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1. Introduction

The wireless networking has attracted much interest in past decades, owing to its high
mobility. People can connect their devices such as PDAs, mobile phones or computers to a
network by radio signals anywhere in home, garden or office without the need for wires.
The global growth of mobile subscribers is much faster than wireline ones, as the Figure 1
shows (Yungsoo et al., 2003). The number of mobile subscribers worldwide has increased
from 215 million in 1997 to 946 million (15.5% of global population) in 2001. It is predicted
that by the year 2010 there will be 1,700 million terrestrial mobile subscribers worldwide. At
present, main wireless standards are Wireless LAN (WLAN), IEEE802.11a/b/g, offering up
to 54-Mbps and operating at 24-GHz and 5-GHz, and 3-G mobile networks,
IMT2000/UMTS, offering up to 2-Mbps and operating around 2-GHz. But with the
development of human society, people have higher requirements for the services, such as
video, multimedia and other new value-added services. In order to offer these broadband
services, wireless systems will need to offer higher data transmission capacities.
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Fig. 1. Global growth of mobile and wireline subscribers.
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By increasing operating frequencies of wireless system, a broader bandwidth can be
provided to transmit data with higher transmission speed. In Millimeter-wave (mm-wave)
band (30-GHz ~300GHz), about 270-GHz bandwidth can be utilized, which is ten times the
bandwidth in Centimeter-wave band (3-GHz~30-GHz). Moreover, the increase of operation
frequency helps to minimize the size of wireless equipment and improve the antenna
directivity. But free space loss increases drastically with frequency and obstacles such as a
human body may easily cause a substantial drop of received power at mm-wave band,
nullifying the gain provided by the antennas. Besides, the diffraction of mm-wave, the
ability to bend around edges of obstacles is weak (Smulders, 2002). Due to the characteristics
of mm-wave, the electrical delivery of mm-wave wireless signals over a long distance is not
feasible. Many research works have been done to transmit mm-wave over the fiber-optic
links, which exploit the advantages of both optical fibers and mm-wave frequencies to
realize broadband communication systems and contribute a lot to the development of mm-
wave Radio over Fiber (RoF) systems (Sun et al., 1996; Braun et al., 1998; Kitayama, 1998).
Figure 2 gives the architecture of mm-wave RoF system. Central Station (CS) and distributed
Base Stations (BS) are linked with optical fibers. In each pico-cell, BS communicates with
some Mobile Terminals (MT) by wireless signals at mm-wave band.
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Fig. 2. Architecture of mm-wave RoF system.

Main issues in mm-wave RoF system include the optical methods of generating low noise
mm-wave wireless signal and overcoming the influence of fiber chromatic dispersion on the
transmission of optical wireless signal. Because of the great amounts of BSs, to reduce the
system’s capital, installation and maintenance costs, it is imperative to make the distributed
BSs as simple as possible. Therefore, the signal processing works, such as modulation/de-
modulation for information conveying, cross-cell handover control, and etc. should be
centralized on CS, making the BS be a simple light-wave to mm-wave converter.
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In this chapter, a brief introduction of mm-wave RoF system will be given and the optical
techniques of generating mm-wave signals are presented. Unlike the conventional
discussions about mm-wave RoF systems focusing on the downlink only, the design of
bidirectional mm-wave RoF systems are considered. Two multiplexing techniques,
Wavelength Division Multiplexing (WDM) and Subcarrier Multiplexing (SCM) are
introduced to realize the distributed BSs. Fiber chromatic dispersion, the main cause of
performance degradation in optical communications also affects mm-wave RoF systems,
making the mm-wave fade with distance in the fiber links. The influence of fiber chromatic
dispersion on different mm-wave generation techniques will be discussed. The Medium
Access Control (MAC) protocols suitable for the fast handover of mm-wave systems are also
introduced.

2. Techniques of millimeter-wave signal generation in RoF Systems

The generation of mm-wave wireless signal in BS using optical techniques is the key
technical issue of mm-wave RoF systems. In the following context, three optical technologies
to yield mm-wave signal, such as direct intensity modulation, optical self-heterodyning and
Optical Frequency Multiplication (OFM) will be introduced.

2.1 Direct intensity modulation and external intensity modulation

The direct intensity modulation is realized by applying mm-wave directly to the laser and
change the intensity of the launched light, the mm-wave signal can be recovered in BS by
direct detection. Hartmannor et al. (2003) reported the experimental reuslt of using uncooled
directly modualted DFB lasers to transmit high data-rate Orthogonal Frequency Division
Multiplexing (OFDM) video signals over 1-km multi-mode fiber (MMF). The experimental
setup is shown in Figure 3. The video signal is transmitted from a mobile laptop to a
desktop PC.

@ Ethernet | | Access
Switch Point
PD

Fig. 3. The experimental setup of direct intensity modulation.
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The main drawback of direct intensity modulation is that the bandwidth of modulating
signal is limited by the modulation bandwidth of laser.

Another way to realize intensity modulation is to modulate the light launched from a laser
which operates in continuous wave (CW) mode in an external intensity modulator, e.g.,
Mach-Zehnder modulator (MZM) or electro-absorption modulator (EAM). Figure 4 gives
the scheme of generating mm-wave signal by using MZM (O'Rcilly et al., 1992).
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Fig. 4. The usage of MZM as external modulator.

It can be seen that a single laser source is required together with a MZM. By biasing the
MZM at Vpi, the half-wave voltage of MZM, the optical carrier at center wavelength will be
suppressed. The beat of upper and lower 1st side-modes will yield required mm-wave
signal, whose frequency is twice that of the mm-wave signal applied to MZM. The EAM is
also a candidate of external modulator (Kuri et al., 1999). The mm-wave produced by these
intensity modulation schemes have some advantages such as no line-width broadening due
to the fiber dispersion, but a mm-wave oscillator is required in CS inevitably, which is costly.

