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Abstract—Simultaneous modulation of 2.5-Gb/s baseband, mi-
crowave-band, and 59.6-GHz 155.52-M b/s differential phase-shift
keying signals on a single wavelength, using a single 60-GHz-band
electroabsor ption modulator (EAM), and fiber-optic transmission
over a 40-km-long dispersion-shifted fiber (DSF) was exper-
imentally demonstrated. The optimum operating conditions
for three-band modulation and transmission were theoretically
investigated. Degradation due to the nonlinearity of the EAM for
the millimeter-wave signal is discussed theoretically. The fading
problem due to the fiber dispersion of the standard single-mode
fiber and the DSF was also investigated.

Index Terms—Digital/analog signals hybrid transmission, elec-
troabsorption modulator (EAM), millimeter-wave radio, optical
access network, radio-on-fiber (ROF).

I. INTRODUCTION

HE demand for broadband services in both fixed and

mobile access networks is accelerating. Along with
demand for various types of fixed wired access, such as
fiber-to-the-home (FTTH) and xDSL, as well as fixed wireless
access (FWA), there is also likely to be growing demand for
either portable or mobile access to wireless last hop for maobile
computing, personal digital assistants, and cellular phones.
Microwave of the 2.4- and 5.2-GHz bands (IEEE 802.11 b, g,
and a) is used commercially for wireless local-area networks
(LANS). Millimeter-wave is also likely to be a strong candidate
for providing radio-frequency (RF) resources, not only for fixed
access systems such as dedicated short-range communication
(DSRC) and FWA but aso for portable or mobile access.
Exploitation of millimeter-wave could provide broadband
services and resolve the problem of frequency resources.
The potential of radio-on-fiber (ROF) systems, which apply
subcarrier-multiplexing (SCM) techniques to realize cost-ef-
fective millimeter-wave wireless access networks, has been
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Fig.1. Schematic block diagram for three-band modulation and transmission.

investigated. One of the challengesisto enable FTTH and ROF
systems to share a single optical fiber network. Simultaneous
modul ation and transmission of an FTTH baseband signal and a
millimeter-wave SCM signal of ROF has been studied [1]-{5].

In this paper, we theoretically analyze and experimen-
tally demonstrate simultaneous multiband modulation and
fiber-optic transmission of a 2.5-Gb/s baseband signal, the
sinusoidal wave of a microwave signal, and a 59.6-GHz
155.52-Mb/s differential phase-shift keying (DPSK) signal.
An electroabsorption modulator (EAM) is the key to elec-
trical-to-optical (E/O) conversion over a wide range from dc
to the 60-GHz band [6]. Simultaneous modulation of 10-Gh/s
baseband and 60-GHz-band signals has been demonstrated [1].
Totheauthors' knowledge, thisisthefirst experimental demon-
stration of simultaneous modulation of multiband signals of
2.5-Gh/s baseband, microwave-band, and 60-GHz-band signals
using a single EAM, with the optical signal transmitted on a
single wavelength over a 40-km-long dispersion-shifted fiber
(DSF). The influences between baseband and millimeter-wave
signals have been reported previously [1]. Therefore, in this
paper, we focus on the influence of a microwave signal on
baseband and 60-GHz-band signals. This technique has poten-
tial for future FTTH access networks combined with wireless
access supported by an ROF wireless feeder.

II. THREE-BAND MODULATION AND TRANSMISSION SCHEME

Fig. 1 shows a conceptua configuration of the three-band
modulation and transmission. A combined electrical signal
comprising a baseband signal b(t) [= 1 or —1], a micro-
wave-band Slgnal Ccos (27Tf1\,Hct+91\,Hc (t)), and a milli-
meter-wave-band RF SIgnaI Ccos (27Tf1\,1]\,1t+91\q]\q (t)) is
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Fig. 2. Experimental setup for three-band modulation and transmission.

applied to the E/O converter as a modulation signal. fuic
and fyv are the carrier frequencies of the microwave- and
millimeter-wave-band signals, respectively. i (t) [= 0 or
7] and 6y (8)[= O or w] are the data for the microwave- and
millimeter-wave-band signals, respectively. Here, it is assumed
that the datarate of fuiic () and fnin (¢) is Slower than that of
b(t). The combined electrical signal is expressed by

