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摘要 

 

本篇論文提出一種新型的光調變技術，此種調變技術可以傳輸向

量訊號並具有倍頻效果。利用單一驅動的光調變器產生載子抑制調變，

驅動信號為 10-GHz 的正弦信號組合在 5-GHz 的 1.25-Gb/s 的開關鍵

控，二相移相鍵控或四相移相鍵控信號，在光偵測器接受後，產生在

15-GHz 的倍頻微波信號。傳輸五十公里的單一模態光纖後，三種不

同的信號靈敏度下降小於 0.2dB，四相移相鍵控較開關鍵控擁有兩倍

的頻譜效益而且將近提升 2dB 的靈敏度。並且我們展示正交分頻多

工調變的下傳信號與波段再利用得到的上傳信號，系統的上傳信號為

5-Gb/s 的 16QAM 正交分頻多工調變信號與透過反射半導體光放大器

傳送 1.25-Gb/s 的 OOK 下傳信號。 
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ABSTRACT 
 

This investigation presents a novel modulation approach for generating 

optical vector signals using frequency multiplication based on double sideband 

with carrier suppression. A single-electrode Mach-Zehnder modulator (MZM) 

is biased at null point with a driving signal consists of a 10-GHz sinusoidal 

signal and a 5-GHz sinusoidal signal modulated with 1.25-Gb/s on-off keying 

(OOK), 1.25-Gb/s binary phase shift keying (BPSK) data or 625-MSym/s 

quadruple phase shift keying (QPSK) data. After square-law photo detection, 

1.25-Gb/s RF signal at a sum frequency of 15 GHz is generated. After 

transmission over 50-km single mode fiber (SMF), the power penalty of all 

three modulation formats is under 0.2 dB. QPSK format has twice the spectral 

efficiency and approximately 2 dB better receiving sensitivity than OOK 

format. And we also demonstrate OFDM signal with wavelength reuse for 

uplink signal. The 5-Gb/s 16QAM OFDM signal for ROF downstream link and 

1.25-Gb/s OOK signal via RSOA for upstream link are demonstrated. 
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Chapter 1  

Introduction 

1.1 Review of Radio-over-fiber system 

There are many applications in the microwave band, such as 3G, WiFi 

(IEEE 80211 b/g/a), and WiMAX are very important for wireless network. 

When the growth of customers or increase data rate led to insufficient 

bandwidth in microwave band for the users. Hence, to develop higher 

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

Due to the higher frequency millimeter-wave signal has smaller coverage area. 

Hence, we need a lot of base stations to deliver millimeter-wave signal as 

shown in Fig. 1-1. In order to saving the system cost and less equipped base 

stations (BSs) along with a highly centralized central station (CS) equipped 

with optical and mm-wave components are very importance. Using fiber 

transmission medium is one of the best solutions because there are wider 

bandwidth and much less power loss in fiber. Therefore, Radio-over-fiber 

(ROF) systems are attracted and more interesting for potential use in the future. 

Broadband wireless communications are shown in Fig. 1-2. 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]. The high peak to average power ratio 

(PAPR) and nonlinear distortion of optical transmitter are the main issues 

raised by OFDM and ROF systems, respectively. 
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Figure 1-1 Basic structure of microwave/millimeter-wave wireless system. 
 

 

 

Figure 1-2 the Radio-over fiber system. 

 

1.2 Basic modulation schemes 

The optical radio frequency (RF) signal generation using an external 

Mach-Zehnder modulator (MZM) based on double-sideband (DSB), 

single-sideband (SSB), and double-sideband with optical carrier suppression 

(DSBCS) modulation schemes have been demonstrated [1,2,4-8]. Since the 

optical RF signals are weakly modulated because of the narrow linear region of 
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MZM, those that have undergone DSB and SSB modulation suffer from 

inferior sensitivities due to limited optical modulation index (OMI) [4-6,8]. 

Hence, an optical filter is needed to improve the performance [8]. Furthermore, 

the DSB signal experiences the problem of performance fading because of fiber 

dispersion [6]. 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 sensitivity following transmission over a long distance [6]. 

However, all of the proposed DSBCS schemes can only support on-off keying 

(OOK) format, and none can 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.  

On the other hand, optical RF signal generations using remote heterodyne 

detection (RHD) have been also demonstrated [9-10]. The advantage of RHD 

systems is that the vector signal can be modulated at baseband. Therefore, the 

bandwidth requirement of the transmitter is low. However, the drawback is that 

phase noise and wavelength stability of the lasers at both transmitter and 

receiver should be carefully controlled. 

This study proposes a novel method for generating optical direct-detection 

OFDM-RoF signals using a new DSBCS modulation scheme that can carry 

vector signals. 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 4-Gb/s 16-QAM OFDM format has the higher spectral efficiency with a 

sensitivity penalty of under 0.2-dB. 
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1.3 Motivation 

 Recently, the wireless communication is focused on millimeter-wave band 

around 60GHz. The millimeter-wave in this band has some properties for 

communication such as the short transmission length in the air and broadband 

bandwidth. It can provide safe communication and transmit high data rate 

information such as high definition television (HDTV) video signal. However, 

the electrical components are much more expensive when transmission RF 

signal is in higher frequency. Hence, the ROF system including frequency 

multiplication technique and supporting vector signals are required. 
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Chapter 2  

The Concept of New Optical Modulation System 

2.1 Preface 

There are three parts in optical communication systems : optical 

transmitter, communication channel and optical receiver. Optical transmitter 

converts an electrical input signal into the corresponding optical signal and 

then launches it into the optical fiber serving as a communication channel. The 

role of an optical receiver is to convert the optical signal back into electrical 

form and recover the data transmitted through the lightwave system. In this 

chapter, we will do an introduction about the external Mach-Zehnder 

Modulator (MZM), constructing a model of new ROF system. 

2.2 Mach-Zehnder Modulator (MZM) 

Direct modulation and external modulation are two modulations of 

generated optical signal. When the bit rate of direct modulation signal is above 

10 Gb/s, the frequency chirp imposed on signal becomes large enough. Hence, 

it is difficult to apply direct modulation to generate microwave/mm-wave. 

However, the bandwidth of signal generated by external modulator can exceed 

10 Gb/s. Presently, most RoF systems are using external modulation with 

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) [6]. 
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2.3 Single-drive Mach-Zehnder modulator 

The SD-MZM has two arms and an electrode. The optical phase in each 

arm can be controlled by changing the voltage applied on the electrode. When 

the lightwaves are in phase, the modulator is in “on” state. On the other hand, 

when the lightwaves are in opposite phase, the modulator is in “off ” state, and 

the lightwave cannot propagate by waveguide for output. 

2.4 The architecture of ROF system 

2.4.1 Optical transmitter 

Optical transmitter concludes 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 

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. 2-1 (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. 2-1 (b). Fig. 2-1 (c) shows the duty cycle of subcarrier biased at 

different points in the transfer function.  
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Maximum transmission point

Minimum transmission point
Quadrature point

 

Figure 2-1 (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) 

 

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

In section 2.3.2, there is an introduction of three traditional modulation 

schemes to generate optical RF signal. In this work, we propose a new 

modulation approach to generate optical vector signals by frequency 

multiplication based on a DSBCS scheme and only using a single-electrode 

MZM. Fig. 2-6 schematically depicts the optical vector signal generation 

system. The single-electrode MZM driving signals consist of a sinusoidal 

signal of frequency f1 modulated with a RF signal and a sinusoidal signal of 

frequency f2, as indicated in insets (a) and (b) of Fig. 2-6, respectively. To 

realize the DSBCS modulation scheme, the MZM is biased at the null point. 

Inset (d) in Fig. 2-6 presents the generated optical spectrum that has two 

upper-wavelength sidebands (USB1, USB2) and two lower-wavelength 

sidebands (LSB1, LSB2) with carrier suppression.  

At the base station, the LSB2 subcarrier is filtered out for the upstream 

data link (inset (f)), and the rest of the signal is sent to local users. After 

square-law photo detection, the cross term of USB2 and USB1 generates the 

RF signal at the difference frequency (f2-f1). Concurrently, the cross term of 

LSB1 and USB2 yields the RF signal at the sum frequency (f2+f1). Here we 

only consider the RF signal at the sum frequency and a frequency 

multiplication of optical RF signal can be achieved by proper choosing the 

frequencies of vector signal and sinusoidal signal. The filtering out of LSB2 

subcarrier not only provides an upstream light source but also eliminates 

performance fading. As presented in Fig. 2-7, a two-tone RF single at 

frequencies of 5 GHz and 10 GHz is used to simulate the performance fading. 

After square-law photo detection, the generated RF signals at difference and 
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sum frequencies of 5 GHz and 15 GHz suffer performance fading before 

filtering. If an optical filter is utilized to remove anyone of the four optical 

subcarriers, the fading of both 5-GHz and 15-GHz RF signals can be readily 

eliminated. Notably, a frequency multiplication (1.5 times after square-law 

photo detection) scheme is adopted to reduce the cost of the electronic 

components, especially for RF signals in the millimeter-wave range. 

 

 

 

 

Figure 2-6 Concept of the proposed system. (LD: laser diode, MZM: 

Mach-Zehnder modulator, SMF: single mode fiber, C: circulator, FBG: fiber 

bragg grating, RSOA: reflective semiconductor optical amplifier) 
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Figure 2-7 Simulation of RF performance fading versus SMF transmission 

length. 
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Chapter 3  

The theoretical calculations of proposed system 

3.1 Introduce MZM 

For MZM with configuration as Fig. 3-1, the output E-filed for upper arm is 

EU ൌ E଴ · a · e୨∆φభ                                               (1) 

∆φଵ ؜ ୴భ
୴π

· π                                                    (2) 

∆φଵ  is the optical carrier phase difference that is induced by  vଵ, where a is the 

power splitting ratio. 

The output E-filed for upper arm is 

EL ൌ E଴ · √1 െ aଶ · e୨∆φమ                                          (3) 

∆φଶ  is the optical carrier phase difference that is induced by  vଶ 

∆φଶ ؜ ୴మ
୴π

· π                                                    (4) 

The output E-filed for MZM is 

ET ൌ E଴ · ൛a · b · e୨∆φభ ൅ √1 െ aଶ · √1 െ bଶ · e୨∆φమൟ                    (5) 

where a and b are the power splitting ratios of the first and second Y-splitters in 

MZM, respectively. The power splitting ratio of two arms of a balanced MZM 

is 0.5. The electrical field at the output of the MZM is given by 

ET ൌ ଵ
ଶ

· E଴ · ሼe୨∆φభ ൅ e୨∆φమሽ                                        (6) 

ET ൌ E଴ · cos ቀ∆φభି∆φమ
ଶ

ቁ · exp ቀj ∆φభା∆φమ
ଶ

ቁ                             (7) 

For single electro x-cut MZM. The electrical field at the output is given by 

EOUT ൌ E଴ · cos ቀ∆φିሺି∆φሻ
ଶ

ቁ · exp ቀj ∆φାሺି∆φሻ
ଶ

ቁ                          (8) 

Add time component, the electrical field is 
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EOUT ൌ E଴ · cosሺ∆φሻ · cosሺ߱଴tሻ                                    (9) 

where E0 and ωc denote the amplitude and angular frequency of the input optical 

carrier, respectively; Vሺtሻ is the applied driving voltage, and ∆φ is the optical 

carrier phase difference that is induced by ܸሺݐሻ between the two arms of the 

MZM. The loss of MZM is neglected. ܸሺݐሻ  consisting of an electrical 

sinusoidal signal and a dc biased voltage can be written as,  

ܸሺݐሻ ൌ ௕ܸ௜௔௦ ൅ ௠ܸ cosሺ߱tሻ                                       (10) 

where ௕ܸ௜௔௦ is the dc biased voltage, ௠ܸ and ߱ோி are the amplitude and the 

angular frequency of the electrical driving signal, respectively. The optical 

carrier phase difference induced by ܸሺݐሻ is given by 

∆φ ൌ ௏ሺ௧ሻ
ଶVπ

ൌ ௏್೔ೌೞା௏೘ ୡ୭ୱሺఠ୲ሻ
Vπ

· π
ଶ
                                     (11) 

Eq. (10) can be written as: 

EOUT ൌ E଴ · cos ൤
Vୠ୧ୟୱ ൅ V୫ cosሺωtሻ

Vπ
·
π
2൨ · cosሺω଴tሻ 

           ൌ E଴ · cos ሾb ൅ m · cosሺωRFtሻሿ · cosሺω଴tሻ 

           ൌ E଴ · cosሺω଴tሻ · ሼcosሺbሻ · cosሾm · cosሺωRFtሻሿ 

                                          െsinሺbሻ · sinሾm · cosሺωRFtሻሿሽ                  (12) 

where  ܾ ؜ ௏್೔ೌೞ
ଶVಘ

π  is a constant phase shift that is induced by the dc biased 

voltage, and  ݉ ؜ ௏೘
ଶVಘ

π  is the phase modulation index. 

