 pm and the calculated value 69.24 pm.  This is consistent with the 

effective refractive index of the TE WG modes being almost the same as the bulk 

extraordinary refractive index (E-field along c-axis).  Fig. 2.8(c) shows another TE 

mode spectrum for the same disk.  As may be seen the maximum optical power is 2 

times greater and the spectrum has fewer features.  Achieving such a good coupling 

requires a very accurate alignment of all optical elements with pico-motor drivers (1).  

In both cases (Fig. 2.8(b) and(c)), the input optical power is about 1200 µW, By 

taking into account the losses through the system, specially reflection from prism 

surfaces and power lost in the first coupler, one may estimate optical coupling 

efficiency of 15%.  Note that in all cases we define the coupling efficiency (ρ) as the 

ratio of the maximum optical power detected and the total power injected into the 
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input prism.  The same experimental arrangement can be used to demonstrate one 

prism coupling by removing one prism and moving the other to the middle of the 

microdisk.  Fig. 2.9 shows the TE mode spectrum obtained with the one-prism 

coupling scheme. 

As expected, the measured optical Q in both cases is larger than observed when 

using a two prism coupling scheme and also more modes have been coupled out 

resulting in a complex spectrum.  The laser input power is about 1400 µW in both 

cases but the maximum coupled power in the second case. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9  TE mode spectrum obtained using a single prism for coupling light in and out of the 
microdisk.  The quality factor of the second measurement (bottom) is the highest Q observed. 
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One may see that when we try to couple more light into one mode, many other 

modes are excited and hence there is a trade-off between a clean spectrum and the 

maximum coupled optical power to a certain mode (with the exception of some 

special cases that are mostly unrepeatable). 

We have also studied optical coupling to a toroidal (the side wall curvature is smaller 

than the disk radius R) LiNbO3 miocrodisk.   
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Fig. 2.10(a) shows the photograph of the microdisk and Fig. 2.10(b) is a schematic 

diagram showing the details and dimensions of the sidewall.   

The sidewall curvature is about 10 times smaller than the disk radius, resulting in 

strong confinement along θ.  This should result in a cleaner spectrum due to the 

absence of extra transverse modes (different values of m) that could resonate in a 

regular microdisk.  Fig. 2.10(c) shows a TE mode spectrum obtained by the two 

prism coupling method.  Although the mode structure is cleaner the coupling 

efficiency is very low (~ %3). 

The low coupling efficiency is a result of mode mismatch between the incident beam 

that has a Gaussian profile and the small cross section area of the WG mode.  

Decreasing the waist size in a Gaussian beam does not improve the efficiency 

because it simultaneously increases the beam divergence. 

As mentioned previously, using a single prism coupling scheme, the optical spectrum 

of the collected output power can be a series of transmission dips or peaks depending 

on the position of the output fiber. 

Fig. 2.11 shows the spectrum of the TE optical output power from a single prism 

coupled LiNbO3 microdisk (D = 3 mm, h = 0.4 mm).  In Fig. 2.11 (a) the output fiber 

is located at the overlap of the WG cone and the totally reflected cone (Fig. 2.6(d)) 

while in Fig. 2.11(b) it only collects the WG optical power. 
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( a ) 
 
 
 
 
 
 
 
 
 
 

( b ) 
 
Figure 2.11  Optical output power spectrum of a single prism coupled LiNbO3 microdisk (D = 3 
mm, h = 0.4 mm).  (a) Detected transmission dips when the output fiber is tuned to the overlap 
region of the WG cone and the total reflection cone.  (b) Detected WG peaks when the output 
fiber only collects optical power from the WG cone. 
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Fig. 2.12 shows photographs of visible (red) scattered light from WG modes inside a 

6 mm diameter (h = 700 µm) excited by a He-Ne laser ( λ = 623.2 nm).  A single 

prism is used to both couple in and out the laser light from a 30 mW He-Ne laser.  

The laser is focused on the prism using an 11 mm focal length matched pair lens.   
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Figure 2.12 Observation of WG modes inside the LiNbO3 disk (h = 700 µm, D = 5.85 mm) using 
He-Ne laser. 

 

In the photograph we can also see the scattered light from the collecting (output) 

fiber that shows the WG modes are coupled to the fiber.  In the bottom-right picture 

of Fig. 2.11 the output fiber is decoupled (moved slightly up) and only WG modes 

inside the disk are observable. 

 

 

2.3.4 Critical coupling and intrinsic loss 

 

When the output fiber is tuned to the interference region where transmission dips are 

observed, the single-prism coupled microdisk can be, treated as an effective optical 
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ring resonator side coupled to a waveguide.  The generic description of this system is 

schematically shown in Fig. 2.13(a).  The corresponding optical transfer function 

may be calculated using the general relation for coupling between an optical 

resonator and a dielectric waveguide [12].  The transmitted optical power ratio (T = 

Pot/Po,in = |Et|2/|Ein|2) is written as: 

                                                                                                                               (2.10) 2T =
)cos(21

)cos(2
2

22

kDtata

kDtata

π

π

−+

−+

where D is the microdisk diameter, k is the wave vector of the WG optical resonance,  

a = exp(-απD) is the inner circulation loss factor (Ea=a×eiθ×Eb, θ = πDne/λres) and t 

is the transmission coefficient (t = Et/Ein).  α is the total distributed loss factor that 

combines the scattering losses and absorption.  If the coupling mechanism is lossless 

the optical coupling factor (κ) may be expressed as (1 - tt*)1/2. 
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Figure 2.13  (a) Generic description of a single waveguide coupled rin
transfer function of a waveguide-resonator system. 
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microdisk resonator (∆νFSR = c/πnD) as shown schematically in Fig. 2.13(b).  Each 

resonance has a Lorentzian shape with full-width-half-maximum wavelength 

∆λFWHM around its resonant wavelength λres and a loaded optical Q = λres/∆λFWHM 

limited by κ and α .  Loaded Q can be estimated using the general relation derived 

for Fabry-Perot (FP) resonators [19] and by changing the factor R1R2 to ta: 

                                                                                                                               (2.11) taD
Q

π
=

resta
n

λ)1(

2

−
n is the refractive index of the optical resonator along the optical mode polarization. 

 
 
 
 
 
 
 
 
 
 
 

( a ) 
 
 
 
 
 
 
 
 
 
 
 
 
 

( b )                                                               ( c ) 
Figure 2.14  (a) Transmitted optical power spectrum of 3 mm diameter and 0.4 mm thick 
microdisk optical resonator.  (b) Simulated optical output power against coupling factor for 
different values of distributed loss factor.  (c) Simulated optical quality factor against coupling 
factor for different values of distribute loss factor. 
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Fig. 2.14(a) shows part of the transmission spectrum for a single-prism coupled 

LiNbO3 microdisk with a diameter D = 3 mm and a thickness h = 0.4 mm.  For a TE 

mode of the LiNbO3 microdisk resonator, n should be replaced by ne that is the 

unperturbed value of the extraordinary refractive index ne ∼2.14.  As may be seen, at 

the resonant wavelength of the third mode, the transmitted optical power is zero so 

that one may infer the mode is critically coupled.  The measured transmitted optical 

power and loaded Q may be used to calculate the intrinsic distributed loss of a 

resonant mode.  For example the critically coupled mode in Fig. 2.14(a) has a Q of 

2.8×106.  Now if we use equations (2.10) and (2.11) to plot the transmitted optical 

power and the loaded Q versus the optical coupling factor (κ) for different values of 

distributed loss factor (α), we see that there is a unique value of α which results in 

critical coupling and a certain value of loaded Q for the same coupling factor.  Fig. 

2.14(b) and 2.14(c) show the simulated transmitted optical power and loaded Q for 

the same microdisk and different values of α.  As may be seen, the mode is critically 

coupled at α = 0.0075 cm-1 and has a loaded Q of about 2.8×106 at κ = 0.12.  So, 

using simulation results and the measured Q value of the critically coupled mode, we 

have simultaneously estimated the value of κ and α for the mode. 

We can calculate the unloaded quality factor (Qu) of an optical mode using the 

estimated value of α and equation (2.8).  The critically coupled mode in Fig. 2.14(a) 

has a Qu of about 1.2×107. 
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2.3.5 Other optical coupling methods 

 

Coupling methods such as tapered fiber [9], etch-eroded fiber coupler [11] and 

waveguide coupler [16] that have been successfully used for coupling light into silica 

microspheres, do not work for LiNbO3 microdisks because of its high refractive 

index.  These techniques are based on evanescent-coupling and as mentioned before 

(2.3.2) the incident light should enter the resonator from a medium with a higher 

refractive index (compared to the resonator).  It may be possible to use a Ti-diffused 

waveguide on LiNbO3 that is pigtailed to single mode fibers.  By accurately 

designing the waveguide dimensions and tuning the propagation constant, it is 

possible to achieve high efficiency coupling to WG modes in an average-size 

LiNbO3 microdisk.  Another possibility is to improve the efficiency of the prism 

coupling by tailoring the gap between the prism and microdisk’s sidewall.  It has 

been shown that using cylindrically shaped prisms the coupling to planar waveguides 

can be improved up to 92% [10,17,18].  Notice that as opposed to prism coupling to 

slab-waveguides, the coupling-gap is already tapered in the microdisk case.  

Assuming that the prism is in contact with the disk and knowing the skin depth for a 

diamond prism (≈135 nm at λ = 1550 nm), we can easily calculate the coupling 

length (about 30 µm for D = 2.9 mm).  By shaping the base of the prism we can tune 

this length to achieve optimum coupling efficiency.  Since it is difficult to polish 

diamond prisms, ZnSe crystal may be a good candidate for this task.  ZnSe has a zinc 

blend structure and a refractive index of 2.435.  ZnSe is transparent in a wide 
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wavelength window from 500 nm to 22 µm.  Plano-convex ZnSe lenses (spherical or 

cylindrical) are commercially available and so, for these and other reasons it might 

be possible to use them instead of prisms and take advantage of the fact that they can 

also be used to focus the beam.  Fig 2.15 shows a possible configuration where a 

plano-convex ZnSe lens might be used to focus a free space collimated beam and 

couple it to WG modes inside the microdisk.  The collimated beam is easily 

generated using a pigtailed collimator. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.15  Geometry of direct coupling to WG modes through a plano-convex ZnSe lens.  
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The main parameters of this design that have to be optimized are the lens radius (Rl) 

and the center offset (y).  Using a basic wave tracing matrix for a spherical air-ZnSe 

interface and the ABCD law for guassian beams one may calculate the proper value 

of Rl and y for generating a guassian beam with a waist size of w at the contact point 

of the microdisk and plano-convex lens.  The value of the beam waist size (w) has to 

be chosen according to the WG mode profile.  Consider that the beam axis is passing 

through the center of the lens, and therefore, there is no deviation due to refraction at 
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the air-ZnSe interface.  The beam should enter the interface with an incident angle 

equal to the ZnSe-LiNbO3 critical angle (θc = 60°), so knowing this angle and lf we 

can easily calculate y. 

The last possibility that we describe here uses a LiNbO3 half-disk to couple to a full-

disk.  Coupling non-resonant WG modes of a half-disk from free space using a 

cleaved fiber or a cylindrically shaped fiber is easy and very efficient. Since the 

wave vectors of the WG mode inside the half-disk and the WG mode in the full-disk 

are similar, if both disks are in contact the touching point should act as a directional 

coupler in analogy with regular fiber couplers and splitters.   

 
 
 
 
 
 
 
 
 

( a ) 
 
 
 
 
 
 
 
 
 
 
 
 

( b )                                                         ( c ) 
Figure 2.16  (a) Photograph of the experimental arrangement used for testing a half-disk coupler.  
(b) The toroidal half-disk (D = 6 mm) coupled to a microdisk (D = 2 mm).  (c) He-Ne laser light 
coupled to the WG resonance of the 2 mm microdisk through a toroidal half-disk coupler. 
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We have done some preliminary work on this scheme but the measured coupling is 

very weak due to mode mismatch (we didn’t have two identical disks). 

Fig. 2.16(a) shows a photograph of the first experimental arrangement used for 

investigating the half-disk coupling scheme.  The half-disk and the microdisk have 

diameters of 6 mm and 2 mm respectively.  Fig. 2.16(b) shows another arrangement 

where a toroidal half-disk (made by grinding the microdisk shown in Fig. 2.10) is 

coupled to the 2 mm microdisk.  Fig. 2.16(c) shows He-Ne laser (red light, λ = 623.2 

nm) coupled to the microdisk through the toroidal half-disk. 

 

 

2.4 DC response 

 

Study of DC electrical-optic response of the WG modes in the microdisk is useful 

since it provides information regarding the strength of the electro-optic interaction 

inside the disk without the complication of the microwave design issues of a RF 

modulator.  This section covers the low-speed electro-optic response in a LiNbO3 

microdisk optical resonator. 

 

2.4.1 DC shift 

 

If we place a conductive ring on top of a microdisk (of the same radius) mounted on 

a ground plane, a DC voltage on the ring will generate an E-field (mainly along z-
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direction) around the disk where the WG modes are propagating.  Since LiNbO3 is 

an electro-optic material, the E-field changes its refractive index and consequently 

the resonant wavelengths of WG modes.  Using equation (2.6) (Sec. 2.3.1) we can 

estimate this change for TE WG modes:  

λm = πDne/m ⇒ ∆λm = πD∆ne/m ⇒ ∆λm = λm(∆ne/ ne)                    (2.12) 

We have used ne because we are interested in large r33 and hence modes that are TE 

polarized.  Since in most telecom applications the laser wavelength is around 1550 

nm usually λm = λo = 1550 nm.  The refractive index change may be estimated using 

∆ne = ne
3 r33Eeff/2 (r33 ≈ 30.8 × 10-12 m/V) so: 

                                                   ∆λm = λm ne
2 r33Eeff/2                                         (2.13) 

Eeff is the magnitude of the E-field along the z-axis in the equatorial plane of the 

microdisk where the WG mode is traveling.  Ideally, in the absence of fringing and 

other perturbing factors the E-field intensity in the middle of the disk should be equal 

to V/h (V is the applied voltage).  But due to a fringing field effect, the E-field in the 

vicinity of the sidewall has a component along r (Er).  The magnitude of Er varies 

along the z-axis and is zero at the equatorial plane.  Simulation shows that for a 400 

µm thick LiNbO3 disk, Er is about 8 times smaller than Ez at z ~ ± 100 µm from the 

equatorial plane.  The air gap between the ring and the microdisk surface will also 

reduce the E-field intensity inside LiNbO3.  We summarize all these effects and the 

overlap integral between optical mode and the E-field in a correction factor called 

the optical-mode-electric-field overlap correction factor βΕΟ sο: 

                                                       Eeff = βΕΟ(V/h)                                                (2.14) 
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When V = 1 V ∆λm is called the DC shift or ∆λDC.  This DC shift is an important 

parameter in a microdisk modulator because it quantifies the electro-optic response 

of the modulator and is helpful for calculating the RF modulation response.  The 

measured value of the DC shift for a WG resonance of a microdisk can be used to 

estimate the corresponding βΕΟ.  The desired value of βΕΟ should be close to 1 but in 

most cases it is less than 0.5.  βΕΟ is determined by many parameters and it also 

varies slightly for different WG resonances.  It is possible to improve βΕΟ by using a 

geometry that forces the E-fields to better overlap the optical mode region.  For 

example in our latest design we mount the microdisk on a cylindrical ground plain 

with the same radius as the disk and we observe a slightly larger DC shift. 
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The last microdisk was mounted on our modified design and has the largest 

βΕΟ.  Fig. 2.18(a) shows a photograph of the microdisk resonator (D = 3 mm, h = 0.4 

mm) mounted on a cylindrical ground plane. 

Table 2.2  DC-shift and βEO for different disks 

D = 2R (mm) h(mm) ∆λ (pm/V) 

(measured) 

∆λ (pm/V)  

(calculated) 

βEO 

5.13 0.4 0.09 0.27 0.33 

5.84 0.74 0.06 0.15 0.4 

2.9 0.4 0.05 0.27 0.18 

2.95 0.4 1.3 0.27 0.48 

 

Fig. 2.18(b) shows the measured optical output spectrum of the microdisk in Fig. 

2.18(a) at 0 V and 5 V DC bias.  The resonator is coupled through a single prism and 

the output fiber is tuned to the WG cone to detect WG peaks. 

 
 
 
 
 
 
 
 
 
 
 

( a )                                                                     ( b ) 
 
Figure 2. 18 (a) Photograph of the microdisk resonator mounted on a cylindrical ground plane.  (b) 
Measured optical output spectrum at 0 V and 5 V DC bias voltages. 
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We can also simulate the DC shift (∆λDC) using equation (2.10) and the voltage 

dependent k-vector: 
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                                                                                                                               (2.15) )k ==
λ

π
λ

π )]([2)(2( VnnVnV eee ∆+

Fig. 2.19 shows the simulated WG resonant wavelength shift for a microdisk 

resonator with following parameters: κ = 0.0999, α = 0.0075 cm-1, Po,in = 50 µW, 

βΕΟ = 0.5, h = 0.4 mm.  When the electric field is applied λm → λm ± ∆λm (the sign 

depends on the relative direction of the E-field and c-axis).  The simulated values are 

in good agreement with values obtained from equation (2.13).  In section 2.6 we will 

use the same approach to calculate the optical modulation amplitude in a microdisk 

modulator. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19  (a) simulated resonant shift of the transmission dip for a microdisk resonator with: 
κ = 0.0999, α = 0.0075 cm-1, Po,in = 50 µW, βΕΟ = 0.5, h = 0.4 mm.  

∆λDC = 0.13 pm 

0 V
1 V

∆λFWHM 

 

To simulate a double-prism coupled microdisk resonator or a single-prism coupled 

resonator with an output alignment for detecting WG peaks, we have to use a 

different transfer function that corresponds to a microdisk coupled to two 

waveguides.  This is because the output beam is not propagating in the same 

direction as the reflected beam so they do not interfere. 
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The corresponding transfer function may be written as: 

                                                                                                                               (2.16) 24C =
)cos(21

)1(
2

222

kDtata
ta

π−+

−

The parameters in this equation are the same as in equation (2.10).  The optical 

spectrum represented by equation (2.16) is a series of peaks rather than dips. 

 

 

2.4.2 Optical bistability 

 

Bistable optical devices are of great interest for their possible applications to all-

optical signal processing for optical computing, optical thresholding and memory.  

The most common intrinsic bistable optical devices consist of a Fabry-Perot (FP) 

resonator containing nonlinear media.  To date optical bistability has been observed 

in different types of nonlinear resonators using materials with various nonlinearity 

mechanisms [27-32].  Here we demonstrate the bistable behavior of the LiNbO3 

microdisk resonator when configured as part of an electrical feedback loop.  This 

differs from the FP case in that we are using a traveling wave resonator.  The reason 

for our interest is that the high-Q should, in principle, make a sensitive device.  

However, there will be a trade off between speed of response and sensitivity. 

Fig. 2.20 (a) is a photograph of the microdisk modulator used in our experiment.  

The microdisk resonator has a diameter of 5.8 mm and a thickness of 0.74 mm.  The 

measured DC shift for this configuration is about 0.09 pm/V (Table 2.2).  The 

experimental arrangement to measure electro-optic non-linearity is shown in Fig. 

 92



2.20(b).  The voltage applied to the electrode is a function of resonator optical output 

power.  Optical input power to the resonator is, provided by a frequency-stabilized 

laser diode whose output is intensity modulated to create a 500 Hz triangle wave.  

Optical output power is detected using a photodiode.  To study electro-optic 

bistability, amplified detector output voltage is fed back to the disk electrode. 

 
 
 
 
 
 
 
 
 
 
 
 
 

( a ) 
 
 
 
 
 
 
 
 
 

( b ) 
Figure 2.20  (a) Photograph of the LiNbO3 microdisk modulator.  (b) Experimental arrangement 
used for demonstrating the bistable behavior of the microdisk optical resonator with a feed-back 
loop. 
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Fig. 2.21(a) shows the measured optical output-power as a function of optical input-

power for the indicated values of peak-to-peak voltage feed-back (Vfb) and optical Q-

factor.  The electro-optic system shows a slight non-linearity when Vfb = 1.5 V, using 
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an optical mode with Q = 7.5×105, and significant bistability and hysteresis behavior 

when Vfb = 3.0 V, using an optical mode with Q = 106.  The arrows indicate the 

sense of the hysteresis loop.  Fig. 2.21(b) shows results of simulation for the ideal 

case where just one set of modes has been excited inside the disk.  The simulation 

shows a behavior similar to the experimental results of Fig. 2.21(a). 

Since two-prism coupling technique is employed used in this experiment, equation 

(2.16) is used to calculate the optical output power as a function of optical input 

power.  The optical output power can be written as C×Po,in where  C is a function of 

Po,in because k is proportional to  Vfb and Vfb is proportional to the optical output 

power.  Vfb creates an electric field along the z-direction equal to Ez = Vfb / h which 

changes the refractive index at incident optical wavelength λ0 = 1550 nm from ne= 

2.138 to ne = ne – ne
3r33Ez / 2.  Consequently the WG wave vector k (=2πne/λ0) 

depends on Vfb.  Hence, with feed-back, the transfer function (C) becomes a function 

of optical output power as well as wavelength.  The optical output power Pout(λ) of 

the system is calculated by applying a discretized triangular input signal and solving 

the equation Pout(λ) = C(λ,Pout)×Po,in(ω) iteratively.  The laser wavelength is set to 

be λres-∆λFWHM/2 where λres  is one of the resonant wavelengths of the microdisk 

resonator, and ∆λFWHM/2 is the spectral line width of the optical resonance. 
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( b ) 
 
Figure 2.21  (a) Measure optical output-power as a function of optical input-power for indicated 
values of peak-to-peak voltage feedback (Vfb) and optical Q-factor.  (b) Results of simulation for 
the ideal case where just one set of modes has been excited inside the disk 
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2.5 RF resonator 

 

The key characteristics of the modulating E-field for an efficient electro-optic 

interaction with WG optical modes inside the disk may be summarized as: 

1) Proper RF E-field spatial distribution. 

2) RF oscillation frequency equal to mo×∆νFSR (mo: integer). 

3) Large interaction length. 

4) Large magnitude. 

5) Good overlap with the optical mode (large βEO). 

The role of a good RF resonator is to generate an E-field that satisfies all these 

requirements.  We show that the microstrip ring resonator can fulfill all requirements 

with minimal complexity.  It is very important to note that in a conventional MZ 

modulator both optical and electrical waves are traveling along an open linear 

trajectory and they are velocity matched for broadband operation.  In contrast, in a 

microdisk modulator, the optical wave is a resonant traveling wave that circulates 

around the microdisk.  Given the large difference between the RF resonant 

wavelength, λRF = c/(nRF,e ∆νFSR), and resonant optical wavelength, λres = c/(neνres), it 

is not easy to create a traveling wave RF resonance around the disk.  In our 

microdisk modulator the RF field is a standing wave and the phase matching 

between the optical and RF waves is achieved by frequency matching (fRF = 

mo×∆νFSR) and appropriate spatial distribution of the E-field. 
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2.5.1 Linear and half-ring RF resonator 

 

Fig. 2.22 shows the linear standing-wave resonator design, which was been used for 

the first demonstration of optical modulation with simultaneous electrical and optical 

resonance in a microdisk [47].  The RF power is fed to the central open-ended 

microstrip and gradually couples to two linear resonators. 
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2.22 Photograph of the first RF-resonator (linear) used for modulating the WG modes 

e LiINbO3 disk. 
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/3 of each resonator’s length is on the PCB board (εr = 2.94, thickness = 

m).  The remaining length (1/3) is curved with a radius R (equal to the 

sk radius) and covers about 2/5 of the disk.  The frequencies of both 

rs are tuned to ∆νFSR.  Although we observed optical modulation using this 

ration, their low efficiency (and complexity of RF tuning) caused us to 

the linear resonators with a semi-ring resonator. 
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( a )                                                                      ( c ) 
 
 
 
 
 
 
 
 
 
 

( b )                                                                       ( d ) 
 
Figure 2.23 (a) Photograph of the microdisk modulator designed based on side coupled semi-ring 
RF resonator.  (b) The measured S11 spectrum for the open-ended microstripline side-coupled to 
the semi-ring.  (c) The result of simulating the resonant E-field (magnitude) distribution on a cut-
plane located in the middle of the disk.  (d) The structure used in the simulation.  Dielectric 
substrate thickness = 0.508 mm, dielectric constant = 2.94, microstrip linewidth = 1.2 mm, disk 
thickness = 0.7 mm, semi-ring resonator width = 1.2 mm, resonator angle = 90 degree. 
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Fig. 2.23(a) shows the photograph of a microdisk modulator that uses a semi-ring as 

the RF-resonator.  The resonator is placed on the LiNbO3 microdisk while the side-

coupled open terminated microstrip line is fabricated on a PCB board (εr = 2.94, 

thickness = 0.508 mm).  The outer radius of the semi-ring (Ro) is equal to the 

microdisk radius in order to maximize the overlap between the E-field and the 

optical mode.  The length of the semi-ring is chosen such that its fundamental 

resonant frequency (fRF) is equal to the optical free spectral range frequency (∆νFSR) 
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that is 7.6 GHz for this disk.  Experimentally it has been found that this length is 

very close to half of the disk circumference.  Fig. 2.23(c) shows a diagram of the 

configuration used for simulating the E-field distribution on the RF-resonator.  The 

dimensions are slightly different than those of the actual experimental arrangement, 

but qualitatively the predicted behavior matches the experimental results.  We used 

Ansoft HFSS software (3) for this simulation.  As may be seen, when the ring is fed at 

its fundamental resonant frequency, the magnitude of the E-field in the disk is larger 

than the magnitude of the E-field underneath the line.  The E-field magnitude is 

plotted on a cut-plane that passes through the middle of the disk.  This proves that 

the resonance in the ring amplifies the E-field.  The amplification depends on the 

intrinsic quality-factor of the ring and the coupling efficiency to the microstrip line.  

To measure the resonant frequencies of the semi-ring and estimate the Q-factor we 

use the standard RF reflection measurement (S11) with a RF network analyzer.  Fig. 

2.23(b) shows a typical S11 spectrum obtained for the semi-ring shown in Fig. 

2.23(a).  Fig. 2.24 shows a schematic diagram of the voltage distribution around the 

semi-ring.  The E-field is a standing wave and, due to the open boundary condition, 

its maxima are located at open ends of the semi-ring (points A and B).  Similar to an 

open circuit length of transmission line, the semi-ring resonator behaves as a parallel 

RLC resonant circuit (see section 1.3.1). 
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resonator was the first resonator successfully employed in the microdisk modulator 

design [47,48].  More details about the physics of resonance in side coupled ring/half 

ring resonators are discussed in the next section.  The main disadvantages of the 

semi-ring as a RF-resonator are a reduced quality factor due to electromagnetic 

radiation from the open ends, poor coupling efficiency at high frequencies, and the 

fact that only half of the full photon roundtrip is used for electro-optic interaction.  A 

ring resonator solves the latter two problems by closed loop operation and interacting 

over the full photon roundtrip. 

