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ABSTRACT High speed trains (HST) have gradually become an essential means of transportation, where
given our digital world, it is expected that passengers will be connected all the time. More specifically,
the on-board passengers require fast mobile connections, which cannot be provided by the currently
implemented cellular networks. Hence, in this article, we propose an analogue radio over fiber (A-RoF)
aided multi-service network architecture for high-speed trains, in order to enhance the quality of service
as well as reduce the cost of the radio access network (RAN). The proposed design can simultaneously
support sub-6GHz as well as millimetre wave (mmWave) communications using the same architecture.
Explicitly, we design a photonics aided beamforming technique in order to eliminate the bulky high-speed
electronic phase-shifters and the hostile broadband mmWave mixers while providing a low-cost RAN
solution. Finally, a beamforming range of 180° is demonstrated with a high resolution using our proposed
system.

INDEX TERMS  Optical fiber, radio access network, beyond 5G, high speed train, analogue radio over

fiber, mmWave. beamforming.

. INTRODUCTION

HE HIGH speed train (HST) operating at a speed above

300 km/hour has fundamentally changed the individu-
als’ life-style. It is reported that HST has the second-highest
Internet streaming after household environments, such as
homes and offices [1], [2], where the majority of this stream-
ing is used for supporting the on-board activities, such as
on-demand video, online-gaming, and voice or video call-
ing. Furthermore, since the 4G and 5G use the sub-6GHz
band and then the millimeter wave (mmWave) communica-
tions will coexist with these frequency bands [3], a railway
network supporting multi-service is required, where the pas-
sengers are capable of being connected to 4G, 5G, Beyond
5G or even Wi-Fi networks all the time [3]—[5]. On the other
hand, HST has some specific requirements, such as requir-
ing high capacity due to the high number of passengers
in addition to the high Doppler effects caused by the high
speed [6], [7]. As a result, this requires a higher number

of base stations (BSs) with a more efficient cellular han-
dover technique, which has several challenges [6]-[9]. First,
the denser deployment of BSs can provide seamless connec-
tion for the passengers by increasing the capacity per cell,
which, however, would impose more inter-cell interference
(ICD) [6], [7]. Additionally, the severe Doppler effects signif-
icantly affect the communications network performance as
the train is moving extremely fast, impacting the handover
process of the cellular networks [4], [5]. Besides, the channel
estimation might be less accurate due to the rapid channel
variations, which can influence the quality of service (QoS)
and hence, the user experience [8], [9].

As a solution, mmWave beamforming has been proposed
for mitigating the ICI, while enhancing the capacity, espe-
cially in ultra-dense cellular networks [10]. Furthermore,
two-hop relay communications are advocated by [1], [4]
to address the handover failure and the rapid channel varia-
tion in HSTs, where several relay antennas can be installed
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FIGURE 1. Multi-service HST System Architecture.

on the rooftop of the train cars for a stable handover by
either wavelength division multiplexing (WDM) or opti-
cal switches. However, in order to have a decent quality
of service (QoS), a large number of base-stations must
be deployed, increasing the total cost of the radio access
networks (RANS) including both the Capital Expenditure
(CAPEX) and the Operational Expenditure (OPEX). Hence,
ultra-light RANs are required [11]. In addition, mmWave
communications beamforming requires high-speed mmWave
phase-shifters [12], which increases the overall RAN cost
and limits the tuning carrier frequency range [13]-[15], and
the broadband mixers, which affects achievable the bit error
rate (BER) performance [13]. Furthermore, the phase-shifter
based beamforming would impose beam-squinting on the
wideband signals.!

The analogue radio over (A-RoF) based true-time delay is
a low-cost yet high-performance RAN solution with ultra-
light remote radio head (RRH) [6], [14], [16]-[20], where the
RAN is separated between the central unit (CU) and several
RRHs and is capable of reducing both its power-consumption
and complexity. Explicitly, the A-RoF aided beamformer was
proposed for providing beam-squinting free beamforming
using the uniform fiber Bragg grating (FBG) [15], [21], [22]
or a single chirped FBG (CFBG) [23], [24]. Thus, we
aim to deploy an access network for a high-speed train
system, which requires ultra-light RRH deployment, where
our system also meets the requirement of the Option 8 of
the functional split defined by eCPRI, which is the 5G RAN
standard [25], [26].

