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Abstract— We propose and demonstrate a 3 x 3 full multiple-
input multiple-output (MIMO) fiber—wireless system in the W-
band with wavelength-division multiplexing (WDM) and
polarization-division multiplexing (PDM) radio-over-fiber (RoF)
transmission capability. The system is realized using two highly
stable RoF links based on the optical self-heterodyne method and
PDM transmission in one of the RoF links. We experimentally
demonstrate and confirm satisfactory performances for a 3 x 3
MIMO offset quadrature amplitude modulation-based filter-bank
multicarrier signal. Total capacities of approximately 110 and 132
Gb/s, corresponding to spectral efficiencies of approximately 8.5
and 10.2 bits/s/Hz, respectively, are achieved for the system using
antennas placed in the same and alternately different polarizations,
respectively. The system is applicable to WDM and combined
WDM/PDM ROoF transmissions. It provides a scalable solution for
facilitating large-scale MIMO signal transportation and can be a
promising solution for future mobile transport and radio access
networks in high-frequency bands.

Index Terms— Millimeter-wave, multiple-input multiple-
output, seamless fiber—wireless system, radio-over-fiber, mobile
fronthaul, fifth-generation and beyond.

I. INTRODUCTION

EAMLESS fiber—wireless systems in high-frequency

bands, as shown in Fig. 1(a), are considered a reliable and
cost-effective solution for mobile transport networks. In this
system, wireless links serve as extensions of fiber links for the
flexible transmission of mobile signals. In addition, the system
can function as a seamless access network to facilitate the
deployment of ultra-dense small cells in very high-frequency
bands in beyond fifth-generation networks, as shown in Fig.
1(b) [1, 2]. In these systems, high-speed wireless links serve as
radio access networks, whereas fiber links function as mobile
fronthaul systems. The system is promising for simplifying
antenna sites, reducing costs, as well as achieving low power
consumption and low latency in ultra-dense small cell networks.
In both the abovementioned mentioned use cases, large-scale
multiple-input multiple-output (MIMO) fiber—wireless systems
are necessitated to increase the transmission capacity and
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facilitate the transport of large-scale MIMO radio signals in
future mobile networks.

Baseband
unit pool

Fig. 1. Use cases of seamless fiber—wireless system: (a) transport links; (b)
seamless access network.

Several studies pertaining to MIMO fiber—wireless systems
in high-frequency bands have been conducted [3-13].
Wavelength-division multiplexing (WDM) intermediate
frequency-over-fiber (IFoF) systems were recently proposed
for MIMO radio signal transmission [3-6]. The system is
promising owing to its simplicity in the generation of multiple
IFoF signals and is scalable for large-scale MIMO signals.
However, its antenna site is complicated owing to the use of
electrical signal up-conversion. Furthermore, the system is
affected by signal-to-signal beat interference and electrical
mixers. For applications that require simple antennas, radio-
over-fiber (RoF)-based fiber—wireless systems should be
considered. Nevertheless, in previous studies [7-12], the size of
MIMO signals was limited to 2 x 2 owing to the use of optical
polarization-division multiplexing (PDM) RoF systems.
Recently, a photonics-aided wireless transmission of 4 x 4
MIMO millimeter-wave signals in the D-band was
demonstrated [13]. However, in the system, four wireless links
were positioned in parallel; hence, no interference occurred
between the radio signals. It is challenging to realize a full
MIMO fiber—wireless system for MIMO sizes exceeding 2 x 2
using the optical heterodyne method. This is because the
interference between the radio signals, which have rapid and
independent fluctuations of the carrier frequency and phase
noise, renders the signal synchronization and demodulation
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extremely complicated.

