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六倍頻 60GHz 光通訊系統載上 7GHz 之 OFDM 訊

號研究及訊號預先編碼技術 

 

研 究 生: 黃漢昇               指導教授: 陳智弘 博士 

 

 

國立交通大學  電機資訊學院 

光電工程研究所 
 

 

摘要 

 

近年來多媒體影音的各種服務快速崛起，因此對於通訊系統的資

料傳輸速率也有越來越高的要求。本篇論文提出一種新型的六倍頻光

調變技術，且此種調變技術可以傳輸向量訊號。此技術使用兩顆外接

式光調變器，第一顆提供修正型單邊帶(Modified SSB)調變系統，第二

顆則提供四倍頻昇頻技術。系統載上88個次載波，符號率78.125-Mb/s

的 OFDM 訊號，訊號格式使用 QPSK 及 8QAM，故資料率分別可達

13.75-Gb/s 及 20.625-Gb/s。此外，我們使用資料預先編碼技術，證明

了即使是雙邊帶載波抑制(DSBCS)調變系統，仍然可以載上向量訊

號。 

 



III 
 

OFDM Signal Generation for 60-GHz RoF System 

within 7-GHz License-Free Band via Frequency 

Sextupling and Signal pre-coding 

 

Student: Han-Sheng Huang     Advisor: Dr. Jyehong Chen 

 

 

Department of Photonics and Display Institute, 

National Chiao Tung University 

 

ABSTRACT 

 

Broad band wireless systems have been considered as a potential solution 

for the future quad play services. With the release of 7-GHz license free band, 

60-GHz millimeter-wave wireless system has been widely investigated recently. 

In this work, a 60GHz Radio-over-Fiber (RoF) system with frequency 

sextupling is experimentally demonstrated. Two dual-parallel Mach-Zehnder 

modulators is used in this demonstration, one for modified single sideband 

(SSB) modulation with frequency doubling and one for frequency quadrupling. 

OFDM signal generation is applied to this system, and we demonstrate with 

data-rate 13.75-Gb/s OFDM-QPSK signal, and data-rate 20.625-Gb/s 

OFDM-8QAM signal. Additionally, we demonstrate that double sideband with 

carrier suppress (DSBCS) modulation scheme can also transmit vector signal 

by signal pre-coding. 
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Chapter 1  

Introduction 

1.1 Review of Radio-over-fiber system 

With rapidly increased for the next generation multi-media service , such as 

IEEE 802.15.3c WPAN, IEEE 802.16 WiMAX, and Wireless HD , the 

bandwidth requirement is also increased . Hence, to develop higher frequency 

microwave, even millimeter-wave is an important issue in the future. 

Traditionally, wireless system needs lots of Base station to deliver 

millimeter-wave signal, which would significant increase the cost . Now , 

another solution has been found , which is Radio-over-Fiber (RoF) system . 

RoF system is composed of central station (CS) , base station (BS) , as shown 

in Fig. 1-1. In RoF system, CS handles coding , up-conversion , and 

modulation, so BS just have to do the optic-to-electric or electric-to-optic 

conversion , which can reduce the complexity and cost of BS. CS and BS is 

connected by fiber. Fiber transmission medium is one of the best solutions 

because there are wider bandwidth and much less power loss in fiber. 

Therefore, RoF systems are attracted and more interesting for potential use in 

the future. RoF technology is a promising solution to provide multi-gigabits/sec 

service because of using millimeter wave band, and it has wide converge and 

mobility. The combination of orthogonal frequency-division multiplexing 

(OFDM) and radio-over-fiber (ROF) systems (OFDM-ROF) is considerable 

attention for future gigabit broadband wireless communication [1-5]. 
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 Figure 1-1 Basic structure of Radio-over fiber system. 

 

1.2 Basic modulation schemes 

There are several kind of modulation schemes using an external modulator, 

such as double-sideband (DSB), single-sideband (SSB), and double-sideband 

with optical carrier suppression (DSBCS) modulation, and these schemes have 

already been demonstrated on many publications [6-9]. Each modulation 

scheme has its own advantage and disadvantage, respectively. DSB is the most 

compact system, but it suffers inferior sensitivities due to limited optical 

modulation index (OMI), and fading issue because of fiber dispersion. SSB can 

overcome fading, but it suffers inferior sensitivities as well. Among these 

modulation schemes, DSBCS modulation has been demonstrated to be 

effective in the millimeter-wave range with excellent spectral efficiency, a low 

bandwidth requirement for electrical components, and superior receiver 
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sensitivity following transmission over a long distance [10-12]. Despite all 

these advantages, DSBCS schemes can only support on-off keying (OOK) 

format, but cannot transmit vector modulation formats, such as phase shift 

keying (PSK), quadrature amplitude modulation (QAM), or OFDM signals, 

which are of utmost importance for wireless applications.  

