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Abstract This paper presents the transmission performance of 5G mobile fronthaul based on aggregation of multiple
intermediate frequency (IF) over radio-over-fiber platform. Four scenarios describe the environment of single mode fiber
(SMF)-link are investigated for efficient bandwidth transmission. The effect of fiber transmission link parameters like
dispersion, attenuation, transmission distance, lunch power, and number of aggregated signals are reported for three
modulation formats (QPSK, 16QAM, and 64QAM). Increasing the transmission capacity by going towards wavelength
division multiplexing is discussed. Simulation results using Optisystem V.14.1 software are presented for 200 MHz- and 1
GHz-bandwidth mobile signals. The simulation reveals that the maximum transmission distance of 16x200 MHz-bandwidth
mobile signals over SMF operating with 1550 nm is 82, 69, and 25 km with bit rates 10.24, 20.48 and 30.72 GB/s for QPSK,
16QAM and 64QAM, respectively, at launch power equal 0 dBm. These values are to be compared with 29, 20 and 13 km

(9.6, 51.2 and 76.8 Gb/s), respectively, when 8x1 GHz-bandwidth signals are transmitted.
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1. Introduction

In recent years, there is rapid evolution of cellular
communication technologies toward the 4G Long Term
Evolution-Advanced (LTE-A) and higher-generation mobile
systems. Low latency and large bandwidth are required to
deal with the increasing in data traffic demand to support
massive capacity and connectivity. New revolution in
wireless system, namely fifth-generation (5G) [1-3], will
enhance the data transfer rate of mobile networks, the
scalability, the connectivity, and the energy efficiency of the
network [4-6]. In 2020, 50 billion devices will be connected
to the global IP network [7].

Transport networks will be very important part for the
development of 5G networks. It would be constructed using
a set of existing technologies, radio-over-fiber (RoF)
transmission [8-11] and millimeter wave (MMW)
technologies [12-15]. RoF technology incorporates the fiber
and the radio wave communication [16]. In conventional
wireless communication, mobile fronthaul (MFH) networks
are transmission systems which connect central office (CO)
and base station (BS) based on wireless communications in
microwave (MW) frequency bands. The existing mobile and
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wireless networks use the MW band of the electromagnetic
spectrum for transmission. Thus it is expected that 5G
mobile networks can make use of the MMW band efficiently
with negligible interference with existing wireless networks
[17, 18]. The microwave fronthaul limits the capacity of
transmission because of the narrow bandwidths available.
Higher data rate can be achieved with operating at MMW
bands. The MMW technology opens a new spectral window
(30-300 GHz) for next wireless transmission [19, 20].
Further, the high frequencies of MMW carriers enable them
to carry higher data rate compared with RF carriers in the
MW band [21, 22]. Extensive research has been reported in
the literature to use massive multi-input multi-output
(MIMO) antenna system [23-25] and orthogonal frequency
division multiplexing (OFDM) technique [23], [26-28] for
supporting the transmission of 5G services over MMW band.
Unfortunately, the atmospheric absorption of the MMW is
relatively high which limits the transmission distance below
200 m [19, 29]. The maximum transmission distance
depends on the MMW carrier frequency and the atmospheric
conditions [20, 30].

To solve the problem associated with high attenuation of
MMW transmission, optical fibers can be used as the main
transmission link between the main mobile station and the
user side [31, 32]. An electrical-to-optical (E/O) and
optical-to-electrical (O/E) interfaces are used at both the base
station and the user side. The use of RoF technology for
transmitting 5G services offers many advantages including
security and high bit-rate transmission [26, 33]. The
integration of wireless networks with optical networks will
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become possible leading to flexible data communication
services [34, 35]. Further, RoF technology can support
efficiently the use of cloud (or centralized) radio access
network (C-RAN) topology which is adopted for 5G wireless
networks and can support massive MIMO operation [36, 37].
Beside that, using silicon photonics enables the MMW
photonic generation, processing, and transmission of MMW
signals which are suitable for RoF systems [38-40].

Mobile fronthaul solution with large data capacity has
attract increasing interest especially for 5G mobile networks
based on fiber backbone [41-45]. The remote radio units
(RRUs) and wireless baseband units (BBUS) are connected
via the MFH to support C-RAN. A significant number of
distinct BBUs are grouped at a central processing pool [46],
as illustrated in Figure 1. Most of previous studies related to
RoF-based MFH have used digital optical communication
techniques to carry the common public radio interface
(CPRI)-formatted signals [47, 48]. Many advantages
obtained with CPRI-based MFH such as simplified
operations and compensations in long term evolution (LTE)
and 4G radio access networks. The in-phase (I) and
quadrature (Q) waveforms of the wireless signals are
transmitted through the CPRI interface in a binary sequence
[49]. The generated binary data will be used to modulate a
semiconductor laser using ON-OFF modulation format. The
transmitter of the binary digitized CPRI requires high
bandwidth especially when large bandwidth aggregated
signals are used. For example, 64x 64 massive MIMO with
200 MHz signal bandwidth, for each antenna directional
sector the CPRI-equivalent data rate would be about 800
Gb/s. For supporting three directional sectors, the total data
rate required by CPRI would be as high as about 2.4 Th/s
[50]. However, transmitting RF signals in digital form for
CPRI-formatted frame specifications requires very large
transmission bandwidth. To overcome this problem, analog
RoF (A-RoF) schemes have been proposed to accommodate
more mobile signal channels over a single wavelength
leading to higher optical bandwidth efficiency and hence
increases the capacity of MFH [51].
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Figure 1. Fronthaul-based C-RAN