In this article, we design a two-hop HST communica-
tions network combined with the A-RoF aided beamforming
techniques, where multi services are delivered to the train,
such as on-demand video, online-gaming, and voice or video
calling, which are carried by mmWave and sub-6GHz signals

1. Beamsquinting is the beam-shifts caused by the frequency shifts when
applied with the constant phase-shift among neighbouring antenna ele-
ment (AE). This would be even severe in the context of wide-band signal
beamsteering [15].
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using 4G, 5G or Wi-Fi networks. Explicitly, the multi service
signals generated in the CU of Fig. 1 are transmitted through
a short-length fiber of upto 20km to the RRHs, which com-
municate with the antennas on the top of the HST to provide
the required service to the on-board passengers. The beam
pattern is controlled in the CU using the CFBG, instead of
the costly and bulky phase-shifters in the RRHs, alleviating
the size and cost of the RRH and facilitating the densely
deployed RRHs along the railways. In contrast to the tra-
ditional digital radio over fiber, A-RoF has been proved
to be more cost-effective, especially considering several
aggregated radio signals such as multi-service signals [27].
The proposed system enables both cost-reduction by sim-
plifying the RAN design and performance-improvement by
exploiting centralised optical processing and multi-service
signal generation as a benefit of the A-RoF architec-
ture [14]. The novel contributions of our design are as
follow:

1) Photonic aided true-time delay beamforming: We con-
ceive a multi-service true-time-delay transmit beam-
forming for HST two-hop network, while also elimi-
nating the beam-squinting phenomenon.

2) Energy-efficient RRHs: The large-scale power-thirsty
phase shifters and costly mmWave phase shifters
are removed, while the beam is optically controlled
using the passive FBGs in the proposed design,
hence improving the OPEX-savings and enabling ultra-
light RRHs deployment. Furthermore, we compare
the conventional system with our designed system,
where we show that the number of total hardware
for transmitting the multi-service signal and of the
active optical components are reduced, resulting in
the lower energy-consumption, leading to reduced total
cost.

3) Multi-service signal generation: Multi-service signals
carried by mmWave and sub-6GHz frequency band can
be optically generated and beam-steered to the HST
in the same direction.
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FIGURE 2. Conventional System Model (DML: Directly Modulated Laser; WDM Mux: Wavelength Division Multiplexer; PD, Photo-detector; PSL: Power Splitter; BPF: Bandpass
Filter; EA: Electronic Amplifier; NS: Number of Services; NA: Number of Antenna Element).

4) Centralised optical processing: unlike the phase-shifter
used in conventional wireless transmit beamforming,
the beam control module is located in the central
unit, potentially facilitating the coordinated multipoint
(CoMP) transmission.

The rest of the paper is organised as follows. We intro-
duce the multi-service two-hop train system in Section II,
while the A-RoF aided beamforming technique and its time
delay principle are detailed in Section III. Then, we present
the cost-benefits and the beamforming performance of our
proposed system in Section IV, followed by the conclusion
in Section V.

Il. MULTI-SERVICE HST SYSTEM ARCHITECTURE

In this section, we present a general architecture for the two-
hop HST system shown in Fig. 1, which can be exploited in
our design. As shown in Fig. 1, the signal is generated in the
CU and transmitted via fiber to several RRHs, where only
optical-to-electronic conversion, amplification and filtering
are performed, thus substantially reducing the RRH size.
Explicitly, the RRH receives the signal from the CU using
fiber and then transmits this signal to the HST using a set
of antenna arrays, as shown in Fig. 1, where the RRHs are
placed along the train line and will communicate with the
antenna arrays on the rooftop of the HST.

The signals transmitted from the RRHs to the HST are
beamformed and transmitted to the antenna arrays fixed on
the rooftop of the HST, as shown in Fig. 1. Then, the signals
are relayed to the on-board passengers to fulfil the users
demands through the indoor communication system using
multiple access techniques [28]. It has been verified using
field tests that the two-hop relay communication in HST
setup outperforms the conventional 4G cellular system in
terms of signal quality [28].