2.2 Optical self-heterodyning
The generation of mm-wave signal by self-heterodyning of two-mode light-waves has a
good effect to overcome the fiber chromatic dispersion (Gliese et al., 1996).
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Fig. 5. Configuration of the two-mode injection-locking of a FP LD for optical self-
heterodyning

Optical self-heterodyning is based on transmission of two phase-correlated optical signals,
at frequencies f; and f,. The difference of these two frequencies is the frequency of desired
mm-wave signal. After opto-electronic conversion at photodiode (PD) in BS, the mm-wave
at frequency f. (fc = f; -f3) is generated. Figure 5 shows the configuration of the two-mode
locking of a FP LD to generate 60-GHz mm-wave carrier. The 1st upper and lower side-
modes, obtained by applying MZM with 30-GHz radio frequency (RF) signal to modulate
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the CW output from a DFB LD are used to lock the two modes of the FP LD, whose mode
interval is 60-GHz (Ogusu et al., 2003). The main drawback of optical self-heterodyning is
the strong influence of laser phase noise and optical frequency variation on the purity and
stability of the generated mm-wave signal. The optical phase-locked loop (OPLL) has been
used to reduce the phase noise (Williams et al., 1989; Gliese et al., 1992). Hence the optical
self-heterodyning is a costly solution for photonic generation of mm-wave signal because it
needs a special laser system.

2.3 Optical Frequency Multiplication (OFM)

2.3.1 OFM by optical frequency sweeping technique

Optical Frequency Multiplication (OFM) is a kind of photonic methods which up-convert
low frequency microwave into mm-wave band.The mm-wave generation by OFM is based
on a technique called as optical frequency sweeping which is ideally implemented by
launching light-wave from a fast tunable laser which is swept periodically at a microwave
frequency, but this technique is infeasible, because this kind of tunable laser is unavailable
in the market.

Figure 6 gives an arrangement of OFM by an alternate optical frequency sweeping
technique. It can be seen that in CS a light-wave is launched by a laser diode operating at
CW mode and then phase-modulated in an extennal phase modulator by a microwave
signal at frequency fs with a large modulation index. The output light-wave becomes an
optical frequency-swept signal, having a lot of side modes separated by fs. This phase
spectrum is converted into an intensity spectrum by passing the phase-modulated light-
wave through a periodic optical filter such as Mach-Zehnder interferometer (MZI). These
intensity side modes beat with each other at the PD in BS producing a series of harmonics of
the sweeping signal. In this way, a mm-wave at frequency 2nfs is generated which can be
picked up using a narrowband band-pass filter and amplified for radiating into the air via
an antenna. In this scheme, the data signal can be intensity-modualted on the optical
frequency-swept signal by an external intensity modulator (Ton et al., 2003). The principle of
OFM is deduced as below.
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Fig. 6. The basic arrangement of OFM using optical frequency sweeping technique.
The electric field at the output of optical phase modulator is express as

E()=E exp(jot+ jBsinmt) 1)
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where £ is the amplitude of electric field; ¢ is the central angular frequency of optical
source; @ is the angular frequency of phase sweeping signal; gis the phase modulation

index. After passing through the MZI with delay parameter 7, the electric field becomes
E (1)=E exp(jot+ jBsinwt)+E, expljo (t—7)+ jBsinw,(t —1)] VA

The photo-current is proportional to E (r)x £ (¢) , i.e.

() = %R{EU ()% E (1)} = %RECZ ({1 + cos[w,7 + 28 sin(%) cos(@,f - %)]}

w @)
= %RE? (t){cos(w,7)[J, (2 sin %) + 22 J,,(2psin %)cos@nwj - no,7)]
—sin(a, f)[zi 1,, . (2psin %)cos((zn a2y oy

where R is a proportional constant related to the responsivity of PD. Ju(x) is the n-th Bessel
function of x. From (3) it is revealed that if @ 7 =k, (k = integer) and w r = 7z, each of even

harmonics in the photo-current approaches its maximum value while all odd harmonics
disappear, i.e.

() = %RE? 0,(28)+ 23 (1)1, (25) cos(2ne,1)] 4)

n=1

This means that the central wavelength 3 _of laser source and the delay constantz of MZI

should be kept to meet a specific relation, otherwise the mm-wave generation will not be
effective. For example, the parameters of system in Figure 6 are taken as: ;=5 GHz, 7 =0.1
ns, Ac = 2ct/k, where c is the light velocity in vacuum. If k=38706, 38707, 38708, Then
Ae=1550.147nm, 1550.107nm, 1550.067nm respectively. This means that Acdeviates from its
optimum value by 0.02nm will cause the desired harmonic to disappear.

Although this technique does not need any mm-wave oscillator and up-conversion chain
both in CS and in BS, the trouble in the real situation exists such as the temperature
dependence of 7 . If one wants the system stable, the MZI should be temperature stabilized
in addition to that the laser should be wavelength-tunable. Hence this kind of OFM
configuration for mm-wave generation is not cost-effective (Lin et al., 2008).

2.3.2 OFM by nonlinear modulation of dual-drive Mach-Zehnder modulator
Recognizing that there are two basic processes for OFM: one, optical phase modulation with
large modulation index to generate high order optical side-modes; another, phase
modulation-to-intensity modulation conversion to make self-heterodyne happen at PD. For
the implementation of phase modulation-to-intensity modulation conversion it is necessary
to have two laser beams interfering with each other, but MZI optical filter is not the only
device to make optical interference.

Actually a dual-drive Mach-Zehnder modulator (DD-MZM) is a parallel combination of two
optical phase modulators and its two arms can make optical interference happen. Therefore
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an OFM arrangement to generate mm-wave based on high order optical side-modes
generation & self-heterodyne using a DD-MZM can be configured as Figure 7.
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Fig. 7. The basic arrangement of OFM by nonlinear modulation of DD-MZM.

