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Abstract—In this paper, an experimental analysis of the phase
noise in an OFDM ARoF setup at 25 GHz for beyond 5G is
presented. The configuration of the setup allows to gradually
scale the final phase noise level of the system. Moreover, an
OFDM phase noise mitigation method with low complexity
and delay is proposed and explained. The proposed method is
an advanced version of the LI-CPE algorithm. The advanced
LI-CPE version avoids the one OFDM symbol delay of its
antecedent. In addition, the yields of using both methods are
shown under different phase noise levels and with different
subcarrier spacings. Finally, it is experimentally proven that the
proposed method performs better than its previous version.

I. INTRODUCTION

The exponential growth of the mobile network data has
motivated to research about new technologies that can support
future traffic requests. The fifth-generation (5G) of wireless
networks is the established solution to these demanding re-
quirements. Moreover, new types of services with multiple
requirements are emerging, and the mobile network has to
adapt to them. Therefore, 5G proposes three types of scenar-
ios to fulfill such services [1]: enhanced mobile broadband
(eMBB) to high bit rate services; massive machine-type
communications (mMTC) to support a huge quantity of low
power connected devices; and ultra-reliable and low latency
communications (URLLC) where latency and reliability are
the priorities.

One of the most prominent ways to increase the bit rate is
moving from the current saturated band to higher frequencies,
in the millimeter-wave (mm-wave) domain. Furthermore, ana-
log radio-over-fiber (ARoF) is a suited technology due to its
long reach distances, low cost, wide bandwidth, high spectral
efficiency, and low power consumption [2]. In addition, the
centralized-radio access network (C-RAN) is a trending archi-
tecture because it offers attractive benefits such as flexibility,
low latency, and reduced energy consumption. Hence, mm-
wave ARoF over a C-RAN scheme is a strong candidate to
be part of the future 5G structure. However, mm-wave ARoF
presents several drawbacks such as phase noise, chromatic
dispersion, nonlinearities, or high free-space path loss (FSPL).

Orthogonal frequency division multiplexing (OFDM) is the
modulation format chosen by the 3GPP 5G standard [1].
OFDM communications bring advantages like robustness
to frequency selective channels, high spectral efficiency, or
efficient multiple-input multiple-output (MIMO) integration.
Nonetheless, one of the major OFDM degrading impairments

is the phase noise. Thence, a phase noise compensation
algorithm has to be performed in an mm-wave OFDM ARoF
system. There are three types of OFDM phase noise mitigation
techniques [3]: decision-feedback-based schemes, blind esti-
mation schemes, and pilot-based schemes. Decision-feedback
and blind estimation schemes are complex iterative methods.
Moreover, these iterative algorithms show difficulties to con-
verge in some cases. Then, these types of techniques are
not suitable for mMTC and URLLC scenarios. Pilot-based
schemes are appropriate phase noise compensation methods
for these 5G scenarios due to its simplicity and low latency
process.

In this work, the phase noise degradations are studied and
analyzed in an experimental OFDM ARoF setup at 25 GHz
(K-band). The setup scheme can increment gradually the final
phase noise of the received signal in the system. Furthermore,
an OFDM phase noise mitigation algorithm with low com-
plexity and latency is proposed. This algorithm is compared
with another method and probed experimentally. The proposed
method is analyzed under different OFDM configurations and
with different phase noise levels.

II. PHASE NOISE EFFECT ON OFDM SYSTEMS AND
PROPOSED ALGORITHM TO COMPENSATE IT

Phase noise causes two degradations in OFDM signals.
The first one is a common phase error (CPE) that affects
all the subcarriers in the same way and can be compensated
by performing the zero-forcing (ZF) equalizer. The second
degradation consists of inter-carrier interference (ICI). ICI can
not be mitigated by a normal equalizer. Hence, an additional
method has to be included to compensate for the ICI caused
by the phase noise. The OFDM symbol duration plays an
important role in a phase noise channel. This fact is because
the ICI originated by the phase noise is proportional to the
OFDM symbol period. The subcarrier spacing is inversely
proportional to the OFDM symbol duration. Then, the phase
noise degradation decreases with the subcarrier spacing in
OFDM systems.

