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A High Spectral Efficiency Coherent RoF System
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Free-Running Laser Sources for UDWDM-PONs

Xiang Chen, Student Member, IEEE, and Jianping Yao, Fellow, IEEE, Fellow, OSA

Abstract—A coherent radio over fiber (RoF) system based on
optical single-sideband modulation with no optical carrier (OSSB)
for ultradense wavelength division multiplexing passive optical net-
works (UDWDM-PONS) is proposed and experimentally demon-
strated. For one channel of the UDWDM-PONESs, at the transmitter,
the OSSB RoF signal is generated using a dual parallel Mach—
Zehnder modulator (DP-MZM) with a real-valued precoded mi-
crowave vector signal which is applied to the DP-MZM via the two
electrodes with one having a 90° phase shift. Then, the OSSB RoF
signal is sent to a coherent receiver over a single-mode fiber (SMF).
The coherent receiver with a free-running laser source as a local os-
cillator (LO) is used to perform the coherent detection. To recover
the standard microwave vector signals from the real-valued pre-
coded microwave vector signal that is embedded in a strong phase
noise introduced by both the transmitter laser source and the LO
laser source, a digital signal processing algorithm is developed to
perform phase noise cancellation. An experiment is performed.
The transmission of a 1.25-Gbps quadrature phase shift keying,
a 1.875-Gbps eight-phase shift keying (8-PSK), and a 2.5-Gbps
16 quadrature amplitude modulation (16-QAM) microwave vector
signals with a channel spacing as narrow as 3 GHz over a 25-km
SMF is experimentally demonstrated. For the transmission of the
2.5-Gbps 16-QAM microwave vector signal, the received optical
sensitivity at forward error correction level over a 25-km SMF link
is —24.8 dBm, while for the 1.875-Gbps 8-PSK microwave vector
signal, it can reach —29.8 dBm which leaves an enough margin
to accommodate the splitting losses in the optical distribution net-
works.

Index Terms—Laser phase noise, optical coherent detection, op-
tical single-sideband modulation with no optical carrier (OSSB),
phase noise cancellation (PNC), radio over fiber (RoF), ultra-
dense wavelength division multiplexing passive optical networks
(UDWDM-PON:Ss).

I. INTRODUCTION

ADIO over fiber (RoF) is one of the promising last mile
R solutions for next generation broadband wireless access
networks [1]-[3]. In recent years, RoF links based on opti-
cal double-sideband with carrier (ODSB+C) modulation and
direct detection has been widely studied, since it is easy to
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implement and is less costly [1]-[3]. But such an optical modu-
lation scheme makes poor use of the optical spectrum resources,
since the spectrum between the two sidebands (the lower and
upper sidebands) cannot be utilized effectively. In addition, the
information carried by the upper sideband and lower sideband
is exactly identical, thus the spectrum of one of the two band-
widths is completely wasted. To solve the problem, RoF links
based on the optical single-sideband with carrier (OSSB-+C)
modulation employing direct detection have been widely stud-
ied. In addition to an increased spectral efficiency, the use of
OSSB+C modulation can also avoid the power penalty resulted
from the fiber chromatic dispersion [4]-[9]. For direct detec-
tion of an OSSB+C-modulated RoF signal, the optical carrier
has to be preserved. However, the optical carrier actually does
not carry any information and around 90% of the optical power
is occupied by the optical carrier, which would decrease sig-
nificantly the energy efficiency. Thus, OSSB modulation with
fully suppressed optical carrier (OSSB) [10] or partially sup-
pressed optical carrier [11] has been proposed to increase the
energy efficiency. An RoF signal with a partially suppressed
optical carrier has an improved energy efficiency, but the spec-
tral efficiency is still poor. In addition, with a fully suppressed
optical carrier, an RoF link becomes much less sensitive to fiber
nonlinear effects, which is extremely attractive for ultra-dense
wavelength division multiplexing (WDM) RoF passive opti-
cal networks (PONs) (UDWDM-RoF-PONs), a potential solu-
tion for the next generation broadband wireless access networks
(e.g., 5G). In a UDWDM-RoF-PON, however, the channels are
very tightly spaced with a channel spacing of 6.25 GHz or less,
thus an effective use of the limited spectrum is particularly im-
portant. In addition, due to the tightly spaced channels, the use
of a WDM filter may not be able to demultiplex the ultradense
channels, thus direct detection with a WDM filter is not a fea-
sible solution. To demultiplex the ultradense channels without
the use of a WDM filter, one potential solution is to use co-
herent detection. Through coherent detection, the channels can
be separated electronically in a coherent receiver. Furthermore,
coherent detection can also provide high receiver sensitivity
[12]-[14]. On the other hand, coherent detection is sensitive
to the phase noise introduced by the transmitter and local os-
cillator (LO) laser sources. In addition, the unstable frequency
difference between the transmitter laser source and LO laser
source due to the frequency instability of the two laser sources
must be cancelled, to effectively recover the OSSB RoF signal.
In the past, optical phase-locked loop (PLL) was used to lock
the frequency and the phase of the LO laser source to those of
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Fig.1. Thearchitecture of a UDWDM-PON. OLT: optical line terminal, ONU:
optical network unit.

