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Abstract—We propose and experimentally demonstrate a
cost-efficient hybrid gigabit wired and wireless long-reach and
high split-ratio optical access network based on remote upconver-
sion at the local exchange (LE). The scheme can deliver 40-GHz
millimeter-wave wireless services supporting wavelength multi-
casting over 125-km standard single-mode fiber. A semiconductor
optical amplifier (SOA) is used as the multiwavelength broadband
optical upconverter and optical power amplifier inside the LE, and
a high split-ratio of 512 can be supported. Wavelength multicasting
can also be realized with conversion efficiency variation of within
1 dB over 15-nm wavelength range. The SOA has a gain with low
polarization dependency and is able to realize multiwavelength
operation based on four-wave-mixing for signal upconversion.
Results show that the optical millimeter-wave signal distortion
due to fiber chromatic dispersion can be significantly mitigated
by using the proposed scheme. Expensive RF components are not
required at the LE for signal upconversion because the SOA re-
quires only dc bias. The polarization states of the input signals can
be controlled at the head-end office; hence, polarization control in
the LE may not be required. Error-free transmission for the wired
signal was achieved and a power penalty of 2.3 dB was measured
after 125-km transmission.

Index Terms—Four-wave mixing (FWM), millimeter wave,
radio-over-fiber (ROF), semiconductor optical amplifier (SOA).

1. INTRODUCTION

EW BANDWIDTH (BW)-intensive services, such as
N high-definition television (HDTV), online gaming, and
peer-to-peer networks have stimulated the deployment of
passive optical networks (PONs) [1], [2]. The convergence of
millimeter-wave wireless and wired PONSs in an integrated plat-
form can be a promising technique in future access networks
for providing broadband wired and wireless access services
with increased mobility and reduced cost [3]-[8]. The first
generations of gigabit PONs (GPONs) have now been stan-
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dardized and typically offer 1-2.5-Gb/s downstream and 1-Gb/s
upstream. For the wireless communication, it is now entering a
new phase where the focus is moving from voice to high BW
multimedia services. In order to support high data-rate wireless
communication in the future, wireless systems operating at
higher carrier frequencies, extending to the millimeter-wave
regime, will be needed. Many research efforts have been made
at the 60-GHz band [9]-[14] and above [15].

The generation and transmission of optical millimeter waves
are crucial in radio-over-fiber (ROF) systems. Chromatic dis-
persion in optical fiber can cause signal distortions to the op-
tical millimeter-wave signal. Transmission of double-sideband
(DSB) optical millimeter-wave signal is degraded by a fading
effect (which leads to cosine-like signal power fluctuation along
the fiber) and the time shifting of data codes [16], [17]. Optical
carrier suppression (OCS) optical millimeter-wave signals [16],
[17] can mitigate the fading effect. However, since the upper
and lower sidebands of the OCS signal carry the same data in-
formation, code time shifting (dispersion induced eye-diagram
closure) is still severe after fiber propagation when the wave-
length separation between the upper and lower sidebands be-
come large. A single-sideband (SSB) optical millimeter wave
can reduce the code time-shifting problem. However, the im-
munity depends on the generation methods, and usually the gen-
eration methods are complicated [17], [18]. An alternative ap-
proach to reduce signal distortions brought by an RF fading ef-
fect is to deliver millimeter-wave and baseband signals at dif-
ferent wavelengths and then mix them remotely. The remote
local oscillator delivery scheme [19]-[21] is a promising de-
ployment strategy for long-reach access networks. However,
remote local oscillator delivery usually requires a costly mil-
limeter-wave-band electrical mixer at each hybrid optical net-
work unit (ONU) for the remote signal upconversion. Recently,
several new approaches using remote signal regeneration and
upconversion techniques [22] and reference signal distribution
[23] have also been studied.

In this work, we propose and experimentally demonstrate a
cost-efficient hybrid gigabit wired and wireless long-reach and
high split-ratio access network based on remote upconversion at
the local exchange (LE). The scheme can deliver 40-GHz mil-
limeter-wave wireless services supporting wavelength multicast
over a 125-km standard single-mode fiber (SSMF). A semicon-
ductor optical amplifier (SOA) is used as the multiwavelength
broadband optical upconverter and optical power amplifier in-
side the LE. A high split ratio of 512 can be achieved. Wave-
length multicasting can also be achieved with conversion effi-
ciency variation of within 1 dB over a 15-nm wavelength range.