 

 

2.5.2 Ring resonator 

 

Microstrip ring resonators are widely utilized in measurement applications as well as 

filter, oscillator and antenna design [41,42,44,45].  Compact size, low radiation loss, 

high quality factor and geometrical compatibility make the ring resonator a perfect 

candidate for disk and ring shaped optoelectronic devices.  A ring resonator with the 

same diameter as the microdisk can generate the modulating E-field around the full 

photon path length.  Several methods have been developed for coupling RF power to 

ring resonators [36,38,44].  In our design the metal ring resonator is placed on top of 

the microdisk and is side coupled to a microstripline on a dielectric substrate.  To 

understand the details of microstrip-ring physics we start with a side-coupled 

microstrip-ring system on a uniform dielectric substrate. 
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Fig. 2.25 shows the geometry of a ring resonator with a mean radius of R′ = 

(Ro+Ri)/2 and a width of wr = Ro – Ri on a dielectric substrate with a relative 

permittivity of εs and a thickness hs.  For an isolated narrow such that wr/2R ≤ 0.1 

isolated ring the dominant resonant modes are TMm10 and the field components are 

Ez, Hr and Hφ for these modes [37].  The resonant frequencies of these modes can be 

simply calculated from: 

                                              fRF,m = mRF c/(2π R′nRF,e)                                         (2.18) 

where c is speed of light, mRF is a positive integer and nRF,e is the effective refractive 

index of TMm10 mode.  nRF,e may be calculated using the effective dielectric constant 

of a microstrip line given approximately by [46]: 
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Figure 2.25. Geometry of microstrip ring resonator side-coupled to a microstripline on a uniform 
dielectric substrate. 
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It is also possible to use the Wheeler’s effective permittivity [37]: 

                                                 εeff = 1+ q(εs-1)                                                     (2.20) 
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where q is called the filling factor.  Experimentally it has been shown that for εd = 

9.9, q is proportional to (w/2R)0.09 and (w/hs)0.09 [37].  Equation (2.20) is useful for 

more complex cases where Equation (19) fails.  In this situation, experimental results 

are typically used to estimate the filling factor.  Fig. 2.26(a) shows the photograph of 

a side coupled ring resonator fabricated on RTD 6006 dielectric substrate with a εs = 

6.15, hs = 0.508 mm. 
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 Figure 2.26.  ( a ) Ring on uniform dielectric sub
(hs ) =  0.508 mm, microstripline width (wl) = 0.
0.32 mm.  (b)  The simulated S21 for the ring
frequencies up to the third harmonic are shown. 
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Fig. 2.26(b) is the simulated S21 using CST electromagnetic simulator (2).  The 

fundamental resonance of the ring resonator occurs at fRF = 8.1 GHz.  Fig. 2.26(c) 

shows the measured S21 through the microstripline.  The RF resonances (TM110, 

TM210, TM310) appear as dips in the transmitted RF power spectrum.  The measured 

fundamental resonance is about 7.82 GHz that is very close to the simulated value. 

If we use equation (2.19) to calculate εeff and substitute into equation (2.18) we find 

that fRF1 = 7.91 GHz.  This agreement validates our assumptions and the 

approximations in Equations (2.18) and (2.19).  The slight (1%) difference between 

calculation and measurement is mostly due to errors in ring width and diameter 

measurements.  Also the resonant frequency calculated using equation (2.18) is the 

intrinsic resonant frequency of an isolated ring.  Coupling to the microstrip line 

changes the resonant frequency (loading effect) similar to any other loaded 

oscillator.  When a ring resonator is strongly coupled to a microstripline (small gap 

sizes), the symmetry breaks due to the proximity of the microstripline to the ring and 

two coupling configurations are possible, depending on whether induced magnetic 

field or induced electric field is maximum at the resonator near the microstripline.  

The broken symmetry splits each mode into two modes with slightly different 

resonant frequencies: even and odd modes [36].  Odd modes have lower frequencies 

and are capacitively coupled to the line, while the even modes have higher 

frequencies and are magnetically coupled to the line [35].  The coupling strength 

depends on mode order.  The different coupling mechanisms result in different 

loading factors and hence different frequency shifts and loaded Qs.  Resonant 
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frequencies cannot be calculated using equation (2.18), although this relation may 

still be used to get a rough idea about the resonant frequencies.  It is evident that 

calculating the loaded Q-factors and resonant frequencies as a function of 

geometrical parameters and mode nature is an involved task.  We will explore this 

issue as we continue to analyze the ring resonator on a LiNbO3 microdisk. 

In the microdisk modulator design, the ring is placed on a LiNbO3 microdisk.  The 

role of the ring is to provide an E-field normal to the disk surface and localized to the 

disk circumference where the highly confined optical WG modes are traveling. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 2.27.  Geometry of ring resonator on LiNbO3 side-couple
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In our design we use a side-coupled microstripline to couple energy to a resonance of 

the RF ring resonator.  Fig. 2.27 shows a schematic diagram of the ring, microdisk 

and the microstripline. 

This configuration is more complicated than the side-coupled ring on a uniform 

substrate (in Fig. 2.25) because the ring and line are on two different high contrast 

dielectric materials with an air gap in between.  Fig. 2.28(a) shows a typical 

experimental arrangement for characterizing the performance of the ring resonator 

on the LiNbO3 microdisk.  
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Fig. 2.28.  (a)  Photograph of the ring resonator on LiNbO3 microdisk side-coupled to the 
microstripline.  (b) S21 measurement results for ring and semi-ring on the LiNbO3 microdisk shown 
in (a).  
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We use S-parameter measurement (S11 and S21) to estimate the resonant frequency 

and the quality factor of the RF resonances.  Fig. 2.28(b) shows the measured S21 for 

the ring in Fig. 2.28(a) as well as a semi-ring on the same microdisk.  The resonant 

dips up to the third harmonic of the ring are shown in this figure.  For the ring 

resonator (solid line) we observe two dips (one small and one large) due to even-odd 

mode splitting.  The coupling strength of the ring as indicated by the depth of the 

resonant dips is better at higher frequencies than that of the semi-ring, and the width 

of the resonant dips is smaller for the ring due to a better quality factor.  These 

observations prove the validity of our argument regarding the superiority of the ring 

resonator especially at high frequencies.  Before analyzing the electromagnetic 

behavior of this system we will examine simultaneous RF-optical resonance in this 

configuration. 

As mentioned in section 1.3, an optically resonant modulator can only modulate light 

at RF frequencies equal to mo×∆νFSR but an efficient modulation also requires a 

proper spatial distribution of the oscillating E-field to maximize the accumulated 

electro-optic induced phase shift at each roundtrip.  Fig. 2.29 shows the simulated 

resonant E-field distribution on a cut-plane that passes through the middle of the 

disk.  Fig. 2.29(a) shows the 2-D E-field magnitude distribution and Fig. 2.29(b) 

shows a 3-D view of the E-vectors distributed around the disk. Since we want to 

satisfy the frequency matching condition fRF,m = mRF×∆νFSR for low values of mRF 

(mRF < 10), the RF wavelength, λRF,m = c/(ne,RF×.fRF,m), is not small enough 

(compared to ring circumference: 2πR) for resonant traveling wave operation. 
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( a )                                                               (b) 
 
Figure 2.29 Simulated E-field distribution on a cut plane passing through the middle of a LiNbO3 
microdisk when the fundamental resonance of the ring resonator is excited.  (a) 2-D E-field 
magnitude distribution.  (b) 3-D view of the E-vectors distributed around the disk.  The E-vectors 
are plotted on a log scale. 
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So, similar to the semi-ring resonator, the ring resonator is a standing wave resonator 

and the locations of the maximum and minimum are fixed by the broken symmetry 

of the feed point.  In Fig. 2.30 the voltage distribution along a linear standing wave 

resonator, that is equivalent to the ring resonator, is shown. 
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The traveling optical wave (WG resonance) will always experience a position 

dependent E-field intensity during its round trip.  A voltage oscillation on a ring 

resonator that is excited by a single tone at its fundamental resonant frequency (fRF,1) 

can be expressed as: 

                                                                                                                               (2.21) )cos()cos( txkVV RFlRFm ω=

The electro-optic induced phase shift for a photon that enters the microdisk resonator 

at point ‘A’ may be written as: 

                                                                                                                               (2.22) cos()cos( txl
ll ωξ

λ
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ϕ == )22 kxnx
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e
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where ξ = ne
3r33Eeff/2 = (1/2) ne

3r33 βΕΟ/h (Eq. 14) and xl =(c/ne)t. 

If we integrate equation (2.22) over ten optical roundtrip times (10τp) that are also 

equal to the ten RF periods (10TRF = 10/fRF), then: 
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So when fRF = ∆νFSR or ne = nRF, the phase shift is maximized but its magnitude is 

still half of the value that can be obtained in a conventional velocity matched 

traveling wave electro-optic phase shifter.  When both optical and RF waves are 

traveling, their phase can be locked in such a way that the optical phase shift per unit 

length is written as: 

                                                                                                                               (2.24) 



 ×+== EO
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where β′EO is the overlap factor and h is the gap size between the electrodes. 

For the microdisk modulator we use the refractive index change and the transfer 

function to calculate the optical power modulation.  The modulated effective optical 

refractive index of TE modes in a frequency matched (fRF = ∆νFSR) microdisk-

microring system can be written as: 

                                                                                                                               (2.25) cos(
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t
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The new factor βS is a correction factor that accounts for the standing wave nature of 

voltage oscillation.  As shown in Fig. 2.31 in a standing ring resonator based 

modulator βS = 0.5.  In equation (2.24) this factor doesn’t exist because of the 

traveling wave nature of the RF wave. 

We now turn our attention to the resonant frequencies of the microring resonator.  

The microdisks used in our experiments are z-cut (the c-axis is parallel to the z-axis 

and normal to the disk flat surface).  The bulk dielectric constant of LiNbO3 along 

the c-axis (z in Fig. 2.24 that is also the E-field direction for TMm10 modes) is nRF = 

5.1 at frequencies between 1-50 GHz [2].  If LiNbO3 is used as the substrate in a 

microstripline structure (Fig. 2.32(a)), the effective permittivity is reduced.  For 
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example for a 0.4 mm thick substrate and a linewidth of 0.3 mm using equation 

(2.19), εeff = 17.45 and nRF,e = 4.18.  But a ring resonator on a LiNbO3 microdisk has 

a cross-section similar to that shown in Fig. 2.32(b).  For this configuration εeff 

cannot be calculated by a simple formula so we use CST simulation software (2) to 

estimate the propagation constant and derive nRF. 

 

 

 

 

( a )                                       ( b )                                     ( c ) 

Fig. 2.32. S21 measurement results for ring and half ring on LiNbO3 

LiNbO3 LiNbO3 LiNbO3 

 

For a similar substrate thickness and line width nRF,e = 3.76,  If we move the line 

further to the edge and create a 50 µm overhang in the air (which is equivalent to 

increasing the inner and outer radius of the ring), then nRF decreases to 3.56.  This 

shows that by tailoring the ring/microdisk design one may reduce nRF,e to more 

closely match the optical refractive index (ne = 2.14).  Also the optical mode 

propagates at a radius almost equal to the disk radius (R) while the mean ring radius 

is R′ = (Ro+Ri)/2.  So as to satisfy the frequency matching condition (∆νFSR = fRF1), 

nRF,e should be larger than ne by a factor R/R′ (for a disk with a diameter of 3 mm and 

a ring with a width of 0.3 mm, R/R′ = 1.11). 

Another important factor that needs to be taken into account in RF frequency tuning  

 111



is that the loaded resonant frequency is larger than the value estimated by equation 

(2.18) due to side coupling to the microstripline.  As we mentioned before, strong 

side-coupling results in separate degenerate even and odd modes in the microring 

and the loading effect is different for these modes.  Taking into account the loading 

effect and the geometry of the resonator, one may expect that the resonant 

frequencies of the side-coupled ring on a dielectric disk should have the form: 

                                                                                                                               (2.26) L R
ff

επ ′
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21
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RF
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where: 

                                                                                                                               (2.27) ( )= wtf rreff /,εε ε

                                                                                                                               (2.28) 
=∆

f
f

LO
L

( )
g
gf LE

s

( )
 
fε, fLO and fLE are unknown functions that should be evaluated based on a particular 

geometry.  fε is equivalent to equation (2.19) for a regular microstrip line but it gives 

smaller values of effective permittivity for given values of w, h and εr due to the 

absence of  dielectric on one side of the line as well as other design factors.  To 

calculate fε the wave equation for asymmetric microstripline should be solved.  fLO 

and fLE are loading factors for even and odd modes as a function of the gap size (g) 

between the disk and line.  These functions can be evaluated using experimental 

data.  For example Fig. 2.33 shows resonant frequency measurement for the 

fundamental even mode of a ring resonator on a LiNbO3 disk side-coupled to a 

microstripline with different coupling gap (g) sizes.  In this experiment gs = 0.1 mm, 

D = 3 mm, wr = 0.3 mm, wl = 0.75 mm, h = 0.4mm, hs = 0.5 mm, and εs = 6.12.  The 
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experimental results show that tuning the gap over a wide range (600 µm) doesn’t 

change the resonant frequency more than 200 MHz. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.33  Resonant frequency as a function of gap size for the even mode of a ring resonator (w 
= 300 µm) on a LiNbO3 microdisk with a diameter of 3 mm and a thickness of 0.4 mm. 
(approximated line equation: fRF  = 15.292g-0.0073) 
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If we use equation (2.26) to estimate the fundamental resonant frequency of a ring 

resonator with Ri = 2.75 mm, Ro = 3.05 mm and nRF,e = 3.56 (that corresponds to the 

configuration shown in Fig. 2.31(c)) on a 3 mm diameter and a 0.4 mm thick LiNbO3 

microdisk with a ∆fL =100 MHz then fRF,1 = 10.14 GHz.  The optical free spectral 

range for this disk is 14.6 GHz so that a factor of 1.44 reduction in nRF,e (2.07 in εeff) 

is required to achieve RF-optical frequency matching. 

In our proof of principle experiment we solve this problem by fabricating the ring 

separately.  When the ring is placed on top of the disk an effective air gap exists 

between the ring and LiNbO3 surface due to the surface roughness of the ring and the 
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microdisk.  This air gap reduces εeff.  By properly choosing the ring size, gapsize, 

surface roughness and fine tuning the location of the ring on the disk, we were able 

to tune the fundamental RF resonant frequency of the ring very close to ∆νFSR..  

Notice that tuning the fundamental resonance doesn’t guarantee fRF,m = mRF×∆νFSR 

for all values of mRF because, as opposed to optical resonant frequencies, the RF 

resonant frequencies aren’t exact multiples of the fundamental resonance because of 

different loading factors and even-odd splitting. 
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(b)                                                                (c) 

Fig. 2.34 (a) Schematic diagram of the configuration used for tuning the RF resonant frequency. 
(b) Results of S21 measurement for different volumes of air cylinder (za is changed).  (c) Resonant 
frequency as a function of za.
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We also explored an alternate approach to RF resonant frequency tuning by changing 

the ground plane design.  Fig. 2.34 (a) shows a schematic diagram of the new 

arrangement. 

A tunable air cylinder beneath the disk changes the effective permittivity and 

consequently the resonant frequencies.  In the actual experiment, a brass cylinder 

that can move along the z-axis has been used to change the air-cylinder height (za).  

Notice that the air cylinder is not centered.  Fig. 2.34(b) shows the results of S21 

(throughput) measurements for different values of za.  As may be seen, the minimum 

(which represents the resonant frequency) decreases as we increase za.  Fig. 2.34(c) 

shows the resonant frequency against za.  For za > 3 mm the resonant frequency 

changes only slightly. 

This tuning method is useful for fine-tuning the RF-resonant frequency but, since the 

maximum tuning range is limited (about 250 MHz in this case), still other techniques 

should be used for RF-optical frequency matching. 

 

 

2.5.3 Voltage gain and RF critical coupling  

 

In addition to generating the proper voltage distribution around the disk, the RF 

resonator also provides voltage gain.  At resonance, the amplitude of the voltage 

oscillation (Vm) on the ring is larger compared to the input RF voltage amplitude 

(Vin).  The voltage amplitude on the ring is a function of the ring quality factor and 
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RF coupling coefficient.  The voltage gain is defined as Gv = Vm/Vin and it can be 

estimated from S parameter measurements.  The average stored energy (U) in a 

resonator can be expressed as: 

                                                                                                                               (2.29) RFQ =
loss

URF P
Uω

,

Where QRF,U is the unloaded quality factor and Ploss is the energy lost in the resonator 

per second, not withstanding coupling loss: 

                                                                                                                               (2.30) ( ) PSSPP −−= 22
lRFloss −21111

Pl is the power lost in the microstripline.  The energy stored in the ring-microdisk 

capacitor can be expressed as a function of the voltage and geometrical parameters: 

                                                                                                                               (2.31) 
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Where A is the ring area (πRo-πRi).  The extra factor (1/4) is a result of having a time 

and space varying voltage distribution (we are using the RMS values of the voltage 

in the conventional formula for static energy storage in a capacitor).  βc is a factor 

that connects the actual capacitance and the capacitance calculated assuming the 

ring-microdisk-ground is a parallel plate capacitor (C = εrε0 A/d).  βc can be 

estimated either by simulation or measuring the optical modulation.  The capacitance 

per unit length (C ′) for a microstripline can be written as: C′ = nRF/cZo (Z0 is the 

characteristic impedance of the line and c is the speed of light).  nRF and Zo can be 

calculated from simulation results and βc = C′/C.  For a 0.3 mm wide microstip on a 

0.4 mm thick LiNbO3 substrate, βc ≈ 2.8. 

Since, in our experiments the ring resonators are hand made and mechanically tuned 

on the disk, βc should be evaluated separately for each modulator. 
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Using equations (2.30) and (2.31):  

                                                                                                                               (2.32) 
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We can rewrite equation (2.30) in terms of the microstripline loss factor (LT, Pout = 

(1/LT)Pin): 
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The voltage gain Gv =Vm /Vin, where Vin (input voltage amplitude) is related to the 

input RF power through Vin =(2Z0PRF)0.5 in which Zo is the microstripline impedance.  

Here we have assumed that the microstripline is properly terminated with a matched 

impedance.  Using equation (2.33) in equation (2.32): 
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where Ploss′ is the loss factor given by: 
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The S-parameters and LT can be directly measured using the network analyzer.  The 

quality factor of a dielectric resonator that is magnetically coupled to a microstripline 

may be determined using the measured S-parameters [43].  Since the even mode of 

the ring resonator is also magnetically coupled to the microstripline, we can use the 

method described in Ref. 43 to determine the unloaded quality factor that is needed 

in equation (2.32).  Fig. 2.35 shows the measurement points for loaded and unloaded 

quality factors in the reflection and transmission coefficient magnitude planes as a 

function of coupling factor η and the definition of various terms used. 

The coupling factor is defined as S11o/S21o = η where S11o and S21o
 are measured 

values of reflection and transmission at resonance. 
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Also η relates the various quality factors by the well-known relation [43]: 

                                                 QRF,U = QRF(1+η)= ηQext                                     (2.36) 

 

 

 

 

 

 

 

 

 
 

Figure 2.35 QRF,U and QRF measurement points in the reflection and transmission coefficient 
magnitude planes as a function of coupling factor η and the definition of various terms [43]. 
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Equation (2.34) may not be accurate enough for calculating the exact value of Vm but 

it is very useful for evaluating the effect of different parameters on the voltage gain.  

When S11o= S21o = 0.5 and η =1, the ring is critically coupled to the microstripline.  

In this situation the stored energy (and therefore Vm) is maximized.  The RF coupling 

factor can be tuned by changing the gap size (g) between the microdisk and the 

microstripline to achieve critical coupling.  We have simulated the S-parameters and 

the E-field intensity inside a microdisk using the CST electromagnetic simulator (2).  

Fig. 2.36 shows the simulation results.  The LiNbO3 microdisk has a diameter of 

5.13 mm and thickness of 0.4 mm.  As may be seen when g = 380 µm (η = 1), the E-

field amplitude is maximized.  When η > 1 (S11o > S21o) the ring is over coupled, and 
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when η < 1 (S11o< S21o) it is under coupled.  We can calculate βc using equation 

(2.32) and the simulation results.  The average value of βc in this case is 2.7. 

  

 

 

 

 

 

 

( a )                                                              ( b ) 

 

 

 

 

 

                                       ( c ) 
Figure 2.36  CST simulation results for ring resonator on a LiNbO3 microdisk with a diameter of 
5.13 mm and a thickness of 0.4 mm.  (a) The coupling factor (η) against gap size (g).  (b) Qu and Ql 
against coupling factor.  (c) The E-field oscillations amplitude against g. 
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As expected, the absolute values of resonant frequency derived from the simulation 

are smaller than the optical FSR and they decrease as we increase the gap size 

(loading effect).  Since the resonant frequency also changes as a function of g, it is 

difficult to have RF-optical frequency matching and RF critical coupling 

simultaneously. 

As mentioned in section 2.4.1, mounting the microdisk on a cylinder improves the 

DC-shift. The same arrangement also allows us to tune the gap size since the brass 
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cylinder can move relative to the microstripline. We use an experimental 

arrangement similar to the one shown in Fig. 2.28 to study RF coupling.  Fig. 2.37(a) 

shows experimental results of S-parameter measurements on a LiNbO3 structure with 

a diameter of 3 mm and a thickness of 0.4 mm for three different values of g.  Fig. 

2.37(b), 2.37(c) and 2.37(d) are the calculated quality factor, coupling factor and the 

E-field oscillation amplitude (calculated using equation 2.34) as a function of against 

the gap size.  We have used the value of βc derived from the simulation results (Fig. 

2.36). 

 

 

 

 

 

 

 

 

 

( a ) 

 

 

 

 

 

( b )                                        ( c )                                         ( d ) 
Figure 2.37  (a) Experimental results of S-parameter measurements for a LiNbO3 with a diameter 
of 3 mm and a thickness of 0.4 mm for three different values of g.  (b,c,d) The calculated quality 
factor, coupling factor, and the E-field oscillation amplitude (calculated using Eq. 2.34) against the 
gap size. 
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In this case at a gap size of g = 350 µm, the ring is critically coupled to the line.  The 

estimated voltage gain at critical coupling condition is 4.9.  We should point out that 

whenever S-parameters are expressed in dB they represent the relative transmitted 

and reflected power as opposed to voltage amplitude.  So the critical coupling 

condition S11o= S21o = 0.5 becomes S11o
2= S21o

2 = -6 dB. 

If instead of matched termination, we open terminate the microstripline then, in an 

ideal situation the standing wave ratio would be infinite.  In this case, the voltage 

amplitude on the line is 2Vin (instead of Vin).  By properly tuning the location of the 

voltage maxima on the line, we can improve the voltage gain (ideally by a factor of 

2).  This is achievable by tuning the length of the open end. 

 

 

2.6 Fundamental FSR modulation 

 

Modulation in resonant optical modulators is fundamentally different from traveling 

wave optical modulators because in the latter case at least one of the waves (optical 

or microwave) is a resonance inside a microwave or optical resonator.  Resonance 

enhances the electro-optic interaction but imposes a limitation on the frequency 

response.  As mentioned before, in an optically resonant modulator, effective 

modulation only occurs within a limited bandwidth (BW) around a discreet set of 

frequencies defined by the optical free spectral range (FSR) and optical Q-factor.  If 

the modulating RF frequency (fRF) is very close to ∆νFSR the behavior of the 
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microdisk modulator may be explained using a simple model based on the optical 

transfer function of an optical resonator and electro-optic modulation of the effective 

optical refractive index. 

This section covers the theoretical and the experimental aspects of linear modulation 

at the fundamental frequency of the microdisk modulator.   

 

 

2.6.1 Physics and modeling 

 

Our previous work on LiNbO3 microdisk modulators [47-48] uses general principles 

of resonator–coupler systems to derive the modulation response in the time domain.  

Although this approach is very accurate, it requires time consuming calculations 

because it is based on evaluating the interference of the traveling waves inside the 

disk after a large number of round trips around the disk (details of this calculation 

can be found in section 3.4 of Ref. 47).  In the previous calculations the RF-

resonance hasn’t been treated properly because, instead of modeling the modes of the 

ring resonator, the modulation has been modeled based on a periodic metal-electrode 

structure.  One possible approach to a more complete model is to use the same time-

domain model of a resonator-coupler combined with RF resonance of a ring 

resonator.  Theoretically this should result in a complete model for expressing 

modulator response for all harmonics (mo×∆νFSR) as a function of RF quality factor,  
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RF coupling factor, optical quality factor, optical coupling coefficient and the 

geometrical parameters. 

A second approach is to use the optical transfer function of the microdisk modulator 

(in frequency domain) with an electro-optically modulated refractive index.  This 

approach is applicable only if fRF is very close to mo×∆νFSR so that we can ignore the 

restriction imposed on the modulation by the frequency response.  We choose the 

second approach as it leads to a very simple model in which the role of all 

measurable parameters and their impact on modulator efficiency is clearly 

demonstrated.  The main disadvantage of this simple model is the absence of 

bandwidth calculations.  Basically we assume the bandwidth is limited by the 

optical-Q. 

To analyze the modulator performance, it is helpful to review the role of different 

device parameters contributing to the modulation process.  Fig. 2.38 is a schematic 

diagram of the modulator illustrating important parameters that influence modulation 

performance.  The efficiency of electro-optic interaction between optical whispering 

gallery modes and the applied electric field is directly proportional to the following 

factors: 

1) Interaction time or length.  The interaction time is the photon lifetime inside 

the resonator τp = Q/ω0 where Q is the quality factor of the optical resonator.   

2) E-field oscillation amplitude inside the mode region that can be written as: 

      Em = βΕΟ(GVVin/h). 
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Figure 2.38  Schematic diagram of the microdisk modulator representing the parameters involved 
in the modulation process. 
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In section 2.3.3 we mentioned that the transfer function of the microdisk optical 

resonator can be a series of transmission dips (equation 2.10) or a series of coupled 

peaks (equation. 2.16) depending on the optical coupling method and alignment.  In 

each case the optical transfer function is expressed as a function of optical coupling 

factor (κ) the circulation loss factor (a), and microdisk refractive index for TE modes 

(ne).  So at a given wavelength (λ0), the time variation of the optical output power 

(δPo,out) can be written as a function of time variation of the refractive index (δne) 

(equations (25) and (34)):  

                                                                                                                               (2.37) cos((( tGnnnn RF
SEO ωδ ×+=+= )

2
1)) 33

3 V
h

rtnt inveeeee
ββ

So knowing βΕΟ  (from DC shift measurement), Gv (from S-parameter measurement), 

the optical Q (or the distributed loss factor α) and the optical coupling factor (κ) we 

can calculate the modulated optical power as a function of RF input voltage 

amplitude (VRF). 

                                                    Po,out = fEO(VRF)                                                 (2.38) 

fEO is called the electro-optic transfer function of the optical resonance. 

 124



Fig. 2.39(a) shows the simulated electro-optic transfer function for an optical 

resonance (transmission dip) in a microdisk LiNbO3 with a thickness of 0.4 mm.  

The laser wavelength is tuned to λres + 0.25∆λFWHM.  Fig. 2.39(b) shows the 

simulated DC shift based on experimental results.  The optical input power (Po,in) is 

50 µW, Gv = 6 and Q = 3×106.  The dashed and the doted lines are respectively the 

first (N1) and the second (N2) derivatives of fEO.  It is evident that an efficient linear 

modulation (Po,out ∝ VRF) requires a small second derivative and a large first 

derivative. 