 

 

ە
ۖ
۔

ۖ
cosሺxۓ sin θሻ ൌ J଴ሺxሻ ൅ 2 ෍ Jଶ୬ሺxሻ cosሺ2nθሻ

∞

୬ୀଵ

sinሺx sin θሻ ൌ 2 ෍ Jଶ୬ିଵሺxሻ sinሾሺ2n െ 1ሻθሿ
∞

୬ୀଵ
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ە
ۖ
۔

ۖ
cosሺxۓ cos θሻ ൌ J଴ሺxሻ ൅ 2 ෍ሺെ1ሻ୬Jଶ୬ሺxሻcosሺ2nθሻ

∞

୬ୀଵ

sinሺx cos θሻ ൌ 2 ෍ሺെ1ሻ୬Jଶ୬ିଵሺxሻcosሾሺ2n െ 1ሻθሿ
∞

୬ୀଵ

 

                                                            (13) 

Expanding Eq. (12) using Bessel functions, as detailed in Eq. (13). The 

electrical field at the output of the MZM can be written as: 

EOUT ൌ E଴ · cosሺ߱଴ݐሻ · 

               ሼcosሺܾሻ · ሾܬ଴ሺ݉ሻ ൅ 2 · ෍ሺെ1ሻ௡ · ଶ௡ሺmሻܬ · cosሺ2݊߱ோிݐሻ
∞

୧ୀଵ

ሿ 

             െsinሺܾሻ · ሾ2 · ෍ሺെ1ሻ௡ · ଶ௡ିଵሺ݉ሻܬ · cosሾሺ2݊ െ 1ሻ߱ோிݐሿ
∞

୧ୀଵ

ሿሽ 

                    (14) 

where ܬ௡ is the Bessel function of the first kind of order n. the electrical 

field of the mm-wave signal can be written as 

 EOUT ൌ E଴ · cosሺܾሻ · J଴ሺmሻ · cosሺω଴tሻ 

            ൅E଴ · cosሺܾሻ · ෍ ଶ௡ሺ݉ሻܬ · cosሾ
∞

୧ୀଵ

ሺ߱଴ െ 2݊߱ோிሻݐ ൅ ݊πሿ 

            ൅E଴ · cosሺܾሻ · ෍ ଶ௡ሺ݉ሻܬ · cosሾሺ߱଴ ൅ 2݊߱ோிሻݐ
∞

୧ୀଵ

൅  ሿߨ݊

            െE଴ · sinሺܾሻ · ෍ ଶ௡ିଵሺ݉ሻܬ · cosሾ
∞

୧ୀଵ

߱଴ െ ሺ2݊ െ 1ሻ߱ோிሻݐ ൅  ሿߨ݊

            െE଴ · sinሺܾሻ · ෍ ଶ௡ିଵሺ݉ሻܬ · cosሾ
∞

୧ୀଵ

߱଴ ൅ ሺ2݊ െ 1ሻ߱ோிሻݐ ൅  ሿߨ݊

                                       (15) 
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Figure 3-1 The principle diagram of the optical mm-wave generation using 

balanced MZM. 

 

3.2 Theoretical calculation of single drive MZM 

3.2.1 Bias at maximum transmission point 

When the MZM is biased at the maximum transmission point, the bias voltage 

is set at  ௕ܸ௜௔௦ ൌ 0, and  cos ܾ ൌ 1 and sin ܾ ൌ 0. Consequently, the electrical 

field of the mm-wave signal can be written as 

 

ሻݐை௎்ሺܧ ൌ ଴ܧ · ଴ሺ݉ሻܬ · cosሺ߱଴ݐሻ 

            ൅ܧ଴ · ෍ ଶ௡ሺ݉ሻܬ · cosሾ
∞

௡ୀଵ

ሺ߱଴ െ 2݊߱ோிሻݐ ൅  ሿߨ݊

            ൅ܧ଴ · ෍ ଶ௡ሺ݉ሻܬ · cosሾሺ߱଴ ൅ 2݊߱ோிሻݐ
∞

௡ୀଵ

൅  ሿߨ݊

(16) 

 

The amplitudes of the generated optical sidebands are proportional to those of 

the corresponding Bessel functions associated with the phase modulation index 

݉. With the amplitude of the electrical driving signal ௠ܸ equal to గܸ, the 
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maximum ݉  is గ
ଶ

. As 0 ൏ ݉ ൏ గ
ଶ

, the Bessel function ܬ௡  for ݊ ൒ 1 

decreases and increases with the order of Bessel function and m, respectively, 

as shown in Figure 3-2. ܬଵ ቀగ
ଶ
ቁ, ܬଶ ቀగ

ଶ
ቁ, ܬଷ ቀగ

ଶ
ቁ, and ܬସ ቀగ

ଶ
ቁ are 0.5668, 0.2497, 

0.069, and 0.014, respectively. Therefore, the optical sidebands with the Bessel 

function higher than ܬଷሺॠሻ can be ignored, and Eq. (14) can be further 

simplified to 

ை௎்ܧ ൌ ଴ܧ · ଴ሺ݉ሻܬ · cosሺ߱଴ݐሻ 

            ൅ܧ଴ · ଶሺ݉ሻܬ · cos ሾሺ߱଴ െ 2߱ோிሻݐ ൅  ሿߨ

            ൅ܧ଴ · ଶሺ݉ሻܬ · cos ሾሺ߱଴ ൅ 2߱ோிሻݐ ൅  ሿߨ

            ൅ܧ଴ · ସሺ݉ሻܬ · cos ሾሺ߱଴ െ 4߱ோிሻݐሿ 

            ൅ܧ଴ · ସሺ݉ሻܬ · cos ሾሺ߱଴ ൅ 4߱ோிሻݐሿ                 (17) 

  

0 2 4 6 8 10
-0.5

0.0

0.5

1.0

m

 J0
 J1
 J2
 J3

 

 

 

Figure 3-2 The different order of Bessel functions vs. m. 

3.2.2 Bias at quadrature point 

When the MZM is biased at the quadrature point, the bias voltage is set at 
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௕ܸ௜௔௦ ൌ Vಘ
ଶ

, and cos ܾ ൌ √ଶ
ଶ

 and sin ܾ ൌ √ଶ
ଶ

. Consequently, the electrical field 

of the mm-wave signal can be written as 

EOUT ൌ
1

√2
· E଴ · J଴ሺmሻ · cosሺω଴tሻ 

            ൅
1

√2
· E଴ · Jଵሺmሻ · cos ሾሺω଴ െ ωRFሻtሿ 

            ൅
1

√2
· E଴ · Jଵሺmሻ · cos ሾሺω଴ ൅ ωRFሻtሿ 

            ൅
1

√2
· E଴ · Jଶሺmሻ · cos ሾሺω଴ െ 2ωRFሻt ൅ πሿ 

            ൅
1

√2
· E଴ · Jଶሺmሻ · cos ሾሺω଴ ൅ 2ωRFሻt ൅ πሿ 

            ൅
1

√2
· E଴ · Jଷሺmሻ · cos ሾሺω଴ െ 3ωRFሻt ൅ πሿ 

            ൅
1

√2
· E଴ · Jଷሺmሻ · cos ሾሺω଴ ൅ 3ωRFሻt ൅ πሿ 

(18) 

3.2.3 Bias at null point 

When the MZM is biased at the null point, the bias voltage is set at ௕ܸ௜௔௦ ൌ V஠, 

and cos ܾ ൌ 0 and sin ܾ ൌ 1.  Consequently, the electrical field of the 

mm-wave signal using DSBCS modulation can be written as 

EOUT ൌ E଴ · Jଵሺmሻ · cos ሾሺω଴ െ ωRFሻtሿ 

            ൅E଴ · Jଵሺmሻ · cos ሾሺω଴ ൅ ωRFሻtሿ 

            ൅E଴ · Jଷሺmሻ · cos ሾሺω଴ െ 3ωRFሻt ൅ πሿ 

            ൅E଴ · Jଷሺmሻ · cos ሾሺω଴ ൅ 3ωRFሻt ൅ πሿ 

            ൅E଴ · Jହሺmሻ · cos ሾሺω଴ െ 5ωRFሻtሿ 

            ൅E଴ · Jହሺmሻ · cos ሾሺω଴ ൅ 5ωRFሻtሿ                            (19) 

3.3 Theoretical calculations and simulation results  

3.3.1 The generated optical signal 
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The theoretical calculations of proposed system, the driving RF signal ܸሺݐሻ 

consisting of an electrical sinusoidal signal and a dc biased voltage can be 

written as  

ܸሺݐሻ ൌ ௕ܸ௜௔௦ ൅ ଵܸcos߱ଵt ൅ ଵܸcos߱ଶt           (20) 

where ௕ܸ௜௔௦ is the dc biased voltage, ଵܸ, ଶܸ and ߱ଵ, ߱ଶ are the amplitude 

and the angular frequency of the electrical driving signals, respectively. The 

optical carrier phase difference induced by ܸሺݐሻ is given by 

ை௎்ܧ ൌ ଴ܧ · cos ሾ ஠
ଶVಘ

ሺ ௕ܸ௜௔௦ ൅ ଵܸcos߱ଵt ൅ ଵܸcos߱ଶtሻሿ  

ை௎்ܧ ൌ ଴ܧ · cos ሾܾ ൅ ݉ଵcos߱ଵt ൅ ݉ଶcos߱ଶtሿ        (21) 

where  ܾ ؜ ௏್೔ೌೞ஠
ଶ஠

  is a constant phase shift that is induced by the dc biased 

voltage, and  ݉ଵ ൌ ௏భ஠
ଶVಘ

,݉ଶ ൌ ௏మ஠
ଶVಘ

  is the phase modulation index. 

ை௎்ܧ ൌ ଴ܧ · cosܾ · cosሺ݉ଵcos߱ଵt ൅ ݉ଶcos߱ଶtሻ 

            െܧ଴ · sinܾ · sinሺ݉ଵcos߱ଵt ൅ ݉ଶcos߱ଶtሻ 

ை௎்ܧ ൌ ଴ܧ · cosܾሼcosሺmଵcos߱ଵݐሻcosሺ݉ଶcos߱ଶݐሻ 

           െsinሺ݉ଵcos߱ଵݐሻsinሺ݉ଶcos߱ଶݐሻሽ 

           െܧ଴ · sinܾሼsinሺ݉ଵcos߱ଵtሻcosሺ݉ଶcos߱ଶtሻ 

           ൅cosሺ݉ଵcos߱ଵtሻsinሺ݉ଶcos߱ଶtሻሽ                  (22) 

When the MZM is biased at the null point, the bias voltage is set at ௕ܸ௜௔௦ ൌ V஠, 

and cos ܾ ൌ 0 and sin ܾ ൌ 1.  Consequently, the electrical field of the 

mm-wave signal using DSBCS modulation can be written as 

ை௎்ܧ ൌ െܧ଴ሼsinሺ݉ଵcos߱ଵtሻcosሺ݉ଶcos߱ଶtሻ 

                ൅cosሺ݉ଵcos߱ଵtሻsinሺ݉ଶcos߱ଶtሻሽ            (23) 

First, to expand equation  sinሺ݉ଵcos߱ଵtሻcosሺ݉ଶcos߱ଶtሻ 
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 sinሺ݉ଵcos߱ଵtሻcosሺ݉ଶcos߱ଶtሻ 

ൌ ൝2 ෍ሺെ1ሻ୬Jଶ୬ିଵሺ݉ଵሻcosሾሺ2n െ 1ሻ߱ଵtሿ
∞

୬ୀଵ

ൡ 

  · ൝J଴ሺ݉ଶሻ ൅ 2 ෍ሺെ1ሻ୬Jଶ୬ሺ݉ଶሻcosሺ2n߱ଶtሻ
∞

୬ୀଵ

ൡ 

ൌ ሼെ2Jଵሺ݉ଵሻcosሺ߱ଵtሻ ൅ 2Jଷሺ݉ଵሻcosሺ3߱ଵtሻ െ ڮ ሽ 

  · ሼJ଴ሺ݉ଶሻ െ 2Jଶሺ݉ଶሻcosሺ2߱ଶtሻ൅2Jସሺ݉ଶሻcosሺ4߱ଶtሻ െ ڮ ሽ            (24) 

