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ABSTRACT

We propose a novel all optica up-conversion direct detection OFDM
multi-level system. Utilizing an external modulator, we can up-converse vector
signals without electrical mixer based on single side band with carrier
suppression. In order to generate 60GHz signals without expensive high-speed
components, we using frequency quadrupling modulation technique. A record
28-Gb/s 16-QAM OFDM system within 7-GHz license-free band at 60 GHz
employing all-optical up-conversion with frequency quintupling is
experimentally demonstrated. Negligible penalty is observed following 100-km
SMF transmission without any dispersion compensation.

Besides, we aso discuss imbalance effects and do compensation to
improve signal quality. The imbalance factors include amplitude mismatch,
conjugate misalignment and un-synchronization. Utilizing Gram-Schmidt
Orthogonal procedure can successfully solve these problems.

Finaly, we aso do some discussion on phase noise. It affects high data

rate signals serioudly.
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Chapter 1 Introduction

1.1 Review of Radio-over-fiber system

There are many applications in microwave band, such as 3G, WiFi (IEEE
80211 b/g/a), and WIMAX are very important for wireless network. The increasing
demand for communication has attracted more and more research interests of new
transmission systems. Hence, to develop higher frequency microwave, even
millimeter-wave is a important issue now. Either employing multilevel modulation
schemes or extending the carrier frequency into millimeter-wave band can achieve
higher data rate. Especially, the 7-GHz license-free spectrum at 60 GHz is the most
promising solution to wireless gigabit service [1-3]. However, 60-GHz
millimeter-wave has very high atmospheric loss and the access coverage is limited

to relatively short range.

Because the higher frequency millimeter-wave signals have smaller coverage
area, we have to set a lot of base stations to deliver millimeter-wave signals as
shown in Fig. 1-1. In order to reduce the system costs and base stations (BSs) we
utilize a highly dense central station (CS) equipped with optical and mm-wave
components. Using fiber transmission medium is one of the best solutions because
of unlimited bandwidth and low transmission loss of optical fiber, radio-over-fiber
(RoF) technology is a promising solution to provide broadband service, wide

coverage, and mobility.



[@eﬂc}’ Datarate * Carrier frequency *
Coverage ﬁm

Figure 1-1 Basic structure of microwave/millimeter-wave wireless system.

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. On the other hand,
due to high tolerance against fiber dispersion and polarization-mode dispersion,
orthogona frequency divison multiplexing (OFDM) systems, which have been
widely utilized in the current wireless communication, have attracted a lot of
attention for optical high-capacity long-haul communication, multimode fiber links,
and plastic optical fiber link. Besides, highly spectral efficiency and flexibility of
OFDM makes it attractive for narrowband applications beyond the 10-Gb/s regime.
Due to orthogonal characteristic of each subcarrier of OFDM signals, compared
with single-carrier systems, an OFDM system has better spectral efficiency and can

provide higher data rate within the 7-GHz license-free spectrum at 60 GHz.



Figure 1-2 The 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 aready been
demonstrated on many publicationg1,2,4-8]. 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) [4-6,8], and
fading issue because of fiber dispersion [6]. 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 sengitivity following transmission over a long distance [6]. Despite
al these advantages, DSBCS schemes can only support on-off keying (OOK) format,
but cannot transmit vector modulation formats, such as phase shift keying (PSK),
guadrature 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
carrier suppression using one MZM. A al optical up-conversion scheme is employed
to reduce the requirement of bandwidth of electronic components and use no electrical
mixer with noise figure 8 dB, which is an important issue at millimeter-wave RoF
systems. Benchmarked against the OOK format, the 14.0625-Gb/s QPSK-OFDM and
28.125-Gb/s 16-QAM-OFDM format has the higher spectral efficiency.

1.3 Motivation
Recently , there several countries has already released the unlicensed spectrum

about 7GHz near the 60GHz band . However, the coverage of the 60-GHz wireless
signalsislimited by the high path and atmospheric losses. 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 want to propose a new RoF system

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

Besides, traditional waysto generating SSB signals are shown asinset (i) and (ii)
of figure 1-3. However, conventional SSB modulation approaches suffer from inferior
sensitivities because the optical modulation index (OMI) is limited. Furthermore, to
avoid beat noise after photo detection, an electrical 1/Q mixer with atypical noise
figure (NF) of more than 8 dB is needed to up-convert OFDM signal to intermedium
frequency, which severely hinders implementation of highly spectral efficiency QAM

OFDM signal for narrowband applications in the 10-Gb/s regime.



OFDM driving signal Optical OFDM Spectrum  Generated OFDM spectrmn
(1) Conventional SSB

=i T B |
E DC f||: fg fot2fie '
£ () Virtual SSB S
1B , B/2 ——-.—>f :
o m ., 7.
~DC f : f,-B/2 fo fc.+Bz§f Beat
b _kq:use 'f |

F
:‘n‘mmm“\mm“m“‘mm‘mmmm“\mmt
1 [

(111) Proposed SSB
B >B 1

L A L L R A R b ’-l-.-...-.‘"..l..l."

-
Vasssssssesssssssss®

Figurel-3 Comparison of different DD-OFDM modulation shceme. (B: bandwidth of
DAC, fo: optical carrier frequency, fo: intermedium frequency)

Virtual SSB modulation scheme without electrical 1/Q mixer is proposed as shown in
inset (ii) of Figure 1-3. The drawback is that half bandwidth of the DAC is wasted to
avoid the beat noise interference. In order to improve these problems, we propose a

modified SSB modulation.



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. In this chapter, we will briefly introduce
about how these three parts work, and what is the externa Mach-Zehnder M odul ator
(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)

Direct modulation and external modulation are two modulations of generated
optical signal. When the hit 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
signa generated by external modulator can exceed 10 Gb/s. Presently, most RoF
systems are using externa 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 LiINbO3 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].

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 isin “on” state. On the other hand, when the lightwaves
6



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

data 1 LO
i )
[ Laser H.\lz.“ 1-]—'[.“?.“ l}—‘
{a)
mixer

data .- ¢ LO

l
| Laser }—{ azn }—

(bh)

Transfer lunction

" s - Tfu!t;.l.grl!i
() A: Minmmum ll'tit'l_SﬂllfiS!L)T'i POt
* ‘Quadrature point _
® : Maximum transmission point
Figure 2-1(a) and (b) are two schemes of transmitter and (c) is duty cycle of subcarrier

biased at different pointsin the transfer function. (LO: local oscillator)

Optical transmitter consists of optical source, optica modulator, RF signal,
electrical mixer, electrical amplifier, etc.. Recently, 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 dimension, 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
7



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 pointsin the transfer function.

2.4.2 Optical signal generations based on LiNbO; MZM

The microwave and mm-wave generations are key techniques in RoF systems.
The optica mm-waves using externa MZM based on double-sideband (DSB),
single-sideband (SSB), and double-sideband with optical carrier suppression (DSBCYS)
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 RF signal, fiber chromatic dispersion causes the detected RF signal power to

have a periodic fading characteristic. The DSB signals can be transmitted over
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Figure2-20ptical microwave/mm-wave modulation scheme by using MZM.

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 n/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 (OM1). 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
9



signals, such as phase shift keying (PSK), quadrature amplitude modulation (QAM), or

OFDM signals, which are of utmost importance in wireless applications.
2.4.3 Communication channel

Modulated — @
—_— -
optical signal E X

fiber
EDFA OBPF

Figure2-3 The model of communication channel in a RoF system.

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 traditionaly 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 management
makes use of optical amplifiers, which amplify the optical signal directly without
requiring its conversion to the electric domain [14]. 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

inFig. 2-3.
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2.4.4 Demodulation of optical millimeter-wave signal

mixer

After transmitting - ] [
optical signal m ) LPF BERT ]
o

Figure 2-4 The model of receiver in a ROF system.

Optical receiver concludes photo-detector (PD), demodulator, etc.. PD usualy
consists of the photo diode and the trans-impedance amplifier (T1A). In the microwave
or the mm-wave system, the PIN diode is usually used because it has lower transit time.
The function of TIA isto 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 signa 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. 2-4.

Combining the transmitter with communication channel and receiver, that is the
model of ROF system, as shown in Fig. 2-5. We select the scheme of Fig. 2-3 (b) to

become the transmitter in the model of ROF system.

[ L aser —>[ MgM ]—»D—»% @

fiber
EDFA OBPF

Figure 2-5 The model of ROF system.
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2.5 The new proposed model of optical modulation system

Figure 2-6 schematically depicts the principle of the proposed optical 1/Q
up-conversion for direct-detection OFDM signal generation. Data | and Q of OFDM
signals are sent to MZ-aand MZ-b of the optical 1/Q modulator, respectively. To
achieve high optical modulation depth and to operate in E-field linear region of the
MZM, both MZ-aand MZ-b are biased at the null point. Therefore, optical OFDM
signal at the center frequency of optical carrier with carrier suppression is generated as

shownininset (D) of Fig. 2-6.

