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RoF-Based Mobile Fronthaul Networks Implemented

by Using DML and EML for 5G Wireless
Communication Systems

Byung Gon Kim ', Sung Hyun Bae, Hoon Kim

Abstract—We investigate the feasibility of implementing a
mobile fronthaul network (MFN) based on the radio-over-fiber
(RoF) technology for the fifth generation wireless communication
systems cost effectively by using either directly modulated lasers
(DMLs) or electroabsorption modulated lasers (EMLs) operating
in the 1.55-pm window. The results show that the performance
of the RoF-based MFN implemented by using DMLs is primarily
limited by the composite second-order (CSO) distortions arising
from the interplay between the DML’s adiabatic chirp and fiber’s
chromatic dispersion. Thus, when we implement the RoF-based
MEFN by using the currently available commercial DML, its reach
could be limited to ~5 km due to the CSO distortions. To in-
crease this reach, we can utilize the DML having a very small
adiabatic chirp (or the optical dispersion compensation or CSO
cancelation technique). On the other hand, when we implement
the RoF-based MFN by using EML, its performance is limited
mostly by the relatively poor linearity and low output power of
EML rather than the chirp. For example, if we increase the op-
tical modulation index to compensate for the low output power
of EML, the distortions caused by the EML’s nonlinear transfer
curve can also be increased. Thus, for the use in the RoF-based
MFN, it would be highly desirable to increase the output power
of EML as much as possible. For a demonstration, we successfully
transmit 24 100-MHz-bandwidth filtered orthogonal-frequency-
division-multiplexing signals over 20 km of the standard single-
mode fiber by using an EML transmitter with 7-dBm output power.

Index Terms—Directly modulated laser (DML), electro-
absorption modulated laser (EML), filtered OFDM, mobile fron-
thaul network, radio-over-fiber (RoF).

I. INTRODUCTION

HE radio-over-fiber (RoF) technology has recently at-
T tracted significant attention as an alternative transport tech-
nology for the mobile fronthaul network (MFN) of the 5th gen-
eration (5G) wireless communication systems [1]-[15]. This is
mainly due to the extremely large capacity required in such
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a network. For example, for the use in the 5G systems, the
transmission capacity of the conventional MFN implemented
by using the digital fiber-optic interfaces such as the Common
Public Radio Interface (CPRI) would exceed hundreds of Gbps
[8]-[15]. In comparison, by using the RoF technology, it
would be possible to implement the MFN by using the opti-
cal transceivers having only about a few GHz of bandwidth.

Previously, it has been reported that the RoF-based MFN for
the 4G wireless systems could be implemented cost-effectively
by using a directly modulated laser (DML) [1]-[7]. However,
in the case of using a DML for the implementation of the RoF-
based MFN to be used in the 5G systems, its performance can
be seriously limited by the composite second-order (CSO) dis-
tortions caused by the interplay between the DML’s chirp and
the chromatic dispersion of optical fiber due to the much larger
bandwidth requirement of the 5G signals compared to the 4G
signals [8], [9]. Thus, up till now, the RoF-based MFN for the
5G systems has been demonstrated mostly by using a Mach-
Zehnder modulator (MZM) [10]-[15]. This is because the MZM
can generate a chirp-free signal, which is critical for mitigating
the effects of the fiber’s chromatic dispersion, and has a rel-
atively good linearity. However, considering its high cost and
the fact that there will be numerous cell sites to be connected
by MFN (since the cell densification will be increasingly im-
portant in the 5G systems), it would be highly desirable if we
could utilize cost-effective optical transmitters such as DMLs
or electro-absorption modulated lasers (EMLs) instead of using
the expensive MZM-based optical transmitters.

In this paper, we investigate the feasibility of implementing
the RoF-based MFN for the 5G systems by using either DML
or EML. For this purpose, we assume that the MFN should
transport twenty-four 100-MHz-bandwidth filtered-orthogonal-
frequency-division-multiplexing (f~-OFDM) signals (which are
one of the waveform candidates for the 5G systems) [16]-[18].
We then evaluate the performance of these signals after the
transmission over the standard single-mode fiber (SSMF). From
these results, we identify the requirements of DML and EML
for the use in the RoF-based MFN. Howeyver, it should be noted
that, in this paper, we report on the performance of the DML and
EML operating in the 1.55-pm window only. This is because,
to enhance the cost-effectiveness of MFN, it is critical to utilize
the full-duplex bidirectional transmission technique by using
both 1.3- and 1.55-pum windows. However, we can realize the

