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Abstract—Mobile fronthaul is an important network segment
that bridges wireless baseband units and remote radio units to
support cloud radio access network. We review recent progresses
on the use of frequency-division multiplexing to achieve highly
bandwidth-efficient mobile fronthaul with low latency. We present
digital signal processing (DSP) techniques for channel aggregation
and deaggregation, frequency-domain windowing, adjacent chan-
nel leak age ratio reduction, and synchronous transmission of both
the I/Q waveforms of wireless signals and the control words (CWs)
used for control and management purposes. In a proof-of-concept
experiment, we demonstrate the transmission of 48 20-MHz LTE
signals with a common public radio interface (CPRI) equivalent
data rate of 59 Gb/s, achieving a low round-trip DSP latency of
<2 μs and a low mean error-vector magnitude (EVM) of ∼2.5%
after fiber transmission. In a follow-up experiment, we further
demonstrate the transmission of 32 20-MHz LTE signals together
with CPRI-compliant CWs, corresponding to a CPRI-equivalent
data rate of 39.32 Gb/s, in single optical wavelength channel that re-
quires an RF bandwidth of only ∼1.6 GHz. After transmission over
5-km standard single-mode fiber, the CWs are recovered without
error, while the LTE signals are recovered with an EVM of lower
than 3%. Applying this technique to future 5G wireless networks
with massive multiple-input multiple-output is also discussed. This
efficient mobile fronthaul technique may find promising applica-
tions in future integrated fiber/wireless access networks to provide
ultrabroadband access services.

Index Terms—Cloud radio access network (C-RAN), common
public radio interface (CPRI), fifth-generation (5G), frequency-
division multiplexing (FDM), mobile fronthaul, optical fiber trans-
mission.

I. INTRODUCTION

C LOUD optical radio access network (C-RAN) is expected
to play important role in future mobile networks [1]–

[6]. C-RAN improves network performance via coordinated
multi-point (CoMP) and increases network energy efficiency via
capacity sharing and optimization. It also effectively enables
massive multiple-input-multiple-output (M-MIMO), which is
considered as a key technology for the fifth-generation (5G)
mobile networks [7]. Mobile fronthaul is a key network element
in the C-RAN architecture, as it connects centralized baseband
units (BBUs) with remote radio units. The interface used for

Manuscript received October 12, 2015; revised December 8, 2015; accepted
December 10, 2015. Date of publication December 16, 2015; date of current
version March 3, 2016.

The authors are with Futurewei Technologies, Inc., Huawei R&D USA,
Bridgewater, NJ 08807 USA (e-mail: xiang.liu@huawei.com; huaiyu.zeng@
huawei.com; naresh.chand@huawei.com; frank.effenberger@huawei.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2015.2508451

mobile fronthaul is primarily based on the common public radio
interface (CPRI), which transmits the digitized in-phase (I) and
quadrature (Q) waveforms of the wireless signals, as well as
the control words (CWs) used for equipment control and man-
agement purpose, in a binary sequence in the time domain [8].
When optical link is used for mobile fronthaul, binary ON–OFF-
keying (OOK) is used as the modulation format. One drawback
of CPRI is its bandwidth inefficiency due to binary transmis-
sion. In the current mobile communication standard of long-
term evolution advanced (LTE-A), carrier aggregation (CA) of
up to five 20-MHz mobile signals need to be supported. For a
system configuration using 8 × 8 multiple-input and multiple-
output (MIMO) and three directional sector antennas (to cover
360° angle geographically), CPRI would require a fronthaul
data rate of about 147.5 Gb/s. To support this high fronthaul
data rate, a large number of high-speed (e.g., 10 Gb/s) optical
OOK transceivers are required.