Mobile fronthaul schemes based on A-RoF attract
increasing interest from cost-effective point of view. Most of
these schemes are based on aggregated multiple mobile
signals using frequency division multiplexing (FDM)
technique [46, 49], [52-54]. The resultant FDM waveform is
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then converted to analog signal to modulate the optical
carrier. Generally, intensity modulator/direct detection
(IM/DD) technique is used which is characterized by
low-cost implementation compared with coherent detection
technique since it does not require a synchronized local
oscillator laser at the receiver. The progress in photonic
technology enables the implementation of IM/DD optical
communication systems operating at bit rate as high as 100
Gb/s [55, 56]. Both direct and external intensity modulation
have been investigated in the literature for RoF systems, the
latter is more efficient at high bit rate [57-59]. The analog
FDM RoF-based MFH has been addressed by different
research groups. The concept of this MFH scheme has been
applied mainly for aggregated 20 MHz LTE signals [46],
[60-61] and 100 MHz LTE-A signals [60] with suggestions
for scaling up the fronthaul capacities for future 5G
services [46]. Recently, the scheme has been demonstrated
experimentally for 5G mobile network in 28 GHz MMW
environment supporting 1.5 Gb/s for each user [62].

This paper presents comprehensive investigation for the
transmission performance of analog FDM RoF-based MFH
for 5G mobile network. Results are presented for the
aggregation of multiple 200 MHz- and 1 GHz-bandwidth
mobile signals. Both single-optical channel operating at
1550 or 1310 nm carrier wavelength and wavelength
division multiplexing (WDM) channels are considered. The
simulation results are obtained using the commercial
software Optisystem V.14.1.

The aim of the work is to investigate the transmissions
performance of 5G services over fiber communication
system by investigating the efficient bandwidth of
transmission using A-RoF technology. Investigating the
effects of fiber transmission link like, dispersion, attenuation,
launch power, transmission distance, number of aggregated
channels, channel bandwidth, and type of modulation. Also,
enhancing the transmission capacity by increasing the
number of aggregated channels and going towards WDM
system is addressed. The metric used to assess the RoF
systems is error vector magnitude (EVM) measurement;
BER could be estimated according to EVM reading.

2. Mobile Fronthaul under Investigation

A schematic diagram of the single-optical channel MFH
under observation is depicted in Fig. 2a. Block diagrams
related to the BBU, optical fiber link, and RRU are illustrated
in Fig. 2b-d, respectively. In the BBU, multiple intermediate
frequency (IF) technique is used to aggregate many
modulated mobile signals. OFDM technique is used to map
the data of one baseband mobile signal. Each of the resultant
OFDM signal is used to modulate one of the RF (i.e., IF)
carriers. The modulated RF carriers are multiplexed and the
resultant waveform is applied to a digital-to-analog
convertor (DAC). The generated analog signal is then
mapped on the semiconductor laser optical carrier using
analog optical intensity modulator. (See Fig. 2b). Few
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remarks related to the MFH transmitter are given in the
following

DD-OFDM has been demonstrated experimentally
[65].

Baseband Multiple IF Antennas
Mobile  Transmitter

Optical Fiber Link

Signals
1 —p 1
2 ——p| Baseband Mobile Fronthaul Remote
Unit (MFH) Radio Unit
N —— (BBU) (RRU)
= Electrical
= Optical

4
rﬂis!hand
Mobile

| signals, <
| —'[OFDM Band 1 ]::I IF Modulator '
|

Combiner -

2. High-order modulation formats such as QPSK,
16QAM and 64QAM are used with the DD-OFDM to
achieve high spectral efficiency.