 

 

 

 

 

 

 

 

( a )                                                           ( b ) 
Figure 2.39  (a) The electro-optic transfer function of a microdisk modulator (h = 0.4 mm, 
κ = 0.1, α = 0.0075 cm-1, Po,in = 50 µW, Gv = 6.  (b) The simulated DC-shift (∆λDC) based on 
measured value. 
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As may be seen in Fig. 2.39(a) at VRF = 0, N1 is maximum and N2 is zero.  This is the 

optimized condition for linear modulation and is a result of proper tuning of the laser 

wavelength (λlaser) relative to the resonant wavelength (λres).  When the laser 

wavelength is tuned to the linear regime we may simplify the calculations further by 

using the first derivative: 
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                                                   Po,m = 2N1 βsVin                                                  (2.39) 

Po,m is the peak-to-peak value of the modulated optical power.  Although N1 can be 

derived from fEO, but an easier way to estimate N1 is to write it as a function of the 

voltage (Gv) gain, the DC shift, βs, and the mode slope for the corresponding optical 

mode: 

                                           Po,m = 2Gv βsVin ×S×∆λDC                                          (2.40) 

S is the optical mode slope (usually measured in µW/pm) near the laser wavelength.  

This equation is used to calculate the modulated optical power for a known value of 

Gv or to estimate Gv based on the measured value of Po,m. 

If a coupled optical peak with a symmetric spectral profile is used for modulation, 

we can estimate the mode slope based on the measured optical-Q in the following 

way: 

                         Q = λres/∆λFWHM & S = Po,max/ ∆λFWHM ⇒ S = (Q× Po,max)/ λres 

Then equation (2.40) can be rewritten as: 

                                     Po,m = 2Gv βsVin ×(Q Po,max/ λres )×∆λDC                           (2.41) 

Where Po,max is the optical output power at resonance.  This equation clearly shows 

the role of all critical parameters in the linear modulation process (the same 

simplification is possible if we use a transmission dip). 
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2.6.2 Frequency response and bandwidth 

 

The calculated optical power in equation (2.38) is independent of the modulating RF 

frequency. 

However in practice optical and electrical responses of the microdisk and the ring 

resonator impose limitations on the modulation bandwidth.  In section 1.3.3 the 

effect of the optical transfer function on the RF frequency response of an optical 

resonator was explained based on a simple fact: the RF side bands (194 THz ± fRF) 

generated by optical modulation must be resonant inside the microdisk resonator.  As 

a result the optical transfer function is effectively a RF bandpass filter with pass band 

frequencies of bandwidth ∆νFWHM = νres /Q around mo×∆νFSR.   One way to include the 

frequency response into our simple model is to filter in frequency domain.  We can 

calculate the Fourier transform of the modulated optical power from equation (2.38) 

and filter it through the microdisk optical transfer function (fo).  Then frequency 

dependent modulation amplitude can be derived from the inverse Fourier transform 

of the filtered frequency spectrum: 

                    Pout(t, fRF) =Bopt(fRF)× Po,out(t) = F -1{fo(ω)×F fEO(VRF(t))] }            (2.42) 

The RF frequency response of the microstripline-ring system also has a frequency 

dependent voltage gain factor Gv(fRF), but usually this bandwidth is larger than the 

optical bandwidth. 

In our calculations we assume that the optical bandwidth dominates the frequency 

response of the system and if ∆νFSR = fRF then Bopt = 1. 
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2.6.3 Experimental results 

 

To observe and measure the modulation performance of the LiNbO3 microdisk 

modulator we employ the same arrangement used for studying the optical coupling 

and WG modes (Fig. 2.7).  The only difference is that the output fiber is attached to a 

10/90 single mode power splitter.  10 percent of the optical output power goes to a 

low-speed photo detector for monitoring the mode and the location of the laser 

wavelength relative to the resonant wavelength, and 90 percent is sent to a high-

speed detector to measure the modulated optical power. 

Fig. 2.40 shows the evolution of the microdisk optical modulator structure.  Fig. 

2.40(a) shows the first and the simplest setup.  There is no microstrip structure and 

the disk is fed directly with, SMA connector.  The two-prism optical coupling 

method has been used and the optical input lens, output fiber and microprisms were 

mounted on four separate xyz stages controlled by picomotors(1).  Fig. 2.40(b) shows 

a setup with the linear RF-resonators explained in Sec. 2.5.1 and with the same opto-

mechanical arrangement but the disk is mounted on the ground-plane of the PCB 

board (a small part of dielectric material is removed) so the resonators can be 

coupled to the central microstrip feed line.  Fig. 2.40(c) shows the semi-planar setup 

with half-ring RF resonators. We use the term semi-planar because the microprisms, 

microdisk and the PCB board are mounted on a common brass substrate to make the 

device smaller and more robust.  However, the optical input and output stages are on 

separate mounts. 
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(c)
re 2.40  Evolution of the LiNbO3 microdisk optical modulator.  (a) Direct RF feeding, non-
r, double-prism optical coupling.  (b) Linear RF-resonator, non-planar, double prism optical 
ling.  (c) Half-ring RF-resonator, semi-planar, double-prism optical coupling.  (d) Half-ring 
esonator, planar, double-prism optical coupling.  (e) Full-ring RF-resonator, semi-planar, 
e-prism optical coupling, RF through put.  (f) Full-ring RF-resonator, semi-planar, single-
 optical coupling, RF-throughput, controlled RF coupling. 

.40(d) shows a planar-setup in which all components are mounted on the same 

substrate.  In this configuration the optical input and output are manually 
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controlled with two small x-y-z stages, there is no picomotor involved and optical 

alignment can be maintained for a long time.  Although the planar setup is stable, 

due to the lack of accurate control on the input and output launch positions, it is hard 

to achieve high optical coupling efficiencies.  The best optical coupling (15%) has 

been achieved with configurations (a) and (b) because of the high degree of freedom 

and accuracy of the mechanical motion.  Fig. 2.40(e) shows the latest version of the 

planar setup where a single prism is used to couple in and out and there is a RF 

output port that allows RF throughput (S21) measurement.  Fig. 2.40(f) is designed to 

control RF-coupling by changing the relative height and distance between the ring 

resonator and the side-coupled microstrip line.  The LiNbO3 microdisk is mounted 

on a brass cylinder and it can move independently of the RF board.  As explained in 

section 2.4.1 this semi-planar configuration increases the optical DC shift.  The 

single prism technique is used for optical coupling and is similar to the arrangement 

(b) and (c). 

To characterize the modulation performance of the LiNbO3 microdisk modulator we 

measure the detected modulated voltage at different RF powers and frequencies.  The 

detector used in our experiments has a responsivity R = 280 µV/µW at 8 GHz that 

reduces to about 260 µV/µW around 15 GHz.  A single mode tunable laser with a 

line width < 0.5 MHz provides the input optical power at wavelength λo = 1550 nm.  

The wavelength is tunable within a 0.1 nm range (around center wavelengths 

between 1525 nm and 1575 nm) with an accuracy of 0.3 pm.  By controlling the 

laser wavelength we can find the optimum position in the mode spectrum (largest 
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slope) in order to maximize the modulation.  We use a RF tracking source to sweep 

the frequency near fRF = ∆νFSR for RF-bandwith measurements.  For measuring 

modulation as a function of input RF power, the RF frequency is set to fRF = ∆νFSR 

where the modulation is maximum and the power is changed while the relative 

position of the laser wavelength is fixed. 

The first experiment is a comparison between the ring and semi-ring performance.  

The disk used has a diameter of D = 5.8 mm and thickness h = 0.720 mm.  Optical 

coupling in and out using the arrangement shown in Fig. 2.40(e) gives a maximum 

coupled power of 100 µW.  The optical Q is near 3×10 6 and ∆νFSR ≈7.6 GHz (for TE 

WG modes).  Fig 2.41 shows the measured S21 through the microstripline that is 

coupled to a ring and semi-ring. 

 

 

 

 

 

 

 

 

 

Figure 2.41  Measured S21 for a semi-ring and ring at fundamental resonance and the simulated even 
mode (left inset) field distribution on the ring.  The right inset shows the detected modulated power 
with semi-ring and ring resonators. 
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As may be seen, the even mode of the ring and the fundamental resonance of the 

semi-ring are tuned to ∆νFSR.  The left inset shows the simulated E-field distribution 

in the middle of the disk at fundamental even mode.  The right inset shows the 

detected RF power from the detector showing modulation improvement replacing the 

semi-ring with a ring. 

Fig. 2.42 is a close up photograph of the 8.7 GHz microdisk modulator in a full 

planar arrangement (Fig. 2.39(d)).  The LiNbO3 microdisk employed, has a diameter 

of 5.13 mm, ∆νFSR of 8.7 GHz and a thickness of 0.4 mm. 

 

 

 

 

 

 

 

Figure 2.42  Close up photograph of the 8.7 GHz LiNbO3 microdisk modulator (Fig. 39-d).  

1 mm

 

Fig. 2.43 shows the single frequency modulation results for the microdisk modulator 

illustrated in Fig. 2.40.  Fig. 2.43(a) shows the spectrum of the detected voltage 

(left).  The detected modulation has a bandwidth of 90 MHz with a maximum of 

about 420 µV at 8.73 GHz.  Fig. 2.43(b) shows the spectrum of the modulated 

optical resonance 
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                                    ( a )                                                                    ( b ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                      ( c ) 
Figure 2.43  Single frequency modulation result at fRF = ∆νFSR = 8.7 GHz.  The LiNbO3 microdisk 
has a diameter of 5.13 mm and thickness of 0.4 mm.  (a) Spectrum of optical detector output 
voltage.  The detected modulation has a bandwidth of 90 MHz with a maximum of about 420 µV at 
8.73 GHz.  The RF-resonator is a full-ring and the input RF power is 0 dBm (1 mW).  (b) Spectrum 
of the optical resonance.  The maximum coupled optical power is about 14 µW, and the optical 
bandwidth is about 85 MHz (mode slope is 30 µW/pm).  (c) Detected optical voltage output (at 8.7 
GHz) against RF input power.  In this experiment a semi-ring RF-resonator is employed.  The inset 
is the corresponding optical mode. 
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The maximum coupled optical power is 14 µW and the optical bandwidth is about 85 

MHz (mode slope is 30 µW/pm). 

As expected, the optical modulation band width is limited by the optical Q.  The RF-

resonator in this case is a full-ring (as opposed to what is shown in the photograph) 

and the injected RF power is 0dBm (1 mW).  Fig. 2.43(c) shows the detected voltage 

(at 8.7 GHz) against RF input power for the same modulator but with a semi-ring 

resonator.  The inset is the corresponding optical mode with a slope of 120 µW/pm 

and maximum coupled optical power of 110 µW.  As may be seen, although the 

optical mode slope is about 4 times bigger in Fig. 2.42(b) with 0 dBm RF power, the 

detected modulation is about 1100 µV that is only 2.5 times larger than the 

maximum detected modulation in Fig. 2.42(a) (420 µV).  Since the detected voltage 

is proportional to modulated optical power, this again indicates that the ring 

resonator is modulating more efficiently then the half-ring resonator. 

Fig. 2.44 shows the S21 and optical modulation measurement results at different 

fundamental resonant frequencies.  It is clear that when the fundamental resonance of 

the ring resonator is detuned from  ∆νFSR = 8.68 GHz, the E-field amplitude and 

consequently the optical modulation efficiency drop. 

In section 2.6.1 we showed that the optical modulation is linearly proportional to 

Po,max
  (the resonant optical output power of the modulated optical mode).  To test the 

validity of this prediction we use a variable optical attenuator between the laser and 

optical input to the microdisk modulator.  In this way we can control Po,max without 

perturbing the laser wavelength alignment relative to the resonant wavelength. 
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Figure 2.44  Detected modulation at resonance and at RF frequencies detuned from resonance. 
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Fig. 2.45(a) shows the optical output spectrum at different optical input powers.  The 

detected RF voltage against Po,max is shown in Fig. 2.45 (b).  During modulation, the 

laser wavelength is located almost in the middle of the mode slope (dashed line).  

The linear behavior of Po,mod as a function of Po,max demonstrates the validity of 

equation (2.41). 
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( b ) 

Figure 2.45  (a) Optical output spectrum at different optical input powers.  (b) Detected RF voltage 
against Po,max when the laser output is tuned to the middle of the mode slope (dashed line in (a))  

0

0.5

1

1.5

2

0.0555 0.0557 0.0559 0.0561 0.0563 0.0565 0.0567 0.0569

Wavelength (1550+...nm)

10
%

 d
et

ec
te

d 
op

tic
al

 p
ow

er
 ( 

W
 ) Po,in = 1.5   mW 

Po,in = 1.2   mW 
Po,in = 1      mW 
Po,in = 0.75 mW 
Po,in = 0.3   mW 

0

100

200

300

400

500

600

0 0.5 1 1.5 2 2.5

Maximum  power at resonance  (µW)

D
et

ec
te

d 
vo

lta
ge

 (
V

)

 

 

High-sensitivity 14.55 GHz microdisk modulator 

The microdisk modulator arrangement shown in Fig. 2.46(a) is our optimized 

mechanical design for a better performance.  In sections 2.4.1 and 2.5.3 we showed 

that mounting the microdisk on a cylindrical ground plane enhances the DC-shift and 

adds an extra degree of freedom for controlling the RF coupling gap size, g.  The 
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voltage gain provided by the critically coupled ring resonator and enhanced electric-

field distribution increases the sensitivity of the microdisk modulator.  The LiNbO3 

microdisk used in this arrangement is 400 µm thick, 3 mm in diameter and has an 

optical free spectral range of 14.55 GHz.  The copper ring resonator has an outer 

diameter of 3 mm and width of 300 µm. 
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                                                                  ( b ) 
Fig. 2.46  (a) Photograph of the microdisk modulator.  (b) S-parameter measurement results for the 
microstrip line side coupled to the RF ring resonator 
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Fig. 2.46(b) shows the measured S11 and S21 for the microstrip line side coupled to 

the RF ring resonator.  The RF energy stored in the ring at resonance (fRF = 14.6 

GHz) is maximized by tuning the gap size (g). 

 

 

 

 

 

 

 

 

 

( a )  

 

 

 

 

 

 

( b ) 

Fig. 2.47  Linearly modulated optical intensity against peak-to-peak input voltage (and RF power).  
The inset shows the modulated optical mode.  At Vpp = 0.56 V, the optical power in the linear region 
of the optical mode is 100% modulated.  (b)  Demodulated RF power against input RF power. 
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Fig. 2.47 shows the variation of the modulated optical power against peak-to-peak 

voltage of the input signal.  The inset shows the modulated optical mode with a Q = 

4×106.  As may be seen at Vpp = 0.56 V the linear portion of the optical mode is 

completely modulated.  Saturation of the linearly modulated optical power with 

increasing Vpp occurs because of increasing second-order harmonic generation due to 

nonlinear modulation.  The optical intensity modulation is detected using a high-

speed analog optical receiver with a responsivity of 260 µV/µW at 15 GHz.  The 

calculated effective interacting voltage based on DC shift and detector responsivity is 

Vin = 3 V at –1 dBm RF input power (Vpp =0.56 V) RF input power representing a 

voltage gain of 5.3 at resonance.  The voltage gain calculated based on S-parameter 

measurements is 5.5.  Fig. 2.47(b) shows the demodulated RF power against input 

RF power.  The modulation saturation occurs around 0 dBm received RF power. 

Fig. 2.48 shows the frequency spectrum of the detected RF power at very low RF 

input powers.  In this experiment an RF amplifier with a gain of 20 dB is used after 

the detector to amplify the weak detected RF power.  At -67 dBm received RF 

power, the signal-to-noise ratio of the detected RF power is about 13 dB.  Both 

saturation voltage and sensitivity measurement results shown in Fig. 2.47(b) and 

2.48 indicate a 10 dB improvement compared to the best results reported previously 

for a 9 GHz LiNbO3 microdisk modulator [49]. 
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Figure 2.48  Optical spectrum of the detected RF power at very low RF input powers. 
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In an additional single frequency experiment with the 14.6 GHz microdisk modulator 

we selected a symmetric and clean WG resonance to estimate the voltage gain (Gv).  

Fig. 2.49(a) shows the optical spectrum of the selected mode.  The maximum slope 

(S) of the mode is 80 µW/pm and its line width is 0.33 pm corresponding to a 

bandwidth of 45 MHz and a loaded optical Q of 4.7×106.  Fig. 2.49(b) shows the 

frequency spectrum of the detected RF voltage at 0 dBm received RF power. 
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( b )                                                           ( c ) 
Figure 2.49  (a) the optical spectrum of the selected WG mode.  The maximum modes slope (S) is 
80 µW/pm and its line width is 0.33 pm corresponding to a bandwidth of 45 MHz and a loaded 
optical Q of 4.7×106.  (b)  Frequency spectrum of the detected RF voltage at 0 dBm received RF 
power. (c)  Measured S-parameters for the microstripline side coupled to the ring resonator 
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The measured modulation bandwidth is 50 MHz which again validates the 

assumption that the modulation bandwidth is limited by the optical bandwidth.  After 

correcting the modulated voltage and input RF power to compensate for the RF cable 

losses we calculated a Gv = 5.12 using the measured values of S, Vin and ∆λdc in 

equation (2.40).  Fig. 2.49(c) shows the measured S-parameters for the microstripline 

side coupled to the ring resonator. 
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2.7 Harmonic FSR modulation 

 

2.7.1 Introduction 

 

The fundamental modulation frequency of a microdisk modulator is defined by its 

diameter and thus, high frequency modulation requires smaller disks.  Modulation at 

harmonic frequencies (mo×∆νFSR, mo = 2, 3,…) is an alternative way of increasing 

the modulation frequency of a microdisk modulator without decreasing the 

microdisk diameter. 

The main requirement for harmonic FSR modulation is RF resonant frequency 

tuning.  For efficient harmonic modulation at mo×∆νFSR, the mth harmonic of the RF 

resonator has to be tuned to mo×∆νFSR. Due to even-odd mode splitting, fRF,m  is not 

exactly equal to mRF×fRF,1. 

Fig. 2.50 shows the simulated E-field magnitude and E-field vectors for even (a) and 

odd (b) second harmonics on a cut plane passing through the middle of a LiNbO3 

microdisk.  The microdisk has a diameter D = 5.13 mm and a thickness of h = 0.4 

mm. 
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The position of the maximum and minimum oscillation amplitudes of the even mode 

is rotated 90 degree relative to those of the odd mode.  In principle both even and 

odd modes could be used for optical modulation but in most cases the resonant 

frequency of the even mode is  mo×∆νFSR and its coupling to the microstripline are 

stronger. 



 

 

( a ) 

 

 

 

( b ) 

 

 

Figure 2.50  Simulated E-field magnitude and E-field vectors on a cut plane passing through the 
middle of the LiNbO3 microdisk for even ( a ) and odd (b) second harmonics.  (D = 5.13 mm, h = 0.4 
mm) 
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Fig. 2.51(a) shows the simulated S-parameters around the second-harmonic of a side-

coupled ring resonator.  Although the simulated resonant frequencies are off (for a 

5.13 mm diameter 2×∆νFSR is 17.4 GHz) the qualitative behavior of the E-field 

inside the disk and the S-parameters are predicted properly. 

As may be seen the even second-harmonic is critically coupled (S11 = S21 = -6 dB).   

Fig. 2.51(b) shows the amplitude of the E-field oscillation in the middle of the disk at 

angular positions E and O shown in Fig. 2.50.  Due to critical coupling, the 

amplitude of the E-field for the even mode is larger than the odd mode oscillation 

amplitude.  Once the RF resonant frequency of either odd or even resonance is tuned 

to the mo×∆νFSR (where mo is the same as the RF resonance order mRF) the optical 

modulation mechanism can be treated similar to the fundamental modulation.   

 143



 

 

 

 

 

 

 

( a ) 
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Figure 2.51  (a) Simulated S-parameters around the second-harmonic of a side-coupled ring 
resonator.  (b) The amplitude of the E-field oscillation in the middle of the disk at angular positions E 
and O shown in Fig. 2.50. 
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The main differences in this case are: (1) the E-field distribution factor βs is smaller 

due to more E-field variations around the microdisk.  (2) Gv is smaller due to 

frequency dependent losses of the RF components (microstripline + ring).  However 

we can still use the same formalism with new correction factors to evaluate the 

modulation performance. 
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2.7.2 Experimental results 

 

Fig. 2.52 is a photograph of the experimental arrangement used for our harmonic 

modulation measurements.  The disk size and other parameters are the same as Fig. 

2.23.  Optical coupling in and out is achieved using a single prism.  The laser light 

from a single mode tunable laser with (line width ≈ 500 MHz) is focused on the 

prism surface by a lens system and collected from the other side with a cleaved fiber.  

The optical Qs observed are about 3-5×10 6 and ∆νFSR ≈7.6 GHz (for TE WG 

modes).  A copper ring electrode (R = 2.9 mm, wr = 0.5 mm) is placed on top of the 

disk and is side coupled to a microstrip line.  Using the experimental arrangement in 

Fig. 2.52(a) we have modulated the laser light (wavelength λ0 = 1550 nm) at the 

fundamental and second-harmonic frequencies of the ring.  The optical mode used 

for this experiment has a Q = 3×10 6 and maximum optical power Po,max = 30 µW.  

During modulation, the RF output port was open ended to create a standing wave on 

the microstrip line and increase the voltage on microstrip line.  Fig. 2.52(b) shows 

the detected RF-power spectrum while the second-harmonic of the RF-ring resonator 

is tuned to 2×νFSR = 15.2 GHz.  The inset is representative of throughput 

measurement (S21) and shows that the fundamental at frequency 7.7 GHz and 

second-harmonic at frequency 15.2 GHz of ring resonator are excited.  The 

modulation observed at 15.2 GHz is experimental proof of higher harmonic 

modulation using the RF-ring resonator modes. The fundamental resonance of the 
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ring resonator is about 100 MHz detuned relative to ∆νFSR =7.6 GHz, which explains 

the weak modulation observed at 7.6 GHz. 
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( b ) 
Figure 2.52  (a) Photograph of the experimental arrangement.  Disk diameter = 5.8 mm, disk 
thickness = 0.74 mm, FSR = 7.6 GHz.  (b) Second-harmonic modulation at 2×FSR = 15.2 GHz.  The 
inset shows the results of S21 measurement.  As may be seen the fundamental resonance of the ring is 
off by 100 MHz (7.7 GHz as opposed to 7.6 GHz), while the second-harmonic is exactly equal to 
15.2 GHz.  This explains the weak modulation observed at 7.6 GHz.  (The injected RF-power to the 
microstrip line is 0 dBm) 
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Fig. 2.53 is the measured signal to noise ratio (S/N) at the fundamental (νFSR = 7.6 

GHz) and the second-harmonic (2×∆νFSR = 15.2 GHz).  The RF-Q of the second-

harmonic was about 80. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.53 Measured signal to noise ratio (of amplified signal) as a function of input RF power at 
fundamental (fRF = 7.6 GHz) and second-harmonic (fRF = 15.2 GHz) of the ring.  The inset shows S21 
spectrum when the even second harmonic of the ring (f = 15.2 GHz) is excited. 
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To our knowledge, no result has been reported at higher harmonics previously and 

this is the first demonstration of efficient modulation at 2×∆νFSR for an electro-optic 

resonant modulator.  A comparison between the second-harmonic modulation results 

with half-ring and ring resonators indicates that use of the ring electrode modulates 

the WG modes about 8 times better than the half-ring at 2×∆νFSR. 

Fig. 2.54 shows the third-harmonic modulation results for the 8.7 GHz microdisk 

modulator.  Fig. 2.54(a) shows the RF frequency spectrum of the detected third 

harmonic modulation (3×∆νFSR = 3× 8.7 GHz = 26.1 GHz). 
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( b )                                                            ( c ) 

Figure 2.54  (a) RF frequency spectrum of the detected third harmonic modulation  (3×∆νFSR = 3× 
8.7 GHz = 26.1 GHz).  (b) The spectrum of the modulated optical mode.  (c) S21 measurement result 
showing the 3rd resonance of the ring. 
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Fig. 2.54(b) shows the spectrum of the modulated optical mode with a Q of 3.1×106.  

The S21 spectrum result in Fig. 2.54(c) shows that the 3rd resonance of the ring 

resonator is tuned to 3×∆νFSR. 
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2.8 Stabilization 
 

In this section we describe an active stabilization circuitry designed to eliminate 

thermal and mechanical drift during microphotonic modulator operation.  Knowing 

the system response to the optical mode, drift in resonant frequency can be detected 

by detecting a small portion of the average optical output power and measuring the 

power variations.  Since the optical modes in the LiNbO3 disk can be tuned via the 

electro-optic effect by applying a DC electric field, it is possible to compensate for 

any thermal or mechanical drifts using DC shift.  In this way the laser wavelength 

can be locked to a specific position in the optical mode.  During modulation the ring 

electrode is resonating at RF frequency (fRF = ∆νFSR).  Hence, the DC voltage should 

be applied in such a way that it does not influence the RF resonant mode.  This has 

been achieved by applying the voltage via a very thin gold wire that is attached to a 

zero-field position on the ring.  When the even mode of the ring is excited, this 

position is at the coupling area where the distance between the microstripline feed 

and the ring is minimum. 

Fig. 2.55(a) shows a schematic diagram of the experimental setup.  We have used a 

10/90 splitter to monitor the optical output power.  However, in principle, a smaller 

portion of the optical power can be used (around 1%) minimizing the impact on the 

modulated power. 
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Figure 2.55  (a) Schematic diagram showing the feedback loop arr
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experiments, a typical optical mode with a quality factor of Q = 3 × 106 has a slope 

of about 120 µW/pm.  For a disk of 5.13 mm diameter and 400 µm thickness the ring 

generates a DC shift of about 0.1 pm/V.  So, if we choose the reference voltage in a 

way that the output of the differential amplifier is zero while the wavelength is tuned 

to the selected mode location, a 10 V peak-to-peak signal swing in amplifier output 

is more than enough to compensate for typical drift values.  Fig. 2.55(b) shows the 

temporal variation of average optical power with and without the feedback loop.  As 

may be seen, when the feedback loop is operational, the output power is very stable 

and the modes resonant wavelength is locked.  This simple feedback circuit makes 

the modulator output very stable with respect to thermal and mechanical drift.  This 

results in improved BER performance as well as improved RF-photonic link signal 

to noise ratio. 

 

 

2.9 Summary 
 

In this chapter many aspects of the microdisk modulator have been reviewed.  We 

studied optical WG resonances in a LiNbO3 microdisk resonator and optical coupling 

techniques for the exciting them.  We investigated the theoretical and experimental 

aspects of the RF-ring resonator and its impact on the electro-optic interaction in a 

microdisk optical resonator.  The DC electro-optical response of WG resonances was 

used to develop a simple semi-empirical method to calculate the magnitude of the 
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modulated optical power as a function of measurable parameters.  The low-speed 

bistable behavior of the disk was demonstrated using a feedback loop. 

The efficiency of the microdisk modulator was significantly improved by using a 

combination of careful opto-mechanical design, feedback stabilization, and 

employing the RF-ring resonator.  A sensitive 14.6 GHz LiNbO3 microdisk 

modulator was demonstrated that outperforms all previously reported devices.  