the transmitter laser source [15], which makes the scheme very
complicated. Another way to eliminate the frequency difference
and the phase noise is to use the optical coherent detection with
differential detection in the electrical domain [16]. The limita-
tion of this approach is that the RoF link is not transparent to the
modulation format and the data rate. Besides, both the schemes
are designed for optical baseband communication systems.
Fig. 1 shows the architecture of a coherent UDWDM-PON.
Note that the usual wavelength multiplexer (MUX) is replaced
by a power splitter/combiner [17], [18]. A power-splitter-based
optical distribution network (ODN) is compatible with the cur-
rently used time TDM-PONS, thus the infrastructure currently
being used can be directly employed to implement UDWDM-
RoF-PONS, to further increase the data transmission capacity.
In this paper, we proposed and demonstrate, for the first time
to the best of our knowledge, a RoF link employing coherent
detection of an OSSB RoF signal. The system is transparent to
the modulation format and the data rate, thus it is suitable for
both the uplink and downlink transmission in a channel of a
coherent UDWDM-RoF-PON. Specifically, at the transmitter, a
light wave from a laser source is externally modulated by a real-
valued pre-coded microwave vector signal via a dual-parallel
Mach-Zehnder modulator (DP-MZM) to generate an OSSB RoF
signal. At the output of the DP-MZM, the OSSB RoF signal is
sent to a coherent receiver over a single-mode fiber (SMF), to
detect the RoF signal, where an LO laser source is employed
for coherent detection. A digital signal processing (DSP) algo-
rithm is developed to recover the standard microwave vector
signal from the real-valued pre-coded microwave vector signal
while cancelling the phase noise and the unstable frequency
difference introduced by both the transmitter laser source and
LO laser source. The reason that the microwave vector signal is
pre-coded is that the DSP algorithm will change the phase and
amplitude of the microwave vector signal while cancelling the
phase noise. To obtain a standard microwave vector signal, pre-
coding the phase term and the amplitude term of the microwave
vector signal is necessary. The proposed DSP-assisted coherent
RoF system based on two free-running laser sources with OSSB
modulation in a UDWDM-PON is verified by an experiment.
In the experiment, a 2.5 Gbps OSSB RoF signal with a channel
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Fig. 2. Schematic diagram of the proposed RoF system based on the OSSB

modulation employing coherent detection incorporating digital phase noise can-
cellation. ADC: analog-to-digital converter, PC: polarization controller, LD:
laser diode, LO: Local oscillator, Balanced PD: balanced photodetector, DP-
MZM: dual parallel Mach-Zehnder modulator, DSP: digital signal processing,
fe: the center frequency of the light from LD, fy,i.: the center frequency of the
microwave signal, Af: the frequency difference between LD and the LO laser
source.

spacing as narrow as 3 GHz over a 25-km SMF link is de-
modulated. The channel selection is realized through coherent
detection with a digital bandpass filter. For the transmission of
a 2.5-Gbps 16 quadrature amplitude modulation (16-QAM) mi-
crowave vector signal, the optical sensitivity at the feed forward
correction (FEC) level over a 25-km SMF link is —24.8 dBm,
while for a 1.875-Gbps 8 phase shift keying (8-PSK) microwave
vector signal, the optical sensitivity can reach —29.8 dBm which
leaves an enough margin to accommodate the splitting losses in
the ODN.

