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ABSTRACT

Title of Dissertation: Ultra-High Frequency Optical Millimeter-Wave Generation
and 60-GHz Radio-over-Fiber Systems
Po-Tsung Shih, Ph.D., 2010

Dissertation Directed by: Jyehong Chen, Associate Professor
Sien Chi, Professor
Department of Photonics
National Chiao Tung University

With the rapidly developing of technologies, optical millimeter-wave signal gen-
eration attracts a lot of interests for various kinds of applications. Not only in broad-
band wireless communication systems, but high frequency millimeter-wave signals
can be utilized in radar, car anti-collision.system, radio astronomy and imaging. How-
ever, millimeter-wave signal generation and transmission still remain great challenges
due to the high propagation.less in air and'in copper cables. Based on the extremely
low loss of the optical fiber, generation of optical.millimeter-wave signal with fre-
quency multiplication attracts a lot of attentions:

In this dissertation, optical -millimeter-wave signal generation with frequency
quadrupling, octupling and 12-tupling are proposed, theoretically analyzed and ex-
perimentally demonstrated. Optical millimeter-wave signals with ultra-high frequen-
cies and high undesired optical sideband suppression ratios can be generated using
low-frequency optical modulator, components and equipments. Because the high un-
desired optical sideband suppression ratios, high purity millimeter-wave signals can
be generated and suitable for various kind of millimeter-wave applications.

Based on the optical millimeter-wave signal generation and up-conversion sys-
tems, 60-GHz radio-over-fiber (RoF) system which provides wireless transmission
with multi-Gbps data-rate can be achieved. A asymmetrical full-duplex bidirectional

RoF system based on tandem-single-sideband (TSSB) modulation technique, and an



optical up-conversion system with frequency sextupling for 60-GHz RoF links are pro-
posed. Transmission of 25-km standard single mode fibers can be achieved without
significant receiver power penalties.

A 2 x 21-Gbps symmetrical bidirectional full-duplex system at 60 GHz based
on intensity modulation direct detection (IMDD) technique which is a very simple
architecture is also proposed. Although chromatic dispersion induced performance
fading issues are observed in the IMDD systems due to the double-sideband (DSB)
modulation scheme, 500-m fiber transmission and 10-m wireless transmission with
acceptable receiver power penalties can be achieved without any dispersion compen-
sation. Based on the very simple architectures and fully transparent characteristic of
the bidirectional IMDD systems, the proposed systems are ideal for in-building high
data-rate wireless applications, which are characterized by short fiber spans.

Multi-service hybrid access nétworks which supports both RoF and fiber to the
x (FTTx) systems attract a lot of.interests. Two multi-service hybrid access network
systems which simultaneously generate and transmit radio frequency (RF) M-array
phase shift keying (PSK) signal and baseband (BB) On-Off-keying (OOK) signal are
proposed and experimentally demonstrated:-The.wited BB signal is compatible with
the existing passive optical network (PON) system, and the wireless RF PSK signal
can also share the same distributed infrastructure. No dispersion induced fading is-
sues are expected and no narrow band optical filter is needed at the remote nodes in
the proposed systems. After transmission over 25-km standard single mode fiber, no
significant receiver power penalties are observed in both RF and BB channels in the

proposed systems.
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Chapter 1

INTRODUCTION

1.1 Introduction to Millimeter-Wave Signals

Millimeter-waves are electro-magnetic waves with frequency range from 30 to
300 GHz. The related wavelengths of millimeter-waves are from 1 to 10 mm, and
that is the origin of the name. Electro-magnetic:waves with frequencies higher than
300 GHz and lower than 3, THz are usually defined as THz-waves, and the related
wavelengths are range from 100 gm:to 1 mm.

Microwaves have relatively low frequency compared with millimeter-wave and
THz-wave signals. Due to the relatively-low atmospheric absorption loss, wireless
propagation loss and generally unaffected by the weathers, the signal coverage dis-
tances of the microwave signals can range from hundred meters to several tens of
kilometers. In the last few decades, microwaves have been widely utilized in our
daily life mainly in long-range wireless communication applications including TV
broadcasting, radio broadcasting, cell phone, and Wireless Fidelity (WiFi). However,
with the developing of technologies and the rapidly growing demand for data-rate, the
bandwidths of microwave signal are limited and cannot meet the new requirements.

To satisfy the requirements of the next generation wireless Gbps communica-
tions, millimeter-wave bands with higher frequency and broader bandwidth become

the solution with the most potential. Several commercial available bands have been al-

1
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F1G. 1.1. Features of millimeter-wave signals.

located in US at 60 GHz (57-66 GHz, v-band), 70/80 GHz (71-76 GHz paired with 81-
86 GHz, e-band), 90 GHz (92-94 GHz.and'94.1-95 GHz,w-band) [1]. Compared with
the low-frequency microwave bands, these millimeter-wave bands have very large
available channel size and provide sufficient bandwidth to support Gbps wireless op-
eration. As shown in FIG. 1.1, the millimeter-wave signals not only can be utilized in
wireless communication systems, but can be used in many applications, such as radar,

car anti-collision system, radio astronomy and imaging.

1.2 Generation and Transmission of Millimeter-Wave Signals

Figure 1.1 also shows the atmospheric absorption of wireless millimeter-wave
signals. As can be seen, the atmospheric absorption losses increase with the increas-

ing of the millimeter-wave frequency. Therefore, the generation and transmission of
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millimeter-wave signals still remain great challenges. Although some CMOS tech-
nology can generate millimeter-wave signal beyond 60 GHz [2-5], the attenuation of
millimeter-wave signal in copper wires is extremely high, which also restricts the sig-
nal transmission distance. To transmit millimeter-wave signals over a long distance,
optical millimeter-wave signal based on low transmission loss optical fiber network is
a cost-effective and viable solution.

Optical heterodyning using two laser sources is the most straightforward method
for optical millimeter-wave signal generation. Nevertheless, optical phase-locked loop
(OPLL) is required to stabilize the frequency fluctuation and minimize the phase noise
of the generated optical millimeter-wave signal. The OPLL significantly increases
system complexity and cost which hinder the implementation in many applications
[6].

Mode-locked lasers that generate optical millimeter-wave signals with relatively
low phase noise and frequencies of more-than 100°GHz have been proposed [7, 8].
However, mode-locked lasers are sensitive to the environment variation including
temperature fluctuation and\vibrations.-Therefore, a complex feedback system for
long-term stabilization is usually required-[9; 10].

Optical millimeter-wave signal generations using LiNbO3 Mach-Zehnder modu-
lator (MZM) are the most reliable approaches. Optical millimeter-wave signal gener-
ations based on single-sideband (SSB), double side-band (DSB) and double-sideband
with carrier suppression (DSB-CS) have been widely investigated and demonstrated.
Nevertheless, the generated optical millimeter-wave frequencies are still restricted
by the bandwidth of conventional LiNbO3 modulators, which is typically less than
40 GHz. Moreover, radio-frequency (RF) components with frequency response over
26 GHz are considerably more expensive than those below 26 GHz. In order to achieve
optical millimeter-wave generation with frequency beyond 60 GHz cost-effectively,

optical millimeter-wave signal generations with frequency multiplication are highly
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desirable [11-13].

1.3 Radio-over-Fiber Technologies

Radio-over-Fiber (RoF) technologies utilize optical fiber networks to distribute
RF signals from the central station (Head End Unit, HEU) to base stations (Remote
Antenna Units, RAU). In conventional wireless system, RF signal processing such as
frequency up-conversion, carrier modulation, and multiplexing are performed at the
RAU and make the RAU become complex. As shown in FIG. 1.1, with the increas-
ing of the wireless carrier frequency, the atmospheric absorptions and propagation
losses increase, too. The signal coverage of each RAU is limited and referred as
a pico-cell unit. To provide sufficient signal coverage, more RAUs are required in
wireless millimeter-wave communication systems.If the RF signal processing is still
performed at each RAU, the system expanse might increase..In addition, the synchro-

nization between all of the RAUalso becomes a great challenge.
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F1G. 1.2. Concept of RoF technologies.

As shown in FIG. 1.2, RoF technologies provide the feasibility of centralizing all
of the RF signal processing in the shared HEU and transmit the millimeter-wave signal

to the RAUs based on the low loss optical fibers (0.2 dB/km at 1550 nm). By doing
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so, the RAUs become dummy antenna units which receive the optical signal, amplify
the millimeter-wave signal, and feed into the antenna for wireless transmission. Due
to the centralization of the RF signal processing, the high frequency equipments and
components can be shared at the HEU, and the system installation and maintenance
expanse can be reduced.

In addition to the wireless millimeter-wave communication system, the RoF opt-
cial network can be integrated with the baseband (BB) Fiber To The x (FTTx) appli-
cations and become a multi-service hybrid access network system, as shown in FIG.
1.2. Therefore, simultaneous generation and transmission of wireless millimeter-wave
signal and wired BB signals become of great interests [14—17]. By sharing one op-
tical fiber networks for the FTTx and RoF application, the system installation and

maintenance can also be reduced.

1.4 60-GHz Wireless=Communication Systems

With the rapidly developing of communication and consumer electronics, the
bandwidth requirement of wireless-transmission become broader and broader. For
example, the new standard, WirelessHD [18], which is focused on the wireless un-
compressed video transmission. For an uncompressed video signal with 1920x 1080
resolution, 3 colors per pixels, 32-bit high color, and 60-GHz frame rate, the total
data-rate is about 12 Gbps. The target data-rate of the WirelessHD standard is up to
25 Gbps. Another standard which requires very high data-rate is the 802.15.3¢c Wire-
less Personal Area Network (WPAN) [19]. The WPAN allows very high data rate over
2 Gbit/s applications such as high speed internet access, streaming content download
(Video on Demand, VoD) , real time streaming and wireless data bus for cable re-

placement. The optional data rates in excess of 3 Gbit/s will be provided.

Figure 1.3 shows the provided data-rate versus the signal coverage of various
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kinds of wireless standards. Most of the wireless standards cannot provide a wireless
transmission with data-rate higher;than 1'Gbps and meet the'bandwidth requirements
of the new applications. Thanks to the 7-GHz license-free band, 60-GHz millimeter-
wave communication has a lot of attention to support multi-Gbps wireless applications
[20-34]. In addition to the broad bandwidth at 60-GHz, the antennas can be much
smaller than WiFi antennas because of the much shorter wavelength of the millimeter-

wave signal.

Although the 60-GHz band millimeter-wave communication system can provide
wireless links with very high data-rage and other benefits, there are still many chal-
lenges in the 60-GHz system. First, the frequency response of the 60-GHz RF com-
ponents are very difficult to keep the flatness because of the broad bandwidth. Sec-
ond, to support the transmission with ultra-high data-rate (more than 10 Gbps) within
the 7-GHz license-free band, data modulation formats with high spectral efficiency is
required. Figure 1.4 shows the propagation loss comparison between the WiFi and

the 60-GHz wireless signals. Compared with the 2.4-GHz WiFi wireless signals, the
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propagation loss of the 60-GHz wireless signalsis about 30 dB higher. In addition, the
attenuation through the building walls is also. much higher. To maintain the signal cov-
erage compared with the 2.4-GHz WiFi signals; at lease one RAU is need at each room
in the building and RoF technologies should be utilized to connect all of the RAUs.
Moreover, special antenna design is needed to overcome the high directionality of the

60-GHz signals.

1.5 Objective and Outlines of the Thesis

The application and the challenge of the generation of the optical millimeter-
wave signal have been discussed in this chapter. The desire of the optical millimeter-
wave generations using reliable external modulators with frequency multiplication are
also discussed. Moreover, the advantages of wireless communication at millimeter-

wave bands are stated. Therefore, the optical millimeter-wave signal generation along
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with millimeter-wave RoF communication systems are of great interests. In this the-
sis, optical millimeter-wave signal generation with high order multiplication will be
proposed. Theoretical and experimental demonstration will be performed. 60-GHz
RoF technologies based on different optical millimeter-wave generation system and
multiplication system will be proposed. To demonstrate ultra-high data-rate transmis-
sion, high spectral efficiency orthogonal-frequency-division-multiplication (OFDM)
modulation formats will be utilized.

In Chapter 2, the basic idea of optical millimeter-wave signal generation based
on conventional dobule-sideband (DSB), single-sideband (SSB), and double-sideband
with carrier suppression (DSB-CS) modulation schemes will be discussed. The ad-
vantage and disadvantages among these modulation schemes will be discussed. The
basic ideal of the optical millimeter-wave signal detection will also been discussed in
Chapter 2.

A novel frequency-quadrupled optical millimeter-wave signal generation system
without narrow-band optical filtering will be proposed in Chapter 3. Theoretical anal-
ysis and experimental demonstration,of this system-will be performed. The impact
of the MZM imbalance will also be investigated:~Since no narrow band optical fil-
ter is needed in this system, Wavelength-Division-Multiplexed (WDM) optical up-
conversion system with frequency quadrupling can be realized based on the proposed
system.

To meet ultra-high frequency millimeter-wave applications, two optical millimeter-
wave signal generation system with frequency octupling and 12-tupling will be pro-
posed in Chapter 4. 80-GHz optical millimeter-wave signal generation using the
frequency-octupled optical millimeter-wave generation system will be experimentally
demonstrated. W-band wireless communication system using the generated 100-GHz
optical millimeter-wave signal along with a Near-Ballistic Uni-Traveling Carrier Pho-

todiode (NBUTC-PD) will also been demonstrated. 210-GHz optical millimeter-wave
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signal generation using a frequency-12-tupled system will also be proposed in this
chapter.

In Chapter 5, 60-GHz RoF technologies will be discussed. To achieve high data-
rate transmission and overcome the uneven frequency response, OFDM signal gener-
ation and modulation techniques will be developed. 60-GHz RoF systems based on
Tandem-Signle-Sideband(TSSB) with frequency doubling, optical up-conversion with
frequency sextupling and Intensity Modulation Direct Detection (IMDD) systems will
be proposed. Experimental demonstration of bidirectional full-duplex system at 60-
GHz based on IMDD system will experimentally demonstrated.

In Chapter 6, two multi-service hybrid access network systems without narrow-
band optical filter at remote nodes will be proposed. Since no narrow band optical
filter is required at the remote nodes, the proposed system can be implemented in
WDM systems.

This thesis ends with Chapter 7, where conclusions will be drawn.






Chapter 2

OPTICAL MILLIMETER-WAVE GENERATION
USING EXTERNAL MODULATOR AND
SQUARE-LAW DETECTION

Millimeter-wave signals have been extensively utilized in various applications,
such as broadband wireless-communication [35], Atacama large millimeter arrays
(ALMA) [36], radars, millimeter-wave imaging [37], radio-over-fiber systems [38],
and tera-hertz applications.  With the increasing of the millimeter-wave signal fre-
quency, the transmission loss‘in copper-wite becomes extremely high and restricts the
signal coverage. In addition, all-electronic millimeter-wave signal generation beyond
100 GHz remains a serious challenge because of restrictions on frequency responses
of electronic devices and equipments. Accordingly, optical millimeter-wave signal
generation techniques have become extremely attractive, due to the ability to generate
optical millimeter-wave signals with frequencies of higher than 100 GHz. Moreover,
the coverage of the optical millimeter-wave signal can be readily extended thanks to
the low transmission loss of optical fibers. Many optical millimeter-wave generation
approaches have recently been developed, including optical heterodyning with two
laser sources [36], mode-locked lasers [39—41], and external modulation using electro-

absorption modulators (EAM), phase modulators (PM), or Mach-Zehnder modulators

11
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(MZM) with a single wavelength laser source [13,38,42-48].

Using external optical modulators represent the most reliable solutions for opti-
cal millimeter-wave signal generation because these modulators have been extensively
used in telecommunication system with proven stability and reliability. There are
three main conventional modulation schemes which generate optical millimeter-wave
signals, including Double-Sideband (DSB), Single-Sideband (SSB), and Double-
Sideband with Carrier Suppression (DSB-CS) [42, 43]. In this chapter, optical
millimeter-wave signal generations using external electro-optical modulators base on
these three modulation schemes will be discussed and compared. When the optical
millimeter-wave signals are obtained, high speed Photo-Diodes (PD) are usually uti-
lized for Optical/Electrical conversion. The basic concept of PD square-law detection

will also be introduced in this chapter.

2.1 Double-Sideband Modulation Systems

DSB modulation scheme is~the ‘most direct method to generate an optical
millimeter-wave signal. Figure 2.1 shows-an.example of 40 GHz DSB optical sig-
nal generation using a single-electrode MZM. The MZM is biased at quadrature point
(0.5 V), and a 40 GHz sinusoidal signal is utilized to drive the MZM. After the MZM,

a DSB signal as shown in FIG. 2.1 is obtained.

Although the DSB signal can be easily generated, there are several disadvantage
in DSB modulation schemes, such as chromatic dispersion induced performance fad-
ing issue, higher modulator bandwidth requirement, and limited Optical Modulation
Index (OMI). Since there are two identical optical sidebands with different wave-
length in the DSB signal, the generated Radio-Frequency (RF) power might fade with
different fiber transmission distance due to chromatic dispersion. The detail of the

chromatic dispersion induced RF fading issue will be discussed in Appendix B. Be-
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cause no frequency multiplication is achieved in DSB modulation scheme, the trans-
mitter bandwidth requirement is higher compared with the modulation schemes with
frequency multiplication. In-‘addition, the-optical carrier in a DSB signal is usually
higher than the optical sidebands which leads to a limited OMI and provides limited

signal conversion efficiency after the PD square-law-detection.

2.2 Single-Sideband Meodulation Systems

To overcome the chromatic dispersion induced RF fading issue, optical millimeter-
wave generation based on SSB modulation scheme is proposed. FIG 2.2 shows an
example of 40 GHz SSB optical signal generation. To generate the SSB optical signal,
a dual-electrode MZM is utilized. The MZM is biased at quadrature point (0.5 V7).
The 40 GHz driving signal is divided into two paths to drive to upper and lower arm
of the dual-electrode MZM. An additional 7/2 phase difference is added on the lower
arm driving signal. After the MZM, a SSB signal as shown in Fig. 2.2 is obtained.

Since only one optical sideband is obtained, there is no chromatic dispersion in-
duced RF fading issue in the SSB signal. However, the Modulation Index (MI) in SSB

modulation scheme is limited to prevent the nonlinear effects from MZM. Therefore,
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the optical carrier is higher than the optical sideband and the OMI is also limited. To
increase the OMI, a fiber Bragg grating is usually utilized to suppress the optical car-
rier power. In addition, no frequency multiplication is achieved in SSB modultiaon
scheme. Moreover, the modulation system-is much more complex compared to DSB

modulation scheme.

2.3 Double-Sideband with Carrier Suppression Systems

To generate optical millimeter-wave signal using external modulators with fre-
quency doubling and without chromatic dispersion induced RF fading issue, DSB-CS
modulation scheme was proposed. FIG. 2.3 shows the setup of a 40 GHz DSB-CS
signal generation using a single-electrode MZM. To achieve the DSB-CS modulation
scheme, the MZM is biased at null point (V), and a 20 GHz sinusoidal signal is uti-
lized to drive the MZM. After the MZM, a DSB-CS signal as shown in Fig. 2.3 is

obtained.
Since the RF signal is generated from the two second order optical sidebands after
the PD square-law detection, there is no chromatic dispersion induced RF fading issue

in DSB-CS modulation scheme. The optical power between these two optical side-
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bands are equal to each other, the DSB-CS signal provides an OMI of one. Moreover,
optical frequency doubling is achieved in DSB-CS modulation scheme. Therefore,
the DSB-CS modulation scheme1s one of the:most popular choice for high frequency

optical millimeter-wave signal generation.

2.4 Square-Law Detection using Photo Diode

When the optical millimeter-wave signals are generated, a PD is usually utilized
to receive the optical signal and perform the O/E conversion. In this section the basic

concept of the O/E conversion using a PD will be discussed.

Optical Si I
fz f ptical Signa . OJE Df .

