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Abstract—Spatial Modulation (SM) and Multi-Set Space-Time
Shift-Keying (MS-STSK) are capable of striking a flexible design
trade-off between the multiplexing and diversity gains attained.
These techniques can also be combined with beamfoming for
the sake of supporting reliable millimeter wave (mmWave)
communications. In this treatise, we propose an analogue Radio
over Fiber (RoF) downlink network relying on SM and MS-STSK
combined with beamforming and up-conversion to mmWave
carrier frequencies, whilst using all-optical processing. In the
proposed Analogue RoF (A-RoF) system, most of the digital
processing of the baseband SM and MS-STSK is carried out
by the Central Unit and the implicitly carried bits of SM/MS-
STSK, such as the antenna index selection and dispersion matrix
selection bits, are recovered by the remote radio head (RRH)
of our A-RoF network for creating a multi-functional Multiple-
Input Multiple-Output (MIMO) arrangement. As detailed in [1],
the classic modulated bits are conveyed by the radio signal,
without requiring any additional Analogue-to-Digital Conversion
(ADC) and Digital-to-Analogue Conversion (DAC) before trans-
mission from the antennas. Moreover, A-RoF-aided techniques
are invoked for achieving optical processing aided beamforming
and optical up-conversion to a mmWave carrier frequency. Thus,
we invoke A-RoF techniques for the generation of our SM/MS-
STSK signal with the aid of optically up-converted millimetre
wave beamforming without using any electronic oscillators,
mixers or phase shifters. Furthermore, our A-RoF-aided system’s
BER performance is similar to the conventional all-electronic
SM/MS-STSK scheme.

Index terms SM, MS-STSK, Radio over Fiber, Beamform-
ing, Millimetre wave.

I. INTRODUCTION

As a result of the popularity of flawless multimedia services
supported by the ubiquitous smartphones, cellular networks
are approaching their capacity, especially in densely populated
areas [2], [3]. Small cells are capable of overcoming the
network capacity shortage with the aid of adding more cells
of high-quality wireless coverage having a small cell radius
[4]-[6]. Analogue Radio over Fiber (A-RoF) techniques are
capable of supporting small cell deployment using central-
ized processing, where the small cell base-stations (BS) are
connected using fiber [5] and only optical-to-electronic (O-E)
conversion and RF amplification are required at the small-
cell base station [7], [8]. A simplified schematic of the A-
RoF-aided small cell system is shown in Figure 1, where a
single central unit (CU) supports several remote small-cell
radio ports. This architecture is potentially capable of reducing
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the overall cost of the network [7], [9]. As shown in Figure 1,
the central unit is responsible for centralized digital processing,
while the remote radio heads are used for radio transmission,
including the O-E conversion, filtering, amplifications and then
transmission from the transmitter antenna arrays (TAAs). This
architecture is also applicapable to the popular cloud radio
access networks (C-RAN) [10], [11], where a central office
carries out all the baseband signal processing [12], serving
multiple low-complexity and low-cost remote radio heads
(RRHs). The A-RoF transmissions [5], [13] to the RRHs
invoked by C-RAN [14] are also capable of supporting the
emerging small-cell technologies [14], [15].

RoF aided centralized downlink network

Central Unit

Responsible for centralized digital processing

Remote Radio Head

Responsible for filtering, amplifying and transmission

Figure 1: A-RoF system architecture for centralized digital
processing. The Central Unit performs centralized digital
processing and radio modulation, while the Remote Radio
Head carries out filtering, amplification and radio trans-
mission.

Moreover, Millimeter Wave (mmWave) carries frequencies
as naturally suitable for small cells owing to the associated
short propagation range, thus reducing the inter-cell interfer-
ence [2], [16]. However, traditional all-electronic mmWave
processing requires high-frequency Radio Frequency (RF)
mixers, which tend to degrade the link’s performance [17]. We
circumvent this problem with the aid of A-RoF techniques by
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Nomenclature
A-RoF Analogue RoF
AC Antenna Combination
ADC Analogue-to-Digital Conversion
AoD Angle of Departure
AWGN Additive White Gaussian Noise
BER Bit Error Ratio
BLAST Bell Lab’s Layer Space-Time
BPSK Binary Phase Shift Keying

BS Base-Station

C-RAN Cloud Radio Access Network

CFBG Chirped Fiber Bragg Grating

CU Central Unit

DAC Digital-to-Analogue

DAA Demodulation and Antenna Arrangement

DSF Dispersion-shifted Fiber

EBPF Electronic Band Pass Filter

EDFA Erbium-doped Fiber Amplifier

FBG Fiber Bragg Grating

LD Laser Diode

MIMO Multiple-Input-Multiple-Output

ML Maximum Likelihood

mmWave Millimeter Wave

MS-STSK  Multi-set Space Time Shift Keying

MZM Mach-Zehnder Modulator

OBPF Optical Band Pass Filter

ocC Optical Circulator

ODSB Optical Double Side-Band

O-E Optical-to-electronic

OIL Optical Interleaver

PD Photo-detector

PRBS Pseudorandom Binary Sequence

QAM/PSK  Quadrature Amplitude Modulation/
Phase Shift Keying

QPSK Quadrature Phase Shift Keying

RF Radio Frequency

RoF Radio over Fiber

RRH Remote Radio Head

SINR Signal-to-Interference-plus-Noise Ratio

SM Spatial Modulation

SNR Signal-to-noise Ratio

STBC Space Time Block Code

STSK Space Time Shift Keying

TAA Transmitter Antenna Arrays

dispensing with high frequency mixers and demonstrate that
optical upconversion to mmWave frequencies are capable of
outperforming its all-electronic counterpart [17], by exploit-
ing the Mach-Zehnder Modulator’s (MZM’s) non-linearity,
the fiber’s non-linearity and the photo-detector’s non-linearity
for optical up-conversion [17]. Moreover, multi-frequency
mmWave wavelength up-conversion techniques using four-
wave mixing in a semiconductor optical amplifier has
been proposed in [18], [19], which aim for improving the
capacity and for reducing the interchannel interference.
Additionally, photonic generation of multiple-frequency
mmWave signals using tunable optical frequency combs
has been presented in [20] for mitigating the crosstalk
between the various optical network units involved. Fur-

2

List of Symbols

1 Implicit bits

To Classic modulated bits

1 Implicit symbols

T Classic modulated symbols

IRF RF frequency for radio carrier modulation

Sfadrive Drive frequency of MZM

An Optical Wavelengths

Va MZM switching voltage

Var MZM drive voltage

wLo Angular center frequency of MZM drive signal
WRF Angular center frequency of frp

In The Bessel functions of the first kind and order n

Ein Input optical signal of MZM
Enrzy Output optical signal of MZM
Ploser LD’s output power

Woc Optical carrier’s angular frequency
Ny Number of transmitter antennas

N, Number of receiver antennas

M STSK space dimension

Q Number of dispersion matrix

T STSK time slots

L PSK/QAM constellation size

B, Antenna selection bits of MS-STSK
B Dispersion matrices selection bits of MS-STSK
Bs Classic modulated bits of MS-STSK

thermore, a combination of De-multiplexers and MZMs
in a passive optical network [21] has been proposed for
supporting the photonic generation of 60/120 GHz signals.
By contrast, in this treatise we exploit the MZM’s non-
linearity combined with an Optical Interleaver (OIL) for
optical upconversion and scalable beamforming.