The optical sidebands with the Bessel function higher than ܬଷሺॠሻ  can be 

ignored. Consequently, the electrical field can be written as 

sinሺ݉ଵcos߱ଵtሻcosሺ݉ଶcos߱ଶtሻ 

ൎ െ2J଴ሺ݉ଶሻJଵሺ݉ଵሻcos߱ଵt 

     ൅2J଴ሺ݉ଶሻJଷሺ݉ଵሻcosሺ3߱ଵtሻ 

     ൅4Jଵሺ݉ଵሻJଶሺ݉ଶሻ ·
1
2

ሾcosሺ߱ଵ ൅ 2߱ଶሻ t ൅ cosሺ߱ଵ െ 2߱ଶሻ tሿ 

     െ4Jଶሺ݉ଶሻJଷሺ݉ଵሻ ·
1
2

ሾcosሺ3߱ଵ ൅ 2߱ଶሻ t ൅ cosሺ3߱ଵ െ 2߱ଶሻ tሿ 

                 (25) 

Add time component cos߱௖t 

sinሺ݉ଵcos߱ଵtሻcosሺ݉ଶcos߱ଶtሻcos߱௖t 

ൌ െ2J଴ሺ݉ଶሻJଵሺ݉ଵሻcos߱ଵt cos߱௖t 

     ൅2J଴ሺ݉ଶሻJଷሺ݉ଵሻcosሺ3߱ଵtሻcos߱௖t 

     ൅4Jଵሺ݉ଵሻJଶሺ݉ଶሻ ·
1
2

ሾcosሺ߱ଵ ൅ 2߱ଶሻ t ൅ cosሺ߱ଵ െ 2߱ଶሻ tሿcos߱௖t 

     െ4Jଶሺ݉ଶሻJଷሺ݉ଵሻ ·
1
2

ሾcosሺ3߱ଵ ൅ 2߱ଶሻ t ൅ cosሺ3߱ଵ െ 2߱ଶሻ tሿcos߱௖t 

                 (26) 

J଴ሺ݉ଶሻJଵሺ݉ଵሻ ,  2J଴ሺ݉ଶሻJଷሺ݉ଵሻ ,  4Jଵሺ݉ଵሻJଶሺ݉ଶሻ , and  4Jଶሺ݉ଶሻJଷሺ݉ଵሻ   are 

shown in Figure 3-3. Therefore, the optical sidebands with the Bessel function 
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4Jଶሺ݉ଶሻJଷሺ݉ଵሻ  can be ignored, and Eq. (14) can be further simplified to 

 

sinሺ݉ଵcos߱ଵtሻcosሺ݉ଶcos߱ଶtሻcos߱௖t 

ൌ െJ଴ሺ݉ଶሻJଵሺ݉ଵሻሾcosሺ߱௖ ൅ ߱ଵሻt ൅ cosሺ߱௖ െ ߱ଵሻtሿ  

     ൅J଴ሺ݉ଶሻJଷሺ݉ଵሻሾcosሺ߱௖ ൅ 3߱ଵሻt ൅ cosሺ߱௖ െ 3߱ଵሻtሿ 

     ൅Jଵሺ݉ଵሻJଶሺ݉ଶሻሾcosሺ߱௖ ൅ ߱ଵ ൅ 2߱ଶሻ t ൅ cosሺ߱௖ െ ߱ଵ െ 2߱ଶሻ tሿ 

     ൅Jଵሺ݉ଵሻJଶሺ݉ଶሻሾcosሺ߱௖ ൅ ߱ଵ െ 2߱ଶሻ t ൅ cosሺ߱௖ െ ߱ଵ ൅ 2߱ଶሻ tሿ       

                 (27) 
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Figure 3-3 The different order of Bessel functions vs. m. 

 

 

 

Second: To expand equation  cosሺ݉ଵcos߱ଵtሻsinሺ݉ଶcos߱ଶtሻ 
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 cosሺ݉ଵcos߱ଵݐሻsinሺ݉ଶcos߱ଶݐሻ 

ൌ ൝ܬ଴ሺ݉ଵሻ ൅ 2 ෍ሺെ1ሻ௡ܬଶ௡ሺ݉ଵሻcosሺ2݊߱ଵݐሻ
∞

௡ୀଵ

ൡ 

  · ൝2 ෍ሺെ1ሻ௡ܬଶ௡ିଵሺ݉ଶሻcosሾሺ2݊ െ 1ሻ߱ଶݐሿ
∞

௡ୀଵ

ൡ 

ൌ ሼܬ଴ሺ݉ଵሻ െ ሻݐସሺ݉ଵሻcosሺ4߱ଵܬሻ൅2ݐଶሺ݉ଵሻcosሺ2߱ଵܬ2 െ ڮ ሽ 

  · ሼെ2ܬଵሺ݉ଶሻcosሺ߱ଶݐሻ ൅ ሻݐଷሺ݉ଶሻcosሺ3߱ଶܬ2 െ ڮ ሽ 

ൎ െ2ܬ଴ሺ݉ଵሻܬଵሺ݉ଶሻcos߱ଶݐ 

     ൅2ܬ଴ሺ݉ଵሻܬଷሺ݉ଶሻcosሺ3߱ଶݐሻ 

     ൅4ܬଵሺ݉ଶሻܬଶሺ݉ଵሻ ·
1
2

ሾcosሺ߱ଶ ൅ 2߱ଵሻ ݐ ൅ cosሺ߱ଶ െ 2߱ଵሻ  ሿݐ

     െ4ܬଶሺ݉ଵሻܬଷሺ݉ଶሻ ·
1
2

ሾcosሺ3߱ଶ ൅ 2߱ଵሻ ݐ ൅ cosሺ3߱ଶ െ 2߱ଵሻ  ሿݐ

(28) 

Add time component cos߱௖ݐ 

cosሺ݉ଵcos߱ଵݐሻsinሺ݉ଶcos߱ଶݐሻcos߱௖ݐ 

ൌ െ2ܬ଴ሺ݉ଵሻܬଵሺ݉ଶሻcos߱ଶݐ cos߱௖ݐ 

     ൅2ܬ଴ሺ݉ଵሻܬଷሺ݉ଶሻcosሺ3߱ଶݐሻ cos߱௖ݐ 

     ൅4ܬଵሺ݉ଶሻܬଶሺ݉ଵሻ ·
1
2

ሾcosሺ߱ଶ ൅ 2߱ଵሻ ݐ ൅ cosሺ߱ଶ െ 2߱ଵሻ  ݐሿcos߱௖ݐ

     െ4ܬଶሺ݉ଵሻܬଷሺ݉ଶሻ ·
1
2

ሾcosሺ3߱ଶ ൅ 2߱ଵሻ ݐ ൅ cosሺ3߱ଶ െ 2߱ଵሻ  ݐሿcos߱௖ݐ

ൌ െܬ଴ሺ݉ଵሻܬଵሺ݉ଶሻሾcosሺ߱௖ ൅ ߱ଶሻݐ ൅ cosሺ߱௖ െ ߱ଶሻݐሿ 

     ൅ܬ଴ሺ݉ଵሻܬଷሺ݉ଶሻሾcosሺ߱௖ ൅ 3߱ଶሻݐ ൅ cosሺ߱௖ െ 3߱ଶሻݐሿ 

     ൅ܬଵሺ݉ଶሻܬଶሺ݉ଵሻሾcosሺ߱௖ ൅ ߱ଶ ൅ 2߱ଵሻ ݐ ൅ cosሺ߱௖ െ ߱ଶ െ 2߱ଵሻ  ሿݐ

     ൅ܬଵሺ݉ଶሻܬଶሺ݉ଵሻሾcosሺ߱௖ ൅ ߱ଶ െ 2߱ଵሻ ݐ ൅ cosሺ߱௖ െ ߱ଶ ൅ 2߱ଵሻ  ሿ     (29)ݐ

The output electrical filed can be rewritten as 

ሻݐை௎்ሺܧ ൌ  ሻݐሻcosሺ݉ଶcos߱ଶݐሼsinሺ݉ଵcos߱ଵ ݐ଴cos߱௖ܧ
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                                ൅cosሺ݉ଵcos߱ଵݐሻsinሺ݉ଶcos߱ଶݐሻሽ 

ை௎்ሺtሻܧ ൌ ଴ܧ · 

              ሼܬ଴ሺ݉ଶሻܬଵሺ݉ଵሻሾcosሺ߱௖ ൅ ߱ଵሻݐ ൅ cosሺ߱௖ െ ߱ଵሻݐሿ 

            െܬ଴ሺ݉ଶሻܬଷሺ݉ଵሻሾcosሺ߱௖ ൅ 3߱ଵሻݐ ൅ cosሺ߱௖ െ 3߱ଵሻݐሿ 

            െܬଵሺ݉ଵሻܬଶሺ݉ଶሻሾcosሺ߱௖ ൅ ߱ଵ ൅ 2߱ଶሻ ݐ ൅ cosሺ߱௖ െ ߱ଵ െ 2߱ଶሻ  ሿݐ

            െܬଵሺ݉ଵሻܬଶሺ݉ଶሻሾcosሺ߱௖ ൅ ߱ଵ െ 2߱ଶሻ ݐ ൅ cosሺ߱௖ െ ߱ଵ ൅ 2߱ଶሻ  ሿݐ

            ൅ܬ଴ሺ݉ଵሻܬଵሺ݉ଶሻሾcosሺ߱௖ ൅ ߱ଶሻݐ ൅ cosሺ߱௖ െ ߱ଶሻݐሿ 

            െܬ଴ሺ݉ଵሻܬଷሺ݉ଶሻሾcosሺ߱௖ ൅ 3߱ଶሻݐ ൅ cosሺ߱௖ െ 3߱ଶሻݐሿ 

            െܬଵሺ݉ଶሻܬଶሺ݉ଵሻሾcosሺ߱௖ ൅ ߱ଶ ൅ 2߱ଵሻ ݐ ൅ cosሺ߱௖ െ ߱ଶ െ 2߱ଵሻ  ሿݐ

            െܬଵሺ݉ଶሻܬଶሺ݉ଵሻሾcosሺ߱௖ ൅ ߱ଶ െ 2߱ଵሻ ݐ ൅ cosሺ߱௖ െ ߱ଶ ൅ 2߱ଵሻ  ሿሽݐ

                                                                                                  (30) 

 

Figure 3-4 Illustration of the optical spectrum at the output of the MZM. 

(߱ଶ ൌ 6߱ଵ) 

The commercial software, VPI WDM-TransmissionMaker© 5.0, is used to 

simulate numerically the power ratio. Fig. 3-5 shows the optical power ratio 

(OPR, ଵܲ଴,௫௬) as a function of MI. The ଵܲ଴,௫௬ is defined as 

ଵܲ଴,௫௬ ൌ  ଵܲ଴

௫ܲ௬
 

                         (31) 
where ଵܲ଴  and ௫ܲ௬  are the optical powers of the sideband frequency at 

߱௖ േ ሺ1 · ߱ଵ ൅ 0 · ߱ଶሻ and the sideband frequency at ߱௖ േ ሺݔ · ߱ଵ ൅ ݕ · ߱ଶሻ, 
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respectively. As MI falls from one to zero, the optical power ratios are 

improved. 
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Figure 3-5 Illustration of the optical spectrum at the output of the MZM. 