0733-8724 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0001-9060-6687
https://orcid.org/0000-0001-7395-3695
https://orcid.org/0000-0003-1655-9282

KIM et al.: ROF-BASED MOBILE FRONTHAUL NETWORKS IMPLEMENTED BY USING DML AND EML

Off-line DSP at the transmitter Off-line DSP at the receiver

o ]| o]

merr | | merr 1
| I

2[ cpinsettion |B|[| [2[ cPinsertion |¥ 2048-FFT

= = o o

) |Low-pass: FIR fiter]
|

Matched filter

kd I w
[Low-pass FIR filter |
I

| Up conversion | | Up conversion |

®  awc @

Down conversion

Optical
attenuator

Fig. 1. Experimental setup.

1.3-psm RoF link by using DML or EML without much technical
difficulties, despite their chirps, due to the low dispersion of
SSMF at this window. Thus, we focus our investigation on the
feasibility of implementing the RoF-based MFN by using the
DML or EML operating in the 1.55-pum window.

II. EXPERIMENTAL SETUP

Although the 5G wireless communication system is expected
to be deployed at about the year 2020, its standardization is yet to
be completed [19], [20]. However, at the least, it is clear now that
the peak cell capacity of the 5G systems should be larger than
10 Gbps [16]. Thus, in this study, we assumed that the 5G system
should be able to provide a peak cell capacity of 14.4 Gbps by
using 3 sectors, 8 x 8 multiple-input multiple-output (MIMO)
antennas, and 100-MHz-bandwidth channel f-OFDM signals
in 64 quadrature amplitude modulation (64-QAM) format. In
this case, the RoF-based MFN should be capable of delivering
the signals within 2.4 GHz (=3 x 8 x 100 MHz). We eval-
uated the performances of these f-OFDM signals by using the
error-vector magnitude (EVM), assuming that it should be better
than 8% (since this value corresponds to the uncorrected bit-
error rate of 103 for 64-QAM signal). We also note that this
value is identical to the EVM requirement for 64-QAM sig-
nal stipulated in the 3rd generation partnership project (3GPP)
specifications [20].

Fig. 1 shows the experimental setup. We first generated
an OFDM symbol by taking 2048 inverse fast Fourier trans-
form (IFFT) of 1000 data subcarriers modulated in 64-QAM
format and 200 pilot subcarriers in the quadrature phase-
shift keying (QPSK) format. The subcarrier spacing was set
to be 83.3 kHz. Thus, the signal occupied a bandwidth of
100MHz (= 83.3kHz x 1200). We then added a 7% cyclic
prefix (CP) to this 12-us OFDM symbol. For the generation
of the f-OFDM signal (by filtering out the spectral leakage of
the OFDM signal), we utilized an ideal low-pass filter trun-
cated by the 1024-tap Hamming window. The bandwidth of
this low-pass finite impulse response (FIR) filter was set to
be 100.5 MHz. Fig. 2 shows the RF spectra of the generated
OFDM and f-OFDM signals. In the case of the conventional
OFDM signal, a large spectral leakage was observed outside of
the signal band due to its rectangular windowing. By contrast,
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Fig. 2. RF spectra of OFDM and f-OFDM signals.
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Fig. 3. RF spectrum of the 24 f-OFDM signals measured at the output of the
RF power combiner.

in the case of the f- OFDM signal, this spectral leakage was
measured to be >80 dB lower than the conventional OFDM
signal. This spectrally localized f-OFDM signal enabled us to
minimize the guard band between the signals, and, as a result, to
enhance the spectral efficiency. We generated twenty-four of this
100-MHz-bandwidth f-OFDM signal off-line and ported them to
an arbitrary waveform generator (AWG). The carrier frequen-
cies of these twenty-four f~-OFDM signals were positioned at
350 + 101 x (¢ — 1) MHz, where i is the channel index rang-
ing from 1 to 24. The signals with odd channel indices were
generated from port 1 of the AWG, while the signals with even
channel indices were generated from port 2. To simulate the
asynchronous transmission between adjacent channels, we in-
serted a 6.4-us time delay in port 2. The signals generated from
the AWG were then combined by using an RF power combiner.
Fig. 3 shows the RF spectrum of the 24 f-OFDM channels mea-
sured at the output of the RF combiner. The guard band was set
to be only 1 MHz, which was 1% of the channel bandwidth. It
is interesting to note that the guard band of the 4th generation
LTE-A signal accounts for 10% of the channel bandwidth [17],
[20]. The 24 f-OFDM signals were applied to a cost-effective
optical transmitter (i.e., DML or EML), operating at ~1550 nm.
After the transmission over up to 20 km of SSMF, the signals
were detected by using a PIN receiver. We set the optical power
incident on the receiver to be —2 dBm regardless of the trans-
mission distance, since the nonlinear distortions caused by the
saturation of the receiver were observed at beyond this optical
power. The received signals were digitized by using a digital
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sampling oscilloscope (DSO) at 40 Gsample/s. In the off-line
signal processing, we first down-converted the detected signals
into the baseband and passed them through the matched filter.
We then demodulated the signals by taking FFT and measured
the EVM performance after one-tap equalization.