To achieve bandwidth-efficient mobile fronthaul (EMF),
transmission of multiple mobile channels via frequency-division
multiplexing (FDM) in a single wavelength channel through
analog signal processing that includes frequency conversion
and RF combining/splitting has been proposed and numeri-
cally studied [9], [10]. Recently, channel aggregation and de-
aggregation based on digital signal processing (DSP) [11],
[12] and analog signal processing [13] have been experimen-
tally demonstrated. Dispersion-penalty-free transmission of six
100-MHz-bandwidth LTE-A-like signals with 36.86-Gb/s
CPRI-equivalent data rate over a 40-km standard single-mode
fiber (SSMF) fronthaul has been demonstrated by using a sin-
gle 1550-nm directly-modulated laser (DML) with a modulation
bandwidth of only 2 GHz [11]. The dispersion penalty due to the
interplay between the fiber chromatic dispersion and the chirp
of the DML [14], [15] has been avoided by a novel dispersion-
penalty mitigation technique based on judicious mapping of the
aggregated signals in the frequency domain. The versatility of
the DSP-based channel aggregation approach has been shown in
a fronthaul experiment, where 36 evolved universal terrestrial
radio access type wireless signals, six for each standardized
bandwidth, 1.4, 3, 5, 10, 15, 20 MHz, are aggregated in a single
wavelength channel [12]. With the use of a chirp-free Mach–
Zehnder modulator, high-throughput channel aggregation of 12
100-MHz LTE-A-like signals has also been demonstrated [13].
This DSP-assisted mobile fronthaul technique has been actively
studied within ITU-T Q2/15 regarding Supplement to ITU-T G-
series Recommendations related to radio-over-fiber (RoF) tech-
nologies and their applications (G Suppl. RoF) [16]–[18].
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Fig. 1. (a) Schematic of a C-RAN architecture with an optical fiber based mobile fronthaul; (b) TDM of the digitized I/Q bits of antenna-carriers (AxCs) in
CPRI; (c) frequency-division aggregation of AxC signals in aggregated RoF; and (d) proposed FDM of AxC signals and a QAM signal that contains the CWs.

To reduce the latency associated with DSP-based channel ag-
gregation and de-aggregation, a novel frequency-domain win-
dowing (FDW) technique to reduce the size of the FFT/IFFT
needed for channel aggregation and de-aggregation has been
proposed and experimentally demonstrated [19]. Using this
FDW technique, a low round-trip DSP latency of <2 μs has
been achieved for the aggregation and de-aggregation of 48
20-MHz LTE signals. To make the FDM-based RoF approach
[16]–[19] to be compliant with the CPRI interface, the additional
transmission of the CWs is needed. Recently, a novel mobile
fronthaul transmission scheme has been proposed and demon-
strated to achieve bandwidth-efficient transmission of both the
I/Q waveforms of wireless signals and the CWs [20]. The CWs
are modulated on a single-carrier quadrature amplitude modula-
tion (QAM) signal, which is transmitted synchronously with the
wireless signals via FDM. This scheme has been experimentally
demonstrated through the transmission of 32 20-MHz LTE sig-
nals together with their CPRI-compliant CWs, corresponding
to a CPRI-equivalent data rate of 39.32 Gb/s, in single optical
channel that requires a RF bandwidth of only ∼1.5 GHz [20].

This paper is organized as follows. In Section II, we provide
an overview of three mobile fronthaul interfaces, (i) CPRI, (ii)
FDM RoF, and (iii) FDM RoF with synchronous transmission of
CWs (RoF/CW). In Section III, we describe the DSP implemen-
tation of channel aggregation and de-aggregation in FDM RoF
and show corresponding experimental results [19]. In Section
IV, we present the DSP implementation of FDM RoF/CW and
show corresponding experimental results [20]. In Section V,
we discuss the feasibility of applying these techniques in fu-
ture 5G wireless networks to efficiently support both CoMP
and M-MIMO. Finally, we provide concluding remarks in
Section VI.

II. MOBILE FRONTHAUL INTERFACES

Fig. 1(a) shows the schematic of a C-RAN architecture with
an optical fiber based fronthaul. For the downlink transmission,

the wireless signals generated in a C-RAN central office are
aggregated and converted to the optical domain by an optical
transmitter. The optical signal is then transmitted through the
fiber fronthaul link to reach a remote site, where individual
wireless signals intended for different antenna-carriers (AxCs)
[8] are de-aggregated and sent to their designated antennas. For
the uplink transmission, the reverse of the above operation is
applied. For the interface used for fronthaul, it can be based
on CPRI, aggregated RoF, and aggregated RoF/CW, as to be
discussed in more depth below.

A. CPRI

Fig. 1(b) shows the schematic of the CPRI frame structure,
showing the time-domain multiplexing (TDM) of the digitized
I/Q bits of multiple AxCs, together with the CWs. Each time-
domain sample of a wireless signal is typically digitized to
15 bits for each of the I and Q components of the complex
waveform of the signal. The ratio between the bits used for CWs
and the I/Q bits is 1:15. Each CRPI basic frame lasts 0.26 μs
(1/3.84 MHz), and 256 basic frames form a super-frame. Then
150 super-frames form a 10-ms frame conventionally used in
universal mobile telecommunications system. For optical trans-
mission, binary OOK is used. 8b/10b line coding is often used to
facilitate OOK clock recovery and error detection. As a typical
example, the CPRI data rate needed for aggregating 8 20-MHz
LTE signals (with 30.72-MHz sampling rate) in the 8× 8 MIMO
case is as high as 9.8304 Gb/s (= 8 × 2 × 16 × 30.72 × 10/8
Mbit/s) [8]. This indicates the bandwidth inefficiency of CPRI.