Comparison between experimental and theoretical calculations demonstrate the 

validity of the semi-empirical model.  In chapter 4 this model is used to estimate the 

down-conversion efficiency in the novel LiNbO3 microdisk photonic RF mixer. 
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Technical notes 
 
(1) Picomotor actuator from New Focus ..  
Angular resolution < 0.6 mrad 
Minimum incremental motion < 30 nm 
 
(2) CST MICROWAVE STUDIO: electromagnetic field simulation software based 
on FTDT, from Computer Simulation Technology. 
 
(3) HFSS (V8):  electromagnetic field simulation software based on finite element 
method, from Ansoft. 
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(4) The roughness is measured by “Interferometric surface profiler” from ADE phase 
shift.  The roughness parameters Sy and Sq are defined as: 
 
 
 
 
 
zmax : highest pi
zmin : lowest pix
N : total numbe
zi : height of the
µ : mean height

 

Peak-Peak height : Sy = zmax-zmin  
 
Root MeanSquare : Sq = [(1/N) ∑(zi -µ)2]0.5
xel in the picture 
el in the picture 
r of pixels (sample points) 
 ith pixel 
 calculated using N sample points 
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Chapter 3 

 

Microdisk modulator in RF-optical link 

 

3.1 Introduction 

 

In a RF-optical link, the data modulated RF carrier is up-converted to optical 

frequencies in an optical intensity modulator.  Once the RF signal is up-converted to 

optical frequencies, it can be transmitted through optical fibers that are less lossy 

than conventional RF transmission lines and cables especially at mm-wave 

frequencies [1-5].  After transmission and distribution, the optical signal is typically 

down-converted to RF frequencies in a high-speed photodetector.  The baseband 

information is then extracted from the detected RF signal by mixing with a local 

oscillator.  Although by convention the RF carrier is referred to as the sub-carrier and 

the laser light (194 THz) as the carrier, in this chapter we will refer to them as the RF 

carrier and the optical carrier respectively.  The performance of a RF-optical link that 

uses the microdisk modulator for optical up-conversion is an indicator of the quality 

of the optical modulation in a microdisk. 

This chapter presents the results of employing the microdisk modulator in a 8.7 GHz 

RF-optical link.  We also present the design and fabrication of patch antennas and 
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patch antenna arrays used to evaluate the performance of the modulator in a wireless 

RF-optical link.  The noise performance of the link is simulated based on the simple 

model that was explained in chapter 2 as well as the conventional noise models for 

other optical and electronic elements in the link.  Furthermore the noise calculation 

demonstrates the sensitivity limits and the role of different device parameters in 

overall signal-to-noise and bit error ratio (BER) of the link.  

 

 

3.2 RF-optical link  

 

Fig. 3.1(a) and (b) show the architecture of the experimental RF-optical (a) and 

wireless RF-optical (b) links.  In this section, we will specifically discuss RF-optical 

links based on intensity modulation and direct detection (IM-DD).  The RF carrier is 

modulated by the baseband signal, data or video, using a conventional RF-mixer.  

The output RF signal has a double-sideband suppressed carrier modulation format.  

A tunable DFB laser generates the optical carrier around the communication 

wavelength λlaser = 1550 nm (νlaser = 194 THz).  The intensity of the laser light is 

modulated by the RF signal in an optical modulator.  After transmission through an 

optical fiber the optical signal is detected in a high-speed photodetector.  The 

baseband information is subsequently extracted from the received RF signal by 

mixing with a local oscillator. 
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In a wireless link (Fig. 3.1(b)) the output signal of the first mixer is fed to an antenna 

and is transmitted through free space.  On the receiver side, a second antenna feeds 

the received signal to the optical modulator.  In both cases, depending on signal and 

noise levels at each stage amplifiers may be used to boost the signal power. 

 
 
 
 
 
 
 
 
 
 

( a ) 
 
 
 
 
 
 
 
 
 
 
 

( b ) 

Figure  3.1 Basic operation of wired (a) and wireless (b) RF-optical links.  D
signal-to-noise-ratio required at each stage, amplifiers may be used in some interfac
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Fig.3.3 shows a schematic diagram of the experimental arrangement and the 

equipment used to build our microdisk based RF-optical links. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2  Schematic diagram showing the
microdisk optical modulator.  
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a pattern generator is fed to the IF port of the RF mixer at different bit rates and for 

video transmission a VCR provides the baseband signal.  The local oscillator signal 

at 8.7 GHz (power ≈ 8 dBm) is provided by a RF-synthesizer.  A RF amplifier (2) 

amplifies the signal and feeds it into the microdisk optical modulator, however in the 

wireless case the amplified RF-signal is fed to the transmitting antenna (dashed 

lines) and a similar antenna directly feeds the received signal to the microdisk 

modulator.  A single mode tunable laser provides the optical carrier at λ = 1550 nm 

with a line width of less than 500 kHz.  The optical output power from the microdisk 

is divided between two photodetectors by a single mode 10/90 optical power divider.  

The detector labeled as #1 is a low-speed photodetector with a bandwidth of 1 kHz.  

This detector that receives 10% of the optical output power monitors the location of 

the laser wavelength relative to the WG resonant wavelength.  It may also provide 

the feedback voltage required for wavelength locking circuit when active 

stabilization is required.  90% of the modulated optical output power is transmitted 

through several meters of optical fiber and at the end is detected by a high-speed 

photodetector (#2) that is a high-speed photodetector with a bandwidth of 15 GHz (3).  

 

A RF amplifier (#2) amplifies the detected signal and feeds it into a RF mixer where 

it is mixed with a local oscillator (LO2) to extract the baseband signal.  The local 

oscillator signals in both the transmit and receive side are provided by the same 

signal generator and are phase matched.  The down-converted baseband signal is 

amplified in a low-speed amplifier (4) (#3) and sent to a bit error ratio tester (BERT) 
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for measurement or to a TV for display.  The integrity of the demodulated data is 

measured with the BERT and a digital oscilloscope.  The laser wavelength is always 

tuned to one of the high-Q TE-resonances of the microdisk where optical modulation 

efficiency is maximized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Schematic diagram of the experimental RF-optical link designed for investigating the 
LiNbO3 microdisk modulator performance. 

Oscilloscope

10% 

90% 

Monitor

TV 

Amplifier (2) Amplifier (3)

Pattern  
Generator. 

Microdisk modulator

Antenna
VCR 

Error  
Detector 

Mixer 

Mixer
Attenuator

Locking 
circuit 

Detector (1)

Detector (2) Laser 

Amplifier (1)

B 

A 

LO 2

LO 1

 164



The bandwidth of a typical TE-resonance is about 150 MHz, corresponding to a Q = 

3 × 106, which limits the data transmission rate to less than 150 Mb/s.  As mentioned 

in chapter 2 the modulation bandwidth in a microdisk modulator is limited by the 

optical-Q.  The RF power in all experiments is defined as the measured power within 

150 MHz bandwidth centered at 8.7 GHz. 

 

 

3.3 Video and data transmission 

 

Fig. 3.4 shows a photograph of the 8.7 GHz microdisk modulator whose structure 

was described in section 2.6.3 (Fig. 39(d)).  The mechanical stability of this 

modulator is noticeably improved by the planar design. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4  Photograph of the 8.7 GHz LiNbO3 microdisk modulator.  (D = 5.13 mm, h = 0.4 mm) 
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Fig. 3.5(a) shows the measured phase-margin of the detected output at a data rate of 

10 Mb/s (NRZ 27 - 1 PRBS) for the indicated modulated RF-power.  The inset is 

representative of the corresponding input and output eye-diagrams. 

Fig. 3.5(b) shows the spectrum of the RF-signal before and after optical modulation.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

( a ) 
 
 
 
 
 
 
 
 
 
 
 

( b ) 

Figure 3.5  (a) Measured phase margin of the output at 10 Mb/s (NRZ 27 - 1 PRBS) for 10 mW 
and 2.5 mW modulating RF power.  The inset shows representative input and output eye-diagrams.  
(b) Measured RF signal spectrum before and after microdisk modulator using 2.5 mW RF power. 
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Fig. 3.6 shows the measured sensitivity of BER as a function of RF power.  The inset 

is the detected optical output power against input laser wavelength.  The maximum 

optical output power (Po,m) for all of these measurements is in the range 18 µW to 27 

µW wherein the laser wavelength is tuned close to the maximum slope of the optical 

mode.  Fig. 3.7 shows input and demodulated output eye-diagrams transmitted over 

the RF fiber-optic link at (a) 50 Mb/s and (b) 100 Mb/s NRZ 27 - 1 PRBS data rates.  

The critical factors for high-quality data transmission are the purity and Q-factor of 

the optical mode, the magnitude of the rising or falling slope of the optical mode in 

the vicinity of the laser wavelength, and the optical output power from the disk. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6  Measured sensitivity of BER to modulating RF power (measured RF p
MHz bandwidth centered at 8.685 GHz).  The inset is the detected optical output p
input laser wavelength. 
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wavelength stability of the laser is an important issue.  To ensure stable, high-

quality, data transmission the wavelength stability should be less than 0.1 pm. 

 
 
 
 
 
 
 
 
 
 
 
 

( a )                                                            ( b ) 
Figure 3.7 Optical output eye-diagrams at 50 Mb/s (a) and 100 Mb/s (b) (NRZ 27 - 1 PRBS).  The 
modulating RF-power is 40 mW and 60 mW respectively. 

RF power = 40 mWRF power = 20 mW

100 Mb/s50 Mb/s

 

We use the same experimental arrangement for video transmission.  The 

demodulated video signal is amplified by a video amplifier and fed to a monitor to 

compare the image quality with the original version. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Demonstr
The original image.  (

)

After transmissionOriginal video

 

(a)

ation of video transmission through microdisk based
b) The transmitted image. 
(b

 RF-optical link.  (a) 
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Fig. 3.8 shows the original image (left) and the transmitted image (right).  The image 

quality hasn’t been distorted and is acceptable as a proof of principle demonstration 

for the microdisk based RF-optical link. 

 

 

3.4 Microstrip antenna and antenna arrays 

 

The antenna is an important component in a wireless RF-optical link or a photonic 

RF receiver.  Its design and performance has a strong impact on the overall link or 

receiver sensitivity.  In this section after a brief review of patch antenna design 

issues, we present measurement results for planar antennas that have been designed 

and fabricated for microdisk based wireless links and photonic RF receivers. 

 

3.4.1 Patch antenna 

 

Microstrip resonators can be classified into two main categories depending on their 

length-to-width ratio.  A resonator with broad strip (length ≈width) is known as a 

microstrip patch.  When the signal frequency is in the vicinity of a resonance, a 

microstrip resonator radiates a relatively broad beam, broadside to the plane of the 

structure.  A significant part of the input signal contributes to the radiation and the 

resonator behaves as an antenna.  A patch antenna is just a rectangular resonator.  

The main dimensions of the patch should be near one half-guided wavelength so the 
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fundamental resonance of the patch can be used for coupling to radiation field.  At 

higher harmonic radiation pattern is more complicated and the energy might be 

radiated to unwanted directions.  Fig. 3.9(a) shows the definition of E and H 

radiation planes and Fig. 3.9(b) shows a typical example of the radiation patterns of a 

rectangular microstrip patch antenna [6]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

( a )                                                                 ( b ) 
Figure 3.9 (a) The definition of E- and H-radiation planes.  (b) A typical example of the radiation 
patterns of a rectangular microstrip patch antenna [1]. 
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Typically a microstrip patch antenna has a gain within the 5-6 dB range, and exhibits 

a 3 dB beam width somewhere between 70 and 90 degrees.  Fig. 3.10 provides a 

simple illustration of the operation of patch antenna in terms of an array of dipoles 

located at opposite edges of the patch. 
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Figure 3.10 Top view 
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Where hp and εr are the thickness and the relative dielectric constant of the dielectric 

substrate respectively. 

Different configurations have been developed to feed a patch antenna [6-10].  Since 

for microphotonic receiver applications, integration of the antenna with the ring 

resonator is desired, we have chosen a microstrip line feed technique.  The main 

difficulty of feeding the patch antenna is the impedance mismatch between the 

feeding line and the antenna.  The input impedance of a patch is relatively high at the 

patch edge (200 Ω – 400 Ω) therefore a matching section is required between the  

50 Ω microstrip line and the patch antenna.  We have investigated three approaches 

to solve the mismatch problem: (1) tapered line coupling, (2) quarter-wave matching 

section and (3) inset microstrip feed. 

 
 
 
                                       ( a ) 
 
 
 
 
 
 
                                       ( b ) 
 
 
                                                                                                    ( c ) 
Figure 3.11 Different techniques used for feeding the patch antenna:  (a) The tapered mi
feed.  (b) Multisection impedance matching.  (c) Inset microstrip feed
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matching between the feed line and the patch.  The line is connected within an inset 

cut in the patch (see Fig. 3.11(c)).  It is found experimentally that cutting such an 

inset does not significantly alter the resonant frequency [6].  The maximum input 

impedance occurs at the edge of the patch and decreases as the inset distance (y0) is 

increased toward the center of the radiator.  It has been shown that the functional 

behavior of the impedance is very close to cos4(πy0/L) [9].  The input impedance of a 

rectangular patch in the middle of the patch edge can be calculated from [7,10]: 

                                                                                                                                 (3.4)  ∆− ++= 2/2sin(2/(sin)()2/(0 22 W
R

Z r βββββ

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Where β = (2π/λ0√εre), and Rr is the radiation resistance that can be calculated from 

the radiation pattern, more details can be found in Ref. 7.  Using equation (3.4) we 

can calculate the impedance at center (Zm) and then find y0 by solving: 

Z = 50 = Zmcos4(πy0/L).  Notice that the microstrip line is 50 Ω and its width is 

determined by the dielectric thickness (hp) and dielectric constant (εr) of the 

substrate. 

 

Single patch experimental results 

Fig. 3.12(a) shows the photograph of the fabricated patch antenna attached to a 

microdisk modulator.  The transmit antenna is identical to the receive antenna. 

 173



 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

( a ) 
Figure 3.12 (a) Photograph of the patch antenna (with
modulator.  (b) S11 measurement results for receive an
semi-ring resonator showing good resonant frequency
and the semi-ring Q-factor is about 70.
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antenna and the semi-ring resonator on top of microdisk.  The resonant frequencies 

are very close (± 30 MHz) but the semi-ring has a larger Q.   

Fig. 3.13(a) shows the same patch (same dimensions on the same substrate) but with 

inset line feed.   Using Equation 3.4 the input impedance of the patch at the edge is 

Zm = 296 Ω.  An inset distance (y0) of 3 mm satisfies the equation 50 = Zm 

cos4(πy0/L) and matches the input impedance to the 50 Ω line.  Fig. 3.13(b) shows 

the S11 measurement for this patch.  As may be seen, the better match results in an 

increase in the coupling efficiency and S11 is about 5 dB smaller at resonance. 
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electromagnetic energy is not received by the receive antenna.  If the location of the 

receiver is fixed for a long period of time it is reasonable to increase the efficiency of 

the wireless link by limiting the radiation direction so that the radiated power mainly 

travels toward the receive antenna.  This can be achieved by employing directional 

antenna-arrays where the wireless gain is highly dependent on the direction.  By 

tuning the relative phase of a series of patch antennas it is possible to eliminate the 

radiated power along undesired directions by means of destructive interference.  It is 

evident that the degree of directionality is directly proportional to the number of 

patches employed in an array.  In our first attempt we designed a four-patch antenna 

array.  Each patch is similar to the one shown in Fig. 3.13.  A microstrip power 

divider and phase shifter network feed the patches with the proper phase and power.  

Since the RF power is simultaneously distributed among all patches this feeding 

technique is called “corporate feeding”.  The patches on the left-hand side are rotated 

180 degree relative to the patches on the other side, therefore the input voltage to the 

right side must have a π phase shift so that all four dipoles oscillate synchronously.  

The spacing between the antennas is optimized for the best efficiency and directivity 

using CST electromagnetic simulation software (4).  Fig. 3.14(a) shows the 

photograph of the fabricated 4-patch antenna array with a resonant frequency of 8.7 

GHz. 
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( a )                                                                 ( b ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

( c ) 
Figure 3.14  (a) Photograph of the fabricated four-patch antenna array (made on a 0.508 mm thick 
dielectric substrate with ε = 2.94 and  loss tangent = 0.00119).  (b) S11 measurement result showing 
a Q of about 20 at 8.68 GHz resonant frequency.  (c) Simulated S11 and 3D radiation pattern of the 
four-patch antenna using CST electromagnetic simulation software. 
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The dielectric substrate has a thickness of 0.508 mm and a εr of 2.94.  Fig. 3.14(b) is 

the S11 measurement result for this array.  The antenna has a Q of about 20.  We have 

quantified the directivity and effective range of this antenna array by measuring the 

received RF power at different distances and directions using a similar patch antenna 

array for detection. 
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Figure 3.15  (a) Measured radiation pattern of the 4-patch antenna ar
radiation planes.  (b) Simulated radiation pattern of the 4-patch antenna.
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Fig. 3.15(a) shows the measured and simulated radiation patterns of our 4-path 

antenna.  The 3dB angular width in both planes (E and H) is about 30 degree.  This 

corresponds to a directivity of about 36. The simulated and measured results are in 

very good agreement.  Fig. 3.15(b) illustrates the measured received power against 

the distance between the transmitting and receiving antennae (z).  The RF-power 

injected to the transmitting antenna is 10 dBm and the measurement is done along z-

axis (x = y = 0). 

As previously we mentioned, increasing the number of patches improves the 

directionality of the patch antenna array.  In our second array design we have 

increased the number of patches to 10.  The major difficulty with large numbers of 

patches is the complexity of the feeding network and the associated loss.  The 

electromagnetic field of the feeding microstiplines can interfere with radiation fields 

and change the radiation pattern.  In addition the power loss in the transmission lines 

reduces the power efficiency of the antenna.  To reduce the loss and interference 

effects, we used a serial feeding technique to feed to the 10-patch antenna array.  Fig. 

3.16(a) is a photograph of a serially fed 10-patch antenna array.  Fig 3.16 (b) is a 

schematic diagram of the antenna and simulated angular distribution of the radiated 

power for the main beam. 
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( a )                                                      

Figure 3.16  (a) Photograph of a serially fed 10-patch ante
showing the simulated 3 dB angular width of the main radiatio
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Fig 3.17(a) illustrates the measured radiation pattern 

E-plane and H-plane.  Fig 3.17(b) shows the measur
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( b ) 
Figure 3.17  (a) Measured radiation pattern of the 10-patch antenna array and the definition of 
radiation planes.  (b) Received RF power as a function of the distance between receive and 
transmit antenna.  The RF-power injected to the transmit antenna is 10 dBm and the radiation is 
measured along z-axis (x = y = 0). 
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We have also fabricated 4 and 10 patch antenna arrays with resonant frequencies 

around 15 GHz for the 3 mm diameter microdisk modulators. 
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3.5 Wireless video data and video transmission 

 

Using the patch antenna and patch antenna arrays we have demonstrated the first 

wireless RF-optical link based on microdisk modulator.  Fig. 3.18 shows the 

schematic and photograph of the experimental arrangement.  In this experiment we 

have employed the single patch antenna shown in Fig. 3.12.  Due to the low 

efficiency of the single patch, the distance between the transmit and receive antenna 

is about 7 inch.  This experiment is a proof of principle experiment demonstrating 

the potential of combining the patch antenna with a microdisk modulator in a 

wireless optical receiver. 
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Fig. 3.19 (a) shows the BER measurement results at 10 Mb/s (NRZ 27 - 1 PRBS) as a 

function of injected RF-power to the transmit antenna and Fig. 3.19(b) shows the 

measured eye-diagram when 18 dBm RF power is fed to the transmit antenna. 

 
 
 
 
 
 
 
 
 

( a ) 
 
 
 
 
 
 
 
 
 
 
 

( b ) 
Figure 3.19 (a) shows the BER measurement results at 10 Mb/s (NRZ 27 - 1 PRBS) as a function 
of injected RF-power to the transmit antenna.  (b) The measured eye-diagram at 18 dBm RF input 
power. 
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Fig. 3.20(a) is a schematic diagram of the wireless optical link with a 4-patch 

antenna.  This link has been successfully tested for wireless data and video 

transmission over 7 ft.  Fig. 3.20(b) presents the results of BER measurement, at 10 

Mb/s (NRZ 27 - 1 PRBS), as a function of link length. 
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Figure 3.20  (a) Wireless RF-optical link using patch antenna arrays and the microdisk m
(b) The measured BER (at 10 Mb/s NRZ 27 - 1 PRBS) as a function of the distance bet
antenna (received optical power = 100 µW, injected RF power to the transmit antenna =
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Fig. 3.20(c) shows the measured eye-diagram at 10 ft.  Using the patch antenna 

arrays we demonstrated wireless RF-optical links up to 12 ft.   

 

 

3.6 Noise analysis 

 

Noise in the RF-optical receiver is usually ascribed to either optical or electrical 

sources.  The optical sources are laser relative intensity noise (RIN) and detector 

noise (thermal and shot noise).  The electrical sources are the microstripline, RF-

resonator, and amplification stages used after photodetection.  Fig. 3.21(a) shows a 

schematic diagram of signal and noise flow in the wireless RF-optical receiver.  The 

signal-to-noise value at each stage is calculated using standard noise equations of RF 

and optical devices that can be found in references 11-14.  Fig. 3.21(b) presents the 

typical values of parameters that are required for calculating the overall signal-to-

noise ratio of the RF-optical receiver, the same values as used in our simulations.  

After calculating the final signal-to-noise ratio, Sd/Nd, the equivalent BER is 

calculated using [12]: 
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where                 is the analog signal-to-noise ratio, P(e) is the digital error 
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BER are optical Q-factor, disk thickness, RF resonator voltage gain, and optical 

input amplitude fluctuations (laser RIN).  The noise performance of the microdisk 

modulator is calculated based on the simple model explained in section 2.6.1. 
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Figure 3.21 (a) Schematic diagram of signal and noise
(b) Values of parameters required for noise calculation
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coupling location (where the microstripline is coupled to the ring resonator) are 

related to the input values through: 

                       (a)  SL = Sa/LT                     (b)  NL= Na/LT + kBTB(LT-1)                 (3.6) 

where  LT  is the loss factor for the mictorstripline, kB is the Boltzman factor, and B is 

the bandwidth.  The bandwidth of the receiver is defined by the optical modulation 

bandwidth, which is limited by optical Q (BW~νlaser/Q).  The signal and noise power 

change throughout the microstripline due to attenuation and the thermal noise in the 

microstrip.  Therefore the voltage amplitude of the signal and noise voltage at the 

coupling zone can be written as: 

                    (a)                                                    (b)                                                (3.7) LoN NZV 22=LoS SZV 22=

when Zo is the characteristic impedance of the line (50 ohm).  Now we can use 

equation (2.41) from chapter 2 to calculate the signal and noise optical power 

coming out of the microdisk modulator by replacing Vin with Vs and VN. 

(a) Po,s= 2βs∆λDCGv (Q / λres )VS×Po,max 

(b) Po,n = 2 βs ∆λDCGv (Q / λres )VN×Po,max                                                       (3.8) 

If we define the optical coupling efficiency for an optical mode as ρ =Po,max / Po,in 

and the electro-optical gain as GEO = 2ρβs∆λDCGv (Q /λres) : 

(a) Po,s = GEO ×VS×Po,in 

(b) Po,n = GEO ×VN×Po,in                                                                                  (3.9) 

Equations 3.9(a) and 39(b) are the signal and noise optical powers.  The electro-

optical gain factor (GEO) relates the modulated optical power to the RF input voltage 

and input optical power.  Equation 3.9(b) is not complete because the laser input 
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power Po,in has random intensity noise that contributes to the total optical power 

noise.  The random intensity noise power can be written as: 

 

                                                                                                                               (3.10) RIN PfP 2/
, )( ∆×= outoRINo ,

1
1010

where RIN is the random intensity noise (dB/Hz) and ∆f is the equivalent noise 

bandwidth.  Po,out is the optical output power from the microdisk modulator at λlaser.  

Since in most cases Po,out is close to Po,max for simplicity we assume Po,out = ρPo,in, so 

the total optical noise power is: 

                                                                                                                               (3.11) RIN
NEON fVP ,

210/ ])([ ∆×+×= ρ inoo PG
1

, 10

Now we should calculate the signal and noise after photodetection.  The photocurrent 

is related to optical power through the detector responsivity (R) so: 

                   (a)                                          (b)                                                         (3.12) NoRPi 2 =SoRPi ,
2 = ON ,OS

These are the photocurrents generated by the optical signal and noise power but there 

is also noise generated during the detection (shot noise and dark current noise) and 

the amplification process: 

                                                                                                                               (3.13) nb
p R

iieBi )(22 ++=
L

dN
TBFk4

where id is the photodetector dark current, F is the amplifier noise figure, RL is the 

load resistance and ip is the total photocurrent generated by the received optical 

power.  The total received optical power consists of the modulated optical power and 

the DC optical power that is not modulated so ip = R(Po,dc + Po,S).  The average 

received DC optical power (Po,dc) may be written as Po,out - Po,S/2 .  The final signal 

to noise ratio is calculated using equations (3.12) and (3.13): 
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Fig. 3.22 shows simulation results for a RF-optical-link with direct detection.  The 

BER is calculated as a function of RF input power for different optical Q-factors, 

disk thickness, and voltage gain, Gv.  In all cases the assumptions are 5.13 mm disk 

diameter, RIN = -150 dB/Hz, 15% optical coupling efficiency, 5 mW optical input 

power, 0.8 A/W detector responsivity, 10 nA detector dark current, 300 K 

temperature, 10 kΩ  detector impedance, and a 3 dB detector amplifier noise-figure.  

Sensitivity is defined as the RF-power at which the signal-to-noise ratio is unity 

(SNR = 1).  In Fig. 3.22(a) the effect of optical Q-factor on BER performance is 

demonstrated for h = 400 µm and Gv = 2.  As may be seen, increasing optical Q by a 

factor of two improves sensitivity by a factor of eight.  Fig. 3.22(b) shows the effect 

of reducing the disk thickness for Gv = 2 and Q = 1.5 × 106.  In more advanced 

simulations Gv may be calculated as a function of RF coupling factor, the geometry 

of the resonator and input RF power.  Fig. 3.22(c) shows the effect of increasing Gv 

on BER performance for Q = 1.5 × 106 and h = 400 µm. 