III. RESULTS
A. Directly Modulated Laser (DML)

It has been recently reported that, when we implement the
RoF-based MEN for the 5G system by using a 1.55-pum DML,
its performance is limited primarily by the dispersion-induced
CSO distortions [8], [9]. The CSO distortions depend strongly
on the chirp characteristics of DML. However, to the best of
our knowledge, the effect of the DML’s chirp on the RoF-based
MFN has not been reported yet. Thus, we attempt to estimate
the chirp parameters of DML required for the implementation
of the RoF-based MFEN (by suppressing the CSO distortions).

The carrier-to-distortion ratio (CDR) of a subcarrier channel
limited by the CSO distortions in the RoF-based MFN can be
described as [5]

7+ (w; + L«Jk)Q(PavgaﬁFM)2
Nesom? Pug? X (w; £ wi)*(08k )

where wj is the angular frequency of the ith channel, N, is the
two-tone product count, P,y is the average output power, m is
the optical modulation index (OMI) per channel, and 7 and gy
represent the slope efficiency and frequency modulation (FM)
efficiency of DML, respectively. Also, 6 is given by DLA?/c,
where D is the dispersion parameter, L is the transmission dis-
tance, X is the wavelength, and c is the velocity of light. By using
this equation, we estimated the chirp parameters of a DML re-
quired for the implementation of the RoF-based MFN. For this
purpose, we first expressed the FM efficiency, Bgy, in terms of
the DML’s chirp parameters as follows.

The instantaneous frequency shift of DML can be expressed
as [21]

CDR ~

6]

Av = —% (;tlnp(t)JwP(t)) )
where P(f) is the instantaneous optical power of DML, « is
the linewidth enhancement factor, and « is the adiabatic chirp
coefficient. Thus, by using the small-signal approximation and
time-harmonic analysis, we can express the FM efficiency of
DML as

Av an 1
- __ ' , 3
Bru (W) A = (Pavg]w + Fé) (3)
Then, the FM efficiency can be approximated as
ank
Bru =~ —4L “)
s

ifw/Py, < k.Inour case, there is no problem in satisfying this
condition, considering the highest frequency of the signal used
in this work (2.7 GHz) and the typical adiabatic chirp parameter,
K, of a commercial DML (i.e., k = 3.2 ~ 15 GHz/ mW) [22]-
[24]. Thus, by using (1) and (4), the CDR limited by the CSO
distortions can be estimated as functions of the DML’s chirp
parameters, o and x. On the other hand, the EVM performance
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of the RoF link can be estimated from the carrier-to-noise-and-
distortion ratio (CNDR) since

EVM =1/VCNDR. (5)

This is because the nonlinear distortions can be regarded as
the equivalent Gaussian noises in wideband multi-carrier sys-
tems [24], [25]. In this equation, we considered the carrier-to-
noise ratio (CNR) limited by the receiver’s thermal and shot
noises as well as the CDR determined by (2). However, as ex-
pected, CDR became dominant over CNR as the transmission
distance increased (due to the increased CSO distortions). Fig. 4
shows the contour plots of the EVM performances estimated
as functions of « and « at various transmission distances. In
this figure, we showed only the EVM performances of channel
24 since the highest-frequency channel would suffer the most
from the CSO distortions. For this estimation, we used the
same parameters as in our experiment (i.e., A = 1551 nm,
n=0.17W/A, D = 17 psmm/km, Py, = 9.2dBm, and m =
4.3%). The shaded areas in this figure indicate the range
of the typical chirp parameters of commercial DMLs (i.e.,
a=24~52 and k=32~ 15GHz/mW) [22]-[24]. The
chirp parameters of the DML used in our experiment are also
shown in this figure.

