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Abstract— A simple 60-GHz radio-over-fiber system employing

a combination of uncorrelated optical heterodyning and envelope
detection is proposed and experimentally demonstrated. At the
central office, a multiband o rthogonal frequency division multi-

plexing ultrawideband (MB-OFDM UWB) signal is used for the
external modulation of a dual-arm Mach-Zehnder Modulator to
generate an optical single-sideband signal, which is then coupled
with an unmodulated free-running continuous wave laser. Optical
heterodyne mixing at the base station and envelope detection at

the customer unit are utilized. The experimental results confirm
that photonic millimeter-wave signal generation and detection
can be achieved without the need for complex optical phase-

locked loops and high-frequency microwave sources. As a proof
of concept, successful transmission of a 3.84 Gb/s 16-QAM

MB-OFDM UWRB signal over 48-km standard single-mode fiber
without chromatic dispersion compensation and a further 4-m
wireless channel is experimentally demonstrated.

Index Terms—Microwave photonics, optical fiber commu-
nication, optical heterodyning, orthogonal frequency-division
multiplexing (OFDM), radio-over-fiber (RoF), ultrawideband
(UWB) communication.

I. INTRODUCTION

N ultra-wideband (UWB) signal is defined as any radio

signal with a 20% fractional bandwidth or a 10-dB
bandwidth of at least 500 MHz [1]. UWB, a mature technology
with efficient software and single-chip solutions available,
exhibits advantages including high data rate, low power
consumption and low cost. The 60-GHz millimeter-wave
(mm-wave) frequency band, where several gigahertz of
license-free bandwidth are available, has recently been con-
sidered for the radio-over-fiber (RoF) delivery of multi-Gb/s
UWB signals to end-users for bandwidth-intensive applica-
tions including high-definition television (HDTV), video-on-
demand, wireless high-speed file transfer and wireless audio
transmission [2].

Given that there are higher propagation losses in the mm-
wave frequency band than at the lower frequency bands, the
cell-sizes of base-stations are relatively small, implying more
base-stations will be needed to cover a given geographical
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area. It is therefore crucial, from an economic point of view,
to simplify the optical millimeter-wave generation, delivery
and data recovery. Consequently, numerous schemes have
been proposed for optical millimeter-wave generation and opti-
cal frequency up-conversion. Some commonly used schemes
include frequency/phase-locked correlated optical heterodyn-
ing [3] and the use of high-bandwidth external modulators
alone, or in cascade with either another low-bandwidth exter-
nal modulator or a directly modulated laser [2], [4], [5].
However, these schemes are disadvantaged by the need for
signal control techniques or high-frequency electronic and
electro-optic devices.

In this letter, we report and experimentally demonstrate
for the first time to our knowledge, a 60-GHz multi-band
Orthogonal Frequency Division Multiplexing (MB-OFDM)
UWB RoF system based on the uncorrelated optical hetero-
dyne mixing of an optical single sideband (OSSB) MB-OFDM
UWRB signal with a free-running continuous-wave (CW) laser
in a broadband photodiode. The frequency offset between the
two uncorrelated optical sources that beat at the photodiode
is 60 GHz. Both optical sources are tunable lasers that utilize
thermo-electric cooler (TEC) modules to ensure wavelength
stability and accuracy throughout their tuning ranges. Using
such lasers guarantees that the beat term falls within the
60-GHz band.

It is well-known that the phase noise of the carrier gen-
erated by the beating of two uncorrelated optical sources
on a photodetector significantly degrades the detection per-
formance of the transmission system. This phase noise may
manifest itself in the broadening of the spectral linewidth.
In the absence of phase noise, the photodetected electrical
signal at an intermediate frequency (IF) can be detected by
extracting a carrier reference from it, followed by coherent
demodulation. However, in the presence of phase noise, a
carrier-recovery circuit might have difficulties in tracking rapid
phase variations, resulting in degradation of the detection
performance. Alternatively, these phase-noise effects can be
avoided at baseband by utilizing a self-homodyning receiver
[6] or an envelope detector with sufficient IF bandwidth [7].
The proposed system utilizes square-law envelope detection
at the customer unit to down-convert the mm-wave wireless
signal straight to baseband. Envelope detection is preferred
over self-homodyning because it is cheaper and has been
shown to provide better sensitivity [8].

Consequently, the proposed scheme significantly simplifies
the optical mm-wave generation and data recovery as it



doesn’t require any high-bandwidth electro-optical device at
the central office or high-frequency Local Oscillators (LOs)
at either the central office or the customer unit; or optical
phase-locking techniques to generate the mm-wave wireless
signal. This means that millimeter-wave independence is
achieved, provided the frequency separation between the two
optical sources is within the bandwidth of the broadband
photodiode.

We experimentally demonstrate, using the proposed system,
the successful transmission of a 3.84 Gb/s 16-quadrature
amplitude modulation (QAM) MB-OFDM UWRB signal in the
60-GHz band over up to 48-km standard single-mode fiber
(SSMF) and a further 4-m wireless channel.