B. FDM RoF

The principle of FDM RoF is to aggregate wireless signals
to/from multiple antennas in the frequency domain and to trans-
mit them together over a fiber-based fronthaul link using a single
wavelength channel, as shown in Fig. 1(c). The wireless sig-
nals aggregated in the optical channel may have their spectral
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Fig. 2. (a) Schematic of the mobile fronthaul architecture with DSP-based FDM RoF; (b) experimentally measured spectrum of 48 20-MHz LTE signals (and
their images due to Hermitian symmetry) that are aggregated using seamless channel mapping and transmitted over 5-km SSMF with –6 dBm received signal
power. The signal center wavelength is 1550 nm. DML: directly modulated laser; APD: avalanche photodiode.

bandwidths unchanged, leading to much improved bandwidth
efficiency as compared to CPRI. In effect, the transmitted op-
tical signal is an analog signal with a spectral efficiency much
higher than the OOK signal used in CPRI. The channel aggrega-
tion and de-aggregation can be realized by using efficient DSP
based on FFT and IFFT [19].

C. FDM RoF/CW

To facilitate the control and management of the fronthaul
equipment and/or to be compliant with CPRI, it is necessary to
transmit the CWs alongside the wireless signals. Fig. 1(d) shows
the proposed aggregated-RoF/CW scheme where the CWs are
modulated by a signal-carrier QAM signal, which is then multi-
plexed with the wireless signals via FDM [20]. To achieve a bit
error ratio (BER) of <10−12 for the CWs [8], the constellation
size of the QAM signal needs to be chosen based on the signal-
to-noise-ratio (SNR) of the fronthaul system. For a typical SNR
of ∼25 dB, 16-QAM can be used to achieve BER < 10−12 with
∼1 dB margin. When 16-QAM is used for CW modulation, the
spectrum bandwidth needed for CWs is½ of that needed for the
wireless signals. When no CWs are needed to be transmitted,
the same optical channel bandwidth can be used to transmit 50%
more LTE signals [19].

To reduce the bandwidth needed for transmitting the CWs,
higher-level QAM such as 64-QAM may be used, at the expense
of higher required SNR. Alternatively, the ratio between the CW
bits and the digitized I/Q bits may be reduced from the typical
1:15 ratio specified in CPRI, e.g., to a ratio of 1:63 (or 1:255).
This is doable especially for future wireless networks where
the wireless signal bandwidth is expected to be much increased
while the data rates needed for CWs remain relatively constant.
To achieve synchronous transmission of CW bits and I/Q bits,
we show that FFT/IFF based block processing can be used, as
shown in a following section.

III. EMF WITH FDM ROF

A. Experimental Setup

Fig. 2(a) shows the schematic of the mobile fronthaul archi-
tecture using DSP-based FDM RoF. In LTE-A, MIMO and CA
are used. Assuming a representative macro-cell configuration
with 8 × 8 MIMO, CA having two 20-MHz mobile signals, and
3 directional sectors, there are totally 48 20-MHz LTE signals.
We conduct experiment to investigate the fronthaul performance
when these 48 20-MHz LTE signals are aggregated into one sin-
gle wavelength channel. To achieve high cost-effectiveness, we
use intensity-modulation and direct-detection (IM/DD) with a
DML and an avalanche photodiode (APD). At the transmitter,
we use offline DSP to generate 48 20-MHz LTE OFDM signals.
The modulation format is OFDM with 64-QAM subcarrier mod-
ulation, which is the highest level modulation specified in LTE.
The time-domain waveform of the aggregated signals is stored
in an arbitrary waveform generator and outputted by a 3.932-
GSa/s digital-to-analog converter (DAC). This analog signal is
then amplified before driving a 1550-nm DML with a modula-
tion bandwidth of ∼1.5 GHz. The output power from the DML
is about 8 dBm. Multiple wavelength channels can be multi-
plexed by a wavelength-division multiplexer (WDM) to further
increase the fronthaul capacity. At the remote location, another
WDM can be used to de-multiplex the wavelength channels.

To achieve high-capacity mobile fronthaul with low-
bandwidth optics, we use seamless channel mapping. The center
frequencies of the signals after aggregation are n × 30.72 MHz,
where n = 1, 2, 3, . . . 48. To mitigate the bandwidth-limitation
induced power roll-off at high frequencies, a simple digital
frequency-domain pre-emphasis is applied at the channel ag-
gregation stage such that ΔP(n) = (n–1)/47 × 4 dB, where
ΔP(n) is the power change of the n-th signal in dB. The
pre-emphasis is based on the system frequency response. For
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Fig. 3. Schematic of the DSP blocks for FFT/IFFT-based channel aggregation (a) and de-aggregation (b), both with the use of FDW to reduce the DSP
processing latency.

