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Javier Pérez Santacruz∗, Alvaro Morales∗, Simon Rommel∗, Ulf Johannsen†, Antonio Jurado Navas‡,
and Idelfonso Tafur Monroy∗

∗Institute for Photonic Integration, Eindhoven University of Technology, 5600MB Eindhoven, The Netherlands
†Centre for Wireless Technology, Eindhoven University of Technology, 5600MB Eindhoven, The Netherlands

‡Department of Communications Engineering, University of Málaga, 29071 Málaga, Spain
Email: {j.perez.santacruz, a.morales.vicente, s.rommel, u.johannsen, i.tafur.monroy}@tue.nl, navas@ic.uma.es

Abstract—Fifth-generation (5G) mobile networks consist of
a range of novel technologies to fulfill different and exigent
requirements and serve a wide range of services. To reach this,
analog radio over fiber (ARoF) fronthaul with millimeter-wave
(mm-wave) cells is a firm candidate to be part of the 5G architec-
ture. Nonetheless, combined mm-wave and ARoF systems present
new challenges such as high free-space path loss (FSPL), phase
noise, chromatic dispersion, and other impairments. Therefore,
the selection of the modulation format is crucial to reduce these
effects and their impact. This work compares and analyzes
different modulation formats in this type of system in order
to choose the best waveform candidate for mm-wave 5G and
beyond with ARoF fronthaul. An experimental comparison of
OFDM, SC-FDM, UFMC, GFDM, and multi-CAP, shows that
the standard OFDM may not be the best choice for mm-wave
5G.

Keywords—5G, ARoF, fronthaul, mm-wave, waveforms, modu-
lation formats.

I. INTRODUCTION

The fifth generation (5G) of wireless systems will bring
an important improvement in terms of data rate, reliability,
latency, cost, and number of connected devices. A way to reach
the 5G capacity demands is to move from the current con-
gested band toward higher frequency bands, in the millimeter-
wave (mm-wave) domain. Analog radio over fiber (ARoF)
systems are considered a suitable technique to transport mm-
wave signals through the radio access network [1]. Moreover,
centralized radio access network (C-RAN) is a preferred option
in terms of flexibility, latency, and energy consumption [2].
Therefore, ARoF is a strong candidate to implement C-RAN
in a scalable fashion for high-bandwidth 5G architectures [3].
An example of this architecture is shown in Fig. 1. In this
figure, each cell contains one remote unit (RU). These RU’s
are connected to a central office (CO) through an optical front-
haul link that can use different technologies such as wavelength
division multiplexing (WDM) or space division multiplexing
(SDM) [1]. The CO manages and regulates the communication
link by means of software-defined networking (SDN) and
network function virtualization (NF) control plane [4]. A
number of scenarios are illustrated in Fig. 1: a mobile cell
where the terminals are phones; a factory cell whose machines
can be controlled remotely through a wireless link; a vehicular
transmission supported by a serial of base stations connected
to an RU and distributed along the highway. ARoF supports
these scenarios either as fronthaul solution for high-capacity

mm-wave cells or to extend the fiber-based fronthaul with an
mm-wave segment, establishing a hybrid ARoF and mm-wave
fronthaul link.

The use of ARoF directly combines the optical and wireless
channels and thus combines their respective impairments so
that they must be treated jointly. The major ones are the
following: the free-space path loss (FSPL) due to the high mm-
wave frequencies and the attenuation due to the atmospheric
absorption [5]; the increased phase noise when generating
the mm-wave carrier; the chromatic dispersion introduced by
the optical fiber; the non-linearity of some devices such as
Mach-Zehnder modulators (MZMs) and radio frequency (RF)
amplifiers. A possible way to reduce the impact of these
impairments lies in implementing advanced waveform formats.

Orthogonal frequency division multiplexing (OFDM) is the
chosen modulation format in the first 5G standards by the
3rd generation partnership project (3GPP) [6]. However, it
is not proven that OFDM is the optimum modulation format
for ARoF systems with mm-wave links [7], [8]. OFDM has
several limitations for ARoF systems due to its high peak-to-
average power ratio (PAPR) and weakness to phase noise [9].
Consequently, other modulation formats have risen to be strong
candidates for the beyond 5G [10], [11]. Therefore, a thorough
analysis is required towards future mobile access networks
beyond 5G. In this work, we experimentally evaluate a 5G sce-
nario through an ARoF setup at 25 GHz (K-Band), i.e., within
the n258 band assigned for mm-wave 5G in Europe [6]. This
allows for direct evaluation and comparison of the performance
of OFDM and the other main modulation format candidates for
ARoF systems.