3. Raised-cosine filter (RCF) is used to shape each of the
modulated IF carrier to achieve negligible
inter-symbol interference (ISI) at the receiver
detection process. For a RCF roll-off factor equals r,
the transmitted bit rate of each mobile signal is given
by

2mBgp

- (1+7) (1)

where By, is the mobile channel bandwidth and m = log, M is

the order of the modulation (M is the number of discrete
symbols). In writing egn. 1, it is assumed that the electrical

OFDM offers 50% spectral efficiency and B, corresponds to

a double-sideband spectrum around each IF carrier.
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Figure 2. (a) Schematic diagram of single-optical channel mobile
fronthaul. (b) Block diagram of the baseband unit (insert represents signal
shaping with raised-cosine filter then mapped on IF carrier). (c) Block
diagram of the optical fiber link. (d) Block diagram of the remote radio unit

1. Direct detection (DD)-OFDM technique is adopted to
map the baseband mobile signal on the IF carrier. The
OFDM technique offers about 50% spectral efficiency
with reduced channel equalization requirement [63,
64]. Further, DD-OFDM is less expensive compared
with coherent (CO)-OFDM. Recently, 200 Gb/s

4. The radio intermediate frequencies (f,, n=1, 2...N,
with N is the number of aggregated mobile signals) are
equally spaced with channel spacing Afjg = f— f, >
B¢ The composite electrical signal (i.e., multiple IF
signal) applied to the optical modulator can be
considered as an effective baseband RF signal covers
the spectrum extending from f; — B/2 to fy + Be/2
which corresponds to a frequency band of (fy — f;) +
Beh = (N-1) Afi + B, (see Fig. 3). Thus the effective
baseband RF signal bandwidth (measured from f = Q)
is given by

B¢ B
Beff=f1+7h+(N—1)AfIF=fN+Th 2
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Figure 3. Effective bandwidth of aggregated baseband IF signals

5. MMW photonic generation may be used to shift the
spectrum of the multiple IF signal around the required
MMW carrier at the receiver side. This is achieved
using photonic mixing technique in the photodiode
[66-68]. In this case the modulated optical carrier is
combined with the output of a continuous wave (CW)
(i.e., unmodulated) semiconductor laser at the fiber
input. The optical carrier frequency fo; and the CW
laser fo, is chosen according to the required MMW
carrier frequency, fumw [67]
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fumw = for — fo2 = Acz A 3)

01
where c is the speed of light in free space and A is the
wavelength separation between the two lasers wavelengths.

6. An external optical modulator is used in this work
since it is suitable for high speed operation with little
chirp effect compared with the internal optical
modulator [59]. The external modulator is designed
used Mach-Zehnder configuration.

The optical link consists of two erbium-doped fiber
amplifiers (EDFASs), a single-mode fiber (SMF), and an
optical bandpass filter (OBF), see Fig. 2c. The first EDFA
acts as an optical amplifier (OA) to boost the power of the
modulated carrier. The second EDFA is used to compensate
the fiber loss. The OBF is used to suppress the amount of
amplified spontaneous emission noise, generated by the OAs,
that incidents on the photodiode. The SMF is characterized
by four parameters: length Lswe, attenuation asug, chromatic
(group-velocity) dispersion Dsue, and dispersion slope Ssye.
At 1550 nm (i.e., minimum fiber attenuation wavelength),
asvr = 0.2 dB/km, Dgyr = 16.75 ps/(nm.km), and Sgyr =
0.075 ps/(nm?km). At 1310 nm wavelength (i.e., zero fiber
group-velocity dispersion (GVD) wavelength), asus = 0.34
dB/km, Dgwr = 0, and Ssye = 0.0856 ps/(nm2.km). The gain
of the second OA (in decibel) is set equal (osmr Lsmr).

The high GVD of the SMF at 1550 nm limits the
maximum allowable transmission distance at high bit rate
when the system operates at this wavelength. To compensate
the effect of GVD, a dispersion-compensation fiber (DCF)
having high negative GVD at 1550 nm is connected at the
end of the SMF section. The length of the DCF, Lpcf, is
chosen to yield a negligible total GVD over the fiber link.

- (LSMFJ',LDCF) DSMF (4)

At 1550 nm, the DCF used in this work has apcr = 0.6
dB/km, Dpcg = -80 ps/(nm.km), and Spcr = -0.075
ps/(nm?.km). When a DCF is used in the link, the gain at the
second OA is raised to (asmr Lsmr + 0pcr Locr)-

The optical bandpass filter has a center frequency that
matches the optical carrier frequency fo = ¢/A and a
bandwidth suitable for passing the two side bands (upper
and lower) associated with the modulated optical carrier.
Thus the OBF should be at least equal 2B with careful
attenuation should be paid to ensure that the lasing frequency
of the CW laser (if used) should be within the filter spectrum.

At the remote radio unit side, the modulated optical carrier
is applied to a PIN photodiode. The resultant photocurrent
has the modulated signal spectrum centered at the required
MMW carrier. The photocurrent is amplified using
low-noise wideband amplifier and then distributed to the
MMW transmitter antennas as shown in Fig. 2d.