Herein, we propose a 3 x 3 full MIMO fiber—wireless system
in the W-band using highly stable RoF technology based on the
coherent optical self-heterodyne method. The high carrier
frequency stability and low phase noise of each MIMO signal
stream render MIMO signal synchronization and demodulation
simple. To realize an end-to-end 3 x 3 MIMO signal
transmission, we combined two RoF systems with PDM
transmission in one of the RoF links. In contrast to previous
studies regarding MIMO fiber—wireless systems [7-13], in
which emulated PDM MIMO signals were transmitted and
demodulated, we demonstrated an end-to-end MIMO signal
transmission in this study. Furthermore, we employed a high-
spectral-efficiency offset quadrature amplitude modulation-
based filter-bank multicarrier (OQAM/FBMC) and adaptive
modulation to increase the system capacity. We successfully
transmitted approximately 110 and 132-Gb/s of 3 x 3
OQAM/FBMC signals over the system using antennas placed
in the same and alternately different polarizations, respectively.
This paper is an extended version of our previous conference
paper [14, 15]. In this study, we included the details of the
experiments and digital signal processing (DSP). Moreover, we
evaluated the system performance when all antennas were
placed in the same polarization for high-spectral-efficiency
MIMO signal transmission. The remainder of this paper is
organized as follows. Section II presents the DSP for the MIMO
OQAM/FBMC signal. Section III.A presents the experimental
setup for a 3 x 3 MIMO fiber—wireless system, and Section
III.LB presents the experimental results. Finally, Section IV
concludes the paper.

II. DIGITAL SIGNAL PROCESSING

The DSP design is based on our previous study [16]. In the
current study, we further optimized the system for 3 x 3 MIMO
signal generation and utilized a different noise tracking per-
stream, which enabled a more accurate compensation. In the
OQAM signal, complex symbols are first converted to real
symbols at a rate that is twice as fast of the complex symbols.
The real symbols are alternatively made of the real and
imaginary parts of the complex symbols. Therefore, one
OQAM symbol can be considered to correspond to two pulse
amplitude modulation (PAM) symbols with a time offset. In
this study, we allowed an integer number of PAM levels, P,
which is not a power of two, so-called flexible PAM [17]. This
mapping is enabled if the bits are mapped to PAM symbols on
a block basis. As an example, for a fixed constellation size P, a

group of NV, bits must be mapped to a group of N; PAM symbols.

Therefore, we must identify the minimal Ny such that a one-to-
one mapping is achieved. The direct constraint is 2¥> < PNa,

N
b < Njanda
log,M

By solving this equation, it is discovered that

suitable option is Ny = [zoIZ;b P]. The efficiency of this mapping
2
js—b _— Np /[ AL ] When N, becomes large, the bit
Nglog,M log,M log, P

mapping loss due to the ceil operator becomes negligible, and
the efficiency approaches one. In the system demonstration, we
compared the system performance and transmission capacity
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using the flexible and standard PAM allocation, which is
defined as an integer number of PAM levels with a power of
two. For both approaches, we applied adaptive modulation
allocations on different subcarriers and signal streams based on
the estimated signal-to-noise ratio (SNR) and target error
probability. We denote the numbers of subcarriers and complex
symbols transmitted on each subcarrier as M and N,
respectively. The set of active subcarriers is denoted by M. To
simplify analog filtering in our experiment, 5% of the
subcarriers at the two edges of the band were set as inactive.
Therefore, the bandwidth occupied by the system was
0.9M /T = 0.9/T, where T is the multicarrier symbol period,
Ty = T/M the sampling period, and 1/T the subcarrier spacing.
In our experiment, each subcarrier comprised three transmitted
streams. However, the system is applicable to any MIMO size.
The subscripts m and [ refer to the subcarrier and multicarrier
symbol indexes, respectively. At the transmitter, the bits are
first mapped to real PAM symbols d,,; € R3**at twice the rate,
i.e., 2/T. The transmit baseband equivalent signal can be written
as

2Ng—1

s[n] = Z Z A1 Gm,[n],

=0 mem

.2mm Mk-1

where gpm,[n] = j™*g [n— l%]e’T(n_ =) . The pulse

g[n] selected was that of the Phydyas prototype filter [18],

which is of length Mx, where k is the overlapping factor. We
fixed k to four in the experiments.