To satisfy the 8% EVM requirement for 64-QAM signal,
the RoF-based MFN should be able to provide the CNDR of
>22 dB. By using this CNDR requirement, we could identify
the DML’s chirp parameters required for the implementation
of the RoF-based MFN. For example, when the fiber length
is 5 km, the product of o and x should be smaller than
~47 GHz/mW to achieve the CNDR of 22 dB. The results
in Fig. 4(a) show that most commercial DMLs can satisfy this
condition except those having both very large o and . However,
when the fiber length is increased to 10 km, it appears that the
DMLs should be carefully selected for the use in the RoF-based
MEN as the requirement of the product of o and « is substan-
tially reduced to ~21 GHz/mW, as shown in Fig. 4(b). When the
fiber length is increased further to 20 km, this problem becomes
much more serious as the product of a and ~ should be smaller
than ~11 GHz/mW. As shown in Fig. 4(c), almost no commer-
cial laser can satisfy this condition. Thus, for the implementation
of the 20-km long RoF-based MFN by using a 1.55-um DML, it
would be inevitable to use the optical dispersion compensation
[8], the intermediate frequency (IF) optimization [3], [8], or the
CSO cancellation technique [9]. In Fig. 4, we also noted that
it would be desirable to utilize the DML having small « and s
to suppress the CSO distortions. However, the adiabatic chirp
parameter, ~, could be changed by tailoring the laser structure
[21], [27]. Thus, if necessary, we should be able to fabricate the
DML to have a small « for the use in the RoF-based MFN.

To verify the results in Fig. 4, we measured the performance
of the RoF-based MFN implemented by using a 1.55-ym DML
and the experimental setup shown in Fig. 1. In this experiment,
we intentionally utilized a 1.55-pm DML with an exceptionally
small adiabatic chirp parameter, «, of only 3.2 GHz/mW. The
linewidth enhancement factor, «, of this laser was measured to
be 3.6. When we set the bias current of this DML to be 65 mA, its
output power, wavelength, and slope efficiency were measured
to be 9.2 dBm, 1551 nm, and 0.17 W/A, respectively. Fig. 5
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shows the measured EVM performances of 3 channels (operat-
ing at low, middle, and high frequencies) as a function of the
RF power per channel for various transmission distances. When
the RF input power per channel was larger than —13.8 dBm,
we could not measure the EVM performances due to the lim-
ited saturation power of the laser driver. The results show that,
as expected, the EVM performance was improved with the RF
power of the signal in the case of back-to-back transmission.
However, as we increased the transmission distance, the perfor-
mance of the high-frequency channel was deteriorated due to
the dispersion- induced CSO distortions. For example, after the
transmission over 20 km of SSMF, the EVM performance of
channel 23 was degraded to be worse than 8% and, as a result,
could not satisfy the EVM requirement. From these results, we
confirmed that the EVM performances of the high-frequency
channels could be seriously affected by the CSO distortions
even when we utilized the DML having an exceptionally small
adiabatic chirp coefficient, , of 3.2 GHz/mW.

Fig. 6 shows the RF spectra of 24 f~-OFDM signals mea-
sured at the receiver. The second-order intermodulation distor-
tions could be easily observed at outside of the signal’s band as
they were spread up to twice the highest signal frequency (i.e.,
2 x 2.673 GHz = 5.346 GHz). No significant CSO distortion
was observed in the back-to-back condition, while it was in-
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Fig. 6. RF spectra of 24 f-OFDM signals measured at the receiver in the RoF

link implemented by using 1.55-pm DML.
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Fig. 7.  EVM performances of all 24 channels measured at various transmis-
sion distances in the RoF link implemented by using 1.55-um DML. The RF
power per channel was set to be —13.8 dBm.