DDCF =

3. Simulation Results

Simulation results are presented for two values of mobile
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channel bandwidth, B, = 200 MHz (case I) and 1 GHz (case
I1). The first case covers services when one goes smoothing
from LTE-A to 5G mobile systems. The second case is
useful to estimate the performance of broadband RoF-based
5G mobile system which is expected to cover different
applications in the next future. For each case, four scenarios
are investigated as follows

Scenario 1: The system operates at 1550 nm wavelength
using SMF link.

Scenario 2: The system operates at 1310 nm wavelength
using SMF link.

Scenario 3: As in Scenario 1, but a DCF is used to
compensate the GVD of the SMF.

Scenario 4: WDM technique is used in the 1550 nm band
with a SMF-based link.

Table 1 lists the bit rates corresponding to both cases when
different modulation formats are used. The results are
obtained from eqn. (5) using r = 0.25.

B‘r= ZBcthEE(M)/{(1+T) (5)

Table 1. Bit rates corresponding to mobile channel bandwidth of 200 MHz
and 1 GHz assuming r= 0.25

Modulation Bit Rate (Gb/s)
Format Ben = 200 MHz Ben = 1 GHz
BPSK 0.320 1.6
QPSK 0.640 3.2
16QAM 1.28 6.4
32QAM 1.60 8
64QAM 1.92 96

The simulation results are obtained using a commercial
software package, namely Optisystem V.14.1. Unless
otherwise stated, the parameter values used in the simulation
are listed in Table 2. In these results, the maximum
transmission distance for a given transmitter laser launch
power is estimated to yield the maximum allowable error
vector magnitude (EVM). The maximum allowable EVM,
EVMpax, is taken to be 17.5, 12.5, and 8% for QPSK,
16QAM, and 64QAM, respectively [69]. The corresponding
bit error rate (BER) threshold is equals to 5.5x10°, 1.3x10™,
and 2x10°, respectively, and it is estimated using the

following equation [70]
3
Q [1IEVM2 (M—l)] ©)

where M is order of the M-ary modulation format (taken to
be one dimension) and Q[.] is the Q-Function.

4(1-M~1/2)

BER =
log, M

3.1. Case |: 200 MHz-Mobile Channel Bandwidth

Consider first the transmission of 5G services over a
single carrier of 1550 or 1310 nm wavelength. The optical
transmitter can be considered as a multiband optical OFDM
where each OFDM, which corresponds to one of the
baseband mobile signals, is mapped on a specific IF (i.e., RF
carrier). The frequency of the nth subcarrier is set to 0.35n
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GHz to yield a frequency guard band between successive
channels.

Figures 4 and 5 show examples of the obtained waveforms
corresponding to the transmission of 16x200 MHz- mobile
signals over a SMF at 1550 nm wavelength. The results are
obtained for -4 dBm launch laser power and 16QAM
signaling format. This format yields a bit rate of 1.28 Gb/s
per baseband mobile signal (see Table 1). Figure 4 contains
several parts describing the RF spectrum of the 16
aggregated signals for different cases. Part a of Fig. 4
illustrates the spectrum of aggregated carriers (ACs) at the
transmitter side (used to modulate the intensity of the optical
carrier). Parts b-e of the figure show the detected RF
spectrum at the receiver end (after the photodiode (PD)) after
different transmission lengths over the SMF (back-to-back
(B2B), 30, 40 and 50 km, respectively). For comparison
purposes, two additional parts (f and g) are given in this
figure. Part f displays the detected RF spectrum after 50 km
transmission when the system operates at 1310 nm
(corresponding to zero GVD of the standard SMF). Part g
gives the results corresponding to the transmission over
50-km SMF at 1550 nm when DCF is employed.
Investigating the results in Fig. 4 reveals the key role played
by the 1550-nm GVD on degraded system performance.
Note that the power degradation increases with channel
index (i.e., IF carrier frequency). This results is expected
since the baseband version of the SMF transfer function has a
lowpass characteristics.

For a fixed fiber lengths L, the power of the transmitted
RF signal will be vanished at discrete frequencies f,e;, given
by [71]

Je \1/2
frero = (ZAZCDL) )

where J is an integer. The lowest value of f,, occurs at J=1
and estimated to be 13.65, 11.14, 9.65, 8.63 and 7.88 GHz
when SMF of length 20, 30, 40, 50 and 60 km, respectively,
is used at 1550 nm transmission wavelength. The presence of
fLero DECOMeES clear as the number of aggregated channels N
increases. This is clear in Fig. 5 which shows the detected
spectrum at the fiber end when 48 signals are transmitted
with Pr=-3 dBm and 16QAM format.
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Figure 4. Electrical spectrum of aggregated 16x200 MHz 16QAM signals
(a) At the transmitter side. (b-e) Detected spectra after B2B, 30, 40, 50 km
SMF transmission at 1550 nm, respectively. (f) Detected spectrum after 50
km SMF at 1310 nm. (g) Detected spectrum after 50 km SMF+DCF at 1550
nm. The inserts in parts (b-g) represent constellation diagram
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Table 2. Parameters values used in the simulation