II. SYSTEM MODEL

Fig. 1 shows the block diagram of the proposed remote
heterodyne system with envelope detection. One laser (signal
laser) is used as the optical source to the Mach—Zehnder
modulator (MZM) which is modulated by the MB-OFDM
UWB signal. The phase fluctuations of the signal laser ¥ (¢),
as characterized by the Wiener-Lévy process, has zero mean
and a variance of 2z f |t|, where £ is the two-sided 3-dB
laser linewidth of Lorentzian power density spectrum [9].
To introduce this phase fluctuation, the optical field at the
output of the MZM is multiplied by the noisy carrier e/1®),
which is the laser phase noise. Consequently, the field of
the optical UWB signal at the output of the MZM in the
presence of the signal laser phase noise can be written
as:
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where fr1, fir, N and f; are the center frequency of the
signal laser, the carrier frequency of the UWB signal, the
number of OFDM subcarriers and the frequency of the kth
subcarrier.

In a similar vein, the optical field at the output of the second
laser (LO laser), in the presence of the LO laser phase noise,
e/ can be expressed as:

Eap (1) =€ @z frat+02(1)) @

where fr> is the center frequency of the LO laser. The
two optical signals are combined in the optical coupler
resulting in the optical signal spectra shown in inset (a) of
Fig. 1.

For simplicity, we have neglected both the fiber and
wireless channels in this analysis. The generated photocur-
rent, I; (¢t), at the output of the square-law photodetector
is:

I (1) = R{(E1p (t) + E2p (1)) - (E1p (0) + E2p 1))} (3)

where R is the responsivity of the photodetector and the
superscript “x” carries out the complex conjugation operation.

After some algebraic manipulations, it is easy to show that (3)
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Fig. 1. Block diagram of the proposed system. Inset (a) Combined
optical spectra. Inset (b) Photodetected signal spectra. MZM: Mach—Zehnder
modulator. LO: local oscillator. PD: photodetector. BPF: band-pass filter.
ED: envelope detector. LPF: low-pass filter.
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€1 (1) =2z [ fr1 — fr2lt + (D1 (1) — V2 (1)) %)
€ (t) = 2n frrt + (D1 (t) — D2 (1)) (6)
and
frr = fL1— fro + fir. (7

The first term in (4) is a D.C. component. The second
term represents the second-order inter-modulation distortion
products. The third term is a copy of the MB-OFDM UWB
signal centred at a frequency of f7r. The fourth term is a
Radio Frequency (RF) carrier at a frequency of (fr1 — fL2),
obtained from the beating of the two optical carriers with
themselves. The final term is the desired MB-OFDM UWB
signal at the RF frequency of frp. It is seen that the last
two terms have random phase deviations of (¢ (r) — ¢2(¢)).
If ¢1(t) and ¢1(r) have spectral densities represented by 7
and 7, rps’/Hz respectively, these last two terms will have
spectral densities of (71 + #72) rps®/Hz, resulting in a 3-dB
linewidth equal to the sum of the linewidths of the signal
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Experimental setup of the proposed scheme. H.T: Hilbert transform. LPF: low-pass filter.
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and LO lasers [7]. All the terms in (4) are illustrated in the
photodetected signal spectra shown in inset (b) of Fig. 1, with
the increased linewidths of the last two terms clearly evident.
The BPF shown in Fig. 1 removes the undesired components,
leaving only the last two terms in (4). The filtered electrical
signal, I (t) is down-converted by passing it through the
envelope detector. Assuming an ideal square-law envelope
detector, the down-converted signal I5(¢) is written as:
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After filtering I>(¢) with the LPF, the higher-frequency
components in (9) are eliminated, leaving the baseband signal,
13(1)
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Equation (10) shows that no laser phase noise terms remain.
This implies that the proposed system is, in principle, capable
of avoiding the laser phase noise effects at baseband. In
addition, the system is robust against chromatic dispersion
because the desired UWB signal at the RF frequency is
obtained by the beating of only two optical components, i.e.
one optical carrier and the optical UWB sideband.

III. EXPERIMENTAL SETUP

The experimental setup of the proposed RoF system is
shown in Fig. 2. The UWB signal is generated offline in
MATLAB as a single-column ASCII text file and then loaded
into a Tektronix AWG7122B Arbitrary Waveform Generator
(AWG) operating at a sampling rate of 10.8 GS/s. The mod-
ulating MB-OFDM UWRB at point (a) in Fig. 2, spans from
1.5 GHz to 3.084 GHz and comprises three 528 MHz-wide
sub-bands, each sub-band modulated using 16-QAM. The bit
rate of each sub-band is 1.28 Gb/s, resulting in an aggregate
bit rate of 3.84 Gb/s.

EVM (dB)

Received Optical power (dBm)

Fig. 3. EVM of the three UWB sub-bands as a function of received optical
power for a fixed wireless distance of 2.4 m and different SSMF lengths.