On the other hand, as a key technique of reducing the
inter-channel interference and of increasing the Signal-to-
Interference-plus-Noise Ratio (SINR) of mmWaves, beam-
forming may be invoked to compensate for the short propaga-
tion range of mmWave communications and hence for achiev-
ing an SINR gain [22]. Furthermore, A-RoF aided beamform-
ing relying on all-optical processing is capable of substantially
reducing the complexity of our multi-functional Multiple-
Input Multiple-Output (MF-MIMO) configuration, which is
designed to combine the gains of spatial diversity, multiplexing
and beamforming techniques, by avoiding the employment of
phase shifters used in traditional electronic beamforming [13].

Let us now elaborate a little further on Spatial Modulation
(SM) [23], which is a low-cost MIMO technique, where one
out of M transmit antennas is activated to transmit a single
classic Quadrature Amplitude Modulation/Phase Shift Keying
(QAM/PSK) symbol. Hence, in SM, in addition to the classic
modulated bits, loge M implicit antenna index based inform-
ation bits are conveyed ! [24]. SM is capable of striking a
compelling trade-off between Bell Lab’s Layered Space-Time
(BLAST) and Alamouti’s Space-Time Block Code (STBC),
whilst relying on a reduced number of RF chains. Its further
benefits are its ability to use a single-antenna based Maximum
Likelihood (ML) detection scheme and the mitigation or elim-

'We refer to the antenna selection index in SM as the implicit information.
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ination of inter-channel interference [25], [26]. Additionally,
Space-Time-Shift-Keying (STSK) constitutes a generalization
of SM, where one out of say M number of dispersion matrices
is activated for implicitly conveying logo M bits, which can
attain both diversity and multiplexing gains [26], [27]. Based
on intrisincally amalgamating the philosophy of both SM
and STSK, the concept of Multi-Set STSK (MS-STSK) was
proposed in [28] as a further generalized architecture, which
is capable of striking a beneficial design trade-off between the
achievable multiplexing and diversity gains [28].

In A-RoF system’s downlink, RF signals are transmitted
over the optical fiber from the central unit to the remote radio
head, where the centralized baseband processing is carried out.
Then, the photo detected signal is transmitted by the antennas
without the need for electronic processing in the baseband,
such as modulation, DAC or ADC [5], [17]. In this paper, we
propose a RoF system relying on centralized processing aided
SM and MS-STSK combined with all-optical beamforming,
while simultaneously achieving optical up-conversion to mm-
Wave carrier frequencies.

In the proposed A-RoF network, the SM and MS-STSK
information is modulated onto the two side-bands of an
optically modulated signal in the central unit of Figure 1,
which is up-converted from a frequency of 3 GHz to a
mmWave frequency by pure optical processing utilising a
MZM and an OIL. The side-band containing the implicit
information? is decoded by the remote radio head of Figure
1. Furthermore, tunable optically aided beamforming can be
achieved using optical Fiber Bragg Grating (FBG), which
introduces a linear relationship between the time delays and
the optical wavelengths by reflecting different wavelengths
from different locations inside the FBG discussed in [22], [29].
Moreover, the SM/MS-STSK signals are transmitted over a
Dispersion-Shifted Fiber (DSF), which exibits a low dispersion
in our proposed wavelength region [30]. This is used for
mitigating the dispersion effects imposed on the optical fiber
aided beamforming.

Thus, compared to a conventional cellular architecture,
where the RF and baseband signal processing are integ-
rated into a base station [9], our proposed design is capable
of concentrating the digital baseband processing in the
central unit. Hence the complexity of the remote radio
head is reduced to that of low-cost filtering, switching
and amplification [31]. Against the above backdrop, the novel
contributions of this paper are summarised as follows:

1) Intelligent centralized-processing aided A-RoF net-
work design: We propose a sophisticated A-RoF
network for supporting low-complexity SM or MS-
STSK combined with all-optical beamforming and up-
conversion to mmWave carrier frequencies. More expli-
citly, all-optical SM/MS-STSK processing is combined
with beamforming in the mmWave spectral band. To
the best of our knowledge, this is the first time that
optical fiber aided analogue beamforming using CFBG
is conceived for mmWave communications.

2) Optical processing aided SM/MS-STSK encoding
scheme: We propose an architecture for carrying both
implicit antenna-index-based information and classically

2In MS-STSK, the implicit information refers to the antenna selection index
and dispersion matrix index information.

3

modulated information by SM/MS-STSK intrinsically
amalgamated with optical processing. Again, this avoids
the ADC and RF carrier modulation at the remote radio
head. Instead, an optically up-converted mmWave signal
carries the SM and MS-STSK symbols, which are then
fed into linear uniform arrays for beamforming, hence
requiring no additional electronic signal processing at
the remote radio heads.

The rest of the paper is organised as follows. Section II
presents the A-RoF aided SM encoding network, where the
conventional electronic SM scheme and the proposed model
are presented and discussed. Then, in Section III, the A-RoF
aided MS-STSK scheme is introduced and analyzed, followed
by our conclusions in Section IV.

II. A-ROF NETWORK DESIGN FOR SM

In this paper, we propose an all-optical processing aided
Multi-Functional MIMO (MF-MIMO) [32] system, where
SM/MS-STSK, optical upconversion and optical fiber aided
beamforming were amalgamated. In A-RoF networks, most of
the digital processing is carried out in the central unit of Figure
1. In this contribution, we propose a novel A-RoF network
carrying SM symbols, which can be used both for the mobile
fronthaul or backhual.