DD-MZM as a commonly used linear intensity modulator can also output optical wave with
many harmonics when it is modulated in a nonlinear way, i.e. driven by two large RF
signals applied to its two electrodes. Assuming g, the amplitude of electric field input to

two arms of DD-MZM; ¢, the time delay difference between two arms of DD-MZM; @, the
phase difference between two RF signals; A, , the initial phase difference of light-waves in

the two arms of DD-MZM; g, the phase modulation index caused by the RF signals;
o, and @_, the angular frequencies of the light-wave and the RF signal respectively;
@, (t+7)and ¢ _(¢), the laser phase noise in two arms of DD-MZM, the electrical field of
output light-wave from DD-MZM is

E, =E expljo (t+1)+ jBcos(o,(t+7)+0)+Ap, +¢ (t+7)]

®)
+ E_ expljot+ jfcosat+ o ()]
The photo-current i; (f) in PD produced by light-wave injection is
1 .
i,(t)= EREHEO = RE, {1+ cos[fcos(w t+ w1 +8) (6)

- fcosot+w,r+Ap, +o, (t+7)- @, ()]}

SettingAp = 0.7+ A@,. ,a = o1+ 6, i (t) can be simplified into the form following:

i,(t)= REL,2 {l+cos[f, cos(ot+a)—f,cosat+Ap+o, (t+71)— 0@, ()]}
=RE, + RE{cos[Ap + ¢ (t + 7) — ¢, ()] cos[ B, cos(@,t + ¢)] )
—sin[A@ + ¢ (t + 7) — @ (D)]sin[ S, cos(o,f + ¢)]}

where g = pl(cosa 1)’ +(sina)’]"?, ¢=tg"'[-sina/(cosa —1)]. In a DD-MZM, the two

arms are identical in length, therefore 7 =0, the laser phase noise terms in photo-current is



250 Microwave and Millimeter Wave Technologies: Modern UWB antennas and equipment

cancelled with each other. In addition, if @ =@ r+60=7 holds, then g, reaches its
maximum value24 and ¢ =0.
Expanding i, (t) into a series by using Bessel function gives

i,(t)= REC2 + REC2 {cosAp[J,(2) + 2i(—1)" J,,(2f)cos(2na,t)] ®)

+sin A(p[2i (-D"J,, 2B cos((2n - Dw,1)]}}

n=l

The photo-current is composed of a lot of even order harmonics and odd order harmonics of

the RF signal. By adjusting the bias voltage ¥, to make that

Ap=w1+Ap, =7V, |V, =00rz, cosAp=zxland sinAp =0, the odd order harmonics

disappear, while each even order harmonic reaches its maximum, i.e.

i, (1) = RE2[1£ ,(2) £ 23 (1" J,,(28) cos(2no,1)] ©)

n=1

where g = VIV, Vis the amplitude of RF signal, v, is the voltage for 7 phase shift of
MZM. If a specific value of (243) is taken, then the specific order Bessel function reaches its

maximum. For example, to generate 40-GHz carrier from 5-GHz signal (multiplying factor
2n=8), setting g = 4.8 gives J,(9.6) = 0.3244. The maximum amplitude of generated 40-GHz

carrier is (.6488 x RE * -

In comparison with the OFM scheme shown in Figure 6, OFM by nonlinear modulation of
DD-MZM has the following advantages:

(1) The optimum condition to make odd harmonics disappear and even harmonics
maximum is independent of the laser wavelength so that the tunable laser is no longer
necessary.

(2) The system does not need any periodic optical filter, such as MZI, to implement PM-IM
conversion, so that the system stability is improved by getting rid of temperature-sensitive
devices. Even the phase shift in each arm of DD-MZM also depends on the environmental
temperature, the two arms with the same length are integrated together in a compact
package so that the influences of temperature variation on the two phase modulators are in
balance and will be cancelled out.

(3) Laser phase noise is cancelled out so that the output spectrum of mm-wave is pure.

(4) The configuration of CS is most simplified by excluding the tunable DFB LD and the
MZI, so that cost saving is achieved.

Because the harmonics are generated in the condition that the phase modulation index is
high, a high power amplifier is required to amplify the RF signal. Many works have been
done to lower the driving voltage of MZM. A push-pull structure MZM with J_of 0.3V has

been proposed by Tsuzuki et al. (2006).
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3. Bi-directional mm-wave RoF System based on OFM by using DD-MZM

3.1 Bi-directional mm-wave RoF system based on OFM with IF sub-carrier

In addition to the photonic generation of mm-wave, an important thing is how to convey
baseband information on a mm-wave. One technique is to directly modulating the mm-
wave by the baseband information, another is to modulate the mm-wave by an intermediate
frequency (IF) sub-carrier which conveys the base-band information. The advantages of
utilizing an IF signal consist in that first, various modulation/demodulation schemes for
conveying the base-band information can be used as required by applications; second, the IF
signal inserted in the system can also be a pilot tone to generate a pure mm-wave in BS
which will be used as a local reference signal for down-converting the modulated mm-wave
received from the antenna back into an modulated IF signal; third, utilization of a group of
IF sub-carriers instead of one can more sufficiently exploit the bandwidth of mm-wave.