To realize direct-detection OFDM signals, we insert an optical subcarrier to
induce remote beating by using SSB modulation with carrier suppression. Except with
a phase difference of 90°, the RF signals sent into the MZ-a and MZ-b are exactly the
same. Since both MZ-aand MZ-b are biased at the null point, the generated optical
spectrum consists of an upper sideband (USB) and alower sideband (LSB) with
optical carrier suppression as shown ininsets (1) and (I1) of Fig. 2-6. When MZ-cis
biased at the quadrature point, the polarity of LSB ininset ( I ) opposes that in inset
(IT). The LSB will be eliminated whereas the USB is obtained. Therefore, as both RF
and OFDM signals are simultaneously sent to I/Q modulator, the generated optical
DD-OFDM signal consisting of an un-modulated subcarrier and an OFDM-modul ated

carrier.

12
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Figure 2-6 Conceptual diagram of optical 1/Q up-conversion for direct-detection
OFDM signals.

After square-law photo-diode (PD) detection, electrical RF-OFDM signals are
obtained. Note that the proposed OFDM transmitter does not need an electrical
mixer with a typical NF of more than 8 dB to avoid the beating noise interference,
which is very important for highly spectral efficiency OFDM signals (i.e. 16-QAM or
64-QAM OFDM signal). Additionally, the relative intensity between the un-modulated
and OFDM-modulated subcarriers can be easily tuned by adjusting the individual
power of the electrical sinusoidal and OFDM signals to optimize the performance of

the optical RF signals.
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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 s
EU = EO .q- ejA(Pl (1)

A, éj—l-n 2)

A, istheoptical carrier phase difference that isinduced by v,, where aisthe power
splitting ratio.

The output E-filed for upper armis

E, = Ep- V1 —aZ-eld2 (3)

Ag, istheoptical carrier phase difference that isinduced by v,

A, 222.q (4)

Vo

The output E-filed for MZM is

Er =Eo-{a-b- e +11—a2 1 —b2- iz} (5)
where aand b are the power splitting ratios of the first and second Y-splittersin MZM,

respectively. The power splitting ratio of two arms of abalanced MZM is0.5. The

electrical field at the output of the MZM is given by

Ep = % VB, - {201 + b0z} (6)

Er = E, - cos (—A%;Aq)z) - exp (j —Aq)l;rmpz) (7)

For single electro x-cut MZM. The electrical field at the output is given by
Ap—(—A LA —A

Egur = E, - cos (W) . exp (] W) (8)

Add time component, the electrical field is

Eour = Eq - cos(A@) - cos(w,t) 9)

where E; and w. denote the amplitude and angular frequency of the input optical
14



carrier, respectively; V(t) isthe applied driving voltage, and A isthe optical carrier
phase difference that isinduced by V(t) between the two arms of the MZM. The loss
of MZM is neglected. V(t) consisting of an electrical sinusoidal signal and a dc
biased voltage can be written as,

V(t) = Vyigs + Vi, cos(wt) (10

where V,,,s 1Sthe dc biased voltage, 1}, and wgr are the amplitude and the angular
frequency of the electrical driving signal, respectively. The optical carrier phase

differenceinduced by V(t) isgiven by

__ V(@) _ Vpigs +Viy cos(wt) m

Ap = 2V, Vo 2 (1)
Eq. (10) can be written as:
Eour = Eo - cosi?EEVbiaS ’ \(r]:lcos(u)t) g] - cos(wgt)
= Ey - cosifb + m - cos(wgpt)] : cos(wyt)
= E; - cos(wgt) - {cos(b) - cos[m : cos(wgpt)]
—sin(b) - sin[m - cos(wgpt)]} (12

where b £ VZI’% 7 isaconstant phase shift that is induced by the dc biased voltage,

m

v
and m £
2V

7 isthe phase modulation index.

T

r [00]
cos(xsinf) = J,(x) + 2 Z Jon (%) cos(2n0)
n=1

\
,

sin(x sin 0) = 2 Z Ty (%) sin[(2n — 1)6]
n=1

cos(xcos0) = J,(x) + 2 Z(—l)“]ZH(x)cos(ZnG)
n=1

sin(x cos0) = 2 Z(—l)“]ZH_l (x)cos[(2n — 1)6]
\ n=1

(13)
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Expanding Eq. (12) using Bessel functions, as detailled in Eq. (13). The electrical
field at the output of the MZM can be written as:

Eour = Eg - cos(wyt) -

{cos(b) - [o(m) +2+ ) (=1)" -y (m) - cos(2nagyt)]
i=1

=sin(b) - [2+ ) (=107 Jon 1 (m) - cos[(2n — Deoget]]}
i=1
(14)

where J,, isthe Bessel function of the first kind of order n. the electrical field of the

mm-wave signal can be written as

Eour = Eg - cos(b) - Jo(m) - cos(wgt)

+E, - cos(b) -Z]Zn (m) « cos[ (wg — 2nwgp)t + nm|
i=1

+E, - cos(b) -Z]Zn (m) - cos[(wqy + 2nwgp)t + n]
i=1

—E, - sin(b) -Z]Zn_l(m) - cos[ wy — (2n — Dwgp)t + nn)
i=1

—E, - sin(b) -Z]Zn_l(m) - cos[ wy + (2n — Dwgp)t + nr
i=1

(15
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Figure 3-3 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 s biased at the maximum transmission point, the bias voltage is
set a Vs =0, and cosb = 1andsinb = 0. Consequently, the electrical field of

the mm-wave signal can be written as

Eouyr (t) = Eg - Jo(m) - cos(wyt)

+E, Z]Zn (m) - cos[ (wy — 2nwgp)t + nr]

n=1

+E, Z]Zn (m) - cos[(wqy + 2nwgp)t + nm)

n=1

(16)

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

corresponding Bessel functions associated with the phase modulation index m. With

the amplitude of the electrical driving signal 1], equa to 1, the maximum m is %

17



As0<m< % the Bessdl function J,, for n > 1 decreases and increases with the

order of Bessel function and m, respectively, as shown in Figure 3-2. J; (%) I (%)

I (%) and J, (%) are 0.5668, 0.2497, 0.069, and 0.014, respectively. Therefore, the

optical sidebands with the Bessel function higher than J;(m) can be ignored, and Eq.

(14) can be further simplified to

Eour = Eo
+E,
+E,
+E,

+E,

- Jo(m) - cos(wyt)

- J,(m) - cosiP{wy — 2wgp)t + 1]
- J,(m) - cosif{w,y + 2wgp)t + 1]
- Ja(m) - cosif{wg — 4wgp)t]

-Ja(m) - cosif{w, + 4wpr)t]

(17)

10
— Xl
—J1
osf —2
— 13
0.0
_05 M 1 M 1 1
0 2 4 8 10
m

Figure 3-4 The different order of Bessel functions vs. m.
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3.2.2 Bias at quadrature point

When the MZM is biased at the quadrature point, the bias voltage is set at

Viias = % and cosbh = \/72 andsinb = \/72 Consequently, the electrical field of the

mm-wave signal can be written as

Eour = % +Eq - Jo(m) - cos(wot)
+%- Eo - J1(m) - cosTw — wpe)t]
N % Eo - J1(m) - cosifi(wo + wre)t]
N % Eo - Jo(m) - cosifi(wg — 20e)t + 7]
; % Eo - Jo(m) - cosifi(wq + 20g)t + 7]
N % Eq - J5(m) - cosifi(wp — 3wge)t + 1]
; % Eo - J5(m) - cosifi(w + 30ge)t + 7]

(18)
3.2.3 Bias at null point

When the MZM s biased at the null point, the bias voltage is set at V), = V,,
and cosb = 0andsinb = 1. Consequently, the electrica field of the mm-wave
signa using DSBCS modulation can be written as
Eour = Eg * J1(m) - cosif{wy — wge)t]

+Ej - J1(m) - cosif{wy + wrp)t]
+Ej - J3(m) - cosif{wy — 3wgp)t + ]
+Ej - J3(m) - cosif{w, + 3wgp)t + ]

+Eo + Js(m) - cosif{wg — Swge)t]

+Ej « Js(m) - cosif{wg + Swrp)t]
19



3.3 Theoretical calculations

3.3.1 The generated optical signal

The theoretical calculations of proposed system, the driving RF signal V(t),,, and
V(t) 4ouwn cOnsisting of an electrical sinusoidal signal and a dc biased voltage can be
written as

V(©)up = Vbigs + Vicosw it + Vacosw;t

V() down = Viias + VicOsw it + V,cosw,t (20)

where V,,,s 1S the dc biased voltage, V;,V, and w,,w, are the amplitude and the
angular frequency of the electrical driving signals, respectively. The optical carrier
phase difference induced by V (t) isgiven by

Eour wp = Eo - cosi?[*iznT (Vpias + Vicosw it + Vycoswsyt)]