The received signal r[n] was processed using an analysis

filter bank (AFB). The symbols after the AFB and OQAM

compensation are given by

Zny = ) ¥lulgnlnl. (D)

n

Typically, in studies pertaining to FBMC, the channel is
assumed to be constant over the transmit and receive pulse
duration, as well as frequency flat at the subcarrier level. These
assumptions hold in our implemented system because the
channels are relatively static in time and directive, resulting in
few multipath components. Hence, the channels did not change
quickly in time and frequency. For extension to a real system,
the link would remain directive and therefore relatively stable
over time and frequency. Moreover, if the frequency selectivity
in the channels is higher, then the number of subcarriers can be
adjusted accordingly such that the assumptions can be
maintained. Under these assumptions, we can approximate the
demodulated symbols z,, ; as follows:

zm,l ~ <l)le(dm,l +jum,l) + Wm,l' (2)

where w,,; is the additive noise, and ju,,; is the purely
imaginary intrinsic interference from neighboring symbols in
time and frequency. The MIMO matrix H,, € C3*3
corresponds to the channel frequency response, which is
assumed to be static over the frame duration. The matrix ®; €
€3*3 is a diagonal matrix with the i-th element being a phasor
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equal to e]¢l(l). The phase d)l(i), which varies over time and
stream but not frequency, represents the effect of phase noise
and possible residual carrier frequency offset (CFO) after
demodulation. The estimated real symbols (im,z are obtained
based on the real part after channel equalization and phase
compensation, i.e.,

dm,l = m{a\)l*Bmzm,l}- 3)

The matrix @, is the estimate of ®;, whereas the equalizing
matrix B,, is fixed based on a linear minimum mean squared
error criterion, as follows:

A2 -1
Bm = (ﬁrlflﬁm + O-_V;IB) ﬁrlfu
04

where H,, and o2 are the estimates of H,, and the noise
variance, respectively, which are obtained during the channel
estimation procedure; o7 is twice the variance of the
transmitted symbols d,;, ;.
Preamble structure

A preamble was added to the data symbol frame for channel
estimation and synchronization at the receiver. The preamble
comprised the 10 first OQAM symbols d,,, ;, which correspond
to a duration of /07/2 = 5T. The preamble was constructed to
avoid the effects of intrinsic interference. Therefore, the second,
fourth, sixth, and eighth OQAM symbols were only zeros:
dpi1=dy,3=d,;5=d,; =0,Vm. Furthermore, the ninth
and tenth OQAM symbols were zero to protect the preamble
from interference due to data symbols. Even subcarriers were
filled with pilots, whereas the symbols on the odd subcarriers
were all zeros. The even subcarriers of the zeroth OQAM
symbol d,,, owere filled with pseudo-randomly generated +1,
thereby providing a low crest factor in the time domain. For
synchronization, the third OQAM symbol was set as a
repetition of the first symbol, resulting in d,,o = d,,,. To
perform an estimation, the following matrix was created:

D,, = (dpz dig dpg) € C3*2 if mis even and m € M.

To estimate the channel, D,,, must be of full rank. Moreover, for
peak-to-average power ratio (PAPR) issues, it is desirable to set
D,, = £F;. In fact, the 3 x 3 unitary discrete Fourier transform
matrix F; ensures an equal transmit power for each stream,
whereas the random + ensures a low PAPR in the time domain.
Synchronization

The synchronization algorithm utilizes the repetitive patterns
of the first and third symbols. This can be regarded as a
straightforward extension of the study presented in [19] for the
MIMO case. The first step of the algorithm is to detect the start
of the frame. This is achieved by maximizing the following
detection metric computed based on the AFB outputs of the
three receiving antennas, as follows:

H
2 |ZmeMp Zmi+2Zm, |

Zmertylzml” + [Zmis2 ]l

HUES
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Once the beginning of frame / is detected, the first coarse CFO
can be estimated as follows:

1
€cro = ﬁﬁ Z Zrl;lz,o Zm,2 4)

meMy

where the first OQAM symbol corresponds to the first
demodulated symbol of the frame. Based on the coarse CFO
estimate, the CFO can be corrected in the time domain before
performing a second AFB demodulation. Subsequently, the
CFO is re-estimated using Equation (4). Next, the symbol
timing offset (STO) is estimated as

@O @
T _ 14 Zm+2,lZm,l
STO ™ Am ® O

i=(12,3) 1={0,2} (m;m+2}eM;, Zm+2,1%m,1

The remainder of the frame is demodulated using the refined
CFO and STO estimates.
Channel and noise variance estimation