This paper is organized as follows: Section II describes
and compares qualitatively the evaluated modulation formats;
Section III shows the characteristics and configuration of
the digital signal processing (DSP) and devices used in the
setup; Section IV presents and analyzes the obtained results;
Section V summarizes the paper and provides concluding
remarks.

II. EVALUATED MODULATION FORMATS

In this paper, we compare the most relevant waveform
format candidates for beyond 5G in terms of bit error rate
(BER) according to [10] and [11]. These waveform formats
can be divided into two categories: multi-carrier (MC) and
single-carrier (SC) waveforms, both groups have different
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Fig. 1. C-RAN architecture employing ARoF fronthaul between the central office (CO) and remote radio nodes for three different scenarios.

attractive features. The employed MC waveforms are: OFDM,
universal-filtered multi-carrier (UFMC) and generalized fre-
quency division multiplexing (GFDM). On the other hand, the
utilized SC waveforms are: single-carrier frequency division
multiplexing (SC-FDM) and multiband carrierless amplitude
phase modulation (multi-CAP). It is necessary to mention that
SC-FDM and multi-CAP are not pure SC waveforms like, e.g.,
quadrature amplitude modulation.

First, the evaluated waveforms are compared in terms of a
number of key requirements for ARoF systems:

Peak-to-average power ratio: PAPR of the used waveform
in ARoF systems requires to be low. A high PAPR leads
to considerable degradation introduced by MZM, RF ampli-
fier, digital-to-analog converter (DAC) and analog-to-digital
converter (ADC) due to the large peaks of the transmitted
signal [12]. Moreover, high PAPR is related to elevated power
consumption of the system. Regarding the examined modula-
tions, SC waveforms show lower PAPR than MC waveforms.

Robustness to phase noise: phase noise is one of the
major limiting factors to overall performance in ARoF sys-
tems, especially if optical heterodyning of free-running lasers
is employed for mm-wave generation, in which case phase
noise is the result of the combined linewidths of the optical
tones [13]. The robustness to phase noise is directly related
with the duration of the waveform symbol [14]. Therefore, SC
waveforms present better yield in terms of phase noise than
MC waveforms due to their short symbol durations.

Spectral efficiency: this requirement defines the maximum
bit rate for a given bandwidth. GFDM and UFMC are the most
spectrally efficient because UFMC do not use a cyclic prefix
(CP) and GFDM can use shorter CP length than OFDM and
SC-FDM [10], [15].

Robustness to multipath channels: due to the high fre-
quency of the mm-wave signals, the attenuation of the mul-
tipath components is high and therefore, their number is
reduced [5]. Hence, the multipath effect is less intense in
mm-wave scenarios. MC waveforms offer more robustness to
multipath channels than SC waveforms. This fact is because
multipath propagation affects few of the subcarriers in the MC
waveforms and the full band band in the SC waveforms.

Complexity: this indicator determines the final latency of
the system because it is related with the block processing

TABLE I. COMPARISON BETWEEN EXAMINED WAVEFORM FORMATS
FOR MM-WAVE AROF.

OFDM SC-FDM UFMC GFDM M-CAP

PAPR H L H H L
Robust. to
phase noise M M/H M M/H M/H

Spectral
efficiency H H Very H Very H M/H

Robust. to
multi. chan. H M/H H H M/H

Complexity M M/H M/H H M/L

*H → high. M → medium. L → low.

delays. Furthermore, the complexity of the waveform is linked
with the requirements of the DSP equipment. In the evaluated
waveforms, GFDM is the most complex modulation [10].