II. PRINCIPLE OF OPERATION

Fig. 2 shows the schematic diagram of the proposed DSP-
assisted RoF system with coherent detection employing OSSB
modulation. A continuous-wavelength (CW) light from a laser
diode with the power P; and the angular frequency w, is
sent via a polarization controller (PC1) to a DP-MZM where
it is externally modulated by a real-valued pre-coded mi-
crowave vector signal. The real-valued pre-coded microwave
vector signal is applied to the DP-MZM via the two RF
electrodes with one channel having a 7/2 phase shift. The
DP-MZM consists of two sub-MZMs (sub-MZM1 and sub-
MZM?2). Both sub-MZMI1 and the sub-MZM?2 are biased at the
null transmission point while the main MZM is biased at the
quadrature point. At the output of the DP-MZM, an OSSB sig-
nal without optical carrier is obtained which then is sent to a
coherent receiver over a 25-km SMF [10]. At the coherent re-
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ceiver, a free-running LO laser source is used as the LO laser
source to detect the OSSB signal. A DSP algorithm is devel-
oped to recover the standard microwave vector signal from the
real-valued pre-coded microwave vector signal while cancelling
the phase noise and the frequency difference introduced by the
transmitter laser source and LO laser source.

The optical field at the output of the DP-MZM can be written
by

B, (t) = V2P./2

sin (1Sgp (t)/2Vy) el (@wettocD+m/4)
X

. (1)
+ sin(m@RF(t)/gvﬂ)ef(wctwa(z)ﬂr/4>

where Sgrp(t) is the real-valued pre-coded microwave vector
signal, Sp - (t) is the Hilbert transform of the signal S (t),
w, is the angular frequency and ¢, (t) is the phase of the light
wave from the transmitter laser source, and V is the half-wave
voltage of the DP-MZM.

Here, the real-valued pre-coded baseband vector signal is
expressed as

Sreal—valued—baseband (t) = T'm COS (wst + on)

2)
m=12,...My; n=12.. M

The real-valued pre-coded baseband vector signal can be
viewed as a signal with the combined amplitude (7, ) and phase
(6,,) modulation. {r,,,1 <m < M;} denotes the set of M;
possible amplitudes while {6,,,1 <n < My} is the My possi-
ble phases of the carrier that convey the transmitted information
[19]. wy is equal to the value of the symbol rate for the pre-
coded baseband vector signal. Then, the real-valued pre-coded
baseband vector signal is up converted to the microwave band.
The real-valued pre-coded microwave vector signal Sip (t) can
be written by

Sry (t) = 1y, cos (wst + 60,,) - cos (wrpt) 3
m=12,...,M; n=12.. M

and the Hilbert transform of the signal Sy () can be expressed
as

A
Srr(t) = 7 cos (wst + 6,) - sin (wrpt)
m=12,...M;; n=1,2,..M,

4)

where wr is the center frequency of the real-valued pre-coded
microwave vector signal [20].

After the OSSB modulation, the optical signal at the output
of the DP-MZM is sent to the receiver over an SMF. At the
receiver side, a coherent receiver with a free-running LO laser
source is used to coherently detect the OSSB RoF signal. The
optical field of the light wave from the LO laser source is given
by

ELO (t) = m@j(wLot+¢LO(f)) (5)

where Ppo is the optical power and wy o is the angular fre-
quency, and ¢y, () is the phase term.

By tuning the two PCs (PC, and PCjy), the polarization di-
rection of the OSSB RoF signal is adjusted to be parallel to
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the polarization direction of the light wave from the LO at the
inputs of the 2 x 2 power splitter. At the two outputs of the
2 x 2 power splitter, the optical signals can be expressed as

By = VLy(VLyE, + Ero) (6)
Ey = /Ly (VL.E, — Evro) 7

where L, is the link loss and L;, is the loss caused by the 2 x 2
power splitter.