Channel estimation relies on the transmission of the second,
fourth, and, sixth OQAM symbols. We can define the matrix of
demodulated symbols at each subcarrier for the three streams
and three OQAM symbols of interest as follows:

Z, = (zm2 Zma zm’6) € C3*3,

Using the fact that, at the pilot positions, the intrinsic
interference is negligible owing to the neighboring guard
symbols (u,,; = 0), the demodulated symbols +F; can be
correlated with the transmitted pilot symbols as

Z,=H,D, +W,,

where W,,, € C®*3 is the matrix of the noise samples.
Subsequently, the least-squares estimate of H,, at the pilot
positions can be estimated as

H, =Z,D;! =H,, + W, D;l.

However, the channel frequency response is only known at the
pilot positions, and the response at the non-pilot subcarriers
should be interpolated. In practice, the channel impulse
response contains only a finite number of significant taps, such
that L << M. This knowledge can be used to obtain the average
of the noise effect and to interpolate the channel [20]. Details
regarding the specific time-domain method used in this study,
which was straightforwardly extended to the MIMO case, are
available in [21]. Moreover, based on the residual error between
H,, and the interpolated channel, the noise variance ;2 can be
estimated.
Phase tracking

The demodulated symbols can be affected by the phase
rotation, which must be compensated to avoid phase drifts. To
track phase (l)lm , we used the maximum likelihood phase
estimator derived in [21]. It was independently applied on a
stream basis. The algorithm proposed in [22] is low in
complexity and decision directed, thereby obviating the
insertion of pilots in the data frame and avoiding a decrease in
spectral efficiency. The phase at OQAM symbol / and for
stream i can be estimated as follows:
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Fig. 2. Experimental setup for 3 x 3 MIMO seamless fiber—wireless system in W-band. Dashed line parts signify emulation of real WDM RoF system and were

not implemented.
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demodulated symbols after channel equalization and phase
compensation based on the previous estimate, respectively, i.e.,

the i-th element of vectors i,’,ﬁ'l = %(ﬁf_lezm‘l) and ifn‘l =

where Zgl"(li) and are the real and imaginary parts of the

‘{;(f’ﬁf_lesz) , respesctively. The estimated transmitted

symbols dsl) , are obtained by the direct detection of symbols

~R,(i)
Zm,l .

Bit loading
After channel and noise variance estimation are performed
by the receiver, the SNR is estimated at each subcarrier m and

stream 7. By definition, SNR,,; = NMSE;Lli Here,
NMSE,,; = [NMSE,,];; and
2 N N
NMSEy, = E [(dyns = dyy) (dig = dp) ]
04
= 2 B [(dmi — Re 9Bz ) (At — R{e 4Bz )"
0_5 m,l mém,l m,l mém,l

2
4
= (BnHy — 15)(BnHp — 1) +—5 By By,
d

where we used the expression of (im,z in (3) and the
approximation of z,,; in (2) [23]. Additionally, we assumed
that the phase noise and MIMO channel were perfectly
estimated. Based on the channel and noise variance estimates,
the related equalization matrices B,,, SNR,, ; can be estimated
for each subcarrier and stream.

For a specified SNR value, the PAM constellation level M, ;
of the transmitted symbols (not pilots) assigned to subcarrier m
and stream i can be fixed such that the target bit error rate
BER,79°" is maintained. The relation between BER """

mi  and
M,, ; for a specified SNR,,, ; is written as

1 My -1
lOgZ(Mm,i) Mm,i

= erfc

target
BERLV9¢ >
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It is noteworthy that M,,; is the PAM constellation level of
symbols dr(:l) ;- Notably, although we changed the modulation

level for each stream and subcarrier, no power loading was used.
After bit loading, the modulation levels differed for the
different subcarriers and streams; however, the remainder of the
FBMC/OQAM transceiver chain remained the same, including
operations all signal processing previously described, i.e., the
preamble design, synchronization, equalization, channel
estimation, and phase tracking.