In the proposed network, after the conventional electronic
SM encoding, the SM information is transmitted over the
dispersion-shifted fiber, where the signal is up-converted to a
mmWave carrier frequency and linearly time-delayed signals
are attained with the aid of FBGs for achieving an angularly
selective beamforming effect. In this section, we first present
the conventional SM electronic encoding design and then we
discuss the proposed system architecture and its performance.

A. Conventional electronic SM encoding scheme

Figure 2 shows the conventional SM encoding process using
N, transmit antennas, where the input bits are partitioned into
two streams. The first stream is used for activating one out
of the N; transmit antennas, while the second stream is used
for modulating a classical QAM/PSK symbol?, as shown in
Figure 2. Hence, the transmitted symbol implicitly carries the
selected antenna index information.

Digital Signal Processing

(Splitting data) Antenna Selection Y
Antennal
Implicit bits\—/

data stream

Y Antenna2

QAM/PSK switch
Carrier Modulation

Y Antennax;,

Figure 2: Conventional electronic SM encoding scheme
used by the Base Stations of the conventional cellular
architecture.

In the traditional architecture, SM encoding is carried out
at each BS, adding extra cost and complexity to the small-cell

3In our paper, we term data symbol for transmission as classic modulated
symbol.
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system [9]. By contrast, in our proposed design, the digital
processing is concentrated to the central unit, as detailed
in the following sections. To elaborate a little further, our
proposed A-RoF-aided SM design is capable of confining
the SM encoding to a single central unit, hence substantially
easing the burden imposed on small-cell base stations.

B. Proposed A-RoF-aided SM Design

Upon introducing optical fiber aided beamforming and
optical up-conversion, our system transmits the SM symbols
using a mmWave carrier and all-optical processing, relying on
the remote radio heads of Figure 1. Figure 3 and 4 highlight the
operation of our A-RoF aided SM system and the correspond-
ing spectral-domain manipulations. In the following, we will
detail the signal processing in our system of Figure 3, while
referring to the corresponding spectral-domain manipulations
seen in Figure 4%,

SM encoding: Similar to the conventional electronic SM
encoding scheme, a pseudorandom binary sequence (PBRS) is
generated and split into two streams that convey the antenna
selection bits %; as well as the classic modulated bits Zs.
Then, as shown in Figure 3, we map the implicit antenna-
index bits to a 2F —QAM /PSK scheme, where oL represents
the number of transmitter antenna elements of each antenna
array of Figure 3. Similarly, the classic modulated bits are
conveyed by 2™ — QAM/PSK symbols according to the
system requirements. Note in the interest of explicit clarity
that in contrast to the conventional electronic SM encoding
scheme, in our amalgamated optical/RF system both SM
streams are conveyed by QAM/PSK symbols over the fiber.
This ensures that they have the same symbol rate during
their transmission in the A-RoF link. For example, if a PRBS
block of the bits by...b3 is transmitted, by, by are used for the
implicit antenna-index bits as & for activating one out of four
antenna elements, while bs is used for classic Binary Phase
Shift Keying (BPSK) modulated bits for optical transmission
as Zo. To ensure that b3 is conveyed by the by, by-based
antenna element after the A-RoF link, b, b, are conveyed by
a Quadrature Phase Shift Keying (QPSK) symbol.

Afterwards, both types of SM symbols are carried by a
RF frequency of frp and fed into a pair of LDs for direct
modulation, as shown in Figure 3. The two LDs are directly
modulated by z; and xo to generate a pair of wideband
signals, respectively, as shown at @ and @ of Figure 4.
Then, the left side-band of @ carrying x; and the right side-
band of @ carrying xo are retained by the Optical Band Pass
Filters (OBPFs) and combined to a new ODSB signal using
an optical combiner, as shown in Figure 3 and marked by
(3) of Figure 4.

Thus, SM encoding relies on Optical Double Side-band
(ODSB) modulation associated with an RF frequency of frp,
where both the implicit symbols x; used for antenna selection
and the classic modulated symbols x5 are mapped to one of the
side-bands, each using a combination of Laser Diodes (LDs)
and OBPFs.

mmWave optical upconversion: Afterwards, optical modu-
lation is employed using the Mach-Zenhder Modulator (MZM)
of Figure 3, where, as demonstrated at @ of Figure 4, the

4The circled numbers of Figure 3 correspond to the numbers in Figure 4

4

drive voltage of the MZM can be appropriately tuned in order
to copy the ODSB signal carrying x; and xo to multiple
wavelengths. This will result in multi-wavelength signals that
can be transmitted over mmWaves, by beneficially exploiting
the MZM’s non-linearity [13] 3. Then, the multi-wavelength
ODSB signal is transmitted over a DSF at the zero-dispersion
wavelength in the vicinity of 1550 nm [30], for the sake of
mitigating the dispersion effects, whilst aiming for a constant
time-delay. As shown in Figure 3, optical up-conversion is
applied using an optical interleaver, as illustrated in Figure
5. The multi-wavelength signal at the fiber’s output is fed
into the OIL, where the two outputs of Figure 5 provide the
beat frequencies representing the mmWave frequency carrying
xo and the RF frequency frp carrying x;, respectively. For
example, if a multi-wavelenth signal of the ODSBs having
the center frequencies of \i, A5 and A3, shown in Figure 5
is fed into the OIL, Port 1 of the OIL retains the optical
carrier and the left side-band of )\, as well as the right
side-bands of \; and \; while Port 2 outputs the remaining
spectrum. The OIL acts as a periodic filter, which splits
the spectrum for generating a set of appropriately beating
frequencies after the PDs of the ’Beamforming and SM
signal mapping’ block of Figure 3, generating the RF and
mmWave frequencies in our proposed system. Generally,
Port 1 retains the optical carrier and the left side-bands
of )\, as well as the right side-bands of )\, 1, while Port
2 outputs the right side-bands of \,,, as well as the optical
carrier and the left side-bands of )\5,,_;. The corresponding
spectra of Port 1 and Port 2 are shown at (5) and (6) of Figure
4.

Beamforming and SM signal mapping: Following the
OIL, the antenna selection bits £; are recovered after passing
the signal gleaned at Port 1 of Figure 3 through the OBPF,
Photo Detection (PD), Electronic Band Pass Filter (EBPF),
baseband demodulation and the ADC components, where the
OBPF retains the spectrum of @ of Figure 4, the PD
achieves the O-E conversion, the EBPF obtains the frr
RF signal and the ADC converts the analogue RF signal
to digital symbols for SM switching. The photo-detected
RF signal used for antenna selection appears at frpr. On the
other hand, the output of Port 2 is fed into a tunable chirped
FBG, which imposes a linear time delay on each wavelength
by reflecting different wavelength from different locations.