Then, the two optical signals are applied to a balanced PD.
The electrical signal at the output of the balanced PD can be
written by

Inp = R(E\ - E{ — E; - E3)/2 = 2RLy\/P.Po L,
sin (mSrr(t)/2V;)

x cos (Awt + . (t) — pro(t) + 7/4)
+osin(r Sur(t)/2V)

x cos (Awt + . (t) — pro(t) —7/4)

®)

where R is the responsivity of the balanced PD. If we assume
that Sgp (¢) is a small signal, (8) can be rewritten as

Va

Srr(t) x cos <AWt Teelt) >

—pLo(t) + 7
(©)]

+§Rp (t) x cos <AWt T ee(t) )

—pLo(t) — 7

where Aw is the frequency difference between the transmitter
laser source and the LO laser source, Aw = w, — wr,o. Appar-
ently, Ipp is an SSB signal [21]. Then, the electrical signal,
Ipp, is sampled and digitized by an analog-to-digital converter
(ADC). Using a DSP module, we can calculate the square of the
sampled signal,

I, = I3
L 2p272 2 2
= m°R°L; P;P,oLs/4V> x 1, cos (2wt + 20,,)

+ 1 R*L} P,PLo Ly /AV? x r?

m

— R Ly P,PLo Ly /2V? x [r2,cos® (wst + 6,,)]

m

X [sin (2Awt — 2wrrt + 2¢. () — 2¢L0(t))]  (10)

In (10), it can be seen that the first term is independent of both
the phase noise and the frequency difference between the two
laser sources, and it contains all the transmitted information. A
digital bandpass filter can be used to extract the signal which is
expressed as the first term in (10). Then, we have

I, = ™ R?L; P,Po L, /AV? x 12

m

cos (2wt + 26,,) (11)

Here the amplitude and phase information in (11) are 72,

and 2 0,,, respectively. Thus, the amplitude 7, and phase 0,, of
the driving signal Sy (t) must be pre-coded in order to obtain
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TABLE I
THE POSSIBLE AMPLITUDES AND PHASES FOR THE PRE-CODED QPSK, 8-PSK
AND 16-QAM SIGNALS

Amplitudes (7, ) Phases (0,,)
QPSK 1 7/8,5m/8,117 /8,157 /8
8-PSK 1 +m/16, £57 /16, £97 /16, +137 /16
16-QAM 1.vV2 47 /16, £57 /16, 297 /16, 137 /16
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Fig. 3. The constellations for the pre-coded QPSK, 8-PSK, 16-QAM and the

standard QPSK, 8-PSK, 16-QAM.

the standard vector signal at the receiver. Table I shows the
possible amplitudes and phases for the pre-coded QPSK, 8-PSK
and 16-QAM vector signals. Fig. 3 shows the constellations for
the pre-coded vector signals (QPSK, 8-PSK and 16-QAM) and
the standard vector signals (QPSK, 8-PSK and 16-QAM).

The phases of the pre-coded QPSK, 8-PSK and 16-QAM
signals are half of the generated standard QPSK, 8-PSK and
16-QAM signals at the output of the DSP module and the am-
plitudes of the generated standard 16-QAM signal at the output
of the DSP module are the square of the amplitudes of the
pre-coded 16-QAM signal.

After the DSP module, the standard vector signal (QPSK,
8-PSK, 16-QAM) which is free from phase noise and unsta-
ble frequency difference introduced by the two laser sources is
achieved.
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Fig. 5. Spectrum of the signal at the output of the coherent receiver.