—
Eour down = Eo - cosi.f[ﬂ'zv (Vhias + Vicosw it + Vycosw,t)]
Y

Eour up = Eo - cosilb + mqcoswt + m;cosw;,t]

Eour down = Eo + cosiPb + mycos(w;t + g) + m,cosw,t] (21)

where b £ % Is a constant phase shift that is induced by the dc biased voltage, and

L

1% V . . .
m; = —m, = -= isthe phase modulation index.
2V, 2V,

Eoyr up = Eo - cosb - cos(mycoswt + m,cosw,t)
—E, - sinb - sin(m; cosw;t + m,cosw,t)
Eour dgown = Eo - cosb - cos(imycos(w;t + m/2) + mycosw,t)

—E - sinb - sin(m; cos(w;t + 1/2) + mycosw,t)

20



Eour up = Eo * cosb{cos(m;cosw;t)cos(m,cosw;t)
—sin(m;coswt)sin(mycosw,t)}
—E - sinb{sin(m; cosw; t)cos(m,cosw,t)
+cos(m;cosw;t)sin(mycosw,t)}

Eour dgown = Eo - cosb{cos(m;cos(w;t + 1/2))cos(m;cosw;t)
—sin(mycos(w1t + m/2))sin(m,cosw,t)}
—E - sinb{sin(m;cos(w;t + m/2))cos(m,cosw,t)

+cos(m;cos(w t + 1/2))sin(m;,cosw,t)} (22)

When the MZM is biased at the null point, the bias voltage is set a V,;,, = V,, and
cosb = 0 andsin b = 1. Consequently, the electrical field of the mm-wave signal
using SSBCS modulation can be written as
Eour wp = —Eo{sin(m; cosw;t)cos(m;cosw,t)

+cos(m; cosw;t)sin(mycosw,t)}
Eour dgown = —Eo{sin(im;cos(w;t + m/2))cos(m;,cosw;t)

+cos(mycos(wqt +1/2))sin(m,cosw,t)} (23)
First, to expand equation sin(m; cosw;t)cos(m,cosw,t)

sin(m; cosw;t)cos(m,cosw,t)

= {2 Z(—l)“]2n_1 (my)cos[(2n — 1)w1t]]
n=1

. {]0 (my) + 2 Z(— 1)“]2n(m2)cos(2nw2t)]
n=1

= {-2];(my)cos(w;t) + 2]3(m;)cos(Bw;t) — -}

- {Jo(my) — 2],(my)cos(2wyt) +2]4(my)cos(4dwyt) — -+ }

sin(m; cos(w;t + 1/2))cos(m,cosw,t)
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= {2 Z(—l)“]ZH_1 (my)cos[(2n — Dw;,t + (2n — 1)“/2]]
n=1

. {]0 (my) + 2 Z(— 1)“]2n(m2)cos(2nw2t)]
n=1

= {—2],(my)cos(wit + 1/2) + 2J3(m;)cos(Bw t + 3m/2) — -+ }
{Jo(my) — 2J,(my)cos(Zw,t)+2]4(my)cos(4w,t) — -+ 3} (24)
The optical sidebands with the Bessal function higher than J;(m) can be ignored.
Consequently, the electrical field can be written as
sin(m; cosw;t)cos(m,cosw,t)
~ —2]o(my)]1(my)cosw, t

+2]o(m)Ja (my)cos(3an )
41, (m)], (my) -5 [e08(y + 20,) t+ c08(wy = 20) 1
4], (my)Ja(my) - [c05 3oy + 205) 4 c0s(3e — 20,) 1
sin(m; cos(w,t + 1/2))cos(m,cosw,t)

~ —2Jo(my)]1(my)cos(wit + 1/2)

+2]o(m;)]3(my)cos(3w,t + 31/2)
+4];(my)],(m,) -%[cos((wl + 2wy)t+ 1/2) + cos((wy; — 2w,) t + m/2)]

—4],(m;)]3(my) -%[cos((Bwl + 2w,) t+ 31/2) + cos((3w; — 2w,) t + 31/2)]

(25)
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Add time component cos(w,t)
sin(m; cosw;t)cos(m,cosw,t)cos(w,t)
= —2]Jo(m;)]1(my)cosw; t cos(wt)

+2Jo(m;)]3(my)cos(Bw;t)cos(w,t)
+4];(my)],(m,) -%[cos(wl + 2w,) t + cos(w; — 2w,) tlcos(w,t)

—4],(m;)]3(my) -%[cos(Bwl + 2w,) t + cos(3w; — 2w,) tlcos(w,t)

sin(m, cos(w;t + 1/2))cos(m,cosw,t)cos(w,t + 1/2)
= —2Jo(my)];(my)cos(w;t + m/2) cos(w, .t + 1/2)

+2]Jo(my)]3(my)cos(3wyt + 3m/2)cos(w,t + 1/2)
+4J,(my)],(my) -%[cos(wl + /2 + 2w;) t + cos(wy + /2 — 2w;) t]cos(w,t
+ 1/2)

—4],(my)]3(my)

-%[cos(Bwl +31/2 4+ 2w,) t + cos(3w; + 31/2 — 2w,) tlcos(w,t
+ 1/2)
(26)
Jo(mz)]1(my), 2Jo(mz)]3(my), 4]J1(my)]2(my), and 4],(my)]3(my) are shown in
Figure 3-3. Therefore, the optical sidebands with the Bessel function 4],(m,)];(m,)

can be ignored, and Eq. (14) can be further smplified to
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sin(m; cosw; t) cos(m;cosw,t)cos(w,t)

= —Jo(mz)]1(my)[cos(w, + w1t + cos(w, — w1)t]
+Jo(m2)]3(my)[cos(w, + 3wyt + cos(w, — 3w)t]
+]1(my)]2(my)[cos(w, + w1 + 2w,) t + cos(w, — w; — 2w,) ]
+]1(my)]2(my)[cos(w, + w1 — 2w,) t + cos(w, — w; + 2w,) ]

sin(m cosw;t + m/2)cos(m,cosw,t)cos(w, t + 1/2)

= —Jo(mz)]1(my)[cos(w, + w1 + Tt + cos(w, — w)t]
+Jo(my)]3(my)[cos(w, + 3wy + 2t + cos(w, — 3wy — M)t]
+]1(mp)]2(my)[cos(w, + w1 + 2w, + 1) t+ cos(w, — w1 — 2wy) t]

+];(my)],(my)[cos(w, + w; — 2w, + ) t + cos(w, — w1 + 2w,) t]

(27)
Second: To expand equation cos(m;cosw,t)sin(m,cosw,t) and cos(m;cosifw,t +

g))sin(mz coswst)

cos(m,cosw;t)sin(m,cosw,t)

= {]0("11) +2 Z(_l)nIZn (ml)cos(anlt)]
n=1

. {2 Z(— D™ Jan—1(my)cos[(2n — Dw, t]]
n=1

= {Jo(my) — 2J,(my)cos2w t)+2]4(my)cos(4wqt) — -}
{=2J;(my)cos(w;t) + 2/3(m;)cos(Bw,t) — -+ }
~ —2Jo(my)];(my)cosw,t

+2Jy(my)J3(my)cos(Bw;,t)

1
+4J,(m,)J,(my) - > [cos(wy + 2wq) t + cos(w, — 2wq) t]
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1
—4J,(my)J3(m,) - > [cos(Bw, + 2wq) t + cos(Bw, — 2wq) t]

L
cos(m; cosifw,t + E))sm(mz cosw;t)

~ —2Jo(my)];(my)cosw,t

+2Jy(my)J3(my)cos(Bw;,t)

1
+4J,(m,)J,(my) - > [cos(w, + 2w; + ) t + cos(w, — 2w, — ) t]

1
—4J,(my)J3(m,) - > [cos(Bw, + 2w, + M) t + cos(Bw,; — 2wy — ) t]

(28)
Add time component cos(w,t)
cos(m; coswqt)sin(m,cosw,t)cos(w,t)
= —2Jo(my)J1(m;)cosw,t cos(w,t)

+2Jo(my)J3(m;)cos(3w,t) cos(w,t)

+4J,(m,)J,(m,) - %[cos(wz + 2wq) t + cos(wy — 2wy ) t]cos(w,t)

—4J,(my)J3(m,) - % [cos(Bw, + 2w1) t + cos(Bw, — 2w ) t]cos(w,t)

= —Jo(mq)]1(my)[cosifw, + w;)t + cos(w. — w;)t]
+Jo(my)J3(m,)[cosiiw, + 3w,)t + cosifiw, — 3w,)t]
+J1(m3)J,(my)[cos(w, + w, + 2w1) t + cos((w, — w; — 2w,) t]