 

 

3.3.2 The generated electrical signal 

After square-law detection using an ideal PD with responsivity R, the 

photocurrent can be expressed as 

݅ሺݐሻ ൌ ܴ ·  ሻ|ଶ                 (32)ݐሺܧ|

 

 

The RF signal is 

݅ሺݐሻ ൌ ܴE଴
ଶ · ሼܥܦ 
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                ൅ሾJ଴
ଶሺ݉ଶሻJଵ

ଶሺ݉ଵሻ െ 2J଴
ଶሺ݉ଶሻJଵሺ݉ଵሻJଷሺ݉ଵሻ ൅ 2Jଵ

ଶሺ݉ଵሻJଶ
ଶሺ݉ଶሻ 

                െ4J଴ሺ݉ଵሻJଵ
ଶሺ݉ଶሻJଶሺ݉ଵሻሿ 

                 · cos ሺ2߱ଵtሻ 

                 ൅ሾ2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ െ 2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ 

                 െ2J଴ሺ݉ଵሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଶሻ ൅ 2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻሿ 

                 ൅2J଴ሺ݉ଵሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଶሻ ൅ 2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻሿ 

                 · ሼcosሾሺ߱ଶ െ ߱ଵሻtሿ ൅ cosሾሺ߱ଶ ൅ ߱ଵሻtሿሽ 

                ൅ሾJ଴
ଶሺ݉ଵሻJଵ

ଶሺ݉ଶሻ െ 2J଴
ଶሺ݉ଵሻJଵሺ݉ଶሻJଷሺ݉ଶሻ ൅ 2Jଵ

ଶሺ݉ଶሻJଶ
ଶሺ݉ଵሻ 

                െ4J଴ሺ݉ଶሻJଵ
ଶሺ݉ଵሻJଶሺ݉ଶሻሿ 

                 · cos ሺ2߱ଶtሻ 

                ൅ሾെ2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ െ 2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଶሻJଷሺ݉ଵሻ 

                ൅2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻሿ 

                 · ሼcosሾሺ߱ଶ െ 3߱ଵሻt ൅ cos ሾሺ߱ଶ ൅ 3߱ଵሻtሿሿሽ 

                ൅ሾെ2J଴ሺ݉ଵሻJଵ
ଶሺ݉ଶሻJଶሺ݉ଵሻ െ 2J଴ሺ݉ଶሻJଵ

ଶሺ݉ଵሻJଶሺ݉ଶሻ 

                ൅2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଵሻ ൅ 2J଴ሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଶሻሿ 

                 · cos ሾሺ2߱ଶ െ 2߱ଵሻtሿ 

                ൅ሾെ2J଴
ଶሺ݉ଶሻJଵሺ݉ଵሻJଷሺ݉ଵሻ ൅ 2Jଵ

ଶሺ݉ଶሻJଶ
ଶሺ݉ଵሻሿ 

                 · cos ሺ4߱ଵtሻ 

                ൅ሾJଵ
ଶሺ݉ଶሻJଶ

ଶሺ݉ଵሻ ൅ 2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଵሻሿ 

                 · cos ሾሺ2߱ଶ െ 4߱ଵሻtሿ 

                ൅2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻ 

                 · cos ሾሺ߱ଶ െ 5߱ଵሻtሿ ൅ RFሽ 

                 (33) 
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Figure 3-6 Illustration of the electrical spectrum of generated BTB mm-wave 

signals using MZM after square-law PD detection. (߱ଶ ൌ 6߱ଵ) 
 

Fig. 3-7 shows the RF signal power ratio (RFPR, ଵܲଵ,௫௬) as a function of MI. 

The ଵܲଵ,௫௬ is defined as 

ଵܲ଴,௫௬ ൌ  ଵܲଵ

௫ܲ௬
 

                 (34) 

where  ଵܲଵ  and  ௫ܲ௬  are the RF signal powers of the frequency at  1 · ߱ଵ ൅

1 · ߱ଶ  and the frequency at  ݔ · ߱ଵ ൅ ݕ · ߱ଶ,respectively. The RF signal power 

at sum and subtract frequencies are the same, so do not consider the  ଵܲଵ,ିଵଵ 

term. 
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Figure 3-7 The RF signal power ratio (RFPR,  ଵܲଵ,௫௬) as a function of MI. 
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Table 3-1 Measure the RF power without optical filtering 

Frequency  Amplitude 

2߱ଵ  ൅J଴
ଶሺ݉ଶሻJଵ

ଶሺ݉ଵሻ െ 2J଴
ଶሺ݉ଶሻJଵሺ݉ଵሻJଷሺ݉ଵሻ ൅ 2Jଵ

ଶሺ݉ଵሻJଶ
ଶሺ݉ଶሻ 

െ4J଴ሺ݉ଵሻJଵ
ଶሺ݉ଶሻJଶሺ݉ଵሻ 

߱ଶ െ ߱ଵ, ߱ଶ ൅ ߱ଵ  ൅2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ െ 2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ 

െ2J଴ሺ݉ଵሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଶሻ ൅ 2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻ 

൅2J଴ሺ݉ଵሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଶሻ ൅ 2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻ 

2߱ଶ  ൅J଴
ଶሺ݉ଵሻJଵ

ଶሺ݉ଶሻ െ 2J଴
ଶሺ݉ଵሻJଵሺ݉ଶሻJଷሺ݉ଶሻ ൅ 2Jଵ

ଶሺ݉ଶሻJଶ
ଶሺ݉ଵሻ 

െ4J଴ሺ݉ଶሻJଵ
ଶሺ݉ଵሻJଶሺ݉ଶሻ 

߱ଶ െ 3߱ଵ, ߱ଶ ൅ 3߱ଵ  െ2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ െ 2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଶሻJଷሺ݉ଵሻ 

൅2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻ 

2߱ଶ െ 2߱ଵ  െ2J଴ሺ݉ଵሻJଵ
ଶሺ݉ଶሻJଶሺ݉ଵሻ െ 2J଴ሺ݉ଶሻJଵ

ଶሺ݉ଵሻJଶሺ݉ଶሻ 

൅2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଵሻ ൅ 2J଴ሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଶሻ 

4߱ଵ  െ2J଴
ଶሺ݉ଶሻJଵሺ݉ଵሻJଷሺ݉ଵሻ ൅ 2Jଵ

ଶሺ݉ଶሻJଶ
ଶሺ݉ଵሻ 

2߱ଶ െ 4߱ଵ  ൅Jଵ
ଶሺ݉ଶሻJଶ

ଶሺ݉ଵሻ ൅ 2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଵሻ 

߱ଶ െ 5߱ଵ, ߱ଶ ൅ 5߱ଵ  ൅2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻ 

 

3.3.3 Consider dispersion effect 

When optical RF signals are transmitted over a single-mode fiber with 

dispersion, a phase shift to each optical sideband relative to optical carrier is 

induced. The propagation constant of the dispersion fiber ߚሺ߱ሻ  can be 

expressed as 

ሺ߱ሻߚ ൌ ݊ሺ߱ሻ
߱
ܿ  

    ൌ ଴ߚ ൅ ଵሺ߱ߚ െ ߱௖ሻ ൅ ଵ
ଶ

ଶሺ߱ߚ െ ߱௖ሻଶ ൅  (35)           ڮ
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where ߚ௠ ൌ ௗ೘ఉ
ௗఠ೘ቚ

ఠୀఠ೎
 is the derivative of the propagation constant 

evaluated at ߱ ൌ ߱௖. The effect of high order fiber dispersion at 1550-nm 

band is neglected. For carrier tones with central frequency at ߱ ൌ ߱௖ േ ݊߱ோி, 

we have 

ሺ߱௖ߚ േ ݊߱ோிሻ ؆ ଴ߚ േ ଵሺ߱௖ሻ߱ோிߚ݊ ൅ ଵ
ଶ

݊ଶߚଶሺ߱௖ሻ߱ோி
ଶ               (36) 

and 

ଶሺ߱௖ሻߚ ൌ െ ௖
ଶగ௙೎

మ · Dሺ߱௖ሻ                                         (37) 

where c is light speed in free space, D is the chromatic dispersion parameter, 

and ௖݂ is the frequency of the optical carrier. For a standard single-mode fiber, 

D is 17-ps/(nm.km). The fiber loss is ignored. Therefore, after transmission 

over a single-mode fiber of length z, the electrical field can be written as 

 

ሻݐை௎்ሺܧ ൌ ଴ܧ · ሼܬ଴ሺ݉ଶሻܬଵሺ݉ଵሻcos ሾሺ߱௖ ൅ ߱ଵሻݐ െ ݖ଴ߚ െ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

                     ൅ܬ଴ሺ݉ଶሻܬଵሺ݉ଵሻcos ሾሺ߱௖ െ ߱ଵሻݐ െ ݖ଴ߚ ൅ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

                     ൅ܬ଴ሺ݉ଵሻܬଵሺ݉ଶሻcos ሾሺ߱௖ ൅ ߱ଶሻݐ െ ݖ଴ߚ െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ 

                     ൅ܬ଴ሺ݉ଵሻܬଵሺ݉ଶሻcos ሾሺ߱௖ െ ߱ଶሻݐ െ ݖ଴ߚ ൅ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ ൅ ڮ ሽ 

                         (38) 

After square-law photo detection, the RF signal can be expressed as 

݅ሺݐሻ ൌ ଴ܧܴ
ଶ · ሼDC ൅ RF 

൅2ܬ଴ሺ݉ଵሻܬ଴ሺ݉ଶሻܬଵሺ݉ଵሻܬଵሺ݉ଶሻ · cos ሾሺ߱௖ ൅ ߱ଵሻݐ െ ݖ଴ߚ െ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

                                                          · cos ሾሺ߱௖ ൅ ߱ଶሻݐ െ ݖ଴ߚ െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ 
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൅2ܬ଴ሺ݉ଵሻܬ଴ሺ݉ଶሻܬଵሺ݉ଵሻܬଵሺ݉ଶሻ · cos ሾሺ߱௖ െ ߱ଵሻݐ െ ݖ଴ߚ ൅ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

                                                          · cos ሾሺ߱௖ െ ߱ଶሻݐ െ ݖ଴ߚ ൅ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ 

൅2ܬ଴ሺ݉ଵሻܬ଴ሺ݉ଶሻܬଵሺ݉ଵሻܬଵሺ݉ଶሻ · cos ሾሺ߱௖ ൅ ߱ଵሻݐ െ ݖ଴ߚ െ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

                                                          · cos ሾሺ߱௖ െ ߱ଶሻݐ െ ݖ଴ߚ ൅ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ 

൅2ܬ଴ሺ݉ଵሻܬ଴ሺ݉ଶሻܬଵሺ݉ଵሻܬଵሺ݉ଶሻ · cos ሾሺ߱௖ െ ߱ଵሻݐ െ ݖ଴ߚ ൅ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

                                                          · cos ሾሺ߱௖ ൅ ߱ଶሻݐ െ ݖ଴ߚ െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿሽ 

                 (39) 

 

The RF signal at the substrate frequency ߱ଶ െ ߱ଵ: 

Iఠమିఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · 

                  ሼcosሾሺ߱ଶ െ ߱ଵሻ t െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖ ൅ ݖଵ߱ଵߚ ൅
1
2 ଶ߱ଵߚ

ଶݖሿ 

               ൅ cosሾሺ߱ଶ െ ߱ଵሻ t ൅ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖ ൅ ݖଵ߱ଶߚ ൅
1
2 ଶ߱ଶߚ

ଶݖሿሽ 

                 (40) 

Define  

൝
c ൌ ሺ߱ଶ െ ߱ଵሻt ൅ ݖଵ߱ଵߚ െ ݖଶ߱ଶߚ

d ൌ
1
2 ଶ߱ଵߚ

ଶݖ െ
1
2 ଶ߱ଶߚ

ଶݖ ൌ
1
2 ሺ߱ଵݖଶߚ

ଶ െ ߱ଶ
ଶሻ

 

                 (41) 

The RF signal at the substrate frequency can be written as 

Iఠమିఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · ሾcosሺc ൅ dሻ ൅ cosሺc െ dሻሿ 

Iఠమିఠభ ൌ 2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · cosሺcሻ cosሺdሻ 

              ൌ 2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · cosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿ 

                 · cosሾሺ߱ଶ െ ߱ଵሻt ൅ ݖଵ߱ଵߚ െ  ሿݖଶ߱ଵߚ

                 (42) 
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The RF signal at the sum frequency ߱ଶ ൅ ߱ଵ: 

Iఠమାఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · 

                  ሼcosሾሺ߱ଵ ൅ ߱ଶሻ t െ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖ െ ݖଵ߱ଶߚ ൅
1
2 ଶ߱ଶߚ

ଶݖሿ 

               ൅ cosሾሺ߱ଵ ൅ ߱ଶሻ t െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖ െ ݖଵ߱ଵߚ ൅
1
2 ଶ߱ଵߚ

ଶݖሿሽ 

                    (43) 

Define  

൝
e ൌ ሺ߱ଵ ൅ ߱ଶሻt െ ݖଵ߱ଵߚ െ ݖଵ߱ଶߚ

f ൌ
1
2 ଶ߱ଶߚ

ଶݖ െ
1
2 ଶ߱ଵߚ

ଶݖ ൌ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻ

 

                    (44) 

The RF signal at the sum frequency can be written as 

Iఠమାఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · ሾcosሺe ൅ fሻ ൅ cosሺe െ fሻሿ 

Iఠమାఠభ ൌ 2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · cosሺeሻ cosሺfሻ 

              ൌ 2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · cosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿ 

                 · cosሾሺ߱ଵ ൅ ߱ଶሻt െ ݖଵ߱ଵߚ െ  ሿݖଶ߱ଵߚ

                     (45) 

 

Fig. 3-8 and Fig. 3-9 show the numerical simulation and theoretical solutions, 

the RF fading problem with the same results. Fig. 3-8 RF signal is driving 5 

GHz and 30 GHz sinusoidal. Fig. 3-9 shows the results after 50km SMF 

transmission. 
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Figure 3-8 shows the numerical and theoretical solution for RF signal fading 

issue after transmission. 
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Figure 3-9 RF power vs. ߱ଵ. 
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3.4 The generated optical signal using optical filtering 