 

 189



 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.22 BER calc
thicknesses, and voltag
150 dB/Hz, optical inp
10 nA, temperature is 
dB.  The sensitivity is 
factor on BER perform
resonator voltage gain 

1.E-12

1.E-10

1.E-08

1.E-06

1.E-04

1.E-02

1.E+00

0

B
ER

 

W 

 

1.E-12

1.E-10

1.E-08

1.E-06

1.E-04

1.E-02

1.E+00

0

B
ER

1.E-13

1.E-11

1.E-09

1.E-07

1.E-05

1.E-03

1.E-01

1.E+01

0

B
ER

 

Q = 3 × 106, Sensitivity 1.36 nW
W 
Q = 4 × 106, Sensitivity 0.55 n
ulations
e gain
ut pow
300 K, 
defined
ance. 

factor o

200

20

20
Q = 2 × 106, Sensitivity 4.5 n
( a ) 

 as a function
 factor.  In al
er is 5 mW, d
detector impe
 as the RF-po
 (b) Effect of
n BER perfo

400 600 800 1000

 RF input  power (nW)

0 40

 RF 

 

W 

0 40

 RF 

G

h = 300 µm, Sensitivity 6 n
W
h = 200 µm, Sensitivity 2.6 n
W 
h = 100 µm, Sensitivity 0. 66 n
( b ) 

0 600 800 1000

input  power (nW)

 

 

v = 3, Sensitivity 4.5 nW 
Gv = 4, Sensitivity 2.7 nW
 
Gv = 6, Sensitivity 1.2 nW
( c ) 
 of RF input 

l cases optica
etector respon
dance is 10 k
wer at which

 disk thicknes
rmance 

0 6

input  power (
h = 400 µm, Gv = 2
h = 400 µm, Q = 1.5 × 106
Gv =2, Q = 1.5 × 106 
power for different optical Q-factors, disk 
l coupling efficiency (ρ) is 15%, RIN is -
sivity is 0.8 A/W, detector dark current is 
Ω and detector amplifier noise-figure is 3 

 the SNR is unity.  (a) Effect of optical Q-
s on BER performance.  (c) Effect of RF 

00 800 1000

nW)

190



Calculations show nW sensitivity may be achieved by simply reducing disk 

thickness, increasing RF-resonator voltage gain, and reducing laser RIN.  Fig. 3.23 

(a) illustrates how laser RIN can influence BER.  In this case Gv = 6, h = 200 µm and 

Q = 2 × 106.  With a value of RIN = –140 dB/Hz and Gv = 6 it is possible to achieve 

a BER around 10-10 with 200 nW RF input power. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
Figure 3.23 Calculated influence of laser RIN on BER and sensitivity (Q = 2 × 106 and other 
parameters are the same as in Fig. 15).  (a) BER performance with different values of RIN as a 
function of RF input power.  (b) Sensitivity with different values of RIN as a function of Gv. 
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Fig. 3.23(b) shows that the impact on the sensitivity of noise generated by laser RIN 

can be reduced by increasing voltage gain Gv in the system.  The results shown in 

Fig. 3.23(b) are obtained using h = 400 µm and Q = 2 × 106.  Increasing voltage gain 

by a factor of five can be equivalent to reducing RIN by 10 dB/Hz. 

 

 

3.7 Summary 

 

In this chapter the performance of the microdisk modulator in wired and wireless 

RF-optical links has been demonstrated.  The experimental results show that a 

microdisk modulator can provide high-quality modulation up to 100 Mb/s in a RF-

optical subcarrier link with an 8.7 GHz RF-carrier frequency.  The modulator is able 

to efficiently modulate an optical carrier at λ = 1550 nm wavelength with a data 

modulated RF signal.  By tuning the laser wavelength to a high-Q optical mode 10 

Mb/s NRZ 27 – 1 PRBS, data was successfully transmitted through a RF fiber-optic 

link with a measured BER of less than 10-9. 

We have shown that the microdisk modulator can directly receive signal from planar 

antennas.  The preliminary results with home made patch antenna arrays demonstrate 

the potential of employing the microdisk modulator in short distance indoor wireless 

links.  Furthermore the results of noise analysis show the impact of different link and 

modulator parameters on the overall signal-to-noise performance and hence BER of 
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the wireless RF-optical link.  By optimizing these critical parameters, microdisk 

based optical receivers with nW sensitivity are feasible. 
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Technical notes 
 
(1)  Double balanced RF mixer from Pulsar Microwave Co.  
LO/RF 0.5- 10 GHz 
IF DC-2 GHz 
 
(2)  RF amplifier manufactured by JCA  
Frequency range: 4-8 GHz 
Gain: 30 dB 
Noise figure: 1.9 dB 
 
(3)  High-speed OE converter with a responsivity of 300 V/W and a bandwidth of 15   
       GHz. (Agilent 11982A) 
 
(4)  Power amplifier manufactured by Sonoma Instruments. 
Frequency rang: 10 KHz-2.5 GHz 
Gain: 20 dB 
 
(5)  CST MICROWAVE STUDIO: electromagnetic field simulation software based 
on FTDT, from Computer Simulation Technology. 
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Chapter 4 

Photonic RF receiver 

 

4.1 Introduction 

 

In chapter 3 the performance of the microdisk modulator in intensity modulation 

direct detection (IM-DD) RF optical links was has been investigated to demonstrate 

the potential of employing it in RF sub-carrier fiber optic links such as LANs or 

fiber-feed back bone networks (section 1.1.2 and 1.1.3).  In these applications, the 

microdisk performs linear optical intensity modulation similar to a conventional 

Mach-Zehnder (MZ) modulator but in a smaller volume and with less power 

consumption.  On the receiver side, after converting the optical intensity modulation 

to an electric signal frequency mixing with a local oscillator in a RF mixer is used to 

down-convert the baseband information (video or data) from the received RF signal 

similar to a conventional homodyne RF receiver. 

In this chapter we investigate the possibility of using the microdisk in a novel 

photonic RF receiver architecture without using high-speed electronic circuitry. 

One of the key operations in microwave communication is frequency mixing.  

Several techniques have been proposed for RF mixing in the optical domain such as 
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nonlinear modulation in a Mach-Zehnder modulator [1-3] and nonlinear detection in 

a photodiode [4-6]. 

After a brief review of the conventional nonlinear photodetection method, we will 

introduce an alternative technique for self-mixing that is based on optical filtering 

prior to photodetection.  Nonlinear optical modulation is the next technique 

described as a more efficient alternative to nonlinear photodetection.  Previously this 

technique has been used in a photonic heterodyne receiver where the MZ-modulator 

was used as a photonic RF mixer to mix the local oscillator and the received signal 

[2]. 

Here we show that by utilizing transmitted carrier RF format combined with optical 

filtering prior to detection or nonlinear modulation in the modulator it is possible to 

down-convert the baseband signal without using a local oscillator, a RF mixer or any 

high speed electronic or optoelectronic devices. 

 

 

4.2 Nonlinear photodetection 

 

A photodiode is effectively a square-law detector for the optical E-field (ip∝ Po∝E2).  

Linear photodetection, used in conventional AM-DD optical links, is basically 

mixing the 194 THz (λ = 1550 nm) optical carrier with the side bands 194THz ± ∆νb 

 MHz (∆νb: baseband signal) to generate the baseband photocurrent.  In RF sub-

carrier optical links, since the baseband signal is replaced with a data modulated RF 
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carrier, the photodetector output needs to be mixed with a local oscillator in order to 

extract the baseband data.  If the photodiode operates in the nonlinear regime where 

ip∝ Po
2, it can function as an optical RF mixer similar to a conventional electronic 

diode mixer.  The bias voltage on the photodiode may be used as the third terminal to 

mix the RF signal with a local oscillator in the optical domain.  This technique has 

been employed in several photonic RF mixer designs for receiver and transmitter 

applications [4-6].  By using the transmitted RF carrier modulation format it may be 

possible to use this technique for passive down-conversion in RF subcarrier 

microwave-optical links. 

 

Physics of nonlinearities in photodiode 

Recently there has been an increasing amount of work concerning the nonlinearities 

in photodetectors (PD’s) because it can be an important limiting factor in high-

fidelity analog and digital communication systems [7].  The nonlinearities in PD’s 

have been measured and modeled by numerical solutions of coupled differential 

equations governing the flow of carriers and distribution of the electric field along 

the PD. 

The main nonlinear mechanisms have been identified as: (a) Space-charge fields that 

change the electron velocity and the diffusion constants (b) PD potential drop from 

current flow in the external load resistance which lowers the internal electric field.  

(c) Carrier trapping effect and (d) The current flow in the p-contacts [7-11].  So far 

all efforts have been concentrated on improving the PD design to reduce 

 198



nonlinearities in the photodetection especially at larger photocurrents.  Operation at 

large photocurrent is desired because it increases the dynamic range and reduces the 

loss and noise figure in externally-modulated links [7]. 

Conversely for photonic RF mixing applications the question is ‘How can we modify 

the design of a regular p-i-n photodiode to enhance the second-order nonlinearities?’  

The answer to this question requires a deep understanding of the physics of 

nonlinearities in a p-i-n photodiode.  This subject has been briefly discussed in 

Appendix (A).  We can understand the basic mechanism behind nonlinear 

photodetection by focusing on nonlinearity generated by the space-charge effect.  

The photocurrent density can be estimated as: Jphoto = e×nphoto×ve (e: electron charge, 

nphoto: photo-generated electron density, ve: electron velocity).  In a standard 

configuration, where highly linear operation is desired, the photodiode is reverse 

biased in such a way that electron velocities are saturated and therefore v is not a 

function of nphoto.  By decreasing the reverse bias voltage below the threshold 

required for carrier velocity saturation, v becomes a function of nphoto.  Knowing 

nphoto is proportional to incident optical power (Po) and assuming v(nphoto) ∝ nphoto 

then Jphoto∝ Po
2.  Experimentally it has been demonstrated that changing the reverse 

bias voltage from 8 Volt to 1 Volt increases the detected second-harmonic power by 

20 dB [7].  Through the same mechanism second-harmonic nonlinearity increases by 

increasing the optical power incident to photodiode.  So low-bias voltage and high 

photocurrent seem to be the trivial answer to our question.  For a conventional p-i-n 

diode (the one used in [7]) at its best bias point and modulation frequency (5 GHz), 
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the second-harmonic power is 24.5 dB below the fundamental power, and is thus 

very inefficient for real applications.  However the large magnitude of the linearly 

modulated photocurrent at RF frequencies doesn’t interfere with the minuscule 

baseband photocurrent and can be filtered out using a low pass filter.  This may 

result in an acceptable signal-to-noise ratio for certain applications.  Ideally we need 

a specialized design for strengthening the nonlinear behavior. 

 

 

4.3 Down-conversion through optical filtering  

 

In this section we demonstrate that by tailoring the optical spectrum after modulation 

and prior to detection it is possible to extract the baseband information from the RF 

signal using only a slow-photodiode operating in the linear regime. 

 

 

4.3.1 Introduction 

 

Let’s assume the baseband signal is a pure sinusoidal signal so the received RF 

voltage is written as: 

                                                                                                                                 (4.1) ( cos( ttmV RFbI ωω= ) )cos()10VRF +
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where ωb is the baseband frequency, ωRF is the RF carrier frequency, mI is the RF 

modulation index and V0 is the RF voltage amplitude.  If this signal modulates the 

optical carrier (ωopt: THz regime), then the optical electric field will have the form: 

                                                                                                                                 (4.2) [ ]( EE = ( ) )cos()cos()cos(11) 0 tttmMt optRFbIopt ωωω++

where E0 is the amplitude of the optical carrier and M is the optical modulation 

index.  Fig. 4.1 shows the frequency spectrum of the optical signal.  In the frequency 

domain the optical modulation process adds two sidebands to the optical carrier 

where each sideband is a baseband modulated RF carrier.  We call these RF-optical 

sidebands because they are RF signals up-converted to optical frequencies. 
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This can be easily done using a band-pass optical filter with proper band width and 

role-off. 

Using equation (4.3) we can calculate the spectrum of the modified optical intensity 

I(t): 

                                                                                                                                 (4.4)  +++== cos(cos(2((
2

EI b
I

bI ωω

The optical intensity spectrum consists of a DC component, the baseband frequency 

and its second-harmonic.  So if we use a photodetector we can generate the baseband 

current and its second-harmonic. 
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Notice that using this approach we can extract the baseband information from the RF 

signal by means of linear optical modulation, optical filtering and linear 

photodetection.  Also the speed of the photodetector is determined by the bandwidth 

of the baseband signal and not the RF carrier. 

Fig. 4.2 shows a schematic diagram of the signal flow in a RF-subcarrier optical-link 

that uses optical filtering for optical down-conversion.  The RF-carrier is modulated 

by the baseband signal in a regular double-balanced RF mixer which generates a 

double sideband suppressed carrier (DSB) modulation signal (mI > 2).  The mixer 

output is fed into a MZ modulator to modulate the optical carrier generated by a 

single mode DFB laser (194 THz).  The modulated laser light then passes through a 

FBG filter that rejects the optical carrier and the upper RF-optical sideband.  Finally, 

the filtered light is detected by a p-i-n detector that directly generates the baseband 

current.  A simple explanation for down-conversion in the photodetector is based on 

the fact that the p-i-n photodiode is a square-law E-field detector, meaning the output 
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current is proportional to the intensity of the oscillating E-field of the incident optical 

signal.  Without filtering, the photodiode is effectively mixing the optical carrier 

frequency with the RF-optical sidebands to generate the RF signals.  When only one 

RF-optical sideband is detected, the photodiode mixes the up-converted RF-carrier 

with up-converted basebands and therefore generates the baseband signal. 
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Figure 4.2 Schematic diagram of a RF-subcarrier optical-link that uses optical filterin
down-conversion. 
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wavelength to different regions of the FBG transmission spectrum.  The MZ 

modulator has a Vπ of 4.5 V and optical insertion loss of 5 dB.  Fig. 4.4 shows: (a) 

the FBG transmission and the modulated optical signal spectrum, (b) The measured 

RF-spectrum of the photodetector output and (c) The simulated RF spectrum of the 

detected signal.  These are shown for two different cases: (1) λlaser = 1553.16 nm 

where only the upper RF-optical sideband is rejected (2) λlaser = 1553.23 nm where 

the upper RF-optical sideband and the optical carrier are rejected. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4
down-co
width: 0.

 N
or

m
al

iz
ed

 tr
an

sm
itt

ed
 

op
tic

al
 p

ow
er

)

 

In the fir

the origi

frequenc

transmitt

 

1

-45

-25

-5

1553.2 1553.3 1553.4 1553.5
Wavelength(nm)

Tr
an

sm
is

si
on

(d
B

0

.3 The transmission spectrum of the Fiber Bragg Grating (FBG) employed in the optical 
nversion experiment.  (Center wavelength: 1553.3 nm, Slope: 1 dB/pm, Reflection Band 
26 nm) 

1553.13 1553.23 1553.33 1553.43 1553.53

Wavelength(nm)

st case the spectrum of the detected RF-signal is similar to the spectrum of 

nal RF-signal fed to the modulator and nothing is observed at baseband 

ies (no down-conversion).  If the upper RF-optical sideband is also 

ed, only the amplitude of the detected RF signal becomes larger.  In the 

204



second case a small peak is observed at 100 MHz (baseband frequency), a large peak 

is observed at 200 MHz and the detected RF-signal is suppressed.   

( 1 )                                                             ( 2 ) 
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Figure 4.4  RF down-conversion by optical filtering (a) The measured spectrum of the FBG 
transmission and the modulated optical signal.  (b) RF-spectrum of the detected signal (c) The 
simulated spectrum of the detected signal.  In this the simulation the RF carrier frequency is only ten 
times smaller than the optical frequency and the baseband signal is ten times smaller than the RF-
carrier frequency, to make the FFT calculations faster. 
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So the signal is down-converted but there is more energy at the second-harmonic of 

the baseband compared to the baseband frequency.  This is because the RF 

modulation format is a suppressed carrier and the RF carrier is about 16 dB smaller 

than the sidebands.  So the second-harmonic of the baseband signal generated by 

beating between two RF-sidebands at 7600 MHz ± 100 MHz, is larger than the 

baseband signal generated by beating between the RF-carrier and each RF-sideband.  

Equation (4.4) shows that ratio between the baseband component and its second 

harmonic in the modified optical spectrum is Iωb/I2ωb = 2/mI so if mI > 2, Iωb < I2ωb 

and if mI < 2 then Iωb > I2ωb.  Linearity is one of the important requirements of a RF 

receiver so it is evident that I2ωb has to be smaller than Iωb. 

Employing a transmitted carrier RF modulation format (mI < 2) where the carrier 

amplitude is larger than the sideband amplitudes can solve this problem.  Although 

sending a large amount of energy in the RF carrier frequency is inefficient for long 

distance communications but it may be practical for short distance indoor wireless 

links.  In the next section we show employing transmitted carrier format can solve 

the linearity issue. 

 

 

4.3.2 Self-homodyne RF down-conversion 

 

In a conventional super-heterodyne RF receiver architecture a local oscillator (LO) 

and mixer are used to down-convert the signal to IF frequencies (1.2.5).  Baseband 
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information is subsequently extracted from the IF signal in a detector/demodulator.  

Alternatively, in a direct–conversion (homodyne) radio receiver, baseband 

information is obtained by mixing the received signal and the LO without using an 

IF frequency [11].  In addition to such approaches, self-heterodyne techniques have 

been proposed to reduce the number of components as well as size, weight, and 

power consumption in high-carrier frequency (mm-wave), short distance applications 

[12]. 

In a self-heterodyne transmission system, the transmitter broadcasts a RF signal 

(carrier + sidebands) and LO so the IF signal can be down-converted by mixing the 

received LO and modulated RF signal in a nonlinear device called a self-mixer.  The 

receiver power consumption, phase noise, and complexity are reduced as a result of 

eliminating the conventional LO and mixer.  Although such an approach suffers from 

reduced power efficiency, it has been shown that it can lower the overall cost and 

complexity in mm-wave local area networks and indoor wireless transmission 

systems [12].  One may eliminate the down-conversion to IF frequencies in a self-

heterodyne receiver, by using a transmitted carrier RF format.  So the baseband 

signal can be directly down-converted by mixing the received carrier and sidebands 

in the self-mixer.  We call this receiver architecture self-homodyne (self ≡ mixing 

the transmitted carrier and sidebands, homodyne ≡ no IF stage involved). 

The concept of self-homodyne down-conversion of a transmitted carrier RF signal 

may be used to design a photonic RF receiver where the electronic self-mixing is 

replaced by photonic self-mixing using optical signal processing techniques. 
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Here we demonstrate baseband down-conversion from a transmitted carrier RF 

signal using optical filtering technique (introduced in the previous section). 

 

Experimental results 

In our experimental demonstration we use the arrangement shown in Fig. 4.2.  In 

order to generate the transmitted carrier RF format we apply a DC voltage on the IF 

port of the double-balanced mixer so by tuning the voltage we can control mI. 

Similar to the previous experiment by aligning the laser wavelength (optical carrier 

frequency) relative to the center frequency of the FBG, we reject the optical carrier 

and one of the RF-optical sidebands.  Fig. 4.5(a) shows the FBG transmission 

spectrum and the wavelength components of the modulated optical carrier for three 

different optical carrier wavelengths (lines with diamond tip).  Fig. 4.5(b) shows the 

spectrum of the received RF signal.  The RF carrier frequency is 7.6 GHz and the 

baseband is a 300 MHz single tone.  The RF modulation format is suppressed carrier 

(mI < 2) so the magnitude of the sidebands (8.7GHz ± 300MHz) are smaller than the 

carrier.  We study three different cases, first the lower RF–optical sideband is 

rejected but the optical carrier is not completely suppressed (the signal shown by 

gray dashed in Fig 4.5 (a)).  This results in the optical output intensity spectrum 

shown in Fig. 4.5(c).  Fig. 4.5(d) shows the optical output intensity spectrum where 

one of the RF-optical sidebands and the optical carrier are completely rejected 

(optical spectrum shown by solid black lines in Fig. 4.5(a)). 
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Figure 4.5  (a) The transmission spectrum of the
components of the modulated optical carrier.  (b
signal fed into the MZ modulator. (c) The spectr
spectrum shown by dashed gray lines in (a).  (d)
the optical spectrum shown by solid black lines 
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measured the magnitude of the down-converted signal and its second-harmonic as a 

function of RF modulation index.  Fig. 4.6 shows the measured and calculated 

baseband power and its second-harmonic against mI.  As may be seen at mI = 1.2 the 

magnitude of the baseband signal is maximized but the magnitude of its second-

harmonic increases monotonically by in creasing mI.  The solid lines are calculated 

using equation (4.4). 

Notice that highly linear down-conversion (very small second-harmonic) is 

accompanied by a low efficiency.  At mI = 1 we can have a second-harmonic 

suppression of 7 dB (15 dB electrical) and an efficiency close to maximum. 

 

 

 

 

 

 

 

Figure 4.6  The magnitude of the detected baseband signal (black triangles) and its second-harmonic 
(gray diamonds) against RF modulation index.  The solid lines are the calculated using equation 
(4.4). 
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In order to evaluate the performance of this photonic down-conversion technique we 

replaced the 300 MHz single tone with a 10 Mb/s 27-1 PRBS NRZ data stream. 
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Figure 4.7  The measured BER performance of the self-homodyne receiver that employs pre-
detection optical filtering for photonic down-conversion. 
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We used a digital photoreceiver with a sensitivity of -41 dBm and bandwidth of 50 

Mb/s to detect the down-converted signal.  Fig. 4.7 shows the BER measurement 

results against the total received RF power.  The sensitivity of the receiver can be 

improved by employing a MZ modulator with smaller Vπ and better insertion loss. 

We repeated the same experiment using our 14.6 GHz microdisk modulator.  Fig. 4.8 

shows the BER measurement results of the FBG based self-homodyne receiver using 

the microdisk modulator. 
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Figure 4.8 Measured BER of the down-converted data against received RF power.  The RF carrier 
is 14.6 GHz and the transmitted data is 10 Mb/S 27-1 NRZ PRBS.  The photonic down-conversion 
is achieved using a linear modulation in a microdisk modulator and FBG filter.  The microdisk has 
an FSR of 14.6 GHz and a VHMM of 0.6 V.  
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The baseband signal is again a 10 Mb/s 27-1 PRBS NRZ data stream while the 

carrier frequency is 14.6 GHz.  The microdisk modulator has a VHMM of about 1.2 V 

and an optical insertion loss of 10 dB.  As may be seen although we have doubled 

the RF carrier frequency the sensitivity of receiver is improved. 

Fig. 4.9 shows the measured eye-diagrams for 10 Mb/s, 50 Mb/s and 100 Mb/s at -18 

dBm received RF power. 

10 Mb/s                                        50 Mb/s                                             100 Mb/s 

 

 

 

 

 

Figure 4.9 Measured eye diagrams of the d
microdisk modulator and FBG 
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The efficiency of this down-conversion mechanism is low because a large amount of 

optical energy is filtered out passing through the FBG and hence does not contribute 

to the down-conversion process as opposed to the conventional intensity detection 

where almost all the available optical energy contributes to the down-conversion 

process.  Therefore reducing the transmitted optical power at optical carrier and the 

upper RF-optical sideband should improve the power efficiency of this passive 

down-conversion process.  In conclusion efficient RF down-conversion using optical 

filtering prior to photodetection requires both transmitted carrier RF modulation 

format and suppressed carrier single sideband optical modulation format. 

 

 

4.3.3 Optical heterodyning 

 

An alternative solution to improve the low down-converted power in the optical 

filtering technique is using a second laser to boost the baseband modulated optical 

power.  In this approach the modulated optical signal is mixed with a laser that has 

an optical frequency equal to the up-converted RF-carrier in the lower RF-optical 

sideband.  This is the optical equivalent of mixing the received RF signal with a local 

oscillator in conventional RF-receivers.  We refer to the second laser as the optical 

local oscillator.  So if we filter out the optical carrier frequency and the upper RF-

optical side band, the baseband photocurrent is generated as a result of mixing the 

lower RF-optical sideband and the optical local oscillator in the photodetector.  Note 
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that the photodetector is still working as a linear optical intensity detector and the 

mixing is hidden in the square-law nature of optical detection (ip∝E2) and not in any 

nonlinearities in the photodiode.  In effect the RF mixer and local oscillator of a 

conventional system are replaced with their photonic counter parts: a laser and a 

photodetector.  Clearly the first laser and the optical modulator function as the 

optical up-conversion stage and play no role in the down-conversion process.  We 

call this process optical heterodyning because the optical carrier frequency and the 

optical local oscillator frequency are not equal. 

Fig. 4.10(a) shows a schematic diagram of the receiver architecture based on optical 

heterodyning and filtering.  The output power of the local oscillator laser is the same 

power as the main laser but with a shifted wavelength ∆ν = fRF (fRF : the RF carrier 

frequency ).  The optical local oscillator and the optical modulator output are 

combined in a 50/50 optical power combiner.  Fig. 4.10(b) and (c) show the 

simulated output spectrum with and without optical heterodyning (mixing the second 

laser). 

Indeed when the local optical oscillator is used the detected baseband signal becomes 

larger.  In this case the RF signal has a transmitted carrier modulation format to show 

that by changing the modulation format even without the second laser we can 

suppress the second-harmonic of the baseband. 
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Figure 4.10 Active down-conversion using optical filtering and local oscillator.  (a) Schematic 
diagram of the system architecture.  A second laser with the same power as the main laser but with a 
shifted wavelength (∆ν = fRF, fRF: the RF carrier frequency) is combined (50/50) with the modulator 
output before passing through the FBG filter.  (b) The simulated optical output intensity spectrum.  
The RF signal has a transmitted carrier modulation format (RF-carrier is not suppressed).  By using 
the optical local oscillator the baseband signal becomes larger (by a factor of 5).  In order to reduce 
the calculation complexity of the FFT, in this simulation the RF carrier frequency is only ten times 
smaller than the optical frequency and the baseband signal is ten times smaller than the RF-carrier 
frequency. 
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But when we use the optical heterodyning technique the transmitted carrier RF 

modulation format is no longer required and we can also use a DSC RF-modulation 

format.  In this way the available RF power is dedicated to the efficient transmission 

 215



of data and the carrier power needed for down-conversion is provided, optically, in 

the receiver. 

This approach seems to be very promising since it solves the problems associated 

with passive down-conversion using a FBG.  It relaxes the restriction we had on the 

RF-modulation format that was limiting the application of the photonic receiver to 

indoor wireless systems and also it increases the efficiency of the optical down-

conversion process by providing power at the proper frequency.  The main difficulty 

of this method is the high-sensitivity of the system performance to relative power, 

frequency and polarization variations of the two lasers. 

To address this issue we have performed a homodyne detection experiment.  In this 

experiment the output of a single-mode laser is divided between two optical paths.  

90% of the laser power is transmitted through a passive arm and 10% is modulated 

by digital data in a MZ modulator.  All optical fibers, the splitter and the combiner 

are polarization maintaining (PM) to avoid fluctuations caused by random 

polarization rotations.  Fig. 4.11(a) illustrates a schematic diagram of the 

experimental arrangement.  The CW and the modulated signals are combined in a 

50/50 optical power combiner and then mixed in a photodetector.  The amplitude of 

the output signal is measured with an oscilloscope. 
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as a reference and controls the optical phase in CW arm accordingly to stabilize the 

detected data amplitude.  The phase is controlled by thermal tuning of the passive 

arm using a thin gold wire around a small length of the fiber as the heating element.  

Fig. 4.11(b) shows the measured eye diagrams with and without the passive arm 

when the power ratio between the passive and active arm (P2/P1) is 40.  Using the 

passive arm amplifies the detected amplitude by a factor of 5.8 as compared to a 

direct detection configuration.  This shows very good agreement with the calculated 

gain of 6 (for P2/P1 = 40).  This experiment demonstrates that by accurate control of 

relative phase fluctuation, a homodyne detection system (within a very short link) is 

achievable.  The heterodyne system discussed earlier is similar to our homodyne 

experiment in the sense that they are both sensitive to relative phase of optical waves 

mixed in the photodiode.  But in heterodyne system, the use of two lasers demands 

more advanced feedback loops and locking techniques must be used.  The possible 

approaches are the electronic control of the lasers or the optical injection locking of 

two lasers.  We should point out that in all photonic down-conversion methods based 

on linear or non-linear mixing in a photodetector, the detector bandwidth must be at 

least equal to the RF carrier frequency.  In the next section we will describe a 

different technique for implementing a photonic self-homodyne receiver that doesn’t 

require the optical filter. 
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4.4 Down-conversion through nonlinear optical modulation 

 
The nonlinearities of a Mach-Zehnder modulator have been used for signal 

processing in some RF-photonic systems [1-3].  It has been shown a MZ modulator 

biased at its quadrature point can be used to mix the LO and the RF signal in optical 

domain and generate the IF signal. 