DM Cyclic Prefix 0
Baseband B Average OFDM Power 16 dB
Unit Transmitter Wavelength 1550 or T310 nm
(BBU) Laser Power 410 4 dBm
Line width 0.1 MHz
Optical Inzertion Loss 2dE
Modulator Swatching Bias Voltage 4V
(Analog Switching RF Voltage 4V
Intensity Extinction Ratio 30 dB
MZM)
Gain
EDFA1 Noise Figure
Wavelength
Standard Attenuation
Single Mode Dispersion
Fiber (SMF) Disperzion Slop
Polanzation Dispersion 0.05 pslan™
Optical Link Di . Wavelength T30 nm
Comensatic Attenuation 0.6 dB/kan
ompensation Disnersi 80 ps/(mm k)
Fiber Bt S
Disperzicn Slop -0.073 pe/(nm* Jam)
Polanzation Dispersion 0.5 pslan*
EDFA 2 Gam Depend on fiber length
Noize Figure 4dB
) Center Frequency Equal to opfical carrier (7]
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Figure 4. Cont.

Figure 6 shows the signal spectrum at different points of
the system when 16x200 MHz signals are aggregated. The
results correspond to 1550 nm system operating with 10
km-SMF P; = -4 dBm and 16QAM format. The spectrum in
part a of this figure is for the first IF carrier (f1= 0.35 GHz).
Note that the optical distortion level is about 56 dB lower
than the signal level. This gives clear indication of the
linearity of the MZM used in the simulation.

The variation of the EVM with channel index n and launch
power P+ is also estimated for 16QAM signaling and A=1550
nm and the results are shown in Figs. 7 a-c for number of
aggregated carriers N=16, 32 and 48 at distances 30, 6, and 3
km, respectively. These distances are chosen to avoid
exceeding EVM,= 12.5% by the aggregated carriers. Note
that at specific P+, the value of EVM generally increases with
channel index. This indicates clearly that the high-index
channel should be kept under observation during test.
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Figure 5. Detected spectrum corresponding to the transmission of 48x200
MHz-channel bandwidth 16QAM at P+ = -3 dBm over SMF-1550 nm (a) 20
km (b) 30 km (c) 40 km (d) 50 km (e) 60 km
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Figure 6. Spectrum at different points of the system when 16x200 MHz
signals are aggregated and correspond to 1550 nm system operating with 10
km-SMF and 16QAM OFDM P+ = -4 dBm. (a) Transmitter side. (b) Optical

fiber link. (c) Receiver side

The simulation is carried further to estimate the effect of
transmission distance on the EVM. The results are depicted
in Figs. 8 a-c for N=16, 32 and 48, respectively. The results
are obtained for SMF link at 1550 nm wavelength and
system operates with 16QAM signaling and different launch
power. These figures are used to estimate the maximum
allowable transmission length L., at which EVM becomes

equal its threshold value, EVMy, = 12.5%. At given Pr,

channel index, and transmission length L, EVM is an
increasing function of N. For examples at P+ = -3dBm and
L= 3 km, EVM equals 8.9, 9.7 and 12.5 when N = 16, 32 and

48. These values are to be compared with 5.4, 5.9 and 8.0,

respectively, when Pt increase to 0 dBm and keeping L at the

same value.
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Figure 7. EVM as a function of channel index n with various levels of
launch power for aggregated 200 MHz 16QAM mobile signals transmitted
over a SMF at 1550 nm (a) N= 16 at 30 km. (b) N=32 at 6 km. (c) N=48 at 3
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Figure 8. Dependence of error vector magnitude on the lengths of the SMF
link at 1550 nm operating wavelength and for aggregated N channels of 200
MHz 16QAM at different levels of launch power (a) N=16. (b) N= 32. (c)

N= 48
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Tables 3a-c present the dependence of maximum
transmission distance on the transmitter laser power Py for
QPSK, 16QAM, and 64QAM, respectively. The results are
given for 1550 nm system incorporating a SMF link and for
three values of number of aggregated mobile signals, N= 16,
32, and 48. Investigating the results in Table 3 reveals the
following findings

1. In the case of QPSK signaling, increasing the number
of aggregated channels from 16 to 32 and 48 will
reduce the maximum transmission distance by 25%
and 10%, respectively. These values are to be
compared with 25% and 8%, respectively, for 16QAM
signaling and 30% and 17%, respectively, for 64QAM
signaling.

2. Increasing Pt leads to increase in L till a saturation
level is reached. For example, L. Saturates
approximately at 89 km when Pt equals 4 dBm for
N=16. Using N=32 (48) will make L, goes to 22 km
(9 km) when P+ tends to 2 dBm.