38-GHz |
BPSK |

100-Mb/s BPSK]. 4 s R H Y NS |
o T el Y e sk
Fig. 8. Bidirectional 38/40-GHz RoF system based on OFM using DD-ZM

Considering the cost-efficiency of bi-directional mm-wave RoF systems, the BS should be
configured as simple as possible and no complex electronic circuits, such as mm-wave local
oscillator, mm-wave up-conversion chain is needed in both CS and BS. Therefore, the
modulated mm-wave signal for radiation in downlink and the mm-wave reference for down-
converting the received mm-wave signal into IF signal in uplink need to be generated at the
same time after opto-electronic conversion in BS. Then the down-converted signal can be
easily modulated on the light-wave launched by a low cost FP laser and sent back to CS. A
bidirectional 40-GHz RoF system based on high order optical side-modes generation & self-
heterodyne using a DD-MZM can be configured as Figure 8 with observation points A, B, C...
O. In downlink, a 1550-nm polarization-adjusted laser beam in CS is injected into a DD-MZM,
whose two arms are DC-biased properly and RF-driven separately. Two 5-GHz sinusoidal
waves with phase difference m are driving the DD-MZM to carry out optical phase
modulation with a large index in each arm. At the combining point of DD-MZM, the two
optical beams with different phases interfere with each other converting optical phase
modulation into optical intensity modulation with many high order side-modes. These optical
modes are re-modulated in another IM by an information-bearing 2-GHz IF signal and then
transmitted over a downlink fiber of 20-km. Finally they beat at the PD in BS, generating many
electrical harmonics of 5-GHz signal, among which any harmonic can be picked up by a
specific narrowband band-pass filter. In this way not only a pure 40-GHz signal, but also a 38-
GHz mm-wave carrying 2x100-Mbps Ethernet data in BPSK format is generated. The latter
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will be amplified and radiated into the air via an antenna. In uplink, the 38-GHz signal from
the antenna is amplified by a low noise amplifier (LNA) and then mixed with the amplified
local 40-GHz signal, resulting in a 2-GHz IF signal. The filtered and amplified IF signal directly
modulates a FP LD, being sent back to CS via the uplink fiber and recovered at PD. Eventually
the amplified IF signal is BPSK-demodulated into 2x100-Mbps Ethernet data. The modulating
IF signal which carries the digital information in phase is expressed as

m(t) = cos(wt + ¢,) + sin(w it + ¢,) (10)
where ¢, is the angular frequency of IF signal; ¢ and ¢Q are the in-phase and quadrature
symbols of information carried by the IF signal. Including the modulation effect in IM, the

expression of photo-current given in (9) is modified as

i(t) = RE[1+ km(D][1 £ T, (28) + zi I, (2f)cos(2na 1)]

n=1

ik{i J,,2B)cos[2nw, + o)t + ¢ 1+ zw: 1,,2B)cos[(2now, — o)t — ¢, 1}

n=1 n=1

(11)

k(Y 1, 2B)sin[2nw, + o)t +$,1+ D1, 2B)sin[2na, - o)t - §,1}
n=1 n=1

where k is the intensity modulation index in IM. Obviously the photo-current contains not

only the IF side-bands centered at each harmonic of the RF signal, but also the pure

harmonics of the RF signal. The latter can be used as the local reference signal for down-

conversion process in reception from the antenna.
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Fig. 9. The optical spectrum of (a) laser source at A, (b) at C when single arm of DD-MZM
driven by +24dBm, (c) at C when single arm driven by +27dBm, (d) at C when dual arms
driven by +27dBm.



Millimeter-wave Radio over Fiber System for Broadband Wireless Communication 253

The experimental results are shown below. Figure 9 (a) shows the optical spectrum of the
DEFB laser. Figures 9 (b) and (c) show the optical spectrum expansion as the optical phase
modulation index increases in case that one arm of DD-MZM is driven. When the 5-GHz

driving power approaches to +27dBm, the =+ 4th side-modes rise to the highest
indicating 5=4.8, as shown in Figure 9 (c). Applying this best driving power to both arms of
DD-MZM, the optical spectrum shown in Figure 9 (d) becomes a carrier suppressed type

with strong side-modes around +20-GHz.
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Fig. 10. The electrical spectrum of (a) generated harmonics at D, (b) at D when 2-GHz IF
signal is added, (c) 38-GHz BPSK at E, (d) 40-GHz signal at J, (e) 2-GHz BPSK at O, (f)
Waveform of demodulated 100-Mbps Ethernet data.
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It is expected that strong 40-GHz mm-wave will be generated at PD in BS. This is proved by
the RF spectrum at PD output, as shown in Figure 10 (a) where 40-GHz peak is the highest
among other harmonics and odd harmonics disappear, because the bias voltage has been
adjusted to meet Agp = x . To maintain this optimum operating condition the DD-MZM has

been put in a temperature stabilizer. When the BPSK-modulated 2-GHz IF signal is turned
on, its spectrum appears around each generated harmonic, as shown in Figure 10 (b). Figure
10 (c) shows the spectrum of 38-GHz BPSK signal at point E in Figure 8. The filtered 40-GHz
signal is amplified to above +10-dBm at point ] with carrier-to-noise ratio (CNR) larger than
50-dB as shown in Figure 10 (d), and is good as a local signal for the mixer. The 2-GHz BPSK
signal from the mixer is amplified, transmitted over the uplink fiber and recovered in CS, as
shown in Figure 10 (e). Figure 10 (f) shows the BPSK-demodulated 100-Mbps Ethernet data,
giving the evidence that the proposed bidirectional 40-GHz RoF system is successful.

In this kind of bidirectional mm-wave RoF systems, the base-band digital information is
conveyed by IF signal, on which many modulation/de-modulation schemes, such as PSK,
QPSK, M-QAM and even OFDM can be used. In other words, this kind of bidirectional mm-
wave RoF systems is transparent to the base-band information and very flexible to various
applications. Larrode et al. (2006) demonstrated the generation of a 39.9-GHz mm-wave
based on OFM with 1.5-GHz IF sub-carrier, which is 16 or 64 QAM-modulated.