Furthermore, most of the phase noise comes from the
oscillators in a communication system and follows a Wiener
process [4]. A very simple method to estimate the phase noise
in this type of scenario consists of the interpolation of the
CPEs that belong to consecutive OFDM symbols [5]. This
method is based on the CPE represents the middle phase noise
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Fig. 1. Phase noise interpolation based on CPE: LI-CPE in [5] (a) and proposed LI-CPE (b).

point of the OFDM symbol in the time domain. A way to
estimate the CPE by using pilot subcarriers is [5]:

CPEm = angle (Ym
k × conj(Hm

k ·Xm
k )) , k ε PSC (1)

where Y is the received symbols after the fast Fourier
transform (FFT) process; H represents the estimated channel
in the frequency domain; X is the vector of the transmitted
subcarriers; k is the subindex of the pilot subcarriers (PSC)
in the vectors Y, H, and X; the operators × and · determine a
vector multiplication and a multiplication element by element,
respectively; the hyperindex m concerns with the OFDM
symbol index. After this CPE estimation, the phase noise
can be linear interpolated and compensated. This method
is called linear interpolation based ICI estimation technique
(LI-CPE) [5]. The main advantages of LI-CPE are its low
complexity and its robustness because a noniterative process
is implemented. However, applying LI-CPE supposes a delay
of one OFDM symbol since it is necessary to calculate the
CPE of the next OFDM symbol for the phase noise estimation
of the current OFDM symbol.

The proposed OFDM mitigation algorithm is an advanced
technique of the LI-CPE method. This advance is based on
using the redundancy of the OFDM structure where the prefix
cyclic (CP) is a copy of the last part of the OFDM symbol. It
is possible to estimate the phase noise slope in each OFDM
symbol by processing the CP and the last part of the symbol.
This slope can be roughly calculated by employing the next
formula:

∆φm =

Ncp∑
i=1

angle
(
rmi+N

rmi

)/ (Ncp ·N) (2)

where N is the total number of subcarriers; Ncp is the number
of CP samples; r is the received signal in the time domain
(including the CP). Therefore, a linear interpolation of the
phase noise can be performed by using the CPE and this slope.
So, the phase noise estimation is reached although the next
linear equation:

ρ̂m
k = ∆φm ·

(
k − NT

2

)
+ CPEm, k ε [0, NT − 1] (3)

where NT is the sum of N and Ncp. In this way, the delay of
one OFDM symbol is avoided because the phase noise can be
independently estimated in each symbol. Moreover, the phase
noise estimation is more accurate than in the normal LI-CPE
because the interpolation process has more reference points.
This idea to estimate the phase noise was initially used in [6].

Fig. 1 shows two graphs to visually see and compare the
LI-CPE method proposed in [5] (Fig. 1 (a)) and the advanced
version of LI-CPE explained in this section (Fig. 1 (b)). These
graphs have been obtained through simulations. The simulated
phase noise is created according to a Wiener process [4] with
a two-sided 3-dB bandwidth (β) of 150 Hz. Additive white
Gaussian noise (AWGN) and fading channel are not included
to see more clearly the phase noise estimation performance of
each algorithm. The relevant OFDM parameters used in these
simulations are the following: 60 kHz of subcarrier spacing,
1.2 µs of CP period, the total duration of an OFDM symbol is
17.87 µs, 4096 active subcarriers, and one pilot tone inserted
on every 12th active subcarrier.

The ICI level introduced by the phase noise is directly
related to the ratio between the OFDM symbol duration and
the two-sided 3-dB bandwidth of the phase noise. Moreover,
it should be noted that the CPE estimation improves with
the number of pilots (see equation 1). In addition, the phase
noise affects more to the lower frequency subcarriers due to
its low-pass spectrum nature.