Since the 4G and 5G signals would co-exist in the non-
standalone 5G deployment proposed by the 3GPP in the
recent Releases [29], multi-service signal transmission using
different frequency bands and wireless standards are of
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importance to support the users’ daily streaming, on-line
gaming, voice or video call and on-demand video [3].

Conventionally, the A-RoF aided multi-service system
can be supported using the architecture of Fig. 2 [1], [4],
[9], [28], [30], where different services carried by differ-
ent frequencies are directly modulated by individual lasers
before being coupled into an optical fiber. At the end of the
fiber, each optical and radio frequency (RF) chain are used
for optical-to-electronic conversion, amplification, filterings.
Furthermore, when analogue beamforming is employed for
improving the signal-to-noise ratio performance, a large
number of phase-shifters, band-pass filter (BPFs), electronic
amplifiers (EAs) are required, which increases the cost and
power-consumption of the whole system. Explicitly, let us
take service 1 as an example, as shown in Fig. 2, assum-
ing the RF of f3 carries service 1, f3 is used to directly
modulate a laser operating at the center wavelength of
A1. Then, coupled with other services carried by Ay to Ag
into the fiber, the WDM signal of the spectrum shown in
Fig. 2 feeds the optical fiber for transmission, after which
the WDM Demultiplexer (WDM Demux) separates each
wavelength. Then, the modulated optical signal of A is
photo-detected and the f3 carrying service 1 is recovered,
followed by the power splitter (PSL) which splits the power
of the RF frequency, where, each BPF and EA is used
for filtering out the wanted signal and for the amplifica-
tion of each port of the PSL, respectively. Finally, several
phase-shifters are used to phase-shift each output to form a
desired beam pattern, leading to the analogue beamforming
with large amount of power-thirsty and bulky phase-shifter
deployment. In the next section, we will introduce our
A-RoF system based on the two-hop transmission, while
invoking a lower-cost photonic aided multi-service solution.
Note that our design focuses on the design of the interface
between the CU and the RRH and not on the design of
the wireless link to the HST on-board passengers, where
the CU-RRH function that provides a low-cost and flexible
multi-service RAN solution is presented in details in the next
section.

VOLUME 3, 2022



IEEE Open Journal of the
€ Communications Society

f; f; f fs
TRT TN TF TLF
LY WL TR Wl
© fo — 2f f; — AR fo1 02 for + Afy fop + A fo1 240 £y, +2Af,
1
'@
|
| ! i i H
| for — Afy fo1 fo1 + Afy fy1 + 2Af;
| -
| |
| |
|
Y } |
LD — MZM @ ! | Optical | ——PD —— BPF — EA-
[ Chirped }Interleaver Sub-6G
M (far) s | | DWDM — PD BPF —EA+  Antenna
@® IBGI Coupler Arr
Afy Optical Demux — pp —— BPF —EA. ay
LD — MZM —@—— Fiber — PD — BPF —EA:
A2 (fo2) ! [ Chirped FBG 3 S
| mm PD )
sh g | I —PD BPF —EA-| AEl
1irped SmmPpD
FBG2 | | DWDM—— PD —— BPF —EA: AE2 n/;thave
] 'mmPD 3 \ ntenna
| ¥ Demux — PD " °BPF —EA. AE3 By
|
o ‘ ! —PD — BPF —EA+ AE4
|
f,—Af, £, f,+AL f,+2Af 1
o
i W o i
for-Afy  fp-Af, for foz fo+Afy fo+Af [ t2Af £, +2Af,
e

FIGURE 3. Proposed A-RoF aided Multi-service Architecture.