In this section we demonstrate, both Mach-Zehnder and microdisk modulators can 

perform second-order nonlinear modulation when biased at their maximum or 

minimum transmission points.  Then the combination of second-order nonlinear 

modulation and transmitted RF format is used to implement a photonic self-

homodyne receiver. 

 

 

4.4.1 Introduction 

 

In a photonic self-homodyne RF-receiver we can replace the function of a single-

ended diode or FET mixer in a transmitted carrier wireless link with a sensitive 

optical modulator that performs down-conversion in the optical domain.  In this 

approach the nonlinear dependence of the modulator’s transmitted optical power 

(Po,out) on applied RF voltage (VRF) is the source of nonlinearity in the system. 

Fig. 4.12 illustrates the photonic self-homodyne RF receiver architecture.  The 

received RF signal contains both sidebands and the center frequency (transmitted-
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carrier double-sideband modulation format) and is fed to an optical modulator biased 

at its nonlinear operating point.  The carrier and sidebands are mixed through the 

second-order nonlinearity (Po,out ∝ VRF
2), hence the optical output intensity spectrum 

contains the baseband and high-frequency products around the second-harmonic of 

the carrier frequency.  A photoreceiver with a bandwidth matched to the baseband 

signal generates the baseband photocurrent (ip) and automatically filters out the high-

frequency components. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

Figure 4.12 Schematic diagram of the photonic self
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The bandwidth of all electronic circuitry used in the system is no greater than that of 

the baseband signal.  The electro-optic transfer function of an optical intensity 

modulator fEO(VRF) can be expanded around VRF = 0 to give 

                                                                                                                                 (4.5) ...
2

... 2) +++=+++= VNNPPPP 2
10

)2(1()0(
, RFRFoooouto

NV

Here, Ni (i > 0) is the ith Taylor expansion coefficient of Po,out(VRF) at VRF = 0 and N0 

is the transmitted optical power at VRF = 0.  At a fixed wavelength the magnitude of 

Ni depends on modulator properties and the chosen bias point. 

The first-order term in equation (4.5) generates linear optical intensity modulation 

(Po,out∝VRF) while other terms contribute nonlinear frequency components.  Usually, 

such nonlinearities are minimized in conventional direct detection (DD) optical 

communication links.  If the RF voltage amplitude is small enough and the 

modulator is biased at its extreme transmission point (where dPo,out/dVRF = 0) the 

second-order term Po
(2) dominates the behavior of the modulator and the optical 

output power (Po, out) dependence on voltage around VRF = 0 will be similar to an 

ideal square-law mixer with: 

                                                                                                                                 (4.6) 2VNNP +≈ 2
0, 2 RFouto

If the baseband is a pure sinusoidal signal, the received RF voltage can be written as: 

                                                                                                                                 (4.7) ( cos(mV RFbI ωω= ) )cos()10 ttVRF +

where mI is the RF modulation index, ωb is the baseband frequency and ωRF =2πfRF 

is the RF carrier frequency.   The second-order term can be written as 

                                                                                                                                 (4.8) ( )
22

22 VP =×= )(cos)cos(1 22
0

22)2( ttmNVN
RFbIRFo ωω+
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Expanding the right hand side of equation (4.8), one obtains a DC term equal to 

(N2V0
2/4)(1+ mI

2/2), high frequency components centered around 2ωRF given by 

 

                                                                                                                                 (4.9) 4
))2cos()cos()2cos()2(cos)4/()2cos()2/1(( 222

2
02 ttmttmtmVN

RFbIRFbIRFI ωωωωω +++

and the two down-converted low-frequency terms at ωb and 2ωb are given by 

                                                                                                                               (4.10) cos(
2

cos(
8

mNN I ωω + ))2
2

02
22

02 tVtmV
bIb

The oscillation amplitude of the total second-order modulated optical power is 

                                                                                                                               (4.11) 22) )2( VmP I+= 0
22(

max, 2
1 NmIo +

which is just the maximum amplitude in equation (4.8).  If we use a slow speed 

photodetector with a responsivity R, the optical power modulated at ωb generates 

baseband photocurrent iωb that carries the received information: 

                                                                                                                               (4.12) cos(
2

mRi Ib
ωω = )

2
02 tVN

b

The efficiency of this down-conversion process may be defined as the ratio between 

the amplitude of the optical power modulated at ωb and Po,max
(2).  This efficiency is 

limited by the generation of undesired frequency components at 2ωb, 2ωRF± 2ωb, and 

2ωRF± ωb as well as the DC component.  The linearity of the down-conversion is also 

an important parameter in receiver operation and is defined as the ratio of the optical 

power amplitude modulated at ωb and 2ωb (first and second terms in equation 4.10).   

Here we assume that the strength of the second-order nonlinearity dominates higher 

order terms in equation (4.5) so the generation of higher harmonics of the baseband 

(3ωb, 4ωb, etc.) can be ignored.   
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( a )                                                                 ( b ) 

Figure 4.13  (a) Calculated down-conversion efficiciency (Po,ωb/Po,max
(2)) versus RF modulation index 

(m).  (b) Second-harmonic suppression ratio against mI.  The electrical (after detection) and optical 
suppression ratios are related through Pe,ωb/Pe,2ωb=(iωb/i2ωb)2∝(Po,ωb/Po,2ωb)2 
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The down-conversion efficiency and its linearity are determined by the RF 

modulation index (mI).  In Fig. 4.13 the down-conversion efficiency (a) and second-

harmonic suppression ratio (b) are calculated against mI. 

The second-harmonic baseband term (2ωb) can be suppressed relative to the 

baseband (ωb) by employing a transmitted carrier RF modulation format (mI < 2) and 

the down-conversion efficiency reaches its maximum value of 25% around mI = 1.  

By choosing mI = 0.8, an efficiency of about 25% and a second-harmonic 

suppression of 7 dB optical (14 dB electrical, Pe∝ ip
2∝Po,out

2) can be achieved.  The 

sensitivity of a photonic RF receiver strongly depends on the magnitude of the 

second-order nonlinearity (N2) in equation (4.5) and thus is determined by the 

modulator sensitivity and the transfer function fEO.  Given that most wireless links 

only require a limited bandwidth around a high frequency carrier, a microdisk 

resonant optical modulator is a suitable choice for this application.  In chapter 2 we 
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showed that tuning the laser wavelength we can maximized the efficiency of linear 

modulation and suppressed second order nonlinearity.  Conversely for down-

conversion in the optical domain, large second-order nonlinearity is a requirement.  

This can be achieved by tuning the laser wavelength to a maximum or minimum 

optical transmission of a high-Q whispering gallery (WG) resonance.  The large 

value of N2 at resonance in Fig. 2.38 supports our argument. 

It is useful to compare a conventional electronic diode and the microdisk optical 

modulator as second-order mixers.  In both cases the aim is to generate a current 

proportional to VRF
2.  When the RF voltage is applied across a diode, the current may 

be expanded as:  

                                                                                                                               (4.13) ) +++= Gii ....
2

(
2

′d
RF

dRFoRF
VGVV

where Gd is the dynamic conductance of the diode and the Gd′ = α Gd, (α = q/nkBT).  

If VRF has the same form as equation (4.7) the baseband current is:  

                                                                                                                               (4.14) 2

2
I

b Gi =ω RFdV
m ′

This equation is equivalent to equation (4.12) for the photonic mixer where RN2 in 

equation (4.12) is replaced by Gd′.  In order to compete with an electronic diode 

mixer we need large second-order nonlinearity and a very sensitive low speed 

photodiode.  Fig. 4.14 shows the typical Po,out-V and I-V curves for a microdisk 

mixer and an electronic diode and also the frequency spectrum of their output current 

(with an input voltage similar to equation 4.7).   

As opposed to the microdisk mixer, the frequency spectrum of the electronic diode 

contains the linear terms around ωRF.  This is because there is no pure nonlinear bias 
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point in the I-V curve of a diode while at λlaser = λres the microdisk has a purely 

nonlinear response.  Since the only useful frequency component is the baseband 

modulated current, the amount of wasted energy, energy pumped to undesired 

frequencies, is larger in a diode mixer. 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                (b)  

Figure 4.14  (a) The output optical power of a microdisk modulator against the input voltage and the 
frequency spectrum of the photocurrent generated by the voltage in equation 4.7.  (b) The current 
across a conventional diode against the input voltage and the frequency spectrum of the current 
generated by the voltage in equation 4.7. 
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4.4.2 Nonlinear optical modulation using MZ modulator 

 

Fig. 4.15(a) shows the typical response of a MZ-modulator.  The output optical 

power can be written as: 

                                           Po,out = ½[1+cos2(½∆βL)]                                           (4.15) 
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( b ) 

Figure 4.15  (a) Po,out  versus ∆βL/π characteristic of a 
response of the MZ modulator used in our experiments.  
while the solid line is the calculated response using equat
2.375 rad and Vπ = 5.2 V.  The dashed curve is the parabola
derivative of the equation 4.16. 
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The main parameter that quantifies the modulation sensitivity of a MZ modulator is 

Vπ or the voltage required to create a π optical phase shift in the active arm (∆βL = 

π). 

When ∆βL/π is an integer number the optical output power is maximum or minimum 

so dPo,out/dVRF = 0 and N2 =d2 Po,out/dVRF
2 has its maximum value.  If a MZ 

modulator is biased at any of these extreme transmission points it can be used as a 

square-law RF mixer. 

We can rewrite equation (4.15) in terms of the input voltage (V) and the π phase shift 

voltage (Vπ): 

                                         Po,out = Po,max[cos(φ+πV/2Vπ)]2                                     (4.16) 

Fig. 4.15(b) shows the DC response of the MZ modulator used in our experiments.  

The circles are the measured values of the optical output power as a function of the 

input voltage.  The solid curve is generated using equation 4.16 and the proper 

values of Po,max, φ and Vπ to fit the experimental data: Po,max = 468 µW, φ = 2.375 

rad and Vπ = 5.2 V.  The optical input power is 1500 µW and the optical insertion 

loss is 5 dB.  The dashed curve is the parabola defined by N2V2/2 where N2 is the 

second derivative of the equation 4.16.  As may be seen V < 0.25Vπ can be 

considered as small signal regime because in this range the parabola perfectly 

overlaps with the actual response.  So as mentioned in the previous section at this 

regime the MZ modulator behaves like an ideal second-order intensity modulator and 

the simple formulation developed for down-conversion can be used to estimate the 

down converted optical power. 
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Figure 4.16  Experimental arrangement for studying photonic down-conversion through nonlinear 
modulation in an MZ modulator. 
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In order to validate theoretical prediction of our simple model we used the 

experimental setup shown in Fig. 4.16.  In this experiment the baseband is a 300 

MHz single tone and the RF carrier frequency is 7.6 GHz.  Mixing the baseband with 

the local oscillator in a biased RF-mixer generates the transmitted carrier RF signal 

(equation 4.7) where the RF modulation index can be controlled by varying the bias 

voltage.  A band pass RF filter removes all intermodulation products at baseband and 

the higher harmonics of the carrier so that the output only contains the double 

sideband (DSB) modulated RF-carrier.  The MZ modulator is biased at its minimum 

transmission operating point.  The modulator parameters and maximum optical 

output power are the same as Fig. 4.15(b) and the photodetector responsivity is 270 

µV/µW. 

Fig. 4.17(a) shows the calculated and detected rms voltage at baseband (V1) and the 

second-harmonic of the baseband (V2) as a function of mI.  The calculation is based 

on square-law optical modulator model (equation 4.6) where N2 is calculated using 

equation 4.16 and the measured values of MZ modulator parameters.  One can 
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calculate the detected voltage amplitude at ωb and 2ωb using equation 4.10 and the 

photodetector responsivity.  Fig. 4.17(b) shows the calculated and measured rms 

voltage at baseband (V1) and the second-harmonic of the baseband (V2) as a function 

of the total received RF power at mI = 1.2. 
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( b ) 

Figure 4.17  (a) Calculated and detected rms voltage at baseband and the second-harmonic of the 
baseband as a function of mI.  The calculation is based on square-law optical modulator model.  (b) 
Calculated and measured rms voltage at baseband and the second-harmonic of the baseband (V2) as a 
function of the total received RF power at mI = 1.2.  
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The received RF power is related to mI and V0 through PRF = V0
2(1+ mI

 2/2)/100 so 

again we can use equation 4.10 and photodetector responsivity to calculate the 

detected voltage amplitude at ωb and 2ωb as a function of PRF. 

The calculated and measured results are in good agreement showing that at small 

signal regime the modulator is effectively a square-law modulator  

We have also demonstrated direct data down-conversion at data rates up to 100 Mb/s 

from a transmitted carrier RF signal (carrier frequency =7.6 GHz) by replacing the 

signal generator in the experimental arrangement of Fig. 4.16, with a pattern 

generator and the photodetector with a digital photoreceiver.  The patterns are NRZ 

27-1 PRBS and the sensitivity of the photoreceiver is –41 dBm for a BER of 10-9. 

Fig. 4.18 shows the measured eye diagrams at 10, 50 and 100 Mb/s.  The respective 

BER results are 10-9, 10-6 and 10-5 at –10 dBm total received RF power   

 

 

 

 

 

Figure 4.18  Measured eye-diagrams at 10, 50 and
converted from a 7.6 GHz RF carrier through nonlin
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ear optical modulation in an MZ modulator.   
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4.4.3 Nonlinear optical modulation using microdisk modulator 

 

In chapter 2 (2.6.1) we introduced the electro-optic transfer function fEO that governs 

the behavior of the modulator.  We showed that at a given RF voltage depending on 

the laser input wavelength, fEO can be a linear or nonlinear function of input voltage.  

This section explores the nonlinear operation regime for RF down-conversion 

applications.  

Fig. 4.19 shows how the location of the laser wavelength relative to the resonant 

wavelength can change the linearity of the optical modulation in a microdisk 

modulator. 
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( b ) 

Figure 4.19  Simulated optical output power spectrum of microdi
nonlinear (b) operation regime.  The RF input power is a 1 GHz RF c
(single frequency) baseband signal 
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Two cases were simulated: (a) the laser wavelength is tuned to the middle of the 

mode slope where Po,mod ∝ VRF  (b) the laser wavelength is tuned to a resonant 

wavelength where Po,mod ∝ (VRF )2.  The RF input voltage has a form similar to 

equation (4.7).  The simulation clearly shows that when λlaser = λres the spectrum of 

the optical output power is similar to what is shown in Fig. 4.14(a). 

To demonstrate nonlinear modulation with a microdisk electro-optic modulator, we 

have performed a single frequency modulation experiment.  Fig. 4.17 shows the 

experimental results of switching between linear and nonlinear operation by 

changing the laser wavelength. 

 

 

 

 

 

 

 

 

 

 

Figure 4.20  Nonlinear modulation with microdisk modulator.  The microdisk is fed by a 0 dBm 
single frequency RF signal (fRF = 8.7 GHz = optical free spectral range of the disk).  When the laser 
wavelength is set to the middle of the optical mode slope the modulation is linear and is only observed 
at 8.7 GHz (right).  If the laser wavelength is tuned to the WG resonant frequency, modulation 
becomes nonlinear and a second-harmonic of the input RF frequency (17.4 GHz) is generated while 
the linear component decreases (left). 
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When the laser wavelength is set to the middle of the optical mode slope, the 

modulation is linear.  But if we tune the laser wavelength to the WG resonant 

frequency, modulation becomes nonlinear and generates the second-harmonic of 

input RF frequency is generated. 

The calculations in section 4.4 show that for small signal RF down-conversion the 

critical parameter is N2 or the second order derivative of the electro-optical transfer 

function (fEO).  Basically N2 is equivalent to the mode slope (S) for linear 

modulation.  In chapter 2 we calculated fEO for a microdisk modulator using the 

optical transfer function and electro-optically modulated optical refractive index.  

We can use the same approach to calculate fEO while the microdisk is biased to its 

extreme nonlinear operating regime (λlaser = λres). 

Fig. 4.21 shows the simulated transmitted optical output power (Po,out) of a typical 

microdisk modulator as a function of wavelength and input RF voltage amplitude.  In 

our simulation the modulator parameters are chosen to be representative of the 

experimental values with Q = 3.5×106 (corresponding to α = 0.0075 cm-1 and κ0 = 

0.095), h = 400 µm, and Gv = 6.  The optical input power is 50 µW and λlaser ∼ 1550 

nm.  The DC-shift is set to the measured value of ∆λDC = 0.13 pm/V (corresponding 

to βEO = 0.5) for our optimized 14.55 GHz microdisk modulator. 
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Figure 4.21 Calculated optical output intensity of an ideal microdisk modulator as a function of RF 
input voltage (Gv = 6).  The dashed and the dotted lines are generated as the first (N1) and second (N2) 
Taylor coefficients in an expansion of the optical transfer function (solid line).  The laser is biased to 
the extreme nonlinear operating regime λlaser = λres. 
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At small signal RF input powers, the simulated value of N2 can be directly used in 

Equation (8) to calculate the down-converted baseband current as a function of input 

RF voltage amplitude.  To define what constitutes small signal it is useful to quantify 

the sensitivity of the modulator by a voltage amplitude VHMM that modulates half of 

the optical mode power (Po,d = Po,max - Po,min).  VHMM is determined by the optical Q, 

h, r33, and Gv.  Typically the VHMM for our LiNbO3 microdisk modulators is between 

0.4 V and 0.6 V.  N2 is directly proportional to VHMM and maximum (Po,max).  Note 

that if the optical coupling process is lossless, Po,max is equal to the optical input 

power (Po,in).  Fig. 4.21 shows that a VHMM of 0.54 V and optical input power of 50 

µW result in N2 = 0.032 mW/V2.  We have calculated the down-converted optical 
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power (at ωb) with two different methods.  First by using the electro-optic transfer 

function (fEO) and measuring the amplitude of ωb in the Fourier transform of Po,out
 

and then by substituting the estimated N2 in equation (8) for different values of Gv.  

The calculation shows that if VRF < 0.25×VHMM the microdisk modulator is 

effectively operating as a square law optical intensity modulator (Ni ~ 0, i > 2) and 

the baseband modulated optical power is equal to mIN2V0/2.  Basically this means for 

input voltage amplitudes V0 < 0.25VHMM the parabola defined by N2V0
2/2 perfectly 

matches with Po,out = fEO (VRF).  This approximation provides a powerful tool for 

calculating the baseband current as a function of the received RF power. 

Fig. 4.22(a) shows the calculated baseband modulated optical power against RF 

input power for a microdisk modulator with an electro-optic transfer function similar 

to the one shown in Fig. 4.21.  If we use a PIN diode with a responsivity R in series 

with a transimpedance amplifier the baseband voltage can be written as: 

                                                                                                                               (4.17) cos(mRZV ω= )
2

2
02 t

VN
bITb

where ZT is the transimpedance. 

Fig. 4.22(b) shows the down-converted voltage amplitude and power gain (Vb/Vo and 

Pωb/Pin) against received RF power for a microdisk photonic RF receiver with the 

following parameters: R = 0.9 (A/W), ZT = 700KΩ, Q = 4.8×106, VHMM =0.4 Volt. 
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( a )                                                                 ( 

Figure 4.22  (a) Calculated baseband modulated optical power against R
microdisk modulator with an electro-optic transfer function similar to Fig. 
converted voltage and power gain against received RF power for a microdisk o
0.9 (A/W), ZT = 700KΩ, Q = 4.8×106, VHMM =0.4 Volt) 

r 

 

 

4.4.4 Comparison 

 

We have shown both MZ modulator and microdisk modulato

nonlinear optical modulation and RF mixing in optical domain.  F

shows the calculated optical output power against the applied RF

and a microdisk modulator respectively (solid lines).  The das

parabolas defined by (N2/2)V2.  At small signal regime (defined b

where VRF < 0.25VHMM (< 0.25Vπ for MZ modulator) the parabo
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compare the performance of MZ and microdisk modulator as nonlinear modulators at 

small signal regime.  The received RF signal for wireless communications is bellow 

–30 dBm corresponding to a voltage amplitude of less than 0.01 V.  Knowing the 

typical value of VHMM is between 0.2 V and 0.6 V and typical value of Vπ is between 

1 V and 5 V, our comparison is valid for all wireless applications.  Fig. 4.23(c) 

shows the calculated value of N2 versus VHMM and Vπ  assuming the MZ has an 

insertion loss of 4 dB and microdisk modulator has an insertion loss of 10 dB.  One 

may see that the state-of-the-art LiNbO3 MZ modulator with a Vπ of 1 V [14] has the 

same nonlinear modulation efficiency as a LiNbO3 microdisk modulator with a VHMM 

of about 0.4 V that can be easily made using a 200 µm LiNbO3 thick microdisk. 

More importantly the insertion loss of the microdisk modulator can be improved 

without affecting its sensitivity while in a MZ modulator generally enhanced 

sensitivity is accompanied by extra loss.  So the 4 dB insertion loss for a MZ 

modulator with a Vπ of 1 V is a very optimistic assumption while the 10 dB insertion 

loss and VHMM of 0.5 V for a LiNbO3 microdisk modulator is easily achievable by 

reducing the disk thickness to a 200 µm. 
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Figure 4.23  (a) Calculated optical output power against the RF voltage for a MZ modulator with a 
Vπ of 1V and insertion loss of 4dB.  The gray line is the approximated hyperbola (N2/2)V2.  The dotted 
blocks shows the small signal region.  (b) Calculated optical output power against RF voltage.  The 
microdisk has a VHMM of 0.55 V and insertion loss of 10 dB.  The optical input power is 1 mW.  (c) 
Calculated value of N2 versus VHMM and Vπ assuming the MZ has an insertion loss of 4 dB and 
microdisk modulator has an insertion loss of 10 dB 
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Although in most of our experiments the optical insertion loss was around 10 dB but 

insertion losses as low as 3 dB has been already demonstrated.  Fig. 4.24 shows N2 

versus VHMM for the LiNbO3 microdisk modulator in Fig 4.23(b) and for three 

different values of insertion losses. 
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Figure 4.24  The simulated magnitude of N2 as a function of VHMM for different values of 
insertion loss.  The optical input power is 1 mW.  
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Currently a commercial 10 GHz MZ modulator has a Vπ of 4.5 V and an optical 

insertion loss of about 4 dB [13] resulting in a N2 of 9×10-5 W/V2 at 1 mW optical 

input power.  Our 14.6 GHz LiNbO3 microdisk modulator has a VHMM of 0.6 V and 

insertion loss of 10 dB.  Resulting in a N2 of 7×10-4 W/V2 (at 1 mW optical input 

power) that is 8 times larger.   

 

 

4.5 Microdisk photonic self-homodyne RF receiver 

 

4.5.1 Modeling  

The calculation for the single tone baseband signal can be extended to more general 

baseband signals such as video and data.  For an arbitrary baseband signal the 

received RF voltage may be written as: 

                                                                                                                               (4.18) ( tBmVV ω= ) )cos()(10 t RFIRF +
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where B(t) is an arbitrary baseband signal.  The optical output power fed to the 

detector can be calculated using equation (4.7) in the electro-optic transfer function 

(fEO).  Given the frequency dependent photodetector responsivity (R(ω)) the 

photocurrent can be calculated as follows: 

                                  Po,out (ω) = F {Po,out (t)} = F {fEO(VRF(t))}                            (4.19) 

                                     ip(t) = F -1{R(ω)×Po,out (ω)}                                              (4.20) 

We have simulated the signal flow in the photonic RF receiver to show details of the 

down-conversion process in both the frequency and time domain.  Fig. 4.25(a) shows 

the modulated transfer function when the laser emission wavelength (λlaser) is 

centered at one of the microdisk optical resonant wavelengths and the modulator is 

fed by the data modulated RF carrier.  ∆λRF is the maximum shift in resonant 

wavelength due to the applied RF voltage (this shift is exaggerated to show the 

down-conversion mechanism).  In the simulation, the RF carrier frequency fRF = 10 

GHz is modulated by a 62.5 Mb/s non-return-to-zero (NRZ) data stream with a 

modulation index of m = 0.8.  Fig 4.25(b) shows the RF spectrum of the transmitted-

carrier input signal and the inset shows the original data stream in a 640 ns time 

interval.  Fig 4.35(c) shows the calculated spectrum of the optical output intensity.  

Nonlinear modulation generates the baseband signal and high-frequency components 

around 20 GHz.   
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( b )                                                                  ( c ) 

Figure 4.25  Simulated signal flow in a self-homodyne RF receiver. (a) Modulated optical transfer 
function when the laser emission wavelength (λlaser) is centered at one of the microdisk optical 
resonant wavelengths and the modulator is fed by the data modulated RF carrier.  The RF carrier 
frequency is 10 GHz and is modulated by a 62.5 Mb/s data stream with a modulation index of mI = 
0.8.  The modulation amplitude is exaggerated to show the down-conversion mechanism.  (b) 
Spectrum of the transmitted-carrier RF input signal.  The inset shows the original data stream in a 
short time interval (640 ns).  (c) Calculated spectrum of the optical output intensity.  Nonlinear 
modulation generates the baseband signal and high-frequency components around 20 GHz.  The 
photodetector bandwidth of 0.1 GHz (dashed line) filters out the high-frequency components and only 
the baseband is converted to an electric signal.  The inset shows the detected data stream again in a 
640 ns time interval 
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The photodetector bandwidth of 150 MHz (dashed line) filters out the high-

frequency components and only the baseband is converted to an electric signal.  The 

inset shows the detected data stream once again in a 640 ns time interval. 

 

 

4.5.2 Experimental results 

 

Single tone down-conversion: 

In our initial experiments we used a single tone baseband signal to study the effect of 

RF modulation index (mI) and RF power on down-conversion efficiency and its 

linearity.  Fig. 4.26(a) and (b) are photographs of the 14.6 GHz microdisk modulator.  

Fig. 4.26(c) is a schematic diagram of the experimental arrangement.  The modulator 

uses a 400 µm thick LiNbO3 microdisk of 3 mm diameter and a free spectral range of 

∆νFSR = 14.6 GHz.  The laser source is a tunable single mode laser with 0.05 pm 

wavelength resolution and a linewidth of less than 0.5 MHz.  The laser wavelength is 

always tuned to the minimum of the chosen transmission dip to maximize the 

second-order nonlinear modulation strength (N2).  The RF signal is a 10 MHz single 

tone baseband signal mixed with a 14.6 GHz RF-carrier in a double-balanced RF-

mixer.  By DC-biasing the IF port of the mixer we can control the modulation index 

(mI) and hence the magnitude of the transmitted power at the carrier frequency. 
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Figure 4.26  (a) Photograph of the LiNbO3 microdisk modulator.  (b) A close-up view of the 
modulator showing the microstripline, LiNbO3 microdisk, microprism, microring RF resonator and 
the output fiber.  (c) Schematic diagram of the experimental arrangement used for photonic RF 
down-conversion measurements.  The RF modulation index (mI) is tuned using the DC bias on the 
mixer.  The laser is a tunable single mode laser with a resolution of 0.1 pm and linewidth of less 
than 0.5 MHz.  The RF filter eliminates any low frequency component generated due to 
nonlinearities in RF devices.  The local oscillator frequency is 14.6 GHz that is equal to the optical 
free spectral range of the microdisk modulator. 
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The RF signal is fed to the microdisk modulator through a bandpass RF filter with 1 

GHz bandwidth around 14.5 GHz, to make sure that all of the nonlinear products 

generated in the RF components are filtered out.  The optical output is detected in an 

amplified photodetector with a bandwidth of 150 MHz and responsivity of 3 

mV/µW. 