- <G
Optical Photon Current Electrical Spectrum
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FIG. 2.4. Double sideband with carrier suppression (DSB-CS) modulation scheme
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Figure 2.4 shows the conceptal diagram of the O/E conversion. A two tone opti-
cal millimeter-wave signal with angular frequencies of w; and ws is received using a
PD. The electrical fields of the two tone signal can be expressed as F; = A; cos(wt)
and Fy = Ajcos(wot), where A; and A, represent the amplitude of the electrical
fields. After the square-law detection of the PD, the generated photo current can be

expressed as

iPD - R : (El + E2)2

=R-A;-Ay-cos|(wy —wa)t] + R- Ay - Ay cos[(wy + wo)t] + DC Terms
2.1

Ignore the DC terms, the generated millimeter-wave signal is related to the first term of
equation (2.1). Therefore, the electrical field of the generated millimeter-wave signal

can is proportional to the first term of'equation (2.1) and'can be expressed as

VRF x R - Al . AQ . COS[((A)I — wg)t] (22)

2.5 Conclusion

Optical millimeter-wave signal generation using external modulator is one of the
most reliable technique. Optical millimeter-wave signal generation based on DSB,
SSB and DSB-CS modulation schemes were discussed in this chapter. DSB modu-
lation is the simplest architecture, but chromatic dispersion induced RF fading issue
restricts the fiber transmission distance. SSB modulation scheme has no chromatic
dispersion induced RF fading issue. However, the weak MI and high optical car-
rier power limit the OMI of SSB signal. Because the high OMI and no chromatic
dispersion induced RF fading issue, DSB-CS modulation scheme becomes a popular
choice for optical millimeter-wave signal generation. Moreover, frequency doubling

1s achieved in DSB-CS modulation scheme.



Chapter 3

OPTICAL MILLIMETER-WAVE GENERATION
SYSTEM WITH FREQUENCY QUARDRUPLING

Optical millimeter-wave signal generation at frequencies beyond 40 GHz remains
a major challenge because of the frequency response of LiNbO3 Mach-Zehnder mod-
ulator (MZM) or phase modulator are usually less than 40 GHz. Moreover, the elec-
trical components and equipment at frequencies beyond 40 GHz, such as amplifiers,
mixers, and synthesizers, are very expensive. Therefore, a cost-effective means of
generating high frequency optical millimeter-wave.signal is of great interest.

Many optical millimeter-wave-signal generation schemes based on MZM or
phase modulator to achieve frequency multiplication have recently been demonstrated
[13,48-56]. However, these proposed systems with frequency multiplication of more
than two times either depend on more than one optical filter to remove undesired op-
tical sidebands [13,48,50-56] or need two cascaded external modulators [13], which
significantly increase the complexity and cost of the system. Besides, the required
optical filtering severely hinders the implementation of optical up-conversion in a
wavelength-division-multiplexer (WDM) radio-over-fiber (RoF) system as shown in
FIG. 3.1. Although WDM up-conversion using only one external modulator with op-
tical filters is demonstrated in [11], only frequency doubling is achieved.

In this chapter, a carrier-suppressed optical millimeter-wave signal generation

17
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with frequency quadrupling is proposed. No narrow band optical filter is required to
suppress the undesired optical sidebands, and only-one, dual-parallel (DP-MZM) is
utilized in the architecture. High undesired optical sideband. suppression ratio can be
achieved, and the high-purity two-tone optical millimeter-wave signal does not suffer
from impairment due to fiber dispersion. -In“addition, WDM optical up-conversion

with frequency quadrupling will also be demonstrated in this chapter.

3.1 Concept and Theoretical Model

Figure 3.2 shows a conceptual diagram of the optical millimeter-wave generation
with frequency quadrupling. A DP-MZM that comprises of three sub-MZMs is key
to generating optical millimeter-wave signals. One sub-MZM (MZ-a or MZ-b) is
embedded in each arm of the main modulator (MZ-c). The optical field at the input of

the integrated MZM is defined as

Ein(t) = E, cos(w,t) (3.1
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,where I, is the amplitude and w; s the angular frequency of the optical field.

In the DP-MZM, both MZ-a and MZ-b are biased at the full point. The driving signal
is generated from a RF signal generator; and separated into two ways. An additional
7 /2 phase delay is added on the lower.path. Therefore, the electrical driving modula-
tion signals sent into MZ-a and MZ-b can be expressed as V,(t) = V},, cos(wgrt) and
Vi(t) = Vi cos(wrpt + 7/2), respectively. After the modulation of MZ-a and MZ-b,

the output signal from MZ-a and MZ-b can be expressed as

1
Eoieo = E B, - COS[ZV Vi - cos(wrpt)] - cos(w,t)

1 (3.2)

= — - F,-cosm - cos(wrrt)| - cos(w,t

7 [ (wrrt)] - cos(wot)

and
Eout—p = - E, - cos[ - Vi - cos(wrpt + E)] - cos(w,t)

2V 2 (3.3)

- E, - cos[m - sin(wgpt)] - cos(w,t)

SR
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,where V. is the half-wave voltage of the MZM and 7 is the modulation index. Ex-
panding E, - cos[m - cos(wgrt)] and Fy=cos[m. sin(wgrt)] using Bessel function

enables the output optical field to be rewritten as

Eou = cos(w,t) - {2 - Z Jon(m) - (—1)" cos(2n - wrpt)
n=1
-2 Z Jon(m) - cos(2n - wrrt)}
st (3.4)

= —Eo ' Z J4n—2(m) : {COS[(WO + (4n B 2>wRF)t]
+ cos|(wo — (4n — 2)wgrt)]}

,where J,, is the Bessel function of the first kind with order n. From equation (3.4),

only optical sidebands with the order of 4n — 2 will be obtained after the DP-MZM
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as shown in FIG. 3.3 (a). Due to the properties of Bessel function, without causing
significant errors, it is reasonable to ignore sidebands with orders higher than the
second one. Therefore, the optical field at the output of the first DP-MZM can be

further simplified as

Eout = —E, - {J2(m) cos|(w, + 2wrp)t] + Jo(m) cos[(w, — 2wrr)t]
(3.5)

+ Jg(m) cos|(w, + 6wprp)t] + Js(m) cos|(w, — 6wrr)t]}

Then, the generated optical millimeter-wave signal is detected using a PD with a re-

sponsivity of R. The generated photocurrent can be expressed as

igope = B+ E2 - [Jo(m) - Jo(m) + 2+ Jo(m) - Js(m)] - cos(dwprpt)
igopy = R E2 - [2 - Jo(m)=Js(m)] -cos(8wrrt) (3.6)

iowpe = R+ E2 - [Je(m)=T5(m)] - cos(12wit)

FIG. 3.3 (b) displays the electrical spectrum of the generated millimeter- wave sig-
nal after the square-law PD, detection. Only the/desired millimeter-wave signal with
frequency of 4wgrr and the harmonic distortion signals with frequency of 4nwgrp are

observed in the electrical spectrum, where 7 is an integer that exceeds two.

Figure3.4 schematically depicts the principle of optical millimeter-wave genera-
tion with frequency quadrupling. Since MZ-a and MZ-b are biased at full point, the
optical carrier and even-order sidebands are observed, as shown in insets (ii) and (iii)
of FIG. 3.4. The optical sidebands with orders of more than two are neglected for
simplicity. The 90° phase difference between the sinusoidal signals that drive MZ-a
and MZ-b causes the polarities of the two second-order sidebands at the output of
MZ-a to oppose those at the output of MZ-b. As the MZ-c is biased at the null point,
an extra 180° phase difference is added to all optical sidebands of the lower arms of

MZ-c, as shown in insets (iv) and (v) of FIG. 3.4. Notably, the two optical carriers are
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FIG. 3.4. Schematic principle of the optical millimeter-wave generation with
frequency quadrupling

out of phase, but the second-order.sidebands are in phase: Therefore, after MZ-c, the
optical carrier is eliminated and only.two second-order sidebands remain, which can
be converted into an electrical quadruple-frequency millimeter-wave signal following

square-law PD detection.

3.2 Impact of The PD-MZM Imbalance

Theoretical derivation of the frequency-quadrupled optical millimeter-wave gen-
eration using an ideal DP-MZM has been discussed in the last section. In the ideal
case, only the optical sidebands with the order of 4+(4n — 2) can be observed after
the DP-MZM. However, the other optical sidebands can also be observed due to the
limited extinction ratios (ERs) of the DP-MZM in a real case. The limited ERs come
from the manufacturing defect of the Y-splitters in the DP-MZM which introduce im-
balance of split ratio to the Y-splitters. Theoretical derivation of the impact of the

MZM imbalances will be performed in this section.
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F1G. 3.5. DP-MZM with Y-spliter imbalance.

Figure 3.5 illustrates a conceptual diagram of a DP-MZM with Y-splitter imbal-
ances, where v denote the coupling factors at different Y-splitters of the sub-MZMs
(ie. MZ-a and MZ-b)and main MZM (ie. MZ-c), and A¢ denotes the phase shifts in-
troduced by the applied driving voltages. Assume that the electrical field of the laser
source is E;, (t) = E, cos(w,t).-Afterthe input Y-splitter of MZ-c, the electrical fields
become

L= m “E, - Bep(jw.t)
Eo'=3/7c1 - Eo - Exp(juw,t)

Then, F; and E5 are sent into MZ-a and MZ-b, respectively. MZ-a and MZ-b can

(3.7

be treated as two imbalanced MZM as shown in Appendex A. Therefore, the optical

signal after the modulation of MZ-a and MZ-b can be expressed as

E{ =E, - Expljwt] - /1= a1 - {i - /1 = Ya1v/ Va2 - Bxp(jAda)
+ VA V1 = Yar - Bep(—jAda)}

By =E, - Expljwot] - vAa - {7 - V1 — W15/ 72 - Exp(jAds)
+ 7 VA1 — e - Exp(—jAdy)}

(3.8)

In the main MZM, a phase difference is introduced between the upper and lower arm

signal. After the combination at the output Y-splitter, the generated optical signal can
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be expressed as

Eout =j - \/Ye2 - B{ - Exp(j - Ade) + /1 =72 - By - Exp(—j - Ad)
== By V1= vVaa V1= a - Va2 - Eaplj - (wot + Ada + Ade)]
= Eo V1= Ve Var - V1= Yoz Baplj - (wot = A + Ade)]
—Eo- et - V1= V1 =0 e - Baplj - (wot + Ay — Age)]
= Eo At - V1= Vi - VI = - Baplj - (wot — Ady — Age)

Q

(3.9)
let

W=—E V1= vi2 V17 Ve
X =By 1= 90 VA2 Via V172 510

Y = —E, e - A= M — o - /2

2= B, - R T YA

Then, the real part of the optical output signal can be simplified as
Re(Epy) =W - cos(wot + Aty + Ade) + X ~cos(wot = Ad, + Ad,) 311

+Y - cos(wot + Ay — Aapp)=+.Zcos(wot — Ay, — Ad,)

Equation (3.11) is the general form of an optical signal generated by an imbalanced
DP-MZM. In the proposed optical millimeter-wave generation with frequency qua-
drupling system, MZ-a and MZ-b are biased at the full point and MZ-c is biased at the

null point. Therefore,

Ag, = my - cos(wrpt)

Agy = my, - cos(wgrrt + g) = —my, - sin(wgrt) (3.12)

s
Ap. = —
=5



,where m, = (7 - V,,,)/(2V,) and m;, =

25

(7 - Vin,)/(2V;) are the modulation index of

MZ-a and MZ-b, respectively. Then,

Re(Epy) = — W - sin(w,t)
— X - sin(w,t)
+Y - sin(w,t)

+ Z - sin(w,t)

- cos[my - cos(wrpt)] —

- cos[my, - sin(wrpt)]

W - cos(w,t) - sin[m, - cos(wrpt)]

- cos[my - cos(wrpt)] + X - cos(w,t) - sin[my, - cos(wrrt)]

=Y - cos(wyt) - sin[my, - sin(wgpt)]

- cos[my, - sin(wrpt)] + Z - cos(wot) - sin[my, - sin(wgpt)]

(3.13)

Expanding equation (3.13) using Bessel function, the output signal becomes

Re(Eyy) = — W

- sin(w,t) - [Jo(ma) +2- Z Jon(mg) - (=1)" - COS[anRFt]]

— W - cos(wyt)- { ZJ% (ma) - (=1)"' - cos[(2n — 1)wRFt]]
— X - sin(w,t) _J (Ma) +2 - Z J5,(mg) - (—1)" - Cos[2anpt]]
+ X - cos(@ot) | :2 : 2 Jan=1(mia) (—1)"" - cos|(2n — 1)wRFt]]
+Y - sin(wt) - {Jo(mb) 1o i Jon(my) - cos [2anFt]]

— Y - cos(w,t) [2 i Jon—1(mp) - sin[(2n — 1)wRFt]]

+ Z - sin(w,t) - [Jo(mb) +2. Z Jon () - Cos[2anpt]]

+Z - cos(wot) - [ Z;J% 1(my) - sin(2n — 1)wRFt]]

Due to the imbalanced splitting ratios of the Y-splitters, not only the optical side-

bands with the order of 4n-2, but also the other optical sidebands are obtained at the

output of the DP-MZM. The electrical fields of the optical sidebands with the order
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F1G. 3.6. Simulated optical spectra of 40-GHz optical millimeter-wave signals using
the quadrupling system (a) with 25-dB extinction ratios; (b) with 25-dB extinction
ratios and driving signal trimming.

up to 4™ is shown as the following:

e Optical carrier (zero order sideband) :

sin(wot) - [~ Jo(ma) - (W + X) + diirty) - (YerieOh

e 1°" sideband :

2 - cos(wpt) - [J1(my) - (=W + X) - cos(wrpt) + J1(mp) - (=Y + Z) - sin(wgpt)]
e 224 sideband :

2 - sin(wpt) - cos(2wrrt) - [Ja(mg) - V-4 X) + Jolmp) s (Y + Z)]

e 3'4 sideband :

2 - cos(wpt) - [J3(myg) - (W — X)) - cos(Bwrpt) + J3(my) - (=Y + Z) - sin(3wgrrt)]
e 4" sideband :

2 - sin(wpt) - cos(dwprpt) - [—Ja(mg) - (W + X) 4+ Jy(myp) - (Y + Z)]

In an ideal case, Va1 = Va2 = M1 = M2 = Ye1 = Ye2 = 0.5 when the DP-MZM
has infinity extinction ratios. Therefore, W = X =Y = Z and optical sidebands ex-
cept for the 2 + 4n ones can be eliminated. However, the extinction ratios are always
limited due to the imblalnced Y-spliter splitting ratio. Figure 3.6 (a) shows an simu-

lated optical spectrum of a 40-GHz optical millimeter-wave signal which is generated
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using the proposed quadrupling system with 25-dB MZM extinction ratios. The op-
tical carrier can not be perfectly suppressed because of the limited MZM extinction
ratios. In the proposed quadrupling system, the limited extinction ratio of the main
MZM (MZ-c) can be compensated by trimming the driving powers of the sub-MZMs
(MZ-a and MZ-b). From the equations in the last page, the optical carrier can be to-
tally suppressed when Jo(m,) - (W + X) = Jo(my) - (Y + Z). Figure 3.6 (b) shows
a simulated optical spectrum. The optical carrier and the 4" optical sideband are to-
tally suppressed by trimming the driving powers. However, the 1°! and the 3" optical
sidebands are alos related to the limited extinction ratios of MZ-a and MZ-b which

can not be compensated by the driving power trimming.

3.3 Experimental Results

To verify the propesed.methods,. optical millimeter-wave generation using the
setup as shown in FIG3.2 has been demonstrated experimentally. The external in-
tegrated MZM is a commercially available - LiNbO3; modulator. A commercial dis-
tributed feedback (DFB) laser is employed as a light source and a polarization con-
troller is adopted to adjust the polarization before the light is sent into the modulator.
The frequency of the driving signal is set at 10 GHz and 18 GHz, respectively. The
generated optical millimeter-wave signal is amplified using an erbium-doped fiber
amplifier to compensate the loss of the integrated MZM and then transmitted with
launch power of 0 dBm over 50-km single mode fiber. The optical power is normal-
ized to 1 dBm before PD detection. Both optical and electrical spectra of the generated
millimeter-wave signals are experimentally investigated.

Figure 3.7 shows the measured spectrum of the optical 40-GHz millimeter-wave
signal using a 10-GHz driving signal before transmission. The optical carrier is ef-

fectively suppressed, and the power of the two second-order sidebands which can be
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F1G. 3.7. Experimental results of 40-GHz optical millimeter-wave signal spectrum
using maximum transmission eperation mode.. The resolution is 0.01 nm.

converted into a 40-GHz electrical millimeter-wave signal after PD detection is 38 dB
higher than that of the other order sidebands. Sidebands other than the second- and
sixth-order sidebands are observed due: to-the imbalance in the Y-junction splitting
ratio of MZM. Due to the high suppression of the undesired harmonic sidebands, they
negligibly affects the performance of the optical millimeter-wave signal. The inset
of FIG 3.7 presents the waveform of the generated 40-GHz optical millimeter-wave

signal with a 50% duty cycle.

Figure 3.8 presents the electrical spectrum of the generated millimeter-wave sig-
nal without fiber transmission with a 40-GHz span and 30-kHz resolution bandwidth.
A strong electrical signal with the frequency four times of the driving signal is ob-
served, and the first, second, and third terms of the electrical signal are totally sup-
pressed below the noise floor. Since the suppression of the undesired harmonic side-

bands is more than 38 dB, there is no observable change following 50-km single mode
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F1G. 3.8. Measured electrical spectrum-of the generated 40-GHz millimeter-wave
signal without fiber transmission.

fiber transmission and the spéctrum remains very clear with the same suppression ra-
tio as presented in FIG. 3.8. FIG. 3.9 (a) reveals that the linewidth of the generated
40-GHz signal is less than 5 Hz and almost equals to that of the 10-GHz driving sig-
nal. After transmission over 50-km single mode fiber, no linewidth broadening of the
electrical 40-GHz signal due to fiber dispersion is observed, as shown in FIG. 3.9 (b).
Due to available RF amplifier in the laboratory, only 72-GHz millimeter-wave signals
can be demonstrated by using 18-GHz electrical driving signal. FIG. 3.10 shows the
optical spectrum of the generated 72-GHz optical millimeter-wave signal. The opti-
cal powers of the two desired second-order sidebands of millimeter-wave signals are

at least 36 dB higher than those of the other sidebands, which is sufficient for most

practical applications.
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FIG. 3.10. Measured optical spectrum of the generated 72-GHz optical
millimeter-wavessignal.

3.4 WDM Up-Conversion Employing Frequency Quadrupling

3.4.1 Concept

Optical millimeter-wave generation and up-conversion are essential to Radio-
over-Fiber (RoF) communication systems. In the proposed optical millimeter-wave
generation system, frequency quadrupling can be achieved. Via the frequency qua-
drupling techniques, optical millimeter-wave signals can be generated using low-
frequency RF components and equipment which markedly reduces the entire system
costs. Moreover, no narrow band optical filter which hinders the implementation of
optical up-conversion in wavelength-division-multiplexing (WDM) RoF systems is

required in the proposed system.

In addition to RoF techniques, simultaneous transmission of wired baseband

(BB) and wireless RF signals for low-cost quad-play services (wireless, telephone,
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F1G. 3.11. Conceptual diagram of a WDM up-conversion system.

television and internet) over the constructed passive optical networks (PON) also at-
tract much attention. In this section, an optical up-conversion system using a fre-
quency quadrupling approach will be experimentally demonstrated. Four-channel BB
1.25-Gbits/s WDM millimeter-wave signals are simultaneously up-converted with op-
tical carrier suppression using only one external' modulator without narrowband op-
tical filtering. Since no narrowband optical filter-is needed, the proposed system can
be implemented in WDM up-conversion systems. Based on the modified double side-
band with carrier suppression (DS-CS) modulation scheme, the proposed architecture
supports both wireless and wired services simultaneously. After transmission over 50-
km standard single mode fiber (SSMF), the power penalties of 20-GHz wireless and
wired signals are less than 1 dB, respectively. 40- and 60-GHz WDM up-conversion
are also demonstrated experimentally in this work. The harmonic distortion suppres-
sion ratio of the generated 40- and 60-GHz millimeter-wave signals in each channel
are also higher than 30 dB. Furthermore, the impact of the MZM bias drift on the

performance of BB and RF signals is also investigated.