Fig. 4. The EVMs of the 48 LTE signals measured under three conditions, (a) optical back-to-back (L = 0 km) at PRX = −6 dBm, (b) after 5-km transmission
(L = 5 km) at PRX = −6 dBm, and (c) after 5-km transmission (L = 5 km) at PRX = −14 dBm.

high-capacity mobile fronthaul applications, the distance be-
tween the antennas and the BBUs can be just a few kilometers.
We use a 5-km SSMF to emulate the fronthaul link. Note that to
avoid fiber dispersion induced penalty for longer fiber links, the
wavelength channel can be transmitted in the O-band centered
at 1310 nm. After fiber transmission, a variable optical attenua-
tor (VOA) is used to vary the optical power (PRX ) received by
the APD. The detected signal is digitized by a 10-GSa/s ADC
in a real-time sampling scope. The digitized samples are stored
in the scope, and later processed by offline DSP for down-
sampling, channel de-aggregation, OFDM demodulation, and
evaluation of EVM and BER. Fig. 2(b) shows the spectrum of
the 48 20-MHz LTE signals measured after the 5-km SSMF
transmission at PRX = −6 dBm. Clearly, with the use of the
digital frequency-domain pre-emphasis, the power spectrum of
the received LTE signals is reasonably uniform.

B. Frequency-Domain Windowing

To achieve low latency for FFT/IFFT-based channel aggre-
gation, we add a new FDW process after each N-point FFT, as
shown in Fig. 3(a). Similarly, a FDW process is added prior
to each N-point IFFT in the channel de-aggregation stage, as
shown in Fig. 3(b). The FDW imposes a windowing function
that attenuates the high-frequency components and suppresses
the inter-channel crosstalk, thereby reducing the FFT/IFFT size

and thus the processing latency. With the use of FDW, the N
and M values used (in Fig. 3) are reduced by 4 times, to 16 and
2048, respectively. The near-optimum windowing function for
the 16-point FFT/IFFT case is found to be [0.44 0.66 0.94 1 1 1
1 1 1 1 1 1 1 0.94 0.66 0.44] according to [19]. The theoretical
overall round-trip DSP-induced latency (including two channel
aggregation stages and two de-aggregation stages) is calculated
to be ∼1.6 μs. With a typical implementation margin of <20%,
the practically achievable round-trip DSP latency is estimated
to be <2 μs.

C. Experimental Results

To achieve low latency for FFT/IFFT-based channel aggre-
gation, we add a new FDW process after each N-point FFT,
as shown Fig. 4 shows the EVMs of all the 48 LTE signals
measured under three conditions, (a) optical back-to-back (L =
0 km) at PRX = −6 dBm, (b) after 5-km SSMF transmission (L
= 5 km) at PRX = −6 dBm, and (c) after 5-km SSMF transmis-
sion (L = 5 km) at PRX = −14 dBm. The first observation is
that all the 48 signals have similar EVM values, indicating rea-
sonable performance uniformity in the frequency domain. The
second observation is that the signal performances obtained af-
ter 5-km SSMF transmission are very similar to those obtained
at L = 0 km. This indicates negligible fiber dispersion induced
penalty in this scenario. There is a small drop in performance
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Fig. 5. The mean EVM of the aggregated LTE signals versus optical path loss
and received optical power (a) and representative recovered OFDM-64QAM
subcarrier constellations for L = 0 km (b) and L = 5 km (c) at PRX =
−6 dBm.

at the eighth channel, which is attributed to the non-uniform
frequency response of the hardware used. Finally, the signal
EVMs after 5-km SSMF transmission with PRX = −14 dBm
are ∼2.5%, well below the typical 8% EVM threshold specified
for 64-QAM.

Fig. 5 shows the mean EVM of all the signals as a function
of the optical path loss and the received optical power, and rep-
resentative recovered OFDM-64QAM subcarrier constellations
for L = 0 km and L = 5 km at PRX = −6 dBm. Evidently,
there is no noticeable dispersion-induced penalty in this 5-km
mobile fronthaul system. At the required EVM threshold of 8%
for 64-QAM, the received optical power needs to be larger than
−21 dBm. Given the fact that optical signal power generated
by the DML-based transmitter is 8 dBm, the optical path loss
budget is thus 29 dB, meeting the N1 loss budget require-
ment for passive optical networks. We expect that with ad-
ditional performance improvement techniques such as optical
pre-amplification, the link loss budget can be further increased.