lll. A-ROF AIDED BEAMFORMING FOR HIGH-SPEED
TRAIN MULTI-SERVICE COMMUNICATIONS
A. A-ROF AIDED HST SYSTEM MODEL
As mentioned in Section II, the RRH beamforms the multi-
service signals, composed of sub-6GHz and mmW signals,
to the HST rooftop antenna arrays. Fig. 3 shows the proposed
A-RoF design, where the sub-6GHz and mmW signals are
beamformed in the same direction to the antenna array placed
on the rooftop of the train. The proposed design avoids the
beam-squinting as well as considers low-complexity RRH.
In Fig. 3, the access network is divided into CU and RRH,
where the CU performs the baseband signal processing as
well as the radio modulations [14], while the RRH is sim-
plified to only radio functions such as amplifications and
filtering. Explicitly, in the CU of Fig. 3, the RF signals of
fi1, f» and f3 directly modulate a laser diode (LD) operating
at 1. The signal at the output of the directly modulated
laser is given at the optical input of a Mach-Zehnder mod-
ulator (MZM) that is being driven by a sinusoidal signal of
frequency Afj. The nonlinear transfer function of the MZM
results in the generation of multiple spectral copies of the
directly modulated optical signal having a frequency spacing
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of Afi as shown in Fig. 3 [13]. The resulting WDM signal
is time-delayed using a CFBG, which is capable of reflect-
ing different wavelengths with a linear time-delay. Then, as
shown in Fig. 3, another laser diode operating at X, is inten-
sity modulated by a sinusoidal signal having a frequency of
Af> by a MZM to generate multiple sidebands by using the
nonlinear function of the MZM [13]. The two WDM signals
are coupled into a single mode fiber using a fiber coupler
as shown in Fig. 3.

As shown in the RRH of Fig. 3, the combined WDM signal
is separated by a two-port optical interleaver, which filters
the desired signals to two individual dense wavelength divi-
sion demultiplexers (DWDM Demux), each of which would
be used for either sub-6GHz signal generation or mmWave
signal generation. The upper DWDM Demux of Fig. 3 filters
the spectrum which can generate a beat frequency of sub-
6GHz bands. Then, the photodetected sub-6GHz frequency
after each PD is band-pass filtered and amplified, while
the inter-element time delay is dependent on the chirped
FBG 1 and FBG 2 strains as tested by [31]. Similarly, the
bottom DWDM Demux in the RRH of Fig. 3 is used for
mmWave signal generation, where an extra chirped FBG,
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FIGURE 4. The proposed network’s multi-service signal generation and their time-delay imposed.

namely chirped FBG 3 of Fig. 3, is implemented for adjust-
ing the beam direction to be the same as the sub-6GHz
bands, which will be elaborated in the next section.

To elaborate further on the RF and mmWave signals gen-
eration, as shown in Fig. 4, the optical interleaver, which is a
periodic optical filter, separates the combined WDM signals
of spectrum Q) of Fig. 3. The spectrum of the two out-
puts of the optical interleaver is depicted in Fig. 4, where
port 1 maps the spectrum @ of Fig. 4 to the sub-6GHz
spectrum of f1, fo and f3, with port 2 mapping the spec-
trum @) to the mmWave frequencies of fi + ATf, H+ ATf
and f3 + %.2 Let us now consider a four-antenna-element
system for both the sub-6GHz and mmWave transmission.
The beating frequencies of the red boxes of Fig. 4 would
be mapped to antenna elements 1-4 of both the mmWave
antenna array and the sub-6GHz antenna array dispensing
with the mmWave mixers and phase shifters, since they have
been performed using the above optical link with the aid of
WDM signal and CFBG.

Thus, a multi-service communication system transporting
sub-6GHz and mmWave signals in the same direction is built
for the two-hop HST systems. In the next section, we will
detail the true-time delay principles and its mapping rule
from the optical domain to the electronic domain as well as
the multi-service generation.

B. TRUE-TIME DELAY PRINCIPLE

Instead of exploiting the conventional phase-shifting schemes
for analogue beamforming [32], our proposed system invokes
the true-time delay, which relies on the constant time-delay
among the RF signal fed into the adjacent antennas ele-
ments to introduce the beam steering, which is capable
of mitigating the wide-band beam-squinting problems [15].
While undermining the codebook design of the phased-array
systems [33], beam-squinting is also detrimental for the

2. Note that if % = fo1 —fo2 is upto 25 GHz, f| + % is the mmWave
signal of at least 25 GHz. The spectrum @ and ©) of Fig. 4 corresponds
to spectrum @ and Q) of Fig. 3.
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channel estimation and precoding, which further degrades
the wireless communication transmission rate [34].