Figure 3.11 shows the conceptual diagram of the WDM up-conversion system. In

the optical line terminal (OLT), direct modulation laser diodes are employed as optical
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sources of WDM channels. After combining the channels, the BB WDM signals are
sent into the optical up-conversion system and all WDM channels are up-converted
simultaneously. After transmission over SSMF, WDM channels are separated using
an array waveguide grating and sent to the optical network units (ONU). At the ONU,

optical signals are separated by an optical coupler for wireless and wired applications.

3.4.2 Experimental Setup

Figure 3.12 shows the experimental setup of the WDM optical up-conversion
system with frequency quadrupling. Four distributed feedback (DFB) lasers are
utilized as the four-channel WDM-signals with optical wavelengths from 1544.53
to 1546.92 nm with 100-GHz channel spacing.” A 1.25-Gb/s on-off-keying (OOK)
pseudo random bit sequences (PRBS) sighal witha word length of 23! — 1 are si-
multaneously modulated-on all of the WDM channels using a single electrode MZM.
The WDM BB channels are thenssentinto-the optical up-conversion system with fre-
quency quadrupling, and all WDM:-channels are up-converted simultaneously. The
up-converted millimeter-wave signals are then amplified by an erbium-doped fiber
amplifier (EDFA) before being transmitted over 50-km SSMF. After the transmission,
a tunable optical filter (TOF) is employed to select the desired channel. At the remote
node (RN), an optical coupler is utilized to separate the optical power for wireless
and wired applications. For wireless application, RF OOK signals are detected using
a high-frequency photo receiver along with an electrical band pass filter to select the
desired RF signal. The electrical RF OOK signals are then down-converted to BB and
sent into a bit error rate tester (BERT). On the other hand, the BB OOK signals are
received directly using a 1.25-GHz photo receiver, which is compatible with existing

PON, and analyzed using the BERT.
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F1G. 3.12. Experimental setup of the WDM up-conversion system. (PC: polarization
controller; TOF: tunable optical filter; RN: remote node; BPF: band pass filter; LPF:
low pass filter; BERT: bit error rate tester.)

3.4.3 Results and Discussion

Although the MZM has been used for several.decades, bias drift, which affects
MZM performance, remains an important issue when the MZM is biased at the full
or null point. In the proposed optical up-conversion system,.both MZ-a and MZ-b are
biased at the full point, and MZ-c is biased.at.the-null' point. Therefore, the single
channel harmonic distortion suppression ratio and performance degrading due to bias

drift are investigated.

Since MZ-a is biased at the full point, bias drift of MZ-a decreases the sup-
pression of odd-order optical sidebands. FIG. 3.13 illustrates the 20-GHz optical
millimeter-wave signal receiver sensitivities at BER of 10~ and harmonic distortion
suppression ratio versus different MZ-a bias voltage deviation ratios. Optical spec-
trum with optimized, -40%, and 40% bias deviation ratios are also shown in Fig. 3.13.
The voltage deviation ratio is defined as (AV/V, x 100%) , where AV is voltage
deviation and V/; is the half-wave voltage of the sub-MZ (i.e. 4.2 volts in this case).

The harmonic distortion suppression ratio declines from 39dB to 7.5 dB when bias
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deviation ratio becomes 40%, and the receiver sensitivity penalty of the 20-GHz RF
OOK signal is about 2 dB. However, no significant reductions in receiver sensitivities
exist for the 1.25-Gb/s BB OOK signals. The behavior of MZ-b voltage deviation is
similar to the results of that in MZ-a. FIG. 3.14 shows the 20-GHz optical millimeter-
wave signal receiver sensitivities at BER of 10~ and harmonic distortion suppression
ratio versus different MZ-c bias voltage deviation ratios. Optical spectra with -50%
and 50% bias deviation ratios are also shown in Fig. 3.14. Differing from the voltage
drift effects of MZ-a and MZ-b, the harmonic distortion suppression ratio decreases
form 39dB to 17 dB when bias drift is almost 50%, which corresponds to a voltage
deviation of roughly 2.1 volts and can be considered an extreme case. However, no
significant sensitivity penalties of the 20-GHz RF OOK and BB OOK signals are ob-
served. This work also investigates the declines of harmonic distortion suppression
ratio and receiver sensitivities when all biases of the dual-parallel MZM drift from the
optimal point. FIG. 3.15 shows the 20-GHz optical millimeter-wave signal receiver
sensitivities at BER of 107 and harmonic distortion'suppression ratio versus different
bias voltage deviation ratios, in all sub-MZM. Optical spectrum with -30% and 30%
bias deviation ratios are also‘shown.in. FIG:3:15. When the biases of all sub-MZM
drift 30% from the optimal point, the harmonic distortion suppression ratio degrades
from 39 dB to 5 dB, and the 20-GHz RF OOK signal has a penalty of about 3 dB. And

there are still no significant power penalties of the BB OOK signal.

After the square-law detection, the RF OOK signal comes from the beating terms
of the two second-order optical sidebands. However, the receiver sensitivity is defined
as the total received optical power. If the harmonic distortion suppression ratio de-
grades due to bias drifts of the dual-parallel MZM, a portion of the total optical power
is taken by the undesired optical sidebands; thus, the receiver sensitivity of the desired
millimeter-wave signal is diminished. In the case of bias drifting in MZ-a and MZ-

b, odd order optical sidebands steal a significant portion of the total optical power,
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FIG. 3.13. Sensitivities and harmonic distortion suppression ratio versus MZ-a bias
drifts, and optical spectrum with different bias drifts.
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resulting in receiver sensitivity penalties. Nevertheless, in the case of bias drifting
in MZ-c, only the optical carrier and 4*h order optical sidebands emerge with bias
drifting. In the proposed system, the original optical carrier can be totally suppressed
due to the advantage of the modulation depth trimming of the proposed frequency
technique. The modulation depth trimming is done by adjusting the amplitudes of
electrical signals for driving MZ-a and MZ-b. Therefore, only the 4th order optical
sidebands contribute to the decline of RF receiver sensitivity when MZ-c bias drifts.
Base on the properties of Bessel function, the optical power of 4th order optical side-
bands are quite small compared with the desired 2nd optical sidebands. The harmonic
distortion suppression ratio still exceed 20 dB when the MZ-c bias drifts about 50%.
With such high harmonic distortion suppression ratio, no significant power penalty of
RF signals exists when the MZ=c bias drifts. Receiver sensitivities of the proposed
system can be less than 1dB when bias drifts are controlled within 20% of the half-
wave voltage using a bias feed-back control system.-On the other hand, the BB OOK
signal is related to the square terms-of all optical sidebands; therefore, the BB OOK
signal is insensitive to the-biased drifts.

Figure 3.16 shows the optical-spectrum of the 4 x 1.25-Gb/s BB WDM signals
and the up-converted 4 x 1.25-Gb/s 20-GHz WDM signals. All WDM channels are up-
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FIG. 3.16. Optical spectra of the (a) BB WDM signals; (b) 20-GHz WDM signals.
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F1G. 3.17. BER curves of the 20-GHz WDM signals at (a) 20-GHz; (b) Baseband.

converted simultaneously using only one dual-parallel MZM. FIG. 3.17 (a) shows the
BER curves and eye diagrams of the BTB and transmitted 20-GHz WDM RF OOK
signals. After transmission over 50-km_SSMF; the receiver power penalty of each
channel is less than 1 dB. FIG. 3.17.(b) shows the BER ¢urves and eye diagrams of
the BTB and transmitted WDM BB ' OOK signals. Receiver-power penalties are neg-
ligible after transmission over the 50-km SSMEF. 40-GHz and 60-GHz WDM optical
up-conversion systems are also demonstrated. Nevertheless, the receiver sensitivities
and BER analysis are not shown here due to the unavailability of 40- and 60-GHz
receiver systems in the laboratory. FIG. 3.18"(a) shows the optical spectra of the 40-
GHz up-converted WDM signals. The harmonic distortion suppression ratio of the
up-converted WDM signals are more than 35 dB. Figure 3.18 (b) shows the spectra of
up-converted 60-GHz WDM signals. The harmonic distortion suppression ratio of the

WDM channels are also more than 35 dB.

3.5 Conclusion

A frequency quadrupled optical millimeter-wave generation system was pro-
posed in this chapter. Two tone optical millimeter-wave signal with frequency separa-

tion four times of the modulation frequency can be generated using only one external
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modulator without optical filtering. Theoretical derivations of ideal and imbalanced
DP-MZM were demonstrated. 40- and 72-GHz optical millimeter-wave signals were
experimentally demonstrated using ‘the proposed system. The harmonic distortion
suppression of the generatéd optical millimeter-wave signals are higher than 36 dB.
Since no narrow-band optical filter is required, this system can be utilized in WDM
up-conversion. 20-GHz dual-seryice hybrid access network which can simultaneously
provides RF and BB transmissions were experimentally demonstrated. The harmonic
distortion suppression of the generated 20-GHz signals are higher than 39 dB. Addi-
tionally, receiver sensitivity degraded due to MZM bias drifts is also investigated in
this work for 20-GHz WDM signals. The receiver power penalty can be less than
1 dB when bias deviation ratios are less than 20% of the half-wave voltage, which can
be achieved using a bias feedback control system. After transmission over a 50-km
SSMF, the receiver power penalties of both the BB and 20-GHz RF OOK signals are
less than 1 dB. The 40- and 60-GHz WDM up-conversion using 10- and 15-GHz RF
driving signals are also demonstrated. The proposed system is compatible with ex-
isting WDM PON system. Since only low-frequency RF components and equipment
are required, the proposed system is a potential solution for high frequency optical

millimeter-wave signal generation and WDM up-conversion system.






Chapter 4

OPTICAL MILLIMETER-WAVE GENERATION
SYSTEM WITH HIGHER ORDER
MULTIPLICATION

The tremendous increase in the desired bandwidth of wireless data-transmission
has attracted considerable attention on various methods to utilize the millimeter-wave
bands with ultra high .carrier frequency beyond 100 GHz [21, 57]. Not only the
millimeter-wave band wireless communication, but many other applications, such as
Large Scale Phase Array Antenna-[36], millimeter-wave imaging [37], and Tera-hertz

applications, require the ultra-high frequency up to several hundred GHz.

Although some CMOS technology can generate MMW signal beyond 60 GHz,
the attenuation of millimeter-wave signal in copper wires is extremely high, which
restricts the signal transmission distance. To transmit MMW signals over a long dis-
tance, optical millimeter-wave signal based on low transmission loss optical fiber net-
work is a cost-effective and viable solution. Conventional optical millimeter-wave
signalg generation based on DSB, SSB and DSB-CS modulation schemes have been
discussed in Chapter 2. Nevertheless, the generated optical millimeter-wave frequen-
cies are still restricted by the bandwidth of LiNbO3 modulators, which is typically less

than 40 GHz. Moreover, radio-frequency (RF) components with frequency response
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over 26 GHz are considerably more expensive than those below 26 GHz. In order
to achieve optical MMW generation with frequency beyond 60 GHz cost-effectively,
optical millimeter-wave signal generations with frequency multiplication are highly
desirable. In Chapter 3, an frequency-quadrupled optical millimeter-wave genera-
tion system without any narrow-band optical filter was proposed. Optical millimeter-
wave signals with frequency up to 72 GHz was experimentally demonstrated. How-
ever, to support higher frequency applications, optical millimeter-wave generation
systems with higher order frequency multiplication are required. In this chapter, op-
tical millimeter-wave generation system with frequency octupling and 12-tupling will
be proposed. Theoretical derivation and experimental demonstration of the optical
millimeter-wave generation systems will be performed. Optical millimeter-wave sig-
nals with frequency up to 210 GHz are.generated.. Utilizing the generated 100-GHz
optical millimeter-wave signals, W=band wireless . communication system is experi-
mentally demonstrated with 3.75-Gb/s single carrier 8 Quadrature Amplitude Modu-

lation (8-QAM) signals.

4.1 Optical Millimeter-Wave Generation-with- Frequency Octupling

4.1.1 Concept and Theoretical Model

Figure 4.1 shows the experimental setup of the optical millimeter-wave genera-
tion with frequency octupling. The frequency-octupled optical millimeter-wave gener-
ation system consists of two cascaded frequency-quadrupled optical millimeter-wave
generation systems. Assume that the optical field at the input of the first DP-MZM is
defined as E;,(t) = E, cos(w,t), where FE, is the amplitude of the optical field and
w, 1s the angular frequency of the optical carrier. In the first stage, both of the sub-
MZMs (MZ1-a and MZ1-b) are biased at the full point while the main MZM of the
first DP-MZM is biased at the null point and introduces a 180° phase difference be-
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tween the output of the two sub-MZMs. A 90° phase difference is introduced between
the RF driving signals of MZ1-a and MZ1-b. Therefore, the electrical RF driving sig-
nal sent into MZ1-a and MZ1-b can be expressed as V() = V1 - cos(wrpt) and
Vi1 (t) = Vi - cos(wrpt + m/2), respectively, where V,,,; denotes the amplitude of
the RF driving signal of the first dual-parallel MZM and wgr denotes the angular fre-
quency of the RF driving signal. From equation (3.4) , the optical field at the output
of the first DP- MZM can be expressed as:

1
Eou—1 = 3 E;p, - {cos[my - cos(wrpt)] — cos[my - cos(wrpt + g)]}

= —F,- Z Jan—o(mq) - {cos[(w, + (4n — 2)wgr)t] 4.1)

n=1

+ cos|(w, — (4n — 2)wgrr)t] }

,where the phase modulation index mj is @V4,1/2V, and Jy, - is the Bessel function
of the first kind with order 4n=2. Only optical sidebands with the order of 4n-2 will be
obtained. Due to the properties of Bessel function, without causing significant errors,

it is reasonable to ignore the sidebands with-ordets higher than the second one.

Therefore, the optical field at the output of the first DP-MZM can be further
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Vi1 cos(wget+11/2) V2 cos(wrget+3T1/4)

FIG. 4.1. Conceptual diagram and experimental setup of the frequency-octupled
optical millimeter-wave signal generation system.
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simplified as

Eoui—1(t) = —E, - {Ja(my) cos|(wy + 2wrr)t] + Ja(m1) cos|(w, — 2wrr)t]} (4.2)

After the first stage, a frequency-quadrupled optical millimeter-wave signal is ob-
tained. The generated optical millimeter-wave signal from the first DP-MZM is then
send into the second DP-MZM. Both of the sub-MZMs (MZ2-a and MZ2-b) are bi-
ased at the full point while the main MZM is biased at the null point. Note that a
45° phase delay is introduced between the driving signals of the first and second DP-
MZMs. Therefore, the electrical RF driving signal sent into MZ2-a and MZ2-b can be
expressed asVo(t) = Vo - cos(wrpt + m/4) and Vi (t) = Vi - cos(wrrt + 3m/4),
respectively. Then, the optical field at the output of the second DP-MZM can be ex-

pressed as

3T

s
Eout—2 ==+ Egu—1 - {cos[ma=cos(wrpt + Z)] —'cos[my= cos(wrrt + Z)]}

N~ N

 Eout—1 - {Jo(ma) #2 - Z Jon(my) {+—1)" cosn - (2wrrt + g)]

n=1

— Jo(m) —2- Z Jou(mg) = (=1)" - cosn - (2wgrrt + ??Tﬁ)]}

-5, -

> Jan—a(my) - {cos|(w, + (4n — 2)pr)t]]

: [2 : Z Jin—2(mg) - (—=1)" 1 - sin[(4n — 2)wRFt]]

{sin[(w, + 4kwrp)t] — sin[(w, — 4kwrr)t]}

: [Ziooo(—l)n - Joga(k—1)+an(ma) - J2—4n(m2)]

53

k=1

4.3)

,where the phase modulation index my is 7wV},2/2V,. After the frequency-octupled

optical millimeter-wave signal generation system, only the optical sidebands with the

order of 4n will be obtained. Based on the characteristic of Bessel function, the higher
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FIG. 4.2. Principle of the frequency-octupled optical millimeter-wave signal
generation system.

order terms can be ignored without causing significant effect. The generated optical

millimeter-wave signals can‘be stmplified as

Eout—2 =E, - [J5(ma)Ja(ma) —Ta(my) Js(ma) — Jo(m1)Jo(ms)]
(4.4)

- {—=sin [(w, F4w0rp) th+ sin [(w, — dwrr) t]}

Notably, no optical filter isrequired to remove undesired optical sidebands. After
square-law detection using a photo diode, the electrical signal with frequency eight

times that of the RF driving signal is obtained.

Figure 4.2 schematically depicts the principle of the proposed millimeter-wave
generation system. Since MZ1-a and MZ1-b are biased at the full point, optical spec-
tra with two second-order sidebands are performed after MZ1-a and MZ1-b as shown
in insets (i1) and (ii1) of FIG. 4.2. The 90° phase delay between the driving signal of
MZ1-a and MZ1-b causes the 180° phase difference of the two second order sidebands
at the output of MZ1-a and MZ1-b. Since the main MZM is biased at the null point,
an additional 180° phase delay is introduced between the output signals of MZ1-a and

MZ1-b. After the combination at the output of the first DP-MZM, the original optical
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carrier is inherently suppressed. Optical millimeter-wave signal with frequency qua-
drupling is obtained at the output of the first DP-MZM as shown in the inset (vi) of
FIG. 4.2. The generated second order sidebands from the first DP-MZM are treated
as two new optical carriers and send into the second DP-MZM. Due to the 45° phase
delay of the second DP-MZM driving signals, optical spectra as shown in insets (vii)
and (viii) of FIG. 4.2 are generated from MZ2-a and MZ2-b, respectively. Optical
sidebands with the same frequency as the original optical carrier are suppressed. The
second main MZM, which is biased at null-point, introduces a 180° phase difference
between the output signals of MZ2-a and MZ2-b as shown in insets (ix) and (x) of FIG.
4.2. After combination at the output of the second DP-MZM, an optical millimeter-
wave signal with frequency eight times that of the driving signal is obtained as shown

in inset (xi) of FIG. 4.2.

4.1.2 Experimental Setup-and Results

Following the setup shown in FIG. 4.1,,a CW laser with.4-dBm optical power is
used as the optical source. To generate 60<GHz optical millimeter-wave signal, a 7.5-
GHz sinusoid driving signal is utilized. The-modulation indices of both DP-MZMs
are about 1.6 x (V. /2). As shown in FIG. 4.3 (a), a 30-GHz optical millimeter-wave
signal with 29-dB harmonic distortion suppression ratio and -6.8-dBm optical power is
obtained after the first DP-MZM. The generated optical millimeter-wave signal is sent
into the second DP-MZM. At the output of the second DP-MZM, a 60-GHz optical
millimeter-wave signal with 30-dB undesired sideband suppression ratio and -19-dBm
optical power is obtained. The optical spectrum is shown in Fig. 4.3 (b). After the
frequency octupling system, an EDFA is utilized to boost the optical power. Because
of the slight different V. of the PD-MZMs, tunable attenuators are employed after the
first electrical splitter to control the driving power of two DP-MZMs.

The 45° phase difference between the driving signal of the first and second DP-
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F1G. 4.3. Optical spectra of (a) the 30-GHz millimeter-wave signal generated from the
first stage of the frequency octupling system; (b) the generated 60-GHz millimeter-
wave signal from the frequency octupling system.

MZM is a key factor which affects the suppression of the original optical carrier. The
optical carrier suppression ratio of the-original carrier will degrade if the phase dif-
ference is not equal to 45°. Fig.-4.4 (a) shows the degradation of the optical carrier
suppression ratio due to'imperfect phase delay between two DP-MZM driving signals
with varying phase delay from 30°to60°.. The best carrier suppression ratio is ob-
tained with 45° phase delay.The optical-spectra with 30° and 60° are also shown in
insets (b) and (c) of Fig. 4.4. Fig. 4:5-(a)-and (b) shows the waveform of the generated
60-GHz millimeter-wave signal using a V-band photo-diode at back-to-back (BTB)
and after transmission of 25-km standard single mode fiber (SSMF), respectively. Be-
cause of the high undesired sideband suppression ratio, a 60-GHz millimeter-wave
signal with a 50% duty cycle is observed. Moreover, no significant signal distortion
is observed after fiber transmission. The electrical spectrum of the generated 60-GHz
millimeter-wave signal is shown in FIG. 4.6.