The time-delayed multi-wavelength signal carrying xo is
then transmitted by the activated antenna, where the photo-
detectors of the Demodulation and Antenna Arrangement
(DAA) block of Figure 3 receive the corresponding time-
delayed wavelengths and then convert them to a mmWave
signal having a frequency of (frr + farive)- Therefore, the
mmWave signals of the DAA associated with the linear time
delays are passed on to the corresponding Transmitter Antenna
Array (TAA), whose index has been decoded after the photo
detection stage of Figure 3.

More specifically, as shown in Figure 4, the spectra at (1)
and (2) represent the directly modulated ODSB optical signals
of the LDs of Figure 3, where x1 and x5 are mapped to the

SIn Figure 4, we portrayed the comb-like signals for the sake of showing
the spectral evolution in our system design in a stylized format. In fact, the
amplitude of the corresponding wavelengths relies on both the harmonics’
order and on the switching voltage as well as on the amplitude of the
MZM’s drive voltage, which will be analyzed in Section II-B1
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Z1: Implicit bits for antenna selection

21: Implicit symbols for antenna selection

I9: Classic Modulated bits for transmission
Classic Modulated symbols for transmission

Beamforming and SM signal mapping

L= H
Recovered
OBPF—/PD  EBPF Basband ADC | ppopoii
mmWave optical upconversion Demodulation Bits
_ ] T
€ : TAAL

Cu

Drive Signal
(25 GHz)

Port 1

CFBG
OlL

DAA

LI Port2 ) Demodulation
Switch land Antenna Arrangement
(DAA)
mmWave carrier
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Figure 3: A centralized A-RoF aided SM encoding scheme. The CU performs digital modulation, carrier modulation, E-O
conversion and SM encoding, while the RRH implements the radio functions (filtering, O-E conversion, photo-detection,
amplifying and radio transmission), as well as SM implicit data recovery and SM switching.

side-bands having a center frequency of frp. Then, following
the appropriate filtering by the OBPF after each LD of Figure
3, we obtain a new ODSB, with x; being mapped to the left
and x5 to the right side-band, as shown at (3) of Figure 4. The
ODSB signal is then converted to a multi-wavelength signal
by beneficially exploiting the MZM’s non-linearity of Figure
3, resulting in the spectra at @ of Figure 4. The OIL of
Figure 3 is then used for appropriately filtering the spectrum
to be utilised for mmWave generation and antenna-index bit
recovery. The stages (5) and (6) show the spectrum of port 1
and port 2 of Figure 3, where the corresponding frequencies

will be processed in order to form stages (7), , @,
and @ of Figure 4. The photo-detected RF signal after stage

@ is used for antenna selection, while those of , @,

and @ are used for mmWave signal generation. The details
of these spectral shaping operations will be discussed in the
following sections.

In contrast to the conventional SM encoding scheme of
Figure 2, our proposed system is capable of carrying the SM
symbols encapsulated in a multi-wavelength optical signal over
the optical fiber. At the fiber’s output, the implicit antenna
index bits are recovered, while the corresponding classic
modulated symbols are modulated by a up-converted mmWave
signal. Our design eliminates the need for both the ADC and
the DAC at the remote radio head, which substantially reduces
the cost and complexity of the remote radio head. The optically
up-converted and beamformed mmWave signal can be directly

fed into the TAA, without any additional electronic processing
for modulation and demodulation, where the electronic filters
and amplifiers are used for ensuring that the amplitudes of
the mmWave signals emitted from each TAA element are
appropriately adjusted. In the following, we detail both the
rationale and mathematical model of our system regarding
mmWave generation and beamforming.

1) mmWave Generation: As presented in the middle dashed
box of Figure 3, the MZM and OILs contribute to the
mmWave signal generation. The harmonics generated by the
MZM’s nonlinearity result in multiple wavelengths, where
each wavelength carries a copy of the ODSB signal of (3)
of Figure 4°. Assuming that E;, is the ODSB input of the
MZM, as detailed in [33], higher-order optical side-bands are
generated relying on the voltage of the drive signal imposed
on the MZM. The resultant optical signal is given by:

Enrza(t) = cos[£T + Tirgeslero| g (1)
= ’\“[(t) [JO(”‘Vd“"l)—&—QEn (= )"Jgn("VdT)cos(anLot)
£230,(-0)" Jzn—l(’;ﬁ’“)cos((%f Dweot)],

(D

where the Fy;zps is the output field of the MZM with a
switching voltage of V., which induces a phase-shift of 7
for each arm, while Vj, is the drive voltage of the angular
center frequency of wro/(27). Here, J, (”V‘“) is the Bessel

61 of Figure 4 is the LD’s optical carrier
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Figure 5: An optical interleaver

function of the first kind and order n, which determines both
the number and the amplitude of the side-bands.

The resultant multi-wavelength ODSB signal carrying the
RF of wgrp is then fed into the OIL of Figure 3, after
transmission over the optical fiber, where the OIL removes
some of the multi-wavelength signal frequencies. Explicitly,
in the case of Port 2 of the OIL of Figure 3, A\; associated
with the left side-band, A3 with the right side-band as well as
the right side band of Ay and )\, are filtered out, as shown
at @ of Figure 4. In this case, the beat frequency between
A1 and the right side-band of A3 is photo-detected, which
generates a frequency of wrpr + wro, namely 28 GHz in
our design and completes the mmWave frequency generation.

6

The up-converted frequency relies on the frequency w,. ¢ of the
drive voltage imposed on the MZM of Figure 3, which can
be appropriately tuned in order to up-convert the signal to any
desired frequency in the mmWave spectrum.