III. 3 X3 MIMO FIBER—WIRELESS SYSTEM DEMONSTRATION

A. Experimental Setup

The experimental setup for the 3 x 3 MIMO fiber—wireless
seamless system in the W-band is shown in Fig. 2. To realize
an end-to-end 3 x 3 MIMO signal transmission, a system using
three WDM RoF channels can be employed for signal
generation and transmission over the optical link. However,
owing to the availability of two-tone optical signal generators
in our laboratory, we used two RoF links and a PDM
transmission in one of the RoF links for the 3 x 3 MIMO signal
transmission. In addition, because the two-tone optical signal
generators used in the experiment operate at the same
wavelength, we generated RoF signals at the same wavelength
and transmitted them to the antenna site using different single-
mode fibers (SMFs) (not shown in Fig. 2). Nevertheless, the
system concept used in this study can be easily applied to actual
WDM RoF transmissions. In this case, WDM RoF signal
multiplexing and demultiplexing (shown by the dashed lines in
Fig. 2) should be implemented before and after fiber
transmission using optical couplers and optical filters/wave-
shapers, respectively.

In our experiment, two optical millimeter-wave signals with
a frequency separation of 79.6 GHz were generated using two-
tone optical signal generators. The generators can generate
stable coherent two-sideband signals using high-precision
optical modulation technology [24, 25]. Similar to single-input
single-output (SISO) RoF systems [26], in each RoF channel,
optical sidebands from each two-tone optical signal generator
were separated using an arrayed waveguide grating. One of the
sidebands was modulated by one of the MIMO OQAM/FBMC
signal streams. To reduce the effects of fiber dispersion, optical
single-sideband  signals were generated using in-
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phase/quadrature (IQ) optical modulators and by adjusting the
bias voltage of the modulators. The other sideband remained
unmodulated to function as a reference signal for signal up-
conversion at the antenna site. The modulated optical signals
were combined with unmodulated sidebands using 3-dB optical
couplers, and the combined signals were transmitted to the
antenna site using 10-km SMFs. For the PDM RoF link, the
transmission was similar to those of other optical PDM systems
[7]. One of the optical sidebands of the RoF signal was
separated using a polarization beam splitter (PBS). The
separated optical polarizations from the PBS were modulated
by two different MIMO signal streams. Optical polarization
controllers (PCs) were utilized to align the modulated signals to
the x- and y-axis polarization components. The modulated
optical signals were combined using a polarization beam
combiner (PBC), amplified using an optical amplifier, and
consequently combined with the unmodulated optical sideband
whose polarization was set at 45° from the x-axis using a PC.
At the receiver, another PBS was used to split the x- and y-axis-
aligned polarization RoF components. The received RoF
signals were amplified using optical amplifiers and filtered to
suppress the amplified spontaneous emission noise before being
input to high-speed photomixers. The generated radio signals at
87.6 GHz, which were formed by 79.6 GHz-spaced two-tone
optical signals and optical single-sideband modulation at one of
the sidebands, were emitted into free space using a set of three
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Fig. 5 Channel magnitude of system using antennas placed in different
polarizations: (a) main channels; (b) channel response due to interferences.

23-dBi (3-dB beamwidth of 9°) horn antennas. After a
transmission over approximately 1 m in free space, the signals
were received by another set of three 23-dBi horn antennas. The
adjacent antenna pairs were spaced approximately 10 cm apart.
The abovementioned distance was selected owing to the space
required to place adjacent receivers in our setup. This
arrangement guarantees interferences between the MIMO radio
signals when all antenna pairs are placed in the same
polarization because the beam coverage of each signal stream
at the receiver is approximately 15.7 cm. To evaluate the system
performance with and without the presence of cross-
interference in the wireless links, we placed the antennas in the
same and alternately different polarizations. The received
signals were amplified using low-noise amplifiers and down-
converted to the intermediate frequency band at 12.5 GHz using
electrical mixers. The signals were amplified, sent to a real-time
oscilloscope, and finally demodulated offline.