creased to be about 10 dB higher than the noise floor after the
20-km long SSMF transmission. This figure also showed that
the dispersion-induced RF power fading was not as severe as
the CSO distortions since the received RF power of the highest-
frequency channel (i.e., channel 24 at 2.67 GHz) was reduced by
<1 dB even after the transmission over 20 km of SSMF. Fig. 7
shows the EVM performance of all 24 channels measured af-
ter setting the RF power per channel to be —13.8 dBm. In the
back-to-back condition, the EVM performance was measured
to be almost uniform across the entire channel. However, as the
transmission distance was increased, a gradual degradation was
observed in the EVM performances of high-frequency channels
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due to the dispersion-induced CSO distortions. As a result,
after the transmission over 20 km of SSMF, the high-frequency
channels at >2 GHz (i.e., channel index: >18) could not sat-
isfy the 8% EVM criterion. For example, after the transmission
over 20 km of SSMF, the EVM performance of channel 24 was
measured to be 9.3%. In any case, the results in Figs. 4 and 7
indicated that, as long as the maximum transmission distance
is shorter than 10 km, we could realize the RoF-based MFN by
utilizing the 1.55-pum DML having small chirp parameters (i.e.,
the product of o and x should be smaller than ~21 GHz/mW).
However, when the transmission distance should be increased
to be longer than 20 km, it is crucial to utilize the optical dis-
persion compensation or the CSO cancellation technique for
the implementation of the RoF-based MFN by using a 1.55-um
DML.

Fig. 7 also shows the electrical EVM performances measured
in back-to-back condition by directly connecting the output of
AWG to the input of DSO. Thus, these EVM performances
were limited mostly by the quantization noises of the AWG and
DSO used in this experiment. Since the measured EVM values
were in the range of 3.3 ~ 4.0%, we could not use the higher-
level formats than 64-QAM (such as 256-QAM, which required
the 3.5% EVM threshold). However, if necessary, we should be
able to improve the EVM performance to support 256-QAM
format by reducing the quantization noises (i.e., by increasing
the resolution of the analog-to-digital converters and digital-to-
analog converters) or reducing the peak-to-average power ratio
(PAPR) of the OFDM signals.

B. Electro-Absorption Modulated Laser (EML)

As described above, the performance of the RoF-based MFN
implemented by using a 1.55-pzm DML could be limited by the
CSO distortions arising from the interplay between the laser’s
adiabatic chirp and fiber’s chromatic dispersion. Thus, one po-
tential solution to avoid this problem would be the use of a
1.55-pym EML, instead of a DML, since it has no adiabatic
chirp. This solution could also help to mitigate the deleterious
effects of the dispersion-induced RF power fading since an EML
has a small linewidth enhancement factor [28]. As a result, in
this case, the system’s performance could be limited mostly by
the nonlinearity in the EML’s transfer curve. Previously, various
techniques have been proposed to mitigate the distortion caused
by this nonlinearity, including the dual-wavelength technique
[29], mixed polarization technique [30], optical feed-forward
technique [31], and electronic pre-distortion [32]. However, the
use of these techniques could increase the system’s cost and
complexity. Thus, in this paper, we evaluated the feasibility of
implementing an RoF-based MFN by using an EML without
using these linearization techniques.

We estimated the nonlinearity of EML’s transfer curve by
using Taylor series [33]. Thus, the OMI and the CDR limited by
the nonlinear transfer curve of EML can be expressed as [33]

OMI = (hl/hg) xV (6)

CDR = [(hﬂ/)?/ {NCSO (h2V2)2H %
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2.0
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Fig. 8. A contour plot of the 8% EVM performances estimated as functions
of OMI (h1 /hg) and nonlinearity (hs /h1) of EML for various output powers
of the EML transmitter. In this estimation, the link loss was assumed to be 9 dB.

where h; is the ith-order coefficient in the EML’s transfer curve
expanded by Taylor series and V is the voltage applied to the
electro-absorption modulator (EAM) section of the EML. In
these equations, we noted that the (hy /hy) and (ha/hy) terms
could determine the OMI and the nonlinearity of EML, respec-
tively. In other words, the OMI and the nonlinearity of EML
increased with these terms. By using (5), (6), and (7), we es-
timated the EVM performance of the EML-based RoF link as
functions of (h;/hg) and (he/hy). In this estimation, we as-
sumed that the link loss was 9 dB (i.e., 5 dB for 20-km long
SSME, 2 dB for two 1.3/1.55-um couplers, and 2 dB for the
system margin). Fig. 8 shows a contour plot of the 8% EVM
performances estimated as functions of the OMI (i.e., hy /hg)
and nonlinearity of EML (i.e., ho /hq) for various output pow-
ers of the EML transmitter (Prx ). From this figure, we found
that the usable ranges of the EML’s parameters (such as OMI
and linearity) to satisfy the 8% EVM requirement for 64-QAM
signal increased significantly with Prx . This result also indi-
cated that, if Ppx was high enough, we could implement the
RoF-based MFN by using practically any EMLs (i.e., regard-
less of their OMIs and nonlinearities). For example, if we could
increase Pry to 7 dBm, there should be no problem in satisfy-
ing the 8% EVM requirement even when the RoF-based MFN
was implemented by using an extremely nonlinear EML (i.e.,
ho/hy =~ 1V [30]).