More specifically, if a RF signal of center frequency of 3
GHz is directly modulated by the LDs of Figure 3, a multi-
wavelength ODSB signal carrying a 3 GHz RF signal is
then generated with the aid of a MZM’s drive signal of 25
GHz, resulting in a wavelength spacing of 25 GHz among
the neighbouring )\,, components. Then, as shown in stages
@), @ and @ of Figure 4, the OIL of Figure 3 removes
some of the frequencies output by Port 1 and Port 2 of
the OIL. Thus, on one hand, the output signal of Port 1 is
filtered by the OBPF seen at @ of Figure 3. Then, after
processing by the Beamforming and SM signal mapping
block of Figure 3, the beat frequency becomes 3 GHz,
which is used for the implicit bits recovery of SM. On the
other hand, following the transmission of the output signal
of Port 2 of the OIL in the CFBG scheme of Figure 3 for
beamforming, the signal is fed into the DAA of Figure 3,

resulting in the time-delayed signals of stages , @,
and @ of Figure 3. After the PD, the beat frequency
obtained is the up-converted mmWave frequency of 28
GHz. The beamforming scheme will be further detailed in
the next section.

2) Beamforming: Due to the short mmWave propagation
range, we exploit our optical signal processing aided beam-
forming scheme to extend the propagation range of mmWave
communications. In our design, beamforming is introduced
by exploiting the constant time-delay difference between the
neighbouring antenna elements of each transmitter, where
the constant time delay difference is obtained with the aid
of CFBG, which impose different time-delays on different
wavelengths due to their different locations of reflection [29].
Furthermore, CFBG supports true-time delay based beamform-
ing for wideband signals, which is achieved by avoiding the
beam-squinting introduced by the popular phase shifting based
beamforming scheme [22].

The signal generated at the output of the OIL of Figure 3 is
transmitted to an optical circulator (OC), which is a three-
port component, where the time-delayed multi-wavelength
signals reflected by CFBG are forwarded to one of the DAA
block of Figure 3. The time delay introduced by CFBG is
linearly proportional to the transmitting wavelengths, which
can be translated to a specific beamsteering direction [34].
Furthermore, the reflected frequency spectrum of the CFBG
can be appropriately tuned to control the time delay, thus
adjusting the beamsteering direction [35]. Subsequently, the
output of the OC is split into several branches shown in the
DAA block of Figure 3. As shown at , @, , @ of
Figure 4, the desired wavelength is retained with the aid of
optical BPF in DAA of Figure 3. Thus, each branch outputs the
carrier associated with the same symbol but different delays.
After the PD and electronic BPF of the DAA of Figure 3,
the delayed carriers are fed into the antenna array elements,
which can be translated into different beamforming patterns
according to the appropriately tuned time delay differences.
We will demonstrate that our system is capable of both
mmWave carrier generation and beamforming with aid of the
CFBG-induced time-delay as detailed mathematically in the
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following section.

C. Mathematical Model of Multi-wavelength Signal Beam-
forming

Since the time-delay imposed by the CFBG is applied in the
optical domain, there may be a delay-difference between the
modulated optical signal and its corresponding photo-detected
beat signal. In this section, we show mathematically that the
time-delay differences between the photo-detected RF signals
of the neighbouring antennas remain constant. As mentioned
in Section II-B, the RF signal is directly modulated by LDs and
the input optical field of the MZM of Figure 3 is formulated
as:

Ein(t) = \/PLaserej“’“Ct[l + cos(wgrrt)], 2)

where Prqser 1s the LD’s output power and w,. denotes the
optical carrier’s angular frequency corresponding to \; of
Figure 4. The MZM output field expressed in Equation (1)
can be combined with Equation (2) to arrive at:

Enzm(t)
= cos(+§ + 7WV”0205(WL0) )Ein(t)

Praser|l4cos(wrpt)]e?woct 7| Var
_ VP ["F\[(RF)] [Jo(évi‘)

+23002, (= )"Jzn(g“//f)cos(anLot)

+257 1( ), Jgn_l(g“//‘j:)cos((Zn — Dwrot)]
= a2 1o (T2h)[1 + cos(wrrt)]

+25 (=) Jgn(”Vd”)[cos@nwLot)

+ cos((2nwLo+wRF)t)+cos((2nwLo7wRF)t)]

2
23 (—1)"Jan 1 (5yE=) [cos((2n — DwLot)
+cos(((2n—1)wLo+pr)t)+cos(((2n—1)wLo—pr)t)]

’ 3)
= eee [y (Tl fedoct 4 e (wotionrt /g
oot =onrt) 9] 42330 | (—1)" o (5)
X [ej(woc+2nwLo)t/2 + ej(wocf2nwLo)t/2

el (Woct2nw L O FWRF) [o 4 oi(woc=2nw L0 —wRF) /9

2
el (woe+2nw 0 —wRF)t /o gi(woe—2nw o0 +wRF)t /o

2 ]
+2 27010:1(_1)n‘]27z—1(7;\//d;)

[ej(woc+<2n—1>wLo)t+e.7’<woc—(2n—1)ww)t

2
el (woct(@n—1wpotwrp)t /94 ¢i(woc—(2n—lwro—wRF)t /g

2
ej(wac+(2nfl)wLO—wRF)t/2+€j(woc—(2'rL71)wLo+wRF)t/2]
D) .

Thus, after the OIL and the DAA block of Figure 3, we arrive
at multiple mmWave signals of the same frequency but having
different time-delays. Here, the signal at the output of Port
2 after the OIL block of Figure 3 can be expressed from
Equation (4) as follows:

E t
ILI)I{;ttom,( ) V| i(woo—wrp)t ) .
— MZliaser [JO( QV%T )(e 5 + eJWoc )

@ .
230 (1) Jan (57)

(ej(wocf2nwLo7WRF)t+ej(woc+2nwLo7wRF)t (4)

4
e.i(woc+2nwLo)f+ej<woc—27wLo)t )

2
+2 ZZO:1 (_1)71]271/—1 ( 7;‘\//(5: )
ej(w,,c—(2n—1)wLO+wRF)t+ej(woc+(2n—1)wLO+wRF)t ]
1 .

