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Abstract. Future passive optical network (PON) designs
with 5G have been expected to provide simultaneous multi-
ple wireless signals to the end-users. This paper proposes
and experimentally demonstrates the simultaneous trans-
mission of baseband 4-pulse amplitude modulation
(4-PAM), radio frequency (RF) filter bank multicarrier
(FBMC), and universal filter orthogonal frequency division
multiplexing (UF-OFDM) signals in a PON. A single opti-
cal wavelength from a laser source is used to demonstrate
the signal transmission over a PON. In contrast with con-
ventional on-off keying (OOK) modulation format, 4-PAM
modulation format can provide double bandwidth effi-
ciency. Due to the property of high suppression for out of
band emission, UF-OFDM and FBMC are considered as
potential 5G modulation formats. In the optical line termi-
nal (OLT), the composite signal consisting of 4-PAM,
FBMC, and UF-OFDM is designed, generated, and trans-
mitted using optical intensity modulation. The received
signal is extracted in the optical network unit (ONU) and
demodulated using digital signal processing techniques.
Each of the modulation formats mentioned above is de-
signed with a 2 Gbps data rate constituting a total of
6 Gbps aggregate data rate. The bit error rate (BER) and
error vector magnitude (EVM) values have been measured
after 25 km fiber length. Measurement results show EVM
values below 12.5% as a figure of merit as proposed by
3GPP LTE for 16 QAM modulation.
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1. Introduction

The passive optical network (PON) uses a fixed
access network, which can provide flexibility in high band-
width signal transmission. The PON system is considered
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as a support infrastructure for fronthauling and backhauling
of 5G signals [1-3]. Future 5G networks should be capable
of handling multi-signals/services in the transport mediums
to keep compatibility with the current legacy wireless ser-
vices. Thus, it is essential to explore and evaluate the per-
formance of the multiplexed potential 5G wireless signals
transmission through PON. It is expected that future 5G
networks should provide 1-10 Gbps wireless access to the
end-users [2,4,5], due to which spectral efficient
modulation formats have to be used.

Multicarrier modulation formats, such as orthogonal
frequency division multiplexing (OFDM), have been
widely used in contemporary 4G systems to increase spec-
tral efficiency. OFDM is also considered a robust modula-
tion format against propagation impairments over optical
fiber such as chromatic dispersion (CD) [6], [7]. However,
OFDM requires a cyclic prefix (CP), which reduces the
spectral efficiency. OFDM uses a rectangular window in
each subcarrier that causes large out of band emission, thus
requiring large guard bands in multi-sub-bands systems.
These limitations can be overcome with advanced multicar-
rier modulation formats. In this paper, filter bank multicar-
rier (FBMC) and universal filter orthogonal frequency
division multiplexing (UF-OFDM) methods are applied.
Typical OFDM side-lobe suppression ratio is about 13 dB,
whereas FBMC signals can be designed with the side-lobe
suppression ratio as high as 40 dB [8], [9]. In FBMC, due
to the significant reduction of out of band emission and the
combination of the filter banks and offset quadrature am-
plitude (OQAM), no CP is required [8—13].

FBMC demodulation scheme needs a filter for each
subcarrier, resulting in increased complexity. In UF-OFDM,
the total bandwidth is divided into several smaller sub-
bands; each sub-band is then separately modulated using
OFDM and filtered. This technique reduces the complexity
in comparison with FBMC. UF-OFDM can use quadrature
amplitude (QAM) modulation, but FBMC requires conver-
sion of QAM to OQAM to maintain orthogonal sub-bands,
which finally doubles the sampling rate [13—16]. 4-pulse
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amplitude modulation (4-PAM) is compatible with optical
intensity modulation and direct detection (IM/DD) systems,
but also multiplies by 2 the bandwidth efficiency compared
to the traditional on-off keying (OOK) modulation. Due to
this benefit, huge research interests are recently shown on
4-PAM for cost-effective optical access network design
[17-19].