M(t) = A - cos(2m fmumt + Ovm(t))
+B COS(27TfMIct + eMIc(t)) +C- b(t) (21)

Here A, B, and C are the amplitudes of the millimeter-
wave-band, microwave-band, and baseband signals, re-
spectively. It is assumed that the millimeter-wave-band,
microwave-band, and baseband signals are separable. A
single-mode light source emits an optical carrier with a power
of P, frequency of f., and phase noise of ¢, (). If transmit-
ting over a optical fiber on the z-axis, the complex amplitude
of the optical carrier e. (¢, z) isgenerally expressed by [7]

e.(t,z) =V2P - exp{jo.(t.2)} (2.2
Pe (tv Z) =w:t—f3 (wc) Z (2.3)
_0¢.(t,2) _ ddpn (t)

where g(w) isthe propagation constant as a function of the an-
gular frequency and is approximately expanded as

B (we + Aw) ~ /301/31-ij:%/32-(Aw)2j:é/33-(Aw)3 (2.5)

where n(w) and ¢ are the refraction index and the velocity of
light in the vacuum. In this expression, 3, and 3; are the in-
verse of the phase and group velocities, respectively. Then, g3
is related to the dispersion D as follows [8]:
)\2
P2 = 27c D
Although 73, for m > 3 generally relates to higher order
dispersion, higher order dispersion is neglected because it
does not seriously affect the system performance of access

(2.6)
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networks in which ultrashort pulses are not treated. The optical
carier e, (¢,0) is intensity-modulated with an E/O converter
using a combined electrical signal M(t). To avoid overmod-
ulation, |M(t)| should be less than one. In this condition,
A, B, and C correspond to the modulation indexes for the
millimeter-wave-band, microwave-band, and baseband signals,
respectively. They should then satisfy A + B+ C < 1. The
modulated signal after the transmission of » = L isgiven by

: 2.7)

where ~ isthe complex value defined by the chirp parameter of
the optical modulator « as follows [9]:

cttD) = [Fa+ M) et D),

=t (28
I(t,L)= ;? le(t,L)]? g[e(t,L)[Q (2.9)

C

where —e, R, and h are an electron charge, the photosensitivity
of the optical-to-electrical (O/E) converter, and the Planck con-

stant, respectively. Here, the definition of power |e. (¢, L)|* =
le. (t,0)| is used under no fiber dispersion

I(t, )|

at around Millimeter wave

2
~ RPA - \/1-1—042-\/1—1— 120‘ LC2+C - b(2)
-c08 Panim (t)-cos 2 fyum (E— B L)+ 0 (t — /L)),

(2.10)

I(t7 L) [at around Microwave

ocRPB-\/1+a2-\/1+1+

2
4“ LC2 4 C-b(b)

-cos panrc(t)-cos (27 furc(t— B L) +Onrc(t — F1L))
(2.11)

I(t, L)|

at around Baseband

1 + 062 DC _cut

NOLEE Cb(t)} ~

xRP [1 + RPC - b(t) (2.12)
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where

barvimormic (t)

wA2DLf 12\4MorMIC 2a
= c + arctan 57 (1 n 042) R b(t)
= W)\QDLfJQWMO”MIC + arctan o« — arctan M
c 24C-b(t)

(2.13)

These terms induce fading problems along the length of the
fiber when the frequency of the transmitted RF signal is high
and the dispersion parameter is not negligible. This phenom-
enonistreated in Section V-B. It isconfirmed mathematically in
(2.10)—<2.12) that baseband, microwave-band, and millimeter-
wave-band signals are generated after O/E conversion. We used
b%(t) = 1 in the above caculation.