3.2 Bi-directional mm-wave RoF system with QPSK direct modulation

Although bidirectional mm-wave RoF systems based on OFM with IF sub-carrier are
advantageous in many respects, the width of an IF band limits very high speed transmission
over the RoF system. Quadrature phase-shift keying (QPSK) is much more widely used than
BPSK, since QPSK modulation scheme encodes two bits per symbol, which is twice the rate
of BPSK. The QPSK-modulated IF signal has been employed in mm-wave RoF system. Now
optical QPSK can be used to generate QPSK-modulated mm-wave signal. A system has been
realized by using two optical fiber links to transmit I and Q signals separately (Fuster et al.,
2001), but two PDs in BS have to be utilized, therefore it is not cost-effective.

Figure 11 gives a new design of 60-GHz bi-directional RoF system, whose modulation
scheme is optical QPSK, similar to a previous work (Zhou et al., 2008), but two DD-MZMs in
parallel connection are replaced by a four electrodes DQPSK Lithium Niobate (LN)
modulator (Doi et al., 2007), which can greatly overcome the problem of interference
intensity noise (IIN) caused by the time delay between the two optical paths.
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Fig. 11. The basic structure of optical QPSK bidirectional mm-wave RoF system.



Millimeter-wave Radio over Fiber System for Broadband Wireless Communication 255

As shown in Figure 11, two high-power 6.5-GHz RF signals with phase difference 7 /2 are
applied to one MZI's two electrodes of DQPSK modulator. And a 1.5-GHz IF signal for
generating pure mm-wave tone and 622-Mbit/s baseband signal, after 2 to 4 level
conversion drive another MZI’s two electrodes respectively. After photo-detection at the PD
in BS, the 58.5-GHz QPSK-modulated signal and pure 60-GHz signal are generated. This
configuration of mm-wave generation is analyzed as below. The output electric field from
the DQPSK modulator is expressed as

Eout (t) = E(r exp
+ E_ exp
+ E,_ exp
+ E_ exp

jot+ jBcosot+ jr/2+ jo, (1))
jo, t+ jBsinet+ jo, (1)]

jo t+ jacosw, t+ ¢, (1)]

jot+ j, + je, (0]

12)

— —,—,

where E is the amplitude of electric field; @, is the angular frequency of light source; ¢, is
the the angular frequency of RF signal; @, is the the angular frequency of IF signal; # and
a are the phase modulation indexes of RF signal and IF signal respectively; ¢, (¢)is the
laser phase noise; Oy is the QPSK phase symbol with random value taken in {0, /2, 7,
371/2}. The time delay difference between any two arms in the integrated DQPSK modulator

can be neglected.
The photo-current in BS isi,(t)=0.5xRE, (t)xE,, *(t) . Substituting (12) for E () gives

i, (t) in the expression as following

i,(1)=RE*{2+ 22 1, (N2B)sin[(2n— 1)1 - %)] +27, (a)i (=D" 1, (B)cos[(2n—-Dat]

+2J (a)cos(w,)[J,(B)+ 22(—1)” 1,,(B)cos(2nat)]
. = . (13)
+2cos @, Z D"1,, (B)cos[2n - t]+sing, [J,(B)+ 22 =D"1,,(B)cos(2naw,t)]

n=1 n=1

FI(@,(B)+ 221, (B)cosRner 0]+ 41 (@) cos(@, 031, ()sinl2n— 1]
+cosd, [J,(B)+ 2i J,,(B)cos(2nw,t)]+2sin g, i g, (B)sin[(2n - w,t]

n=1 n=1
+cos @, J,(a)+2sing, J, (a)cos(w,t)}
where cos(acosw,t) ~J (@) and sin(acosw,t) = 2] («) have been taken, because the

function of IF signal in this system is to generate pure mm-wave in BS as local reference
signal for reception down-conversion, therefore the modulation index o should be small
enough to make the linear modulation of IF signal onto the light-wave.

From (13) it is revealed that only the odd harmonics of RF signal have quadrature
components. It means that only the odd harmonics of RF signal can convey the baseband
information in QPSK form, whose (2n-1)th components are expressed as
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F, = 2RE (), (N2B)sin[(2n — 1)@t — )+ J,(@)(~1)" I, (B)cos[(2n ~ e ]
4 .
+cosd, (=1)" 3, (B)cos[(2n - 1] +sing, I,  (B)sin[(2n 1w ] (14)
+J ()], (B sin[(2n - Do, + @, )t]+sin[(2n - Do, - o, )]}
where the first two terms are the (2n-1) th harmonics of RF signal; the second two terms
represent the QPSK-modulated (2n-1)th harmonics of RF signal; the last two terms represent

the IF side-bands centered at the (2n-1) thharmonics of RF signal.
If n=5, the 9th harmonics of RF signal are expressed as

F, = ZREf {J, (\/Eﬂ) sin(9w 1 — %) —J ()] (B)cos(9m 1)
—1,(B)[cos g, cos(w t) —sing, sin(9a 1)] (15)
+1, ()1, (B){sin[Ow, + »,)t]+sin[Ow, — @, )t]}}

Taking f =6.5GHz, f, =1.5GHz, f, = 58.5GHz, Simulation has been performed using VPI

software. Figures 12 (a) and (b) shows the optical spectrum of QPSK-modulated 58.5-GHz
signal and 60-GHz reference signal for down-conversion in uplink. The QPSK modulated
1.5-GHz signal resulting from down-conversion is shown in Figure 12 (c). The constellation
of demodulated 622-Mbit/s QPSK vector is given in Figure 13.

@) (b) ©)
Fig. 12. The electrical spectrum of (a) QPSK-modulated 58.5-GHz signal, (b) pure 60-GHz
carrier, (c) QPSK-modulated 1.5-GHz signal after down-conversion.