In the following, with the aid of the mathematical deriva-
tion, we will prove how the imposed optical linear time-delay
is used for introducing the constant time-delay among the
RF signal fed into the adjacent antennas elements of each
antenna array of Fig. 3. In the upper line of the CU in Fig. 3,
where the spectrum (D) is generated, the multi-service RF sig-
nals are used to directly modulate a laser diode and the input
optical field of the MZM can be formulated as [13]:

Ein(t) = A% PLaserejwMt[l + COS(wfl 1)

+ cos(wp ) + cos(wy, t)], (D)

where Ppggr is the LD output power and wy,, wp and wg
denote the optical carrier’s angular frequency corresponding
to A1, A2 and A3 of Fig. 3. Then, the MZM output field [13]
is as follows:
Eviz,, (1) = cos(i” + ’TV”’“”(“’A"))E 0

v 4 2V

m[l + COS(a)fl t) + cos(a)fzt) + COS(a)f3t)]ein’
- 72
7T|Vd | ad Vg
|:JO< XA ) + 2;(—1)”J2n<m>cas(2nwAfl 1)
oo
7 Var
+2 —1)"Jp,—
’;( ) 2n l<2Vn
N Piaser o ((7Var!
\ v,

V2
+ ej(wxlt—wflt)/z_’_ej(u)xl-&-wfz)t/z_’_ej(u)xlt—wfzt)/z
+ J(w)\lJra)&)t/z + d’(w)\ltfw&t)/z]

> n 7 Vir
+2) (=1 v
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where waf;, Var and V),; are the angular frequency of Afi,
the amplitude of the drive frequency of the MZM and its
switching voltage. J,, (5 d’) is the Bessel function of the first
kind and order n, Wthh determines both the number and
the amplitude of the side-bands. The spectrum of the MZM
output is marked as (D) of Fig. 3, where the same RF signals
subsuming fi, f>» and f3 are carried by each wavelength,
generating a WDM signal spaced with Afj. Similarly, the
WDM signal at the output of the second MZM represented
by spectrum @ in Fig. 3 can be expressed as follows, where
the input optical field of the bottom MZM E;;»(f) and an
unmodulated WDM signal Eyzum,,,... (1) 1S generated:

Ein (1) = v/Prasere™?', )
7 7w Vgcos(wafs
EMZMb(}ttvm (t) = Cos§ <:|:4 + ré%EfZ))Eiﬂ2 (t)
N Plaserejwlz 7 Var Z(—l)nhn 7TVdr
\/5 ZVT[ n=1

o
X cos(2nwAf2t) +2 Z(—l)"]gn,l

n=1

Var
X <2Vi )cos((2n — l)a)Afzt)]
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Then, the two WDM signals are combined using the fiber
coupler and transmitted through a single mode fiber. By
assuming Af = Afy = Af, and Af = 2(fpo — fo1), the
combined WDM signal has a wavelength spacing of 5-
As shown in spectrum @) of Fig. 3, the combined WDM
signal would be filtered to two ports, with each being fed
into a WDM Demux. Each output of the DWDM Demux
would be fed into a photo detector to obtain either sub-6GHz
signal or mmWave signal. Then, assuming the time delays
imposed in the different frequencies are #, and T}, as shown
in Fig. 4 and by filtering the unwanted low frequency, we
are capable of obtaining three frequencies in the mmWave
spectrum as Syumpp,s SmmpPp, and Sy,pp, after the PD as
shown in Fig. 3, which are then input to a BPF and then
EA.? These mmWave signals can be represented as follows:

Py
SmmPDl = C;:SW <COS<(CU}~2 — Wy + wfl)

» (l " Wi, T1 — wafT) — w13 + waft3 + l‘3)>

_(wkz —wy + wfl)