IV. EMF WITH FDM ROF/CW

A. DSP Implementation of FDM RoF/CW

Fig. 6 shows the schematic of the DSP-based channel ag-
gregator and de-aggregator for FDM RoF/CW. Without loss of
generality, we assume the channel aggregation is for n wireless
signals with equal bandwidth as in the case of n×n MIMO. The

n digital baseband signals are first converted to the frequency
domain by N-point fast Fourier transforms (FFTs). In parallel,
the CW bits are modulated via QAM. To facilitate the recovery
of the CW bits, training symbols are added in the QAM signal to
aid channel synchronization and equalization. The QAM signal
is then converted to the frequency domain by a K-point FFT.
The values of N and K are chosen based on the bandwidths
allocated to the wireless signals and the QAM signal. All the
frequency-domain components are mapped onto the input of
a single M-point inverse Fourier transform (IFFT). Hermitian
symmetry is applied to obtain real-valued output from the IFFT
in order to allow the use of low-cost IM/DD for optical trans-
mission. For channel de-aggregation, the reverse of the above
is applied, as shown in Fig. 6(b). For the QAM signal, channel
estimation and equalization are performed. Finally, the CW bits
are recovered by demodulating the equalized QAM signal.

We then verify the DSP implementation through numerical
simulation. For channel aggregation, we use 32 20-MHz LTE-
like signals, each having a sampling rate of 30.72 MHz, and a
16-QAM signal with a spectral bandwidth of 491.52 MHz. The
sizes of the N-FFT, K-FFT, and M-IFFT are 16, 256, and 2048,
respectively. The sampling rate of the high-speed DAC and ADC
is 3.9322 GSa/s. Additional pulse shaping is performed on the
16-QAM signal. Fig. 7 shows the simulated RF spectrum of the
aggregated RoF/CW channel. Evidently, all the signals are ag-
gregated with desired bandwidth and negligible spectral overlap.
We will evaluate the transmission performance experimentally
in the next section.

B. Experimental Setup and Results

Fig. 8 shows the experimental setup for demonstrating the
EMF scheme based on aggregated-RoF/CW. We first generate
32 20-MHz LTE signals with OFDM with 64-QAM subcar-
rier modulation, and a 491.52-Mbaud 16-QAM signal to carry
the CWs. These signals are then aggregated in the frequency
domain using the DSP described in the previous section. The
time-domain waveform of the aggregated signal is stored in
an arbitrary waveform generator and outputted by a 3.9322-
GSa/s DAC. This analog signal is then amplified before driving a
1550-nm DML with a modulation bandwidth of about 2 GHz.
The generated optical signal has a power of 9 dBm. It is launched
into a 5-km SSMF. After fiber transmission, a VOA is used to
vary the optical power received by an APD. The detected signal
is digitized by a 10-GSa/s ADC in a real-time sampling scope.
The digitized samples are stored in the scope, and later processed
by offline DSP for down-sampling and channel de-aggregation.
The LTE signals are processed by OFDM channel equalization
and demodulation, followed by the evaluation of the received
signal EVM and BER. The 16-QAM signal is processed by
QAM channel equalization and demodulation, followed by the
evaluation of the received SNR and BER.

Fig. 9 shows the experimentally measured RF spectrum of
the FDM RoF/CW signal after 5-km SSMF transmission at a
received optical power of –8 dBm. All the signals are aggregated
with desired bandwidth and small spectral overlap. There is a
5-dB drop in signal spectral power density from the low-
frequency edge (∼0.1 GHz) to the high-frequency edge
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Fig. 6. Schematic of the DSP-based channel aggregator (a) and de-aggregator (b) for aggregated RoF/CW.

Fig. 7. Numerically simulated RF spectrum of an aggregated RoF/CW channel with 32 20-MHz LTE signals and a CW signal sampled at 491.52 MHz.

Fig. 8. Experimental setup for evaluating the performance of the proposed aggregated RoF/CW fronthaul transmission scheme.

Fig. 9. Experimentally measured RF spectrum of the aggregated-RoF/CW signal after 5-km SSMF transmission at a received optical power of −8 dBm.
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Fig. 10. Experimentally measured constellations of the CW-carrying 16-QAM signal (a) and the LTE OFDM-64QAM signals after 5-km SSMF transmission at
a received optical power of −8 dBm.

Fig. 11. (a) Experimentally measured SNR versus received optical power for
the 491.52-Mbaud CW-carrying 16-QAM signal; (b) experimentally measured
EVMs of the 32 20-MHz LTE OFDM-64QAM signals versus received optical
power.

(∼1.6 GHz), primarily due to the bandwidth limitation of
the DAC and ADC used. The signal spectral power density
is 30∼35 dB higher than the noise floor. Fig. 10 shows the
experimentally measured constellations of the CW-carrying

Fig. 12. The RF spectrum of a 20-MHz LTE signal after ACLR suppression
by a DSP-based post-filter at the antenna site.