Fig. 13. Constellation of recovered QPSK signal.
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3.3 Multiplexing of RoF system

3.3.1 Subcarrier Multiplexing (SCM) in RoF Link

SCM technology has been widely used in analog cable television (CATV) (Olshansky et al.,
1989). Optical SCM technology which multiplexes various signals in the RF region and
transmitted at a single wavelength can also be helpful to improve the bandwidth utilization
of mm-wave provided by mm-wave RoF system. Garcia et al. (2005) proposed to apply
optical SCM to RoF system based on optical frequeny sweeping technology. In optical
frequency sweeping technology, the maximum mm-wave bandwidth supported by one
wavelength is limited by half the RF sweep frequncy f ,ie.if f =5-GHz, as described in

Section 2.3.1, the maximum mm-wave bandwidth can achieve 2.5-GHz. If the bandwidth of
data signals on the sub-carriers exceeds fi,l2s overlapping of the double-sided bands

obtained at every harmonic occurs. As shown in Figure 14, data channels on sub-carriers
below f /2 can be used to modulate the swept light source.
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Fig. 14. Bandwidth capacity of optical frequency sweeping technique.
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Garcia et al. (2005) set up an experiment to demonstrate the feasibility to transmit the
multiple RF signals at a single wavelength. The experimental setup is shown in Figure 15.
Two 64 QAM-modulated signals on two sub-carriers at 500-MHz and 1-GHz are transmitted
simultaneously in a RoF link. After 4.4-km fiber transmission in a RoF link based optical
frequency sweeping, these two 64 QAM-modulated signals can be up-converted to 17.3-
GHz and 17.8-GHz.
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Fig. 16. An alternate setup of SCM RoF system.
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Fig. 17. Bandwidth capacity of OFM by nonlinear modulation of DD-MZM.

In section 2.3.2, it is pointed out that OFM by nonlinear modulation of DD-MZM is much
better than OFM by optical frequency sweeping, therefore an alternate setup to Figure 15 is
made as Figure 16, where a push-pull driven DD-MZM replaces the phase modulator plus
MZI in Figure 15. Although the odd harmonics can be depressed in this scheme, according
to equation (9) (in section 2.3.2), the bandwidth capacity of this technique is the same as
optical frequency sweeping technique, as shown in Figure 17, f is the frequency of RF

signal applied to DD-MZM. Because the bandwidth capacity is decided by the bandwidth of
each optical side-mode, generated by nonlinear modulation of DD-MZM, rather than that of
generated mm-wave harmonics after opto-electronic conversion.
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3.3.2 Wavelength Division Multiplexing (WDM) in RoF Link

The bidirectional RoF systems, discussed in Section 3.1 and 3.2, have been demonstrated as a
cost-effective scheme to generate mm-wave signal and realize bidirectional transmission. All
those proposed systems can also realize the architecture with distributed BSs operating at
one wavelength. As depicted in Figure 18, CS broadcasts the data packets at one wavelength to
all BSs. Each BS extracts its own packets and transmits the data signals, which are up-converted to
mm-wave band, sent to MTs. In other words, CS allocates different time slots for different BSs,
and makes the RoF system work in Time Division Multiplexing (TDM) scheme.

Fig. 18. Principle of bidirectional RoF system with distributed BSs based on TDM.

The basic priciple of TDM RoF system is like that of EPON, which is shown in Figure 19. But
the realization of TDM in EPON is based on special protocols and techniques and both
Optical Line Terminal (OLT) and Optical Network Unit (ONU) need to own the ability of
data processing (Kramer, 2006). Because BS in RoF system corresponds to ONU in EPON, if
each BS is in charge of data processing instead of a transparent interface, the system can not
be cost-effective.

Fig. 19. The basic structure of EPON
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Many research works have been done to realize RoF system with distributed BSs
incorporating Wavelength Division Multiplexing (WDM) (Stohr et al., 1998; Griffin et al.,
1999). Compared to incorporating TDM, a RoF system based on WDM does not need
complex protocols to handle data and can make the structure of BS as simple as possible.
The utilization of WDM can simplify the network architecture by using different
wavelengths to feed different BSs, and greatly simplify network upgrade and maintenance
by enabling the introduction of new services and the deployment of additional BSs
(Nirmalathas et al., 2000). Figure 20 shows a star-tree architecture for a RoF system
incorporating WDM. In the system, the fiber links from the CS form the star part of the
architecture while the tree part is at the remote node (RN) with each branch feeding a
different BS pico-cell. Each RN, as one arm of star feeds its group of BSs by its own unique
WDM wavelengths for both the downlink and the uplink.

Fig. 20. Star-tree architecture for a RoF system incorporating WDM.

A WDM mm-wave RoF system with a star-tree architecture has been demonstrated (Smith
et al.,, 1998). In this system, three SCM mm-wave signals each carrying 155-Mb/s data are
transmitted in the RoF link. An alternative WDM RoF architecture is the ring network
shown in Figure 21. The ring topology allows the allocation of a single wavelength to a
particular BS and the wavelength routing is enabled via optical add-drop multiplexers
(OADMs). The CS provides a number of wavelengths each carrying multiple modulated RF
subcarriers. Uplink transmission is achieved by modulating uplink RF signals onto an
optical carrier at the same BS wavelength, and adding it back into the ring via the OADM
(Nirmalathas et al., 2000).
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Fig. 21. Ring architecture for a RoF system incorporating WDM.

3.3.3 Distributed mm-wave RoF system incorporating WDM and OFM

OFM techniques have been demonstrated as the effiecient ways to yield mm-wave signals,
as discussed in section 2.3. In this section, a distributed 40-GHz RoF system and its MT
design will be proposed in Figure 22 (The appropriate RF amplifiers are not drawn for
simplicity). In this system, a high power 5-GHz RF signal is applied to DD-MZM. The
bandwidth capacity of the system can achieve 2.5-GHz. CS broadcasts the downlink optical
signals to each BS at one wavelength, which reduces the number of modulators such as DD-
MZM and IM in CS. BS as a transparent interface is only in charge of optical-electronic
conversion work. In MT, Data Processing Unit demodulated the 2.5-GHz signal and
extracted the data frames sent with its ID number (MAC address).
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Because the modulation scheme discussed in section 3.2 is adopted, pure 40-GHz reference
can be yielded together with the 37.5-GHz modulated signal in BS. Unlike the BS design in
section 3.1, both 40-GHz carrier and 37.5-GHz modulated signals are transmitted from BS to
MT in this system. Therefore, the 40-GHz carrier can be used as mm-wave reference for both
BS and MT. In the uplink, each BS transmits the down-converted 2.5-GHz signal back to CS
with a different wavelength.