+J;(my) ], (my)[cos(w, + w, — 2w4) t + cos(w, — w, + 2wq) t]

cos(mycos(w 1t + m/2)sin(mycosw,t)cos(w, t+m/2)
= —Jo(my)J1(mz)[cosif(w, + wz)t + 1/2) + cos((w, — wz)t + 1/2)]

o (my)Js (M) [cositie, + 3w,)t + g) + cosifw, — 3wyt + g)]
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+J1(my)]2(my)[cos((w, + wz + 2w1) t + 31/2) + cos((w, — w, — 2wy) ¢
—m/2)]
+J1(my)]2(my)[cos((w, + wz — 2wy) t — /2) + cos((w, — w2 + 2w) t +
31/2) (29)
The output electrical filed can be rewritten as

Eour,, (t) = Eycos(w,t) {sin(m,cosw;t)cos(m,cosw,t)

+cos(mqcoswqt)sin(mycosw,t)}
Eour dgown = —Egcos(w .t + m/2){sin(m;cos(w;t + 1m/2))cos(m,cosw;t)

+cos(m;cos(w it + 1/2))sin(m,cosw,t)}

Eourup (©) = Ep -

{Jo(mz)J1 (my)[cosifiv, + wy)t + cos(w, — w;)t]
—Jo(mz)]3(my)[costi, + 3wy)t + cosifin, — 3w;)t]
—J1(m)J2(my)[cos(w, + w1 + 2wz) t + cos(w, — wy — 2w,) t]
—J1(m)J2(my)[cos(w, + w1 — 2w2) t + cos(w, — wy + 2w,) t]
+Jo(my)]1(my)[cosif, + w,)t + cos(w. — wy)t]
—Jo(my)]3(my)[cosii, + 3w,)t + cosifiv. — 3w,)t]
—J1(my)J,(my)[cos(w, + wy + 2w1) t + cos(w, — wp — 2wy) t]

—J1(m3)J,(my)[cos(w, + w; — 2w;) t + cos(w, — w; + 2w,) t]}

EouT g (O = Eo -
{Jo(mz)J1(my)[cosif{w, + wi)t +m) + cos((w. — w1)1)]
—Jo(mz)J3(my)[cosilw, + 3w)t + 2m) + cosilw, — 3wt — 2m)]
—J1(m)J2(m)[cos((w, + w1 + 2w,) t + ) + cos((w, — w1 — 2w,) B)]

—J1(my)J,(my)[cos((w, + w; — 2wz) t + 1) + cos((w, — wy + 2w;) t)]
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+o )y (m)[cosi@, + @)t +5) + cos((w, = )t + )]
~Jom)J3(my) [cosi(w, + 30)t +5) + cosi@, — 3w,)t + )]

—J1(my)J,(my) [COS(((UC +w; +2w) t + 32_7'[) + cos((w, — w, — 2wq) t

i
-3
—J1(my)](my) [COS(((UC +w; —2wy) t — g) + cos((w, — w, + 2wq) t
3m ]
+ 7) }
(30)

Eour® = Eoyr,, O + Eoyry,,, (O

= EO .
2{Jo(my) ], (mq)cos(w, — wy)t]

—2Jo(my)J3(my)[cosifiw, + 3wq)t + cosifw, — 3w,)t]
—2J1(my)];(my)[cos(w, — w3 — 2w,) t]
—2J1(mp)Ja(my)[cos(w; — w1 + 2w;) ¢]

+Jo(my)J1 () [[cosiv, + wy)t — sinfliw, + w,)t + cos(w, — W)t — sin(w,
— wy)t)]

—Jo(my)J3(my)[cos(w, + 3w,)t — sin(w, + 3w,)t + cos(w, — 3w,) t — siniifi,
— 3wy)t]

—J1(my)J,(my)[cos(w, + wy + 2w1) t + sin(w, + w, + 2wq) t
+ cos(w, — wy — 2wy) t + sin(w, — w, — 2wq) t]
—J1(my)],(my) [cos(w, + w; — 2w;) t + sin(w, + w; — 2wq) ¢

+ cos(w, — wy + 2w1) t + sin(w, — w, + 2w1) t]}
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~ Ej-
{2]o(m3)];(my)cos(w, — wy)t]

+Jo(my)J; (my)[[cosiiw, + w,)t — sinfifw, + w,)t + cos(w, — wy)t
—sin(w, — wz)t)]}

(31)
First part is subcarrier and second part is our signals.
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Figure 3-5 The different order of Bessel functions vs. m.

3.4 1QImbalance

3.4.1 Preface

In this chapter, a novel compensation scheme for 1/Q imbalance is proposed and
experimentally demonstrated. Both simulation and experiment results confirm a
significant increase of the tolerance of both the amplitude mismatch and conjugate

misaignment. At the bit-error-ratio of 10°, experimental results shows that the
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amplitude mismatch can increase from 2 dB to 6 dB, and the conjugate misalignment
from 5° to 13°. With the I/Q compensation, a 5-Gb/s QPSK signal at 7.5-GHz is
generated and negligible penalty is observed after 100-km single mode fiber (SMF)

transmi ssion.
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Figure 3-4 The concept of proposed system

3.4.2 Concept of Proposed System

Figure 3-4 schematically depicts the principle of the proposed optical 1/Q
up-conversion for direct-detection RoF signal generation. Data | and Q of RoF signals
are sent to MZ-aand MZ-b of the optical 1/Q modulator, respectively. To achieve high
optical modulation depth and to operate in E-field linear region of the MZM, both

MZ-aand MZ-b are biased at the null point.
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To realize direct-detection RoF signals, we insert an optical subcarrier to induce
remote beating by using SSB modulation with carrier suppression. Except with a phase
difference of 90°, the RF signals sent into the MZ-aand MZ-b are exactly the same.
Therefore, as both RF and vector signals are simultaneously sent to I/Q modulator, the
generated optical signal consisting of an un-modulated subcarrier and a
data-modulated carrier. After square-law photo-diode (PD) detection, electrica RF
vector signals are obtained. Note that the proposed RoF transmitter does not need an
electrical mixer with atypical NF of more than 8 dB to up-convert the electrical signal.
Additionally, the relative intensity between the un-modulated and data-modulated
subcarriers can be easily tuned by adjusting the individual power of the electrical

sinusoidal and vector signals to optimize the performance of the optical RF signals.

o
BaseBand UL
§
0 ® '
Am(D*cos(@ 1) -
§ § [1--io=o=r INIERR ------omonoee 2 b
- 5: : Vbias =VAT o
B - Vb =
; § Vi, cos(wpet) $
]

Eoulf)

.ol

a*Am(z)*sm( @0 J
iBase Band IFFT ®

Figure 3-5 Imbalance factors of proposed system.

Due to the in-phase (1) and quadrature (Q) data go through different paths,

without precisely controlled, small amplitude mismatch and conjugate misalignment
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will destroy the orthogonality between the I/Q channels and the performance of the
system will be substantial deteriorated. These imbalance factors are shown as Figure
3-5. In thisfigure, pink dash-line shows different paths. If the two paths are not the
same, that will make the signals distortion or mistake. If data-| and data-Q’s amplitude
are Vm and a*Vm, the constellation will be arectangular. If the phase modulator

does not delay 7 /2, the constellation will become a parallelogram rather a square.

3.4.3 Amplitude mismatch- 1/Q Ratio (dB)

» BER wio correction * SNR wio correction
1. BER with correction & SHE with correction
T e FR L R

e T SRR L

0.1}
0.01 |
1E-3 |,
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1E-10 |
1E-11 L

a2 = & & da
TR T T o B

1a{dB)

Figure 3-6 BER and SNR vs. I/Q ratio for simulation single carrier QPSK.

As shown in Figure 3-6, single carrier QPSK simulation results indicate that a
8dB amplitude mismatch corresponding to about 8 dB SNR degradation. However,
after employing the Gram—Schmidt orthogonalization procedure (GSOP), substantial
performance improvement is obtained. With a8 dB amplitude mismatch, only about 1

dB SNR degradation is observed.
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Figure 3-7 Constellations for simulation QPSK amplitude mismatch w/ and w/o correction.
(a) 1/Q=8dB w/o correction (b) I/Q=8dB w/ correction (c) I/Q=4dB w/o correction

(d) 1/Q=4dB w/ correction (e) 1/Q=0dB w/o correction (f) I/Q=0dB w/ correction
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Figure 3-8 BER vs. 1/Q ratio(Amplitude Mismatch) for experimental single

carrier QPSK.

Figure 3-6 shows single carrier QPSK experimental results and indicates that a 8
dB amplitude mismatch corresponding to about 10 orders BER degradation. After
employing the GSOP, substantial performance improvement is obtained. With a8 dB
amplitude mismatch, only about 4 orders BER degradation is observed. And we can

see that the curve trend is like ssmulation result.
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Figure 3-10 BER and SNR vs. I/Q ratio for ssmulation single carrier 16-QAM.

Figure 3-10 issingle carrier 16-QAM simulation results and indicates that a 8 dB
amplitude mismatch corresponding to about 14 dB SNR degradation. Employing the
Gram—Schmidt orthogonalization procedure (GSOP), substantial performance

Improvement is obtained, only about 3 dB SNR degradation is observed.