To demonstrate an end-to-end MIMO signal transmission
over the system, we generated a 3 x 3 MIMO OQAM/FBMC
signal in MATLAB and downloaded it to three synchronized
arbitrary waveform generators (AWGs). The signals had a
bandwidth of 13 GHz and were modulated around an
intermediate frequency of 8 GHz. The number of subcarriers
was fixed at 2048, of which 102 subcarriers on each edge of the
spectrum were set as inactive to simplify the digital-to-analog
conversion. The real-valued intermediate frequency signals
from the AWGs were input to 90° hybrid couplers to separate
them into two parts with a phase difference of 90° before being
input to the IQ optical modulators. It is well acknowledged that
the channel response and SNRs of the received signals vary
with different subcarriers and signal streams owing to the non-
flat frequency response of signal generators as well as optical
and electrical devices. Hence, in this study, we adopted an
adaptive modulation scheme to effectively exploit the non-
uniform channel response of the system. Details regarding the
MIMO OQAM/FBMC signal generation and demodulation are
presented in the previous section.

B. Experimental Results

In previous MIMO fiber—wireless systems [7-13], RoF
systems based on PDM transmission were employed, where
PDM RoF signals are generated from the same light-wave
source. Consequently, the frequency fluctuations of MIMO
radio signals are identical, thereby enabling a simple optical
heterodyne method using free-running lasers to be employed
for MIMO signal transmission. However, for large-scale
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Fig. 6 System using antennas placed in different polarizations: (a) Estimated single-to-noise ratios; (b) estimated standard PAM levels; (c) estimated flexible PAM

levels.

MIMO fiber—wireless systems, the use of WDM RoF
transmission is indispensable. In these systems, the generation
of frequency-stable and low-phase-noise radio signals is crucial
for attaining high performances and reducing the complexity of
the DSP at the receiver. This is because the interference
between the wireless signals, which are generated from
different light-wave sources, renders the estimation of carrier
frequency offset as well as the phase tracking and demodulation
of the signal extremely challenging. In our system, we
employed frequency stable and low-phase-noise RoF systems
based on the self-optical heterodyne method; hence, the
frequency fluctuation and phase noise in each MIMO signal
stream are relatively low.

We measured the phase noise characteristics of the received
carrier signals of the SISO and MIMO fiber—wireless systems.
In this measurement, to include interference between MIMO
signals, we placed all antenna pairs in the same polarization. To
investigate the interference effect of radio signals generated
from different light sources, we turned off one of the PDM RoF
channels and measured the performances of a SISO and a 2 x 2
MIMO system using two different RoF links. Only the carrier
signal at 8 GHz was transmitted for this measurement. Figs.
3(a) and (b) show the single-sideband phase noise
characteristics of the signals in channel 1 and channel 2 of the
2 x 2 MIMO system, respectively. The SISO system was
measured by obstructing the signal from the other MIMO
streams. Using precision optical modulation technology-based
two-tone optical signal generators, which could generate highly
stable radio signals [25], low-phase-noise radio signals could be
generated in each MIMO signal stream. As shown in the figures,
the phase noise of the generated radio signals is much lower
than those of the signal generated using optical heterodyne
method, even with the use of an optical phase locked loop [27].
Consequently, the phase noise of the MIMO signals was
relatively small, even with added interference from the other
signal stream.

We subsequently evaluated the performance of the 3 x 3
MIMO fiber—wireless system based on two cases: (1) adjacent
antenna pairs placed alternately in different polarizations for
negligible interference in the wireless links, and (2) all
antennas placed in the same polarization for significant
interference between signals. We first investigated the
performance for the first case. Initially, a training signal was

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

transmitted to estimate the SNRs and respective modulation
levels for different subcarriers on each signal stream. Figure 4
shows an example of the received training signals in the time
domain and its autocorrelation and constellations. Complex
OQAM constellations were obtained for stream i by

plotting df,?_ﬂ + ]&7(:321 1>

where 627(:31 is the i-th element of
d,, ; obtained using (3). Clear constellations were observed
when an equal 4-OQAM signal (corresponding to 2-PAM
symbols cir(,?l) was applied for all the subcarriers and signal