This study proposes a modified single sideband (SSB) modulation scheme 

with frequency sextupling using two dual-parallel MZM, with frequency 

sextupling. A frequency multiplication scheme is employed to reduce the 

requirement of bandwidth of electronic components, which is an important 

issue at millimeter-wave RoF systems. Benchmarked against the OOK format, 

the 13.75-Gb/s QPSK-OFDM and 20.625-Gb/s 8-QAM-OFDM format has the 

higher spectral efficiency. 

 

1.3 Motivation 

 Recently, several countries have already released the unlicensed spectrum 

about 7GHz near the 60GHz band [13], as shown in Fig. 1-2 . However, the 

coverage of the 60-GHz wireless signals is limited by the high path and 

atmospheric losses , as shown in Fig. 1-3. To extend the signal coverage, 

radio-over-fiber (RoF) techniques become a promising solution for broad band 

wireless access networks. So in this work, we propose a new RoF system 

which has high spectral efficiency and satisfy the 60GHz applications. 

Additionally, we demonstrate that double sideband with carrier suppress 

(DSBCS) modulation scheme can also transmit vector signal by signal 

pre-coding.  
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 Figure 1-2 Unlicensed Spectrum. 

 

 Figure 1-3 Atmospheric absorption of millimeter-wave signal  
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Chapter 2  

The Concept of New Optical Modulation System 

2.1 Preface 

Optical communication system is composed of optical transmitter, 

communication channel and optical receiver. In this chapter, we will do an 

introduction about how these three parts work, and what is the external 

Mach-Zehnder Modulator (MZM), and how MZM construct a 

Radio-over-Fiber (RoF) system. In the end, we will propose a new model of the 

RoF system. 

2.2 Mach-Zehnder Modulator (MZM) 

There are two ways to generate optical signal, which are direct modulation 

and external modulation. With the bandwidth requirement increase, it’s difficult 

to use direct modulation since the frequency chirp imposed on signal becomes 

large enough. Hence, most RoF systems are using external modulation with 

phase modulator (PM) or Mach-Zehnder modulator (MZM) or 

Electro-Absorption Modulator (EAM). The most commonly used MZM are 

based on LiNbO3 (lithium niobate) technology. According to the applied 

electric field, there are two types of LiNbO3 device : x-cut and z-cut.  

According to number of electrode, there are two types of LiNbO3 device: 

dual-drive Mach-Zehnder modulator (DD-MZM) and single-drive 

Mach-Zehnder modulator (SD-MZM), as shown in Fig. 2-1. 
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 Figure 2-1 Most common electrode configurations for (a) non-buffered x-cut, 

(b)buffered x-cut, (c) buffered single-drive z-cut, and (d) buffered dual drive 

z-cut. [14]   
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2.3 Dual parallel Mach-Zehnder Modulator 

By integrated technology, there is another kind of modulator called “dual 

parallel Mach-Zehnder Modulator”. Dual parallel Mach-Zehnder Modulator is 

composed of two MZM and one phase modulator, as shown in Fig. 2-2.This 

modulator is the most important component in the RoF system we proposed. 

 
 Figure 2-2 dual parallel Mach-Zehnder modulator configuration [15] 

 

 

2.4 The architecture of ROF system 

2.4.1 Optical transmitter 

In RoF system, optical transmitter includes optical source, optical 

modulator, RF signal, electrical mixer, electrical amplifier, etc.. Presently, most 

RoF systems are using laser as light source. The advantages of laser are 

compact size, high efficiency, good reliability small emissive area compatible 

with fiber core dimensions, and possibility of direct modulation at relatively 

high frequency. The modulator is used for converting electrical signal into 

optical form. Because the external integrated modulator was composed of 

MZMs, we select MZM as modulator to build the architecture of optical 

transmitter. 

There are two schemes of optical transmitter generated optical signal. One 
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scheme is used two MZM. First MZM generates optical carrier which carried 

the data. The output optical signal is BB signal. The other MZM generates 

optical subcarrier which carried the BB signal and then output the RF signal, as 

shown in Fig. 2-3 (a). The other scheme is used a mixer to get up-converted 

electrical signal and then send it into a MZM to generate the optical signal, as 

shown in Fig. 2-3 (b). Fig. 2-3 (c) shows the duty cycle of subcarrier biased at 

different points in the transfer function.  