Figure 3-11 is the constellations for simulation 16-QAM amplitude mismatch
with and without GSOP, respectively. Inset (a), (b), (c), (d), (e) and (f) of Figure3-11
illustrate 1/Q=8dB without GSOP, 1/Q=8dB with GSOP, I/Q=4dB without GSOP,
1/Q=4dB with GSOP, I/Q=0dB without GSOP and I/Q=0dB with GSOP.
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Figure 3-11 Constellations for simulation QPSK conjugate misalignment

w/ and w/o GSOP. (a) 1/Q=8dB w/o GSOP (b) I/Q=8dB w/ GSOP (c) I/Q=4dB
w/0 GSOP (d) 1/Q=4dB w/ GSOP (€) 1/Q=0dB w/o GSOP (f) 1/Q=0dB w/
GSOP
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3.4.4 Conjugate misalignment

¢« BER wio correction * SNR w/o correction

#+ BER with correction = SMHNR with correction
Eiil E
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Figure 3-12 BER and SNR vs. conjugate misalignment for simulation single

carrier QPSK..

Figure 3-12 and Figure 3-14 show simulation and experimental results and
indicate that a 30° conjugate misalignment corresponding to about 11 dB SNR and
about 13 orders BER degradation, respectively. After employing the GSOP, substantial
performance improvement is obtained. With a 30° conjugate misalignment, only about
3 dB SNR and 8 orders BER degradation are observed for simulation and experimental

results, respectively.
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Figure 3-14 BER vs. conjugate misalignment for experimental single carrier

QPSK.

Figure 3-13 and Figure 3-15 are the constellations for smulation  and
experimental 16-QAM conjugate misalignment with and without GSOP, respectively.
Inset (a), (b), (c), (d), (e) and (f) of Figure3-13 and Figure3-15 illustrate 30° conjugate
misalignment without GSOP, 30° conjugate misalignment with GSOP, 10° conjugate
misalignment without GSOP, 10° conjugate misalignment with GSOP, 0° conjugate

misalignment without GSOP and 0° conjugate misalignment with GSOP.
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Figure 3-15 Constellations for experimental QPSK conjugate misalignment w/ and w/o
GSOP . (a) 30° w/o GSOP (b) 30° w/ GSOP (c) 10° w/o GSOP (d)10° w/ GSOP (e) 0°
w/o GSOP (f) 0° w/ GSOP
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#« BER with correction = SHRE with correction
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Figure 3-16 BER and SNR vs. conjugate misalignment for simulation single

carrier 16-QAM.

Figure 3-16 is BER and SNR curves at different conjugate misalignment
conditions for simulation 16-QAM and indicates that a 30° conjugate misalignment
corresponding to about 12 dB SNR degradation. After employing the GSOP, only
about 3 dB SNR degradation is observed.

Figure 3-17 shows the constellations for ssmulation 16-QAM conjugate
misalignment with and without GSOP. Inset (a), (b), (c), (d), (e) and (f) of Figure3-17
illustrate 30° conjugate misalignment without GSOP, 30° conjugate misalignment with
GSOP, 10° conjugate misalignment without GSOP, 10° conjugate misalignment with
GSOP, 0° conjugate misalignment without GSOP and 0° conjugate misalignment with
GSOP.
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Figure 3-17Constellations for simulation 16-QAM conjugate misalignment w/ and w/o
GSOP . (a) 30° w/o GSOP (b) 30° w/ GSOP (c) 10° w/o GSOP (d)10° w/ GSOP
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In order to resolve 1/Q imbalance, the GSOP scheme is unitized to compensate
the amplitude mismatch and conjugate misalignment. After employing GSOP scheme,

the imbalance effects can be solved.

3.4.5 Synchronization
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Figure 3-18 BER and SNR vs. Time Delay for ssmulation QPSK.
(a) Time delay 50% w/o correction.
(b) Time delay 50% with correction.

And now, | want to show you another imbalance factor - path length. If the
lengths of data-| path and data-Q path are not exactly the same, the two data will not
arrive at receiver at the same time. That may degrade the signal quality and distort

signals.

We use VPI program and AWG to generate time delay effect. Figure3-18 and
Figure 3-19 are BER and SNR curves at different time delay condition for simulation

QPSK and experimental QPSK, respectively. Inset (a) and (b) of the two figures are
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the constellations of time delay 50% without correction and with correction,
respectively. In these figures, we can obtain as data-| and data-Q delay a half cycle, the
performance isworst. That is due to the judging points are far away. The two figures
show results with correction and without correction. We find out utilizing off-line
software correction will compensate the factor effect. We use Matlab program to shift
judging points to make them the same. Now the two data seems arrive at the same

time.
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Figure 3-19 BER and SNR vs. Time Delay for experimental QPSK.
(&) Time delay 50% w/o correction.
(b)Time delay 50% with correction.

Figure 3-20 shows results of simulation 16-QAM signals. The worst condition is
also time delay 50%. After using correction, the signals are improved, too. Inset (a)
and (b) of thisillustrate constellations of time delay 50% without correction and with

correction. Inset (a) constellation sizeis large, and inset (b) constellation is clear.
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Figure 3-20 BER and SNR vs. Time Delay for simulation

16-QAM.

(c) Time delay 50% w/o correction.
(d) Time delay 50% with correction.
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Chapter4 Experimental demonstration of proposed system

4.1 Preface

In chapter 3, we discuss the influence on the proposed setup due to the
imbalance-effect. And now, | want to show you the detail about the novel proposed
experimental setup and the experimental outcome. In this chapter, we will build up the
experimental setup for the proposed system based on SSBCS modulation. Figure

4-1(a), (b) and (c) show the comparison of different DD-OFDM modul ation scheme.

4.2 Comparison of different DD-OFDM modulation scheme

(a) Conventional SSB

-----------------

OFDM |----- £ Electrical Spectrum % Optical Spectrum
: >B B ;
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[ ] (] ¥
@ : & w | ¢ PD Detection
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(a) Mixer Noise Figure =8dB k g
(b) OMI small

46



(b) Virtual SSB Optical Spectrum
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Figure 4-1 Comparison of different DD-OFDM modulation shceme.
(B: bandwidth of DAC, f,: optical carrier frequency, fo: intermedium
frequency)

Before showing the concept of the proposed system, we see the comparison of
different DD-OFDM modulation scheme shown as Fig4-1. Conventionally, optical
direct-detection OFDM (DD-OFDM) signal is generated based on single-sideband
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(SSB) modulation scheme via an external Mach-Zehnder modulator (MZM) as shown
ininset (a) of Fig. 4-1. However, conventional SSB modulation approaches suffer
from inferior sensitivities because the optical modulation index (OMI) is limited.
Furthermore, to avoid beat noise after photo detection, an electrical 1/Q mixer with a
typical noise figure (NF) of more than 8 dB is needed to up-convert OFDM signal to
intermedium frequency, which severely hinders implementation of highly spectral
efficiency QAM OFDM signal for narrowband applications in the 10-Gb/s and above
regimes. Recently, several modified SSB modulation schemes have been proposed to
overcome this limitation. However, an electrical mixer is still needed to avoid the beat
noise interference. Another DD-OFDM modulation scheme is virtual SSB modulation
scheme without electrical 1/Q mixer is proposed as shown in inset (b) of Fig. 4-1. The
drawback is that half bandwidth of the DAC is wasted to avoid the beat noise

interference.

Thiswork presents an optical 1/Q up-conversion for direct-detection OFDM
signal generation as shown in inset (¢) of Fig. 4-1. Since an electrical mixer is not
needed to avoid the beat noise interference, the proposed system can support high level
OFDM signal (i.e. 16 QAM or 64 QAM). Moreover, the bandwidth of

digital-to-analog converter can be fully utilized.

4.3Concept of the proposed system

Figure 4-2 schematically depicts the principle of the proposed optical 1/Q
up-conversion for direct-detection signal generation. Inset (a) of Figure 4-2 shows how
we generate optical subcarrier with carrier suppression. To realize direct-detection

signals generation, we insert an optical subcarrier to induce remote beating by using
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SSB modulation with carrier suppression . Except with a phase difference of 90°, the
RF signals sent into the MZ-a and MZ-b are exactly the same. We bias MZ-a and
MZ-b at the null point, the generated optical spectrum consists of an upper sideband
(USB) and alower sideband (L SB) with optical carrier suppression as shown in inset
(a) of Fig. 4-2. When MZ-c is biased at the quadrature point, the polarity of LSB in

lower arm opposes that in upper arm. The LSB will be eliminated whereas the USB is

obtained.
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Figure 4-2 The Concept of All Optical 1Q Up Conversion System.