To demonstrate W-band millimeter-wave signal generation, 80-GHz millimeter-
wave signal is generated using 10-GHz driving signal. FIG. 4.7 shows the optical
spectrum of the generated 80-GHz optical millimeter-wave signal. The undesired

sideband suppression ratio of the 80-GHz optical millimeter-wave signal is about 30
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dB.

To evaluate the performance of.the proposed System, undesired sideband sup-
pression ratio degradation with DP-MZM bias drifts are also investigated. FIG. 4.8
depicts the undesired sideband suppression ratio-degradations with bias drifts of the
first-stage DP-MZM. The undesired sideband-suppression ratios degrade from 30 dB

to 3dB with 25% bias voltage deviation ratio. The bias voltage deviation ratio is

FIG. 4.5. Time domain waveform of the generated 60-GHz millimeter-wave signal
(a) BTB (b) 25-km SMF Transmission. (100 mV/div; 5 ps/div)
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defined as (AV/V) x 100%, where AV is bias voltage deviation and V; is the half-
wave voltage of the sub-MZs. Optical spectra with the optimal and 25% bias drift
conditions are shown in insets of FIG. 4.8. The undesired sideband suppression ra-
tio degradations and optical spectra with second-stage DP-MZM bias drifts are also
shown in FIG. 4.9. 30-dB degradation is observed with 25% bias voltage deviation
ratio. FIG. 4.10 shows the undesired sideband suppression ratio degradation with all
the DP-MZM bias drafts. About 30-dB undesired sideband suppression ratio degra-
dation is observed with 25% bias voltage deviation ratio. The undesired sideband
suppression ratio will be higher than 15 dB, which is sufficient for most millimeter-
wave application when the bias voltage deviation ratios are controlled within +5%

using bias feedback control circuits.

4.1.3 Summary

A filterless frequency-octupled optical millimeter-wave generation system is pro-
posed in this section. Two commereially available DP-MZMs are keys to the pro-
posed system. V-band 60-GHz and W-band 80-GHz optical millimeter-wave signal
are experimentally generated from 7.5- and 10-GHz driving signals with 30-dB un-
desired sideband suppression ratios. Time domain waveform with a 50% duty cycle
is observed. After transmission of 25-km SSMF, no significant signal distortion is
observed. The undesired sideband suppression ratio is higher than 15dB when the
bias deviation ratios are less than +5% of the half-wave voltages. Optical millimeter-
wave signal with frequency up to 320-GHz can be generated using the state-of-the-
art 40-GHz DP-MZMs. The proposed frequency octupling optical millimeter-wave
generation is a potential solution for the future ultra-high frequency millimeter-wave

applications.
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4.2 W-Band Wireless Communication

The tremendous increase in the necessary bandwidth of wireless data-transmission
has attracted attention on ways to use the millimeter wave bands at 60 GHz (V-band) or
above 100 GHz (W-band) as the carrier frequency for the realization of systems with
very high transmission data rates over many gigabits-per-second [21,57]. Lately, the
research group at NTT reported excellent results for a 10 Gb/s line-of-sight wireless
linking at 120 GHz, achieved by using a uni-traveling-carrier photodiode (UTC-PD)
based photonic transmitter [57] with on-off keying (OOK) data format and direct mod-
ulation on 120-GHz optical carrier wave. However, in such a system, the serious fad-
ing and time-shifting effects induced by fiber chromatic dispersion of the data signal
with the high-frequency optical local-oscillator (LQ) signal at the V or W bands may
seriously limit range of data transmission in optical fiber [58]. To obtain a transmis-
sion range, two different optical wavelengths are-usually adopted for the data and LO
signals [59,60] in ROF systems. An additional‘high-frequency millimeter-wave mixer
or electro-optic (E-O) modulator iS-usually necessary-at the base station to up-convert

the data signal and then radiate the up-converted signal to the user-end [58].

The idea of utilizing the nonlinearity of high-speed PDs [60-64] to serve as
the optoelectronic (OE) mixer, such as UTC-PDs [61, 62], and realize this up-
conversion process 1s very attractive, because this could eliminate the necessity of
the high-frequency electronic mixer or E-O modulator. In this work, a near-ballistic
uni-traveling carrier photodiode (NBUTC-PD) [65, 66] which can provide low up-
conversion loss and wide modulation bandwidth is utilized to demonstrate wireless
QPSK and 8-QAM data transmission at W-band (100-GHz) under bias modulation
without using the forward bias operation to enhance the nonlinearity as for the case
of UTC-PD [63,64]. The NBUTC-PD is composed of a quasi-yagi radiator for feed-

ing the photo-generated millimeter-wave power into WR-10 waveguide based horn
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antenna. Compared to the p-i-n PD based OE mixer [60], the UTC-PD based OE
mixer has much lower up-conversion loss and higher up-converted RF power due to

its superior high-speed and high-power performance to p-i-n PDs [67].

4.2.1 Device Structure And Measurement Setup

Figure 4.11 (a) shows a top view of the demonstrated device, which is consisted
of a diced NBUTC-PD chip with a 64-;zm? active area, which exhibits a optical-to-
electrical (OE) bandwidth of more than 110-GHz under a 25-2 load resistance with
a responsivity of 0.15A/W [66], a quasi-Yagi antenna, and a RF choke. The entire
module is formed on an AIN substrate, which gives it sufficient thermal conductivity
for high-power operation. The structure of the epi-layer and the fabrication process
were described in our earlier work {66} FIG:4.11 (b) shows the measured optical-to-
electrical (OE) frequency.aesponse of the NBUTC-PD chip under —3-V bias, which is
flat from DC to 110 GHz: Incontrast with a taper-slot antenna, which is typically used
for rectangular waveguide feeding and has an electrical length as long as 3 to 5 times
that of the operating wavelengths, the-size-of the proposed radiator is much more
compact and electrical length 15 as:shert-as half of the wavelength. The fan-shaped
broadband transition between the co-planar waveguide (CPW) and the slot-line acts
as an impedance matching circuit. During operation, the electrical- data signal is fed
at the IF input port, as shown in FIG. 4.11 (a), and the RF choke can effectively block
the electrical leakage of photo-generated LO signal and up-converted RF signal both
at around 100GHz to IF input port.

FIG. 4.11 (c) and (d) shows a conceptual diagram and a photograph of our device
used for WR-10 waveguide feeding. As can be seen, during operation, only the quasi-
yagi radiator was inserted into the WR-10 rectangular waveguide-based standard horn
antenna at the W-band (with a 24 dBi gain) for feeding photo-generated millimeter-

wave signal. The optical LO signal, which is generated by the octupling optical fre-
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FI1G. 4.11. (a)The top-view of the demonstrated device; (b) the measured and fitted OE
frequency response of the used NBUTC-<PD.chip under -3V bias; (c) the conceptual
diagram and (d)picture of our device for feeding WR=10 waveguide.

quency technology with the central optical wavelength fixed-at around 1550nm and
12.5-GHz driving signals, runs through the EDFA and tunable optical attenuator. Lens
fiber is then used to focus the signal onto the.substrate‘microlens of NBUTC-PD. Thus,
all electrical photo-generated LO signals and up-converted data signals are radiated

into free space by using the aforementioned horn antenna feeding technique.

A spectrum analyzer (Agilent E444BA) with a W-band mixer (Agilent 11970W)
was used to detect the millimeter-wave power output from our device. FIG. 4.12
(a) shows the transfer curve of measured millimeter-wave power (at 102.5-GHz op-
erating frequency) in log scale and photocurrent vs. reverse DC bias of the device
without optical LO power injection. This figure reveals that, the measured millimeter-
wave power varies substantially when the reverse bias ranges from -1.5V to -2.5V
(33.67dB/Volt). In addition, the variation of measured DC photocurrent in such range

of bias voltage (-3 V to -1V bias) is slight. FIG. 4.12 (b) shows the same trace of de-
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FIG. 4.12. (a) the transfer curve of measured millimeter-wave power with
corresponded photocurrent vs. reverse DC bias; (b) the same power trace plot in
linear scale.

tected millimeter-wave power vs. bias voltage in linear scale. As shown in FIG. 4.12
(b), this trace can be divided into three regions: cutoff, linear, and saturation. Thus,
the optimum pre-bias point forhighest modulation efficiency in our device is expected
to approximate -2 V in the middle of linear region.

Figure 4.13 shows'the system setup for W-band wireless QPSK or 8-QAM data
transmission. The QPSK/8QAM IEsignal is generated by an arbitrary waveform gen-
erator (AWG) and then fed into_the IF port-of the-device to modulate the bias point
of the device. The inset shows the-optical spectrum of the high-performance opti-
cal MMW source with 18-dB harmonic distortion suppression ratio. The receiver
end consists of a W-band horn antenna, a W-band low-noise-amplifier (LNA) (Quin-
Star: QLW-90a06030-P1, gain: 30dB, NF: 60dB), and a fast W-band power detector
(Militech: DXP-10-RPFWO) to detect the envelope and data signal phase at 2.5-GHz
IF. The signal detected by the power detector is boosted by an IF amplifier (MITEQ:
AMF-3D-00101200-24-10p, gain: 27 dB, NF: 2 dB) and then fed into a high-speed
real-time scope before performing off-line signal processing. After the NBUTC-PD,
the W-band 1.25-Gsymbol/sec QPSK/8QAM signals were generated with the center
wavelength at 102.5 GHz, which occupies from 101.25 GHz to 103.75 GHz as trans-

mission band, equivalently.
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F1G. 4.13. The system setup for W-band wireless QPSK or 8-QAM data
transmission.

4.2.2 Experimental Results

Figure 4.14 (a) shows transmission distance vs.. -log(BER) of 2.5-Gbit/s QPSK
wireless data transmission under different photocurrent and bias condition.The traces
under optimized condition (close-symbols) havea lower bit error rate (BER) than the
non-optimized one (open symbols) does under the same transmission distance and
photocurrent. FIG. 4.14 (b) and (c)‘show-.the constellations under 15-cm and 180-
cm transmission distance with 9-mA photocurrent and optimized pre-bias condition,
respectively. The corresponded in-phase (I) and quadrature-phase (Q) eye-patterns
of these constellations are shown in the inset. The eye-height of both decrease as
transmission distance increases. This phenomenon results from diffraction loss during
wireless link, which depends on the gain and directivity of the antenna. A clear 2.5-

Gbit/s QPSK signal with 180cm transmission distance can be achieved successfully.

Figure 4.15 (a) shows the transmission distance vs. Error Vector Magni-
tude (EVM) of 3.75-Gb/s 8QAM wireless data transmission with different pho-
tocurrent and bias condition. The EVM was defined as EVM[%] = 100 x
[Zfil !d_r — di]2 /N } i / |dmaz|, Where d, and d; are the received and ideal sym-
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F1G. 4.14. (a) transmission distance vs. -log(BER)-of 2.5Gbit/s QPSK wireless data
transmission under different photocurrent and bias condition. And the constellations
under (b) 15c¢m and (c)*180cm transmission distance with 9mA photocurrent. The
inset shows the corresponded ‘in-phase-(I)-and quadrature-phase (Q) eye-patterns of
these constellations.

bols, respectively, and d,,,, is the maximum symbol vector in the constellation. An
optimized condition with 9-mA photocurrent can be obtained. An 18% EVM can be
achieved after 170-cm wireless transmission with 9-mA photocurrent and bias condi-
tion. FIG. 4.15 (b) and (c) also show constellations under 25- and 170-cm wireless
transmission distance with optimized condition. A clear 3.75-Gb/s constellation dia-
gram can be achieved after 170-cm wireless transmission.

Optical fiber transmissions of the generated optical millimeter-wave signals are
also experimentally demonstrated. FIG. 4.16 (a) and (b) show the constellation dia-
grams of demodulated 8QAM signals with transmissions of 50- and 100-km standard

single mode fiber (SSMF), respectively, and 25-cm wireless transmission. The EVMs
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FIG. 4.15. (a) transmission distance vs.. EVM of 3.75-Gbit/s 8QAM wireless data
transmission with different photocurrent' and bias condition. And the constellations
under (b) 25 cm and (c) 170 cm transmission distance with 9mA optimized photocur-
rent and optimized condition.

of FIG. 4.16 (a) and (b) are 9.28% and 9.35%, respectively. Constellations of 8QAM
signals with 50- and 100-km SSMF transmission, and 170-cm wireless transmission
are also shown in FIG. 4.16 (c¢) and (d). The EVMs of FIG. 4.16 (¢) and (d) are 16.09%
and 16.57% respectively. Based on the measurement results, as shown in FIG. 4.16,
we can thus conclude that by use of the bias modulation technique, which means that
the photonic transmitter-mixer directly be modulated by the remote-regenerated data

signal [58] at different optical wavelength with optical LO signals, the base station
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F1G. 4.16. Constellation diagrams of 8QAM signals with (a) 50-km fiber transmission
and 25-cm wireless transmission:-(b) 100-km fiber transmission and 25-cm wireless
transmission; (c) 50-km fiber transmission and 170-em wireless transmission; (d) 100-
km fiber transmission and 170-cm wireless transmission.

can be extended to more than.100km far from central office through SSMF without

sacrificing the signal quality in the proposed 100-GHz ROF systems.

4.2.3 Summary

In this section, a W-band wireless vector signal generation using a NBUTC-PD
with bias modulation was experimentally demonstrated. 1.25-GSymbol/sec QPSK
and 8QAM wireless data transmission at 102.5-GHz were achieved with 170-cm wire-
less distance and 100-km fiber transmission. Such measurement result clearly indi-
cates the nonlinear photodetection scheme (bias modulation technique) can definitely

be utilized in W-band ROF network.
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4.3 Optical Millimeter-Wave Generation with Frequency 12-tupling

To meet the requirements of ultra-high frequency millimeter-wave applications,
an optical frequency 12-tupling approach to generate high-purity optical two-tone sig-
nal for millimeter-wave generation with frequency up to 210 GHz is proposed in this
section, as the conceptual diagram shown in FIG. 4.17.

The proposed approach consists of two main steps. The first step is the pro-
posed frequency-quadrupled optical millimeter-wave signal generation system. High
purity two-tone optical signal with 36-dB optical carrier and harmonic distortion sup-
pression ratio can be obtained. In the second step, a semiconductor optical amplifier
(SOA) is utilized to perform four-wave mixing effect and thereby generating two new
sixth-order optical sidebands. Due to the. high joptical carrier and harmonic distor-
tion suppression ratios of the four-wave-mixing pump. signal, the suppression ratios
of the undesired optical sidebands are more than 16_dB relative to the sixth-order
sidebands after four-wave mixing: Following, optical interleavers are employed to si-
multaneously suppress two undesired second-order sidebands, the optical carrier and
undesired harmonic distortion suppréssion ratios of the‘generated optical two-tone sig-
nals with 120-GHz and 210-GHz separation ‘can exceed 30 and 20 dB, respectively.
Because high frequency optical millimeter-wave signals can be generated using low
frequency components and transmitted over low-loss optical fiber networks, the pro-
posed system can be a potential candidate for next generation ultra-high frequency

millimeter-wave applications.

4.3.1 Concept and Theoretical Model

Figure 4.18 shows the experimental setup of the proposed system. A commercial
distributed feedback (DFB) laser is employed as the optical source. As shown in

equation (3.5), the electrical field of the optical signal at the output of the DP-MZM
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F1G. 4.17. Conceptual diagram of the-optical millimeter-wave signal generation with
frequency-12-tupling.

can be expressed as the following with the high order terms ignored.

Eow = —E, - {J2(m)cos|(W, + 2wrp)t] #J5(m) cos[(w, — 2wrr)t] } (4.5)

Then, the generated two-tone optical signal is sent into an SOA to perform the Four-
Wave-Mixing (FWM). FWM is an optical nonlinear Kerr effect which relates to the
third-order electric susceptibility. To demonstrate the concept and feasibility of the
proposed method, we use an SOA whose potential to integrate with other photonic
devices makes SOAs a reasonable choice [68]. After the frequency-quadrupled optical
millimeter-wave signal generation system, the optical FWM effect is created using an
SOA. Two new optical sixth-order sidebands are emerged with a frequency separation
of 12wgrr when two optical second-order sidebands with a frequency separation of
4wpgr are incident into the SOA (Uniphase CQF872). The bias current is set at 300mA,

with optical power gain of 20 dB, gain bandwidth of 60 nm and noise figure of 9 dB.
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Consider that an optical signal composed of three different frequencies incidents
into a nonlinear medium. The frequency of the newly emerging signal is a combina-

tion of the incident optical signal frequencies:

Widler = Wp1 + Wp2 — Wprobe (46)

where w;qe, 1S the optical angular frequency of the newly emerging signal which is
commonly called an “idler”. w,; and w,, denotes the pump signal angular frequencies,

and wp,qpe 18 the probe signal angular frequency.

If an optical signal with only two different optical frequencies incident into the
nonlinear medium, a special case that has been known<as partially degenerate four-
wave mixing arises. Each tone of-the input optical signal can be the pump signal or
the probe signal when they are sént into the nonlinear material. The optical frequency

of the new emerged idler can be expressed as

Widler = 2wp = Wprobe 4.7)

,where w,, denotes the angular frequency of the pump signal. While the high-purity
two-tone optical millimeter-wave signal is generated by frequency quadrupling and
incident into the SOA, the second-order optical sidebands with angular frequencies of
W, — 2wrp and w, + 2wrr lead to the partially degenerate four-wave mixing and the

emergence of two new idlers. The idler frequencies can be expressed as

Widlerl = 2(-*-)1)1 — Wprobel
=2 (wo — QWRF) — (wo -+ 2wRF) (48)

= Wy — GWRF
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and

Widler2 = 2wp2 — Wprobe2
=2 (w, + 2wrr) — (W, — 2wWRF) 4.9)
= W, + 6wRF

Two optical idler sidebands (ie. w;ger1 and w;ger2) are obtained with frequency spac-

ing of 12 times that of the RF driving signal through optical FWM.

After the four-wave-mixing, the sixth-order sidebands are emerged. However,
the original two-tone pump lightwaves are also amplified by the SOA. In order to
yield a high-purity optical millimeter-wave signal, these two optical pump signals
(ie. wp1 and wy2) must be eliminated and optical interleavers are utilized to suppress
those. The advantage of using optical interleavers is that two optical pump lightwaves
can be simultaneously suppressed [38,43, 69].- Furthermore, this architecture can be
implemented for wavelength divisions multiplexing (WDM) up-conversion in radio-

over-fiber (RoF) systems [69].

Figure 4.18 presents‘the conceptual diagrams-of high-purity 120- and 210-GHz
two-tone signal generations. For the-120-GHz optical two-tone signal generation,
two second order sidebands with 40-GHz frequency spacing along with two sixth-
order sidebands with 120-GHz frequency spacing are obtained after the four-wave-
mixing, as shown in inset (1) of FIG. 4.18 (a). To suppress undesired optical sidebands,
the optical signal generated from SOA are sent into the first optical interleaver with
a channel spacing of 25 GHz, as shown in inset (ii) of FIG. 4.18 (a). At the odd
channel output of the first optical interleaver, the original pump signal are partially
suppressed. However, the suppression is insufficient. Therefore, the second optical
interleaver with a channel spacing of 50 GHz is employed, as shown in inset (ii1) of
FIG. 4.18 (a). Two-tone optical signal separated by 120 GHz with high optical carrier

and harmonic distortion suppression ratio is obtained at the even output of the second
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optical interleaver, as displayed in inset (iv) of FIG. 4.18 (a). On the other hand, 210-
GHz optical two-tone signal can be obtained by using the same concept as shown in
FIG. 4.18 (b). Nevertheless, the 210-GHz optical two-tone signal is obtained at the

odd output of the second optical interleaver, as shown in inset (iv) of FIG. 4.18 (b).