 

Maximum transmission point

Minimum transmission point
Quadrature point

 

Figure 2-3 (a) and (b) are two schemes of transmitter and (c) is duty cycle of 

subcarrier biased at different points in the transfer function. (LO: local 

oscillator) 

 

 



9 
 

2.4.2 Optical signal generations based on LiNbO3 MZM 

The microwave and mm-wave generations are key techniques in RoF 

systems. The optical mm-waves using external MZM based on 

double-sideband (DSB), single-sideband (SSB), and double-sideband with 

optical carrier suppression (DSBCS) modulation schemes have been 

demonstrated, as shown in Fig. 2-4. Generated optical signal by setting the bias 

voltage of MZM at quadrature point, the DSB modulation experiences 

performance fading problems due to fiber dispersion, resulting in degradation 

of the receiver sensitivity. When an optical signal is modulated by an electrical 

RF signal, fiber chromatic dispersion causes the detected RF signal power to 

have a periodic fading characteristic. The DSB signals can be transmitted over 

several kilo-meters. Therefore, the SSB modulation scheme is proposed to 

overcome fiber dispersion effect. The SSB signal is generated when a phase 

difference of π/2 is applied between the two RF electrodes of the DD-MZM 

biased at quadrature point. Although the SSB modulation can reduce the 

impairment of fiber dispersion, it suffers worse receiver sensitivity due to 

limited optical modulation index (OMI). The DSBCS modulation is 

demonstrated optical mm-wave generation using DSBCS modulation. It has no 

performance fading problem and it also provides the best receiver sensitivity 

because the OMI is always equal to one. The other advantage is that the 

bandwidth requirement of the transmitter components is less than DSB and 

SSB modulation. However, the drawback of the DSBCS modulation is that it 

can’t support vector signals, such as phase shift keying (PSK), quadrature 

amplitude modulation (QAM), or OFDM signals, which are of utmost 

importance in wireless applications. 
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Figure 2-4 Optical microwave/mm-wave modulation scheme by using MZM 

 

 

2.4.3 Communication channel 

Communication channel concludes fiber, optical amplifier, etc.. Presently, 

most RoF systems are using single-mode fiber (SMF) or dispersion 

compensated fiber (DCF) as the transmission medium. When the optical signal 

transmits in optical fiber, dispersion will be happened. DCF is use to 

compensate dispersion. The transmission distance of any fiber-optic 

communication system is eventually limited by fiber losses. For long-haul 

systems, the loss limitation has traditionally been overcome using regenerator 

witch the optical signal is first converted into an electric current and then 

regenerated using a transmitter. Such regenerators become quite complex and 

expensive for WDM lightwave systems. An alternative approach to loss 

DSB

SSB
Dual-drive

MZM

DC Bias 0.5Vπ

MZMLaser

RF Signal



DC Bias 0.5Vπ
MZMLaser

RF Signal

DC Bias Vπ
MZMLaser

RF Signal

DSBCS
Single-drive

MZM

Single-drive

MZM
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management makes use of optical amplifiers, which amplify the optical signal 

directly without requiring its conversion to the electric domain [16]. Presently, 

most RoF systems are using erbium-doped fiber amplifier (EDFA). An optical 

band-pass filter (OBPF) is necessary to filter out the ASE noise. The model of 

communication channel is shown in Fig. 2-5. 

 

 

Figure 2-5 The model of communication channel in a RoF system. 

2.4.4 Demodulation of optical millimeter-wave signal 

Optical receiver concludes photo-detector (PD), demodulator, etc.. PD 

usually consists of the photo diode and the trans-impedance amplifier (TIA). In 

the microwave or the mm-wave system, the PIN diode is usually used because 

it has lower transit time. The function of TIA is to convert photo-current to 

output voltage. 

The BB and RF signals are identical after square-law photo detection. We 

can get RF signal by using a mixer to drop down RF signal to baseband then 

filtered by low-pass filter (LPF).  

After getting down-converted signal, it will be sent into a signal tester to 

test the quality, just like bit-error-rate (BER) tester or oscilloscope, as shown in 

Fig. 2-6. 

     Combining the transmitter with communication channel and receiver, 

that is the model of ROF system, as shown in Fig. 2-7. We select the scheme of 

Fig. 2-5 (b) to become the transmitter in the model of ROF system.   
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Figure 2-6 The model of receiver in a ROF system. 