3.4.1 Analysis of the generated signal  

When we use fiber grating, the equation for the optical spectrum is 

ை௎்ܧ ൌ ଴ܧ · 

              ሼJ଴ሺ݉ଶሻJଵሺ݉ଵሻሾ݇ଵ · cosሺ߱௖ ൅ ߱ଵሻt ൅ cosሺ߱௖ െ ߱ଵሻtሿ 

            െJ଴ሺ݉ଶሻJଷሺ݉ଵሻሾcosሺ߱௖ ൅ 3߱ଵሻt ൅ cosሺ߱௖ െ 3߱ଵሻtሿ 

            െJଵሺ݉ଵሻJଶሺ݉ଶሻሾcosሺ߱௖ ൅ ߱ଵ ൅ 2߱ଶሻ t ൅ cosሺ߱௖ െ ߱ଵ െ 2߱ଶሻ tሿ 

            െJଵሺ݉ଵሻJଶሺ݉ଶሻሾcosሺ߱௖ ൅ ߱ଵ െ 2߱ଶሻ t ൅ cosሺ߱௖ െ ߱ଵ ൅ 2߱ଶሻ tሿ 

            ൅J଴ሺ݉ଵሻJଵሺ݉ଶሻሾ݇ଶ · cosሺ߱௖ ൅ ߱ଶሻt ൅ cosሺ߱௖ െ ߱ଶሻtሿ 

            െJ଴ሺ݉ଵሻJଷሺ݉ଶሻሾcosሺ߱௖ ൅ 3߱ଶሻt ൅ cosሺ߱௖ െ 3߱ଶሻtሿ 

            െJଵሺ݉ଶሻJଶሺ݉ଵሻሾcosሺ߱௖ ൅ ߱ଶ ൅ 2߱ଵሻ t ൅ cosሺ߱௖ െ ߱ଶ െ 2߱ଵሻ tሿ 

            െJଵሺ݉ଶሻJଶሺ݉ଵሻሾcosሺ߱௖ ൅ ߱ଶ െ 2߱ଵሻ t ൅ cosሺ߱௖ െ ߱ଶ ൅ 2߱ଵሻ tሿሽ  (46) 

 

Figure 3-10 shows the optical spectrum when the LSB1 is filter out. 

 

 

Figure 3-11 shows the optical spectrum when the LSB2 is filter out. 
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After square-law detection, the photocurrent can be expressed as 

 

݅ሺݐሻ ൌ ܴE଴
ଶ · ሼܥܦ 

                ൅ሾ݇ଵ · J଴
ଶሺ݉ଶሻJଵ

ଶሺ݉ଵሻ െ ሺ1 ൅ ݇ଵሻ · J଴
ଶሺ݉ଶሻJଵሺ݉ଵሻJଷሺ݉ଵሻ 

                ൅2Jଵ
ଶሺ݉ଵሻJଶ

ଶሺ݉ଶሻ െ ሺ2݇ଶ ൅ 2ሻ · J଴ሺ݉ଵሻJଵ
ଶሺ݉ଶሻJଶሺ݉ଵሻሿ 

                 · cos ሺ2߱ଵtሻ 

                 ൅ሾሺ1 ൅ ݇ଵ݇ଶሻ · J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

                 െሺ1 ൅ ݇ଵሻ · J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ 

                 െሺ1 ൅ ݇ଶሻ · J଴ሺ݉ଵሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଶሻ 

                 ൅2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻ 

                 ൅2J଴ሺ݉ଵሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଶሻ ൅ 2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻሿ 

                 · cosሾሺ߱ଶ െ ߱ଵሻtሿ 

                 ൅ሾሺ݇ଵ ൅ ݇ଶሻ · J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

                 െሺ1 ൅ ݇ଵሻ · J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ 

                 െሺ1 ൅ ݇ଶሻ · J଴ሺ݉ଵሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଶሻ 

                 ൅2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻ 

                 ൅2J଴ሺ݉ଵሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଶሻ ൅ 2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻሿ 

                  · cosሾሺ߱ଶ ൅ ߱ଵሻtሿ 

                ൅ሾ݇ଶ · J଴
ଶሺ݉ଵሻJଵ

ଶሺ݉ଶሻ െ ሺ1 ൅ ݇ଶሻ · J଴
ଶሺ݉ଵሻJଵሺ݉ଶሻJଷሺ݉ଶሻ 

                ൅2Jଵ
ଶሺ݉ଶሻJଶ

ଶሺ݉ଵሻ െ ሺ2݇ଵ ൅ 2ሻ · J଴ሺ݉ଶሻJଵ
ଶሺ݉ଵሻJଶሺ݉ଶሻሿ 

                 · cos ሺ2߱ଶtሻ 

                ൅ሾെሺ1 ൅ ݇ଵሻ · J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ 

                െሺ1 ൅ ݇ଶሻ · J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଶሻJଷሺ݉ଵሻ 

                ൅2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻሿ 

                 · ሼcosሾሺ߱ଶ െ 3߱ଵሻt ൅ cos ሾሺ߱ଶ ൅ 3߱ଵሻtሿሿሽ 
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                ൅ሾെሺ1 ൅ ݇ଶሻ · J଴ሺ݉ଵሻJଵ
ଶሺ݉ଶሻJଶሺ݉ଵሻ 

                െሺ1 ൅ ݇ଵሻ · J଴ሺ݉ଶሻJଵ
ଶሺ݉ଵሻJଶሺ݉ଶሻ 

                ൅2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଵሻ ൅ 2J଴ሺ݉ଵሻJଵሺ݉ଶሻJଶሺ ଵሻJଷሺ݉ଶሻሿ 

                 · cos ሾሺ2߱ଶ െ 2߱ଵሻtሿ 

                ൅ሾെሺ1 ൅ ݇ଵሻ · J଴
ଶሺ݉ଶሻJଵሺ݉ଵሻJଷሺ݉ଵሻ ൅ 2Jଵ

ଶሺ݉ଶሻJଶ
ଶሺ݉ଵሻሿ 

                 · cos ሺ4߱ଵtሻ 

                ൅ሾJଵ
ଶሺ݉ଶሻJଶ

ଶሺ݉ଵሻ ൅ 2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଵሻሿ 

                 · cos ሾሺ2߱ଶ െ 4߱ଵሻtሿ 

                ൅2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻ 

                 · cos ሾሺ߱ଶ െ 5߱ଵሻtሿ ൅ RFሽ 

                   (47) 
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Table 3-2 Measure the RF power with optical filtering 

Frequency Amplitude 

2߱ଵ  ൅݇ଵ · J଴
ଶሺ݉ଶሻJଵ

ଶሺ݉ଵሻ െ ሺ1 ൅ ݇ଵሻ · J଴
ଶሺ݉ଶሻJଵሺ݉ଵሻJଷሺ݉ଵሻ 

൅2Jଵ
ଶሺ݉ଵሻJଶ

ଶሺ݉ଶሻ െ ሺ2݇ଶ ൅ 2ሻ · J଴ሺ݉ଵሻJଵ
ଶሺ݉ଶሻJଶሺ݉ଵሻ 

߱ଶ െ ߱ଵ   ൅ሺ1 ൅ ݇ଵ݇ଶሻ · J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 
െሺ1 ൅ ݇ଵሻ · J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ 
െሺ1 ൅ ݇ଶሻ · J଴ሺ݉ଵሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଶሻ 
൅2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻ 
൅2J଴ሺ݉ଵሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଶሻ 
൅2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻ 

 ߱ଶ ൅ ߱ଵ  ൅ሺ݇ଵ ൅ ݇ଶሻ · J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 
െሺ1 ൅ ݇ଵሻ · J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ 
െሺ1 ൅ ݇ଶሻ · J଴ሺ݉ଵሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଶሻ 
൅2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻ 
൅2J଴ሺ݉ଵሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଶሻ 
൅2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻ 

2߱ଶ  ൅݇ଶ · J଴
ଶሺ݉ଵሻJଵ

ଶሺ݉ଶሻ െ ሺ1 ൅ ݇ଶሻ · J଴
ଶሺ݉ଵሻJଵሺ݉ଶሻJଷሺ݉ଶሻ 

൅2Jଵ
ଶሺ݉ଶሻJଶ

ଶሺ݉ଵሻ െ ሺ2݇ଵ ൅ 2ሻ · J଴ሺ݉ଶሻJଵ
ଶሺ݉ଵሻJଶሺ݉ଶሻ 

߱ଶ െ 3߱ଵ ,  ߱ଶ ൅ 3߱ଵ  െሺ1 ൅ ݇ଵሻ · J଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻ 
െሺ1 ൅ ݇ଶሻ · J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଶሻJଷሺ݉ଵሻ 
൅2Jଵሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଶሺ݉ଶሻ 

2߱ଶ െ 2߱ଵ  െሺ1 ൅ ݇ଶሻ · J଴ሺ݉ଵሻJଵ
ଶሺ݉ଶሻJଶሺ݉ଵሻ 

െሺ1 ൅ ݇ଵሻ · J଴ሺ݉ଶሻJଵ
ଶሺ݉ଵሻJଶሺ݉ଶሻ 

൅2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଵሻ 
൅2J଴ሺ݉ଵሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଶሻ 

4߱ଵ  െሺ1 ൅ ݇ଵሻ · J଴
ଶሺ݉ଶሻJଵሺ݉ଵሻJଷሺ݉ଵሻ ൅ 2Jଵ

ଶሺ݉ଶሻJଶ
ଶሺ݉ଵሻ 

2߱ଶ െ 4߱ଵ  ൅Jଵ
ଶሺ݉ଶሻJଶ

ଶሺ݉ଵሻ ൅ 2J଴ሺ݉ଶሻJଵሺ݉ଵሻJଶሺ݉ଶሻJଷሺ݉ଵሻ 
߱ଶ െ 5߱ଵ  ൅2J଴ሺ݉ଶሻJଵሺ݉ଶሻJଶሺ݉ଵሻJଷሺ݉ଵሻ 
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Figure 3-12 Illustration of the electrical spectrum of generated BTB mm-wave 

signals when the LSB1 is filter out. (߱ଶ ൌ 6߱ଵ) 

 

 

 

 

Figure 3-13 Illustration of the electrical spectrum of generated BTB mm-wave 

signals when the LSB2 is filter out. (߱ଶ ൌ 6߱ଵ) 
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3.4.2 The effects of fiber dispersion 

Consider fiber dispersion effect, the electrical field can be written as 

ை௎்ܧ ൌ ଴ܧ · ሼ݇ଵ · J଴ሺ݉ଶሻJଵሺ݉ଵሻcos ሾሺωୡ ൅ ߱ଵሻt െ ݖ଴ߚ െ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

                     ൅J଴ሺ݉ଶሻJଵሺ݉ଵሻcos ሾሺωୡ െ ߱ଵሻt െ ݖ଴ߚ ൅ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

                     ൅݇ଶ · J଴ሺ݉ଵሻJଵሺ݉ଶሻcos ሾሺωୡ ൅ ߱ଶሻt െ ݖ଴ߚ െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ 

                     ൅J଴ሺ݉ଵሻJଵሺ݉ଶሻcos ሾሺωୡ െ ߱ଶሻt െ ݖ଴ߚ ൅ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ ൅ ڮ ሽ 

(48) 
After square-law photo detection, the RF signal can be expressed as 

݅ሺݐሻ ൌ ܴE଴
ଶ · ሼDC ൅ RF 

൅2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

· ݇ଵ · cos ሾሺωୡ ൅ ߱ଵሻt െ ݖ଴ߚ െ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

· ݇ଶ · cos ሾሺωୡ ൅ ߱ଶሻt െ ݖ଴ߚ െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ 

൅2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

· cos ሾሺωୡ െ ߱ଵሻt െ ݖ଴ߚ ൅ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

· cos ሾሺωୡ െ ߱ଶሻt െ ݖ଴ߚ ൅ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ 

൅2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

· ݇ଵ · cos ሾሺωୡ ൅ ߱ଵሻt െ ݖ଴ߚ െ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

· cos ሾሺωୡ െ ߱ଶሻt െ ݖ଴ߚ ൅ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿ 

൅2J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

· cos ሾሺωୡ െ ߱ଵሻt െ ݖ଴ߚ ൅ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖሿ 

· ݇ଶ · cos ሾሺωୡ ൅ ߱ଶሻt െ ݖ଴ߚ െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖሿሽ 

                    (49) 
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The RF signal at the substrate frequency ߱ଶ െ ߱ଵ: 

Iఠమିఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · 

                  ሼ݇ଵ݇ଶ · cosሾሺ߱ଶ െ ߱ଵሻ t െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖ ൅ ݖଵ߱ଵߚ ൅
1
2 ଶ߱ଵߚ

ଶݖሿ 

               ൅ cosሾሺ߱ଶ െ ߱ଵሻ t ൅ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖ ൅ ݖଵ߱ଶߚ ൅
1
2 ଶ߱ଶߚ

