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Abstract 
 

Two optoelectronic oscillators (OEOs) for generation of low 

phase-noise signals are proposed and experimentally demonstrated at 

millimeter-wave bands, and a 60-GHz fiber-fed wireless system based 

on the proposed OEO is introduced. 

Firstly, a single-mode OEO is realized using an injection-locking 

method. The OEO consists of two oscillators, one of them is a single-

loop OEO (a master oscillator) and the other is a typical electrical 

oscillator made up of an amplifier and a resonator (a slave oscillator). 

In the proposed scheme, the single mode is extracted from multiple 

OEO modes by injecting them into an electrical oscillator. One of the 

injected modes locks the electrical oscillator, while other modes are 

suppressed due to destructive interference in the electrical oscillator, 

resulting in single-mode oscillation. Although the phase noise is 

degraded about 6 dB at 10-kHz frequency offset by injection locking, 

extraction of a desired OEO mode among injected OEO modes 

separated by about 84 kHz at 30-GHz bands can be successfully 

demonstrated. However, the proposed scheme cannot produce the 

optical signal modulated by the generated low phase-noise electrical 

signal since an electrical oscillator is used as the slave oscillator. 



 xii

In order to solve the above problem, an optoelectronic self-injection-

locked (SIL) oscillator is proposed. In the SIL oscillator, a part of the 

electrical output signal is self-injected after passing through a long 

optical delay line for output phase-noise reduction. By controlling self-

injection power, 30-GHz oscillation with side-mode suppression ratio 

(SMSR) larger than 50 dB and about 18-dB phase-noise reduction at 

10-kHz frequency offset is demonstrated. Moreover, a compact and 

cost-effective configuration for the SIL oscillator, which is based on 

InP HPT-based monolithic oscillator and an electrical-to-optical 

converter composed of two low-speed laser diodes, is proposed and 

demonstrated at 10-GHz bands.  

Finally, a 60-GHz fiber-fed wireless system is realized by using the 

optoelectronic SIL oscillator. In the system, the optoelectronic SIL 

oscillator performs local oscillator (LO) signal generation and all 

optical up-conversion, simultaneously. 5MS/s 8-PSK data signals are 

successfully transmitted along 10-km fiber-optic and about 1.5-m 60-

GHz wireless links. In addition, the system performance depending on 

the phase noise of a LO signal is investigated. 

Although this dissertation only introduces the fiber-fed wireless 

system as one of practical applications, the proposed OEO is very 

useful for the other photonic applications since it can simultaneously 



 xiii

generate optical signals as well as micro-/millimeter wave signals. 

 

                                                           

Keywords: Optoelectronic oscillators (OEO), Phase noise, Self-

injection locked (SIL) oscillators, Micro-/millimeter waves, Injection-

locking technique, 60 GHz, Fiber-fed wireless systems.  
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Chapter 1 

Introduction 

 

1-1. RF oscillators 

 

1-1-1. General considerations 

 

Oscillators are one of key components required in all modern radar 

and wireless communication systems to perform carrier generation and 

frequency up/down conversion. They produce a sinusoidal steady-state 

RF signal from DC power with a self-sustaining mechanism where the 

noise grows and finally becomes a periodic signal.  

Their basic conceptual operation can be viewed as the linear 

feedback circuit shown in Fig. 1-1 (a) [1, 2]. The overall transfer 

function can be expressed as  
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If the denominator of (1.1) becomes zero at a particular frequency, a 

self-sustaining mechanism works and non-zero output can be achieved 
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with a zero input. For steady-state oscillation, the operation condition 

must be satisfied with following two conditions at the oscillation 

frequency: 

 

 The loop gain must be equal to unity 

 The total loop phase shift must be equal to zero 

 

The above conditions mean that any feedback system can oscillate if its 

loop gain and loop phase are properly controlled as can be seen in Fig. 

1-1 (a). Ring oscillators and phase shift oscillators are examples. 

However, most RF oscillators have a frequency-selective network, 

called a resonator, in order to stabilize the oscillation frequency shown 

in Fig. 1-1 (b).  
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Fig.1-1. (a) Conceptual diagram for feedback oscillatory system. (b) Addition 
of a resonator to (a). 
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1-1-2. Oscillator phase noise limited by resonator’s Q 

 

As other RF devices, amplitude and phase of an oscillator output are 

susceptible to noise injected by its constituent devices or by external 

noise sources. In most case, the amplitude noise can be negligible or 

unimportant since all practical oscillators have amplitude-limiting 

mechanism [3]. Thus, the key parameter describing the characteristics 

of an oscillator is phase noise of its output signal. 

In case of an ideal oscillator shown in Fig. 1-2, which is composed of 

a lossy resonator and an energy restoration element, the single-side 

band noise spectral density can be expressed by  
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where, Δω and ω0 is the offset and oscillation frequency, respectively, 

Q is the quality factor of the unloaded LC tank, and Psig is the oscillator 

output power [3].  

  From the equation (1.2), it can be known that the phase noise at a 

given offset frequency improves as both the output power and Q 

increases. It makes sense. Increasing output power reduces the phase 

noise because the thermal noise is fixed, while increasing Q also 



 ５

induces the same effect because the tank impedance falls off as 

ωΔQ/1 .  

However, there are big differences between the spectrum predicted 

by (1.2) and the measured spectrum due to additional important noise 

sources besides tank loss. For example, a practical energy restorer will 

be noisy. Moreover, measured spectra do not continue to drop 

quadratically, but finally flatten out at a large frequency offset due to 

the noise related to any active components placed between the tank and 

the outside world. Last, at very small offset frequency, measured 

spectra falls off as 3)/(1 ωΔ  because of the flicker noise. 

In order to account for these discrepancies, Leeson provided the 

modified formula expressed by [3] 
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This modified formula includes a factor F to explain the increased 

noise in the region where the phase noise is proportional to 2)/(1 ωΔ , 

an additive factor of unity within the braces to account for the noise 

floor, and a multiplicative factor to give a 3)/(1 ωΔ behavior at small 

frequency offsets. Fig. 1-3 shows the phase-noise spectra for an ideal 
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and Leeson’s models.  

Although Leeson’s model can explain the phase-noise spectra more 

exactly than the ideal oscillator model, the fact that increasing Q and 

signal power are ways to improve phase noise still haven’t changed. 

Therefore, the highest Q produces the lowest phase noise. 

Many types of high-Q resonators have been proposed and 

demonstrated [4] and Fig. 1-4 compares the performance of several 

types of acoustic and electromagnetic resonators in terms of f × Q (f: 

resonant frequency) figure of merit according to the resonant frequency.  

Among them, acoustic based resonators based on quartz crystals are 

extremely attractive at MHz range owing to the small size, but they are 

lossy at microwave frequencies. On the other hand, dielectric 

resonators (DRs) realized with materials having high relative dielectric 

constant can be used at high frequency bands. The highest figure of 

merit at microwave and millimeter-wave frequencies is obtained by 

super-conductor based resonators. However, it requires cryogenic 

coolers [4].  

Therefore, it is not an easy task to generate low phase-noise signals 

at high frequency bands such as millimeter-waves with electrical 

resonators. 

 



 ７
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Fig.1-2. Ideal RLC oscillator model. 
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Fig.1-3. Phase-noise spectra: Leeson’s model versus Eq. (1.2). 
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Fig.1-4. (from [4]) f × Q according to the resonant frequency of several kinds 
of resonators. SAW and BAW mean surface acoustic wave and bulk acoustic 
wave, respectively. 
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1-2. Optoelectronic oscillators 

 

Unlike the previous acoustic or electromagnetic resonators, optical 

resonators based on an optical delay line potentially achieve ultra high-

Q even at millimeter-wave bands. This section will focus on basic 

theory of optoelectronic oscillators (OEOs) using optical delay lines as 

high-Q external resonators and mention a critical issue in realizing 

OEOs. 

 

1-2-1. Operation principle of OEOs 

 

Basically, the configuration of an OEO is similar to that of the van 

der Pol oscillator as shown in Fig. 1-5 [5]. In the van der Pol oscillator, 

the flux of electrons from the cathode to the anode is controlled by the 

potential on the intervening grid and this potential is affected by the 

feedback current in the anode circuit including an RLC network, as 

shown in Fig. 1-5 (a).  

Fig. 1-5 (b) shows that the van der Pol oscillator can be converted to 

an OEO by replacing the function of electrons by photons, the function 

of the gird by an electrical-to-optical (E/O) converter, the function of 

the anode by an optical-to-electrical (O/E) converter, and finally the 
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energy-storage function of the LC circuit by a long optical delay line. 

Namely, the oscillator converts the continuous light energy to an RF 

signal, thus it was referred ‘optoelectronic oscillator’.  

The more detailed construction of an OEO is described in Fig. 1-6. 

In this depiction, light from an E/O modulator is detected by a photo 

detector after passing through a long optical delay line and then it is 

amplified and fed back to the electrical port of the E/O modulator. If 

the modulator is properly biased and the small-signal loop gain is larger 

than unity, self-sustained oscillations are achieved [6, 7].  