Table I gives a more detailed comparison between the
presented waveform formats regarding the indicators explained
above. Some modulation formats exhibit high performances
in determined requirements and low in others. For instance,
GFDM allows very high spectral efficiency and high robustness
to multipath channels, however, the PAPR and complexity
of this modulation format are high. On the other hand, SC-
FDM shows PAPR and complexity lower than GFDM, but
it is less robust to multipath channels and less spectrally
efficient. Hence, it is difficult to decide the best modulation
format for ARoF systems only with a qualitative comparison.
Therefore, it is necessary to compare the examined waveform
formats experimentally to more accurately determine the best
modulation format for this type of system.

III. EXPERIMENTAL SETUP

Figure 2 (a) shows the experimental setup used to compare
the performance of different waveform formats in an ARoF
system. First, an external cavity laser (ECL) generates an
optical carrier at 1550 nm. Next, the first MZM, biased at
the null point, modulates the optical carrier with a sinusoid
of 12.5 GHz produced by a vector signal generator (VSG).
Therefore, two optical tones, corresponding to the first harmon-
ics, are produced with a frequency separation of 25 GHz (see
Fig. 2 (b)). Then, the signal is boosted by an erbium-doped
fiber amplifier (EDFA) and modulated by the second MZM
using an arbitrary waveform generator (AWG) of 12 GSa/s.
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Fig. 2. Setup for the experimental comparison of waveform schemes proposed for beyond 5G: (a) experimental setup, (b) optical signal spectrum after the first
MZM, (c) spectrum of the transmitted OFDM baseband signal, (d) block diagram of the transmitter DSP, (e) spectrum of the transmitted bandpass signal, (f)
block diagram of the receiver DSP. PC stands for polarization controller.

The signal of each modulation described above is generated
in the AWG. The spectrum of the baseband signal is repre-
sented in Fig. 2 (c). The DSP to generate the waveform signals
in the ARoF system is described in Fig. 2 (d). First, a preamble
is introduced to synchronize the signal in the receiver. Next,
the signal is separated in its real and imaginary parts. Then,
the upsampling and pulse shaping processes are realized in
each branch. The real and imaginary parts are multiplied by
a cosine and sine at 1 GHz, respectively. Finally, the signals
of both branches are added and sent to the second MZM. The
spectrum of the resulting signal is shown in Fig. 2 (e).

After the second MZM, the modulated signals are trans-
mitted through 10 km of standard single-mode fiber (SSMF) to
a second EDFA. This fiber emulates the connection between
the CO and the RU in the ARoF architecture of Fig. 1. The
input power of the photodiode (PD) is controlled by a variable
optical attenuator (VOA). In the PD, the two optical lines are
beaten and converted to an RF signal at 25 GHz carrying the
modulation previously introduced. After the PD, the electrical
signal is boosted by a 30 dB medium power amplifier (MPA).
The PD with the MPA constitutes an RU. The mm-wave signal
is transported by a wireless link through two 18.5 dBi horn
antennas with a separation of 9 m.

At the output of the received antenna, the signal is am-
plified by a 40 dB low noise amplifier (LNA) and mixed
with a local oscillator (LO) at 23 GHz. The signal with
an intermediate frequency (IF) of 2 GHz is sampled by a
digital phosphor oscilloscope (DPO) with a sampling rate of
12.5 GSa/s. The receiver DSP diagram is shown in Fig. 2 (f).
The IF signal is down-converted to the bandpass signal through
a Costas loop process. Subsequently, the processed signal
is downsampled and bandpass filtered. Next, the phase and
quadrature components are separated and recovered. Then,

the baseband signal is filtered again and synchronized using
the preamble. Finally, the receiver of each waveform format
acquires the signal.

According to the configuration of the evaluated modulation
formats, the parameters of the used OFDM signal in the
experimental setup are: subcarrier spacing of 60 kHz, CP of
1.2 µs, 4096 total subcarriers, 3168 active subcarriers, 928 null
subcarriers (464 in each edge of the band) to reduce the out-of-
band (OOB) emissions, and one pilot tone inserted on every
12th active subcarrier. These parameters follow the first 5G
standard of 3GPP [6]. Using the mentioned parameters, the
employed bandwidth is 245.76 MHz and the final throughput
is log2(M)·162.5Mbps, where M is the modulation order. For
example, utilizing quadrature phase-shift keying (QPSK) and
16-quadrature amplitude modulation (16-QAM), the through-
put would be 325 Mbps and 650 Mbps, respectively. Regarding
the parameters of the remaining waveforms, the used UFMC
configuration employs 128 subbands; GFDM utilizes 3 sub-
symbols; and multi-CAP uses 9 subbands. The rest of the
parameters are adapted to the OFDM configuration described
before. It is important to highlight that all the modulation
formats use the same bandwidth and throughput to have a fair
comparison in respect of the spectral efficiency.