The experimental demonstration of OFDM and
FBMC based PON is given in [20]. To investigate aggre-
gate bandwidths of less than 1.5 GHz, the performance
comparison of OFDM and FBMC signals at mm-wave
radio over fiber (RoF) was recently studied [9], [11]. In
these demonstrations, FBMC shows superior performance
than OFDM. Adaptively modulated FBMC used in
a wired-wireless converged optical network with the aggre-
gate signal bandwidth of 1.5 GHz was demonstrated in
[21]. Recently, the convergence of 4-PAM as a wired sig-
nal and UF-OFDM and generalized filter multicarrier
(GFDM) used for a wireless signal in a PON has been
demonstrated [22]. Above mentioned demonstrations of the
multiplexed signal transmission in a PON have not been
dealt with the evaluation of potential 5G modulation for-
mats such as FBMC, UF-OFDM, and 4-PAM. Also, the
demonstration of [22] is realized using a very low wireless
signal bandwidth of 1.95 MHz and hence for very low data
rate. Previously, we have demonstrated the multiplexed
multi-sub-bands FBMC and 4-PAM transmission in PON
using numerical simulation [23]. The study proposed in this
communication demonstrates the experimental validation
of the multiplexed 4-PAM, FBMC, and UF-OFDM signals
simultaneously transmitted in PON. In order to transmit
each signal at a bit rate of 2 GBit/s, the bandwidth of the
designed FBMC signal is 1 GHz, UF-OFDM is 500 MHz,
and 4-PAM is 1 GHz. The aggregation of the 3 sub-bands
modulated with different formats results in a total data rate
of 6 Gbps. The 4-PAM, UF-OFDM, and FBMC bands are
extracted and demodulated in the receiver by using digital
signal processing (DSP) techniques. The performance of
the multiplexed signal has been evaluated using bit error
rate (BER) and error vector magnitude (EVM) measure-
ments.

The organization of this paper is as follows: in Sec. 2,
4-PAM, FBMC, and UF-OFDM signals generation meth-
ods are given. In Sec. 3, the description of the model of the
experimental optical setup is given. Section 4 presents the
signal processing techniques for the extraction and demod-
ulation of the received multiplexed signals. Section 5 illus-
trates and discusses the measurement results. Finally, Sec-
tion 6 concludes the paper.

2. Multiplexed Signal Generation

The MATLAB program is used to develop the rou-
tines for generating offline 4-PAM, FBMC, and UF-OFDM
signals. The baseband 4-PAM signal is generated with
1 GHz bandwidth. The total number of bits used to create
the 4-PAM signal is 32768. The sampling frequency is
12 GS/s. Each 4-PAM symbol is up-sampled with 6 samples
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Fig. 1. Functional block diagram of FBMC signal generation.
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Fig. 2. Functional block diagram of UF-OFDM  signal
generation.

For the pulse shaping, a root raised cosine (RRC) filter
with a roll-off factor of 0.2 is used.

The simplified DSP block diagram for generating the
FBMC signal is shown in Fig. 1. The total number of bits
used is 16384. First, the input bit-stream is mapped into
M-QAM symbols, and then it is converted from serial to
parallel (S/P) streams. After this, the QAM to offset QAM
(OQAM) conversion is performed [12], [13]. Then, IFFT
of size 1024 is applied. Each subcarrier is filtered with
a well-designed prototype filter; this process is called syn-
thesis poly-phase filtering (SPF) [12]. After this, parallel to
serial conversion (P/S) method is applied, and then the
RRC filter with a roll-off factor of 0.2 is used to optimize
the signal to noise ratio (SNR). The sampling frequency is
fixed to 12 GS/s, and each OQAM symbol is up-sampled
with 12 samples. 4 FBMC symbols are created, which form
a bandwidth of 1 GHz. The designed baseband FBMC
signal is up-converted to a radio frequency signal (RF) with
a carrier frequency of 2.2 GHz.

Figure 2 shows the simplified DSP block diagram for
generating the UF-OFDM signal [14—-16]. The total number
of bits used is 12288. First, the bit to symbol mapping is
performed, and then it is converted from serial to parallel
(S/P) streams. After this, the sub-band size is defined, sub-
band mapping is performed, and then IFFT of size 1024 is
applied. The sampling rate is 12 GS/s, and each QAM
symbol is up-sampled with 12 samples for each QAM
symbol. 32 QAM symbols form one UF-OFDM sub-band.
The total numbers of UF-OFDM sub-bands are 32. Each
sub-band is filtered with a well-designed filter to suppress
the out-of-band emission. In our case, we employed a Che-
byshev window-based filter. Each sub-band is added to
constitute the composite UF-OFDM signal. After this, P/S
conversion is performed, and then, RRC filter with a roll-
off factor of 0.2 is applied to optimize the SNR. The band-
width of the generated signal is 500 MHz. The baseband
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Fig. 3. Multiplexing of the 4-PAM, FBMC, and UF-OFDM
signals.
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Fig. 4. Generated spectra of the multiplexed 4-PAM,
UF-OFDM, and FBMC signal (offline).