 

 

 

 

 

Figure 2-7 The model of ROF system. 
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2.5 The new proposed model of optical modulation system  

2.5.1 Conceptual diagram of the proposed system 

In previous section, we introduce three kind of modulation schemes to 

generate optical RF signal. In this work, a modified single sideband (SSB) 

modulation scheme with frequency sextupling using two dual-parallel MZM is 

proposed. Fig. 2-8 shows the conceptual diagram of the proposed system. The 

transmitter of the proposed system would be easier to understand if we separate 

it to two parts. So next, we will introduce these two parts in details. 
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 Figure 2-8 Conceptual diagram of the proposed system   

 

2.5.2 Modified SSB modulation scheme 

The first part of the transmitter in the proposed system is modified 

single-sideband (SSB) modulation, as shown in Fig. 2-9. For simplicity, the 

figure shows only one RF signal. Since MZ-a and MZ-b are biased at null point, 

the output spectrum are both double-sideband with optical carrier suppression 

(DSBCS). The only difference between MZ-a and MA-b is phase term. 

Compare to MZ-a, MZ-b has +π/2 phase shift at +ωRF term and -π/2 phase shift 
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at -ωRF term. After that, a π/2 phase shift is introduced at lower arm, and then 

combines the two arms. Finally, a new optical carrier is obtained at ωo-ωRF 

term. OFDM signal can be obtained at ωo+ωRF term in the same way. 

Modified SSB modulation is important to the proposed system since it 

provide not only a direct-detection OFDM modulation scheme but also 

frequency doubling result. 

MZ-a
MZ-b

π/2LD

Phase 

shift

+90∘

Clock

x

Vbias=Vπ

Vbias=Vπ

ωo ωoωo-ωRF

ωo+ωRF

ωoωo-ωRF ωo+ωRF

ωoωo-ωRF

ωo+ωRF

ωoωo-ωRF ωo+ωRF

(i)

(ii)

(iv)
(iii)

(v)

 

 Figure 2-9 Modified SSB modulation scheme   

 

 

2.5.3 Frequency quadrupling scheme 

This part of the transmitter in the proposed system is frequency 

quadrupling, as shown in Fig. 2-10. For simplicity, the figure shows only one 

optical input. Since MZ-a and MZ-b are biased at full point, the output 

spectrum are both double-sideband (DSB). The only difference between MZ-a 

and MA-b is phase term. Compare to MZ-a, MZ-b has +π phase shift at +2ωRF 

term and -π phase shift at -2ωRF term. After that, a π phase shift is introduced at 
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lower arm, and then combines the two arms. Finally, frequency quadrupling 

result is obtained. 

Frequency quadrupling technique is needed for this system because the 

entire electrical component with frequency above 30GHz would be extremely 

expensive, which would significant increase the cost of transmitter. With 

frequency quadrupling technique, this is no longer a problem in the proposed 

system. 

When combine the modified SSB modulation scheme and frequency 

modulation scheme, the sextupling direct-detection OFDM RoF system is 

appeared. 

In next chapter, we will show the analytical results for both modified SSB 

and frequency quadrupling scheme. 

MZ-a
MZ-b

πLD

Phase 

shift

+90∘

Clock

x

Vbias=0

Vbias=0

ωo

ωoωo-2ωRF ωo+2ωRF
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(iii)

(v)

ωo
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ωo

ωo-2ωRF ωo+2ωRF

ωoωo-2ωRF ωo+2ωRF

 

 Figure 2-10 Frequency quadrupling scheme   
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2.5.4 Signal Pre-coding 

Traditionally, double sideband with carrier suppress (DSBCS) modulation 

scheme cannot transmit vector signal since the phase term of signal would 

distort. Frequency quadrupling is kind of like a modified DSBCS, so it cannot 

transmit vector signal as well. After calculation, we find out how distortion 

occurs, and the rule of this distortion [17]. In another words, we can still put 

vector signal to this system by some mathematical tricks. The calculation 

details will be shown at next chapter. 



18 
 

ω
ωo

ωo-2ωRF ωo+2ωRF

DC Bias

MZ-a

MZ-b

Vbias=0

Ein(t)=Vm cos(ωRF 

t+Θ(t)+π/2)

Vbias=0

π

π/2

Laser

Eout(t)=(J2(m(t))) 2 

cos((4ωRF)t+4θt)

Full 
point

E

VBias

ω
ωoωo-2ωRF ωo+2ωRF

ω
ωoωo-2ωRF ωo+2ωRF

ωo ωo+2ωRFωo-2ωRF
ω

J2(m(t))cos((ωc+2ωRF)t+2θt)

J2(m(t))cos((ωc-2ωRF)t-2θt)

[J2(m(t))] 2 cos[(4ωRF)t+4θt]