I1l. EXPERIMENTAL SETUP

Fig. 2 shows the experimental setup. In the transmitter, a
baseband signal (2488.32 Mb/s, PRBS= 223 — 1) was gener-
ated from a pulse pattern generator (PPG;) and filtered by a
quasi-Gaussian low-pass filter (L PF) with a cutoff frequency of
2.5 GHz. The bhit-error-rate (BER) measurements for the mi-
crowave regime were not available. Instead, the influence of
the microwave signal on the baseband and 59.6-GHz-band sig-
nals was investigated using a sweeping sinusoidal microwave
signal ranging from 3.5 to 12.0 GHz. The sinusoidal wave of
the microwave was generated by a synthesized RF oscillator. A
59.6-GHz RF signal (155.52 Mb/s, PRBS= 2% — 1) was gen-
erated by another PPG, and a DPSK modulator. The sum of the
baseband signal and the sinusoidal wave in the microwave was
amplified and combined with the 59.6-GHz RF signal. The op-
tical carrier (A\ = 1560 nm, 5.0 dBm) was modulated with a
special class of 60-GHz-band EAM [6] by applying the com-
bined signal. The bias of the EAM was set to —1.30 V, and the
input Vpp of the baseband and 59.6-GHz band to the EAM was
set to 0.49 and 0.46 V, respectively. The input Vpp of the mi-
crowave to the EAM varied from 0.11 to 0.67 V. The modul ated
optical signal was amplified using an erbium-doped fiber ampli-
fier (EDFA). The excess amplified spontaneous emission (ASE)
noise from the EDFA was suppressed by an optical bandpass
filter (BPF). A 40-km-long DSF (A = 1560.395 nm) was used
as afiber-optic link for the purpose of reducing fiber dispersion
effect during signal transmission. The received optical signals
were detected by aphotodetector (PD) and then demodul ated for
the 59.6-GHz band through a bandpass filter (BPF) to remove
undesired frequency components. To regenerate the baseband
data, the LPF suppressed the higher frequency components. A
cunning-clock was used to measure the BER of the baseband
signal. A 3-dB optical coupler and two PDswere used instead of
asingle PD, and an el ectrical power divider was used to measure
the BER of the baseband and 59.6-GHz band simultaneously.

Fig. 3(a) shows a comparison of the return loss of the EAM
modulefor the RF input before and after trimming the stubinthe
60-GHz-band [6]. This EAM wastailored to produce apeak re-
sponse in the millimeter-wave region. The 15-dB reflection loss
bandwidth of about 3 GHz (58.5-61.5 GHz) was wide enough
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Fig. 3. Return loss of EAM module for RF input: (a) 50-65 GHz and
(b) dc—20 GHz.

to put into the 155.52-Mb/s millimeter-wave signal. Fig. 3(b)
showsthe return loss and link response of the EAM modulein a
frequency of less than 20 GHz, which has been described else-
where [1]. It is considered to indicate a similar response ten-
dency, even in the case of 1560 nm. For our purposes, the fre-
guency response has to be broadband from dc. The return loss
of the EAM module in dc to 20 GHz is not so low, and this
characteristic needs to be improved for the purpose of using an
EAM as abroadband E/O. However, the link response does not
have dip points. This shows the possibility of modulating base-
band and microwave-band signals by feeding these signals to
the EAM. The measured extinction ratio of the EAM is plotted
in Fig. 4. The measured wavelength of the optical carrier was
A = 1560 nm. The insertion loss was about 7 dB when the bias
voltage of the EAM was set to —1.30 V.
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IV. EXPERIMENTAL RESULTS