  Once the feedback loop has the loop gain larger than unity, the OEO 

generates equally spaced peaks (or called modes) similar to that of a 

Fabry-Perot resonator, as shown in Fig. 1-7. The mode spacing is 

determined by c/nL, where c is the light speed, n is the fiber refractive 

index, and L is the loop length.  

The power-spectral density of the each mode is found to be 
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where f is the frequency offset from the oscillation frequency, τ is the 

loop delay time, ρN is the total noise density which is sum of the 
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detector noise density including thermal and shot noise and the laser’s 

relative intensity noise density [5-7].  

From (1.4), the phase noise of an OEO decreases quadratically with 

the frequency offset and it is inversely proportional to the square of 

loop-delay time at given offset frequency.  

The quality factor Q of the oscillator from (1.4) is  

 

2 /
osc

D
FWHM N A OSC

fQ Q
f G P

τ
ρ

= =
Δ

   (1.5) 

 

where ( 2 )D oscQ fπ τ=  is the quality factor of the optical delay line and 

it has larger value with longer delay line. For example, 1-km optical-

delay-line length can produce QD of ~106 at 30 GHz.  
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Fig.1-5. (a) Van der Pol oscillator. (b) Optoelectronic oscillator (OEO). 
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Fig.1-6. Detailed structure of an OEO. 
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Fig.1-7. Illustration of multimode oscillation in an OEO. 
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1-2-2.Single-mode oscillation in OEOs 

 

The main issue, in researching an OEO, is to realize single-mode 

oscillation. As mentioned in the previous section, the OEO generates 

multi modes which are equally spaced in a frequency domain and the 

mode spacing is inversely proportional to the loop length. Therefore, 

the lower phase noise is obtained with longer delay line but the mode-

spacing is also reduced. For example, a few-km fiber length produces 

the mode spacing of several tens of kHz. 

In most applications, the oscillator output should have a single mode 

as well as low phase-noise signal since the other oscillation modes 

degrade the system performance by reducing signal-to-noise ratio 

(SNR). In OEOs, single-mode oscillation can be achieved by inserting 

a high-Q electrical band-pass filter (BPF) to the OEO loop but such 

high-Q filters are hard to make at higher frequencies such as millimeter 

waves.  

Therefore, the several optical methods have been used for realizing 

single-mode oscillation in the OEO and they will be discussed in 

chapter 2.  
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1-3. Outline of dissertation 

 

The main purpose of this dissertation is to propose new single-mode 

optoelectronic oscillators (OEOs) and to demonstrate 60-GHz fiber-fed 

wireless systems based on the proposed OEO. Details of dissertation 

outline are as follows. 

In chapter 2, the conventional configurations for an OEO are 

discussed. Several kinds of studies have been proposed and 

demonstrated for single-mode oscillation in the OEO. The 

characteristic and performance of these previous works are compared 

with each other at chapter 2. 

The new proposed configurations for an OEO are proposed and 

evaluated over the chapter 3 and 4. The chapter 3 proposes a hybrid 

injection-locked OEO, where a long-loop OEO injection locks an 

electrical oscillator. This scheme can successfully suppress the spur 

modes with a simple and cost-effective configuration, but it cannot 

generate the intensity-modulated optical signal contrary to the general 

OEO. 

Chapter 4 introduces an optoelectronic self-injection locked (SIL) 

oscillator to generate an intensity-modulated optical carrier as well as a 

low phase-noise millimeter-wave signal. In the proposed oscillator, a 
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part of the output signal is self-injected into the oscillator itself after 

passing through a long optical delay line, resulting in oscillator locking 

and phase-noise reduction. By controlling the self-injection power, 

single-mode oscillation at 30-GHz band with SMSR larger than 50 dB 

and about 18-dB phase-noise reduction at 10-kHz frequency offset is 

achieved. In addition, the simpler and more cost effective configuration 

for the optoelectronic SIL oscillator will be presented. In the proposed 

scheme, the free-running oscillator is realized with an InP HPT-based 

monolithic oscillator and electrical-to-optical conversion is carried out 

by two low-speed and low-cost laser diodes. With this new 

configuration, more than 55-dB phase-noise reduction at 10-kHz 

frequency offset from the center frequency of about 10.8 GHz by 

injecting 8-dBm optical signals is demonstrated without using any 

high-speed optoelectronic components. 

In chapter 5, a 60-GHz fiber-fed wireless system based on the 

proposed optoelectronic SIL oscillator is proposed and 5MS/s 8-PSK 

data transmission at a 60 GHz band is demonstrated. In addition, 

system performances are evaluated by measuring the error vector 

magnitude (EVM) value. 

Finally, this dissertation will be summarized in chapter 6. 
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Chapter 2 

Conventional Optoelectronic Oscillators 

 

2-1. Introduction 

 

In this chapter, the previously reported configurations for realization 

of an optoelectronic oscillator (OEO) are discussed and compared in 

detail. A great deal of effort has been expended to realize single-mode 

oscillation in multiple OEO modes. Following sections will introduce 

three conventional methods for realization of single-mode oscillation: 

 

  By using an electrical band-pass filter 

  By using dual optical loops having the different length 

  By using injection locking method.  
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2-2. Optoelectronic oscillator with high-Q BPF 

 

The simplest technique for single-mode oscillation is to insert an 

electrical band-pass filter (BPF) into the feedback loop. Fig. 2-1 (a) 

shows the configuration of an OEO including a BPF. The mode 

selection and side-mode suppression ratio (SMSR) defined as the 

power ratio between the oscillating mode and the side mode closest to 

the oscillating mode are determined by the BPF characteristics. The 

BPF’s Q should be enough high to extract only the desired oscillation 

mode with high suppression of other modes, as shown in Fig. 2-1 (b) 

[8-10].  

Many previous works have reported a single-mode OEO with this 

technique. For example, Yu ji et al presented single-mode oscillation by 

using a dielectric resonator having the external Q of ~5000 at the center 

frequency of 9.56 GHz [8]. The optical delay-line which is a single-

mode fiber had a length of about 6 km and they achieved the phase 

noise of -130 dBc/Hz at 10-kHz frequency offset with SMSR of about 

50 dB. On the other hand, D. Eliyahu et al. achieved the phase noise of 

about -140 dBc/Hz at 10-kHz frequency offset from the center 

frequency of 8.98 GHz with SMSR of 90 dBc/Hz [9] with a homemade 

BPF having Q of 38,000.  
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Although, the previous results have been successfully demonstrated 

the single-mode oscillation with a high-Q BPF, such high-Q filters are 

not always available at low cost and harder to make at higher 

frequencies such as millimeter waves due to their ohmic and dispersive 

losses. In addition, this limitation in realizing high-Q filters restricts the 

reduction of OEO’s phase-noise by limiting the delay-line length. It is 

because that the longer delay line provides the lower phase noise, but it 

also induces the narrower frequency spacing between OEO modes. For 

example, a 1-km fiber length produces the mode spacing of 200 kHz, 

requiring a higher Q filter than ~105 at the oscillation frequency of 30 

GHz for single-mode oscillation. It is hard to make such high-Q filters 

at millimeter-wave bands.  
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Fig.2-1. (a) Configuration of an OEO including a high-Q BPF for 
single-mode oscillation. (b) Illustration of multimode oscillation and 
the BPF response in an OEO. 
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2-3. Dual-loop optoelectronic oscillator 

 

Unlike the single-loop OEO requiring a high-Q BPF, a dual-loop 

OEO can achieve high-spectral-purity microwave signals without using 

a high-Q filter [9, 11]. Fig. 2-2 shows the basic configuration of a dual-

loop OEO. As shown in the figure, the optical signal generated by an 

E/O converter is divided into two optical loops having a different 

length and converted electrical signals by an O/E converter. The two 

converted signals are amplified and coupled by an RF coupler and then 

fed to an RF port of the E/O converter. The operation of each loop is 

equivalent to a single-loop OEO, but mode selectivity is quite different.  

In the dual-loop OEO, every mode of each loop cannot oscillate due 

to interferences between two combined signals at the RF coupler. Fig. 

2-3 conceptually describes this effect. Most of the long-loop modes 

suffer high transmission loss by the short loop except the modes 

satisfying the phase-matching condition of the two loops at the same 

time. Therefore, the mode spacing is determined by the short loop, 

while the phase noise is mainly determined by the long loop resulting 

in following advantages:  

 

  Large mode spacing with low phase noise can be achieved. 
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  The large mode spacing determined by the short optical loop 

can reduce the Q of a BPF required for single-mode 

oscillation. 

  The oscillation can be started with the each loop’s small-

signal gain of 0.5 since each loop shares the loop gain.  

 

With this OEO, X. S. Yao et al successfully demonstrated single-

mode oscillation at 10 GHz with -140 dBc/Hz at 10-kHz frequency 

offset and the obtained SMSR is more than 60 dB [11].  