4.3.2 Experimental setup and results

To generate optical millimeter-wave signal using four-wave-mixing by high non-
linear materials, a high-purity pump signal is required. If the optical carrier and har-
monic distortion suppression ratio is low, four-wave-mixing efficiency will be de-
graded and undesired optical sidebands will also be obtained. The proposed optical
millimeter-wave signal generation technique with frequency quadrupling provides a
high-purity pump signal for four-wave mixing.-The MZM extinction ratio is an impor-
tant factor in carrier suppressed optical -millimeter-wave signal generation schemes.
The optical carrier should be totally-suppressed under ideal condition with infinite
MZM extinction ratio. However,.the extinction ratios of the.commercially available
MZMs are finite due to amplitude imbalance in MZM-arms. The typical extinction ra-
tios of commercially available MZMs‘are 20-30-dB-which come from the fabrication
errors. In the proposed frequency quadrupling technique, the amplitude imbalance
can be compensated by trimming the modulation depth between MZ-a and MZ-b, and
the extinction ratio of the MZ-c are improved.

Figure 4.19 shows the optical spectrum of the generated optical tones separated
by 40 GHz without modulation depth trimming. The resolution bandwidth of the opti-
cal spectrum analyzer (OSA) in this work is 0.01 nm. The optical carrier suppression
ration is about 19 dB which is restricted by intrinsic MZM extinction ratio. After the
FWM in an SOA, not only the expected second and sixth order optical sidebands are
obtained but the optical carrier and fourth order terms are obtained, as shown in FIG.

4.20. Low optical carrier suppression ratio pump signals degrades the efficiency of
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FWM, and signals with unwanted sidebands could be obtained.

Figure 4.21 shows the optical spectrum of the optical tones separated by 40 GHz
that are generated from the 10-GHz RF driving signal using frequency quadrupling
with modulation depth trimming. After employing modulation depth trimming, the
optical carrier is suppressed and the undesired harmonic distortion suppression ratios
exceed 36 dB. The generated high-purity two-tone signals are sent into the SOA as
the pump signal to perform the four-wave-mixing effect. FIG. 4.22 shows the optical
spectrum after the FWM in the SOA. Two new optical sixth order sidebands with a
frequency spacing of 120 GHz are obtained along with the original 40-GHz optical
tones. Compared with the optical spectrum which is shown in FIG. 4.20, the unde-
sired optical sidebands are much lower than that in FIG. 4.22. After filtering using
two optical interleavers, high-purity-two-tone optical signal separated by 120 GHz is
obtained with -9-dBm average optical power.. The optical spectrum is shown in FIG.
4.23. The optical carrier and harmonic distortion suppression ratios exceed 30 dB,
which is excellent in millimeter-wave applications.

Optical spectrum of-optical tones separated by 210 GHz generated from a 17.5-
GHz RF driving signal is also.demonstrated experimentally in this work. FIG. 4.24
presents the optical tones separated by 70 GHz which is generated by frequency qua-
drupling with modulation depth trimming. By using the modulation depth trimming,
the optical carrier is suppressed perfectly. The optical carrier and undesired harmonic
distortion suppression ratios of the optical tones separated by 70 GHz are higher than
36 dB. The high-purity two-tone signal was also sent into the SOA to perform fFWM.
FIG. 4.25 shows the optical spectrum at the output of the SOA. Two sixth order side-
bands with 210-GHz frequency spacing are emerged along with the original second
order sidebands with 70-GHz frequency spacing. After the filtering of optical in-
terleavers, high purity two-tone signal separated by 210 GHz are obtained as shown

in FIG. 4.26. The optical power of the generated optical two-tone signal is about
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-11dBm. The optical carrier and undesired harmonic distortion suppression ratios

exceed 20 dB, which is good enough for most millimeter-wave application.

4.3.3 Summary

In this section, an optical millimeter-wave signal generation with a frequency
of 12 times that of the RF driving signal was proposed. The key to the proposed
system is the optical high-purity frequency-quadrupled millimeter-wave signal gen-
eration using a DP-MZM. 40- and 70-GHz high purity two-tone optical signals were
experimentally demonstrated from 10- and 17.5-GHz RF driving signals. Modulation
depth trimming between MZ-a and MZ-b are employed to compensate the amplitude
imbalance between the MZM arms and improve the optical carrier suppression ratio.
The optical carrier and harmonic distortion suppressionratios of the generated optical
two-tone signals separated by 40 and 70-GHz using frequéncy quadrupling technique
were more than 36 dB. Following optical frequency quadrupling, optical FWM was
promoted utilizing an SOA. Since the excellent optical carrier and harmonic distor-
tion suppression ratio of the FWM pump signals;-only the second and sixth order
sidebands were obtained at the output of the-SOA.-After filtering out the undesired
sidebands using optical interleavers, high-purity optical two-tone signals separated by
120 and 210 GHz were obtained. The optical carrier and harmonic distortion ratios of
the generated 210- and 120-GHz optical two-tone signals were 20 and 30 dB, respec-
tively.

The frequency of the generated optical millimeter-wave signal is 12 times that
of the RF driving signal. Millimeter-wave signals with frequency beyond 100 GHz
can be easily achieved using low frequency RF equipments and components. Since
the frequency response of the state-of-the-art MZM is up to 40 GHz, the proposed
system provides a reliable and cost-effective solution for optical millimeter-wave gen-

eration with frequencies of up to 480 GHz and is a promising candidate for ultra-high
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frequency millimeter-wave applications.

4.4 Conclusion

Optical millimeter-wave generation system with frequency octupling and 12-
tupling for ultra-high frequency millimeter-wave applications were proposed in this
chapter. With the high order multiplication factors, high frequency millimeter-wave
signals can be generated using low-frequency RF components and modulators. In ad-
dition, the signal coverages of the generated millimeter-wave signals can be increased
using low-loss optical fiber.

W-band wireless communication system with single carrier vector signals were
also demonstrated in this chapter. The 100-GHz LO signal was generated from
the frequency-octupled optical millimeter-wave generation system. A NBUTC-PD
with bias modulation was utilized for the W-band wireless vector signal generation.
1.25-GSymbol/sec QPSK and 8QAM wireless data transmission at 102.5-GHz were
achieved with 170-cm wireless distance and"100-km fiber transmission.

In summary, the feasibility ‘of ultra-high frequency optical millimeter-wave gen-
eration with high order multiplicatton was demonstrated. The proposed optical
millimeter-wave generation systems can be potential candidates for the future high

frequency millimeter-wave applications.
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millimeter-wave generations.
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F1G. 4.19. Optical spectrum of the generated-optical tones separated by 40 GHz
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FIG. 4.20. Optical spectrum of the generated optical tones after the FWM for
120-GHz optical millimeter-wave signal generation without modulation-depth
trimming.
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F1G. 4.22. Optical spectrum of the generated optical tones after the FWM for
120-GHz optical millimeter-wave signal generation.
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Chapter 5

60-GHZ RADIO-OVER-FIBER COMMUNICATION
SYSTEM

With the rapidly growing demand for bandwidth, millimeter-wave frequencies
along with spectrally efficient modulation formats have become potential candidates
for next generation multi-Gbps_wiréless communication systems. Thanks to the re-
cently released 7-GHz licensed-free band, 60-GHz wireless communication has at-
tracted a lot of attention'to support wireless High-Definition TV (WirelessHD TV) or
uncompressed video transmission. However; the transmission distance of the 60-GHz
wireless signals is strongly restricted.by-the high path losses and for longer wireless
transmission distances, the oxygen absorption [21]. To extend the 60-GHz wireless
signal coverage, RoF technologies provide the most promising choice [21-34]. How-
ever, the use of RoF systems to generate and transmit 60 GHz signals modulated with
spectrally efficient modulation formats still remain a challenge.

There are many techniques for 60-GHz RoF signal generation including one-
step electrical signal up-conversion and optical up-conversion with optical multipli-
cation. In this chapter, several modulation systems for 60-GHz RoF signal gener-
ation will be proposed. The Tandem-Single-Sideband (TSSB) modulation system
and the frequency-sextupled modulation system are electrical along with optical up-

conversion system with frequency doubling. The TSSB system can provide frequency

73
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doubling, while the frequency-sextupled system generated the RoF signals with fre-
quency six times that of the driving signals. The Intensity Modulation Direction De-
tection (IMDD) systems using high speed modulators are with the one-step electrical
up-conversion. The systems with optical up-conversion can provide better system per-
formance and longer fiber transmission distance, however, these optical up-conversion
are much more complex compared with the IMDD systems. The IMDD systems pro-
vide very simple system architectures, but the the fiber transmission distance is limited
due to the chromatic dispersion induced performance fading. Beside the modulation
systems, the Orthogonal-Frequency-Division-Multiplexing (OFDM) modulation for-

mat which utilized in the 60-GHz RoF systems will also be introduced.

5.1 Orthogonal-Frequency-Division-Multiplexing Modulation Format

5.1.1 Introduction

OFDM has become a poptlar modulation format which is widely adopted in
broadband digital communication systems. It has-beenutilized not only in the wireline
communication systems, such as Asymmetrie-Digital Subscriber Line (ADSL), and
cable TV, but also the wireless communication systems, such as Wireless Local Area
Network (WLAN, IEEE 802.11a, g, n), Digital Video Broadcasting (DVB), HD digital
radio and wireless HDTV.

Different from the conventional single-carrier modulation formats, such as
BPSK, QPSK, 16QAM, and 32QAM, the OFDM is a multi-carrier modulation for-
mat provides many advantages. Due to the multi-carrier characteristic, the bandwidth
of each sub-carrier is very small compared with the conventional single-carrier modu-
lation format. In single-carrier modulation formats, complex non-linear equalizers are
usually required for the compensation for uneven channel response. However, only

a simple one-tap equalizer is usually required for the uneven channel response com-
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pensation. Moreover, the OFDM modulation can provide higher spectral efficiency
compared with the conventional DSB single carrier modulation formats, because of
the orthogonality among the sub-carriers.
Another benefit of using OFDM is the low symbol rate. Since multi-channels of sig-
nals are transmitted simultaneously in an OFDM symbol, the symbol rate is much
lower than the single-carrier modulation format with the same data rate. The low
symbol makes the use of a guard interval or a cyclic prefix (CP) between the OFDM
symbols affordable, making it possible to handle the time-spreading. Therefore, the
OFDM modulation is robust to the inter-symbol interference (ISI) due to the wire-
less multi-path effect and the fiber chromatic dispersion. Based on these advantages,
OFDM has been adopted in long-haul coherent communications (ie. CO-OFDM).
To compensate for the uneven channel response and generate wideband signal within
the 7-GHz licensed-free band, OFDM is also extensively utilized in 60-GHz wireless
communication systemss.recently.

However, there arestill disadvantages in OFDM which remain great challenges
in system design and optimization. The main challenge in OFDM formate is the high
Peak-to-Average-Power Ratio (PAPR) duetothe multi-carrier characteristic. The high
PAPR of an OFDM signal easily drives the RF components into saturation and distorts
the signal. Another challenge of using OFDM signal is that the OFDM signal is sensi-
tive to the frequency synchronization problems. Therefore, Carrier Frequency Offset
(CFO) and Sampling Frequency Offset compensators which increase the requirement

of computing power might be required in the OFDM demodulator.

5.1.2 OFDM signal generation

To demonstrate the OFDM signal transmission within the 7-GHz wide license-
free band at 60-GHz, OFDM signal generation and demodulation programs using Mat-

lab along with the Arbitrary Waveform Generator (AWG) and Realtime Digital Os-
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F1G. 5.1. Conceptual diagrams of the: OFDM signal generator and demodulator.

cilloscope were developed. FIG."5.1+(a) shows the conceptual diagram of the OFDM
signal generator. In the signal generator, the-original binary data stream is send into a
QAM modulator to map the original data on to-a QAM constellation. Then, a serial to
parallel converter converts the QAM symbol stream in to a parallel symbol stream and
mapped the parallel symbol stream to different carrier frequencies which are orthog-
onal to each other. Then, an Inverse Fast Fourier Transformer (IFFT) and a parallel
to serial converter convert the frequency domain signal into a time domain signal and
generate the OFDM time domain waveform. Before sending the signal into the AWG
for Digital to Analog Conversion (DAC), cyclic prefix and training symbols for tim-
ing synchronization and channel estimation are added. After the AWG, the electrical
OFDM waveform are sent into the modulation system, transmitted over the system
and received using the real-time scope for Analog to Digital Conversion (ADC). FIG.
5.1(b) shows the conceptual diagram of the OFDM signal demodulator. In the de-

modulator program, timing synchronization using the training symbols is performed
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first to find the beginning of the OFDM signal. Then, a serial to parallel converter
and Fast Fourier Transformer (FFT) are used to converted the time-domain OFDM
waveform into the frequency domain and extract frequency-domain signals. However,
all of the OFDM channels experience different amplitude and phase responses from
the transmission channels. To compensate the channel responses, channel estimation
and one-tap equalization are executed. After the equalization, the received QAM con-
stellation is obtained. Then, a QAM demodulator is utilized for system performance

estimation, including the Signal-to-Noise Ratio (SNR) and EVM.

5.2 Tandem-Single-Sideband Modulation System

5.2.1 Concept

Figure 5.2 shows the coneeptual diagram of the proposed frequency doubling
modulation system using TSSB modulation. TSSB modulation scheme is achieved
using a dual-electrode MZM biased at the quadrature point. An OFDM-modulated
upper optical sideband and an un-modulated lower optical sideband are performed
by adding additional 90° phase shifts-to-the upper path of the OFDM signal and the
lower path of the sinusoidal signal, respectively. The OFDM signal and sinusoidal
signal are then combined, as shown in insets (iii) and (iv) of FIG. 5.2 and sent into
the dual-electrode MZM. At MZM output, a TSSB optical spectrum that consists of
the original optical carrier (w.), OFDM-modulated optical sideband (w. + w, 1), and
un-modulated optical sideband (w. — w;f2) are obtained, as shown in inset (v) of FIG.
5.2. At the remote node, following the transmission of a SSMEF, the original opti-
cal carrier (w.) is separated from the other two optical sidebands by using a fiber
Bragg grating (FBG) and an optical circulator, as shown in insets (vi) and (vii) of
FIG. 5.2. The original optical carrier can be utilized for an uplink application. The

un-modulated and OFDM-modulated optical sidebands are received for wireless ap-
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plications. Notably, frequency doubling'can be achieved when w, ¢; equals w;, so. The
optical power ratio between the.un-modulated and OFDM-modulated optical side-
bands (OPR = Py modulated/ Pdata—modulated ) -1S-@n important factor for optimizing
the receiver performance [70]. Since, the un=modulated and OFDM-modulated optical
sidebands are generated from two driving signals, the?OPR can be freely adjusted to
optimize the receiver performance. Based on the proposed TSSB modulation scheme,
high spectral efficiency vector signals can be utilized, and the proposed system does

not incur dispersion induced performance fading.

5.2.2 [Experimental Setup

Figure 5.3 illustrates the experimental setup of the TSSB system. A tunable laser
is utilized as the optical source. The QPSK (quadrature phase-shift keying)-OFDM
signal is generated at baseband (BB) from the AWG (Tektronix®)AWG7102) with
the following parameters: sampling rate of 20 GSa/s for the DAC; IFFT size of 256;

subcarrier frequency separation of 78.125 MHz, and 44 subcarriers generated at the
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Electrical

Optical

FIG. 5.3. Experimental setup of the frequency doubling system using TSSB
modulation.

baseband, as shown in FIG. 5.4 (i). After up-conversion using an electrical mixer with
a 30-GHz sinusoidal signal,a 30-GHz QPSK-OFDM driving signal with 88 subcarri-
ers is obtained, as shown in inset FIG. 5.4 (ii). This produces two OFDM sidebands
centered at 30 GHz, with a combined bandwidth of 7 GHz. Both sidebands are trans-
mitted over the RoF system. Since the subcarriers are transmitted independently, and
demodulated independently at the receiver, the total bit-rate of the emulated 7 GHz-
wide OFDM signal is double that of the original OFDM signal generated by the AWG.
Hence, the total data rate of the 30-GHz QPSK-OFDM signal is 13.75 Gb/s.

Subsequently, both 30-GHz OFDM-QPSK and sinusoidal signals are divided into
two paths using two 90° hybrid couplers. The combined signals are amplified to drive
the dual-electrode MZM which is biased at the quadrature point. At MZM output,

the optical power before fiber transmission is boosted using an EDFA. The generated
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FIG. 5.4. Electrical and optical spectra of the TSSB system.

optical TSSB OFDM signal is transmitted over 50-km.SSMF, and the original optical
carrier and two optical sidebands are separated forup-link and wireless applications,
respectively, by using an optical-fiber Bragg grating. The two optical sidebands are
received using a V-band photo-diode (PD) for optical-electrical conversion. FIG. 5.4
(1)-(3) show the generated optical-spectrum of TSSB OFDM signal and the optical
spectra of the signals after filtering.” The generated electrical 60-GHz OFDM sig-
nals are down-converted using an electrical mixer with a 55-GHz local oscillator (LO)
signal and then sent into a digital signal oscilloscope to capture the time domain wave-
form for off-line demodulation. Based on the multi-carrier characteristic of the OFDM
signal, one-tap equalizer can compensate for the uneven frequency response of the 60-
GHz components efficiently. Bit error rate (BER) is estimated from the constellation

diagrams to evaluate the signal performance.

5.2.3 Experimental Results and Discussion

OPR of the optical un-modulated sideband to OFDM-modulated sideband sig-

nificantly affects the receiver performance. In the conventional SSB modulation
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scheme, OPR cannot be easily adjusted. An additional narrow band optical filter is
normally required to suppress the original optical carrier and enhance the receiver per-
formance [70]. The proposed TSSB system generates the un-modulated and OFDM-
modulated optical sidebands from two driving signals. Therefore, OPR can be ad-
justed by controlling the amplitude of driving signals. FIG. 5.5 illustrates the QPSK-
OFDM BER versus OPR curves. The best receiver performance is obtained with 6-
dB OPR, where the power of the un-modulated sideband is 6 dB higher than that that
OFDM-modulated sideband. The insets of FIG. 5.5 show the constellation diagrams
with OPRs of -1dB, 6dB and 11 dB. Notably, OPR in OFDM systems are higher than a
conventional single carrier system, which has 0-dB optimal OPR [70]. Due to the high
PAPR property, OFDM signals are sensitive to the nonlinearity of the transmission
systems, while the signal performance can be easily degraded. Therefore, increasing
the optical power of the un-modulated optical sideband can effectively enhance the
OFDM signal performance.

Figure 5.6 shows the BER curves and constellation diagrams of the 13.75-Gb/s
QPSK-OFDM down-link-signals. Without-using-the one-tap equalizer, the OFDM
signal cannot be recovered due to an-uneven amplitude and phase frequency response
of the 60 GHz system, inset (a) of FIG. 5.6. Notably, the QPSK-OFDM signal can
be recovered after using the one-tap equalizer. No significant signal distortion of the
constellation diagram is observed after a transmission of 50-km SSMF. The receiver
power penalty after the SSMF transmission can be ignored. The constellation of the
demodulated QPSK signal at BTB and after fiber transmission are also shown in inste
(b) and (¢) of FIG. 5.6.

Figure 5.7 shows the BER curves of the up-link 1.25-Gb/s OOK signal signals
using a bias modulated RSOA. No significant receiver power penalty is observed after
50-km SSMF transmission. The eye diagrams of the OOK signals are also shown in

the inset of FIG. 5.7. The eye diagram is also very clear after 50-km SSMF transmis-
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sion.

5.2.4 Summary

A full duplex modulation technique utilizing TSSB scheme for 60-GHz RoF links
is proposed in this section. Frequency doubling, high spectral efficiency vector sig-
nal, and full-duplex systems are achieved. Furthermore, the proposed system does not
suffer from dispersion induced performance fading issue. 13.75-Gb/s QPSK-OFDM
signals is experimentally demonstrated. To compensate for the uneven frequency re-
sponse of the 60-GHz RF components, one-tap equalizers are utilized. After transmis-
sion of 50-km SSMF, no significant receiver power penalties is observed. Wavelength
reuse using RSOAs for uplink transmissions is also experimentally demonstrated.
1.25-Gb/s OOK signals are modulated on the original optical carrier and transmit-

ted over 50-km SSMF. No significant receiver power penalty of the uplink signal is
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observed on the uplink signal.