III. EXPERIMENT

An experiment based on the setup shown in Fig. 1 is con-
ducted. A CW light at 1549.947 nm from a tunable laser source
(TLS, Agilent N7714A) with a linewidth of 100 KHz and an
optical power of 16 dBm is sent to the DP-MZM (JDS-U) via
PC;. (Note that the polarization controller can be replaced by
a polarization maintaing fiber). The half-wave voltage of the
DP-MZM is about 6.33 V and the bandwidth is 10 GHz. A
real-valued pre-coded microwave vector signal with a center
frequency of 2 GHz and a symbol rate of 625 MSymbol/s gener-
ated by an arbitrary waveform generator (Tektronix AWG7102)
is used to drive the DP-MZM via the two RF ports. A broadband
electrical 90° hybrid (Crane Aerospace & Electronics, QHM-
4R-9.5G) provides 7/2 phase difference between the two drive
signals. Both sub-MZM1 and sub-MZM2 in the DP-MZM are
biased at the null transmission point while the main MZM is
biased at the quadrature point. An OSSB RoF signal with no
optical carrier is generated at the output of the DP-MZM (The
suppression ratio for the optical carrier is about 30 dB, while the
suppression ratio for the upper sideband is more than 20 dB),
which is then transmitted over a 25 km SMF and coherently
detected at the coherent receiver (Discovery Semiconductors
DP-QPSK 40/100 Gbps Coherent Receiver Lab Buddy). A sec-
ond CW light at 1549.988 nm with a linewidth of 700 KHz
and an optical power of 7.8 dBm from a second TLS (Anritsu
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MG9638A) used as the LO laser source is applied to the coher-
ent receiver via the LO port. The frequency difference between
the transmitter laser source and the LO laser source is around
5.1 GHz. By tuning PC, and PCj, the light wave from the LO
laser source is co-polarized with the OSSB RoF signal. Note
that in a practical system, we can use a polarization diversity
receiver instead of tuning PCs and PCj. At the output of the co-
herent receiver, a Digital Storage Oscilloscope (Agilent DSO-X
93204A) is employed to perform the analog-to-digital conver-
sion with a sampling rate of 80 GSa/s to convert the electrical
signal to a digital signal. Then, the digital signal (Ipp ) is pro-
cessed offline in a computer (Since the function of the DSP unit
is just like an analog bandpass filter plus an analog envelope
detector and a microwave vector signal demodulator, in order
to avoid using a high sampling-rate analog to digital converter
(ADC), in a practical system, the ADC can be replaced with
these analog circuits).

First, we apply a real-valued pre-coded 8-PSK microwave
vector signal with its spectrum is shown in Fig. 4 to the DP-
MZM. The real-valued pre-coded 8-PSK microwave vector sig-
nal has a center frequency of 2 GHz and a symbol rate of 625
MSymbol/s or a bit rate of 1.875 Gbps. Fig. 5 shows the spec-
trum at the output of the coherent receiver. It can be seen that the
detected real-valued pre-coded 8-PSK microwave vector signal
(the signal with a center frequency of 3.1 GHz) in Fig. 5 is just
the mixing product of the 2 GHz transmitted microwave vector
signal and the 5.1 GHz electrical carrier whose frequency is
just the frequency difference between the two laser sources. In
addition, the 5.1 GHz electrical carrier and the upper-sideband
signal are suppressed by more than 20 dB, which proves that
an OSSB ROF signal with a bandwidth of around 3 GHz is
successfully generated (If a bias voltage controller is employed
for the DP-MZM, the leakages from both the optical carrier
and upper sideband signal can be below the noise floor. So
they will not affect other signals in other channels). After be-
ing digitized and processed in the DSP module to cancel both
the phase noise and frequency difference between the two laser
sources, a standard 8-PSK signal is obtained. The measured con-
stellation for the recovered standard 8-PSK signal is shown in
Fig. 6(a), when the received optical power is —23.8 dBm. Then,
we also apply a real-valued pre-coded QPSK microwave vector
signal with a bit rate of 1.25 Gbps and a real-valued pre-coded
16-QAM microwave vector signal with a bit rate of 2.5 Gbps
to the DP-MZM, respectively. The symbol rates for the QPSK
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and 16-QAM signals are both 625 MSymbol/s and the center
frequencies are 2 GHz. The measured constellations for the re-
covered standard vector signals are shown in Fig. 6(b) and (c).
As can be seen, the constellations are very clear which again
proves that the OSSB RoF signal is demodulated successfully.
Since the function of the DSP module is just like the function
of an envelope detector, the Gaussian white noise is higher for
the vector signals that have larger amplitudes. That is the reason
why in Fig. 6(c) the constellations at the outer circle are not as
clear as those at the inner circle.