After the OIL, the beat frequency can be obtained by the DAA
block seen at the bottom of Figure 3, where the right side-
band of even wavelength (A2 and A4...) and its neighbouring
wavelengths’ optical carrier (A\; and Ag...) are retained and

7

mapped to each line of the DAA block, as shown in Figure
4. Thus, assuming that no time-delay scheme is applied, the
resultant photo-detected signal of the top line of the DAA
block of Figure 3 is given as follows:

Epp(t)
o |Erg(t)? _
= AR 7 2h )

ej(wor+wL()+wRF)t

= By [3("f]) 4 A72(5) F 0TV (5)
xcos(wLo + wRF)t].
&)

In order to achieve the desired beamforming effect, hav-
ing an identical time-delay difference between neighbouring
wavelengths is required. Thus, in terms of the first line of
DAA shown in Figure 3, which feed the signal to antenna
element 1 of each TAA, the CFBG applies the time-delay ¢;
to the optical carrier A\; and to to A5’s right side-band z2 upon
introducing At = to — t1. The corresponding photo-detected
beat signal is expressed as follows:

EPDd,ela,yed (t)

X |E1dezaycd (t) |2

aser 7| Vi |\ edwoe(t—t1) Vi
= [Pl (e £ 2 5

e](woc+wL()+wRF)(f t2) ]|2

— e (3 + 4725 T 400(55) I (5)
xcos((wLo + c‘iRF)(t —t2) + woc(tl — tg))]
= e [ (Sged) + TR (508) F Ao (5¢) T ()

Vs
xcos((wpo + wrr)(t —t2 — %))]'

(6)
Similarly, assuming that the delay ¢3 is applied to the optical
carrier A3 of (6) of Figure 4 , while t4 to the right side-band
of Ay and that At = t5 — t; = t4 — t3, the photo-detected
signal of the second line of DAA block of Figure 3, which
is fed into the antenna element 2 of each TAA of Figure 3
becomes:

EPDdelayedz (t)

|@[ 2., (deT)ej(wocHWQLo)(t*ts) 127, (ﬂ'Vdr)

ej(woc+SWLo+wRF)(t tq) ] |2

— Plaser [4J2(7|'|Vd7‘) T 4J3(7TVdT) ¥ 8J2(7rVdr)J3(7rVdr)

XCOS((wLo-FOJ‘]}F)(t—Q) (woc+2wLo)(t3 —t4))}

= Bigger [4J2(Tr| ) 4 43 (WV‘") jF8J2(ﬂvd' ) J3( T )
(

2V,
oct2 At
xcos((wLo + wRF) t—ty— %))}

@)
Thus, following the same philosophy, the photo-detected signal
of third line of DAA of Figure 3 is,

EPDdelayed3 (t)

x Plase7 [4J4(W|Vdr ) +4J5(7rVd7 ) :F8J4(7T‘\//dr)J5(7TVdr)

(w(,p+4w )AL
(EatrzLal2)),

xcos((wLo +wgrp)(t —tg —

(8)

where the delay 5 is applied to the optical carrier A5 of @

of Figure 4, while t¢g is applied to the right side-band of Ag
and At:tg—tl :t4—t3:t6—t5.

By comparing Equations (6), (7) and (8), it becomes clear
that there exists some delay between each photo-detected
output signal and for antenna element of each DAA, the
delay will not be exactly the same. However, the time delay
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difference of the photo-detected signals fed into neighbouring
antenna elements of the DAA block of Figure 3 will be
constant. Specifically, due to the linear relationship between
the time-delay and the wavelengths, we obtain At = to —t; =
ty —ts = tg — t5 and to — t4 = t4 — tg. The time-delay
difference of the output signals between antenna element 1
and antenna element 2 of the DAA block of Figure 3 is

(ta—t2)+ %, while for antenna element 2 and antenna
element 3 is (tg — t4) + (‘22%70&. Thus, the time difference
LO+TWRF

remains constant for each neighbouring antenna element of
each TAA of Figure 3.

Hence, we have shown mathematically that our beam-
forming signal generation is capable of maintaining a con-
stant time-delay difference between the neighbouring photo-
detected mmwave frequencies fed into different antenna ele-
ments. Thus, our all-optical design is capable of supporting
beamforming, while simultaneously implementing mmWave
upconversion.

D. Beamforming Simulation Results

In our system, a 30 mm CFBG is used for introducing
the delay required at the different wavelengths in order to
support beamsteering. The time-delay imposed on the different
wavelengths when the total chirp of the grating period of
CFBG is set to 1.05 nm, which represents the difference
between first period and the last period in the CFBG. Our
simulations were carried out by using the OPTGRATING
software and the delay vs wavelength and frequency is shown
in Figure 6, where the wavelength range spans from 1549 nm
to 1551 nm.

Thus, the spectral width, which is refered to as the spectral
range of reflected wavelength and changes with the total chirp
[36], determines the time-delay difference as a function of
frequency spacing. Proposed by [36], the total spectral width
as well as total chirp can be adjusted by tuning a supported
beam’s deflection, resulting in a linear time-delay difference
vs spectral width.

Furthermore, as analysed in Section II-C, the CFBG facilit-
ates a constant time-delay difference of (¢4 —t2) + %,
where At is the time-delay difference for a 28 GHz spacing
and a time-delay difference t4 —t5 at a 50 GHz spacing. Thus,
according to the linear relationship seen in Figure 6 and 7, the
time-delay difference between the adjacent antenna elements
is 77.6 ps, when a total chirp of 1.05 nm is applied. Then, by
changing the total chirp of the tunable CFBG of Figure 3, we
obtain the corresponding relationship between the total chirp
and the time-delay difference regarding our design as shown
in Figure 7, where the time-delay difference range spans from
77.6 ps to 40.6 ps, when increasing the total chirp from 1.05
nm to 2.05 nm with a step-size of 0.05 nm. Then, according
to the time-delay difference range, we obtain a beam coverage
range of almost 360°, as shown in Figure 8.

E. System Simulation Results and Discussions

In this section we analyse the performance of our SM sys-
tem employing A-RoF combined with all-optical beamforming
and up-conversion to mmWave frequency. We compare our
proposed system to the conventional SM system operating
without A-RoF in the context of a single-RRH for verifying
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our centralized design philosophy, which only imposes
an almost negligible performance degradation. However,
before discussing the results, let us first consider the MIMO
channel model after the fiber transmission and study its effect
on the system’s performance.

In conventional MIMO systems employing N; transmit
antennas and NV, receive antennas, we model the received
signal using Y = HX + n, where Y represents the received
symbol vector of size (/V,. x 1), H is the MIMO channel matrix
of size (IV, x N;), X denotes the transmitted symbol vector
of size (IVy x 1) and n is a (IV, X 1)-element Additive White
Gaussian Noise (AWGN) vector. However, during its fiber-
based transition, the symbol vector X is affected by the fiber
impairments, such as fiber attenuation, chromatic dispersion
and fiber non-linearity in addition to the noise imposed by
photo-detection [30]. Hence, in our system we model the SM
based MIMO transmission after fiber-based transmission as
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follows:
Y = HaX +n, )]

where « includes the effect of the fiber impairments and op-
tical noise, while n includes the effect of the AWGN imposed
by the RF circuits. Note that the channel state information
now includes the wireless channel fading as well as the fiber
impairments and these are jointly estimated at the receiver. In
other words, the receiver will estimate Ha.