streams. Subsequently, we measured the channel response of
the main channels and interference from the other channels, as
shown in Fig. 5. A non-flat channel response was clearly
observed in all channels. The significant amplitude reduction in
the high-frequency region was due to the low-pass-filter-like
response of the AWGs used in the experiment. In the
experiment, AWGs with a sampling rate of 50 Gs/s and a
bandwidth of 15 GHz were used. Furthermore, interference was
observed between signal streams 1 and 2, as shown by the
Ch1,2 and Ch2,1 curves in Fig. 5(b). This is caused by optical
polarization crosstalk between the PDM RoF signals, which
were transmitted over the same RoF link. Notably, in the
experiment, the polarization controllers in the PDM RoF links
were not fully optimized; therefore, the polarization crosstalk
between the channels was not fully minimized. The interference
between signal streams 1 and 3 as well as between signal
streams 2 and 3 was negligible as these signals were transmitted
over different RoF links. The interference in the wireless links
was negligible because the adjacent antenna pairs were placed
alternately in different polarizations. The estimated SNRs for
the different active subcarriers in different signal streams are
shown in Fig. 6(a). The estimated modulation levels using
standard and flexible PAMs are shown in Figs. 6(b) and (c),
respectively. The estimated values for both the active and
inactive subcarriers are shown in these figures. As mentioned
above, to simplify the digital-to-analog conversion, 102
subcarriers on each edge of the spectrum and subcarrier #1024
(DC channel) were set to be inactive. This is shown by the
estimated number of zero-bits in the figures. It is noteworthy
that the estimated SNR values for the inactive subcarriers are
not shown in Fig. 6(a).

Consequently, we applied different modulation levels on
different subcarriers and signal streams, and then transmitted
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the signals over the system. The total capacity was calculated
by summing the number of bits applied to all the subcarriers and
signal streams. It is noteworthy that although we changed the
modulation level for the subcarriers on each channel, the
symbol variance remained the same. The remainder of the
OQAM/FBMC transceiver chain was the same as the case of
fixed modulation, including the preamble design,
synchronization, equalization, channel estimation, and phase
tracking. The performances of the signals after they were
transmitted over the system for different received optical
powers in each channel are shown in Fig. 7. Total capacities of
119.3 and 132 Gb/s, corresponding to spectral efficiencies of
approximately 9.2 and 10.2 bits/s/Hz, respectively, were
obtained using standard and flexible PAM modulation,
respectively. Applying a flexible PAM can yield a higher data
transmission capacity but at the expense of a higher bit error
rate (BER). This is because in a flexible PAM, the PAM levels
assigned to the subcarriers can be larger than those using

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

02 0.12
———Ch3,1 ——Ch2,1 ——Ch1,2
——Ch32 Ch2,3 ——ch13
0.1
2015 3
% | Z0.08
g (I g
£ 01 P Eo.08
3 Wy ]'h I ]
c c
§ §0.04
=
5005 ) 16
[—cn33 —ch22 —cnt1] 0.02
0 0 ‘ J
0 500 1000 1500 2000 0 500 1000 1500 2000
(a) Subcarrier index (b) Subcarrier index

Fig. 9 Channel magnitude of system using antennas placed in same polarization:
(a) main channels; (b) channel response due to interference.

standard PAM (as shown in Figs. 6(b) and (c)), thereby
resulting in a higher BER, since the SNRs for the two cases are
identical. Examples of OQAM constellations using standard
PAM, flexible PAM, and the received spectra of the MIMO
signals are shown in Figs. 8(a), (b), and (c), respectively. All
the transmissions can satisfy a 7% forward error
correction (FEC) limit BER of 3.8 x 10-. Notably, compared
with previous MIMO fiber—wireless systems [10-13], the
capacity obtained in this study was lower. Nevertheless, we
focused on the feasibility study of a large-scale and flexible
end-to-end MIMO fiber—wireless system, which has not been
reported to date. Several approaches can be used to further
increase the capacity of the system. In our experiment, we used
single-output AWGs to generate real-valued intermediate
frequency signals, and the signal quality degraded in the high-
frequency region owing to the limited analog bandwidth. We
expect an increase in the system performance and capacity
when using high-performance AWGs and/or multiple AWGs to
generate high-quality complex baseband signals for optical
modulation. In addition, the primary objective of this study was
to use MIMO multiplexing technology to enhance the system
capacity. In a practical system, MIMO multiplexing can be
combined with a diversity method to increase the transmission
distance and/or reduce the outage probability.