However, the increase of the SMSR in the dual-loop OEO is limited 

since two loops are coupled to each other. The side modes suppressed 

by the short loop are still supported by the long loop. Moreover, the 

high Q produced by the long loop is sacrificed by the short loop due to 

its parallel configuration [12]. 
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Fig.2-2. Basic configuration of a typical dual-loop OEO. 
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Fig.2-3. Conceptual spectra of (a) long loop alone, (b) short-loop alone, 
and (c) both-loop closed. 
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2-3. Injection-locked optoelectronic oscillator  

 

In order to obtain the high SMSR without sacrificing high-Q 

characteristic generated by a long optical loop, Weimin Zhou et al 

introduced an injection-locked OEO in 2005 [12].  

Injection locking schemes have been proposed and demonstrated the 

phase-noise improvement of low-Q slave oscillators with a high-Q 

master oscillator in RF domain [13, 14]. On the other hand, the 

injection-locked OEO used the injection locking scheme to filter out 

the multiple side modes in the high-Q master OEO by injecting the 

OEO modes into a slave OEO. 

Fig. 2-4 shows the block diagram of an injection-locked OEO. As 

shown in the figure, RF output signals from a long-loop master OEO 

are injected into a short-loop OEO. The loop length and BPF’s Q in the 

slave OEO should be precisely designed such that only one mode is 

oscillated.  

Once the multiple OEO modes are injected into the slave OEO, the 

one of injected OEO modes, which is closest to the slave mode in 

frequency domain, injection locks the slave mode, while the injected 

other modes are drastically suppressed due to their destructive 

interference experienced in the slave OEO [12].  
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By using this injection-locking technique, [12] achieved the phase 

noise of about -150 dBc/Hz at 10-kHz offset frequency from the center 

frequency of 10 GHz as well as the SMSR of 140 dBc/Hz.  

However, it is difficult to lock the short-loop slave OEO with output 

RF signals from the master OEO due to its narrow locking range 

especially at millimeter-wave bands. The frequency of the injected 

signal should be fine-tuned or the large injection power is needed to 

increase the locking range. Moreover, the number of high-speed optical 

and electrical components is doubled for realizing two OEOs. 
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Fig.2-4. Block diagram of an injection-locked dual OEO. 
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2-4. Summary 

 

In Table 2-1, three conventional OEOs as discussed in the previous 

section are summarized and compared to each other.  

By simply inserting a high-Q band-pass filter (BPF) into the 

feedback loop in an OEO, single-mode oscillation can be easily 

achieved, but the limited Q of the BPF restrict the increase of the loop 

length, limiting the phase-noise improvement.  

On the other hand, a dual-loop OEO can achieve single-mode 

oscillation with relatively low-Q BPF. It can provide low phase noise 

with a long loop and the high SMSR with a short loop. However, the 

increase of SMSR is limited since two loops are coupled to each other. 

In order to further increase the SMSR, an injection-locked dual-loop 

OEO, where a long-loop OEO injection-locks a short-loop single-mode 

OEO, has been proposed. This method can achieve very high SMSR, 

but it is hard to lock the short-loop OEO due to its narrow locking 

range. Moreover, its configuration is complex and expensive since the 

number of high-speed optical and electrical components is doubled for 

realizing two OEOs. 

In the next chapter 3 and 4, new configurations for an OEO are 

proposed and experimentally demonstrated. 
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Table 2-1. Comparison to previous OEOs. 

 

Configuration SMSR Phase noise Note

Single-loop
OEO Very poor Excellent Multimode oscillation

Dual-loop
OEO Good Good

Coupled two loops
- Average Q
- Limited SMSR 

Two O/E converters

Injection-locked 
OEO Excellent Very good

Two OEOs

Sensitive operating 
conditions
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Chapter 3 

Single-Mode Extraction Using Injection-Locking 

in Optoelectronic Oscillators 

 

3-1. Introduction 

 

In this section, an injection-locked OEO different from the OEO 

discussed in chapter 2 is proposed for single-mode extraction. Unlike 

the previously injection-locked OEO, the slave short-loop OEO is 

replaced with an electrical oscillator, resulting in a simple and cost-

effective configuration [15].  

In the proposed scheme, the electrical oscillator works as a high-Q 

band-pass filter (BPF) for selecting a single mode from the injected 

OEO modes. The stable injection locking can be achieved with the low 

injection power due to its wider locking range compared with an OEO. 

As demonstration of the proposed scheme, a single mode is extracted 

from multiple OEO modes having about 84-kHz mode spacing at 30-

GHz bands. 
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3-2. Proposed scheme and operation principle 

 

Fig. 3-1 conceptually shows the setup for demonstrating single-mode 

extraction from multiple OEO modes along with output spectra of 

optoelectronic and electrical oscillators. It is assumed that both 

oscillators have sufficient gain for self-oscillation. Once multiple OEO 

modes are injected into the electrical oscillator, the mode closest to the 

electrical-loop mode injection-locks the electrical mode and other 

modes are drastically suppressed due to the destructive interference in 

the electrical loop [12]. For stable injection-locking, the power of the 

injected OEO modes should be limited so that the locking range 

becomes narrower than the half of the OEO-mode separation, called the 

free-spectral range (FSR). 

The locking range (Δƒ) can be expressed by 

 

out

in

P
P

Q
ff

2
0≈Δ      (3.1) 

 

where ƒ0 is the oscillation frequency, Q  is the quality factor of the 

band-pass filter (BPF) inserted in the electrical loop, and Pin and Pout 

are injected and output signal power, respectively [16]. Therefore, the 
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injection power range for stable injection locking can be described as 
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If the injection power satisfies (3.2), only one mode can lock the 

electrical-loop mode.  

The phase noise of the locked signal is given by  
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where, )(ωϕin  is the phase noise of the injected signal, )(ωϕ free  is 

the phase noise of the output signal from the electrical oscillator 

without signal injection, 0φ  is the constant phase difference between 

the injected and locked signal, and ω  is the offset frequency [17]. As 

ω  approaches zero, the phase noise of the locked signal approaches 

)(ωϕin . Therefore, single-mode selection from injected OEO modes 

can be realized with small phase-noise degradation near the oscillation 

frequency. 
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Fig.3-1. Setup for demonstration of single-mode extraction from OEO 
modes and output spectra from different oscillators. 
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3-3. Experimental setup and results 

 

Fig. 3-2 shows the experimental setup for demonstration of the 

proposed scheme. As shown in Fig. 3-2, the electrical oscillator was 

composed of an electrical amplifier having RF gain of about 18 dB, an 

RF filter having Q of 1000 at 30 GHz with 3.16-dB insertion loss, a 4-

port 3-dB RF coupler for signal injection and extraction, and a phase 

shifter for tuning the oscillation frequency.  

First of all, the locking range of the electrical oscillator was 

measured according to the injection power to obtain the injection-

power range for stable injection-locking and the results are shown in 

Fig. 3-3. The figure indicates that the injection power should be lower 

than about –39 dBm to keep the locking range under the FSR of 84 kHz 

induced by the 2.4-km optical delay line. In the demonstration, the 

injection power was set -42 dBm. 

Fig. 3-4 (a) and (b) show the output spectrum of the electrical 

oscillator and the OEO, respectively, while Fig. 3-4 (c) shows the 

injection-locked output spectrum. They were measured by an RF 

spectrum analyzer (HP8563E) connected with an external mixer 

(HP11970A) after attenuation about 9 dB due to the display limit of the 

spectrum analyzer. For all three measurements, the frequency span and 
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the resolution bandwidth was set 300 kHz and 300 Hz, respectively.  

The power difference between modes, shown in Fig. 3-4 (b), is due 

to the gain competition between OEO modes. As shown in the figures, 

the injected OEO modes are drastically suppressed except the only one 

OEO mode locking the electrical oscillator and the signal quality of the 

locked mode follows that of the injected OEO mode. 

In order to investigate the signal quality, the single-sideband (SSB) 

phase noises of output signals from the electrical, optoelectronic and 

injection-locked oscillator were measured at the frequency offset from 

3 kHz to 100 kHz and the results are shown in Fig. 3-5. As can be seen 

in the figure, the injection-locked signal has higher phase noises than 

the injected OEO mode around 10-kHz frequency offset. It is because 

that the phase noise of the electrical oscillator itself affects that of the 

locked signal as shown in Eq. (3.3). However, it is believed that the 

phase-noise degradation is reduced as the offset frequency approaches 

zero. 

The measured phase-noise values of the injected and locked signal at 

10-kHz frequency offset are -118.83 dBc/Hz and -112.00 dBc/Hz, 

respectively. Although injection-locking induces the phase-noise 

degradation of about 6 dB at 10-kHz frequency offset, it can drastically 

suppress side modes. The phase-noise peaking at ~20-kHz frequency 
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offset is believed due to our measurement setup using an external mixer.  