ω
ωRF

ω
ωRF

Vector Signal
(i)

(ii)

(iii)

(iv)

(vi)

ωωoωo-2ωRF ωo+2ωRF

(v)

(vii)

Vm(t) cos[ωRF t+Θ(t)]

m(t)=πVm(t) /2Vπ

 

 Figure 2-11 Frequency quadrupling scheme   

 

 

 

 

 

 

 

 

 

 

 

Chapter 3  

Theoretical calculations of the proposed system 

3.1 Preface 

In this chapter, we will show the analytical results for both modified SSB 

scheme and frequency quadrupling scheme. The discussion will start from what 

is Bessel expansion, and how MZM works, and then show the calculation 

details. 
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3.2 Bessel expansion 

Before we discuss about the theoretical calculation, first we have to know 

the following Bessel expansions. Bessel function is defined as 
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Therefore we will have 

 

These four equations are really important and helpful of our calculations. 

3.3 MZM output electrical field 

Dual-parallel MZM is composed of three sub MZMs, so we will first 

introduce how MZM works. The output electrical field of MZM can be written 

as 

 cos cosout o oE tE     

Where 
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o is frequency of light source, V is the voltage to change MZM to   

phase shift, and 
1V  is the input signal. We can write input signal as 
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This equation can be expanded by Bessel equations as below. 
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As the equation above, by changing b and m properly, we can get many 
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interesting result. This is the basic idea of modified SSB and frequency 

quadrupling. 

 

3.4 Theoretical calculation of modified SSB 

Configuration of the dual parallel MZM we used in our demonstration is 

shown at figure 2.2. We bias MZ-a, which means the upper arm, atV , so the 

output electrical field would be 
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MZ-b, the lower arm, is also biased at V , but RF signal has a 
2


phase 

shift. Also, light source has a 
2


phase shift which is induced by MZ-c. Then 

we can derive the lower arm output as 
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Then combine the upper arm and lower arm electrical field, we can get the 

total output electrical field of dual parallel MZM. 
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The figure below shows what the spectrum looks like. We can use the 

same way to get another signal opposite, and then modified SSB is obtained. 
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Figure 3-1 Illustration of modified SSB 

 

3.5 Theoretical calculation of frequency quadrupling 

To get the frequency quadrupling, we first bias MZ-a, the upper arm, at 0. 

Which implies b=0. So output electrical field of upper arm is 
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MZ-b, the lower arm, is also biased at 0, but RF signal has a 
2


phase shift, 

and light source has a  phase shift which is induced by MZ-c. Then we can 

derive the lower arm output as 
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Then combine the upper arm and lower arm electrical field, we can get the 

total output electrical field of dual parallel MZM. 
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The figure below shows how the spectrum looks like. 

 

 

W0+2WRF

W0-6WRF

W0 W0+2WRF W0+4WRFW0-2WRFW0-4WRF

W0+2WRF

W0+6WRF

 

Figure 3-2 Illustration of frequency quadrupling 

 

3.6 Theoretical calculation of signal pre-coding 

Refer to the analytical result of frequency quadrupling, that is 
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And ignore high order term, 
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From this equation, we find out what the phase distortion in frequency 

quadrupling is. So if we choose the proper position in 16PSK at transmitter 
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node, then a QPSK constellation would occur at receiver node, as shown in Fig. 

3-3. 

 

Figure 3-3 Illustration of signal pre-coding 
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Chapter 4  

Combination of Orthogonal Frequency-Division and 

Radio-over-Fiber Systems 

4.1 Preface 

In chapter 2, the whole idea of the proposed system is introduced. In this 

chapter, we will first talk about what is OFDM, and then demonstrate the 

proposed system, and show the experimental results. 

4.2 Orthogonal frequency division multiplexing 

Basically, orthogonal frequency division multiplexing (OFDM) means 

using a large number of parallel narrow-band subcarriers instead of a single 

wide-band carrier to transport information, as shown in Fig. 3-1. There would 

be lots of significant advantages since the relative low bandwidth of each 

subcarrier, and of course, some trade off.  

The most important advantage of OFDM is the bandwidth efficiency. 

Performance of single carrier system would be restricted by channel response, 

which means the bandwidth cannot achieve too high, and data format as well. 

But in OFDM system, it’s easy to overcome the channel response by using a 

one tap equalizer since it has only low bandwidth subcarriers. 

Dispersion tolerance is also an advantage of OFDM. When a broad band 

light signal transmits in fiber, transmission distance is restricted by dispersion 

coefficient, which is typically 16ps/km-nm in single mode fiber. But in OFDM 

system, again, since it has only low bandwidth subcarriers, dispersion is no 

longer an issue. 