To generate the optical data signal at the central office, the
AWG is operated in dual-output mode. The first AWG output
is the UWB signal while the second output is the Hilbert
transform of the UWB signal. These two outputs are amplified
by two 16-dB gain, RF amplifiers and then filtered by two
7.5-GHz, low-pass filters (LPFs) to remove the alias compo-
nents produced from the digital-to-analog (DAC) conversion at
the AWG. These filtered signals are then used as the electrical
drives to a Fujitsu 10-Gb/s dual-electrode MZM (Vz = 3.1 V)
biased at its quadrature point. The optical source to the MZM
is a tunable laser with linewidth of 800 kHz and center emis-
sion wavelength of 1549.51 nm. An OSSB is generated at the
output of the MZM. This OSSB signal is combined in a 3-dB
optical coupler with another CW signal emitted from another
tunable laser with linewidth of 100 kHz and center emission
wavelength of 1550 nm. The frequency difference between
the two optical sources is chosen to yield the desired 60-GHz
mm-wave carrier frequency. A polarization controller ensures
maximum coupling of the two optical signals is achieved. The
combined optical signals are then amplified by an Erbium-
doped fiber amplifier (EDFA) before being filtered using a
0.8-nm, tunable optical band-pass filter (OBPF) to suppress
the out-of-band amplified spontaneous emission (ASE) noise.
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Fig. 4. EVM as a function of received optical power for a fixed SSMF length
of 26 km and different wireless distances (direct co-axial link also included).

The optical signals are then transmitted through up to 48-km
standard single-mode fiber (SSMF).

A variable optical attenuator (VOA) is used to maintain
a maximum of 1 dBm input to a 70-GHz broadband pho-
todetector located at the base station. The attenuation of
the VOA is varied to enable the Error Vector Magnitude
(EVM) performance of the system to be analyzed as a func-
tion of the received optical power. After photodetection, the
60-GHz UWB signal is amplified by a 30-dB gain, high-power
amplifier (HPA) before being applied to an antenna for up
to 4 m wireless transmission. Both the antennas used in the
experimental setup are dual-reflector Cassegrain antennas with
frequency range of 50-75 GHz, 30-dBi gain and 3-dB beam
width of 3.1°. At the customer unit, the received wireless
60-GHz UWB signal is amplified by a 30-dB gain, low-noise
amplifier (LNA). Down-conversion of the mm-wave UWB
signal is achieved by linearly detecting its envelope using
a waveguide broadband detector with a frequency range of
50-75 GHz. The down-converted signal is further ampli-
fied by a 30-dB gain amplifier with a frequency range of
0.7-4.2 GHz and then captured by a Tektronix DPO 72004,
20-GHz, real-time oscilloscope operated at a sampling rate of
50 GS/s. Baseband digital signal processing including one-tap
equalization, demodulation, demapping and EVM computation
is performed offline in MATLAB.

IV. RESULTS AND DISCUSSION

The system performance is tested for a variation of
the received optical power at a bit rate of 3.84 Gb/s.
The peak-to-peak amplitudes of the UWB signals from the
AWG are kept fixed at 0.8 V. For a fixed wireless distance
of 2.4 m, the received optical power to the photodetector in
the base station is varied by tuning the attenuation of the
VOA. Fig. 3 shows the EVM variation of the three UWB
sub-bands with the received optical power for five optical
transmission cases: back-to-back, 10 km, 26 km, 37 km and
48 km of SSMF. The EVM is limited by electrical noise at

low received optical power. Increasing the received optical
power improves the EVM due to an increase in the received
signal-to-noise ratio (SNR). For an optical receiver sensitivity
of 0 dBm, an EVM below —16 dB is obtained for all the three
bands. Fig. 3 also shows that the system is robust against fiber
chromatic dispersion, with hardly any power penalty obtained
for the various fiber lengths used. Transmission over longer
fiber spans is therefore possible but would be dependent on the
available amplification power budget. In order to investigate
the system performance dependence on the wireless distance,
the fiber length is fixed at 26 km and with all other parameters
constant, the wireless distance is varied from 2 to 4 m. As can
be seen in Fig. 4, the EVM performance degrades with longer
wireless distances due to increase in the free-space path loss.

V. CONCLUSION

A 60-GHz RoF system which considerably simplifies opti-
cal mm-wave generation and wireless signal demodulation has
been proposed and experimentally demonstrated. The system
utilizes optical heterodyne mixing of an OSSB UWB signal
with another free-running unmodulated laser in a photodiode
and envelope detection to achieve reduced overall system
complexity by avoiding any analog frequency/phase-locking
mechanism or high-frequency electro-optic and RF devices.
Using the proposed system, multiple wide-band 16-QAM
OFDM channels have been successfully transmitted over
48-km SSMF without any chromatic dispersion compensa-
tion and a further 4-m wireless distance. The system also
demonstrates impressive robustness to phase noise and fiber
chromatic dispersion, the only limitation imposed in fiber
distribution being the available amplification power budget.
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