If the oscillation frequency of the electrical oscillator is changed by 

tuning the phase shifter, other OEO modes can be selected and the 

results are shown in Fig. 3.6. They were obtained under the same 

experimental condition for Fig. 3.4 (c) except the phase change in the 

electrical oscillator. Fig. 3.6 (a) and (b) show the selected OEO mode 

located at just left and right side from the selected mode shown in Fig. 

3.4 (c), respectively.  

Fig. 3.7 shows the selected mode’s power and phase noise measured 

at 10-kHz frequency offset while tuning the phase shifter. In the figure, 

the mode having oscillation frequency of 30.754892 GHz is set the 0th 

mode, and the mode number increases (and decreases) for each mode 

having 84-KHz offset.  

In this demonstration, more than 150 modes were chosen with the 

constant mode power and phase noise. As shown, the desired OEO 

mode can be extracted by simply tuning the phase shifter in the 

electrical oscillator. 
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Fig.3-2. Experimental setup for demonstration of single-mode 
extraction from OEO modes. 
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Fig.3-3. Measured locking range of the electrical oscillator according to 
the injection power. 
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Fig.3-4. Measured output spectra of (a) electrical oscillator, (b) OEO 
having 2.4-km long SMF, and (c) injection-locked oscillator. The center 
frequencies are 30.0092985 GHz, 30.0071960 GHz, and 30.0092985 
GHz, respectively. 
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Fig.3-5. Measured phase noises of output signals from the electrical 
and injection-locked oscillator, and OEO. 
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Fig.3-6. Measured spectra of different OEO modes selected by tuning 
the phase shifter. 
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Fig.3-7. SSB phase noise values measured at 10-kHz frequency offset 
and the mode power for the selected modes. 

 



 ４３

3-4. Conclusion 

 

A simple and cost-effective technique for single-mode oscillation in 

an OEO was proposed. The proposed scheme extracted a desired mode 

from multiple modes in an OEO at 30-GHz bands by injecting OEO 

modes into an electrical oscillator. Although the phase noise is 

degraded about 6 dB at 10-kHz frequency offset by injection-locking, 

extraction of a desired OEO mode among many OEO modes separated 

by about 84 kHz at 30-GHz bands can be successfully achieved. 

However, the proposed scheme could not produce the optical signal 

modulated by the generated high spectral-purity electrical signal since 

an electrical oscillator was used as a slave oscillator.  

In order to solve this problem, a new hybrid oscillator will be 

proposed by using self-injection locking in the next chapter. 
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Chapter 4 

Optoelectronic Self-Injection-Locked Oscillator  

 

4-1. Introduction 

 

This chapter will propose an optoelectronic self-injection-locked 

(SIL) oscillator with a long optical delay line that can significantly 

reduce the output phase noise. Unlike the previous injection-locked 

OEO, it can generate intensity modulated optical signals as well as a 

high spectral-purity millimeter-wave signal.  

The proposed oscillator uses a self-injection-locking method for the 

output phase-noise reduction. Thus, we will begin with the general 

phase-noise characteristic of a typical RF SIL oscillator and then 

present the new optoelectronic SIL oscillator.  
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4-2. Conventional SIL oscillator 

 

A self-injection-locked (SIL) oscillator has been actively investigated 

for generation of stable and low phase-noise signals [18-21]. It can be 

easily realized by self-injection of a part of output signals after passing 

through a high quality-factor (Q) external resonator or a long delay line, 

as shown in Fig. 4-1.  

In this section, the RF SIL oscillator’s phase-noise characteristic will 

be briefly discussed. 

 

Delay line
Or

High-Q resonator

Free-running oscillator

Self-injection

 

 

Fig.4-1. Self-injection-locked oscillator. 
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4-2-1. Phase noise of SIL oscillators 

 

The phase dynamics of the SIL oscillator depends on the coupling 

signal’s phase and power, and the types of the oscillator circuits. If the 

transfer function and time domain response of the feedback circuit are 

set by H(ω) and h(t), respectively, the phase relationship of the SIL 

oscillator can be expressed by [19] 

 

)())()(sin()(
330 tNtt

dt
td

dBinjdB ωθθρωωθ
−−+=  (4.1) 

 

where 0ω  is the oscillation frequency, )(tθ , )()()( tthtinj θθ ∗= are 

the instantaneous phases of the oscillator output signal and the injection 

signal, respectively, dB3ω  is the half-width at half maximum of the 

oscillator tank circuit, ρ  is the injection signal’s amplitude 

normalized by oscillator output amplitude, and )(tN  is time-varying 

noises. 

If we assume the noise is small perturbation to a noise free solution, 

we can write 

 

)()()(ˆ)( 0 ttttt δθωδθθθ +=+→    (4.2) 
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)()(ˆ)( ttt injinjinj δθθθ +→     (4.3) 

)(1)( tje tj δθδθ +≈ .     (4.4) 

 

Therefore, the phasor expression of the injected signal is 
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where )(ωδ  is the Dirac delta function.  

From (4.5), the phase fluctuation of the injection signal around the 

oscillation frequency in the frequency domain is 
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and the relationship in the time domain is  
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From (4.7) and (4.1), the phase fluctuation can be obtained by 
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where )(ˆ)(ˆˆ Tttp −−=Δ θθθ . 

Fourier transforming (4.8) gives  
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where ω  is the offset frequency from the oscillation frequency 0ω . 

The phase noise power spectrum ( >< ∗ )(~)(~ ωθδωθδ ) of a SIL 

oscillator can be obtained from (4.9) with a feedback transfer function 

)(ωH : 
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4-2-2. Phase noise of the SIL oscillator having a long delay-line in 

the feedback route 

 

The transfer function of a delay-line feedback loop is  

 

TjeH ωω −=)(      (4.11) 

 

where T is the loop delay time [19]. In (4.11), it is assumed that the 

delay-line loss is very small and negligible.  

From (4.10) and (4.11), the phase fluctuation of a SIL oscillator 

having a delay line as a feedback loop is  
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If the loop phase πωθ mTp 2ˆ
0 ==Δ  (m: integer), (4.12) becomes 
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From (4.13), the phase noise near the oscillation frequency can be 

expressed by 
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As the self-injection power and the loop delay increases, the lower 

phase noise can be obtained near the oscillation frequency offset. 
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4-2-3. Phase noise of the SIL oscillator having a high-Q resonator in 

the feedback route 

 

Instead of a delay-line cable, a high-Q resonator can stabilize the 

oscillator signals and reduce output phase noise in the feedback loop 

[19].  

The transfer function of the high-Q resonator can be written as 
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where rω  and rQ  are the resonance frequency and Q factor of the 

resonator, respectively. 

   For the sake of simplicity, we assume that the resonance frequency 

of the resonator is same with the oscillation frequency and the phase 

noise of the self-injection-locked oscillator becomes 
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In the equation, it is assumed that πωθ mTp 2ˆ
0 ==Δ . 

For the phase noise near the oscillation frequency 
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From (4.17), it can be known that the phase noise reduction is 

determined by the Q factor ratio of the high-Q resonator in the 

feedback loop to the oscillator. It is because that the high-Q resonator 

operates as a band pass filter which shapes the spectrum of the self-

injection signal. 
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4-3. Proposed SIL oscillator 

 

4-3-1. Motivation 

 

With the self-injection-locking method, many successful 

demonstrations have been reported in RF domain [18-21]. For example,  

phase noises of about -50 dBc/Hz (20-dB phase-noise reduction) at 10-

kHz offset for 8-GHz band [18] and -120.1 dBc/Hz (4-dB phase-noise 

reduction) at 1-MHz offset for 9.6-GHz band [20] have been achieved 

by a delay line in the feedback loop, while -95 dBc/Hz at 100-kHz 

offset for 60-GHz band has been obtained by a ceramic high-Q 

resonator in the feedback loop [21].  

Although it is possible to further reduce phase noises in RF domain 

by using a longer delay line or a higher Q external resonator, they are 

very impractical especially for millimeter-wave applications, since the 

delay line length is limited by large loss and high-Q devices are not 

easily available. 

On the other hand, long optical delay lines have been used for 

generation of a very high-Q external resonator in an optoelectronic 

oscillator (OEO) due to low transmission loss of optical fiber [5-11]. 

An OEO can generate high-spectral-purity micro-/millimeter waves 
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with a long optical delay line, but the optical loop should have loop 

gain for self-oscillation, requiring very high electrical and optical gain 

to compensate the large electrical-to-optical-to-electrical (E/O/E) 

conversion loss. 

To solve above problems, a new SIL oscillator having a long optical 

delay line as a passive feedback route is proposed. 
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4-3-2.Proposed scheme and operation principle 

 

The proposed optoelectronic SIL oscillator has a similar structure to 

a typical dual-loop OEO, but it is simpler and more cost-effective, as 

can be seen in Fig. 4-2. The shorter optical loop in the dual-loop OEO 

is replaced by an electrical loop composed of an electrical amplifier and 

an RF filter and the longer optical loop is used for self-injection of the 

output signal from the electrical loop.  