We investigated the operating conditions required for suc-
cessful three-band transmission. Fig. 5 shows the required op-
tical power for the 2.5-Gb/s baseband signal to achieve BER=
10~? as afunction of the frequency and applied voltage of the
microwave signal. The BER of the baseband signal when the
microwave V,,, and frequency were 0.160 V and 5 GHz, re-
spectively, is shown as an example. Note that BER< 10~? for
the baseband signal was maintained except intheregion of alow
Vo 0Of around 4 GHz (oblique lines). The frequency of the mi-
crowave signal was set to 3.5-12.0 GHz and the applied voltage
(Vpp) was set to 0.11-0.67 V; they were measured on input to
the EAM. We can see atendency for the required power to de-
crease with a higher frequency and smaller amplitude. Fig. 6
shows the required optical power for the 59.6-GHz signal as a
function of the frequency and applied voltage of the microwave
signal. The BER for the baseband signal when the microwave
Vpp and frequency were 0.160 V and 5 GHz, respectively, is
shown as an example. Here, BER< 10~? for the 59.6-GHz
signal was maintained over the entire microwave frequency re-
gion when the received optical power was morethan —7.8 dBm.
Fig. 7 shows the microwave power at the output of the PD as a
function of the frequency. The frequency was swept from 10 to
12 GHz, and its Vpp was fixed at 0.16 V, corresponding to a
power of 0 dBm. The baseband signal achieved BER< 10—
when the frequency of the microwave was higher than 5 GHz
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and the Vpp of the baseband was set to 0.49 V. When the Vpp
of the59.6-GHz signal was sett0 0.46 V, the 59.6-GHz signal al-
ways achieved BER< 10~. The microwave signal did not have
asignificant effect on the baseband signal when the microwave
frequency was higher than 5 GHz. This is because in the fre-
quency region above 5 GHz, the microwave was sufficiently
suppressed by the electrical L PF in the baseband receiver. Since
the microwave was also suppressed at the BPF before demodu-
lation of the 59.6-GHz signal, it did not significantly affect the
59.6-GHz signal. Therefore, error-free (BER< 107?) simulta-
neous transmission of baseband and 59.6-GHz signals can be
achieved if the power level of the microwave frequency is opti-
mized. Thelink efficiency, which is defined asthe power ratio of
the output and input signals, was about —19 and —21 dB for the
baseband and 5-GHz band, respectively. The insertion loss due
to the optical link can be easily compensated by using commer-
cial electrical amplifiers. This showsthefeasibility of using our
EAM for modulation and transmission of a microwave signal
combined with baseband and 59.6-GHz signals.

Fig. 8(a) shows the BER of the baseband signal as a func-
tion of the received optical power for the back-to-back and
40-km-long DSF transmission with three-band modulation.
These results show that there is no power penalty between
back-to-back and 40-km-long transmission. In this case, we
can see that fiber dispersion did not serioudly affect the system
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performance of the baseband signal. It should be noted that fiber
transmission of a baseband signal is free from fading problem
due to chromatic dispersion, unlike fiber-optic transmission of
aRF signal. Fig. 8(b) shows the BER for the 59.6-GHz signal
in the back-to-back and 40-km-long DSF transmission with
three-band modulation. A power penalty of about 0.7 dB was
observed between the BERs for the 59.6-GHz-band signals
in back-to-back and 40-km-long transmission because the
positive dispersion of the DSF and the chirp parameter of the
EAM improved the characteristics for these signals. When the

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 21, NO. 12, DECEMBER 2003

10 — Output
0 r ﬂ - Input
5966"12}\% 59.6GHz

il

Intensity [dBm)]

1599.0 1559.5 1560.0 1560.5

Wavelength [nm]

1561.0

Fig. 9. Optica spectrum before and after EAM.

input electrical signals to the EAM were baseband signals of
0.49 Vpp, 59.6-GHz-band signals of 0.46 Vpp and 5.2 GHz,
and a0.16 Vpp sinusoidal wave, BER< 102, was achieved.

Fig. 9 showsthe optical spectraat the input and output of the
EAM. An optical carrier with a wavelength of 1560 nm and a
power of 5.0 dBm was generated by a tunable light source and
put into the EAM. In this modulation, an optical double side-
band signal is generated. The difference between the carrier in-
tensity and subcarrier intensity was 34 dB, corresponding to the
total modulation index of 7.8%. Undesired frequency compo-
nents were observed inside the 59.6-GHz DSB signal. It is be-
lieved that these came from a millimeter-wave-band electrical
amplifier.