Furthermore, in the proposed system, the beamsteering
direction has to be known at the transmitter and this problem
has been widely discussed in the literature, where several
accurate Angle of Departure (AoD) estimation techniques
have been proposed [37], [38]. Based on the above-mentioned
design, we simulated our A-RoF network and compared the
Bit Error Ratio (BER) of the received signal to that of its
equivalent electronic SM counterpart dispensing with A-RoF
transmission. Table I summarizes the parameters used in our
system, The bit rate given is the joint bit rate of implicit bits
and classic modulated bits, where, for example, a classic
modulated BPSK scheme of 1 Gbps can achieve a joint
bit rate of 2 Gbps for two-antenna SM and 3 Gbps for
four-antenna SM. The MS-STSK scheme applies the bit
rate similarly, which is detailed in [39].

An RF signal having a 3 GHz carrier is directly modulated
by the LDs of Figure 3, while a drive frequency of 25 GHz
is used by the MZM. This allows up-converting the 3 GHz
signal to a mmWave signal of 28 GHz. The resultant frequency
depends on the specific combination of the RF and the drive
frequency of the MZM. Owing to the utilization of the DSF,
where the zero-dispersion wavelength is in the vicinity of
1550 nm, the proposed design is capable of mitigating the
fiber dispersion hence achieving an improved beamforming
performance. We employed 4 elements per TAA for the sake
of showing the benefits of beamforming.

In order to show that our proposed A-RoF system has a
minimal impact on the BER performance compared to that of
the conventional SM system, we transmit our mmWave signal
over the wireless channel and then compare the performance
of the two systems. The beamformed mmWave SM signal
obtained after A-RoF transmission is impaired by the mmWave

9
Table I: Simulation Parameter

Parameter Value

. 2 Gbps (2-antenna SM)
Bit rate 3 Gbgs (4-antenna SM)
RF signal 3 GHz
LD Center Wavelength 1550 nm
LD Power 1 mW
Drive Frequency (MZM) 25 GHz
Achieved mmWave frequency | 28 GHz
MZM mode push-pull mode
Fiber type DSF
Fiber length 10 km
Channel Model Split-Step Fourier Method
Modulation Type BPSK
Wireless Channel Rayleigh Fading Channel
Wireless Detection ML Detection
Beamforming Type 4 Antenna Elements
Simulation Environment MATLAB

wireless channel [16]. Figure 9 shows the BER performance
of (N x Np)=(2 x 1), (2%x2), (4dx1), (4 x2)and (4 x 4)
MIMO systems operating both with and without A-RoF, while
analogue beamforming is employed at the transmitter and
receiver. Again, four-element TAAs are employed for attaining
beamforming in our simulated system.

In the conventional electronic SM encoding scheme of
Section II-A, the antenna selection is based on implicitly
conveyed symbols. In our proposed system, we modulate the
implicit symbol and the classically modulated symbol onto
each side-band of the ODSB signal generated by the LDs of
Figure 3.

Furthermore, we applied the implicit bits to a 22-PSK/QAM
modulation scheme, where 2~ also represents the number of
antenna elements, while the classic modulated bits on Binary
Phase-Shift Keying (BPSK) format. Then, before feeding
the antennas, the corresponding 2°-PSK/QAM symbols are
recovered and then the implicit bits will select the activated
antenna transmitting the up-converted mmWave signals car-
rying the modulated BPSK symbols. Thus, the implicit bits
of the 2-antenna SM scheme are carried in the left side-band
of Figure 3 as a BPSK symbol, while for the 4-antenna case,
they are modulated as QPSK. The bit rate of the classic BPSK
modulated bits is 1 Gbps, while the BPSK implicit bits convey
a bit rate of 1 Gbps, and the QPSK implicit bits support a bit
rate of 2 Gbps, hence achieving a multiplexed bits rate of 2
Gbps for our 2-antenna SM and 3 Gbps for 4-antenna SM.

As shown in Figure 9, when no optical amplifier is used,
the BER performance of our proposed system shows a slight
degradation, which is caused by the fiber’s attenuation, non-
linearity and optical noise. This degradation can be readily
mitigated by introducing an optical amplifier, as shown in the
next section in the context of MS-STSK. Moreover, in Figure
9, the BER performance of wireless systems dispensing
with beamforming is shown, where a 6 dB SNR gain is
achieved by beamforming using N = 4 antenna arrays.

As observed in Figure 9, by employing lower-complexity
remote radio heads, our proposed SM scheme shows a slight
BER degradation in comparison to the conventional SM
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Figure 9: The BER performance of our SM scheme compared to that of the conventional electronic SM scheme using the

parameters summarized in Table I.

scheme. In the following scheme, we incorporate MS-STSK
into our system, which is a generalized architecture subsuming
both SM and STSK.

III. A-ROF NETWORK DESIGN FOR MS-STSK

In this section, the MS-STSK scheme is intrinsically amal-
gamated with our A-RoF downlink combined with all-optical
beamforming and upconversion to a mmWave frequency for
transmission over the mmWave wireless channel.

A. Conventional MS-STSK Scheme

MS-STSK was proposed in [28] as a generalization of SM
and STSK, where the data bit sequence is partitioned into
three streams that convey the antenna selection, the dispersion
matrix selection and the PSK/QAM modulated symbol. As
shown in Figure 10, the data stream is divided into three
parts: the bit stream B; is used for antenna selection, while
the bit streams By and Bjs are used for STSK encoding.
In STSK encoding, By = log2@ bits are used for selecting
one out of Q dispersion matrices, while B3 is represented by
the PSK/QAM symbol. The output of the STSK encoder is
transmitted using Nrr RF chains, which are switched to a
specific combination of Nrp out of the N; antennas with the
aid of the antenna selection unit. Hence, the B; and By bit
streams of Figure 10 are implicitly conveyed over the activated
Antenna Combination (AC) index and the dispersion matrix
selected, respectively.

The MS-STSK scheme is capable of utilising a compelling
diversity and multiplexing trade-off [28]. As mentioned above,
MS-STSK can be introduced into our system by imposing a
slight extra complexity on the remote radio head compared to

the A-RoF-aided SM design of Figure 3. In this section, we
denote the MS-STSK system as MS-STSK (N, M,N,.,T,Q,L—
PSK/QAM), where each symbol is characterized in Table
II. In the following section, we will discuss our A-RoF-aided
MS-STSK design.