The electrical loop has sufficient gain to oscillate by itself, while the 

optical loop does not. Therefore, the optical loop works as a feedback 

route for self-injection of an electrical-loop output signal. 

A part of output signals from the electrical oscillator, as can be seen 

in Fig. 4-2 (b), is injected into the oscillator after passing through a 

long optical delay line and it locks the electrical oscillator, achieving 

self-injection locking. Once the oscillator is locked by the delayed 

replica of its output signal, its frequency and phase fluctuations are 

reduced and the phase-noise reduction ratio (η) near the carrier 

frequency can be described as [22] 
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→
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where ω is the offset frequency from the center frequency, τ is the 

optical-loop delay, ω3dB is the half-width-at-half-maximum of the 

resonator inserted in the electrical oscillator, and κ is the self-injection 

power normalized to the oscillator output power. In (4.18), it is 

assumed that there is no steady-state phase difference between self-

injected and oscillator output signals. As shown in Eq. (4.18), a longer 

delay line or larger power injection produces more phase noise 

reduction. In this demonstration, 2.4-km long single-mode fiber (SMF) 

was used as a delay line. 
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Fig.4-2. Configurations of (a) a typical dual-loop OEO and (b) the 
proposed self-injection-locked oscillator having a long optical delay 
line. 
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4-3-3.Experimental setup and results 
 

As shown in Fig. 4-3, the electrical loop was configured with an 

electrical amplifier having RF gain of about 18 dB, an RF filter having 

Q of 1000 at 30 GHz with about 3.16-dB insertion loss, and a 4-port 3-

dB RF coupler having insertion loss of about 1.8 dB. 90 % of output 

signals from the electrical loop were converted to optical signals by an 

E/O converter made up of a tunable laser source and a Mach-Zehnder 

Modulator (MZM) having 40-GHz modulation bandwidth, and passed 

through 2.4-km long SMF.  

These optical signals were converted again to electrical signals by a 

high-speed photo diode having 60-GHz bandwidth and self-injected to 

lock the electrical oscillator. An Er-doped fiber amplifier and two 

electrical amplifiers having the total gain of about 46 dB were inserted 

to partially compensate large conversion (E/O/E) loss, and an optical 

filter was inserted for filtering out the lower sideband in MZM output 

signals to avoid any RF signal-fading problem induced by fiber 

dispersion [23]. The power and phase of self-injected signals were 

adjusted by an optical attenuator and an RF phase shifter, respectively. 

10% of output signals from the electrical loop were measured by an 

RF spectrum analyzer (HP8563E) connected with an external mixer 

(HP11970A) having conversion loss of about 26 dB after attenuation of 
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about 2.67 dB. This attenuation was needed due to the display limit (-

6.1 dBm) of the spectrum analyzer used in the measurement. 

The output spectra measured at various κ are shown in Fig. 4-4. Fig. 

4-4 (a) is the output spectrum measured at κ=0 (no self-injection), 

while (b) and (c) are the spectra measured at κ of 1.6×10-3 and 2.5×10-1, 

respectively. These figures show that self-injection-locking reduces 

phase noise and larger κ provides larger improvement. However, 

unwanted side modes separated by about 84 kHz from the center 

frequency can be observed in Fig. 4-4 (b) and (c), and they increase as 

κ increases. These are due to coupled-loop oscillation. Although the 

optical loop cannot oscillate alone due to large loop loss, the coupled-

loop can oscillate if electrical-loop gain compensates optical-loop loss 

[9]. Therefore, as the injection power increases, causing optical-loop 

loss reduction, the coupled-modes become stronger. These unwanted 

signals can be suppressed by adding an additional optical delay line 

having different length [11]. 

In order to clearly verify the phase-noise-reduction performance, 

single-sideband (SSB) phase noises of output signals shown in Fig. 4-4 

were measured and the results are shown in Fig. 4-5. The measured 

phase-noise values at 10-kHz frequency offset are -91.83 dBc/Hz (κ=0), 

-110.17 dBc/Hz (κ=1.6×10-3), and -118.5 dBc/Hz (κ=2.5×10-1). The 
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phase-noise peaking at ~20-kHz frequency offset is believed due to our 

measurement setup using an external mixer. Clearly, the self-injection 

locking drastically enhances phase quality of output signals.  

Fig. 4-6 shows dependency of SSB phase noises measured at 10-kHz 

frequency offset and SMSR on κ. As shown in the figure, both SMSR 

and SSB phase noises are reduced with increasing κ. For κ larger than 

10-2, phase noises are saturated due to the sensitivity limit of our 

spectrum analyzer used in the measurement. 
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Fig.4-3. Experimental setup for demonstration of optoelectronic self-
injection-locked oscillator. 
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Fig.4-4. Measured RF spectra of the output signals at (a) κ=0, (b) 
κ~1.6×10-3, and (c) κ~2.5×10-1. The center frequencies are 29.9773362 
GHz, 29.9770507 GHz, and 29.9768307 GHz, respectively. In all 
figures, the frequency span and resolution bandwidth settings were 300 
kHz and 300 Hz, respectively. 
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Fig.4-5. Measured phase noises of the output signals at (a) κ=0, (b) 
κ~1.6×10-3, and (c) κ~2.5×10-1. 
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Fig.4-6. SSB phase noises at 10-kHz frequency offset from the center 
frequency and SMSR according to the injection power level. 
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4-3-3.Summary 

 

Optoelectronic SIL oscillators with 2.4-km long SMF as an optical 

long feedback line for output phase-noise reduction have been 

demonstrated at 30-GHz bands and it has been found that the higher 

self-injection power provides larger phase-noise reduction but with 

lower SMSR. At the injection-power level of about 1.6×10-3, 30-GHz 

oscillation with SMSR larger than 50 dB and the output phase-noise 

reduction of about 18 dB at 10-kHz frequency offset have been 

successfully demonstrated. 
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4-4. Compact and low-cost configuration for an 

optoelectronic SIL oscillator 

 

4-4-1.Motivation 

 

The previously proposed optoelectronic SIL oscillator can produce 

low-phase noise signal with high SMSR by controlling the self-

injection power. In addition, it can generate optical signals modulated 

by the resulting low-phase noise RF signals, which are useful for 

various photonic applications. 

However, it requires high-speed optical components for electrical-to-

optical (E/O) and optical-to-electrical (O/E) conversions. Generally, the 

conversion efficiency of the practical high-speed optical components is 

very low and expensive, resulting in high cost for realization of the 

optoelectronic SIL oscillator. 

In the following sections, a compact and low cost configuration for 

an optoelectronic SIL oscillator will be proposed and demonstrated. 
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4-4-2.Proposed configuration for an optoelectronic SIL oscillator 

 

Basically, an optoelectronic SIL oscillator consists of an electrical 

free-running oscillator and a long optical feedback loop. For the 

compact and low-cost configuration, the free-running oscillator is 

realized with an InP monolithic heterojuction photo-transistor (HPT) 

oscillator which also performs optical-to-electrical (O/E) conversion. 

Electrical-to-optical (E/O) conversion is performed with two low-speed 

and low-cost laser diodes (LDs).  

Fig. 4-7 shows the proposed configuration. The E/O conversion 

scheme is essentially same as the technique which is previously 

reported for overcoming LD modulation bandwidth limitation [24]. As 

shown in the figure, no high-speed and high-cost optical/optoelectronic 

components are used in the configuration.  
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Fig.4-7. Compact and low cost configuration for an optoelectronic SIL 
oscillator based on a monolithic HPT oscillator and low cost optical 
components. 
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4-4-3.Operation principle 

 

The proposed scheme can be divided into three parts: an E/O 

converter, a monolithic free-running oscillator performing O/E 

conversion as well, and a total loop including a long delay line. 

Fig. 4-8 shows the E/O converter made up of two LDs and schematic 

optical spectra. One of LDs is directly modulated by injected RF 

signals, producing two side bands in the wavelength domain as shown 

in the figure. These side bands are very weak since LD1 is not fast 

enough for injected RF signals. Once these optical modes are injected 

into LD2 through an optical circulator, only the optical modes within 

the gain wavelength range of LD2 obtain optical gain. 

The gain wavelength range marked by the shade region in Fig. 4-8 is 

determined by LD2 lasing wavelength and the injected optical power 

[24, 25]. Moreover, the gain curve is asymmetric. The optical mode at 

the longer wavelength receives lager gain than the one at the lower 

wavelength, which is quite useful for enhancing the weak sideband. 

The asymmetric gain curve can be generally explained as follows. If 

the slave LD (LD2) is injected by the external optical signal, the carrier 

density in the active region decreases. The decreased carrier density 

leads to increase in the refractive index of the active region, resulting in 
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the lowering of the cavity resonance frequency. Namely, the injected 

optical sideband at the shorter frequency (longer wavelength) can 

obtain the cavity gain [25].  