V. DISCUSSION

A. Sgnal Degradatiion due to EAM Nonlinearity

Here, we discuss the tendency for degradation of the mil-
limeter-wave-band, microwave-band, and baseband signals due
to the nonlinearity of the EAM. To simplify the theoretical anal-
ysis, the chirp parameter of the EAM, the laser phase noise, and
fiber dispersion are neglected. We use a polynomial expression
model for the extinction ratio of the EAM in the amplitude as
previously described [1]

TV() =Y an (Vi) (V) = V)"

(5.1)
n=0
T (V;
an (V) = TU8) (52)
Tn.
Theinput signal V(t) iswritten as
V()=Vi+ Ve - b(t) + Ve cos ¢nc (B)
+Vanv cos pam () (5.3)

where V,, Vg, Vamic, Vmm, émrc, ¢mm, and b(t) are the bias
voltage of the EAM, the amplitudes of the baseband, the mi-
crowave signals, the millimeter-wave signas, the phases of the
microwave and the millimeter-wave signals, and the baseband
data (b(t) = 1 or —1), respectively. Vin, Vaie, and Vi g have
arelationship with A, B, and C in (21) as A = Vum/Vi,
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B = VMIC/Vbu and C = VBB/V(,. The T(V) satisfies 0 <
T (V) < 1. The modulated optical carrier iswritten as

Ce (tv Z) =

where ¢ is the phase of the optical carrier. The photocurrents
around baseband ¢nre and ¢y are estimated using the fol-
lowing equation:

VP-T(V)-exp{ige (t2)}  (54)

I(t,z) x [Cc (t,z)[2 2 IDc(t) + I]\,Hc(t) + IMM(t). (55)

Here, we introduce their evaluated signal powers expressed as

2
SBB :RL'[IDC(t)[b(t):l - [IDC(t)[b(t)=_1' , (59

Ry ([I]%HC(t)[b(t):—lJ’_[I]%ﬂc(t)[b(t)zl)

Smic= 5 ,» (8.7)
Ry ([Il%lM(t)[b(t)z—l+[II%IM(t)[b(t)=1>
Sym = 2 (5.8)

where Ry, is the load resistance and the probable equalities
“—1" and “1” are assumed. To estimate degradation, we intro-
duce the ratio

S
ASpp = BB , (5.9)
[SBB ‘Mic=Vam=0
SMic
ASvic = , 5.10
e [SMTC 'BB=VMM=0 ( )
SMM
ASym = 5.11
e [SMM 'B=VMIc=0 ( )

The extinction ratio in the amplitude versus bias voltage and the
distortion of the signals are illustrated in Fig. 10. V, was set

to —1.30 V, which is the same value as in the experiment. The
extinction ratio T'(V') is expanded as

TWVy=ag+a1 (V-V) ' +a:(V-V,)’+az(V-V,)*
+CL4(V—V(,)4+CL5(V—Vb)O.

The measured extinction ratio of the EAM was used to de-
cide [e7% of (51) to calculate ASpg, ASvic, and ASy NU-
merically. ag = 0.7129, a; = 0.4302, as = —0.1114, ag =
—0.1122, a4 = 0.0317, and a; = 0.0194 were used in (5.1).
The approximation line shows good characteristics compared
with the measured results shown in Fig. 4. The resultsfor signal
power degradation are shown in Fig. 11(a)—(c), respectively. In
thisanalysis, it is assumed for simplicity that the link response
is completely flat and the three frequency components are sep-
arable. The signals affect each other and degradations appear
as the amplitude of the other signals increases. Asthe Vpp of
the microwave becomes larger, the received optical power re-
quired for both the baseband and millimeter-wave signals to
achieve BER< 10~Y increases. However, the baseband signal
ismore robust than the microwave and millimeter-wave signals
against the nonlinearity of the EAM. The millimeter-wave and
microwave frequencies do not matter for this analysis because
they are far away from each other. These numerical results pre-
dict well the tendencies shown in the experimental results.

B. Chirp Parameter and Fiber Dispersion Effects

Here, weinvestigate the rel ationship between the usabl e fiber
length, the chirp parameter, and the fiber dispersion of SMF and
DSF. The fiber length is assumed to be less than a few kilome-
tersbecauseit is generally known that thereis afading problem
duetofiber dispersioninmillimeter-wave ROF systems[6]. The
fiber length at which RF signal s cannot be detected appears peri-
odically along thelength of thefiber. In simultaneousthree-band
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modul ation, the fading problem persists for microwave and mil-
limeter-wave signals. Asdiscussed previously, RF signal power
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fluctuates dueto baseband signals. These problemsarein (2.10),
(2.11), and (2.13). The terms of RPA