16-QAM signal and the LTE OFDM-64QAM signals under
the same condition. Evidently, the recovered constellations
are of high quality, and no errors are measured with over
10 million bits processed for the LTE signals and the CW
carrying 16-QAM signals.

To further quantify the transmission performance of the
aggregated-RoF/CW signal, we transmit the signal over 5-km
SSMF and vary the optical power received by the APD.
Fig. 11(a) shows the received SNR of the CW-carry 16-QAM
signal as a function of the received power. The received SNR
is measured from the recovered signal constellation, and needs
to be over 23 dB to achieve a BER of below 10−12. When the
received power is in the range between –20 and –4 dBm, no er-
rors are measured, and the measured SNRs are all above 23 dB.
This indicates that CWs can be successfully transmitted over
the fronthaul link with 29 dB loss budget.

Fig. 11(b) shows the received EVM of the LTE signals
(OFDM-64QAM) versus the received power. The required EVM
threshold specified for 64-QAM in LTE-A is 8%. When the
received power is higher than −18 dBm, the received EVMs
of all the 32 LTE signals are below 8%. With pre-emphasis
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Fig. 13. Experimentally measured RF spectra (a), (b) and constellations (c), (d) of the aggregated 32 200-MHz wireless signals before fiber transmission (a), (c)
and after 1-km SSMF transmission in the C-band (b), (d) [22].

to boost the powers of the high-frequency signals, the EVM
performances of these 32 LTE signals are expected to become
more uniform. When the received power is in the range between
−12 and −4 dBm, the received EVMs of all the 32 LTE signals
are below 4%. This indicates that the LTE signals can also be
successfully transmitted over the fronthaul link with sufficient
loss budget in certain passive optical networks (PONs) such as
wavelength-division multiplexed PON (WDM-PON) [21].

C. Adjacent Channel Leakage Ratio (ACLR) Reduction via
DSP-Based Post-Filtering

It is necessary to reduce the ACLR after fronthaul transmis-
sion, in order to avoid inter-channel crosstalk. We show that
sufficiently low ACLR can be obtained by DSP-based post-
filtering during the channel de-aggregation stage. The post-filter
is implemented in the time domain with 72 taps. Fig. 12 shows
a 20-MHz LTE signal after post-filtering. The ACLR is sup-
pressed to below −73 dBc. Moreover, the DSPs at the remote
sites can also be configured to perform digital pre-distortion
to compensate for the nonlinear distortion caused by the power
amplifiers before the antennas. This indicates the additional ben-
efits of antenna-site DSP in improving the overall performance
of mobile fronthaul.

V. SCALING UP FRONTHAUL CAPACITY FOR FUTURE 5G

For future 5G wireless systems, both M-MIMO and large
signal bandwidth are expected. For 64 × 64 M-MIMO with
200-MHz signal bandwidth, the CPRI-equivalent data rate per
sector would be about 800 Gb/s. For a fronthaul link support-
ing three such directional sectors, the total data rate required
by CPRI would be as high as about 2.4 Tb/s. With the use

of the EMF techniques described above and scaling up the
modulation and detection speed, it is possible to support 32
200-MHz signals, corresponding to CPRI-equivalent data rate
of approximately 400 Gb/s using a single optical wavelength
channel. Fig. 13 shows the aggregation of 32 200-MHz wireless
signals using 15-GHz-class DML and APD, and 40-GSa/s DAC
and ADC. The EVM before and after 1-km SSMF transmission
in the C-band are measured to be ∼3.5% and ∼6%, respec-
tively [22]. When operating in the O-band, 20-km transmission
distance is expected to be supported.

More recently, a novel CPRI-compatible EMF scheme based
on time division multiplexing (TDM) rather than FDM to sup-
port the synchronous transmission of CWs and IQ data has
been proposed and experimentally demonstrated [23]. 256 Gb/s
CPRI-equivalent data rate has been achieved using 10-GHz-
class optics. This shows the feasibility of using the EMF ap-
proach to bandwidth-efficiently and cost-effectively support
future 5G wireless networks.

VI. CONCLUSION

We have reviewed recent progress on the use of DSP-based
FDM RoF for bandwidth-EMF with low latency. More specif-
ically, we have described DSP techniques for channel aggre-
gation and de-aggregation, FDW, ACLR reduction, and syn-
chronous transmission of both the I/Q waveforms of wireless
signals and the CWs used for control and management pur-
poses. Relevant experimental results have also been presented.
This type of bandwidth-EMF schemes using DSP-based channel
aggregation may find applications in supporting C-RAN, CoMP,
and M-MIMO in future generations of wireless networks such
as 5G.