To verify our estimation, we implemented an RoF link by
using a 1.55-pm EML. Fig. 9 shows the transfer curve of the
EML used in this experiment. For this measurement, we biased
the laser section of this EML at 70 mA and set the bias voltage
of the EAM section at —1 V. Under these conditions, the output
power of this EML was measured to be 2 dBm. The transfer
curve of this EML can be expressed by using an exponential
function as [30]

P =exp (1.468 + 0.455 V — 0.4128 V2 + 0.150 V?*) (8)

The fitted curve by using this equation agreed very well with the
measured data, as shown in Fig. 9. At around the bias voltage of
—1V, this transfer curve can be approximated by using Taylor
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Fig. 9. Measured transfer curve of the 1.55-pm EML used in this experiment
in comparison with a fitted curve. The laser section of this EML was biased at
70 mA.

series as

Pemp ~ 1.66 +2.35 (V + 1) + 1.11(V + 1)* )

Thus, the (hy /hg) and (hy/hy) terms of this EML were de-
termined to be 1.42 and 0.472 V, respectively. Accordingly, we
surmised from Fig. 8 that, to satisfy the 8% EVM criterion in
the 20-km long RoF-based MFEN, the output power of this EML
should be higher than ~2 dBm.

We evaluated the effects of the output power of the EML
transmitter (Ppx ) on the EVM performances of the RoF-based
MEN. For this purpose, we measured the EVM performances
of twenty-four 100-MHz-bandwidth f-OFDM signals in the
20-km long RoF link after setting the output power of the EML
transmitter to be either 2 or 7 dBm. However, in this measure-
ment, we did not increase this output power to be higher than
7 dBm to avoid the performance degradations caused by the
stimulated Brillouin scattering (SBS) [34]. Fig. 10 shows the
measured EVM performances of three exemplary channels in
comparison with the theoretically calculated curves by using
(5), (6), and (7). As expected, when we set the output power
of the EML transmitter to be 2 dBm, it was difficult to satisfy
the 8% EVM requirement (since it was necessary to set the RF
input power per channel to be precisely at —24 dBm), as shown
in Fig. 10(a). However, when we boosted up the output power
to 7 dBm by using an erbium-doped fiber amplifier, we could
easily satisfy the 8% EVM requirement by using a wide range
of the RF input power per channel, as shown in Fig. 10(b). In
these figures, the discrepancies between the measured data and
calculated curve were observed at high-frequency channels due
to the poor high-frequency response characteristics of the EML
used in this experiment (i.e., the frequency response of this EML
at 2.7 GHz was measured to be 1.5 dB lower than the value at
DC).

Fig. 11 shows the optimal EVM performances of 24 channels
measured after the SSMF transmission. For this measurement,
we set the RF power per channel to be —26 dBm and the optical
power launched into the SSMF to be 7 dBm. The result showed
that the EVM performances were nearly unchanged even after
the transmission over 20 km of SSMF. This was because the
transmission performance of the EML-based RoF link was not
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Fig. 10. EVM performances as a function of the RF power per channel in the
20-km long RoF link implemented by using 1.55-pum EML. (a) Pr x = 2dBm
and (b) Prx = 7dBm.
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Fig.11. EVM performances of 24 100-MHz-bandwidth f-OFDM signals mea-
sured in the RoF link implemented by using 1.55-pgm EML.

affected by the dispersion-induced CSO distortions (since EML
had no adiabatic chirp). As a result, all the 24 channels could
satisfy the 8% EVM requirement for 64-QAM signal regardless
of the transmission distances.

IV. SUMMARY

We have evaluated the possibility of implementing the RoF-
based MFN for the 5G systems cost-effectively by using either
DML or EML operating in the 1.55-pm window. In particular,
we attempted to evaluate the achievable performances in such
networks without using any complicated mitigation methods
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(e.g., for the dispersion-induced CSO distortion in the case of
using DML and the nonlinear transfer curve in the case of using
EML). In this evaluation, we assumed that the MFN should
be capable of transporting twenty-four 100-MHz-bandwidth f-
OFDM signals modulated in 64-QAM format for the use in the
5G systems.