In both graphs, the blue line represents the simulated phase
noise to estimate; the dotted cyan plot corresponds to the
estimated phase noise; the red crosses are the estimated CPEs;
and the vertical solid purple lines show the borders between
each OFDM symbol. The period between the vertical purple
solid and dotted lines represents the CP duration. The LI-CPE
method lacks the first and last phase noise estimation because
it is necessary to know the previous and next CPE values to
determine the phase noise in each OFDM symbol. Observing
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Fig. 2. Experimental mm-wave ARoF setup (a) and PSD of the measured phase noise with different path lengths.

the two graphs in Fig. 1, it can be seen that the phase noise
interpolation of the proposed LI-CPE method is better suited.
For this example, the mean square error (MSE) values of the
phase noise estimation are 0.0106 and 0.0037 for the normal
LI-CPE and the advanced LI-CPE, respectively.

III. EXPERIMENTAL SETUP

The experimental testbed scheme is shown in Fig. 2 (a). The
main purpose of this setup is to adjust the phase noise level
in an mm-wave ARoF system. Then, an analysis of the phase
noise and its degradations in OFDM signals can be realized.
First, an electrical cavity laser (ECL) generates an optical
carrier at 1550 nm of wavelength. Next, a Mach-Zehnder
modulator (MZM), biased in the null point, modulates the
optical carrier with an RF carrier of 25 GHz. This RF carrier
is produced by a vector signal generator (VSG). Therefore,
two optical tones, corresponding to the second harmonics
of the MZM, are generated with a frequency separation
of 25 GHz. The spectrum of these two tones are exhibited
in Fig. 2 (a.1). After the laser, a polarization controller (PC)
is utilized because MZMs are sensitive to optical polarization.
Then, the optical signal is boosted by an erbium-doped fiber
amplifier (EDFA).

The next step consists of splitting the two tones through a
wavelength switch selector (WSS). The graphs (a.2) and (a.3)
of Fig. 2 show the optical spectrum of the split tones after the
filter process. The tone from the upper branch is modulated
with the OFDM signal through a second MZM. The OFDM
signal is produced by an arbitrary waveform generator (AWG)
of 12 GSa/s. The other tone is delayed regarding the modu-
lated tone by a patch core in the lower branch. This delay
is the key to the scheme to increment gradually the phase
noise. The final phase noise level of the system is proportional
to the delay between the two branches [7]. The modulated
and delayed tones are recombined in a coupler. The optical
spectrum of this combination is shown in Fig. 2 (a.4). It is
relevant to mention that, to get the maximum power in the
coupler, the polarization of both tones has to be the same.
For this reason, one polarization controller is employed in
each branch.

In the photodiode (PD), the recombined tones are beaten
and converted to an RF signal of 25 GHz. Next, the electrical
signal is boosted by a 30 dB medium power amplifier (MPA).

TABLE I
OFDM CONFIGURATION PARAMETERS.

Config. 1 2 3 4 5

∆f [KHz] 30 60 120 240 480
N 213 212 211 210 29
Tcp [µs] 2.4 1.2 0.6 0.3 0.15

Fig. 2 (a.5) exhibits the electrical spectrum at the MPA output.
The OFDM bands and the 25 GHz carrier can be observed
in this spectrum. Then, the electrical signal is mixed with a
23 GHz sinusoid produced by a second VSG. Consequently,
the signal is downconverted to an intermediate frequency
(IF) at 2 GHz. Finally, the IF signal is sampled by a digital
phosphor oscilloscope (DPO) of 12.5 GSa/s.

