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Millimeter-wave (mm-wave) radio over fiber (ROF) using dispersive single-mode fiber is susceptible to signal cancellation

effect at the output of the uni-travelling carrier photodiode at the base station (BS). The fiber dispersion effect produces

different phase shifts of the sidebands of the intensity-modulated lightwave which can produce a cancellation of the output

signal when mixed with the optical carrier. In this paper, we propose and analyze a novel scheme of mm-wave ROF which

uses microwave modulation at the central station (CS) and frequency upconversion before the BSs. This scheme can

overcome fiber dispersion-induced signal cancellation effect.
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A survey of available references indicates that extensive re-
search works are being done on millimeter-wave (mm-wave)
radio-over-fiber (ROF) system all over the globe!'!?.. Trans-
mission of optical and mm-wave signals over a fiber-optic
link has been studied™*'*-** well in the last decade. Researches
on the generation, modulation and detection of signals in ROF
systems have been carried out in the recent past®®. Applica-
tions of frequency upconversion in ROF system have been
studied"®!. Effects of dispersion, laser linewidth and laser
phase noise have been investigated!”.

The intensity-modulated lightwave has an optical carrier
and two principal sidebands in its spectrum. The upper and
lower optical sidebands suffer different phase shifts due to
the group velocity dispersion (GVD) of the single-mode fi-
ber during their propagation through the fiber. The GVD-
induced phase shift depends on the modulation frequency
parabolically. If we use mm-wave modulation of the lightwave
in the central station (CS), the dispersion-induced phase shift
becomes considerable even when the fiber length is less than
1 km. When the sidebands are mixed with the optical carrier
in the photodiode at the base station (BS), the output signal
is reduced, which depends on the mm-wave frequency and
the fiber length, and the detected signal amplitude can go
down to zero level. It is called fiber dispersion-induced sig-
nal cancellation effect.

In this paper, a novel scheme of mm-wave ROF is pro-
posed using an optical comb source operating at central wave-
length of 1.55 um, where a group of optical comb lines are
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intensity modulated by a group of microwave subcarriers,
and the microwave-modulated optical signals are transported
from the CS to the proximity of the BSs through a single-
mode fiber. At the intermediate station close to the BSs, the
microwave-modulated lightwaves are intensity modulated
again by a 60 GHz local mm-wave signal in a polymer
modulator. It produces frequency upconversion of the modu-
lation signal from microwave to mm-wave. The unique ad-
vantage of the proposed scheme is that the chance to detect
the signal cancellation at the BS is reduced. The scheme is
very useful when the BSs are distantly located from the CS
in the case in metropolitan cities.

A schematic diagram of the proposed mm-wave ROF is
shown in Fig.1. A source of optical comb lines operating at
the central wavelength of 1.55 um is taken, which delivers n
optical carriers with wavelengths of A, 4., A,,-**,4,and a
typical line spacing of 50 GHz. Each optical carrier is inten-
sity modulated in a lithium niobate Mach-Zehnder light in-
tensity modulator (M-ZLIM). A modulator is assumed to
modulate a particular optical carrier of A, by the microwave
signal with frequency of /. In practice, the modulation sig-
nal is a band-limited cable television (CATV) signal. The
n intensity-modulated lightwaves are combined in an optical
combiner, and the combined output from the CS propagates
through a single-mode fiber to the BSs. Before the signal dis-
stribution among the BSs, the microwave signal is upcon-
verted to 60 GHz mm-wave modulation. The frequency
upconverter is a polymer modulator which produces light
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intensity modulation by the local mm-wave signal at 60 GHz.
The mm-wave modulated lightwaves are amplified in an er-
bium doped fiber amplifier (EDFA) which typically has the
gain of 20 dB and the bandwidth of 8 nm. The amplified
lightwave is splitted in a 1 X n optical power splitter, and
the optical signals are distributed among the BSs. In the BS,
the mm-wave modulated lightwave is detected by a
photodiode, and the desired mm-wave signal is filtered by a
mm-wave band pass filter. The mm-wave signal carrying the
CATYV signal is radiated by an antenna over the subscriber
premises. Since the initial modulation is in the microwave
frequency region, the effect of fiber dispersion on the opti-
cal sidebands can be smaller when the mm-wave modulation
is used in the CS. So the signal cancellation effect induced by
fiber dispersion can be avoided in this scheme.
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Fig.1 Schematic diagram of the proposed mm-wave ROF
system

We first consider that the signal mitigation effect is due
to fiber dispersion. The electric field of the optical carrier in
the intensity-modulated lightwave can be represented by

E()=E sinwt , €))
while the upper and lower sidebands are expressed as
E ()=E msin(w,*w ), 2)

where E_ is the electric field amplitude, and 2m is the inten-
sity modulation index. We assume 2m << 1. The time which
is taken by the optical carrier in propagating through a single-
mode fiber with length of L is

t,=— 3)

where v, is the group velocity of the carrier wave. Now,

ow
Vg == > (4)

p
where  is the circular frequency of the lightwave, and  is
the phase shift constant. Since the time of propagation of the
lightwave through the fiber is a function of ®, we can write
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where £, = _is known as the GVD parameter.