Fig. 4.27 shows the down-converted optical power against the total RF input power 

when mI = 0.8.  The black circles are the experimental data and the white circles and 

dashed line are the simulated data.  The inset shows the optical resonance selected 

for nonlinear modulation. 

 

 

 

 

 

 

 

 

 

Figure 4.27  The measured and calculated baseband modulated optical power versus total RF input 
power.  The inset shows the optical spectrum of the WG resonance chosen for down-conversion (Q  = 
2.7×106, N2 = 2.23×10-2 mW/V2).   
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The arrow indicates the location of the laser wavelength, λlaser.  The optical 

resonance has a Q of 2.7×106 and a N2 coefficient of 0.023 mW/V2 (VHMM = 0.7 V).   

 244



The simulated data in Fig. 4.28 are calculated using mI N2V0
2/2 and knowing that the 

total average RF power of a single tone modulated RF carrier (Equation 3) is given 

by PRF = V0
2(1+ mI

 2/2)/100 (this can be easily calculated by integrating the average 

power of the RF signal).  Fig. 4.28(a) shows the variation of the down-converted 

optical power at 10 MHz as a function of the modulation m and for three resonances 

with different quality factors.  The modulation index is tuned to the desired values by 

changing the DC bias applied to the mixer. 
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(b) 
 
Figure 4.28  (a) Measured baseband modulated (10 MHz) optical outp
optical modes with different optical quality factors.  (b) Measured 
suppression ratios (electrical) against m. 
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The total received RF power is about -15 dBm that corresponds to V0 = 0.05 V (3).  

Since for the optical resonance used VHMM is around 0.8 V, so V0 < 0.1 VHMM 

guarantees device operation in the small-signal regime (section III).  As may be seen 

in Fig. 4.28(a), down-conversion efficiency is maximized around mI = 0.8, in very 

good agreement with the simulated curve for an ideal square law mixer. 

Also, as anticipated, the amount of down-converted power increases as we increase 

the optical Q (a larger Q results in a larger VHMM and therefore a larger N2).  To 

evaluate the linearity of the down-conversion process we have measured the detected 

power at the second and third harmonic of the baseband signal (20 MHz and 30 MHz 

respectively). 

In a perfect square law modulator the third harmonic should be absent but the chosen 

optical resonance lacks an ideal symmetric shape and so generates odd harmonics.  

Fig. 4.28(b) shows the harmonic suppression ratio against m.  As predicted (Fig. 

4.11(b)) the suppression ratio decreases as mI increases.  At mI = 0.8 the second-

harmonic suppression ratio is about 17 dB (electrical). 

 

Down-conversion of digital data 

To demonstrate data transmission we use the arrangement in Fig. 4.26(c) but replace 

the signal generator with a NRZ pattern generator and the photodetector with a 

digital photoreceiver.  The photoreceiver has a –3 dB frequency bandwidth of 120 

MHz and a sensitivity of –34.5 dBm.  Fig. 4.29(a) shows the measured frequency 

spectrum of the input RF signal and the down-converted signal after detection.  The 
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carrier frequency is 14.62 GHz and the baseband data is a 10 Mb/s NRZ 27-1 

pseudo-random bit stream (PRBS).  Fig. 4.29(b) shows the measured bit error ratio 

(BER) against the total RF input power.   
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The received RF power is defined as the measured RF power within 10 MHz 

bandwidth centered around 14.6 GHz.  The left inset shows the spectrum of the 

optical resonance with Q = 2×106.  The inset on the right shows the input and down-

converted data in the time domain. 

In Fig. 4.30 the measured eye diagrams at 10 Mb/s, 50 Mb/s and 100 Mb/s are 

shown.  The received RF power is –15 dBm.  The maximum data rate is limited by 

the optical Q to approximately 100 Mb/s.  We note that the down-conversion 

efficiency can be increased by reducing the disk thickness (h) and employing a high-

Q RF ring resonator (both these factors lead to a larger N2 coefficient).   

 
 
 
 
 
 
 
 
 
 
 
Figure 4.30  Measured eye diagrams at 10 Mb
dBm). 
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expression for the overall signal to noise ratio of the receiver as function of the 

device parameters. 

Fig. 4.31 is a schematic diagram of the signal and noise flow in the receiver. 

 

 

 

 

 

 

 

Figure 4.31  Schematic diagram showing the signal and noise flow in the
receiver 
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For simplicity we assume that the baseband signal is a single ton

ωb.  The received signal (Sa) and noise (Na) power from the a

open terminated microstripline.   The microstripline attenuates

some thermal noise.  The voltage amplitude of the signal and n

zone can be written as:  

         (a)                                           (b)                                          LV /22= /22 += a kLVTaS SZ 0 [0 TN NZ

where LT  is the loss factor for the mictorstripline, kB is the Bolt

the bandwidth defined by the optical modulation bandwidth, 

optical Q (BW~νlaser/Q). 
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Since the fundamental resonance of the RF ring resonator has a voltage gain Gv, the 

amplitude of the voltage oscillation on the ring resonator is VRS = GvVS while the 

amplitude of the voltage noise induced on the ring resonator is not necessary GvVN 

because the noise isn’t coherent and can not build a resonant field on the resonator 

similar to a coherent signal.  So we assume that the induced noise on the ring 

resonator is related to the noise on the microstripline with unknown coefficient GVN.  

The ring resonator also adds extra thermal noise to the signal due to its resistance and 

temperature.  Since the temperature of the ring resonator is a function of RF input 

power, one may expect that the thermal noise power is proportional to VS
22 so the 

total voltage noise across the microdisk is:  

Since the fundamental resonance of the RF ring resonator has a voltage gain Gv, the 

amplitude of the voltage oscillation on the ring resonator is VRS = GvVS while the 

amplitude of the voltage noise induced on the ring resonator is not necessary GvVN 

because the noise isn’t coherent and can not build a resonant field on the resonator 

similar to a coherent signal.  So we assume that the induced noise on the ring 

resonator is related to the noise on the microstripline with unknown coefficient GVN.  

The ring resonator also adds extra thermal noise to the signal due to its resistance and 

temperature.  Since the temperature of the ring resonator is a function of RF input 

power, one may expect that the thermal noise power is proportional to VS  so the 

total voltage noise across the microdisk is:  

                                                                                                                               (4.22)                                                                                                                                (4.22) )(4 2BTkVGV += SBringNVNRN VR

where Rring is the resistance of the ring resonator and T(VS
22) is the ring temperature as 

a function of RF power at the coupling point. 

where Rring is the resistance of the ring resonator and T(VS ) is the ring temperature as 

a function of RF power at the coupling point. 

22
, 2 RFISo VmNP =

Now we need to calculate the optical output power modulated at baseband frequency 

ωb and the output optical noise within the bandwidth between DC and ωb that is 

approximately the same as B.  The baseband modulated optical power can be easily 

calculated using while the calculation of the output optical noise 

is much more difficult.  The baseband optical output noise power consists of three 

major components: (1) Po,RIN: Laser RIN, (2) Po,mix: The optical noise generated as a 

result of electro-optical mixing of the resonator voltage noise around RF carrier 

frequency (VRN) and the RF signal frequency components, and (3) Po,bb: The optical 

Now we need to calculate the optical output power modulated at baseband frequency 

ωb and the output optical noise within the bandwidth between DC and ωb that is 

approximately the same as B.  The baseband modulated optical power can be easily 

calculated using while the calculation of the output optical noise 

is much more difficult.  The baseband optical output noise power consists of three 

major components: (1) Po,RIN: Laser RIN, (2) Po,mix: The optical noise generated as a 

result of electro-optical mixing of the resonator voltage noise around RF carrier 

frequency (VRN) and the RF signal frequency components, and (3) Po,bb: The optical 
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22
, 2 RFISo VmNP =



noise generated by the resonator voltage noise (VRN) at frequencies smaller than ωb 

(baseband frequencies). 

The first component can be easily calculated using equation 2.10 and replacing Po,out 

with Po,S : 

                                                                                                                               (4.23) RIN PfP ,
210/

, )( ∆×= SoRINo

1

10

The second component is more complex since it involves down-conversion and 

mixing.  If we add a single frequency noise component to the RF signal, the RF 

voltage at the coupling point will have the following form:  

                                                                                                                               (4.24) ( ) )cos( NN tVV ϕω +=′ )cos()cos(1 RNRFbISRF Vttm ωω ++

where ωΝ  is an arbitrary frequency within a bandwidth B around ωRF.  Now knowing 

Po,out = N2V2
RF/2 (equation 4.6), we can derive all the noisy baseband frequency 

terms by calculating (V′RF )2.  If we just keep the first order noise terms it can be 

shown that only three mixed terms will have frequencies smaller than B: 

(a) )cos( NNRFSN ttVV ϕωω −−

(b) )cos(
2 NNRFb

SNI tttVVm ϕωωω −−+

(c)                                                                                                                          (4.25)  )cos( NNRFb tm ϕωωω ++−
2

SNI ttVV

So if the we have a uniform noise distribution within a bandwidth B round ωRF then 

the total optical intensity noise amplitude can be written as the summation of the 

optical intensity modulation generated by each one of these terms multiplied by the 

bandwidth: 

                                                                                                                               (4.26) 
2

)( mBVP = 1 2
,

NV INomixo +
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The third optical noise component is the linear modulation generated by the second 

term in equation 4.22 and can be approximated using equation 2.8(b) but with Gv = 1 

(since the voltage gain doesn’t amplifies the thermal noise): 

                                                                                                                               (4.27) 4)/2 2P λλβ ∆= )((max,, SBringresoDCsbbo VBTkRQP

Now we can use the detector responsivity to calculate the signal and noise currents:  

                (a)                                   (b)                                                                   (4.28) )( ,
2

RIN PPPRi ++=SoRPi 2 = ,, bbomixooONOS ,

Equation 4.28(b) is the photocurrent generated by the optical noise power but the 

photodetector also adds the shot noise and dark current noise to the total 

photocurrent.  The total noise current generated in photodetector is given by equation 

2.13:  

L

nb
dpN R

TBFkiieBi 4)(22 ++= 

here ip = R(Po,S +P(2)
o,max) where P(2)

o,max can be derived using equation 4.11. 

So the final signal-to-noise-ratio may be written as: 

                                                                                                                               (4.29) )(2
,

22
d

PPPRiiiN +++
=

+
=

,,,

2

bbomixoRINoN

So

ONN

OS

d

RPiS

The equivalent BER may be calculated using equation 3.5. 

 

 

4.6 Summary 

 

Four possible approaches for all-optical down-conversion from a RF signal have 

been presented:  nonlinear photodetection, optical filtering prior to detection, 
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combination of optical filtering and optical heterodyning, and nonlinear optical 

modulation. 

Preliminary simulations and experimental results shows that by improving the 

sensitivity of the microdisk modulator each one of these approaches has the potential 

to take over the task of direct optical down-conversion and eliminate the local 

oscillator and RF-mixer in conventional electronic wireless receivers for short-

distance communication.  The limitation on distance is due to a transmitted carrier 

modulation format that is required for self-homodyne down-conversion.  The main 

challenge here is to choose the best approach and to improve it to a level that can 

compete with electronic receivers by providing lower power consumption in a 

smaller volume. 

Our photonic self-homodyne architecture combines direct-conversion, self-

heterodyning, and microdisk modulator technology to directly extract baseband 

information from the received signal by the self-mixing of the transmitted carrier and 

the sidebands in the optical domain.  We have shown that the second-order 

nonlinearity in the transfer function of a LiNbO3 microdisk optical modulator when 

biased at its minimum transmission point may be used to realize the self-mixing 

process.  Since the optical output power is baseband modulated, the optical-to-

electrical conversion is performed in a photoreceiver with a bandwidth limited to that 

of the baseband. 

Receiver operation is demonstrated experimentally by demodulating digital data 

from a 14.6 GHz RF carrier frequency. The microdisk modulator and the photonic 
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self-homodyne architecture have the potential to be incorporated into a photonic 

integrated circuit by using alternative electro-optic materials (such as polymers and 

compound semiconductors).  Reducing the disk diameter will extend the carrier 

frequency into the mm-wave regime so that this receiver architecture has the 

potential to be used in future indoor mm-wave wireless systems. 
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Chapter 5 

Conclusion and future work 

 

5.1 Introduction 

 

In the previous chapter the key aspects of a self-homodyne photonic RF receiver 

based on LiNbO3 microdisk modulator technology was described.  The proof-of- 

principle experiments and analytical studies show the feasibility of employing this 

type of receiver in indoor wireless links or short distance fiber-feed backbone 

networks.  

In this final chapter we explore future research challenges toward building a practical 

photonic RF wireless link.  We start with the receiver side and show that by adding 

extra features to our design and employing alternative electro-optic materials, a fully 

integrated RF-photonic receiver with adequate sensitivity is possible.  Next we 

review the state-of-the-art in RF/mm-wave generation using optical heterodyning.  

We discuss the possibility of building a photonic RF-mm wave transmitter that, 

when combined with our receiver design, can result in an all-optical wireless link.  In 

principle the carrier frequency of this link can be extended to the mm-wave domain 

without any major complication because the signal processing is performed at optical 

frequencies. 
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5.2 Self-homodyne photonic RF receiver 

 

In Chapter 4 we proposed two different techniques for direct down-conversion of the 

baseband information from a transmitted carrier RF signal in the optical domain: 

1) Modifying the spectrum of the modulated optical carrier prior to detection. 

2) Nonlinear optical modulation. 

We refer to these techniques as DOF (down-conversion through optical filtering) and 

DNOM (down-conversion through nonlinear optical modulation) respectively.  A 

self-homodyne photonic RF receiver can employ either one of these techniques to 

eliminate the high-speed electronic circuitry from the receiver side. 

The efficiency of both techniques depends on the sensitivity of the optical modulator 

and the photoreceiver. Although both a traveling wave MZ modulator and a resonant 

microdisk modulator can be used for linear or nonlinear optical modulation in the 

photonic receiver, we showed that in both situations LiNbO3 microdisk outperforms 

the MZ modulators. 

The DOF technique requires a very sensitive linear optical modulator and a band-

stop optical filter while the DNOM technique only requires a very sensitive second-

order nonlinear optical modulator.  On the other hand the DNOM technique is more 

sensitive to wavelength fluctuations as well as thermal and mechanical perturbations.  

This may be explained by observing the behavior of the first and second derivatives 

of the electro-optic transfer function of the microdisk.  As may be seen in Fig. 4.21, 

N2 is more sensitive to the bias point than N1.  For the modulator simulated in Fig. 
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4.21 N2 is 5 times more sensitive to the difference between the resonant wavelength 

and the laser wavelength compared to N1.  Since the down-conversion efficiency of 

DOF and DNOM techniques directly depends on N1 and N2 respectively, therefore 

DOF is more stable. 

Another difference between the two techniques is the amount of DC optical power 

received by the photoreceiver that affects the detector shot noise.  In DOF the laser 

wavelength is biased to the middle of the optical resonance so given the small 

magnitude of the received RF power a relatively large amount of optical output 

power is not modulated.  This DC optical power cannot be filtered out without 

affecting the baseband modulated optical power.  Assuming the total modulated 

optical power is 0.01Po,max and the laser wavelength is biased at 0.25Po,max, the DC 

optical power is 25 times larger than the total modulated optical power. 

In DNOM technique part of the down-converted optical power is DC and since the 

photodetector speed is limited by the baseband, the up-converted optical power 

(around 2ωRF) is also seen as DC optical power by the photodetector.  If the optical 

resonance is critically coupled, these are the only DC components in the optical 

power spectrum.  As shown in the previous chapter at mI = 0.8, 25% of the 

nonlinearly modulated optical power is baseband modulated so the DC optical power 

received by the detector is about 75% of the total modulated optical power.  In 

conclusion the shot noise in DNOM case is about 25 times smaller than in the DOF 

case.  As explained in Section 4.5.3 a detailed analysis of the noise performance of 

the photonic receiver is quite complicated therefore depending on what mechanism 
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dominates the signal-to-noise ratio of DNOM technique may or may not be larger 

than that of DOF. 

In the next section we address the potential modifications that can solve some of the 

problems associated with these techniques and improve the over all sensitivity of the 

receiver. 

 

 

5.3 Microdisk photonic receiver: potential improvements 

 

Regardless of the chosen photonic down-conversion technique the performance of 

the photonic self-homodyne RF receiver is determined by three major factors (1) 

Power and wavelength stability of the laser.  (2) Sensitivity and stability of the 

microdisk modulator.  (3) Responsivity and noise performance of the photoreceiver. 

The laser performance is independent of the other components and directly affects 

the signal-to-noise ratio of the down-converted signal.  It is trivial that the laser 

source in a photonic receiver should have very low RIN, narrow linewidth and very 

stable wavelength.  Although for a given sensitivity, improvement of the modulator 

and receiver reduces some of the constraints on laser performance, here our goal is to 

reach the best sensitivity using a commercial high-quality laser.  For this reason we 

will only address the possible improvements in the second and third issues 

mentioned above. 
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5.3.1 Microdisk modulator 

 

As shown in Chapter 2 the sensitivity of the microdisk modulator is mainly 

determined by the optical quality factor and the intensity of the modulating E-field.  

The unloaded optical-Q is limited by the surface quality of the LiNbO3 microdisk 

and the presence of the external particles on the sidewall.  So a high quality polishing 

and a clean surface can improve the optical-Q.  Recently advanced polishing 

techniques have been developed that can result in optical-Qs as high as 1010 [1].  But 

we should keep in mind that the required bandwidth puts a fundamental limitation on 

the Q (Fig. 1.10).  So ideally we want to reach the bandwidth-limited regime, where 

the required bandwidth limits the Q, as opposed to surface-quality limited case.  

Optical coupling is also an important issue that affects the loaded optical-Q of the 

resonator as well as the unidirectional nature of the WG resonance.  An ideal optical 

coupling mechanism should be lossless and have a negligible perturbing effect on the 

optical resonance. 

The intensity of the modulating E-field inside the microdisk is proportional to the 

voltage gain factor (Gv) of the ring resonator and increases as the microdisk 

thickness (h) decreases.  

 The voltage gain factor can be improved by employing high quality RF-ring 

resonators but it will be limited by the RF loss in the ring and LiNbO3 as well as the 

radiation losses.  The simulation and experimental results show that by optimizing 

the surface quality of the ring resonator loaded RF-Qs of larger than 100 are 
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achievable.  The thinnest LiNbO3 microdisk modulator reported so far has a 

thickness of 150 µm [2] but given the WG mode size and the possibility of 

fabricating toroidal LiNbO3 microresonators, a thickness of 50 µm seems feasible.  

Reducing the microdisk thickness from 400 µm (the standard microdisk thickness 

used in most of our experiments) to 50 µm can increase the E-field intensity by a 

factor of 8.  As we mentioned in Chapter 4, the sensitivity of the microdisk 

modulator is adequately expressed in terms of VHMM.  Fig. 5.1 shows the simulated 

value of VHMM as a function of Gv, Q and h using the microdisk electro-optic transfer 

function (fEO). 

 

 

 

 

 

( a )                                                                  ( b ) 

 

 

 

 

 

                                                                         ( c ) 

Figure  5.1  Simulated value of VHMM as a function of (a) Gv , (b) Q and (c) h using the electro-optic 
transfer function (fEO). 
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Stability is one of the most important issues of the microdisk modulator that requires 

special attention.  The linear or nonlinear modulation efficiency of the microdisk is 

very sensitive to the location of the laser wavelength relative to the resonant 

wavelength of the WG mode.  The high quality factor of the WG modes makes the 

modulator extremely susceptible to thermal and mechanical fluctuations as well as 

the laser wavelength shift.  In Chapter 2 we explained how applying a DC voltage on 

the ring resonator might be used to control the WG resonant wavelength through a 

feedback loop.  The proof-of-concept experiment with a very basic feedback circuit 

shows that one can lock the laser wavelength to a specific location of the WG slope.  

This was achieved by comparing the photodetector output with a reference voltage 

and changing the DC bias voltage accordingly.  A feedback loop that can guarantee 

steady sate operation over a long period of time requires a more sophisticated circuit 

design.  As shown in Fig. 5.2 depending on desired operation regime of the 

microdisk modulator, the laser wavelength can be locked to different offset 

wavelengths relative to λres.  In the case of nonlinear modulation, where the laser 

wavelength should be locked to λres (zero offset), the feed back loop should be able 

to determine the sign of the slope because deviation from λres to both directions 

generates the same amount of variation in optical output power.  This will increase 

the complexity of the control circuit compared to what is shown in Fig. 2.55. 
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Figure 5.2  Relative alignment of the laser wavelength and
nonlinear modulation. 
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photoreceiver is limited by the photodiode responsivity and the transimpedance of 

the amplifier.  State-of-the-art photodetectors can detect optical signals as small as    

-50 dBm (3).  As we mentioned in Chapter 3 the shot noise in the photodetector is 

equal to 2eB(Ip+Id).  Ip is the total amount of the total photocurrent (generated by the 

baseband modulated optical power and the DC optical power).  We can write the 

mean square value of the noise photocurrents as: 

                                           iN
2 = 2eB[Ip+ R( Po,ac + Po,dc)]                                   (5.1) 

where Po,dc and  Po,ac are the received DC and AC optical powers respectively.  As 

mentioned before, if we use DNM down-conversion technique, due to low speed 

response of the photodetector the high-frequency components in the frequency 

spectrum of the optical output power (around 2fRF) do not contribute in the AC 

photocurrent.  But these components can still generate shot noise.  Therefore Po,dc is 

the sum of Po,min, the DC optical power and the modulated optical power at 

frequencies around 2fRF (both generated through nonlinear modulation).  For a 

critically coupled WG mode Po,min is zero but the DC and high-frequency 

components generated through mixing are always present.  Although the DC 

component cannot be eliminated, a band pass optical filter with a bandwidth less 

than 4fRF can eliminate the high frequency optical components around 194 THz ± 

2fRF and cancel modulated optical power at 2fRF.  Fig. 5.3 demonstrates the frequency 

domain signal flow in the presence of the optical filter. 
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Figure 5.3  Schematic diagram of frequency signal flow
of the optical filter.  
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5.3.3 Integration and final design 
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the small mode volume of WG resonances a high power density can cause thermal 

and nonlinear instabilities. 
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conversion (Fig. 5.5(b)).  In both cases the filter role-off is determined by the RF 

carrier frequency (fRF) and the bandwidth of the baseband signal.   
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The microring based filter can be used in both DNOM and DOF photonic receiver 

architecture because its thru port is a banstop filter and its drop port is a bandpass 

filter.  Since these filters are fabricated on a new optical material called hydex the 

main challenge is the integration of the filter with other photonic and electronics 

components in the receiver. 

 

Integration 

Due to versatility of the material and techniques used for fabricating different 

components in a photonic RF receiver, currently the most feasible approach for 

building an integrated system is hybrid integration on a silicon bench.  Various 

silicon micromachining techniques that are originally developed for IC industry and 

MEMS devices can be employed to build features such as V-grooves and steps for 

mounting the photonic components.  Fig. 5.7(a) shows schematic diagram an 

integrated LiNbO3 microdisk photonic receiver based on hybrid integration 

technique.  The LiNbO3 microdisk, laser and the detector are mounted on pedestals 

with the proper height.  The miniature ball lenses are aligned in a V-groove while the 

microprism is etched off the silicon substrate.  Since silicon has a refractive index 

larger than LiNbO3 (3.5 > 2.14) it can be used for evanescent optical coupling to the 

microdisk.  Potentially the electronic circuitry including the signal processing and 

the control circuit can be fabricated directly on the silicon substrate.  Hybrid 

integration of optical and electronic elements on silicon bench is the subject of 

current research [20]. 
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Sensitivity 

In order to clarify the benefits of using photonic technology in wireless receiver 

design here we make a crude comparison between a photonic receiver and an 

electronic receiver.  A state-of-the-art 60 GHz superhetrodyne electronic receiver 

with a sensitivity of 10 µW (-20 dBm), consumes about 400 mW power [20].  This 

receiver is built based on 0.15 µm N-AlGaAs/InGaAs HJFET MMIC technology and 

has a volume of 900 mm3.  The receiver consists of a low-noise amplifier (LNA), 

mixer and Local oscillator (LO).  The local oscillator employs a dielectric resonator 

oscillator (DRO) that is co-integrated with a single-stage wide-band amplifier. 

Fig. 5.8 is the schematic diagram of a 60 GHz photonic self-homodyne receiver 

indicating the specification of each section and estimated power consumption. 
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Using a low cost laser source (about 3% power efficiency) and digital photoreceiver 

(based on CMOS technology) the estimated power consumption for a sensitivity of   

-30 dBm is about 130 mW.  If we replace the laser with a more efficient laser (20%) 

and employ a low power photoreceiver based on BiCMOS technology the total 

power consumption is reduce to 56 mW.  So photonic self-homodyne architecture 

can improve the receiver sensitivity by a factor of 10 while reducing the power 

consumption by a factor of 4 compared to an electronic receiver. 

Beside low power consumption and better sensitivity the photonic receiver will 

benefit from the reduced size and complexity as well as low cost fabrication due to 

the absence of high-speed electronic components. 

The estimated value of photonic receiver sensitivity (-30 dB) is based on the current 

LiNbO3 microdisk modulator technology, commercially available photoreceivers and 

a moderate input optical power (1 mW).  It is very useful to explore the sensitivity 

limit of the receiver in the absence of current limitations on device technology. 

In Chapter 4 it has been shown that the efficiency of down-conversion in a photonic 

mixer is directly proportional to N2.  For a microdisk modulator N2 is determined by 

the maximum optical output power (Po,max) and VHMM.  Since Po,max = optical 

insertion loss × Po,in , Optical insertion loss, optical input power and VHMM are the 

determining factors for the down-conversion efficiency of the microdisk photonic 

mixer. 

So the overall sensitivity of the self-homodyne microdisk receiver is a function of all 

of the above-mentioned parameters plus the sensitivity of the digital photoreceiver. 
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If the sensitivity of the digital photoreceiver and the wireless RF receiver are defined 

based on the same bit error ratio (BER), we can estimate the overall sensitive of the 

microdisk photonic self-homodyne receiver using the formalism developed in 

Chapter 4.  In this case the total RF input power that results in a baseband modulated 

optical power equal to the sensitivity of the digital photoreceiver is the minimum 

received power or sensitivity of the wireless receiver.  This definition is equivalent to 

equation 1.6 for the sensitivity of photonic RF receiver discussed in section 1.5. 