5.3 Modulation System with Frequency Sextupling

There are three main drawbacks of the frequency doubling method discussed ear-
lier. Firstly, the electrical mixer will significantly degrade the signal quality. Secondly
the modulator is not operated at linear E-field region. For an OFDM signal which is
sensitive to PAPR, this considerably limits the modulation index. Thirdly, at trans-
mitter, expensive components with frequency up to 35 GHz are needed. To overcome
these issues, a new modulation scheme with frequency sextupling is proposed in this

section.

5.3.1 Concept

Figure 5.8 shows the conceptual.diagram of the 60-GHz vector signal genera-
tion system with frequency sextupling. The proposed system is composed of two up-
conversion stages with two dual-parallel Mach-Zehnder modulators (DP-MZM). The
first DP-MZM is utilized in the first stage to-generate an optical single sideband with
carrier suppression (SSB-CS) signal [71]. A local oscillator (LO) and an intermediate
frequency (IF) vector data signal are combined to form a composite driving signal.
After the first DP-MZM, an LO optical carrier is generated at the lower sideband and
a data-modulated OFDM signal is generated at the upper sideband, as shown in the
inset (1) of FIG. 5.8. Notably, frequency doubling is achieved after the first stage.

The second stage is an optical up-conversion system which is composed of the
wavelength-independent optical millimeter-wave generation system with frequency
quadrupling along with an optical interleaver. After the optical up-conversion, both
the LO and data-modulated optical sidebands are up-converted with frequency four

times that of the up-conversion system driving signal, as shown in inset (ii) of FIG.
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F1G. 5.8. Conceptual diagram of the 60-GHz vector signal generation system with
frequency sextupling.

5.8. Then, the optical interleaver is employed to select the desired optical sideband and
a modified SSB signal with frequéncy sextupling is obtained, as shown in inset (iii) of
FIG. 5.8. Based on the modified SSB:modulation. scheme, high spectral efficiency vec-
tor signals, such as M-PSK, QAMand OFDM can be transmitted without dispersion-
induced fading performance degradation. Since the LO and data-modulated optical
sidebands are generated from two individual-driving signals, the receiver performance
can be optimized by controlling the OPR.between two optical sidebands. Because of
the frequency sextupling using optical up-conversion system, signal processing can be
handled using 10-GHz components with higher reliability and lower costs. Moreover,
wavelength-division-multiplexed (WDM) up-conversion can be realized based on the

wavelength independent optical up-conversion system.

Figure 5.9 schematically depicts the principle of the RoF system. Since the sub-
MZMs in the first stage (ie. MZ1-a, and MZ1-b) are biased at null point, DSB-CS
modulation schemes will be generated. The driving signals in the first stage are the
combination of LO and OFDM signals, and 90° phase delays are added on the lower-
arm LO signal and upper-arm OFDM signal. Optical spectra after the modulation of

MZ1-a and MZ1-b will be obtained as shown in inset (ii) and (iii) of FIG. 5.9. The
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main MZM of the first stage is biased at quadrature point, and a 90° phase difference
is introduced between the output of MZ1-a and MZ1-b. At the output of the first DP-
MZM, a modified SSB signal will be obtained as shown in inset (v) of FIG. 5.9. Then,
the 20-GHz modified SSB signal is sent into the second stage. Since the sub-MZMs
in the second DP-MZM (ie. MZ2-a and MZ2-b) are biased at the full point, DSB
modulation scheme will be obtained. Because of a 90° phase delay which is added
on the lower-arm of the second-stage driving signal, optical spectra as shown in inset
(vi) and (vii) will be obtained. Since the main MZM of the second DP-MZM is biased
at the null point, a 180° phase difference is introduced between the output of MZ2-a
and MZ2-b. The combined output signal of the second DP-MZM will have the optical
spectrum shown in inset (ix) of FIG. 5.9. Then, an optical interleaver is utilized to
select the desired optical sidebands. A 60-GHz modified SSB signal as shown in inset

(x) of FIG. 5.9 will be obtained at the output of the optical interleaver.

5.3.2 [Experimental Setup

Figure 5.10 shows the experimental-setup of the proposed 60-GHz RoF system

with frequency sextupling. A distributed-feedback (DFB) laser is utilized as the opti-
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F1G. 5.9. The principle of the proposed RoF system with frequency sextupling.
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cal source. In the first stage, the sub-MZMs (MZ1-a and MZ1-b) of the first DP-MZM
are biased at the null point, while the main MZM is biased at the quadrature point. The
OFDM signals are generated at base band (BB) using an arbitrary waveform generator
(AWG, Tektronix®) AWG7102) with the following parameters: the digital to analog
converter (DAC) sampling rate is 20 GHz; inverse-fast-Fourier transform (IFFT) size
is 256; subcarrier frequency separation is 78.125 MHz; 44 subcarriers are generated at
BB and the bandwidth is 3.4375 GHz. The BB OFDM signal is then up-converted us-
ing an electrical mixer driven with a 10-GHz LO signal, resulting in a 6.875-GHz-wide
OFDM signal with 88 sub-carriers centered at 10-GHz. Restricted by the bandwidth
of the AWG, the 7-GHz OFDM signals are emulated using a DSB OFDM signal. Al-
though both sidebands of the OFDM signals are related after electrical up-conversion,
the OFDM sub-carriers are transmitted independently (un-correlated) and they are de-
modulated independently, at the rec€iver. Each sub-carrier experiences different am-
plitude and phase response from the transmission. Therefore, there was no correlation

between sub-carriers in‘two sidebands of the recovered OFDM signal.
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As aresult the 88 sub-carriers occupying the 6.875-GHz band all together repre-
sent the total throughput of the system, which was 13.75 and 20.625 Gb/s for OPSK-
OFDM and 8QAM-OFDM, respectively. The 10-GHz LO signal was generated by
an RF signal generator. Both the 10-GHz OFDM signal and the 10-GHz LO signal
are divided into two paths (upper path and lower path). To generate the modified SSB
signal using the SSB-CS modulation scheme, a 90-deg phase delay is added on the
upper path of the OFDM signal and the lower path of the 10-GHz sinusoid. The upper
path and lower path signals are combined and fed into the DP-MZM as the driving
signals. At the output of the first stage, a 20-GHz modified SSB signal is obtained as
shown in inset (a) of FIG. 5.10.
Then, the 20-GHz modified SSB signal is fed into the second stage for optical up-
conversion. After the second DP-MZM ,both the .O /and data-modulated optical side-
bands of the 20-GHz modified SSB: signal are up-converted as shown in the optical
spectrum in inset (b) of FIG. 5.10. 'To generate the 60-GHz modified SSB OFDM
signal, an optical interleaver is utilized to select the desired sidebands, as shown in
inset (c) of FIG. 5.10. After transmission over-25-km SSMF, the optical signal is
received using a V-band photo diode.<The received 60-GHz OFDM signal is down-
converted to 5-GHz using an electrical mixer driven by a 55-GHz local LO signal.
The down-converted IF frequency of the signal was chosen to fit the bandwidth of
IF amplifier, the bandwidth of the real-time digital oscilloscope and the IFFT size of
the OFDM signal. The down-converted signal waveforms are captured by a real-time

digital oscilloscope for off-line demodulation and analysis using the Matlab program.

5.3.3 Experimental Results and Discussion

By controlling the intensity of the driving signals, the OPR can be freely adjusted
in the proposed modified SSB system. FIG. 5.11 shows the bit error rate (BER) versus
OPR curve and related constellation diagrams of the QPSK-OFDM signal. The OPR
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F1G. 5.11. Bit error rate versus optical power ratio curve and constellation diagrams
of the QPSK-OFDM signal,and constellations with (a) -1-dB , (b) 6-dB , and (c) 9-dB
OPR.

here is defined as the LO optical sideband,power to data-modulated optical sideband
power ratio. The OPR was measured.using an‘optical spectrum analyzer with 0.01-nm

resolution.

For QPSK-OFDMmodulated signals the best receiver performance was obtained
when the OPR was equal-to +6 dB shown in FIG. 5.11. FIG. 5.12 shows the EVM
versus OPR curve and related: constellation diagrams of the 8QAM-OFDM signal.
The optimal OPR for 8-QAM-OFDM modulated signals was found to be +5-dB as
shown in FIG. 5.12. Compared with the conventional single carrier system which has
0-dB optimal OPR [70], the optimal OPR in the proposed OFDM systems was found

to be higher.

Figure 5.13 shows the BER curves of the transmission result of the QPSK-OFDM
signal. After transmission over 25-km SSMEF, the received power penalty was negligi-
ble. The constellation diagrams at back to back (BTB) and after fiber transmission are
also shown in insets of FIG. 5.13. After fiber transmission, no significant distortion
is observed in the constellation diagrams. FIG. 5.14 shows the EVM curves of the

transmission result of the 8QAM-OFDM signal. Similar to the QPSK-OFDM sys-
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tem, negligible receiver penalty is observed after.transmission over 25-km of standard
single-mode fiber. In addition there'is no significant distortion of the constellation

diagrams observed, as shown in insets of FIG. 5.14.

5.3.4 Summary

A signal up-conversion and transmission-system for 60-GHz RoF links was pro-
posed in this section. Based on the modified SSB modulation scheme, high spectral
efficiency OFDM modulation format can be transmitted with no performance degra-
dation due to dispersion-induced fading. Since frequency sextupling was employed,
only highly reliable 10-GHz components were utilized in the transmitter. Frequency-
quadrupling WDM optical up-conversion can also be realized using the proposed sys-
tem. The generation and transmission of 13.75-Gb/s QPSK-OFDM and 20.625-Gb/s
8QAM-OFDM signals occupying the full 7-GHz license-free band at 60 GHz was ex-
perimentally demonstrated. After transmission over 25-km of standard single-mode
fiber, no significant received power penalty was observed with both OFDM signal

formats.
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5.4 Intensity Modulation Direction Detection Systems Using a Mach-Zehnder
Modulator

Although the optical up-conversion system for 60-GHz RoF can provide bet-
ter performance and longer fiber transmission distances, most of them are very com-
plex and impractical for real applications. Intensity Modulation Direction Detection
(IMDD) RoF systems have the advantage that they are extremely simple and can of-
fer seamless multi-standard system operation. In this section, a wideband OFDM-
modulated IMDD RoF system using a high speed single-electrode MZM is proposed.
A simple DSB IMDD RoF system to directly transport a 7 GHz-wide OFDM sig-
nal at 60 GHz is experimentally demonstrated. Ultra-high data-rate of 21 Gbps with
transmission over standard single-mode optical fiber and 10m wireless distance can
be achieved. The impact of chromatic dispersion is alsorinvestigated. 500m SSMF
transmission which is sufficient for most-in-building applications can be achieved in

this 60-GHz RoF architecture.

5.4.1 Experimental Setup

The schematic of the experimental set-up is shown in FIG. 5.15. A one-step
electrical up-converter was used to generate a 7-GHz-wide OFDM signal centered
at 60.5 GHz, by retaining both OFDM signal sidebands following up-conversion, as
shown. The OFDM signal at baseband was 3.5 GHz wide and it was generated by
an AWG. The resolution of the DAC and the sampling rate of the AWG were set to
8 bits and 24 GSa/s, respectively. The IFFT length was 256, resulting in a subcarrier
symbol rate of 93.75 MSym/s. The 3.5-GHz-wide OFDM signal consisted of 37 sub-
carriers, which were modulated with the 8QAM data format. Therefore, the 7 GHz-
wide OFDM signal at the output of the electrical up-converter consisted of a total of

74 sub-carriers with a combined data-rate of 20.8125 Gbps.
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F1G. 5.15. Experimental setup of the simple IMDD 60-GHz RoF system using a
MZM.

The high-speed MZM used to.modulate the optical signal was specified for
40 Gbps but had reasonable performance around 60°GHz. The modulator was biased
around the quadrature point resulting-in-a DSB ‘optical signal (with carrier) as shown
in insert (i) of FIG. 5.15. The optical signal sourece was a CW DFB laser emitting

+10.5 dBm of optical power<around 1550 nm.

After amplification using an EDFA and filtering for ASE noise, the intensity-
modulated optical signal was transmitted to the Remote Antenna Unit (RAU) via stan-
dard single-mode fibers of various lengths. At the RAU, the transmitted 60 GHz signal
was generated by direct detection in the 67 GHz photodiode, amplified by a LNA with
38-dB gain, and transmitted wirelessly over a distance of 10m. In order to realize
10m wireless transmission distance a Gaussian Optics antenna (37 dBi) was used as
the transmit antenna and a standard horn antenna (23 dBi) was used at the wireless

terminal. No power amplifier was used at the RAU.

The 60-GHz signal received after 10-m wireless transmission was amplified by

another LNA with 22-dB gain, and filtered by a band pass filter before it was down-
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converted to an intermediate frequency (IF) centered at 4.5 GHz. This IF frequency
was chosen so as to maintain the spectrum of the down-converted OFDM signal at
7 GHz. The down-converted signal waveforms were captured by a real-time digital
oscilloscope with 50-GSa/s sampling rate for offline processing and analysis. Before

capturing the results, the whole RoF system was optimized stage by stage to reduce

the impact of the high PAPR of OFDM signals for the highest received SNR.

5.4.2 Results and Discussion

Figure 5.16 shows the spectrum of the 21-Gbps OFDM signal down-converted
from the 60-GHz signal after optical fiber and 10m wireless transmission. The de-
tected optical power was -8 dBm. It can be seen from the spectrum that the signal
bandwidth is 7-GHz-wide and it is centered at-4.5:-GHz. A strong peak at 4.5 GHz is
observed. This is the residual LO.signal from the one-step electrical up-conversion
back at the Head-End Unit (HEU). The spectrum also showsthat the RoF link had an
amplitude flatness of about 10 dB over the entire 60 GHz band (57 GHz to 64 GHz).
This flatness would have an adverse impact on system performance if single carrier
modulation was used. However, this uneven response can be compensated for due to
the multi-carrier characteristic of the OFDM signals. FIG. 5.17 (a) shows the clean
constellation diagram of the received 8QAM OFDM signal for the detected optical
power of -8 dBm with only 60-m fiber transmission. The SNR and Error Vector Mag-
nitude (EVM) corresponding to this constellation diagram were 16dB and 12.6 %,
respectively.

Since both sidebands of the optical signal were transmitted, fiber chromatic
dispersion-induced fading of the generated 60-GHz carrier after fiber transmission
was expected. In order to investigate the nature of the fading and its impact on the
performance of the OFDM IMDD RoF system, the intensity-modulated optical sig-

nal was transmitted over various fiber lengths and the average SNR of the received
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F1G. 5.16. Electrical spectrum of the down-converted OFDM signal.

signal analyzed. 10-m wireless transmission distance was included in all cases. FIG.
5.18 shows the impact 6f chromatic dispersion on'the sensitivity of the IMDD RoF
system. No penalty was.observed fortransmission over 160 m standard single-mode
fiber. A small 1-dB optical power penalty measured at the SNR equal to 14 dB was
observed after transmission ©ver-360-m fibet:“The dispersion penalty grew to 3.5 dB
after 560-m fiber transmission. The constellation diagram corresponding to 560-m
fiber transmission with -8 dBm detected optical power is shown in FIG. 5.17 (b). In
this case, the measured SNR and EVM were 11.1dB and 22.6 %, respectively. The
progressive deterioration of the system performance at longer fiber spans was caused
by progressive increase in the signal fading suffered by sub-carriers inside the 7-GHz-
wide OFDM signal as shown in FIG. 5.16. The signal after 860-m fiber transmission

could not be recovered.

A detailed study of the impact of chromatic dispersion on the wide-band OFDM
signal was conducted by transmitting the RoF signal over fiber spans ranging from

60 m to 3.56 km, with a length resolution of 100m. FIG. 5.19 shows the measured
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FIG. 5.17. Constellation diagrams of the recovered 21-Gbps 8QAM OFDM signals
with (a) 60 m and (b) 560 m fiber transmission distances.

system performance in terms of the average SNR. An apparent “fading cycle” of 2 km
was observed. The “fading cycle’ of the-OFDM signal was similar to that of an un-
modulated CW signal at 60.5 GHz. Howeyver, as shown in FIG: 5.19, the OFDM signal
faded earlier and recovered later (>200m) than the CW signal due to the former’s wide
spectrum of 7-GHz. The detail of the chromatic dispersioninduced fading of the DSB

signal will be discussed in Appendix B.

5.4.3 Summary

A simple DSB IMDD RoF system was experimentally demonstrated to directly
transport a high data-rate (21 Gbps) OFDM signal at 60 GHz over 500 m of standard
single-mode fiber and 10 m wireless distance. Experimental results confirm that using
OFDM modulation format rather than single-carrier modulation formats significantly
reduces the impact of serious uneven frequency response found in ultra-wideband
IMDD ROoF systems. Considering the average system SNR, a “fading cycle” of 2km

was observed, which was similar to the fading cycle of a um-modulated CW signal at
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60.5 GHz. The dispersion-induced fading issue can be avoided by using SSB modu-
lation schemes with more-.complexity or dispersion compensation techniques, but the
500m fiber transmission distance-achieved without any dispersion compensation is

sufficient for most in-building applications.

5.5 Intensity Modulation Direction Detection System Using an Electro-absorption

Modulator

An 60-GHz IMDD ROoF system using a high speed MZM was proposed in last
section. The advantage of using IMDD ROF systems are the extremely simple ar-
chitecture and the possibility of seamless multi-standard system operation. However,
there are still some disadvantages of using MZM for the IMDD systems. First of all,

the size of a MZM is usually large compared with the other electrical and optical com-
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F1G. 5.19. Impact of fiber chromatic dispersion on the SNR performance of the 60
GHz IMDD RoF and 60.5-GHz sinusoidal signal.

ponents due to the inherent characteristic of MZM. Second, the MZM is a polarization
sensitive device. An accurate polarization controller is usually required. Finally, the
MZM is also sensitive to the bias drifting.-Therefore, a feed-backed bias controller is

usually needed to compensate for the bias drifting.

In this section, a 60-GHz IMDD system using an electro-absorption modulator
(EAM) will be proposed. Compared with the MZM, the size of an EAM is much
smaller. In addition, the EAM has the potential to be integrated with the other pho-
tonic components and reduce the size of the entire devices. Although the EAM is still
a polarization dependent component, it is insensitive to the polarization drifting com-
pared with the MZM. Finally, the EAM is insensitive to the bias drifting compared
with the MZM. Therefore, the EAM is a potential choice for an IMDD RoF system.

Ultra-high data-rate of 21 Gbps is also achieved in the IMDD RoF system using
an EAM. Fiber transmission distance of 900m with 3 m wireless transmission distance

is experimentally demonstrated.
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5.5.1 Experimental Setup

Figure 5.20 schematically depict the experimental setup of the 60-GHz IMDD
system using an EAM. The one-step electrical up-conversion which is same as up-
converter in the IMDD MZM system is utilized to generate the 60-GHz OFDM driving
signal. 8QAM constellations is also utilized. The total bandwidth and and data-rate
are 6.9375 GHz and 20.8125 Gbps, respectively. The 60-GHz OFDM signal was used
to drive the high speed Reflective Electro-Absorption Modulator (R-EAM). After the
amplification of an EDFA and filtering for the ASE noise, The generated DSB OFDM
signal was transmitted over the SSMF to the RAU. At the RAU, the electrical 60 GHz
signal was generated by direct detection in the 67 GHz photodiode, amplified by a
LNA with 38-dB gain, and transmitted wirelessly over a distance of 3m. A Gaussian
Optics antenna (37 dBi) was used as the transmit antenna and a standard horn an-
tenna (23 dBi) was used at the wireless terminal. No power amplifier was used at the
RAU. At the Wireless Terminal Unit (WTU), the received 60-GHz OFDM signal was
amplified by another LNA with 22-dB gain; and filtered by a band pass filter before
it was down-converted to an_intermediate-frequency (IF) centered at 4.5 GHz. The
down-converted signal waveforms were captured by a real-time digital oscilloscope

with 50-GSa/s sampling rate for offline processing and analysis.