ଶݖሿሽ 

                                               (50) 

Define  

൝
a ൌ ሺ߱ଶ െ ߱ଵሻt ൅ ݖଵ߱ଵߚ െ ݖଶ߱ଶߚ

b ൌ
1
2 ଶ߱ଵߚ

ଶݖ െ
1
2 ଶ߱ଶߚ

ଶݖ ൌ
1
2 ሺ߱ଵݖଶߚ

ଶ െ ߱ଶ
ଶሻ

 

(51) 

The RF signal at the substrate frequency can be written as 

Iఠమିఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

               · ሾ݇ଵ݇ଶ · cosሺa ൅ bሻ ൅ ݇ଵ݇ଶ · cosሺa െ bሻ ൅ ሺ1 െ ݇ଵ݇ଶሻ · cosሺa െ bሻሿ 

Iఠమିఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

               · ሾ2݇ଵ݇ଶ cosሺaሻ cosሺbሻ ൅ ሺ1 െ ݇ଵ݇ଶሻ · cosሺa െ bሻሿ 

              ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

                · ሼ2݇ଵ݇ଶ cosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿ · cosሾሺ߱ଶ െ ߱ଵሻt ൅ ݖଵ߱ଵߚ െ  ሿݖଶ߱ଵߚ

               ൅ሺ1 െ ݇ଵ݇ଶሻ cosሾሺ߱ଶ െ ߱ଵሻ t ൅ ݖଵ߱ଵߚ െ ݖଶ߱ଶߚ െ
1
2 ሺ߱ଵݖଶߚ

ଶ െ ߱ଶ
ଶሻሿሽ 

(52) 

The RF signal power at the substrate frequency can be written as 

Pఠమିఠభ ൌ ሾJ଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻሿଶ · ሼAଶ ൅ Bଶ ൅ 2AB · cosሺθଶሻሽ 

              ൌ ሾJ଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻሿଶ 

               · ሼሾ2݇ଵ݇ଶcosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿሿଶ ൅ ሾሺ1 െ ݇ଵ݇ଶሻሿଶ 

              ൅2 ሾ2݇ଵ݇ଶcosሾ
1
2 ሺݖଶߚ ଶ

ଶ െ ߱ଵ
ଶሻሿሿ · ሺ1 െ ݇ଵ݇ଶሻ · cosሺθଶሻሽ 

                 (53) 
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The RF signal at the sum frequency ߱ଶ ൅ ߱ଵ 

Iఠమାఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ · 

                 ሼ݇ଵcosሾሺ߱ଵ ൅ ߱ଶሻ t െ ݖଵ߱ଵߚ െ
1
2 ଶ߱ଵߚ

ଶݖ െ ݖଵ߱ଶߚ ൅
1
2 ଶ߱ଶߚ

ଶݖሿ 

               ൅݇ଶ cosሾሺ߱ଵ ൅ ߱ଶሻ t െ ݖଵ߱ଶߚ െ
1
2 ଶ߱ଶߚ

ଶݖ െ ݖଵ߱ଵߚ ൅
1
2 ଶ߱ଵߚ

ଶݖሿሽ 

(54) 

Define  

൝
a ൌ ሺ߱ଵ ൅ ߱ଶሻt െ ݖଵ߱ଵߚ െ ݖଵ߱ଶߚ

b ൌ
1
2 ଶ߱ଶߚ

ଶݖ െ
1
2 ଶ߱ଵߚ

ଶݖ ൌ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻ

 

The RF signal at the sum frequency can be written as 

Iఠమାఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

              · ሾ݇ଵcosሺa ൅ bሻ ൅ ݇ଵ cosሺa െ bሻ ൅ ሺ݇ଶ െ ݇ଵሻ cosሺa െ bሻሿ 

Iఠమାఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

              · ሾ2݇ଵ cosሺaሻ cosሺbሻ ൅ ሺ݇ଶ െ ݇ଵሻ cosሺa െ bሻሿ 

              ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

              · ሼ2݇ଵcosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿ · cosሾሺ߱ଵ ൅ ߱ଶሻt െ ݖଵ߱ଵߚ െ  ሿݖଶ߱ଵߚ

             ൅ሺ݇ଶ െ ݇ଵሻ cosሾሺ߱ଶ ൅ ߱ଵሻ t െ ݖଵ߱ଵߚ െ ݖଶ߱ଶߚ െ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿሽ 

(55) 

Or 

Iఠమାఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

              · ሾ݇ଶcosሺa ൅ bሻ ൅ ݇ଶ cosሺa െ bሻ ൅ ሺ݇ଵ െ ݇ଶሻ cosሺa െ bሻሿ 

Iఠమାఠభ ൌ J଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻ 

              · ሼ2݇ଶcosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿ · cosሾሺ߱ଵ ൅ ߱ଶሻt െ ݖଵ߱ଵߚ െ  ሿݖଶ߱ଵߚ

             ൅ሺ݇ଵ െ ݇ଶሻ cosሾሺ߱ଶ ൅ ߱ଵሻ t െ ݖଵ߱ଵߚ െ ݖଶ߱ଶߚ െ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿሽ 

             ൌ A · cosሾሺ߱ଵ ൅ ߱ଶሻt ൅ θଵሿ ൅ B · cosሾሺ߱ଵ ൅ ߱ଶሻt ൅ θଵ ൅ θଶሿ     (56) 
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The RF signal power at the sum frequency can be written as 

Pఠమାఠభ ൌ ሾJ଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻሿଶ · ሼAଶ ൅ Bଶ ൅ 2AB · cosሺθଶሻሽ 

              ൌ ሾJ଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻሿଶ 

               · ሼሾ2݇ଶcosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿሿଶ ൅ ሾሺ݇ଵ െ ݇ଶሻሿଶ 

              ൅2 ሾ2݇ଶcosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿሿ · ሺ݇ଵ െ ݇ଶሻ · cosሺθଶሻሽ 

                 (57) 

Or 

Pఠమାఠభ ൌ ሾJ଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻሿଶ · ሼAଶ ൅ Bଶ ൅ 2AB · cosሺθଶሻሽ 

              ൌ ሾJ଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻሿଶ 

               · ሼሾ2݇ଵcosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿሿଶ ൅ ሾሺ݇ଶ െ ݇ଵሻሿଶ 

              ൅2 ሾ2݇ଵcosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿሿ · ሺ݇ଶ െ ݇ଵሻ · cosሺθଶሻሽ 

                 (58) 

Because grating only filter out LSB1 or LSB2 at the same time, so the equation 

of the RF signal power at the sum and substrate frequency are the same. The 

RF signal power can be written as 

Pఠమାఠభ ൌ Pఠమିఠభ 

              ൌ ሾJ଴ሺ݉ଵሻJ଴ሺ݉ଶሻJଵሺ݉ଵሻJଵሺ݉ଶሻሿଶ 

               · ሼሾ2݇ଵ݇ଶcosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿሿଶ ൅ ሾሺ1 െ ݇ଵ݇ଶሻሿଶ 

              ൅2 ሾ2݇ଵ݇ଶcosሾ
1
2 ሺ߱ଶݖଶߚ

ଶ െ ߱ଵ
ଶሻሿሿ · ሺ1 െ ݇ଵ݇ଶሻ · cosሺθଶሻሽ 

(59) 

If grating is filter out 28dB, 20Logሺ݇ଵ ݎ݋ ݇ଶሻ ൌ െ28, ݇ଵ ݎ݋ ݇ଶ ൌ 0.04. 
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Figure 3-14 shows the RF signal power vs. transmission length when the LSB1 

is filter out. 
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Figure 3-15 shows the RF signal power vs. transmission length when the LSB2 

is filter out. 
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3.5 The optimal optical power ratio condition 

3.5.1 Signal without optical filtering 

We assume the output e-filed of LSB2, LSB1, RSB1 and RSB2 are 

Eଵ, Eଶ, Eଷ and Eସ respectively. When we use single drive MZM and set the bias 

point of MZM at Vπ and then the e-filed is 

Eଵ ൌ Eସ, Eଶ ൌ Eଷ               (60) 

For the PSK signal that the total power can be written as 

Eଵ
ଶ ൅ Eଶ

ଶ ൅ Eଷ
ଶ ൅ Eସ

ଶ ൌ P 

2Eଵ
ଶ ൅ 2Eଶ

ଶ ൌ P               (61) 

The optical field is then detected using and ideal square-law photodetector, and 

the RF signals generated are mathematically evaluated as follows: 

2Eଵ
ଶ ൅ 2Eଶ

ଶ ൅ Eଵ · Eଶ ൅ Eଷ · Eସ ൅ Eଵ · Eଷ ൅ Eଶ · Eସ 

The fଵ ൅ fଶ RF signal term is 

Eଵ · Eଷ ൅ Eଶ · Eସ ൌ 2Eଵ · Eଶ                (62) 

Where Eଶ ൌ ටP
ଶ

െ Eଵ
ଶ for PSK signal 

The RF signal become 

2Eଵ · ටP
ଶ

െ Eଵ
ଶ                  (63) 

The maximum of RF signal power originates from 

ቆ2Eଵ · ටP
ଶ

െ Eଵ
ଶቇ

′

ൌ 0                (64) 

To solve the differential equation we would get the e-filed 

Eଵ ൌ √P 2⁄ , Eଶ ൌ √P 2⁄  

Eଵ: Eଶ: Eଷ: Eସ ൌ 1: 1: 1: 1             (65) 

The optical powers are 

Iଵ ൌ Iଶ ൌ Iଷ ൌ Iସ ൌ P 4⁄ , Iଵ: Iଶ: Iଷ: Iସ ൌ 1: 1: 1: 1           (66) 



46 
 

For the OOK signal that the total power can be written as 

2Eଵ
ଶ ൅ Eଶ

ଶ ൅ Eଷ
ଶ ൅ 2Eସ

ଶ ൌ P 

4Eଵ
ଶ ൅ 2Eଶ

ଶ ൌ P               (67) 

The fଵ ൅ fଶ RF signal term is 

Eଵ · Eଷ ൅ Eଶ · Eସ ൌ 2Eଵ · Eଶ            (68) 

Where Eଵ ൌ ටP
ସ

െ Eమ
మ

ଶ
 for OOK signal 

The RF signal become 

2Eଶ · ටP
ସ

െ Eమ
మ

ଶ
                (69) 

The maximum of RF signal power is happened in 

ቆ2Eଶ · ටP
ସ

െ Eమ
మ

ଶ
ቇ
′

ൌ 0              (70) 

To solve the differential equation we would get the e-filed 

Eଶ ൌ √P 2⁄ , Eଵ ൌ ඥP 8⁄  

and 

Eଵ: Eଶ: Eଷ: Eସ ൌ 1: √2: √2: 1            (71) 

The optical powers are 

Iଵ ൌ Iସ ൌ 2Eଵ
ଶ ൌ P 4⁄  

Iଶ ൌ Iଷ ൌ Eଶ
ଶ ൌ P 4⁄               (72) 

and 

Iଵ: Iଶ: Iଷ: Iସ ൌ 1: 1: 1: 1              (73) 

When the optical signal without filtering, the optimal SOPR of both PSK and 

OOK RF signals is 0-dB. 
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Figure 3-16 shows optical spectrum without fiber grating filter out. 

 

 

 

Figure 3-17 the e-filed power for BPSK signal between zero and one. 

 

 

 

Figure 3-18 the e-filed power for OOK signal between zero and one. 
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3.5.2 When the LSB2 or LSB1 is filter out 

Using fiber grating to remove LSB1 and getting maximum output RF signal 

condition for PSK signal is 

Eଶ: Eଷ: Eସ ൌ 1: 1: √2               (74) 

The optical power equal 

Iଶ: Iଷ: Iସ ൌ 1: 1: 2               (75) 

and for OOK signal 

Eଶ: Eଷ: Eସ ൌ 1: 1: 1              (76) 

The optical power equal 

Iଶ: Iଷ: Iସ ൌ 1: 1: 2                (77) 

The optimal SOPR of both PSK and OOK RF signals is 3-dB when the LSB2 

with filtering. 

 

 

Using fiber grating to remove LSB1 and getting maximum output RF signal 

condition for PSK signal is 

Eଵ: Eଷ: Eସ ൌ 1: √2: 1                (78) 

The optical power equal 

Iଵ: Iଷ: Iସ ൌ 1: 2: 1               (79) 

And for OOK signal 

Eଵ: Eଷ: Eସ ൌ 1: 2: 1                           (80) 

The optical power equal 

Iଶ: Iଷ: Iସ ൌ 1: 2: 1               (81) 

The optimal SOPR of both PSK and OOK RF signals is -3-dB when the LSB1 

with filtering. 
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Figure 3-19 shows optical spectrum when the LSB2 is filter out. 