For large-scale MIMO systems, it is difficult to avoid
interference between the wireless links because the antennas
should be placed close to each other. In addition, for high-
spectral-efficiency full-duplex transmission, PDM technology
should be utilized in wireless links for signal transmission in
different directions. In this case, antennas with the same
polarization should be placed for signal transmission in one
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direction. Nevertheless, strong interference between the signals
can complicate signal processing and degrade performance. We
evaluated the proposed system under this condition by placing
all antennas in the same polarization. Similar to the first case,
we first transmitted a training signal and measured the channel
response and interference between the signal streams. The
results are shown in Figs. 9(a) and (b), respectively. It is clearly
observed that, compared with the system in which antennas are
alternately placed in different polarizations, interference
between the signal streams increased significantly, particularly
between streams 1 and 2 as well as streams 1 and 3, as indicated
by the Chl,2 and Ch2,1 as well as Ch1,3 and Ch3,1 curves in
Fig. 9(b), respectively. However, the interference between
streams 2 and 3 (shown by Ch2,3 and Ch3,2 curves in Fig. 9(b))
was maintained at a low level. This is because, in the
experiment, we placed the antennas of channel 1 between those
of channels 2 and 3. The strong interference between streams 1
and 2 was also induced by polarization crosstalk in the optical
links, similar to the first case. Subsequently, we estimated the
SNRs for different subcarriers in different signal streams. The
results, as shown in Fig. 10(a), indicate that they are smaller
than those of the system using antennas placed alternately in
different polarizations owing to the increase in interference.
Subsequently, the bit loading levels were calculated based on
the received SNRs. The results for the cases where standard and
flexible PAMs were applied are shown in Figs. 10(b) and (c),
respectively. Owing to the increased signal interferences
between the signal streams in the wireless links, the total
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capacity was reduced to approximately 102.8 and 110.5 Gb/s,
corresponding to spectral efficiencies of approximately 7.9 and
8.5 bits/s/Hz, respectively, using standard and flexible PAM,
respectively. The performance of the system when the
estimated modulation was applied for different received optical
powers in different RoF links is shown in Fig. 11. In this
measurement, we fixed the powers on the other channels while
changing the power in one channel. In the low-power regions,
the performance of the channel, hence, the performance of the
entire system deteriorated owing to an insufficient SNR. In the
high-power regions, the system performance was affected by
both nonlinear distortions in the channel as well as increasing
interference in the other channels. Nevertheless, all the
transmissions satisfied the 7% FEC overhead BER limit of 3.8
x 1073,

Notably, the MIMO signal performance was relatively
sensitive to the fiber delay difference between the signal
streams. To successfully demodulate the MIMO signal, a delay
difference of less than a symbol period should be maintained
between the signal streams. In the experiment, we optimized the
delay difference between the channels by adding different
fibers to the RoF channels. When applied to a real WDM RoF
system, MIMO signal synchronization can be affected by the
different chromatic dispersions experienced by the different
signal streams. In addition, multiplexing and demultiplexing
RoF signals can cause additional delays between the signal
streams. However, the delay differentials between the signal
streams can be compensated by inserting delay fibers into the
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optical channels. The delays can also be compensated by DSP
at the receiver or transmitter. Because the delay difference
between the channels can be estimated in the system calibration,
appropriate delays can be added to the signals to equalize them
before transmitting or demodulating the signals. Furthermore,
other multichannel fiber options, such as multicore and few-
mode fibers and their combination with traditional WDM/PDM
transmission, would be promising for supporting large-scale
MIMO signal transmission in future mobile networks [28, 29].

IV. CONCLUSION

In this study, the first 3 x 3 full MIMO fiber—wireless
seamless system in the W-band using high-spectral-efficiency
and adaptive OQAM/FBMC modulation was demonstrated.
Using a highly stable RoF system based on the coherent optical
self-heterodyne method, we could utilize different RoF links for
large-scale MIMO  signal transmission.  Satisfactory
performance was confirmed experimentally for a 3 x 3 end-to-
end MIMO signal transmission with total capacities of 110 and
132 Gb/s and the BER under 7% FEC limit for a system using
antennas with the same and alternately different polarizations,
respectively. The system is scalable for large MIMO signal
transmission by adding WDM and/or PDM RoF channels. The
proposed system is promising for high-capacity fiber—wireless
transport systems and/or large-scale MIMO radio access signals
in high-frequency bands.
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