The experimental setup is mainly dominated by: non-
linearity from the RF amplifiers, MZMs, DAC of the AWG,
and ADC of the DPO; phase noise introduced in the mm-wave
tone generation and down-conversion to IF of the received
signal; and amplitude noise produced by the ECL, EDFAs,
PD, MPA, LNA, and wireless link. The chromatic dispersion
can be considered negligible due to the short length of the
utilized optical fiber.

Moreover, the multipath effect is slight because the wireless
channel is line of sight (LOS) and the antennas are not moving.
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Hence, the fundamental path is the most dominant and the
Doppler effect is practically null. Furthermore, for being a mm-
wave channel, multipath and Doppler effect are less intense
than in lower frequencies. Then, the equalization of our system
has to be the maximum robust against phase and amplitude
noise and enough good to compensate the impulse response of
the mm-wave wireless channel. In addition, it does not have to
introduce long delay to approach the 5G latency requirements.

IV. RESULTS AND INTERPRETATION

Figure 3 shows the results of the described waveform
comparison experiment. This figure exhibits two graphs where
the evaluated waveform formats are compared with different
modulation orders (QPSK and 16-QAM in Fig. 3 (a) and (b),
respectively). Moreover, the 7% overhead (OH) hard-decision
forward error correction (FEC) limit (BER < 3.8 · 10−3) is
also showed. Furthermore, the error vector magnitude (EVM)
in percent and the constellation of each modulation format
for the maximum optical power are presented in both graphs.
Comparing the graphs, the optical power required to reach the
7% OH FEC is approximately 7 dBm less in QPSK than in
the 16-QAM case.

The BER behavior of OFDM, SC-FDM, UFMC, and
GFDM is quite similar in both graphs. However, multi-CAP
has a steeper slope and starts with a worse BER. Multi-CAP
requires roughly 2 dB less in the FEC limit than the others for
16-QAM. This difference implies larger coverage radius of the

mm-wave cell when multi-CAP signals are used. One reason
for this difference lies in the use of different equalization tech-
niques. In the multi-CAP case, a decision feedback equalizer
(DFE) with the least mean square (LMS) algorithm is utilized,
while for the rest of the waveform formats, a least-squares
(LS) equalizer is used. Multi-CAP is the only waveform that
employs DFE because the equalization process is performed
on each subband independently as an SC waveform, and the
LS equalizer is not suitable for compensating the channel on
an SC waveform.

In addition, it can be seen that SC-FDM presents better
performance than OFDM, UFMC and, GFDM in spite of using
the same equalizer technique. This is because the PAPR of
SC-FDM is the lowest and, hence, the nonlinear distortions
introduced by the MZM and the RF amplifiers are minor.
Nonetheless, SC-FDM is slightly more complex than OFDM
because it adds a discrete Fourier transform (DFT) block and
an inverse DFT (IDFT) process. It can be concluded that the
selected equalization strategy and waveform format for ARoF
systems and their implementation in beyond 5G architectures
are crucial to achieve high-speed bit rates. Moreover, according
to these results, waveform formats like multi-CAP and SC-
FDM are better solutions than OFDM for ARoF systems
delivering high capacity with high spectral efficiency.

V. CONCLUDING REMARKS

In this paper, it has been highlighted that the ARoF
architecture with mm-wave signals plays a fundamental role
for the future 5G. Next, a qualitative comparison of different
modulation formats according to the main requirements for
ARoF systems has been realized. The right choice of the
modulation format is key, as it is directly related to 5G require-
ments such as throughput, power consumption, and latency.
Then, the evaluated modulation formats have been compared
experimentally in an ARoF setup. The results obtained in this
experiment have been analyzed and discussed. Theses results
show that modulation formats such as SC-FDM and multi-
CAP, outperform the standard OFDM in terms of BER and
should, therefore, be considered for beyond 5G systems.
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