When we implemented the RoF-based MFN by using DML,
a superb transmission performance was observed in the back-to-
back condition due to its excellent linearity. In addition, due to
the DML’s chirp, we could utilize the high optical power without
inducing SBS. However, when we transmitted the f-OFDM sig-
nals through SSMF in this network, the system’s performance
was limited by the CSO distortions arising from the interplay
between the DML’s adiabatic chirp and fiber’s chromatic dis-
persion. Thus, we developed a theoretical model to estimate the
specifications of the DML’s chirp parameters, o and s, required
for satisfying the 8% EVM criterion for 64-QAM signal. By
using this model, we found that the products of « and « should
be less than 47 GHz/mW and 11 GHz/mW for the 5-km and
20-km reach RoF-based MFNs, respectively. This result indi-
cated that we could implement the RoF-based MFN covering
up to 5 km by using most of the currently available DMLs.
However, when the transmission distance should be increased
to ~10 km, it would be necessary to use the DMLs selected for
(or fabricated to have) very small adiabatic chirp. If the transmis-
sion distance should be increased further to 20 km, it would be
inevitable to utilize the optical dispersion compensation [8], the
IF optimization [3], [8] or the CSO cancellation technique [9].
We experimentally confirmed these results by using a 1.55-um
DML having an exceptionally small adiabatic chirp coefficient
of 3.2 GHz/mW.

In the case of implementing the RoF-based MFN by using
EML, its performance would not be affected by the dispersion-
induced CSO distortions (since EML has no adiabatic chirp).
Instead, the performance of this network could be limited by
the poor linearity and low output power inherent in the EML.
We could increase the OMI to overcome the limitations caused
by the low output power of EML. However, it would inevitably
increase the distortions caused by the EML’s nonlinear transfer
curve, which, in turn, deteriorated the system’s performance.
Thus, for the use in the RoF-based MFN, it would be desirable
to increase the output power of EML as much as possible (un-
til the SBS-induced degradations developed). For example, our
analytical results showed that, if we could increase the output
power of EML to 7 dBm, it would be possible to implement the
RoF-based MFN with 20-km reach by using even an extremely
nonlinear EML (having hs /hy = 1 V). In other words, we could
implement the 20-km reach RoF-based MFN practically by us-
ing any EMLs regardless of their nonlinearities. Conversely,
it would be possible to implement such MFN by using low-
power EMLs if we could improve their linearity substantially.
For the experimental verification of these results, we measured
the EVM performances in a 20-km long RoF link implemented
by using EML after setting its output power to be 2 and 7 dBm.
The results showed that, when we set the output power of EML
to be 2 dBm, it was difficult to satisfy the 8% EVM criterion. On
the other hand, when we increased the output power to 7 dBm,
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the 8% EVM requirement could be satisfied by using a wide
range of amplitudes of the RF input signal applied to EML.

We summarized our findings as follows.

® As long as the transmission distance is shorter than 5 km,
the RoF-based MFN can be implemented by using any
commercial DMLs.

e When the transmission distance is shorter than 10 km, the
RoF-based MFN can be implemented by using the DMLs
fabricated to have a small adiabatic chirp.

e When the transmission distance is shorter than 20 km, the
RoF-based MFN can be implemented by using the EMLs
having sufficiently large output power.

® No mitigation technique is needed in these RoF-based
MFNs.

In this paper, we assumed that the 5G systems would utilize
twenty-four 100-MHz-bandwidth f-OFDM signals modulated
in 64-QAM format. Thus, the aggregated signal bandwidth was
<3 GHz. However, although this is plausible, the 5G systems
could utilize higher signal bandwidth of >10 GHz and higher-
level formats such as 256-QAM in the future. Even in such
a case, the signal bandwidth would not be a problem since
there are already many commercial of DMLs and EMLs having
>10-GHz bandwidth. However, the achievable EVM could be
limited by the PAPR. Thus, to support the large OFDM signals
modulated in 256-QAM format, it would be necessary to utilize
an effective PAPR reduction technique.

We believe that the results found in this work could help the
cost-effective development of the RoF-based MFN for the 5G
systems by using either DML or EML.
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