4. Millimeter-wave fading induced by fiber chromatic dispersion in RoF
system

The fiber chromatic dispersion is always one of critical problems in optical communications.
Optical components at different frequencies travel through the fiber at different velocities. A
pulse of light broadens and becomes distorted after passing through a single-mode fiber
(Meslener, 1984). To mm-wave RoF system, the fiber chromatic dispersion causes the
remarkable mm-wave fading (Schmuck, 1995).

4.1 Analysis of chromatic dispersion in intensity modulated RoF system

The intersity modulation schemes of yielding mm-wave signal have been introduced in
Section 2.1. Those schemes may be sensitive to fiber chromatic dispersion. For example, an
external optical modulator (MZM) is used to modulate CW optical signal with a RF signal.
The electric field at the output of optical modulator is express as (Schmuck, 1995)

E(t)=E, cos[d - % +m- %cos ,t]-cosaw,t (16)

where g is the amplitude of electric field; @, is the central angular frequency of optical
source; @, is the angular frequency of RF signal; s = V. /V_is normalized amplitude of the
driving RF signal; ¢ = v,V is the normalized bias voltage of the modulator; y_is the

7 shift voltage of the modulator.
The electric field for V,=V_/2, after the transmission over a fiber link can be expressed by

Bessel functions

E@) =B eos@ +) == (B feosl(@. — @, -+ 41+ cosl(@, + @, )+ 4]} (17)

where B=mn/2; ¢ , ¢ and ¢ represent the different phase delays of the optical

components due to the fiber chromatic dispersion.
After photo-detection at the PD, the power of wished mm-wave signal can be approximately
expressed as
D;tz 2
poc COSz[ﬂCD(ﬂ)Z z]= cosz[u] (18)
c

c
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where D represents the fiber group velocity dispersion parameter; c is the velocity of light in
vacuum; 7 is wavelength and z is the fiber length. If parameters are chosen as: c=3x108-m/s,

D=17-ps/(kmx nm), A = 1550-nm, /o =40-GHz, the relation between the amplitude of mm-

wave and the transmission distance in fiber is shown in Figure 16. It shows that the
amplitude of mm-wave changes with the transmission distance so fast that this mm-wave
generation scheme can not be used in practice.

Fig. 16. The relative amplitude of 40-GHz mm-wave varies with the fiber length

Many methods have been proposed to overcome the mm-wave signal fading induced by
fiber chromatic dispersion. Smith et al. (1997) proposed a method to generate an optical
carrier with single sideband (SSB) modulation by using a DD-MZM, biased at quadrature
point, and applied with RF signals, 7 /2 out of phase to its two electrodes. The RF power
degradation due to fiber dispersion was observed to be only 15-dB when using the
technique to send 2 to 20-GHz signals over 79.6-km of fiber. By using an optical filter to
depress one sideband. SSB optical modulation is realized and demonstrated by Park et al.
(1997). Moreover, stimulated Brillouin scattering (SBS), a nonlinear phenomenon in optical
fiber was applied to realize SSB modulation by Yonenaga & Takachio (1993).

4.2 Fiber chromatic dispersion in OFM techniques

In this section, the chromatic dispersion in OFM techinques will be discussed. According to
the basic arrangement of optical frequency sweeping technique, shown in Figure 6, the
equation (2) can also be expressed as (Walker et al., 1992)

E, () = f(@0exp(jo.0) = Y F, explj(@, + na, )] 1
where the harmonic components F is given by:
=== [" f(@)exp(-jnd)do (20)
2w o7

f(0)=E_ exp(jBcosf)+E_ exp[jfcos(d —wr1)- jor] (21)
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The fiber transfer characteristic can be written in the form
H(w) =exp[—j(k, + k (0—,) +%(a)— @) +--)z] (22)

where the first term is a constant phase shift, the second term is constant propagation delay
and the third term is the first order dispersion of optical fiber. At the angular frequencies of

side modes in the light-wave, H(®) has the values:
k
H, = H(w, +nw,) = exp[-j(k, + kno, + —n’0)z] = exp[-j(k,z + k,new,z + n’ ] (23)
. s T s

where ¢ =k, »’z/2 represents the fiber dispersion at the angular frequency of the first side-
mode.

The first order dispersion constant D of fiber is related to k&, by the

expression p = -2zxck, / 1., therefore @is related to D by

a)$2 Dﬂf

Q= z (24)

4rc
where c is the light velocity in vacuum, z is the transmission distance in fiber and 4_1is the

working wavelength.
The electric field of light-wave at output of the fiber is

E (1)= i F H explj(w +no)t] (25)

The photo-current produced in PD is

i ()< E (DE. ()= z Z FF H H explj(n—m.r] (26)

n=-0 m=-n

Setting p = n — m and substituting (20) and (23) for F and H in (26) gives

> 1 % .
() Y [ 10 p0)/ O+ po) exp(—ipO)d, explipe, i~k )

p=0

@7)
=3 1 exp(jpe, (1 —k,2)

Hence the amplitude of p-th harmonic in photo-current after transmission over the fiber
becomes

1 ¢ "
I, =;j FO=po)f(O+ pp) exp(~jpO)dO (28)

Substituting (21) for f(€) in (28) and performing the integration give
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) . , .
1, =E{J,(2Bsin pp) +exp(—jpo,r)J ,(2fsin pp) )
29

> b ws‘z— M wVT
+exp(jo,r — jp T)J ,(2Bsin(pp — T))

.