The power spectral density (PSD) of the phase noise is
measured before the DPO for several delay values: 0 ns, 96 ns,
240 ns, 480 ns, 672 ns and 912 ns. These measures are shown
in Fig. 2 (b). The 0 meters case corresponds to the lowest
phase noise level. As the path length increases, the PSD phase
noise also increments. For path lengths higher than 20 meters,
the phase noise depicts a fading pattern in the PSD. This fact
is because the two branches of the scheme start to perform
as an interferometer from 20 meters of delay. The PSD phase
noise can be calculated through the equations presented in [7].

Different OFDM configurations are transmitted in the ex-
perimental setup. The common parameters of all the con-
figurations used are: quadrature phase-shift keying (QPSK)
modulation, one pilot tone inserted on every 12th active
subcarrier, and 80% of all subcarriers are active. The rest
of the parameters are shown in Table I following this order:
subcarrier spacing ( ∆f ), total number of carriers (N ), and
CP period ( Tcp). The configuration two is according to
the 3GPP 5G standard [1]. The parameters of the remaining
configurations are proportional to this configuration for a fair
comparison (same bandwidth and bit rate).

IV. RESULTS

Fig. 3 exhibits the experimental results of the previous
section. These results are represented in terms of error vector
magnitude (EVM) in percent. The horizontal axis of both
graphs depicts the different OFDM configurations in Table I.
Fig. 3 (a) corresponds to the EVM by employing the standard
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Fig. 3. EVM as a function of the subcarrier spacing for several path length values: using the standard OFDM receiver (a); adding the LI-CPE method of [5]
and the proposed LI-CPE to the standard OFDM receiver (b).

OFDM receiver. The standard OFDM receiver consists of
the following blocks in this order: remove the CP, FFT, ZF
equalizer, and QPSK demodulator. The graph of Fig. 3 (b)
adds the LI-CPE methods explained in section II before the
ZF equalizer : proposed LI-CPE technique (solid line) and LI-
CPE algorithm of [5] (dotted line). The maximum 5G EVM
value of 17.5 % for QPSK modulations is also represented
as a dotted red line in both graphs [1]. Observing Fig. 3 (a),
the EVM is higher for longer path delays (see Fig. 2 (b)).
In addition, for shorter subcarrier spacing, the EVM is also
higher because the OFDM symbol period is larger and the
phase noise degrades more the signal.

On the other hand, the EVM also increments with the path
length in Fig. 3 (b). Nonetheless, the EVM curves for the
different delays are flatter than in Fig. 3 (a). These flat curves
mean that the OFDM symbol period is less related to the ICI
introduced by the phase noise if one of the LI-CPE methods
is performed. Therefore, the EVM improvement of applying
these methods is higher for shorter subcarrier spacing values.
Moreover, the EVM values of the proposed LI-CPE are lower
for higher subcarrier spacing configurations because the phase
noise is better estimated as it was mentioned in section II.
Thence, these results prove that the proposed LI-CPE has
two big advantages regarding the LI-CPE method presented
in [5]: one OFDM symbol delay less and better EVM values.
The only minor disadvantage is the added process to calculate
the phase noise slope through equation 2. Nevertheless, this
calculation requires a few extra operations. Furthermore, for
delay lengths above 20 meters, the EVM values exceed the
17.5 % requirement limit of 5G standard. Hence, a more
complex phase noise mitigation algorithm has to be used in
these conditions.

V. CONCLUSIONS

An analysis of the phase noise has been shown in an exper-
imental ARoF setup for K-band (25 GHz). The importance of
employing low complex and latency phase noise mitigation
techniques in this type of system for mMTC and URLLC

scenarios has been explained too. Moreover, an OFDM phase
noise mitigation method with low complexity and latency
has been proposed. This method is an advanced version of
the LI-CPE technique. Both methods have been studied and
compared for different phase noise conditions and subcarrier
spacing in the experimental ARoF setup. The results prove
that the proposed method outperforms LI-CPE in terms of
EVM and, in addition, supposes one OFDM symbol delay
less.
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