By controlling the temperature or the bias current for LD2, only the 

desired side mode can be amplified and this results in enhancement of 

the modulation depth as well as the single sideband optical spectrum 

which can avoid RF signal-fading problem induced by fiber dispersion 

[23]. 

The output signals from the E/O converter are injected into the HPT 

based monolithic oscillator after passing through a long optical delay 

line. The In0.53Ga0.47As layer of the HPT can detect 1.55-μm optical 

signals and the photo-detected RF signals lock the HPT free-running 

oscillator, achieving self-injection locking.  

Once the oscillator is self-locked by the delayed replica of its output 

signal, its frequency and phase fluctuations are reduced. The phase-

noise reduction ratio (η) near the carrier frequency can be described as  

  

20 )1(
1)(lim

MPopt ⋅⋅+
→

→ τ
ωη

ω
   (4.19) 

 

where ω is the offset frequency from the center frequency, Popt is the 
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injected optical power to the HPT, τ is the optical-loop delay. M is the 

characteristic parameter of the HPT oscillator given as  

 

out
dB P

RM
2

3
ρω=

   (4.20) 

 

where ω3dB is the half-width-at-half-maximum of the resonator in the 

HPT oscillator, ρ is the photo-responsivity and R is the load impedance 

of the HPT and Pout is the oscillator output power. As expected, a longer 

delay line or larger optical power injection produces more phase noise 

reduction. 
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Fig.4-8. E/O converter and schematic optical spectra. The shade region 
means the gain wavelength range of LD2 and λLD2 is the wavelength 
of LD2 without any optical injection. 
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4-4-4.Experimental setup and results 

 

Fig. 4-9 shows the experimental setup for demonstration of the new 

configuration for the optoelectronic SIL oscillator. The HPT based 

monolithic oscillator used in this demonstration has the optical window 

with 5-μm diameter on the top of the emitter for photo-detection and 

the chip size is only 0.7 × 0.54 mm [26]. The detailed description of the 

HPT oscillator is shown in Fig. 4-10. The electrical current gain cutoff 

frequency is 153 GHz and the photo-transistor internal gain is about 18 

dB at 10-GHz optical modulation frequency [26]. The free-running 

frequency and quality factor of the oscillator can be controlled by 

adjusting the bias voltage for the HBT inserted in the oscillator. In this 

investigation, the bias was set for 10.8 GHz oscillation. 

The E/O converter was configured with two LDs, one of which is a 

commercial 2.5-Gb/s distributed-feedback (DFB) LD (LD1) and the 

other is a commercial Fabry-Pérot (FP) LD (LD2) without an isolator. 

The modulation efficiency of the DFB LD at 10 GHz was about 15 dB 

lower than at 1 GHz. The FP LD was used since it has many optical 

modes providing easier selection of the desired mode for the 

wavelength-selective amplification process. 

50 % of the output signals from the HPT oscillator directly 
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modulated the DFB laser and the modulated optical signal was injected 

into the FP-LD. With the external optical injection, all undesired lasing 

modes of the FP-LD were greatly suppressed. By controlling the 

temperature of the FP-LD, the gain region was moved to the side mode 

located at the longer wavelength from the optical carrier.  

The optical spectra measured before and after the FP-LD are shown 

in Fig. 4-11 (a) and (b), respectively. Although the resolution bandwidth 

(0.07 nm) of the used optical spectrum analyzer (OSA) was not high 

enough to distinguish each mode, Fig. 4-11 (b) clearly shows that the 

side mode located at the longer wavelength was amplified by the FP-

LD. 

The output signals from the E/O converter passed through a 2.4-km 

long single mode fiber and they were injected into the HPT oscillator. 

The HPT photo-detected the optical signals at Tr-mode to obtain high 

internal gain of about 20 dB at 10 GHz. An Er-doped fiber amplifier 

(EDFA) and an electrical amplifier having 30-dB gain were inserted to 

partially compensate the large conversion (E/O/E) loss, and an optical 

filter was inserted for filtering out the EDFA amplified spontaneous 

emission (ASE) noise. 

  50% of the output signals from the optoelectronic SIL oscillator was 

measured by an RF spectrum analyzer (HP8563E) and Fig. 4-12 shows 
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the output spectra measured at different optical power values injected 

into the HPT oscillator. Fig. 4-12 (a) shows the output spectrum of the 

free-running HPT oscillator (no optical signal injection), while (b) and 

(c) are the spectra measured at the injection optical power of -6 dBm 

and 8 dBm, respectively. These figures show that self-injection-locking 

enhances the signal quality and larger injection optical power provides 

larger improvement. However, unwanted side modes separated by 

about 84 kHz from the center frequency can be observed in Fig. 4-12 

(b) and (c). As mentioned in the previous section, these are due to 

coupled-loop oscillation and they can be suppressed by adding an 

additional optical delay line having different length [11].  

 Fig. 4-13 shows the dependency of single sideband (SSB) phase 

noises measured at 10-kHz frequency offset on the optical injection 

power. As shown in the figure, SSB phase noises reduce with 

increasing the injection power and the reduction level (20 dB/decade) 

agrees well with the Eq. (4-19). 

Fig. 4-14 shows the single-sideband (SSB) phase noises of the output 

signals shown in Fig. 4-13. The measured phase-noise values at 10-kHz 

frequency offset are -44.17 dBc/Hz (free-running), -76.83 dBc/Hz (Popt 

= -6 dBm), and -100.00 dBc/Hz (Popt = 8dBm). Clearly, the self-

injection locking drastically enhances the phase quality of the output 
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signal and about 55-dB phase-noise reduction can be achieved by 8-

dBm optical injection. 
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Fig.4-9. Experimental setup for demonstration of a new configuration 
for an optoelectronic SIL oscillator. 
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Fig.4-10. Schematic and photograph (from [26]) of HPT based 
monolithic oscillator. 
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Fig.4-11. Measured optical spectra of the output signals from (a) the 
DFB LD directly modulated by the HPT-oscillator-output signal and (b) 
the FP LD with optical injection of the modulated output signals.  
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Fig.4-12. Measured RF spectra of the output signals for (a) no optical 
signal injection, (b) Popt = -6 dBm, (c) Popt = 8 dBm. The center 
frequencies are 10.790847 GHz, 10.790693 GHz and 10.790314 GHz, 
respectively. In all figures, the frequency span and resolution 
bandwidth settings were 1 MHz and 10 kHz, respectively.
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Fig.4-13. SSB phase noises at 10-kHz frequency offset from the center 
frequency according to the injection optical power level.  
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Fig.4-14. Measured phase noises of the optoelectronic output signals at 
different injection optical power values. 
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4-4-5.Summary 

 

In this section, a compact and low cost optoelectronic SIL oscillator 

has been proposed and demonstrated. The proposed scheme does not 

require any high-speed optical and optoelectronic components since 

E/O and O/E conversion are performed by a HPT based monolithic 

oscillator operating as a free-running oscillator as well and two low-

speed LDs, respectively. With this proposed scheme, about 55-dB 

phase-noise reduction at 10-kHz frequency offset from the center 

frequency of about 10.8 GHz has been successfully demonstrated. 
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4-5. Conclusion 

 

In this chapter, optoelectronic SIL oscillators, where a part of the 

electrical output signal is self-injected after passing through a long 

optical feedback loop for output phase-noise reduction, has been 

demonstrated.  

First of all, the optoelectronic SIL oscillator has been realized with 

an electrical oscillator composed of commercially available modules 

such as an RF amplifier and an RF BPF, and a long optical feedback 

loop. This optoelectronic SIL oscillator can overcome the limited Q of 

the electrical resonator by using a long optical delay line. However, 

high-speed optical and optoelectronic components for electrical-to-

optical (E/O) and optical-to-electrical (O/E) conversions are required 

for its realization. Moreover, commercially available high-speed optical 

components have low conversion efficiency and they are very 

expensive. 

In order to overcome the problems, a new configuration, which uses 

an InP HPT-based monolithic oscillator and a low-cost E/O converter 

made up of two LDs, has been proposed. In the proposed scheme, the 

monolithic oscillator performs O/E conversion as well as electrical 

free-running oscillation and two low-speed LDs carried out the E/O 
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conversion, resulting in the compact and cost-effective configuration.  

Although both two schemes successfully demonstrated single-mode 

oscillation with SMSR larger than 50 dB by controlling self-injection 

power, the following two things should be more considered in future 

works. 

One of them is that the SMSR should be more increased without 

degradation of output phase noise. It will be realized by adding an 

additional optical delay line having different length like a dual-loop 

OEO [11].  

The other is to optimize the electrical-loop gain and the optical-loop 

loss for achieving large SMSR as well as low phase noise. In this initial 

demonstration, the only optical-loop loss was controlled by adjusting 

an optical attenuator with the electrical-loop gain fixed to obtain the 

large SMSR. However, there will be optimum values of electrical gain 

and optical loss to achieve both low output phase noise and large 

SMSR, if the sum of them is constant. It will be more considered in the 

future work. 