And then, seeinset (b) of Fig. 4-2. | want to use a single-carrier signal caseto tell
you how the I/Q modulation works. Data | and Q of single-carrier signal are sent to
MZ-aand MZ-b of the optical 1/Q modulator, respectively. To achieve high optical
modulation depth and to operate in E-field linear region of the MZM, both MZ-aand
MZ-b are biased at the null point. Therefore, optical single-carrier signal at the center
frequency of optical carrier with carrier suppression is generated as shown in inset (b)
of Fig. 4-2. And we utilize the 7 /2 phase delay modulation to rotate Data-Q to Q-axis

(90°-axis) to forma m-QAM signal. Inset (c) of Fig. 4-2 isthe case of OFDM signal.

Therefore, as both RF and OFDM signals are simultaneously sent to 1/Q
modulator, the generated optical DD-OFDM signal consisting of an un-modulated
subcarrier and an OFDM-modulated carrier. After square-law photo-diode (PD)
detection, electrical RF-OFDM signals are obtained. Note that the proposed OFDM

transmitter does not need an electrical mixer with atypical NF of more than 8 dB to
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avoid the beating noise interference, which is very important for highly spectral
efficiency OFDM signals (i.e. 16-QAM or 64-QAM OFDM signal). Additionally, the
relative intensity between the un-modulated and OFDM-modulated subcarriers can be
easily tuned by adjusting the individual power of the electrical sinusoidal and OFDM

signals to optimize the performance of the optical RF signal.

4.4 Experimental results for all optical IQ up conversion system

4.4.1 Experimental setup
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Figure 4-3 The Experimental Setup of All Optical IQ Up Conversion System.

Figure 4-3 depicts the experimental setup for all optical 1/Q up conversion system
viaal/Q modulator. We use a continue wave tunable laser (CW-TL) to generate light
source about 1550nm. The light source is then passed through a polarization controller
to achieve max optical power when the I/Q modulator is biased at full point. The
signals (Data-l and Data-Q) 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 10 Gb/s and 10 bits,

respectively. And then we use two the same type low noise amplifier (LNA) to amplify
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Date | and Data Q to reach the best modulation index (MI) condition. Following, we
use low passfilter to remove unwanted noise which is created by DSP signal
generation method and AWG-machine. To realize optical direct-detection signal, a new
optical subcarrier is generated at the LSB of the original carrier by 7.5 GHz.

Generate sinusoidal wave as electrical driving signals that are used to generate an
optical subcarrier. We use a 90°phase delay coupler to divide the sinusoidal wave into
two parts. And then we bias both MZ-a and MZ-b at null point and set the phase
modulator to delay 7 /2. To be able to transmit the signals, we utilize an EDFA to
amplifier the optical power and an optical band pass filter to reduce ASE noise. Finally
we use a Real Time Scope which is a Tektronix® DPO 71254 with a 50-Gb/s sample rate
and a 3-dB bandwidth of 12.5 GHz. to capture the receiver-signals. We use off-line way

to demodulate the signals.

4.4.2 Optimal condition for RF signals
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Figure 4-4 Optical Spectrum of single carrier QPSK signal.
OPR= Pd/Ps(dB), Pd: optical power of data-modulated optical carrier; Ps: optical
power of 7.5GHz subcarrier.OPR=-4dB (b) OPR=0dB (c) OPR=4dB
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Fig. 4-4 and Fig. 4-6 show the optical spectrums in different OPR (OPR= P¢/P,
Ps and Py are the optica power of the 7.5-GHz subcarrier and the 0-GHz
data-modulated optical carrier, respectively.) for single carrier QPSK and OFDM
16QAM signals. The BER vs. OPR curves of single carrier QPSK and OFDM 16QAM
signa are shown in Fig. 4-5 and Fig. 4-7. Single carrier QPSK signal best OPR
condition is 0dB as shown in Fig 4-5. The blue star is the case without
imbalance-correction and the red circle is the case with imbalance correction. OFDM
16QAM signal best OPR condition is 3dB as shown in Fig 4-7. The blue star case is

captured at PD power equal to -14dBm and the other is at PD receiver power equal to

-13dBm.
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Figure 4-5 BER vs. OPR curve for single carrier QPSK signal.
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4.4.3 Transmission Results
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Figure 4-8 Electrical Spectrums for Single Carrier QPSK.
(@) Tx terminal Electrical Spectrum.
(b) Rx terminal Electrical Spectrum.

Figure 4-8 isthe electrical spectrum for single carrier QPSK signal and a subcarrier. The
single carrier QPSK signals are generated by a Tektronix® AWG7102 arbitrary waveform
generator (AWG) using a Matlab® program. An optical 10-Gb/s single carrier QPSK signal
that occupies atotal bandwidth of 5 GHz can be generated, and its receiver signal electrical
gpectrum is shown as Figure 4-8 (b). We just need half bandwidth of receiver signal to
generate Tx single carrier QPSK signal as shown Figure 4-8 (a), and a optical subcarrier is

generated at the LSB of the original carrier by 7.5 GHz.

. The OFDM 16QAM signals are generated by a Tektronix® AWG7102 arbitrary
waveform generator (AWG) using a Matlab® program, too. The IFFT length is64. A
156.25-M Sym/s 16-QAM symbol is encoded at 32 channels (i.e. channels 3-18 and 48-63)
with the remaining 32 channels set to zero. Therefore, an optical 20-Gb/s 16-QAM OFDM
signal that has 32 subcarriers and occupies atotal bandwidth of 5 GHz can be generated, and

its receiver signal spectrum as shown in Figure 4-9(b). The cyclic prefix is set to 1/256
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symbol time. To realize optical direct-detection OFDM signal, a new optical subcarrier is

generated at the LSB of the original carrier by 7.5 GHz, as shown in Fig. 4-9(a).
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Figure 4-9 Electrical Spectrum for OFDM 16QAM.
(@) Tx terminal Electrical Spectrum.
(b) Rx terminal Electrical Spectrum.
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Figure 4-10 BER-Receiver Power curve for QPSK.
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Figure 4-10 shows the BER performance of the single carrier QPSK signals, a
receiver sensitivity of -13dBm is achieved at a BER of 10 in the BTB case. The penalty
at a BER of 107 is negligible following 100-km SMF transmission. And left hand side
constellation is the BTB case, right hand side is the after 100-km transmission case.
The constellation size of each point of the two diagrams is almost the same. Figure
4-11 shows the constellations and eye diagrams of BTB, 25km, 50km, and 100km. And

they are captured at PD input power equal to -12.5dBm.
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Figure 4-11 Constellations and eye diagrams for single carrier QPSK signals at PD
Input Power=-12.5dBm. (a)BTB (b) 25km (c) 50km (d)100km

58



CGlla ) BTB_0416
S e IERmL0AAE
ey ek B0 ALK
L AT TERM_01160
Lo teokm o1

-Log(BER)

-16 -14 12 10 -8 -6
PD INPUT POWER (dBm)

Figure 4-12 BER-Receiver Power curve for OFDM 16QAM.

Figure 4-12 shows the BER performance of the OFDM 16QAM signals, a receiver
sensitivity of -14dBm is achieved at a BER of 107 in the BTB case. The penalty at a BER
of 10” is about 1dB following 100-km SMF transmission. The constellation size of each
point of Figure 4-13 constellations is almost the same. The inset (a), (b), (c), and (d)
are BTB, 25km, 50km, and 100km, respectively. And they are captured at PD input

power equal to -8dBm.
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a

Figure 4-13 Constellations and eye diagrams for OFDM 16QAM signals at PD Input Power=-8dBm.
(@BTB (b) 25km (c) 50km (d)100km

4.5 The influence of phase noise

In this section, we investigate the laser linewidth impact on optical 60-GHz
OFDM performance. With laser linewidth of 10MHz, BER of both 20-Gb/s 16-QAM
and 14-Gb/s QPSK OFDM signals within 7-GHz license-free band is below the FEC

limit following 100-km SMF transmission.

Figure 4-14 shows BER and SNR change with laser line-width of 28Gb/s OFDM
16-QAM for transmission 50-km and 100-km. We can find that when the laser

line-width exceeds 100 KHz, the SNR drops quickly.
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Figure 4-15 shows that the BER curves of 60-GHz 20-Gb/s 16-QAM OFDM
signals using DFB laser. Note that the laser linewidth has more influence on 16-QAM
signals than QPSK signals. As the transmission distance increases from 0 km to 100
km, the performance of 60-GHz 16-QAM OFDM signals gradually degrades due to
de-coherence of optical un-modulated and OFDM-modulated sidebands. As
transmission distance is 100 km, the BER of 60-GHz 20-Gb/s 16-QAM OFDM signals
can be below the FEC limit with receiver power of more than -6dBm. If the ECL with
linewidth of 10kHz is utilized, no significant receiver power penalty is observed after

the transmission of 100-km SSMF as shown in Fig. 4-16.
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Figure 4-15 BER curves of 60-GHz 20-Ghb/s 16-QM OFDM signals. The linewidth is
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Figure 4-16 BER curves of 60-GHz 20-Gb/s 16-QM OFDM signals. The linewidth is
10 KHz.
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To provide higher data rate within 7-GHz license-free band at 60 GHz,
multi-level OFDM is utilized. As higher spectral efficiency modulation format is used,
the laser linewidth will play more and more important due to de-coherence of optical
un-modulated and OFDM-modulated sidebands caused by fiber chromatic dispersion.
In this paper, we experimentally demonstrate that BERs of both 20-Gb/s 16-QAM and
14-Gb/s QPSK OFDM signals within 7-GHz license- free band are below the FEC
limit following 100-km SMF transmission as DFB laser with the line-width of 10MHz
IS used.