Even with these advantages, there still exists some tradeoff. For example, 
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the large computational amount. OFDM is impossible to realize because the 

computational amount is too large, until mathematician invent the fast Fourier 

transform (FFT) to reduce the computational amount. But still, computational 

amount is an issue of OFDM. 

Another main disadvantage of OFDM is the peak-to-average-ratio (PAPR). 

When all the subcarrier of OFDM is in the same phase, system may appear a 

peak power that is much higher than the average power. This may induce a 

large noise to signal. There are some algorithms to reduce the impact of PAPR, 

but they still have their own tradeoff. However, PAPR is a weakness of OFDM 

system. 

OFDM has its own advantages and disadvantages. And as we mentioned at 

chapter 1-3, bandwidth efficiency would be the top priority of the proposed 

system, so OFDM is utilize in the proposed system. The detail of OFDM signal 

generation is illustrated in Fig. 3-2. 

Single high data rate subcarrier

Frequency

Replaced by multiple lower data rate 

subcarrier  
 Figure 4-1 Frequency quadrupling scheme   
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Figure 4-2 Block diagrams of OFDM transmitter (a) and receiver (b). 

 

4.3 Experimental setup of Optical direct-detection for RoF link 

Figure 4-3 shows the experimental setup of the proposed system. A 

modified SSB signal with frequency doubling is generated using a dual-parallel 

MZM. Then, the modified SSB signal is sent into the proposed colorless optical 

up-conversion system with frequency quadrupling. To select the desired optical 

sidebands and obtain the modified SSB signal with frequency sextupling, an 

optical interleaver is utilized. Based on the modified SSB modulation scheme, 

there is no dispersion-induced performance fading, and high spectral efficiency 

orthogonal frequency-division multiplexing (OFDM) modulation format is 

experimentally demonstrated. Because the optical powers of the OFDM 

modulated and the unmodulated optical sidebands can be freely adjusted by 

controlling the amplitude of the driving signals, the receiver performance can 

be optimized by adjusting the optical power ratio (OPR) between the OFDM 

modulated and the unmodulated optical sidebands. Because of the colorless 

up-conversion system, wavelength-division-multiplexing (WDM) 

up-conversion sharing only one optical up-conversion system can be achieved. 

Most importantly, only 10-GHz components and equipments which can 

provide better performance and lower costs compared with higher frequency 

components are required in this proposed system. 
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There are two kinds of data format has been demonstrated in this work, 

including 13.75-Gb/s QPSK-OFDM, 20.625-Gb/s 8QAM-OFDM. Detail will 

be shown in the following section, respectively. 
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 Figure 4-3 Experimental Setup. EDFA: Erbium Doped Fiber Amplifier, OBPF: 

Optical BandPass Filter, PC: Polarization Controller, SSMF: Standard Single 

Mode Fiber, PD: Photo Detector. 
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4.4 Experimental results of 13.75-Gb/s QPSK-OFDM 

4.4.1 The optimal optical power ratio condition 

In the beginning, we try to transmit data-rate 13.75-Gb/s, total bandwidth 

6.875GHz QPSK-OFDM signal. First, we have to find optimal optical power 

ratio first. Figure 3-16 shows the experimental results of the OPR optimization. 

The OPR is defined as unmodulated sideband optical power to OFDM 

modulated sideband optical power ratio. When the OPR equals to 6 dB, the 

receiver has the best performance. The constellations of different OPR are 

shown in figure 3-17. 
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 Figure 4-4 OPR   
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 Figure 4-5 OPR Constellations, (a) OPR=-1 (b) OPR=6 (c) OPR=9 

 

4.4.2 OFDM details 

The up-converted OFDM signal is generated with 20-GHz DAC sampling 

rate, 256 FFT size, 88 subcarriers, each subcarrier has 78.125-MHz bandwidth, 

total bandwidth 6.875-GHz, and data-rate 13.75-Gb/s. 
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4.4.3 Transmission results 

Figure 4-6 shows optical spectrum in this demonstration. Mark (a)~(e) 

relates to figure 4-3. (a) is the output spectrum at first stage, which is the 

modified SSB signal. (b) is the spectrum after EDFA and optical bandpass 

filter. Optical bandpass filter here is used to filter out amplified spontaneous 

emission (ASE) from EDFA. (c) is the output spectrum at second stage, which 

is the modified SSB signal after frequency quadrupling. (d) is the spectrum 

after interleaver. (e1) is the spectrum without transmission, (e2) is 50km 

transmission, (e3) is 100km transmission. 