Table II: MS-STSK symbol notations

Parameter | Representation
Transmitter Antenna

STSK Space dimension
Receive antenna

Number of dispersion matrix
STSK Time Slots

PSK/QAM constellation size

SN

B. Proposed A-RoF-aided MS-STSK design

The MS-STSK design is further extended and improved
from the SM design proposed in Section II, as shown in
Figure 11. Three changes have been made in the A-RoF aided
MS-STSK system compared to the SM counterpart of Figure
3.

1) The x; implicit symbols carry the bits B; and By of both
the selected AC and of the dispersion matrix, rather than
only of the antenna selection information of SM, which
is mapped to the left-side band of the ODSB signals
generated before the MZM of Figure 11. Here, the B;
and B, bits are concatenated and then mapped to x;.
If the number of implicit bits containing B; and Bj
is Ljsg, then the symbols carrying the implicit bits
would be mapped to 2Lvs — PSK/QAM alphabet.

2)
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Thus, the implicit bits convey both the information for
antenna selection and the dispersion matrix selection.
Hence, more implicit bits are conveyed by MS-STSK
and therefore a larger constellation size is required to
transmit the implicit bits of MS-STSK over the optical
fiber, which is more susceptible to both fiber impair-
ments and to optical noise. We invoked an Erbium-doped
fiber amplifier (EDFA) before the OIL of Figure 11 in
order to mitigate these effects by improving the optical
SNR.

3) Furthermore, in the remote radio head of Figure 11,
the recovered implicit bits are split into the B; and
B streams, which represent the antenna selection bits
and the dispersion matrix selection bits, respectively.
Then, the classic modulated symbol carried by the up-
converted mmWave signal is multiplied by the disper-
sion matrix selected and then transmitted over the AC
selected, while beamforming is introduced by CFBG,
which was discussed in Section II.

Our A-RoF-aided MT-STSK scheme constitutes an exten-
sion of the A-RoF-aided SM scheme discussed in Section II.
As shown in Figure 11, the ODSB modulated by z; and x5 is
up-converted to a mmWave frequency, and an optically aided
beamforming scheme based on the CFBG philosophy of [36]
is created. Thus, we adjusted the A-RoF network conceived for
SM to include MS-STSK by adding a few extra components,
such as an EDFA and the dispersion matrix selection scheme
of Figure 11. Next, we present our simulation results and
related discussion to verify our system.

C. System Simulation Results and Discussions

Table III: Simulation Parameters

Parameter Value

. 5 Gbps (BPSK system)
Bit rate 10 Ggps (16—QAK/I system)
RF signal 3 GHz
LD Center Wavelength 1550 nm
LD Power 0.1 mW
Drive Frequency (MZM) 25 GHz
Achieved mmWave frequency | 28 GHz
MZM mode push-pull mode
Fiber type DSF
Fiber length 10 km
Channel Model Split-Step Fourier Method
Modulation Type BPSK/16QAM
EDFA Gain 20 dB
Wireless Channel Rayleigh Fading Channel
Wireless Detection ML Detection
Beamforming Type 4 Antenna Elements
Simulation Environment MATLAB

Let us now consider an MS-STSK (4,2,2,2,4,BPSK) system
based on the design depicted in Figure 11. The simulation
parameters are shown in Table III. Due to the larger number
of implicit bits of MS-STSK than that of our SM scheme, a
higher order modulation scheme such as 16-QAM is required,
which is more susceptible to fiber non-linearity. The LD power

12

is reduced to 0.1 milliWatt (mW) for the sake of mitigating
the effect of non-linearity induced-phase shifts.

Before being mapped to the two side-bands of the ODSB
scheme shown in Figure 11, the implicit bits used for the
MS-STSK scheme of Figure 11 are mapped to the 16-QAM
symbols x;, where two bits are used for selection of a
dispersion matrix and the other two bits are used for the
antenna selection. Finally, the classic modulated symbols x4
are BPSK symbols. Using the same data set for the dispersion
matrix as in [28], Figure 12 shows the BER performance of
conventional electronic MS-STSK both with and without
beamforming using N = 4 antenna arrays and of our
proposed A-RoF-aided MS-STSK system. The comparisons
are based on (4 x 4), (4 x 2) and (4 x 1) MIMO schemes,
where analogue beamforming using four antenna-elements is
employed. It is clearly observed that there is only a minor BER
degradation, when our fiber network is invoked. Moreover,
recall from Figure 9, that without EDFA, there is still a
modest degradation in BER performance. However, owing to
the requirement of using a higher-order fiber-modulation for
MS-STSK, which is more susceptible to fiber impairments, the
proposed MT-STSK system relies on an EDFA having a 20 dB
gain in order to compensate for the degradation. Additionally,
observe in Figure 12 that the beamforming aided system
has a 6 dB beamforming gain.

Furthermore, to verify that our system is scalable and
suitable for high data rates, we mapped the classic modulated
bits to a 16 QAMs while invoking another 16-QAM scheme
for the implicit bits, transmitting a 10 Gbps signal using the
same MT-STSK scheme as above. As discussed above, 16
QAM is more susceptible than BPSK to the fiber impairment,
hence an EDFA of 26 dB gain is invoked. Figure 13 shows our
comparison of the (4x4), (4x2) and (4 x1) MS-MTSK MIMO
schemes. Given that only a modest degradation is observed,
we conclude that our SM/MS-STSK A-RoF network benefits
from all-optical processing, whilst avoiding the ADC-and-
DAC-related complexity in the remote radio head of Figure
11.

MT-STSK is a general scheme subsuming both SM and
STSK, where space-time coding can be included, leading
increased flexibility to our proposed system. Additionally, the
beamforming solely relies on CFBG and the corresponding
wavelengths, as discussed in Section II.

IV. CONCLUSIONS

In this paper, we presented a A-RoF aided SM/MS-STSK
downlink network, where SM and MS-STSK are implemented
in a centralized processing fashion. This design is capable
of substantially reducing the complexity of the remote radio
head, when intrinsically amalgamated with SM or MS-STSK.
Our SM/MS-STSK design is capable of achieving optical up-
conversion to mmWave carriers, whilst supporting optical fiber
aided beamforming. Additionally, we achieved a bit rate of 10
Gbps for 16QAM and 10 km DSF in our MS-STSK fiber
based A-RoF network, where the BER performance shows
little degradation compared to those without fiber networks.
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