UF-OFDM signal is upconverted to a 3.2 GHz carrier fre-
quency.

The 4-PAM signal is added up with the UF-OFDM
and the FBMC signals to generate a multiplexed composite
signal, as shown in Fig. 3. After this, signal normalization
and clipping are applied to maintain the peak-to-peak
voltage amplitude at 1 V. The frequency gap between the
4-PAM and FBMC is 300 MHz and between FBMC and
UF-OFDM is 150 MHz. These frequency gaps are taken
after observing a series of BER performance analysis in
experiments having different frequency gaps. The total
bandwidth of the aggregated 4-PAM, FBMC, and UF-
OFDM signals from dc is 3.65 GHz. The generated offline
code output is uploaded to an arbitrary waveform generator
(AWG). Figure 4 shows the offline generated spectra of the
multiplexed 4-PAM, FBMC, and UF-OFDM signal.

3. Optical System Experiment

Figure 5 represents the simplified block diagram of
the optical transmitter and receiver for the proposed PON
setup. The setup consists of an optical line terminal (OLT)
and an optical network unit (ONU) connected through
an optical fiber.

In the OLT, a distributed feedback (DFB) laser
(Mitsubishi, FU-68PDF-5M63A) at 1551.82 nm wave-
length with an optical linewidth of 1 MHz is used. The
measured laser output power is about 17 dBm. The used
intensity modulator (IM) (Sumitomo Osaka Cement Co.
Ltd., T-DEH1.5-20-ADC) has a half-wave voltage of 8 V
and insertion loss of 6 dB. The IM is driven by a multi-
plexed composite signal generated from the AWG
(Tektronics, AWG 7122B) and biased in a linear transmission

Offline
processing

__________________________

Fig. 5. Block diagram of the PON setup with OLT and ONU.

point. The optical power at the IM input is optimized with
a polarization controller (PC). The peak-to-peak amplitude
from AWG is 500 mV, and the sampling rate is 12 GS/s.
The AWG channel output is amplified with a radio fre-
quency (RF) amplifier (Miteq LNA AFS42-00101800-25-
10P-42) before applying to the modulator. The RF ampli-
fier has a gain of 25 dB. The used optical fiber is a standard
single-mode fiber (SMF-28) of 25 km length. In the ONU,
a PIN photodiode (Finisar XPDV3120R 70 GHz photode-
tector) is applied. The photodetector detected the optical
signal with 0.6 A/W responsivity at 1550 nm. The received
signal is recorded with a real-time scope (RTS) (Agilent,
54855A Infiniilum Oscilloscope) of 20 GS/s for further
offline DSP using the developed MATLAB code.

4. Signal Processing in Receiver

After the photodetection, the received signal is
captured in ONU with real-time scope (RTS) at 20 GS/s.
An example of the measured spectrum is shown in Fig. 6.

The 4-PAM, UF-OFDM, and FBMC signals are ex-
tracted and demodulated separately. The transmitter and
receiver symbol alignment is achieved with the cross-cor-
relation technique [24]. For the FBMC, the signal at base-
band is obtained after downconverting it with the interme-
diate frequency (IF) of 2.2 GHz along with the RRC low
pass filter of roll-off factor 0.2 as in the transmitter side.
After this, the resampling is applied to downsample the
signal at two samples for each OQAM symbols.

Figure 7 represents the steps of FBMC decoding
steps, as explained in [9], [12], [13]. The decoding steps
involve S/P conversion, O-QAM to QAM conversion, and
P/S conversion. The channel response is determined
through the first 16 QAM symbols as a training signal to
equalize the FBMC signal. Furthermore, to optimize the
equalization process, a simple one-tap recursive least
square (RLS) equalizer with a forgetting factor of 0.9 is
used. The BER and EVM measurements are performed
after the equalization process.

