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Abstract: This work studies and experimentally evaluates the performance enhancement
by using PS-OFDM in a 5G mm-Wave ARoF system at 25 GHz for all 5G numerologies
and with different phase noise levels. © 2021 The Author(s)
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1. Introduction

Fifth-generation mobile networks (5G) aim to fulfill the demanding mobile traffic requirements. Moving to
millimeter-wave (mm-Wave) domain is a straightforward way to increase the bit-rate due to its large available
bandwidths. However, working at mm-Wave frequencies implies high free-space path loss (FSPL) and, thus, the
mm-Wave cell coverage is approximately in the rage of 10–200 m, resulting in an increase of the number of cells.
Centralized-radio access network (C-RAN) combined with analog radio-over-fiber (ARoF) is a very suitable so-
lution to deploy the large number of mm-Wave cells in the beyond 5G architecture since it reduces the complexity
at the remote unit (RU) or cell [1]. Fig. 1 (a) shows a schematic of a C-RAN ARoF architecture for 5G fronthaul,
where the main intelligence and signal processing are established in the central office (CO). Moreover, C-RAN
mm-Wave ARoF brings other attractive benefits such as low latency, low power consumption, high scalability, and
high spectral efficiency [1].

Orthogonal frequency division multiplexing (OFDM) has been adopted as waveform in the 5G standard by
3GPP [2]. However, the phase noise has been proven to be one of the biggest performance limiting factors in
OFDM mm-Wave ARoF systems due to the relatively low subcarrier spacing employed in 5G (15–240 kHz) [2,3].
On the one hand, the widely adopted bit-loading technique cannot continuously change the bit-rate of the OFDM
signal in channels affected by additive white Gaussian noise (AWGN) and/or phase noise. Hence, bit-loading
does not fully exploit the channel capacity [4]. Probabilistic shaping (PS), on the other hand, provides a fine
granularity bit-rate source, approaching to the maximum channel capacity (see Fig. 1 (b)) [4]. PS-OFDM has been
demonstrated to improve the performance in mm-Wave ARoF systems by focusing on the AWGN impairment [4].
In this paper, for the first time to our knowledge, we experimentally demonstrate the feasibility of using PS-OFDM
to maximize the channel capacity in terms of phase noise for 5G ARoF systems at 25 GHz (K-band). For that, in
our proposed experimental setup, 5G numerology is utilized, and the phase noise level is gradually modified [5].
Our experimental results show that the bit-rate improves efficiently by using PS-OFDM.
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Fig. 1. (a) C-RAN architecture employing ARoF fronthaul for beyond 5G, (b) PS-64-QAM constellation.
Demux: demultiplexer.



2. Principle of operation and experimental setup

Phase noise produces inter-carrier interference (ICI) and common phase error (CPE) in the OFDM signal. CPE
can be compensated by the channel equalizer. However, an additional process has to be included to compensate
or reduce ICI induced by phase noise. Implementing PS on the OFDM data subcarriers allows decreasing the
probability of subcarriers with the higher power constellation points. Therefore, since the ICI contribution is
strongly dominated by the highest power subcarriers, the impact of phase noise can be reduced by using PS-
OFDM configurations with different overhead values. Furthermore, phase noise degrades more OFDM signals
with smaller subcarrier spacing configurations [5], as the OFDM symbol period is inversely proportional to the
subcarrier spacing. Those OFDM signals with longer symbol periods are affected by phase noise over longer
intervals, deteriorating their subcarrier orthogonality and, thus, the signal quality.