63



Chapter5 60GHz system

5.1 Introduction of frequency quadrupling scheme
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Figure5-1 Frequency quadrupling scheme
In order to carry more and wider bandwidth signals, we have to utilize higher
frequency system. And now | want to show you the concept of a frequency
guadrupling 60GH system without using high speed components in transmitter

terminal. It is used after 1/Q modulator to up convert signals to 60GHz.

This part of the transmitter in the proposed system is frequency quadrupling, as
shown in Figure 5-1. For simplicity, the figure shows only one optica input. Since
MZ-aand MZ-b are biased at full point, the output spectrum are both double-sideband
(DSB). The only difference between MZ-a and MZ-b is phase term. Compare to MZ-a,
MZ-b has +n phase shift at +2wgr term and - phase shift at -2mrr term. After that, an
phase shift is introduced at lower arm, And then combine the two arms. Finaly,

frequency quadrupling result is obtained.
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5.2 Concept of the 60GHz system
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Figure.5-2 Conceptual diagram of the 60-GHz optical/wireless system using all-optical
up-conversion.

Figure 5-2 schematically depicts the concept of the proposed 60-GHz OFDM
RoF system employing al-optical up-conversion. The proposed 60-GHz OFDM
transmitter consists of two dual-parallel modulators for photonic up-conversion and
frequency quadrupling, respectively. For photonic up-conversion, OFDM | and Q
signals are sent to MZ-a and MZ-b of the first dual-parallel modulator, respectively.
To achieve high optical modulation depth and to operate in E-field linear region of the
MZM, both MZ-a and MZ-b are biased at the null point. To realize direct-detection
OFDM signals, we insert an optical subcarrier as a remote heterodyne scheme by using
single side band (SSB) modulation with carrier suppression. Therefore, the generated
optic  OFDM signal consisting of an un-modulated subcarrier and an
OFDM-modulated carrier, which can be converted into electrical RF OFDM signals by
square-law photo-diode (PD) detection, can be produced as shown in inset (a) of Fig.

5-2. Then, the generated OFDM signal is up-converted by using the frequency
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guadrupling technique as shown in inset (b) of Fig. 5-2. After an interleaver to filter

out the unwanted sideband, frequency quintupling is achieved as shown in inset (c) of

Fig. 5-2. Note that the proposed OFDM transmitter does not need any electrical mixer

with a typical noise figure (NF) of more than 8 dB for up-conversion to 60 GHz. This

is very important for highly spectral efficiency OFDM signals (i.e. 16-QAM and above)

that requires higher signal-to-noise ratio (SNR). Additionaly, the relative intensity

between the un-modulated and OFDM-modulated subcarriers can be tuned by

adjusting the individual power of the electrica sinusoidal and OFDM signals to

optimize the performance of the optical RF signals.

5.3 Experimental setup
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Figure.5-3 Experimental setup for proposed system.
Figure 5-3 depicts the experimental setup. The OFDM signals are generated by a

Tektronix® AWG7102 arbitrary waveform generator (AWG) using a Matlab® program.

The sample rate and digital-to-analog converter resolution of the AWG are 10 GHz and
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8 hits, respectively. For 14Gb/s OFDM QPSK signas, the IFFT length is 64. A
156.25-M Sym/s QPSK symbol is encoded at 45 channels (i.e. channels 3-25 and 42-63)
with the remaining 9 channels set to zero. Therefore, an optical 14-Gb/s QPSK OFDM

signa that has 45 subcarriers and occupies a total bandwidth of 7 GHz can be
generated. For 20Gb/s OFDM 16QAM signdls, the IFFT length is 64. A
156.25-M Sym/s QPSK symbol is encoded at 32 channels (i.e. channels 3-18 and 48-63)
with the remaining 32 channels set to zero. Therefore, an optical 20-Gb/s 16-QAM

OFDM signal that has 32 subcarriers and occupies a total bandwidth of 5 GHz can be
generated. For 28Gb/s OFDM QPSK signals, the IFFT length is 64. A 156.25-M Sym/s
QPSK symbol is encoded at 45 channels (i.e. channels 3-25 and 42-63) with the
remaining 9 channels set to zero. Therefore, an optical 28-Gb/s QPSK OFDM signal

that has 45 subcarriers and occupies a total bandwidth of 7 GHz can be generated. To
realize optical direct-detection OFDM signal, a new optical subcarrier is generated at

the lower sideband of the origina carrier by 12 GHz. The generated OFDM signal is

up-converted by using optical frequency quadrupling technique.

After a 50/100 GHz optical interleaver, OFDM signal at 60 GHz with frequency
quintupling is generated at (c) of Fig. 5-3. A 100-km SMF is used to evaluate the
transmission penalty of the system. After square-law PD detection, an electrical
OFDM signal at 60 GHz is generated and down-converted to 5 GHz at (d) of Fig. 5-2.
The down-converted OFDM signal is captured by a Tektronix® DPO 71254 with a
50-GHz sample rate and a 3-dB bandwidth of 12.5 GHz. An off-line DSP program 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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5.3.1 Optimal condition for RF signals
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Figure 5-4.BER vs. OPR for OFDM QPSK.
OPR=Pd/Ps(dB). Pd: the optical power of data-modulated optical carrier.
Ps: the optical power of un-modulated subcarrier.

The relative intensity between optical un-modulated and data-modulated
subcarriers strongly influences the performance of the optical OFDM signals. One of
the advantages of the proposed OFDM transmitter is that the relative intensity between
optical un-modulated and data-modulated subcarriers can be easily tuned by adjusting
the individual amplitude of the driving sinusoidal and OFDM signals to optimize the
performance of the direct-detection OFDM signals, respectively. Figure 5-4 illustrates
the BER of the QPSK OFDM signals versus different optical power ratios (OPR) of
the un-modulated subcarrier to the OFDM-encoded subcarrier as optical powers of

60-GHz OFDM signals are normalized before detection. The optimal OPR is 0.4 dB.
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Figure 5-5.0ptical Spectrums for OFDM QPSK.
(Q)OPR=3dB (b) OPR=3dB after 4f-system (c) OPR=0.4dB
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Figure 5-5 shows the optical spectrums of different OPRs. We define OPR is
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optical power of un-modulated subcarrier over optical power of signals modulated
optical carrier. And inset (a), (c), (e) of Figure 5-5 are OPR=3dB, OPR=0.4dB,
OPR=-1.4dB before frequency quadrupling system, respectively. Inset (b), (d) and (f)
illustrate OPR=3dB, OPR=0.4dB, OPR=-1.4dB after frequency quadrupling system

and interleaver.
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Figure 5-6.BER vs. OPR for 20Gb/s OFDM 16QAM.
OPR=Pd/Ps(dB). Pd: the optical power of data-modulated optical carrier.
Ps: the optical power of un-modulated subcarrier.

Figure 5-6 illustrates the BER of the 20Gb/s 16-QAM OFDM signals versus
different optical power ratios (OPR) of the un-modulated subcarrier to the
OFDM-encoded subcarrier as optical powers of 60-GHz OFDM signas are

normalized before detection. The optimal OPR is 3 dB.

Figure 5-7shows the optical spectrums of different OPRs. And inset (a), (c), (e) of

Figure 5-7 are OPR=1dB, OPR=3dB, OPR=5dB before frequency quadrupling system,
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respectively. Inset (b), (d) and (f) illustrate OPR=1dB, OPR=3dB, OPR=5dB after
frequency quadrupling system and interleaver. We find that when signals bandwidth
wider, the optimal OPR seemsto be larger.
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Figure 5-7.0ptical Spectrums for 20Gb/s OFDM 16-QAM.
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Figure 5-8.BER vs. OPR for 28Gb/s OFDM 16QAM.
OPR=Pd/Ps(dB). Pd: the optical power of data-modulated optical carrier.
Ps: the optical power of un-modulated subcarrier.

Figure 5-8 shows the BER of the 20Gb/s 16-QAM OFDM signals versus different
optical power ratios (OPR) of the un-modulated subcarrier to the OFDM-encoded
subcarrier as optical powers of 60-GHz OFDM signals are normalized before detection.

The optimal OPR is 4 dB.