+ cos ((w,\z —wy, + wf2>

< i W, T1 — wafT) — wy 0 + waft) + wp b
_(w)»z —wy + a’f2)

+ cos (a)k2 —wy, + a)f3>

rr U)AZTI — a)Ale — w11 T wart] + wgl)
— (@2, — @2, + wp3)

“)

Py
SmmPDz = K;W <COS<(CL)}\2 — Wy + wfl)
e w3, T2 — wy 13 + wpy 13
—wy + wf])

_(w)»z
— W), t/2 + wfzt;
_(‘U?»z —wy + C‘)fz)

wy, T

+ cos ((a))\z —w), + a)fz) (t +

3. Here, we use three photo-detected signals as an example, which can
be readily extended to any number of photo detectors.
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where Wpumwave, = Wy, —wx, +wy, is the generated mmWave
signal frequency. Then, if we take wymwave, as an example,
according to Equations (4), (5) and (6), the time-delay dif-
ference between AE2 and AE1 can be referred to as Aj,
and between AE3 and AE2 as A, which can be represented
as:

w3, T3 + wafT3 — wy, 1y

st
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Ar =
? _(w)nz — Wy +wfl)
= T3 — T»). 3

As mentioned in Section I, CFBG is capable of obtaining
a linear relation between the time delay and the optical spec-
trum fed into it, which would be elaborated in Section IV.
Then, we obtain AT = T3 — T, = T>» — T as the time-delay
difference of two frequencies with a spacing of Af. Hence,
we conclude that the optical time-delay of AT can result in a
—2AT constant time-delay difference among the neighbour-
ing AEs as verified by (7) and (8). This rule also applies to
OmmWave, and Opmwave, - Similarly, by repeating the process
of the above derivation, we can have the time-delay differ-
ence relationship in terms of sub-6GHz as t = —2AT. Then,
we attempt to solve the problem of the beam-squinting for
the mmWave and the sub-6GHz signals, where we implement

the CFBG3 of Fig. 3, where the beam angle and the time
delay relation is as follows:

_ dcos(9)
N c

. €))

where the 6 is the beam angle to the perpendicular orienta-
tion of the antenna array. In order to obtain the same beam
direction for both mmWave and sub-6GHz, the time delay
difference of the sub-6GHz and the mmWave service must
satisfy the following: cos(61) = cos(02) = c11/d) = cta/d>,
where we have 7 = dfi—fl, with d; and d» being the inter-
element distance of each antenna array. The CFBG3 of the
RRH is capable of tuning the time delay of the mmWave
service from 1| to 1.

Therefore, by assuming a linear relation of ¢ = nf 4+ m
between the optical frequency and the time delay imposed
by the CFBG1 and CFBG?2 of the CU of Fig 3, where n and
m are constants and the new linear relation imposed by the
CFBG3 in the RRH is t = fk + j, we have a new relation
of frequency and time-delay as t = f(k + n) + m +j for the
mmWave WDM signal. As mentioned above, we have the
following relationship:

11 = =2(T» — T1) = —2nAf, (10)
T = =2(T5" = T7") = =2(n + k) Af. (11)
Thus, ‘% = —2(n + k)Af, and we obtain the relation

k= — 2” —n = dzd n. Then, by simply tuning the
CFBG3 of the RRH accordmg to the CFBG1 and CFBG2
of the CU of Fig. 3 to the new relation as ¢t = fk + j,
the multi-service communications including sub-6GHz and
mmWave can be beamsteered to the same direction. Note
that the linear relation can be tuned by changing the sup-
ported beam’s deflection as demonstrated in [31], resulting
in a tunable chirp rate of the linear CFBG, which is capa-
ble of obtaining a linear true-time delay of the WDM
signals [31].

In this section, we verified mathematically that a dou-
ble time-delay of the neighbouring wavelength of the WDM
signal can be translated into the inter-element time-delay
difference of the antenna array, justifying the feasibil-
ity of A-RoF aided beamforming control using optical
true-time delays, while removing the electronic phase-
shifters and avoiding the beam squints. In the next sec-
tion, we will evaluate our system in terms of cost and
performance.