0018-9480/$26.00 © 2010 IEEE
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Fig. 1. Conceptual diagram of the proposed hybrid PON. Transmitter: Tx, receiver: Rx, optical circulator: OC, single mode fiber: SMF, optical network unit:

ONU.

The SOA is generally considered as a potential low-cost device.
It has a gain with low polarization dependency and is able to
realize multiwavelength operation based on four-wave mixing
(FWM) for signal upconversion. Results show that the optical
millimeter-wave signal distortion due to fiber chromatic disper-
sion can be significantly mitigated by using the proposed scheme.
Besides, expensive RF components are not required at the LE for
signal upconversion because the SOA requires only dc bias. Since
the polarization states of the input signals can be controlled at the
head end, polarization control in the LE is not required.

Fig. 1 shows the conceptual diagram of the proposed long
reach, high split-ratio wired and wireless hybrid PONs, and sup-
porting multicasting. 2.5-Gb/s baseband signals and 20-GHz
carrier are delivered independently at different wavelengths
from the head-end office. They are then mixed at the LE to gen-
erate the upconverted signal (optical millimeter-wave signal)
and amplified to compensate the fiber loss. The head-end office
provides the laser sources for optical signal upconversion in
the wireless application and the downstream signal for the
wired application. It also provides the functionality of upstream
signal detection. The LE provides the optical signal frequency
up-conversion and signal amplification. After the LE, two side-
bands with 40-GHz spacing are generated, which both carry the
2.5-Gb/s data. In the proposed implementations, some form of
polarization control will be needed (e.g., polarization controller
at the LE or a polarization state monitoring in the LE with
feedback to the head-end office for adjusting the polarization to
maximize the conversion efficiency of the FWM). At the ONU,
the center carrier is filtered for wired service detection, while
the remained double sidebands are used for wireless service.
Since a single LE can serve multiple users, the cost can be
shared by the users. Since the upstream wireless signal can be
of much lower data rate than the downstream signal, lower RF
carrier frequency can be used. In this case, a direct modulation
laser source, as in [24], can be used to carry the upstream ROF
signal back to the head-end office. The baseband upstream data
from the wired application can direct modulate a laser source
or use carrier distribution [25]. In this experiment, we mainly

study the downstream signal distribution and multicasting, but
an upstream path has also been included.

II. THEORETICAL BACKGROUND

The operation of the scheme shown in Fig. 1 is explained
below. For the generation of the OCS signal [see Fig. 2(d)]
using a Mach—Zehnder modulator (MZM), we can consider that
it consists of two phase modulators arranged in a Mach—Zehnder
structure. The output E-field for the upper arm in the MZM is

EMZM—upper (t)
1 .
=Re { —= Eyel(@ot+ad) }
(s

1
=—Fycos(wpt + A
NG 0 cos(wo ?)
1
=—=Fq {cos wpt cos A¢p — sinwgtsin A 1
/30 { 0 ¢ 0 oy (D
where wg and A¢ are the angular frequency of the input optical
signal and the optical signal phase difference that is induced by
the electrical applied voltage to the phase modulator, respec-
tively. In order to simplify the analysis, we assume the applied
electrical signal is sinusoidal with amplitude and frequency of m
and wyg, respectively. Hence, the voltage induced phase change

to the upper phase modulator in the MZM is
Ag(t) = mcos(wrrt). 2

Substituting (2) into (1) results in (3), shown at the bottom of the
following page, where .J,,(m) is the Bessel function. By using
the Bessel function, we then expand (3) and neglect the higher
order (n > 4) terms since their values are small. The output
FE-field becomes (4), shown at the bottom of the following page.

This can be illustrated in the schematic optical spectra shown
in Fig. 2(a). Since the F-field applied to the lower phase mod-
ulator in the MZM is opposite to that of the upper phase modu-
lator, the phase shift is negative

A¢(t) = —m cos(wrrt). 5)
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Substituting (5) into (1), results in (6), shown at the bottom of

this page. Similarly, higher order (n > 4) terms can be ne-
glected
Enizv-tower (1)

! Ey {coswot [Jo(m) — 2J3(m) cos(2wgrrt)]

V2

1%

+ € wot[—2.J1(m) cos(wrFt)
+2J5(m) cos(3wrrt)] }
= %Eg {Jo(m) cos wot — Jo(m)
- [cos(wot+2wrFt) + cos(wot — 2wrFt)]
— J1(m) [sin(wot+wrrt)+sin(wot —wrpt)]
+J5(m) [sin(wot+ 3wrrt)+sin(wot —3wrrt)]} -
(N

This can be illustrated in the schematic optical spectra shown
in Fig. 2(b). When the dc bias to the MZM; is Vj, the Bessel
terms in (7) will rotate by 7, as shown in Fig. 2(c). Fig. 2(d) then
shows the combined output of the MZM.