To verify the effectiveness of the proposed phase noise can-
cellation (PNC) technique, we also measure the constellations
of the detected signal for a conventional intensity-modulation
and coherent-detection (IM/CD) RoF link without using pre-
coding and a PNC module. The experimental setup is shown
in Fig. 7. Here, the microwave vector signal is a standard 16
quadrature amplitude modulation (16-QAM) signal with a cen-
ter frequency of 2.5 GHz and a symbol rate of 625 MSymbol/s.
The linewidth of the transmitter laser source is 100 kHz and
the linewidth of the LO laser source is 700 kHz. The frequency
stability for the transmitter laser source is +0.3 GHz/24 hours,
and for the LO laser source it is 100 MHz/hour. The detected
signal at the output of the coherent receiver is affected by the
unstable frequency difference and the phase noise introduced
by the two laser sources. A conventional digital phase lock loop
is not able to track the unstable frequency difference between
the two laser sources. Fig. 8 shows the spectrum of the signal
at the output of the coherent receiver. After coherent detection
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Fig.9. The measured constellations of the signals at the output of the coherent
receiver for an IM/CD RoF link. (a) The upper sideband signal, and (b) the lower
sideband signal.
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Fig. 10. EVM measurements at different received optical power levels for the
recovered QPSK, 8-PSK and 16-QAM signals transmitted over a 25-km SMF.

and sampling, two digital bandpass filters are used to select the
upper sideband signal and lower sideband signal. Then, the two
signals are demodulated in the DSP unit. The constellations of
the 16-QAM microwave signals (upper and lower sidebands)
are shown in Fig. 9. As can be seen, the recovered 16-QAM mi-
crowave vector signals are strongly affected by the phase noise
and the unstable frequency difference introduced by the two
laser sources.

To further study the performance of the whole system, error
vector magnitudes (EVMs) for the recovered standard vector
signals (QPSK, 8-PSK and 16-QAM) versus the received Opti-
cal power levels are also measured, which are shown in Fig. 10.
In Fig. 10, the symbol rates for the QPSK, 8-PSK and 16-QAM
are all 625 MSymbol/s and the center frequencies for their
corresponding real-valued pre-coded input microwave vector
signals are 2 GHz. As can be seen, even the received optical
power is only —31.8 dBm, the EVMs for the three different
modulation-format vector signals can be still less than 21%.

Then, the bit error rates (BERs) are estimated based on
the relationship between an EVM and a BER [22]-[26].
Here we assume that the noise after the DSP module is a
stationary random process with Gaussian statistics. Fig. 11
shows BERs as a function of the received optical power cal-
culated from the measured EVMs. For the recovered stan-
dard 8-PSK signal, when the received optical power is
—29.8 dBm, the BER can reach 7.1 x 10~*. When the re-
ceived optical power is —24.9 dBm, for the 16-QAM signal, the
BER is less than 1 x 103. While for the QPSK signal, when
the received optical is only —31.8 dBm, the BER is still less
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Fig. 11.  BERs at different received optical power levels for the recovered

QPSK, 8-PSK and 16-QAM signals transmitted over a 25-km SMF.

than 1 x 1075, By using a state-of-the-art FEC technique [27],
error-free transmission can be achieved when a raw BER is less
than 3 x 1073,

IV. CONCLUSION

An OSSB RoF system based on coherent detection for
UDWDM-PONs was proposed and experimentally demon-
strated. By proper pre-coding the input real-valued microwave
vector signals and using a DSP algorithm, the real-valued
microwave vector signals could be recovered. In the experiment,
the phase noise and the unstable frequency difference intro-
duced by the two free-running laser sources (the transmitter
laser source and LO laser source) was cancelled through the
DSP algorithm. Different modulation-format real-valued pre-
coded microwave vector signals (1.25-Gbps QPSK, 1.875-Gbps
8-PSK and 2.5-Gbps 16-QAM) with center frequencies of 2
GHz were transmitted over a 25-km SMF and recovered at the
coherent receiver. The channel spacing could be as narrow as
3 GHz and the date rate for each channel could reach 2.5 Gbps.
The prosposed RoF link had a very high sensitivity. For the
transmission of a 2.5-Gbps 16-QAM microwave vector signal
over a 25-km SMEF, the link had a sensitivity of —24.8 dBm
(FEC level), while for a 1.875-Gbps 8-PSK microwave vector
signal, the sensitivity could reach —29.8 dBm.
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