The entire system was optimized stage by stage to have the highest received sig-
nal SNR. The inset of FIG. 5.20 shows the optical spectrum of the generated DSB
optical signal. The carrier to optical sideband OPR of the EAM generated signal is
much higer than the MZM generated signal. To keep the system simplicity, no nar-
row band optical filter is utilized to reduce the OPR and increase the received signal
SNR. A limited portion of the optical carrier power can be suppressed by increasing
the reversed bias of the EAM. However, the increasing of the reversed bias reduces

the linearity of the EAM. Therefore, the reversed bias of the EAM was optimized be-
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F1G. 5.20. Experimental setup of the simple IMDD 60-GHz RoF system using a
R-EAM.

tween the OPR of the generated signal and the modulator linearity to have the highest

received signal SNR. The optimized bias-voltage1s about -3V.

5.5.2 Results and Discussion

Figure 5.21 shows the electrical spectra-of down-converted OFDM signal with 3-
m wireless transmission distance and different fiber transmission distances. The center
frequency of the down-converted signals are also 4.5 GHz, and the bandwidth of the
OFDM signals is about 7 GHz. No significant spectrum distortion with the increasing
of the fiber transmission distance up to 800 m. However, spectrum distortion due to the
chromatic dispersion can be observed when the transmission fiber distance is longer
than 900 m. FIG. 5.22 shows the impact of chromatic dispersion on the sensitivity
of the IMDD ROoF system using the EAM. No significant receiver optical penalty is
observed with 3-m wireless and 500-m fiber transmission distances. 2.8-dB receiver
power penalty at 14-dB SNR is observed with 900-m fiber transmission distance which

is longer than the results of MZM system.
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F1G. 5.21. Electrical spectra of the down-converted OFDM system in the EAM
IMDD system.

Although the EAM system can provide longer fiber transmission distance, the
receiver sensitivity of the EAM system is'lower than that in the MZM system. FIG.
5.23 shows the SNR versus.the receiver optical of the MZM and EAM systems at BTB.
4.3 dB difference of the.reciever-sensitivities. at 14 dB SNR is observed. Because the
high optical carrier to sideband OPR of the EAMjy-the receiver sensitivity is much
lower in the EAM system compared with‘the MZM system. The insets of FIG. 5.23
show the optical spectra of the generated DSB signals from MZM and EAM.

5.5.3 Summary

An IMDD system using a high-speed R-EAM for the 60-GHz RoF system was
proposed in this section. 8QAM OFDM signal with 21-Gbps data-rate was transmitted
over 900 m of SSMF and 3 m of wireless distance at 60-GHz. Although the receiver
sensitivity is lower in the EAM system compared with the IMDD system using a
high speed MZM, the EAM can be integrated with the other photonic components.
Furthermore, the device size of the EAM is much smaller than a MZM. Therefore,
the EAM has the potential to be utilized in the future millimeter-wave RoF system for

broadband wireless applications.



102

F1G. 5.22

SNR (dB)
o

20
18
16

B (<2} oo

SNR (dB)

18l = BTB <« 700m
| e 100m » 900m gttt
16| 4 300m ¢ 1100m AT,
- v 500m A >
4L - o - Al t- - -
I A=! > !
12 ", > .
K “‘ | >> | ”
i $E< ' e
10 t" > o0
[ > | " |
ol ‘s >>> o
L > ”‘ |
6r ‘“‘tﬁ:zz“” : :
ol —>!28dBl<—
16 14 12 10 -8 -6 -4 -2 0

Receiver . Power (dBm)

i ll... o00®
] (14
- | ] °
°
" ]
_____________ . S R
u, .-.:
L BN o !
B ™ | ) |
. : ° :
i » I e | = MZM
a 1 o® ! ® EAM
|
B " .+ l
" °® ! 1
u® (1] | |
i %o l I
—>43dB &~
" 1 " 1 " 1 " 11 1 " L1, 1 " 1 " 1 "
18 -16 14 12 10 -8 -6 -4 -2 0

Receiver Power (dBm)

Level (dBm)

Level (dBm)

. SNR vs. Received Optical Power with different fiber distances and 3-m
wireless transmission-distance.

MzZMm
| OPR=3.4dB

1550.4

1548.

8 15496
Wavelength (nm)

1552.0

1550.4

155';1 2
Wavelength (nm)

FI1G. 5.23. Receiver sensitivities comparison between the IMDD systems using a

MZM and an EAM.



103

5.6 Full-Duplex Bidirectional Transmission

The RoF technology is an ideal technology for high-density wireless networks
because it enables the significant simplification of antenna units. However, most of
the proposed RoF systems for millimeter-wave wireless communication employ very
complex optical up-conversion techniques in order to utilize low frequency RF and
optical components with uniform wideband performance for the generation and trans-
mission of wide-band mm-wave signals [72,73]. However, these systems cannot be
utilized at the RAU where the up-link signal requiring transmission is at millimeter-

wave frequencies rather than at baseband of IF frequency.

In last section, an IMDD system for60-GHz RoF technology using a R-EAM
was proposed. Based on the advantages of EAM, a bidirectional full-uplex 60-GHz
ROF system for multi-Gbps, wireless -applications: will be proposed. A high speed
MZM is utilized in the down-link transmission, while a high speed R-EAM is utilized
in the RAU for the up-link transmission. Symmetrical 2 x 20.8125 Gbps full-duplex
data transmission over 500-m standard single mode fiber and 2.5-m wireless distance
is successfully achieved. The interferences between the down-link and up-link chan-
nels are investigated and prevented by using polarization multiplexing between the
two channels. The impact of fiber chromatic dispersion on the performance of the
full-duplex DSB RoF system was also investigated and the receiver sensitivity penalty
found to be 2dB for the downlink, and no penalty for the uplink for 500m fiber trans-
mission. The proposed bidirectional RoF system is simple and fully transparent, mak-
ing it ideal for in-building high data-rate wireless applications, which are characterized

by short fiber spans.
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F1G. 5.24. Experimental setup of the symmetrical full-duplex bidirectional 60-GHz
RoOF system.

5.6.1 Experimental Setup

Figure 5.24 shows the schematic of the experimental setup. The down-link signal
was a 7-GHz-wide OFDM signal centered at 60.5.GHz, which was generated by an
AWG and a one-step electrical up-converter.” The sampling rate and DAC resolution
for the OFDM signal were 12 GS/S and 8bits, respectiyely: The IFFT size was 128
resulting in an OFDM symbol rate of 93:75MSym/s.. With 74 subcarriers obtained
after the one-step electrical up-conversion and the 8QAM modulation format on each
sub-carrier, the total data rate of the OFDM signal was 20.8125 Gbps. A high-speed
MZM was utilized to modulate the down-link optical signal. The CW laser source
was a DFB laser emitting 10.5-dBm optical power at 1550 nm. After amplification by
an EDFA and filtering for ASE noise, the down-link optical signal was transmitted to
the RAU using standard single mode fiber.

The optical spectrum of the down-link optical signal is shown in inset (A) of FIG. 5.24.
At the RAU, the down-link 60 GHz signal was detected using a 67-GHz photodiode.
The generated 60-GHz signal was amplified by a LNA with 38-dB gain, fed into a

standard gain horn antenna (23 dBi), and transmitted wirelessly over a distance of
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2.5m to the WTU, as shown in FIG. 5.24. At the WTU, the 60-GHz signal was
amplified by a LNA with 22-dB gain and then down-converted to an Intermediate
Frequency (IF) of 4.5 GHz using a 56-GHz LO signal. The down-converted signal
was captured using a real-time digital oscilloscope for offline signal processing and
analysis.

For the up-link, the AWG and a second one-step up-converter where used to gen-
erate a 7 GHz-wide OFDM signal at 60 GHz (also 21 Gbps) similar to the downlink
signal. The up-link 60 GHz signal was first transmitted from the WTU over the same
wireless distance of 2.5m to the RAU using a separate pair of standard gain horn
antennas. At the RAU the up-link signal was amplified by a LNA with 38-dB gain
and used to drive a 60-GHz R-EAM as shown in FIG. 5.24. The CW optical source
was another DFB laser emitting 10.5-dBm optical power at 1551.7 nm. Therefore,
the modulated up-link optical signal was also a DSB-C signal as shown in insert (B)
of FIG. 5.24. From the. R-EAM the signal was transmitted over a separate 500 m
length of standard single-mode fiber'to the HEU. At the HEU an EDFA was used to
pre-amplify the uplink optical signal prior to ditect detection by a 67-GHz photodi-
ode. The detected 60-GHz OFDM:-signal-was down-converted to an IF frequency of
4.5 GHz, and captured by a real-time digital oscilloscope for offline signal processing
and analysis. The uplink EDFA was deliberately placed at the HEU instead of the
RAU in order to keep the RAU simple.

5.6.2 Results and Discussion

The performances of the down-link and the up-link subsystems were optimized
separately prior to fiber transmission. Given that single-electrode optical modulators
were used without any linearization and considering the large number of sub-carriers
in the transmitted OFDM signals, the RF powers of the drive signals and the biases of

the modulators were carefully tuned to reduce the impact of modulator non-linearity
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FIG. 5.25. Receiver performance with simplex and full-duplex modes with
perpendicular antenna polarization.

on the performance of the system.

To assess the performance of the full-duplex RoF system over the wireless chan-
nel, the performances of the downlink and the uplink were first measured individually
with the other link turned off. Afterwards, the performance-of both links was mea-
sured in terms of the received signal SNR and optical sensitivity during simultaneous
bi-directional transmission. No significant-penalty.was observed during simultaneous
full-duplex wireless signal transmission as shown in FIG. 5.25. However, FIG. 5.25
shows that the downlink performed better in terms of the optical receiver sensitivity
and the achieved peak average SNR. For instance the receiver sensitivity for 14 dB
average SNR was -11 dBm for the downlink, which was 5 dB better than that of the
up-link (-6 dBm). The major reason for the difference in the performances of the
two links is the large difference in the carrier-to-sideband optical power ratio (OPR),
which is evident in FIG. 5.24 (A) and (B). The OPR was 3.4 dB for the downlink,
compared with 18.3 dB for the uplink. The source of the poor OPR in the uplink is a

matter for a separate discussion.

Since the proposed full-duplex bidirectional IMDD RoF system employed DSB
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and no optical filtering in both links, chromatic dispersion induced RF fading was ex-
pected. To verify the impact of fiber dispersion on the performance of the system, the
down-link and up-link optical signals were transmitted over 2 separate 500 m lengths
of standard signal mode fiber between the HEU and the RAU, with 2.5m wireless
transmission distance between the RAU and the WTU. FIG. 5.26 (A) shows the down-
link SNR curves for BTB and 500 m fiber transmission. A received power penalty of
2 dB was observed due to dispersion-induced RF fading.Down-link constellation dia-
grams with -6 dBm received optical power for BTB and 500 m fiber transmission are
shown in FIG. 5.27 (a) and (b) with corresponding average SNRs of 19.1 and 17.9 dB,

respectively.
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F1G. 5.26. SNR curves transmission at BTB and with 500m fiber transmission for
(A) down-link; (B) up-link.

The up-link SNR curves at BTB and 500 m are shown in FIG. 5.26 (B). Com-
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. (b)

F1G. 5.27. Constellations with -6-dBm received optical power for (a) Down-link at
BTB; (b) Down-link with fiber transmission; (¢) ' Up-link at BTB; (d) Up-link with
fiber transmission.

pared to the down-link signal, no-significant received power penalty was observed for
the up-link. The up-link constellation diagrams for -6 dBm received optical power for
BTB and 500m fiber transmission are shown in FIG. 5.27 (¢) and (d), with both hav-
ing an SNR equal to 14 dB, which is sufficient for FEC-coded error-free transmission.
The difference in the penalties suffered by the downlink and the uplink over the same
fiber transmission distance is attributed to the difference in the bias conditions and the

extinction ratios of the two optical modulators employed.

5.6.3 Summary

A symmetrical 2 x 21 Gbps full-duplex bidirectional RoF system using simple
double-sideband IMDD links was successfully demonstrated at 60 GHz. High speed
single-electrode MZM and R-EAM were employed in the downlink and uplink trans-

mission, respectively. 8QAM-OFDM signal modulation format was used. At least
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500m fiber transmission and 2.5 m wireless transmission distances were achieved,
without any dispersion compensation or optical filtering. The proposed full-duplex
ROF system is very simple and fully transparent, making it ideal for in-building high

data-rate wireless applications, which are characterized by short fiber spans.

5.7 Conclusion

60-GHz millimeter-wave system is a promising solution for the future Gbps
wireless communication. In this chapter, the feasibility of broadband 60-GHz RoF
techniques with data-rate beyond 10 Gbps using OFDM modulation formats was ex-
perimentally demonstrated using optical up-converison and one-step electrical up-
conversion. Optical up-conversion systems, including TSSB and frequency sextupling
systems, can reduce the bandwidth requirement of the transmitter and provides bet-
ter receiver performances. However, the system complexities are higher. Although
the receiver performance is not as good as the optical up-conversion systems, the
IMDD systems provide_a very. simple architecture and practical solutions. In addi-
tion, a 2 x 21 Gbps bidirectional full-duplex RoF system using IMDD techniques was

experimentally demonstrated.
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Chapter 6

MULTI-SERVICE HYBRID ACCESS NETWORK

Fiber to the x (FTTx) have been widely constructed for high data rate wired ser-
vices to provide triple play services including voice, data, and video [74]. On the
other hand, RoF techniques have'become a potential candidate for the future broad-
band wireless system. Due.to the requirement of high bandwidth, high flexibility and
high mobility in the next generation access networks, the convergence of FTTx and
RoF systems on an identical optical‘distributed infrastructure to provide wired and
wireless access services ‘at the same time are highly desired. Recently, simultaneous
generation and transmission’ of FI'Tx baseband (BB) and RoF RF vector signals us-
ing external modulators have been intensively investigated [14—17]. However, narrow
band optical filters at remote nodes are required in these proposed systems to separate
BB and RF signal for wired and wireless applications [14—17], which severely hinders
the implementation in WDM systems and is not compatible with the existing passive
optical network (PON) system. Moreover, DSB-CS modulation schemes have been
utilized in most of the proposed systems for RF signals [14—17,75]. As a result, only
on-off-keying (OOK) modulation format with lower spectral efficiency can be used

for RF wireless signals.

In this chapter, two architectures for multi-service hybrid access network which

simultaneously provide BB FTTx and RF Wireless services will be proposed. Since
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F1G. 6.1. Conceptual diagram of a multi-service hybrid access network system.

the wired and wireless services Share an identical optical network, the construction
and maintenance costs can be reduced. No narrow band optical filter is required at
remote nodes in these systems to separate the'BB and RF signals. Furthermore, the

proposed scheme does not suffer from the RF performance fading issue and it can

carry vector signals which are of utmost important for wireless applications.

6.1
MZM

6.1.1 Concept

Figure 6.1 illustrates the conceptual diagram of a multi-service hybrid access
network system. A dual-electrode MZM is employed to simultaneously generate RF

and BB signals. The bias of MZM is set at the quadrature point V; /2, where V  is the

Multi-Services Hybrid Access Network System Using A Dual-Electrode
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half-wave voltage of the MZM. The electrical OOK RF signal is generated by mixing
a BB OOK signal with a sinusoidal signal using an electrical mixer. At the same time,
the PSK signal is generated and up-converted to the RF frequency. Both the RF OOK
and RF PSK signals are divided into two identical signals by electrical power dividers.
The two driving signals of the dual-electrode MZM are the combination of the divided
RF OOK and RF PSK signals, except that the RF PSK signal of the upper arm driving
signal is delayed with 90° phase shift and the RF OOK signal of the lower arm driving
signal is delayed with 90° phase shift.

These two driving signals result in two optical SSB signals with the generated
optical spectrum on the different side of the optical carrier. At the remote nodes, no
optical filter is required to separate the BB OOK and RF PSK signals. As shown in
FIG. 6.2, the RF PSK signal and the-optical.carrier contribute only DC terms to the
BB signal after the PD square-law _detection and cause negligible interference on the
BB OOK signal after being removed by an electrical DC block. Thus, the BB OOK
signal can be easily recovered with a typical low speed receiver. The RF PSK signal
is obtained from the beating term.of the optical carrier and PSK optical sideband after
the PD square-law detetcion.<Therefore,-the RF PSK signal can be recovered using a

high speed receiver with an electrical filter without interference from the BB signals.
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FIG. 6.2. Conceptual diagram of a square-law detection of the proposed system.
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F1G. 6.3. Experimental setup for RF and BB signal generation and transmission.

6.1.2 Experimental setup

Figure 6.3 illustrates the experimental setup of the proposed system. A BPSK
signal is utilized for the RF signal in this demonstration. The RF BPSK signal is a
625-Mb/s pseudo random binary sequence (PRBS) signal with word length of 23! — 1
and up-converted using a 14.375-GHzsinusoidal signal. The RF OOK signal is a 1.25-
Gb/s PRBS with the word length of 23 = 1 and-up=converted with a 5-GHz sinusoidal
signal. A CW laser is generated by a tunable laser. A dual-electrode MZM which is
biased at the quadrature point is employed to modulate the CW laser. After the MZM,
a fiber Bragg grating is used to adjust the optical carrier power for receiver sensitivity
optimization. Before transmission over 25-km SSMEF, the hybrid optical signal is
amplified by an EDFA. At the remote node, the hybrid optical signal is separated
for different applications just using an optical coupler. For FTTx BB application, the
BB OOK signal is directly detected by using a commercial 2.5-Gb/s optical receiver.
For RoF applications, the RF BPSK signals are detected by using a high speed photo
receiver, down-converted to BB with 14.375-GHz sinusoidal signal, and then pass

through low-pass filters with 3 dB bandwidth of 625 MHz.
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6.1.3 Results and discussion

The optical power ratio between BPSK subcarrier and optical carrier is an impor-
tant parameter which influences the receiver sensitivity of BPSK signal. To optimize
the RF BPSK receiver sensitivity, the OOK signal is turned off first. Only the 14.375-
GHz BPSK REF signal is modulated on the optical subcarrier. The system sensitivi-
ties are measured with optical carrier to subcarrier power ratio of -6 dB, 0 dB and 6
dB. FIG. 6.4 plots the bit error rate (BER) curve for different optical carrier to sub-
carrier power ratio. The inset within FIG. 6.4 shows the sensitivity penalties versus
the power ratio of optical carrier power to RF BPSK subcarrier power at the BER of
107°. The corresponding optical spectra and eye diagrams are shown in FIG. 6.5.The
best receiver sensitivity is obtained when the optical carrier to subcarrier power ratio

1s 0dB.

-12-10-8 6 4 -2 0 2 4 6 8 1012
Power difference

L e

T L = A L= AR |- |
Received Power (dBm)

F1G. 6.4. BER curves of BPSK signals.

Compared with wireline transmission media (i.e. fiber), wireless signal is more

susceptive to the environment (the presence of radio-opaque obstacles, multipath in-
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terference etc.) Therefore, system operators need to'be able to freely adjust the power
ratio between wireline and wireless services‘according to geographic variation. The
proposed system provides an easily adjustable power splitting scheme to adapt dif-
ferent geographic landscapes. FIG. 6.6.illustrates the receiver sensitivity of both RF
BPSK and BB OOK signals at BER of 10~ with different RF OOK subcarrier to RF
BPSK subcarrier optical power ratio (Pook /Ppsk, Pook and Pgpsk are the powers
of RF OOK subcarrier and RF BPSK subcarrier, respectively). A eceiver sensitivity
trade-off between the BB OOK and down-converted RF BPSK signals is observed.
The sensitivities of BB OOK and RF BPSK signals can be adjusted according to the
needs of various environments. In this work, the BB and RF signals with the same
receiver sensitivities are set as the optimal condition, where the optical power of OOK
subcarrier is 1 dB higher than that of the RF BPSK subcarrier, as shown in FIG. 6.7.
At the optimal condition, there is about 3-dB penalty when the RF BPSK subcarrier is

turned on or off. Among this 3-dB penalty, 1.3-dB is due to the RF BPSK subcarrier
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power and 1.7-dB is due'to channel crosstalk and noises.