We describe the FWM process (the signals after the LE shown
in Fig. 1) with only one baseband channel (idler) for a simple
explanation. The three FWM participators, as shown in Fig. 3,
include pumpl at frequency f1, pump?2 at frequency fo, and an
idler at frequency fs3. Note that the component at f3 is the down-
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Fig. 2. (top) Schematic of the architecture of the MZM. (bottom) Schematic
optical spectra at the corresponding point in the MZM.

stream baseband signal. After FWM in a nonlinear medium, new
components are generated. Each generated component satisfies

a frequency of fry. = fo + fy — f2 (x,y # z,y,z are se-
lected from 1, 2, and 3) and a phase of ¢y, = ¢, + ¢y — @2
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[26]. Since the two pumps (f1 and f5) in the experiment were
generated from the same laser source by OCS (¢1 = ¢2), thus
¢4 = ¢p, as shown in Fig. 3.

By filtering the center carrier at f3, the downstream baseband
signal can be directly detected by a low-speed photodetector.
Meanwhile, the optical components at f132 312 and fa31 321 are
sent to a high-speed photodetector for optical heterodyning. As-
sume the above two optical waves are given by

Ea (t) =k (wt -+ qﬁ) (8)
Ep(t) = By(w/t + ¢) ©)

where E 4 and E are the amplitude terms, w and ' are the an-
gular frequency terms, and ¢ and ¢’ are the phase terms of the
two optical waves [27], [28]. The current output of a photode-
tector with limited BW is given by

Irr = Acos|[(w — ') + (¢ — ¢)] (10)
where A is a constant, which is determined by F 4, Fp, and
the responsivity of the photodetector. An electrical beat note
is then generated at the output of the photodetector with a fre-

quency corresponding to the wavelength spacing of the two op-
tical waves.

III. EXPERIMENT

Fig. 4 shows the proof-of-concept experiment setup for the
long-reach wired and wireless hybrid PON employing a remote
LE for optical upconversion. At the head-end office, two base-
band signals (idlers) were generated by externally modulated
tunable laser 1 (TT) at 1546.5 nm and tunable laser 2 (TTLs)
at 1548 nm. The signals were modulated using an MZM driven
with 2.5 Gb/s, a pattern length of 2%t 1 pseudorandom bit se-
quence (PRBS). A 20-GHz OCS signal (pump) was generated
by externally modulated tunable laser 0 (TLg) at 1545.1 nm
using an MZM driven with a 10-GHz sinusoidal clock, acting
as pumpl and pump?2, shown in Fig. 3.

When the dc bias was set to a minimum transmission, OCS
or DSB suppressed carrier optical modulation can be achieved.
The output of the MZM has the first-order sidebands, and in
principle, without the carrier frequency. The frequency separa-
tion between the two sidebands is equal to two times the mod-
ulating signal frequency. Hence, this produces frequency dou-
bling [29]. After that, the three light waves were combined using
an arrayed waveguide grating (AWG) and launched into a reel
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of 100-km SSMF. After transmission, three light waves were
fed into an LE for remote multiwavelength upconversion. The
LE consists of two optical circulators (OCs), two optical filters,
two inline erbium-doped fiber amplifiers (EDFAs) for bidirec-
tional power amplification, and an SOA. The three light waves
were amplified by an EDFA. An optical filter (with 3-dB BW
of 8 nm) suppressed the amplified spontaneous emission (ASE)
noise. The total average optical power launched into the SOA
was 3.5 dBm. The SOA (Kamilian) was biased at maximum
250 mA in order to achieve high nonlinear effect.

The 20-GHz clock acted as dual-pump, while baseband sig-
nals acted as idlers. Sidebands were generated with 20-GHz sep-
aration from the center carrier of f3 after the FWM. The signal
at 1546.5 nm selected by another optical filter (3-dB BW of
0.5 nm) was then sent to a reel of 25-km SSMF with 10-dBm
input power. After transmission, the light was routed to the
output port of an AWG depending on its wavelength. 27-dB at-
tenuation was added using a variable optical attenuator to simu-
late a 512 split. A fiber Bragg grating (FBG), which has a 3-dB
BW of 0.1 nm and extinction ratio of 20 dB, transmitted the
sidebands for wireless application and reflected the center car-
rier for wired application. For wireless users, the two sidebands
carried with 2.5-Gb/s data will beat at photodetector and gen-
erate 40-GHz millimeter wave. It might be pre-amplified by an
electrical amplifier (EA) to boost the signal before sending it
to an antenna for wireless broadband transmission. For wired
users, the reflected center carrier will be directly detected.