IV. SYSTEM EVALUATION

In this section, the system evaluation of our proposed
system of Fig. 3 is presented. We will compare the cost
and complexity of the proposed system with that of the
conventional system of Fig. 2, following by a beamforming
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TABLE 1. RRH complexity comparison.

Components Proposed System \ Conventional System
Passive Components
Optical Interleaver 1 0
CFBG 1 0
DWDM Demux 1
Active Components
PD 8 (2N4) 6 (Ns)
BPF 8 (2N,4) 24 (NsNy)
EA 8 (2N ) 24 (NsNy)
Phase shifters 0 12 mmWave PSs+12 Sub-6GHz PS (N;N4)
PSL 0 6 (Ny)
TABLE 2. RRH complexity comparison.
Simulation Parameters Values
Number of Antenna Element (N 4) 4
Combined WDM Wavelength Spacing 25 GHz
Length of the Chirped FBG 40 mm
f1, f2 and f3 3, 5, 6 GHz
fo1, fo2 193.500, 193.525 GHz

WDM Central Frequencies

193.450, 193.475, 193.500, 193.525 GHz
193.550, 193.575, 193.600, 193.625 GHz

RF signal Generation (/Ny)

3,5, 6,28, 30, 31 GHz

Simulation Platform

Optisystem, OptiGrating

analysis* of Fig. 3.

A. COST AND COMPLEXITY ANALYSIS

In this section, we analyse the cost benefits of our proposed
design over the conventional system, where the multi-service
bands are modulated using 6 LDs and beam-steered using 6
sets of phase-shifter array as shown in Fig. 2. As mentioned
above, our design benefits from its ultralight RRH design,
hence reducing the power-consumption and the OPEX. As
shown in Table 1, we list the number of components imple-
mented in our proposed A-RoF system of Fig. 3 and the
conventional system as shown in Fig. 2, where Ng denotes
the number of services while N4 is the number of antenna
elements of each antenna array. Assuming we transmit sub-
6GHz spectrum of f1, f> and f3 and the mmWave frequencies
of f1 + ATf, H+ %f and f3 + %ﬁ using the four-antenna-
element array, it is shown in Table 1 that in the proposed
design of Fig 3, in contrast to the conventional design of
Fig. 2, the bulky phase-shifters and the power splitter are
totally removed, while the number of BPF, EA is substan-
tially reduced. Instead, some passive components such as

4. The QoS degradation of A-RoF compared to the digital solution is
not presented in this paper since we focused on the beamforming design
using the proposed A-RoF system. However, this issue has been widely
investigated and demonstrated in our recent papers [16], [19], [35] as well
as other literatures [36], [37], where it is shown that A-RoF based system
is capable of supporting 5G signals with an acceptable degradation of QoS.
For example in [16], we experimentally verified that the A-RoF system is
capable of supporting a 2 x 2 MIMO system with less than 1 dB SNR
degradation compared to the traditional system.

VOLUME 3, 2022

optical interleaver, CFBG and an extra DWDM Demux are
introduced, but the number of which is not dependent on
either the services or the antenna elements. Explicitly, as
seen in Table 1, regarding the active components, the power-
thirsty phase-shifter and power splitters are reduced from
24 and 6 to 0 and O, respectively, while the number of
BPFs and EAs are decreased from 24 and 24 to 8 and 8,
respectively, resulting in a reduced power-consumption in
the RRH of Fig. 3. Therefore, we can conclude that the
power-consumption can be substantially reduced with the
removal of the phase-shifters and the introduction of the
passive optical components, while the total hardware cost
would be reduced due to the optical mmWave generation
without using the mmWave phase-shifters, simplifying the
BPF and the EA.

B. BEAMFORMING PERFORMANCE ANALYSIS

As mentioned in Section III-B, beam squinting and its effect
on the performance of communications systems has been
presented in the literature [15]. In the following, we elaborate
on our proposed design for multi-service and multi-user true
time delay beamforming.