Figure 4-7 shows electrical spectrum in this demonstration. Mark (1)~(3) 

relates to figure 4-3. (1) is the output spectrum of AWG. Since signal in this 

figure is still at base band, the total bandwidth is only 3.5-GHz. (2) is the 

spectrum after up-convert to 10-GHz. (3-1) is the spectrum of received signal 

after down-convert to 5-GHz without transmission. (3-2) is 50km transmission. 

(3-3) is 100km transmission. 

Figure 4-8 shows the estimated bit error rate (BER) curves of the 60-GHz 

13.75-Gb/s QPSK-OFDM signal.  After the transmission of 50km SSMF, 

receiver power penalty is observed about 0.5dB. And after the transmission of 

100km SSMF, receiver power penalty is observed about 1dB. The 

constellations of the QPSK-OFDM signals are shown in figure 4-9. 
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 Figure 4-6 OSA   
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 Figure 4-7 ESA   
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 Figure 4-8 BER curves    

 

 

 Figure 4-9 BER constellations with input power -8dBm 
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4.5 Experimental results of 20.625-Gb/s 8QAM-OFDM 

4.5.1 The optimal optical power ratio condition 

After finishing data-rate 13.75-Gb/s demonstration, we try to increase 

data-rate to 20.625-Gb/s by changing data format from total bandwidth 

6.875GHz QPSK-OFDM to total bandwidth 6.875GHz 8QAM-OFDM. Just 

like what we do before, we have to find optimal optical power ratio first. Figure 

4-10 shows the experimental results of the OPR optimization. The OPR is 

defined as unmodulated sideband optical power to OFDM modulated sideband 

optical power ratio. When the OPR equals to 5 dB, the receiver has the best 

performance. The constellations of different OPR are shown in figure 4-11. 
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 Figure 4-10 OPR   
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 Figure 4-11 OPR Constellations, (a) OPR=0 (b) OPR=5 (c) OPR=10 

 

4.5.2 OFDM details 

The up-converted OFDM signal is generated with 20-GHz DAC sampling 

rate, 256 FFT size, 88 subcarriers, each subcarrier has 78.125-MHz bandwidth, 

total bandwidth 6.875-GHz, and data-rate 20.625-Gb/s. 
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4.5.3 Transmission results 

Figure 4-12 shows optical spectrum in this demonstration. Mark (a)~(e) 

relates to figure 4-3. (a) is the output spectrum at first stage, which is the 

modified SSB signal. (b) is the spectrum after EDFA and optical bandpass 

filter. Optical bandpass filter here is used to filter out amplified spontaneous 

emission (ASE) from EDFA. (c) is the output spectrum at second stage, which 

is the modified SSB signal after frequency quadrupling. (d) is the spectrum 

after interleaver. (e1) is the spectrum without transmission, (e2) is 50km 

transmission, (e3) is 100km transmission. 

Figure 4-13 shows electrical spectrum in this demonstration. Mark (1)~(3) 

relates to figure 4-3. (1) is the output spectrum of AWG. Since signal in this 

figure is still at base band, the total bandwidth is only 3.5-GHz. (2) is the 

spectrum after up-convert to 10-GHz. (3-1) is the spectrum of received signal 

after down-convert to 5-GHz without transmission. (3-2) is 50km transmission. 

(3-3) is 100km transmission. 

Figure 4-14 shows the estimated error vector magnitude (EVM) curves of 

the 60-GHz 20.625-Gb/s QPSK-OFDM signal. Definition of EVM is

 [18], where Perror is the RMS power of 

the error vector, and Preference is the RMS power of ideal transmitted signal.  

After the transmission of 50km SSMF, no significant receiver power penalty is 

observed. But after the transmission of 100km SSMF, receiver power penalty is 

observed about 1dB. The constellations of the QPSK-OFDM signals are shown 

in figure 4-15. 
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 Figure 4-12 OSA   
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 Figure 4-13 ESA   
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 Figure 4-14 EVM curves    

 

 

 Figure 4-15 BER constellations with input power -8dBm 
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4.6 Experimental setup of signal pre-coding 

Figure 4-16 shows the experimental setup of signal pre-code system. The 

symbol-rate 312.5-MSym/s pre-coded RF signal with center frequency at 2.5 

GHz is generated by a Tektronix®  AWG7102 arbitrary waveform generator 

(AWG) using a Matlab®  program. After the AWG, the RF signal is 

up-converted to 15 GHz and then send into the integrated MZM. The generated 

optical signal is amplified using an erbium-doped fiber amplifier and then pass 

through an optical band-pass filter to remove the ASE noise. Following 50 km 

of SMF, the received RF signal is down-converted to 5 GHz and captures by 

digital real time scope (Tektronix DPO 71254). An offline program using 

Matlab is used to demodulate the QPSK RF signal. 