1564 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 34, NO. 6, MARCH 15, 2016

REFERENCES

[1] China Mobile Research Institute, “C-RAN: The road towards green RAN,”
Whitepaper v. 2.6, Sep. 2013.

[2] Z. Shen, A. Papasakellariou, J. Montojo, D. Gerstenberger, and F. Xu,
“Overview of 3GPP LTE- advanced carrier aggregation for 4G wireless
communications,” IEEE Commun. Mag., vol. 50, no. 2, pp. 122–130,
Feb. 2012.

[3] K. Werner, H. Asplund, B. Halvarsson, N. Jalden, and D. Figueiredo,
“LTE-A field measurements: 8 × 8 MIMO and carrier aggregation,” pre-
sented at the IEEE Vehicular Technology Conf., Dresden, Germany, 2013.

[4] A. Pizzinat, P. Chanclou, T. Diallo, and F. Saliou, “Things you should know
about fronthaul,” presented at the Eur. Conf. Optical Communication,
Cannes, France, 2014, Paper Tu.4.2.1.

[5] Y. Okumura and J. Terada, “Optical network technologies and architec-
tures for backhaul/fronthaul of future radio access supporting big mobile
data,” presented at the Optical Fiber Communication Conf., San Francisco,
C A, USA, 2014, Paper Tu3F.1.

[6] N. Cvijetic, A. Tanaka, K. Kanonakis, and T. Wang, “SDN-controlled
topology-reconfigurable optical mobile fronthaul architecture for bidirec-
tional CoMP and low latency inter-cell D2D in the 5G mobile era,” Opt.
Exp., vol. 22, no. 17, pp. 20809–20815, 2014.

[7] E. Larsson, O. Edfors, F. Tufvesson, and T. Marzetta, “Massive MIMO
for next generation wireless systems,” IEEE Commun. Mag., vol. 52,
no. 2, pp. 186–195, Feb. 2014.

[8] CPRI Specification V6.1, “Common public radio interface (CPRI): Inter-
face specification,” Jul. 2014.

[9] D. Wake, A. Nkansah, and N. J. Gomes, “Radio over fiber link design for
next generation wireless systems,” IEEE/OSA J. Lightw. Technol., vol. 28,
no. 16, pp. 2456–2464, Aug. 2010.

[10] S.-H. Cho et al., “Cost-effective next generation mobile fronthaul archi-
tecture with multi-IF carrier transmission scheme,” presented at the Op-
tical Fiber Communication Conf., San Francisco, CA, USA, 2014, Paper
Tu2B.6.

[11] X. Liu, F. Effenberger, N. Chand, L. Zhou, and H. Lin, “Efficient mo-
bile fronthaul transmission of multiple LTE-A signals with 36.86-Gb/s
CPRI-equivalent data rate using a directly-modulated laser and fiber dis-
persion mitigation,” presented at the Asia Communications Photonics
Conf., Shanghai China, 2014, Paper AF4B.5.

[12] X. Liu, F. Effenberger, N. Chand, L. Zhou, and H. Lin, “Demonstration of
bandwidth-efficient mobile fronthaul enabling seamless aggregation of 36
E-UTRA-like wireless signals in a single 1.1-GHz wavelength channel,”
presented at the Optical Fiber Communication Conf., Los Angeles, CA,
USA, 2015, Paper M2J.2.

[13] M. Zhu, X. Liu, N. Chand, F. Effenberger, and G.-K. Chang, “High-
capacity mobile fronthaul supporting LTE-advanced carrier aggregation
and 8 × 8 MIMO,” presented at the Optical Fiber Communication Conf.,
2015, Paper M2J.3.

[14] C.-C. Wei, “Small-signal analysis of OOFDM signal transmission with
DML and direct detection,” Opt. Lett., vol. 36, no. 2, pp. 151–153, 2011.

[15] N. S. Andr´e, H. Louchet, K. Habel, and A. Richter, “Analytical formula-
tion for SNR prediction in DMDD OFDM-based access systems,” IEEE
Photon. Technol. Lett., vol. 26, no. 12, pp. 1255–1258, Jun. 15, 2014.

[16] T. Kuri, Ed. Supplement ITU-T G-Series Recommendations Related Radio-
Over-Fiber Technologies Their Applications, 2015.

[17] Futurewei Technologies, Inc., “Aggregated analog radio over fiber
(AA-ROF),” ITU-T SG15 Plenary Meet. COM15-C0889, Nov. 2014.

[18] ETRI, SK Telecom, “Multiple radio signal downlink transmission based on
IF-band RoF transmission scheme,” ITU-T SG15 Plenary Meet. COM15-
C1048, Nov. 2014.