 

 

 

 

Figure 3-20 shows optical spectrum when the LSB1 is filter out. 
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Chapter 4  

Experimental demonstration of the proposed system 

4.1 preface 

In chapter 3, we provide the theoretical and numerical results for the 

concept of proposed system. Therefore, the result can be tried to apply to the 

radio-over-fiber system. In this chapter, we will build the experimental setup 

for the propose system based on DSBCS modulation. Figure 4-1 shows the 

optical spectrum for the fiber Bragg grating reflection and transmission. 

 

 

Figure 4-1 the optical spectrum for the fiber Bragg grating reflection and 

transmission. 
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4.2 Experimental results for optical signal without optical filtering 

4.2.1 Experiment setup 

Figure 4-2 displays the experimental setup for optical vector signal generation 

and transmission using a single-electrode MZM. The continue wave laser 

source about 1550nm is generation using tunable laser. The laser source is then 

passed through a polarization controller to achieve output optical power is a 

maximum when the MZM is biased at full point. The OOK/BPSK signal is a 

1.25-Gb/s pseudo random binary sequence (PRBS) signal with a word length of 

231-1 and is up-converted using a 5-GHz sinusoidal signal (f1). The 

625-MSym/s QPSK signal at 5-GHz is generated using an arbitrary waveform 

generator. Then the RF OOK/BPSK/QPSK signals are combined with a 

10-GHz sinusoidal signal (f2). This combined RF signal is fed into 

single-electrode MZM and the MZM is bias the null point. The generated 

optical spectrum that has two upper-wavelength sidebands (USB1, USB2) and 

two lower- wavelength sidebands (LSB1, LSB2) with carrier suppression. The 

generated optical signal is amplified by EDFA and then filtered by an optical 

tunable filter with a bandwidth of 38GHz. The input EDFA optical power is 

fixed -20dBm. The power of optical RF signal which entered fiber is set to less 

than 0 dBm to reduce the effect of both fiber nonlinearity and dispersion 

changing the duty cycle of optical microwaves. After transmitted over standard 

single mode fiber (SSMF), the transmitted optical microwave signal is 

converted into an electrical microwave signal by a PIN PD with a 3 dB 

bandwidth of 38 GHz, and the converted electrical signal is amplified by an 

electrical amplifier. If we would measure the RF signal at the subtract 

frequency, the RF signal is then passed through the electrical bandpass filter at 
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5GHz. The center frequency of bandpass filter is 15GHz when we would 

measure the RF signal at the sum frequency. After the photo receiver, the 

optical signal generates two RF signals with a subtract frequency of 5 GHz 

(f2-f1) and a sum frequency of 15 GHz (f1+f2), respectively. Insets (i) and (ii) of 

Figure 4-2 show the receiver architectures of RF OOK/BPSK and QPSK 

signals, respectively. The RF OOK/BPSK signal is down-converted to 

baseband signal and directly tested by a BER tester. The RF QPSK signal is 

down-converted to 5 GHz by a 10 GHz oscillator and a mixer to realize 

intermediate frequency (IF) demodulation. A digital real-time oscilloscope 

(Tektronix DPO71254) stores the waveform and an off-line digital signal 

processing (DSP) program using Matlab is employed to demodulate the QPSK 

signal. For QPSK signal, the bit error rate (BER) performance is calculated 

from the measured modulation error ratio (MER). The MER is defined as 

MER ൌ I౨
మାQ౨

మ

ሺI౨ିI౥ሻమାሺQ౨ିQ౥ሻమ, where Ir and Qr represent the demodulated in-phase 

and quadrature-phase symbols, and Io and Qo are the ideal normalized in-phase 

and quadrature-phase QPSK symbols. The optical intensity of the 

data-modulated subcarriers (5 GHz) relative to that of the sinusoidal subcarrier 

(10 GHz) can be easily tuned by adjusting the input electrical power to 

optimize the performance of the optical RF signals. 
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Figure 4-2 shows the experimental setup to receive sum frequency. 

 

4.3.2 Optimal condition for RF signal 

Fig. 4-3 and Fig. 4-4 show the optical spectrums in different SOPR (SOPR= 

Ps/Pd, Ps and Pd are the optical powers of the 10-GHz subcarrier and the 5-GHz 

data-modulated subcarrier, respectively.) for BPSK and OOK signal. The BER 

curves of BPSK and OOK signal at substrate frequency shown in Fig. 4-5 and 

Fig. 4-6. When we consider the RF signal at sum frequency. The BER curves 

and eye diagrams of BPSK are shown in Fig 4-7 and Fig. 4-8. For OOK signal 

are shown in Fig. 4-9 and Fig. 4-10. Fig. 4-11 and Fig. 4-12 present the 

measured receiver sensitivity at a bit error rate (BER) of 10-9 and simulated 

Q-factor or MER of BPSK and OOK or QPSK RF signals as function of the 

ratio of the sinusoidal subcarrier power to the data-modulated subcarriers 
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power The modulated index of the 10-GHz sinusoidal signal (MI=Vp-p/2VΠ) is 

set to 0.1 and adjusted SOPR to 0dB by changing the electrical power of the 

5-GHz data. And then is adjusted the electrical power of 10-GHz sinusoidal 

signal to changing SOPR. For RF signal generation without filtering, the 

optimal SOPR of both BPSK and OOK RF signals is 0 dB. 
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Figure 4-3 shows the optical spectrum for BPSK. 
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Figure 4-4 shows the optical spectrum for OOK. 
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Figure 4-5 the BER curves for BPSK at 5GHz. 
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Figure 4-6 the BER curves for OOK at 5GHz. 
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Figure 4-7 the BER curves for BPSK at 15GHz. 
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Figure 4-8 the eye diagrams for BPSK at 15GHz. 
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Figure 4-9 the BER curves for OOK at 15GHz 

 

 

 
 

Figure 4-10 the eye diagrams for BPSK at 15GHz. 
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Figure 4-11 measured receiving sensitivity at BER=10-9 of OOK and BPSK 

signals versus SOPR. 
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Figure 4-12 the simulation result of MER and Q factor for BPSK, OOK and 

QPSK. 
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4.3.3 Transmission results 

Fig. 4-13 plots the BER curves of OOK, BPSK and QPSK signals without 

optical filtering using optimal SOPRs following 50-km SMF transmission. The 

receiver sensitivity penalty of RF signals increases with transmission length of 

SMF due to fiber dispersion. Fig. 4-14 and Fig. 4-15 show the eye diagrams for 

BPSK and OOK become smaller as transmission length increases. For QPSK 

signal the constellation and IQ eye diagram becomes smaller as transmission 

length increases is shown in Fig. 4-16. 
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Figure 4-13 the BER curves of OOK, BPSK and QPSK signals. 

 

 
 

Figure 4-14 the eye diagrams for BPSK signal w/o filtering. 
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Figure 4-15 the eye diagrams for OOK signal w/o filtering. 
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Figure 4-16 the constellations and I/Q eye diagram for QPSK signal. 
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4.4 Experimental setup for optical signal with optical filtering 

The generated optical spectrum that has two upper-wavelength sidebands and 

two lower-wavelength sidebands with carrier suppression. After square-law 

photo detection, the optical RF signals have RF fading problem. The reason is 

that there are two sources for the generated 5-GHz or 15-GHz RF signal. For 

the 15-GHz RF signal, the cross terms of USB2*LSB1 and USB1*LSB2 will 

contribute the power of that. After standard single mode fiber (SMF) 

transmission, the relative phase of the two cross-term signal wills change with 

transmitted length, resulting in performance fading. If an optical filter is 

utilized to remove anyone of the four optical subcarriers, the fading of both 

5-GHz and 15-GHz RF signals can be readily eliminated. Notably, a frequency 

multiplication (1.5 times after square-law photo detection) scheme is adopted 

to reduce the cost of the electronic components, especially for RF signals in the 

millimeter-wave range. 

4.4.1 Experiment setup 

Fig. 4-17 displays the experimental setup for optical vector signal generation 

and transmission using a single-electrode MZM. At the remote node, a fiber 

Bragg grating filter removes the LSB2 or LSB1. After the photo receiver, the 

optical signal generates two RF signals with a difference frequency of 5 GHz 

(f2-f1) and a sum frequency of 15 GHz (f1+f2), respectively. In this study, we 

only consider the generated RF signal at 15 GHz. Insets (i) and (ii) of Fig. 4-17 

show the receiver architectures of RF OOK/BPSK and QPSK signals, 

respectively.  
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Figure 4-17 shows the experiment setup w/ optical filtering. 

 

 

4.4.2 RF signals at sum frequency 

Fig. 4-18 plots the optical spectrums for BPSK signals with filter out 

LSB2. Fig. 4-19 shows the simulation result of MER and Q factor for BPSK 

OOK and QPSK signals with optical filter out LSB2. The optimal SOPR is 3 

dB. Fig. 4-20 shows the experimental results of receiver sensitivity at BER of 

10-9. Fig. 4-21 display the eye diagrams of BPSK signal with optical filter out 

LSB2. Fig. 4-22 plots the optical spectrums for BPSK signals with filter out 

LSB1. Fig. 4-23 shows the experimental results of receiver sensitivity at BER 

of 10-9. Fig. 4-24 display the eye diagrams of BPSK signal with optical filter 

out LSB1. The experimental result is consistent with simulation.  
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Fig. 4-25 shows BER curves for optical signal when LSB2 is filtering out. 

The RF fading issue is overcome for all three signals. Fig. 4-26 shows the 

LSB2 is filter out, for QPSK signal the constellation and I/Q eye diagram is 

very clear after transmission. Fig. 4-27 shows the LSB1 is filter out, after 50km 

SMF transmission the constellation and I/Q eye diagram is still very clear. 
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Figure 4-18 the optical spectrum w/ filter out LSB2. 

 

 

 

 

 



65 
 

-9 -6 -3 0 3 6 9 12
24

26

28

30

32

0

3

6

9

12

15

 QPSK, w/ filtering

M
E

R
 (d

B
)

SOPR(dB)

Q
 F

ac
te

r 
(d

B
)

 

 BPSK, w/ filtering
 OOK , w/ filtering   

 

Figure 4-19 the simulation result of MER and Q factor for BPSK, OOK and 

QPSK. 
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Figure 4-20 measured receiving sensitivity at BER=10-9 of OOK and BPSK 

signals versus SOPR. 
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Figure 4-21 shows eye diagrams when the LSB2 is filter out. 
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Figure 4-22 the optical spectrum w/ filter out LSB1. 
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Figure 4-23 measured receiving sensitivity at BER=10-9 of OOK and BPSK 

signals versus SOPR w/ filter out LSB1. 

 

 

 

 
 

Figure 4-24 shows eye diagrams when the LSB1 is filter out. 
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Figure 4-25 the BER curves of OOK, BPSK and QPSK signals. 
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Figure 4-26 the constellations and I/Q eye diagram for QPSK signal w/ filter 

out LSB2. 
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Figure 4-27 the constellations and I/Q eye diagram for QPSK signal w/ filter 

out LSB1. 

 

4.4.4 RF signal at different modulation index 

In chaper3, the theoretical calculations results showed that the modulation 

index (MI=Vp-p/2Vπ, Vp-p is the peak-to-peak voltage of the MZM driving 

signal) for driving MZM increases, the optical power ratio and electrical power 

ratio will be reduce. We also demonstrated experimental results for the 

different modulation index for driving MZM. Fig. 4-28 shows the optical 

spectrum for BPSK and OOK RF signal when the LSB2 is filter out. Fig. 4-29 

shows the optical spectrum for BPSK and OOK RF signal when the LSB2 is 

filter out. Fig. 4-30 shows the MZM driving RF PSK signal at 0.1, 0.2 and 
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0.3modulation index when the LSB2 is filtering. And we also measured the RF 

OOK signal at different modulation index shown in Fig. 4-31. Fig. 4-32 shows 

the MZM driving RF PSK signal at 0.1, 0.2 and 0.3modulation index when the 

LSB1 is filtering. And we also measured the RF OOK signal at different 

modulation index shown in Fig. 4-33. The same result with theoretical 

calculation is observed. 
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Figure 4-28 shows the optical spectrum for BPSK and OOK RF signal when 

the LSB2 is filter out. 
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Figure 4-29 shows the optical spectrum for BPSK and OOK RF signal when 

the LSB1 is filter out. 
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Figure 4-30 shows the BER curves for PSK signal in different MI when the 

LSB2 is filter out. 
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Figure 4-31 shows the BER curves for OOK signal in different MI when the 

LSB2 is filter out. 
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Figure 4-32 shows the BER curves for PSK signal in different MI when the 

LSB1 is filter out. 
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Figure 4-33 shows the BER curves for OOK signal in different MI when the 

LSB1 is filter out. 
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Chapter 5  

Experimental Demonstration of OFDM Signal Generation  

5.1 Introduction OFDM generation system 

The combination of orthogonal frequency-division multiplexing (OFDM) and 

radio-over-fiber (RoF) systems (OFDM-RoF) has attracted considerable 

attention for future gigabit broadband wireless communication. The high peak 

to average power ratio (PAPR) and the nonlinear distortion of the optical 

transmitter are the main issues raised by OFDM and RoF systems, respectively. 