In the following chapter, millimeter-wave fiber-fed wireless systems 

will be proposed and demonstrated as one of applications of the 

optoelectronic SIL oscillator.  
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Chapter 5 

60-GHz Fiber-Fed Wireless Systems Based on 

Optoelectronic SIL Oscillators 

 

5-1. Introduction 

 

In this chapter, a 60-GHz fiber-fed wireless system based on the 

proposed optoelectronic self-injection-locked (SIL) oscillator is 

introduced and experimentally demonstrated. In the proposed system, 

the optoelectronic SIL oscillator is installed in a central station and 

performs optical up-conversion of low frequency data signals as well as 

generation of low phase-noise optical local oscillator (LO) signals. 

With this method, the 5MS/s 8-PSK data is successfully transmitted 

along 10-km fiber-optic and 1.5-m 60-GHz wireless links. In addition, 

the system performance dependent on LO signal’s phase noise, which is 

controlled by the self-injection power, is analyzed and the optimal self-

injection power is determined.  
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5-1-1.Great interest in 60 GHz 

 

With the help of wireless technology development, we are using 

mobile phones anywhere, having wireless local area network (LAN) 

services in many hot spots, and watching television programs in public 

places through the digital media broadcasting receivers. Moreover, the 

prevailing wireless systems are evolving to the triple play systems 

providing voice, data, and video services at the same time.  

In order to realize such systems, millimeter-wave systems have been 

actively investigated. In particular, 60-GHz systems have been 

considered as a most promising candidate due to following advantages.  

 

 License-free: Several gigahertz bandwidths are opened at 60-

GHz band in many countries and they are license-free band 

[27-29]. 

 High free-space loss of 10-15 dB/km: The 60-GHz band can 

be used for short range communications such as indoor 

wireless systems requiring less interference among users. In 

addition, such high loss characteristics can be applied to 

frequency reuse in wireless systems having lots of cells [30]. 

 High directivity: The 60-GHz band has high-directivity gain 
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and that is very useful to increase the transmission length, to 

decrease signal interferences, and to mitigate inter-symbol-

interferences caused by multi-path fading. 

 Short wavelength: It is possible to design small system 

components.  

 

Because of the above advantages, lots of applications of 60 GHz 

have been proposed and demonstrated in various research fields such as 

wireless systems or imaging and sensor systems. 
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5-1-2.60-GHz fiber-fed wireless systems 

 

60 GHz is a promising candidate for realization of future broadband 

wireless communication systems. However, there are some problems to 

realize 60-GHz systems. As mentioned in the previous section, the free-

space loss of 60 GHz is very high, so that a lot of base stations covering 

small-sized cells are required to implement systems. Moreover, high 

speed millimeter-wave devices based on compound semiconductors are 

very expensive and high frequency component designs and packages 

are also difficult. Therefore, the deployment cost of 60-GHz systems 

will be very high and the design of simple and cost-effective base 

stations becomes important. As one solution, fiber-fed wireless systems 

have been attracting much attention [31-33]. 

Fig. 5-1 shows the schematic of simple fiber-fed wireless systems. In 

the systems, radio signals are converted to optical signals by electrical-

to-optical (E/O) converters and delivered to base stations from central 

stations, resulting in low loss transmission of radio signals via optical 

fiber. Therefore, for 60-GHz signals suffering high attenuation in free 

space, this fiber-fed wireless system can extend transmission distance. 

In addition, the direct optical transmission of radio signals can help 

reducing complex and expensive devices at many base stations, and it 



 ９０

can induce easy control of many base stations with one central station. 

In case of down link data transmission, radio signals are generated by 

only optical-to-electrical (O/E) conversion process at the base stations 

and the generated radio signals are transmitted to mobile users after 

simple electrical amplification, resulting in very simple base station 

architectures. Fig. 5-2 conceptually shows the advantage of fiber-fed 

wireless systems.  

However, the system requires a millimeter-wave phase-locked 

oscillator for generation of low phase-noise LO signal which is needed 

for up-conversion of the wireless data signals into the desired 

millimeter-wave bands. When phase-modulated wireless signals such 

as phase-shift keying data signals are up-converted to the desired bands, 

the LO signal’s phase noise is key parameter to determine the quality of 

the up-converted data signals. As the LO signal has lower phase noise, 

the phase error in the up-converted data signals becomes lower.  

In practical, phase-locked oscillators generating low phase-noise 

signals at millimeter-wave bands are very expensive and it is hard to 

realize it. A new configuration without RF phase-locked oscillators in 

the central station will be proposed in the following section. 
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Fig. 5-1. Simple configuration for fiber-fed wireless systems. 
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Fig. 5-2. Advantages of fiber-fed wireless systems. 

 

 



 ９３

5-2. Fiber-fed wireless system based on an optoelectronic 

SIL oscillator 

 

5-2-1. Operation principle of LO signal generation and up-conversion  

 

Fig. 5-3 shows the proposed fiber-fed wireless system using an 

optoelectronic self-injection-locked (SIL) oscillator instead of an RF 

phase-locked oscillator in the central station. The optoelectronic 

oscillator generates optical local oscillator (LO) signals modulated by a 

low phase-noise millimeter-wave signal and performs optical up-

conversion.  

As shown in the figure, a commercially available 10-Gb/s distributed 

feedback laser diode (DFB LD) is directly modulated by a electrical LO 

signal, which is the output from the free-running oscillator oscillating at 

30-GHz band, and data signals carried by intermediate frequency (IF), 

and generates several optical sidebands. The optical sidebands are 

separated by LO frequency (fLO) and IF (fIF) from the optical carrier. 

Other optical sidebands are also produced separated by fLO ± fIF from 

the optical carrier because of the nonlinear characteristics of the DFB 

LD.  

Theses optical signals are injected into the second DFB LD along an 
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optical circulator. As mentioned in Ch. 4, the only sidebands located at 

the longer (or shorter) wavelength receive optical gain by the second 

LD. The output signals from the second LD are amplified by an optical 

amplifier and divided into two paths by an optical splitter.  

The one path is connected to the free-running oscillator through 2.4-

km long single- mode fiber. The optical signals following this route are 

converted to a 30-GHz electrical signal by an O/E converter and lock 

the free-running oscillator, resulting in self-injection locking for output 

phase-noise reduction. The self-injection power was controlled by an 

optical attenuator. 

The other path is connected to a base station via 10-km long single-

mode fiber. In a base station, electrical up-converted data signals are 

generated at the desired 60-GHz band corresponding to the 2nd 

harmonic of the optoelectronic SIL oscillation frequency by beating of 

optical sidebands in a photo diode, as shown in Fig. 5-3.  

The generated data signals are amplified and radiated to a mobile 

terminal through an antenna, and the radiated signals are received and 

down-converted for the data evaluation at a mobile terminal.  
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Fig. 5-3. 60-GHz fiber-fed wireless system based on an optoelectronic 
SIL oscillator. 
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5-2-2. Experimental results for LO signal generation 

 

The experimental setup for demonstration of 60-GHz fiber-fed 

wireless system based on optoelectronic SIL oscillator is shown in Fig. 

5-3.  

The optoelectronic SIL oscillator used for this demonstration was 

same as the proposed one in chapter 4. All electrical components for the 

optoelectronic SIL oscillator operated at a 30-GHz band and the free-

running oscillator was composed of a low noise amplifier (LNA), a 

band-pass filter having Q of 100, and 4-port 3-dB coupler for the signal 

injection and extraction. 

First of all, the optical spectra of the output signals from directly 

modulated DFB LD and the second DFB LD with optical injection of 

the modulated optical signals were measured and Fig. 5-4 shows the 

results. From Fig. 5-4 (b), it can be shown that the only optical 

sideband located at the longer wavelength was amplified by the second 

DFB LD.  

These optical signals were detected by a high-speed photo diode 

(PD) having 3-dB bandwidth of 60 GHz and a LO signal was obtained. 

Fig. 5-5 shows RF spectra of obtained 1st and 2nd harmonic (60 GHz) 

LO signals according to the self-injection power level. When the 2nd 
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harmonic LO signals were measured, two LNAs having total gain of 

about 52 dB were used. As expected, the signal quality is improved 

with increasing the injection power, but the undesired side modes are 

also increased. The side modes will degrade the system performance 

and it will be discussed in the next section.  

Fig. 5-6 shows the phase noises of the fundamental and 2nd harmonic 

LO signals measured at 10-kHz frequency offset from the oscillation 

frequency with different injection power level. The phase noise 

becomes lower with higher injection power level. The phase-noise 

degradation (about 6~7 dB) of 2nd harmonic LO signal, as compared 

with the fundamental value, agrees well with the theoretical value of 6 

dB [34].  
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Fig. 5-4. Measured optical spectra of output signals from (a) directly 
modulated DFB LD and (b) the second DFB LD with optical injection 
of the modulated optical signals. 
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Fig. 5-5. Generated 1st and 2nd harmonic LO signals according to the 
self-injection power level (κ).  
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Fig. 5-6. Measured phase noises of 1st (30 GHz) and 2nd (60 GHz) LO 
signals with increasing self-injection power level (κ). 
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5-2-3. Demonstration of data transmission along fiber and 60-GHz 

wireless links  

 

For demonstration of data transmission in a fiber-fed wireless system, 

the 5MS/s 8-PSK data signals carried by fIF of 1 GHz were injected into 

the DFB LD with the LO signal generated by the optoelectronic SIL 

oscillator, as shown in Fig. 5-3. 