[19] X. Liu, H. Zeng, N. Chand, and F. Effenberger, “Experimental demon-
stration of high-throughput low-latency mobile fronthaul supporting
48 20-MHz LTE signals with 59-Gb/s CPRI-equivalent rate and 2-μs
processing latency,” presented at the Eur. Conf. Optical Communication,
Valencia, Spain, 2015, Paper We.4.4.3.

[20] X. Liu, H. Zeng, and F. Effenberger, “Bandwidth-efficient synchronous
transmission of I/Q waveforms and control words via frequency-division
multiplexing for mobile fronthaul,” presented at the GLOBECOM, San
Diego, CA, USA, 2015, Paper SAC 21-3.

[21] D. Nesset, “NG-PON2 technology and standards,” presented at the Eur.
Conf. Optical Communication, Cannes, France, 2014, Paper Mo.4.1.1.

[22] X. Liu, H. Zeng, N. Chand, and F. Effenberger, “Bandwidth-efficient
mobile fronthaul transmission for future 5G wireless networks,” presented
at the Asia Communications Photonics Conf., Hong Kong, 2015, Paper
ASu3E.4.

[23] X. Liu, H. Zeng, N. Chand, and F. Effenberger, “CPRI-compatible effi-
cient mobile fronthaul transmission via equalized TDMA achieving 256
Gb/s CPRI-equivalent data rate in a single 10-GHz-bandwidth IM-DD
Channel,” in Proc. Opt. Fiber Commun. Conf., 2016, Paper W1H.3.

Xiang Liu (M’00–SM’05) received the Ph.D. degree in applied physics from
Cornell University, Ithaca, NY, USA, in 2000. He is currently the Director of
the Optical Access Networks Department of Futurewei Technologies, Huawei
R&D USA, Bridgewater, NJ, USA, focusing on next-generation optical access
technologies. He had been a Distinguished Member of Technical Staff at Bell
Labs New Jersey, working on high-speed optical fiber communication. He has
authored/coauthored more than 300 journal and conference papers, and holds
more than 60 U.S. patents. He is a Fellow of the OSA and an Associated Editor
of the Optics Express. He has also served as a Technical Program Committee
Chair for several international optical communication conferences such as OFC,
ACP, and WOCC.

Huaiyu Zeng received the Ph.D. degree in electrical engineering from the Uni-
versity of Connecticut, Storrs, CT, USA, in 1997. He was with Lucent/Philips
Consumer Communications, AT&T Labs-Research, Intel Corporation, and
Broadcom Corporation. His focus was primarily on physical layer and au-
dio signal processing for mobile handset development, smart antenna prototype
system, DSL physical layer development, etc. Since 2015, he has been working
with Optical Access Networks Department at Futurewei Technologies, Huawei
R&D USA, Bridgewater, NJ, USA. His research interests include digital sig-
nal processing technologies in digital communication systems and audio signal
processing. He holds more than 40 U.S. patents.

Naresh Chand received the M.Sc. degree in microwave engineering from the
Birla Institute of Technology and Science, Pilani, India, and the Ph.D. degree in
electrical engineering from the University of Sheffield, Sheffield, U.K., in 1983.
He is currently with the Optical Access Networks Department of Futurewei
Technologies, Huawei R&D USA, Bridgewater, NJ, USA. Prior to this, he was
an Engineering and Technology Fellow with BAE Systems, Wayne, NJ. Prior
to joining BAE Systems in 2003, he was a Distinguished Member of Technical
Staff with Agere Systems where he conducted research in optical communica-
tions and networks. From 1986 through 2000, he was with AT&T/Lucent Bell
Laboratories on optical access, communication lasers, and high-speed electron-
ics technologies. During 1974–1979, he was with the Government of India
where he was involved in development of electronics industry in India.

Frank Effenberger (F’15) received the Doctoral degree in 1995. He was with
Bellcore (now Telcordia) where he analyzed all types of access network tech-
nologies, focusing on those that employed passive optical networks. He wit-
nessed the early development of the FSAN initiative and the APON standard.
In 2000, he moved to Quantum Bridge Communications, where he managed
the system engineering group. This work supported the development and stan-
dardization of advanced optical access systems based on B-PON and G-PON
technologies. In 2006, he became the Director of FTTx in the Advanced Tech-
nology Department of Futurewei Technologies USA, Bridgewater, NJ, USA.
He remains heavily involved in standards work, and in 2008, he became the
Chairman of ITU-T Q2/15. He and his team work on forward-looking fiber and
copper access technologies, including the 10G EPON, XG-PON, and 40G-PON.
Notably, his team supported the world’s first trials of XG-PON and 40G-PON.
In 2011, he was named as Huawei Fellow, and in 2012 was promoted to VP of
access research. In 2015, he was named as a Fellow of the OSA. He holds more
than 60 U.S. patents.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