3. The maximum transmission distance is a decreasing
function of both modulation order and number of
aggregated channels N. for example, using Pt =0 dBm
and N=16 give Ly = 82, 69, and 25 km for QPSK,
16QAM, and 64QAM, respectively. These values are
to be compared with 21, 17, and 7 km, respectively,
when N increases to 32. Increasing N further to 48
yields L. 0f 8, 6, and 4 km, respectively.
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Table 3. Maximum transmission distance for various transmitter launch
power, number of 200 MHz-aggregated mobile channels, and modulation
formats

1550 nm. The results in Table 4 highlights two facts
1. The maximum transmission distance obtained with

(a) QPSK Scenario 2 (SMF+1310 nm) and Scenario 3
aneh Niaxdmam distance (km) (SMF+DCF+1550 nm) is almost the same.
2. The effect of operating at 1310 nm or at 1550 nm with
power (dBm) | 16 channels 32 channels 48 channels . . . .
2 = T < dispersion compensation is more pronounced for
v 70 18 7 increasing Lma When N increases. For example
2 75 20 7 (Lmax)Z/(Lmax)l =1.15, 4.06, and 10.00 when N=16, 32,
-1 80 21 8 and 48. These values are to be compared with
0 82 21 8 (Limax)a/(Lmax)1 = 1.15, 4.06, and 8.00, respectively.
1 85 22 8 Here the subscripts 1, 2, and 3 refer to the scenario
2 87 22 S number. The enhancement in the transmission
g & = : distance achieved by using Scenario 2 and 3 over
4 89 2 ° Scenario 1 is listed in Table 5.
(b) 16QAM Table 4. Variation of maximum transmission distance for the three
operating scenarios assuming 200 MHz-bandwidth mobile signals
Launch Maximum distance (km)
Launch
ower (dBm - i
P ( )| 16 channels 32 channels 48 channels M;g:lllsll;lton ?E;r;lzleelisor Power | (e (Lmeo)t | (Lomas)y/(Lunas):
-4 30 G - (dBm)
-3 50 12 3 16 4 1.15 1.15
-2 55 14 4 QPSK ED) 3 406 406
-1 65 16 5 48 4 10.00 8.00
0 63 17 6 16 1 167 150
2 7 il & 16QAM 32 3 5.00 117
2 3 18 ’ 3 3 10.00 233
3 S 19 ’/ 16 -1 2.00 2.00
4 5 19 ! 64QAM 32 -1 2350 250
48 -1 5.00 5.00
(c) 64QAM
Launch Maximum distance (km) Table 5. Maximum transmission distance enhancement achieved by using
power (dBm) | 16 channels 32 channels 48 channels Scenario 2 (SMF 1310 nm) and Scenario 3 (SMF+DCF 1550 nm) over
a Scenario 1 (SMF 1550 nm) assuming 200 MHz-mobile channel bandwidth
-3 No. of | Modulation | Launch Maximum Distance (km)
-2 - Channels | Format Power SMF SMF | SMF+DCF
= X 2 (dBm) | 1550 nm | 1310 nm | 1550 nm
[ 25 4
16 -4 65 75 75
1 30 10 > 32 QPsK -4 16 65 65
2 i 12 6 48 -4 5 50 40
3 i 13 6 16 -4 30 50 45
4 35 13 6 32 16QAM 4 6 30 2
48 3 3 30 25
Table 4 compares the performance of the system for 16 -1 10 20 29
three link scenarios (SMF at 1550 nm, SMF at 1310 nm, 82 64QAM - 4 10 0
and SMF with DCF at 1550 nm). Low values of Py are a8 - 2 10 10

used in this table to highlight the possibility to go to
green-communication environment with 5G transmission
system. The results are displayed for three modulated
formats (QPSK, 16QAM, and 64QAM) and assuming that
the system deals with N=16, 32, and 48. Note that the QPSK
signal gives practical transmission distance with P+=-4 dBm
for all values of N considered here. In contrast, using
16QAM signaling with SMF at 1550 nm, Py = -4 dBm
doesn’t give satisfactory results when N=48 and therefore,
P; increases to -3 dBm for this case. The simulation also
indicates that Pt less than -1 dBm doesn’t give practical
results when 64 QAM signaling is used with the SMF at

We carry the simulation further to investigate the use of
WDM technique to increase the number of transmitted
mobile channels over the optical link. As an example, the
transmission of 48 mobile signals using three-optical
channel WDM system operating in the C-band region is
considered here. Three semiconductor lasers are used in the
transmitter side emitting at 193.05, 193.1, and 193.15 THz
(i.e. 50 GHz channel spacing) according to International
Telecommunication Union (ITU-U) grid. Each laser is
modulated by 16 aggregated baseband mobile signals using
16QAM modulation format. Figure 9a shows the optical
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spectrum of the WDM signal at the fiber input. Figure 9b
depicts the variation of EVM with channel index when SMF
is used with P+ = -4 dBm. Note that the dependence of EVM
on channel index gives the same behavior for each one of the
WDM channels. The simulation results of 48 channels reveal
that using Py = -4 dBm gives Ly of 60 and 30 km when
QPSK and 16QAM signaling formats are used, respectively.
These values are to be compared with 65 and 30 km,
respectively when 16 channels are transmitted over a single
optical carrier.
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Figure 9. Simulation results related to a 3-channel C-band WDM system
operating at Py = -4dBm. Each optical carrier is modulated by 16x200 MHz
16QAM signals (a) Optical spectrum at the fiber input. (b) Error vector
magnitude after 30 km —transmission