Figure 6.8 shows ithe receiving sensitivities of both the BB OOK and down-
converted RF BPSK sighals at BTB and following 25 km SSMF transmission. For
BB signals, there are three'terms of signals.after the square-law photo-diode detec-
tion: the optical carrier, the RF BPSK subcarrier, and the OOK subcarrier. Although
the optical carrier and the RF BPSK subcarrier contribute DC power to BB signals,
noises of these three carriers accumulate on BB signals after photo-diode detection.
Therefore, the BB OOK signal is noisier than the RF BPSK signal. However, the sen-
sitivities are still good enough for corresponding applications. The power penalties of

both the RF PSK and BB OOK signals at BER of 10~ are less than 0.5 dB.

6.1.4 Summary

Simultaneous generation and transmission of FTTx BB and wireless RF signals

by using a dual-electrode MZM for hybrid access is experimentally demonstrated in
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this section. No optical filter is needed at remote nodes for separating BB and RF
signals. The proposed system provides an easily adjustable receiver sensitivity scheme
to adapt different geographic landscapes. Following 25 km of SSMF, the receiver

sensitivity penalties of both RF and BB signals are less than 0.5 dB.

6.2 Multi-Services Hybrid Access Network System Using A DP-MZM

In last section, a multi-service hybrid access network system using a dual-
electrode MZM was proposed. However, a narrow band optical filter is still required
in the HEU to control the OPR between the PSK sideband and the optical carrier. In
this section, another multi-service hybrid access network system using a DP-MZM
will be proposed. All of the optical sidebands in this system are generated from dif-
ferent driving signals. Therefore, the OPR between the optical sidebands can be freely
adjusted by controlling the driving signals and no narrow band optical filter is required

to suppress the optical carrier power.

6.2.1 Experimental'setup

Figure 6.9 shows the experimental setup of the multi-services hybrid access net-
work system using a DP-MZM. A DFB laser is used as the optical source. Both 8PSK
and QPSK modulation formats with 312.5-MSymbol/s symbol rates are demonstrated
for the RF signals. The M-ary PSK signals are generated form an AWG with 2.5-
GHz carrier frequency and up-converted to 10-GHz using an electrical mixer with a
7.5-GHz LO signal. The 1.25-Gb/s OOK PRBS signal with word length of 23! — 1 is
generated using a pattern generator and up-converted to 5-GHz. A 10-GHz sinusoidal
signal is also employed for the generation of new optical subcarrier. The signals are
separated using 90° hybrid couplers. The 90° phase delays are added on the upper
path of OOK and PSK to generate USB signals, and the 90° phase delay is added on
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FIG. 6.9. Experimental setup of the multi-services hybrid access network system
using.a DP-MZM.

the lower path of the 10-GHz sinusoidal signal to generate LSB signal. The half-wave
voltages (V) of MZ-a and MZ-b«n theDP-MZM are 2.9 volts. In addition, the mod-
ulation indices (V,,,/ V., Vy, is the amplitude of the driving signal) for all the driving

signals are about 0.1.

At the output of the modulator, an EDFA is utilized to boost the optical power
and adjust to 0 dBm before sent into fiber. After transmission over 25-km SSMEF,
only an optical coupler is employed to separate the optical power of the hybrid signal
for different applications. For FTTx BB application, the BB OOK signal is directly
detected using a commercial 2.5-Gb/s photo receiver and sent into a bit error rate
tester (BERT) for performance analysis. For radio-over-fiber applications, the 20-
GHz M-ary PSK signal is detected using a high speed photo receiver, down-converted
with a 17.5-GHz sinusoidal signal, and then sent into a real time scope to capture

the time domain waveform for off-line analysis. In this work, 1024 symbols of PSK



121
signals are captured. The BER of the Gray-coded M-ary PSK are calculated using
BER = (1/logyM) x erfe[\/E[Nysin(rx/M)] [76,77]. Where M is the order of
the M-ary PSK signal, £ is the energy of the modulation symbol and N, is the noise

power spectrum density.

6.2.2 Results and discussion

In this system, all of the optical sidebands are generated from different driving
signals. Therefore, the OPR between the optical sidebands can be freely adjusted. To
optimize the RF PSK signal, the RF OOK signal is turned off first. Only PSK and the
10-GHz sinusoidal signals are sent into the dual-parallel MZM. FIG. 6.10 illustrate the
-log(BER) of both the 8PSK and QPSK signals with different PSK optical sideband
to optical carrier OPR. The, BER values of RE8PSK and QPSK signals are obtained
with -18.5 and -17-dBm optical power, respectively. The best receiver sensitivity of

both the 8PSK and QPSK signals are obtained when-the OPRs are 0 dB.

o —m— 8PSK (-18.5 dBm)
—e— QPSK (-17 dBm)

/.
N/
/

-log(BER)
B

S

QWO N O O

./.

10 -8 -6 -4 -2 0 2 4 6 8 10
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F1G. 6.10. -log(BER) versus Optical Power Ratio between PSK optical sideband and
new carrier.
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After optimization of the OPR between/PSK and new optical carrier sidebands,
the OPR between the RF OOK :and, optical carrier-sidebands are also needed to be
optimized. Compared with wired transmission-media, wireless signal is more sensi-
tive to the transmission environment., Therefore, system /operators need to be able to
freely adjust the power ratio betweenwired-and-wireless services according to geo-
graphic variation. FIG. 6.11 illustrates the receiver sensitivity of both RF PSK and
BB OOK signals at BER of 10~ with different new carrier to OOK signals OPR. The
receiver sensitivity trade-off between the RF PSK and BB OOK signals are observed.
In this work, RF and BB signals with equal receiver sensitivities are set as the optimal
condition, where the 8PSK and QPSK to OOK OPR are about 0 dB and 2 dB.

Figure 6.12 shows the -log(BER) curves of both the §PSK-OOK and QPSK-OOK
systems at BTB and following 25-km transmission of SSMF. No significant receiver
power penalties of both the RF and BB signals in 8PSK-OOK and QPSK-OOK sys-
tems are observed after the transmission. The constellations of the RF 8PSK and

QPSK signals, the eye diagrams of the BB OOK signals in 8PSK-OOK and QPSK-
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FI1G. 6.12. BER curves of OOK (w/ 8PSK), 8PSK, OOK (w/ QPSK) and QPSK.

OOK systems are also shown in FIG. 6.13.“After the transmission, no significant

distortions are observed‘in both-the RF and BB signals.

6.2.3 Summary

Simultaneous generation and transmission of wireless RF M-ary PSK vector sig-
nal and FTTx BB OOK signals for hybrid access networks are experimentally demon-
strated. No additional narrow-band optical filter is needed in the proposed system to
separate the RF and BB signals. Only a typical low-speed photo receiver is required
to recover the BB OOK single. Therefore, the proposed system is compatible with the
existing WDM PON system.

In addition, frequency doubling is also achieved in the proposed system. Gen-
erations of 20-GHz RF signals are experimentally demonstrated using 10-GHz RF
components in this work. Moreover, high spectral efficiency QPSK and 8PSK mod-
ulation formats can be used in the proposed system which is compatible with the

existing wireless communication system. After the transmission over 25-km SSMF,
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no significant receiver penalties are observed-in-both' RF and BB signals.

6.3 Conclusion

Two architectures for mulit-service hybrid access network were proposed in this
chapter. Simultaneous generation and transmission BB.OOK signal for FTTx and RF
PSK signal for RoF applications were achieved.:No narrow band optical filter which
severely hinders the implementation in WDM systems and is not compatible with the
existing passive optical network (PON) system is require at remote node to separate
the BB and RF signals. In summary, the proposed systems provide attractive and

cost-effective solutions for the next generation hybrid access networks.



Chapter 7

CONCLUSIONS

The demand and concept of optical millimeter-wave signal generation has been
discussed in the thesis. Conventional optical millimeter-wave signal generations based
on DSB, SSB and DSB-CS modulation schemes are discussed. DSB modulation is
the simplest architecture, but'chromatie-dispersion induced RF fading issue restricts
the fiber transmission distance.-SSB modulation scheme has no chromatic dispersion
induced RF fading issue. However, the week MI and high optical carrier power limit
the OMI of SSB signal. Because the high-OMI and no chromatic dispersion induced
RF fading issue, DSB-CS modulation scheme becomes a popular choice for optical
millimeter-wave signal generation. Moreover, frequency doubling can be achieved in

DSB-CS modulation scheme.

An optical millimeter-wave signal generation system with frequency quadrupling
was proposed in this thesis. The impact of the imbalance of the DP-MZM was inves-
tigated. 40-GHz optical millimeter-wave signal with 38-dB carrier and undesired op-
tical sideband suppression was experimentally demonstrated. Since no optical filter is
needed, the proposed approaches can be adopted for optical up-conversion in WDM
radio-over-fiber systems and continuously tunable millimeter-wave signal systems.
Four channels WDM up-conversion of 1.25-Gbps OOK signals were experimentally

demonstrated. Additionally, receiver sensitivity degradation due to MZM bias drifts
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is also investigated for 20-GHz WDM signals. The receiver power penalty can be
less than 1 dB when bias deviation ratios are less than 20% of the half-wave voltage,
which can be achieved using a bias feedback control system. After transmission over
a 50-km SSMEF, the receiver power penalties of both the BB and 20-GHz RF OOK
signals are less than 1 dB. The 40- and 60-GHz WDM up-conversion using 10- and
15-GHz RF driving signals are also demonstrated. The proposed system is compati-
ble with existing WDM PON system. Since only low-frequency RF components and
equipment are required, the proposed system is a potential solution for future WDM
up-conversion system.

Optical millimeter-wave generation with frequency octupling was theoretically
analyzed and experimentally demonstrated. Two commercially available DP-MZMs
are keys to the proposed system. V-band 60-GHz and W-band 80-GHz optical MMW
signal are experimentally generated from 7.5- and 10-GHz driving signals with 30-dB
undesired sideband suppression ratios.. Time domain waveform with a 50% duty cy-
cle is observed. After transmission of 25-km SSMF, no significant signal distortion
is observed. Optical MMW signal with frequency up to 320-GHz can be generated
using the state-of-the-art 40-GHz DP-MZMs:-The-proposed frequency octupling opti-
cal MMW generation is a potential solution for the future ultra-high frequency MMW
applications. W-band wireless communication based on the frequency octupling sys-
tem was experimentally demonstrated. Single-carrier 1.25-GSymbol/sec QPSK and
8QAM wireless data transmission at 102.5-GHz under direct bias modulation and 9-
mA photocurrent can be achieved with 170-cm wireless transmission distance.

Optical millimeter-wave signal generation with frequency 12-tupling was pro-
posed. The key to the proposed system is the optical high-purity millimeter-wave
signal generation with frequency quadrupling using a commercially available dual-
parallel MZM. 40- and 70-GHz high purity two-tone optical signals were experimen-

tally demonstrated from 10- and 17.5-GHz RF driving signals. Modulation depth trim-
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ming between MZ-a and MZ-b are employed to compensate the amplitude imbalance
between the MZM arms and improve the optical carrier suppression ratio. Following
optical frequency quadrupling, optical four-wave mixing was promoted utilizing an
SOA. Since the excellent optical carrier and harmonic distortion suppression ratio of
the FWM pump signals, only the second and sixth order sidebands were obtained at
the output of the SOA. After filtering out the undesired sidebands using optical in-
terleavers, high-purity optical two-tone signals separated by 120 and 210 GHz were
obtained. The optical carrier and harmonic distortion ratios of the generated 210- and
120-GHz optical two-tone signals were 20 and 30 dB, respectively. The frequency of
the generated optical millimeter-wave signal is 12 times that of the RF driving signal.
Millimeter-wave signals with frequency beyond 100 GHz can be easily achieved using
low frequency RF equipments.@nd compenents. Since the frequency response of the
state-of-the-art MZM is up t0 40 GHz; the proposed system provides a reliable and
cost-effective solution for optical millimeter-wave generation with frequencies of up
to 480 GHz.

To demonstrate the feasibility of 60-GHz RoF system, several 60-GHz RoF ar-
chitecture were proposed. Frequeney-doubling; high spectral efficiency vector signal,
and full-duplex systems were achieved in the TSSB system. The TSSB system does
not suffer from dispersion induced performance fading issue. An-symmetrical full-
duplex with 13.75-Gbps down-link and 1.25-Gbps up-link transmissions was achieved
in the TSSB RoF system. No significant receiver power penalties was observed after
transmission of 25-km SSMF.

To reduce the bandwidth of the transmitter, an 60-GHz RoF system with fre-
quency sextupling was proposed based on a modified SSB modulation scheme and
optical up-conversion system with frequency quadrupling. The generation and trans-
mission of 13.75-Gb/s QPSK-OFDM and 20.625-Gb/s 8QAM-OFDM signals occu-

pying the full 7-GHz license-free band at 60 GHz was experimentally demonstrated.
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After transmission over 25-km of standard single-mode fiber, no significant received
power penalty was observed with both OFDM signal formats. Based on the frequency
sextupling, the bandwidth requirement of the transmitter is only 10-GHz.

To demonstrate the symmetrical full-duplex system, 60-GHz RoF system based
on very simple IMDD architecture was proposed. A symmetrical 2 x 21 Gbps full-
duplex bidirectional RoF system using simple double-sideband IMDD links was suc-
cessfully demonstrated at 60 GHz. High speed single-electrode Mach Zehnder and
Reflective Electro-Absorption modulators were employed in the downlink and uplink
transmission, respectively. OFDM-8QAM signal modulation format was utilized. At
least 500m fiber transmission and 2.5m wireless transmission distances were achieved,
without any dispersion compensation or optical filtering. The proposed full-duplex
ROF system is very simple and fully transparent, making it ideal for in-building high
data-rate wireless applications, which are characterized by short fiber spans.

To achieve the multi-serviceshybrid access network, simultaneous generation and
transmission of wireless RF M-ary PSK vector signal and FTTx BB OOK signals for
hybrid access networks were experimentally demonstrated. No additional narrow-
band optical filter is needed in the proposed system-to separate the RF and BB signals.
Therefore, the proposed system is compatible with the existing WDM PON system.
After the transmission of 25-km SSMF, no significant receiver penalties are observed
in both RF and BB signals in the proposed systems. In summary, the proposed system
provides an attractive and cost-effective solution for the next generation hybrid access

networks.



Appendix A

IMBALANCE OF CONVENTIONAL MZM

Due to the manufacturing imperfection, the power splitting ratios of the Y-
splitters are usually imbalanced and provide limited extinction ratio in a real MZM.
FIG. A.1 shows a conceptual diagram of a conventional MZM with imbalanced Y-
splitters. ~; and 7, denotesthe couple factors of the input and output Y-splitters, re-
spectively. Assume that the optical field:at the input of the integrated MZM is defined
as E;,(t) = E,cos(w,t). The upper and lower arm optical field after the input Y-

splitter can be expressed-as

Ey=3/T—=1F, - exp[jw,t]

Ey = /71 - Es - expljwot]

(A.1)
When driving voltages are applied to the MZM, optical carrier phase shifts of ¢; and

=5 Aq)l E,

Ein V1 Y2

E2 A(PZ E2,
F1G. A.1. Conceptual diagram of an imbalanced MZM.
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¢ are introduced to the upper and lower arms signals. The phase shifts are

T
gbl - 5?(%1&91 + VRFI)

1 (A.2)
¢2 - 5?(‘/()7,(182 + VRFg)

,where V. is the half-wave voltage of the MZM, Vs, are the bias voltages, and Vi,
are the RF driving voltages. In a single-electrode MZM, A¢p; = —A¢py = A¢p. After
modulation of the electrodes, the optical fields in the upper and lower arms can be
expressed as

By = /1 =71+ E,-exp(jw,t) - exp(jAd1)

Ey = /71 - E, - exp(jwot) - exp(jAgs)

These two optical fields are combined at the output Y-splitter. Then, the output optical

(A.3)

field becomes

Eoutzj-\/%-EHm-E;
= E, - exp(jwot) - [ - /I = i a/3a - exp(jA 1)
+i v ﬂ - exp(jAg,)]
= Ein - [j-V/1T =71 VA2 exp(GAG) + ] - VA1 - /1 — 72 - exp(—jAQ)]

(A4)
Besides, the extinction ratio (ER) of this MZM is defined as
: T—~ /1=~
ERo |V VREVI—n V- (A5)

N ATRRVATERVA B TRV Tt
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With an ideal case, the couple factors are v; = v, = 0.5. Therefore, the optical field

after the modulation of the MZM can be presented as

Re{FEou} = Re{% + Einlj - exp(jA) + j - exp(—jAd)]}

= Re{j - E, - exp(jw,t) - cos(A¢)} (A.6)

1
= L Sin(wot) . COS(%V(‘/I)iGS + VRF))
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Appendix B

CHROMATIC DISPERSION INDUCED RF FADING
IN DSB MODULATION SCHEME

Due to the chromatic dispersion in a dispersive SSMF, the group velocity of an
optical signal transmitting in anioptical fiberis wavelength dependent. The wavelength
dependent group velocity.causes-a,phenomenon treferred to as group-velocity disper-
sion (GVD). When an ‘optical millimeterwave.signal is transmitted over a SSMF,
different phase shifts are introduced to each optical sidebands due to the chromatic
dispersion. When a DSBroptical signal-is-transmitted over the SSMF, the generated
millimeter-wave signal fades‘out with-the increasing of the fiber distance due to the

chromatic dispersion.

4, - cos [a)ot]

Al-cos[(a')&—a)RF)-t] Al-cos[(a)k+a)RF)-t]
Wo-WRF Wo Wo+ WRF

F1G. B.1. Conceptual diagram of a DSB optical spectrum.
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When an optical signal with wavelength of w transmits over a SSMF, the propa-

gation constant of the signal can be expressed as

¢ ) (B.1)
= o+ Bi(w — w,) + Eﬁz(w —wo)? -

where 3, = (d™/dw™)|.=,, is the derivative of the propagation constant evaluated
at a angular frequency of w = w,, and c is the speed of light. To simplify the analysis,
the high order terms can be ignored at 1550 nm. For a DSB signal as shown in FIG.
B.1, the propagation constants for the sidebands with frequencies of w = w, + wrp

are

Blwo % wrr) 2 fo F Bi(we)wn + %@%)%F (B.2)

and
1

B2 (Wa).= —W - D(w,)

(B.3)

, where D is the chromatic dispersion parameter, f, is the-frequency of the optical
carrier, wgp 1s the angular frequency of the millimeter-wave signal. For the SSMF, D

is 17 ps/(nm - km).

After the transmission over a SSMF of distance z, the electrical fields of the DSB

tones can be written as
OpticalCarrier : Ay - cos [wot — fo| - t

1
LowerSideband : A; - cos [(wo —wgr) -t — o+ 1 wWrr - 2 — 5 - Bo - Wi - Z}

1
UpperSideband : A; - cos [(wo +wgrp) -t — Bo— 1 wrF -2z — 5 - By -wéF .
(B.4)
After the PD square-law detection, the millimeter-wave with the frequency of wrp are

the combination of the beating term of the optical carrier and lower optical sideband,
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and the beating term of the optical carrier and the upper sideband. The photo-current

with the frequency of wgrr becomes

Ay A
Loy, =R- 02 1-COS|:WRF't—61'WRF'Z_é'BQ'WIQ%F'Z:|
B.5
AO'AI 1 2 ( )
+R- 5 - COS wRF't—ﬂl‘WRF'Z+§'52'WRF'Z

Leta = wrp-t— 1 -wrrp-zand b = % - B -w%F - z. Then, the generated photo-current

with frequency of wrp can be simplified as
Ag- A
Lopr =R- 02 L. [cos(a — b) + cos(a + b)]
Ao - Ay
2
=R Ay Ay - cos(a)eos(b)

-2 - cos(a) - cos(b) (B.6)
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F1G. B.2. Simulation results of dispersion induced fading of a 60.5-GHz DSB optical
millimeter-wave signal.
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Due to the chromatic dispersion, the generated photo-current with the frequency of
wrr is related to cos [(1/2) - By - w4y - 2]. Therefore, the generated millimeter-wave
signal fades out with a certain distance of fiber transmission distance.

Figure B.2 shows the analytical (Matlab) and numerical (VPI) simulation fading
results of a 60.5-GHz DSB optical millimeter-wave signal. The analytical and nu-
merical results are matched to each other. After transmission over 1-km SSME, the
60.5-GHz millimeter-wave signal fades out. In addition, a fading period of 2 km is

observed from the simulation results.
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