In the photodiode, the upper sideband and lower sideband
are mixed with the carrier, and the difference frequency sig-
nal is generated which appears as the detected signal at the
photodiode output. The upper sideband and the carrier pro-
duce a signal as

Eu (t) = %mEcz() COS(COth + a)cLﬁZa)m + LﬁZwri) . (6)

Similarly, the lower sideband and the carrier produce an out-
put signal as

E() = %mE cos(@yt, + 0 Lfa, L) . (T)

The sum of these two signals of £,(¢) and E,() appearing
at the output is proportional to cos( L3, ). Depending on
the values of L and @, the value of the term LS, @, canbe /2,
and in this case the detected signal at the output becomes
zero. It is called the cancellation of the detected signal. If the
value of w, is large, which is more likely for mm-wave modu-
lation around 60 GHz, the value of the factor L3,_ may be
/2 or even greater, and there is a chance to have the signal
cancellation. If we use microwave modulation (typically, less
than 10 GHz) in the CS, the adverse effect can be reduced,
and the detected signal will not be cancelled. The dispersion

2nc
7
where c is the vacuum velocity of light, and A is the wave-
length of the lightwave. As an example, taking Z=1 km, A=1.55
um, D=17 ps/(km-nm) and / =5 GHz, we get Lf,w;,=0.021
rad, whereas with / =60 GHz, we get L3,w;, =3.08 rad.

m

parameter D is related with 8 by the relation of D =— B
2

A comb line with wavelength of 4, is intensity modulated
by a microwave signal with frequency of @, in a lithium
niobate M-ZLIM. Assuming the linear operation of the M-
ZLIM with a direct current (dc) bias of By V_, the intensity of
this signal can be represented as

I(t)= %10 (1+m,sinw,,t) , (8)

where V_is the half-wave voltage of the modulator, and 7, is
the peak intensity of the modulated lightwave. Also,m =1V _/
V_1is the intensity modulation index, and ®,, is the micro-
wave modulation frequency corresponding to the £-th channel.
The mm-wave polymer modulator is driven by a local mm-
wave oscillator at 60 GHz, and produces a second modula-
tion of the input microwave-modulated lightwave. The light
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intensity of the k-th lightwave from the polymer modulator
can be written as

1 .
I (1) = Elk @)1+ m,sinw, ot) =
1 . .
ZIOU +m, sinw,, t+m, sin @, ot +
1
Emlm2 cos(w g + @, )t —

1
Emlmz cos(@p — @, )] . )

This intensity-modulated light is amplified in the EDFA
and the amplified signal is power divided in each of the p
BSs. In the BS, there is a photodiode which detects the in-
tensity modulation, and the detected signal passes through a
band pass filter (BPF) with the center frequency of @+
rY (o +w )and the bandwidth of (w,,~®,,), where ®,,<
0,>< 0,;<***<®,,. The BPF delivers the signals with the
frequencies of @, ,+®,,, W ot W, ", O+, at the output
As an example, taking f; =60 GHz,n =35, w,,=1 GHz, w,,=
2 GHz,**, w, ;=5 GHz, the center frequency of the BPF is at
63 GHz, and its bandwidth is 4 GHz. The mm-wave signals
at the output have the frequencies of 61 GHz, 62 GHz, 63
GHz, 64 GHz and 65 GHz. These signals are radiated from
each BS. One can choose the other group of mm-waves with
the frequencies of (w, ,*tw,,) for k=1, 2, 3, 4, 5, as well by
taking a different BPF with center frequency of [w, o+

1
5(60,,,1 +@,,)] and with a bandwidth of (w,,,~®,,) .

The optical beat interference (OBI) in mm-wave ROF
can arise from the beating of two wavelength division multi-
plexing (WDM) optical carriers carrying mm-wave
modulation. The OBI can be avoided by choosing the inter-
carrier frequency separation and the mm-wave local fre-
quency suitably to make sure that the difference of these two
frequencies is well below the mm-wave local frequency of
;- As an example, taking the inter-carrier separation of 50
GHz and the mm-wave local frequency of 60 GHz, the OBI
can be avoided because the difference frequency of 10 GHz
falls outside the pass band of the band pass filter.

Another source of interference in mm-wave ROF is the
mixing product signals which can appear along with the de-
sired signal. The mixing products originate from the nonlinea-
rities of the microwave and mm-wave modulators. In the pres-
ence of modulator nonlinearity, the intensity of the modu-
lated lightwave from the polymer modulator can be express-

ed as, 1 o )
L) = Zlo[1 +22J2p71(m1)SIn(2p -, 1]x
p=1
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[1+237 5, (my)sin(2r — Do t]. (10)

As an example, taking the number of WDM optical chan-
nels as 5, f; ;=60 GHz, the lowest microwave modulation fre-
quency of 1 GHz and the microwave channel spacing of 1 GHz,

1
an interferring product term proportional to 5J3 (m)xJ (m)I

1
appears at 63 GHz, and a term proportional to EJS(M)X
J (m,)1, appears at 65 GHz. The desired signal term is pro-

portional to %Jl(ml)Jl(ng)Io. m=nV /V_isthe modulation

m0
index of all the microwave channels, and V¥ is the micro-
wave modulation signal voltage which is assumed to be the
same for all the channels. m =nV,  / Vnp is the modulation

index of the mm-wave polymer modulator with the half-wave

voltage of Ve V., ,is the mm-wave local signal voltage. The
J 32 (m,)

JI(m,)

2
the 63 GHz channel and by w for the 65 GHz channel.

J{ (m,)

interference-to-signal power ratio is given by for

The variation of the calculated interference-to-signal power
ratio as a function of the microwave intensity modulation
index is shown in Fig.2.
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Fig.2 Calculated variation of interference-to-signal power
ratio with the microwave intensity modulation index

To keep the interference-to-signal power ratio less than -25
dB in a channel, the microwave intensity modulation index
can be safely chosenup to 1.

A novel scheme of mm-wave ROF is proposed and analy-
zed, which overcomes fiber dispersion-induced signal can-
cellation effect. This is due to the fact that the microwave
modulation frequency, which is much smaller than the mm-
wave signal frequency, produces much less difference in
phase shifts of the two optical sidebands. The mm-wave ROF
is useful for the transmission of wireless CATV signals and
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data to the subscriber premises through the mm-wave link.
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