3.2. Case Il: 1GHz-Mobile Channel Bandwidth

Future applications of 5G system requires high-data rate
services which can be incorporated using wide baseband
mobile signals (i.e., wide mobile channels Bg) supported by
high-order modulation. In this subsection, simulation results
are presented for B, = 1 GHz. In this case, the baseband
mobile signal carries 3.2, 6.4, and 9.6 Gb/s when QPSK,
16QAM, and 64 QAM signaling are used, respectively. As
expected, the effect of GVD of the 1550 nm SMF link is
more pronounced with B¢, = 1 GHz compared with B¢, = 200
MHz under the assumption of equal number of aggregated IF
carriers N. Therefore, WDM technique can be used here to

Transmission Performance of Analog Radio-over-Fiber Fronthaul for 5G Mobile Networks

reduce the effect of fiber dispersion when large number of
wide mobile signals are aggregated. The solution is achieved
by dividing the N IF carriers into groups and each group is
used to modulate an optical carrier emitted by one of the
WDM transmitter lasers. In this subsection, the key role
played by the WDM technology on the transmission
performance of aggregated 1 GHz mobile signals over a
SMF is also investigated. Summary of the simulated results
related to the maximum transmission distance are given here.
The signal waveforms and spectra are given in Appendix A.
The results are reported for 1.15 GHz IF channel spacing and
the nth IF carrier frequency is set equal 1.15n GHz.

Table 6 lists the maximum allowable transmission length
Lmax for Scenario 1 assuming a single-optical carrier and
eight aggregated signals (N=8). The values of L. are given
for different transmitter laser power Py and for three
modulated formats (QPSK, 16QAM and 64QAM). Results
related to Pt less than -2 dBm for 16QAM and less than -1
dBm for 64 QAM are not reported here since the obtained
EVM in the simulation exceeds the EVM threshold when
B2B transmission is considered. Note that the 8-channel
QPSK system offers a maximum transmission length of 26
km when P+ = -1 dBm. This value is to be compared with 17
and 5 km when 16QAM and 64 QAM formats are used,
respectively.  The relative transmission  distances
(Lmax)160am/ (Lmax)opsk and (Lmax)saoam/ (Lmax)gpsk are 0.65
and 0.19, respectively. Increasing Pt will enhance the
maximum transmission distance but with almost saturation
behavior which is more pronounced for low-order
modulation format. For example, increasing Pt to 0 dBm
gives Lya= 29, 20, and 13 km for QPSK, 16QAM, and
64QAM system, respectively. These values give
(Limax)160am/ (Lmax)gpsk = 0.69 and (Lmax)sagam!/ (Lmax)opsk =
0.45. At Pt = 4 dBm, the relative transmission distances of
16QAM and 64QAM over QPSK are 0.80 and 0.7,
respectively. Note also that L. approaches a saturated level
of approximately 30 km when P+ exceeds -1 dBm for QPSK
format is used. This value is to be compared with 24 km at Pt
= 3 dBm for 16QAM format and 21 km at P+= 4 dBm for
64QAM format.

It is clear from the previous results that the GVD of
SMF-based system operating at 1550 nm limits the
maximum transmission distance to about 30, 24, and 21 km
when QPSK, 16QAM, and 64QAM are used, respectively,
with N=8. To reduce the effect of GVD, one can go to
Scenario 2 or 3 to increase the transmission distance as
shown in Table 7. The results in this table are presented
for QPSK, 16QAM, and 64QAM system operating with
minimum launch power (P = -4, -2, and -1dBm,
respectively). At these values of P+, Scenario 1 yields 15, 12,
and 5 km for the three modulation formats, respectively.
Note that Scenario 2 enhances the maximum transmission
distance by 3.67, 3.75, and 5.00 when QPSK, 16QAM, and
64QAM formats are used, respectively, note also Scenario 3
gives transmission enhancement of 2.66, 2.08, and 3.00,
respectively. It’s clear that operating with Scenario 2 or 3 is
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most effective in the 64 QAM system since the impact of
GVD on transmission performance of the system is the
highest compared with QPSK and 16QAM systems.