Three different kind pre-code constellations are shown in figure 4-16. 

Performance of them will be shown in next section. 
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 Figure 4-16 Experimental Setup. EDFA: Erbium Doped Fiber Amplifier, 

OBPF: Optical BandPass Filter, PC: Polarization Controller, SSMF: Standard 

Single Mode Fiber, PD: Photo Detector. 
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4.7 Experimental results of 312.5-Msym/s pre-code QPSK 

0-1-2-3, 0-1-10-11, 0-5-10-15 three different kind pre-code constellations 

results are shown in figure 4-17. Obviously, performance of 0-1-2-3 is better 

than the other two. The reason supposed to be the different trace they need. To 

0-1-2-3 pre-code, any transition angle is less than 2π. But to 0-1-10-11 and 

0-5-10-15 pre-code, transition angle may be more than 2π, which means the 

trace of these two format is much longer than 0-1-2-3 format, so the 

constellation may not as precisely as 0-1-2-3 format. 
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 Figure 4-17 three different kind pre-code constellations results 
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Chapter 5  

Discussion and Simulation 

5.1 Preface 

In chapter 4 all the experimental results are shown. But there is something 

strange about the penalty after transmission. In this chapter, we will discuss 

about that by doing some simulations. 

5.2 Discussion  

OFDM means you separate one wide bandwidth carrier to several narrow 

bandwidth subcarriers. In our demonstration, each subcarrier has only 

78.125MHz bandwidth and modulated light signal transmit in standard single 

mode fiber (SSMF). Dispersion coefficient of SSMF is 16ps/km-nm. After 

100km transmission, delay cause by dispersion is about 2.01ps, which is only 

0.16% of OFDM symbol time and it would be compensated by cyclic prefix 

(CP) easily. So dispersion is definitely not the reason of the penalty. To find 

out how this penalty comes, we will do some simulations below using the 

commercial software, VPI WDM-TransmissionMaker
©

 7.5. 

5.3 Simulation  

After trying all the possibilities, we finally find out the crucial reason of 

how the penalty comes, linewidth of laser. In our demonstration, DFB laser is 

used as the light source. Typically, linewidth of DFB laser is about 1~3MHz, 

and this may not be an issue generally. But when 60GHz signal is transmitting 

100km in SSMF, trouble is coming. As shown in figure 5-1, laser linewidth 

may seriously interfere with signal after transmission. 13.75-Gb/s 

QPSK-OFDM and 20.625-Gb/s 8QAM-OFDM are just the same. To compare 

these two kind data format, figure 5-2 shows the signal-to-noise-ratio (SNR).  
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From this simulation result, we can clearly see that the only way to 

improve performance of this system is using another laser such as tunable laser 

(TL) which linewidth is much narrower than DFB laser. 
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 Figure 5-1 (a) BER for 13.75-Gb/s QPSK-OFDM (b) EVM for 20.625-Gb/s 

8QAM-OFDM 
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 Figure 5-2 SNR for (a) 13.75-Gb/s QPSK-OFDM (b) 20.625-Gb/s 
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Chapter 6  

Conclusion 

This work proposes a brand new modulation approach to generate optical 

vector signal by frequency multiplication based on a modified SSB scheme. 

Since frequency sextupling technique is used, the proposed system needs lower 

bandwidth requirements compare with conventional modulation scheme using 

external modulator, and the system can also support vector signal. This system 

provides a solution that can satisfy the demand of 60GHz application within 

7GHz license-free band. 

The theoretical calculations are shown in chapter 3, including modified 

SSB and frequency quadrupling. Experimental results are shown in chapter 4. 

We demonstrate three kind of data format, including 13.75-Gb/s QPSK-OFDM 

and 20.625-Gb/s 8QAM-OFDM. Optimal OPR are 6dB, and 5dB, respectively. 

After 100km transmission, about 1dB penalty occurs for all three kind data 

format. By simulations which are shown in chapter 5, we find out that the 

penalty occurs since DFB laser we used in our demonstration has a wide laser 

linewidth. To improve system performance, the only way is using another laser 

such as tunable laser which linewidth is much narrower than DFB laser. 

Additionally, this work experimentally demonstrates that even in DSBCS 

modulation scheme, vector signal still can be utilized. Just need some 

mathematical tricks. After 50knm transmission, the power penalty is small 

enough to be ignored. 
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