In this section, we present our performance results for the
proposed system, where we employ a uniform linear antenna
array having four elements. The simulation parameters are
listed in Table II, where we model the fiber-link channel
using the commercial simulation tools, namely Optisystem
and Optigrating, which are prevalently exploited by the
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FIGURE 6. Multi-service Beam in the same direction. (a) The beam direction of mmWave signals at 28 GHz, 30 GHz and 31 GHz, when the true-time-delay A T of Section IlI-B is
5.0748. (b) The beam direction of sub-6GHz signals at 3 GHz, 5 GHz and 6 GHz, when the true-time-delay AT of Section llI-B is 47.3647.

optical community. We directly modulate the laser diode
using different frequencies of fi = 3, o = 5 and f3 = 6 GHz,
where an arbitrary wavelength generator (AWG) can be used.
Then, after the true-time-delay process using the chirped-
FBGs detailed in Section III-B, and the optical interleaver, a
photonic RF generation of sub-6GHz at fj =3, />, =5 and
f3 = 6 GHz and mmWave at f; + A2—f =28, H+ ATf =30
and f3 + ATf = 31 GHz can be obtained without the need
for the bulky and high-energy consuming RF mixers, where
Af = Afi = Af>. In this system, a DWDM mux and demux
are used for combining the different services over the fiber as
well as for separating the individual services to the on-board
passengers.

In this section, we present our novel beamforming design,
where we obtain a relation between the optical signal after
the CFBG1 and CFBG2 in the CU of Fig. 4 and its time
delay imposed in Fig. 5(a). Explicitly, as portrayed in Fig. 5

432

by tuning a supported beam’s deflection as detailed in [31],
we are capable of changing the total chirp, which results
in a linear relation between the time-delay and the optical
frequency as depicted in Fig. 5(a). Hence this results in
a multi-service beam coverage around 180° as shown in
Fig. 5(b).

Moreover, to prove that our design can provide the same
directional beam for both sub-6GHz and mmWave spectrum,
as analysed in Section III, the CFBG1 and CFBG2 of Fig. 3
are required to impose the same degree of time-delay differ-
ence, while CFBG 3 is tuned to a time-delay value related to
the CFBG 1 and CFBG 2. As shown in Fig 6, the sub-6GHz
beams are directed to the same direction as the mmWave
beam, when AT} = 47.3647 and AT, = 5.0748, where
the relationship is AT} = d» % AT>/d;. In our example,
d1 = MGHz/2 and dr = AjsgH/2 are the inter-element dis-
tances of the sub-6GHz antenna array and mmWave antenna
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array, respectively, where we assume the center frequencies
are 3 GHz and 28 GHz. Hence we have d»/d; = 0.107.

Furthermore, it is shown in Fig. 7(a) and (b) that the
sub-6GHz and mmWave signal can be mapped to the same
beamforming angle, thanks to the introduction of CFBG 3
in the RRH of Fig. 3. When the total chirp of both the
CFBG 1 and CFBG 2 ranges from 0.7 to 4 nm with a step-
size of 0.05, the time delay difference of the sub-6GHz and
mmWave signals spans from 77.6 ps to 13.4 ps and from
8.3 to 1.4 ps, respectively, which results in a beam angle
from 158.48° to 99.23 ° as shown in Fig. 7(a) and (b).
Thus, by controlling the total chirp of the CFBG 3 in the
RRH according to the total chirp in the CU, we can direct
the multi-service signal to the same direction as shown in
Fig. 6.

Then, as shown in Fig. 6(b) and Fig. 5, the corresponding
multi-service beam coverage, which is around 180° with
a high precision, verifies that our photonic beamforming
system can radiate the wideband beam flexibly and widely,
while substantially simplifying the RRH designs as analysed
in Section III.

V. CONCLUSION

In this article, we have proposed a low-cost A-RoF aided
multi-service communications in the two-hop relay train
system, where we implemented the photonic beamformer
using the CFBGs, enabling a centralised and low-cost RAN
design. In this paper, we designed a double time-delay map-
ping rule of the optical signals and the corresponding RF
signals and verified that the proposed system was capable
of reducing the total cost of the RAN by simplifying the
RRHs. Finally, a single beam transmitting the multi-service
signals with a 180° beamforming range was presented.
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