Figure 5-9 illustrates the optical spectrums of different OPRs. And inset (a), (c),
(e) of Figure 5-7 are OPR=0dB, OPR=4dB, OPR=8dB before frequency quadrupling
system, respectively. Inset (b), (d) and (f) illustrate OPR=0dB, OPR=4dB, OPR=8dB
after frequency quadrupling system and interleaver. We also find that when signals
bandwidth wider, the optimal OPR seems to be larger. The reason is as the data-rate

becomes larger, it needs higher SNR.
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5.4 Experimental results and discussion
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Figure 5-10. Electrical Spectrums of QPSK OFDM signals.
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Figure 5-11. BER curves of the OFDM QPSK signals
Figure 5-10 illustrates the electrical spectrums for QPSK OFDM signals and
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indicates where the spectrums belong to. Inset (a) of Figure 5-10 is the electrical
spectrum of transmitter terminal OFDM signals and 12GHz-subcarrier. Inset (b) of
Figure 5-10 is the one of OFDM signals after 1/Q modulator. We can see the
bandwidth is 7GHz. And Inset (c) of Figure 5-10 is the electrical spectrum of receiver

QPSK OFDM signals. We down convert the signals to center frequency 5GHz.

Figure 5-12 shows QPSK constellation diagrams before and after the frequency
guadrupling system in back-to-back (BTB) and following SMF transmission cases.
The equalizer in OFDM transceiver is used to combat both frequency response of
various millimeter-wave components at 60 GHz and fiber dispersion. Since the
proposed OFDM transmitter can generate high-purity two-tone lightwave, the
generated OFDM signals do not suffer from periodic fading issue due to fiber
dispersion. Only in-band distortion of the OFDM-encoded subcarrier induced by fiber
dispersion is considered. Since the symbol rate of each subcarrier is only 156.25
MSym/s, the fiber chromatic penalty can be ignored. Figure 5-11 shows the BER
curves of the 14-Gb/s QPSK OFDM signals using optimal OPRs after transmission
over 100-km SMF. After transmission 100-km, the sensitivity penalties is about 1dB.
Compare purple circular symbols with red diamond symbols, the penalty of frequency
guadrupling system is 2dB. Although it still worsens the performance a little, it does
better than using electrical mixer with noise figure (NF) 8dB. Inset (a), (b), (c) and (d)
of Figure 5-12 are BTB before frequency quadrupling, BTB, 50km and 100km,

respectively. They are captured at PD input power equal to -11dBm.
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Figure 5-14. BER curves of the 20Gb/s OFDM 16-QAM signals using DFB Laser.

Figure 5-13 illustrates the electrical spectrums for 20Gb/s 16-QAM OFDM
signals and indicates where the spectrums belong to. Inset (a) of Figure 5-13 is the
electrical spectrum of transmitter terminal OFDM signals and 12GHz-subcarrier. Inset
(b) of Figure 5-13 is the electrical spectrum of recelver 16-QAM OFDM signals. The

bandwidth is 5GHz. We down convert the signals to center frequency 5GHz.

Figure 5-15 shows 16-QAM constellation diagrams after the frequency
guadrupling system in back-to-back (BTB) and following SMF transmission cases.
The equalizer in OFDM transceiver is used to combat both frequency response of
various millimeter-wave components at 60 GHz and fiber dispersion. Since the
proposed OFDM transmitter can generate high-purity two-tone lightwave, the
generated OFDM signals do not suffer from periodic fading issue due to fiber
dispersion. Only in-band distortion of the OFDM-encoded subcarrier induced by fiber

dispersion is considered.
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Since the symbol rate of each subcarrier is only 156.25 MSymy/s, the fiber

chromatic penalty can be ignored. Figure 5-14 shows the BER curves of the 20-Gb/s

16-QAM OFDM signals using optimal OPRs and DFB Laser after transmission over

100-km SMF. After transmission 100-km, the sensitivity penalties is very large. The

reason to explain large penalty is laser line-width. Following pages will show you a

better result with smaller line-width light source. Inset (a), (b), (c), (d) and (d) of

Figure 5-15 are BTB, 25km, 50km, 75km and 100km, respectively. They are captured

at PD input power equal to -5dBm.
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Figure 5-16. Electrical Spectrums of 20Gb/s 16-QAM OFDM signals with tunable laser (TL).
(a)Tx OFDM and subcarrier electrical spectrum.
(b)Rx OFDM electrical spectrum.
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Figure 5-17. BER curves of the 20Gb/s OFDM 16-QAM signals using Tunable Laser.

Figure 5-16 illustrates the electrical spectrums for 20Gb/s 16-QAM OFDM
signals with tunable laser and indicates where the spectrums belong to. Inset (a) of
Figure 5-16 is the electrical spectrum of transmitter termina OFDM signals and
12GHz-subcarrier. Inset (b) of Figure 5-16 is the electrical spectrum of receiver
16-QAM OFDM signals. The bandwidth is 5GHz. We down convert the signals to

center frequency 5GHz.

Figure 5-18 shows 16-QAM constellation diagrams after the frequency
guadrupling system in back-to-back (BTB) and following SMF transmission cases.
The equalizer in OFDM transceiver is used to combat both frequency response of
various millimeter-wave components at 60 GHz and fiber dispersion. Since the
proposed OFDM transmitter can generate high-purity two-tone lightwave, the
generated OFDM signals do not suffer from periodic fading issue due to fiber

dispersion. Only in-band distortion of the OFDM-encoded subcarrier induced by fiber

80



dispersion is considered. Since the symbol rate of each subcarrier is only 156.25
MSym/s, the fiber chromatic penalty can be ignored. Figure 5-17 shows the BER
curves of the 20-Gb/s 16-QAM OFDM signals using optimal OPRs and DFB Laser
after transmission over 100-km SMF. After transmission 100-km, the sensitivity
penalties is almost negligible. The two cases only have one difference, laser line-width.
We replace DFB Laser with Tunable Laser to reduce light source line-width. Inset (a),
(b), (c), (d) and (d) of Figure 5-18 are BTB, 25km, 50km, and 100km, respectively.

They are captured at PD input power equal to -5dBm.
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Figure 5-18. Constellations of 20Gb/s 16-QAM OFDM signals using Tunable Laser (-5dBm).
(a) BTB (b) 25km (c) 50km (d) 100km
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signals with tunable laser and indicates where the spectrums belong to. Inset (a) of
Figure 5-19 is the electrical spectrum of transmitter termina OFDM signals and
12GHz-subcarrier. Inset (b) of Figure 5-19 is the electrical spectrum of receiver
16-QAM OFDM signals. The bandwidth is 7GHz. We down convert the signals to

center frequency 5GHz.

Figure 5-21 shows 16-QAM constellation diagrams before and after the one-tap
egualizer in back-to-back (BTB) and following SMF transmission cases. The equalizer
in OFDM transceiver is used to combat both frequency response of various
millimeter-wave components at 60 GHz and fiber dispersion. Since the proposed
OFDM transmitter can generate high-purity two-tone lightwave, the generated OFDM
signals do not suffer from periodic fading issue due to fiber dispersion. Only in-band
distortion of the OFDM-encoded subcarrier induced by fiber dispersion is considered.
Since the symbol rate of each subcarrier is only 156.25 MSyn/s, the fiber chromatic
penalty can be ignored. Figure 5-20 shows the BER curves of the 28-Gb/s 16-QAM
OFDM signas using optimal OPRs after transmission over 100-km SMF. The
sensitivity penalties due to the fiber transmission are negligible. They are captured at

PD input power equal to -4dBm.

By using all-optical up-conversion and frequency quintupling, we demonstrate
16-QAM OFDM signal generation and transmission with a record of 28 Gb/s within
7-GHz license-free spectrum at 60 GHz band. Transmission over 100-km SMF

transmission with negligible penalty is achieved without any dispersion compensation.
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(a) BTB w/o equahzer (b) BTB w/ equahzer

Figure 5-21. Constellations of 28Ghb/s 16-QAM OFDM signals using Tunable Laser (-5dBm).

(@) BTB w/o E.Q. (b) BTB (c) 50km (d) 100km
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Chapter 6

Conclusion
This work proposes a brand new modulation approach to generate optical vector
signal by all optical up-conversion based on a modified SSB scheme. Since all optical
up-conversion technique is used, the proposed system does not need high speed
components at transmitter terminal compare with conventional modulation scheme
using external modulator, and the system can generate direct detection vector signal.
This system provides a solution that can satisfy the demand of 60GHz application

within 7GHz license-free band.

Since the proposed DD-OFDM transmitter needs no mixer with atypical NF of
more than 8 dB to avoid the beat noise interference after detection, it has a great
potential to support multi-level format (i.e. 16 QAM or 64 QAM) OFDM signal for
narrow applications beyond 10 Gb/s. Error free (10®°) of 10-Gb/s 16-QAM OFDM
signal is demonstrated and negligible penalty is observed after 125-km SMF
transmission. We also demonstrate 16-QAM OFDM signal generation and
transmission with arecord of 28 Ghb/s within 7-GHz license-free spectrum at 60 GHz
band. Transmission over 100-km SMF transmission with negligible penalty is

achieved without any dispersion compensation.
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