The optical radio frequency (RF) signal generation using an external 

Mach-Zehnder modulator (MZM) based on double-sideband (DSB), 

single-sideband (SSB), and double-sideband with optical carrier suppression 

(DSBCS) modulation schemes have been demonstrated. Since the optical RF 

signals are weakly modulated because of the narrow linear region of MZM, 

those that have undergone DSB and SSB modulation suffer from inferior 

sensitivities due to limited optical modulation index (OMI). Hence, an optical 

filter is needed to improve the performance. Furthermore, the DSB signal 

experiences the problem of performance fading because of fiber dispersion. 

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 

sensitivity following transmission over a long distance. However, all of the 

proposed DSBCS schemes can only support on-off keying (OOK) format, and 

none can transmit vector modulation formats, such as phase shift keying (PSK), 

quadrature amplitude modulation (QAM), or OFDM signals, which are of 
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utmost importance for wireless applications.  

On the other hand, optical RF signal generations using remote heterodyne 

detection (RHD) have been also demonstrated. The advantage of RHD systems 

is that the vector signal can be modulated at baseband. Therefore, the 

bandwidth requirement of the transmitter is low. However, the drawback is that 

phase noise and wavelength stability of the lasers at both transmitter and 

receiver should be carefully controlled. 

This work presents a novel method for optical RF signal generation using 

the DSBCS modulation scheme that can carry vector signals. Both 5-Gb/s 

16-QAM OFDM signal using proposed transmitter for ROF downstream link 

and 1.25-Gb/s on-off-keying signal via reflective semiconductor optical 

amplifier (RSOA) for upstream link are demonstrated. Negligible penalty is 

observed after 25-km single mode fiber (SMF) transmission. 

5.2 Experimental Concept and Setup 

Fig. 5-1 schematically depicts the concept of the proposed optical OFDM 

signal generation using a single-electrode MZM. The MZM driving signal 

consists of an OFMD signal at a frequency f1 modulated and a sinusoidal 

signal with a frequency of f2, as indicated in insets (i)-(iii) of Fig. 5-1, 

respectively. To realize the DSBCS modulation scheme, the MZM is biased at 

the null point. Inset (iv) in Fig. 5-1 presents the generated optical OFDM 

spectrum that has two upper-wavelength sidebands (USB1, USB2) and two 

lower-wavelength sidebands (LSB1, LSB2) with carrier suppression. At the 

remote node, the LSB2 subcarrier is filtered out for the upstream data link, and 

the rest of the signal is sent to local users. After square-law photo detection, the 

optical signal generates two electrical RF signals at the difference frequency 
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(f2-f1) and the sum frequency (f2+f1). Notably, a frequency multiplication (a 

sum frequency) scheme is achieved to reduce the bandwidth requirement of the 

OFDM transmitter, which is important for RF OFDM signals at 

millimeter-wave range. Therefore, we only consider the generated RF OFDM 

signal at the sum frequency (f2+f1) in this paper. Furthermore, the OFDM can 

be modulated at lower frequency to obtain higher signal-to-noise ratio due to 

lower noise figure (NF) of electrical MZM amplifier. 

Note that the filtering out of LSB2 subcarrier not only provides an 

upstream light source but also eliminates performance fading due to fiber 

dispersion. As presented in Fig. 5-2, f1 and f2 at frequencies of 3.7 GHz and 

16.3 GHz are used to simulate the performance fading. The generated RF 

signals at the sum frequencies of 20 GHz suffer performance fading before 

filtering. The reason is that there are two sources for the generated 20-GHz RF 

signal. The cross terms of USB2 × LSB1 and USB1 × LSB2 will contribute 

the power of the generated 20-GHz RF signal. After standard single mode fiber 

(SMF) transmission, the relative phase of the two generated cross-term signal 

will change with transmitted length, resulting in performance fading. If an 

optical filter is utilized to remove anyone of the four optical subcarriers, 

20-GHz RF signal fading can be eliminated.  

Fig. 5-3 depicts the experimental setup of the proposed OFDM signal 

generation. The block diagram of the typical OFDM transmitter is shown in Fig. 

5-4(a). The OFDM signals are generated by a Tektronix AWG7102 arbitrary 

waveform generator (AWG) using a Matlab program. The sample rate and 

digital-to-analogue converter resolution of the AWG are 20 Gb/s and 8 bits, 

respectively. The IFFT length is 512. A 39.0625-MSym/s 16-QAM symbol is 

encoded at channel 80 to 111 (i.e. in the subcarrier center frequency range from 
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3.125 to 4.3359375 GHz.) with the remaining 480 channels set to zero. A 

sinusoidal subcarrier with a frequency of 16.3 GHz is utilized. Therefore, an 

optical 5-Gb/s 16-QAM OFDM signal that has 32 subcarriers and occupies a 

total bandwidth of 1.25 GHz can be generated at a center frequency of 20 GHz. 

The cyclic prefix is set to 1/256 symbol time to combat fiber dispersion. 

At base station, a fiber Bragg grating filter removes the LSB2 for the upstream 

data link and LSB2 is modulated with a 1.25-Gb/s OOK signal via RSOA. 

Note that LSB2 filtering can overcome the RF fading and the generated OFDM 

spectrum and constellation are clearly observed as shown in insets (i) and (iii) 

of Fig. 5-2. After square-law photo detection, a 5-Gb/s 16-QAM OFDM signal 

at a sum frequency of 20 GHz is generated. In RoF applications, this signal can 

be directly utilized for wireless transmission. For intermediate frequency (IF) 

demodulation, the OFDM signal is down-converted to 3.7GHz by a 16.3GHz 

oscillator and a mixer and the waveform is captured by a Tektronix DPO 71254 

with a 50-Gb/s sample rate and a 3-dB bandwidth of 12.5 GHz. The block 

diagram of the typical OFDM receiver is shown in Fig. 5-4(b). The off-line 

DSP program using matlab is employed to demodulate the OFDM signal. The 

demodulation process includes synchronization, Fast Fourier Transform (FFT), 

one-tap equalization, and QAM symbol decoding. The bit error rate (BER) 

performance is calculated from the measured error vector magnitude (EVM) 
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Figure 5-1 Conceptual diagram of generating optical OFDM-RoF signals. 
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Figure 5-2 Simulation of RF performance fading versus SMF transmission 

length. 
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Figure 5-3 Experimental setup of optical RF OFDM signal generation. 

 

 

 

 

 

 

 
(a) 

 
(b) 

Figure 5-4 Block diagrams of OFDM transmitter (a) and receiver (b). 
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5.3 Experimental Results and Discussions 

 The optical power ratio (OPR) of the optical subcarrier to the optical 

OFDM-modulated subcarrier strongly influences the performance of the optical 

OFDM signals [4]. One of the advantages of the proposed OFDM transmitter is 

that the relative intensity between optical subcarrier and OFDM-modulated 

subcarrier can be easily tuned by adjusting the individual amplitude of the 

sinusoidal signal and the OFDM signal to optimize the OFDM performance. 

Fig. 5-5 illustrates the receiver sensitivity of the OFDM signals versus different 

OPRs. For OFDM signals without filtering out LSB2, the optimal OPR is 1 dB. 

As LSB2 is filtered out, the optimal OPR is 4 dB. As LSB1 is filtered out, the 

optimal OPR is -3 dB. Fig. 5-6(a) shows the optical spectrum without filtering. 

Fig. 5-6(b) and Fig. 5-6(c) show the optical spectrum with filter out LSB2 and 

LSB1, respectively. At the Base station, the LSB2 subcarrier is filtered out for 

the upstream data link and the rest of the signal is sent to local users. After 

fiber bragg grating, the optical spectrum is shown in Fig. 5-6(d). The optical 

carrier to noise ratio for wavelength reuse is 20dB. And then the LSB2 provides 

wavelength reuse for uplink via RSOA. After RSOA, the optical spectrum is 

shown in Fig. 5-6(e). The optical reuse signal to noise ratio is 15dB. Fig. 5-7(a) 

shows the electrical spectrum after AWG. This driving RF OFDM signal 

includes vector signal combined with a sinusoidal signal shown in Fig. 5-7(b). 

Fig. 5-7(c) shows the electrical spectrum after photo receiver. In order to 

demodulator the RF OFDM signal, the signal is down-converted to 3.7GHz by 

a mixer, as shown in Fig. 5-7(d). Fig. 5-8 shows OFDM constellation 

diagrams before and after the one-tap equalizer in back-to-back (BTB) 
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and following 25-km SMF transmission cases. After equalizer, a clear 

constellation can be achieved. Fig. 5-8(a)(b)(c) shows the constellation 

diagrams without optical filtering. Fig. 5-8(d)(e)(f) and Fig. 5-8(g)(h)(i) 

show the constellation diagrams with filter out LSB2 and LSB1, 

respectively. After filtering out LSB2 or LSB1, the generated OFDM 

signals do not suffer RF periodic fading issue due to fiber dispersion. 

Only in-band distortion of the OFDM-encoded subcarrier caused by fiber 

dispersion is considered. Since the symbol rate of each subcarrier is only 

39.0625 MSym/s, the fiber chromatic penalty can be ignored. Fig. 5-9 

shows the BER curves of the downstream 5-Gb/s 16-QAM OFDM signal 

using optimal OPRs and the upstream 1.25-Gb/s OOK signal after 

transmission over 25 km SMF. For optical downstream signal, when any 

optical subcarrier is filter out the sensitivity penalties are negligible. If the 

optical signal without filtering the sensitivity penalties is 0.5dB. We also 

measure the BER curves of uplink 1.25-Gb/s OOK signal. After 

transmission over 25 km SMF, the sensitivity penalty is 0.5 dB. And the 

eye diagrame little change for BTB and after transmission over 25km 

SMF is shown in inset (i)(ii). 
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Figure 5-5 BER versus different OPRs. 
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Figure 5-6 Optical spectra of RF signals. 
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Figure 5-7 Electrical spectra of OFDM signals. 
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Figure 5-8 Constellations of OFDM signal 
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Figure 5-9 BER curves of the downstream and the upstream signal. 
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Chapter 6  

Conclusion 

This work presents a new modulation approach to generate optical vector 

signals by frequency multiplication based on a DSBCS scheme. Compared 

with conventional DSBCS modulation using MZM which can support vector 

signals, the proposed modulation using single-electrode MZM needs lower 

bandwidth requirement and also support vector signal. 

First, we provide the theoretical calculations, including optical nonlinear 

distortion, electrical nonlinear distortion and optical power ratio. When the 

modulation index increased, optical and electrical nonlinear distortion of the 

results is become worse. When the optical signal without filtering, the optimal 

optical power ratio is 0dB. When the optical signal filters out LSB1 and LSB2 

the optimal power ratio is 3dB and -3dB, respectively. Second, we 

experimental demonstrate three different modulation formats of 1.25-Gb/s 

OOK, 1.25-Gb/s BPSK and 625-MSym/s QPSK signals are adopted to 

determine the system performance. For RF signal generation without filtering 

out any subcarrier, the optimal SOPR of both BPSK and OOK RF signals is 0 

dB. When LSB2 is filtered out, the optimal SOPR of both BPSK and OOK RF 

signals is 3 dB. When LSB1 is filtered out, the optimal SOPR is shifted to -3 

dB. After transmission over 50 km SMF, the power penalty of all three 

modulation formats is less than 0.2 dB. QPSK format has twice the spectral 

efficiency and approximately 2-dB better receiving sensitivity than the OOK 

format. Final, we apply this system to transmit OFDM signal. ROF systems 

supporting OFDM signals that have been widely utilized in RF-wireless 

communication are of utmost importance to extent transmission distance over 
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fiber and air links. The data rate of 16-QAM OFDM signal is 5-Gb/s and the 

center frequency is about 3.7Ghz and the sinusoidal signal frequency is 

16.3GHz. For the downstream OFDM signal after transmission over 25km 

SMF, the sensitivity penalty is less than 0.1 dB. We also demonstrate 

wavelength reuse via reflective semiconductor optical amplifier for 1.25-Gb/s 

OOK signal upstream data link. After transmission over 25 km SMF, the 

sensitivity penalty is 0.5 dB. 
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