Table 6. Maximum distances as a function of launch power for various
modulation formats assuming 8x1 GHz-bandwidth mobile signals

Launch Power Maximum Distance (km)
(dBm) QPSK 160AM 64QAM

-4 15

3 20 =

2 23 12 -
-1 26 17 5
0 29 20 13
1 29 2 17
2 29 23 19
3 29 24 20
4 30 24 21

Table 7. Maximum transmission distance for the three operating scenarios
using 1 GHz-bandwidth mobile signals

. Launch Distance (km)
Modulation
Power SMF SMF SMF+DCF
Format
(dBm) 1550 nm 1310 nm 1550 nm
QPSK -4 15 55 40
160AM -2 12 45 25
640AM -1 5 25 15

Table 8. Effect of number of WDM channels on maximum transmission
distance. Each optical channel is modulated by 8x1 GHz-bandwidth mobile
signals mapped with 64QAM format

Launch Maximum Distance (km)
power Single Optical | Eight Optical | Sixteen Optical
(dBm) Channel Channels Channels

-1 5 2 -

0 13 7 5

1 17 12 10

2 19 15 10

3 20 16 10

4 21 16 10

The next step in the simulation is directed toward using
WDM technique to enhance the transmission capacity of 5G
services over the fiber. The results are presented here for the
case of transmission 8x1 GHz-bandwidth mobile signal per a
single-optical carrier using 64QAM signaling. The 64QAM
formats offers the highest transmission bit rates compared
with other formats considered in this paper but also

characterized by worst performance degradation due to GVD.

Table 8 lists the maximum transmission distance over a SMF
when the system operates with single (bit rate=76.8 Gb/s),

eight (bit rate=614.4 Gb/s), and sixteen optical channels (bit
rate=1.228 Th/s). The operating frequency of the transmitter
laser are selected to be in the C-band (1550 nm window) with
50 GHz-channel spacing according to IUT grid. At Pt=0
dBm, Ly reduces from 13 km in the case of using a
single-optical channel to 7 km and 5 km for 8-cahnnel and
16-channel WDM systems, respectively. With Pr= 4 dBm,
Lmax @pproaches a saturation level of 21, 16, and 10 km when
WDM is designed with single, eight, and sixteen optical
channel, respectively. This indicates that L. reduces by
about 0.75 and 0.5 when eight and sixteen optical channels
are used, respectively.

4. Conclusions

The dependence of maximum transmission distance Lpax
of analog RoF-based MFH on number of aggregated IF
carriers N, mobile baseband bandwidth B,, and modulation
format has been estimated for 5G mobile network. Results
have been reported for two values of By, 200 and 1000 MHz,
and for four SMF-link scenarios (1550 nm, 1310 nm, 1550
nm with DCF, and C-band WDM). The main calculations
drawn for this study are

1. Using B¢, = 200 MHz, Py =0 dBm, N= 16, and 1550
nm SMF yields L. = 82, 69, and 25 km for QPSK,
16QAM, and 64QAM, respectively. These values are
to be compared with (21, 17, and 7 km) and (8, 6, and
4 km) when N increases to 32 and 48, respectively.
The increase in L. through the operation at 1310 nm
or 1550 nm with DCF is more pronounced with
increasing N. operating at 1310 nm enhance Lpyax by
1.15, 4.06, and 10.00 when N= 16, 32, and 48 are used
with 16QAM signaling.

2. Using WDM technique can enhance the capacity of
MFH with negligible effect on L. when 200 MHz
signals are aggregated. In contrast, WDM is associated
with reduced L. when B, increases to 1 GHz. The
value of L. reduces from 13 to 7 and 5 km when the
number of multiplexed optical channels increase from
1 to 8 and 16, respectively, under the assumption of
transmission over a SMF using 64QAM, 8 mobile
signals per optical carrier and Pr= 0 dBm.
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Figure 10. Spectrum at different points of the system when 8x1 GHz
signals are aggregated and correspond to 1550 nm system operating with 5
km-SMF and 64QAM OFDM P+ = -1 dBm. (a) Transmitter side. (b) Optical
fiber link. (c) Receiver side

Transmission Performance of Analog Radio-over-Fiber Fronthaul for 5G Mobile Networks

=
[— N
T
3
[N
Two
2
Q
o
[— N
oo
(=]
=
)
0 2G 4G 6G 8G 10G
Frequency {(Hz)
(@
=
o] i
~
i
& o :
k=R ®
&
E]
[=]
o
(=2
o«
(=]
81
0] 2G 4G 6G 8G 106G
Frequency (Hz)
(b)
=]
woinlonbogily g e s
e b R N T
g+ | DI (P vt
] P e e e |
L R e e el
FaRRE A ks £ N N
— Fagar 4 [ 3830 TRRE T
E - e en s T
B F]
g
o
o
.0 2G 4G 6 G 3G 10 G
Frequency (Hz)
(©
Figure 11. Detected spectra of aggregated 8x1 GHz-mobile signals
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