IV. RESULTS AND DISCUSSIONS

Fig. 5(a) shows the optical spectra of the 20-GHz DSB
dual-pump and two 2.5-Gb/s idlers after 100-km transmission.
Fig. 5(b) shows the optical spectra after FWM in the SOA at
the LE. Two sidebands were generated to each idler signal due
to FWM. The FWM signals around the optical carrier have
different amplitudes due to the combined effect of nonflat gain
profile of the SOA and the filter profile used after the SOA.
The separation between one sideband and the center carrier
is 20 GHz, which is equal to the dual-pump separation. Since
FWM is data-rate independent and capable of performing
multiwavelength generation, the scheme has the potential to
operate at a higher data rate and at multiple wavelengths.

The FWM conversion efficiency was also investigated, as
shown in Fig. 6. The idler wavelength was detuned from the
center wavelength of the dual pump while the dual pump was
fixed. The inset of Fig. 6 shows the conversion efficiency. There
is a small fluctuation within 1 dB over the 15-nm detuning
range; the tunability of the scheme can be quite wide, depending
on the SOA. Note that multicasting of two wavelengths was
performed in the experiment, as shown in Fig. 5, and more
wavelengths may be supported simultaneously [30], [31]. Since
the optical millimeter wave was transmitted all optically from
the head-end office to the remote LE without carrying any data,
there is only negligible phase-decorrelation induced amplitude
fluctuation after 125-km transmission [22] due to chromatic
dispersion. This is mainly induced by the differential propa-
gation delay of the two 40-GHz spaced sidebands [32]. Fig. 7



3140

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 11, NOVEMBER 2010

10GHz

QO
PC 1

Local Exchange

Wireless

D i 0

2.5Gb/s

=
™ 1Q0 Q0

100km

SSMF

Filter

, 10 00,

25km

SSMF

t
2.5Gb/s

Fig. 4. Experimental setup of wired and wireless long-reach PON. Tuneable laser: TL, Mach—Zehnder modulator: MZM, arrayed waveguide grating: AWG, single-
mode fiber: SMF, receiver: Rx, transmitter: Tx, polarization controller: PC, erbium-doped fiber amplifier: EDFA, fiber Bragg grating: FBG, semiconductor optical
amplifier: SOA, variable optical attenuator: VOA, low-pass filter: LPF, bit-error-rate tester: BERT, electrical amplifier: EA. Dashed lines indicate the upstream path
and wireless radiation, which were not demonstrated in the experiment.
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shows the transmitted sidebands and reflected center carrier by

FBG.

Fig. 8(a) shows the RF spectrum of the 40-GHz carrier gen-
erated using two sidebands beating at a 40-GHz photodetector
followed with an RF spectrum analyzer (HP8168). Its resolu-
tion BW was 100 kHz. A carrier-to-noise ratio of 30 dB was
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observed in the measurement. The 40-GHz clock signal was ob-
tained when baseband data modulation was turned off in order to
compare the performance of the generated clock signal with that



XU et al.: LONG-REACH MULTICAST HIGH SPLIT-RATIO WIRED AND WIRELESS WDM-PON

-40
2
€ -50
0
B
[}
g -60-
o
70 4
—80 - T A I i T v T e T 1
39.6 39.8 40.0 40.2 40.4
(@
10dB
RL -40dBc/He Spot Freq. = 10.0 kHz
w40 GHz tone
== RF signal generator
! -85.00 dBc/Hz
hl
“ i ‘,
I “ iflﬂ"!“} A |
‘IJ“' ‘ ML
| w“qlu Il o ll hi tvxl” | Iy“l"v' I b
i Wl M
\ I I i |]
1” | y,
i
L U
Y AL [
29733 aBerHz || 1T
100 10 10
Hz KHz MHz

®)

Fig. 8. 40 GHz: (a) RF spectrum and (b) phase noise.

directly from the synthesizer. The phase noise was also mea-
sured to analyze the performance of the measured 40-GHz car-
rier, as shown in Fig. 8(b). The purple line (in online version)
indicates the phase noise of the 40-GHz signal generated at the
source RF signal generator used in the experiment setup. The red
line (in online version) shows the phase noise of the 40-GHz car-
rier obtained using the proposed method. As shown in Fig. 8(b),
the phase noise of the 40-GHz carrier from the proposed scheme
was ~ 12 dB higher than that of the RF signal generator at the
frequency offset of 10 kHz.