Here we assume a single frequency baseband and an optimized RF modulation index 

of mI = 0.8.  Fig. 5.9(a) shows the calculated receiver sensitivity against VHMM f1or 3 

different values of optical insertion loss.  The optical input power (Po,in) is 1 mW and 

the sensitivity of the photoreceiver is -40 dBm.  Fig. 5.9(b) shows the calculated 

receiver sensitivity against optical input power (Po,in) for two microdisk modulators 

with VHMM of 0.45 V and 0.1 V.  Again the sensitivity of the digital photoreceiver is -

40 dBm.  Fig.5.9(c) shows the calculated receiver sensitivity against sensitivity of 

the digital photoreceiver.  The optical input power (Po,in) is 1 mW and VHMM is 0.1 V.  

As may be seen a combination of low insertion loss (< 3dB), sensitive digital 

photoreceiver (<-65 dB) and efficient photonic mixing (VHMM < 0.2 V) results in a 

dramatic improvement in wireless receiver sensitivity (< -70 dBm).   

With this sensitivity the microdisk photonic wireless receiver may be employed in 

high frequency carrier links such as LMDS(2).  For example EtherAir (3) that is a 

transceiver for LMDS has a sensitivity of –72 dBm at 26 GHz carrier frequency and 

–70 dBm at 38 GHz carrier frequency. 
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Fig. 5.9  (a) Calculated receiver sensitivity against VHMM for 3 different values of optical insertion loss 
(-10dB, -5 dB and -10 dB).  The optical input power (Po,in) is 1 mW and the sensitivity of the 
photoreceiver is -40 dBm.  (b) Calculated receiver sensitivity against optical input power (Po,in) for 
two microdisk modulators with VHMM of 0.45 V and 0.1 V.  The insertion loss is –3 dB.  Again the 
sensitivity of the digital photoreceiver is -40 dBm.  (c) Calculated receiver sensitivity against 
sensitivity of the digital photoreceiver for an optical input power (Po,in) of 1 mW, insertion loss of –3 
dB and VHMM of 0.1 V. 
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We should mention these estimations are all for a DNM based photonic receiver.   If 

we use DOF technique for photonic down-conversion we may achieve very high 

sensitivity by means of optical heterodyning  (see section 4.3.3).  In this approach 

heterodyne generation of the RF carrier in the receiver enhances the signal-to-noise 

ratio and may also relax the restriction of using transmitted carrier format. 

 

 

5.4 Alternative electro-optic materials 

 

Although, based on its electro-optic and mechanical properties LiNbO3 seems to be 

an excellent material for micro resonator fabrication, but it suffers from 

incompatibility with the standard integrated optic fabrication processes.  The 

sidewalls of LiNbO3 microdisk are mechanically polished and LiNbO3 cannot be 

grown and etched on a semiconductor substrate.  Investigating the alternative 

material systems that can provide the same functionality may result in a fully 

integrated photonic receiver with higher sensitivity.  The important parameters that 

have to be considered in selecting a material system for photonic receiver 

applications are: 

1) Electro-optic activity. 

2) RF and optical loss. 

3) Optical and RF refractive index. 

4) Compatibility with the standard integrated fabrication process. 
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5.4.1 Electro-optic polymers 

 

Electro-optic polymers are special polymers that if their molecules are aligned by 

applying an E-field (poling), they can have large electro-optic coefficient.  Recently 

These materials have been used to fabricate numerous electro-optical devices 

including electro-optic modulators [4-6]. 

There has been significant advances in the synthesis of molecules with large optical 

nonlinearity that has been sterically designed to prevent the large dipole-dipole 

interactions between the molecules during electric field poling. One of the most 

promising of these is a ring-locked phenyltetraene bridged chromophore [4], which 

has been labeled CLD by chemists.   The electro-optic molecule needs a host 

polymer that is thermally stable and also has small optical loss at the wavelength of 

interest.  For example amorphous polycarbonate (APC) has been identified as a 

promising host material for CLD and the electro-optic polymer is labeled as 

APC/CLD.  The measured electro-optic coefficient (r33) of this material is about 90 

pm/V at a wavelength of 1060 nm that corresponds to r33 of 65 pm/V and 55 pm/V at 

1300 nm and 1550 nm respectively [4].  At 1550 nm the measured value of 

propagation loss in a ridge waveguide fabricated from APC/CLD polymer is about 

1.7 dB/cm for TM polarized mode and 1.65 dB/cm for TE polarized mode.  

Although APC/LCD material is difficult to process using standard photolithography, 

it has been shown that by adding some additional stages to the standard processing 

sequence high quality polymer structures can be created.  APC/CLD has a refractive 
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index of 1.6 at 1550 nm and its microwave refractive index is about 1.5 [5].  

APC/CLD has been used to monolithically fabricate a polymer micro-ring modulator 

with a Q of 1.3×105 on a silicon substrate [5].  This device has been fabricated 

monolithically on a silicon substrate.  The long-term thermal and photo stability of 

the polymer devices is a serious system issue.  Currently the polymer devices have to 

be packaged in an inert atmosphere to maintain their electro-optical properties. 

Research on various aspects of polymer electro-optic devices continues and with 

further improvement of the polymer electro-optic materials may become a very good 

candidates for monolithic fabrication of a self-homodyne receiver on a small chip.  

Electro-optic microdisk and optical waveguides are the only parts of the photonic 

receiver that can be fabricated based on polymer materials.  This may raise 

difficulties for the monolithic fabrication process because the laser, the detector and 

the electronic circuitry are fabricated based on semiconductor materials.  Some of the 

critical technologies required for the monolithic integration of polymer electrooptic 

modulators and VLSI circuitry has been discussed in [6]. 

 

 

5.4.2 Semiconductors 

 

Semiconductor materials offer the obvious advantage of monolithic integration of 

active/passive photonic and electronic devices.  Semiconductor photonic is a very 

mature field and it is as old as laser itself.  The main disadvantages of using the 
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semiconductor materials in electro-optic devices is the fact that the field effect 

electro-optic mechanisms are weak in semiconductors and other electro-optic 

mechanisms are accompanied with loss and are wavelength sensitive. 

 

Compound semiconductors 

Various waveguide structures and optoelectronic devices and circuits have been 

fabricated based on compound semiconductors [7-14]. 

The compound semiconductor materials commonly used in optoelectronics are GaAs 

and InP as substrate and alloys, which can be lattice, matched to these substrates 

GaAlAs for GaAs and GaInAsP or InGaAlAs for InP.  These materials are zincblend 

type semiconductors and belong to43m symmetry group so their linear electro-optic 

tensor has only 3 nonzero equal elements that are equal (r41 = r52 = r63).  For GaAs 

r41 = 1.43 pm/V that is much smaller than that of the LiNbO3 or electro-optic 

polymers.  But unlike polymers and electro-optic crystals, linear electro-optic effect 

(Pokels effect) is not the only mechanism for electro-optic activity in semiconductor 

materials.  The subject of electro-optic activity in bulk and heterostructure 

semiconductor materials is very complicated and has been under investigation for 

many years [7,8]. 

The electro-optic mechanisms in compound semiconductors can be summarized as: 

1) Pokels effect 

2) Kerr effect 

3) Franz-Keldysh effect (electrorefractive effect) 
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4) Quantum confined Franz-Keldysh effect 

5) Quantum confined Stark effect 

6) Wannier-Stark localization 

7) Plasma effect 

8) Band-filling effect 

These electro-optic effects can be divided into two main categories: carrier and field 

effects.  Also since the quantum confined effects as well as Wannier-Stark effect are 

exclusively observed in quantum-well structures, electro-optic semiconductor 

devices can be designed either based on quantum-wells or depletion edge translation. 

We should mention that except the first two effects that directly change the refractive 

index, the other effects change the absorption coefficient that is related to refractive 

index change through Kramers-Kroning dispersion relation.  So the electo-optic 

effects in the semiconductors are mainly accompanied with a change of loss and also 

they are highly sensitive to the wavelength due to sensitivity of the absorption 

processes to wavelength.  These properties are disadvantageous for designing 

electro-optic devices based on semiconductors especially resonant devices.  For 

example if the absorption and refractive index change simultaneously in a resonant 

modulator (such a s microdisk), the spectral profile of resonant mode changes during 

modulation that can cause problem in both linear and nonlinear modulation 

performance.  So ideally absorption related electrooptic mechanisms should be 

avoided as much as possible in the semiconductor modulators.  Unfortunately even 

the field effect mechanisms such as Franz-Keldysh effect or quantum confined stark 

 279



effect that have beneficial effect on the highly efficient refractive index change 

degrade the performance, wavelength insensitivity and optical insertion loss. 

Recently a microdisk modulator with a bandwidth of 8 GHz and sub-volt drive 

voltage has been demonstrated [14].  The electrooptic mechanism employed in this 

device is depletion width translation in a pn-based junction based on InGaAs.  The 

microdisk has a Q of 8500 the bandwidth is limited by the capacitance of the device. 

It has been shown that depletion-edge-translation lightwave modulators work based 

on two electric field related and two carrier-related effects: linear electrooptic, 

electrorefractive (Franz-Keldysh), plasma and band filling.  The sum of the refractive 

index variations produced by each one of these effects, taking into account the 

waveguide geometry, accounts quantitatively for the experimental phase shifts 

measured in the devices [7].  Fig. 5.10 shows the voltage dependence of the effective 

refractive index variation and the corresponding phase shift for a N-AlGaAs/n-

GaAs/P-AlGaAs waveguide modulator with length of 800 µm at λ = 1.06 µm.  Lines 

correspond to the theoretical calculations [7].  The dots are the experimental data for 

TE mode and triangles for TM mode. As may be seen the summation of LEO, ER, 

PL and BF effect (indicated by total (TE) and total (TM)) is in good agreement with 

the experimental data.  The fastest Mach-Zehnder semiconductor optical modulator 

reported is a 40 Gb/S InP Mach-Zehnder modulator with a Vπ  = 2.2 V [9].  This 

modulator uses a n-i-n heterostructure on a InP substrate.  The length of the active 

arm is 3 mm.  In this modulator, the optical modulation is achieved due to Pockels 

effect. 
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Figure 5.10  The voltage dependence of the effective refractive index variation and the 
corresponding phase shift for a N-AlGaAs/n-GaAs/P-AlGaAs waveguide modulator with length of 
800 µm at λ = 1.06 µm [7].  Lines correspond to the theoretical calculations.  The dots are the 
experimental data for TE mode and triangles for TM mode 

 

Neither the Franz-Keldysh effect nor the quantum confined Stark effect (QCSE) 

plays any part in the operation of this modulator.  An extintion ratio of 20 dB was 

obtained for Vπ voltage of 2.2 at a wavelength of 1550 nm.  Between 1530 and 1570 

nm, the extintion ratio was still maintained at 13 dB in a fixed voltage swing of 2 V.  

This modulator can be directly employed in a 30 GHz photonic self-homodyne 

receiver. 

Silicon  

Silicon photonic is a relatively young field of research and it is attractive because 

most of the current electronic integrated circuits are silicon based therefore silicon 

processing is a very mature technology and is capable of fabrication very small and 

complicated features and structures.  Since photonic devices still need the electronic 
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circuitry for control and processing, it is very useful to have the ability of 

manufacturing both electronic and photonic devices on the same platform.   

Sources and detectors in silicon have not been reported with sufficient efficiency to 

make them commercially viable as yet, but this is a current active research topic [15-

19].  One significant technological issue is associated with the possibility of optical 

phase and amplitude modulation in silicon. 

Pockels effect cannot be observed in silicon owing to centro-symmetric nature of the 

crystal structure.  Refractive index change is possible via Kerr effect, Franz-Keldysh 

effect and free carrier injection.  Although it is widely accepted that free carrier 

injection (free carrier plasma dispersion effect) is the most efficient of these, this 

mechanism is not a fast modulation mechanism when compared to field-effect 

mechanisms. 

Fig. 5.11 shows the calculated refractive index change generated by Kerr effect (a) 

and Franz-Keldysh (b) effect in silicon [19].  Recently a silicon-based modulator has 

been reported that overcomes the speed limitation due to slow carrier generation 

and/or recombination process, by using a metal-oxide-semiconductor (MOS) 

capacitor [17]. 

This modulator has a bandwidth of 1 GHz and a low speed Vπ of 12V for a 8mm 

device and its fabrication process in compatible with conventional CMOS 

processing.  So its efficiency and speed is very low compared to current modulators 

fabricated based on LiNbO3 or even compound semiconductors.   
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( a )                                                                 ( b ) 

Figure 5.11  Calculated refractive index change generated by Kerr (a) and Franz-Keldysh effect in 
silicon [19]. 

 

Silicon still has a long way to go before it can be considered as a candidate electro-

optic material for microwave-photonic applications. 

 

 

5.4.3 SBN 

 

Strontium Barium Niobate is a well-known photorefractive material that has a high 

electro-optical coefficient and fast response time.  SBN crystals come in a variety of 

Strontium/Barium atomic combinations.  The 60% / 40% ratio, or SBN:60, is well 
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suited for fabricating microdisk modulators because of its relatively high Curie 

temperature (75 C).  At an optical wavelength of λ = 633 nm, SBN 60 has an 

extraordinary refractive index ne of 2.2817 and no of 2.3103.  We estimate ne = 2.28 

at λ = 1550 nm by measuring the FSR of a 3 mm diameter SBN:60 microdisk.  

SBN:60 has a r33 of 235 pm/V which is about 8 times larger than that of LiNbO3.  So 

a SBN:60 microdisk modulator has a DC-shift 8 times larger than a LiNbO3 

microdisk with the same size. 

The main difficulty of using SBN in a resonant microdisk modulator is the RF-

optical frequency matching.  The value of the relative permittivity for SBN:60 differs 

greatly from that of LiNbO3 along the optical axis.  The measured value for LiNbO3 

is εr = 26, which contrasts with εr = 880, the listed value for SBN:60 [20].  In 

Chapter 2 we showed that even for LiNbO3, matching the effective RF refractive 

index with the optical refractive index is a very challenging task.  So it is evident that 

simultaneous RF-optical resonance in a SBN microdisk requires major modifications 

in the RF ring design. 

To address this issue we made a 3 mm diameter SBN:60 microdisk optical resonator 

with a thickness of 300 µm was studied.  Similar to a LiNbO3 microdisk modulator, 

diamond microprism was used to couple laser light into and out of the microdisk.  

WG modes at 1550 nm with Q factors in the order of 106 to 5×106 have been 

measured for this microdisk [30].  To achieve RF resonance we used a regular ring 

resonator on top of the microdisk that was slightly elevated from the microdisk 

surface using very thin gold wires to create an air gap underneath the ring.  By 
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controlling the size of the air gap between the ring and the microdisk surface we 

were able to match the RF resonant frequency with the optical FSR frequency (13.5 

GHz) and observe optical modulation [30].  This proof of concept experiment 

demonstrates that further modification of the ring resonator may result in a resonant 

electro-optic microdisk modulator that is, in principle, 8 times more sensitive than an 

identical LiNbO3 microdisk modulator. 

 

 

5.5 mm-wave photonic transceiver 

 

Pushing carrier frequency in the wireless links to mm-wave frequencies is major 

challenge for the transmitter design as well as the receiver.  Electronic devices lose 

their efficiency and transmission lines become extremely lossy at these frequencies.  

Photonic generation of millimeter and sub-millimeter wave signal is a promising 

technique because it provides several advantages; such as extremely wideband 

afforded by the characteristics of optical components, and can use low-loss fibers for 

transmission of very high-frequency signals. 

A photonic local oscillator is based on mixing two optical signals separated by the 

required local oscillator frequency in a high-speed photodiode that its bandwidth is at 

least equal to the oscillator frequency [25].  So narrow line high power tunable lasers 

and high-speed photodetectors are the key elements in a photonic mm-wave 

oscillator.  Fortunately tunable high-power lasers with linewidths of less than 1 GHz 
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are commercially available.  But conventional p-i-n photodiodes lose their efficiency 

at frequencies above 60 GHz.  To address this issue two novel photodiode designs 

have been proposed: 1) Traveling-wave photodetectors (TWPD) [22] and 2) 

Unitraveling-carrier photodiode (UTC-PD) [23].  So far unitraveling-carrier 

photodiode has offered the highest output power and speed compared to other 

technologies.  The primary feature of the UTC-PD is that only electrons are the 

active carriers.  This is of great benefit to high-speed and high-output operations.  In 

addition, in the UTC-PD structure, the depletion layer thickness can be designed 

independently from the neutral absorption layer thickness.  Therefore, the carrier 

transit time can be reduced by narrowing absorption layer thickness without 

decreasing the CR charging time [23]. 

Recently a compact UTC-PD module with a WR-8 rectangular waveguide output 

port for operation in the F-band (90-140 GHz) has been demonstrated [26].  This 

module generates 17 mW mm-wave power at 120 GHz with a 3 dB of 55 GHz.  Fig. 

5.12(a) shows a photograph of the module and Fig. 5.12(b) is micrograph of the 

transformer connecting the UTC-PD and the rectangular waveguide. 

Fig. 5.12(c) shows the relationship between the measured mm-wave output power 

and input optical power at 120 GHz for several bias voltages.  The UTC-PD has been 

also used for sub-millimeter wave generation up to 800 GHz [29].  In this case the 

sub-millimeter wave emitter uses a log-periodic antenna and a unit-traveling carrier 

photodiode that have been monolithically fabricated on A InP substrate.   
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Figure 5.12  (a) Photograph of the waveguide-output and the rectangular waveguide.   
of the photonic 120GHz oscillator [26].  (b) Micrograph of the transformer connecting the UTC-PD 
and the rectangular waveguide.  (c) Relationship between the measured mm-wave output power and 
input optical power at 120 GHz for several bias voltages [26]. 
 

The log-periodic antenna has the features of frequency-independent real impedance 

from 150 GHz to 2.4 THz.  The radiation from the antenna is collimated using a 

silicon lens.  Fig. 5.13 shows a schematic diagram of a mm-wave emitter that 

employs a UTC-PD, a log-periodic antenna and two lasers that are fabricated on the 

same substrate.  Although this structure seems too idealistic, given the current 

advancement in semiconductor processing and laser fabrication it may not be too far 

from reality. 
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Figure 5.13  Schematic diagram of a photonic mm-wave transmitter. 
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So employing UTC-PD and photonic mixing technique can open a new horizon in 

high-frequency LO generation for wireless applications.  A combination of photonic 

microwave generation and photonic wireless receiver can result in a photonic 

wireless link where microwave is only used to transmit the signal and signal 

processing is performed in optical domain.  An example of a mm-wave wireless link 

that uses mm-wave photonic techniques has been recently demonstrated [28].  The 

carrier frequency of this link is 120 GHz.  The photonic transmitter consists of a 120 

GHz mm-wave generator, and optical modulator, and a UTC-PD photonic emitter.  

On the receiver side a mm-wave detector (Schottky Barrier diode) is used as receiver 

that also demodulates the signal by means of envelop detection.  Finally an E/O 

converter converts the demodulated signal back into the original optical signal and 

output it to an optical fiber. 

Fig. 5.14 is the schematic diagram of the photonic wireless link demonstrated by 

employing  UTC-PD [28] 
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Figure 5.14  Schematic of the photonic wireless link.[28] 

 

The idea of a photonic wireless link can be implemented using the microdisk 

photonic self-homodyne receiver.  Basically we just need to replace the electronic 

transmitter with its photonic counterpart. 

Fig. 5.15 shows how the photomixing technique may be used to generate the 

transmitted carrier RF signal.  Two lasers generate optical carriers (ν2 and ν1) with an 

offset frequency equal to the RF carrier frequency (fRF = ν2-ν1).  The intensity of one 

of the optical carriers (ν2) is intensity modulated (in a MZ or microdisk modulator) 

with the baseband frequency (fb) and then the both optical carriers are combined and 

mixed in a photodetector that generates the RF signal.  Since one of the carriers was 

already data modulated the resulting RF signal is also data modulated.  By proper 

adjustment of the power ratio between the optical carriers (P1/P2) and the modulation 

depth it is possible to generate any desired RF modulation index (mI).   
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Figure 5.15  Photonic generation of the transmitted carrier signal by means of optical modulation 
and photomixing. 
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Let’s assume that the baseband frequency is 1 GHz and we want to generate a 

transmitted carrier RF signal with a carrier frequency of 5 GHz and mI = 0.7.  The 

simulation results show that if P2 = 0.04P1 and the optical modulation depth is 0.33 

the optical intensity spectrum of the resulting signal is similar to a transmitted carrier 

RF signal with mI = 0.7 and fRF = 5 GHz.  The main challenge in the photonic 

transmitter design is frequency locking of the two lasers.  This can be done using 

optical frequency locked loop (OFLL) or optical phased-locked loop (OFLL) [27].  

A detailed description of frequency locking methods and desired specifications of the 

laser sources is beyond the scope of this thesis.  Here we just demonstrated that 

implementation of a photonic self-homodyne wireless link based on microdisk 

receiver and photomixing technique is a feasible task. 
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5.6 Summary 

By improving the key components of the proposed photonic self-homodyne 

architectures, a stable, low power and small volume photonic receiver can be 

realized.  Employing alternative electro-optic materials such as compound 

semiconductors may result in a fully integrated photonic receiver that is less complex 

than its electronic counterparts and consumes less power. 

Using the high-speed and high efficiency offered by uni-traveling carrier 

photodiodes, we can generate the transmitted carrier RF/mm-wave signal 

photonically and implement a photonic wireless link. 
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Technical notes 
 
(1) PINFET optical receiver from Laser Diode Incorporated (www.lasrdiode.com) 
      LDPF 0012 (Bandwidth 12 MHz, Sensitivity –53 dBm) 
      LDPF 0024 (Bandwidth 24 MHz, Sensitivity –50 dBm) 
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(2) LMDS (Local Multipoint Distribution Service) is a fixed wireless technology that  
     operates in the 26 – 32 GHz band and offers line-of-sight coverage over distances  
     up to 3-5 Klm. 
 
(3) EtherAir 1500: is a digital radio system made by Ceragon networks that supports  
      wireless fast Ethernet applications for the ISP carrier, corporate access and  
      campus environments.  This system operates in the 18,23,26,28 and 38 GHz  
      frequency bands with a bandwidth of 155 Mbps. (www.ceragon.com). 
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Glossary 
 
a        Optical circulation factor in the microdisk 
c           Speed of light 
D         Microdisk diameter 
e           Electron charge 
Ein Input E-field 
Et transmitted E-field 
fRF,m   mth resonant frequency of the RF ring resonator 
fRF RF carrier frequency 
fr                   Resonant frequency of the patch antenna (single and array) 
fEO Electro-optic transfer function of the microdisk resonator 
fo Optical transfer function of the microdisk resonator (frequency domain) 
Geo Electro-optic gain factor 
GRF,OB Baseband modulated optical power at 1 W received RF power 
Gtot Total gain in the wireless photonic receiver   
g Gap size between the ring resonator and the microstripline 
go Evanescent optical coupling gap size  
h          Microdisk thickness 
hs          Dielectric substrate thickness (microstripline) 
hp                  Dielectric substrate thickness (patch antenna)  
ip                   Total output photocurrent generated in the photodetector  
iωb                 Baseband photocurrent  
i2ωb                Photocurrent at the second-harmonic of the baseband signal   
id Dark current of the photodetector 
io,S Signal photocurrent 
io,N Noise photocurrent 
Jphoto Photocurrent density   
k          Wave vector of the optical WG resonance 
kB        Boltzman factor 
l Polar WG mode order 
LT Transmission line loss factor 
Leff Average length that photon travels before escaping from the resonator 
m Azimuthal WG mode order 
mo Optical modulation order 
mR   RF resonance order 
mI    RF modulation index 
M Optical modulation index 
n     Optical refractive index (general) 
no       Ordinary bulk optical refractive index of LiNbO3 (zero electric field) 
ne   Extraordinary bulk optical refractive index 
ne′      Electro-optically modulated extraordinary bulk optical refractive index  
nRF    RF refractive index 
nRF,e   Effective RF refractive index 
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nphoto   Density of photo-generated electrons 
Na Received noise power 
Eeff  Effective electric field intensity 
Po,RIN  Laser RIN power  
Po,out Output (transmitted) optical power 
Po,min  Minimum optical power of a WG resonance 
Po,max  Maximum optical power of a WG resonance 
Po,in   Optical input power 
Po,mod   Modulated optical power 
Po,d   Available optical power in a dip 
Po,b   Baseband modulated optical power 
Pb   Down-converted baseband power (electrical) 
Po,ωb  Optical power modulated at ωb 

Po,2ωb   Optical power modulated at 2ωb 

Pe,ωb   Electrical power modulated at ωb 

Pe,2ωb   Electrical power modulated at 2ωb 
Po,s Instantaneous signal optical power 
Po,n   Instantaneous noise optical  power 
Po,S  Total signal optical power  
Po,N Total noise optical power 
Po,dc DC optical power 
Po,t Transmitted optical power 
Po,mix Down-converted optical noise power 
Pobb Optical noise power in baseband regime 
PRF RF input power (received RF power) 
q   Radial WG mode order 
Q   Loaded optical quality factor of a WG resonance 
Qu   Unloaded optical quality factor of a WG resonance 
QRF,U   Unloaded RF quality factor of a WG resonance 
QRF      loaded RF quality factor of a WG resonance 
R    Photodetector responsivity  
Ro    Outer radius of the RF ring resonator 
Ri    Inner radius of the RF ring resonator 
Rring    Resistance of the ring resonator 
Sa Received signal power 
Sd Sensitivity of the digital photoreceiver 
t     Optical transmission coefficient 
t     Time 
TRF RF period 
V DC voltage across the microdisk 
Vfb Feedback voltage (peak-to-peak) 
VRF   Input RF voltage to the microdisk modulator 
V′RF   Noisy input RF voltage to the microdisk modulator 
Vm     Amplitude of the voltage oscillation on the ring resonator 
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Vin, V0     Amplitude of the input RF voltage (VRF) 
VRN     Noise voltage on the ring resonator  
VRS     Signal voltage on the ring resonator 
VN     Amplitude  
VS     Amplitude 
wl    Width of the microstripline  
wr   Width of the RF ring resonator 
za The height of air cylinder for tuning the RF resonant frequency 
Zm Impedance of a rectangular patch in the middle 
α    Distributed optical loss factor for WG modes (absorption+scattering) 
βEO  Electro-optic correction factor (microdisk modulator) 
β′EO  Electro-optic correction factor (MZ modulator) 
βc  Ring capacitance correction factor  
βs  E-field oscillation correction factor 
βqlm  Wave vector of the WG mode 
κ  Optical coupling factor 
δ  Optical skin depth 
δθFWHM   Angular full width half max of the WG resonance 
δrFWHM   Radial full width half max of the WG resonance 
∆νFSR     Optical free spectral range frequency 
∆νFWHM    Full width half max frequency of the WG resonance 
∆λFWHM    Full width half max wavelength of the WG resonance 
∆λDC     DC shift 
∆loc     Effective length of the patch antenna 
λlaser   Laser wavelength 
νlaser     Laser frequency 
λRF   RF wavelength   
λres   Resonant wavelength of WG resonance 
νres   Frequency of WG resonance (general) 
νl q     Frequency of WG resonance  
ve     Electron velocity 
vm     mth resonant frequency of an optical resonator  
ρ  Optical coupling efficiency 
τp  Photon lifetime in the microdisk resonator 
τRT    Photon roundtrip time in the microdisk resonator    
ωRF   RF angular frequency 
ωb  Baseband angular frequency 
εre   Effective dielectric constant  
εr   Dielectric constant (relative permittivity) 
εs   relative permittivity of the microstripline substrate 
εe,RF   RF permittivity along c-axis
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