T
i

+exp(—jo, — jp 50N, (2 sin(pe +
So the pth harmonic can be approximately expressed by
F,=1,exp(jpoit)+1_,exp(—jpa,t) (30)
Applying the parity of Bessel function to equation (38), F can be written as

F,= 2F? 1/, (2Bsin pp)[cos pa,t + cos(pa,t — po,T)]

or (31)
2

T

2

s

) cos(pm,t - p “’2

+J,2Bsin(pp + -0,7)

+J,(2Bsin(pp - 25)) cos( pat — p% +@,7)}

The intensity modulation depth M, is defined as M,=F,F|- In the condition that the
optimized condition (@ 7 =k7,0 1 =) for optical frequency sweeping technique is

satisfied, the intensity

(@) (b)
Fig. 17. The intensity modulation depth of 12th harmonic in the (a) satisfied condition, (b)
unsatisfied condition.

modulation depth of 12th harmonic with transmission distance is shown in Figure 17 (a).
Figure (b) shows the intensity modulation depth in the unsatisfied condition and the odd
harmonics appear.

Lin et al. (2008) analyzed the mm-wave fading caused by fiber chromatic dispersion in the
OFM scheme using nonlinear modulation of DD-MZM. The result is drawn in Figure 18,
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together with the result of double side-modes IM (without carrier depression) for
comparison. It can be seen in Figure 18 that in the double side-modes IM scheme the
amplitude of generated 40-GHz mm-wave behaves 100% fading with periodic zeros at
different fiber lengths. In contrast, in OFM scheme using DD-MZM, the amplitude fading of
generated 40-GHz mm-wave is much weaker, only 30% and without zeros. Furthermore, the
minimum amplitude happens in much longer period. This means that OFM by using DD-
MZM is a good mm-wave generation method with tolerability to fiber chromatic dispersion.
Conceptually, OFM by using DD-MZM is such a system that generation of mm-wave is the
superposition of several mm-waves generated by self-heterodyne of several pairs of optical
side-modes. So the interference of several mm-waves at the same frequency results in only a
little amplitude fading.

Fig. 18. Amplitude of 40GHz mm-wave varies with fiber length in double side-modes IM
scheme and DD-MZM OFM scheme.

5. Fast handover in mm-wave RoF system

There is much more free space loss at mm-wave band than that at 2.4-GHz or 5-GHz, since
free space loss increases drastically with frequency. In principle this higher free space loss
can be compensated for by the use of antennas with stronger pattern directivity while
maintaining small antenna dimensions. When such antennas are used, however, antenna
obstruction (e.g., by a human body) and mispointing may easily cause a substantial drop of
received power, which may nullify the gain provided by the antennas. This effect is typical
for mm-wave signals because the diffraction of mm-wave signals (i.e., the ability to bend
around edges of obstacles) is weak (Smulders, 2002), so a mm-wave communication
network has many characteristics quite different from conventional wireless LANs (WLANSs)
operating in 2.4 or 5-GHz bands.

Due to the free space loss of mm-wave signal, the coverage of BS, as pico-cell has been
smaller than that of Access Point (AP) in current WLAN. The small size of pico-cell induces
the large number of BSs and frequent handovers of MT from one pico-cell to another. As a
result, the key point in designing the Medium Access Control (MAC) protocol for mm-wave
RoF system is to provide efficient and fast handover support. A MAC protocol based on
Frequency Switching (FS) codes can realize fast handover and adjacent pico-cells employ
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orthogonal FS codes to avoid possible co-channel interference (Kim & Wolisz, 2003). A
moveable cells scheme based on optical switching architecture can realize the handover in
the order of ns or ps (Lannoo et al., 2004), which is suitable to all MTs moving at the same

speed, for example in a train scenario. In this way, MT can operate on the same frequency
during the whole connection and avoid the fast handovers. Based on moveable cells scheme,
Yang & Liu (2008) proposed a further scheme, in which the adjacent pico-cells are grouped
as a larger cell, and along the railway all the BS in this larger cell use the same frequency
channel. When n adjacent pico-cells are grouped, times of handover can be decreased n-fold.

6. Conclusion

In this chapter, many technical issues about the mm-wave RoF systems are presented. Firstly,
three kinds of mm-wave generation techniques are introduced. In those techniques, OFM
techniques realized by optical frequency sweeping and nonlinear modulation of DD-MZM are
mainly discussed and the latter is proved to be a more stable and cost-efficient way to yield
signal at the mm-wave band. Unlike most research works by now only concentrating on the
downlink of RoF system, the design of several bidirectional mm-wave RoF systems is described
which deals with the uplink as optical transport of IF signal, generated by down-conversion of
mm-wave signal. The information-bearing mm-wave for radiation and the reference mm-wave
for down-conversion are all generated in BS by OFM. Then, two multiplexing techniques, WDM
and SCM are introduced to mm-wave RoF systems. Star-tree and ring architectures are adopted
in mm-wave RoF systems to realize the distributed BSs. After showing the large bandwidth
capacity at mm-wave band provided by OFM techniques, incorporating SCM to RoF system is
demonstrated to improve the utilization ratio of large bandwidth. Considering the influence of
chromatic dispersion in fiber on mm-wave fading, a common analysis on the effect of fiber
chromatic dispersion to mm-wave generation techniques (i.e., intensity modulation and OFM)
are given and OFM by using DD-MZM is proved to be tolerable to fiber chromatic dispersion.
Due to the great free space loss of signal at mm-wave band, the coverage of each BS is very small
and the handover of MT becomes a problem. To meet the real-time communication requirements
for mm-wave systems, several MAC protocols suitable either to efficient and fast handover or to
moveable cells schemes, which make the MT avoid the fast handover problem, are introduced.
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