V1ta? 1+ ({(1+a2)/4) - C2+C - b (£ycos dain(t)
and RPB

Vit a2 Vit (1 +a2)/4)-C* +C-b(t)- cos panirc (1)

are the amplitudes of the millimeter-wave-band and micro-
wave-band signals, respectively. The parameters of R, P,
A, B, C, and « are constant. Fig. 12 shows variation in the
V14 ((1+a?)/4)-C?+ C-b(t) asafunction of C. When
C is0.18, which was the amplitude of the baseband signal in
the experiment, the term does not have a significant effect and
is approximately equal to one. The terms of cos ¢pany and
cos panrc arethe cause of the significant changesin amplitude.

The terms of (T A2DL fivionnc/c) + arctana in (2.13)
have been studied in relation to fading problems [6]. In our
experiment, we used DSF to reduce the fading problems due
to fiber dispersion. In the experiment, the microwave and mil-
limeter-wave signals did not have significant fading problems
because the dispersion was too small to affect the transmission
quality. The length of the first dip was 115386 and 801 km for
the microwave and millimeter waves, respectively, whenthedis-
persion and the chirp parameter were —0.03 ps/nm/km and 0.8.

Next, let us consider the effect of the term
—arctan[ae - C'- b(t)/(2+ C - b(t))] in (2.13). Fig. 13 shows
the variation in the term — arctanf[ce - C - b(t) /(2 4+ C - b(1))]
asafunction of C for the dispersion when the chirp parameters
are —0.03 ps/nm/km and 0.8. When a large voltage for the
baseband signal C is used, the effects of this term become
large. This phenomenon can be explained as follows. The RF
signals feel the baseband signals as bias voltage. A change in
the bias voltage causes fluctuation in the chirp parameters of
the optical modulator [10].

In regard to the gigabit Ethernet, there are not always frames
to be sent. If there are no frames to send, the baseband signal
amplitude C is fixed to —1 or 1. In the calculation, the fre-
guency of the microwave and millimeter wave was set to 5 and
60 GHz, respectively, and their amplitudeswereV, = —1.30V
and Vg = 0.24 V, respectively. Moreover, fiber loss was ne-
glected to revea the effects of dispersion and the chirp of the
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Fig. 14. Normalized power versus fiber length using SMF.

modulator. Fig. 14 shows the mathematical estimation of the
detected RF power after an SMF transmission with a disper-
sion of 17 ps/nm/km. The first dip points of the 60-GHz signal
for b(t) = 1 and —1 are 625 and 528 m, respectively, where
the chirp parameter o was assumed to be 0.8. In these cases,
the detected power of the 5-GHz signal is not serioudly affected
because the first dip point appears at around 76 km. These dip
lengths change momentarily according to the amplitude of the
baseband signal. The signal power for both millimeter-waveand
microwave fluctuates according to the baseband signal. To over-
come this problem, the absolute value of the chirp parameter
|cv] must be decreased by controlling the bias voltage and wave-
length of the optical carrier [10]. The amplitude of the baseband
signal should then be set as low as possible. We also found that
afiber length of around 1.6 km provided maximum power for
the 60-GHz signal without serious degradation of the 5-GHz
signal. These analytical results show that if SMF is used as
an optical link, the fiber length should be less than 400 m, or
1200-2000 m without any dispersion-compensating technique.
With a fiber length of less than 2000 m, the baseband signal
will not be degraded [8]. If DSF is used instead of the standard
SMF, the limitations on fiber length can be greatly relaxed. Fur-
thermore, optimizing the dispersion parameters maximizes the
received RF signal power [10]. Thus, the type of optical fiber
selected depends on the size of the network.
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V1. CONCLUSION

We theoretically analyzed and experimentally demonstrated
simultaneous multiband modulation and fiber-optic transmis-
sion of 2.5-Gb/s baseband, microwave-band, and 60-GHz-band
signals on a single wavelength for the first time. The optimum
operating conditions for three-band modulation and transmis-
sion were obtained for both SMF and DSF. This technique has
potential applications in future FTTH access networks com-
bined with wireless access supported by radio-on-fiber wireless
feeder.
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