Figure 2 (a) represents our experimental schematic to analyze and study the phase noise in PS-OFM ARoF
systems [5]. First, an external-cavity laser (ECL) emits the optical carrier at 1550 nm. It is modulated by a Mach-
Zehnder modulator (MZM), biased in the null point, and driven with a sinusoid at 12.5 GHz produced by a vector
signal generator (VSG). In this way, two optical tones with a separation of 25 GHz are generated [5]. The two-tone
signal is boosted by an erbium-doped fiber amplifier (EDFA). Then, the two tones are separated by a wavelength
selective switch (WSS). The tone of the upper branch is modulated by a second MZM, biased in the quadrature
point, and driven with the OFDM signal at 1 GHz of intermediate frequency (IF). The OFDM signal is generated by
an arbitrary waveform generator (AWG) with a sampling frequency of 12 GSa/s. Different OFDM configurations,
according to 5G standard, are transmitted in this setup. The table of Fig. 2 (b) shows the main parameters of these
configurations: subcarrier spacing (∆ f ), number of subcarriers (N), and period of the cyclic prefix (Tcp). Moreover,
different PS configurations are employed on the data subcarrier for 16-QAM and 64-QAM with scalable overhead,
allowing a bit-rate - and thus link capacity - adjustment with high granularity.

The tone of the lower branch is delayed in regards to the upper one by using different lengths of patch cord
(0–190 m). In this way, since this delay modifies the decorrelation between the two tones, the phase noise in the
OFDM transmitted signal can be progressively increased [5], allowing to study its effect. Then, the signals from
both branches are recombined in an optical coupler and the two tones beat on a photodiode (PD), producing RF
sidebands at 24 and 26 GHz [5]. Then, the electrical signal is boosted by a 30 dB medium power amplifier (MPA)
and mixed with a 23 GHz sinusoid. Consequently, the RF signal is downconverted to a second IF of 2 GHz, moving
the sidebands to 1 and 3 GHz, respectively. Finally, the IF signal is sampled by a digital phosphor oscilloscope
(DPO) at 12.5 GSa/s. Furthermore, the transmitter and receiver digital signal processing (DSP) are depicted in the
block diagrams of Fig. 2 (c) and (d), respectively. The DSP receiver processes the sideband signal at 3 GHz.
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Fig. 2. Experimental testbed: (a) schematic of the experimental setup, (b) parameters of the used OFDM
configurations, (c) DSP block diagram in the transmitter side, (d) and DSP block diagram in the receiver side.
PC: polarization controller, CFO: carrier frequency offset, DFT: discrete Fourier transform.
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Fig. 3. (a) BER as a function of the entropy (bits/symbol) for diverse subcarrier spacing configurations and
patch cord lengths. (b) Measured PSD of the phase noise before the DPO for several patch cord lengths.

3. Results and interpretation

Fig. 3 (a) depicts the experimental results for the different PS-OFDM configurations and several patch cord lengths.
These graphs represent the bit error rate (BER) as a function of the entropy (bits per symbol) of the data subcar-
riers. Moreover, the power spectral density (PSD) of the phase noise for different patch cord lengths is shown in
Fig. 3 (b). These PSD shapes are measured before the DPO without the data modulation. It can be realized that
the final phase noise of the system can be progressively increased by incrementing the patch cord length of the
lower branch in the experimental setup [5]. Our experimental results show that the achievable BER gets worse as
the patch cord length increases because of the artificial phase noise added to the system. Furthermore, the BER
decreases as the subcarrier spacing increases since the degradation induced by the phase noise is lower for high
subcarrier spacing configurations, as was previously explained. Regarding the bit-loading technique, the achiev-
able entropy values are integers. By using PS, the entropy values can be non-integers, allowing a fine bit-rate
tunability. Analyzing Fig. 3 (a), it can be seen that the fine adaptability of PS-OFDM allows a grained capacity
adjustment for the different OFDM configurations and different phase noise levels. Hence, the experimental re-
sults prove that applying PS-OFDM enables to gradually adapt the data subcarrier to channels dominated by phase
noise and, thus, finely optimizing the link capacity in a mm-Wave ARoF scenario.

4. Concluding remarks

An analysis and study of PS-OFDM for phase noise dominated mm-Wave ARoF systems has been performed
using an experimental setup where phase noise can be increased gradually. The experimental results validate that
PS-OFDM enables more gradual adjustment of the capacity for different subcarrier spacing values and different
phase noise levels than bit loading. Therefore, PS-OFDM offers advantages over bit-loading allowing 5G and
beyond mm-Wave ARoF systems to dynamically adapt to varying channel conditions and/or the presence of phase
noise.
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