The 4-PAM signal extraction and demodulation steps
are described in Fig. 8(a). Figure 8(b) shows the extracted
two sidebands of the 4-PAM signal after using a square
bandpass filter at center frequency 0 Hz and a bandwidth of
2.4 GHz. The equalization of 4-PAM signal has been per-
formed with 11 taps adaptive feedforward finite impulse
response (FFE) equalizer with least mean square (LMS)
adaptation. For the LMS algorithm, the first 64 samples of
the 4-PAM signal are used as a training signal. The BER
and EVM performances are measured after the equalization.
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Fig. 6. The spectrum of the signal at the output of the
photodetector in the ONU, applying 25km fiber
length.
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Fig. 8. Extraction and demodulation of 4-PAM signal.

Baseband UF-OFDM signal is extracted by downcon-
verting it with an IF frequency of 3.2 GHz, the same that
was used in the signal generation. Then, the RRC low pass
filter of a roll-off factor of 0.2 is applied as in the transmitter
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Fig. 9. UF-OFDM signal extraction and decoding.

side. Then, the signal is resampled at two samples per
QAM symbol. The UF-OFDM decoding routines are
finally implemented, as shown in [14-16].

First, the serial stream is converted into a parallel
stream (S/P). After this, 2N points FFT is applied. The
lower half of the inputs to the FFT is padded zeros due to
which alternate subcarriers of FFT output correspond to the
desired output. After this, each subcarrier is equalized with
zero-forcing frequency domain equalizer to combat the
effect of sub-band filtering and channel effect. Conse-
quently, parallel to serial (P/S) conversion process is ap-
plied. The first 32 QAM samples are used as a training
signal to calculate the channel response, which is used to
equalize the signal. Furthermore, to optimize the equaliza-
tion process, a simple one-tap RLS equalizer with a forget-
ting factor of 0.9 is used. Then, the performance of the
signal is evaluated with BER and EVM measurements.

5. Results and Discussions

Chromatic dispersion (CD) and fiber attenuation are
the main significant impairments for transmitting an RF
signal through optical fibers. The CD causes periodic
power variation of the received signal, which depends on
the value of the RF signal frequency. From the theoretical
calculation and numerical simulation, it can be shown that
the first null power point occurs at 139 km for a 5 GHz RF
signal propagating in a fiber having a standard dispersion
of 18 ps/nm/km dispersion at the laser wavelength of
1551.82 nm [13]. In the designed signal, the aggregated
signal bandwidth from dc is 3.65 GHz and used fiber
length is 25 km. Thus, the power fading effect in the re-
ceived signal can be considered negligible. In this case, the
primary transmission impairments are fiber attenuation and
electronic noise. Electronic noise arises from electronic
components such as AWG, RF amplifier, photodetector,
RTS, etc., that affect the signal to noise ratio (SNR) of the
received signal and thus the performance of the system.
The received optical power (ROP) is attenuated using
avariable optical power attenuator (VOA) and measured just
before the photodetector to emulate the fiber attenuation.
By considering the power losses in the optical link (6 dB
IM insertion loss, 3 dB IM quadrature point operation loss,
5 dB optical fiber loss for 25 km, 1 dB VOA insertion loss,
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1 dB connectors/splicing losses), the received optical
power before photodetector is about 0 dBm. The electrical
SNR of the composite received signal at 0 dBm ROP is
about 20 dB. The ROP of about 0 dBm is already strong to
consider for the practical situation in radio over fiber sys-
tems. Therefore extra optical amplification is not required.
BER and EVM measurements are performed to study the
performance of the system.

Figure 10 and Figure 11, respectively, show the BER
and EVM values versus ROP. These results are obtained
with the individual transmission of 4-PAM, FBMC, and
UF-OFDM signals at the fiber length of 25 km. It can be
seen from the curves, FBMC shows better performance
compared to 4-PAM and UF-OFDM. At ROP of —12 dBm,
the BER of 10~ can be obtained for the case of FBMC, at
—11 dBm for the case of UF-OFDM and —9 dBm for the
case of 4-PAM. This BER can satisfy the standard forward
error correction limit (FEC) [25]. This experiment achieved
EVM below 12.5% as a figure of merit as proposed by
3GPP LTE for 16 QAM modulation at ROP of —12 dBm
for the case of FBMC, and at —11 dBm for the case of
UF-OFDM [13].