The measured RF spectrum of the 2.5-Gb/s wireless signal
is shown in Fig. 9. The inset is the eye diagrams after passing
the 7.73-GHz low-pass filter. We can observe that a clear eye
opening can be achieved in the long-reach network by using the
proposed scheme. Note here that the back-to-back (B2B) case
is at 100-km transmission.

Since we did not have a 40-GHz RF mixer and RF filter, nu-
merical analysis (using VPI Transmission MakerV7.5) was per-
formed to evaluate the wireless signal. In the simulation, a DSB
(with carrier) signal was generated, carrying 2.5-Gb/s nonre-
turn-to-zero (NRZ) data on both sidebands. The separation be-
tween one sideband to the center carrier was 20 GHz. The signal
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Fig. 10. Simulated RF spectrum of 2.5-Gb/s signal on 40-GHz carrier and re-
spective eye diagram.

was transmitted in SSMF (dispersion parameter: 17 ps/nm/km).
A FBG with the transmission profile similar to the experimental
one was used in the simulation. After the FBG, DSBs with a car-
rier suppression optical millimeter-wave signal was generated.
Fig. 10 shows the simulated RF spectrum of the optical mil-
limeter wave detected after the FBG (Fig. 2). We can observe
that the dominant signal is the 2.5-Gb/s data at the frequency
band of 40 GHz. An electrical bandpass filter, or an RF an-
tenna with a suitable passband, can be used to extract this signal
for wireless applications. In the simulation, the wireless signal
was extracted by a Bessel bandpass filter (center frequency at
40 GHz and 3-dB BW of 5 GHz) and then RF down-converted to
the baseband by using a 40-GHz electrical sinusoidal signal. The
output port of the RF mixer was followed by a Bessel low-pass
filter with 3-dB BW of 2.5 GHz. The inset of Fig. 10 shows the
simulated 40-GHz down-converted 2.5-Gb/s eye diagram with
a clear eye opening.

We can also observe from Fig. 10 that baseband 2.5-Gb/s data
also appeared due to the self-beating of each sideband of the
OCS signal. A Bessel low-pass filter was used to detect this
signal. Fig. 11(a) and (b) shows the simulated eye diagrams of
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Fig. 11. Simulated eye diagrams for 2.5-Gb/s signal on 40-GHz carrier.
(a) Back-to back. (b) After 25-km transmission. (¢) After 125-km transmission.
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Fig. 12. Experimental BER and eye diagrams for 2.5-Gb/s wired signal.

the 2.5-Gb/s signals at B2B and after the 25-km SSMF transmis-
sion. We can see that there is a good match in eye shape with
the experimental signals shown in the insets of Fig. 8. We can
observe that the 25-km fiber chromatic dispersion causes the re-
duction in eye width, which can also be observed in Fig. 11(b).
Finally, we also numerically studied the case in which the pro-
posed scheme of the optical upconversion at the LE was not de-
ployed, and an optical millimeter-wave signal (2.5-Gb/s NRZ
data carried by an optical OCS signal with sideband separation
of 40 GHz) was propagating in 125-km SSMF. Fig. 11(c) shows
the optical millimeter-wave signal after 125-km SSMF, showing
that the signal can hardly be detected. Results show that the pro-
posed scheme can significantly mitigate the fiber chromatic dis-
persion distortion introduced to the ROF signal.

Fig. 12 shows the BER performance and corresponding eye
diagrams for the wired applications. Note that the B2B case
here is at the head-end office. The receiver sensitivity and power
penalty without pre-amplification are —17.5 dBm and 2.3 dB at
107 BER, respectively.
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V. CONCLUSIONS

We have proposed and experimentally demonstrated a hy-
brid gigabit wired and wireless long-reach and high split-ratio
access network based on remote upconversion at the LE. The
scheme can deliver 40-GHz millimeter-wave wireless services
supporting wavelength multicast over 125-km SSMF. Only one
SOA is needed as the multiwavelength broadband optical up-
converter and optical power amplifier inside the LE, and a high
split ratio of 512 can be achieved. Wavelength multicast can also
be achieved with conversion efficiency variation of within 1 dB
over the 15-nm wavelength range. The SOA at the LE may sup-
port multiwavelength operation based on FWM for signal up-
conversion. The experimental results show that the optical mil-
limeter-wave signal distortion due to fiber chromatic dispersion
can be significantly mitigated by using the proposed scheme.
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