The optical signals modulated by LO and data signals were 

transmitted to a base station via 10-km optical fiber and detected by a 

high-speed PD and the detected signals are shown in Fig. 5-7. The up-

converted upper sideband (USB) and lower sideband (LSB) data 

signals were obtained along the 2nd harmonic LO signal. The result was 

measured with the fixed self-injection power level of about 1.26×10-3.  

Among the up-converted data signals, the only USB data signals 

were selected by a band-pass filter and radiated to a mobile terminal 

through an antenna. In the mobile terminal, the radiated signals were 

received and down-converted to lower frequency band. Finally, the 

down-converted data were demodulated and evaluated by a vector 

signal analyzer (VSA).  

The incoming digital data signals have their original vector positions 

in complex domain and the VSA provides the discrepancy information 
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between the original vector positions and the demodulated-signal’s 

vector positions in the form of error vector magnitude (EVM).  

The constellation and eye diagram of the demodulated 5MS/s 8-PSK 

data signal obtained by the VSA are shown in Fig. 5-8 (a) and (b), 

respectively. The low EVM of about 6.27% corresponding to the 

signal-to-noise (SNR) ratio of about 24.0 dB was obtained at the fixed 

self-injection power level of about 1.26×10-3. 

The constellation and eye diagram according to LO signal’s phase 

noise characteristic were also measured and the results are shown in Fig. 

5-9. The phase-noise characteristic was controlled by the self-injection 

power level. From the figure, the phase error of the demodulated data 

was reduced by the weak self-injection power level (κ ~ 1.26×10-3) 

from 5.25 % to 2.85 % since the LO signal’s phase noise was reduced 

by self-injection locking as shown in Fig. 5-6. However, the system 

performance was deteriorated at the strong self-injection power level of 

κ ~ 1.26×10-1 (Fig. 5-6 (c)). It is because that the undesired side modes 

are generated along the LO signal and their power is increased with the 

self-injection power, causing low SNR.  

Fig. 5-10 shows the EVM of the 5MS/s 8-PSK data signal 

demodulated by a VSA with increasing the self-injection power level 

(κ). Even if the self-injection power is low, the self-injection locking 
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can be achieved, resulting in generation of low phase-noise LO signal 

as compared with the free-running case. The lower phase noise induces 

the lower phase error and that results in lower EVM value. However, 

the EVM value increases with the self-injection power level (κ) since 

the SNR decreases due to the unwanted side modes generated along LO 

signal. Fig. 5-10 indicates that κ should be lowered than about 4.5×10-2 

for obtaining the system performance better than free-running case.  



 １０４

 

 

 

59.5 60.0 60.5 61.0 61.5 62.0
-70

-60

-50

-40

-30

-20

-10

 

R
F 

po
w

er
 (d

B
m

)

frequency (GHz)

Up-converted data signals
(5 MS/s 8-PSK)

2nd harmonic LO signal

 

 

Fig. 5-7. 5MS/s 8-PSK data signals up-converted to the 60-GHz band. 
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Fig. 5-8. Constellation and eye diagram of the demodulated 5 MS/s 8-
PKS data signals. 
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Fig. 5-9. Measured constellation and eye diagram of the demodulated 5 
MS/s 8-PSK data signals according to the self-injection power level (κ). 
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Fig. 5-10. Measured EVM of the demodulated 5 MS/s 8-PSK data 
signals as a function of self-injection power level (κ). 
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5-3. Conclusions 

 

A new 60-GHz fiber-fed wireless system based on an optoelectronic 

self-injection-locked (SIL) oscillator has been proposed. In the 

proposed fiber-fed wireless system, the optoelectronic SIL oscillator 

performed generation of low phase-noise local oscillator (LO) signal 

and optical up-conversion at the same time.  

With the proposed scheme, 5 MS/s 8-PSK data carried by 1-GHz 

intermediated frequency (IF) were successfully transmitted along 10-

km long single-mode fiber and about 1.5-m 60-GHz wireless channel. 

The measured error vector magnitude (EVM) was 6.27 % 

corresponding to the signal-to-noise ratio (SNR) of 24.0 dB at the self-

injection power level of 1.26×10-3. Moreover, the system performance 

which depends on LO signal quality was investigated. 

Unlike the previous systems, our scheme doesn’t need a high speed 

and high cost RF phase-locked oscillator at a central station. In our 

initial demonstration, the used optoelectronic SIL oscillator was 

somewhat bulky since the free-running oscillator and optical-to-

electrical converter were realized by independent modules, but it can be 

compact and cost-effective by using monolithic microwave integrated 

circuit (MMIC) technology, as shown in Fig. 5-11. 
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Fig. 5-11. Simple fiber-fed wireless system based on an optoelectronic 
SIL oscillator. 
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Chapter 6 

Summary 

 

In most of wireless communication systems using phase-modulated 

data signals for enhancing bandwidth efficiency, the phase-noise 

characteristic of a local oscillator (LO) is one of key parameters to 

determine the system performance. It is because the lower phase error 

can be obtained with the lower phase-noise LO signal. 

The stable and low phase-noise oscillators can be realized by using a 

high quality-factor (Q) external resonator. However, it is hard to realize 

high-Q devices especially in higher frequency bands such as 

millimeter-wave bands. In order to overcome the above problem, 

several types of optoelectronic oscillators using an optical delay line as 

a high-Q external resonator have been investigated, but they are bulky 

and expensive. 

In this dissertation, new optoelectronic oscillators (OEOs) for 

generation of low phase-noise signals with a simple configuration were 

proposed and demonstrated. 

Chapter 2 explained and compared the conventional methods for 

generation of OEOs. Several types of OEOs have been proposed for 

realization of single-mode oscillation with ultra low phase noise. 



 １１１

Among them, a dual-loop OEO is most promising to achieve low phase 

noise and single-mode oscillation at the same time since it can provide 

low phase noise with a long loop and the high side-mode suppression 

ratio (SMSR) with a short loop. However, two loops are coupled to 

each other, limiting the increase of SMSR.  

The two new OEOs were proposed, experimentally demonstrated, 

and compared over the chapter 3 and 4. 

In chapter 3, a hybrid injection-locked OEO for single-mode 

oscillation was proposed. The proposed OEO was composed of an 

electrical oscillator and a single-loop OEO. By injecting OEO modes 

into an electrical oscillator, it extracted a desired mode from multiple 

modes in an OEO. Although the phase noise is degraded about 6 dB at 

10-kHz frequency offset by injection-locking, extraction of a desired 

mode among injected OEO modes separated by about 84 kHz at 30-

GHz bands can be successfully demonstrated. However, the proposed 

scheme cannot produce the optical signal modulated by the generated 

high spectral-purity electrical signal since an electrical oscillator is used 

as the slave oscillator. 

Chapter 4 introduced an optoelectronic self-injection-locked (SIL) 

oscillator, where a part of the electrical output signal is self-injected 

after passing through a long optical delay line for output phase-noise 
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reduction. Unlike typical OEOs, the optical loop worked as a passive 

feedback loop. With this SIL oscillator, the single-mode oscillation at 

30-GHz bands with SMSR of 50 dB and output phase-noise reduction 

of about 18 dB at 10-kHz frequency offset were experimentally 

demonstrated. In addition, more compact and cost-effective 

configuration for the SIL oscillator composed of an InP HPT-based 

monolithic oscillator and an electrical-to-optical converter realized by 

two low-speed and low-cost laser diodes was proposed and 

experimentally demonstrated at 10-GHz bands. 

Finally, a 60-GHz fiber-fed wireless system based on the 

optoelectronic SIL oscillator was proposed in chapter 5. In the proposed 

system, the optoelectronic SIL oscillator carried out low phase-noise 

local oscillator (LO) signal generation and optical up-conversion, 

simultaneously. 5MS/s 8-PSK data signals are successfully transmitted 

along 10-km fiber-optic and about 1.5-m 60-GHz wireless links. In 

addition, the system performance to depend on phase noise of a LO 

signal was investigated. 

In this dissertation, the low phase-noise signal was generated by the 

proposed optoelectronic SIL oscillator and it was used as a LO signal 

for up-conversion of data signals into the desired band in a 60-GHz 

fiber-fed wireless system. Although the only fiber-fed wireless system 
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was introduced and demonstrated as an application of the 

optoelectronic SIL oscillator, it was believed that the proposed 

oscillator is very useful for other applications such as optical analog-to-

digital converters since it can generate optical signals as well as micro-

/millimeter wave signals. 
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