The FBMC and UF-OFDM signals are now multi-
plexed, and the composite signal is transmitted. The FBMC
and UFOFDM signals are extracted separately from the
received composite signal using a square bandpass filter.
The BER with ROP is evaluated, as shown in Fig. 12, after
25 km fiber length for the extracted FBMC and UF-OFDM.
For lower values of ROP, both modulation formats show
poor performance. For the ROP of —11.5 dBm, the BER of
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Fig. 10. BER comparisons for separate transmission.

—8— FBMC

g
B B—p

g B—g—

— 85—

12 -10 -8 -6 - -2
Received Optical Power (dBm)

~ 16 -=— UF-OFDM
£ 14fe
- 12 \B "
S 10 B
(53 1 8-
6
4

Fig. 11. EVM comparisons of FBMC and UF-OFDM for
separate transmission.
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Fig. 12. BER comparisons of the multiplexed FBMC and
UF-OFDM transmission.
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Fig. 13. EVM comparisons of the multiplexed FBMC and
UF-OFDM transmission.

1072 can be obtained for the case of FBMC and at —10 dBm
for the case of UF-OFDM.

Similarly, as shown in Fig. 13, the EVM of 12.5% is
achieved at the ROP of —10 dBm and —8 dBm for FBMC
and UF-OFDM cases, respectively. As the ROP increases,
the FBMC signal shows better performance than the UF-
OFDM signal. For the two signal case, the performance is
slightly limited in comparison with individual transmission
case due to the fact of the signal mixing effect that leads to
distortion.

The 4-PAM, FBMC, and UF-OFDM signals are now
multiplexed, and the composite signal is transmitted over
25 km of optical fiber. The signals are extracted separately
from the received composite signal using a square bandpass
filter. The BER and EVM values with different ROP values
are evaluated, as shown in Fig. 14 and Fig. 15. For lower
values of ROP, all the modulation schemes show the poor
performance. For the ROP of —11.0 dBm, the BER of 10°*
can be obtained for FBMC, at -9 dBm for the UF-OFDM,
and —7 dBm for 4-PAM.

Similarly, the EVM of 12.5% is achieved at the ROP
of 9 dBm and -5 dBm for the FBMC and UF-OFDM
cases, respectively. The constellation diagrams at the re-
ceived optical power of —1 dBm for both FBMC and UF-
OFDM cases are also shown as insets in Fig. 15. As the
ROP increases, the FBMC signal shows better performance
than UF-OFDM and 4-PAM. The degradation of perfor-
mance in this case in comparison with the previous results
is due to the signal mixing effect.
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Fig. 15. EVM comparisons of the multiplexed 4-PAM,
UF-OFDM and FBMC transmission.

The presented results are achieved with the addition
of the simple RLS based post-equalizer in the receiver DSP
for the FBMC and UF-OFDM performance optimization.
Similarly, for 4-PAM, liner FFE is used.

6. Conclusions

In this paper, we demonstrated the performance of
multiplexed RF signals transmission in PON using 2 Gbit/s
signal modulated using FBMC of 1 GHz bandwidth,
UF-OFDM of 500 MHz bandwidth, and 4-PAM of 1 GHz
bandwidth. The composite signal has a total bit rate of
6 Gbps. A narrowband gap of 300 MHz is inserted to sepa-
rate the 4-PAM and FBMC signals, and 150 MHz is used
to separate the FBMC and UF-OFDM signals. In the con-
verged signal transmission scenario, the BER of 10~ can
be obtained at a ROP of —11 dBm for FBMC, at -9 dBm
for UF-OFDM, and -8 dBm for 4-PAM, after a propaga-
tion over 25 km optical fiber length, between the OLT and
the ONU. The 3GPP EVM (%) limit of 12.5% is achieved
for a ROP of -9 dBm and —5 dBm for the 16-QAM FBMC
and 16-QAM UF-OFDM, respectively.

For both separate and composite transmission cases,
FBMC shows better performance compared to the two
other modulation formats 4-PAM and UF-OFDM. 4-PAM
will be an attractive candidate compared to conventional
OOK for the baseband signal transmission as it doubles the
bandwidth efficiency. We believe that the transmission of
the converged FBMC, UF-OFDM, and 4-PAM signals in
PON will allow 5G networks to provide high bandwidth to
multi-users, while allowing various multiband wireless
services.
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